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Absiract

End of April 93 for the first time in the kistory of
space flight a small, mullfsensery robol has performed
a number of protolype lasks on board a spaceerafl (spa-
celal Df on shuitle COLUMBIA) tn the most different
operational medes that are feestble todey, namely pre-
programmed {and reprogrammed from grownd), remao-
tely controfied (Teleoperated} by the astronavis using a
goniral buff and & sieres-T'Vonanrler, buf alse rente-
tety controfled from ground vin the human operalor as
well as via machine inlelligence, Fn fhese perniional
modes the rokal successfully closed and apened connec-
tor plugs (bayone! elosure), nssembled sirvetures from
single parts and copiured o free-floating object.

Several key technelogies made this space vobof fech-
aslogy experiment ROTEX a Mg sdecess and a uni-
que event: mulliscnsory gripper technology, local (sha-
red avtopomy) sensory feedback control concepts, and
the powerful deley-compensaiing 3D-graphies simu-
lation [predictive simulation) in the telerebofic gro-
und stafion. This poper focusses on the Lele-sensore
programming aprotek and fthe prediclive simulnfion
wsed for remote ground conirol,

1 Intreduction

We have a strong belief that automation and ro-
boties {A&R) will become one of the most attrac-
tive areas in space technology, as it will allow for
experiment-handling, material processing, assembly
and servicing with a very limited amount of highly
expensive manned missions {especially reducing dan-
perous extravehicular activities). The expectation of
an extensive technology transfer from space to carth
seems bo be much more justified than in many oblier
areas of space technology.

Om khe other side Tor complex, partly antonomans
robots with extensive ground controf capabilities it
would be too tisky to leap from zero experience to
& fully operational system; therefore we have propo-
sed in 1886 the space rohot technology experiment
ROTEX, which has meanwhile successfully flown in
space {spacelab mission D2 on shutile fight STS 55
from April 26 to May 6, 83). ;

The experiment’s main features ware as follows:

« A small, siv-axis robot (working spaee ~ | m)
flew instde a space-lab rack {fig, 1), Its gripper
{fig. 2, for details see .. B/} was provided with
a number of sensors, especially two 6-axis force-
torque wrisk sensors, bactile arrays, grasping force
conbral, an array of § laser-ranpe finders znd a
tiny pait of stereo ¢pimeras to provide 3 stereo
imzge out of the gripper; in addition & fixed pair
of cameras provided a steteo imoge of the robot's
working area,

= In order to demonstrake servicing profotype capa-
bilities three basic basks were perfovmed {fig. 2}:

) pesembling & mechanical truss struclure
{from three ideniicat cube-link parts

b) connecting/disconnecting an electrical plug
{orbit-replaceable-nnit- QR -exchange using
a "bayonet elosure™)

¢ grasping o floating object

» A veriety of operatianal modes was  verifed
(fig. 3),

— teleoperation on board {astronaube using
steree-TV-monitor}
~ teleoperation from grownd {using predictive

compuber graphics} via human operator
ardd machine intelligence ns well



— sensor-based off-line programming
(teaching by showimg in a virtual graphics
envitonment on ground including sensory
perception, with sensorbased automalic exe-
cution bater on-hoard),

The operational modes were based on a unified
control approach for which we have coined the
term Lele-sensor-progremming.

+ Typical goals of the experumnent were:

— To verify Joint contrad (including frichion me-
dels) nnder zero gravily as well as gE-motien
plarning coneepls based on the requiternant
that the robot's accelerations while meving
must nob disturb any gE-experimenis ne-
arby.

— To demonstrate aad verify the use of DLE's
sensorbased § dafhandcontrellers {“control
balls“} under zere gravily.

- To Jemonstrate tho perfermance of a com-
plex, multisensory robot system with po-
werful man-machine-interfaces (a8 are 3D-
stereg-computergraphics, 6 dof conkeal ball,
sterec imaging), in a varieby of operational
medes that especially incude on-line teleo-
peration and off-line progrataming from gro-
utid.

ROTEX contained as much sensor-based on-bowrd
avtonomy as possible from the present state of tech-
nofegy, but on the otlier side assumed that for many
years cooperation between man snd machine via po-
werful telerobotic structures will form the basis for
high-perfotmrance space robol systems operable espe-
cially from a ground station, teo, Thas ROTEX tried
to prepare all operabional meodes which we can foresee
in the corning years {not including the perfectiy intel-
ligent robob that would not need any humat supes-
vigor), and it alse fried Lo prepare the most diflerent
spplications by nob restricting its prototype tasks (o
internal servicing operations, but also aiming al as-
sembly and external servieing (e graspmg a {loa-
ting sateliite). As the robet arm fhight model built
by space company DORNIER could not sastain ifsell
anter gravity, we developed a carbon fibre based ultra-
tight kinematic 1:1 replica for the astronaut training
which we feel was an important step towards 2 new
generation of lighi-weight robats 13/,

2 Telercbotic Control:  The Tele-
Sensor-Pregramming Approach

'The telerabotbic conbrol in ROTEX was in 3 unified
way based on our tele-sensorprogramming approach;
it comprises oo-tine ieleoperation on board and on
ground as well as sensorbased-off-line programming on
ground and subsequent on-board execution (foliowing
kind of a *learning by showing” philosophy}. Basically
this approach has two main features

+ a shared conirol concept (see e.g. f3/, /5/) based
on local sensory fesdback at the robot’s site (i
cn-board or in a predictive ground simulation},
by which gross corpmands were refined autono-
mousky providing the robot with a modest kind
of sensory intelligence (fig. 4a and 4b). Howe.
ver due bo processor limitations, on-board sen-
sory feedback in ROTEX was restricted to foree-
torgue and range fnder signals {see bedow). Ac-
tive compliance as well as hybrid (peeudo-)force
control using nominal sensory patterns in bhe
sensor-contrelled subspace, based on MASON's
C-lrame-cancept /2 was realized locally, Gross
commnaxds i this framework wmay originate from
a human operator handling the control or sen-
sor ball (2 § dof noo-foree-teflecting hand con-
troffer) or alternatively from an satematic path
planner. ‘The techniques wused for projecting gross
commands into the positior and sensor-controiled
subspaces have been discussed in a number of
previous papers (eg. J3/, J8/). Feedback to
the human opgrator - in rase of on-line tefec-
peration - was provided only via the visual sy-
stern, b.g. for the asfronaut via steree TV ima-
ges, for the ground operateur mainly via predic-
tive steres graphics (the stereo TV lmages being
mip addeon for verification). This allowed us lo
realize a unified control structure despite of the
faitly larpe round-Lrip signal delays of up to ¥ se-
conds; and for the future allows to shift more and
more autonomy towards the robot withaut chan-
ging the basic structures. Indesd predietive 3D-
sterecgraphic sirmulation was & key tssue for the
big swccess of this space robot experiment, and
in our opinion is the ouly efficient way to cope
with large signat delays, Of course for these kind
of ideas to work the same contrel strucbures and
path planners had Lo be realized on-board as wall
a3 in the predictive graphics ground station. And
this in tarn meant that not only the robot’s fee
motion bet also its sensory perception and feed-
back behaviour had to be realized in the " virtual
environment” on ground.



« an elemental move concept, i.e. any complex task
like the dismounting and remounting of the bayo-
net closure ks assumed to be composed of elemen-
tal moves, for which & certain coastraint-frame-
and sensor-type-configuration holda (o be selec-
ted by the operatar e.g. using & sel of predefived
alternatives), so that antomeatic sensorbased path
refinement is clearly defined during these motion
primitives.

Basically the elemenbal move concept as realived in
the ROTEX systern requests various definitions and
procedures, in particular

defining (or graphically demonstrating} the nomi-
pal initial and goal sitvations {pasitions or hand
frames augmented by nominal sensory patterns);
of eourse in case of on-Hne teleaperation the gross-
path in betwesn ig also given by the operator, else
it is gemerated later {i.e. on-board} by the path
plaaner.

providing the a-pricrl knowledge on the C-space
configuration and the type of shared control (ac-
tive compliance or using nominal sensory pat-
torns).

]

pracedures for mapping sensory errors inio posi-
tional frotational errors (e.g. using a neural net
training that allows to realise sensor fusion, too).

procadures for mapping positionalfrotational or-
rore inte motion comrmands.

- procedures for recognizing actual and goal states,
thus determining e.g. the end of an elemental
move, It seems werth mentioning that of course
the robot in its real world in geperal s not able
o reach bobh precisely, the nominal position as
well as the neminal sensory patiern; this conffict
was resolved easily by using prajections of these
nominal data into the position and sensorcontrolb
led subspaces. [ in the goal state all § degrees
of freedom are sensor-controlled, then in corre-
spondence with a "relative reference philosophy”
expleined below of course the sensar information
has ahsolute priority,

An impressive verification of these concepls was
given during the mission when the ground operator
in oo-line telenperation stepped through the ORI-
exchenge task without watting at the sad of the ele-
menta] moves until the rebot in space had confipmed
reaching the goal siluastion of the corresponding ele-
mental move., On the other side we were abie to on-
tine teleoperate in the viriual environment, bub send

up the gross carmmands at some arbitrary time later,
eg. after Mnding 2 satisfactory meotion.

To us it seems important Lo emphasize again that
the ROTEX tele-sensor-programming concept with ita
elemental move Featurss comprises sensorbased on-line
teleoperation e.g. via predictive graphics sirauiation
(imcluding e.g. rersote active compliance) as well as
2 corresponding off-lne-programming version, which
may he characterized as “sensorbased teacking by sho-
wing”. Heveby the robot is graphically gnided through
the task {off-line on ground}, storing the relevant no-
minal situstions (graphically simulated} for uter (2.5,
associative) recall and reference in the on-board exe
cutior phase, after these data packages have been
sent up bo the on-hoard path planner. Indeed thia
mode of tele-sensor-programming is & form of task-
oriented, imphic, off-line-programming which iries bo
overcome bhe well-known problems of conventionai ap-
proaches, especially the fact that simulated and resl
world are not identical. Buk instead of e.g, calibrating
the robot {which is enly kelf the story) tele-sensor-
programming provides the real robot with stenulated
sensory dnta that refer Lo relative positions between
gripper and enviremment, thus compensating for any
kind of inacenracics in Lhe absolute positions of robot
and resl world,

Realistic simalation of the robot’s environment and
especially the sensory information (fig. 5} presumahly
pereetved by the real robot was of crucial importance
for this approach.

A more detailed discussion of the graphical simula-
tion, especially sensory percepbion is given in f12/f or
in fH4f.

Nevertheless there ore errars bo be expected in any
graphics simulation campared with the real world and
therefore not only e, the gross commands of the TM
camunand device (control ball) were fed into the si-
mulation system, but also the real sensor data coming
hack from space {including the real robot position}
were displayed, recorded and compared with the pre-
simalated ones {Ag. 4a). In a fubure stage not yet
realized in the D2-flight these comparisens might lead
to an automatic update of e.g. world model, sensor
modeis ete.. Al sensory systems of ROTEX worked
perfectly and the deviations between presimulated and
real sensory data wers mintmal (fig. 6} This was one
of the many posibive surprises of ROTEX,

In the telerobotic ground sialion a nimber of corn-
puters were connected via a VME-bus shared memory
concept, especizily powerful SGI (Sifcon Graphics)
*power vision” systems that ailowed lo display (in ste-
reographie technology) the different artifical workeell
views In parallel, simulating the workeell cameras, the



hand cameras and an optionnd observer view which
was varicd by a control ball. Baring the ROTEX mis-
sion we did nod overlay resl wul simalated inages, e
stead the real endeffector’s position was indicated by
Hir fsaed fenene pead Lo pead prippes’s position by bva
patehes iu the praphics scene. In addition the graphies
systam permancitly displayed real and sinutaled sen-
sory data in form of overlayed bars {fig. 5) or dots
(in case of the tactile arrays, see lower left part of fig.
53, while an additional SGT systen displayed the time
hislory of simulated and real sensory signafs shilled
Ly dhe actual delays, thus correlaled n ime (g 6]

3 Catching the floating object

Thers was only one excepiian from the focal sen-
sory feedback concept in ROTEX. It refers to (steres-}
image processing. In the definilion phase of ROTEX
farcund I9AG) no space qualifiable tmage processing
hardware was availalble; neverthcobess we took {his as
& reat challengo for the expertment "calehing » froe-
Aoating ohject from ground™ (fig. 4L} In contrast to
contact operations ag necessary i cose of assembly we
may deal here with o nearly perfect worbf model, as
the dynamies of ar object floating io sero g are well
known. Hand-camera information on the free-flyer’s
pose {relative o the gripper] was provided on gro-
und using albernabive schermes; the one applied during
the successful grasp was based on the *dynamic vision
approach” as given in f10/, vsing onty one of the two
tiny hand-cameras, the other one was o full stereo ap-
proach realized in a muliitransputer system, n both
enses the thus "measared” object noses were compa-
red with estimaies as issued by an extended Kalman
liver that stenslates Lhe ap- and dowe-link delays as
well as robot and fres-fiyer models; this Kalman filter
/57, /11 predicts {and graphically displays) the situa-
tion that will occur in the spacecraft after bhe up-link
delay has elapsed and thus allows to close the "grasp
loon” either purely operséor controlled, or prrely au-
tonomously {Le. solving an automatic rendesvous and
docking preblem}. Thes the shared contref concept in
case of the remote capture was reduced io switching
between the two extrerisl situations. Fig. 7 shows
photos of the TV-scene out of ane of the hand came-
ras immedistely before successful, fully avtomalic gra-
sping {ram grownd despite of 6,5 see round-trip delay,
following lhe image processing approach in J1H, This
actomatic, ground-controlled capture of ike free-ffyer
was one of the many spectacular actions of ROTEX.
In a similar way spectacular was the on-board teleope-
ration by the Germen astronaut Hans Sclilegel, espe-

ciably in case of catehing the free-fyer. The astronaui
had no problem in controlling simultancously § de-
prees of {reedom using bhe conbrof ball, he even was
so highly motivaled to brein with the robot, thal be
spent nesrky oue hoor of his sleepiog dime and during
tlis period caught the frec-floating object flive times;
after cach release the object Nonted Lhrough the work-
cell heing reflected ab side walls and Lask-board parls
fte a bilkard Trall.

4 Conelusion

For Lse fret tinee s Lhe history of space [Hght o
small, muitisensory robot [l.e. provided with modest
local inteltigence] has performed a number ol proto-
type tasks an board a spreecrafll in Lhe most different
operational modes Lhat are [easibic loday.

Wey techuologies Tor the snceess of ROTEX have
been

« ihe mnltiseusory gripper technology; with 1 sen-
sors and mare than [000 clectronic components
the ROTEX gripper prossmably s tie most core-
plicaked robol gripper built so far; nevertheloss 0t
worked perfectly during the mission, The stereo
fmaages aut of e hand canwera as well as thoss
froaws the workesll camors were Improssive.

» focal {shared arionomy) sensary feedback conbrod
concepls, refining gross conumands antorcmonsly
by intelligent sensory processing

powerful delay-compensating 3T-sterco-graphic
sitnulation {predickive simulation), which inclu.
ded the robol’s sensory Liehsviour,

Tn addition Lo the overall perforrmance ohservati-
ons the initialization piase showed interesting effects
when different adaplive joint control parameters in-
cluding felction ohacrvers were uploaded. Due Lo mis-
sing gravity the joinks had ne preloading and thus the
catibrallers bad to get zlong with backlash effects et
Evaluation of chserved friction models is underway,
performed by our colleagues from the vnlversity of Pa-
derhorn.

In-flight-calibration of the rebob using the fnger-
tip Inser range finders buproved its positioning perfor-
MAnCe.

The experitnent also clearty showed thal the infer-
mation and cantrol stroctures in mission controf cen-
bres for future space robot applications should be im-
preved, allowipg the robot operater s ground direct



access to the different types of uplinks and providing
him with a continucus TV.-transmission Hnk-

Close cooperation betweett man {astronand or gro-
und operator) and machine comprising different levels
of rohot autonomy was the basis for the suceess of
ROTEX. It was clearly proven that a robob system
configured in this flexible way of arbitrary and fast
switching between the most different operational rac-
des will be a powerful tool in assisting man in future
space fhight projects and ik was Imprassively shown
that even farge delays can be compensated by appro-
prizie estimation and pre-simufation concepls.
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Fig. 1 ROTEX integration in spacelab
(courtesy of DORNIER)
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Fig. 3 The ROTEX contra! structures
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ROTEX robot and experiment set-up
in DLH. laboratory, where the multisen-
sory gripper is in fust front of the bayo-
net closure {the "ORU™}). The three-
park truss structure Is in the upper left
corner, The lower lefl ‘vorner the {ree-
flyer’s fixture is visible. Witk more
than 1000 eleclronic and several hun-
dred mechanical elements the gripper is
presumably the most complex one butlt
so far.
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Presimulation of sensory perception and path refinement in case of leleoperation from ground
a) local on-board sensory feedback b} sensory feedback via groundstation
{e.z. tactlle contact) {zrasping a {rec-flyer)

g, 5
Sensorsimulation:
Range finder simula-
tion in the "virtual”
workeell environment.
In addition to the 35
simulaled rays oul of
the gripper the bars in
the right fower cormer
indicate the same st
mulated (bright} and
the corresponding real
[dark) range values as
registered by the real
robot.
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Correlation between presimulated (for

comparison delayed) and real sensory

data (in closed loop each) was neatly

perfect in ROTEX. These recordings
. of the four finger-range-finders pointing
"downwards” were made duting sensor-

— based teleoperalion when remeving the
ORU bayonet closure {fig. &).
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Fig. T
Two subsequent TV-images out of one of the hand camceras shortly before grasping the free

flyer automalically from ground despite of 6 scc, round-trip-delay. The dark arcas at the left
wpper and lower part are the gripper jaws,



