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Abstract. Dynamical systems theory in this work is used as a theoretical lan-
guage and tool to design a distributed control architecture for a team of three
robots that must transport a large object and simultaneously avoid collisions with
either static or dynamic obstacles. The robots have no prior knowledge of the
environment. The dynamics of behavior is defined over a state space of behav-
ior variables, heading direction and path velocity. Task constraints are modeled
as attractors (i.e. asymptotic stable states) of the behavioral dynamics. For each
robot, these attractors are combined into a vector field that governs the behavior.
By design the parameters are tuned so that the behavioral variables are always
very close to the corresponding attractors. Thus the behavior of each robot is
controlled by a time series of asymptotical stable states. Computer simulations
support the validity of the dynamical model architecture.

1 Introduction

The challenge to develop teams of autonomous robots that are able to transport large
objects is an important endeavor since such multi-robot teams would be potentially
useful in many fields related to our daily activities (e.g. [1, 2, 4, 9, 10]).

From the point of view of a robot, the environment, which comprises the others
robots and the world scenario, exhibits complex dynamic behavior. The problem is
exacerbated when the environment is not known and no path is given. If motion coor-
dination of two robots carrying an object is not a trivial task, motion coordination of
larger teams is undoubtedly more difficult.

Here we present results on the problem of coordinating and controlling three mobile
robots that must carry a rigid object from an initial position to a final target destination.

This paper extends previous work reported in [6, 8]. In those works dynamical sys-
tems theory was used as the theoretical framework to design and implement a distrib-
uted control architecture for a team of two mobile robots that cooperatively had to
transport a long object in a cluttered environments.

Here it is assumed thafa) the robots have no prior knowledge of the environment
and no path is giver(p) aleader-helper decentralized motion control strategy is used,
where thdeader robot moves from an initial position to a final target destination (see
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e.g. [9]);(c) eachhelper robot (H; and H,) takes thdeader and the othehelper robot
as reference points and must maintain at all times a coriist@irtte and orientation
with them that permits it to help them in the transportatiaskt(see Figure 1).

column
formation turn

turn formation
formation

: H2
target
+ ﬁ obstacle leader H

forward/backward forward/backward
formation formation

Fig. 1. Coordinated object transportation by three robots in an unknown emvéoh By de-
fault the robots must transport the object keepirigrevard/backward formation (f/b). When due
to encountered obstacles that is not possiblehtper robots must drive iriurn or in column
formation.

The control architecture of each robot is structured in teaihelementary behav-
iors. The individual behaviors and their integration areeyated by non-linear dynami-
cal systems. For each behavior, desired values for theattautivariables are identified
and made attractor solutions of the dynamical systems érargtes the robots’ motion.

The rest of the paper is structured as follows: the next @eqiresents the robot
team, their tasks and the basic assumptions in this work b&havioral dynamics are
then defined for the robdielpers (H; and H). Results obtained from computer simu-
lations are presented in section 4. The paper ends with adisieussion, conclusions
and an outlook of future work.

2 Robot Team and Task Constraints

The simulated robots are based on the physical mobile ralsstd in [8] but the sup-
port base for the object is new. This support base givesatisptents Ax, Ay) and
rotation (Aw) of the object (see Figure 2). The coordination and contt@lbased on
the following ideas(a) the behavior of each robot is controlled independergtlythe
leader robot knows the target position, and its task consists iningofrom an initial
position to a final target destinatioft) the task constraints for thelper robots consist
in keeping at all times a correct orientation and distandh véspect to théeader and
the otherhelper; (d) by default thehelpers must move in ari-/B formation, however
if obstacles do not allow it, they must adequately movéuim or column formation
to guarantee obstacle avoidance for the te@nthe leader robot broadcast it's ve-
locity and heading direction to theelpers; (f) eachhelper from Az, Ay and Aw is
able to compute the directions at which tkader and the othehelper lie from its cur-
rent position and with respect to an external reference agiS)y, jcader aNdYy, 1,
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Fig. 2. Each robot has seven distance sensors mounted on a ring which isedesmethe robot’s
rotation axis. These are used to measure the distance to obstructionsdaetti®n in which

they are pointing in space. The simulated infrared sensors have a distange of 60cm and an
angular range of 30 The robots are tightly coupled through a support base mounted on each
robot. It consists of two prismatic and one rotational passive joints whictv &0 compute the
directions at which eachelper robot “sees” thdeader and the othehelper from its current
position, Y, icader aANAdYw, m; (i = 1,255 = 1,2;4 # j), and displacementsiz, Ay) and
orientation Aw) of the object.

(i = 1,2;5 = 1,2;4 # j) respectively (see Figure 2)g) the helper robots broad-
cast their heading direction valugh) eachhelper broadcasts its current values of the
potential function and magnitude, of the virtual obstaeesidance dynamicgj) the
helper robots do not need to know the object size, they only needdwkhe displace-
ment and rotation of the transported object in their suppage;(j) the robots have
nonholonomic motion constraints.

3 Attractor Dynamicsfor Coordinated Transportation

To model the robots behavior their heading direction is uge < ¢ < 2x), with
respect to an arbitrary but fixed world axis and path velpcityBehavior is generated
by continuously providing values to these variables, whughtrol the robot’s wheels.
The time course of each of these variables is obtained framsfant) solutions of
dynamical systems. The attractor solutions (asymptdfistdble states) dominate these
solutions by design. ThHeader’sheading direction and path velocity dynamics has been
previously define, implemented and evaluated in [3], buttfar obstacle avoidance
dynamics thdeader robot takes into account it's size as well as the dimensidriseo
team.H,’s (i = Hq, H) heading direction and path velocity dynamics are rulechiey t
following dynamical systems:

d(bZ% ® - _2)\H7v COs ()\desi’red,Hi) sin (¢H1 - ¢desi7'ed,H1) + fstoch (l)

2
(’)Hi ~Vdesired,H; )

ddp, (t A (2)
Zé( ) = —Cg, (19[—[1 - Vdesired,Hi)e v T Gstoch
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The heading direction dynamics (1) puts an attractap g, .q, z; With a strength of
attraction (relaxation rate) defined B2\ i, cos (Agesired, m; ), @and a repeller in the op-
posite direction. The path velocity dynamics (2) definesvgte attractor at the desired
path velocity with a relaxation rate defined by,. The exponential term in (2) is used
to make sure that the increasing and decreasing of velsigyniooth even when the
differenced s, — Viesired,m; 1S Very large.fsiocn andgs.ocn, are stochastic forces that
are added to the dynamical systems, to simulate perturtsatiod noise in the system.

In the next two subsections will be explained how the attnacalues for heading
direction and path velocity are computed from sensed armfiormunicated informa-
tion. From now onH; = Hy, Ho; H; = Hy, Ho; H; # H;.

3.1 Attractor Dynamicsfor Heading Direction

The heading direction dynamics, for edwdper is governed by (1) where:

'(/)desired,Hi = ’YHi,f/bwdesired,Hi,f/b + ryHi,turnwdesired,Hi,turn+ (3)
+vm; ,columnwdesired,Hi ,column

)\desired,Hi = YH; ,f/b)‘desired,Hi,f/b - VH,i,turnAdesired,Hi ,tu’rn+ (4)
+’YH7' ,colunbn)\desired,H,i ,column

Herewdesired,H,,,f/br wdesired,Hi,turn andwdesired,Hi,column are the desired directions
at which the attractors emerge for each different behafooward/backward, turn and
column formations, respectively (see Figure 3}, ¢/, Y, turn @NAYH, column are
mutually exclusive activation variables that determingohtattractor value must dom-
inate the dynamics. In the next two subsections, it will belaxed how the activation
variables and the attractor values are computed from sears¥dr communicated in-
formation.

Activation Variables.

Forward/backward formation: In the absence of obstacles rokdt must move in a
“f/b formation”, so the termryg, r,, must dominate the dynamics. Thyig, ¢/, = 1,
YH; turn = 0 and’thcolumn =0is reqUired'

+1,ifap, =1 Vay, =1
YH; f /b = {07 else ’ )

whereay, anday, signal the control architecture when it's necessary forhéper
robots to move forward or backward respectivé(gee Figure 4):

+17 Zf [(Uobs,Hi >0 A Uobs,Hj > O) \ (Uobs,Hi <0 A Uobs,Hj < O)} A
af, = [|¢)H1 - ¢leader| < Ael A |¢H] - d)leader‘ < Agl}
0, else

(6)

% Ab, is a constant. Here equal 90°
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Fig. 3. Desired directions for eadtfel per robot for the different behaviors.

+1a ’Lf [(Uobs,Hi >0 A Uobs,Hj > 0) V (Uobs,Hi < 0A Uobs,Hj < 0)] A
ap, = [|¢H1 - ¢leader| > Ael A |¢H] e ¢leader{ > Aal:l
0, else
()

This permits robot7; to moveforward or backward keeping &/b formation.

movement
direction

movement
direction

a) forward b) backward
Fig. 4. (a) The heading direction of tHeader robot isn't pointing to a direction between the two

helper robots, thenelper robots must movéorward; (b) The heading direction of tHeader robot
is pointing to a direction between the twelper robots, thehelper robots must movéackward.

Turn formation: When obstructions are detected and the difference betweediric-
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tion ¥, 1eader ANdP1eqqer IS larger than a certain valug\d,*, we want that the robots
to move inturn formation , so the termy, +,»» Must dominate the dynamics. Thus
YH; turn = L VH,,£/5 = 0 @NAYH, cotumn = 0. This implies robotH; to turn around,
i.e. avoid the obstacle by turning to the right or to the left. RoHg takes this decision
based on:

Qg = {+17 Zf Uobs,Hi >0A Uobs,Hj S 0N Fobs,Hi <O0A ‘(ﬁleader - wH,i,leader‘ > A02
T4

0, else
®
a o +1, ’Lf Uobs,Hi >0A Uobs,Hj S oA Fobs,Hi, >0A ‘¢leader - wH,-,leade'r‘ > AGQ
= 0, else
©

whereay,., anday;, signal the control architecture when it's necessary rébab turn
right or left respectivelyUs,y,, iz, andUes, 57, in (8) and (9) are the potential functions
of the virtual obstacles avoidance dynamics for dagper robot, that indicate if obsta-
cles contributions are present (how to compute these s8p [ ositive values of these
functions indicate that thieel pers heading direction are in a repulsion zone of sufficient
strength. Conversely, negative values of these functimlisates that the heading direc-
tion is outside the repulsion range or the repulsion is vaagikv As shown in [6] and [8]
the virtual obstacle avoidance dynamiés; gz, and F,,, zr,, can be used to signal if
obstacles are to the right or left side of robots. Positiveesof these functions indicate
that an obstacle is detected at the right side of the robatvé€sely, negative values of
these functions indicate that an obstacle is detected defttede of the robots. Finally
activation variableyss, 1.y, iS set by:

+1, Zf Qgpr; = 1 \/thli =1
0, else

YH; turn = { (10)

Column formation: If obstructions are detected and the difference betweedithetion
Y, leader 8N Preqqer 1S SMaller thanAfy, the termyg, coiumn Must dominate the
dynamics, Soyg, cotumn = 1, Ya,,r/6 = 0 @NdYH, turn = 0. This makes robot/; to
move in parallel with the detected obstadle, to move in right or left column. Robot
H, takes this decision as defined by:

Q. = +1a Zf Uobs,Hi S (U Uobs,Hj >0 A |¢leader - wH“leader| S AQQ (11)
g 0, else
) . H < — <
O, = {(;Llélzsi Uobs,Hz >0A Uvobs,H‘7 = 0A |¢leader wH“leader‘ >~ A02 (12)

wherea,,, andag;, signal right or left column respectivelyy, coiumn €an then be set:

+1, if aer, =1 Vau, =1

0, else (13)

YH;,column = {

4 Af, is a constant. Here equal 56. This value is the minimal value obtained by experimental
simulations for a safeurn formation for eacthelper robot without losing the object.
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Attractor Values for Different Behaviors. From (3) it is possible to see one desired
direction for each different behavior (i-€,csirca, 1., £ /6 Vdesired, €, ,turn @Nd
wdesirecLHi,column) (See FigUl’e 3)

Forward/backward formation: The desired attractor and its strengthsFB formation
are given by:

quHi,leader,f/b + ’lpHi,vaf/b

Y, b = 5 (14)
7wHi,leader, p + wH,i,Hn, b
)\H,i7f/b _ f/2 J I/ (15)

Wherey s, icader, £ /1 IS the desired attractor fdf; robot with respect to thieader robot
(see Figure 5(a)) andy, m,, ;v is the desired attractor fdi; robot with respect td;
robot (see Figure 5(b)).

leader

Wi o0

Fig.5. (a) Desired direction for eadhelper robot with respect to théeader robot; (b) Desired
direction for eachhelper robot with respect to the other. (parameters settikgs: = 1, ku, =
—1,0¢/b,1; teader = 30°, 8¢ /b 51, 1, = 90°, Ry, = 1, Ry, = —1, Ay, = 0).

Desired direction of H; with respect to the leader robot: As depicted in Figure 5(a),
the attractor is set at a direction

YH, leader,f /b = VH, leader + KH,0f /b, 1, lcader + B, An, (16)

whereyw, ieqder 1S the direction at whiclH; robot “sees” thdeader from its current
position. kg, is a parameter that can take the values -1 or +1 dependingeorltiot

that is referred to.
[ +1if Hy=H;y

Of /b, H, leader 1S @ CONstant (here equal 89°). Ry, is a constant that can take one
of two values, -1 or +1, depending on thelper robot that is referred to and at the
parametery,, (7),

Ry, = (18)

i

+1lif (Hi:Hl/\abiZO) \ (Hi:HQ/\Oébi:]_)
—lif (Hi=Hi Ao, =1) V (H;=HyANay, =0).
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Ag, in (16), is a sigmoidal function that varies with the disgaeents of the object
measured by the support base, it converts the displacement of the object into an
angle that approaches null as the displacements of thetdbjeds to zero and it is
given by:

Ay = 2arctan (ay, Adg,) (19)

‘ ™

whereay,° is a constant and\dy, is the displacement of the object measured by the
support base of eadfelper robot.

Desired direction of H; with respect tothe H; robot: Figure 5(b), shows that the desired
attractor is set at a direction

Yu, 1,80 = V1, ke Opp 0, 0, + R, An, (20)

whereky,, Ry, and Ay, are the same parameters used in (17), (18) and (19), respec-
tively. ¢y, m, is the direction at whicthelper H; “sees”helper H; from it’s current
position.d; , i, 1, its an angle (here equal 86°).

Turn formation: When moving around an obstacle the desired attractor anuystréor
turn formation are given by:

le,v,leader,turn - an,Hn,f/ n
wHiyturn = . 9 SR L (21)

_wHi,leader,turn - /(/)Hi,Hj,tu'r'n

2
where Y, reader,turn 1S the desired attractor off; robot with respect to théeader
robot (see Figure 6(a)) antly, m, +ur IS the desired attractor df; robot with respect
to H; robot (see Figure 6(b)).

)\Hi Jturn — (22)

Desired direction of H; with respect to the leader robot: As it is possible to see in
Figure 6(a), the desired attractor emerges at a direction

’lpHi,leader,turn — 1/}H1;,leader + 5tu7’n,Hl,leader + RH7 AH7 (23)

whereAy, is given by (19).Ry, is a parameter that takes the value 1 or -1 depending
on thehelper robot are we referring to.

_J+1if (H; = Hy)
R = { “1if (H, = ) (24)

Vi, leader 1S the direction at whichH; robot “sees” thdeader. dtyrn, i, leader 1S aN
angle that depends in what directibeper H; has to turn to, left or right.

5 He leader = AwHi,leadenturn left Zf Qg = 1 (25)
turn,H; leader —
’ _A’L/)Hi7leader7turn right else

5 Here,am, = 0.1, am, =1
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Fig. 6. (a)Desired direction for eadhelper robot with respect to théeader robot; (b) Desired
direction for eacthelper robot with respect to the other. (parameters settings:., i, ,icader =
6001 6turn,H2,leader = 3001 6turn,H1,H2 = 1200: 6turn,H2,H1 = 3001 RH1 = 1, RH2 = _1:
Ag, =0).

whereay, is given by (9).
AYp, teader,turn teft AN AV p, teader,turn right are angles that depend on what
helper robot is referred to. Here

60°if H;, = H

AwHi,leader,turn left — {300 Z; H = H; (26)
30°¢f H; = H

AwHi,leader,turn right = {600 Z; e H; (27)

Desired direction of H; with respect to the H; robot: In Figure 6(b), it's possible to see
that the desired attractor is built at a direction

¢H,i,Hj,turn — wHi,Hj 7 (5turn,Hi,Hj + RHZAHl (28)

whereRy, and Ay, are given by (24) and (19), respectivelyy, x, is the direction at
which H; robot seed; robot.é;.,», m, 1, it's an angle that depends in what direction
thehelper H; has to turn to, left or right.

i N Ry, Au, v, turn tegt if au, =1 (29)
turn,H; H; —
eI Ry, AYu, H; turn right €lse

whereay;, is given by (9).AYu, b, twrn teyt @A AV g, 1, turn righe @re angles that
depend on what robdielper we are referring to. Here

120°if H;, = H
A'(/)Hi,Hj,turn left = {300 foH1 z: H21 (30)

30°if H, = H,

AwHi,Hj,turn right = { 120° Zf Hl — H2 (31)
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Column formation: The desired attractor and strength éotumn formation are given
by:

wHi,leader,column + ql)Hi,H-,column

'(Z)H,-,column - 5 J (32)
—VH, leader,column + VH; H; col

>\H,~,,column = i,reader,co um;, i,Hj,column (33)

whereyy, icader,column 1S the desired attractor dff; robot with respect to thieader
robot (see Figure 7(a)) andly, u, cotumn 1S the desired attractor dff; robots with
respect to each other (see Figure 7(b)).

leader

Wi 12.colhpn

Wil jeader—
Hi leader,turn

\V] 12,H1,column

Fig. 7. (a)Desired direction for eadtelper robot with respect to thkeader robot; (b) Desired di-
rection for eacthelper robot with respect to the other. (parameters settii@sumn, 1, lcader =
Oo’ 5column,H2,leader - 600; 5column,H1,H2 = 600: 6column,H2,H1 = 12001 RHl = 1:
Ru, = —1, Ay, =0).

Desired direction of H; with respect to the leader robot: As it is possible to see in
Figure 7(a), the desired attractor is built at a direction

wHi,leader,column = wHi,leader in 5column,H1~,leader + RH@ AHi (34)

whereRy, andAg, are given by (24) and (19), respectivelyy, icqder iS the direction
at whichH; robot “sees” théeader robot.dcorumn, i; leader IS N angle that depends on
which helper robot has to be behind theader robot,i.e. move in column, left or right.

RHi A¢H¢,leader,column left Zf Qel; = 1 (35)

6column H;,leader —
T quHi,leader,column right else

whereRy, anda,,, are given by (24) and (12), respectively.
AYH, teader,column teft ANAAYE, 1eader column right @r€ angles that depend on what
robot we are referring to. Here

0°if H; = H,

AwHi,leader,column left = {600 ’Lf HZ _ I_[2 (36)
60°if H; = H
A'(/)Hi,leadencolumn right = {Oo ’L}fHZ z: H21 (37)
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Desired direction of H; with respect to the H; robot: In Figure 7(b), it is possible to
see that the desired attractor emerges at a direction
wHi,Hj,column = wHi,Hj + 5column,Hi,Hj + RHlAHl (38)

whereRyg, and Ay, are given by (24) and (19), respectivelyy, #, is the direction at
which H; robot “sees”H;; robot. 6., i, 1, iS an angle that depends on whiati per
has to be behind theader robot.

o [ Re M cotumn et if 0, = 1 (39)
column,H; ,H; RHiAwH“Hj,COlUT’m right else

wherea,,, is given by (12) AV, 1, cotumn teft ANAAYH, 1, column right @re angles
that depend on whduelper robot we are referring to. Here

60°if H; =

A'LZ]H,;,Hj,column left = { 120° ’Lf H; = H, (40)
120°if H; = H
AwH,i,Hj,column right = {600 foHz il H21 (41)

3.2 Attractor Dynamicsfor Velocity

For theleader’s path velocity control see [6]. Theelpers' path velocity must be con-
trolled so that at all times eadtelper robot attempts to maintain a null displacement of
the object (i.eAdy, = 0). Theleader robot communicates its current path velocity to
the helpers. The attractor value, i.e. the required velocHy. i, cq, rr,, for the velocity
dynamics (2) is given by:

Adpr, o
+19leader + ' J 2 ) Zf Ade <0
Vdesired,Hi = ‘ e (42)

i

d
_ﬂleader_ o, else
T

Ady, is the displacement of the object measured in the suppcetrnasnted on théf;
robot. vy, is a parameter that depends on kefper robot and on what side theel per
has to turn to.
A . vy, Zf (HliHl /\Oétl1,:1) V (Hi:HQ/\atli:())
Hi = 1y else

(43)

ay, is defined by (9)° andv,” values were reached by simulation experiments, these
values are the minimal values obtained for a safe trandjpmita

3.3 Hierarchy of Relaxation Rates

The following hierarchy of relaxation rates ensures thathbading direction of each
helper relaxes to a dominant attractor solution.

CH, >> 2)‘H, COS ()‘desired,Hi,f/b) s CH; >> 2)\HL COS ()\desired,H,i,turn) 5 (44)
cy, >> 2>\Hi COs ()\desired,Hi,column)

6 11 is a constant. Here equal to 3.
" vy is a constant. Here equal to 9.



77

4 Results

The complete distributed dynamical architecture was eatliin computer simula-
tions, generated by software written in MATLAB. In the siratibn, the robots are rep-
resented by two Cartesian coordinates and the headingdidite€artesian coordinates
are updated by dead-reckoning rule, while the heading direction and path velocity
are obtained from the corresponding behavioral dynamidhtlynamic equations are
integrated with a forwar&uler method with a fixed time step, and sensory information
is computed once per each cycle. Distance sensors are saahtieiough an algorithm
reminiscent of ray tracing. The target information is dedibg a goal position in space.
It's assumed that thieader robot communicates to theelpersits current path velocity
and heading velocity. Thieelper robots communicate each other their current heading
directions and its current values of the potential funcaod magnitude, of the virtual
obstacles avoidance dynamics.

A simulation run in an environment with obstacles (statid¢ dpnamic), that demon-
strates some features of the distributed dynamic contadii@cture, is presented in
Figure 8. The dynamic obstacles are represented by twogdR®andR4. Their be-
havioral dynamics is reported in [7]. Figure 9 shows the hegadirection dynamics for
each robot, at the points shown in snapshot D. We only presensimulation run and
the heading direction at one snapshot due to limitationpats (more videos can be
found in www.dei.uminho.pt/pessoas/estela/).

A R30 oR4 B

ta>r§;et

leader
H1AH2
get B3 {Sg
target R3 arget R4

X
tirget R3 tirget R4

H2

:
leader H1 "7~
%
:/:\/)
I A

AN

X X » R
target R3 target R4 targeLRé érgeLR4 !2925 Eg EEQSE @é

Fig. 8. Snapshots of a simulation run the complete system. Time evolves from Ato F.

In Figure 8 thetargets are represented by a cross. The targetkeader, R3 and
R4 aretarget, target_R3 and target_R4, respectively. Each robot is represented by a
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black circle with a line that represents its heading dimattilnitially the robots are
placed as illustrated in Panel A. Treader moves toward its target entering in a passage
between two obstacles (Panel B), afig and H, robots start steering forward to keep
a f/b forward formation with theleader robot. RobotsR3 and R4 enter in the same
passage to reach their targets, target_R3 andtarget_R4, respectively. Then thieader
robot detects these robots (Panel C). This forcesetwer to turn back and to change
its course to avoid collisions with R3 and R&; and H, maintain af/b backward
formation with theleader robot while driving backwards in the passage. The other
two robots continue moving in the direction of their targdtiseleader robot continues
trying to leave the passage (Panel D) andtdpers maintain &/b backward formation.
The robots team leaves then the passage and find a new way far¢fe¢ direction
(Panel E). Robotd; and H, maintain aturn formation with theleader. Finally all
robots reach their targets (Panel F).

The heading directions dynamics for the three robots in ¢lagntcan be seen in
Figure 9 at the position depicted at snapshot D. The blackwairm each plot indicates
the current statd.€. heading direction in the world) of the corresponding roBatit’s
possible to see, the heading direction of each robot is awagy close to a fixed point
attractor (.e. in the Figure 9 is the one with negative slope) of the resutignamics.

D .. . leader H1: f/b - backward H2: f/b - backward
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Fig. 9. Heading direction dynamics for the three robots in the team when they pasidibns
depicted in Figure 8. Left plot: it's possible to see contributions of senBsthdles fobs icader)
and target contributionf{arget,icader). The resultant dynamics j§eqqe-. Middle plot: here the
robot senses obstructions. Its heading direction is inside the repuésige and the difference
between the; robot heading direction and the heading direction ofltagler robot is greater
than 90, and also the difference between tHe robot heading direction and the heading direc-
tion of theleader robot is greater than 90Thus the resultant dynamics is dominated by the term
~YH,,f/6- Right plot: this robot also senses obstructions. Its heading directiondeite repul-
sive range and the difference between Hgrobot heading direction and the heading direction
of the leader robot is greater than 90and also the difference between tHg robot heading
direction and the heading direction of theader robot is greater than 90Thus the resultant
dynamics is dominated by the terpy, ¢ /5.
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5 Conclusions and Future Work

In this paper, non-linear attractor dynamics was used asladalesign a distributed
control architecture that enables a team of three robotansport a large object. It was
assumed that the robots have no prior knowledge of the anmieat. The choice of the
control variables and parameters have taken into accoanghissical mobile robots at
which the architecture will be implemented. The amount &frimation communicated
among robots is minimal. The overall control system is flexilsince planning solu-
tions may change based on changes in sensed world and/onotoated information.
Theleader broadcast its heading direction and path velocity (codified bytes) and
eachhelper share among them 3 values represented by 3 bytes. The carthifec-
ture was evaluated through computer simulations. The §loblaavior is stable and
trajectories are smooth. Very important, the ability toidwellisions with either static
or dynamic obstacles have been demonstrated. Future wosist@n implementation
and validation on the physical robots.
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