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The Automation Technology Branch o f  NASA Langley 
Research Center has been researching automation 
and robot ic  techniques f o r  space operations 
since 1979. 
cu r ren t l y  maintains the I n t e l l i g e n t  Systems 
Research Lab. The lab  houses a co l l ec t i on  o f  
computers and robot ic  perf pherals t h a t  have been 
organized i n t o  a s imulat ion testbed f o r  t e le -  
robo t i c  research. This testbed i s  being used t o  
i n v e s t i  gate and develop techni ques f o r  t e le -  
robot ic  on-orbi t  operations, such as assembly o f  
la rge  space structures and serv ic ing  and repa i r  
o f  spacecraft. 

The branch has on-going work i n  many areas. 
Mani pul a to r  research includes dual -am coordi - 
nat ion  studies, space manipulator clynamics, 
end-effector c o n t r o l l e r  development, automatic 
space s t ruc tu re  assembly, and the development o f  
a dual -arm master-slave te le robo t i  c manf pu la to r  
system. Sensor research includes grav i ty -  
compensated force control ,  real-t ime monovision 
techniques, and laser  ranging. A r t i f i c i a l  
i n te l l i gence  techniques are being explored f o r  
supervisory task control ,  c o l l i s i o n  avoidance, 
and connect ionist  system architectures. A 
h i g h - f i d e l i t y  dynamic Simulation o f  robot ic  
systems, ROBSIM, i s  being supported and 
extended. Cooperative e f f o r t s  w i th  Oak Ridge 
National Laboratory have v e r i f i e d  the a b i l i t y  o f  
teleoperators t o  perform complex s t ruc tu ra l  
assembly tasks, and have resu l ted  i n  the 
d e f i n i t i o n  o f  .a new dual-arm master-slave 
te le robot ic  manipulator. 

This paper presents an overview o f  the f a c i l f -  
t i e s  and research th rus ts  o f  the Automation 
Technology Branch, and includes a bib1 iography 
o f  research resu l t s  and technical  contacts f o r  
each research area. A l l  technical contacts 
named are in-house personnel o f  the Automation 
Technology Branch. 

This branch has developed and 

INTRODUCTION 

The Automation Technology Branch o f  NASA Langley 
Research Center has been researching automation 
and robot ic  techniques f o r  space operations 

since 1979 (ref.. 1) .  
establ ished both the r o l e  o f  the branch i n  
emphasizing the system in teg ra t i on  aspects o f  
te le robot ics  (ref.  21, and the need t o  provide 
an evo lu t i  onal development o f  te leoperators 
toward increasing leve l9  o f  i n t e l l i g e n t  auto- 
mation. I n  examining NASA mission requirements 
f o r  space automation, the tasks o f  s t ruc tu ra l  
assembly and s a t e l l i t e  serv ic ing  were chosen as 
research f o c i  ( re f .  3 ) .  

TELEOPERATOR AND ROBOTIC TESTBED 

The Automation Technology Branch maintains the 
I n t e l  1 igent  Systems Research Lab I ISRL 1, whf ch 
houses a co l l ec t i on  o f  t e le robo t i c  subsystems 
organized i n t o  a modular v i  r t u a l  a rch i tec tu re  
(ref. 4) .  This archl tecture,  designated the 
Teleoperator And Robotic Testbed (TART), 
provides an environment where teleoperator and 
robot ic  technologies mqy be studied a t  the leve 
o f  abstract ion t h a t  best meets the researchers' 
needs. TART hides maw o f  the low-level imple- 
mentation de ta i l s  from the user and I 8  defined 
by we1 1-documented and t i gh t l y -con t ro l  l e d  data 
structures havi ng spec i f i c  access mechanisms. 

TART i s  a layered product i n  which each IUC- 
cessi ve 1 ayer provides addi t i onal capabi 1 i ty t o  
the system. Currently, f i v e  layers  are lmple- 
Rented: (1) user, ( 2 )  system, ( 3 )  scheduling, 
( 4 )  comunications, and ( 5 )  servo/sensor. The 
lowest four layers o f  TART accomplish most o f  
the detai l e d  programni ng and e r ro r  checkf ng 
required by user appl Icat ions.  The technical  
contacts f o r  ISRL and TART are F. Wallace 
Harrison and C. Henry Lenox. 

Ear ly inves t iga t ion  

TELEROBOTIC SYSTEM SIMULATION 

The TART arch i tec tu re  has been used t o  develop 
the TeleRobotic System Simulation (TRSS), a 
rea l  -time, man-i n-the-loop simulat ion o f  t e le -  
robot ic  operations. Ear ly TRSS studies used 
computer-generated graphi cs t o  inves t iga te  the  
e f f e c t s  o f  t i m e  delays and teleoperator cont ro l  
modes on a precise alignment task ( re f .  5) .  
Later studies developed e f f i c i e n t  algori thms t o  
handle s ingu la r i t i es  i n  se r ia l  l i n k  manipulators 
( re f .  6) .  These techniques were demonstrated 
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on the ISRL manipulators (ref .  71. Most 
recently, TRSS has been used t o  fnvestfgate 
te le robo t i c  s t ruc tu ra l  assembly tasks f o r  
appl f ca t f  on t o  Space Sta t f  on cont ruc t f  on. 

Current TRSS control  strategfes are based on 
resolved motfon ra te  cont ro l  operating a t  25 
Hertz. Indiv idual  j o i n t  rates are fntegrated t o  
provfde j o i n t  posftfons, which are t ransmit ted 
to servo-level pocesses resfdent i n  the 
mani pul a to r  con t ro l le r .  Operator control  f nputs 
can be referenced t o  a rb f t ra ry  reference frames 
and combf ned w i  t h  sensor-derf ved cont ro l  
signals. The technical contacts f o r  TRSS are 
Donald Soloway and Bobby Glover. 

Manipulator Control 

A standardf zed se t  o f  homogeneous transform 
structures has been devised and implemented i n  
TRSS to provide a generic cont ro l  reference 
s t ruc tu re  ( re f .  8). By thus provfdfng f o r  the 
se lec t ion  o f  arbf t r a r y  control  reference frames, 
mu1 ti p le  manf pul ators can be s i  mu1 taneously 
con t ro l l ed  fndivf  dual ly o r  orchestrated t o  
coordinate on a s ing le  task. TRSS cu r ren t l y  
incorporates two manipulators, which can 
cooperate i n  performing tasks such as 
pos i t i on ing  a long s t r u t  f o r  connection t o  a 
node for structural assembly. The contacts for  
t h i s  work are Donald Soloway and L. Keith 
Barker. 

Research continues w i t h  the Massachusetts 
I n s t f t u t e  o f  Technology i n  dynamic control  o f  
mani pulators i n  space. A v i r t u a l  mani pul a to r  
concept has been developed which f a c i l i t a t e s  the 
planning and cont ro l  o f  the motion o f  manfpu- 
1 a to rs  mounted on spacecraft, thus mf nfmf z i  ng 
the degradf ng consequences o f  manf pu la to rheh f  - 
c l e  dynamfc in te rac t ions  I r e f .  9 ) .  Addit ion- 
a l l y ,  the branch i s  support ing research i n  the 
cont ro l  o f  f l e x i b l e  manipulators a t  the Georgia 
I n s t f t u t e  o f  Technology. 
e f f o r t s  are Jack Pennfngton and Donald Soloway. 

An in-house e f f o r t  i s  cu r ren t l y  providing 
separate programable con t ro l l e rs  f o r  each j o f  n t  
o f  the PUMA manipulators. Thfs w i l l  a l low 
research f n to  a1 te rna t f  ve servocontrol 
s t r a t e g i  es, i n c l  udf ng model -referenced adaptf ve 
cont ro l  I r e f .  10). The contact f o r  t h f s  work i s  
Donald Soloway. 

I n t e r e s t  i s  growing i n  the possible use o f  
t ra ined  neural networks to replace the need f o r  
kinematic manipulator control .  Investf  gatfon f s 
i n  progress o f  neural net  capab i l i t f es  and 
archi tectures.  The contacts for  these e f f o r t s  
are Donald Soloway and Nancy Slfwa. 

Operator In te r face  

I n  add i t ion  t o  manual control ,  an i n te rac t i ve  
menu-drfven in te r face  f s  used I n  TRSS t o  provide 
a higher l eve l  o f  con t ro l  abstract ion t o  the 
operator, I n  e f f e c t  automatf ng some low-level 
task operations ( re f .  111. Thfs in te r face  i s  
organf zed such t h a t  more complex task operatf ons 

The contacts f o r  these 

can be described as a s c r i p t  o f  elementary 
operations and invoked as a s ing le  comand 
primf t f  ve. 

As t h f s  menu in te r face  has evolved, i t  has 
become i ncreasi ngly complex. Accordingly, an 
e f f o r t  i s  now underway usfng expert system 
technology t o  automatf cal  l y  generate menu 
sc r ip t s  based on hf gh-level task requf rements. 
Thf s prov i  des the operator wf th f ncreased super- 
vf sory control .  The contacts f o r  t h f  s work are 
Nancy Slfwa and Er ic  Cooper. 

Sensors 

Sensor-derf ved control  sf gnals are essentf a1 t o  
the automation o f  tasks I n  an uncertain te le -  
robot ic  envf ronment. TRSS uses both 
force/torque sensfng and machine v i s ion  
processf ng t o  assf s t  i n  cont ro l  1 f ng the 
manipulators. A wrfst-mounted, s i x  degree-of- 
freedom force/torque sensor provf des force and 
torque data tha t  are processed f n t o  rates. 
These rates are then sumned f n t o  the manipulator 
con t ro l  rates t o  provfde Compliance, obstacle 
avof dance, and grav i ty  compensati on f o r  1 oads 
ca r r i ed  by the mani pulators. 
force/torque sensors I n  the end-effector have 
also been used f o r  f i n e  motfon compliance i n  
dexterous tasks. The technical contacts f o r  
t h i s  work are Donald Soloway and Marion Wise. 

Addi t f  onal 

Vision processing i n  TRSS cu r ren t l y  emphasizes 
the determi n a t i  on o f  posi ti on and o r ien ta t f  on o f  
a marked p a r t  for acqufsf t fon by the manfpula- 
t o rs  ( re f .  12, 13). This i s  done w i th  
quadrangle p ro jec t ion  techniques, usfng a 
mfnfmum o f  four fden t f f f ab le  ta rge t  points and 
the p r f n c i p l e  o f  perspective transformation. 
This al lows fast ,  robust automatic ob jec t  
acquf sf ti on by the telerobot. 

E l  as t f  c matchf ng technf ques are a1 so bef ng 
researched i n  ISRL f o r  automatic object  recog- 
n i t i on .  
programing has been adapted t o  the e l a s t f c  
template matchfng approach to pat te rn  recog- 
n f t i o n  ( re f .  14). Thfs approach has been 
successful ly appl ied t o  3-space loca t fon  o f  an 
fsolated object, shape determination o f  i so la ted  
planar f fgures, image compressfon/restoratfon, 
and shape decomposf t i on. 

A l i n e a r  programing method ca l l ed  Goal 

ISRL sensfng capab i l i t f es  are cur ren t ly  befng 
expanded t o  include laser  ranging. With support 
from the National Bureau o f  Standards and the 
U.S. Army, the branch has worked w i th  D i g i t a l  
Sf gnal Corporatf on t o  produce a hf gh-speed, 
extremely precfse range fmager f o r  the ISRL. The 
concept f o r  t h i s  fmager i s  based on the FM radar 
p r f n c i p l e  which makes use o f  the coherence and 
t u n a b i l i t y  o f  fn jec t fon  laser  diodes (ref .  15). 
Work f s  cur ren t ly  i n  progress f o r  applying t h i s  
technology t o  produce an end-effector-mounted 
point-ranging sensor. Contacts f o r  v i s ion  and 
laser  research are Plesent Goode and Kar in 
Cornf 1 s. 
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End-Effectors and Tools 

TRSS has been using an end-effector fabricated 
a t  Langley from designs by the University of 
Rhode Island (ref. 16). T h i s  end-effector, a 
parallel jaw gripper, has proximity and cross- 
f i r e  sensors for the detection of workpieces, 
limit and overload sensors, and manually- 
exchangeable fingers (ref.  17). The Automation 
Technology Branch has researched several 
variations of this end-effector, including 
f i nger-mounted force/torque sensors, auto- 
matically exchangeable ratcheting tools, and 
several task-specific gripper styles. 

A microprocessor controller has been developed 
for this  end-effector, w i t h  a sophisticated 
monitor t o  examine and change gains, speeds, and 
sensor values, and to move the grippers. This 
controller has been interfaced i n t o  the TART 
architecture t o  provide automated g r i p p i n g  and 
gripper-based sensing i n  TRSS (ref. 18). The 
technical contact f o r  this  work i s  Marion Wise. 

Collision Avoidance 

The branch has supported several efforts i n  
collision avoidance and trajectory planning, 
including hextree environment modelling (ref.  
191, freeway trajectories (ref. 201, gaussian 
configuration spaces (ref. 21 1, and dual -arm 
coll ision avoidance using velocity constraints 
( ref .  22). Research is currently in progress 
in-house establishing coll i s ion  avoidance 
cr i ter ia  for telerobotic environments, and 
developing a real-time collision avoidance 
monitor using abstract geometry and lazy evalu- 
ation techniques to avoid unnecessary calcu- 
lations. The technical contact for this  work i s  
Nancy Sliwa. 

System Architecture 

In addition t o  the continuing enhancement of the 
TART virtual architecture, in-house research i s  
continuing i n  the use o f  behavioral networks as 
a control architecture for telerobotic systems. 
Behavioral nets, a variant of connectionism, 
could provide a unified approach to combining 
high-level intell igent task control with low- 
level sensor and actuator control (ref. 23). 
This structure i s  also being investigated for 
use in interactive dynamic planning and schedul- 
ing systems. The contact for this work i s  Nancy 
Sliwa. 

ROBOT SIMULATION 

The Automation Techno1 ogy Branch supported the 
development of ROBSIM (ROBot SIMulation), a 
high-fidelity, dynamic, off-line design and 
analysis tool for robotic systems and environ- 
ments (ref. 24). This product, originally 
developed by Martin-Marietta, i s  being extended 
and enhanced by both in-house personnel and 
Grumman contractors. A real-time 3-D graphics 
display, improved user i n p u t  Interface, and 
interfaces to collision detection algorithms are 
upgrades which are currently i n  progress. T h i s  

product has been dlrtributed to more than 20 
universities and research groups. The contacts 
for this work a r e  F. Wallace Harrison and 
William Doggett. 

TELEOPERATOR PERFORMANCE VERIFICATION 

Teleoperated systems have so far  seen only 
limited comnitment for use i n  space due to the 
uncertainty of such systems' capabilities t o  
perform complex real is t ic  space tasks and of the 
time required to  accomplish such tasks. The 
Automation Technology Branch, i n  cooperation 
w i t h  Oak Ridge National Laboratory (ORNL) ,  has 
attempted to demonstrate the feasibil i ty of 
teleoperated space operations and has 
established a database of task completion times 
(ref.  25). 

Assembly Concept for Construction of Erectable 
Space Structures (ACCESS I )  was a structural 
assembly f l ight  experiment intended t o  study and 
verify the abil i ty of astronauts to assemble i n  
space a repetitive truss structure typical of 
that proposed for Space S t a t i o n .  Using the 
master-slave dual-arm manipulator (M-2) and  
highly skilled operators a t  ORNL,  the ACCESS I 
experiment was duplicated in a controlled 
environment. This experiment proved t h a t  tele- 
operators have sufficient dexterity and control 
to perform such tasks in a timely manner without 
damage to the task components or to the manipu- 
lator system. Potential hardware modifications 
have been identified, and a da ta  base of per- 
formance metrics has been established. The 
contacts for this work are Walter Hankins and 
Randolph M i  xon. 

SPACE STRUCTURE ASSEMBLY SIMULATION AND LAB 

In cooperation w i t h  the Langley Structures 
Directorate, the Automation Technolagy Branch 
investigating the automated assembly o f  large 
tetrahedral truss structures, such as would be 
used for large space antennae. 
researchers have developed a real-time, 3-D 
perspective graphics simulation t o  be used i n  
configuration analysis and development of 
assembly techniques. Since this  analysis 

Branch 

S 

requires manual i n p u t ,  necessary components of 
the simulation include a command interpreter, a 
truss naming convention, a robotic system 
knowledge base, and an automated assembly 
sequence based on simple comnon substructures. 
Simple rules have been developed t o  allow an 
untrained operator to understand the assembly 
sequence and to successfully intervene i n  the 
event of system problems. An expert system 
approach i s  being investigated to minimize truss 
structure moves, potential interference, and 
robot arm base moves. The contacts for this  
work are Ralph Will and Sixto Vasquez. 

The Automation Technology Branch and the Langley 
Structures Directorate have init iated the 
development of a laboratory faci l i ty  to verify 
and demonstrate this approach to telerobotic 
construction of large space structures. The 
objective of this research is to design and t e s t  
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s t ruc tura l  elements, fasteners,  end e f fec tors ,  
and tooling for  telerobotic assembly of space 
structures, and t o  develop design c r i t e r i a  for  
manipulators, sensors, computers, and 
humanhachine interface fo r  systems f o r  large 
space assembly. Future research w i t h  this 
f a c i l i t y  will include enhanced sensing capabili-  
ty,  curved structure assembly, repair  of damaged 
structure components, and the automation of 
additional contructfon tasks, such as cab1 ing 
and panel ins ta l la t ion .  Contacts fo r  this work 
are Marion Wise and Jack Pennington. 

SPACE MANIPULATOR DEVELOPMENT 

The Automation Technology Branch is  working w i t h  
Oak Ridge National Laboratory (ORNL)  i n  develop- 
ing a new concept i n  telerobotic manipulators 
( re f .  26). The Laboratory Telerobotic Manipu- 
l a t o r  (LTM) design combines the best capabili-  
t ies of teleoperated manipulators and robotic 
manipulators. 
are: 

The objectives of the LTM program 

1. Provide prototypical laboratory 
hardware fo r  NASA ground-based research 
i n  shared teleoperator/autonomous 
control,  teleoperator control methods, 
and space task demonstrations. 

2. Provide a high quali ty,  dexterous, 
dual -arm, force-reflecting teleoperator 
t o  maximize the commonality t o  
astronaut EVA task performance. 

Provide robotic features fo r  laboratory 
research and an evolutionary path 
toward system autonomy. 

4. Provide configuration and performance 
consistent w i t h  a space f l i g h t  system. 

3. 

Unique features of the LTM include (1) 
replicated j o i n t  concept fo r  reduced design and 
fabrication cost ,  (2 )  dual-arm system fo r  two- 
handed tasks and tooling, ( 3 )  di f fe ren t ia l  
t rac t ion  drive mechanism for  low backlash and 
high efficiency, (4 )redundant kinematics fo r  
s ingular i ty  and obstacle avoidance, ( 5 )  an 
in te r face  t o  the GSFC/JPL Smart End-Effector, 
and (6)  a hierarchical,  distributed d ig i ta l  
control system, w i t h  graphics-oriented operator 
interface.  

LTM is configured as a dual-ann master-slave 
system. Each seven-degree-of -freedom arm has 
pitch and yaw motions i n  the shoulder, elbow, 
and wrist, p lus  ro l l  motion a t  the wrist. Two 
basic two-axis modules provide speed and torque 
options, and are used i n  both the master and 
slave arms. 

The LTM control architecture supports both 
robotic and teleoperated operations w i t h  real-  
time human control. The system will be en t i r e ly  
d i g i t a l ,  using 32-bi t microprocessors, standard- 
ized bus s t ruc tures ,  and software implemented i n  

h igh - l eve l  languages such as C,  Pascal, Forth, 
and Fortran. 

Detail design and fabrication of the f i r s t  
prototype of this space telerobotic system has 
begun, w i t h  i n t i a l  operational planned f o r  
mid-1988. The Langley contacts for  this work 
are  Alfred Meintel and Jack Pennington. 

INTERCENTER COOPERATIVE EFFORTS 

Members o f  the Automation Technology Branch 
serve as consultants fo r  and participants i n  
several NASA automation and robotic e f fo r t s .  
These e f f o r t s  include the Mars Rover project,  
the Flight Telerobotic Servicer project,  the 
Telerobotic Demonstration Program, and the 
Systems Autonow Technology Program. All branch 
publications are available upon request. 

CONCLUSION 

The Automation Technology Branch has developed 
an excellent telerobotic system research 
f a c i l i t y  and maintains a group of in-house 
researchers who ape competent not only i n  tele- 
robot component technology, b u t  a l so  i n  the 
integration of such technology in to  spec i f ic  
application systems. While p u r s u i n g  independent 
research t o  extend the s t a t e  of the a r t  i n  
t e le robot ics  fo r  space applications,  the branch 
is  a l so  cooperating w i t h  other research groups 
t o  solve spec i f ic  application problems, 
advancing the use of telerobotics t o  f u l f i l l  
NASA mission objectives. 
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