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1 INTRODUCTION

The 2004 NASA vision for space exploration calls for a sustainable
presence in space, beginning with a human return to the Moon in 2020 [9]. A
sustainable robotic or human presence requires deploying and maintaining
infrastructure to provide power, living quarters, and resource acquisition and
utilization; deployment must be autonomous for safety and reliability. Space
operations places constraints on rover power, computing, communication, and
mass. JPL’s Planetary Robotics Lab (PRL) is developing autonomous
technologies to perform construction related tasks under these constraints.
One focus area is cooperative transport and precision manipulation of large
rigid components over natural terrain using fused sensor information from
both robots. We present details and quantitative results of our approach, an
extension of work in {13] and done under the CAMPOUT architecture [7].

This work addresses several challenges of cooperative transport and
precision manipulation. Precision manipulation requires a rigid grasp, which
places a hard constraint on the relative rover formation that must be
accommodated, even though the rovers cannot directly observe their relative
poses. Additionally, rovers must jointly select appropriate actions based on
all available sensor information. Lastly, rovers cannot act on independent
sensor information, but must fuse information to move Jointly; the methods
for fusing information must be determined.

2 BACKGROUND AND RELATED WORK

Precision manipulation of large components requires rovers to have a
rigid grasp and therefore to remain in a fixed relative formation, even if rovers
cannot directly obtain each other’s relative position. Cooperative transport
has primarily focused on pushing behaviors on flat floors. In most cases, this
relies on direct observation or communication of relative position
[IOM[11]{12]. In some cases, robots use forces imparted by the object to
communicate, but robots adjust position to obtain desired forces [3]. These
approaches are not applicable to precision manipulation in three-dimensions,



rigid formations, or operation in natural terrain. Most precision cooperative

_ manipulation using force feedback for implicit communication is for fixed-
base manipulators [8], and is not applicable for construction. Formation
following typically uses potential fields, which require observation or
communication of relative pose and does not accommodate hard constraints
[1][4][5]. Most similar to our task is Omnimate [2] which uses a compliant
linkage between two mobile platforms; Omnimate compensates for uneven
floors and moderate wheel-slippage using a technique that controls wheel
velocity based on observing angular difference between the expected and
observed lines of contact between the platforms. To date, cooperative
transport in rigid formation is limited to JPL’s Robot Work Crew [6][14], and
mobile precision manipulation has not yet been demonstrated.

3 COOPERATIVE TRANSPORT AND MANIPULATION
3.1 Task Domain and Description

Two rovers, heterogeneous in body size and arm configuration, are
equipped with a forward-facing stereo camera pair and a three-axis force-
torque sensor on the arm’s wrist. The team can cooperatively carry long
beams that are stacked and interlocked if positioned accurately. Each beam
has a grasping point at either end; the gripper lower finger passes through the
grasp point and the upper fingers close on the top of the beam. Rovers obtain
beam location from the stereo vision of three fiducials on each end. The test
environment (Figure 1) is a PRL sand pit that simulates natural terrain.

GRASP:

Figure 1. Lefi: RCC Rovers SRR (left) and SRR2K (right) are heterogeneous; note SRR2K’s
gripper is not in line the rover body center. Righ#: Structure composed of stacked beams; note
each beam is alternately offset laterally from the one it rests upon. The inset shows the
grasping point, the fiducials and the interlocking cones on one beam.

Tasks are in the context of building a four-sided structure by stacking
beams. The team must cooperatively transport beams from storage to the
structure and then align at the structure while remaining in formation to
prevent dangerous forces on rover arms. Once aligned, the team must
precisely place the beam in the structure while keeping arms at appropriate
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Figure 3. Top: Iierative alignment process of crab (left), drive {center),

and Ackermann tumn (right). Botiom: Aligned team (left) crabs to offset
beam for placernent (center) and extend arms to place beam (right).
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position. Due to the linear formation constraint imposed by the beam, if one
rover is approximately aligned, the other rover should be near alignment and
able to see the structure. Thus, the observing rover approximately aligns itself
to bring the other rover into position. Driving (forward or backward) and
crabbing (lateral driving) will bring the observing rover close to desired range
(Xp) and zero arm lateral offset by moving the team those distances; this is
shown in Eq. 1, where (X, ¥) is the observed structure position and My is the
arm lateral offset. To bring the team parallel, an Ackermann tumn is executed
based on the observing rover’s estimate of its heading relative to the structure;
this is determined vsing the difference in range to the fiducials on the left and
the fiducials on the right (4Xy) and the known lateral distance between
fiducials (4Y7). The rover turns opposite to this angle to counter it as in Eq. 2.

D={X—XD Eq. 1
Y-M,
A=—tan" (AX ;,AY;) Fq.2

‘When both robots see the structure (during fine alignment and during
the final lateral offset), information is fused differently for different
conditions and different motions. Driving brings one member of the team to
the comrect range. The team selects to execute the shortest drive computed by
Eq. 1 to prevent overshooting desired range. Crabbing aligns the rovers
laterally with the structure. A move that satisfies both observed offsets is
required: the average offset is selected for execution. If the rovers are in a
linear formation and aligned with the structure, the average offset from Eq. 1
will bring both rovers into position. To bring the rovers to the same range
(aligning the team and beam parallel to the structure), an Ackermann turn is
done. The turn is computed as in Eq. 3, using the difference in range (4X) for
the two robots and the distance between beam grasping points (4Y;); the
further robot drives forward while the closer robot drives backward,
equalizing the distance. One exception is made: if in the previous step only
one rover saw the structure and the team anticipated turning based on local



relative positions. Robots return to storage and repeat the process to build the
structure. Current work demonstrates end-to-end acquisition and placement
of a single beam; results here focus on the cooperative aspects.

3.2 Cooperative Behaviors
3.2.1  Aligning with the Structure

Rovers position themselves relative to the structure based on stereo
vision of the fiducials on the bearns already in the structure. To place a beam
into the structure, the rover arms must maintain separation; arbitrary offsets in
rover position cannot be accommodated. Thus, team alignment with the
structure must be precise (within 1 cm). Slippage, errors in drive kinematics,
and errors in estimated structure location lead to alignment errors. Vision
errors are minimized by validating observations against the model of fiducials
on the beam and repeating observations as necessary. Additionally, the vision
is calibrated relative to the arm to offset any kinematic errors in the arm
control. Any unrecoverable error is reported to allow corrective intervention.

To reduce the effects of errors, an iterative process of adjusting range,
latera)] offset, and heading is performed, as illustrated in the state machine of
Figure 2 and the diagrams of Figure 3. To ensure rovers are executing
parallel motions, data is shared and action is selected by the leader and sent to
the follower; roles can be dynamically changed. As position is refined, more
accurate visual information is obtained and errors from slip in previous
motions are corrected. If an iteration completes without corrections, the team
is properly aligned. To maximize visual accuracy, the team iteratively aligns
directly in front of structure fiducials first, then it iteratively aligns the lateral
offset appropriate for placing the beam. Magnitude and direction of
movements is based on all information available. If only one robot sees the
structure, actions are selected based only on the one set of data. If both robots
see the structure, a joint move is selected based on both sets of visible
information. Alignment mode switches depending on current visibility.

ST — - % TWO ROBOTS
ONE ROBOT
SEEING STRUCTURE \___- : | SEEING STRUCTURE

Figure 2. Simplified finite state machine representing the alignment process, with
different modes for action selection depending on the amount of data available.

When only one robot sees the structure, the team must move the team
$0 as to allow the other rover to also see the structure. This involves
attempting to position the other rover at an appropriate range and lateral



rather than global information, the tollower’s range (required for determining
global angle) is not available, but instead the follower’s local angle was
shared. In this case, the turn is the average of both local angles from Eq. 2 to
approximately satisfy both. Rather than attempting to robustly identify this
situation on both rovers and resend the proper data, this approach saves
additional communication and ensures the rovers stay in parallel states. Tums
too small to execute (less than one degree) are approximated by a drive, with
each rover driving independently to the correct range as computed from Eq. 1;
these small offsets can be tolerated in forward driving.

A=tan~'(AX,AY;;) Eq.3

If both robots lose sight of the structure, they move forward in
increments of 5 ¢m until at least one regains observation.

3.2.2  Driving in Rigid Formation

As described in 3.2.1, the team performs three motions in formation:
drive, crab, and Ackermann turn. To keep the beam straight and prevent large
stresses on the arms, the team must remain at the desired latera] separation
and in-line with each other. Keeping formation allows the team to achieve the
correct relative position to place the component in the structure. The arms
can only accommodate small lateral offsets during component placement
without inducing large forces, thus accuraie rover positioning is essential. By
implementing motions determined by the leader (rather than in a distributed
manner), cooperative moves are always identical. Synchronizing cooperative
moves reduces (but does not eliminate) errors due to time offsets. Leader-
controlled motion and synchronization do not mitigate initial formation errors.

Empirical data has indicated correlations between torque about the
vertical axis and rover alignment and between force along the horizontal axis
FY ws
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Higure 4. Left: Follower adjusts velocity to eliminate torque. The follower slows down to
reduce counterclockwise torque and recover alignment (top) or speeds up to reduce
clockwise forque and recover linear alignment (bottom). Right:  Follower adjusts
crabbing velocity to eliminate force. Follower speeds up to increuse spacing and reduce
positive force (top) or slows to decrease spacing and reduce negative force (bottom).



and rover separation; errors in relative formation can be detected using forces
and torques imparted through the beam. Once a formation error is detected it
can be corrected as shown in Figure 4. By allowing the follower to adjust its
velocity, offset errors are eliminated. For driving, the follower speeds up if
torque indicates it is behind and slows down if it is ahead, as illustrated in
Figure 4 for the case where the follower is on the right. The relationship
between torque and force and velocity correction is dependent on direction of
motion. Currently, only velocity control is used to adjust formation; steering
adjustrents to account for off-axis formation errors is in development. To
ensure forces and torques do not build up before velocity control can
compensate, the follower starts first (the leader delays 2 seconds after
synchronization). To prevent overreaction o sensor noise, the sensor is
sampled at 20 times the action selection rate and averaged.

The velocity controllers are PI controllers designed to maximize
response time, minimize oscillation (particularly at the end of moves), and
stop both rovers upon failure. Parameters for control were empirically
determined based on observed performance. The general controller is shown
in Eq. 4, where Vj is the base velocity, E is the error term, 2E is the total
accumulated error, and XFyy is the magnitude limit on the accumulated error.
For drive velocity, error is shown in Eq. 5, where 7% is torque about the
vertical axis Ty is the reference torque about the vertical axis, Try is the
torque about the vertical axis due to lateral forces rather than angular
misalignment of the beam. Control parameters for drive are Kp = 04, K, =
0.0, and ZEyax = 0.0. The error for crabbing velocity is shown in Eqg. 6,
where Fy is lateral force and Fy, is reference lateral force. Control parameters
for crabbing are Kp = 0.6, K; = 0.05, and 2Epyax = 6.0. The single-step change
in velocity is limited by AV as shown in Eq. 7.

Vyew =Vp +KpE+K | ZE Eq. 4

Ep =Ty =Tz~ Tyy Eq. 5

Ec =Fy —Fyg Eq. 6
Viast ¥ AVyux i Vaew —Viasr > AVpux

V={Viasr —AVyuy il Vg ~Viasr <AViyax Eq.7
Vew otherwise

While only the follower uses force-torque feedback to control
velocity, both rovers monitor the forces and torques. If either rover detects a
sustained force or torque larger than a maximum threshold, a failure is
detected and the rover stops driving. This quickly increases force and torque
on the other (still moving) robot past threshold, so that it aiso detects a failure
and stops. These thresholds are set based on empirical data. The maximum
allowed torque magnitude about the vertical axis is 4.0 N-m and the
maximum allowed lateral force magnitude is 44.6 N.



4 EXPERIMENTAL RESULTS

4.1 Cooperative Transport in Rigid Formation with
Adaptive Velocity Control

To demonstrate the ability of the rovers to remain in formation and
keep forces and torques on the arm within bounds, a series of drives were
performed. For these experiments, the rovers start in formation with the
follower on the right. Forces and torques minimized and the reference torques
and forces are set to the initial values. A drive or crab command is then sent
and behavior is observed. Between repetitions of an experiment, the rovers
are repositioned to reduce forces and torques, but the reference force/torque is
not reset; this allows demonstration of accommodating small initial offsets in
formation. Force-torque profiles are compared to similar moves done without
adaptive velocity control. '

A summary of performance is provided in Table T and Table II. Each
experiment is run twice, and the resulting mean and standard deviation of the
force or torque (computed from after initial settling time to time robot begins
to stop) is reported.

Table I: Forward Drive Results (N-m)

Distance| Velocity Control | No Control, No Delay | No Control, Delay
-0.04 £ 0.16 -0.43 £0.25 -2.09%1.02
-0.05+0.22 -0.26 +0.43 ~2.22 +0.80
300 cm -0.04 +£0.21 -0.95 +043 Failyre
0.02 £0.20 ~0.06 = 0.69 -2.03 £0.79
0.03 £0.20 -1.76 £ 0.79 -2.30 £ 0.81
Table II: Crabbing Results (N)
Distance| Velocity Control | No Control, No Delay [ No Control, Delay
-3.76+7.16 391 +8.67 Failed
80 cm 0.05 £5.38 -1.48 + 8.67 -14.04 = 7.59
-0.44 +4.59 -3.54 £ 6.66 =730+ 942
1.61 +£6.15 -6.73 £ 12.38 527 £9.90
-80 cm 0.02+£3.93 6.98 +11.06 Failure
-0.78 + 4,45 15.56 £ 9.86 -3.56 49,34

Torque profiles for drives with and without velocity conirol are
compared in Figure 5. It can be seen that torque remains near zero and has
little variance while under adaptive velocity control despite initial errors,
while torque has large bias and large variance without velocity control. By
ensuring that the follower starts moving first, it can be ready to immediately
respond to any change in forces. A similar result is shown for force in
crabbing in Figure 6. The velocity profile for a drive is shown in Figure 7.



The follower starts to drive before the leader, leading to a torque. This drops
_ the velocity near zero until the leader begins to catch up. Then, the follower
gradually increases speed until the torque is minimized and velocity reaches
nominal. Once at nominal velocity, the velocity oscillates slightly
compensating for small changes in force due to slip and variation in leader
velocity. A crab velocity profile, with similar results, is shown in Figure 8.
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Figure 5. Torque profiles of a 300 cm drive with velocity control and a delay
(solid) and without velocity control and no delay (doted). Note high torques
(near failure), large variance, and large bias without control.

Time (sec)
Figure 6. Force profiles of an -80 cm crab with the follower on the right.
Note high forces and large variance without control.
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Figure 7. Velocity profile of a 300 cm drive with velocity control. Note that
the velocity slows to zero while the follower waits for the leader to catch up,
then increases to nominal and remains near nominal for the remainder.
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Figure 8. Velocity profile of a -80 cm crab with velocity control. As for
drive, the velocity slows to zero while the follower waits for the leader to
start moving away, then increases to and remains near nominal.

No failures of formation occurred during cooperative transport
experiments. By using velocity control and ensuring the control begins before
forces and torques build up due to partner motion, the rigid formation
following is very robust and maintains safe forces on the manipulator arms.

4.2 Cooperative Alignment and Beam Placement

The goal of maintaining formation is to allow the team to successfully
and reliably perform the desired task: placement of the beam component into
the structure. To demonstrate the reliability of our approach, team alignment
and beam placement were repeated multiple times. Any failure is recorded,
including failures due to high arm forces or torques (formation failure), failure
10 align accurately enough for proper beam placement (alignment failure), and
failure to place a beam properly due to an unrecognized poor alignment
(placement failure). Initially, the team is positioned such that at least one
rover can see the structure. The rovers are placed in formation with minimal
forces and torques at a variable relative angle to the structure. The reference
forces and torques are set to the initial condition.

Table III shows the number of alignment attempts listed and the
number of failures by type. The first series of eXperiments were run using a
previous alignment procedure that did not autonomously correct in the case of
both robots simultaneously losing sight of the structure, and in coarse
alignment (only one robot secing the structure) a fixed angle rather than local
angle was used. In the second series, the described approach is used. A series
of photographs illustrating an alignment and placement is shown in Figure 9.
In this example, only SRR can initially see the structure, and the team
proceeds through coarse alignment crab, drive, and turn. After one iteration,
both rovers can see the structure and the team transitions to fine alignment.



Table III: Team Alignment and Beam Placement Results

Number of ~ Formation Alignment Placement
Alignments Failures Failures Failures
12 0 1 0
5 0 0 0

Figure 9. Alignment sequence example. Top left: Initial conditions, only SRR sees the
structure. Top center: Team after initial crab and drive based on SRR’s observations. Top
right: Fine alignment in progress after Ackermann turn based on both robots’ observations..
Bottom left: Team performs final crab to align for placement. Bottom center: Team aligned
for placement. Bottom right: Team placing beam.

In the first set of experiments there was one failure due to both robots
simultaneously losing sight of the structure. No autonomous correction was
implemented and the error was corrected by the operator. There were no
failures during the runs of the improved alignment procedure, including a case
in which both robots lost sight of the structure and compensated. The
iterative process allows correction of errors and multiple checks for validating
alignment, making the cooperative transport and manipulation very robust.

5 CONCLUSIONS AND FUTURE WORK

The Robotic Construction Crew performs cooperative transport and
precision manipulation of long rigid beams in the context of a construction
task. To precisely place these beams into a structure, the team must align
accurately with the structure while remaining in rigid formation. This is done
as an iterative process of aligning range, lateral offsct, and relative heading.
To maintain formation during transport, force-torque feedback is used to



adjust velocity. RCC is very robust to variable initial conditions, changes in
the amount and quality of information available, synchronization errors and
temporary communication drop outs, motion errors due to slippage, and minor
kinematics errors in driving and manipulation.

In current and future work, we will be addressing refinement of the
velocity control for formation following and investigating the use of continual
steering adjustments to compensate for formation errors not along the
direction of motion. Additionally, use of force-torque feedback to maintain
formations during turns will be included.
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