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Abstract

This work presents an Internet-Like Protocol (ILP) to coordinate the formatiersetond-order agents in a
two dimensional (2D) space. The trajectories are specified trough via points and a desired formation at each
point. Simulink is used to verify the response of the agents in the desired trajectories.

|. INTRODUCTION

The coordination and formation of multiple agents is a problem of particular interest to numerous re-
search groups [1], [3], [4], [5]. Applications of such research abound in space (satellite formation), military
(remotely-operated clusters of vehicles) and civilian applications The problem of distributed coordination
and control has been theoretically studied using various approaches. In [1], a graph-theoretic approach was
presented to explain the behaviorroparticles in the plane in an attempt to justify the model presented in
[2], which had proposed a discrete-time model illustrating the heading alignments:optmicles. Graph
theory was also utilized in [3] to define cost functions that govern the movement ofsygems/agents. In
[4], virtual potentials were discussed as an analysis tool, while in [5], local sensing and minimal communi-
cation was the main focus of the research.

In this paper we present a different approach to the distributed control and coordination problem, inspired by
the Internet congestion control protocols [6]. We formulate the coordination and control of various agents as
a problem of competing for a common resource. Despite such selfish behavior, it has recently been shown
[7] that all users proportionally share in the resource and indirectly cooperate to maximize the global utility
of all users. The supervisor of such behavior is a main controller which sets a price to be incurred by a user
as a function of the resource usage and resource capacity, then transmits this price to the users. By doing
so, all users receive the same feedback price, and the communication overhead is significantly reduced. The
purpose of this paper is to show exactly how such algorithms may be adopted to the coordination and control
of physical agents, and in particular to the case of two-dimensional mobile agents.

xRafael Sandoval-Rodriguez is supported by Conacyt, Mexico.
+C.T. Abdallah and P.F. Hokayem research is partially supported by NSF-0233205.
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This paper is organized as follows: In Section Il we present the formation coordinator. In Section Ill, the
trajectories generator is discussed, while section IV shows some of our simulation results. We conclude the
paper in section V, with our conclusions and future research discussion.

Il. THEILP FORMATION COORDINATOR

In this section we discuss how Internet-Like Protocols (ILP) are adapted to our formation and coordination
problem. In order to implement the formation coordinator we use the results of [8], [9] which were adopted
in [6], to deal withn users sharing a resource of size The users update their resource usage according
to a feedback signal called “price” of the resource, where a low price indicates resource availability while a
high price reflects resource shortage. An equilibrium point is reached when the users share proportionally
the resource. These results may be applied when a group of users or agents is required to converge to
a formation and follow a given trajectory in the plane. In this application, each agent is modelled as a
second-order dynamical system. Assuming that:thedy axes can be decoupled and managed separately,
we use the system analyzed in [6] to create a Master controller which generates the reference positions
for the various agents. This reference position is passed along to each agent, which in turns follows it
without communicating with other agents. A position control is then implemented for each agent using a
PD compensator, although other controllers may also be used. In order to generate a feedback error signal to
the master controller, the actual outputs from all agents are sent to the master (main) controller where their
sum is compared with the sum of the desired positions. The integral of their difference is used in the update
equation for the feedback signal. In [6] this feedback signal is called price, while in our current application
this signal can be seen as a position error. Figure 1 shows a block diagram of the position controller for each
agent.

zi(t) Fais + ki~ s T Twilt)

Fig. 1. Block diagram of the second-order system.

Let us focus our attention on the coordinator for thaxis, since the coordinator for theaxis is basically
the same. The state variablerepresents the reference position for ifeagent, while the actual output
from the agent is denoted hy,;. The transfer function for each agent (with the position controller in place)
is thus given by

Xm'(S) kdiS + k’pi

Xi(s)  pis?+ (kg +1)s + ky;

wherey; is the time constant of each agehy; is the proportional gain, ank;; is the derivative gain in the
corresponding controller. A state space representation of equation (1) is given in the following,

8] - 7 F )0

x‘)viz (t) 1 0 Ly (t)

1<i<n 1)

oy = B tu] o] @
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The ILP coordinator then has the following structure (see [6]),

Ti(t) = —xi(t)pe(t) + ag 1<i<n
. kgi + 1 i
Toiy (1) = =24, (t) — M—paz (t) + (1)

j:mé(t) = J:Uh(t)

pa:(t) = Tz [Z <%xm’1 <t> + %xviz(t)) - Ca:

i=1 7 (2

®3)

wherea,; is a user-defined parameter which represents the fraction of the resguatiecated for the'”
agent, ang,. is the position error feedback signal. The resourgés the sum of the desired positions in the
formation at the via point for the agents . The parameies a user-defined constant positive gain. Figure
I shows a block diagram of the ILP coordinator for thaxis.

Main Controller

Pz, PoOsition error Pz, Position error
Ty, vehicle 1 2y, , vehiclen
Agent 1 . Agentn .
actual position actual position
x1, reference 1 xp, referencen
2nd Order System 2nd Order System

Fig. 2. Block diagram of the x axis ILP coordinator.

In a similar fashion, thg axis structure is given by

Ui(t) = —yi(t)py(t) + ay 1<i<n

. kg +1 ko
Yoir (1) = ———Yui, (t) — ﬁyvig(t) + yi(t)

%

Yuiy (t> = Yoy (t>

. ~ (ki Kpi
i—1 \HMi 223
Proceeding similar as in [6], the equilibrium point of (3) is given by
* Ay axicx
T, = . ~n
px Zi:l Qg
ry,, = 0
V19 kpi 7
v = el b, =]
Hi i

o



SUBMITTED - IEEE/RSJ INTERNATIONAL CONFERENCE ON INTELLIGENT ROBOTS AND SYSTEMS - 2003 4

Likewise the equilibrium point of (4) is given by

gt = Qyi ayiCy
’ Dy D et Oy
yifil =0
yr = Higs
(5 k:pl 1
. kai o kpi . .
Ypi = —Ypiy T _pyvig =Y
Hi Hi
* Zﬂ—l ayi
p, = ==— (6)
y C,

As we can see from (5) and (6), the equilibrium points of the agents actual coordipasesly,; are given
by
am’Cx

€T .= )

T Qai

Yoi = anLCy
D ie1 Qyi
Given the equilibrium points from (5) and (6), we can translate the system to the origin in order to analyze

stability. The structures far andy axes are similar, thus let us drop thendy subindices and complete
the analysis for one axis. We define the following translated variables

(7)

1<:<n

whereS :=%"" | a;, andm = 3n + 1. Taking the time derivatives of the variables in (8) we obtain

= () 1<i<n

9)

ai)) = (1wl + %5 ) (wn+5)

i, () = e wm(t)—_”(wvh(t)ﬂig s)

7i)m'2 (t) = Wy (t) (10)
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Finally simplifying to,

wi(t) = —awl(t) w; (t)wp,(t)
—%wm(zﬁ) 1<i1<n
(1) = = 0) = B (0) 4 i)
Wiy (t) = Woiy (t)
2% ' i ?

Theorem 1:3 v* for which the system (11) is stable for< ~*.
Proof: See [11].

[11. TRAJECTORYGENERATION

The trajectory for the agents in the two dimensional space (2D) is implemented in a similar way to point
to point motion control in robotics [10]; it is composed of via points with a corresponding formation for
each point. Given the initial positions, the agents converge to the desired formation at the via points. The
formation at each via point is determined by thandy position coordinates for each of theagents. The
positions are in turn defined by theand C' parameters. Thus it is necessary to update these parameters
before each via point.
¢From (7), the desired equilibrium point can be obtained with different values of the paramefeiie
keeping the same relatld% for a givenC'. In section 2.1 of [6], we linearized the ILP system about its
equilibrium point to get some insight into the effect of the paramete€s, anda in the performance of the
system. We obtain that the eigenvalues locations are

1 n
N = —52% 1<k<n-1 (12)

A = 202 Z+20\Za +QZ%Z%—4C?’

=1 j=i+1

n

Anp1 = —% ai—% Z +22a12a]—403
i=1

=1 j=i+1

We can see from (12) that the real part of the dominant eigenvalues is given by
Real part = 1 i ; (13)
eat part = 50 2 a;

Using these linearization results, and assumingthaiselected such that the imaginary part in the complex
conjugate eigenvalues is close to zero, then using the theory of linear circuits, the time for convergence of
the system is approximately

(14)
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Given the via point and the desired formation, we make the via point coincide with the location of one of the
agents. As an example, in a triangle formation we assign the via point coordinates to the agent residing at the
pointing vertex of the triangle. The other agents positions are calculated according to the desired formation.
TheC, andC, parameters are obtained from

=1
Cy=> v (15)
=1

With the desired time of convergengg, the> """ | a, can be calculated from (14) as

- 10C,
;a T T

n

10C,
>y = (16)
i=1 e
Thea; parameters are then given by
ZT; "
Qg = = Qi
Ox =1
Yi .
Ayi = ~~ Ayi (17)
Yy Oy Yy

i=1

The following example illustrates the calculations of the ILP parameters given a desired via point.

Example 1:Let us consider the case of 3 agents and a triangle formation with the follqwing po-
sitions: agent1(1100,1100), agent2(1000,1000), agent3(1200,1000). Consider for the moment any length
unit. Assuming that the desired time for convergeiices equal to 5 seconds in both axes and for the three
via points, the parameters are then given by
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3

C, = Y x;=1100+ 1000 + 1200 = 3300
=1
3

C, = Y = 1100+ 1000 + 1000 = 3100

i=1

10C, 10 - 3300
= - — 6600
:E:a Te, 5

10C,  10- 3100
.= - — 6200
> Te 5

i=1 Y
3

o 1100
s o= SN = ——— - 6600 = 2200
a1 czjgg;‘l 3300

3
- 1000
o o= 2N = 6600 = 2000
a2 czf;é;‘z 3300

3
s 1200
e o= BN = 06600 = 2400
a3 cz,gég‘l 3300

3
Qy1 = Ey E Ay = ﬁ - 6200 = 2200
i=1

3
oy 1000 -
Qy2 = Ey Ay = m - 6200 = 2000
=1

Uz o 1000

i = = - 6200 = 2000
v, &M T 3100

V. SIMULATION RESULTS
In this section we show the simulation results for different trajectories. Again, let us consider any length
unit for both simulations. In the first simulation we used 6 agents with a triangle formation covering three
via points. The via points and desired formations are described as follows:
Simulation 1:

Via point 1: agentl (1200, 1200), agent2 (1100, 1100), agent3 (1300, 1100), agent4 (1000, 1000), agent5
(1200, 1000), agent6 (1400, 1000), = 5 sec,1;, = 5 sec.

Via point 2: agentl (2200, 2200), agent2 (2100, 2300), agent3( 2100, 2100), agent4 (2000, 2400), agent5
(2000, 2200), agent6 (2000, 2000), = 5 sec,1., = 5 sec.

Via point 3: agentl (3200, 1000), agent2( 3300, 1100), agent3 (3100, 1100), agent4 (3400, 1200), agent5
(3200, 1200), agent6 (3000, 1200), = 5 sec,1;, = 5 sec.

Using (15), (16) and (17), the parameters for the ILP at the via points are given by
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Via point 1: C, = 7200, a1 = 2400, azs = 2200, a3 = 2600, agy = 2000, a5 = 2400, aug = 2800,
C, = 6400, a,; = 2400, a5 = 2200, ayz = 2200, a4 = 2000, a5 = 2000, a,5 = 2000.

Via point 2: C;, = 12400, ay; = 4400, agy = 4200, ags = 4200, apq = 4000, a5 = 4000, aze = 4000,
C, = 13200, a,; = 4400, a5 = 4600, ays = 4200, a,y = 4800, ays = 4400, a,s = 4000.

Via point 3: C, = 19200, a1 = 6400, agy = 6600, az3 = 6200, aps = 6800, azs = 6400, azg = 6000,
C, = 6800, ay; = 2000, ays = 2200, ays = 2200, a,y = 2400, ays = 2400, a5 = 2400.

We substituted these parameters in a Simulink model of our ILP coordinator, Figure 3 shows the trajec-
tories in the(z, y) plane followed by the agents, we traced lines to join the agents in the vertices of the
triangle. As we can see from the figure, in a relatively short time, the agents are in their desired formation.
The formation shape is maintained, even though some scaling may occur.

2500

2000

1500

1000 -

500

0

L L L L L L
500 1000 1500 2000 2500 3000 3500

Fig. 3. Trajectory followed by the six agents visiting 3 via points.

For the second simulation we use 4 agents with a diamond formation covering 4 via points, The via points
and desired formations are described as follows:

Simulation 2;

Via point 1: agentl (2100, 3000), agent2 (2000, 3100), agent3 (2000, 2900), agent4 (1950,/3080)0)
sec,I. = b5 sec.
Yy

Via point 2: agent1 (3000, 1900), agent2 (3100, 2000), agent3 (2900, 2000), agent4 (300072050},
sec,T., = 10 sec.

Via point 3: agentl (1900, 1000), agent2 (2000, 900), agent3 (2000, 1100), agent4 (2050, T008)),0
sec,T., = 5 sec.

Via point 4: agentl (1000, 2100), agent2 (900, 2000), agent3 (1100, 2000), agent4 (1000, T958)h
sec,I. = 10 sec.
Yy

Using again (15), (16) and (17), the parameters for the ILP at the via points are given by

Via point 1: C, = 8050, a;1 = 2100, aze = 2000, a3 = 2000, aga = 1950, C, = 12000, a,; = 6000,
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ays = 6200, ays = 5800, ays = 6000.

Via point 2: €, = 12000, a1 = 6000, azs = 6200, azs = 5800, azq = 6000, C, = 7950, a,; = 1900,
ays = 2000, ays = 2000, ays = 2050.

Via point 3: C;, = 7950, a1 = 1900, ayp = 2000, azs = 2000, azy = 2050, C, = 4000, a,; = 2000,
ays = 1800, ays = 2200, a,s = 2000.

Via point 4: C, = 4000, az; = 2000, azy = 1800, ags = 2200, azy = 2000, C, = 8050, a,y = 2100,
ays = 2000, ays = 2000, ays = 1950.

We substituted these parameters in the simulink model of our ILP coordinator, Figure 1V shows the tra-
jectories in thez, y) plane followed by the agents.
Note that the curve traced during the motion by the agents in formation can be controlled with the time of

3500

3000

2500

2000 [

1500

1000

500 L L L L L
500 1000 1500 2000 2500 3000 3500

Fig. 4. Trajectory followed by the four agents visiting 4 via points.

convergence parameter. From figure 3, in the motion from via point 2 (above) to via point 3 (right) the time
of convergence was selected the same for both axes, resulting in a trajectory similar to a decaying exponen-
tial. On the other hand, from figure 1V, the time of convergence was selected such that the trajectories look
like arches, trying to complete a circle with the four via points.

In order to show stability in the convergence of (11) for this particular example, we propose the following
Lyapunov function

Viw) = 50" Qi (19

where@ > 0 is am x m identity matrix. V(w) > 0, andV'(0) = 0. Taking the time derivative of (w)
results

V(w) = % (wThE + Jwa) - ; Wi () (t) + Wi (£) i (£) (19)
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Substituting (11) in (19), yields

oy ()0 (8) (20)

Substituting in (20) the parametets C, S, k,;, ka4, (i, 7, and the vectow, from the first via point and the
x axis, thenV (w) results negative semidefinite and converges smoothly to zero, as shown in Figure 5.

x10'

Fig. 5. Lyapunov time-derivative for the axis as a function of time.

V. CONCLUSIONS

This paper presented an ILP to coordinate the movement and formatiom@énts in the plane. The
agents converged to the via points with the desired formation. The agents landed into the desired (approxi-
mate) formation a short time after the start of the motion, and the formation was completed before the arrival
to the via points. This technique is powerful since it allows the distributed control and coordination of any
number of agents, and since the actual implementation is robust [12]: If a number of agents drop out, the
resources made available by the master controller are re-allocated amongst the remaining agents. On the
other hand, if new agents were to join the group, resources will be allocated to the newcomers in an efficient
manner.

We are currently investigating a discrete-time version of the algorithms discussed here, and attempting to
include the effects of time delays in the network of agents. At the theoretical level, we are investigating
Lyapunov-stability proofs of the complete system. At the experimental level, we are investigating a hard-
ware implementation of a network of 3 agents.
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