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Abstract— In the present work we have considered a leader
(evader) and a follower (pursuer) problem. The leader moves on
a predefined path. The follower has two ultrasonic sensors, each
sensing the presence or absence of the leader within its range.
Based on the sensor output, the follower applies a quantized
control in order to track the leader. The follower, with minimal
sensing data and quantized control, is able to follow the leader
when certain conditions on its linear speed and angular speed
are satisfied. The conditions on the speeds have been verified by
a number of experiments conducted using LEGO Mindstorm
robots.

I. INTRODUCTION

Autonomous vehicle systems have found potential applica-
tions in military operations, search and rescue, environment
monitoring, commercial cleaning, material handling, and
homeland security. While single vehicles performing solo
missions have yielded some benefits, greater benefits will
arise from the cooperation of a team of vehicles. A multi-
agent system is robust to failure compared to a single agent,
more efficient than individual agents in certain cases, and it
is also possible to reduce the size of the individual agents
and operational cost and increase system reliability. This
has aroused interest in the control community in cooper-
ative control and consensus algorithms. Some control laws
proposed for achieving flocking, formation, etc. use a leader-
follower strategy to achieve the objective. These utilise the
relative state information of their neighbours or leader like
the orientation, relative position. See [6], [7], [8], [14], [10]
and [11].

Sometimes the information flow between the plant and
the controller gets restricted due to availability of limited
communication bandwidth, security reasons or design limi-
tations. This has motivated the use of quantized control and
coarse quantized measurement of plant outputs (states). In [3]
the author addresses the problem of stabilizing an unstable,
time-invariant, discrete-time, linear system by means of state
feedback when the measurements of the state are quantized.
In [2] the authors have discussed the problem of stabilizing a
linear system with feedback control with saturating quantized
measurements. The stabilization of a linear, discrete-time
system using a communication channel of finite data rate has
been presented in [9]. In [4] the authors have presented the
coarsest, least dense quantizers for state-feedback controller
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and estimator to stabilize a single-input-single-output linear
time-invariant system.

Minimalism means given an objective to achieve by a
group of autonomous agents what is the minimum infor-
mation needed to achieve the objective. In [15], the authors
have discussed optimal navigation in an unknown, simply
connected planar environment. The robot does not have the
knowledge of the complete map. The use of gap-navigation
tree for solving different visibility-based robotic tasks like
pursuit-evasion, robot localization, optimal robot navigation
in simply connected environment has been presented in
[17]. Optimal navigation by a robot with limited sensing
and without the ability to measure coordiantes, angles nor
perform localization has been discussed in [16]. In [12]
authors have addressed a pursuit-evasion problem where the
sensors of the agent cannot make exact depth measurements.
In [5] the authors have experimentally shown that a formation
of multi-agents can be achieved with local sensing and lim-
ited communication between the agents. Various sensorless
manipulation tasks have been explored in [1].

In [18] and [13], authors have considered agents which on
the minimal data received from the their sensors maneuver
accordingly so as to achieve rendezvous. There is no commu-
nication between the agents. The sensors do not estimate any
state or measure any relative distance. The control proposed
in these cases are quantized controls. In the present work
we have addressed a leader-following problem on the lines of
[18] and [13]. A number of experiments have been conducted
to verify the result.

The paper is organised as follows: Secton II presents the
problem addressed in the present work. It also describes
the vehicle model, sensors and the control law. Section III
presents the sufficiency conditions on linear and angular
speed of the follower to follow the leader. In Section IV
the experimental setup and the results have been discussed.
Finally, the work has been summarized in Section V.

II. PROBLEM FORMULATION

We have addressed a leader-following problem which is
similar to the pursuit-evader problem. We will use the terms
‘leader’ and ‘evader’ synonymously and so also the terms
‘follower’ and ‘pursuer’. The agents move on a plane. Each
agent can move in the forward direction, and can turn left
or right. There is no lateral motion. The pursuer is mounted
with two sensors. Each sensor has a limited angular field-
of-view with infinite range. The adjacent boundary of the
sensors coincide with each other. This common boundary
is termed as the centre-line. The aim of the pursuer is to
keep the evader on the centre-line while trying to capture
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Fig. 1: Schematic of ith agent with offset α

it. The sensor assembly senses whether the evader is in the
left or the right sensor and gives the output accordingly. The
pursuer manoeuvres according to the output of the sensor.
The vehicle model, sensors and control are now presented.

A. Vehicle Model

Let pi = (xi, yi) be the position of the ith agent in the
earth-fixed frame and ψi be its orientation.

• Each agent has forward (linear) velocity along the body
Xb axis and its magnitude vi remains constant.

• The agent can turn left or right (yaw) about the body
Zb axis and the angular speed ωi remains constant.

• The offset of the windshield with respect to Xb is the
same for all the agents.

Fig. 1 shows the schematic of the agent. The kinematic model
of the agent (vehicle) is given by

ẋi = vi cosψi ,
ẏi = vi sinψi ,

ψ̇i = ui ,
(1)

where

ui ∈ {−ωi, 0, ωi} . (2)

B. Sensors

The pursuer has a sensor assembly which comprises of
two sensors with equal angular field-of-view. The adjacent
boundaries of the sensor coincide with each other. This com-
mon boundary is called centre− line of the assembly. The
sensor does not estimate any state nor give any information
on the distance between agents; it just gives a discrete output
based on the position of the target in the sensor assembly.
Let Oi be the set of outputs given by the sensor of agent i.
The output of the sensor is oi ∈ Oi where

oi =


−1 if target is in sensor 1 only (left side)
0 if target is on or brought back onto the

centre-line from either side
1 if target is in sensor 2 only (right side)

(3)

C. Control Law

The pursuer tries to keep the evader on the centre-line. It
maneuvers according the output from the sensors. The output
of the sensors actuate the controllers for necessary action.
From (2) and (3) the control law ui can be expressed as

ui = ωioi (4)

As seen, the control law does not involve any history of the
states nor any state estimation. We have found sufficiency
condition on the angular speed of the pursuer which when
satisfied ensure the capture of the evader by the pursuer.

III. CONDITION ON ANGULAR AND LINEAR SPEED

For the pursuer to be able to track the evader, it should
have sufficient angular speed.
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Fig. 2: Pursuer and evader

As shown in Fig. 2,
• ~vp and ~ve are the linear velocitites of pursuer and evader

respectively.
• ~lp,e is the line-of-sight of the pursuer.
• θ is the angle made by ~ve with ~lp,e.

As with sufficient angular speed, the pursuer is able to track
the evader, ~vp is along the line-of-sight of the pursuer. Thus
l̇p,e can be expressed as

l̇p,e = ve cos θ − vp (5)

For the pursuer to capture the evader, l̇p,e has to be negative.

l̇p,e < 0

⇒ve
vp

<
1

cos θ
(6)

For (6) to hold
ve
vp

< 1 (7)

The pursuer can track the evader if it turns at sufficient
angular speed while trying to bring the evader back to the
centre-line.

Consider Fig. 3. Let A be the position of pursuer with
its heading along AF . The centre-line is along AF . P1 is
the point on AF from which the evader exits the centre-
line of the pursuer. Also AP1 ≥ ρ, where ρ(> 0) is the
distance between pursuer and evader where evader is said
to be captured. The relative velocity of evader with respect
to pursuer is ~vp,e = ~ve − ~vp. The locus of ~vp,e with P1 as
its initial point is a circle centered at X and radius ve and
P being a point on the circle where PP1 = vp − ve. For a
given ρ, vp and ve, consider a small time 4t and an angular
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Fig. 3: Movement of centre-line to bring the target back onto
it.

velocity ω such that the centre-line has the complete circle
inside.

The relative speed is maximum along PA.

AP = 2ve4t ≥ ρ− (vp − ve)4t

4t ≥ ρ

vp + ve
(8)

The time taken to sweep an angle of π/2 must be less
than this time. So,

π/2

ω
≤ 4t

⇒ω > π/2

4t

⇒ω > π(vp + ve)

2ρ
(9)

Here, the windshield angle, φ, is zero. So, the condition on
angular speed is independent of φ. For a non-zero φ the
angular speed does depend on the value of φ [13]. With ω
satisfying (9) and vp > ve, the pursuer will be to capture the
evader. These are sufficiency conditions.

IV. EXPERIMENTAL RESULTS

The theoritical results were verified by applying the con-
trol to a set of robots. Two robots were used for this
experiment. One had a predefined path and is termed as the
evader/leader. The other robot termed as the puruser/follower,
with proposed control, tracks the former. The following
sections describe the robots and the results of the experiment.

A. The robots

The experiment has been conducted with two robots. The
robots are products from LEGO Mindstorm NXT. Each robot
has

• NXT brick which houses a 32-bit ARM7 microproces-
sor with 256 Kbytes Flash, 64 Kbytes RAM.

Fig. 4: The leader

• Two wheels at the front which are driven by two
independentl motors.

• A ball caster wheel at the back to assist in steering.
The robots have a two-wheeled differential drive. The linear
speed and the angular speed of the robot is given by

v = (ωr + ωl)
R

2
, (10)

ω = (ωr − ωl)
R

L
, (11)

where v is the linear speed of the robot, ω is the angular
speed of the robot, ωr and ωl are the angular speed of the
right and left wheels respectively, R is the radius of the wheel
and L is the distance between left and right wheel. The ratio
of the linear speeds of the pursuer and evader is

β =
ve
vp

(12)

The evader/leader robot has a predefined path. The path
considered in the experiment are straight, circular and shape
of eight. It is mounted with a cylindrical arrangement to
provide a good reflecting surface for the sensors. The pur-
suer/follower has a sensor assembly mounted on it. The
centre of the assembly is aligned with its linear velocity
direction. The sensor assembly consists of two ultrasonic
sensors mounted such that the adjacent boundary of the
sensors coincide (centre of assembly).

• Region I - Only sensor 1 detects the evader.
• Region II - Both sensors detect the evader.
• Region III - Only sensor 2 detects the evader.

The control law (4) according the output of the sensor
assembly and the pursuer maneuvers accordingly. It can be
noted that there is no communication between the two robots.

B. Motors and sensors

The robots have differential drive. Each wheel is driven
independently by a motor. The motor comes which built-in
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Fig. 6: Sensor regions of the sensor assembly

tachometer and rotary encoders that can sense their rotations.
The maximum linear speed of the vehicle is 0.34m/s and
maximum angular speed of the vehicle is 3.5rad/s. The
accuracy of the motor is around one degree, which allows us
to run the simulation with minimal error. In each robot the
two motors are attached with wheels of identical dimensions,
this is in turn attached to the main NXT brick. The motors
are connected to port A and C of the NXT brick.

The sensor used are ultrasonic sensors. The maximum
distance till which a sensor can sense the evader is 233cm
with a precision of 3cm. The sensing angle of each senor is
around 40◦. The pursuer’s sensor assembly has two of these
sensors. The sensors are connected to NXT brick through
port 1 and 4.

C. Algorithm for the experiment

The leader/evader moves on a predefined path with con-
stant linear speed, ve. The pursuer needs to track the target.
The maximum distance between the leader and the pursuer
be dmax beyond which it is assumed that the pursuer has
lost track of the target. Though it is assumed that dmax is
infinity, but in practise it is not possible. Thus, dmax can be
thought of as the maximum range of sensing of the sensor.
Similarly, we assume that if the pursuer can reach within
dmin distance from the evader, then the evader is captured

and the algorithm stops. The capture distance dmin is greater
than the blind spot range of the sensor. We are just concerned
with the distance between the leader and follower, and not
the direction. So the direction does not affect the capture
condition. The pursuer follows the following algorithm to
track/capture the evader.
Algorithm

1. Start.
2. Is d > dmin? If yes, goto step 3 else goto step 9.
3. Is the evader sensed by sensor 1? if yes, goto step 4

else goto step 7.
4. Is the evader sensed by sensor 2? if yes, goto step 5

else goto step 6.
5. Move straight for 0.1s. Goto step 2.
6. Turn towards left and move for 0.1s. Goto step 2.
7. Is the evader sensed by sensor 2? if yes, goto step 8

else goto step 9.
8. Turn towards right and move for 0.1s. Goto step 2.
9. Stop

d is the distance between the leader and the pursuer. dmax

is not considered separately since the leader will no longer
remain within the sensor of the pursuer when the distance is
more than dmax.

D. Experimental results

For the experiments, the predefined paths which the leader
(evader) traversed are a straight line, a circle and an eight
shape. Fig. 7 shows the path of the leader.

(a)
Straight

(b) Circle (c) Eight

Fig. 7: Paths of the leader for the experiment.

Fig. 8: Initial position of the follower with respect to the
leader



The speed of the leader is ve = 0.1m/s. The linear speed
vp, and the angular speed ω of the follower (pursuer) depends
on the value of β. For the experiments, we have considered
three different values of β ∈ 0.5, 0.75, 1.0 and also three
different values of ω. A set of 18 experiments have been
conducted for each pair of β and ω for each path for different
initial positions of the follower robot with respect to the
leader. This is shown in Fig 8. For each initial point, three
different orientation is considered with respect to the line
joining both the robots, which is known as the line-of-sight
(LOS). One of them is along the LOS, second around 30◦

clockwise to LOS and the third is 30◦ anti-clockwise to LOS.
For the experiment, we assumed dmin = 20cm and dmax =
150cm. For one of the initial positions, when the leader is
following a circular path, a sequence of pictures (taken at
different instants of the leader-follower algorithm in action)
is shown Fig. 9. It can be seen that the pursuer is able to
catchup with the leader. The consolidated result have been
presented in Table I.

(a) Time=0s (b) Time=1.0s

(c) Time=2.0s (d) Time=3.0s

(e) Time=4.0s (f) Time=4.68s

Fig. 9: A sequence of pictures taken at different instants of
the leader-follower algorithm in action.

The table reports the number of times the follower was
able to follow or capture the leader. From the experimental
data it can be observed that when the angular speed of
the follower is above the theoretical value it is always able
to follow the leader. The condition on angular speed is a

sufficiency condition. For smaller values of angular speed
the follower is still able to follow the leader in some cases.
However, in most of the cases it fails to do so. At higher
angular speed, the follower is able to manoeuvre faster and
is able to bring back the leader onto its centre-line. At low
angular speed, the follower is not able to bring the leader
back onto the centre-line. As a result the leader escapes the
sensor of the follower and the follower stops.

V. SUMMARY

In the present work we have considered a leader (evader)
and a follower (pursuer) problem. The leader moves on a
predefined path. The sensor of the follower vehicle senses
if the leader is present within its sensing region. There are
two sensor on the follower, and if the follower always tries
to have the leader visible to both the sensors. A quantized
control is applied if the leader is visible to only one sensor. It
is shown in this paper that the follower, with minimal sensing
data and quantized control, is able to follow the leader when
certain conditions on its linear speed and angular speed
are satisfied. We have used two LEGO Mindstorm robots
-leader and follower. The follower uses a ultrasonic sensor
assembly for sensing the leader and manoeuvre according to
the output of the sensor. The experimental results presented
show that for higher angular speed satisfying the sufficiency
conditions, the follower is able to follow the leader. For very
few cases, the follower is able to follow (capture) the leader
(evader) even with lower angular speed. The experimental
data validates the theoretical bounds obtained on the angular
speed and linear speed of the agents.
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