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Abstract: A cyber-physical formation includes all the strategies to coordinate mobile robots
moving in different physical workspaces sharing information through internet and the cloud.
This work addresses a formation scheme of robots moving in two different workspaces. The
control strategy is based on virtual agents used like ”avatars” which must converge to the
position of the robots in the opposite workspace. The control approach is designed for robots
modeled as single integrators and extended to the case of unicycle-type robots. Results of
numerical simulations and real experiments are shown using a low-cost cyber-physical micro-
robot platform based on a camera as position and orientation sensor.
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1. INTRODUCTION et al., 2016), the formation tracking or marching control
(Oh et al., 2015), and the inter-robot collision avoidance

The motion coordination of multiple mobile robots is  (Lopez-Gonzalez et al., 2016).
an important theoretical and technological research area
in the industrial and service fields (Canudas de Wit
et al.,, 1996; Valentim et al., 2019). Groups of robots
have been widely used for logistics (Hernandez-Martinez
et al., 2014), the transportation of large objects (Far-
rugia and Fabri, 2018) surveillance and perimeter vig-
ilance (Mantha et al., 2020), among others. The main
contributions have been addressed for differential-drive
or unicycle-type wheeled robots (Gonzélez-Sierra et al.,
2013), omnidirectional robots (Hernandez-Martinez et al.,
2013) and car-like configurations. The basic group coordi-
nation problems are: formation control (Ferreira-Vazquez

The fourth industrial revolution, known as Industry 4.0,
incorporates new enabling technologies for a better com-
municated world, as in Gallo et al. (2021). Wireless com-
munication devices with high-bandwidth, the use of the
cloud for data storage and analysis and the embedded
computing architectures promote new opportunities for
an enhanced distributed motion coordination of mobile
robots. Thus, the robots can achieve coordinated motion
across different and remote workspaces. Besides, the for-
mation control laws could be executed onboard the robots
themselves or in the cloud. Therefore, the group coordi-
nation becomes a cyber-physical setup with decentralized
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The cyber-physical formation schemes are a recent focus
for the multi-robot control community. Recent advances
are shown in Lian et al. (2021), Pikner et al. (2021),
Kruglova et al. (2019). The formation problem across
different workspaces, sharing information through the
internet, generates new challenges for the control schemes.
Kim et al. (2008) have studied the effect of delays in the
internet communication, Lo et al. (2003) the problem of
communication losses between workspaces and Shahzad
and Roth (2016) for the intermittence in the internet
links.

Recently, some robotics platforms have been built for the
experimentation of cyber-physical formation approaches.
For example in Escobar et al. (2020), a multi-robot plat-
form is designed for educational purposes with cyber-
physical features using omnidirectional mobile robots and
MQTT protocol. Thus, the study of cyber-physical be-
haviors in multi-robot systems requires a flexible plat-
form that enables monitoring and control of the multi-
workspace setup.

This work is a first stage for the modeling, control and
experimentation of cyber-physical formations of mobile
robots. The main contributions are highlighted by the
next points:

e The design and implementation of a control strat-
egy for a cyber-physical formation of mobile robot
systems moving in two workspaces.

e The control approach is based on the use of virtual
agents which converge to the physical robots moving
in the opposite workspace. The convergence is an-
alyzed for the general case of n robots. Under this
control scheme the robots behave as if they move in
a unique workspace.

e The control approach is developed for 2D single
integrator robots, but it is extended to unicycle-
type robots with two wheels and it is validated by
numerical simulations.

e Finally, a novel low cost experimental platform is
built. An experiment is shown using four robots in
two different physical spaces communicated through
an internet connection with a MQTT protocol.

The paper is organized as follows. The problem definition
is given in Section 2. The control strategy is presented in
the Section 3. Numerical simulations are shown in Section
4. The experimental platform and results are shown in
Section 5. Finally, some concluding remarks are proposed
in Section 6.

2. PROBLEM FORMULATION

In this section, the cyber-physical formation problem
is defined for m point-robots moving in two different
workspaces.

Let Z = {Ry, ..., R,} be a set of mobile robots. Consider
that these m robots move in two different workspaces
#1 and #5. Without loss of generality, consider that
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Fig. 1. Communication between workspaces #; and #5.
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Fig. 2. Example of the relationship between the original
formation graph ¢ (above) and workspaces #; and

#s and combined graph ¢ (below).

#1 = {R1,....Rn}, with 1 < m < n is the subset of
robots moving in #; and %> = {R;y+1,....,Rn} is the
subset of robots moving in #5. Therefore Z = %1 U %>
with %1 N %5 = (. Define z; = [xi,yi]T € R? as the 2D
position of R; in #] or #5.

The main goal of this work is to construct a forma-
tion control strategy such that the robots in the two
workspaces converge to a global formation as if they were
in the same space. To do this, the information about
the positions z;, ¢ = 1,...,m must be shared between
#1 and #5 as illustrated in Fig. 1 using internet and
the cloud. Let us assume a desired global formation
graph ¢ for n robots is defined by an adjacency matrix
A, a set of relative positions ¥ and a Laplacian matrix
L. The challenge in a cyber-physical configuration is to
converge to the formation ¥ with the absence of certain
robots in each workspace. This paper proposes the use
of virtual robots. Thus, for each R; € %1, i = 1,....m
define a virtual robot V; € %4, i = 1,...,m and for each
R; € %>, 1 = m+1,...,n define a virtual robot V; € ¥1,
i = m + 1,...,n. Thus, there are also n virtual robots
divided in ¥ and ¥. Let v; € R? be the 2D position of
each virtual robot V;. Finally, #; = %; U ¥;,1 = 1, 2.
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Consider that both, the real and virtual robots are mod-
eled as single 1ntegrators as follows:

1=1,.
1= 1, - (1)

where u; € R? and w; € R? are the control inputs for the
real and virtual robots, respectively.

- ul7

Vi = Wy,

For all robots in any workspace #; a new formation graph
4 is derived from ¢ as follows. For each R; € %; let A}

and ,/V”V be the adjacent subsets of indexes of the real
and virtual robots in #; who are communicated to R;
according to the following;:

J‘@R = {]{i|Ajk 75 0, Rj,Rk S %1}

2

</VZ]V:{]€|AJ]€7AO, Rj Gﬁi,vk‘e%} ( )
Besides, all virtual robots V; are communicated only to
their real counterpart R; located in the other workspace
W3_;. An example of the communication topology is
shown in Fig. 2. On the other side, for each (j,k)|k €
N FUAY let ¢y define the static and predefined desired
relative position vector ci; € R? cy; € €. By design, it is
straightforward to show that if ¢ has a directed spanning
tree then ¢ also has one. Having a directed spanning tree,
it is well-known that the laplacian matrix of ¢4 and ¥
given by L and L respectively, have the eigenvalue set
E = {)\17~-~7>\n} with Ay = 0 and \; > 0,72 =2,...,n
(Olfati-Saber, 2007).

3. CONTROL STRATEGY

The control strategy needs to have at least a leader robot.
Let us define R,, € #5 as the leader robot, and z4, z4 € R?
and as the desired position and velocity of the trajectory
for the leader. The control strategy for the virtual robots
V; € #; is designed to track its corresponding real robot
R; that belongs to the other workspace #3_;, according
to the following law:

w; =ky(z; —v;)+24, ky>0,7=1,...,n.  (3)
with k, > 0 the control gain for the virtual robots. The
control law for the real robots R; is given by the following:

u; =k, Z(zk +cpy—z5)+ -
keuA
: _ (4)
k. Z(Vk + Ckj — Zj) + Zq4,
keuA
with k. > 0 the control gain for the real robots and

j=1,...,n—1. The control strategy for the leader robot
R, is given by

un:kr Z (Zk+ckn_zn)+~--
ke V]
= G
k, Z (Vi + Ckn — Zn) + kc(Zd — Zn) + Z4.
ke,

Defining the relative positions of the robots with respect
to the desired trajectory z; = z; — z4 and v; = v; — zq,

equations (3),(4) and (5) have a relative consensus defined
by

V5 =2t Vj
0=> (Zh+ckj—2))+-..
keut
' Vi <n (6)
> (i +cxy — 7))
keuAy
zr =0.

n
Let ef =z; — 2z and eV = v; — Vi be the relative error
with respect to the consensus trajectory of the real and
virtual robots respectively. Using the above equations, the
error dynamics can be expressed as

eV —k, I, k.1, eV
_ ( g 12> )

eft kEo kyEas + keqnq,, e’

where
eV =[ef el T (8)
T T

et = [eff ex 1" 9)
Eo + Ey = -L (10)
=[0] 1" (11)

with 0,,_1 a zero vector with dimension n — 1.

Using the fact that the communication topology is given
by ¢, it can be shown that the system dynamics (7) con-
verges to the origin, achieving relative consensus given by
equations (6). A Gershgorin disk-based proof is omitted
here for reasons of space.

4. NUMERICAL SIMULATION

The numerical simulation was programmed in Matlab-
Simulink(©R2022b with a variable-step continuous im-
plicit solver.

Fig. 3 shows the numerical simulation of the control
approach with n = 4, and m = 2, i.e. the total set of
robots is #Z = {Rl,R27R3,R4}7 where %, = {Rl,RQ} S
#y and %o = {Rs,R4} € #> as shown in Fig. 3a.
The leader robot is R4. Therefore ¥; = {V3,V4} and
¥y = {V1,V2}, and the total members of each workspace
are Wl = {RlvRQa ‘/37‘/4} and % = {‘/17 VQaR37R4}’

The adjacent subsets for the real robots are defined as
J‘/lk ]‘/1 - {V37V4}7 J’]/% - Q)v </V1‘2/ = {‘/33‘/4}5

Mag = 0, Nyy = {Vi,Va}, M =0, M) = {V1,V5} as
shown in F1g 3a. The desired final posture of the robots
is a diamond-shaped formation, as if all 4 real robots
would be in the same workspace. To achieve this desired
formation pattern, the relative vectors are given by c¢13 =
[aab]Ta Clg = [a’7 7b]T7 C23 = [7a7b]—r7 Co4 = [70% 7b]Ta
with a = 280, b = 140 and by construction c3; = —ci3,
C41 = —C14, C32 = —C23 and cqo = —caa.

Fig. 3b shows the trajectories of the real and virtual
robots using the control law (3)-(4)-(5) with k, = 100,
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k. = 100, k. = 100 and the desired trajectory of the leader
robot R, given by z; = [72cost,84 + T2sint]’. Note
that the robots converge to the desired formation pattern
which is observed by the errors” convergence shown in
the Fig. 3c. Finally, the control inputs are depicted in the
Fig. 3d.

5. EXPERIMENTAL WORK
5.1 Ezxperimental platform

The control approach was proved in a novel low-cost ex-
perimental robotics platform composed by the four mobile
robots shown in Fig. 4. Each unicycle-type robots are
integrated by two DC motors manufactured by Pololu(C)
with plastic wheels, controlled by an Arduino pro-micro
with Bluetooth wireless communicated to a PC. The case
of the robots is made with 3D printer with an Aruco-Tag
on the top.

The control implementation is based on the scheme pre-
sented in Fig. 5. The four robots are placed in two differ-
ent workspaces. Every workspace has a Logitech(C) web
camera model C'920 with a resolution of 1280 x 720 pixels,
installed to a height of 40 mm, that generates a viewed
area of around 75 mm x40 mm. Therefore, the resolution
of every square pixel is about 0.36mm?. Every camera is
connected to an Intel(©) core i7 PC. The PC reads the
Aruco tags at a sample rate of 0.1 s detecting the I D of
the robots and calculating the position and orientation of
every robot using the OpenCV visual processing toolbox.
The positions and orientations of the robots are sent
to the internet through a MQTT IoT protocol using a
HIVEMQ(©) broker. The communication is bidirectional
and the two workspaces are connected online. The control
law is programmed in every PC using Phyton version 3.10
at the same sample rate of 0.1s, sending the control inputs
to every robot using the Bluetooth wireless communica-
tion. Note that the control setup is low-cost and scalable.
Also, the experimental setup is modular using commercial
components allowing its expansion to more robots and
workspaces. The use of the HIVEMQ(C) broker is free.
Thus, this experimental setup becomes the base of a ad-
hoc platform for proving future and more complex cyber-
physical formation approaches.

5.2 Extension of the control to unicycle-type robots

The kinematic model of the unicycle-type robots shown
in Fig. 4 is given, according to the Fig. 6, by

T; = v; cos 0; (12)
yi = V; sin 01 (13)

with ¢ = 1,...,n, where [z;,v;] " is the 2D coordinate of
the robot and 6; is its orientation angle with respect to
the horizontal axis. The v; and w; are the longitudinal

and rotational control inputs respect to the middle point
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(a) Experimental workspaces and formation topology.
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(d) Control inputs.

Fig. 3. Numerical simulation with #, = {R1, Ro, V3, V4}
and % = {V17 ‘/2? R37 R4}
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Fig. 4. Photo of the experimental robots.
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Fig. 6. Kinematic model of a unicycle-type robot.

of the axis’ wheels. These two body-level velocities can be
converted to the velocities of the wheels through

V; ’sz V; wiL
WR, = — T (7 wr, = — — —

i

Coor 2r "’ r 2r
where wg, and wy,, are the angular velocities of the right
and left wheels, respectively, r is the radius of the wheels
and L is the length is the distance between the wheels.

(15)

Choosing the frontal point as control output, shown in
Fig. 6, with

a; = |z; + Lcosb;,y; +€sin9i]T (16)
where ¢ # 0, its dynamics is given by

where 4;(6;) = [Cos 6, —(sino), ] |

sin#; {cosb;

Since det A;(0;) = ¢ # 0, it is possible to linearize the
dynamics of «; using the control

[’UZ‘, wi]T = Afl(ﬁi)ui

; (18)
with u; € R? as an auxiliary control. Note that in the
closed-loop control (17)-(18), the dynamics is reduced

&; = u; and the nonlinearities are eliminated resulting

in the single integrator given by (1). Therefore, the
control approach can be extended to the unicycle-type
robots using the control law (18) where u; is defined
by the equations (3), (4) and (5) but dependent on the
coordinates «; of the robots.

5.8 Ezperimental results

Fig. 7 shows the experimental results of the simulation
case developed in section 4. The parameters of the robots
are 7 = 15 mm, £ = 10 mm and L = 45 mm. The
control gains are given by k, = 100, k. = 100, k. = 100
and the desired trajectory of the leader robot Ry is
given by z4 = [72cost,84 + 72sint]" in millimeters. The
robots converge to the desired formation pattern, which
is observed by the robots’ trajectories in Fig. 7a and the
errors’ convergence shown in Fig. 7b. Note that the errors
of the real robots are smaller than the errors of the virtual
robots in the experimental data. The control inputs are
depicted in Fig. 7c. Note that the control performance
is affected by the resolution of the camera, the sample
time and the non-modeled dynamics presented by the
floor friction and other real effects.

6. CONCLUSIONS

This paper addresses the modeling, control and experi-
mentation of cyber-physical formations for mobile single
integrator 2D robots over two workspaces. The control
strategy employs virtual agents that converge to the phys-
ical robots moving in the opposite workspace. Conver-
gence is guaranteed for a general case of n robots and
the robots behave as if they moved in a single workspace.
The proposed approach can be used for a family of non-
holonomic mobile robots that can be reduced to single 2D
integrators by an appropriate feedback linearization. The
control strategy was validated through numerical simu-
lations. In addition, an innovative low-cost experimental
platform was built, where an experiment was run using
four unicycle robots in two different physical workspaces
with internet communication. Further work will address
other robot dynamics and delays and intermittence effects
due to the internet communication.
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