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Abstract— In this paper, a centralized control strategy is
proposed to perform the formation tracking (FT) of a multi-
robot fleet, without using absolute position information. The
core of the approach lies in the predictive regulation of
inter-agent distances using model predictive control (MPC)
to improve robustness against deformations. The proposed
strategy allows the formations to be efficiently maintained
around the moving leader, even in GPS-denied conditions. To
evaluate the advantages of using a distance-based formalism
for local formation tracking, the proposed strategy is then
compared with another approach inspired by the literature,
in which robots maintain positions with respect to the fleet
centroid. Simulation results show the efficiency of the proposed
MPC framework in maintaining a local formation around
the leader and highlight the benefits of using the distance-
based formalism in constrained settings. To conclude the study,
further discussions are made about the specification of each
formalism.
Keywords: formation-control, formation tracking, leader-
follower, model predictive control, centralized architecture

I. INTRODUCTION

Recent years have seen significant advancements in the
study of the coordinated work among autonomous robots
[1]. Through coordination, a wide range of tasks benefit from
improved efficiency and fault tolerance as well as reduced
costs. In particular, the formation tracking (FT) task in which
a fleet of robots maintains a given geometric formation along
a trajectory has received large interest from the research
community. As having precise robot localization is the key to
an efficient FT, many strategies rely on absolute positioning
systems to localize the robots. While these absolute positions
can be used directly as the control features [2], the use
of relative positions obtained from the subtraction between
agents’ global states can offer improved collaborative results
[3]. However, in practice, these absolute strategies require
pre-existing infrastructure or involve lengthy calibration pro-
cesses, making their deployment in unknown environments
difficult. Instead, relying only on relative position mea-
surements between robots can lead to more flexible FT
strategies, beneficial to GPS-denied operations applicable to
search and rescue [4], target trapping [5] or collaborative
object transportation [6]. Considering the need to develop
efficient control and coordination algorithms for local FT,
the objective of this paper is to study the strengths and
weaknesses of different formation formalisms through the
comparison of centralized control laws.
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Formation control (FC) (and by extension FT) strate-
gies can be categorized into three formalisms depending
on the sensing capabilities of the agents [7]. In position-
based strategies, agents are required to sense their own
absolute positions, while displacement-based and distance-
based strategies require agents to sense the relative positions
of their neighbors in a shared and individual reference
frame respectively. While position-based strategies can not be
considered local as they require agents to know their absolute
positions, displacement and distance-based approaches are
suited for local FT.

Displacement-based FC strategies are extensively inves-
tigated using consensus theory following the initial devel-
opments in [3]. In this paper, agents modeled as double-
integrators converge to an agreement on their position errors
which allows the desired formation to be achieved. As the
choice of reference frame only impacts the agreed value
and not the FC performance, the desired formation can be
defined locally and set to move along with the robots. These
strategies are often referred to as virtual-structure [8]. In [9],
this virtual structure is attached to a leader robot to make
a group of UAVs maintain relative distances with it, and a
non-linear model predictive control (MPC) controller is used.
In [10] instead, a virtual leader is used to move the virtual
structure and a neurodynamic optimization-based non-linear
MPC strategy is developed. While deciding the virtual leader
movement is straightforward in centralized architectures, it
is much more difficult for distributed architectures as its
position must be collaboratively decided by the robots. For
this reason, [11] explores another consensus strategy for
local FT where single-integrator robots agree on the virtual
leader position defined as the formation centroid. In [12], this
centroid-position-based formalism is applied to distributed
MPC. Despite the important communication required for
each robot to compute the centroid, this formalism is seen
to produce efficient local FT controllers.

Distance-based formations also arouse significant research
interests since they do not require robots to share a common
reference frame. Indeed, the formation is described as a set
of desired inter-distances to be maintained between robots.
The important coordination required has motivated the use of
graph-based methods to analyze their interactions. Gradient-
based control laws are used in [13] and [14] to minimize
a global potential function involving distance errors made
between each robot and its neighbors in a distributed man-
ner. The asymptotical convergence to the desired formation
is later proven by [15] for rigid interaction graphs using
Lyapunov theory. To additionally allow robots to perform



reference tracking, distributed velocity [16] and centroid
[17] estimators are designed for distance-based formations.
Beyond the many results obtained in distributed contexts,
centralized architectures, while less scalable, are also em-
ployed for distance-based FC for efficiency purposes. A
centralized FT strategy using hierarchical quadratic program-
ming to optimize multiple objectives including maintaining
prescribed robot inter-distances is recently presented in [6].

It seems, however, that the integration of the distance-
based formalism with recent control strategies such as MPC
remains largely unexplored [18]. Nonetheless, the ability of
MPC to inherently consider system constraints and predict
the system’s future behavior can prove beneficial [19]. For
these reasons and following the works in [6] in applying
optimization techniques to distance-based FC, the main
contribution of this paper is to propose a distance-based
centralized MPC strategy (CMPC) to enhance the predictive
regulation of inter-robot distances. With the objective of
studying the advantages of different local FT formalisms, the
proposed strategy is then compared with a recent centroid-
position-based approach inspired by the literature [12]. For
the sake of a fair comparison, both strategies are based on a
leader-follower approach to perform trajectory tracking, and
MPC is employed for FC.

In the remainder of the paper, Section II presents the
robots modeling and the formation formalisms used in the
study. Then, Section III details the expression of the proposed
distance-based strategy and the centroid-position approach
for FT. Section IV outlines the comparative study and
presents the simulation results and finally Section V gives
concluding remarks and perspectives of future works.

II. PROBLEM STATEMENT

The FT problem consists on making a fleet of robots
maintain a given geometric formation along a trajectory. Ad-
ditional specifications related to the fleet are then presented
before detailing the two formation formalisms selected for
comparison.

A. Robot fleet specifications

In this paper, a homogeneous fleet of N holonomic robots
modeled with single-integrator dynamics is considered:

ṗi = ui (1)

where pi refers to the 2D position vector of robot i and the
control signals ui to its 2D velocity, both expressed in a
local reference frame R. Considering fast-enough low-level
actuators, this can be a good approximation of a holonomic
ground robot. Still, saturations on the absolute input signal
value ||ui(k)|| ≤ vlim and its variation ||u(k)−u(k−1)|| =
||∆u(k)|| ≤ alim are considered to account for actuator
limitations.

In centralized architectures, a single entity is responsible
for aggregating the information obtained from the whole fleet
and computing the control inputs of each agent. Here, this
role is endorsed by the leader with two goals: 1) following

the desired trajectory; and 2) computing the followers’ in-
put signals using the provided local measurements. In the
following, the leader robot is assumed to precisely measure
the relative positions of its followers, expressed in its own
reference frame R. It is also supposed to communicate
the computed control signals to its followers without time
delays. As FT often requires close proximity between robots,
LIDARs and cameras can be used to offer precise relative
position measurements at close range. Additionally, standard
protocols such as WiFi or Bluetooth can provide an efficient
explicit communication of this information with reduced
latency, alleviating the strong hypotheses. To apply their
control signals, follower robots are expected to either share
this same reference frame or be able to transform them in
their own local frame for instance using relative bearing
angle measurement.

B. Considered formation formalisms

As the leader’s second objective, the FC consists of
regulating the individual robot positions to maintain a set
of predefined constraints, which depends on the chosen
formalism. Their differences are pictured in Figure 1.

• In a centroid-position-based formalism, the predefined
constraints correspond to a set of desired positions
P ∗ = {p∗

1, ... ,p
∗
n} to be reached by the robots, and

defined with respect to a reference frame centered on
the robots average positions. The frame orientation can
be chosen by the leader as constant in R but also as
the angle tangent to a point of interest on the trajectory
or following more complex schemes. For simplicity, the
first solution is employed here. Also, R is chosen as the
angle tangent to the trajectory as the leader follows it.

• In a distance-based formalism, the predefined con-
straints are a set of desired inter-distances D∗ =
{d∗ij , (i, j) ∈ R2} to be maintained between robots i
and j. For 2D points, only a subset of those is required
to define a locally rigid formation, that is, such that the
total number of degrees of freedom amounts to three: 2
translations and 1 rotation [20]. A graph representation
is often employed to represent the robot interactions as
G∗ = (N , E∗,W∗) where the nodes set N represents
the N agents and W∗ = {d∗ij | (i, j) ∈ E∗} ⊂ D∗

the distances to be maintained. In this formalism, no
common reference frame is required and therefore, no
desired orientation is specified.

Having presented the robots model as well as the two
formation formalisms, Section III presents the centroid-
position and the distance-based FT strategies, both using
MPC.

III. FORMATION TRACKING STRATEGIES

Recently, MPC [19] has become a very popular strategy
for the FC problem by allowing the design of robust algo-
rithms while accounting for system constraints. Its funda-
mental principle lies in the use of a system model to predict
future outputs Y over a prediction horizon Np. At each
sample time kt = Te · n, with Te the discretization step and
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Fig. 1: Centroid-position and distance-based formalisms

n ∈ N an integer, the objective is to determine the sequence
of future inputs that minimizes a given cost function while
respecting a set of constraints, with the use of an optimizer.
To reduce the computational costs, this sequence U(kt) =
[u(kt)

T , ... ,u(kt +Nc − 1)T ]T is optimized over a control
horizon Nc such that Nc ≤ Np, by assuming that the inputs
remain constant beyond Nc, i.e., u(k) = u(kt + Nc − 1)
for k = kt + Nc . . . Np. According to the receding horizon
principle, only the first optimized control input u(kt) is
fed to the system at the instant kt. This MPC framework
is subsequently employed to define both distance-based and
centroid-position-based FT strategies.

A. Distance-based strategy

Let x aggregate the relative positions measured between
robots, expressed in the leader frame R. These can be
computed from absolute positions p = [pT

1 , . . . ,p
T
N ]T as:

x(k) =


...

pi/j(k)
...

 = (HT ⊗ I2)p(k) , (i, j) ∈ E∗ (2)

Here, the incidence matrix H is used to represent the inter-
robot distances to be controlled, given by the edge set E∗

of the weighted graph G∗. Each column vector references
an edge (i, j) ∈ E∗ with −1 in the ith row, 1 in the jth

row and 0 elsewhere. Denoting u = [uT
1 , . . . ,u

T
N ]T as

the concatenation of the vectors ui, the discretized model
allowing the prediction of the robots relative positions is
given in its centralized form by:

x(k + 1) = x(k) + Te(H
T ⊗ I2)u(k)

:= Ax(k) +Bu(k) (3)

As the leader independently computes its control inputs to
track the desired trajectory, matrix B is split to separate the
followers’ and leader’s control inputs uF and uL:

x(k + 1) = Ax(k) +BFuF (k) +BLuL(k) (4)

Instead of controlling the L2 norm of the inter-robot dis-
tances, the squared norms are used as the control features.
Removing the square root allows for simplification of the
model while additionally improving convergence speed. Us-
ing the Hadamart (or elementwise) product ◦, the squared

norms are computed from the state variables as:

y(k) = C(x(k) ◦ x(k)) (5)
with C = Im ⊗ [1 1]

with Im the identity matrix of dimension m = |E∗|, to obtain
the outputs y. Following the model definition given by (4)
and (5) and introducing the vector of desired squared inter-
distances yd = [· · · d∗ij · · · ]T , d∗ij ∈ W∗, the cost function to
be minimized is expressed as:

J(uF (kt), . . . ,uF (kt +Nc − 1),

uL(kt), . . . ,uL(kt +Nc − 1),p(kt),yd) =
Np∑
k=1

||yd − y(kt + k|kt)||2Q +

Nc∑
k=1

||∆u(kt + k)||2R

(6)

It consists of two terms to be minimized at once, with the
positive-definite weight matrices Q and R allowing to priori-
tize one over the other. The first term penalizes the formation
error through the inter-distances, while the other penalizes
the variation of the inputs ∆u(k) = u(k)−u(k− 1) which
can lead to a smoother control law. Making use of the cost
function (6), the optimization problem to be solved at each
time instant kt by the MPC can be formulated as:

U∗
F (kt) = argmin

UF

J(UF (kt),UL(kt),p(kt),yd)

s.t. 1) − alim ≤ ∆UF (kt) ≤ alim

2) − vlim ≤ UF (kt) ≤ vlim

(7)

The objective is to minimize the cost function with respect
to the follower’s inputs UF and under the set of linear
inequality constraints limiting both the input and its vari-
ation to the intervals [−vlim, vlim] and [−alim, alim] re-
spectively. The computation of squared distances introduces
non-linearity in the prediction model which consequently
makes the optimization problem non-quadratic. Conversely,
the leader predicted inputs UL are not optimized but rather
given as initial parameters of the optimization problem.
They correspond to the control sequence allowing to track
the trajectory, which can be obtained from a short-term
predictive planner. An accurate estimate of the leader’s
future inputs can help remove the static error caused by the
leader’s movements, however, this feed-forward term is not
equivalent to an integral action as it is not able to correct
other constant disturbances.

Another important consideration is that the choice of
reference frame does not impact the outputs. Consequently,
distance-based strategies offer a large range of solutions to
compute the optimal control inputs of the robots, as any
preferred formation orientation can be chosen. Depending
on the application, releasing the orientation constraint may
or may not be desired. It should be noted however that
this degree of freedom can be removed by the addition of
supplementary constraints in the optimization problem, as in
[6], without losing the locality property.

The proposed distance-based strategy therefore allows the
leader robot to locally compute the followers’ control inputs
in order to maintain desired inter-robot distances. Under the



same MPC framework, Section III-B presents the second
strategy based on the centroid-position formalism.

B. Centroid-position-based strategy

Following the system modeling presented in [12], this
section details the centroid-position-based strategy to be
compared with the proposed distance-based method. From
initial measurements of the followers’ positions p relative to
the local frame R, the leader robot predicts their evolution
in a centralized manner using the discretized model:

p(k + 1) = p(k) + Te u(k)

:= Ap(k) +Bu(k) (8)

Similar to (4), the B matrix is split to separate the followers’
and leader’s control inputs as follows:

p(k + 1) = Ap(k) +BFuF (k) +BLuL(k) (9)

In the centroid-position-based MPC approach, the system
model informs about how the control inputs act on the
robots’ positions relative to the formation centroid. In [12],
the following output equation is employed

y(k) = (C ⊗ I2)p(k) (10)

where ⊗ relates to the Kronecker product and

C =


1− 1/N −1/N · · · −1/N
−1/N 1− 1/N · · · −1/N

...
. . . . . .

...
−1/N · · · −1/N 1− 1/N


allows to transform p into local positions relative to the
formation centroid. Using this model, followers attempt to
maintain both the leader and their own desired position with
respect to the formation centroid. This is important as for
a large number of robots, the leader has a minimal impact
on the centroid position and relying solely on it to move the
formation may prove inefficient. By ensuring that followers
explicitly regulate the leader position error, this issue can
be minimized as its impact on the global error is more
significant.

Following the model definition given by (9) and (10), the
cost function defining the different costs to be minimized
is chosen to be the same as the distance-based strategy,
given by (6). Similarly, the optimization problem is given
by (7). However, with respect to the distance case, it can be
expressed as a quadratic programming problem, for which
more efficient solvers exist. It should be noted that during
the prediction, the formation is supposed to keep the same
orientation. However, as seen in Section IV presenting the
simulation results, this assumption still allows for good
performance.

IV. SIMULATION RESULTS

This section presents the simulation results of the compar-
ison between the distance-based and the centroid-position-
based formalisms, using the local FT strategies detailed in
Section III.

N H vleader vlim alim Formation

5
Complete
graph 2 m/s 5 m/s 15 m/s2 Isosceles

1.5 m side

Te Q R Np Nc

0.05s 1 · I 0.05 · I 20 4

TABLE I: Parameters used during the simulation

Formation conv time (s) Formation conv energy

Distance 0.45 42

Centr-pos 1.05 91

TABLE II: Quantitative results with vlim = 5 m/s

A. Simulation results

The test scenario involves a leader robot following a path
at a constant speed of 2 m/s while 2 follower robots maintain
a triangular formation around it. The leader uses a trajectory
tracking algorithm and centrally computes the followers’
control signals by solving the optimization problems de-
fined by (7) using the interior point algorithm. The robot
models used for validation are single integrators as defined
in Section II, subject to the saturations ||ui(k)|| ≤ vlim
and ||∆ui(k)|| ≤ alim. Table I summarizes the parameters
specific to the simulation and the control strategies. For com-
parison purposes, both the centroid-position and distance-
based strategies use the same set of MPC parameters, chosen
experimentally to maximize performances.

Figure 2a illustrates the formation evolution for both the
distance-based and centroid-position-based strategies. The
trajectory to be tracked by the leader is represented by the
dashed line, enclosed in a corridor representing a safe zone
where the robots can evolve freely. It should be noted that
its purpose is solely to enhance visualization and to facilitate
comparison. Therefore, the area outside of this corridor does
not constitute an obstacle for the robots to avoid. The radius
of the corridor is chosen as the desired distance of 1.5 m
separating the leader from each of its followers.

The robots are initially placed along a horizontal line
1 m above the trajectory. As the leader begins following it,
followers are seen to efficiently reach the desired triangular
formation. By considering the leader’s movements during the
computation of the followers’ control inputs, both strategies
are able to precisely maintain the formation around the
leader. However, as the formation orientation is not explicitly
specified in the distance-based approach but rather decided
implicitly during the MPC, follower robots pursue seemingly
arbitrary trajectories. Conversely, in the centroid-position-
based strategy, the robots’ movements are better coordinated
along the desired trajectory. Despite this behavior, the for-
mation control performance of the distance-based strategy
allows followers to efficiently maintain a maximum distance
of around 1.5 m with the leader. Additionally, because
robots chose their preferred orientation, the formation can
be reached quicker and with less energy as seen in Table II.
This is also observed in Figure 2b as the robots’ input signals
converge faster to a stable value in the distance-based case.



(a) Distance-based (left) and centroid-position-based (right) formation maintenance
(b) Distance-based (top) and centroid-position-
based (bottom) control signals

Fig. 2: Robots trajectories and control inputs for both strategies with vlim = 5 m/s

(a) Distance-based (left) and centroid-position-based (right) formation maintenance
(b) Distance-based (top) and centroid-position-
based (bottom) control signals

Fig. 3: Robots trajectories and control inputs for both strategies with reduced saturation vlim = 2.3 m/s

The energy criterion is computed as the sum of all follower
inputs until convergence. Conversely, the centroid-position-
based MPC strategy offers faster computation with the use of
a linear predictive model. In the simulations performed, it is
found to be, on average, five times faster than its counterpart
in calculating the followers’ control inputs.

B. Simulation results with saturated inputs

In order to further observe the formalisms disparities,
Figure 3b presents the evolution of the robots’ control
inputs when the vlim saturation is lowered from 5 m/s
to 2.3 m/s. At this limit, the followers’ speeds are very
close to the leader’s cruising speed of 2 m/s and often
reach velocity saturations. This happens for the robot starting
left in Figure 3a which is unable to track the trajectory
intended by the centroid-position strategy, as it requires it
to move faster than the saturations permit. Consequently,
the strategy is unable to properly maintain the specified
formation. While the desired orientation could be explicitly
chosen to consider these limitations, its computation can be
difficult especially when considering more complex robot

dynamics and non-holonomic robot constraints. Conversely,
the additional degrees of freedom of the distance-based
strategy allow it to maintain the desired formation by letting
the MPC choose the formation orientation. This implicit
decision provides an easier problem formulation while also
allowing the strict prioritization of formation maintenance
over strict path tracking, not always necessary in practice.

C. Discussions

To conclude the comparative study, Table III summarizes
the main properties of the centroid-position and the distance
FC formalisms, as well as the absolute-position for compar-
ison purposes. Specifically, the formalisms are characterized
by their ability to regulate specific aspects of the formation:
its shape, scale, position, orientation and the robots’ indi-
vidual headings, which all indicate a certain responsibility
level. Taking as an example the absolute-position formalism,
its high authority on the formation can be beneficial for
many applications as only the robots’ headings cannot be
specified. However, it possesses a high responsibility level as
the desired value of every regulated aspect of the formation



Measurements Control
feature

Shape
Regulation

Scale
Regulation

Position
Regulation

Orientation
Regulation

Headings
Regulation

Responsibility
level

Absolute-position
[2]

Robots’ absolute
positions

Robots’ absolute
positions Yes Yes Yes Yes No High

Centroid-position
[11], [12]

Robots’ relative
positions

Robots’ positions
w.r.t centroid Yes Yes No Yes No Medium

Distance
[6], [16]

Neighbors’ relative
positions

Neighbors’ inter-
distances Yes Yes No No No Low

TABLE III: Qualitative comparison between the centroid-position, the distance and absolute-position formalisms

must be defined. As it is observed in Section IV-B for the
distance-based formalism, depending on the application, a
lower responsibility level can be beneficial as the removal of
some formation constraints increases the set of possible so-
lutions. However unpredictable behaviors can happen when
leaving some aspects of the formation unregulated such as
the orientation of distance-based strategies. To help solve this
issue, the leader-follower approach can be useful to recover
some control over free aspects of the formation such as
position and orientation. This proves particularly useful when
coupled with local formalisms which by definition cannot
regulate the absolute position of formations. It is used here
as a means to perform local FT by assuming the use of a
local trajectory planner by the leader.

V. CONCLUSION AND FUTURE WORKS

In this paper, a local FT algorithm based on the predictive
regulation of inter-robot distances is presented. Following
a leader-follower scheme, the leader centrally computes the
followers’ control signals using MPC. Simulations demon-
strate the algorithm’s effectiveness in maintaining the for-
mation around the leader. Through a comparative study
conducted against a centroid-position-based MPC strategy
inspired by the literature, the superiority of the distance-
based formation formalism in performing FT in constrained
settings is also highlighted. The study concludes with a dis-
cussion about the qualitative advantages of both formalisms
and, in particular, the inability of the distance formalism to
regulate the formation’s orientation. Therefore, perspectives
aim to improve the orientation maintenance of the proposed
strategy, as well as improve the MPC control law by adding
an integral action to remove the static error. It should be
mentioned that the presented work lacks realism due to the
use of single-integrator robot models and the assumption of
perfect communication. To address these limitations, more
complex robot models are intended to be used for validation,
and the implementation of a distributed MPC algorithm
is also considered to better acknowledge the information
exchanges occurring in the fleet.
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