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Obstacle Avoidance
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Abstract

TAN Da-Long?

In this paper, the formation control and obstacle avoidance problems are dealt with a unified control algorithm, which

LIU Guang-Jun®

allows the follower to avoid obstacle while maintaining desired relative bearing or relative distance from the leader. In the known
leader-follower robot formation control literature, absolute motion states of the leader robot are required to control the followers,
which may not be available in some environments. In this research, the leader-follower robot formation is modelled and controlled
in terms of the relative motion states between the leader and follower robots. The absolute motion states of the leader robot are not
required in the proposed formation controller. Furthermore, the research has been extended to a novel obstacle avoidance scheme
based on sensing the relative motion between robot and obstacle. Experimental investigation has been conducted using the platform
consisted of three nonholonomic mobile robots and computer vision system, and the results have demonstrated the effectiveness of

the proposed methods.
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1 Introduction

Various control strategies for mobile robot formation
have been reported in the literature, including the leader-
follower schemes[1N3], behavior-based rnethods[‘“ﬁ]7 and
virtual structure techniquesm. Among them, the leader-
follower approach has been well recognized and become the
most popular approach: one or more robots are selected
as leaders and are responsible for guiding the formation.
The rest of robots are required to follow the leader with
some prescribed offsets. The problem of modeling and con-
trol of leader-follower formation has been studied by many
researchers' ™. More recently, Vidal et al.[®] proposed a
formation control approach using the optical flows.

To the best of the authors’ knowledge, all the known
leader-follower control methods directly or indirectly rely
on the absolute motion states in a global frame. However,
the global motion states may not be available in some envi-
ronments as there are no suitable global motion sensors. In
this research, the control of follower robots is based on the
relative motion states, in view of the followers, between
robots or robot and obstacles. It eliminates the need of
measurement or estimation of the absolute velocity and an-
gular velocity of leader and enables formation control using
vision systems carried by the follower robots. The proposed
formation controller also does not require other media, such
as the optical flows in [8].

Another challenge for formation control is active obstacle
avoidance for the follower robots. This problem has been
barely studied in the literature. In the leader-follower for-
mation control approach, if the leader robot can detect ob-
stacles, it can use the existing algorithm to navigate itself,
while other robots can passively follow the leader. How-
ever, if a follower robot encounters an obstacle, in many
situations it cannot navigate itself, because the follower
robot needs not only to perform obstacle avoidance but
also formation recovering after it passes around obstacles.
For these reasons, an effective approach is to let the leader
robot influence the obstacle avoidance behavior for the fol-
lower robot and guide it to a free area around the leader
robot. Otherwise, the follower robot may again encounter
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the obstacle that it has just avoided.

Based on the above considerations, a novel obstacle
avoidance control scheme is developed using a derived rel-
ative kinematics model. The proposed approach allows the
follower robot to avoid obstacle while keeping a desired
bearing or distance from the leader. Since the formation is
partially kept when the follower robot is moving around an
obstacle, cooperation between the two robots will not be
completely interrupted by the obstacle.

2 Formation control

2.1 Formulation of the nonholonomic mobile
robot system

As indicated in Fig. 1(a), the mobile robots are car-like
platforms. The kinematics equations of the robots are given

by the equations of the form
Tei \ _ [ cos¢g; —dsing; v; (1)
Yei ~ \ sin¢g; dcose; wi
bi = wi

where (z¢; yci)T are the coordinates of the center of mass
P, in the world coordinates system, and ¢; is the heading
angle of the robot. wv; and w; are the linear and angular
velocities of the robot R;, respectively. d is the distance
from point P. to the center of the wheel axis P,.

Set u = (v; w;)T as the state variable. The dynamic
equation of the robot R; in the local coordinates system is
given by

Fﬂz‘ + Vui = E’Ti (2)

where

2
T < m+ 2L, /r

I+ (me — 2my)d? + 2% 1, /12 )

B < })?: —lzf;r> and 7 =(r m)T

for m = me +2my and I = I, + 2mw(b2 + d2) + 27,,.
m. and m,, are the mass of the robot without two driving
wheels and the mass of each driving wheel, respectively. 1.
is the moment of inertia of the platform without the driving
wheels about a vertical axis through P.. I, and [,, are the
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moment of inertia of each wheels about the wheel axis and a
wheel diameter, respectively. r is the radius of each driving
wheel, and b is the distance between each driving wheel and
the symmetry axis. 7 and 7; are the torques generated by
the right and left motors, respectively. It is easy to prove
that the following property holds

Wl (H — 2(V))ui = 0

which will be used to prove the stability of the robot control
system.

a) Notation for the geometry of the nonholonomic mobile
g Y
robot

(b) Two robots formation using leader-follower controller

Fig.1 Mobile robots formation
2.2 Formulation of the leader-follower robots sys-
tem

As shown in Fig. 1(b), the follower robot R follows the
leader robot R;. The vision-based relative motion sensor is
mounted at the reference point C on the follower robot Rs.
The goal of the formation control is that robot Ra tracks
R, with a desired distance [, and a desired relative bearing
s between the two robots. As shown in Fig.1 (b), the
distance between the reference points of the two robots is
denoted by li2 and the relative bearing between the two
robots is denoted by ¢i12. The angle between velocity v2
and line li5 is given by 042, and Oy,2 = ™ — @12 — 612 .
The parameter h is the distance from the point Po to the
reference point C.

Denote ¢ = (l12 <p12)T as the state variable, and ug =

(v2  w2) as the input of the robot formation system. Based

on the work [1~3], the leader-follower robots formation sys-

tem can be described by
¢=1L(g v wi)+ F(qQuz (3)

P12 = W1 — w2

where
—V1COSP12
L= .
’UlSlIlgOlQ/llQ — w2
and
Jo — cos B2 h sin 0,2
- —Sin9U2/l12 hCOSHUQ/l12

The terms L and F' present the influence introduced by the
motions of the leader and the follower, respectively.

Taking the measurement errors introduced by the la-
tency and the noise of the visual sensor into account, the
system can be presented as

¢=I[L(g u
where the term Mg(q) = [L(¢ 71 @1) + F(q)u2] can be

described in term of the relative motion states between two
robots, i.e.,

1) + F(q)uz] + F(q)(u2 — U2) + As  (4)

VR cosOyRr ) )

MR = < VR Sin@vR/llz — WR

where vr and wg are the linear and angular velocities, re-
spectively, from the view of the visual sensor fixed on the
follower robot, by which the leader robot is relative to the
follower robot. 0,r is the bearing from the vector vg to
the line l;2. It should be noted that the measured relative
velocity vr contains not only the effect of relative linear
velocity between the two robots but also the effect of the
angular velocity of the follower robot. The vector us is the
corresponding velocity of the follower robot when vr and
wr are measured, and Ag is the part of the uncertainty
introduced by the latency and the noise of the visual sen-
sor. In the following sections, A; is assumed to be zero to
simplify the analysis and the design of the formation con-
trol system. The following property holds on for the robot
formation

Yih > li2 > y2h (6)

due to the limitations of the robot geometry and the visual
field of the motion sensor. 7; and 2 are positive constants.

The internal dynamics!® of the leader-follower robot for-
mation system is given by

b12 = —Agsin(p1z — ao) +wi + (g q) (7)

where Ag = /(ka)? + (kb)?, a0 = arctan(ky/ke), and
I'(q ¢q) = [—sinfy2 lizcosby]g/h for ke = (v1 —
wiliz sin pi2)/h and ky = wili2 cos p12/h, respectively. The
zero dynamics!®! of the formation system is given by

¢.>12 = — Ay, sin(¢p12 — ) + w1 (8)
where Ay, is the corresponding value of Ag for ¢ = gq4 and

G =0. Thus, the zero dynamics (8) is stable under the
assumption Ag, > wi.
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2.3 Control of leader-follower robots system back-
stepping kinematics into dynamics

In this subsection, a leader-follower formation controller
is designed to make the follower robot track the leader robot
with a given formation configuration. The controller is de-
veloped by combining a kinematics-based formation track-
ing controller and a dynamics-based velocity tracking con-
troller. The combination is conducted using backstepping,
and the asymptotic stability is guaranteed by Lyapunov
theory. Moreover, this control algorithm can stabilize the
whole leader-follower robot formation system in the pres-
ence of velocity tracking error of the dynamics system.

Set uaqg = Uaq + U2q as the formation controller and @y =
uz2—u24 as the velocity tracking error of the robot dynamics;
system (4) can be presented as

G = Mg + F(q)(T2q + ti2a — U2 + @i2) 9)
The kinematics-based formation controller is designed as
uza = Uz — F~H (MR + Kq(q = qa)) (10)

where K, = diag(kq,
constants, and qq = (lf2 ga‘lig)T is the desired configuration
for the robot formation. Furthermore, @2q and zq in (9)
are designed as fizg = U2 and fioq = —F (Mg + K4(q —
qa)), respectively.

By applying the feedback linearization method™ to sys-
tem (2), the dynamics-based velocity controller for forma-
tion control is given by

T = B_1(—Kufiz + Htizqg + Vuza) (11)

kq,) and kg, and kg, are positive

where 2 = u2 — ugq is the velocity tracking error of the
follower robot, and K, = diag(ku, ku,) is positve defined.

The controller (10) and (11) results in the actual closed
system in the form of

G = —K,q+ Piiz (12)

1:12 = 7?71Kuﬂ2 — F71VUQ (13)
where § = g4 — q is the formation tracking error, and the
term F'ap in (12) appears as the perturbation to the expo-
nential stable system § = —K,q . If the velocity tracking
error Uz in (13) approaches to zero, the formation tracking
error ¢ will converge to zero.

Let P be the symmetric positive definite solution of the
following Lyapunov equation

K,/ P+ PK,=-Q (14)
where @ is symmetric positive definite matrix. Let Amin (Q)
denote the smallest eigenvalue of the matrix Q). The sta-
bility of the resulted closed-loop equations (12) and (13)
can be proved using the Lyapunov theory, as shown in the
following part of this section.
Consider the composite Lyapunov function candidate

1 1 71—
vir) =5 ;" PG+ §aTHa (15)
Differentiating (15) with respect to time along the solutions
of (12) and (13) using inequality (6) yields

. 1 - - K . 1_p,— . 5 5
V(1) =5(a" Pq+q" Pg) + iz (H = 2V)iiz — iy Kuiiy
1
=— 50 Qi+q PFi> -4 Ky
<= (@117 +
Amaz(P) | F ([l ] @2 || —Amm(Ku)Ilzﬁg2

N[~

where A\maq(P) denotes the maximal eigenvalue of matrix
P. From (16), we have V(t) < 0 provided that

Amin (@) Amin () > 0.5\ maz(P) || F | (17)

and (§ 42) # 0. Thus, the closed-loop systems (12) and
(13) are stable when the condition (17) is satisfied.

The stability of the closed-loop system is guaranteed
through the design of feedback gains in K, and Kg4, which
satisfies the robustness inequality (17) by solving the Lya-
punov equation (14).

Simulation results of the proposed formation control
scheme are shown in Fig.2. In Fig.2(a), the leader robot
first moves along a straight line, and then stops its straight
line motion and rotates around itself. The follower robot
tracks the lead with the desired relative distance and the
desired relative bearing. As shown in Fig. 2 (b), both of the
formation tracking errors converge to zero, and the steady
value of the relative angular velocity is also zero, which
indicates that the internal dynamics is stable.
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(a) The trajectories of two robots in formation
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Fig.2 Simulation results using the proposed formation
controller

When the condition (17) is satisfied, the perturbation
Fay in (12) does not influence the stability of the forma-
tion kinematics system. Thus the influence of the velocity
tracking error can be ignored, uz = 0, for the robot for-
mation system. At this time, the kinematics-based system
(9) can be treated as a independent system. Set ti2q = Ua.
The system (9) can be described by an equivalent kinemat-
ics model

¢§=Mgr(q vr wr)+ F(q)i2a (18)

Although model (18) looks like the kinematics model
given in [1~3], they are quite different, since the motion
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states in (18) are not the velocities of the leader robot rel-
ative to the environment as reported in [1~3], but relative
to the follower robot and measured from it. @oq is a desired
velocity variation for the velocity @s. The equivalent kine-
matics model (18) will be used directly to derive the active
obstacle avoidance controller in the next section.

3 Active obstacle avoidance

In this section, we will derive a novel obstacle avoidance
algorithm for mobile robot based on the kinematics model
of robot-obstacle system. Furthermore, an active obstacle
avoidance controller will be obtained by integrating the al-
gorithm into the formation system, and this controller will
allow the follower to avoid obstacles within its field of view
while following the leader with a desired relative bearing or
distance.

3.1 Basic obstacle avoidance

The system of robot and obstacle is depicted in Fig. 3,
where ¥'s and ¥ ., are the linear velocities of the robot
and the obstacle, respectively. ?Rz = vy — ?obs is the
linear velocity that the robot is relative to the obstacle.
The vector ¥ g, can be extended as a radial [r. Clearly,
if the accelerations of the obstacle and the robot are zero,
and the radial [g continually intersects with the obstacle,
the collision between the robot and the obstacle will occur
after the time T, = Ir/ || Vg, ||.

Obstacle

Fig.3 The robot and obstacle system

To prevent the collision, the direction of I should be
turned to point at the boundary (outer) of obstacle in the
time T}, by adjusting the robot velocity. As shown in Fig. 3,
define Or, as angle from line g to the tangent I, which
is the tangent of the obstacle starting from the point C' on
the robot. Then, the target of avoiding the obstacle can be
expressed as adjusting g, to zero within time 7). Thus,
the problem of obstacle avoidance is translated to control
of 9R2 .

The model of the follower robot and the obstacle system
is given by

VRO SInOro sinfy,0 hcosby,0
+[ U2d

I i (19)

Or, = I

where ¥ ro = V2 +w2 h — ¥ ops is the linear velocity that
the follower robot is relative to the obstacle, and is observed
from the view of the visual sensor fixed on the robot, such as
a camera at point C'.  Ugq is a desired velocity variation,
as in the previous section, for the velocity us. 6,,0 is the
angle between ?2 and l7. @ag is treated as control input
to avoid the obstacle. To avoid collision with the obstacle,

Vol. 33
Or,should satisfy the following condition
. OR
9 _ 2
Ro < Tp
The condition (19) can also be expressed as
. Or

where o > 1 is a positive constant. If condition (20) holds
on, the robot will avoid the obstacle within a time less
than T,. A larger a leads to a rapider obstacle avoidance
response. Substituting (20) into (19) and applying the feed-
back linearization method leads to the obstacle controller
for the robot:

hcos 0y,0

o vro sinfro [sin9v2o

——0R, Jt2q (21)

lr lr lr

where a/T) is the control gain.

3.2 Formation control with active obstacle avoid-
ance

Both of the control inputs of (18) and (19) are the vari-
ations of w2 and based on the relative motion states. The
comparability allows the part of the formation controller
and the obstacle controller to be integrated together. The
integration makes a motion coupling between the follower
robot and the leader robot in the obstacle avoidance pro-
cess. Then the follower robot can be guided by the leader
robot to avoid the obstacle. Since the formation is partially
kept when the follower robot is moving around an obstacle,
as a result, the formation system will recover rapidly when
the obstacle avoidance process is finished.

Recombine system (18) with (19), the partial formation
system and the robot obstacle system are given by

( 4,.012 > _ < ’URSIHGUR/ZU — WR )+F¢0ﬂ2d (22)

Or, vro sinOro /It

12 _( wvrcosOyr/li2 )
( QRQ ) N ( vro sinfro /lr ) + Flotizq (23)
where

hcosBy,0/lT

F _ —Sineyz/llz —h cos 91)2/[12
w0 = sin fv,0/lr

Frp — ( —cosOy2/l12

h sin evg/llz
sin0v,0/lr

hcosBy,0/lr

The equations with respect to ¢12 and l12 in (22) and (23)
are used to describe the partial formation systems, respec-
tively. Applying the feedback linearization method to the
systems (22) and (23), respectively, we can obtain the ac-
tive obstacle controllers, which are given by

_ —kqgyG2 — (VrRsinOyr/l12 — wr -
Feo ! ( QQ_ie(R _ vRiasi/neRo ) ) =1daq (24)
T, ' R2 ir
or

_ —kq 1 — vrcosOyr/l
Fig 1< q1 491 /12

_ o _ VvRosinfro
T, Or, ir

) =2 (25)

Remark. Using (24) or (25), the follower robot tries to
keep partial formation with the leader during the obstacle
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avoidance process. This means the follower robot is guided
by the leader robot even when the obstacle occurs.

Two simulation results of the controller (24) and (25)
are depicted in Fig. 4. In the simulation, the follower robot
avoided the obstacle while keeping the desired relative bear-
ing p12 = 27/3 as shown in Fig.4(a), or a desired rela-
tive distance l12 = 1.75 m, as shown in Fig. 4(c), with the
leader robot. As shown in Fig.4(b) and Fig.4(d), during
the obstacle avoidance period, both the recorded maximum
expected tracking error for the relative bearing and the rel-
ative distance along the time coordinate were bounded and
did not exceed 0.1 (1.341%) and 26 mm (1.412%), respec-
tively. We notice that the oscillations of the tracking errors
in Fig.4(b) and Fig.4(d) were due to the high switching
actions of the formation control and obstacle control. Fur-
thermore, in the simulations the boundary of the obstacle
is described by circles, so the direction of the tangent line
from the robot to the obstacle boundary is continuously
varying, and this is another reason for the oscillations.

Here we discuss the trigger condition for the active ob-
stacle avoidance behaviour in formation control. When the
follower keeps formation with the leader, if the control in-
put iaq given by (10) satisfies the following condition

URoSiIleRo < [Sinevzo hCOS@wO
lr lr

I la2a  (26)

there the collision will not happen within time 7}, , although
the radial [r intersects with the obstacle. The condition
(26) means that the control input of formation keeping
can also provide enough velocity variation input to avoid
the obstacle. However, if (26) is not satisfied, the obsta-
cle avoidance behavior should be triggered at the moment.
Thus the triggered condition is synthesized as

IrRNS#P
7301{2 _ vrROSINORO S [sinﬁvzo hcos@vzo]azd
T It lr I
(27)

where S is point set covered by the obstacle in Fig. 3, and
@ represents the empty set.

4 Experimental results

Experimental investigation has been conducted on a
robot-soccer platform, which consists of three nonholo-
nomic mobile robots and a visual measurement system,
as shown in Fig. 5(a). The relative motion states used by
formation controller are provided by a robot-fixed virtual
sensor. The virtual sensor translates the information out-
putted by the measurement system into the relative po-
sition, relative orientation, and the relative motion states
that are from the view of the follower robot.

A picture of three nonholonomic robots formation is
shown in Fig. 5(b) where the leader robot R; in the robots

Obstacle

Leader Robot

Followey Robot

(a) The trajectories of the robots while the follower robot
avoids the obstacle and tracks the leader robot with the
desired relative bearing p12 = 27/3

0.1r
O -
_01 L
-0.21 the relative bearing
-0.3¢1 tracking error (rad)
-04F} 1
-0.5 Time (120ms)
-0.6 - - - - -
0 50 100 150 200 250
(b) The relative bearing tracking error
Obstacle
Followey Robot  Leader Robot

(c) The trajectories of the robots while the follower robot
avoids the obstacle and tracks the leader robot with the de-
sired relative distance l12 = 1.75m

200
the relative distance
100 tracking error (mm)
0 -
fme (120ms)
-100 ; - - :
0 50 100 150 200 250

(d) The relative distance tracking error

Fig.4 Simulation results using the proposed obstacle con-
trollers
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(a) The nonholomonic mobile robot used in the experi-
ment

(b) Three robots formation moving

Fig.5 The formation consisted of soccer robots

group is controlled by a joystick and runs an arbitrary tra-
jectory, as shown in Fig.6(a). Each follower robot in the
robots group is controlled by a leader-follower controller
with the desired separation [, = 40cm and the desired rel-
ative bearing ¢{, = 27/3. To test the proposed formation
controller in a more rigorous situation, the initial values for
the relative orientation and the relative bearing are set to
be 12 = 1.357 and ¢12 = —0.67, respectively.

Under the proposed formation controller, the trajecto-
ries of the two robots, recorded by the vision system, are
depicted in Fig.6(a). The corresponding formation states
are shown in Fig.6(b) and Fig.6(c). Both of the steady
tracking errors are limited in 3.5%.

As shown in Fig. 6(d), the internal state ¢12 keeps stable
and varies around zero. Although severe oscillation appears
in the internal state curve, but the oscillation has little im-
pact on the formation tracking errors, as shown in Fig. 6(b)
and Fig.6(c). This shows the formation system is robust
to the perturbation from the internal dynamics.

5 Conclusion

In this paper we have developed a formation control al-
gorithm for mobile robots with active obstacle avoidance.
The proposed method allows the follower robots to avoid
obstacle while keeping the desired relative bearing or rela-
tive distance between robots. Furthermore, the controllers
in this paper do not need the absolute velocity and position
information from the global motion and localization sensory
system, and this makes the proposed formation system easy
to construct.
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