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Navigation of Multi-Robot Formation in Unstructured Envir onment
Using Dynamical Virtual Structures

Ahmed Benzerrouk*, Lounis Adouane*, Laurent Lequievretidhilippe Martinet*

Abstract—In this paper, the control problem for a group there is not an explicit model of the overall cooperative
of mobile robots keeping a geometric formation is conside®  pehavior.
The proposed architecture of control allows to each robot to A moving virtual structure is an other strategy. Keeping

avoid obstacles and to rejoin the desired formation. To not . .
complicate the control of such a system, it is proposed to digte a desired shape by the robots can then be achieved by

the overall complex task into two basic tasks: attraction to considering the formation as a single virtual rigid body.

a dynamical target, and obstacle avoidance. Thus, a desired The control law of each robot is derived by defining the

geometric shape is defined and each robot has to track one dynamics of the virtual structure. The motion of the latter

node of this mobile shape. Each robot has to be autonomously g then translated into the desired motion of each vehicle
able to avoid disturbing obstacles and to rejoin the formaton in 91 1101, In 1141 virtual struct h b hieved b

a reactive manner. Moreover, it chooses the optimal avoidare [9l, .[ |. In [11], virtual struc ures have been achieved by

side thanks to limit-cycle method in order to reach as rapidy ~ having all members of the formation tracking assigned nodes
as possible its virtual target. The proposed control archiecture ~ which moves into desired configuration. Many works use

is |mplemented in a distributed manner. In addition, this the potential fields with this approach: Ogren and al [12]

architecture uses the same control law (Lyapunov stable) fo  .qnsiger the nodes of the desired virtual structure to reach

the two elementary tasks, and the switching from one task to . . - .
another occurs only by changing the set-points. Experimeal &5 virtual leaders. Each robot is controlled using a paiénti

results validate the proposed control architecture. f|e|d fUnCtion Wh|Ch takeS intO account |tS neigthI‘S a.nd the
corresponding virtual leader. Mastellone and al [13] desig
|. INTRODUCTION controller based on potential fields that guarantees tnacki

Robots are requested to achieve more and more complasrd obstacle/vehicle collision avoidance for nonholoremi
tasks. In the beginning of the robotics revolution, theyaversystems. They apply it to a formation of mobile robots.
solicited to enlarge their workspace. Mobility was then alowever, the weakness of virtual structure is that poténtia
very desirable property. Once reached, another issuesarisapplications are limited especially when the formationpgha
Indeed, as the task is complicated, the robot structure beeeds to be frequently reconfigured. For example, changing
comes rapidly complicated too. An alternative of designinghe configuration by joining new robots to the formation
one complex robot is to use a set of simpler cooperatingads to change the parameters of the embedded control into
robots with more flexibility. each robot, including the robots forming the old formation.

Many examples of multi-robot applications can be cited: Combining different approaches to get their advantages
pushing a heavy object [1], remover task [2], keeping &as been little explored in the literature. In this paperaug
formation for AUV (Autonomous Underwater Vehicles) [3], of mobile robots navigating in formation is consideredsit i
management and platooning of autonomous vehicles [4], [J)yoposed to combine behavior based approach and virtual
etc. However, the coordination of multi-robot is still angon Structure method to build a distributed control architeetu
the most challenging tasks. In the literature, the problem h To overcome drawbacks of using potential fields in the
been tackled through different approaches. Among them, wétual structure approach, the achieved task (reachiry an
can cite the leader follower approach [6]. In this approachmaintaining a desired formation while avoiding obstacles)
some mobile robots are considered as leaders which traisk divided into two basic tasks (behaviors): attraction to
predefined trajectories, while others act as followers an@ dynamical target, and obstacle avoidance. A control law
track leaders thanks to their states. In our work, the exyoectusing geometric rules is thus designed. In fact, each node
behavior of the flotilla is that the whole formation shouldof the defined rigid body corresponds to a dynamic virtual
not be affected if one robot, namely the leader, leaves thiarget that one mobile robot of the group has to reach. A
formation (because of breaking down, avoiding obstaclegynamic target assignment for each robot is also proposed
etc.). giving a cooperative aspect to the robots.

An other approach is the behavior based methods as in [7],It is noted that robots are evolving in unknown evironment
[8]. In this case, each robot has a set of weighted behavioadth a risk of collision between them and with outside ob-
(basic tasks) to achieve. The resulting behavior of the growtacles. Each robot needs then to be able to avoid obstacles.
emerges by accomplishing basic behaviors. It means th@etential fields [14] are widely used in the literature. latfa

they offer a real time method adapted to this task. However,

* LASMEA. Clermont Université, Université Blaise Pascal,2Av-  since potential applications have limitation when combine
enue des Landais 63177 Aubiére, France. Supported by thonisat . . .
Research Agency of France (ANR) through the R-Discover eptoj With the virtual structure approach, the used method is the
firstname. | ast name@ asmea. uni v- bpcl ernont. fr limit-cycle navigation proposed in [15] and improved in [16



This method also allows to choose the direction of avoidanamly information available at the level of each ropate its
according to the target position. configuration ¢;, v, ;), the one of the main target{, yr,

The remainder of the paper is organized as follow: i) as well as theD; and ®; corresponding to the relative
next section (Il), the proposed architecture and its cdlei® positions and orientations of the secondary targetih
(attraction to a dynamical target and obstacle avoidanceggards to the main one (cf. Figure 1). It is also noted that to
are detailed. Section Il gives the common control law o&implify the negotiation protocol between the robots [20],
the controllers. Section IV discusses experimental resulspecific priorities (like a hierarchy) = 1..N is attributed for
implemented on a set of Khepera Ill mobile robots. Finallyeach robot. From these information, robots will cooperate t
section V is devoted to conclusion and some prospects. establish with a fully distributed manner the virtual targe
follow. The proposed algorithm embedded in each robot is

II. NAVIGATION IN FORMATION given below:

Consider N robots with the objective of reaching and
maintaining them in a given formation even when obstacles Input: Distancesis; separating the robot with regards to the

disturb their navigation. secondary targetgcf. Figure 3)
Output: Choice of the virtual target to follow
A. The adopted cooperative control strategy While (experimentation)
The adopted strategy consists to control each rabiot « classify by growing order the distancés; separating
track a dynamical target (node) of a virtual geometrical the robot and the target

« go toward the closest target but with the condition that

structure: . . . it is not already chosen by one robot of superior hierarchy
Reaching or tracking a moving target has been widely p (this, stipulates that each robot communicates with other
explored in the literature [17], [18]. In [19], a specific set robots its sorted list and its rank in the hierarchy).

point is designed for a mobile robot to reach a dynamical EndWhile

target. However, this work assumes that both the robot and Algorithm 1: Distributed virtual target assignment
the target are evolving with constant linear velocitiesigit

assumed that the robot goes faster than its target). Threrefo I1l. THE PROPOSEDCONTROL ARCHITECTURE

Itblls only pLo_v edhthat the rodbo_t mele(;s the _tarlget bu:] IS N0t Ag cited above, the proposed control architecture includes
able to track it. The proposed virtual dynamical struct@ t . controllers: Attraction to a Dynamical Target and Ob-

must be followed by the group of robots is defined as followgy, 16 avoidance controllers (cf. Figure 2). Before giving

« Define one point which gives the dynamics (velocitiesy| details about this architecture, let's present the psepl
of the applied structure. This point is called the maimttraction to a Dynamical Targeblock and theObstacle

dynamical target (cf. Figure 1), Avoidanceblock..
o Define the virtual structure to follow by defining as

much nodes (virtual target) as necessary to obtain the
desired geometry. Each nodeis called a secondary
target and is defined according to a specific distance
D; and angle®; with respect to the main target.
Secondary targets defined by this way have then the
same orientatio; and velocityvr.

An exemple to get a triangular formation is given in

Obstacle Avoidance 752 5
L

L : set-point Psi %) Control '_’(v.,w‘)
: Law
Attraction to (Psw 05) - SEIEELION

Perceptionsnd
Communicatio

Dynamical Target

figure 1. Fig. 2. The proposed architecture of control.
Robo,
/' - A. Attraction to a Dynamical Target Controller
Yua 2 vr Consider a robot with (z;,y;,0;) pose. This robot has
NN _ _ to track its secondary dynamical targ@&(zr,,yr,,01;)
Secondary target \\ Ny Main dynamical (cf. Section II-B)that the variation of its position can be

target

described by
&1, = vp.cos(Or)

\\7 _ )
\ ) )
O Robo,@ . \ V4 Robok 77777777 { g1, = vp.sin(fr) (1)

Let’s also introduce the used robot model. Experimental
Fig. 1. Keeping a triangular formation by defining a virtugognetrical results are made on I_(hepera 11, which are_ unicycle mobile
structure. robots. Their kinematic model can be described by the well-
known equations (cf. Equation 2).

B. Cooperative and Distributed virtual target assignment

As discussed above, each mobile robot should follow one ' .
of the secondary targets forming the wished geometric shape % = vi.sin(0;) (2)
but the asked question is what targéir what robot? The 0; = w;

&; = v;.co8(6;)



wheref;, v; andw; are respectively the robot orientation,

linear and angular velocities.
Figure (3) allows to define position errors as
(xTi

€y, =
Cy;, = (yTi
The current distance between the roband its targef’;,
notedds, can then be expressed as

—x;) = dg, cos(7;)

_ o) = ds, sin() 3

dsi = \/69261. + 632” (4)
Its derivative is e
7 Cx;iCa; T Cy,Cy;
ds, = —t (5)
Si
Using equations (1 to 5) allows us to get
ds; = wvr. cos(y; — Or) — v;. cos(y; — 6;) (6)

0s,, = arcsin(ZF sin(0r — 7)) + (12)

In what follows, it is putb = *L. As already cited, a
close result was given in [19]. However, the two results are
differently developed. In fact, in [19], the line of sight ah
observer was used to build this set-point and the position of
this observer affects the set-point. The proposed work is no
based on any observer and our results depend only on the
dynamics of the robot and its target. Also, and unlike [19],
the robot velocity in not constant. The proposed control law
(cf. Section 1V) regulates it by accelerating or decel@eti
according to the robot distanek, with respect to its target.
The target is then tracked once reached whereas in [19], the
goal was just to prove that the robot and its target meet each
other.

To prove that the robot reaches its target, we have to prove
thatds, is continually decreasing. For that, it is sufficient to

Similarly, the current angle of the robot according to itgorove thatls, < 0. Before giving the proof, it is reported that

dynamical target is noteg; and is calculated as

Cue (7)

€x,

i = arctan(

Its derivative is ~
(eyi/ezi)
1+ (eyi/emi)2

By using equations (1) and (2), ande, are given by

Vi = (8)

ér, = (T, — ;) = vr.cos(0r) — v;.cos(0;) )
éy; = (Y, — vi) = vr.sin(0r) — v;.sin(6;)
and (8) becomes then
vp.sin(fp — y; v;.sin(6; — v,
s =) wesin@i—0) o
dSi dSi
Yw g
A vr
)0
Y
Secondary Virtual
Target
Om(Xi s i)
Oy

Fig. 3. Attraction to a dynamical target.

To obtain the set-point anglés,, applied to the robot

in order to reach its dynamical target, our idea is to keep

i constant. In other words, we would like to haye= 0.

Under this constraint, we show that the defined set-point
angle leads the robot on its target. Equation (10) allows thu

to write:

vp.sin(@r — ;) v;.sin(0; — v)
dg,

=0  (11)

the linear velocity of the robot will be elaborated satisfyi
the constraint; > vr. It is natural that the robot goes faster
than to the target to reach it, especially when the latter is
escaping. Therefore, we have alwdys 2= < 1. Moreover,

the trajectory of the target is assumed smooth For the proof
the following two properties are reminded

cos(—z) = cos(x),Vz € R

™
S 5l el-1,1)

Consider the equation (6), two cases are then possible
1) (07 —v:) € [5, 5] (escaping target); we have:

cos(fr — i) = /1 — (sin(fr — ;)2 >0

arcsin(z) € [—

which leads to
ds,

UT\/1 — (sin(0r —74))?
—viy/T = (bsin((O7 — 7,))?

(13)

However, while the robot did not reach the target, we
haveb < 1 sincevr < v; (cf. Section 1V). It means

that
vT\/l — (sin(0r —v))? < Ui\/l — (bsin(fr — 7:))?
thus )
dsi <0
2) (0r — i) €[5, 2F] (approaching target):

cos(fr — ;) = —/1 — (sin(f7 —7:))2 <0
and -

ds, = —vry/1— (sin(0r —v))?

—viy/1 = (bsin((0r — i)
It can then immediately be deduced thiat < 0.

Note that in the first case (escaping target), it can be
observed thatl is as much more negative as the linear robot

(14)

The set-point angle that the robot must follow to satisfyelocity is increasing. It will be seen later that the progbs
the constraint expressed by equation (11) and to reach #@entrol law increases the robot velocity as the distancetrob
dynamical target is then given by target increases. In addition, the control law is elabarate



such that the robot velocity; — vy whends, — 0 (cf. closely to R;. This causes oscillations of the robot due to
Section 1V). Hence, in equation (12) we hake= 1. It is useless switch between obstacle avoidance and attraction t
interesting to note that the proposed set-point allowsethyer target controllers (see [16] for more details).

to converge t@r asds, — 0. In fact, Two cases are again Algorithm 2 and Figure 5 explain briefly the two phases

possible principle.(xzo, yo) (cf. Algorithm 2) are the relative position
1) (07 — ) € [5=, %] (escaping target): of the robot in the obstacle fram@®, X, Yo) (cf. Figure
5). This frame is built such that direction of the X-axis goes
bs,, = arcsin(sin(fr —7;)) + v through the virtual target to reach and the obstacle center.
ZSM = O —9% + 7% (15)  v-axis can then be easily deduced.
Sar = T

The set-point angle tends directly to the target direc- Input: All the features of the closest obstacle
Output: Radius of the limit-cycle trajectory to follow

tion.
— m 3w i . if yo > 0 then
2) (Or =) € [2’ 2 | (approaching target): | Avoid the obstacle in the clockwise direction
o else
Oss, = 7= (00 =)+ (16) | Avoid the obstacle in the counter-clockwise direction
0s,., = T+ 27 — Op end

. . .. if zo <0 then
However, the robot still reaches the target but with this ‘ R. = Ry — ¢ (Attractive phase)

set angle, it goes past it once reached. The robot is then | (with ¢ a small constant value a < A }
behind the target and tries to join it again. Therefoyeis else o _
recalculated. Since the target trajectory is assumed $moot {Elscape crllttﬁnon: 9o ?hUt of the obstacle circle of
the new calculated; verifies then the case 1 (the robot is mruence witil & smoo Wiy

. . . R. = R + £ (Repulsive phasg
now behind the target, and this one becomes then an escapingnd

target). Algorithm 2: Obtaining the radiusk. of the limit-cycle.

B. Obstacle Avoidance Controller - .
C. The remaining control architecture blocks

To perform the obstacle avoidance controller, the robot ] ) . .
needs to follow accurately limit-cycle vector fields [15}g]. 1€ Proposed control architecture is summarized in
Each obstacle is surrounded with an influence circle of sadidigure 2. First, the parameters of the rigid virtual struetu
R; = Ro+R.+A, with Ro, the real obstacle radiu®, the (D;, ®;) (cf. Section 1) are given by théarameters of

robot radius and\ a safety margin. Vector fields are giventhe formation to achievélock. Besides, according to the
by two differential equations: task accomplished by the robot, the corresponding coetroll

. For the clockwise trajectory motion (cf. Figure 4(a)): is chosen thanks to thélierarchical Set-Point Selection
' " block. The latter takes a decision thanks to environment
is = ys+a(RE—xl—y2) (17) information collected by th@erceptions and Communication

Us = —xs+ys(RE -2 —y3) block and therobot (block) which gives its current position.
. For the counter-clockwise trajectory motion (cf. Figure! "€ corresponding set-points’s, , 65, ) are then sent to the
4(b)): Control Law block according to the active controller such
iy = —ys+a(R?— a2 —1y?) (18) that
Us = s+ ys(RZ — 2% —y3) e (Ps, = (zs,;,ys;)) is the current position of the dy-
where @, y,) corresponds to the position of the robot ac- ~ hamical target(Ps,, = (zz;,yr,)) and (0s, = 0s,,)
cording to the center of the convergence circle (charazeidri for Attraction to Dynamical Targecontroller,
by an R, radius). Figure 4 shows that the circle d¢s = 1” * Ps,, is always set t0(0,0) and (s, = 0s,,) for
is a periodic orbit. This periodic orbit is called a limitag. Obstacle Avoidanceontroller.

Figure 4(a) and 4(b) show the shape of equations (17) andit is important to emphasize that the control block uses
(18) respectively. They show the direction of trajectorieshe same control law for both controllers. Therefore, only
(clockwise or counter-clockwise) according te,{ys) axis. the set-points change coming from a controller or an other.
The trajectories from all pointse(, y,) including inside the In next section, the proposed control law is given in details
circle, move towards the circle.

The set-point anglés,, calculated thanks to the Obstacle - | » i
Avoidance controller is given by the differential equatioi /\,\ / \\ /\/
the limit-cycle (17) or (18) as: A /‘/i . \\/\ N
g 4 ~ L
g = arctan(&) (19) \\ Y & [/ ™
oa xs
However, note that obstacle avoidance controller itself is (&) Clockwise (b) Counter-Glockwise

divided into two phases: attractive phase and repulsiveg@ha
These two cases guarantee that the robot do not navigate very Fig. 4. Shape possibilities for the used limit-cycles



A. Extension of the navigating formation shape

4)

_ Clockwise To test the relevance of the proposed control architecture t
o "~ Repulsion v,,®s'econdary reach and to maintain a formation shape, a triangular \lirtua
Attraction Virtual Target structure is defined. It moves with a constant linear speed
vy = 4.2cm/s. Three Khepera Il are randomly put on the
S @ platform. The proposed arch_itectL_lre _of control is embedded
Y, Robot Obstacle Conter-Clockwise on each robot. Results are given in figure (6). It can be seen
l . Repulsion that each one joins the closest virtual target of the virtual
%) " .
o Conter-Clockwise structu.re (cf. Elgqre 6(a)). The.real tr.ajet_:tor){ Qf the ¢hre
A X4 Attraction robots is given in figure 6(b). While navigation, it is propds

to extend the virtual structure to a diamond shape. Thezefor
an other robot is added to the formation. It can be seen
that the robot accelerates, and reaches the free virtuggttar
IV. THE PROPOSED CONTROL LAW without disturbing the other navigating robots. The dis&an
errors between the robot and their targets are given in figure
6(c). It can be seen that the all the robots reaches thegttarg
a(?he distance error tends to 0). The evolution of the Lyapuno

Fig. 5. The 4 specific areas surrounding the obstacle to avoid

The proposed control law allows to each robiotto
converge to its set-point (cf. Figure 2). It is expressed

Vi = Umaz — (Umaz — UT)e’(dgi/"z) (20a) function of each robot is given in figure 6(d). It can be seen
wi = ws, + k16 (20b) that it is decre_:asi_ng d_espite some variations (nois_e)_ _due to
the error localization given by the camera. The definition of
where the Lyapunov function (cf. Equation 23) allows to deduce
e Umas IS the maximum linear speed of the robot, that the angular errof tends also to 0.

o 0, k1 are positive constants,
« v; andw; are as already defined (cf. Section Ill) linear
and angular velocities of the robats, = 6g,. 7

6, = b, — 0; (21)

t

where s, is the set-point angle according to the active 3fﬂl

Y(m)

controller (cf. Section Ill) and was already computed (cf.
Equation (12), (19)).
By derivating

o of
9 =
——t D, * X(m)

. (a) The real platform (b) The real trajectory
0i = ws, —w; (22)
‘:snhml J—
: : N Rotot 5
Consider the Lyapunov function \ R e |
LY Moment of adding the -4------
9 Eo ' Moment of adding - Sost —
~ therobot4 |
V: %91 (23) o ,,,,, . ‘L
. . . \C - ! ‘ :
The control law is asymptotically stable ¥ < 0. e e
. (c) The distance error to the target ofd) Variation of the Lyapunov function
V = kléé each robot of each robot
- 1Y

. . . Fig. 6. Extension of the triangular formation to a diamondhfation shape.
By replacing equation (22) in the control law (20b), we

get é 5 G B. Joining the formation while avoiding obstacles
i = —R10;
) A triangular virtual shape is desired in this experimenta-
andV becomes V= —k62 <0 tion. Three Khepera Ill robots have then to reach the cor-
R ’ responding closest target. However, two hindering obsgacl
for every®, # 0 sincek; > 0. prevents two robots from directly catching their targets. |

is observed (cf. Figure 7) that the two robots avoid the
obstacles, and reach the closest target (cf. Figure 7(ap. T
Experimentations are implemented on Khepera Ill robotseal trajectories of the robots and obstacle positions are
Navigation is achieved on a platform equipped with a camegiven in figure 7(b). Distance errors of the robot to their
giving positions and orientation of the robots and the cbstahosen targets are given in figure 7(c). It can be seen that
cles to avoid. In fact, every element (robot, obstacle) haseach robot converges to its virtual target. In the obstacle
different bar code to identify it at each moment: (positionavoidance phase (cf. Figure 7(c)) for robot 2 and 3, it is ciote
orientation, radius, etc.) [21]. that the distance of the robot to its target is not taken into

V. EXPERIMENTAL RESULTS



account(Ps, = (0,0) (cf. Section Il)). The last computed
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