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Localization and Follow-the-Leader Control of
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Abstract—This paper investigates the control and localization
of a heterogeneous (e.g., different sensing, mechanical, computa-
tional capabilities) group of mobile robots. The group considered
here has several inexpensive sensor-limited and computationally
limited robots, which follow a leader robot in a desired formation
over long distances. This situation is similar to a search, demi-
ning, or planetary exploration situation where there are several
deployable/disposable robots led by a more sophisticated leader.
Specifically, the robots in this paper are designed for highway
safety applications where they automatically deploy and maneuver
safety barrels commonly used to control traffic in highway work
zones. Complex sensing and computation are performed by the
leader, while the followers perform simple operations under the
leader’s guidance. This architecture allows followers to be simple,
inexpensive, and have minimal sensors. Theoretical and statisti-
cal analysis of a tracking-based localization method is provided. A
simple follow-the-leader control method is also presented, includ-
ing a method for changing follower’s configuration. Experimental
results of localization and follow-the-leader formation-motion are
included.

Index Terms—Bezier trajectory, follow-the-leader control, het-
erogeneous robot groups.

I. INTRODUCTION

MOST investigations of multirobot cooperative control in-
volve groups of robots with similar capabilities. It is of-

ten desirable to have a heterogeneous group of mobile robots
with dramatically different onboard sensing, control, and com-
putation. This allows some robots to have minimal sensors and
therefore be less expensive and much simpler. Such simple
robots can be considered disposable to the overall mission and
can be used for high-risk activities and therefore increase the
capabilities of the group. Such high-risk and large-scale team
tasks include highway traffic control, battlefield environments,
or space exploration, where the system’s “attitude” toward risk
must be explicitly considered.

The application considered in this paper is the use of a hetero-
geneous group of robotic barrels to improve the safety of high-
way construction and maintenance workers [1]. Safety barrels
(Fig. 1) guide traffic and serve as a visible barrier between traffic
and work crews. These barrels consist of a brightly colored plas-
tic drum (approximately 130-cm high and 50-cm diameter) that
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Fig. 1. The follower robot(s).

is attached to a heavy base. The robotic safety barrel replaces
the heavy base with a mobile robot that transports the safety
barrel. The robots work in teams to provide traffic control. In-
dependent, autonomous barrel motion has several advantages.
First, the barrels can self-deploy and self-retrieve, eliminating
the dangerous task of manually placing barrels. Second, their
positions can be quickly and remotely reconfigured as the work
zone changes thus reducing the work zone size. Finally, barrels
could continuously follow work crews.

Proper traffic control is critical in highway work zone safety.
Traffic control devices such as signs, barricades, cones, and
safety barrels are used. Accidents can occur because of improper
work zone design, improper work zone housekeeping, and driver
negligence. Implementing reliable robotic safety devices could
improve highway work zone safety and could also increase the
safety to the general public by creating better and more efficient
work zones [1], [2].

The system is designed with distributed planning and control
that reduces the per-robot cost (several robots are needed and
they are often struck by traffic) by centralizing the intelligence
and sensing while keeping communication bandwidth low by
distributing local control [2].

The application specifically considered is where a group of
barrel robots would autonomously follow a slow-moving main-
tenance operation, eliminating the need to create enormous
worker zones for tasks performed over long distances. Such
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tasks include lane striping, mowing, or asphalt overlay [3]. The
goal of this paper is to create a method to achieve the follow-the-
leader formation for such a heterogeneous robot team. The main
challenge is that simple sensor-limited followers do not have the
capability of localization and navigation because of their lack of
on-board sensing, computation, and communication bandwidth.

To address this challenge, this paper presents a centralized lo-
calization and control method for follow-the-leader movement.
The complexity of sensing, control, and computation is rele-
gated to the leader while followers only perform simple local
operations under the leader’s guidance. The leader has sufficient
sensors to allow it to self-navigate. The leader may even take
on the form of a maintenance pickup or utility vehicle driven by
a highway worker. The follower robots have minimal sensors
(only wheel encoders for dead-reckoning over short distances)
and no hazard avoidance sensing or global localization. To guide
these extremely sensor-limited followers during the long dis-
tance travel, the leader robot estimates the pose of followers and
commands their motion. This method reduces system cost and
system power requirements as compared to a completely dis-
tributed approach [4]. This heterogeneous group also protects
the sophisticated leader robot (or maintenance worker) while
using inexpensive robots for the high-risk traffic control.

Section II gives an overview of related work. Section III
presents the localization method for the follower robots based
on a cubic polynomial least-squares method. The accuracy of
this method is then evaluated with a statistical analysis. A sim-
ple follow-the-leader control approach that uses Bezier trajec-
tory generation is described in Section IV. Section V presents a
centralized reconfiguration method for the follower robots dur-
ing the follow-the-leader motion while they avoid collision each
other. Experimental results in both localization and follow-the-
leader motion are presented in Section VI.

II. RELATED WORK

A variety of approaches have been proposed for localization
and follow-the-leader formation control of a group of mobile
robots. Balch and Arkin [5] propose a behavior-based approach
for formation keeping of a team of military unmanned ground
vehicles as a scout unit. Each powerful vehicle is equipped with
GPS, vision, and hazard sensors. Lewis and Tan [6] apply the
concept of virtual rigid structure for formation maintenance.
Each robot is controlled to maintain a rigid geometric rela-
tionship to each other and to a frame of reference. But their
application range is constrained because localization of each
robot is computed by a fixed and independent vision-based
camera system.

Das et al. [7] present a paradigm for switching between decen-
tralized controllers that allows for changes in formation. A single
omni-directional camera is used in all robots and a host com-
puter is used as a centralized processing unit. The host computer
receives video from all robots and calculates relative velocity
and pose between each follower and its leaders. Vidal et al. [8]
translate the formation control problem into a separate visual
servoing task for each follower using similar omni-directional
vision. The follower robot uses motion segmentation to estimate

the position and velocities of its leader. Using distributed camera
sensors in these approaches requires significant sensing and in-
tense computation at each robot (therefore higher per robot cost).

Chiem et al. [9] propose a simple and efficient method to con-
trol robot formations using Bezier trajectories but only present
quantitative results in simulation. Again, each follower robot
uses a color-tracking vision camera to estimate the relative pose
of the leader. Then a local Bezier trajectory is created and fol-
lowed. Bezier trajectories have been used in many planning
applications [10]–[12]. The work presented in this paper uses
Bezier curves for trajectory generation because it is computa-
tionally simple and well suited for the simple follower robots
used in this paper.

Fredslund et al. [13] propose another local sensing method
for robot formations. Each follower uses a laser rangefinder to
determine the distance to its leader and then pans the camera to
center the leader in the camera’s field of view. This method can
achieve global formation movement. Michaud et al. [14] also
use similar directional panning cameras and propose a hybrid
control approach to dynamically initialize the formation. How-
ever, neither method controls the relative orientation between
the robots and again each robot requires significant sensing
(i.e., expense) and has identical capabilities (homogeneous).

Parker et al. [15] present a control approach for heterogeneous
robots where a more capable leader assists simpler follower
robots to navigate using a “chaining” formation method. Here,
the followers use a camera and a color-tracking algorithm to
follow the next robot in the “chain.”

All of the above approaches allow a team of robots to move
in formation. However, each of the above approaches requires
the followers to have significant (e.g., vision processing) sens-
ing and computation capabilities. The follower robots in this
work are very sensor-limited and much simpler, prohibiting any
of the above approaches to be directly applied here. This con-
straint provides new challenges for localization and follow-the-
leader control of such sensor, computation, and communication-
limited groups of heterogeneous robots.

III. FOLLOWER LOCALIZATION

The follower robots estimate their global position and orien-
tation via dead reckoning; however, errors (due to a variety of
issues, such as wheel slippage) are accumulated over time and
thus dead reckoning is only reliable for short distance naviga-
tion. This localization method is unacceptable for long travel.
Here it is assumed that the leader robot has a precise posi-
tioning system. This global knowledge could take the form of
accurate GPS or a maintenance worker (who obviously knows
his/her location) driving a pickup. The leader (or pickup) then
locates the group of sensor-limited followers using a single-laser
rangefinder. This method is used to determine the position of
the follower robots and successive positions are carefully used
to estimate their orientation.

A. Position Estimation

A SICK laser scanner LMS200 mounted on the leader robot
is used to estimate the relative position of the follower robots
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Fig. 2. Positions of two followers with respect to the leader robot.

with respect to the leader. The laser sensor provides distance
measurement every 0.5◦ up to a 32-m range throughout a 180◦

scanning field. The cylindrical safety barrel (as in Fig. 1) with a
50-cm diameter creates a circle pattern in the two-dimensional
plane of the laser scanner. Fig. 2 shows a typical laser scan
indicating the positions of two follower robots with respect to
the leader robot. The follower robot (i.e., center of the circle)
is localized with a modified Hough transform algorithm [16].
This algorithm uses one common search window for each clus-
ter of follower robots to decrease the required execution time.
The location of the search windows is updated based on the
last location of the follower robots. The current position of the
follower robot is determined by comparing the possible posi-
tions in the search window with the previous position using the
nearest-distance method. The laser scanner functions at a data
transfer rate of 500 KBaud and the position of each follower is
estimated every 60 ms (total time including laser scanning and
algorithm processing).

The position estimation error for each follower is largely a
result of the error in the laser scanner’s distance measurements
(∼1.5 cm rms). The optical properties of the target surfaces
can also affect sensing performance [17]. To evaluate the accu-
racy of the Hough transform algorithm a statistical experiment
shows the estimation error in both X (Fig. 3, top) and Y (Fig. 3,
bottom). The position estimate is approximately normally dis-
tributed with standard deviation less than 0.2 cm. In this ex-
periment the actual robot position is 100 cm behind the leader
robot (X = −100 cm) and 100 cm to its port (Y = 100 cm).
Coordinates are defined relative to the leader as in Fig. 2.

With this information, the global position of each follower can
be calculated from (1), where Pr = (Xr , Yr )T is the measured
relative position of the follower with respect to the leader and
PL = (XL, YL )T and θL are the pose of the leader with respect
to the global coordinate system

PF =
(

cos θL − sin θL

sin θL cos θL

)
Pr + PL. (1)

B. Orientation Estimation

Now, the position estimates will be used over time to track
the motion of the follower robots. This tracking is then used

to provide an estimate of the follower’s current orientation.
Follower orientation can be estimated from the past positions
since they are nonholonomic in their mechanical design.

First a cubic polynomial function is adopted to approximate
the follower’s path based on some number of recent positions of
the follower. A cubic polynomial is used because the follower
robot’s local trajectory generation uses a cubic Bezier curve
(see Section IV-A) and this curve uses Bernstein polynomials
of third degree as the basis function [18], [19]. The follower
robot’s path is approximated by (2)

Y = a0 + a1X + a2X
2 + a3X

3 (2)

where (X,Y ) is the global position of the follower and
a0, a1, a2, and a3 are the coefficients of the cubic polynomial
function.

Now, PF (t), PF (t − 1), PF (t − 2), . . . , PF (t − n + 1) are
n recent-tracked global positions of the follower robot(s) with
equal distance d between each location and t the current time
step. At least four (n = 4) positions are needed to perfectly fit a
cubic polynomial function. However, using exactly four recent
positions can lead to error because each position estimate has a
normally distributed error (in X and Y , Fig. 3).

Here, n = 8 is used to reduce the effects of the error at any
given location and a least-squares fit is used to approximate these
eight positions with the cubic polynomial function (as in Fig. 4).
The coefficients a0, a1, a2, and a3 can hence be obtained by
solving a series of linear equations using Gaussian elimination
[20]. Then the approximate orientation θF is evaluated from (3)
by differentiating (2)

dY

dX

∣∣∣∣
XF (t)

= a1 + 2a2X + 3a3X
2θF

= a tan

(
dY

dX

∣∣∣∣
XF (t)

)
. (3)

It is important to note that the leader robot may obtain any
orientation (i.e., it could drive in circles). In that case, the cubic
polynomial function would not accurately estimate the orienta-
tion of the follower because a one-to-one function cannot rep-
resent the recent path of the follower. Therefore, this requires
that the follower robot’s tracked positions must be monotoni-
cally increasing or decreasing along the global X- or Y -axis (or
another suitable set of axes). This constrains the radius of cur-
vature relative to the distance between tracked positions (further
discussed in Section III-B2).

The above method is sensitive to the distance d between the
tracked positions and the error expected for each location (or the
ratio of these values). In following sections, statistical analysis
is used to find the appropriate value for distance d between
each of the two tracked global positions and the accuracy of the
proposed approach is evaluated for common trajectories of the
follower robots.

1) Distance Between Tracked Positions d: If the position
measurements of the follower robot are precise, the distance
d can be small and an accurate estimate of the follower’s ori-
entation can be obtained. However, error in this position (as
quantified in Fig. 3) can create large errors in the estimation
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Fig. 3. Position error.

Fig. 4. Eight recent global positions fitted with a cubic polynomial.

of the follower’s orientation (for a given distance d between
positions). The choice of an appropriate distance d should be
considered with respect to the standard deviation of error in
position estimates. The statistical nature of the error in the fol-
lower’s position makes an analytical approach to the problem
difficult. Therefore, statistical methods will be used along with
simple Monte Carlo simulations.

Consider the common (Bezier) motion of the follower shown
in Fig. 5. Here, a basis Bezier curve is defined from the pose
(0, 0, 0◦) to (100, 100, 0◦) (shortest curve in Fig. 5). Eight
tracked positions are now sampled along this Bezier curve and
an estimate of the robot’s final position is made. This process
is then repeated 1000 times with random noise (as described in
Fig. 3, normal distribution and standard deviation 0.2 cm) in-
cluded in each of the eight estimates of the follower’s position.
This produces a mean and standard deviation in the estimate of
the follower’s final orientation. It is known that the desired orien-
tation at the final position of the robot (as defined by the Bezier
curve) is 0◦. Therefore, an estimate is created of the error in ori-
entation using a given value of d. This process is then repeated
with increasing distances between the samples (increasing d).

Fig. 5. Tracked positions along a series of Bezier curves.

To do this, the Bezier curve is expanded proportionally (the two
longer curves in Fig. 5) and each curve produces a mean and
standard deviation of the error in the orientation estimation.

The results for several values of d are shown in Figs. 6 and 7.
The mean of orientation error is less than 1◦ for all distances d.
This confirms that the cubic polynomial function is a good
method to approximate the orientation of the robot for Bezier
trajectories. Furthermore, the standard deviation of orientation
error decreases when the distance d increases (to a limit). How-
ever, to create frequent estimates of the orientation of the fol-
lower robot, the distance d should be small. Considering this
tradeoff, a distance of d = 15 cm with a standard deviation of
error of 1.2◦ is a good choice for the paths analyzed by this
simulation (at the knee of the curve). With this d value, it is ex-
pected that 99.9999998% of the orientation estimations will be
within six standard deviations (7.2◦) of the mean error (0.86◦).
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Fig. 6. Mean of orientation error versus distance d.

Fig. 7. Standard deviation of orientation error versus distance d.

2) Analysis of Arc Following Motion: In Section III-B1 we
saw that the appropriate distance d between the tracked follower
positions is required to produce an accurate tracking estimate
of the follower’s orientation (for a given position measurement
accuracy). However, the radius of curvature of the follower’s
path can also produce errors in the estimate of the orientation.
This is because the polynomial least-squares fitting method will
fail in arcs with small radii. This is because the follower’s path
(consisting of eight tracked positions) is distinctly different from
a cubic polynomial.

To avoid this problem, it is assumed that the motion of the
follower has large radius when the follower robot turns. A min-
imum radius that guarantees accurate estimate of the follower’s
orientation is determined through statistical simulation.

Consider the arc motions of the follower in Fig. 8. Here
the distance d between tracked positions is held constant at
15 cm and the radius of curvature of the follower’s arc motion

Fig. 8. Eight positions with constant d and increasing radius.

Fig. 9. Mean of orientation error versus radius.

is changed. Again, the X and Y data of each position are nor-
mally distributed with standard deviation 0.2 cm (as in Fig. 3).
All arcs lie in the first quadrant (rotated here). From a basis
arc with the length 105 cm (7× 15 cm), the radius is increased
while keeping the final position on the Y -axis. Therefore, the
desired orientation at the final position is 180◦ for all arcs. This
analysis is then repeated 1000 times for each arc and a mean
and standard deviation of the error in orientation estimation
are developed corresponding to different radii. The results are
shown in Figs. 9 and 10. It can be seen that the mean of orien-
tation error goes to zero and the standard deviation decreases
as the radius increases. This indicates that the orientation esti-
mation becomes better and much more certain with increasing
radius. This simulation suggests that a minimum turning radius
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Fig. 10. Standard deviation of orientation error versus radius.

Fig. 11. Follower-the-leader control diagram.

of 150 cm with the standard deviation of 1.13◦ is an appropriate
(knee in curve) choice for the given path and sensor error. This
radius creates an expectation that 99.9999998% of the orien-
tation estimates will be within six standard deviations (6.78◦)
of the mean error (−0.93◦). Therefore, the cubic polynomial
least-squares method can estimate the orientation of the fol-
lower robot with satisfactory accuracy if the radius of the arc is
>150 cm.

IV. FOLLOW-THE-LEADER CONTROL

This section presents a simple follow-the-leader formation-
keeping control method that uses the localization scheme out-
lined in the previous sections. As shown in Fig. 11, each follower
(two in this figure) attempts to maintain the desired separation
and bearing with respect to the leader. A virtual destination is
assigned to each follower to maintain this geometric formation.
Then a cubic Bezier trajectory is defined between the follower
and this virtual destination to allow the robots to follow the

Fig. 12. Bezier trajectory between the leader and follower.

leader. The trajectory is updated in real time since the virtual
destination varies as the leader robot moves. This approach
keeps communication bandwidth very low since only the up-
dated follower location, the Bezier control points (described in
the following section), and the leader robot’s velocity need to
be communicated to the follower. A simple PID velocity con-
troller is executed by the followers to track the Bezier trajectory
with the desired linear velocity. The result is that the followers
perform only computationally simple operations and can have
minimal onboard computing.

A. Bezier Trajectory

A cubic Bezier curve is used for local trajectory planning on
the follower robots. This curve is the weighted sum of four con-
trol points (P0, P1, P2, and P3) as shown in Fig. 12. The shape
of the curve can be easily deformed by modifying the relative
locations of these points. The virtual destination commanded by
the leader robot can be calculated in the local coordinate frame
(local to the follower) given the global pose of the leader robot
(XL, YL , θL ) and follower robot (XF , YF , θF ) (coordinate sys-
tems defined in Fig. 12)[

x
y

]
=

(
cos(−θF ) − sin(−θF )
sin(−θF ) cos(−θF )

) [
XL − XF

YL − YF

]

θ = θL − θF . (4)

Then the local cubic Bezier trajectory is defined by

P (q) = (1 − q)3P0 + (1 − q)2qP1 + (1 − q)q2P2 + q3P3

(5)

where P0 = [ 00 ], P1 = [D0 ], P2 = [x − D cos θ
y − D sin θ

], P3 = [x
y

], q

∈ [0, 1] is the curve parameter, and D = ‖P1 − P0‖ = ‖P3 −
P2‖. To determine P1 and P2, the distance ‖P1 − P0‖ and
‖P3 − P2‖ are assumed to be equal and is simply given
D = α‖P3 − P0‖. The initial curvature of the Bezier trajec-
tory is related to the choice of D and this curvature affects
the performance of the local velocity controller of the follower.
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Fig. 13. Differential robot motion.

α = 0.4 is chosen from experimental experience. Also, note
that the Bezier curve is tangent to both vectors P1 − P0 and
P3 − P2 as in Fig. 12. Therefore, if the leader robot moves in
straight line, the followers can follow their desired positions in
the formation.

B. Local Follower Control

The design of a velocity controller is critical to execute the
Bezier trajectory, which will allow the follower to maintain
the desired formation with respect to the leader robot. Again,
the follower receives its updated pose information, the linear
velocity of the leader, and the Bezier control points. The follower
then defines the Bezier trajectory and tries to track the trajectory
with a linear velocity V . The velocity V is adjusted with a
factor if the length of Bezier curve is different from the desired
separation between the follower and the virtual destination (i.e.,
P-control on velocity). The length L of the Bezier trajectory is
calculated numerically using Simpson’s rule [20]. The total time
to follow (Ttotal) the full Bezier trajectory is then calculated
from (6)

Ttotal =
L

V
. (6)

The parameter q to the control time t is defined by a simple
linear function (7) between q and t

q(t) =
1

Ttotal
t. (7)

Therefore, when t varies in the range [0, Ttotal], the parameter
q varies between [0, 1]. In each cycle of the control loop, the
curvature of the Bezier curve and the angular velocity can be
calculated by (8) and (9)

κ(t) =
dx
dq

d2y
dq2 − dy

dq
d2x
dq2(√(

dx
dq

)2

+
(

dy
dq

)2
)3 (8)

ω(t) = V κ(t). (9)

In this study, the followers are differential drive robots with
two actuated wheels and one passive caster (Fig. 1). During
a period of differential time between ti−1 and ti as shown in
Fig. 13, the robot turns about a given radius by δΨ. Here, SL

and SR are the paths of the left and right wheels (and measured
by the wheel encoders). No slip is assumed so the path lengths
are related to the change in wheel angles (S = δθr, where r is

Fig. 14. Centralized reconfiguration.

the wheel radius and δθ is given by the motor encoders). Dw is
the distance between the wheels, and RL and RR are the turning
radii for each wheel.

Now, given the desired linear velocity and angular velocity
of the follower, the angular velocities of left and right wheels
are obtained from (10) using the follower’s kinematics

ωL =
2V − ωDw

2

ωR =
2V + ωDw

2
(10)

where V = (VL + VR/2), ω = (VR − VL/Dw ), and VL = ωLr
and VR = ωRr are the velocities of the left and right wheel
centers, respectively.

A PID velocity controller has been designed to control
the wheel angular velocity of the follower robot. Therefore, the
follower robot can follow the defined Bezier trajectory with the
desired linear velocity by controlling the angular velocity of
each wheel.

V. CENTRALIZED RECONFIGURATION

Changing task requirements (e.g., desire to close a differ-
ent highway lane, etc.) may require the followers to change
their position with respect to one another or with respect to
the leader. A centralized (performed by the leader) planning
method is adopted to coordinate the movement of the sensor-
limited followers. For movement of highway safety markers, it
is assumed that the primary obstacles for the follower robot are
other robots; however, the proposed approach can be expanded
to include fixed obstacles or obstacles with known motion. The
objective of the reconfiguration algorithm is to avoid collision
between followers while maintaining line of sight between the
leader and followers.

Consider the example reconfiguration shown in Fig. 14. Here
two robots are required to change configuration with respect to
the leader (shown in the leader frame as Fig. 2). A Bezier curve
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Fig. 15. Motion path shown in variables (S1 and S2).

is again used to create the desired robot path. The path can then
be rewritten as a distance along the Bezier curve given by S1

and S2, where 1 and 2 denote each robot.
The planning problem for the ith robot can then be expressed

in terms of the path variable Si , where Si changes from Si,o to
Si,f as shown in Fig. 15. This approach is similar to a planning
method for fixed-base manipulators [23]. Showing the recon-
figuration in these coordinates allows the regions of collision
(around S1 = 300 cm and S2 = 350 cm) between the robots to
be explicitly shown. Collision is defined as the values of Si such
that the distance between the follower robots is below a spec-
ified safety threshold. The “invisibility” region is also shown
and is defined as configurations where the leader does not have
line-of-sight contact with a follower. For example, when the first
follower robot is at a location of S1 = 200 cm and the second
robot has S2 = 400 cm, the second robot prevents the leader
robot from “seeing” the first robot. To cross these regions, the
follower must temporarily localize itself with dead reckoning.
When visibility is regained, the follower robot will communi-
cate its current positions (estimated from dead reckoning) back
to the leader robot. The robot’s motion along the path with re-
spect to time can now be chosen to make a fast reconfiguration
while avoiding the collision region and minimizing invisibility.
Several methods can be implemented and a modified tangent
graph method is used here.

The path shown in Fig. 15 gives the ratio of the linear veloci-
ties of the two robots. These velocities can then be normalized by
a nominal desired velocity and transferred back into the leader
robot’s coordinate frame. If the leader robot is moving along a
straight line with a constant velocity νL and orientation θL , the
relative linear velocity of the follower r νF with respect to the
frame of the leader robot can be found from[

rνF X
rνF Y

]
=

dP

dq

dq

dt
(11)

where rνF X and rνF Y are the X and Y components of the
relative linear velocity in the leader robot coordinate frame, P
is the relative position of the follower, and q is the Bezier curve
parameter as indicated in (5) and (7).

The absolute linear velocity of the followers can then be
computed from[

νF X

νF Y

]
=

(
cos θL − sin θL

sin θL cos θL

) [
rνF X
rνF Y

]
+

[
νLX

νLY

]
. (12)

where νLX and νLY are the components of the linear velocity
of the leader robot in the global coordinate system.

The magnitude of the absolute linear velocity of the follower
is then given by

‖vF ‖ =
√

v2
F X + v2

F Y . (13)

The absolute angular velocity of the followers can be calculated
from the curvature κ(t) of its path given by

κ(t) =
νFx

dνFy
dt − νFy

dνFx
dt

‖vF ‖3
. (14)

With this, the instant angular velocity of the followers is

ω(t) = ‖vF ‖κ(t). (15)

Therefore, given the desired relative linear velocity and the ab-
solute linear and angular velocity of the leader, the desired ab-
solute linear and angular velocities of the follower robot can be
found from (14) and (15). These two velocities are then input
into the follower’s local PID controller and reconfiguration is
accomplished.

VI. EXPERIMENTAL RESULTS

A. Experiment Setup

The leader is a car-like robot evolved from [21] and is
equipped with a standard Pentium laptop. The leader robot local-
izes the position and orientation of the followers and sends this
pose information, in addition to its velocity and pose, to each
follower through RF wireless communication. Each follower
communicates with the leader through a unique identification
number. When the follower receives the communication data, it
defines a local Bezier trajectory, determines the desired linear
velocity and executes the velocity controller to follow the de-
fined trajectory. The Bezier trajectory is dynamically updated
as new information is obtained from the leader.

The experiments conducted here require all follower robots
to follow the leader as the leader travels along a straight line
for at least 105 cm so that the first eight positions (with d =
15 cm) for the first estimate of the follower’s orientation can
be acquired. After this initial distance the cubic polynomial
least-squares localization method creates a new estimate of the
follower’s orientation for every 15 cm of travel. During the 15-
cm movement, the follower robot navigates and calculates its
pose via dead reckoning. The follower also updates its pose
once it receives the estimated position and orientation from the
leader. This method bounds the errors in dead reckoning and
allows the leader and followers to travel long distances.

B. Localization Experiment

In this experiment, the localization method (developed in
Section III) is used to estimate the orientation of the follower
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Fig. 16. Leader/follower motion during localization experiment.

Fig. 17. Orientation of the leader and follower robot.

robot. The leader robot moves at a constant linear velocity of 15
cm/s. Fig. 16 shows the experimental setup where the leader first
moves 250 cm along a line. Then it turns with a radius 330 cm.
After that, it continues to move 350 cm along another line. The
follower robot follows the leader at a distance of 158 cm with a
bearing of 0◦.

During this experiment, a special sensor is used to estimate
the true orientation of the follower robot with respect to the
leader. This additional sensor is independent of the sensors on
either robot. The sensor is an NDI Polaris camera system [22],
which is mounted on the leader robot and detects retro-reflective
optical markers mounted on the followers. This commercial
system (used in surgical registration) provides real-time (60 Hz
maximum updating rate) 6-D tracking with a position accuracy
less than 0.35 mm.

Fig. 17 shows the orientation of the leader and follower robots.
From Fig. 18, it is seen that the error between the estimated

Fig. 18. Orientation error of the follower robot.

Fig. 19. Three robots maintain the triangular formation.

and true orientation of the follower is bounded within ±8◦ and
this error does not grow with time. The mean error during this
experiment is −0.7◦, with a standard deviation of 2.8◦. This
experimental result confirms the validity of the localization ap-
proach. It also compares favorably with the accuracy predicted
by the simulation in Figs. 6 and 7 and Figs. 9 and 10. Since
the error is bounded and does not grow with distance, this lo-
calization approach can be used for formation control over long
distances.

C. Follow-the-Leader Experiment

Now, two followers follow the leader robot while they attempt
to maintain the triangular geometric formation shown in Fig. 19
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Fig. 20. Separation vs. time.

Fig. 21. Bearing versus time.

(the camera system is not used). The initial global position of the
leader is (0, 0), and initial global position of two followers are
(−160, 63 cm) and (−160,−63 cm), respectively (as given in the
coordinate system in Fig. 19). Therefore, the desired separation
for each follower with respect to the leader is 172 cm, and the
desired bearing for the follower robot #1 and follower robot
#2 is 201.5◦ and 158.5◦, respectively. The leader moves with a
constant linear velocity of 15 cm/s.

As depicted in the experimental data in Fig. 19, the two
follower robots maintain the formation with respect to the leader.
When the leader completes the turn, the two followers converge
to their respective desired positions in the triangular formation.
The separation and bearing can be easily computed from the
relative localization through the laser scanner. Figs. 20 and 21
show the variance of separation and bearing of two followers
over time. Both separation errors are within ±5 cm and the

bearings of two followers have small errors (≤2◦), when the
three robots move along a straight line. Bearing error is larger
(∼15◦) when the formation turns, largely due to the latency
of the information transmitted to the follower with the limited
communication bandwidth. This is a very acceptable error for
applications such as maintaining a wedge formation for lane
closure in highway safety tasks.

VII. SUMMARY AND CONCLUSION

This paper presents a centralized localization and control
method for follow-the-leader movement of a heterogeneous
group of mobile robots. This procedure allows the follower
robots to be computationally simple, have minimal sensing, be
inexpensive, and therefore be suited to high-risk tasks. A special
centralized localization method for such a group of extremely
sensor-limited follower robots is presented. Errors in localiza-
tion are bounded and therefore the method is useful for long-
distance navigation. A statistical simulation of the localization
method is included, which analyzes the choice of appropriate
distance between two tracked positions and for the minimum
allowable radius of curvature for follower motion. This anal-
ysis shows the cubic polynomial least-squares method can es-
timate the orientation of the follower robot with the desired
accuracy. An algorithm to alter the formation is also presented.
Finally, a simple formation-keeping control approach that uses
Bezier trajectories is presented. Experimental results confirm
the validity of both localization and follow-the-leader control
methods.

The proposed method is limited in that the leader needs
to generally maintain line-of-sight contact with the follow-
ers. This means a perfectly “single file” formation could
not be maintained over long distances. Also, the computa-
tion requirements of the leader associated with follower lo-
calization and planning grows linearly with the number of
followers.
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