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Safety-Guaranteed Distributed Formation Control of
Multi-Robot Systems Over Graphs With
Rigid and Elastic Edges

Hoang Pham ¥, Nadun Ranasinghe ", Dong Le

and Azwirman Gusrialdi

Abstract—This letter considers the problem of formation control
of multi-robot systems represented by a graph featuring both
rigid and elastic edges, capturing specified range tolerance to the
desired inter-robot distances. The objective is to navigate the robots
safely through unknown environments with obstacles, utilizing
onboard sensors like LIDAR while maintaining inter-robot distance
constraints. To this end, a novel cooperative control algorithm
is proposed, employing quadratic programming and leveraging
control barrier functions to integrate multiple control objectives
seamlessly. This approach ensures a unified strategy and provides
a safety certificate. Experimental validation of the proposed coop-
erative control algorithm is conducted using a robotic testbed.

Index Terms—Distributed robot systems, range sensing, collision
avoidance, control barrier function, formation control.

I. INTRODUCTION

HE control of multi-robot systems has garnered significant
T attention in recent decades, driven by its multifaceted
benefits, including the capability to cover multiple places at
the same time, robustness to an individual robot’s failure and
flexibility in completing complex tasks. Formation control is
one of the fundamental and actively researched coordination
problems within multi-robot systems, owing to its wide-ranging
potential applications, such as search and rescue missions [1],
[2], logistics [3], and agriculture operations [4]. In essence, for-
mation control conceptualizes the arrangement of robots through
a graph representation, wherein nodes depict the robots and
edges delineate their relative positions or distances. The goal is
to drive the robots towards achieving and maintaining prescribed
distance constraints, effectively regulating the edges of the graph
to desired lengths during maneuvering. In certain scenarios, it
may be necessary to assign a specified range tolerance to the
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Fig. 1. Example of agricultural applications that could utilize the formation of
rigid and elastic edges to maintain the position of the machinery inside a given
region to increase the efficiency of the harvesting process.

prescribed distances between robots, resulting in a graph with
a mixture of rigid (i.e., minimal range of tolerance) and elastic
(i.e., bigger range of tolerance) edges. For instance, consider
an agricultural setting comprising autonomous harvesters and
tractors [4], as depicted in Fig. 1. Each harvester is tasked
with cutting and collecting hemp, which is then conveyed into
the tractor driving beside the harvester. This scenario can be
modeled as a formation of harvesters and tractors, with rigid
edges connecting each harvester to its adjacent tractor, while
elastic edges connect different groups of harvesters or tractors.
This elastic nature allows for flexibility in maneuvering, such
as avoiding collisions with static obstacles, during the operation
while, e.g., maintaining the network’s connectivity.

Motivated by the aforementioned scenario, this letter inves-
tigates the control solution for multi-robot systems that could
simultaneously satisfy the following requirements. First, the
necessity for each given pair of robots to get as close as possible
towards the prescribed distance while, if necessary, allowing
the distance to be within the specified range of tolerance, here
modelled as rigid and elastic edges. Second, the ability to
guarantee the robots’ safety when navigating in an unstructured
or dynamically changing environment by accounting for the
measurement from the onboard sensor, e.g., range sensor. In
addition to these two fundamental requirements, we put empha-
sis on ensuring the scalability of the solution to any size of the
multi-robot systems and also robustness to individual robot’s
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TABLE I
COMPARISON OF THE REVIEWED STUDIES HIGHLIGHTING THE GAP OF SOLUTION FOR THE CONSIDERED PROBLEM, L.E., DISTRIBUTED FORMATION CONTROL FOR
FLEXIBLE FORMATION (F) WITH BOUNDS (U&L), SAFETY GUARANTEE, AND SCALABLE FRAMEWORK

Related Formation Bounds on the Safety-guarantee Scalable framework,
Works Control inter-robot distances | with onboard sensor | e.g., constrained-based control
[5]-18] F X X X
[9], [10] R X X v
[11] R L X v
[12] R U&L X v
[13], [14] X X v v

F: Flexible formation, R: Rigid formation, X: Not considered

U: upper bounded (e.g., connectivity maintenance), L: lower bounded (e.g., inter-robot collision avoidance)

failure, which can be realized by designing a leaderless and
distributed controller for all the robots. Finally, the proposed
approach should be easily extended and ensure scalability for
accommodating other potential tasks and requirements in the
future, e.g., energy management.

A similar scenario to ours has been investigated in the forma-
tion maneuver control problem, where the goal is to steer the
mobile robots to maneuver as a whole such that the formation’s
centroid, orientation, scale, and other geometric parameters can
be adjusted continuously [5]. Various approaches have been
proposed to solve the formation maneuver control, such as
by employing a stress matrix [5], [6] and complex Laplacian
[71, [8].

However, these approaches do not explicitly account for the
necessity of the distances between the robots being within a
specific tolerance while maneuvering. More importantly, the
maneuvering of the formation itself is often predetermined,
e.g., via the trajectory of leader robots, rather than being an
autonomous and real-time adaptation of the formation to the
environment, such as for avoiding collision with detected obsta-
cles based on onboard sensor’s measurements. Moreover, most
of the method’s validation is limited to simulation studies.

Alternatively, the problem of formation control has recently
been investigated in the framework of constrained-based cooper-
ative control where the formation maintenance is encapsulated
as a constraint of an optimization problem via control barrier
function (CBF) [9], [10], [11], [12]. This framework allows the
augmentation of multiple requirements in a scalable manner.
For example, the CBF-based safety guaranty (i.e., collision
avoidance) that directly utilizes measurement from the onboard
sensor has been investigated in [13], [14] and can be added
as an additional constraint on top of the existing constraint
for formation maintenance. Despite these potential benefits,
the existing discussion on formation control often assumes the
obstacle to be known and has been limited to the problem of rigid
formation. Note that further adoption towards flexible formation
is nontrivial. For example, while our prior work in [12] can help
ensure the inter-robot distance within a specified tolerance, it
lacks the ability to return the inter-robot distance towards the
desired distance whenever possible. To summarize, we highlight
in Table I the lack of existing solutions that can accommodate
all of the requirements in our considered scenario.

This letter presents a novel distributed control algorithm for
a group of robots equipped with onboard sensors to navigate in

an unknown environment while maintaining a formation with
a mixture of rigid and elastic edges and ensuring safety, i.e.,
collision avoidance with other robots and static obstacles. The
innovative solution involves solving a quadratic programming
problem to determine a control input that minimizes deviation
from the nominal control input while also incorporating con-
straints for maintaining prescribed distances between robots and
avoiding collisions.

The contributions of this letter are as follows.

1) We present a CBF-based formation maintenance approach
with adaptive tolerance that allows the robots to auto-
matically and cooperatively modify their formation shape
within the specified distance tolerance.

2) Unlike the related works, the proposed method explicitly
addresses collision avoidance via formation’s adaptation
using information from onboard sensors to detect obsta-
cles. The theoretical condition and feasibility analysis to
ensure collision avoidance and formation maintenance are
presented.

3) The effectiveness of the proposed distributed control
method is demonstrated using a robotic testbed to safely
navigate a group of robots in an unknown environment.

The rest of this article is organized as follows. In Section II, we

briefly review the fundamental concepts and present the problem
settings. In Section III, we present our proposed distributed
control framework, which consists of quadratic programming
(QP) with control barrier functions (CBF) as its constraints. Sec-
tion IV describes the implementation of our proposed distributed
control algorithm on a planar experimental testbed, followed by
Section V, where the concluding remarks are presented.

II. PROBLEM FORMULATION

This section briefly revisits the concepts of graph theory and
control barrier function. Then, we present the problem settings
and the control objectives within this letter.

A. Graph Theory and Notation

Let G=(V,€) be an undirected graph, where V =
{1,2,...,n} is a set of nodes or robots in the network, & C
V x Visthe set of edges or connections between nodes. An edge
(4,7) € &€ denotes that node j can receive information from node
i. Since graph G is undirected, we have (i, j) € £ < (j,i) € £.
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The neighbor setof node i is definedas N; = {j | (j,1) € £,7 #
i}, and |\;] is the cardinal number of set NV;.

Within this letter, let 0,, be zeros vector in n-dimension.
Vectors are denoted as boldface letters, and matrices are denoted
as capital letters in boldface. The state of node 7 € ) is denoted
by a subscript operator, such as the state p € R™ m > 1 is
shown as p; and the j-th element of vector p; is denoted as

Dij-

B. Control Barrier Function Based Quadratic Program

Given a control affine system:
& =f(z)+g(@)u (1

where x € X C R"™ € is the state and u € I/ C R™ is the con-
trol input, with f and g are vector fields assumed to be Lipschitz
continuous. A continuously differentiable function & with C as
its zero super level set is a Control Barrier Function (CBF) if
there exists a locally Lipschitz extended class /C function « such
that [10]:

sug [Lih(x) + Lgh(z)u] + o (h(u)) >0,
uc
for all & belong to the set C. Note that Lh(x) and Lyh(x)
denote the Lie derivative of h along f(x) and g(x), respectively.
Assuming that 2(¢) has a unique solution on [tg,?;], a Lip-
schitz continuous control law w satisfying (2) makes the set C
forward invariant, i.e. z(t9) € C = x(t) € C, Vt € [to,t1]. The
forward invariance property allows the CBF to be utilized with
the goal of ensuring safety, i.e., not leaving a safe set. Then,
given a nominal control input ©"°™ that encapsulates the primary
control objective, the safe control input can be computed via

@)

w = arg min |Ju — "™

ueld

st. Lyh(x) + Loh () u > —a (h (u)) . 3)

Towards a cooperative control of multi-robots, the constraints
are often shared between robots. Here, we recall the following
lemma.

Lemma 1 ([15, Thm. 4.1]): Consider a pair of robots ¢ and
j with their states denoted by x; and x;, respectively. Given a
CBF h(z;, z;) that satisfy

Oh (:c,»,wj)

h(:ci7wj) = h(:cj,wi), 8:B

g(x)) #0. 4

Then, any Lipschitz continuous controllers w; for robot ¢ (and
respectively u; for robot j) satisfying

oh (xiij)

B, (f (i) + g (i) ;i) > —a (h(xi,x5))

&)
will render the set C forward invariant.

By the result of Lemma 1, a pair of robots ¢ and j correspond-
ing to an edge need to have the ability to exchange their state
information with each other to ensure the corresponding set C
forward invariant. This requires the underlying communication
graph of the multi-robot systems to be undirected.
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C. Problem Setting

Consider a scenario of navigating n mobile robots in an
unknown 2-D working area, i.e., (z,y)-plane, consisting of
static obstacles. Each mobile robot is identified with ¢ € VV :=

{1,...,n}, with its position is denoted by p; € R?, and its
dynamic is assumed to follow the kinematic model
Di = U, (6)

where u; € R? denotes the velocity input to be designed.

Remark 1: This letter focuses on the high-level coordination
of multi-robot systems, in which a single integrator model in (6)
and a unicycle model are commonly employed in the formation
control literature [5], [6], [12]. That is, the input of those models
can be seen as the desired velocity for the mobile robot, where
an additional low-level controller can be designed to make the
robot’s velocity track this desired velocity. In this letter, the
single integrator model is chosen for the high-level coordination
as it facilitates the design of the QP-CBF based control algorithm
as will be shown later. In addition, a single integrator model can
be effectively used to control mobile robots that follow unicycle
models, such as wheeled robots and fixed-wing UAVs, e.g.,
by utilizing the near-diffeomorphism approach [16] as will be
demonstrated in Section IV-A. Note that having a more accurate
model for the mobile robot, e.g., by explicitly taking into account
the robot’s acceleration, will potentially improve the overall
robot’s responses and control performance. However, the issue
is currently outside the scope of this letter and will be pursued
in future work.

To ensure safe navigation, i.e., no collisions, the robot is
equipped with a sensor that provides M number of relative
distances to the environment (i.e., obstacles or other robots), e.g.,
via LIDAR, infrared, or map-based generated distance. Here,
each measurement reading for the robot ¢ € Vis denoted by m; j,
forall k € {1,..., M}. We define a subset of the measurement
readings of robot ¢’s sensor that corresponds to the detected
environments as M,; C {1,..., M}. Moreover, we assume that
the position of the detected obstacle edge, denoted as p‘;b,; € R?,
can be inferred from each measurement m; 1, k € M;, e.g.,
by taking account the sensor’s position and orientation at each
reading.

Additionally, the robots need to maintain a prescribed for-
mation that comprises rigid and elastic distance constraints.
Specifically, the prescribed formation to be maintained is defined
as a desired distance between a given pair of robots (i,7),
denoted as d?jmd within a tolerance of +¢J3*, with €/i* € R*.
Furthermore, we introduce the following assumption.

Assumption 1: The prescribed formation constraints can be
represented as a connected undirected graph G = (V, ) with
the edge (7, j) € £ describes the existence of d‘g;smd and £¢;5™.
Moreover, there exist feasible placements of all robots positions
that fulfill d;’;s‘wd + e for all (i, j) € &, and at initial time to,
all the robots start within one of these feasible placements.

Within this letter, we refer to the edge, which corresponds
to a small value of €5 as a rigid edge and conversely as an
elastic edge. The rigid edge represents the constraints where
a pair of robots is required to maintain a fixed distance while
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maneuvering. Note that this requirement is mostly infeasible in
practice, and thus the small value of e,‘i‘}a" describes the allowed
deviation that takes into account of the robot’s imperfection,
e.g., due to localization error or disturbances. The elastic edge,
on the other hand, refers to an elastic arrangement for the
inter-robot distance. For example, the elastic edge can describe
the requirement to maintain the connectivity for robots with
limited communication range. To be more precise, given a
limited communication range of R; for each robot ¢ € V), the
desired inter-robot distance between ¢ and j can be defined such
that d‘g;sm’d +e < min{R;, R;}. Moreover, to maintain the
prescribed formation, we assume that each robot is equipped
with communication capability to exchange information with
its neighboring robots whose network topology is similar to the
graph G. The robot also has computational power to process the
gathered information.

Finally, we formalize the considered problem within this letter
as follows.

Problem 1: Design control input w,; for each node i € V
in a distributed manner to navigate all the robots toward their
goal positions while at the same time satisfying the following
requirements:

1) Collision Avoidance: Each robot ensures no collisions

with the environment (other robots and static obstacles).
That is, given a predefined safety distance Rg, i.e.

|pi — P = Rys Yk € M, (7

2) Formation Maintenance: For each link (7, j) € £, robot i
and j must cooperate to maintain the desired distance to
be as close to d?;s“ed whenever possible, and stays within
:I:e‘;;.a" tolerance, i.e.,

desired
(i =

62;‘“) S Hpi _ij S (d(;l;sired +

e?}ax) . (8

Remark 2: The connectivity of undirected graph in Assump-
tion 1 has been commonly imposed to guarantee fulfillment
of various distributed algorithms, which can be ensured in a
distributive manner, e.g., via [17], [18].

Remark 3: The Assumption 1 describes the formation in a
broader sense beyond the commonly used rigid graph [19]. For
example, if all robots within the formation have to maintain a
specific shape or return to its shape after avoiding obstacles, then
they can be modeled as a rigid graph with elastic edges. On the
other hand, as shown in Fig. 1, the formation may comprise sev-
eral rigid subgraphs, with all edges within subgraphs modeled
as rigid edges and connected with each other via elastic edges.

III. SAFETY-GUARANTEED DISTRIBUTED FORMATION
CONTROL

Given the presented problem statement, we formulate our
cooperative control framework based on the quadratic program-
ming (QP) problem with the control barrier function (CBF) as
shown in (3). Specifically, we encapsulate the main objective to
navigate all the robots towards their goal position into a nom-
inal controller which computes w}°™ € ]R2, Vi € V. Then, the
fulfillment of safety and formation maintenance requirements is
formulated as constraints in the QP optimization via the CBF
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approach. Finally, the control input u; that ensures collision
avoidance and formation maintenance is retrieved from the
solution to the QP problem. The following subsections describe
the detailed approaches.

A. Collision Avoidance

In this subsection, we adopt the Control Hybrid Non-smooth
Barrier Function approach presented in [13] for each individual
robot to guarantee collision avoidance with static obstacles and
the other robots in the environment. Note that the measure-
ments from the sensor can be modeled as a piece-wise-constant
function, which can then be associated to the set of points
%, Vk € M, overintervals indicated by a switching sequence
{Tlg}”f:l that is strictly increasing, unbounded, with 71 = .
Here, M, (1) describes the set of measurement indices that
associates to the obstacle’s points at the time t € [74, Ty41).

First, let us discuss how the robot ¢ can ensure no collision
with one detected point p{ for k € M; (7). Given a prede-
fined safety distance R in (7), the safety (no collision) can be
associated with the super-level set ;" defined as

o = {pi e R2 | W2 (p0) = |lps - p%|” - B2 = 0}
)
Here, the value of R is determined by considering the robot’s
dimensions along with sufficient margins to incorporate sensor
noise and discretization errors. As described in II-B, any control
input u; for the described robot in (6) that satisfy

W (pi) = 2 (pi — pY%) " wi > — (R (pi))

will render the set SiY forward invariant, i.e., it ensures no

(10)

collision with pg’}’,:, over the interval [7¢, T741).

Similarly, ensuring collision avoidance for the whole set of
points p?%, Vk € M;(7;) can be associated with staying within
the intersection of all the corresponding safety set, i.e., S{*° :=
ke, (n) Sik» which can be represented to the super-level set

of

avo

avo
; ik

‘= min

keM,; (T 1 )
As described in [13], ensuring the forward invariance of S¥° in
practice over the interval [7;, 7;41) can be done by first comput-
ing the almost-active set for the non-smooth barrier functions,
as

Li = {k € Mi(mo) | [P — hiR| < k}

and then finding the control input u; that satisfies
2(pi —pi%) wi > —y (W (pi), Yke€Zi (D)

Here, v(.) and « are the design parameters. The increase in x
potentially results in an increase in the number of constraints to
be considered, which affects the runtime for the optimization but
provides an increased practical benefit for collision avoidance.
To this end, as shown in [13], the hybrid forward invariance
of §*° (i.e., collision avoidance) under the switching sequence
{7e}72, is ensured as long as there exists control input u, that
satisfies (11) for every £ € N.
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B. Formation Maintenance

Next, we present our CBF-based approach for ensuring for-
mation maintenance. For each (i,j) € £, we introduce new
dynamic tolerances ¢;; > Oand €;; > 0 forrobot: and j, respec-
tively, where €;; + €;; < eg;,ax — ijpiaX. Note that €;; = ¢j; = 0
imposes the restriction that the distance between robot ¢ and j
need to be equal to the prescribed d?js“ed. These new dynamic
tolerances facilitate adjustments to bring the inter-robot distance
closer to the prescribed value whenever feasible while also per-
mitting deformation within the maximum prescribed tolerance
limit.

To be precise, the dynamic of each ¢;; is given by

éij = vij, V(i,j) €E.
Next, let us introduce a new vector €; € RWil for each robot i
which collects its entire dynamic tolerances, i.e., €;;, Vj € N;.
Using this new state, we define an extended state of robot ¢ as
n; = [p], €]]T € R*TWil Next, we define the following control
barrier functions for each corresponding edge (7, j) € &,

S ()’

hii"(mi,m;) = — |lpi — pj |
B (i) = upz Pl = ()
Z (€ij,€5i) = — (&5 + €5i)

P (ei;) =

with dsmu dde51red + €ij + €ji and dsml _ ddesned — €ij — €ji-
The mamtenance of the distance between robot i and j can then
be associated with the super-level set Sf;“ defined as

S = {mi,m; | B > 0ART > 0AKS > 0 AR > 0},

Here, h™ = A3 >0 and h{f" = A7 > 0 ensures the ful-
fillment of (8). Additionally, hePu = hepu >0, hep1 >0, and
h;‘i’l > Oensures that 0 < €;; + €; < e = €™ Then, collec-
tively, the formation maintenance is equivalent to the forward
invariance of the product set of Sg“ for all pairs (,7) € &, i.e.,

"= jee Sf;" Note that the Assumption 1 is equivalent to
ensure that all robots start within S™.

Using Lemma 1, each robot can distributively compute the
required control input using local information that will ensure
forward invariance of the set S™. Specifically, each robot i € V
computes the control input u, that satisfies

—2(p; — pj) " wi + 2457 vy > =B (R3Y) (12)
2(pi —pj)Tu; + 2d23‘1vij > —f (h;;"l) (13)
—vij > —fa (h)") (14)

vy == (K3) (9)

for all j € NV;. Note that solving the above inequalities requires
each robot 7 to exchange its information of n; with its neighbor-
ing robot j € N;.
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C. Distributed QP-CBF Based Formation Control

Finally, in this subsection, we utilize the previously described
constraints that ensure the forward invariance for collision avoid-
ance and formation maintenance. Note that for edge mainte-
nance, each robot does not only need to compute u,; for control-
ling its position, but it also needs to compute v;; for controlling
the tolerance. To this end, we first collect the entire control input
for the dynamic tolerances for each robot ¢, i.e., v;;, Vj € N,
into a vector v; € RVil. The following theorem presents the
main results of this letter.

Theorem 1: Consider n mobile robots within a formation
defined in Assumption 1 and each robot is positioned in more
than R, distance away from any obstacles, i.e., {n;,n;} €
S, V(i,j) € € and p; € S, Vi € V. Then, any measurable
and locally bounded function w;,Vi € V, ¥/ € N satisfying
(11) and (12)—(15) will render the set Sf‘;ﬂ Y(i,7) € £ and
S, Vi € V forward invariant, i.e., ensuring collision avoid-
ance (7) and formation maintenance (8).

Proof: The hybrid forward invariance of the S*°, Vi € V,i.e.,
collision avoidance, is described within [13, Def. 5, Thm. 2].
Moreover, the forward invariance of Sfm, Y(i,j) €&, ie
formation maintenance, is a direct result of Lemma 1 ([15,
Thm. 4.1]).

Given the nominal control u;°™ that represents the primary
control objective, the solution to Problem 1 is given by the
solution to the following quadratic programming,

il arg min lw; — 'ufl-“”“H2
Vi [ul o] eR2

s.t. collision avoidance constraints (11)

+we o — "

edge maintenance constraints (12)-(15), V5 € A(L6)
with the nominal control for the dynamic tolerance is set to

nom
'U,L‘ - _ke €;.

Specifically, the nominal control input v7°™ is selected to min-
imize the dynamic tolerance to 0, i.e., to push the distance
between robots ¢ and j into the prescribed distance dg;’med
whenever possible. The scalar k. > 0 denotes the controller
gain, while the w, is introduced to adjust the weight of im-
portance between the closeness to the nominal control versus
the closeness to the prescribed inter-robot distance.

Feasibility Analysis: Let us first consider the time window
t € [11 = to, 72). Note that at the initial time, all the robots are
within the desired formation (Assumption 1) and not colliding
with any obstacles in the environment. As long as the formation
is maintained and no collisions happen, the values of hZ*°, h;‘j““,
h;;nl, h:fu, hggl are positive for all robots i € V andforall j € N;.
Thus, the right-hand side of the inequalities in (11) and (12)—(15)
will be negative. At the very least, the value of u; = 02 and
v; = Oy, will always be a feasible solution. Hence, the QP
in (16) will always be feasible within the defined safe set. As
the extension of this reasoning, the additional input saturation
constraints, e.g., ||w;|| < umax for some velocity limit ty,x > 0,
can be easily implemented into (16).
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Additionally, as long as during every switching, i.e., t =
77, V0 € N, all robots start within the defined safe set, then the
feasibility of the proposed QP is ensured. Note that this imposes
the condition that the changes in the measured environment
at every sampling are minimal to ensure that there exists an
intersection of the safe set before and after every switching.
This can be done, for example, by having sensors with fast time
sampling and/or by limiting the velocity of the robot accordingly.

Remark 4: Inter-robot collision avoidance is intrinsically ac-
counted for in two ways. First, assuming that each robot 7 € V
can detect the other neighbouring robots’ bodies via onboard
sensors, which is reflected in the measurement M;, then the
forward invariance of S}¥° also ensures the inter-robot collision
avoidance. In a similar argument, the inter-robot collision avoid-
ance can also be enforced within the formation maintenance
scheme by properly choosing df;sjred and €5, Vj € N; such
that d‘fj»s“‘"d — €5 > 2R,

Remark 5: Note that the safe set for collision avoidance and
formation control is constructed as a relative distance from
each robot to the detected obstacle and the neighbor robots,
respectively. Hence, itis possible for the QP-CBF and its solution
to be formulated in each robot’s local frame, instead of the global
frame.

IV. EXPERIMENTAL VERIFICATION

In this section, we show an implementation of our proposed
distributed control algorithm on a planar experimental testbed.
Here, we demonstrate the efficacy of the proposed distributed
QP-based optimization under unmodeled disturbances, such as
friction wheels, imperfect tracking of low-level controllers, and
Sensor noises.

A. Experiment and Scenario Setups

The experimental environment consists of a field with a size of
5.3mx3m and four TurtleBot3 Burger robots. Here, the position
of each robot within a common reference frame is estimated via
the VICON motion capture system. The distributed QP-based
optimization is computed within ROS2 setup on a PC with
Intel i7 processor, NVIDIA Quadro P1000, and Ubuntu 22.04
LTS operating system. The computation on the PC collects the
position and the LiDAR measurement data from each robot
and then computes the corresponding control input for each
Turtlebot3 (to be detailed later), which are given by the linear and
angular velocity command. Note that even though the controller
computation could be implemented on each robot, the proposed
setup eases the management within the experiment system.
Regardless, the QP-based optimization is calculated based only
on the local information available to each robot. Additionally, a
ZED?2 Stereo Camera records the robots’ movement from above.
Different color tags are attached on top of each robot to ease the
post-processing for the visualization of the data.

The scenario of the experiment is illustrated in Fig. 2. A
four-robot formation with five edges is designed to follow a
set of waypoints within the experimental field, consisting of
two obstacles (unknown to the robots). These waypoints are
manually selected to force the formation to shrink for traversing
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ddgid = ddsied — .57

0.285,0.285]7

Fig. 2. [Top] The considered formation of four robots with a mixture of rigid
(thick lines) and elastic edges (thin lines). [Bottom] The four-robot formation
must follow the predefined waypoints, where each waypoint is denoted by its
position (red circles) and orientation (red arrows) while avoiding collision with
two obstacles (grey boxes).

through the narrow passage between the obstacles and then
to turn around and wrap over one obstacle. The formation is
designed to have two rigid edges and three elastic edges. This
scenario depicts two fixed sub-formations that must maintain a
specific distance to remain within each other’s communication
range.

The nominal control for each robot ¢ € V is computed via a
proportional controller given by

gtg desired
ui — kp (pAeilre _ Pi) ,

3

with the proportional gain k, > 0. The pdeied is defined as
an offset d; from the current active waypoint’s location p“P
and orientation 8%P. To be precise, each robot’s desired goal is
computed as

cos 0P

sin 0P

— sin OWP

cos %P

desired _

p;

Wp

p i
The desired position p*P and orientation 8*P of the formation
are updated once the current waypoint is reached. Moreover,
a constraint ||w;]|o < Umax 18 added into each QP-based opti-
mization to ensure the safe control input is within the robot’s
physical capability.

The detailed value for the desired distance d;'-‘]e-“red, the max-
imum tolerance e‘;}a", and robots’ offset to formation origin are
illustrated in Fig. 2. The parameters for the collision avoidance
are set as safety radius Ry = 0.18m, ~(h*°) = 1000(h*°)3
and x = 0.1. The parameters for the formation avoidance are
ﬁl (h”) = QO(h”), 52(h2]) = 20(h”), We = ]., and ke = 1. Fi-
nally, the velocity limit is set to «™** = 0.1m/s. In addition, the
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(c)t =32s

(d) t = 48s

Fig. 3.
experiment video can be viewed in https://youtu.be/amya5eBOnvM.

update rate of the LiDAR, location information from the motion
capture system, and the control loop are 200ms (5Hz), 10ms
(100Hz), and 20ms (50Hz), respectively. The LiDAR (LDS-01)
provides 360° range with 1° resolution and 0.12-3.5m distance
range. Within the computation, after receiving a measurement
from LiDAR, the controller calculates all detected obstacle posi-
tions and reuses them for the following control iterations before
the arrival of a new measurement. The controller is implemented
in ROS2 using the Python programming language, where the
QP optimization is solved via the gpsolvers library with the
dagp solver. Moreover, to minimize the cross-talk effect on
LiDAR measurements caused by other robots’ LiDAR signals,
we apply a combination of intensity and median filters to the
LiDAR readings.

The Turtlebot3 is equipped with a lower-level controller that
replicates the unicycle model with the given linear and angular
velocity input, here denoted as v; and w;. As the controller is
designed with the kinematic model (6), we apply a transforma-
tion based on a near identity diffeomorphism [16] that maps
the single integrator model input u; into v; and w;. That is, we
implement the following calculation

vi| _ | cos(¢) sin(¢;) w
w; —%sin(dy) %cos(qbi) v
where ¢; is robot ¢’s orientation, and ¢ € R is the distance of

point p; ahead of the middle point between the robot’s wheels.
In this experiment we set £ = 0.1m.

a7

B. Results and Discussion

The snapshots of the experiment are depicted in Fig. 3, show-
casing the movement of all robots in executing the designated
scenario. The measured closest distance of each robot to the
obstacles is shown in Fig. 4. Here, despite the implemented filter

(e) t = 64s

(f) t = 80s

Snapshots of robot formation following in the predefined waypoints. The colored lines show the trajectories of the robots between each snapshot. The

t[s]

Fig. 4. Time series of the minimum measured distance to any obstacle for
each robot.

for the LiDAR data, some noises are still affecting the sensor
reading, as can be observed from Fig. 4. However, it can seen
from the snapshots (and also within the recorded video) that all
robots maintain a sufficient distance, which demonstrates that
our proposed controller successfully ensure collision avoidance.

Next, the evaluation of the formation maintenance is shown
in Fig. 5, where the robots manage to maintain their prescribed
distance within the maximum tolerance (illustrated with the red
dashed lines). Next, let us point our attention to the dynamic
tolerance as shown by the gray region in Fig. 5, i.e., €;; + €;;
for each (7, j) € £. Note that, as the rigid edges are essentially
restricted, we can observe that the dynamic tolerance remains
close to the maximum tolerance. On the other hand, the dynamic
tolerance for the elastic edges allows the inter-robots distances to
flexibly expand as well as return to the original desired distance
in response to the environment. This behavior, for example,
can be observed when the robots need to shrink their formation
between two obstacles at £ = 10s, or when they need to rotate
their formation orientation at ¢ = 32s. Overall, the dynamic
tolerances stay within their predefined maximum tolerances,
and the actual inter-robot distances stay within the dynamic
tolerances.
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Fig.5. Distances of eachrigid (upper 2 subplots) and elastic (lower 3 subplots)
edges during the experiment.

V. CONCLUSION & FUTURE WORK

A cooperative control algorithm is introduced for multi-
robot systems, enabling real-time distributed coordination. Its
main goals are maintaining formation, navigating environments,
and preventing collisions with static obstacles. The algorithm
employs a control barrier function to merge multiple control
objectives, ensuring safety effectively. The new approach for
formation maintenance in complex scenarios allows the for-
mation to gain custom flexibility while conserving predefined
critical links. An experimental trial confirms the effectiveness
of the proposed method. Future research aims to expand this
algorithm into maintaining multiple sub-formations reaching
different checkpoints, fixed-shape scalable formations, and an-
alyzing LiDAR data processing in obstacle avoidance.
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