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Abstract. Low-level control is one important element in every robotic system, and affects significantly its perfor-
mance. Every robotic system needs an adequate control law, which should be chosen having in mind the kind of
devices in use, and the type of source of data present in the system. This paper presents two different controllers, and
compares their performance, when applied to non-holonomic robots, integrated in formation maintenance systems.

1 Introduction

Maintaining several robots in geometrical formation is useful for different types of applications. There are
three main aspects that are very relevant for this type of applications: robot localization, system architecture
and low level control. Robot localization can be performed by means of a wide variety of sensors. When vision
is used to perform robot localization, it usually employs known landmarks and /or beacons. Commonly, vision
results are combined with odometry information from the robots wheel encoders, because of the higher
acquisition rate, often using a Kalman filter [Chenavier 92]. Other positional subsystems use devices like
laser range finders, sonars or infrared sensors. The advantage of sonars and infrared sensors is the lower
computational requirements of both of them.

The architecture of a system of multiple robots defines the relationships among the robots (including
the need or not for the robots to communicate among themselves while performing a task). One can have
completely independent and anonymous robots, only knowing, in advance, the geometric form to achieve
[Sugihara 96][Yamaguchi 97], or a central coordinator, responsible for the definition of the geometric form
and the number of elements in the system. In [Paulino00] a mixed architecture is presented, where this central
coordinator resides in one of the robots, typically the leader. In some applications (hazardous environments),
robots can stop working. Therefore the central coordinator is responsible for informing the remaining robots,
so that they can rearrange themselves to cover the same area, with the same geometric form.

Other methods to achieve geometric patterns do not require a leader. In [Sugihara 96], each robot knows
all the others positions, and, using that information, it places itself in the formation. In [Wang 1991] and
[Yamaguchi 97], each robot relates only to its one or two nearest neighbors.

Finally, the last aspect is the low level control of the robot. This module is responsible for conducting
the robot to its position in the formation. In the case where the leader is the main reference for each of the
robots, the design of the low level control is basically a trajectory tracking problem.

The study of this low level controller is the main goal of this work. Two different control methods are to be
compared: a linear PID controller and a nonlinear controller. Both will be tested in a simulated environment,
and their behavior as a function of the parameters related to formation maintenance, will be quantified and
compared.

2 Robot pattern formation systems

Several systems for achieving and maintaining geometric patterns between robots have been published,
differing mainly in three points: whether or not the robots are individually identified, the communication
structure, and the ability to produce different patterns.

In [Balch98|, an approach based on the so-called motor schema behaviors is presented. These are high-
level actions used to generate the movements needed to achieve a certain goal or formation position. If a goal
is composed of a number of behaviors or schemas, as, for an example, gain-formation, avoid-robot and noise,
the output is an average of the outputs of the behaviors, weighted by their importance. In this system, each
robot is assigned a unique identification number, which will define its position in the formation. A behavior



for position acquisition is also defined, which can be accomplished by GPS, TCP/IP link or dead-reckoning,
depending on the application.

A rather different system is described in [Sugihara 96] and [Suzuki91], where anonymous robots are used.
This means that there is no communication between them. Instead they have a sensor enabling them to
monitor the other’s positions, in its own coordinate system. Algorithms for the formation of common patterns
are presented. These include circles, polygons, line segments and the action of following other robots. The
main advantage of this system is the ability to handle a large number of robots, since communication overhead
does not exist.

Finally, in [Wang 1991] some navigation strategies are defined based on neighbor tracking. The main idea
is to define a deviation vector that robot ¢ has to maintain relative to robot i-1. The motion of robot i is
then computed from the robot’s i-1 motion. Similar laws are derived for the case of multi-neighbor tracking.
In this system each robot needs only to track the nearest robots, as opposed to [Sugihara 96]. However,
instability problems can occur, since the formation error propagates from robot i-1 to robot i.

More specific systems are also found. In [Yamaguchi 97], describing a surveillance application, a group of
n robots prevents an intruder to enter an area. It uses a formation vector that each robot has to maintain
to close the area. The outer robots have, as reference for stopping, landmarks. In [Ando99] there is a more
realistic approach, where each robot has a limited range of perception. However the algorithm describes only
a flocking application.

Our system, described in [Paulino00], has a mixed architecture. Each robot is partially independent, and
the system can keep running even if one of the robots is lost. The communication only exists with a central
server, and is restricted to informing the pattern type and the number of elements in the system. Also a
collision avoidance mechanism is incorporated. In respect to the geometric type of pattern, and since the
robot positions in the formation are expressed by vectors, the pattern shape is not restricted.

3 Control Laws

For the low level control module of the formation, we need to choose one control law designed for non-
holonomic robots. For this problem several methods have already been published.

In the particular case of tracking a leader with an arbitrary path, some of the approaches are not suitable.
This is the case of [Kang 99|, where a non-time dependent method is developed from a standard control law.
The conversion from a time dependent to a time independent law is achieved with a parametric equation of
the trajectory to be described, which, in our application, is not known in advance.

The two control laws considered for evaluation are based on common approaches from control theory, a
linear and a nonlinear control, which will be briefly described in the next subsections.

Let us assume that all the coordinates are measured in a fixed coordinate frame. The fixed coordinate
frame is defined by the initial position and orientation of the follower robot (FR). An important reason for
this choice is that FR locates the leader robot (LR) relative to its coordinate frame. A 2D rotation and
translation is enough to convert this position to the fixed frame. Hereafter, we will only use three position
vectors: Pr = (zr,yr,0r), P = (vr,yr,0r) and Py = (24,Ya) = (¥1,Yr) — (TrefsYres) pg» respectively
FR position, LR position and the desired position, all defined in FR coordinates. The reference vector
(Tref, Yres) pp is defined by the position of FR in the formation, as in [Paulino00], and is a function of the
LR angle, so the global formation orientation is given by LR.

Notice that the aim of the system is to maintain the relative vector between the two robots, not the
relative rotation between robots, which is not possible to achieve simultaneously.

3.1 PID control law

Consider at a certain time instant, Pr, P;, and P;. We can then compute the error vector P = P; — Pp,
which defines where to lead the robot, to keep it in formation. Once expressed in polar coordinates [p, and
ppg, called the error length and orientation, as shown in figure 1, the translational and rotational velocities
of the FR, respectively vrr and prp, are a function of these error values.
A method to compute these velocities has to be defined. One possible solution is to use a PID controller.
In our particular case, the control law becomes:
{'UTF :ap.lPE + ay. (flPE.dt) +(XD.% (1)
UPF = IBpPE
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Fig. 1. Vectors used in the computation of the position error of FR

The parameters ap, ay, ap and § are, as will be shown, of extreme importance in the overall system
response, as will be studied in the next sections.
The robots use a differential drive, so the translational and rotational velocities must be decomposed to
left and right wheel velocities, using 2 from [Crowley 95]:
VL =UTF — UpF-
(2)
Ve = vrr + vpF.
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where w is the distance between wheels.

3.2 Nonlinear control law

A nonlinear control law defined for the control of multiple robots in formation was presented in [Desai 98].
This control law has the advantage of not requiring the knowledge of the formation trajectory in advance.
It can be used to track an arbitrary reference path with a non-holonomic robot. The control law is based
on methods of feedback linearization. Feedback linearization techniques algebraically transform a nonlinear
systems dynamics into a (fully or partially) linear one.

In [Desai 98], two control laws are defined, I — and [ —[, both oriented to robot following and formation
maintenance. The first control law causes the FR to follow the LR path, while maintaining a desired constant
vector (1§, 9% ).

This law takes as input the actual distance from LR to FR, defined I, and the orientation between
themselves, defined 1. These values are shown in figure 2. The output are the translation and rotation
velocities for FR to maintain a desired vector (14, 1% ) between the two robots.

Fig. 2. Vectors used in the nonlinear control law [ — v

As can be seen, in this method, the leader coordinate frame defines the orientation of the formation
pattern. In the PID control law case, this orientation can or cannot be defined in this way, depending on
whether the reference vector is a function of the LR orientation

Suppose that at a certain time instant the (Ipr,v¥rr) vector from LR to FR, and an estimate of the
translation and rotation velocities of LR: vy and v,z are known. In can be proved that, starting from



the kinematic equations of a non-holonomic robot, and applying feedback linearization (I/O linearization),
we obtain a control law that can be proved to be exponentially convergent. Details of this derivation are
published in [Desai 98].

VoF = co;qﬁ [az.lLF. (’(ﬁgp - wLF) —vrL.sinyYrr+
lLFVarL +pLF.sin¢] (3)
vrF = pLF — d.vgr.tang
Where: ppp = — (ir lLig:vTL C8¥LF and ¢=0L+vYrLF — Op.

Again, the conversion to left and right wheel velocities is done by using equation 2.

4 Comparison of the control laws

Next the two control laws described in section 3 will be compared. As stated before, they will be thoroughly
tested in a robot simulator. Certain behaviors, which are most important to the formation maintenance will
then be compared. These include gaining formation, following some predefined paths, changing formation
and the behavior in presence of measurement noise.

An important point studied here is the effect of the control parameters in the performance of the system.
In the case of the PID controller, we have three parameters: proportional, integral and derivative, while for
the nonlinear law we have only two. To have a more accurate comparison of the laws, we tested all the
situations with different groups of parameters. We started with a group with average behavior, which we
found to be P = 0.009,1 = 0.5, D = 0.5 for the PID and a3 = 0.1, as = 0.3 for the nonlinear control law.
Each of the parameters was then changed, enabling an evaluation of its effect in the performance of the
system.

These average behavior groups of parameters were found from tests to the system. They showed not to
be too reactive, nor too sluggish, giving then a good starting point to the performance evaluation.

One remark should be made: the intention of this paper is to perform an experimental comparison of the
two methods.

4.1 Simulation environment

The environment chosen for the simulations was the robot simulator from Nomadic Technologies, which is
very reliable and straightforward to use.

Each robot is controlled by an independent process, following the topology described in [Paulino00].

In essence, it is formed by a central server, to which all clients connect. In the client-server direction
the client’s world position is transmitted, and in the opposite direction, the client receives the neighbors
positions, measured in its own coordinate system, which will be used by the control module. The coordinate
transformation is done in the server.

In fact, if a real environment implementation uses vision as the main sensor, the neighbor positions are
measured in camera coordinates, and therefore in robot coordinates. The simulation architecture implements
this behavior, so that the control subsystem can be tested as if it was a real system.

This simulation environment, as described above, can lead to delay problems. This delay is the time
occurring between the transmission of the absolute position from client to server, and the reception, by
the client, of the relative positions of the neighbors. It is due to the processing time and the TCP link.
Nevertheless, our tests showed that it only affects the performance when the robot position changes abruptly.
Since we limited the velocities (as a real robot has velocity limitation), the delay problem does not affect
the tests.

4.2 Gaining formation

In this test, we initialize FR at position (500,0) and LR at (0,0). The first must then take its place in the
formation, which we define to be at (1000, 180°), relative to LR. Throughout these tests, the distances are
measured in centimeters, and the angles in degrees.

Applying the PID controller, we get the results presented in the graphics of figure 3. The figure at left
represents the evolution of the position of LR and FR in the internal XY map of the FR, while the picture at
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Fig. 3. Results for the gaining formation test, using the PID controller

right denotes the variation of the length of the error as a function of time. Each line represents an execution,
with different parameters.

As it can be seen, the choice of the PID parameters significantly affects the behavior of the system,
and the influence of each parameter is perfectly clear in figure 3. As expected, a high derivative coefficient
can lead to instability on the FR response, whereas an increase on the integral and/or the proportional
coefficients causes the convergence to be quicker.

In figure 4 are shown the same tests, now using the nonlinear control law.
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Fig. 4. Results for gaining formation, using the nonlinear controller

It is clear that, generally, the convergence is much faster than using a PID. The only problem noticed
with this control law was that, if the initial position is very far from the desired point, the system easily
becomes unstable, unless the control parameters are set to lower values, which causes the convergence to be
slower.

This instability does not appear in the PID controller, for a large range of parameters.

Figure 5 measures the influence of the distance and parameter oy in the stability.

The criterium is the average distance between the trajectory described, using as parameters (dist, az),
and the optimal trajectory, which is a straight line between the start and final position. Note that dist is
the euclidean distance between the initial and final configuration.

It is clear that for a combination of large distance and large parameters, the convergence is worse, causing
the system not to converge.
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Fig. 5. Performance of the nonlinear law, for various configurations and parameters

4.3 Path following

The next test is, as stated above, path following. After we have FR in its position in the formation, we apply
a trajectory to the LR, which FR should follow.

The first trajectory is the simplest one, a straight line. Having FR and LR both stopped, we set LR
velocity to some value. The resulting instantaneous error length are shown in figure 6, with the PID at left
and the nonlinear at right.
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Fig. 6. Error lengths for the path following of a line

From figure 6 it is obvious that the PID controller leads to more oscillations than the nonlinear controller.
As a matter of fact the PID controller is more difficult to tune: an increase in the proportional coefficient
leads to a smaller error, but also to a less stable behavior. The integral coefficient is also important, since it
reduces the steady-state error.

In the case of the nonlinear control law, the tracking of a straight line is only affected by «;, since, from
eq. 3 is directly related to the translation velocity, which does not happen with as. In figure 6 we notice the
particularly low steady-state error, after increasing a;. This can be an advantage over the PID, but leads to
a stability problem, as mentioned in section 4.2.

In real situations were LR leads FR, its path is not restricted to a straight line. Since we cannot test the
performance for every path, we defined a more complex one, composed of a straight line, a turn to the left,



another straight line, with higher velocity, another turn the right and a line. This path is shown in figures 7
and 8.

These figures also show the results of following the path. Notice that the coordinate system of the leader
defines the orientation of the formation. This implies that, when it turns, he reference vector the FR follows
also turns, and the error becomes, for a while, very large. This is clear from the position graphics of FR.

The time that the FR takes to recover is an important evaluation of the controller. So, in figures 7 and
8 it can be seen that the nonlinear controller recovers more rapidly and with less oscillation than the PID.

It should also be noticed the lower error lengths with the PID. This is caused by a faster response to an
increase on the error.
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Fig. 8. Behavior of different nonlinear control parameters following an arbitrary path

4.4 Formation change

In the current system defined in [Paulino00] formation can be changed dynamically. This means that the
formation can change from a line to a circle (for example). This basically amounts to a change in the reference
vector. The response to such a sudden change was also studied, and is represented in figures 9 and 10.

In the first part, the reference vector was as defined in section 4.2, and, having FR following LR in a
straight line, the reference was changed to (500,90°).



Figures 9 and 10 confirm the results from the previous section: the response of the nonlinear law is
typically much faster than PID’s.
It also becomes clear that the PID response leads to more oscillations than the nonlinear.
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Fig. 10. Formation change results for the nonlinear controller

4.5 Influence of noise

After testing all the most important situations in geometric formation maintenance between robots, it is
important to consider the effects of noise, since measurements are always affected by noise. Therefore it is
important to evaluate the performance of the control law in the presence of noise.

This test was done using the arbitrary path defined in section 4.3, with a contamination of the leader
position with additive gaussian white noise (zero mean). Different variance noise values were considered,
yielding the results presented in figure 11. In this figure, TV refers to the maximum error introduced in the
x and y coordinated of LR, while RV corresponds to the error introduced in 6 of LR.
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Fig.11. Response of the PID controller and the nonlinear controller in the presence of measurement noise

5 Conclusion

As an important conclusion it was verified that the nonlinear control law proved to be more stable, whereas
the PID controller lead to responses with many oscillations.

One important remark regarding the results obtained by the nonlinear controller, is that its equations
make use of rotation and translation velocities measured by the robot simulator, which are more accurate
than the equivalent derivatives computed by the PID control law. In the case where noise is present, this
can be particularly important.

Nevertheless, the use of nonlinear control law in real systems is very limited when the robots are inde-
pendent. In fact, if the FR is estimating the information about the LR, it can be a problem to estimate its
velocities. In our system, vision is being used, and if the position information is estimated with its inherent
errors, the corresponding estimates of the velocities can not be obtained, in general, with acceptable accu-
racy. Because of this, only the PID was implemented. A new technique of estimating velocities from image
is being developed, in order to have the nonlinear control implemented in a real system.

In our real system, we verified that the results presented in the last section hold. In spite of that, with a
careful tuning, and the use of a so-called “ballistic zone”, the oscillations can be minimized. However, should
another sensor be used, enabling the computation of rotational an translational velocities, and the nonlinear
control law should be employed.
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