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INTRODUCTISIN

Jet Propulsion Laboratory (JP1.) and Flectro-
technical Laboratory (1¢11.) have recently initi-
ated a cooperative R&D effort in telerobotics
This new effort, sponsored by the National
Acronautics and Space Administration (NASA)
and Ministry of International Trade and Industry
(MI'11), has two major themes. First, our work
broadens the outreach of space telerobotics
R&D to international technical collaboration and
facilitics usage in the United States and Japan.
This is natural, given plans for a common U.S.-
Japan robotic presence on the International
Space Station (the Japanese xperimental Mod-
vle and .S Mobile Servicing Center), as well
as ongoing 1.S-Japan discussions of possible
shared ground control assets. Sccond, our work
fosters development and demonstration of new
operator interface technologies to improve the
fiexibility and reliability of ground-to-orbit teler-
obotic operations. This new technology is
important, given the continuing imperatives to
off-1oad platform maintenance from EVA/IVA
crew 1o on-board robot assists under direct
ground mission control [1]. Permanent Human
Capability and productive science on platforms
such as Space Station will otherwise be delayed.
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COMMON TRADITIONS, COMPLMEN-
TARY STRENGTHS AT ETL AND JPL,

IPE. and 1), share a long- standing interest in
human-computer cooperative control of robots,
and its applications in casually structured tasks
such as space assembly and scrvicing, hazardous
materials handling, and telescience. Use of such
supervised autonomy [2], versus total robotic
automation, is nccessitated becanse computer
control of robots is not yet adequate to make
complete task plans, lecarn tasks at the cognitive
and motor skill of humans, or exccute tasks with
the dexterity of human servo-motor perfor-
mance. At the other extreme, purcly manual con-
trol of robots by telcoperation is often time-
consuming and fatiguing, poorly suited to
repeated actions of high precision, and impracti-
cal in scenarios where the operator’s sensory
feedback is significantly time-delayed. As
regards the technologics they bring to the
NASA-MITI collaboration, JP1, and 1¥11, have
chosen complementary approaches to develop-
ing supervisory automation. JP1.’s approach,
consistent with its space operations charter,
derives from computer-augmented telcoperation
[3, 4], the goal to date having been to maximize
manual tasking dexterity and telepresence, and
extend both to multiple second time delay
remote servicing scenarios. For example, JPY,
utilizing its developments of a dual cight degree
of frecdom force reflecting teleoperator with
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multi-mode controls (position, force, rate, com-
j)li;lllcc, shared computer control of some axes)
has recently re-enacted various aspecets of the
Solar Maximum Satellite shuttle repair mission
conducted on flight STS-13; in this carth labora-
tory simulation, IPL telerobotically performed
key sequences of this benchmark 1984 dual-
VA shuttle-bay servicing mission. Two JPL.
cnabling technology developments have been
calibrated preview/predictive graphics displays
(4] and shared compliance control [3]. Using
such a preview/predictive graphics operator
interface and a related robot compliance control,
IPL and NASA Goddard Space Flight Center
(GSEC) recently performed simulated ground-
to-orbit space telerobotic servicing under multi-
ple scconds variable communication time delay,
wherein 11 successfully changed out an Orbital
Replaceable Unit (ORU) of a Hubble Space
Telescope-like spaceeraft mock-up located some
4000 kilometers distant at GSIC {4].

By comparisontothcabove JPl.work, 11'1'1, has
recently emphasized higher-level intelligent and
coop crative control interactions between human
androbot | .S, 6]. Consistent with astrong interest
inflexible assembly operations, 1711, seeks 1o
relicve operator fatigue through automation, yet
allow the operator to manually interact with
robotautomation with case if nceded. 1 ‘or exam-
ple, 1511 has demonstratedintelligent and coop-
erative control in robotic chemical assay by
flame test. "T'hic robot, under supervised auton-
omy, sets-ups, pulverizes, samples and flame-
tests chiciical substances, with the operator
intervening to graphically re-designate locations
Of des jred actions or teleoperate todealwith task
anomalics. 111, has (ICVC.10])C(1 the MEISTER
(Modecl Yinhanced Intelligentand Skillful Tele-
operational Robot) system architecture to ¢ nable
such supervisory cent rol [5]. A key design fea-
ture of this architecture is the embedding of
cnvironmental and control knowledge within a
collection of task-oriented object models,
whercinthe mode] representation itself js
“object-oriented.” 1 i.p., cach objectmodel con-

tains self-knowledge such as position and orien-
tation with respect to world coordinates (“object
localization™) and its affixment relationships to
other objects. The object models embed both
generie and specific handling knowledg ¢, gyl
that the commanding of & control operation, c.g.,
pick_and_place, invokes alinked hicrarchy of
processes, including the automatic sequencing, of
basic cauncraviewing primitives|0].

NEAR TERM PLANS AND PROG RESS

IPL and VT separately fund their U.S. -Japan
telerobotics R& 1) cooperationthrough projects
respectively entitled “Distributed Space 'Felero-
botics,” and “Interoper-ation ‘J'echnology for
1.ong Distance Robotics.” “1'hese efforts, which
independently develop their component technol -
ogics, converge in joinly implemented overscas
system demonstrations. The first planned cxperi-
ment ([LS1Y95)istruss-basedtelerobotic
deployment of a solar-povvered Orbital Replace-
able Unit (ORU) and electrical connectors. This
operation will be performed from J P1. by a joint
FTT-IPL tcam controlling an 1 71'1. robot. There
will be arcciprocal operations experitnent (US -

1Y96) from 1§11, to IPL. where a Joint J)°] -1 $11,

tcam will performtelerobotic servicing of alim-
ited-access OR Uinasimulated Space Station
environment. In general, these experimental
demonstrations and underlying technology
developments highlight robust telerobotic oper-
ationunderuncertainty. Major sources Of opera-
tionaluncertainty include cffccts of time. delay,
limited camera viewing, andlack of prior task
knowledge. We arc addressing, two correspond-
ing key technology needs [1]. The first technol -
ogy needisto develop an intelligent interface

Jor operatorvisualizationof complexwork-

spaces, as motivated by the requirements to
safely perforin robotic servicing tasks in physi -
cally obstructed, limited viewing access struc-
tures, and aso to maximize vicwing automation
under well-structured operating, conditions.
Desired capabilities include a computer planned-
and-task-synchronized presentation of the global




workspace that fuses remote multi-camera video
with 3-D graphics, and corrclates this display
with operator information requirements for spe-
cific task processes and interventions. Measur-
able outcomes will include: a) reduction of the
operations time used for manual camera control
during a task, which often outweighs manipula-
tion time, and usually requires an additional
operator, b) the capability, through a coherently
integrated presentation of real and synthesized
task views, 1o safely operate in scenarios where
camera viewing alone is inadequate. JP1. refers
to this work as Intelligent Viewing Control
(1VC), which is well-motivated by the limited
camcera resources and on-orbit time available for
their use in future Space Shuttle/Space Station
external robotic operations [1]. Other important
1VC applications are arcal surveillance, medical
viewing, and flexible automation workeells:
1711, and JP1. both conduct related R&D, with
1911, emphasizing object-based models for cam-
cra view planning. 1P1,, emphasizing the real-
time integration of 3-1> graphics and an Al-
based view controller, plans summer ‘93 proof-
of-concept robotics experiments with a first-cut
1VC subsystem implementation.

The second, complementary technology need is
to develop a ground control interface for dexter-
ous robotic tasking under extended (2-10 secs.)
and intermittent time delays, as motivated by the
requirement to safely telemanipulate in casually-
structured, and a priori less-well-modcled sce-
narios. The problems of telecoperation at time
delays exceeding one sccond are well known |2],
and the most recent predictive graphics-based
approaches [4], per above, have as yel advanced
reliable operations to one-to-four scconds delay
for a priori well-modeled tasks. The desired new
capabilitics are to elevate the predictive graph-
ics-and-compliance control paradigm [3] to a
more flexible “teleprogrammed” form of super-
visory control. In this new approach, the opera-
tor still manually inputs motions to a modeled
task environment. However, rather than these
continuous operator motions being sent directly

to the robot, they are first parsed by computer to
discrete low-level autonomous commands,
which are then communicated o the remote site
asynchronously. Once received, the commands
arc interpreted by the robot controller as simple
cuarded motion control primitives referenced to
real-time robot sensor data. This approach
cnables introduction of intelligent, corrective
robot behaviors to compensate for problems the
time-delayed operator cannot immediately
address -- we note some preliminary progress
below. Mcasurable outcomes of this work will
include: a) successful demonstrations of the tele-
programmed mode at time delays up to 10 sec-
onds for representative align, cut, grasp, insert
and detach operations, b) application to situa-
tions where prior object model knowledge is of
low quality (re: shape, position, oricntation),
requiring cither significant qualitative control
adaptation by the robot and/or on-line task
model refincment by operator-interactive 3-1)
graphics acquisition-and-calibration. JP1. refers
to this work as Infelligent Motion Control
(IMC), which is well-motivated by needs for
more flexibly structured ground control of
spacceraft 1E'VA/Robotic maintenance and tele-
science handling on the Space Station [1].

1911, and JPL. initiated experimental interactions
and reciprocal engincering visits between our
robotics laboratorics in fall 1993, T'o date, 111 -
IP1, have performed several simple experiments
to verify basic inter-lab operability. Also, JPL.
working with The University of Pennsylvania,
implemented and demonstrated important ele-
ments of an IMC subsystem.

ET1.->1PL Remote Operations: JPY and 1.
cngincers, working together at T1.”s Intelligent
Interface Systems Lab, remotely commanded
guarded motion trajectory of an 8-d.o.f. JPI, arm
about the perimeter of a satellite ORU access
panel door, simulating a proximity operations
inspection (eye-in-hand camera).

JPL->ETL Remote Operations: JPL. engineers
commanded a robot at 111 in simple pick-and-




place operations, viaahigh-levelcontrol illlel’ -
" face. IPL sent the 1 711, robot control commands
via a socket connection over Internet, from a
1 1SP controlprogramatJPL toanother 1 ISP
robot con trolp rogramat 11T, Workspace mod-
clsthat enabled successfulexecution were resi-

dent within the robotcontrol programat1717..

Intelligent Motion Control: J']., working with
University of Pennsylvania rescarchers [-/]
installed at 1 PL. a real-time robotcontroller and
command interfaces that comprise the robot site
of a“teleprogramming” facility, wherein the
operator will command a time-and- space distant
robot over communication links that may have
variable. delay. The fundamental UPenn contri-

bution in this work includes development atJPl.

of anovellayered behavioral control architec-
fure. When active, this behavioral control
replaces amore conventional hybrid position/
force control, as conventionally used to correct
quantitative variations in robot force and posi-
tion along various axcs of robottoolor g ripper
contactwithanobject of interest [3], and can
autonomously compensate and strateg ically cor-
rect for undesirable qualitative changes in the
task state, as determined by the ro1)o( Sensors.
Tor example, the controller can assist a time-
delayed operator indealing with sudden, unpre-
dictable disturbances and variations in contact
with a workpicee being serviced,orobject
encountered. JP1-UPenn successfully demon-
stratedin January 1994 use of the behavioral
controller to puncture and slice a Kapton tape
scam sccurihg satellite thermal blankets about a
replica ORUMI:B access pane] door. The con-
troller successfully managed multiple, unpre-
dictable metal-to-metal sidewall contacts as a
cutting tool traveled laterally ina 2 mm. wide
groove of acontinuous40cn. path sweep. Such
taskshavechallengedthe skills of even experi-
enced human operators intelcoperations (ests.
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