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Abstract Future transportation systems will require a number of drastic measures,
mostly to lower traffic jams and air pollution in urban areas. Automatically guided
vehicles capable of driving in a platoon fashion will represent an important feature
of such systems. Platooning of a group of automated wheeled mobile robots relying
on relative sensor information only is addressed in this paper. Each vehicle in the
platoon must precisely follow the path of the vehicle in front of it and maintain
the desired safety distance to that same vehicle. Vehicles have only distance and
azimuth information to the preceding vehicle where no inter-vehicle communication
is available. Following vehicles determine their reference positions and orientations
based on estimated paths of the vehicles in front of them. Vehicles in the platoon
are then controlled to follow the estimated trajectories. Then presented platooning
control strategies are experimentally validated by experiments on a group of small-
sized mobile robots and on a Pioneer 3AT mobile robot. The results and robustness
analysis show the proposed platooning approach applicability.

Keywords Mobile robots - Platooning - Path following control -
Reactive multiagent system
1 Introduction

Intelligent transportation systems are a growing domain and have been a subject
of extensive research in the mobile robotics field and in intelligent vehicles. The
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capability of the vehicle to precisely follow the leading vehicle has potential in
automated highway systems such as automated or semi-automated adaptive cruise
control systems and vehicle platoon systems. Further improvements include avoiding
traffic jams due to the increase in vehicle density on highways and security improve-
ments in car travel due to an automated or semi-automated driving assistance, such as
adaptive cruise control, obstacle detection and avoidance, automatic car parking and
the like. Most of these platoon systems are based on a linear configuration (virtual
train of vehicles).

Among the several problems associated with the control of platooning systems,
longitudinal and lateral control are the most important ones. Longitudinal control
involves controlling the braking and acceleration in order to stabilize the distance
between the leading vehicle and the following vehicle. This control takes as a parame-
ter the distance between the leading and the following vehicles. Sheikholeslam and
Desoer [25] proposed a form of longitudinal control based on linearization methods.
Ioannou and Xu [11] controlled the brakes and the acceleration using a fixed-gain
PID control with gain scheduling. In contrast, Hedrick, Tomizuka and Varaiya [10]
used a control mode based on a non-linear method with PID. Lee, Tomizuka, Jung
and Kim [16, 17] proposed a longitudinal control based on fuzzy logic.

Lateral control involves aligning the vehicle’s direction relative to the vehicle in
front of it. Daviet and Parent [6] proposed a form of lateral control using a PID
controller. This control consists of keeping the angle between the leading and the
following vehicles close to zero. In literature, articles can be found dealing with
lateral and longitudinal control using physics-inspired models. For instance, Gehrig
and Stein [8] designed a model based on particles’ submissive forces, whereas Yi
and Chong [26] developed an impedance-control immaterial hook model. Halle and
Chaib-draa [9] used a Multi-Agent System (MAS) in order to model immaterial
vehicles using constant values from [6]. Contet, Gechter, Gruer and Koukam [4]
proposed a solution for longitudinal and lateral control using Newtonian forces
in an interactive model. In Bom et al. [2] a global platooning control strategy is
proposed using a nonlinear control law which decouples the lateral and longitudinal
control. Reynolds [23] proposed a distributed behavior model to mimic animal
behaviors in herds, schools and flocks for computer animations use. Group motions
and formations of animals were simulated there, using independent agents having
local perception of dynamic environment. Fredslund and Mataric¢ [7] present the for-
mations control algorithm of a group of distributed robots where a relative position
information to other robots is obtained by means of local sensing. Similarly, Cortés
et al. [5] presented coverage control algorithm for a group of autonomous vehicles
in a distributed sensing task, where each vehicle depends only on information of its
neighbors.

In this work an approach to a platoon of nonholonomic vehicles using the state-
space control of nonholonomic systems is presented. The vehicle platooning control
strategy relies on relative information to preceding vehicles only and therefore
no explicit inter-vehicle data exchange and global information (such as GPS) is
required. The important advantage here is that relative information can be measured
with low-cost sensor sets. Additionally, the method to obtain on-line objectives
for the follower vehicles control is presented, where the inter-vehicle distance is
curvilinear as also proposed in [2]. Nonholonomic systems have motion limitations
resulting from their kinematic model. Therefore, some directions of motion are
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not possible. This paper deals with a differential drive which cannot move in the
direction perpendicular to the wheels. Although the proposed algorithm is derived
for the differential type of vehicle, the proposed approach is also applicable to
other types of vehicles. The vehicles whose kinematics model can be approximated
with the differential drive can apply this approach directly. In a more general case
only the trajectory-tracking controller structure consisting of feed-forward control
inputs and a feed-back controller should be adapted according to the vehicles
kinematics, while the rest of the presented approach remains the same. Vehicles in
the platoon are reactive agents with trajectory tracking behavior which forces each
vehicle in the platoon to follow the path of the vehicle preceding it. This behavior
is achieved by the proposed control approach where each following agent has the
ability to memorize the course of the preceding vehicle path. The leading vehicle
in the platoon follows the course of the reference trajectory or it is operated by a
human.

Controlling nonholonomic systems as they follow a reference path is a well-known
problem that has been studied by many authors [14, 18, 19, 24]. The control of such
a group of vehicles is solved by considering its first-order kinematic model. The
obtained motion can later be upgraded to include the dynamic properties (inertia
and mass) as well, where the vehicle-control problem is transferred to controlling
a second-order kinematic model [19, 24]. The control of vehicles, especially mobile
robots, by considering only the first-order kinematics is very common in literature
[1, 3, 15, 22] as well as in practice. This is mainly because the control problem is
easy to solve, the system dynamics can usually be neglected (because of the powerful
engines), especially at moderate speeds, and because the vehicles’ design sometimes
does not allow the torque or acceleration to be forced at the vehicle input (only the
reference speed can be set).

Next, the vehicle has to consider nonholonomic constraints, so its path cannot be
arbitrary. The vehicle usually moves in an environment with obstacles, limitations
and other demands, all of which define the desired path of the vehicle. All these facts
suggest the vehicle should be controlled on a reference path, which should follow all
the kinematic constraints. Nonholonomic systems usually have feed-forward control
[3, 19, 22, 24], where the system inputs are calculated from the known trajectory
and all the kinematic constraints are implicitly considered by the trajectory design.
However, the use of only open-loop control (just feed-forward) is practically useless
because it is not robust to errors in the initial system states and other disturbances
during the operation. A closed loop is, therefore, added for practical use. The
above-mentioned combination (feed-forward and feed-back control) is intuitive and
suitable for most nonholonomic mechanical systems.

On the basis of the vehicle’s kinematic equations the control is designed to
follow an arbitrary reference path with a predefined velocity profile. The proposed
control algorithm is validated by experiments on real small-size soccer robots with
differential drive and on a four-wheel mobile robot Pioneer 3AT.

The work presented in this paper is organized as follows. In Section 2 a model of
nonholonomic systems and the corresponding control law that can be applied to such
systems are presented. The application of the proposed control law to the platoon
system is derived in Section 3. The results of the experiments obtained on the two
different mobile robot types are presented in Section 4 and the conclusions are given
in Section 5.
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2 Modeling and Control of Nonholonomic Systems

In the following, the direct and inverse kinematics for mobile vehicles with a differ-
ential drive are determined. The vehicle’s architecture, together with its symbols, is
shown in the left part of Fig. 1. The pose of the vehicle on a plane is defined by the
vector of system states q() = [x(¢), y(¢), 6()]7. The kinematic equations are equiva-
lent to those for a unicycle. Robots with such an architecture have a nonintegrable
constraint in the form xsinf — ycos® = 0, resulting from the assumption that the
robots cannot slip in lateral direction. The kinematic model whose vector fields span
the null space of the nonintegrable constraint is as follows

X cos6 0 v
y|=]sin6 0 |:wi| (1)
0 0 1

where v and w are the tangential and angular velocities of the platform shown in
the left part of Fig. 1. The velocities of the vehicle’s right and left wheel (needed
for a low-level velocity control) are then expressed as vg = v + % andv, =v— %>
respectively, where B is the distance between the robot wheels. The low-level control
is implemented in the robot microcontroller. Each wheel (motor) speed is calculated
by a discrete PID controller; this ensures that the robot drives with the required
reference wheel speeds.

High-level control implemented on a personal computer is proposed in this study.
High-level control enables each vehicle in the platoon to precisely follow the path
of the vehicle in front of it. The calculated robot control inputs u (speeds) are the
reference inputs for the robot’s low-level control.

For a given reference trajectory (x,(¢), y,(¢)) defined in the time interval ¢ €[0,7]
the feed-forward control inputs vy and wyss are derived from the kinematics
model (1). However, the calculated robot inputs drive the robot on a desired path

a b reference following vehicle

leading
vehicle

Fig. 1 Vehicle architecture and symbols (a) and illustration of the error transformation (b), where
the following vehicle follows the leading vehicle path
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only if there are no disturbances and no initial state errors. The tangential velocity
v and angular velocity w ¢ are calculated from the reference path as follows

X (03 () — yr(DX (1)
O+ 370
The necessary condition in the path-design procedure is a twice-differentiable path
and a nonzero tangential velocity v ¢ (¢) #0. If for some time ¢ the tangential velocity
vr(1)=0, the robot rotates at a fixed point with the angular velocity w s(f) which

cannot be determined from (2) and therefore must be given explicitly.

When a vehicle is controlled to drive on a reference path, it usually has some state-
following error. This state-tracking error, e(t) = [e; () ex(t) e3(t)]7 expressed in terms
of the real vehicle, as shown in the right part of Fig. 1, reads

V() = (/X2() + Y2(1) wr(t) = ()

e cosf sinf 0 Xr— X
e | =| —sinfcos60 || y,—y 3)
es3 0 0 1 6, —0

In the right part of Fig. 1 the reference vehicle is an imaginary vehicle that ideally
follows the reference path. In contrast, the real vehicle (when compared to the
reference vehicle) has some error when following the reference path. Therefore, the
control algorithm was designed to force the vehicle to precisely follow the reference
path as proposed in [19, 20, 22]. It is as follows

v __ | vfrcoses Usb
u= =Ust+up = + 4
DR R Y @

where v and o are the reference velocities (set-points) for the low-level control
controlling the wheels of the vehicle, while vs, and wy, are the outputs of the feed-

back controller given by
€
Vb _ k 1 00 .
[wﬁ]_[Okzh} . ®

The schematic of the obtained control is explained in Fig. 2. An intuitive explanation
of the gain matrix’s structure (5) can also be obtained from observing Fig. 1. To
reduce the error in the driving direction e; the tangential robot velocity should be

.| feedforward
inputs

q, transformation| e
reference path N O_, in robot contlr(oller

- coordinates

mobile robot >

Fig. 2 Mobile-vehicle trajectory tracking control schematic consisting of feed-forward part u sy and
feed-back part u g
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changed accordingly. Similarly, the orientation error e; can be efficiently manip-
ulated by the robot’s angular speed. Finally, the error orthogonal to the driving
direction can be reduced by changing the angular velocity.

The gains k;, k, and k3 of the state feed-back controller K can be determined by
trial and error, by comparing the actual and the desired characteristic polynomial
equations as proposed in [20] or by a predictive trajectory tracking control approach
which results in varying feedback gain matrix K(¢) as done in [13].

3 Application of the Controller to a Linear Platoon

It is supposed that there is no data communication between the leading and the
following vehicles. The following vehicle measures the distance D and the azimuth
6, (relative to its own orientation, see the right part of Fig. 1) of the leading vehicle.
The distance D and the azimuth 6, information are obtained from the laser range
finder sensors which directly measure distances and angles to the objects. To ensure
a stable control also a measurement of the orientation of the following vehicle
(e.g. with a compass) is needed. No other sensors (e.g. GPS) are required. All
the positions are treated in a coordinate system that is fixed to the ground. The
following vehicle determines its own position using odometry. Having the current
position X(kAf) = [x(kAf), y(kAD]T, the position in the next sample is determined
by a simple Euler integration

cos (6(kAD)

X((k+ DA = X(kAt) + |: sin (O(kAt))

] v(kAt) At (6)

where 0 (kAt) is the current (measured) orientation of the following vehicle, v(kAr)
is the current speed of the vehicle, and At is the sample time. As shown later, the
method of integration and the associated errors in the accuracy of the absolute posi-
tion is not significant, since only the relative position of both vehicles is important.

Vehicle navigation using odometry information is the simplest method and easy
to implement. Therefore it is preferred in practice as long as the error accumulation
does not affect vehicle performance. To tackle this problem usually other global
sensors (laser range scanners, GPS, stereo camera, etc.) are included in the vehicle
navigation where the data can be additionally improved by using Kalman filtering or
similar methods.

The path of the leading vehicle X, (kAf) = [x,(kAt), yn(kAD]” is calculated by
the following vehicle using its current position and the current measurements of
the distance D(kAf) and the azimuth 6,(kAf) (e.g. by using a laser range finder) as
follows

cos (9 (kA + 6, (kAt))

X (kAt) = X(kAt) + [ sin (0(kA?) + 0,(kAD))

] D(kAf) (7)
This information is stored in the memory and represented in parametric form (with
the parameter k). Intermediate points are obtained by means of linear interpolation

t — kAt
X, (1) = X, (kAL +

[Xi((k+ DA = Xp(kAD] kAt <t < (k+ DAt (8)

@ Springer



J Intell Robot Syst (2009) 54:709-731 715

Fig. 3 The function L (¢

gives the distance travelled by Ly1)
the leading vehicle. The

following vehicle tracks the

leading vehicle at a distance L,

i.e. at the current time ¢ it /
should follow the position of

the leading vehicle att = T o

CAt
—

estimation interval

The following vehicle is supposed to track the leading vehicle at a distance L -
measured on the path of the leading vehicle. In order to estimate the path length, the
distance function L () that gives the distance travelled by the leading vehicle against

time is defined as
t
Ly () :/ \/Xﬁ(f) +5’i(f)df )
0

Note that the derivatives x;,(r) and y,(r) formally do not exist in the sampling
points t = kAt (k € Z), since X;(tr) and y,(r) are not continuous in these points.
Practically, this does not influence the calculation of L, (f) since only an integral
of those functions is needed (the actual value of the derivative in discrete points
does not influence the integral as long as the derivative is finite). An example of
the function L, (¢) is given in Fig. 3. From (9) it is obvious that the function L,(?) is
continuous, monotonously nondecreasing, and L;(0) = 0.

The following vehicle should track the leading vehicle at a distance L, i.e. at
the current time ¢ it should follow the position of the leading vehicle at t =T
(see Fig. 3), where T is defined by

_ JLa(t) = L Lp(to) = L
Ln(D) = io Lito) < L (10)

Note that in the case of % = 0 where the solution 7 of (10) is sought, the solution
is not unique (this is practically impossible). In that case, the biggest T that satisfies
(10) is used. Next, the path of the leading vehicle is expressed in the parametric
polynomial form in the interval [, t,] where T € [t t.]:

() = a5t +aft +aj

In(t) = a3 +ajt +a (11)
where the functions X,(f) and y,(f) approximate the functions xj(¢) and y,(?),
respectively, in the interval [f, z]. The coefficients of the polynomials a’ and a;
(i =0, 1, 2) are calculated using the least-squares method with at least three samples
around the time 7 (six points were used in our experiments). The second order

polynomials (11) can successfully approximate the small piece of the leading vehicle
path (consisting only of a few samples around the time 7)) because of the small
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sampling time At compared to the vehicle driving dynamics. As already mentioned
the position error due to dead reckoning (navigation with odometry) is not critical in
the proposed algorithm because only the relative information (D and 6,) between the
leading and the following vehicle is important. Moreover, in the short time window
(a few samples around 7') where polynomials (11) are estimated, these errors do not
significantly affect the trajectory estimation.

The reference position and the orientation of the following vehicle are determined
using

X — (M | _ asT* +aiT +aj (12)
" In(T) aT*+a)T +a
y y
0, = arctan T +a (13)
2a5T + ay

where arctan is a 4-quadrant version of the inverse tangent function. In the right
part of Fig. 1 they are denoted as the reference vehicle. The tangential and angular
velocities of the reference vehicle (needed for the feed-forward control (4)) are

vy = QAT +al)’ + QT +a))’ (14)
and
(2a3T + a}) x 2ay — (2a5T + ay) x 2a}
CaET +a)’ + (24T + a))’

wrf ® = (15)

respectively. For the feed-back control (5) the error vector is given according
to (3) by

e=| —sin6 cosf 0
0 0 1

cosf sinf 0
[ (16)

X, —X
0, —0

Using relations (14) to (15) the feed-forward part and the feedback-part of the linear
platoon control law are completely defined taking into account (4) and (3). This
enables vehicles in a platoon to drive in a linear formation.

3.1 Obstacle Avoidance

In the environment with fixed or dynamically changing obstacles it is possible that
the obstacle appears between the follower and the leader. In this case the following
robot must avoid these obstacles using vector fields avoidance algorithm as proposed
in the following. The error vector given in (3) used in the feedback part of the control
law is adapted to include also the influence of obstacles. The global reference pose
on the trajectory (x,(1), y,(¢), 6,(¢)) in terms of vehicle reads e;, e, and e;(see Fig. 4).

According to Fig. 4, the attraction vector a = (e, e;) to the reference point
on the trajectory and the repulsion vector 7 showing away from the obstacle and
perpendicular to the direction of 4 are defined. Such a choice of the repulsive vector
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Fig. 4 Obstacle avoidance (x. )
. . . . r
principle using attraction

vector a and repulsive vector ¥ ’

obstacle

avoids chattering behavior problems when the obstacle is in front of the vehicle. The
closest distance of the obstacle to the line defined by a is

d=|oycosa — oy sina|
and the repulsive vector is then defined by

5 0,00 d>=B
r = N -
a—2% d<B
8
where o, and o, are the components of the obstacle vector 0, g = ”‘2«1%"‘"2, symbol - is
the dot product and B is the vehicle dimension. In this way the obstacle avoidance
effect is present only when the obstacle distance to the line defined by 4 is less than
the vehicle dimension B. The resultant vector 7 defining a new driving direction
is then
n=a+r

20—2 d<B

_:Zz d>B
8

The new error vector e* used in the feed-back part of controller (3) and which extends
the error vector (16) with an obstacle avoidance part then reads

N e d>B
e = T
[ny, ny, LR d< B

where e = [ey, 5, e3]7 is defined by relation (16), n, and n, are vector /i components
and /n is the angle of  according to the robot coordinate system.

3.2 Merging and Splitting of the Platoon

An important and interesting issue of merging and splitting of the platoons (i.e. how
to incorporate new members to the platoon and how the members leave the platoon)
will be addressed in the following. As before, the vehicles are supposed to have local
sensor information only.
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Fig. 5 Vehicle N joins the platoon between vehicles C and B. The path of the leading vehicle A is
shown dashed, while the path of joining vehicle N is shown solid

Joining of the new vehicle to the platoon can be solved easily if the joining
intention could be communicated to other vehicles in the platoon. Joining of the new
vehicle is however also possible in case no communication is available if each vehicle
follows the closest vehicle which is in the area in front of it. If the new joining vehicle
is far from the platoon, it must first approach the platoon by defining the joining curve
which drives it in the vicinity of the platoon. The new vehicle must approach the
platoon (place of joining) so that it drives in parallel and behind some vehicle in the
existing platoon. When the new vehicle comes in the vicinity of the platoon, it starts
to follow the leading vehicle. The vehicles behind it will then automatically adapt to
the new situation by the platoon controller described in Section 3. They will start
to follow the new joining vehicle, respecting the requested safety distance among
them. The joining of the new vehicle to the existing platoon can be thought of as a
disturbance which affects only vehicles behind the joining vehicle. This disturbance
vanishes after some transition phase. When the new vehicle joins the platoon as the
last vehicle no disturbance is present.

The concept of a new vehicle joining the platoon is illustrated in Fig. 5

where vehicle N smoothly joins the platoon after vehicle B. This joining rep-
resents a smaller disturbance for vehicle C which starts to follow vehicle N and
therefore leaves the path made by vehicle A. After short transition time this
disturbance vanishes.

A more complicated situation arises when a vehicle wants to leave the formation
(unless this is the last vehicle). This can be successfully achieved only if the other
vehicles following the leaving one are informed about its intentions. The communi-
cation between the vehicles is therefore required. When the vehicle after the leaving
vehicle receives the message about the leaving intentions of the preceding one, it
starts to follow the next vehicle in the platoon (i.e. the preceding vehicle of the
leaving vehicle).

3.3 Robustness Issues

How robust is the proposed platoon algorithm to unpredicted situations such as
losing track of the leader vehicle, dynamically changing environment or obstacles
obstructing the follower robot’s view in the environment? In the Section 3 the
presented control algorithm for multiple vehicles driving in a linear platoon works
under given assumptions, such as: constantly available relative sensor information to
the leader vehicle, no communication and no global information available. To deal
with the mentioned unpredicted situations robustly, the proposed control algorithm
should be upgraded with additional strategy as stated in the following.

@ Springer



J Intell Robot Syst (2009) 54:709-731 719

In case the platoon is driving in environments with walls and corridors it is possible
that the following vehicle loses view of the leading one. The following vehicle must
still continue its path to the last position where the leading vehicle was seen. If the
leading vehicle is observed, the basic algorithm can continue, otherwise the platoon
stops. Further improvements of this situation are achieved if the leading vehicle also
observes the progress (when and where it was last seen) of the follower. In case the
follower is not seen or is more than u - L away, the leader stops and waits for the
follower (L is the required safety distance and w is threshold constant pu > 1 e.g.
u = 1.5). This waiting strategy then continues through the other following vehicles
till the first one. The formation continues when the lost vehicle is seen again by its
leader.

An important robustness issue concerns the case when more robots enter the
platoon simultaneously. If the joining robots are positioned such that one lies in the
visible area of the other, the proposed merging technique can still be applied, i.e.,
the robot that is behind the other one starts to follow the joining robot in front of it.
The robot in front of it only follows the chosen robot in the platoon. This modification
is quite easy to implement if the robots enter the platoon at the end of the formation.
The situation is a little more complicated if they enter the platoon in the middle
because the robot after the joining point must have all the joining robots within its
view to make the correct decision about which robot to follow. The problem may
also arise when the joining robots are side by side (without sensing each other) and
both want to enter the platoon simultaneously. In such a case a collision is virtually
inevitable without additional communication among the robots.

4 Experimental Results

The proposed algorithm for controlling a linear platoon of mobile robots was tested
in simulations and experimentally on real small-size mobile robots as well as on a
larger-size Pioneer 3AT mobile robot. In the following sections the results obtained
from the experiments on real mobile robots are presented.

4.1 Experiments on Differential Type of Robots

The experimental results were obtained on a real mobile-robot platform explained
in Fig. 6 which is a part of a robot-soccer set-up. The set-up consists of three Middle
League MiroSot category robots of size 7.5 cm cubed, a digital color camera and a
personal computer. The color camera mounted above the pitch is a global sensor.
The vision part of the programme [12] processes the incoming image to identify
the positions and orientations of the robots q;(¢) = [x;(?), y;(), 6:()], i =1,2,3. In
the following, the explicit dependence of signals on time will be omitted to make
the presentation clearer. The first (leading) robot (see Fig. 6) is controlled by the
trajectory tracking controller (4) to follow the reference path x,(¢), y,(¢) defined in
the time interval ¢ €[0,7]. According to the controller structure (4) the feed-forward
control inputs vsy and w s are calculated by relations (2) while the feed-back part
is determined by (5). The second (the first following) robot receives only the infor-
mation about its distance and azimuth to the first robot and its own orientation. The
third (the second following) robot receives only the information about its distance
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Fig. 6 Robot-soccer Color Camera Leading robot
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and azimuth to the second robot and its own orientation. The noisy position estimates
of the used camera sensor influence the calculated distance and azimuth information.
The estimated noise standard deviation of the measured robots positions was 4 mm.
The distances and azimuth orientations for each following robot i, i =2,3 are
calculated by

Di=/(xi_1 —x)2 + (yii1 — yi)?

0, = arctan Yot )i
Xi—1 — Xi
where arctan is a 4-quadrant version of the inverse tangent function.

Additionally, the system delay, d, mainly originating from the vision system,
was compensated. As shown in Fig. 6 the state measurements of the robots are
obtained from color camera and computer vision algorithm. The system delay is
therefore caused by picture grabbing hardware and by computationally demanding
computer vision estimation algorithm. Other sources of system delay are due to the
computational time of control algorithms and wireless connection. From experiments
the estimated common system delay time is 2At (d = 2) where sampling time is
At =33 ms. The undelayed system output q can be estimated from the delayed
system output q and from the difference between the undelayed and delayed model
outputs using the same inputs as the system [21], i.e.,

G(kAD) = q(kAL + qu(KAD — gu((k — d)AD

where q,,(kAf) is the output of the simulated system model without delay and
qm((k — d)At) is the output of the simulated system model including the estimated
system delay.

The controller gain matrix (5) for controlling each mobile robot is

200
K= [0 20 2}
The results of the tests are shown in the right part of Fig. 7, where each robot in

the platoon must follow the path of the robot in front of it and maintain the desired
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Three real mobile robots platoon

——first robot
--=-second robot
- third robot

0.6 0.8 1 1.2 1.4 1.6 1.8

Fig. 7 Real set-up experiment (left) and results of real experiments (right)

safety distance L = 20 cm to that same robot. The film of the real experiments can
be seen at [27].

In the left part of Fig. 8 the time course of the distance between the robots is
presented. It is clear that after a transition phase (the second robot waits for the first
robot to travel the distance L away before it starts to move, similarly the third robot
waits for the second one, etc.) the second and the third robot follow with acceptable
accuracy. From the results of the experiment in Fig. 7 it can be seen that the following
robots nicely follow the paths of their preceding robots. Some smaller deviations
from the first robot path are due to the noise in the position estimation, defined
trajectory tracking controller dynamics and due to the time delay of the optical
tracking and recognition. The left part of Fig. 8 shows the distances between the
robots driving in the formation as illustrated in Fig. 7. The distances between the
robots are close to the required safety distance L. The prominent difference from
the required safety distance L at the beginning of the left graph in Fig. 8 appears
due to initial robots position (robots were close to each other). When the first robot
starts, the second one must wait until the first robot travels the distance L away,
similarly the third robot waits for the second one. After some transition time (3s) the

Distance of robots — Real —Slip= 0%
\a ---Slip=10%
0.25 \ Slip = 20%
- - Slip = 30%
— 02 025 oo
3 S
[0] [0
20.15 o
5 5
7] ®
A g1 0 o2
0.05
—first to second robot
~second to third robot
0 0.15
0O 2 4 6 8 10 12 14 16 18 20 0 05 1 15 2 25 3 35 4 45
Time [s] Time [s]

Fig. 8 Distance between robots — experiment (left) and distance between robots with slip in a
straight path — simulation (right)
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Fig. 9 Example of joining the 09} ;
. 1 ]
new robot to the platoon. ,2 | S
Robot 3 joins the platoon osl T T 3
between robot 1 and robot 2 '
0.7
first robot
0.6 - sejcond robot
third robot
0.5
0.4 robot 3 joins the platoon
driving direction
-
[

robots are arranged correctly and the distance among them is close to the required
one. The accuracy of the integration method (6) and the associated error, which
is equivalent to the slipping of the vehicle’s wheels, is analysed and illustrated in
the right part of Fig. 8, where the distance between the leading and the following
platoon robots in a straight path is illustrated. Four simulated experiments were
done. In each experiment a different but constant wheel slipping is simulated. In
the first run the wheels did not slip (0% slip), in three other experiments the robot
body velocity is only the part of the wheels velocity due to the slipping effect (10%
slip means only 90% robot velocity). It can be seen that the constant slipping of
the wheels has no influence on the steady-state distance of the platoon vehicles.
The proposed control law compensates the slipping effect. This is expectable since
wheel sleeping in our case does not influence servoing accuracy noticeably because
relative information among vehicles (distances and azimuth orientations) are always
obtained from accurate relative sensors.

The simulated example of joining the new robot to the existing platoon is shown
in Fig. 9. In this example the strategy for joining robots to the platoon described in
Subsection 3.3 is followed. The platoon starts with two robots (robot 1 and 2), and
after some time robot 3 joins the platoon after robot 1 and before robot 2, as shown
in Fig. 9. It is clear that robot 2 starts to follow robot 3 after robot 3 joins the platoon.
As already described in Subsection 3.3, the joining of the new robot (robot 3) is seen
as a disturbance for robot 2, which starts to follow robot 3 and therefore leaves the
path made by robot 1. This disturbance vanishes after some transitional phase.

4.2 Experiment on Pioneer 3AT Mobile Robot

In this experiment in Fig. 10 the following robot measures the distance D and
azimuth 6, to the leading robot using a laser range scanner (Sick LMS200). The
position of the following robot is obtained using odometry information (incremental
encoders on the robot wheels) where the kinematic model of this robot is approx-
imated by (1). The robot orientation is obtained by an orientation measurement
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Fig. 10 Pioneer 3AT linear Leading robot
formation experiment set-up.

The following robot measures Laser rays

the distance D and the angle

0, to the leading robot

Following robot

which ensures stable control. The orientation measurement can be obtained from a
compass sensor where measurement noise can be filtered using Kalman filter. In this
experiment the robot orientation is obtained by means of the already implemented
localization algorithm with the predefined map of the environment. For unknown
environments or dynamically changing environments simultaneous localization and
mapping (SLAM) algorithms should be used. To resume, the required information
which the following robot must have in order to follow the leading robot consists of:
relative measurements to the leading robot (distance D and azimuth 6,), odometri-
cally estimated pose and information about its orientation in the environment. The
controller gain matrix (5) for controlling the follower mobile robot is

100
K= [o 2 0.8]
In the following, two different experiments using Pioneer 3AT are presented. In

the first experiment the Pioneer 3AT robot follows the imaginary robot and in the
second experiment it follows the soccer robot.

4.2.1 First Experiment: Pioneer 3AT Robot follows the Imaginary Robot

The results of the experiment are shown in Figs. 11 and 12. Because only one
Pioneer 3AT robot was available, the experiment was performed using an imaginary
(simulated) leading robot which drives on a reference path with a predefined velocity
profile and the real robot which follows the leading one. In each sample time
At = 100 ms the real following robot gets only relative information (D and 6,) to
the imaginary leading robot. This relative information is calculated from the known
global position of the following robot and the position of the leading one. Global
position of the leading robot is known from the implemented localization algorithm
using an environment map. However, this global position is not used in the algorithm
for controlling the robot to follow the leading one. Only the relative information (D
and 6,) to the imaginary leading robot and the following robot orientation are used
to control the following robot.

The results of the test are shown in Fig. 11, where the following robot follows the
path of the leading robot and tries to maintain the desired safety distance L = 0.8 m.
The second robot follows the leading robot with acceptable accuracy as seen in the
left part of Fig. 11. The safety distance between the robots (right part of Fig. 11)
is also close to the desired one (L = 0.8). Because the imaginary head robot starts
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Fig. 11 Results of the experiment: robots’ trajectory (left) and distance between the robots (right).
The following robot position estimation is obtained by odometry

in the same position as the following one, the following robot must wait until the
travelled distance of the leading robot is greater than L, then it starts to follow the
leading robot’s path. The reason for tracking error behavior is the robot kinematic
model which is not well defined (as in the case of differential drive), especially when
the robot rotates. It is very well-known that the four-wheel robot without steering
mechanism does not allow rotation without sliding of the wheels. The prediction
(odometry) based on an approximately estimated model (1) therefore results in
tracking error.

The above experiment in Fig. 11 is repeated with additional sensor information to
improve the robot position estimation. It is improved by laser range sensor informa-
tion used in an implemented localization algorithm with a known environment map.
The results of the experiment are shown in Fig. 12.

The difference in comparison with the previous experiments is that the robot pose
is obtained by the before-mentioned localization algorithm and not by using the
odometry as in Fig. 11. Now the second robot follows the path of the first robot with

,Y[m]
Distance[m]

8O 05 1 15 2 25 3 35 4 45 00 2 4 6 8 10 12 14 16

X[m] Time[s]

Fig. 12 Results of the experiment: robots’ trajectory (left) and distance between the robots (right).
The following robot position estimation is obtained from localisation (SLAM)
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Fig. 13 View of the experiment (a) and screen shot of the control application (b)

a slightly better accuracy as in Fig. 11. The following robot still has some tracking
error. However, to achieve a more precise tracking, some additional global sensor

information is required such as: SLAM using laser range scanner, GPS sensor and
the like.

4.2.2 Second Experiment: Pioneer 3AT Robot follows the Soccer Robot

The experimental environment is seen in the left part of Fig. 13 where the following
robot - Pioneer 3AT (the bigger one) must follow the travelled path of the leading
robot - soccer robot (the smaller one). The follower measures the distance and
the relative orientation of the head robot using a laser range scanner sensor (Sick
LMS200). The leading robot is made taller by an attached cylinder in order to be
seen by the following robot’s laser range scanner. The right part of Fig. 13 contains
the view of the control application where the map of the environment and the laser
range readings used in localization algorithm are seen. In the experiment the leading
mobile robot was manually operated.

The results of the experiment are given in Fig. 14. As already mentioned the
following robot follows the travelled path of the leading robot only by measured
relative information D and 6, to the leading robot. The position of the leading robot
is not known. To draw the path of the leading robot in Fig. 14 the leading robot path
must be calculated (similar to (7)) from the measured laser range readings (D and
6,) and the known position (from localization algorithm) of the following (second)
robot.

The calculated path of the leading robot contains high noise which results from
the noise of laser range measurements and a recognition algorithm which identifies
the leading robot from a laser range scan. The following robot follows the travelled
path of the leading robot as seen in the left part of Fig. 14. Smaller deviations from the
leading robot path are due to odometry error position estimate, systems delays, noise
of laser measurement and the recognition algorithm. The controller structure (5) also
does not allow the robot to simultaneously suppress tracking errors in orientation
and lateral directions (e, and e; in relation (3)). To control the orientation of a
Pioneer 3AT mobile robot the wheels must slide, which again is a more demanding
task than in the differential mobile robot type. Nevertheless, the following robot can
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Fig. 14 Results of the experiment: robots’ trajectory (left) and distance between the robots (right)

follow the leading robot satisfactorily and also the safety distance is close to the the
required one. At the beginning of the experiment the following robot must wait until
the travelled path of the leading robot is greater than L. The movies of the real
experiments can be seen at [27].

4.3 Comparison with Related Work

In the following the proposed algorithm for vehicle platoons is compared to the
related work as stated in the Introduction. The comparisons include local methods,
as proposed in [5, 7, 23], and a global method, as proposed in [2]. These methods
all deal with formation control for a group of vehicles, although each is specialized
for a certain purpose, such as keeping the requested formation, platooning in
urban transportation, sensing networks, etc. Nevertheless, some conclusions and an
evaluation can be obtained from the comparisons on a simulated three-robot platoon
experiment, as follows.

In Fig. 15 the resulting trajectories of the three-robot platoon obtained in this
work’s presented method is given.

Figure 16 gives the results of the platooning where the robots have information
about their global position as well as the course of the reference path, and they
do not need to estimate the reference path, as they do in the proposed approach.
Using this approach each robot is controlled by a trajectory-tracking controller (4),
using the global control strategy proposed in [2]. This approach enables very accurate
reference-trajectory tracking, because each following robot just has to maintain the
required safety distance to the robot in front of it. The safety distance is a curvilinear
measurement (9) on a known reference path.

Figure 17 shows the result of the local strategy for controlling the robots in the
platoon, where the robots have the same information as in the proposed approach in
Fig. 15. The difference is that the vehicles do not estimate the trajectory of the robots
in front of them, instead they react to current sensor information only. Each robot
follows its assigned robot friend (the robot in front of it) and uses a control strategy to
keep the robot friend in the center of the sensor range, as proposed in [7]. Each robot
therefore measures the distance D and the azimuth 6, to its robot friend. Considering
the required safety distance L, the reference point in local robot coordinates (the
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Fig. 15 A platoon of three
mobile robots implemented by
the proposed method

0.8+

first robot

0.7

— - —— second robot

third robot

0.6
0.5
0.4

driving direction

0.3k

robot position is at the origin) is X, = [(D — L)cos6,, (D — L) sin6,]7 and the

feedback control is given by
v _ k] 00 . Xr
w| | 00k; 0

where the controller gains ky = k3 =2if D> Landky =k; =0if D < L.

The tracking-performance comparison of the compared approaches is illustrated
in Fig. 18, where the distance errors from the reference trajectory for each robot
in the platoon for all three presented approaches (proposed, local and global) are
shown. The overall calculated SSE; index (sum of the squared tracking errors over
the whole path) is given in Table 1, where i is the index of the robot in the platoon.

From Figs. 15-18 and Table 1 is clear that the best platooning performance is
obtained with the global approach, where the tracking error does not accumulate

Fig. 16 A platoon of three
mobile robots implemented by
the global method 081

first robot
0.7 ——— second robot
third robot

0.6

0.5

0.4

driving direction
0.3 _ >

03 04 05 06 07 08 09 1 11 1.2
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Fig. 17 A platoon of three
mobile robots implemented by
the local method

first robot

=== second robot

1 - third robot

0.6 fi

0.5

0.4

driving direction

through the number of robots, because it is assumed that the reference path as well
as the global robot poses are available. A poorer performance is obtained with the
local approach, because the control algorithm for each robot has no information
about the reference path. Each following robot in the platoon is simply controlled to
keep its friend in the center of its sensor range and the required safety distance away
(D = L and 6, = 0). The tracking error in the case of the local approach accumulates
through the number of robots in the platoon, as shown in Fig. 18. In this paper the
proposed approach overcomes the disadvantages of the local approach because each
following robot estimates the course of its robot friend’s path (the robot in front
of it) and follows it using the control strategy presented in Section 3. The obtained
tracking results are close to the ones from the global approach. The tracking error
still accumulates through the number of robots in the platoon, but much more slowly
than in the local approach. The proposed approach has advantages over the global
approach in situations when the global course of the path is not a-priori known to

Fig. 18 Comparisons of the 0.06 T T T T T T T
tracking errors from the ]

. 3 0.04f - —-¢,
reference trajectory for the g N
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0 < —
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Table 1 Comparison of the sum of the squared tracking errors over the whole path and for each
robot in the platoon

METHOD SSE; SSE, SSEs

Proposed 0.0038 0.0049 0.0061
Global 0.0038 0.0038 0.0038
Local 0.0038 0.0641 0.1845

the robots or if it can change and when precise (better than one metre accuracy)
global sensor information, such as GPS, is not available or is too expensive for the
application.

5 Conclusion

A new algorithm for the control of vehicle platoons is proposed. The following
vehicle only has information about its own orientation and about the distance and
azimuth of the leading vehicle. Its own pose is determined using odometry
and a compass. It calculates the reference path in a parametric polynomial form,
and the parameters of the polynomials are determined by the least-squares method.
Having the reference path, the feed-forward and the feed-back control are applied
to the following vehicle. The following vehicle calculates its own position by means
of a simple Euler integration. It was established that the error in the integration
procedure (equivalent to the errors due to the wheel slipping) has a minor influence
on the accuracy of the platoon distance in the case of differential drives. Additionally
the solutions for obstacle avoidance and split and merge capabilities of the platoon
members are briefly discussed.

Because each following vehicle in the platoon has the information about its
preceding vehicle only, it also follows the effects of noise, disturbances and tracking
errors of the preceding vehicle. This erratic behavior accumulates through the
number of vehicles in the platoon, therefore the path of the last vehicle can diverge
from the path of the first leading vehicle in case of a larger number of vehicles. This
drawback can only be avoided if some additional information such as communication
or global positions information is available or the course of the leading vehicle
path is known to the following vehicles. For application to transportation systems in
diverse environments with many vehicles the proposed local approach relying only
on relative information should be upgraded. There the use of global information
like precise GPS sensors, other sensors and communication capabilities would be
necessary. Each vehicle should additionally track the vehicle in front as well as the
vehicle behind. By adding communication abilities their positions and intensions such
as joining of a new member to the platoon or the member leaving the platoon could
be exchanged.

The proposed algorithm was tested on the robot-soccer test bed and on the
Pioneer 3AT mobile robot. The results confirm the applicability of the proposed
method.
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