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Abstract

We present an heuristic to compute the points in a tra-
jectory in a 2D space based on the trapezoidal velocity
profile, where the computed trajectory is subject to the
constraints of initial position and velocity, final position
and velocity (defined as vectors) and the values for accel-
eration and plateau speed (defined as scalars).

The proposed heuristics are directed at omnidirec-
tional holonomic robots, i.e., robots that are capable of,
amongst others, manoeuvring without affecting the orien-
tation.

These algorithms are currently being applied to the
CAMBADA team RoboCup MSL robots.Although without
a formal proof, numerical experiments have shown that
the algorithms converged to a viable solution when the
data fulfils the necessary conditions.

1. Introduction

In mobile wheeled robots, the problem of generating a
trajectory for the robot to follow is a major task to per-
form. In some cases, it is acceptable to coarsely define a
trajectory, simply by means of a target point (a destina-
tion), where the robot moves to, while avoiding obstacles
in the way. No special constraints are posed to the robot
movement during displacement.

In some other situations, such a coarse definition for
the robot’s trajectory is not acceptable and a more finely
grained definition is required. This occurs, for instance,
in the Robot Soccer Middle-Size League (MSL) Robocup
competitions, when the players try to perform dribbling:
manoeuvering the ball in its possession while progressing
towards the goal and avoiding the opponents. This action
requires a precise and fine-grained definition of the robot’s
movement.

The CAMBADA robotic MSL team recently reached
a point where a more sophisticated way of generating the
robot’s trajectories was required. For that, we developed
an heuristic for generating the robot trajectories, defined
as a sequence of points in space that define the robot’s
position at regularly space, consecutive time instants and
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Figure 1. CAMBADA'’s locomotion system.

that are fed to the robot’s control system at a fixed rate
(currently, every 33ms). As the only constraints posed
on the robot path are those defined by the robot’s dynam-
ics, the proposed heuristics are directed at omnidirectional
holonomic robots, i.e., robots that are capable of, amongst
others, manoeuvring without affecting the orientation [3].

2. The CAMBADA robots

CAMBADA is the MSL robot soccer team from the
University of Aveiro, in Portugal [2]. CAMBADA was
MSL World Champion in 2008 and ranked third in the
2009 and 2010 competitions.

The robot’s locomotiom system is based on 3 omnidi-
rectional wheels, aligned at 120° (figure 1). These wheels,
also called Swedish wheels [1], have rollers that allow for
unconstrained movement along the wheel axis (perpen-
dicular to the wheel’s motion). This configuration of the
robot wheels allows for holonomic motion.

3. Assumptions

We assume that the robot has some kind of location
system that allows it to correctly estimate its position and
orientation with respect to a global reference frame with a
finite error bound. The algorithm computes and provides
the robot a time sequence of spatial positions as points in
this global reference frame that the robot will follow.

The proposed algorithm is directed at omnidirectional
holonomic robots. This allows us to consider separately



the computation of the robot’s location and orientation and
to decouple the problem of trajectory estimation in two
separate problems: the computation of the trajectory in the
XY plane and the computation of the orientation ©. Even
though, we will require these two movements (position, in
2D, and orientation, in 1D) to be synchronised, meaning
that they start and finish at the same time.

The trajectories generated by the algorithm are a vari-
ant of the well known and widely used trapezoidal veloc-
ity profile: an initial acceleration phase (phase 1), a phase
of travelling at constant speed (phase 2) and a final decel-
eration phase (phase 3).

The movement to be computed is defined by:

e the initial conditions: position, p;, and velocity, v;;

e the target or final conditions: position, p¢, and veloc-

ity, vf.
e the absolute value, or norm, for the plateau speed, vy;;

e the absolute value, or norm, for the accelerations dur-
ing phase 1, a7, and phase 3, a3 m

We will use the convention of noting with an asterisk * the
symbols for quantities expressed as the absolute value or
the norm of the corresponding physical quantity. For in-
stance, the plateau speed is specified as v,, (a real, positive
scalar); the algorithm will compute the plateau velocity
vp, such that [v,| = vy.

We assume that the accelerations in phases 1, aj, and
3, a3, can be different. This can correspond, for instance,
to the fact that friction acts in opposition to the force ex-
erted by the motors when the robot increases speed and
acts reinforcing this force when it decreases speed.

The problem to be solved is thus: given the initial and
final values for position and velocity, p;, v;, py, vy; given
the scalar values for the plateau speed, v}, and for the ac-
celerations a} and a3, compute a sequence pg, P1, . .., Pn
of n+ 1 points in the XY space, equally space in time and
corresponding to instants separated by a time interval 7Ty,
such that:

® pg = p;: start point for the movement;
e p, = py: end point for the movement;
e p1 — p, = v;Ty: initial speed;

® D, —pn—1 = vy terminal speed;

|vg41 —vg| = af Ty, for k < kq: acceleration during
phase 1 (kq is the last sampling moment of phase 1)

|vk+1 — vk| = aj Ty, for k > ko: acceleration during
phase 3 (k2 is the last sampling moment of phase 2)

o |prt1—pi| = vy, Ty, for k1 < k < ks: plateau speed

The robot will attempt to travel the distance s in a
movement in three phases:

e in phase 1, it will change its velocity to align with a
plateau speed, subject to an acceleration a7;

e in phase 2, it will travel at constant, plateau speed;
and

e in phase 3, it will change its velocity from plateau ve-
locity to the target velocity, subject to an acceleration
as.

When phase 3 ends, and the robot velocity is the target
velocity, the robot’s position is the target destination.

4. Heuristic for path computing

The main point in the heuristic is to find the value for
the plateau velocity, v,. Consider p, as the point where
the robot enters phase 2 and p,, the point where robot
leaves phase 2. In between these two points, the robot
travels in a straight line, at constant speed v = v,,. It is
easy to see that v, is aligned with p,, — p,.

The problem here lies in the fact that v,, is defined by
Do and p,,, which, in turn, depend on v,, (different values
of v, will yield different values of p,, for the same v;; the
same applies to p,,).

To solve this interdependency, mov2d (algorithm 1)
works iteratively to find a solution for v,. A first esti-

mate for v, is to align v, with py — p;, resulting in v](oo).

From p;, v;, py, vy and véo), the algorithm computes p,,
and p,,. po and p,, now yield v, an estimate for v, such
that v || (pa — pw) and [vx| = vy vy is combined with
the previous estimate using the convergence function h,
and the process continues until convergence. In this algo-
rithm, the counter ¢ can be used to terminate the algorithm
if it does not converge within a finite number of iterations.

Convergence criteria is defined by function ¢. This
function evaluates to TRUE when the values of v;,, p,, and
P provide a “sufficiently good” path for the robot to fol-
low. Algorithm 2 presents one possible definition for ¢,
where the function computes an estimate for As, the dif-
ference between the travelling in phase 2 for the velocities
Uél_l) (the estimate for plateau velocity in the previous it-
eration) and v, (the estimate in the current iteration), and
compares it to a given threshold, using the fact that the

triangle with sides v,(f*l) and v, is similar to the triangle

with sides s\’ ") and s,

Algorithm 3 presents one possible implementation for
h, the function that computes the new estimate for v,
based on the previous estimate and the temporary estimate
v,. The value k can be read as: “the ratio of the length of
the projection of s in s to the length of s”. The role of
factor k is to reduce the weight of the vector v, when the
distance travelled in the direction of the overall movement
is short. In these situations, the direction of v is very sen-
sitive to small changes in p,, and p,,, increasing instability
and preventing convergence of the algorithm.



Algorithm 1 mov2d: Heuristic for 2D movement
Require: s-v; > 0,5 vy >0
S DPf—Pis
MO
P

continue « true
while continue do

~ . . N A
« 5 - vy {First estimate for v,; Yu, @ == =

T Tl

{Estimate p,, }
Avy — vz()i) —
a; — Avy - aj
Do = Pi + 51
{Estimate p,, }

Avs — v — uﬁf’
ag <— AA’U3 . a§
Pw < Df — S3
{Estimate displacement at plateau speed}
St < Pw — Pa
Vp < Sy - v;
if gb(véi_l) , Ur, S ) then
{¢ defines the convergence criterion}
{Final value reached}
continue « false

else
{Update estimate}
vz()i) — h(s, vz()i_l), Sy Urr)
end if
Increment ¢
end while

Algorithm 2 Definition of convergence criteria function

¢

return |v

1—1
o

Although there is so far no proof of convergence, the
algorithm was tested and the results showed that it con-
verged in all situations where:

1. the condition s - vy > 0 holds, or, in other words, v ¢
is not directed opposite to the movement direction;

2. p; and p; are sufficiently apart and the robot has
enough space to change direction at both ends of the
movement (an analytical expression for the minimum
distance between p; and p; has not yet been deter-
mined).

The case where p; and p are not sufficiently separated
is detected by the condition s - s, < 0, which means that,

Algorithm 3 Definition of i function
(i—1)

Require: s, vy, 7, sx, Ux
ke 58
(i—1)
return kv, + (1 —k)vy

Trajectory map

i B ,

o oPr

Figure 2. Elements computed by mov2d

after computing the estimates for p,, and p,,, the projec-
tion of vector s = p,, —p, in the direction of s = py —p;
points in the direction opposite to s. This situation, as is,
has no solution by our algorithm. In this case, reducing the
value of v, and thus reducing the length of vector vy, has
shown to allow for convergence of the algorithm. In the
actual implementation, the code in algorithm 4 is inserted
in algorithm 1 immediately after computing the value of
Ur.

Algorithm 4 Heuristic for degenerate movement
if s - s, < 0 then

vy vy {0< A< 1}
. * *
ifv, <wvp i, then

{Could not find a viable value for vy }
return with fail code

end if

uﬁf’ —5-v,

Increment ¢

continue {Restart loop with new value of v }

end if

Algorithm 1 computes the parameters that define the
movement, namely p,, p, and v,. The actual compu-
tation of the points in the trajectory is performed by the
algorithm motion_comp, described in algorithm 5. At the
end of motion_comp, pp is a vector that contains all points
in the trajectory.

Figure 2 presents the major elements that define the
movement:

e p;, v;, py and vy, that were input to mov2d,
® ., P and vy, that were computed by mov2d.

Figure 3 corresponds to the same trajectory, after super-
imposing the points computed by motion_comp.

The result is a set of points that the robot’s control sys-
tem can track an follow, as shown in figure 4.

5. Conclusions

We present here an heuristic to compute the points in
a trajectory in a 2D space based on the trapezoidal veloc-
ity profile, where the movement occurs in three phases:



Algorithm 5 motion_comp: compute points in a trajectory

{Elements for phase 1}

Avy — v, — v; {Av in phase 1}

t; — ‘Aa—?‘ {Time to complete phase 1}
ny « [7-] {Number of cycles in phase 1}

—

a1 — Aviaj

{Elements for phase 3}

Avs — vy — v, {Av in phase 3}

3 % {Time to complete phase 3}
3

ng «— (%1 {Number of cycles in phase 3}

—Z

ag — Avzaj
{Start computing the points}
D < pi; v« v;; {Initial values}
{Phase 1}
forn = 1ton; do
ve—v+ a1y,
p—p+vl,
pp — p {A ~— b: append bto A}
end for
{Phase 2}
P < Da; U < v, {Initial point for phase 2}
pp“—p
for n = 1 to ny do
p—p+vl,
pp—7p
end for
{Phase 3}
p < p., {Initial point for phase 3}
pp“—p
for n = 1tons do
v—v+azTy,
p—p+vl,
pp“—Dp
end for
p < py {Last point in the movement}

pp—p

Trajectory map
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Figure 3. Trajectory computed by mo-

tion_comp

Experimental results
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Figure 4. Robot’s actual trajectory

initial acceleration from initial velocity to a plateau speed
(phase 1), travelling in uniform motion at plateau velocity
(phase 2) and acceleration from plateau velocity to final
velocity (phase 3). The computed trajectory is subject to
the constraints of initial position and velocity, final posi-
tion and velocity (defined as vectors) and the values for
acceleration and plateau speed (defined as scalars).

The results show that these algorithms are capable of
producing the correct result in most situations. In some
situations (for example, large differences between initial
and final velocities in short trajectories) the heuristics are
unable to find a solution for the problem.

At current point, there is no formal definition for the
conditions that guarantee the existence of a viable solu-
tion or the algorithm’s success in finding such a viable so-
lution. These involve iterative procedures, for which the
proof of convergence is still an open issue. Although with-
out a formal proof, numerical experiments have shown
that both algorithms converged to a viable solution when
the data fulfils the necessary conditions.
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