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[18] P.J. HuberRobust Statisticslst ed. New York: Wiley, 1981. 2) there needs to be an efficient way of communicating and sharing
[19] W.H.Press, S. A. Teukolsky, W. T. Vetterling, and B. P. Flanndoyne- information in real time;

[iJa:(R_eCCgﬁEriir(‘jCéLhrﬁ f‘rFt,?;SSSCiigggc Computigpded.  Cambridge, 3y jt should be possible to organize the robots differently for dif-
o g ' ' ' ferent tasks forcing the controllers to be independent and yet able
to function in a tightly coupled architecture when carrying ob-

jects;
4) the robots must coordinate their trajectories in order to maintain
Control of Cooperating Mobile Manipulators a desired formation while maintaining the grasp; Unlike the task
of pushing a box, the robots must maintain a formation while
Thomas G. Sugar and Vijay Kumar grasping andarrying the object;

5) the team must be robust with respect to errors that include robot
_ _ positioning errors and modeling errors.
Abstract—We describe a framework and control algorithms for coor-  There is extensive literature on the subject of coordinating a group of

dinating multiple mobile robots with manipulators focusing on tasks that o The pehavior based control paradigm of [2]-[4] has been shown
require grasping, manipulation and transporting large and possibly flex-

ible objects without special purpose fixtures. Because each robot has an to be successful in controlling a large team of loosely coupled robots. It
independent controller and is autonomous, the coordination and synergy iS possible to synthesize an impressive array of group behaviors [5] and
are realized through sensing and communication. The robots can coopera- coordinate robots for tasks like cooperative pushing [6]-[8], clustering
tively transport objects_ gnd marc_h in a tightly controlled formatiqn, while iy formations [9] and exploration [10] using variations of this basic
also having the capability to navigate autonomously. We describe the key L . .
aspects of the overall hierarchy and the basic algorithms, with specific ap- approach. Howeve_r, 't_'s no_t clear that_thls approach can be used in its
plications to our experimental testbed consisting of three robots. We de- current form to maintain a tight formation and control grasp forces for
scribe results from many experiments that demonstrate the ability of the holding and transporting objects.

system to carry flexible boards and large boxes as well as the system’s ro-  \When two or three robots are tightly coupled together in a speci-
bustness to alignment and odometry errors. fied formation for a specified manipulation task, the control problem

Index Terms—Compliance, locomotion and grasping, mobile robot coop- is well-defined and the feedback control laws for coordinating a small
eration. team of robots are reasonably well understood [11]-[13]. The feedback
laws for coordinated control of manipulation and locomotion are dis-
cussed by [14], [15]. Our work differs from such approaches in three
respects.

We address the coordination of a small team of mobile manipula-In contrast to approaches in which the planning and control problems
tors that cooperatively perform such manipulation tasks as graspinghithe multirobot team are done centrally [16], our goal is to decen-
large, flexible object and transporting it in a two dimensional environralize the control and planning to the extent possible. Our approach
ment with obstacles. Such a system of robots is useful in material hagidecentralized control relies on tHecouplingof the subproblems of
dling applications where there are no special purpose material handliieghtrolling locomotion and manipulation [11], [17]. Second, our for-
devices (for example, conveyors, fixtures or pallets are not presemflulation will allow for changes in formation, as well as changes in
In particular, when the team is remotely controlled or supervised, tfige composition of the team. Third, our formulation allows for a small
system can be used for the clean-up of hazardous waste material [Humber of robots, although there are many unresolved questions about

We focus on tasks that simply cannot be performed by a single mfe optimal organization of large teams of robots.
bile robot. As examples, consider the transportation of the large box ofFinally, it is important to note that our method for decoupling the
the flexible board shown in Fig. 1. The object, a box or a flexible boaibntrol issues in manipulation and locomotion relies on a novel manip-
in our experiments, is large enough that one platform cannot carry it Giator design. Ideally, we want each mobile manipulator to be equipped
itself without expensive, special purpose tooling that is specific to th@th an end effector that allows it to exert controlled forces and mo-
object. In our approach, two or more robots are coordinated to accoients on the object and can accommodate small position and orienta-
plish the task of carrying an object. We demonstrate four key featuresieh errors resulting from the use of nonholonomic robots. However, the
our system: (a) coordination and cooperation between tightly couplgghtrol of contact forces and moments is well known to be notoriously
mobile robots; (b) palm-like grasping of an object; (c) decentralizeglfficult [18]. We propose a parallel manipulator design in which the
control of cooperating robots; and (d) robust grasping and transpofgantrol of contact interactions are accomplished via a set of inexpen-
tion. sive position controlled motors. Further, as shown in the paper, we will

The physical interaction between the robots and the tight couplig@ly require one of the two or three team members to be equipped with
required of autonomous controllers pose many challenging engineeréigactively controlled end effector. While the details of the design of

|. INTRODUCTION

problems including: the manipulator are available elsewhere [19], we will review the basic
1) the manipulators must be capable of controlling the grasp forgenciples in as much as they relate to the performance of the system.
in a robust fashion; An overall framework for the system is described. The experimental

system and control architecture is given next. Finally, multiple experi-
ments are presented that demonstrate the ability of our system to trans-
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Fig. 1. Experimental system. (a) Our experimental testbed of two cooperating mobile manipulators. The robot to the right is the nomad XR400@ fiith a for
On the left is a TRC labmate platform equipped with the three degree-of-freedom compliant arm. (b) Three robots carrying a flexible board. Tleerigié to th
is the TRC platform with the stiff, passive, one degree-of-freedom arm. (c) Two TRC platforms that are both nonholonomic carrying an object.

will also review the “information structure” for the team, by listing themembers, the coordinates (, v; ;) specifying the relative position and
task specifications known to all the team members and the informatiorientation and the grasp for¢e; are known in the appropriate coor-
that is exchanged between them during the task. dinate system. The mathematical modeling of a team of an arbitrary
Our system of cooperating manipulators consists of two or three musmber of robots is discussed in [20], [21].

bile manipulators. The tasks considered here involve picking up a largeTwo possible organizations of robots into teams are shown in Fig. 2.
object and transporting it cooperatively in a two-dimensional enviroti each case, the lead robdt; , plans a trajectory for the formation
ment. The control and coordination of the team is based on the fbRsed on sensory information. It is also incorporates constraints on the
lowing key ideas. entire system, including nonholonomic constraints of the individual

» Each robot is controlled independently so that the robots can Blgltforms. The plaq gener.ated by the lead platform is b",’ISEd on the
autonomous and it is possible to add or subtract team membeliowledge of the kinematics of each team member and is broadcast

» The team has one leader that plans the trajectory for the specingd’J‘" the team members at frequent mtgrvals. The rear platfolins,
task. The leadership can be transferred from one robot to anot dR3), receive the broadcast information from the lead platform and
robot during the task but at all points, one robot is designated plan accordingly. Similarly, a force closure analysis yields an optimal

the leader. In a teleoperated system, this plan for the leader (géﬁtribution of forces. Each robot-object contact is a line contact, which
be prescribed by a remotely located ‘human operator can be modeled by a combination of normal and tangential forces and a

» Cooperation is achieved by allowing the robots to share informﬁ‘-o,ment abouta conygnient referfance point. If the ok:_)ject geometry and
tion. The leader shares only its trajectory with the followers an‘He'ght and the coefficients of friction between the object and the effec-
the followers broadcast critical information about the task tors are known, the required internal foredsr a robust, force-closed

The organization of the team is described by the identification gfasp can k:.)e. easily determined [23].
the labelsR, , R», andRs to the robotsR, is the leader as shown in E_ach mdmdqal robot planner and controller are based on the fol-
Fig. 2. The team is described by the relative position and orientati!)cwv ing information:

of the robots in the team, the geometry of the grasped object and therneinternal forceg22], also sometimes called tiwteraction forcesr the
kinematics of each robot. See Fig. 2. For every p&ir, ®;) of team squeeze forceare the contact forces lying in the nullspace of the grasp matrix.
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Fig. 2. The robot teams consisting of two or three rob&s.is the leader,
while R, and R are followers.R; broadcasts its trajectory at intervals based
on information available from its sensors and a gross model of the team of
robots, while the followers plan trajectories based on the broadcast plahig. 3. The three degree-of-freedom, in-parallel, actively controlled arm
the sensory information available to them and their kinematic and dynangipplies a force in theX’ andY" directions as well as a moment in the
constraints. The internal forces are specified By, but the control of the direction. Each limb has a spring attached in series to a linear actuator driven

forces and the trajectory does not rely on any exchange of information betwdsna dc motor attached to a ball screw transmission.
the robots.

2) Mobile Robot Controller: The controller insures that the robot
will follow the specified reference trajectory. It computes the veloci-
ties for the drive motors. the reference trajectory provides the feedfor-
« The desired internal forcg; that is required to be exerted forward component. The feedback is provided hyak-ahead Controller

which compensates for errors due to arm movements and insures that

force closure.
. . . . . the arm does not extend past its workspace boundary. More details can
Finally, each mobile manipulator is assumed to be able to mamtéBn found in Section 11-C

the desired position and orientation and control the contact forces. Eac

bot platf is able t trol its traiectorv th h locit ) Arm Controller: The arm senses and controls the grasp forces,
robot piatform 1S able o control Its frajectory through a velocity Conziccording to specifications transmitted from the lead robot. the active

troller. If the robot platform has an actively controlled arm, it explicitly, ) .. 104 2rm used in our system is a three degree-of-freedom, in-par-
_controls the |_nternal force. If the robot platf_orm ha_s & Passive alm Zel manipulator shown in Fig. 3. Each leg is driven by a simple posi-
Is the case with two of the three robots n Fig. 1 this force is not C%5n controlled motor in series with a linear spring [19]. By controlling
trolled. Instead, the robot acts as a very stiff position controlled effect%e free length of the spring, it is possible to implement a stiffness con-
. ) ] . trol law that compensates for platform positioning errors while main-
B. Controlling the Manipulation and Locomotion Subsystems taining prescribed internal forces. Of course this is possible only for

The task for the lead robot is to follow its planned trajectory. The ta$Re active_arm. ) _
for each follower robot is to follow the lead robot while maintaining the The active manipulator can be controlled by a stiffness control law
required grasp forces. In all cases, the controller for the manipulatiit is of the form:

» The desired position;;; and orientation/,; of the robotR; rel-
ative to the leadeR;.

and the locomotion systems have to be coordinated. _ e
. . f — fproload + K (.L() - eLz) (1)
We decompose the planning and control system for each robot into
three subsystems. where f is the force applied by the robot effectdk; is the desired

1) Planner : The trajectory for the lead robot can be based on ar8/x 3 Cartesian stiffness matrix associated with the effector.arid
number of approaches that have been suggested for planning motities3x 1 Cartesian position vector that represents the position and ori-
for a formation of robots [16], [24], [25]. This is not the main focus okntation of the reference framé”; o } attached to the effector relative
this paper and is not addressed here. The planner for a follower rotithe reference frame attached to the grasped oHjét},. See Fig. 4.
“listens” to the information broadcast from the lead robot, gets infot,...;..4 @andz, are the desired preload and the desired relative position
mation from its sensors and plans an appropriate reference traject@yd orientation), respectively. The details of the control scheme that
that avoids obstacles. It provides set points for the mobile robot cdmplements a stiffness controller are provided in [26]. The bandwidth
troller (a reference trajectory) and for the manipulator controller (gragpr the arm interacting with an object is approximately 5 Hz.
forces). The reference trajectory is consistent with the geometry of theWhen the arm is force controlled, the arm maintains a prescribed
formation, the (possibly) nonholonomic kinematic constraints and therce f,... The details of the implementation and experimental results
broadcast plan of the leader [26]. demonstrating a control bandwidth of 24 Hz. are described in [26].
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Fig. 4. {B}, the body fixed frame has moved from its initial positidd3, } .
Similarly, the reference fram¢F; }, attached to théth contact, has moved from Fig. 5. Coordinate system for the controller.
its initial position,{ F} o }.

We want the look-ahead poir), to coincide with the poinf’. This
C. Compensation for Errors suggests a control law that will result in the following behavior:

The computation of the platform reference trajectory by the planner H==K(zi—m) (6)
which we have just described in the previous section, constitutes the o = — K (22 — pa). )
feedforward commands for the platform controller. However, as de-
scribed earlier, it is necessary to compensate for the arm movementggaifferentiating (2)—(3) and substituting fés, 9., andé,, in terms
that the arm never reaches a state of complete extension or retractignhe inputsv, andw», we get:
This platform feedback compensatitaw is discussed next. The con- .
troller compensates for odometry errors and the system can move((]_;g)S 02 —sinf ) < vz ) —
meters instead of less than 1 meter before the drift needs to be canceletin #2  cos 6> w2

Consider the two-platform configuration shown in Fig. 1(c) in < K (24 8in 6 + yo cos Bz — 1 cos fs) ) ®)
which the lead robot has a stiff arm and the follower has the compliant K (—xq cosfs + ya sin s — rsin §7)
arm. The positions and orientations of the lead platform and that of

e

the follower platform are given in some fixed coordinate system bs)}nce

(@1, 91, 01) and 2, y2, 82), respectively. The position and orientation Ty cosfy 0

of the arm end effector in a coordinate system attached to the follower g2 | = | sinf2 0 <“2 ) . 9)
are given by €., v, #.) as shown in Fig. 5. 6, 0 1 “2

We are interested in maintaining the arm position and orientation

so that the reference point (geometric center) on the end effectodn¥erting the coefficient matrix which is orthogonal and never singular,

at the center of the workspace. In other words, the desired operati#g 9et the following control law:

point corresponds to poir®, with coordinates i, z2). The actual s K(ya —7)

position of the center is denoted by pofft with coordinatesy; , p»). < ) = < ~K(za) ) (10)

The controller of the follower platform attempts to make poiRtand

Q) coincide. In other wordsy can be thought of as a reference poinfrhe control law orook-ahead controlleis then used to modify the

on the platform, henceforth called theok-ahead poinaind the actual reference trajectory. Thus, the reference trajectory is modified only if

position of@ is given byP. Writing the expressions for the coordinateshere are errors in the arm positions which result from odometry errors,

is simple: initial orientation errors, errors in the knowledge about the size of the
box, or errors due to the robots not accelerating/decelerating in unison.

rWs

21 =y + 1 cos by (2)
2o =y + 7 sin . 3) 1. EXPERIMENTAL SYSTEM

A. The Robots

The actual operating point of the tip of the arm is given by the coordi- The team currently consists of any combination of two or three

nates of; andp.. The measurements, andy., are calculated from robots. The three robots in our experimental system are shown in

the actively controlled compliant arm. Fig. 1
) 1) Robot A : A Nomad XR4000 platform equipped with a stiff
P1 =2 4 4 sinfa + Y, cos b (4)  fork-lift arm that has one prismatic joint along a vertical axis. In

P2 =ys — T, cos By + y, sin fy (5) Fig. 1(a), itis the lead roboff; ) and in Fig. 1(b) it is a followerRs).
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This robot is completely designed and built by Nomadic Technologie: 3500 ' ' ' ; ' ;
Inc. [27].

2) Robot B : A TRC Labmate platform equipped with an actively
controlled compliant arm. The arm is shown in Fig. 3. The robot is use
as a follower {&>) in Fig. 1(a)—(c).

3) Robot C : A TRC Labmate platform equipped with a passive
stiff arm with one revolute joint. It is used as a lead robBt ) in
Fig. 1(c). £ 1500l |

Each robot has two control computers, one for the locomotion sul £
system and one for the manipulation subsystem. As discussed in 1
previous section, the locomotion system for each robot is position co
trolled to a planned trajectory. The control of the manipulator is don
differently in the three robots. But in each case, it is independent fro
the locomotion controller. However, data from the manipulation con
troller is shared with the locomotion controller as inputs to k-
aheadcontroller. The actively controlled arm uses a force or stiffnes _ggg s . . s . )
controller and accommodates platform positioning errors. The cor % 0 500 1000 1500 2000 2500 3000
troller for the passive arm simply monitors the state of the arm. 3500

30001 b

1000 4

500 b

B. Communication So00r
Our complex system with multiple mobile platforms and arms must 2500}
be coordinated and controlled with a predictable performance. The key
to this is a reliable system for communication. 2000f

Proxim Range LAN2 ISA wireless Ethernet boards [28] are used
with the IPX (Internetwork Packet Exchange) protocol by all robots.
We chose IPX because it is a very fast protocol (up to 80 packets a
second) with the ability to send small packets (up to 576 bytes). This
connectionless protocol makes the most sense for fast real time com-
munication because small packets can be sent quickly.

IPX is a connectionless protocol based on a peer to peer network.
The network is setup by creating a packet and physically sending it out
by calling a hardware interrupt. We create our own packet and send it 0> > > - >—>» % > > > > ]
out by calling a hardware interrupt at a fixed rate. This fixed rate, al- 0 500 1000 1500 2000 2500 3000 3500
though chosen very conservatively, guarantees a fixed communication
bandwidth, which in turn is necessary for predictable real-time pen(ql-:i'g. 6. Two robots carrying an object in the configuration shown in Fig. 1(a).

mance. The actual (solid, thick) path of Robot 1 and the desired (dashed) and actual
(solid, thin) paths of Robot 2 are shown for Experiment 1. In the bottom figure,
the orientations of the robots are shown by the arrows in addition to the actual
path of Robot 1 (dotted) and Robot 2 (dashed).
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IV. EXPERIMENTS

In this section, we present detailed experimental results that substafim. In both experiments, the lead robot (Robot 1) follows a desired
tiate the architecture and algorithms presented earlier. All the experajectory while the rear platform (Robot 2) follows while maintaining
ments are carried out with the robots shown in Fig. 1. Since the foat® desired formation. The arm controller is a stiffness controller in
is on coordinated control of the cooperative manipulation task, all tiperiment 1, while a pure force controller is used in Experiment 2.
experiments involve two or three robots handling a grasped object. Al-The experiments are started with both robots aligned with their orien-

though the system is capable of approaching a designated object ghns at zero degrees, = 1.3 m., ¢1» = 0 degrees. This translates
picking up the object autonomously [26], [29], we will focus on thgy 4, — ¢ andé, = 0 in Fig. 1(a).

experimental results when grasping the object. The object in questionrhe desired (planned) and actual paths for the two platforms are

is either a 0.5 mx 0.57 m x 0.7 m., 25 N box, ora a 0.5 mx 1.5 shown in Fig. 6 (top) for Experiment 1. The desired and planned paths
m :; ?'nghm‘ ﬁ.N Ilfxzﬂel??t?r(:ﬁlnrbm:‘ tce:js?ri, ati e>:pla|1(|ned Iailftie'rb%rlap making them virtually indistinguishable. Snapshots of the in-
nocet ot the object Is implicitly incorporate 0 the task SpeciliCay; iqual robots are shown in Fig. 6 (bottom). The trajectories in Exper-
tions. More specifically, the inputs to the system are the relative posi-

. ) . . .iments 1 and 2 are similar and the history of positions and orientations
tion and orientation of each robot with respect to the leader, the desw%m Experiment 1 are only shown yorp
internal forces and the desired Cartesian stiffness matrix. In at least one '

set of experiments, the effect of modeling errors is investigated. In Expgrlment 1, the home or the nominal p03|t|o[1 and orientation
of the actively controlled arm is. = 254 mm, y, = 568 mm, and

#, = 0. The arm is controlled using a stiffness control law and the

A. Experiments With Two Mobile Manipulators commanded stiffness is

In this subsection, we present results from two different experiments N
with two robots carrying a large box as shown in Fig. 1(a). Robot 1 is 350 m 0 0
the Nomad omnidirectional robot with a stiff, passive arm, while Robot K = 0 59! % 0

5
2 is a nonholonomic platform with an actively controlled compliant 0 0 90 Nm
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stiffness control law. Two robots are able to robustly carry a large object arouply: &:  Experiment 1: Forces (a) and moment (b) applied to the object with
a tight turn and the rear of the box only moves slightly as shown by the sm f arm con'trolled'usmg a stiffness control law. Actual values are shown by a
deviations of the position of the actively controlled arm which is pressed agai &'d line v_vh||e deswed_v_alues are 5“9Wf.‘ dashed. The ac_tual forces and moment
the box. The arm is controlled about the home position= 254 mm, y, = exactly mirror the position data achieving very good stiffness control with a
568 mm andd. = 0 ~ e desired, diagonal stiffness matrix.

Fig. 7. Experiment 1: Positions (a) and orientation (b) of the active arm usin&a

with a desired force of acs = 0, Fyaes = 44 N, andM-: aes = 0. \qyes of F, = 0, F, = 44.48 N, and}M = 0, even during the large
The stiffness of the passive arm is dominated by the compliance of thesiion and orientation changes. However, the large orientation errors
grasped object and is estimated to be cause the object to be dropped in some cases.

20000 % 0 —14000 N In both experiments, the arm performed very well, either maintaining
K= 0 35000 % 0 . the desired stiffness or maintaining the desired forces throughout the
—14000 N 0 6500 Nm experiment. Better performance is obtained when the active arm uses a

- . , . ) o stiffness control law because the arm stays close to the nominal position
The variation of the active arm’s position and orientation is shown Mhd the grasped object is centered between the platforms. In general,

Fig. 7. In this experiment, the stiffness control law tries to keep the afy, stifness control law is also more robust, especially with respect

near the home position. The actual forces and moment applied by {§&tia| position errors and with respect to errors that cause the two
arm to the object are given in Fig. 8. robots to drift.

In Experiment 2, the task is identical and the trajectories are therefore
similar, but the arm on Robot 2 is controlled using a force control law . ) .
with desired values of, = 0, F,, = 44.48 NandM = 0. The arm B. Dynamic Reconfiguration of the Team
position and orientation is shown in Fig. 9. Comparing this to Fig. 7, it In Experiment 3, the experimental configuration is the same as in the
is clear that the angular variation of the arm is much greater than in fhk@vious two experiments [as shown in Fig. 1(a)]. The experimentillus-
stiffness control case where restoring forces drive the arm toward thates how the labelB, andR?, can be dynamically reassigned during
nominal orientation of zero degrees. However, from the force historighe task. First, the the nonholonomic TRC platform is the leaBer,
it is evident that the forces and moment are held close to the desi&tien the followerR-, the Nomad XR4000, detects an obstacle that
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Fig. 10. The actual (dotted) path of Robot A and the actual (dashed) path of
Robot B are shown for Experiment 3. Robot B goes through the intermediate
positionsA, B, C' and D while the corresponding positions for Robot A are

b, c andd.

C. Robustness to Positioning Errors

Experiments are performed to validate the use ofibk-aheadton-
troller described in Section II-C. The rear platform uses the look-ahead
controller to adjust for alignment errors. Only the rear platform’s tra-
jectory is modified by the look-ahead controller. In our experimental
results, we show that odometry errors, geometric errors as well as align-
ment errors can be corrected through this controller.

-4r 1 The Nomad robot is used as the lead rolddt,while the nonholo-
nomic TRC platform with the actively controlled arm is used as the rear
platform, R-. In all trials, the Nomad robot and the TRC platform tra-

Arm Angle (degrees)

6}

-8f- 1 verse along a straight path followed by a left turn. In the experimental
. . . . ) . plots, the ideal and commanded velocities for the trailing platfatm,
% 3 40 45 50 55 60 65 70 the arm position compared to its nominal home position and the de-
time (s) sired and actual position of the reference point on the @marfd Q)
() are shown for different conditions.

Fig. 9. Experiment 2: Positions (a) and orientation (b) of the active arm using In Expgrlme_nt4, the TRC platform is aligned with the Nomad robot,
aforce control law. In this experiment, the angle of the box greatly deviates fré# the orientations of both platforms match perfectly. The commanded
the home position of zero degrees. velocities match the ideal velocities. As shown in Fig. 11, the arm stays
close to the nominal position. As per the terminology in Section II-C,

forces it to change its path, the follower sends a message asking toths-coordinates of the reference poipt arez, = 254 mm, y, =
sume the role of the leader. The leader agrees and assumes the rol&®mm andd, = 0. The actual position of the reference point on the
the follower. The leaders are changed and the ability of the robotsaun is denoted by poinP, with coordinatesy,, p2). It is clear that
follow appropriate trajectories while maintaining the grasp is not afhe desired and actual positiom (p2) shown overlaid in Fig. 11 are
fected through the transition. The flexibility in the control architecturgirtually identical.
is evident in this experiment. In Experiment 5, the estimate of the lengthis 1500 mm instead of

There are three distinct stages in this experiment. Robot B (the TR860 mm, an error of more than 10 percent. The commanded velocities
platform with the active arm) is initially the leader until Robot A, theare significantly different from the ideal reference trajectory velocities.
follower, detects an obstacle that had not been detected and accouiiti@laccommodation by the actively controlled arm is shown in Fig. 12.
for by the leader. The start and end of the first stage are labelkead The look-ahead controller is able to correct for errors in misalign-
B for Robot B, respectively, and andb for Robot A, respectively, in ment between the two platforms and errors in the size of the box.
Fig. 10. Robot A gains control of the team and becomes the leader, ultilExperiment 5, even though the look-ahead controller significantly
it passes the obstacle. The start and end of the second stage are lalséi@dges the commanded velocities, the performance of the arm is in-
B andC, respectively, in Fig. 10. Then the lead platform regains colependently robust. It does not deviate significantly from its home po-
trol and plans a path back toward the original goal position. The st&ftion of z, = 254 mm, y, = 568 mm, and¢, = 0.
and end of the last stage are labefédnd D, respectively, in Fig. 10.

The trajectories are shoyvn in F.ig. 10.. The system is able to caiy coordination of Three Robots
the box even when the desired trajectories are changed abruptly when
an obstacle is found. Because the arm position and orientation do ndi this section we present experimental results with the three plat-
change very much during the experiment, the robots maintain a végym configuration. The three platforms work cooperatively to trans-
tight distance between themselves even when the desired trajectongag the flexible board as shown in Fig. 1(b). The experiment demon-
changed twice. strates that we can control three robots and all are used to carry the
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Fig. 11. Experiment 4: Because the arm remains close to its home positibiy. 12. Experiment 5: Even with the 10 percent error in the front platform’s

the rear platform is aligned with the front platform. On the bottom, the desiregtimate of the length of the box, the arm still remains close to its home

position of the reference poifi (dashed) on the arm and the actual arm positioposition. On the bottom, the desired position of the reference [gpioh the

P (solid) are overlaid. arm (dashed) and the actual arm positiiisolid) are overlaid. The addition of
thelook-aheadcontroller allows the system of robots to be robust to errors, not

. . . . hi i h j hile followi ifficul j ies.
flexible board. A flexible board is chosen for two reasons. First, b((e:[uS ing or dropping the object while following difficult curved trajectories

cause it is flexible, a third robot is needed to support the board at the
center. Secondly, the board is large and flimsy and tight coordinatigfe velocities in the: andy direction for the XR4000 are labeled

is needed; otherwise, it will bend and break. _ andw,, respectively. The angular velocity for Experiment 6 is shown
The parameters governing the experiment are given below in Fig. 14. The angular velocity for the lead platform is labeledcand
.y e it is labeledws andw,, for the two rear platforms.
fi2=445N.,  fis=fa3 =0

Our experiments demonstrate that our architecture and control algo-

rz =2315mm, ¢ =0, rithms allow all three platforms to coordinate and cooperatively carry

riz =1312mm, re3 = 1355 mm. the flexible board.
and the stiffness matrices in metric units are estimated
20000 N 0 ~16000 N V. DiscussioN
K, = 0 35000 % 0 Using Robots A and B and a stiffness controller, we have shown
—16000 N 0 7300 Nm robust performance in carrying an object over a distance of 6 m with
S8 % 0 0 100% success. Using a force controller, internal forces and moment on
Ky = 0 175 % 0 Ks = (0) (11) the box are controlled, but success of the system is poor due to large

orientation errors of the object as shown in Experiment 2.
0 0 90 Nm In Experiment 3, the leader can be reconfigured multiple times, even
K is zero because during the experiment, the robot simply suppattieugh the platform and arm controllers are not changed. The decen-
the board and does not exert forces or moments in the plane. tralized structure allows the system to be organized differently during a
The trajectory for the maneuver is shown in Fig. 13. The headingsk. In Experiments 4 and 5, the look-ahead controller improves the ro-
velocity for Experiment 6 is shown in Fig. 14. The heading velocity fdbustness of the system to numerous positioning errors due to odometry,
the two nonholonomic platforms are labeled(lead platform) ana.. acceleration and kinematic errors. Last, we demonstrated that three
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Fig. 13. Platform trajectories for the lead robot and follower robots while_ ) ) . ) .

executing a turn. The board (dashed line) is carried by the three robots. ~ Fig. 14.  Heading velocity for Experiment 6. The heading velocities for the two
nonholonomic platforms are labeled (lead platform) and». The velocities
in thex andy direction for the XR4000 are labeled andwv,, respectively. The

ular velocity shown on the bottom for the lead platform is labeledThe

robots are able t,o .transport aflimsy board. Cgordination of three rObg{%ular velocities for the two rear platforms are equal and are labelehd
is much more difficult and two successful trials are presented from.a respectively.., is the angular velocity of the omnidirectional platform.

set of ten trials.
In this paper, we have not focused on re-grasping, optimal placement
and organization of multiple robots. It is clear that the compliance frol problems are mechanically decoupled. As the platforms move, the
the robot-object contacts plays an important role in determining grakgsce and position control problems are decoupled by allowing the po-
stability. A detailed analysis of this including a discussion on designirgition controlled robots to follow a desired path and by adding an active
the compliance is presented in another paper [30]. arm which controls the internal forces. One or more actively controlled,
compliant arms control the grasp forces in the formation allowing the
robot platforms to be position controlled. The excessive forces due to
VI. CONCLUSION platform positioning errors and odometry errors are accommodated by

the compliant arms.

A flexible, scalable system is designed using multiple autonomoUsyie pejieve that these results will eventually lead to a truly flexible

robots coordinated by a leader. We presented the control algorithms ﬂ%j[erial handling system that will have a wide range of civilian and
the overall architecture for coordinating a small team of robots Whi(fﬁilitary applications

can pick up, carry and lower objects of different sizes and masses. Ad-

ditional robots can easily be added because each platform is controlled
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