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Asynchronous Dynamic Multi-Group Formation for Swarm Robots

Reza Haghighi and Chien Chern Cheah

Abstract— This paper addresses the asynchronous dynamic
formation problem for swarm robots based on multi-group
shape transformation. Considering robot swarm as a whole will
make achieving the adaptation to the environment very difficult.
Decomposition of multi-robot system into smaller groups gives
capability and flexibility in complex pattern transformation
which remarkably increases environmental adjustability. Unlike
existing methods in dynamic formation control of swarm robots
which is limited to synchronous shape transformation of the
whole system, and is causing unnecessary repositioning of some
robots; the proposed method can deal with asynchronous shape
transformation which leads to efficient dynamic formation
control. The stability of the system is examined by introducing
a Lyapunov-like function. Simulation results are presented to
illustrate the performance of the proposed method.

I. INTRODUCTION

Formation control has gained wide applications in mobile
autonomous agents [1], unmanned aerial vehicles [2] and
mobile sensor networks [3],[4]. Several approaches have
been developed to solve formation control problem which
can be mainly categorized as behavior-based approach
[51,[6], leader-follower approach [7] and virtual structure
strategy [8].

In formation navigation, two types of formation structure
are possible: fixed and dynamic formation. Fixed formation
is more suitable for obstacle-free environments in which
formation can be preplanned. Formation control with fixed
structure has been studied extensively in the literature.
Hendrickx et al. [9] introduced the persistent directed graph
concept to analyze the rigidity of the shape formations. Some
applications of rigid formation can be listed as: cooperative
object transportation [10], automated highway systems [11]
and satellite formation flying [12], [13]. For large number
of robots, rigid formation can be interpreted as fixed shape
formation, such that group of robots maintains a consistent
shape during movement. Hsieh and Kumar [14] addressed
2D pattern formation by developing communication-less
decentralized controllers. Cheah at al. [15] proposed a
region-based shape controller for swarm of robots such that
the robots move inside a desired moving region.

Despite of the above mentioned applications of the fixed
formation, it is too restricted in utilization due to limitations
in operating versatility. In real implementation, the group
formation must have the ability to adapt to the environment
and avoid obstacles. For small number of robots, dynamic
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formation is achievable by reconfiguration of robots’
positions. Desai [16] studied the formation reconfiguration
problem based on the transition from one control graph to
another. Defoort et al. [17] addressed time-varying leader-
follower formations. For large number of robots, dynamic
formation can be obtained by changing the shape of the
group. Belta and Kumar [18] introduced an abstraction
manifold; such that shape variables can be controlled
independently, which can lead to change in the shape of the
formation. Hou et al. [19] addressed the dynamic region
formation problem based on shape transformation. Sun
et al. [20] considered generalized superellipse formation
with time-varying parameters. Varghese and Mckee [21]
addressed pattern transformation for swarm of robots based
on Moebius transformation.

Existing methods on dynamic formation is based on
synchronous shape transformation, in the sense that
overall shape of the group is deformed simultaneously
which leads to repositioning of all robots. In most
applications repositioning of all robots is unnecessary and
inefficient; therefore to eliminate the superfluous movements,
asynchronous shape transformation must be applied. In
this paper, we propose multi-group shape transformation to
overcome asynchronous dynamic shape formation problem
for swarm of robots. Decomposition of multi-robot system
into smaller groups and independent control of each group
gives capability in complex dynamic formation, such
as group separation which is advantageous in obstacle
avoidance, multi-group reconfiguration, and asynchronous
shape transformation. Asynchronous shape transformation is
defined as an independent shape formation control of each
group. Here, asynchronous is considered from two different
aspects: non-simultaneity in time such that deformation
of groups can happen at the different moments, therefore
local transformation can be achieved. The second aspect
is non-consensusness in occurred transformations which
means groups can deform with different transformation
model like expansion in one group and contraction in
another group. The main contributions of this paper can be
summarized as follows: (i) introducing the idea of multi-
group coordination to solve dynamic formation problem
for swarm of robots; and simplifying the complex pattern
transformation into multi-group shape transformation. (ii)
Independent control of each group gives capability and
flexibility in group separation and asynchronous shape
transformation, which remarkably enhances the ability of
environmental adjustability.
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The paper is organized as follows. Section 2 presents the
equations describing the motion of multi-group of robots.
Section 3 presents a multi-group shape transformation strat-
egy. Social interactions which are decomposed to intra-group
interactions and inter-group interactions, are also introduced.
An adaptive interaction force is developed to deal with
inter-group interactions. A control law for dynamic group
formation is presented in Section 4. Section 5 presents the
simulation results and section 6 concludes this paper.

II. DYNAMIC EQUATIONS OF MULTI-GROUP ROBOTIC
SYSTEM

The dynamic equations of N groups of robots which each
group has n; members can be represented as follows :

G1: My (x1;) X1i + Cui (x1i, X1:) 15 + Dug (x13) X1

+g1i(x1) = wy;
Ga : My (x2i) Xoi + Cai (x2i,%2i) X2i + Do (x2i) X2i
+ g2i(x1i) = u;

Gy : Myi(xni)Xni + Cwi(xXni, Xni ) xNi + Dii (xni ) %ni
+gni(xni) = uni

1
where Gj represent group k, the subscript ki refers to
member i of group k, k=1,2,...,N, i=1,2,....nt, x3; € RN
are generalized coordinates, My;(xy;) € RY*N are symmetric
and positive definite inertia matrices, Cy; (xy;, %) € RV are
matrices of Coriolis and centripetal terms which together
with inertia matrices satisfy skew-symmetric property,
Dyi(xzi) € RN represent the positive definite damping
matrices, gi;i(xx) € RN denote gravitational force vectors,
and uy; € RN denote the control inputs.

By linear parameterization, the dynamic equation of each
robot can be written as [22]:

My (xki) X + Cri (X, %ki ) Xei + D (X ) Xi + xi (Xki)
= Yi (Xi Xkis Xi» Xi ) Oki 2

where Y ; (x4, Xki, Xki, i) are known regressor matrices and
0r; are unknown parameter vectors.

III. MULTI-GROUP SHAPE TRANSFORMATION

In region based shape control, a controller is designed
such that all robots move inside a specified region. The
restriction of this method is the difficulty in representing
complex shapes. By formulating a group coordination prob-
lem, we can decompose every complex shape to several
simple regions. In this case, complex shapes can be formed
by using some basic building blocks of regions such as circle,
ellipse and rectangle. An example is alphabetic letters. As
illustrated in figure 1, a mathematical description of letter
”R” is difficult, but by dividing into simple regions the
complex formation is formulated into group coordination
problem of several simple regions.
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Fig. 2: An example of asynchronous dynamic formation of
multi-group system.

The idea of multi-group coordination gives advantage
not only in complex formation problem but also in
complex pattern transformation. Independent control of
each group make easy the achievement of group separation,
multiple group reconfiguration and asynchronous shape
transformation. An illustration of asynchronous dynamic
formation of multi-group system is shown in figure 2.
This example considers the movement of swarm of robots
in plane-shaped formation through narrow passageway.
Existing methods deal with this problem by contracting
or rotating the group as a whole. However, this leads to
unnecessary movements of robots located at the middle
of the group. An efficient solution for this problem is
the transformation of involved robots which in this case
are those that formed wings of the plane. It can be seen
that asynchronous dynamic formation not only increase
environmental adjustability, but is also more efficient than
synchronous transformation.

The desired shape functions that define time-varying
shapes for each group can be specified as follows:

fa, = [fo, (AXuior), f61,(AX1io2)s s fG1, (AXtiom;)]” <0
6, = [fo1 (AXaio1); fG0 (AX2i02)s w5 [, (AX2iomy)]" <0

Jon = [foy (AXNio1), fon, (AXNio2), s fGymy (AXniomy )T < ?3)
where AXpjo = (RkSk)_lekiol, such that Rk(l) and Sk(t)
represent the time-varying rotation matrices and the time-
varying scaling (or shearing) matrices which at least belong
to class C2; AXpiol = Xki — Xkols> Xkol (t) is a reference point of
the /" desired region of group k, [ =1,2,...,my. f6u (AXkior)
are shape functions such that the boundedness of fg, (AXkior)

(9 ’ AX, io . .
ensure the boundedness of fg%kkll) Since all the specified

subregions for each group move with the same speed;
therefore, x;,; is a constant offset of xy,.
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We define the following potential energy functions for
each group

mj
Pg,, (AXy;) = El Pg,, (AXqior)

nmy
PG2. (AX2i) = Z PGZI (AX2i01)
' ~i )

my
Foy, (AXyi) = 121 PGy, (AXnior)

where P, (AXpio) is potential function for robot i of group
k. The functions Pg,, (AXyjo;) are defined as follows

%kkl [max (0, fc,, (AXkior))]"

0, TG, (AXkior) <0
b g (AXiior),  f,, (AXkior) > 0

where ky; are positive constants. n is positive constant, and is
defined in a way that the potential functions at least belong to
class C2. The shape control forces for whole swarm to form
the specified region can be obtained by partial differentiation
of potential functions with respect to AXy;,; as

PGk[ (AinUZ>

&)

" n—1,9fG,,(AX1jo
AG; Zglkkz [max (0, g, (AX1i01))] "™ (%)T
my n—1,2fa, (M,
A&y :lg.lkkl [max (0, i (AXaior))]"™ (%)T ©

9 fay, (AXior) )T
IAXNiol

Al ZZZlekz [max (0, f,, (AXNiaz))]W1 (

After defining the control force for shape formation, we
define the interaction force between robots. In this regard
two potential functions are defined; the first one is related to
intra-group interactions which occur between members of a
group to maintain minimum distance between them as well
as keeping group unity. This potential function decomposes
environment around each robot to four areas. Separation
area, in order to keep minimum distance between robots;
Neutral area, which robots can choose a desired range with
respect to each other in order to increase the flexibility of
movement; Attractive area in order to keep the group unity
during movement; Inactive area, which appears by increasing
distance among robots and vanishing in attractive force. The
second potential function is related to inter-group interactions
which occur between members of one group with other
groups and only need to ensure minimum distance between
them. The first proposed interaction potential functions for
members of group k are defined as follows:

O(AXpij) = Y, [max (0,g(AXix))]"
kjENy;

kik j

(7

where Ny; refers to neighbors of robot i of group k; and for
each ki and kj we have AXjy; = (RkSk)flekikj such that
Axpikj = Xgi — Xk j» Kiirj are positive constants and

¢ (X)) :(1 _ eamnmik,«nzczb)(l _ eaz<||ukikj||2d%>2 <0 e
)

(

~ L,
[(1-e"% ya—en)"

/dl dz\ /‘
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Fig. 3: Function [max(0,g(.))]" and potential function Q

where aj, a>, di and d, are positive constants, such that,
specify the width of each area. The function [max(0,g(.))]"
and potential function Q is shown in figure 3. It can be
seen that interaction forces only exert between one robot
and its neighbors and by increasing the distance, the force
goes to zero. In this case each robot only needs to know its
neighboring robots. From (8) it can be seen that

8(AXkixj) = g(AXjki) )
9g(AXyirj) _  98(AXyjxi) (10)
O AX ik j IAXjki

The interaction force between members of group k can be
obtained by partial differentiation of the potential function
with respect to AXy;; as follows

Apri—kj = .
n— 8g(AXk,-k»))
Keie 0, g(AXgik; '( o
kjeszi ki [maX( g( kkj))] d kik j (11)

APki—kj

To maintain a minimum distance between the members
of neighboring groups, the following objective function is
proposed

a(HAinlEj

_ ’2,d2)
h(AXz;) =— [ 1—e <0 (12)
where AX, ;= (RiSp) ™' Az ; such that Ax,;z; =xi; — xz; and
subscript kj refers to those members which are neighbors of
robot i of group k but don’t belong to group k; a and d are

positive constants. The following potential energy function
can be defined

ki n
H(AXiz)) = Y #{max(oah(Mkil}j))} (13)
/_(jGNki
where k. are positive constants. The function

[max(0,h(.))]" and potential function H is shown in
figure 4. The inter-group interaction force can be defined by
partial differentiation of (13) with respect to AX; T

Ayt =
2 kg [max

n—1l ah(AXi_') '
(O7h(Ainl_<j))} (‘Mxkkz:> 1

AWy i
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Fig. 4: Function [max(0,k(.))]" and potential function H

In order to deal with the stability of multi-group system
with inter-group interactions, we propose adaptive interaction
force. In adaptive interaction force, the direction of interac-
tion force is updating in such a way that robots from different
groups will not get stuck in local minima (as illustrated
in figure 5). Hence, adaptive interaction force, Any;_; s for
each ki and kj, is considered as the interaction force which
can update the direction of inter-robot force and can be
mathematically expressed as follows

A= _ > R (ekifl}j) AW i

kjENk,'

15)

where A; p; can be computed based on (14) and
Rgekiléj)
angles that shall be defined in a way to guarantee the

stability of system. The details will be given in later
development.

are rotation matrices and 6;_j; are rotation

IV. ASYNCHRONOUS DYNAMIC SHAPE CONTROL
METHODOLOGY

In this section, we present the multi-group shape controller
for formation of complex patterns. First, a reference vector
Xyy; 1s defined for member i of group k as follows:

d [(Rksk)_l}
-

where Axy; = xp; — X, and Agg; = 0 Ay + YAPri—kj, such
that oyg; and 7y are positive constants. By differentiating (16)
with respect to time, we obtain

Xrki = Xko — (RiSk) Axyi — (RiSk) Agy - (16)

AR 4| (R0

Xko —

Xrki = dr di ki
d? {(RkSk)il} d [(Rksk)il}
= (RiSk) A= (ReSi) —— ——
w&% — (RieSk) A&y

Using the reference vector, a sliding vector can be defined
for robot i of group k as follows:

d [(Rksk)_l}

Ski = Xki — Xpki = Mg + (RiSk) R

Axyi+ (RiSk) Ay
(18)

7)

Direction of Direction of

movement of K movement of k;

_ATIR j—ki
Fig. 5: Adaptive interaction force

where AXy; = X; — Xx,. The feedback law for group formation
for robot i of group k can be expressed as

—Kiisii — (ReSk) ™ ke, {Agki + M AN 7 j}

Y ki (X Xk Xk X ) Oki

U =
19)

where Kg; are positive matrices, kp, are positive constants
and superscript —7 refers to inverse transpose; O; are
estimated parameters vectors. The parameters update laws
are expressed as follows

A T .. .

Oki = —Lii Y ki (Xki Xk X Xrki ) Ski (20)
where Ly; are positive constants. Therefore the closed-loop
equations can be written as

M (x1i)Ski + Cri (X, Xiei ) Ski + D (X ) Ski
+ KgiSti + Y ki (Xiis Xi» X ki Xrici ) AOki

+(ReSk) Ty, {Ask,- + AN j} -0 Q@

where A6y; = 6 — 6 and A are positive constants.

For stability analysis the following Lyapunov-like candi-
date is proposed

N T ko _
V.= Z 2 EskiMki(xki)ski'f' ZEAG,G-L,“. A6y
i=1 i=1

ny my.

1

+ ) ;akikpk Y kua[max(0, fi,, (AXiior))]"

i=1 =1
ny l

1
+ 52*?”% Y kiik;lmax(0, g(AXkij))]" | (22)
i=1 " kjeN

By differentiating the Lyapunov-like candidate with re-
spect to time, substituting the closed-loop equations and
considering the skew-symmetricity of the matrix My, (x;;) —

Aty 2Cyi(xyi,%xi), V is obtained as follows

g

. N g

V= z B 2 Sl{iKskiski - Z S;@Dki(xk,-)sk,-
k=1 i=1 i=1

s

_ ZS/{,‘(RkSk)_Tkpk {Agki‘FAkank,'_]}j}
i=1
s T 1 & o

+ ockikpkAinAék,-—kE Z)/kpk > AXfi iAPri—ij [23)

i=1 i=1 kjEN
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Using (9) and (10), it can be easily shown that

Z Ykpszthijpkl kj = 2 Z ykPkAXkl Apkl kj (24

i=1  kjeENy i=1
Therefore the derivative of Lyapunov-like candidate can
be rewritten as

ny

kz Kipiski — zslekz ('xkl)skl

i=1

7 M,s

3 W3
— kakAEkiTASki — ZSIQ(RkSk)iTkpklkAT[kii/‘(j (25)
i=1 i=1

In order to meet the stability, we define inter-group inter-
action terms, A1;_g;, so that
ny T T
'21 Sk,'(RkSk) kl’k)LkAnkifl_cj =0 (26)
i=
In this regard, we update the adaptive interaction force (see
(15)) between each member of group ki and its out-group
neighbors kj as follows

2R (ekifl_cj) AW 1 (27

/_(jENki

AN =

where R(Gki7£j) are rotation matrices and Ay, p; are
introduced by equation (14). Substituting (27) into (26) and
simplifying, (26) can be expressed as

'R <9kiicj) A5, =0 (28)
where y = kp, (ReSk) ™ s —kpz(R,;S,;)fls,-{j. We define ro-
tation matrices such that equation (26) is satisfied; that is
rotating the inter-group interaction force such that becomes
perpendicular to y. In fact, asynchronous transformation of
shapes for different groups causes different desired speed
during transient response. In this regard, R (6,“-7,-( js is
responsible to rotate inter-group interaction force in such a
way that robots will not get stuck into local minima. For
steady state response which groups move within the desired
region, y = 0 therefore no updates in the rotation matrices are
needed since equation (28) is satisfied for any R (Gki_,; i)
hence previous value of 6 ¢; can be used. Similar idea is
also used in force control of robots [23]. An example of a
rotation matrix in 2D is given as follows

cos(Opz;)  —sin(By;z;) }
R(0,7.)=| . » Kiki e (29)
(Ouicj) [ sin(6z;)  cos(Oyz;)
where the rotation angle 6;;z; is defined as
TAW,. ;.
O = tan { — VI (30)
r| 0 -1 7. -
Y11 oo AWyt

As it was mentioned, for the case that y = 0 no update in
rotation angles are needed since equation (28) is satisfied
for any R(6,; j); therefore, previous value of 6;; can be

used. Hence, R(6y;z;) is always defined.

Now we are able to state the following theorem:
Theorem: The multi-group system, represented by equation
(1) with the adaptive control scheme (19) and the parameter
update law (20), result in the convergence of sy; — 0 and
Ag; — 0 forall k=1,2,...N,and i =1,2,...,n, as t — oo,
Proof: Since My;(x;;) and Ly; are positive definite, so V is
positive definite in s;; and A6y;. Therefore, sy, f6,, (Axkior),
8(Axyirj) and h(Axki,;j) are bounded. Hence, A&y, Apri—j
and AWkifl_cj are bounded and from (16) we reach to the
boundedness of xy,; and consequently from (18) we can
conclude the boundedness of x;;. Since xy; are bounded, we
can conclude that Axyy; and Axy;z; are bounded. Therefore
Aék,, Api—kj and Al//klk are bounded and the boundedness
of X, ensure the boundedness of X,;. Hence, from closed
loop equation (21) we can conclude the boundedness of s;
and this lead to boundedness of V, which means that V is
uniformly continuous. By Barbalat’s Lemma, it then follows
1 goes to zero as t — oo, S0 it can be concluded that s; and
Ag; goes to zero.

V. SIMULATIONS

In this section, we consider a scenario to demonstrate
the performance of the proposed method in dealing with
dynamic formation problem. In this scenario, swarm
of 150 robots is decomposed to 6 groups to form a
plane-shaped pattern. The building blocks of regions used
to achieve the specified shape are consisted of circle,
triangle rectangle and parallelogram. To examine the
capabilities of the proposed method in dynamic situation,
the swarm goes through a narrow passageway. Initial
positions were generated randomly for all robots as shown
in figure 6(a). Figures 6(b)-6(d) depict snapshots of the
swarm movement. The solid lines represent the desired
shape of each group. The controller parameters are set as
K = diag{50,50}, kj, =15, ki = 5, kjj = 1 and kg = 1.

VI. CONCLUSIONS

In this paper, we have proposed the multi-group shape
transformation to deal with asynchronous dynamic formation
of robot swarms. Asynchronous dynamic formation control
increases the ability of whole system in adaptation to the
environment. In multi-group robotic system, independent
control of each group gives capability in achieving
group separation, multiple group reconfiguration and
asynchronous shape transformation. Unlike synchronous
shape transformations which lead to unnecessary relocation
of robots, asynchronous shape transformation is more
efficient in the sense that redundant deformations are
eliminated. A Lyapunov-like function has been presented
for the stability analysis of the system. Finally, simulation
results have been presented to illustrate the performance of
the proposed method in achieving asynchronous dynamic
formation.
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