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Abstract- This paper deals with a new algorithm called circular
paths for leader follower tracking with obstacle avoidance
using. In leader follower tracking, one robot acts as a leader
with defined motion and the other robot acts as a follower which
position itself in accordance with the position and orientation of
the leader. The leader movement is dependent on an assigned
trajectory and the follower movement is dependent on the
circular paths algorithm. In each step, this algorithm constructs
a circular path using three points represented by the next step
position of the leader robot, the last step position and the
current step position of the follower robot. The next position of
the follower robot lays on the circumstance of the circular path
and the orientation is represented by the tangent line to this
circular path at this next position of the follower robot. When
an obstacle intersect any circular path for the follower robot,
then this path must be replaced by another circular path
construct from the two positions of the follower robot and the
leader position is replaced by the tangent point to the obstacle.
Simulation results illustrate the soundness of this algorithm.

Keywords: Leader follower tracking; Obstacle
avoidance; Apollonius' problem; circular paths algorithm.

I. INTRODUCTION

In recent years, the investigation of multi-robot formation
using leader follower tracking has been studied by a lot of
researchers. In this formation a leader robot creates a path to
guide other follower robots. The multi-robot systems have
many benefits over single robot [1]. These systems can
perform several kinds of jobs more professionally than a
single robot. Also, they can provide robustness and fault
tolerance properties which they are necessary in military
applications [2] and rescue missions [3]. Multi-robot system
has lower cost of building than the cost of building a big and
complex robot. Multi-Robot formation develop rapidly
because of its applications in many areas, such as cooperative
surveillance [4], teleportation structure for multi-mobile
robots [5]. The formation is considered as a rigid body and
develop the motion planning from the dynamics [6] and the
others change some control laws to maintain an indicated
formation [7, 8]. The leader-following formation navigation
is used to solve the problem in the existing methods to
assigning the follower robots to move in a rigid formation [9]
by oriented the follower robots to move into the leader’s
path. However, this motion may lead the follower robots to
collide with each other due to quick turns.

The follower robot needs to update its location with
respect to the leader to complete the tracking task. GPS can
be used to achieve the localization but this not fit for the
tracking task because they may lose the satellite signal.

Sensors, such as cameras and laser range finders, can be
chosen to be better methods for tracking under both indoor
and outdoor situations [10-12]. Camera vision can produce
more information than the laser range finders scanning with
fewer cost, so that it has been used for path planning and
tracking [13-15]. Camera vision-based leader-follower
location estimating method has been designed for tracking of
multi-robot system [16, 17]. This method was effected by
lighting surroundings and was distance-limited. An effective
method for solving those problems was to use a marker to
recognize the leader and guess the leader-follower location
using color information of the markers [18].

Leader follower tracking can be achieved by using
voronoi diagram which constructed from the leader and
obstacles locations. Many methods are employed a voronoi
diagram to build up a path planning with obstacle avoidance
in both global [19], and local environment [20]. Also voronoi
diagram is implemented with a smoothness path planning
and better obstacle avoidance by using iterative enhancement
method [21]. The drawback of the voronoi diagram is that,
when the robot follows a linear path it must be to stop at each
end and restart movement again. This causes additional
waste of robot power. There are several works treating the
follower path of a disc. In these works the visibility graph
extended to a tangent graph, by assume circular arcs on the
boundary of the obstacles and joint tangents of the circular
arcs [22], [23]. All these works need the value of the radius
R of the disc, and hence a rebuilding is necessary for a disc
of a different radius. The Voronoi diagram is not needs the
value of the radius of disc, because its shortest distance to the
obstacles is larger than the radius of the disc [24].

This paper proposes an algorithm named the circular
paths for leader follower tracking with obstacle avoidance.
This algorithm constructs a circular path for follower
movement using three points represented by the next step
position of the leader robot, the last step position and the
current step position of the follower robot. When an obstacle
intersect any circular path for the follower robot, then this
path must be replaced by another circular path represent by
two position of the follower robot and the tangent point to
the obstacle. The rest of the paper is organized as follows.
Section 2 describes the circular paths algorithm. In Sections
3, circular paths algorithm has been tested in three scenarios.
Finally Section 4 draws the conclusions of the paper.
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Il. CIRCULAR PATHS ALGORITHM

In this section, a circular paths algorithm for leader
follower tracking with obstacle avoidance is introduced. This
algorithm is used to predict the trajectory of the follower
robot dependent on the trajectory of the leader one. It takes
into account the observed location of the leader robot to
follow it and the observed locations of the obstacles to avoid
collisions with them. In this algorithm the follower robot path
consist of several circular trajectories each one is obtained
from three points represented by the future location of leader
robot, last and current locations of follower robot. At first,
the distance (L) between leader and follower robots is
computed and at each step of movement the length of the
movement step is increases by some factor (I) as the distance
between leader and follower is greater than the half of L, else
its decreases by the same factor 1.

In any step, when an obstacle intersect the current
circular movement path of the fo llower robot, then this path
must be replaced by another circular trajectory constructed
from both last and current locations of the follower robot and
the tangent point to the collide obstacle. The investigation of
the circular paths algorithm requires the following steps:

Step 1: sensing the initial parameters: position of leader robot
(Pi(xi, y11), position of follower robot (Pi(x¢, yf)), position
of leader source((Xs1, Ys1)), position of leader target ((xt1,
yr1)), radiuses of robots (r), directions of leader robot and
follower robot (6, 6).

Step 2: The next position of follower robot: To compute the
next position of follower robot we need to draw a straight
line between the initial positions of the two robots as shown
in Fig.1. The new position of the follower robot lies on this
line.
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Fig. 1. Prediction of the straight line trajectory.

According to Fig.1 the next position of the follower
robot is computed as follows:
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1. Compute the distance L between the initial position of the
leader robot and the initial position of the follower robot
using equation 1.

L= \/(3’11 —y )+ (gt - x1) @)

2. Compute the orientation S of the strait line between
current locations of leader and follower robots.

B =rtan((n' =y")/ (0" = %)) @

3. Since the distance between the diameters of current and
next position of the follower robot is equal to the diameter
of the robot, then this distance is computed by using
equation 3.

I=4*R 3)
where R is the radius of each robot.

4. The next position of the follower robot is computed using
equation 4.

xp? = xp1 + 1 x cos B
4
yfz = yfl + 11X sinﬂ

where (x¢, i) is the next position of the follower robot.

Step 3: Drawing the first circular trajectory to the follower
robot: In this step we use the next position of leader robot
and the last and current positions of the follower robot to
draw the first circular trajectory as shown in Fig.2. The next
position of the follower robot lies on this circular trajectory
and computed as follows:

1. According to Fig. 2 we compute the next position of the
leader robot using equation 5.

xlz = xll + l
®)

2 1

Vim =W

where all the future positions of leader robot place on the
same horizontal line.

2. The circular trajectory can be drawn using three points:
the next position of leader robot (x/2, yi), the last position
for the follower robot (x, yf'), and the current position
for the follower robot (x#, yf).
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Fig. 2. Drawing the first circular trajectory to the follower robot.

3. Compute the distance d2. between the next position of the
leader robot (X2, yi?) and the next position of the follower
robot (x#, y#) using equation 6.

dy; = \/(Yzz ~572)" (2 = x2)” (6)

4. Since the distance dx;is greater than the distance L/2 then
the third position of the follower robot must far about | +
t, where t is a constant chosen in a way to make the
maximum speed of robot within its kinematic. At each
new step the new position of follower robot is far from
last position by | + t, | + 21, ... since the distance dz; is
greater than the distance L/2 elsewhere the distances is
decreases by I -t, |- 2t ... until reach to the original
distance I.

Step 4: Computing the coordinate access of the follower
robot: At beginning, the procedure used in last step is
repeated to calculate the next position of the follower robot
(x® y) as shown in Fig.3, drawing the next circular
trajectory using three points: the next position of leader robot
(x2, yr®), the last position for the follower robot (x#, yf), and
the current position for the follower robot (X7, y¢), and
computing the distance dss between the next position of the
leader robot (x%, y®) and the current position of the follower
robot (x, yi®) using equation 6. Now if the distance dss is
greater than the distance L/2 then the new position of
follower robot is far from last position by | + 2t as shown in
Fig. 3.
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Fig. 3. Drawing the second circular trajectory to the follower robot.

To compute the coordinate access of the new position of
the follower robot we need to know the coordinate access to
the center point and radius of the circular trajectory. This
process can be achieved as follows:

1. As shown in Fig. 4, the circular trajectory which passes

through the points: (x, y®), (XA, y@), and (x£, y¢) has the
following equation:

(x—xc?+ (v —yc®)? =R5® )

where (xc®, yc®) is the center point axes of the circular
trajectory and Rs is the radius.

2. Since the three points lie on this trajectory, their
coordinates will satisfy the following equation.

(x* - x:?) + (% = ¥e*) =Ry’
(o3 — xc3)2 + (v - }’c3)2 = R5? (8)

P = xc3)* + 0 — yc®)? = Ry?

3.By solving these three equations we can obtained the
coordinate access (xc3, yc®) of the center point to the
circular trajectory as shown in equation 9 and equation 10
[25].
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Fig. 4. Computing the coordinate access to the follower robot at the second
circular trajectory.
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4. Compute the radius Rs of the circular trajectory which
represented by the distance between the center of this
trajectory and one of the three points lies on it is
circumference.

Ry = (e~ 57 + (e~ )’ eh

5. Compute the angle o which represent the orientation of
the line between center point and current location of
follower robot using equation 12.

3_.,3
o =tan™! (u) (12)

xp3-xc3

6. Compute the angle as between the current and the new
locations of the follower robot using equation 13.

a; = +2t (13)

R3

7. According to Fig. 4 the coordinate access of new location
of the follower robot is computed using equation 14.

xg* = xc3 + R3 sin(o + a3)
(14)
yi* =y + Ry cos(o + az)
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Step 5: Obstacle avoidance for the follower robot: when an
obstacle intersect the circular trajectory between the follower
and the leader robots then we must choose another circular
path to avoid the collision. There are two possible paths to
solve this problem:

(a) The first circular path to avoid the collision: This path
is chosen when the follower robot is far from the
obstacle to produces a smooth and safe trajectory as
shown in Fig. 5. The construction of this path is
dependent on the last and current positions of the
follower robot ((x", y¢") and (X", y"*') as well as a
touch point to the obstacle.

(b) The second circular path to avoid the collision: This
path is chosen when the follower robot is behind the
obstacle to produces a smooth trajectory and to prevent
the follower robot to be far from the leader robot as
shown in Fig. 6. The construction of this path is
dependent on the current positions of the follower and
the leader robot ((x/™*%, y"*1) and (x"*%, y"*!) as well as
the touch point to the obstacle.
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Fig. 5. The first circular path to avoid the collision with obstacle.

Both the two methods based on drawing a circular path
passes through two points and touch point to circle. These
types of methods are called the Apollonius' problem with two
points and a circle (PPC) which is one type of the Apollonius'
Problems [26]. The method is investigated by drawing any
circle that passes through the given points, as example A and
B and intersects with the given circle in two point,
say, C and D. Let E be the intersection of line AB and line
CD. DrawEFand EG as tangents from E to the given
circle. Circles pass through point ABF and ABG solve the
problem. The implementation of the PPC method is as
follows:
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Fig. 6. The second circular path to avoid the collision with obstacle.

1. The solving to the Apollonius' problem with two points

and a circle is started by drawing any circle that passes
through the given points A and B and intersects with the
given circular obstacle in two points C and D as shown in
Fig.7.a. For easiness, the drawing circle is chosen to pass
through the center point O of the obstacle. Now we can
calculate the coordinate access to the center point (Xp, yp)
of the drawing circle that pass through the points: (¢,
ye), (%, y¢*) and (Xo, Yo), using the equations 15 and 16.

xf4+yf4 yf4 1
XotYo yo 1
[XfS ny 1}

xf3+yf3 yf32 1]

Xf4' yf4 1
Xo Yo 1

xf4- xf4—+yf4—
— Lxo Xot+Yo
yP [xf3 yf3 1

Xf3 xf3+yf3 1
1
1

(16)

xf4 yf4 1
X0 Yo 1

The next step in the Apollonius' problem with two points

and a circle is to draw a straight line between the points
C and D and straight line between the points A and B as
shown in Fig.8. Then the coordinate access of the
intersection point E between these two lines are
computed using equation 24.
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(Xf'l, .Vf4)
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Fig. 7. Determining the intersection points between the drawing circle and
the circular obstacle.

_ (xcyp — ycxp)(xa — x5) — (x¢ — xp) (XaYp — YaXp)
E (x¢c = xp)Wa —¥8) — Ve — yp)(xa — xp)

(24)

_ (ecyp = ¥cxp)Wa — ¥8) — e — ¥p)(XaY5 — YaXp)
YE (¢ = xp)Wa —y8) — Ve — yp) (x4 — xp)

Also, the radius Rp of the drawing circle that connect the
point (xp, Yp) to the point (x£, yf) is computed by using
equation 17.

Bo= |G —2)" + (= 37 )

2. To calculate the coordinate access of the two intersection
points between the drawing circle and circular obstacle
we must drive some parameters as shown in Fig.7. The
derivations of the expression to calculate such point is
omitted since it is based on quite simple geometrical
constructions.

d= \/(xp —x0)*+ (Yp — ¥0)? (18)

_ RpZ—R02+d2
2xd

m (19)

since the drawing circle passes through the center of the
obstacle then d = Rp
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h= sz_mz (20)
Xo — X
szxP+m* ° P
P
(21)
Yp — Yo
Yk =Yp —M*
P

this equation is written with respect to the original point
of the screen which lies at the upper left side.
3. The coordinate access for the intersection points between
the drawing circle and circular obstacle is computed

using equations 22 and 23. For point C:

It )
c K R,
(22)
xo_.xp
Ye =Yg —hx R,

and for point D:

Yp — Yo

xD=xK+h*
P

(23)

Xp — X
Yp =Yk +hx* L
Rp

5

*D

sE

(Xf4’ .Vfi)

Fig. 8. Computing the intersection point E between CD line and AB line.

4. The Apollonius' problem with two points and a circle is
completed by drawing two tangent lines from the
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intersection point E to the circular obstacle as shown in
Fig.9. These two tangent lines produce two tangent points
F and G with the circular obstacle. To compute the
coordinate access of these two tangent points we treated
them as two intersection points between two circles
represented by the circular obstacle and a circle
constructed from the tangent lines as radiuses in circle
with center point E. The procedure used to compute the
coordinate access of the intersection points F and G in
Fig.9 is similar to the procedure used in computes the
coordinate access of the intersection points C and D in

Fig.7.

d, = \/(J’E —Y0)? + (xg — x0)? (25)

Rp = vV (d1)2 - (Ro)z (26)

The coordinate access of the points F and G is
computed by using the equations 19 — 23.
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Fig. 9. Computing the coordinate access of the tangent points F and G.

5. The final step in the Apollonius' problem with two points
and a circle is to draw the two circles that pass through
the points A and B and tangent to the circular obstacle.
The first circuit is drawn by three points represented by
A, B and F and the second circuit is drawn by the three
points A, B and G as shown in Fig. 10. The coordinate
access of the center point to each circle is computed in
similar manner to the circle drawn in Fig. 4 using

equations 9 and 10.
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Fig. 11 shows the applied of the Apollonius'
problem with two points and a circle to avoid the collision
with the circular obstacle. The shortest path is chosen
with path has center point (xc* yc*) and starting point
(x¢*, y¢") and ending point (x¢, y¢°). The procedure used
to compute the position of ending point is similar to the
procedure used to compute the ending point (x¢, y#*) in
Fig.4 using equations 12 — 14.

B
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A
(¢, yr)

Fig. 10. Drawing the two circles that pass through two points and tough the
circular obstacle.
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Fig. 11. Circular trajectory to the follower robot with obstacle avoidance.

Step 6: Obstacle avoidance with the second circular path:
Also in this step, the circular trajectory among the last and
current position of the follower robot (x¢, y¢*) and (x£, y°)
and the next position to the leader robot (x?, yi°) still collide
the circular obstacle. Since the follower robot is near to
obstacle so that we choose the second circular path to avoid
the collision as shown in Fig. 12. The procedure used to
compute the next position to the follower robot (x:°, yi©) is
similar to the procedure used to compute the position (x¢,
yr°) to the follower robot in last step. Also, this procedure
dependent on the Apollonius' problem with two points and a
circle to avoid the collision.
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Fig. 12. The second circular trajectory to the follower robot to avoid the
collision.

Step 7: Complete the movement of the follower robot toward
the leader robot trajectory: The follower robot track the
leader robot movement with the same steps of procedure as
shown in Fig. 13. The circular trajectory at this step is
constructed by the last position (x°, y£°) and the current
position (x¢, yi®) of the follower robot and the next position
(x:®, yi®) of the leader robot. The circular trajectory obtained
has no collision in this step, so that the follower robot use the
same procedure in step 4 to compute the next position (x¢,
y¢') of movement.
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Fig. 13. Complete the movement of the follower robot toward the leader
robot.

I1l. SIMULATION RESULTS

The new leader follower tracking algorithm is simulated
with two robots using Visual basic programming language
12 and tested in Windows environment using an Intel core i5
CPU 2.53 GHz processor. The introduced algorithm has been
tested on three different scenarios:

— Linear tracking scenario. In this scenario the leader
robot moves on a straight line path and the follower robot
track this trajectory. The environment used in this scenario
has no obstacles.

— Circular tracking scenario. In this case the leader robot
moves on a circular path and also the environment has no
obstacles.

— Linear tracking scenario with obstacle. In this scenario
the leader robot moves also, on a straight line but the
environment has some circular obstacles and the follower
robot track the movement of the leader and avoid the
collision.

For all scenarios we discuss the circular paths algorithm
with two cases: the first one is simulated with steps have
different lengths dependent on the position of the follower
robot with respect to the leader one and the other is simulated
with the same algorithm but with equal length for all steps of
movement. For a measureable analysis of the circular paths
algorithm, we used the following performance metrics:

1. Leader robot tracking (LRT): this metric is used to
measure the tracking occurrence between leader and
follower robots with respect to the steps of the leader
movement.

2. Leader path tracking (LPT): this metric is used to
measure the tracking occurrence between the leader robot
path and the follower robot with respect to the steps of
leader movement.

Fig. 14 shows the linear tracking scenario with equal
length of the steps for the follower robot. From Fig. 14.a, b,
c and d we note that all the steps length of the follower robot
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have the same length. The linear tracking scenario is shown
in Fig. 15, where the steps of movement for follower robot is
increases sequentially until the distance between leader and
follower robots reach to the half of the original distance at
the beginning of the movement. When the distance is became
less than the half of the original distance then the steps of
movements are decreases sequentially until reach to the
original length of the step. From Fig. 15.a, b, ¢ and d we
notice that the steps of movement of the follower robot have
different lengths.

Relating to the number of steps the follower robot with
incremental movement length has better performance than
the equal movement to track the leader robot. Fig. 16 shows
that the tracking between leader and follower robot is
occurred at eleventh step at equal steps movement for
follower robot where it is occurred at fifth step at increment
movement steps. Also the tracking between the trajectory of
the leader robot and the follower robot has better
performance when the follower robot moves in increment
steps as shown in Fig. 17. The zero pixel for the distance
between leader path and the follower robot means that the
tracking is occurred 100% and the positive value means the
tracking is at one side and the negative value is at the other
side. Also, Fig. 17 shows that the tracking is occurred at the
ninth step of movement with increment distance steps and the
tracking is occurred at the thirteenth step of movement when
this movement occurred in equal distance steps.

The second scenario (circular tracking scenario) is
implemented with circular trajectory to the leader robot. Fig.
18 shows the implementation of the scenario for the follower
robot that has equal movement for the steps lengths. Fig.
18.a, b, ¢, d, e and f show the movement steps of follower
robot to reach to the leader one. The second scenario also
repeated for the circular tracking scenario but with different
length of the movement steps. Also these steps at beginning
are increase until the distance between leader and follower
robots reach to the half of the original distance and after that
these steps start to decrease. Fig. 19.a, b, ¢, d, e and f show
the movement steps of follower robot to reach to the leader
one.

The circular tracking scenario shows that the leader
robot tracking and the leader path tracking metrics have less
performance than the linear tracking scenario, that is mean
the follower robot needs more steps to reach to the leader
robot and to track the path of this robot. For equal distances
steps for the follower robot we notice that this robot needs
about 16 steps to reach to the leader robot where in increment
distances steps the follower robot needs about 8 steps to
reach to the leader one as shown in Fig. 20. The follower
robot is track the circular trajectory of the leader robot at 18
steps when the movement steps are equal in distances as
shown in Fig.21 and at 10 steps when the movement steps
have different values.

The third simulation is implemented with environment
has several circular obstacles and leader robot moves only in
straight line. This simulation is repeated for both equal and
increment length of distances for each step of movement.
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Fig. 14. Leader follower tracking using circular paths algorithm with equal steps in different positions of a straight movement line: (a) step = 1; (b)
step = 4; (c) step = 7; (d) step = 10.

Fig. 22 shows the simulation of the movement of
the follower robot in environment has 16 circular obstacles
with uniform distributed. This robot track the straight line
movement of the leader robot with equal movement steps.
The same simulation is repeated in Fig. 23 but with
increment distance steps for the follower robot.

The third simulation shows that the circular paths
algorithm produces safe and smooth trajectory to the
follower robot when it moves to track the leader robot. The
follower robot with incremental movement distance has
better performance than the equal movement to track the

leader robot with obstacle avoidance. 10 steps required to
the follower robot to track the leader when steps have equal
distances and 5 steps required when steps have incremental
distances as shown in Fig. 24. Also, for the case when the
follower robot is track the path of the leader one we found
that the steps with incremental distances for the follower
movement have better performance than the equal
movement steps as shown in Fig.25. 12 steps required for
equal movement steps and 8 steps required for the
increment movement steps.
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Fig. 15. Leader follower tracking using circular paths algorithm with incremental steps in different positions of a straight movement line: (a) step = 1;
(b) step = 4; (c) step = 7; (d) step = 10.
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Fig. 17. lllustration of the leader path tracking metric on a straight line trajectory when the follower robot move on equal and increment steps.
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Fig. 18. Leader follower tracking using circular paths algorithm with equal steps in different positions of a circular movement path: (a) step = 0; (b)
step = 4; (c) step = 7; (d) step = 10; (e) step = 13; (f) step = 16.
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Fig. 19. Leader follower tracking using circular paths algorithm with incremental steps in different positions of a circular movement path: (a) step = 0;
(b) step = 1; (c) step = 4; (d) step = 7; (e) step = 10; (f) step = 13.
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Fig. 20. The tracking occurrence between leader and follower robots with respect to equal circular movement steps.
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Fig. 21. The tracking occurrence between leader and follower robots with respect to incremental circular movement steps.
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Fig. 22. Leader follower tracking with obstacles avoidance using circular paths algorithm with circular trajectory equal steps at different positions of
steps: (a) step = 0; (b) step = 1; (c) step = 3; (d) step = 5; (e) step = 8; (f) step = 11.
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Fig. 23. Leader follower tracking using circular paths algorithm with circular trajectory equal steps at different positions of steps: (a) step = 0; (b) step
=1; (c) step = 3; (d) step = 5; (e) step = 7; () step = 8.
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Fig. 24. Illustration of the leader robot tracking with obstacle avoidance on a straight line trajectory when the follower robot move on equal and
increment steps.
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Fig. 25. Illustration of the leader path tracking with obstacle avoidance on a straight line trajectory when the follower robot move on equal and
increment steps.
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IVV. CONCLUSION

In this paper, the algorithm of circular paths is
introduced as a new method to generate a smooth and
collision free trajectory using the leader follower tracking
mechanism. This algorithm is designed to produce a path
consists of several elements each one has a circular
trajectory to a void the collisions with obstacles and to give
a safe and smooth paths to the follower robot. This
algorithm is tested in different types of leader paths with
equal and increment step length and in environment has
several obstacles. Two type of metrics are tested in these
simulations: leader robot tracking and leader path tracking.
The simulation results show that all the paths generated by
our algorithm are smooth and collision free but the
performance of the increment step length is better than
using equal step length and for all cases. The two metrics
tested in these simulation have better results when the
leader robot path is a straight line than the circular
trajectory and also have better result for increment step
length than the equal step length. Also, in environment has
several obstacles we found the trajectory generated by our
algorithm is collision free, smooth and has shortest
distance when the steps of movement are incremental.

The circular paths algorithm is designed to work
in a two-dimensional plane. In future work, it can be
extended to work with three-dimensional space. Future
work also suggests to extending this algorithm to work
with environment has polygon obstacles.
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