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Introduction

The Information Sciences and Human Factors (IS&HF') Division is one of five
divisions that comprise NASA's Office of Aeronautics and Exploration
Technology (OAET). This division sponsors research in both aeronautical and
space technology, and Annual Report documents the most significant
accomplishments during the past year. Each year, the Annual Report is
prepared to serve as the primary mechanism for coordinating NASA activities
with industry and industrial IR&D managers. This document also is intended
to communicate significant technical accomplishments to NASA
technologists, project engineers, other government agencies, and academia.

The IS&HF Program consists of seven major elements: Automation and
Robotics, Computer Sciences, Communications, Controls and Guidance, Data
Systems, Human Factors, and Sensor Technology. Accomplishments are
presented in all seven categories with Controls and Guidance and Human
Factors research represented in two sections, Space and Aeronautics.

The NASA Pathfinder Program was initiated in FY 1988 with the goal of
providing a strong technology foundation for the nation's future space
missions. The IS&HF Division has focused Pathfinder technology activities
in Planetary Rover Technology, Human Factors/EVA suit, Automated
Rendezvous and Docking, and Adaptive Hazard Avoidance Landing. In FY
1991, it is anticipated that more focused activities in Space Exploration
technologies will be initiated.

Within the Base Aeronautics Human Factors Program, focused efforts in
Aviation Safety/Automation were initiated in fiscal year 1989. The objectives of
this program include the development of human-centered automation
concepts for use in future transport aircraft and air traffic control (ATC)
stations. The integration of highly automated aircraft into the future ATC
system also will be addressed in this program augmentation. Beginning in
FY 1990, the Airborne Wind Shear Detection and Avoidance research efforts
were augmented to allow flight evaluation of Doppler radar, lidar, and
infrared sensors.

To aid in communicating program efforts, the names and phone numbers of
Headquarters program managers are included in this report along with the
names and phone numbers of the key center technologists who conducted or
managed the significant activities.

Division Director: Lee Holcomb
(202) 453-2747

Deputry Director: Ray Hood
(202) 453-2745
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Automation and Robotics

OAST created the Civil Space Technology Initiative (CSTI) to improve NASA space
technology. Of particular concern has been the cost of NASA ground and flight
operations, such that the CSTI program has focused significant resources on
development and demonstration of automation and robotics technologies for space
applications. Artificial intelligence and telerobotics, when applied to the space
environment, have the capability to improve productivity and enhance safety
significantly, as well as reduce the cost of NASA operations.

The Automation and Robotics Program is divided into two areas, with the Telerobotics
Program focusing on automation for in-space servicing, assembly, and repair.
Applications demonstrations are planned at NASA mission centers for the transfer of
the technology into the operations environment. Underlying the demonstrations are
five research areas that will develop expertise in robotics, supervisory control,
advanced teleoperation, and launch processing systems. Coordination with DARPA's
Automation and Robotics Program is achieved since NASA acts as a DARPA agent.

The Telerobotics Program has achieved major technology demonstrations through
three significant activities: the automated assembly of a planar truss space structure,
human/telerobot cooperative operations during repair of the Hubble Space Telescope
in a neutral-bouyancy simulation, and completion of components of the Solar Max
Repair mission using advanced teleoperations instead of astronaut EVA activities.
The Artificial Intelligence Program has developed an operational readiness prototype
expert system for monitoring the Shuttle communications systems and initial
integration of the EXODUS system for diagnostics and control of the Shuttle
Environmental Control System. Also, we developed an expert system for aiding in the
evaluation of the communications systems for unmanned planetary spacecraft,
which was first operationally used during the Voyager encounter with Neptune.

Major research goals were accomplished in the areas of telerobotics operator
interface and data analysis techniques. In the operator interface element, higher-
performance force reflecting hand controllers and triggers were tested for
teleoperation. In the AI data analysis techniques element, a collaborative effort with
DARPA began on research of intelligent communicating agents, while the Autoclass
probabilistic reasoning system produced striking new classes of spectral objects when
applied to Infrared Astronomical Satellite data.

In addition to the CSTI technologies, OAET has been reviewing the technology
requirements for future planetary and lunar missions and has packaged these into
the initiative called the Exploration Technology Program. In the area of exploration, a
significant amount of automation and robotics research will be focused on the
development of a planetary rover that would act in the place of humans in the
scientific discovery efforts of the Moon and Mars, semi-autonomously, with only
occasional communication and direction from Earth. This is a challenging problem
in that the rover will effectively be a mobile laboratory with its own instrumentation,
tools, and intelligence for self-navigation and rock sample acquisition and analysis.
This development effort is a requirement unique to NASA and builds on the in-house
expertise in automation and robotics that has resulted from the CSTI program.

Program Manager: Melvin Montemerlo
: NASA/OAET/RC
Washington, DC 20546
(202) 2532744 1



AutoClass lil: An Automatic Classification System

AutoClass is an automatic classification program that will
accept adatabase of cases and find classes (ifany) that best
describe the cases. The approach used in AutoClass is
based on Bayesian statistics and it determines how many
classes and the class descriptions automatically. Previous
methods, such as clustering, require the user to provide a
“similarity measure” between cases and an indication of
how many classes are present. AutoClass can handle a
mixture of real and discrete value attributes and also
missing data. It has already demonstrated its utility in
analyzing many data bases, large and small.

NASA has many large data bases that are largely
unanalyzed. AutoClass is a tool for preliminary data
analysis that can give the user a different view of the data
by showing the classes of objects in the data base. The
insight generated by such classifications can be the basis
for further investigation.

AutoClass was recently released for public use through
Research Institute for Advanced Computer Science. This
isarewritten version of the original experimental software;
it is much easier to use, relatively bug free, runs on many
different systems, and has extensive documentation. We
estimate that 30sites have currently received the software.
It has been used in house to analyze many data bases,
includingthe recent new IRAS spectraclassification (NASA
ref. publ. #1217), and has discovered new classes of clouds
(joint research with CalSpace). The current version of
AutoClass is being extended to include hierarchical clas-
sification and to allow correlations between variables
within a class.

Technical Contact
Peter Cheeseman, ARC, (415) 604-4946
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Constraint-Based Scheduling

Constraint-based scheduling entails the application of
heuristic search techniques to solve complex, real-world,
scheduling problems. This project involves fundamental
research in the development of heuristics and search
algorithms to address such problems, tool development for
encoding these heuristics and algorithms, and the pro-
duction of an end application to Space Shuttle Orbiter
Processing at the Kennedy Space Center (KSC).

Most off-the-shelf scheduling tools, such as those used at
KSC, are deficient in that they have limited constraint
languages, they sometimes fail to find an acceptable
schedule even though one exists, they have non-interactive
interfaces, they ignore optimization issues, and finally,
they donothavetheability toreactively reschedule without
performing a complete re-analysis.

In 1990, our efforts concentrated on four major foci: (1) the
development of a generic scheduling and rescheduling
tool, (2) the study of repair-based search algorithms for
scheduling, (3) the application of machine learning to
scheduling, and 4) the application and deployment of the
scheduling tool at KSC for Space Shuttle processing. This
application is a team effort supported by NASA Ames,
Lockheed Artificial Intelligence Center, and the Lockheed
Space Operations Corporation. In FY 1991, we plan to
deliver an interactive scheduling tool that is effectively
integrated into the KSC Shuttle Processing Data Man-
agement System (SPDMS-II).

The goal of our efforts in both repair-based search algo-
rithms and machine learning is the quick production of
better quality schedules. A repair-based scheduling al-
gorithm is given a rough schedule and then uses heuristics
to iteratively improve the weakest portions of the sched-

ule. We have demonstrated that these techniques offer
significant improvements over traditional search methods
in twoNASA domains: KSC Space Shuttle scheduling and
Hubble Space Telescope science scheduling. In ourmachine
learning experiments, we have also demonstrated that it
is indeed possible for a scheduling system to learn to
predict scheduling bottlenecks and thus improve its own
performance.

Technical Contact
Monte Zweben, ARC, (415) 604-4940
Steve Minton, ARC, (415) 604-6522



Constraint-Based Scheduling

« Expected to reduce ground operations time and cost
per launch by streamlining and optimizing operations.

R

—

» Supports dynamic rescheduling in response to
resource conflicts, operational problems, and other
unexpected conditions.

- Provides operations personnel with an on-line
“window” to schedules that are in-process, projected
or completed. : ‘




Pl-in-a-Box, An Expert System for On-Board Experiméntation

Experimental science as conducted in existing spaceborne
laboratories, such as Spacelab or future ones such as

Space Station Freedom, is severely constrained in several

respects: the PI is normally not on the spacecraft, and
communication with the ground is limited in bandwidth
and availability. Because the air-to-ground voice links are
open, free discussion of experimental alternatives is in-
hibited. Furthermore, the experiment-specific decision-
making ability of the crew is limited by the training they
have received before the flight and by the time they have
available in flight. The longer missions on board the Space
Station make it more likely that contingencies will arise
for which the crew will have had no adequate preparation.
Crew members have voiced a strong desire to have avail-
able on board enough information about complex experi-
ments to enable them to be productive, reactive scientists.

The purpose of the PIl-in-a-Box project is to develop an
intelligent assistant for the astronaut experimenter that
contains much of the knowledge domain of the PI. The
primary user of the system will be the astronaut performing
an experiment, but use of the system by the PI and possibly
by the Mission Manager is also envisioned. The initial
emphasis is on real-time consultation between the astro-
naut and the program, and between the Pl and the program,
during all three phases of experimentation: before, during,
and immediately after the flight. The program serves the
following functions: signal quality monitoring, malfunc-
tion diagnosis, experiment protocol management, quick-
look data analysis, determination of possible events of
unusual significance, suggested protocol changes, and
anticipation of needs for additional resources.

This system will increase the productivity of astronauts
performing scientific experiments by enabling them to

have immediate access to the kind of information that
normally can be obtained only by communication with the
PI on the ground. The architecture of the system incor-
porates Al technology for diagnosis and troubleshooting,
scheduling, protocol management, and for alerting the
crew to unusual and potentially important phenomena.
These functions are of general importance to space op-
erations, and this system will provide a testbed for new
ideas and for facilitating technology transfer.

The initial development of PI-in-a-Box is being carried out
in the context of an experiment in vestibular physiology
that was devised by Professor Laurence Young of MIT. We
have built prototypes for a Protocol Manager, an Interesting
Data Filter, a Diagnosis and Troubleshooting Module, a
Data Acquisition and Data Quality Monitor, and a user
interface. All the modules areintegrated on twoMacintosh
computers for a series of tests to be run in the Baseline
Data Collection Facility at JSC in preparation for ground
support of a mission (SLS-1) scheduled for later this year.
The first test (150 days before launch) was performed in
March 1990 and demonstrated the ability of the system to
work as a unit and to keep up with real-time data from the
ground version of Young’s experiment.

Technical Contact
Silvano Colombano, ARC, (415) 604-4380
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Telerobotics - Control and Execution

Through the development and use of intelligent robots, an
astronaut or crew member will be able to concentrate effort
oncomplex tasks ratherthanon the execution of repetitive,
labor-intensive tasks. This research effort focuses on the
real-time control and task planning for mobile, cooperat-
ing two-arm robots and on the development and imple-
mentation of object-level control and execution including
-operatorinterface. Systems architecture challengesinclude
autonomous navigation and task level control of cooperating
robots, real-time control of cooperating arms involving
multiple robots, and object manipulation and task planning
strategies.

Separate research elements in artificial intelligence and
robotics are being pursued in other research programs.
However, they are not focused on the development and
system integration of technologies required for the real-
time control and execution of intelligent robotic systems.
As aresult, the evolution and integration of these separate
technologies may be too costly to implement in an opera-
tional environment.

In 1989, object-based control using dual cooperating ma-
nipulators was developed,implemented, and demonstrated
on amobile robot with two cooperating arms. Object-based
manipulation capabilities restricted to a planar motion
was demonstrated for operations tasks involving object
retrieval, manipulation, and assembly. This capability
served as the basicinfrastructure for the development and
control of two or more two-cooperating arm robots per-
forming interactive construction, assembly, and servicing
tasks.

The design of a complete three-dimensional cooperating
arms mobile robot has been completed, and construction of

the mobile robot (an air cushion vehicle) is in progress.
Object-based control using cooperating manipulators lo-
cated on a flexible mounting base has been demonstrated.
This capability allows the investigation and simulation of
many of the dynamic effects that will be encountered using
the force torque system (FTS) manipulator system in
conjunction with the Attachment, Stabilization, and Posi-
tioning System (ASPS) or when attached to the end of a
larger manipulator such as the Shuttle RMS.

The real-time control algorithms have been demonstrated
to the Space Station Freedom FTS contractor, and the
software code has been provided to them. The advances
made in dynamics, control, system integration, high-level
operator interfaces, and overall system architecture have
also been briefed to the FTS design team.

Technical Contact
Henry Lum, ARC, (415) 604-6544



Real-Time Control of Intelligent Robotic Systems
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NASA Ames Research Center
Intotmation Sciences Division
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Large Knowledge-Based Systems Technology

The increasing complexity of spacecraft platforms such as
those for EOS will require advanced control center systems
architectures to assist spacecraft operationsin monitoring
and analyzing hundreds of engineering parameters and in
resolving anomalous situations. Expert or knowledge-
based systems are now seeing limited use as spacecraft
operators, however, these are still at the level of individual
spacecraft functions. This task will develop the technologies
needed for automated control center operations realized
through the use of distributed cooperating knowledge-
based systems, including expert systems. A major goal of
this work will be to develop a methodology and framework
tosupport theinterconnection of discrete knowledge-based
systems (e.g., expert systems monitoring individual
spacecraft functions) to perform cooperative problem
solving at the higher level of overall spacecraft operations.
A prime operational goal of this task will be to devise a
distributed knowledge-base testbed to be used to perform
operational experiments involving distributed knowledge-
based systems.

Current ground/space systems for spacecraft control depend
on a highly synergistic mix of complex hardware/software
systems and dedicated, highly trained operators functioning
in a cooperative and collaborative manner to maintain
effective and efficient operations. Asthese human/machine
systems become more automated, in response and reaction
to increasing operational complexity, more use will be
made of knowledge-based system components. These will
be configured and executed in a framework specifically
designed to facilitate both coordination and cooperation in
supporting operations, and high-level interfaces/interac-

tions with the system’s human operators. This task helps
provide the core technology development in knowledge-
base management required to achieve this degree of au-
tomation. '

A distributed testbed involving five machines on anetwork
currently exists and has been demonstrated to the NASA
Al Intercenter Working Group (AIIWG) and to various
projectsincluding EOS. Upgrades of the satellite simulator
are currently under way and will include the use of a small
robot. Upgrades to the user interface are also in progress
and will concentrate on techniques for providing error and
status messages. A concept paper on an Intelligent Con-
trol Center (ICC) is currently being developed. In a joint
effort with Ames Research Center, we are also beginning
to plan the application of these technologies to EOS.

Technical Contact
Robert Dominy, GSFC, (301) 286-4196
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Ground Data System Automation

The objectives of this task are to develop and demonstrate
applications of artificial intelligence to mission operations
for unmanned planetary spacecraft and ground data sys-
tems, and to transfer the technology products to imple-
menting organizations for use in developing operational
systems, '

The (Spacecraft Health Automated Reasoning Prototype)
SHARP, a software system for monitoring the condition of
interplanetary spacecraft and ground systems, was com-
pleted and evaluated in support of the Voyager II
spacecraft’s encounter with the planet Neptune. The
system was used to monitor and analyze the health and
status of the telecommunications link with the spacecraft
during the encounter over a period of approximately 480
hours of operational testing. SHARP helped detect, find
the cause of, and solve, a science data anomaly that

appeared as a discrepancy in the relationship between

Symbol Signal-to-Noise-Ratio and Bit Error Rate in the
telemetry. The successful development of SHARP has
shown the viability of artificial intelligence technology in
a real-time operations application, and demonstrated
specific performance parameters and design consider-
ations for use in the development of operational systems.
SHARP has shown that a knowledge system can detect
and analyze important problems, which now take human
operators minutes or hours, in a matter of seconds. The
systemwide status monitoring afforded by SHARP helps
operators assure correct system configuration and reduces
commanding or configuration errors. The level of auto-
mation delivered by SHARP promises to reduce the real-
time link analysis operations staff by a factor of five, with

similar savings possible in other subsystem areas.

SHARP’s embedded diagnostic module was used to auto-
matically detect anomalies and to make recommenda-
tions for corrective action. Other functions included
analysis of predict residuals, antenna pointing perfor-
mance, link status, and sequence of events execution.
Dynamic graphical displays provided overviews of
spacecraft and ground system status.

SHARP is currently being extended and ported to the

'SUN/4 Sparcstation for use and extended evaluation in

Magellan telecommunications operations. The technol-
ogyisbeingappliedin the development of the Multimission
Spacecraft Analysis System (MSAS) to automate routine
monitoring and diagnosis functions for all JPL spacecraft,
and is also being applied in the Deep Space Network
(DSN) Network Operations Control Center (NOCC) up-
grade where it will assist NOCC operators in monitoring
the performance of the entire DSN telecommunications
system. In FY 1991, a second prototype will be developed
to assist DSN station Link Monitor and Control operators
in controlling the station’s systems during prepass cali-
bration activities by automatically generating commands
for operator enactment. The process of prepass calibration
is currently labor intensive and subject to human error.
An artificial intelligence approach could fully automate
the process for big improvements in station performance.

Technical Contact:
David J. Atkinson, JPL, (818__) 354-2555
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High-Fidelity Computer Graphics Phantom Robot

This task is focused at the use of the computer to create
high-fidelity graphicimages of telerobots (called “phantom
robots”) to help visualization of robot motion planning
(called preview displays). The value of acomputer graphics
generated phantom robot depends on three factors: (1)
high-fidelity graphics representation of the real robot and,
if needed, high fidelity in the graphics representation of
the work environment; (2) high-fidelity calibration of ro-
bot/environment graphic images to the TV images of the
robot environment; and (3) high- fidelity interaction of the
real robot controller with the phantom robot. This devel-
opment work included all three factors.

The success of a telerobotic space operation relies partly on
high-fidelity action planning and partly on control action
verification capability before the action takes place. This
capability requirement becomes even more significant
when dual and/or redundant arm systems are operated in
aconstrained, realisticenvironment. High-fidelity preview
displays will provide visually perceivable and realistic
action planning/verification capability, thus reducing op-
eration uncertainties and increasing operation safety.

The solid-shaded and wire-frame high-fidelity graphics
representation has been extended to support a dual-arm
system performing work on a multiwindow task board.
This display has been augmented with real-time status
display of robot arm joint variables. The motion of the
robot system’s graphics image is controlled from one or two
6-DOF force reflecting hand controllers in real time. Sev-
eral tasks have been tested on this preview display (see

illustration) to outline the geometric conditions under
which the dual-arm tasks become doable or undoable. This
preview display also serves as an introductory training
tool for operators. These displays also permit arbitrary
perspective viewing of robot arms/work space relations
unattainable from TV camera view. Calibration techniques
have been developed to achieve a high-fidelity geometric
overlay of robot arm graphic images over TV images (see
illustration) for control experiments using predictive dis-
play.

Technical Contact

A K. Bejczy, JPL, (818) 354-4568
W.S. Kim, JPL, (818) 354-5047
S. Venema, JPL, (818) 354-1741
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Planetary Rover

The Planetary Rover (PR) program will develop, integrate,
and validate the required technology to enable surface
operations of the Space Exploration Initiative (SEI).
Technology development efforts include sensing, percep-
tion, and control execution to enable autonomous navigation
through rough natural terrain.

The PR program will provide technology for NASA SEI
missions with planetaryroverelements suchasunmanned
exploration and science, unmanned construction and
mining, and piloted surface operations at a planetary
outpost. The initial focus of the program has been the
development of autonomous navigation technology for
unmanned rovers. For unmanned missions, autonomous
navigation significantly increases the traverse rate and,
thus, the mission return under conditions of long commu-
nication delays. For manned missions, it offers the potential
of freeing the astronauts for more creative tasks.

The construction of the rover navigation testbed, named
“Robby,” was completed in December 1989. Robby is a six-
wheeled, three-body articulated vehicle. Compared to
conventional four-wheel, single-body vehicles; it offers
superior mobility. A commercial robot arm, to be used for
future sample acquisition experiments, is mounted on the
front body. The middie body contains an electronics rack
to house the on-board processors and other electronics. It
also serves as a mounting pedestal for the stereo camera
navigation sensors. The rear body contains a commercial
generator. Over 25,000 lines of new application software
were developed and integrated on Robby to provide SAN

functionality. On May 7, 1990, the first continuous SAN
traverse was achieved in the rough, natural terrain test
course adjacent to the JPL facility. Continuous cycling,
over the full test day, was accomplished and produced two
complete SAN cycles and transition to a third cycle
covering a range of 12 meters. Other accomplishments

"include:

o development of mobility analysis tools which enhance
the ability to design wheeled vehicles and enhance
safety during path execution,

o development of a novel fabrication technique for
producing improved thermoelectric conversion mate-
rials and production of samples that showed a fourfold
reduction in measured thermal conductivity, and

o developmentofan unmanned science/exploration rover
simulation tool that is being used to develop advanced
mission operations technology.

Technical Contact
R. Bedard, JPL, (818) 354-4238
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Remote Manipulator System — Force Torque Sensor (RMS-FTS)

The force torque sensor (FTS) flight instrument serves as
- anenhancement to the Remote Manipulator System (RMS)

by providing the detection of forces and torques acting
upon the arm when in contact with other objects. Two
major elements comprise the RMS-FTS system. A sensor

element containing strain gauges and data acquisition.

electronics is attached to the RMS near the wrist joint.
Information transmitted from the sensor element is received
by an on-board computer element that translates the data
into graphics and numerical video displays. These displays
give the astronauts a highly accurate tool for observing
imposed forces and torques acting on the arm in each of the
six translational and rotational axes. The FTS system is
currently targeted to be integrated into the Dexterous End
Effector system at JSC for flight experiments in late 1992.
With both sensitivity and resolution at a fraction of a
pound, the RMS force torque sensor promises to be an
essential tool for orbital servicing and assembly tasks.

The shuttle RMS has already proven itself to be critical to
the success of several space missions, most notably the
Solar Max satellite repair. Until now, the detection of
forces acting upon the arm when in contact with other
objects has not been available to the astronaut crew.
Incorporation of the flight FTS onto the RMS, directly or as
partof an end effector assembly, provides an operator with
visual force feedback during manipulator operations in-
volving constrained motion. This makes feasible opera-
tions requiring very small amounts of force (5 - 50 1bs). At
times when comprehensive views of the worksite are not
available, force torque sensing provides a sensor of “touch”
to augment existing visual data in such operations as
mating and demating connectors. Balancing end effector

forces and torques can aid in positioning and alignment of

the RMS arm in preparation for insertion and detachment

tasks. The magnitude and direction of excessive forces
imposed by or on the RMS arm can be detected in real-time
enabling immediate corrective action. Extensive range
(configurable between 10 lbs. and 10,000 lbs. full scale)
and high sensitivity (0.05% of full scale) give the RMS-FTS

-awide applicability to both shuttle and space station based

operations.

Deliverables to JSC include primary and backup flight
units and a nonflight training unit for integration into the
Manipulator Development Facility (MDF). Flight hardware
and data interfaces to the Dexterous End Effector and
shuttle systems have been established. The primary flight
unit has been completed and is undergoing acceptance and
environmental testing with expected shipment to JSC
early in the fourth quarter of 1990. The training unit is
destined for the last 2 years; the flight computer element
for the backup unit has been successfully serving as the
training unit in the MDF. With the delivery of the new
training unit, the flight computer will be returned for
recertification and integration with its accompanying flight
sensor element. The backup unit will be tested and
delivered to JSC by the end of the fourth quarter of 1990.

Technical Contact
J. Hanson, JPL, (818) 354-8148
A. Sirota, JPL, (818) 354-5696
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Traded and Shared Control

The traded and shared control system at the telerobot
testbed consists of the following: (1) 6-DOF PUMA 560
manipulators, two for manipulation and one as a camera
platform; (2) two 6-DOF Force-Reflecting Hand Control-
lers, kinematically distinct from the manipulators; (3) an
operator interface for autonomous task description and
the setting of shared control and teleoperation parameters;
(4) task execution sequence control; (5) autonomous task

" execution primitives including Generalized-Compliant-

Motion, Move-To-Touch and Guarded-Motion; (6) dual-
arm force reflecting teleoperation; and (7) real-time mix-
ing of autonomous and teleoperation inputs. The system
implements a local-remote architecture. The operator
specifies tasks and inputs teleoperation commands at the
local side, while the remote side executes autonomous
tasks and merges the teleoperation inputs with autono-
mous control. Multiple, programmable modes of both
teleoperation and autonomous telerobot control can be
established. For example, a camera frame referenced
mode is available for teleoperation, which synchronizes
the hand controller coordinate reference with that of the
manipulator as viewed in the camera image by the opera-
tor.

NASA requires traded and shared control as modes of
control for the Flight Telerobot Servicer (FTS), NASA's
first space telerobot. The laboratory breadboard system at
the telerobot testbed provides a means for evaluating the
utility of these control modes in performing tasks under
space-like constraints, such as occluded views, recovery
from task execution errors, and under conditions of time
delay. For example, shared control provides the capability

for limiting contact forces and implementing real-time
monitoring during teleoperation, features that ensure
safety in space telerobotic operations.

Workis under way toinclude variable, programmable time
delay for experimental validation. In the next year, force
reflection and dual-arm cooperative control capability will
be added to the present shared control capability, and a
graphics-based operator interface will be implemented.

Technical Contact
Paul G. Backes, JPL, (818) 354-3850
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Remote Umbilical Development Program

The objective of the Remote Umbilical Development Pro-
gram is to develop an automated umbilical that will track
and mate with alaunch vehiclein 15 minutes (currently 17
hours manually) and, after all services are performed,
disconnect and retract to a safe area; with the capability of
remating and stabilizing the vehicle after an on-pad abort.
This program is being conducted by the KSC Engineering
Development Directorate and their Boeing support con-
tractor.

For normal launches this umbilical system would permit
unhurried disconnect and stowage minutes before lift-off.
In the event of an aborted launch, it would reconnect
quickly and automatically to allow vehicle drain and safe
procedures to occur. Currently, the system is able totrack,
dock, and mate at speeds up to 2 1/2 inches per second,
which satisfies current launch vehicle dynamicexcursions.
The process control loop controls the tracking, mating,
connecting, and fluid flow sequences of operation. The
mechanical subsystem consists of five major components:
ASEA IRB-90 robot, the vehicle flight plate with a 5-dot
target, the ground plate, the counterbalance system, and
the fluid and electrical lines. The electrical subsystem
interfaces all the sensors and hardware to provide status
and to transmit commands between the operator or control
software and the hardware. The software subsystem
consists of two main programs: the Remote Umbilical
Tracking and the Remote Umbilical Mechanism. The
control system consists of two basic loops: vision tracking
and process control. The vision trackingloop has acharged
coupled camera connected to a DATAcubet™ vision sub-
system. Target coordinate data are transferred from the

vision subsystem to a supervisory computer where they
are translated into the robot frame and a move command
is generated in 33 ms.

A demonstration of the system was conducted in May
1990, and it successfully performed tracking, docking,
mating, electrical continuity, and water-flow operations.
The technology developed under this project will be used to
design ground umbilicals for future launch vehicles.

Technical Contact
Eric Rhodes, KSC PT-AST, (407) 867-2780
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Automated Assembly of Large Space Structures

The objective of this project is to investigate problems
associated with assembling large space structures with
automated telerobotic systems and to develop systems and
techniques for such assembly tasks. A testbed facility will
be designed and built to test hardware, software, and
assembly techniques for in-space construction.

The Automated Structures Assembly Laboratory (ASAL)
has been developed by LaRC. It consists of a standard

industrial robot mounted on a two-axis carriage system to -

assemble 2-M-long struts into a tetrahedral truss structure
mounted on aturntable. Specialized end effector hardware
and the software necessary to automate the assembly task
are being developed.

The ASAL facility became operational in December 1988,
the end effector hardware and software bench testing was
completed in January 1989, and actual robotic assembly
testing began in February 1989. A force torque zeroing
algorithm was developed to enable the end effector and
joining mechanisms to work reliably, and by mid-May the
first ring of the truss structure was successfully assembled.
Development of assembly sequences and paths for the
second ring is complete and assembly tests are imminent.

.Preliminary studies of sensor hardware and algorithms
are also under way.

The experience of actually assembling a space truss
structure with an automated system will identify practical
problems and constraints associated with planned in-
space construction. The assembly techniques and method-
ology as well as the software tools and techniques will be

directly applicable to an in-space construction facility.

During assembly testing for the second truss ring, gener-
alized assembly sequences and paths for all subsequent
rings will be developed. Sensor systems will be developed
to minimize the need for a priori information. More
generalized and flexible end effectors will be developed to
perform more varied tasks such as installation of panels
and modules on the structure. Knowledge-based sequence
and path planning tools will be evaluated for the ASAL
assembly tasks.

Technical Contact
Ralph W. Will, LaRC, (804) 864-6672
Marvin D. Rhodes, LaRC, (804) 864-3121







LTM — A Dual-Arm Redundant Telerobotic System

The objective of this program is to develop, integrate, and
demonstrate technology for space telerobots. A dual-arm
telerobot incorporating multiple advanced technologies,
will be developed and tested in representative tasks.

Early this year, the Laboratory Telerobotic Manipulator
(LTM) became operational. Developed by Oak Ridge
 National Laboratory, based on LaRC requirements, LTM
is a dual-arm manipulator that can function as a
teleoperator and as a robot. LTM incorporates several
unique technologies: (1) 7 DOF providing redundant
kinematics, (2) traction (friction) drive for minimum back-
lash, (3) all wiring and motors internal, (4) fiber optic data
lines, (5) modular construction, and (6) high-speed net-
work of distributed computers.

Several of the LTM technologies have been incorporated
into the Flight Telerobotic Servicer (FTS) being developed
by GSFC: redundant kinematics, internal cabling, modu-

lar construction, and high-speed data. However, FTS will
use conventional spur gear drives instead of traction
drives. LTM provides the capability to simulate and
evaluate software, hardware, and task elements of FTS.

A 6-DOF miniature controller is being interfaced to the 7-
DOF LTM using control methods developed at LaRC.
LTM will be used to evaluate a number of control input
devices. The results of studies will be used to develop
metrics for analyzing and predicting performance as a
function of task and control.

Technical Contact
Randolph W. Mixon, LaRC, (804) 864-6695
Walter W, Hanks, LaRC, (804) 864-6696




LT




Telerobotic Task Performance Evaluation

This effort is focused on developing a methodology for the
testing and evaluation of telerobotic systems as they per-
form realistic tasks in real-time. Quantitative measure-
ments are taken of performance relative to the task using
repeatable test tasks that can be correlated to standard
task analysis tools. These measurements are taken by a
sensored task holder (taskboard), which can handle any of
several different simulated tasks (either generic or project
specific) while measuring positions, forces, and moments
across the task interface, and key parameter signals (joint
feedback or operator commands) within the telerobot un-
der evaluation. These data can then be either correlated
tooptimal task performance or used for data base input for
task analysis.

Traditional evaluation of telerobotic systems have previ-

ously relied on subjective operator evaluations and some
piecewise event timings on test tasks devised by the
individual tester from available elements. To provide the
data needed for spacecraft designers and operations
planners, more quantitative data are needed as well as a
more systematic method of test evaluation and analysis.

The sensored taskboard and associated data system are
under evaluation in the MSFC Flight Robotics Laboratory
with some simple task simulators inaNASREM-controlled
ProtoFlight Manipulator Arm testbed. Test data collected
will be correlated with optimal trajectory data generated
from analytical simulators. Enhancements are under way
to replace the original spherical bearings and stand of the
original taskboard. The planned configuration of a set of
generic test tasks is under consideration for review by

OAET and other NASA groups. Tasks are designed to.
correlate with task analysis “primitives” used in the Flight
Telerobotic Servicer Task Analysis Methodology and JPL
Telerobotics EVA Joint Analysis System (TEJAS). Project-
specific task simulators have been built or are being built
for Space Station and Satellite Servicing. Future activities
may include a low-cost version of taskboard and generic
tasks for distribution to other agency telerobotics labora-
tories. ‘

Technical Contact
Thomas C. Bryan, MSFC/EB24, (205) 544-3550
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Communications

The objective of the Communications Technology Program is to enable data
transmission to and from low-Earth orbit, geostationary orbit, and solar and deep
space missions. This can be achieved by maintaining an effective, balanced effort in
basic, applied, and demonstration prototype communications technology through
work in theory, experimentation, and components.

The program consists of three major research and development discipline areas: (1)
microwave and millimeter wave tube component research and development; (2) solid-
state monolithic integrated circuit research and development; and (3) free space laser
communications component and device research and development. The research
ranges from basic research in surface physics (to study the mechanisms of surface
degradation under high temperature and voltage operating conditions, which
impacts cathode tube reliability and lifetime) to generic research on the dynamics of
electron beams and circuits (for exploitation in various micrometer and millimeter
wave tube devices). Work is also performed on advanced III-V semiconductor
materials and devices for use in monolithic integrated analog circuits (used in
adaptive, programmable phased arrays for microwave antenna feeds and receivers),
on the use of electromagnetic theory in antennas, and on developing technology
necessary for eventual employment of lasers for free space communications for future
low-Earth, geostationary, and deep space missions requiring high data rates with
corresponding directivity and reliability.

Program Manager: Ramon P. De Paula
NASA/OAET/RC
Washington, DC 20546
(202) 453-2748
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Optoelectronics Technology for Space Communications

The objective of this program is to develop and demon-
strate the advanced transmitter and receiver optoelec-
tronics technology required for direct detection high-per-
formance spaceborne laser communications systems. The
key programs and missions that experience technology
from this effort are the Space Station Freedom Laser
Communications Transceiver, the Advanced Trackingand
Data Relay Satellite Optical Multiple Access communica-
tions program, the Flight Systems Demonstration and
Development program, communications links to the pro-
posed lunar base, and technology for commercial tele-
communications.

The communications system requirements from these
missions include high data rate digital transmission (> 1
Gbit/s) for two-way voice, video, and data over a 40,000 km
distance. The approach to meet these requirements is
research and development of high power (> 1 W average),
high electrical tooptical efficiency (> 10%)laser transmitters
including semiconductor laser diodes and diode-pumped
Nd:YAG lasers, high bandwidth (> 1 GHz), high current (>
300 mA) semiconductor laser drivers, high bandwidth (> 1
GHz), high optical throughput (> 90%) Nd:YAG laser
modulators, super low ionization coefficient, k (SLIK), low
noise, high-gain bandwidth avalanche photodiode receiver
detectors, advanced high data rate optimum filter receiver
design and development, life testing of semiconductor
lasers to ensure space flight applicability, and semicon-
ductor laser beam/power combining techniques for
achieving a modulated 1-W, 1-Gbit/s light source.

During fiscal year 1990, GSFC made significant progress

in both transmitter and receiver optoelectronics technol-
ogy. External cavity semiconductor lasers permit easy
access to both longitudinal and transverse laser modes,
while achieving high output powers. GSFC developed a
250-mW external cavity semiconductorlaser, that produced
adiffractionlimited output beam, and continued collecting
and analyzing laser life test data on the domestic Spectra
Diode Laboratory 100-mW semiconductor lasers and sev-
eral lower power Japanese products. A 380-ps, 300-mA
laser current driver was demonstrated that produced 100-
mW laser pulses.

Development continued on the Grating Laser Beam
Combiner, and aperture and wavelength combining tech-
niques were furtherexplored. Inthe receiver optoelectronics
area, GSFC developed a 220-Mbit/s optical receiver and
continued performance and analysis of the 50-Mbit/s world
record sensitivity (47 photons/bit) receiver. This included
measurements of performance degradation as a function
of laser extinction ratio and avalanche photodiode gain.
Development continued on improving the performance of
1.06 pm wavelength detectors for high power Nd:YAG
lasers. For this purpose, GSFC continued working in
conjunction with AT&T Bell to develop a low-noise stair-
case gallium arsenide avalanche photodiode.

Technical Contact
Michael A. Krainak, GSFC, (301) 286-2646
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Optoelectronics for Laser Communications at GSFC
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SCOPE (Small Communications Optical Package Experiment) Breadboard

The objective of this work unit is to design, assemble, and
evaluate a small lightweight (<5 kg) optical breadboard
assembly. To keep the mass of SCOPE as low as practi-
cable, the design is made very simple. When the optical
package is pointed towards the laser beacon, a detector
will locate the 532-nm light from the beacon and will
command a two-axis steering mirror to align the incoming
beacon light with the optical axis of the device. The
intensity-modulated output of a diode-laser is then guar-
anteed to point back at the direction of the beacon. The
transmit/receive aperture of the transceiver is only 1 cm,
thus producing a relatively broad beam at the far-field,
which reduces the complexity of the beam pointing. The
entire SCOPE instrument will have a mass of less than 5
kg.

This breadboard will be the first generation of optical
transceivers to be built at JPL. Future generations will
include a diode-pumped solid-state laser as the laser
transmitter and will be intended for evaluation aboard

aircraft and/or spacecraft.

The optical portion of the breadboard has been designed,
fabricated, and assembled. The quadrant-detector read-
out and steering mirror electronics have alsobeen designed
and tested, and computer analysis and simulation programs
have been developed that analyze tracking loop, sensor
(quad-cell) noise, and basic servo controller. In progress is
the design and hardware implementation of the rest of the
transceiver electronics and the alignment of the breadboard
optics to demonstrate and evaluate an optical link.

A schematic of the SCOPE is shown along with the optical
portion of the transceiver package with the optical compo-
nents prior to and after assembly into the package.

Technical Contact :
James R. Lesh, JPL, (818) 354-2766
Hamid Hemmati, JPL, (818) 354-4960
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SCOPE (Smali Communications Optical Package Experiment)
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Space Laser Communication Technology

The focus of this project is on laser transmitters, such as
diode-laser-array pumped solid-state lasers, which yield
high overall power efficiency, high peak and average
power levels, and versatile modulation control. For each
space mission a particular output power and pulsed rep-
etition frequency are required. The power requirements
vary in the range of 0.2 to 2 W of 532-nm laser radiation.
In FY 1990 we have designed a laser to obtain 0.25 W of
532-nm photons at 25 kHz repetition frequency. Demon-
stration of the 0.25-W laser will allow us to scale-up the
output power and overall efficiency without major changes
tothe cavity structure. Forexample, higher output powers
will become possible by using more powerful input diode
pump lasers.

Computer programs were developed to predict the con-
tinuous-wave and pulsed output characteristics of the
Nd:YAGlaserat 1.064 pm and 0.532 um as a function of the
cavity and pump laser parameters, and a laser cavity was
designed that minimizes laser threshold and the require-
ments for beam-shaping optics inside the cavity. It was
determined that intercavity losses (due to reflection, bulk
scattering, and absorption) are the major contributors to
optical-to-optical conversion efficiency. The laser was
assembled and characterized for continuous-wave opera-
tion. Evaluation of the laser under pulsed-mode of operation
and frequency-doubling is in progress.

Schematic of a laser design capable of 0.25 W average
output power at 25 kHz repetition-rate is shown. The
output of two 1-W diode laser arrays are summed and

focused into a Nd:YAG crystal placed inside a concave-
planar laser cavity. An acousto-optic Q-switcher and a
KTP frequency-doubler are placed within the cavity to
generate pulsed output at 532 nm. The expected continuous-
wave power compared with the experimental data and the
expected average pulsed output as a function of pulsed
repetition-rate are also shown.

Technical Contact
James R. Lesh, JPL, (818) 354-2766
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Space Laser Communication Technology
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Configuration Definition Study of Large Deployable Geostationary Antenna Concepts

This study was initiated to evaluate the structural feasi-
bility of placing a large-scale, deployable radiometer an-
tenna system in geosynchronous orbit. The basis for this
study is to demonstrate technology development for global
change, in particular, for radiometer instruments on the 5-
50 GHz range.

The study considered several conceptual radiometer con-
figurations before setting on a folded optics concept proposed
by Dr. Peter Foldes. This concept uses a large offset
reflector, a subreflector, and a feed system supported by a
connecting truss. Design goals of the study are given in
Figure 1. ‘

This concept was used on a conceptual definition study
conducted for NASA Langley by the Virginia Polytechnic

Institute and State University and subcontractor ASTRO, .

Composite Optics, and ANT, Inc. The study considered

'several structural and reflector surface concepts, finally

selecting the pactruss structure and rectangular surface
facets as the preliminary design elements (Figure 2). The
results of the preliminary analysis showed that the
maximum antenna diameter achievable with existing
launch capabilities is from 25-28 m. A further conclusion
from this study is that the large number of piece-parts for
a deployable system is a concern to system reliability.

The conceptual design phase has resulted in the initiation
of several activities. First, a science benefit study is being
conducted by a panel of remote sensing experts to define
the uses for a 25-28 m geostationary radiometer (5-50
GHz). Second, a study has been initiated with Research

Triangle Institute to help Langley define and formulate
development strategies for state-of-the-art radiometers
and feed systems for this reflector system. The radiometer
study includes beam efficiency requirements, scanning
strategies (mechanical and phased array), and low-noise
component requirements necessary for implementation.
After completion of the science benefit and radiometer
studies, a follow-on design phase is planned to develop a
Large Deployable Antenna design, complete with drawings
and specifications for a test article suitable for use in
NASAandU.S. contractorfacilities. Acomparableerectable
system design is being initiated by NASA Langley Struc-
tures Directorate, which is based on the same configura-
tion geometry.

A test article will be constructed based on one of these

- designs to evaluate readiness for the global monitoring

mission.

Technical Contact
Lyle C. Schroeder, LaRC, (804) 864-1832
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Large-Scale Antenna Surface Optimization Tests

Langley Research Center has been a leader in technology
development for large-scale microwave millimeter wave

antennas. In 1985, a 15-m hoop/column antenna, designed

and developed by Langley and the Harris Corporation was

completed. This antenna was tested at Martin Marietta
~ Denver Corporation to determine its antenna pattern
characteristics and at Langley in the 15-Meter Thermal-
Vacuum Chamber to determine its vibration characteris-
tics. One lesson learned from these tests is that a large-
scale antenna will generally require postdeployment ad-
justment to obtain the surface figure required for most
microwave applications.

 Currently, testing is under way to evaluate a computer-

controlled actuator system to adjust the reflector surface

roughness for the 15-m hoop/column antenna. One

quadrant of this antenna was retrofitted with control/ -

actuator motors to allow adjustment of the set of 28 rear
control cords which, in turn, provided limited adjustment
of the reflector surface. :

A compﬁte'r was used toimplement required adjustment to

the control/actuator motors, accurate to within 0.001 in. -

The system is employed by first using an optical sensor (in
this case, stereo photography) to determine the offset at
retroeffecting targets relative to a best-fit paraboloid. A
code is then employed that calculates the optimum control
cord adjustments necessary to optimally reduce the surface
roughness, and the computer/actuator system adjusts the
surface to the new positions. The cycle is repeated if
necessary.

In the past year, the installation of the control/actuator
system was completed and debugged. A preliminary set
of tests indicated that planarity of the hoop structure may
have been limiting optimum surface roughness. After
reducing hoop planarity residuals by approximately a
factor of 3, tests have been resumed. Preliminary results
indicate that the limit in surface roughness is approxi-
mately 0.060 in. This limit is reached in one to three

“iterations which, in concept, could be achieved very rap-

idly in space, if a suitable optical sensor and computer
were available.

The results of these surface optimization tests will be
used as input test data for a method to reduce effects of
surface distortion on electromagnetic signals. Analytical
methods will be used to compensate the phase of signals
for distortions caused by surface roughness. Prior studies

- have shown that the effects of surface distortion can be
- greatly reduced by using multiple antenna feeds. From

this analysis, the effective surface roughness reduction
can be evaluated.

Technical Contact
Lyle C. Schroeder, LaRC, (804) 864-1832
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60 GHz Traveling Wave Tube

The objective of this program is to develop a dual mode (75/
30 W), 59 to 64 GHz traveling wave tube (TWT) for
intersatellite communications. The TWT, designated the
961HA, is being developed by Hughes Aircraft Co., and
employs a coupled cavity slow-wave structure with a two-
step velocity taper and a NASA LeRC designed isotopic
graphite multistage depressed collector MDC. Two TWTs
will be fabricated and tested under the contract, with an
option to purchase two more. The photograph is of an
earlier development model (961H), which demonstrated
the required high power and broad bandwidth. The em-
phasis of this program is the achievement of high overall
efficiency, dual-power mode capability in the required
operating band, and a substantial reduction in the MDC
size and weight.

The design effort has been completed with promising
results. Computer modeling indicates that the RF per-

formance of the TWT should be more than adequate.
Computed MDC efficiencies in the 94% range indicate that
the program objective of an overall TWT efficiency of 40%
should be readily achievable.

Fabrication and bake-out of the first TWT has been com-
pleted, and testing will commence shortly. Unfortunately,
the output match of the TWT deteriorated in the assembly
brazingoperation. Nevertheless, the output match appears
to be adequate over portions of the operating band and will
permit the evaluation of the dual mode gun, the MDC
performance, and the measurement of the overall TWT
efficiency. Fabrication of the second TWT is scheduled for
August, 1990.

- Technical contact

P. Ramins, LeRC, (216) 433-3521
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60 GHz TWT for Intersatellite Links
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Barium Dispenser Scandate Cathodes

The purpose of this in-house research is to investigate the
chemistry of formation and atomic ordering of the Ba-O-
Sc,04 -W surface and to determine their relation to the
copious electron emission characteristic of the barium
dispenser scandate cathode.

As shown in the figure at left, barium dispenser scandate
cathodes can produce high emission current densities at

relatively low operating temperatures(e.g., 10 A/cm?atless -

than 900°C). For this reason they are very promising for
space tube applications.

At the present time there are no U.S. sources for this
cathode. The most successful versions of the scandate
cathode have been those developed by Philips of Eindhoven,
Holland, and Hitachi of Japan, using different approaches,
for potential use in high resolution CRTs. Because of the
intense competition in this area, their cathodes are not
available to U.S. industry.

A greater knowledge of the chemistry of formation, atomic
ordering, and mechanism of operation of the electron-
emitting surface, which have not been well understood,
could lead to not only further improvements in emission
properties, but also to the development of new methods of
fabrication. The above research on scandate cathodes is
being conducted by Dr. Ralph Forman of Analex Inc.

A thin replica of the barium dispenser scandate cathode
electron-emitting surface has now been successfully syn-
thesized on a tungsten foil substrate. The process used in
the deposition of the film is depicted in the figure on the

right. The principal finding is that the electron emission
and rate of Ba desorption are critically dependent on the
presence of oxygen chemically bound to the Ba and Sc.

Future work will consist of further quantifying the film
formation, identifying precisely the chemical states of the
various elements, andinvestigating the effects of substrate
materials other than tungsten.

Technical Contact
E. Wintucky, LeRC, (216) 433-3510



197

Thin Film Scandate Cathode
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High-Efficiency Traveling Wave Tube Amplifiers for Deep Space Communications

Ongoing programs at LeRC continue to provide the tech-

nologies needed for high-efficiency millimeter wave trav-

eling wave tube amplifiers (TWTAs) for planned NASA
deep space missions.

Acurrent objective ofthis effortis to develop,in acontractual
and cooperative effort with Varian Associates, Inc., a very
high efficiency, high data-rate TWTA operating in Ka-
band (32 GHz) for the Cassini Mission to Saturn planned
for launch in 1996. The required RF power output of the
tube (TWT) is 7 W, while the DC input power to the
electronic power conditioner (EPC) cannot exceed 20 W.
Achieving this performance goal will essentially double
the efficiency of Ka-band TWTAs presently available at
this power level. In order to accomplish this significant
increasein efficiency, several LeRC-developed technologies
involving computer-aided design and experimental de-

velopment efforts are incorporated into the TWT. These -
advances include improving the interaction between the:

electron beam and the electromagnetic wave as well as

maximizing the recovery of energy in the spent electron
beam :

Anadvancedhelixinteraction section witha LeRC-designed
dynamic velocity taper (DVT)is afeature of the TWT. This
“tapermg” results in better synchromzatlon between the
circuit wave and electron bunches than can be realized
with a constant helix pitch. The accompanying figure
presents the power transfer function advantage of the use
of the DVT helix over a uniform-pitch helix TWT design,
providing sharply higher RF output power over the entire
range of exciter (input drive) power shown. The design of

a high-efficiency multistage depressed collector (MDC) is
also contributed by LeRC. In addition, during the fabri-
cation process, the MDC electrode surfaces will be treated
at LeRC using an in-house-developed process to suppress
secondary electron emission.

The progi'am will conclude with the delivery of four fully

functional engineering model TWTs along with one
breadboard model EPC. Coordination with JPL has pro-
duced packaging and testing requirements for the hardware
delivered from this research and development program, to
be a suitable immediate predecessor for the development
of a flight model TWTA for the Cassini Mission.

Technical Contact
Arthur N. Curren, LeRC, (216) 433-3519
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High-Efficiency UHF-TV Klystron

The objective of this program was the application of NASA
OAET-developed multistage depressed collector (MDC)
technology to double the overall operating efficiency of
klystrons used in terrestrial UHF-television transmitter
service. The program, was jointly sponsored by NASA,
Varian Associates, and a cooperative group that included
the National Association of Broadcasters, the Public
Broadcast System, and some transmitter manufactures.

Computer modeling codes were developed to model the RF
performance of the UHF Klystron and to produce and
evaluate spent-beam refocuser and MDC designs. An
experimental program was conducted toverify the predicted
MDCKlystron performance, and very good agreement was
obtained between the computed and measured perfor-
mance. The MDC Klystron, equipped with a four-stage
collector with carbon-coated electrodes reduced the elec-
trical input power for television operation to less than one-
half compared to typical existing transmitters. Subse-
quently, satisfactory signal-quality performance ‘was
demonstrated under simulated television conditions.

The MDC Klystron amplifier for UHF was selected by
“Research and Development” magazine for an “R & D-100”
award as one of the 100 most-significant new technical
products for 1989. The first two MDC Klystrons went into
actual UHF-TV transmitter service early in 1990. It has
been estimated that a typical UHF station could save
$75,000 per year in power consumption by upgrading its
transmitter; nationwide, the savings could exceed $25
million a year.

Technical Contact
P. Ramins, LeRC, (216) 433-3521
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Scandate Oxide-Coated Cathodes

The purpose of this effort is to evaluate the performance of
oxide-coated cathodes with scandium oxide (Sc,0,) added
to the oxide coating and consequently to determine their
potential for space tube applications.

Oxide-coated cathodes have a long history of successful
application in NASA space tubes and, in comparison with
barium dispenser thermionic cathodes, have advantages
of simpler construction and lower operating temperatures.
However, oxide cathodes until now have been relatively
limited in emission current capability and therefore un-
suitable for space tube applications requiring cathode
current densities of more than 0.5 A/cm?. Improvements
in emission current density, e.g., 1 A/em?, together with
lifetime and reliability, could be of considerable benefit to
NASA.

During the past decade, Mitsubishi Electric Corp of Japan,
driven by the need to develop brighter electron sources for
high resolution CRTSs, achieved a major advance in oxide-
coated cathode technology. With only a relatively minor
modification in cathode fabrication, the addition of a small
amount of Sc,0;to the oxide coating, cathode performance
was significantly improved. Lifetimes of more that 30,000
hours at an average cathode loading of 2 A/cm? were re-
ported.

The only work on this type of cathode being done in the
United States is that supported by NASA. Pulse tests
(0.1% duty cycle at a peak current density of 6 A/cm?)

confirm the capability of superior performance. Compared

to cathodes with standard coatings, the Sc,04 cathodes

showed significantly shorter activation times, lower oper-
ating temperatures, and better life performance. Reduced
operating temperature is directly related to increased
cathode life.

A comparativelife test at 1 A/cm? continuous emission under
tube-like conditions of two oxide-coated cathodes and two

‘standard oxide-coated cathodes will begin in August 1990.

As shown by the initial activity curves in the second of the
two accompanying figures, the Sc,0O4 oxide-coated cathode
has a significantly lower operating temperature for the
same emission current density.

Technical Contact
E. Wintucky, LeRC, (216) 433-3510
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Submillimeter Wavelength Backward-Wave Oscillator

The backward-wave oscillator (BWO) is an electron beam
device with potential application as a voltage tunable local
oscillator for spectrometers deployed above the Earth’s
atmosphere. The project goal is to produce an oscillator
with an operating frequency of 2 THz.

The BWO appears to be the best choice to support this
application. Itisvoltage tunable, can be phase locked, and
can provide sufficient power for almost any of the envisioned
systems including arrays of detectors for quick data re-
covery. The BWO program has produced a number of
successful design innovations, including a microfabricated
circuit on a diamond substrate, an optical output coupler,
and a high impedance slow-wave structure.

The microfabrication technique developed at MIT Lincoln
Laboratory has permitted the use of an interdigital line
circuit. This is a fundamental backward-wave structure
and has a higher impedance than the vane structure which
is usually used at high frequencies. The circuit is etched
onto a diamond substrate to facilitate the problem of
passive cooling in space. It was found that a quasioptical
output coupler permits wideband operation. A tapered
slot line antenna, having a cover plate to confine the
radiation, feeds a sapphire lens collimator and transmits
it through a window (quartz or sapphire) in the vacuum
envelope.

Alanthanum hexaboride (LaB6) cathodeis beinginstalled
into the experiment at LeRC. This cathode has the prom-
ise of long lifetime and is capable of the high emission
densities required to overcome the severe losses occurring
at THz frequencies. At this time the BWO has demon-
strated a continuously tunable bandwidth of 78% (137-
311.5 GHz). A measurement made at LeRC with a Golay
cell detector calibrated against a CO,” pumped farinfrared
laser indicates that the output power is 21.5 mW.

Technical Contact
Norbert Stankiewicz, LeRC, (216) 433-3674
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Theoretical Studies of Cathode Surfaces

The purpose of this effort is to calculate the microscopic
electronic properties causing the significant variations in
electron emission enhancement (effective work functions)
observed among the refractory 5d transition metals and
alloys (e.g., W, W-Os, W-Ir) used for the electron-emitting
surfaces of barium dispenser thermionic cathodes.

The basic approach consists of the application of modern
computational methods of theoretical quantum chemistry
(mainly the fully relativistic, scattered wave, X-alpha

atomic cluster formalism)to the calculation of the electronic

structure and charge transfer characteristics associated
with the chemisorption ofBaand O on cathode-like surfaces.
The theoretical study is being performed in house under
contract by Dr. Wolfgang Mueller of Analatom, Inc., using
the CRAY computer facilities at LeRC.

Relativistic cluster calculations of important microscopic
properties, such as dipole moment and dipole energy, have
been carried out for Baand O adsorption on representative
5d transition metals and alloys, using the dominant crystal
faces present on actual cathode surfaces. The theoretical
results show that the substrate crystal structure and
crystallographic orientation play a dominant role in de-
termining these properties. For the first time a potentially
unambiguous and rigorous explanation for the relative
effective work function minimum occurring with Ba/O
adsorption on Os, W-Os, and W-Ir surfaces, which have the
hexagonal close packed crystal structure, is now possible.

The figure on the left shows the effective work function

minimum for the Ba/O/Os complex relative to W and Pt,
which have body-centered cubic and face-centered cubic
crystal structures, respectively. As shown in the figure on
the right, the relative surface dipole moment for the Os
substrate is also a minimum , whereas the dipole energy
isamaximum (consistent with the experimentally observed
higher Ba/O binding energy and greater thermal stability).
The work function minimum, which occurs at higher Ba/
O surface coverages, is determined by the competing
effects of large dipole moment and the depolarization
induced by interacting dipoles. Toolarge a dipole moment
leads to greater depolarizion and correspondingly a higher
value for the work function minimum, as is illustrated for
W and Pt.

Technical Contact
E. Wintucky, LeRC, (216) 433-3510 °
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Theoretical Studies of Cathode Surfaces

INVESTIGATED EFFECTS OF SUBSTRATE CRYSTAL STRUCTURE ON SURFACE
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Computer Sciences

The overall goal of the Computer Science Research Program is to foster the
advancement of computing technology targeted at aerospace applications. This goal is
being realized through a program of basic research and experimentation that focuses
on developing core skills within the Agency in disciplines critical to NASA and on
maintaining a strong university base of fundamental research in aerospace computer
science.

The research program is improving the state of knowledge of fundamental aerospace
computing principles. - Computing technology in crucial space applications, such as
software engineering for very reliable systems and information extraction from data
collected by scientific instruments in space, is also being improved.

The program includes the development of special algorithms and techniques to exploit
the computing power provided by high performance parallel processors and special
purpose architectures. Problem areas of importance include computational fluid
dynamics, computational chemistry, structural analysis, signal processing, and
image processing. The computer architectures of interest include common and local
memory multiprocessors, single-instruction stream/multiple data stream processors,
static data flow processors, systolic arrays, and heterogeneous multiprocessors with
custom processors. Research is conducted in programming languages and
environments, parallel and distributed operating systems, and performance
measurements.

Research is also being conducted in the fundamentals of data base logic. This work
has resulted in the development of a common user interface for accessing data from
several data bases even when the data bases being accessed have very different
structures. This work provides the foundation that will enable NASA space data users
access to multiple data bases independent of the physical distribution or structure of
the data bases. This work will reduce the cost of such investigations and enable data
base intensive scientific research that would otherwise be unaffordable. Other work is
under way to develop and test an expert system that can serve as an assistant to
researchers analyzing space-derived data.

Research is being conducted to improve techniques for producing reliable computing
systems. That work is directed at both reducing the number of faults in software and
making systems that are tolerant to faults. New approaches and methods for software
management and engineering have been devised and are now being evaluated under
real working conditions. In addition, emphasis is being placed on the automatic reuse
of software to lower software production costs. Future objectives in a new software
engineering initiative will include research on the theoretical foundation and
extending and evaluating approaches for developing reliable complex software.

The Computer Sciences Program is coordinated with the Space Station's Software
Support Environment (SSE) and the DoD-sponsored Software Engineering Institute
(SEI) and ADA. NASA also participates with DoD and other national bodies on several
advisory and technical coordination committees.

Program Manager: Paul H. Smith, (202)453-2753
Paul Hunter, (202)453-2704
NASA/OAET/RC
Washington, DC 20546 57
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Empirical Investigation of Sparse Distributed Memory
Using Discrete Speech Recognition

The primary purpose of this research is to use discrete
speech recognition toidentify factors that affect the perfor-
mance of Sparse Distributed Memory (SDM) for highly
correlated data.

The original theory of SDM assumed, for mathematical
convenience, that data were distributed uniformly
throughout the address space. This assumption is invalid
for real-world data.

A progressive series of experiments using spoken digits

demonstrates the efficacy of several adaptations of SDM
for dealing with real-world data: e.g., error-correcting
codes for labels, speech patterns used to determine
placement of memory cells, a conservative write rule,
choice of appropriate SDM model — the selected-coordi-

nate design worked best. Simulations using these adapta-
tions showed dramatic performance improvements: from
49.6% to 99.3% accuracy on the test sets.

The experiments reveal theimportance of matching details
of memory architecture to the data of interest and to the
scheme for encoding the data as binary patterns.

We plan to extend our research to use continuous-speech
to probe SDM performance issues for time-varying phe-
nomena.

Technical Contact
Douglas Danforth, ARC, (415) 604-4998
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Discrete Speech Recognition Frequency Distribution

Normalized frequency ~ Probability density

The curve on the left is the within-class
distribution of digits. For example, various
utterances of the digit ‘1"’ were encoded
as binary patterns and compared to each
other in terms of Hamming distance; then
the frequency as a function of Hamming
distanced was tabulated. Similar
tabulations for the other digits were
pooled, with the results illustrated by the
curve on the left. The binomial distribution
on the right illustrates the expected
frequency if the digits were randomly
distributed in accord with the assumptions
of the basic SDM model. The means are
separated by 11 standard deviations.




Formal Verification of a Fault-Tolerant Clock Synchronization Algorithm

The objective of this program is to perform a mechanically
assisted formal verification of a fault-tolerant clock syn-
chronization algorithm.

Thereliability of a fault-tolerant computer system depends
critically upon adequate synchronization between its re-
dundant processors. It is important that the synchroni-
zation algorithm maintain proper synchronization of the
good clocks even in the presence of other faulty clocks.
Currently, ad-hoc techniques are used to develop the
synchronization system of a fault-tolerant system. Un-
fortunately, synchronization systems can appear to be
sound under a careful Failure Modes and Effect Analysis
(FMEA) yet be susceptible to subtle failures. This work
provides a formal mathematical basis for an existing
algorithm.

The algorithm was defined using the Extended Special
Language, which is based on typed, first-order predicate
calculus extended to include higher-order constructs and
lambda expressions. Using the EHDM (Enhanced Hier-
archical Design Methodology) (mechanical) theorem-

proving system,it was proved that the algorithm maintains

the clocks within a bounded skew.

The Interactive Convergence Clock Synchronization Al-
gorithm was verified. The formal verification process
discovered several flaws in the original informal proof of
the algorithm, even through the published data were
unusually precise and detailed. The theorem was modified
and successfully verified.

The performance theorem originally published was found
to be flawed. These flaws were not discovered by the
informal peerscrutiny to which the paper has been subjected
since its publication. Clock synchronization algorithms
are extremely important components of a fault-tolerant
system yet are surprisingly easy to verify. This project
provides anotherillustration of the increasing capabilities
of formal verification methods. The clock synchronization
problem is an asynchronous system that historically has
posed difficulties for the formal methods approach.

The clock synchronization algorithm will be implemented
in hardware and software. The correctness of the detailed
design will be formally verified.

Technical Contact
Ricky W. Butler, LaRC, (804) 864-6198
John Rushby and Frieder von Henke, SRI International
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Mapping Unstructured Grids to Hypercubes

The purpose of this research is to significantly increase the
throughput for solving unstructured grid problems on
massively parallel computers by reducing the communi-
cation time. Current focus is on the Connection Machine
(CM).

We have developed a highly parallel graph-embedding
technique and implemented it on the CM-2. It enables one
to efficiently solve unstructured grid problems on massively
parallel computers with regularinterconnection topologies.
The graph of the irregular problem is embedded into the
graph representing the interconnection topology of the
computer sothatcommunicating processes are assigned to
nearby processors.

Many implicit and explicit methods for solving discretized

partial differential equations require each point in the
discretization toexchange data withits neighboring points
every time-step or iteration. Thinking Machines Corpora-
tion has recently developed a new software package that
reduces the time for general communication by a factor of
2 to 5. This mapping further reduces the communication
time by a factor of 3.

Future activitiesinclude implementing a CFD application
on the CM-2 for comparison with a similar application on
the Cray YMP.

Point of Contact
Steven Hammond, ARC (RIACS), (415) 604-3962
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Performance Characterization of Machine Architecture

The main objective of this project is to develop a new
methodology for the evaluation of different machine ar-
chitectures and implementations. Theideais to construct
a model of a machine based on its execution time for
source language program constructs. Separately, one
analyzes relevant source codes; by combining the analy-
ses, one can evaluate the performance of any analyzed
machine for any analyzed workload. Our efforts have
been directed toward experimental methods for accurate
machine characterization (the machine model), methods
to maximize the accuracy of our performance predictions,
and the use of the machine characterizations to analyze
implementations and architectures.

Ourresearch has produced a number of significant results:
(a) Our methodology permits the evaluation of CPU
performance with far less benchmarking effort than was
previously needed. (b) Using our methodology, one can

~see why the observed performance occurs. Strong and

weak points of various implementations can be determined
and evaluated. (¢) The variability of performance observed
between two machines when run on a variety of bench-
marks can be predicted and explained. (d) The sensitivity
of a given machine’s performance to variations on the
workload can be explained and predicted. (e) The effect of
improvements in machine performance can be predicted.
(f) Our techniques can be used to characterize workloads.

The present status of this project is as follows: (1) We have
developed a machine performance model consistingof113
parameters which have been measured on a large set of
machines ranging from supercomputers to high-perfor-
mance workstations. (2) A large set of applications have

been characterized; these include the SPEC and Perfect
Club benchmarks. Our results show the strength and
weaknesses of these programs, and our methodology will
help in the development of more representative bench-
mark workloads. (3) We have used the machine and
program characterizations tovalidate our model by making
execution time predictions and comparing these results
with actual measurements. Very good accuracy has been
observed. (4) We have investigated how our model can be
used tocompare the differences and similarities of machines
and programs; we have proposed a set of metrics and have
presented the results in reports and papers. (5) We are
developing a set of experiments to characterize compiler
optimization, and we are currently extending our execu-
tion time model toinclude the effect of optimizing compilers.
(6) We have used our model to estimate the potential
performance of the NEC SX-3 with respect to the perfor-
mance of the NEC SX-2 and CRAY Y-MP/8128.

We plan tocontinue this project with the activities described
above as “in progress,” and by extending our model to
include vector operations. A new machine characterizer
will include a large number of experiments that will
measure the performance of vector operations. In addition,
we will extend our execution time model to produce ap-
proximate execution times for programs that use vector
operations. We are investigating the applicability of vec-
tor performance prediction models to complement our
scalar execution time prediction method.

Technical Contact
Alan J. Smith, ARC, (415) 642-5290
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Performance Evaluation of an Implicit CFD Algorithm on a MIMD Hypercube

The objective of this program is to evaluate the perfor-
mance of an implicit computational fluid dynamics (CFD)
algorithm on a distributed-memory, multiple instruction
stream, multiple data stream (MIMD) architecture. We
plan to implement the functionality of ARC2D (2-D Euler/
Navier-Stokes) code on the 128-node Intel Touchstone
Gamma prototype (commercially known as the Intel Per-
sonal Supercomputer, model 860 [iPSC/860]).

The algorithm has been successfully mapped to the
‘Touchstone architecture, and considerable effort was put
into optimizing the code for the machine. In spite of the
current FORTRAN compiler’s inability to exploit pipelined
arithmetic units on the 1860 chip, overall performance and
multiprocessor efficiencies appear promising. Current
performance levels are below that of the single processor
Cray Y-MP, but they are comparable to that of the Cray-2
and the Connection Machine (CM-2). The inadequate
bandwidth of the data path to the node memory and of the
internode communication network will continue to pose
problems for implicit algorithms.

This work demonstrates that implicit CFD algorithms can
be implemented on highly parallel distributed-memory
MIMD architectures. It also identifies the architectural
bottlenecks preventing the exploitation of the full perfor-
mance potential of pipeline-reduced instruction set com-
puting (RISC) chips. Removal of these bottlenecks will
result in implementations of implicit CFD codes being
implemented with sustained high performance and good
scalability.

The ARC2D study will be completed by documenting the
implementation details and resultsin a formal publication.
Implementation of a 3-Dimplicit Navier-Stokes code (F3D)
is currently under way. Issues related to the exploitation
offunctional parallelism, in addition tothe data parallelism
present in multiple overlapping grid applications, will be
explored. The possibility of usingimplicit algorithms more
suited for parallel processing with stronger convergence
rates will be investigated as an alternative to the ap-
proximate factorization method.

Technical Contact .
Sisira Weeratunga, ARC, (415) 604-3963
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Comparison of ARC2D Performance

NAVIER-STOKES CODE
Problem Size Intel Touchstone

No. of Processors

1 2 4 8 16 32 64

Sec./step - 4.1 2.1 1.11 0.61 035 0.22 0.14

(192X64) MFLOPS 3.0 59 11.2 203 35.6 56.7 86.4
Efficiency(%) - 98 92 83 73 58 44

Sec./step - 3.49 1.82 0.98 0.54 0.33 0.20

(256x80)  MFLOPS - 6.0 114 21 39 64 . 101.
Efficiency(%) - - 99 95 88 81 67 53

Sec./step - - 3.62 1.90 1.02 0.57 0.34

(320x128) MFLOPS - - 11.6 22 T 41 73 123
Efficiency(%) - - 97 92 85 76 64

EULER CODE
Problem Size Intel Touchstone
No. of Processors

1 2 4 8 16 32 64

Sec./step 3.58 1.87 1.00 0.55 0.32 0.20 0.13

(192X64)  MFLOPS 3.0 58 10.8 19.7 33.8 54.2 83.3
Efficiency(%) - 96 90 81 70 56 43

Sec./step - 312 1.64 0.88 049 0.30 0.19

(256X80) MFLOPS - 58 11.1 20.6 37.0 60.5 95.5
Efficiency(%) - 96 93 86 77 63 50

Sec./step - - 3.62 1.90 1.02 0.57 0.34

(320x128) MFLOPS - - 11.6 22 41 73 123
Efficiency(%) - - 97 92 85 76 64

MFLOPS based on measurements using the Cray hardware performance monitor (hpm).
Efficiency (%)= (( MFLOPS on one processor ) /N x ( MFLOPS on N processors ))*100.
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Two-Dimensional Shape Recognition Using SDM

The focus of this research was to test Sparse Distributed
Memory (SDM) for recognizing two-dimensional shapes,
using Andrew B. Watson’s cortex transform for prepro-
cessing.

A total of 280 random characters were selected from the
US Postal Service Database of Handwritten Zip Codes as
standard shapes. Half the characters were used to train
the memory and half were used for testing. The test
results can be compared with results of other groups
using the USPS data base.

A preliminary study revealed that the low-pass filter of :

the cortex transform was suitable for an input represen-
tation for SDM. Accordingly, each character was scanned
into an 8 X 8 black-white pixel array and filtered, yielding
a four-bit gray-scale representation encoded as a 256-bit

binary pattern. After training the memory on half the
characters, the SDM correctly labeled 86% of the test
characters. :

The methodis very general inasmuch as nospecial features
of written characters were used to improve performance.
And it is fast — training requires less than 2 minutes. A
system designed for character recognition at Bell
Laborotories performed in a comparable measure at 88%
correct but used hours of run-time for training.

Future plans are to continue investigating encoding
methods, e.g., a very general contour map representation
of two-dimensional shapes suggested by Kanerva.

Technical Contact
Pentti Kanerva, ARC (RIACS), (415) 604-4996
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Figure 1: The Cortex Transform. The content of an image is subdivided into different spatial frequency bands by slicing-up the spatial
frequency plane according to both frequency and orientation. The D.F.T. (Discrete Fourier Transform) of an image I(x,y) is shown here as
Fx,y). F(xy) is then suludivided as shown: black regions are where the spatial-frequency cocificients arc left unaltered; white regions are where
the spatial {requency coclficients are set 1o zero. Thus, the inverse D.F.T. of each of these spatial-frequency “images” will result in a band-pass
(or low-pass) filtered version of the original image (not shown). Thus, a single image is converted into multiple images, cach of which carrics a
unigue portion of the frequency/orientation content of the original.
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Software Management Environment

The Software Management Environment (SME) is a soft-
ware tool designed to assist a manager in monitoring,
analyzing, and controlling an ongoing software project.
The SME’s major functions include tracking software
project parameters; analyzing the differences between the
current project’s development patterns and the expected
development patterns within the application environment;

predicting characteristics such as milestones, cost, and

reliability; assessing the overall quality of the project’s
development process; and providing advice and guidance
on management of the software project. To provide these
functions the tool continually examines available devel-
opment data from the project of interest including man-
power, software changes, computer utilization, and com-
pleted milestones and compares this information to data
from past projects and to a model of the typical project.

During FY 1990, the SME has been extended andimproved
to include expert assessment of project problems and to
model the project environment. With these extensions in
place, the SME has been released for use by software
managers within the Flight Dynamics Division at GSFC.
By using the SME for ongoing software development
projects within Flight Dynamics, the managers will be
able toeffectively compare, predict, and analyze key project
parameters. This represents the first use of the SME on
actual projects and will provide valuable insight into the
accuracy and usefulness of the tool, as well as help to
establish future research needs for the SME.

~ During the next year, the SME will be prepared for release

to other organizations outside of Flight Dynamics. This

planned release will begin to establish the usefulness of
such a tool in an environment beyond the one for which it
was originally designed. Other planned research includes
the development of an overall project assessment function
and to begin examining ways of providing guidance to
managers for solving development problems.

Technical Contact
Jon Valett, GSFC, (301) 286-6564
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Autonomous Exploration

Robotic and human exploration to the moon and Mars are
anticipated in the coming decades. The robotic missions
will serve to perform geological survey and surface char-
acterization to collect samples and to return the necessary
information about potential landing sites to enable safe
and productive human missions. Vehicles for lunar and
planetary exploration will carry complex scientific imag-
inginstruments, includingimaging spectrometers capable
of collecting data points at several hundred wavelengths
for each pixel. To exploit the full capabilities of these
instruments, methods must be developed for real-time
information extraction, multisensor fusion, and automated
decision making to drive instrument reconfiguration. On-
boardinterpretation of the data from a suite ofinstruments
will be required for site characterization, for collecting
samples, and for choosing desired traversal paths on a
ground-roving vehicle.

The objectives of this task are to develop and implement
autonomous, real-time methods of high-dimensional image
data reduction, information extraction, and goal-driven
decision making. Data from multiple instruments may be
fused to provide a more complete interpretation of a scene.
A hierarchical, multiresolution approach in both spectral
and spatial domains reduces computational requirements
by concentrating the analysis on image areas that prove
potentially interesting during initial, low-computation
analysis. This approach includes iterative cycles of data
acquisition and interpretation, decision making, and in-
strument reconfiguration. ‘

The working system analyzes both single band imagery (to
extract shape and textural information) and multispectral
images (to determine geologic composition). The spectral
classification steps, performed on simulated neural net-
works, include assessing classification accuracy so that
poorly classified or unknown mineral classes may be
handled appropriately. The system has been designed so
that at each step in the hierarchical analysis procedure,
information from other instruments may be incorporated
if available. All available data are used to decide whether
tocontinue examining aregion and with whatinstruments.
The system is capable of specifying the spectral bands of
importance for the next step in the analysis, so that the
imaging spectrometer may be automatically reconfigured.

Although the existing design is primarily aimed at sup-
porting autonomous robotic exploration, many elements
will transfer readily to support systems for human explo-
ration. In particular, the analysis and interpretation of
multiple complex data sets will still be performed by
machine during human exploratory missions. Further
development of the existing data analysis system will
enable the collection and interpretation of instrument
data to provide human explorers with information in a
form that will allow them to perform most effectively.

Technical Contact
Susan J. Eberlein, JPL, (818) 354-6467
Jerry E. Solomon, JPL, (818) 354-2722
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Application and Assessment of IndUstry-Standard Guidelines for the
Validation of Avionics Software

The objective of this program is to incorporate industry
standards for the development of real-time software into
an experimental testbed for studying the failure process of
avionics software and assess the effectiveness of methods
that comply with those standards.

Verification activities were defined along with configura-
tion management and software quality assurance policies
for the development of Guidance and Control Software
(GCS) in accordance with the FAA Radio Technical Com-
mission for Aeronautics RTCA/DO-178A guidelines for the
certification of avionics software. These verification pro-
cedures were applied in the generation and testing of three
independent versions of the GCS code. All software error
data needed to assess the effectiveness of software devel-
opment and verification methods and provide the basis for
software reliability model development were collected.

Verification and validation activities in accordance with
the DO-178A standards for avionics software have been
defined and implemented in the development process of
the GCS versions. Software error data are being collected
throughout the development cycle.

Although many software reliability experiments have been
conducted, these experiments have not considered complex
avionics software that is critical to mission success. The
GCS experiment provides a realistic baseline for investi-
gating the failure behavior of avionics software. Employ-
ing the DO-178A guidelines will yield error data from real-
time software developed according to industry standards,

and the integrity of the error data along with the ability to
reproduce it are guaranteed by the implementation of the
verification plan. Since adequate models for dependable
estimation of software reliability do not currently exist,
the error data from the GCS experiment will provide an
indispensable basis for improving software reliability
models. This experiment further establishes a pragmatic
baseline forinvestigating the effectiveness of development
methods, such as those prescribed by the FAA, for avionics
software.

The next steps in this program are to complete testing of
the three GCS versions and analysis of the resulting
software error data and develop more precise software
reliability models and more effective software development
procedures based on this information.

Technical Contact
Kelly J. Hayburst, LaRC, (804) 864-6215
Anita M. Shagnea, Research Triangle Institute
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Automatic Generation of ADA Code

The objective of this program is to demonstrate and assess
the ability of the Charles Stark Draper Laboratory (CSDL)
Computer-Aided Software Engineering (CASE) system to
generate ADA flight control code. The Advanced Launch
System (ALS) Advanced Development Program is spon-
soring the development of a Computer-Aided Software
Engineering (CASE) tool by the Charles Stark Draper
Laboratory that could dramatically improve the software
development process and reduce production and mainte-
nance costs. As a demonstration of this tool, the flight
control system software of the Boeing 737 autopilot autoland
was produced using the ALS CASE system.

ADA source code and specification documentation were
automatically generated with the ALS CASE system. The
specifications for the autoland design were reverse-engi-
neered from inspections of FORTRAN flowcharts and
source code. The software requirements were interactively
specified in the form of hierarchical engineering block
diagrams via the system’s highly flexible, graphicinterface.
The requirements defined by these diagrams were checked
for data type consistencies by the CASE system and
captured in a centralized knowledge base. The knowledge
base was then used to automatically produce executable
code and a formatted requirements document. A test
methodology was developed which maximized coverage
but minimized the number of tests. Duplicate tests were
run on both the FORTRAN and ADA code and then the
results compared. Open and closed loop tests uncovered 11
discrepancies. Nine of these errors were attributed to
mistakes in the entry of the specifications into ALS CASE
(human errors, analogous to programming errors). Two
errors were traced to the FORTRAN code. No errors were

traced to the ALS CASE system.

The development and testing of “real” software applica-
tion, such as the autopilot autoland, will lend much to the
credibility of the ALS CASE system. In addition to the two
errors found in the FORTRAN code, several ambiguities
and inconsistencies were discovered in the specification as
aresult of using the ALS CASE diagram methodology. ALS
CASE has the potential to significantly increase the reli-
ability of the generated code by (1) checking for inconsis-
tencies, ambiguities, and completeness of the specification;
(2) allowing the user to specify software using engineering
notation and block diagrams that are familiar; (3) auto-
matically performing the usually error-prone transforma-
tion to ADA code; and (4) supporting reuse of code. The ALS
CASE effort has demonstrated the feasibility of a knowl-
edge-based approach to software development and has
identified areas that warrant research to further automate
the software development process.

Progress is being made to enhance the ALS CASE system
in a number of areas. These include a software design
methodology interface, an automated testing facility, and
project management capabilities. As a further demonstra-
tion, the guidance and control software for the final decent
phase of a planetary lander is being generated using the
ALS CASE system. This code will be used in a software
error-data gathering experiment to be conducted by Lan-
gley and the Research Triangle Institute.

Technical Contact
Carrie K. Walker, LaRC, (804) 864-1704
John J. Turkovick, LaRC, (804) 864-1704
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Controls and Guidance - Aeronautics

The overall objective of the Aeronautics Controls and Guidance Program is to provide
a validated technology base leading to the development and exploitation of new
concepts, analysis/design methodologies, and flight systems for future civil and
military aircraft. This technology base will provide increased efficiency, effectiveness,
reliability, and safety for new aircraft. The program is organized in broadly
applicable, generic elements and in more focused vehicle-specific elements. The
generic elements are Control Theory, Guidance Technology, and Flight Crucial
Systems. Vehicle-specific elements are Generic Hypersonics, Subsonic Transport/
Commuter/General Aviation, Rotorcraft, and Fighter/Attack.

Research in the Control Theory element is directed toward the development of
improved flight control analysis/design methodologies for highly integrated, robust
flight control systems. These methodologies will account for strongly coupled,
nonlinear plant dynamics. In order to develop an understanding of the dynamics of
new vehicles, such as VSTOL and High Alpha research vehicles, system and
parameter identification methods are being developed. New control approaches and
concepts are exploiting emerging technologies such as artificial intelligence.
Research in the Guidance Technology element involves the development of satellite
precision navigation concepts and advanced technologies for wind shear detection and
avoidance. Flight Crucial Systems research is directed toward the development of
design, assessment, and validation methodologies for flight crucial systems.
Increasing emphasis will be placed on developing engineering tools that support cost-
effective certification of future fly-by-light systems in flight crucial applications.

Generic Hypersonics research is focused on development of multidisciplinary
modeling meth-ods, integrated:aero/propulsion controls, handling qualities criteria,
trajectory optimization for hypersonic vehicles, and instrumentation for both flight
and ground testing. In the Subsonic Transport element, activities are directed toward
technologies that will provide more efficient civil transport operations in the future
National Airspace System. The development of efficient 4-D guidance/control systems
leading to enhanced efficiency and capacity in the terminal area is a major thrust in
this element. Technology developments in automated mission management and goal-
directed flight path management leading to automated nap-of-the-earth flight
capability are areas of emphasis in the Rotorcraft element. Research in the
Fighter/Attack element is focused on advanced guidance and control concepts for
future superagile aircraft, development of automated flight test techniques, and
development of multidisciplinary design methodologies for highly interactive dynamic
systems. .

The Aeronautical Controls and Guidance Program involves analytical and
experimental research performed by in-house, university, and industry personnel.
Extensive use of ground-based simulation is a characteristic of the program, with
selected flight experiments being conducted in a variety of aircraft. More emphasis is
being placed on carrying the most promising concepts into flight evaluation and
validation programs.

Program Manager: Ray V. Hood
NASA/OAET/RC
Washington, DC 20546
(202) 453-2745



Ames/Langley Joint Simulation: 4D Aircraft/ATC Operations Study

A real-time simulation was conducted to evaluate the
effectiveness of the NASA Ames developed Center/
TRACON Automation System (CTAS) in assisting con-
trollers with the management of mixed traffic(4D equipped
and unequipped aircraft) and the impact of CTAS on
piloted 4D equipped aircraft operations. This ATC ex-
periment is unique in that it was the first joint simulation
involving both ARC and LaRC. '

The focus of the experiment was to study the operational
issues concerning the handling of 4D equipped aircraft in
the arrival flow. The real-time ATC simulation facility at
Ames was used to create the ATC environmental and
traffic scenarios for the controller test subjects. The major
components of the ATC simulation included: (1) the
pseudopilot simulation, which generated and controlled
the air traffic, and (2) the traffic management advisor
(TMA) which provided the Center controllers with a vari-
ety of automation tools for the sequencing of traffic. The
final approach spacing tool (FAST), which assists in
TRACON operations, was employedin an auxiliary capacity
to study the TRACON flows generated by the Center
arrival activity. The LaRC TSRV 737 piloted simulator

was used to introduce 4D trafficinto the arrival flow. The

ARC and LaRC facilities were connected via transconti-
nental voice and data links. This experiment employed six
active Center controllers as test subjects, working in
teams of two. The pilot subjects, used by LaRC for the
TSRV, were current 737 captains from several major air
carriers. ‘

It was determined that the accommodation of a 4D aircraft

in the arrival flow requires careful coordination of proce-
dures between the pilot and the controller. Otherwise,
conflicts may develop that add to the controller’s workload.
Special emphasis was placed on the development of efficient,
yeteffective, procedures and phraseology for 4D operations.
However, the experience of the simulation leads to the
broad conclusion that a ground-to-air data link may be
required for proper integration. Overall, the response -
from the controller subjects was favorable; they strongly
encouraged the development and operational implemen-
tation of the ground-based automation tools. The controllers .
were quite enthusiastic about the 4D capabilities demon-
strated by the TSRV and they appreciated how airborne
4D capabilities could improve the efficiency of air traffic
control.

The simulation demonstrated the capability of the ATC
Automation Laboratory to examine complex issues in the
design of future ATC concepts. Results from this study
have been presented at several technical meetings and
seminars. Additional simulations are planned to further
refine the automation tools and procedures as well as
develop new capabilities such as a simulation of an air-to-
ground data link and advanced 4D pseudoaircraft. The
long term goal, however, is to prepare the automation tools
for evaluation with live traffic.

Technical Contact
Steven Green, ARC, (415) 604-5431
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Computer Aiding for Low Altitude Helicopter Flight Project

Helicopters that operate in threat areas have a need for
low-level, maneuvering penetration capability for night-
time and adverse weather conditions. Currently, low-level
penetration is accomplished through the use of terrain
following (TF) radars, forward-looking infrared (FLIR)
systems, and night vision goggles (NVG). This combina-
tion is in place in the USAF Special Operations Forces
(SOF) CH-53 Pave Low III aircraft and proposed for the
U.S. Army’s SOF aircraft. Though these systems provide
a low-level penetration capability, the development of
digital terrain maps, advanced navigation systems, and
high speed on- board computer systems enable more effec-
tive terrain masking performance.

As an element the Automated Nap-of-the-Earth (ANOE)
Program, a low-altitude guidance concept that takes ad-
vantage of knowledge of terrain to define a valley-seeking
trajectory forimproved low-level penetration performance
has been developed. The basic algorithm and control/
display designs have been developed and successfully
tested in piloted simulations over the past few years. The
last simulation, completed in January 1989, included
Army, NASA, and Air Force Pilots, and has led to a
Memorandum of Agreement (MOA) between NASA-Ames
and the U.S. Army Avionics Research and Development
Activity (AVRADA) for a joint flight experiment in the
AVRADA UH-60 STAR helicopter.

In support of the flight evaluation two simulations have

been scheduled on the NASA-Ames Vertical Motion Simu-

lator. The first was initiated in June 1990 and will be a
detailed operational evaluation of the algorithm using a

UH-60 aircraft model, a helmet mounted display, and a
terrain model of the Carlisle Pennsylvania area which is
the test area for actual flight test. Major research issues
will include conversion of the display symbology from the
head-up-display format to the helmet-mounted display
and an evaluation of the effect of navigation errors on
operational performance. The second simulation will
include an interface with a replication of the flight computer
and will be used to validate the flight software and develop
the detailed flight test plan. The flight test is scheduled for
August 1991. :

Technical Contact
Harry N. Swenson, ARC, (415) 604-5469
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Field-Based Passive Ranging Using*Matched Velocity Filter

Helicopters in covert nap-of-the-earth operations require

passive ranging for obstacle avoidance. A single or a stereo
pair of visual or infrared forward-looking cameras can be
used to produce a stream of images (per camera) called
optical flow. The 3-dimensional location, particularly the
range, of some chosen objects of all discernible pointsin the
field of view can be recovered from the optical-flow imag-
ery. Feature-based localization suffers from the need to
identify objects between successive frames, whereas field-
based methods operate on all pixels that are identified by
their gray-level rather than by shape. Velocity filtering
(VF)is a particular field-based method that has been used
as a track-before-detect method for target detection. Itis
very efficient computationally because it is inherently
parallelizable.

Accomplishments to dateinclude doing the theoretical and
performance analysis work for the VF method and devel-
oping the VF algorithm which has produced very encour-
aging results on real laboratory data. -Last year, the
algorithm was interfaced with the SUN workstation en-
vironment rather than functioning as a stand-alone pro-
gram. This environment enables us to share the image
data base — especially that obtained recently from a
helicopter test flight, and also enables us to display data
and results in a variety of ways using perspective views,
false color, and animation methods.

It has been experimentally shown that the VF algorithm,
like most other algorithms, has its own advantages and
shortcomings. Our goal is to incorporate ideas and meth-

ods from fundamentally different types of algorithms so as
to complement weaknesses of one by strengths of another. |
Work has been done in pixel region growth in order to
average the algorithms results over more than one pixel at
a time and thus increase its robustness.

Currently, the VF algorithm is being modified to improve
and extend its performance and robustness. One of the
important issues is extending the existing algorithm to
operate on data from a maneuvering vehicle. In addition,
theoretical work is in progress to determine the range
accuracies obtainable from combined stereo/optical-flow
passive ranging. A special emphasis is given to range
accuracy degradation caused by non-perfect sensor/plat-
form alignment. '

Technical Contact ,
Yair Barniv, ARC, (415) 604-5451
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Field-Based Passive Ranging Using Matched Velocity Filters
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Final Approach Spacing Tool

The Final Approach Spacing Tool (FAST), an element of
the integrated Center/TRACON Automation System
(CTAS) designed at NASA-Ames, was evaluated by opera-
tional air traffic controllers in a real-time simulation. The
simulation addressed the issues of interarrival spacing at
the runway, airspace utilization, and controller acceptance.

The FAST system monitors each aircraft’s current state
(position, airspeed, and heading) and predicts arrival time
based on the local TRACON’s standard arrival operations,
the controller’s inputs, the aircraft’s performance charac-
teristics, and current weather conditions. Based on a
conflict-free scheduled arrival time at the runway, an
efficient path to the runway is synthesized using speed
control, path stretching, and path modification. The
suggested path and speed commands are displayed to the
controller automatically or by using mouse-controlled
functions through color graphic display.

All major components of FAST have been completed: (1) a
trajectory synthesis algorithm that predicts aircraft ar-
rival times based on aircraft performance and weather
conditions; (2) an off-route vectoring advisory capability;
- (3) a rescheduling capability for arrival position shifts
within the TRACON; (4) a missed approach and tower
enroute advisory capability; (5) an interactive controller
graphical interface; and (6) communications links and
protocols to the traffic management advisor (TMA) and
Center descent advisor (DA) controller displays.

A real-time simulation evaluation was conducted in
January 1990. Operational controllers were fed runway

capacity-limited arrival rates for Instrument Flight Rules
(IFR) conditions with a mix of heavy and large aircraft.
Theevaluation demonstrated that the automation achieved
a decrease in interarrival spacing at the runway of 9
seconds. This translates to an increase in landing rate of
4.6 aircraft per hour. In addition, controllers used up to 10
n.m. in additional airspace along the final approach course
when no automation advisories were available. The
evaluation questionnaire showed strong controller accep-
tance of the FAST system, and the Denver TRACON chief
expressedinterestin evaluating this concept at his facility.

A follow-on simulation is scheduled for July. This simu-
lation will determine the benefits of FAST without auto-
mation in the Center DA and will evaluate the effects of
varying wind conditions. Live traffic evaluations could be
conducted as early as 1991 if the FAA chooses to approve
the installation of a demonstration system.

Technical Contact
Tom Davis and Heinz Erzberger, ARC, (415) 604-5452
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Terminal Area Operations with NAVSTAR Global Positioning System

The Global Positioning System is a constellation of 24

satellites that provides 16-m Precision Military Code (P-

Code) navigation accuracy, and 100-m Coarse Acquisition
Code (C/A-Code) accuracy. Local corrections to satellite

. range measurements uplinked to the aircraft are the basis

of Differential GPS (DGPS) navigation, which provides an
even more precise position solution. Three meter or better
accuracy is expected with the current P-Code receivers
navigatingin the differential mode. The C/A code hasbeen
shown to achieve 10-m accuracy in a differential configu-
ration. Even greater accuracies can be achieved by tracking
the carrier frequency. Because of the significant im-
provement in accuracy attainable with DGPS, NASA has
entered into ajoint program with DoD and FAA todetermine
the actual improvement based on flight evaluations and to
develop operational procedures for making effective use of
the DGPS capability.

The projectis divided into twodistinct phases. Phase 1 will
evaluate the differential capability of the NAVSTAR GPS
toprovide precise three-dimensional positioning and control
operations. Phase 2 will evaluate operational uses of
DGPS in the civil environment including approach and
information using the P-Code of the NAVSTAR GPS in
terminal approach and landing and procedures to support
more efficient air traffic control operations. A major
research activity will be aimed at the development of
techniques for tracking the carrier frequency in flight in
order to achieve even greater navigational accuracy in
support of precision approach and landing guidance.

Hardware components including three P-Code GPS Re-

ceivers, two Inertial Navigation Units, and three VME-
based research computers have been installed and tested
inlaboratory, airborne, and ground systems. Key software
modules, including sensorinterface, real-time data display
and collection, and truth data collection, have been de-
veloped and tested. Primary components of the airborne
and ground reference systems were installed in a NASA
twin turbo-prop aircraft (NASA 701) and a mobile ground
reference station. Initial flight tests were completed at the
Crows Landing facility. Nineteen approaches in three
flights were flown during the period from April 20 to May
8, 1990. The test aircraft was tracked by laser and radar
during testing to provide the true position solution.

During the next several months more of the DGPS system
software will be developed. Particular emphasis is being
placed on development ofanavigation filter that integrates
information from the GPS Receiver and the Inertial
Navigation Unit. Initial flight tests of the fully integrated
DGPS system are scheduled for August 1990. Final
navigation and guidance system evaluation flight tests are
scheduled for November 1990.

Technical Contact
B. David McNally (415) 604-5440
T. Schultz (415) 604-5440.
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Terminal Approach Operations for GPS
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Validation of Vision-Based Obstacle Detection Algorithms Using Flight Data

The objective of this project is to develop a database from
test flight measurements that will allow verification of
computer vision obstacle detection and passive range es-
timation algorithms for use in pilot-aiding during rotorcraft
nap-of-the-earth (NOE) flight.

Research in image-based obstacle detection and passive
range estimation has led to the development of several
~ candidate algorithms. A real-world data set based on
actual flight datais necessary for further development and
for evaluating these algorithms for use in NOE applications.
In the absence of available real-world rotorcraft data
which integrates the required data components, the NOE
Image and Truth (NOE-IT) Data Acquisition Test Flight
Project has been undertaken to develop data necessary for
implementation and validations of a computer vision based
obstacle detection system. Implementation of the system
willrequire three major data components: (1) videoimagery
data; (2) motion states of the video camera; and (3) camera
calibration parameters. Validation requires direct mea-
surements of the obstacle range relative to the rotorcraft
for comparison with the results of the vision-based passive
ranging algorithms. In addition, the video imagery, mo-
tion state measurements, and true range information
must be correlated with respect to time.

NOE-IT employs aninstrumented Boeing CH-47B Chinook .

(NASA 737) as a testbed on which a video camera and
recording equipment is installed to provide the imagery
data. Rotorcraft motion is obtained from the inertial
navigation unit and other on-board instruments whose
outputis transmitted to a ground station. With the results
of the calibration analysis, the camera motion states can

be derived from the directly measured rotorcraft motion.
Laser tracking provides ground truth measurement of the
rotorcraft’s location, while both laser tracking and survey-
ing provide the obstacle locations to complete the data set.

Significant post-flight processing is required to transform
the raw measurements collected during test flight into a
form suitable for the validation of passive range estimation
algorithms. Calibration of the camera is necessary to
accurately determine its position and orientation with
respect to the helicopter body axes so that rotorcraft state
measurements may be transformed into the camera’s axes
system. It is also used to determine the camera’s internal
properties such as the focal length which are used directly
by the vision algorithms. State estimation techniques are
required during post-flight processing to ensure internal
consistency among rotorcraft state measurements before
algorithm validation can be undertaken.

A full camera calibration analysis has been performed
leading to the development of anew calibration methodology,
and state estimation techniques have been employed to
ensure internal consistency among rotorcraft state mea-
surements. Focusis on completion of consistency checking
between the videoimagery, camera motion, and true range
measurements to demonstrate integrity of the data set
prior to use in research and validation activities.

Technical Contact
Phillip Smith, ARC, (415) 604-5469
Banavar Sridhar, ARC, (415) 604-5450




Validation of Vision-Based Obstacle Detection

Algorithms Using Flight Data

Rotorcraft

Position data

Camera Position

’ - Camera
Trage data Calibration Rotorcraft data
3 |X
g |z )
2 |3
- 2 State
g |J Estimation
2 |3 v
2 |®
@ I ; Transform to
Camera Axes
Camera Velocity

Range Estimates

16

so|oeISqo




Automated Flight Test Management System (ATMS) Flight Test Engineers Workstation

The Automated Flight Test Management System (ATMS)
Flight Test Engineers (FTE) workstation is a tool that
combines numeric and symbolic computation to aid in the
planning, scheduling, and validation of a flight test pro-
gram. The ATMS combines expert system technology with
conventional numeric processing to provide a flight test
planning tool, on-line simulation of the flight, and auto-
matic flight card generation.

ATMS allows the flight test engineer to plan research
flights at the block, flight, and maneuver levels. An expert
system then arranges the maneuvers in a flight to optimize
fuel,range, and time. Afterthe flight hasbeen planned, on-
line simulations can be run to validate the flight. Finally,
ATMS aids in the preparation of the flight cards that are
used in the actual research flight.

ATMS significantly aids the flight test engineer by captur-
ing and utilizing knowledge about flight test planning.
ATMS also aids in the validation of planned flights and
helps to automate the time-consuming task of flight card
preparation.

ATMS has evolved over the past year from a prototype to
an operational system. ATMS is currently being used to
plan research flights for the F-18 High Alpha Research
Vehicle. Several organizations such as the Air Force
Flight Test Center, Lockheed, and McDonnell Douglas
have shown interest in ATMS.

Technical Contact
Eugene L. Duke, ADFRF (805) 258-3802
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Automated Flight Test Management System
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X-29 High Angle-of-Attack Controls Technology

The X-29 is a single-seat fighter-type airplane with a 30
degree forward-swept wing. The airplane, designed and
built by Grumman Aerospace Corporation, was specially
modified for high angle-of-attack (AOA) flight to include a
spin recovery chute system and a specially modified high
AOA flight control system.

The software and hardware that make up the flight control
system were modified to provide three-axis maneuvering
up to wing stall and to provide pitch pointing capability up
to the maximum AQOA (40 and 70 degrees, respectively).
These control laws were built on the original control laws
with enhancements that start to fade in at moderate AOA.
Most of the changes in the control laws were made to
simplify the feedback structure. At high AOA the control
system was designed such that lateral stick movement
commands the velocity vector roll rate (no AOA and sideslip
coupling). The aileron commands are strictly a function of
pilot lateral stick and roll rate feedback. The rudder
command is computed from pedal inputs, lateral stick
(ARIforcoordination) through alead-lagfilter, and washed-
out stability axis roll rate feedback loop. The high gain
pitch control of the low AOA flight control system was
generally sufficient for high AOA. Modifications included
changes to the Automatic Camber Control schedules, AOA
feedbacks added to provide long period pitch stability, and
AOA and g-limiters. These control law changes were
designed primarily using the nonlinear simulation. High
AOA flight control concepts were checked using linear
analysis, but the nonlinearities of high AOA require a
nonlinear simulation. Hardware-in-the-loop and airplane-

in-the-loop simulations were used for verification and
validation testing.

Initial flight tests have demonstrated a much better than
expected wing-rock free envelope (up to 35 degrees AOA).
The wing-rock that develops is very mild and lateral-
directional control degradedin a graceful manner, according
to the X-29 pilots. Stability axis roll rates have proved to
be similar to the predictions and are shown in the ac-
companying figure. In-flight Dial-A-Gain tests have shown
that even higher roll performance is possible with reduced
roll rate feedback without noticeable wing rock up to 35
degrees AOA (approximately a 15% increase in rate for a
20% reduction in feedback gain). Pitch axis control was
less than predicted, largely due to high levels of static
instability, which did not decrease as much as expected
with increased AOA. To offset this, a flight control system
modification was made to increase the pilot pitch axis
control power by 30 to 100% across the flight envelope.

More flights to test fully the high AOA capabilities, the
military utility and agility of the X-29, and surface and
vortex flow patterns are planned for late summer FY 1990
and early to mid FY 1991.

Technical Contact
Robert Clarke, ADFRF, (805) 258-3799
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Demonstrated Incompatibility of Airborne and ATC-Generated 4D Descent Profiles

Advanced Air Traffic Control (ATC) systems are being
developed which contain time-based (4D) trajectory pre-
dictions of aircraft. Incompatibilities between these ATC-
generated profiles and those generated by airborne 4D
Flight Management Systems (FMS) may introduce system
problems. The objective of this effort was to operate an
airborne 4D FMS in a 4D ATC system with known speed
strategy differences.

The Langley TSRV cockpit simulator, flown by airline
pilots, was linked inreal-time tothe Ames Descent Advisor
(DA) simulation, operated by active air traffic controllers.
Computer-generated traffic was directed by DA-generated
speed and descent commands by the controllers to achieve
scheduled metering-fix arrival times. The TSRV cockpit
used on-board FMS-generated speeds to achieve arrival
times specified by the controller. Figure 1 provides a
comparison of minimum fuel and ATC speed schedules
versus assigned flight time for the test scenario. Test
conditions were flown with TSRV using either the minimum
fuel (incompatible) or ATC (compatible) speed strategy.
Figure 2illustrates the worst-case separation conflict that
could occur with incompatible speed schedules. An offset
route scenario was also tested to allow TSRV to fly the
minimum fuel speed schedule on a parallel route to avoid
the in-trail separation conflict.

The 4D procedures and FMS operation were well received
by the airline pilots, who achieved an arrival time accuracy
of 2.9 seconds standard deviation time error. Incompat-
ibility between airborne and ATC-generated speed sched-

ules produced numerous traffic conflicts that required
controller intervention. With compatible speed sched-
ules, no conflicts where encountered. The offset route
scenario was found to be confusing to the controllers and
less efficient than flying compatible speeds on the same
route. When heavy traffic forced vectoring of all traffic,
compatibility of speed schedules was no longer an issue
since all aircraft were at minimum speeds.

These tests demonstrated that incompatibility between
4D airborne and ATC speed schedules can result in un-
acceptable system performance. The relatively modest
efficiency advantage of minimum fuel speed schedules can
be lost when ATC intervention is required to prevent
conflicts. Further work is required to develop procedures
and/or identify information transfer between air and
ground needed for successful, cooperative time-based ATC.

Additional joint experiments are planned as 4D ATC
concepts evolve. Specific areas of interest are wind mod-
eling errors, data-link transfer of trajectory parameters,
and refined 4D clearance procedures designed to prevent

in-trail conflicts.

Technical Contact
David H. Williams, LaRC, (804)864-2023
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Evaluation of Candidate Wind Shear Detection and Clutter Suppression Algorithm

A number of candidate wind shear detection and clutter
suppression algorithms have been developed. Theseinclude
(1) ground clutter reduction and rejection by antenna tilt
control, range limiting, wide receiver dynamic range with
separate AGC for each range bin, and use of various clutter
rejection filters, both fixed and adaptive; (2) derivation of
average wind velocity and spectral width in each range cell
by use of adjacent pulse-pair and/or FF'T Doppler spectral

averaging; (3) derivation of the horizontal shear hazard -

index (F-factor) using the velocity measurements over
several range bins. This technique minimizes the effect of
erroneous velocity measurements from moving ground
clutter, since moving clutter targets generate wide Doppler
spectra in comparison to weather spectra; and (4) for each
azimuth scan of the radar, the centroid and area of hazard-
ous regions that exceeds a hazard index threshold is
calculated.

Hazardous regions with areas greater than a specified size

- aretracked from scan toscan. Small areas are not tracked,

since these areas are usually false targets resulting from
moving vehicles or small wind shear areas not hazardous
to aircraft. If a hazardous region is tracked for a number
of scans and its centroid is within 30 to 40 seconds of the
aircraft, an alarm is sounded and a display showing the
location and extent of the hazardous area is provided.

The accompanying figure shows displays generated by
simulating a radar mounted on the UAL 395 aircraft
scanning the July 11, 1988 Denver microburst, during
landing at Stapleton Airport. The left display shows
contours of measured radial velocity, through the
microburst, over a range of 0.5 to 5 km and azimuth angle
range of £21°. Velocity contours from moving vehicle
ground clutter can be seen at the outer range of the display.

The right display shows contours of hazard index with a
shear hazard area in the microburst correctly identified by
the radar. Antenna tilt control, weighted least-squares
hazard estimate, and hazard area tracking algorithms
were utilized in this simulation. The false hazards produced
by moving vehicles were either suppressed or ignored by
the radar.

Signal and data processing algorithms that incorporate
range limiting, antenna tilt control, clutter filtering, least-
squares estimation, and hazard tracking have been devel-
oped. Simulation studies using these algorithms have
shown the microburst wind shear hazards can be success-
fully detected in the presence of severe ground clutter.
Had a Doppler radar incorporating these algorithms been

- operating on UAL 395, the pilots might have been warned

in sufficient time to avoid the hazardous wind shear.

Technical Contact
Emedio Bracalente, LaRC, (804) 864-1810
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Flutter Suppression On An Active Flexible Wing

The objective of this researchis to design a flutter suppres-
sion system and experimentally demonstrate the ability to
significantly expand the operational envelope of an ad-
vanced aircraft configuration by exploiting active control

technologies.

A full-span, free-to-roll, active flexible wing (AFW) wind

tunnel model (see graphic) was used as a testbed for .

demonstrating active flutter suppression. A linear math
model of the airframe (with roll motion restrained) was
used to design a flutter suppression system (FSS). The
design method employed rootlocus and Nyquist techniques
and relied on a fundamental physical understanding of the

flutter mechanism. A unique aspect of the design is that

it takes advantage of an effective pole/zero cancellation
associated with the first wing torsion mode at low dynamic
pressure, and pole/zero migrations with variations in dy-
namic pressure. The design was performed in the con-
tinuous domain but wasimplemented digitally. The design
wasevaluated and fine tuned using ahigh fidelity, nonlinear
simulation. The AFW model was then “flown” in the
Transonic Dynamics Tunnel toevaluate the validity of the
math model, identify flutter boundaries, and test the FSS.

The FSS was shown to successfully stabilize the vehicle,
despite discrepancies in the design model, to a dynamic
pressure 45 psf above flutter Though the math model of
the AFW proved to represent the key aspects of the flutter
mechanism, there were considerable differences between
the flutter frequency (and flutter dynamic pressure) pre-
dicted by the math model and that observed experimentally.
At a dynamic pressure of 270 psf, turbulence in the wind

tunnel induced structural deformations that exceeded
preset safety limits. However, the control system was still
adding sufficient damping to stabilize the vehicle with
commanded control surface deflections and rates well
within allowable limits. The control system also exhibited
excellent stability margins as measured by experimentally
determined singular value and Nyquist plots. Asan added
benefit, the FSS demonstrated significant gust load alle-
viation properties below flutter as indicated by reduced
acceleration levels.

This study demonstrated that clean-wing flutter sup-
pression is feasible and it reinforced the need for accurate
modeling and a thorough understanding of the physical
phenomenon being controlled. Positive design attributes
include suppression of flutter 20% above the open-loop
flutter point, simplicity of implementation, gust load alle-
viation properties, and robustness to uncertainties in
flutter frequency and flutter dynamic pressure.

Future work will initially be aimed at determining the
actual closed-loop flutter point for the current FSS. Ad-
ditional damping will be added via the FSS to decrease the
response to turbulence and so increase the operational
limit of the F'SS beyond a dynamic pressure of 270 psf.
Additional design improvements to increase the flutter
dynamic pressure of the closed-loop system beyond the
current limit will be investigated, as will the potential for
simultaneously suppressing flutter while executing rapid
rolling maneuvers. A wind tunnel test to address these
objectives is tentatively planned for mid-1990.

Technical Contact
Martin R. Waszak, LaRC, (804) 864-4015
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High-Temperature Fiber Optic Microphone

The objective of this program is to investigate and develop
‘improved fiber optic/electro-optic, detection and sensing
- systems for the fiber opticmicrophone in order toextend its
minimum detectable sound pressure level (SPL) by 54 dB.

The fiber optic concept was developed by Dr. A.J. Zuckerwar
(NASA LaRC) and Prof. F. W. Cuomo, University of Rhode
Island (URI). It has the potential to achieve the high
temperature (2000 °F) and high frequency (200 KHz)
response required for aeroacoustic load measurements
needed for National Aero Space Plane (NASP)development
and flight testing. This capability has been identified by
General Dynamics as a key sensortechnology development
for the X-30research vehicle andis supported by the NASP
Joint Project Office. This sensor is targeted to meet the
required combined performance range of 130-190 dB (ref.
20 pPa) SPL, 200 KHz bandwidth, and to operate at
temperatures up to 2000 °F.

The first prototype fiber optic microphone, which was built
at LaRC and tested at URI, was found to have a minimum
detectable SPL of 146 dB — 16 dB above the required
minimum level. An examination of the fiber optic sensor
data link was conducted in the IRD fiber optic sensor
laboratory, and noise sources were identified. The ampli-
fier has been redesigned to include a new ultra-fast pho-
todiode/op-amp, which has anominal minimum detectable
power level of 10 nW and a bandwidth that exceeds the
required 200 KHz. A DC offset is provided to balance out
the detector quiescent level which increases the system
detectable range. The minimum detectable SPL was
decreased to 131 dB (10 Hz BW). An electrostatic actuator
will be used to calibrate the sensor at high temperatures.
Since the actuator has a maximum SPL of 92 dB, it will be
necessary to further reduce the minimum detectable SPL

of the sensor. This improvement in minimum SPL will
require narrowing the bandwidth to 1 Hz and increasing
the fiber optic optical power from 40 to 600 uW.

Technical Contact
A. J. Zuckerwar, LaRC, (804) 864-4658
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High-Temperature Fiber Optic Microphone
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Laser Induced Fluorescence Diagnostics

The objective of this program is to develop Laser Induced
Fluorescence (LIF) techniques for visualization and
quantitative measurements in supersonic and hypersonic
flow fields, with particular emphasis on supersonic com-
bustion.

One of the most critical technology needs in the Agency’s
hypersonic propulsion technology and computational fluid
dynamics (CFD) validation research program is the need
for spatially resolved, disturbance-free measurements of
local gas flow properties of chemically reacting flows. The
newly evolving nonintrusive diagnostic of LIF will provide
much of the needed research data. Specifically, a high-
power, tunable ultraviolet excimer laser will be used to
generate LIF in OH and O,, and an intensified solid state
camera will be used to record and quantify the resultant
2-D fluorescence.

The solid-state camera system is presently operational
and the excimer laser was received from the manufacturer
in June 1990. Laboratory research has continued during
the excimer procurement phase using an existing Nd:YAG
pumped dye laser system. Using this system, we have
demonstrated 1-D visualization of OH along a line in a flat
flame burner and single point measurements of O, LIF in
a heated cell. The preliminary dye laser studies demon-
strated that it is possible to locate a single laser frequency
which will simultaneously excite two upper state vibrational
levels. By recording the ratio of line intensities from these
levels, it is possible to determine the gas temperature
using a single laser pulse. Single pulse capability with LIF
is particularly important to high speed combustion diag-
nostics where it is necessary to “freeze” the flow in order to
study the turbulent fluctuations. These techniques will be
demonstrated this coming year in test cell 2.

The excimer-intensified camera system will provide the
capability of taking 2-D “freeze-frames” of density and
temperaturein fluid flows. In particular, it will provide O,
and OH snapshots for studying hypersonic and combus-
tion flows. Other gases, such as NO and H,0, also will be
studied using this technique.

Technical Contact
R. J. Balla, LaRC, (804) 864-4608
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Validation of Methods for Predicting Hypersonic Flight Control Forées and Moments

Before assessing flight control systems for hypersonic
vehicles, it is important to understand the strengths and
limitations of prediction tools. For conceptual control
design a set of tools has been integrated into an industry-
standard computer program, the AerodynamicPreliminary
Analysis System (APAS). Although several studies have
examined this code’s ability to predict overall vehicle

’ dyna§m1cs, no systematic study has explored its ability to

predict the control forces and moments generated by the
aerodynamic effectors. Thus, the goal of this activity was
todetermine the range and accuracy of APAS for predicting
control forces and moments for hypersonic vehicles.

An assessment of the capabilities for predicting flight

“control forces from low subsonic to high hypersonic speeds,

including the subsonic/supersonic panel methods and hy-
personic local flow methods, which are part of APAS, was
undertaken. The validation effort covered three configu-
rations for which wind tunnel and/or flight test data are
available, namely the Space Shuttle Orbiter, the North
AmericanX-15, and a hypersonicresearch airplane concept.

Predicted control forces and moments generated by vari-
ous control effectors were compared with previously pub-
lished data. Results indicate that predictions of longitu-
dinal stability and control derivatives are acceptable for
conceptual controls design use. Results for most lateral/
directional control derivatives are acceptable for concep-
tual design purposes; however, predictions at supersonic
Mach numbers for change in yawing moment due to
aileron deflection and the change in rolling moment due to
rudder deflection are not acceptable. Including shielding

effects in the analysis has little effect on lift and pitching
moments while improving drag predictions.

The accomplished research provides a first step toward a
computationally efficient method for predicting flight
control forces and moments. The accuracy range and
validity of APAS as a predictive code is established for
suitability as a conceptual design tool. Also, a catalogue of
existing data for comparison with other prediction meth-
ods is available.

A second phase of research has begun for assessing un-
certainties in the force and moment predictions. Im-
provements to APAS will be made after an analysis of the
physics is undertaken. For example, if moments are not
predicted well because pressure distribution is not predicted
well, appropriate modification to the code will be imple-
mented.

Technical Contact
John D. Shaughnessy, LaRC, (804) 864-4014
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Controls and Guidance - Space

The Space Controls and Guidance Research and Technology Program is directed
toward improving the next generation of space transportation systems: the
President's Lunar/Mars Initiative, large future spacecraft, space systems such as the
Space Station, large com-unication antennas, and high-precision segmented reflector
telescopes and interferometers. The new generation of transportation vehicles is
being challenged with demanding requirements to provide an order of magnitude
reduction in cost as well as an increase in capability; the Lunar/Mars Initiative will
require reliable avionics systems; and future orbital facilities will have demanding
control requirements for pointing and stabilization, momentum management, build-
up and growth accommodation, and disturbance management.

To address advanced launch requirements, research and technology for adaptive
guidance is being pursued. A forward-looking laser, detecting wind velocity in
advance of the vehicle, provides the data for calculating, on board, the desired load
alleviation trajectory. This technology has the capability to provide large reductions in
operations support in the planning and generation of the mission software and
mission control. In support of the Lunar/Mars initative, the Advanced Information
Processing System ( AIPS ) forms the basis for our research and technology program
into highly reliable fault tolerant distributed control systems. AIPS, along with long -
lived, reliable avionic system components, will greatly assist our ability to realize the
President's Initiative. For complex space systems, computational controls are being
developed to provide cost-effective, high-speed, high-fidelity control system simulation
and analysis and synthesis tools. The thrust of this work will be to develop methods
and software to enable a 4 orders-of-magnitude improvement in analysis and real-
time hardware-in-the-loop simulation for control design certification. To address
future orbital facilities requirements, an advanced technology program is under way
in system identification, distributed control, and advanced sensors and actuators. A
new area is under way utilizing advances being made in microsensors and motors for
acceleration and rate gyros; this produces highly reliable systems based on high
multiples of hardware redundancy.

Program Manager: John D. DiBattista
NASA/OAET/RC
Washington, DC 20546
(202) 453-2743
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Adaptive Control Subsystem Development

The research objective is to develop an adaptive control
subsystem for application to emerging space systems,
including future large flexible spacecraft, space platforms,
and advanced space exploration vehicles. The overall
approach involves a multilevel adaptation methodology to
provide controller designs that ensure high performance
in the presence of major system changes, such as large

_parameter jumps, hardware failures, anomalies, opera-

tional disturbances, and changes in mission objectives, as
well as, local phenomena including drifting parameters,
model uncertainties, and environmental disturbances. This
concept will provide robust stabilization and control with
enhanced performance for future space systems.

Accomplishments in FY 1990 have been made in both the
theoretical and experimental fronts. On the theoretical
front, anew adaptation technique, denoted as auto-tuning,
has been developed for vibration damping of spacecraft
having non-collocated actuators and sensors. A second
theoretical advance proves that for structures with collo-
cated actuators and sensors, there always exists abounded
feed-forward gain, which guarantees stability of the closed-
loop adaptive system in the presence of a pure time delay.
Experiments were successfully conducted which validated
this latter result and demonstrated robustness of the
adaptive algorithm to input saturation and time delay
effects.

Research and development for FY 1991 includes the fur-
ther advancement of the state of the art for adaptive
control of non-collocated spacecraft. Theoretical work

covering concept development, algorithm design, and

stability analysis for single-input/single-output algorithms
are scheduled for this coming year. On the experimental
side, the six-input/six-output adaptive regulator design
will be extended to the model reference tracking problem,
further advancing unprecedented work on experimental
adaptive control for multivariable systems of this size.

Technical Contact
Shyh J. (Don) Wang, JPL, (818) 354-7288
Fred Y. Hadaegh, JPL, (818) 354-8777
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High Performance Adaptive Control

Goal:

Develop a Multi-Level Autonomous
Adaptive Control System for
Advanced Spacecraft

Payoffs:
Enabling Technology for
e On-Board Spacecraft Autonomy

e High Performance Control in
Uncertain and Time-Varying
Environments

e Advanced Control for Space
Exploration Missions

Accomplishments:

¢ Developed Robust Multivariable
Adaptive Theory and Experiment

¢ Demonstrated Robustness to
Time Delay and Saturation

e Developed Auto-Tuning Adaptation
Concept
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Advanced Image Processors

The objective of this task is to develop and demonstrate
efficient algorithms for real-time extraction of geophysical/
biophysical parameters from imaging spectrometer and
other high-rate imaging instrument data streams, and to
carry out design evaluation and demonstration of prototype
hardware processing architectures for implementation of
these algorithms.

In cooperation with representative remote sensing science
users of imaging spectrometer data, efficient algorithms
forextraction of specific geophysical/biophysical parameters
are being developed and validated with aircraft imaging
spectrometer data sets. This group of science users is also
providing direct input-specific functional requirements for
on-board processing of high-rate imaging instrument data.
The hardware architectureissueisbeing addressed through
the use of state-of-the-art commercial board-level multi-
processor computing products. This approach takes ad-
vantage of the rapidly developing commercial applications
of very high speed computational chip technology, and
provides a cost-effective means for arriving at candidate
architecture/processor technology for flight implementa-
tion within the next 3 to 4 years. Two, or possibly three,
iterations of architecture/processorevaluations are planned
over the period of FY 1990 through FY 1993. The activity
culminates with a final recommendation for a specific
architecture/processor combination for applications to flight
missions requiring high-rate processing of multiparameter
imaging instrument data, such as imaging spectrometers,
and demonstrations of the functional capabilities of the
candidate system.

The initial “high-water” benchmark functional require-
ment is the computational intensive problem of perform-
ing spectral mixing decomposition to provide quantitative
assessment of the percent composition of surface con-
stituents on a pixel-by-pixel basis. The first iteration
architecture/processor product chosen is a single-board
(VME bus compatible) multiprocessor parallel architecture
consisting of four AT&T DSP32C digital signal processing
(DSP) chips with distributed memory running at 50 MHz
with an aggregate processing capability of 100 MFLOPS.
The board has been installed in a Sun-4 testbed along with
appropriate drivers and a library of analysis routines. A
software environment for carrying out test and evaluation
of candidate architectures also has been put into place.
Initial tests of the first-iteration architecture indicated
that this particular product can perform the complete
spectral mixing decomposition operation in under 10 msec
per pixel processor on input imaging spectrometer data
consisting of 32 spectral bands with three principal min-
eralogical constituents. ‘

Technical Contact
Jerry E. Solomon, JPL, (818) 354-2722
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Autonomous Star and Feature Tracking

The objective of this task is to develop advanced optoelec-
tronic tracking and pointing sensors to autonomously
identify/recognize and subsequently track features of in-
terest. In particular, theinitial objective of this workis the
development of a sensor capable of autonomously identi-
fying and tracking the “features” formed by star patterns,
i.e.,afully autonomous star tracker. Subsequent work will
expand in scope to include identification and tracking of
various planetary features and “novelties,” the latter
representing unusual or suddenly appearing features that
fall outside the sensor’s catalog of “the ordinary.”

Availability of fully autonomous star, and eventually
feature trackers, will significantly impact the basic op-
eration of spacecraft and space-based instruments. A
more capable star tracker may allow the use of lower
performance gyroscopes and might, in some instances,
eliminate the need for gyros altogether. More efficient and
independent modes of fault/loss-of-attitude recovery, based
on identification of any catalog star (rather than just the
Sun and Canopus) can be employed. Feature trackers will
allow science instruments to be pointed and scanned
relative to a point or points of interest rather than inertial
coordinates, possibly eliminating the need for tedious
mosaicking and overlap matching. Moreover, the instru-
ments can be used more selectively, recording only “novel”
information rather than everything in sight and thereby
greatly reducing the volume of information that must be
transmitted by the spacecraft and subsequently processed
on the ground.

During FY 1990, the Autonomous Tracker effort has suc-

cessfully demonstrated identification of a selected (up-

right) feature against a large and somewhat noisy visual
environment. Although decidedly a long way from fully
autonomous feature-based tracking, demonstration of this
capability represents a promising first step towards rec-
ognition of selected planetary features in a realistic optical
environment. The Tracker effort has also completed the
editing, restructuring, and documenting of an autonomous
star-tracking algorithm and code. During FY 1991, this
code will beintegrated with a sky simulation and eventually
with a breadboard charge-coupled device (CCD)-based
star-tracker in a demonstration of autonomous star-
tracking capability. The resultingbaseline tracker system
will serve as a point of comparison for future hardware and
software developments. Among the most promising of
these developments are neural net-based pattern recog-

‘nition and processing systems. The ability of such systems

to rapidly identify patterns based on noisy and/or incom-
plete information makes them ideal candidates for use in
a robust and autonomous star/feature tracker.

Technical Contact
Randy Bartman, JPL, (818) 354-5320
Fred Y. Hadaegh, JPL, (818) 354-8777
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Fiber Optic Rotation Sensor (FORS)

The objectives of the FORS task are to develop an all-solid-
state, navigational-grade inertial rotation sensor for space
applications and to transfer this technology to industry.

FORS is based on a phenomenon known as the Sagnac
effect: two light waves propagating in opposite directions

- around a closed path will experience a relative phase shift,

the size of which is directly proportional to the product of
the area enclosed by the path and the path’s inertial
rotation rate. This phase shift can be detected and mea-
sured by optical interferometric techniques. With the
advent of low-loss optical fiber, it has become possible to
create a compact sensor capable of resolving very
small (< 0.01 degree/hr) rotation rates by winding long
lengths of fiber on a relatively small coil form. The
enclosed area of the resulting optical path is equal to the
product of the number of winds in the coil and the area of
the coil and is thus proportional to the product of the total
length of the fiber and the diameter of the coil form. The
path’s large effective area magnifies small rotation rates to
produce minute, but nonetheless, measurable phase shifts.

FORS optical source and detectors are high-reliability
components developed by the telecommunications indus-
try. The central component of FORS is an integrated
optical circuit (IOC), which incorporates the various
beamsplitters, polarizers, and phase modulators used in
FORS onto asingle chip, thereby guaranteeing their stable
alignment of these components. FORS alsoincorporates a
unique optical signal processingcircuit that greatly reduces
the overall performance impact of drift and nonlinearity on
the sensor’s drive and control electronics. Most apparent

in the figure is the overall thermal-mechanical packaging
concept used in the FORS brassbroad. As in any high-
performance inertial sensor, the design and implementa-
tion of the sensor package plays a significant role in
determining the final performance capabilities of FORS.
The FORS brassboard package has been designed by the
Charles Stark Draper Laboratory as part of a joint CSDL/
JPL effort to develop FORS for use on the CRAF/Cassini
mission. The effort, which began in August 1989, is
intended to culminate with CSDL’s delivery of full four-
axis flight units in 1993. During FY 1990, the effort has
focused on transfer of the FORS technology to CSDL and
fabrication of the brassboard. The latter should be under
test by August 1990.

Other organizations are also participating in a FORS
technology transfer program. An industry briefing on
FORS technologyin November 1989, was attended by over
50 engineers and managers representing 35 government
and industrial organizations. One major corporation is
currently participating in FORS technology transfer, and
active discussions are continuing with several other or-
ganizations. This transfer effort will continue in FY 1991.

Technical Contact ‘
Bruce Youmans, JPL, (818) 354-8661
Fred Y. Hadaegh, JPL, (818) 354-8777




L1

Fiber Optic Rotation Sensor (FORS)

Mock-up of FORS Brassboard

(Package designed by Charles Stark Draper Laboratory

as part of a NASA / CSDL joint development program)




811

SHAPES (Spatial, High Accuracy, Position Encoding Sensor)

The objective of this task is to develop a control sensor able
to make simultaneous 3-D position measurements of
multiple (up to 50) targets. These measurements need to
be made with submillimeter accuracy and with a sufficient
data bandwidth for system identification, shape, and vi-
bration control of large space structures.

SHAPES, which combines optical angle measurements
with time-of-flight range measurements, has the special
capability of dynamically tracking many targets simulta-
neously. The sensor makes use of laser diodes, charge-
coupled device (CCD)imaging detectors, and a picosecond-
resolution streak tube to provide 3-D position sensing of
retroreflector targets. Multitarget tracking capability is
required to determine both static and dynamic in-orbit
characteristics of large antennas, platforms, and the
Space Station. SHAPES measurements can be used to
check structural alignment and overall geometry during
each assembly phase of the Space Station to verify correct
assembly. The SHAPES technology can also be used to
determine absolute payload pointing/position from navi-
gational base reference position measurements. In addi-
tion, a derivative of SHAPES could be used as arendezvous
and docking sensor at ranges up to 40 km.

The principal accomplishments of FY 1990 were the
completion of the 3-D breadboard fabrication and the
integration and test of the range and angular measurement
functions. The figure shows the angular position camera
with a custom, wide-angle, 14 mm F/14 lens mounted with
theranging remote optical head. The return optical pulses
aretransmitted to the streak tube camera by optical fibers.

- The breadboard includes a multiprocessor data acquisi-

tion and experiment control system, which is not shown.
The sensor measures the 3-D position of 24 targets with a
resolution of 0.1 mm in range and 0.05 mrad in angular
position over a 32-degree field of view at a data update rate
of 10 Hz. Two-phase and dual-frequency operation of the
streak tube allows unambiguous range measurement to a
range of 50 mm at the design accuracy. A test facility was
designed for detailed characteristics of the sensor.

Completion of the detailed characterization and transfer
of the technology to industry will be accomplished in FY
1991.

Technical Contact
Noble Nerheim, JPL, (818) 354-2547
Fred Y. Hadaegh, JPL, (818) 354-8777
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Payoffs

e Sensing for Static
Shape and Dynamic
Control of Large
Structures

e Payload Pointing

Accomplishments

o Completed Fabrication of 3-D Breadboard
Hardware Components

e Completed Multi-Processor Data
Acquisition and Experiment Control System

¢ Integrated Range and Angular Measurements
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Coherent Launchsite Atmospheric Wind Sounder (CLAWS) Feasibility/Benefit Study

The effort assessed the cost and technological timeliness of
using a pulsed Doppler Lidar (Light Detection and Rang-
ing) wind profiler to obtain accurate launch corridor wind
profiles in real time, in support of Shuttle and unmanned
booster guidance.

Several candidate Lidar sensor configurations were postu-
lated, and their performance was assessed via end-to-end
Monte Carlo simulations. In parallel, high-level Lidar
guidance sensor models were proposed and used in a trade
study that examined the impact on mission availability
and performance of variations in sensor range and accu-
racy. Both ground-based and on-board sensors were con-
sidered. A currently feasible ground-based solid-state

CLAWS sensor can provide accurate real-time wind pro-

files for guidance in any normal flight weather; an on-
board system would be necessary for flight in rain or very
heavy cloud cover. This latter situation might arise in
emergency, or high-priority military missions.

Solid-state CLAWS systems, such as those studied in this
activity, can virtually eliminate spurious wind-related
launch delays. The technology currently exists to support
these systems at reasonable cost. '

The practical impact of this study is growing. The findings
have motivated follow-on, ground-based hardware dem-
onstration activities supported by the Advanced Launch
System (ALS) and NASA bridging programs. Several
launch vehicle contractors have begun examining the use
of ground-based and/or on-board sensors under internal
research funds. A two-phase hardware demonstration

program will result in a brassboard system capable of
supporting launch operations at Kennedy Space Center by
1993.

Technical Contact
Daniel D. Moerder, LaRC, (804) 864-6495
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Closed-Loop Control Test on Mini-Mast

The objective of this research is to develop a high-gain

feedback control law for the Mini-Mast and to validate it

via simulation and laboratory experiments. A modern
control law was designed using the ORACLS design
package. It was testedin simulations and thenin hardware
using the Mini-Mast facility.

Open-loop sinusocidal input tests using the torque-wheel ,A

actuators (TWA) were made at resonant frequencies of the
structure. Data taken from these tests were processed to
identify the resonant frequencies, damping coefficients,
and control effectiveness of the actuators. A Linear Qua-
dratic Gaussian(LQG)control law was designed to achieve
a 30% damping coefficient at the first resonant frequency.
This performance was verified in simulation using the
identified resonant frequencies, damping coefficients, and
control effectiveness of the actuators. The control law was
then tested using the Mini-Mast facility.

The accompanying figure contains time histories of tests
on the facility and the pretest simulation. Forcomparison.
the next to the lower trace was taken from an open-loop
test run with start conditions as close as possible to those
of the closed-loop test. The top traceis the TWA command
input in the Y direction. In this test, excitation of the
structure was provided by a 30-second sinusoidal input of
the y-axis TWA at the first resonant frequency of the
structure. The control law was then engaged. The second
trace from the top is the output of a noncontacting dis-
placement sensor at the C apex of bay 18 of the Mini-Mast.
The effectiveness of the control system in providing damp-
ing can be noted by comparing the open-loop test (free

decay) with the same trace in the closed-loop (controlled
response).

This was the first closed-loop control test of the Mini-Mast
and as such has developed procedures that will profit
future guest investigators who may use the facility. This
satisfies the FY 1989 planned accomplishment for Mini-
Mast Control Law Design. Additionally, it has shown that
torque wheels can be effective tools for damping larger
flexible structures.

Further tests of this control law on the Mini-Mast are
planned to examine the control system response to the
flexible modes that the control law was designed tosuppress.

Technical Contact
Raymond C. Montgomery, LaRC, (804) 864-6615
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Personnel Launch System Approach and Landing Simulation Study

-The personnel launch system (PLS) concept has been

proposed to ferry astronauts to and from a space station
usinga Titan IV booster for vertical takeoff and performing
an unpowered horizontal landing. The reusable vehicle,
which could bring a pilotless crew back to Earth under
automatic control, is in preliminary design stages. To
identify and correct flight control/flying qualities defi-
ciencies early in the conceptual vehicle design process, a
piloted simulation study of vehicle approach and landing
characteristics has been initiated using the Langley Ter-
minal Systems Research Vehicle (TSRV)simulation cockpit.
The objectives are to identify potentially beneficial vehicle
configuration improvements, to define candidate control
laws, and to investigate a range of landing techniques
using both manual and automatic control modes.

A subsonic aerodynamic model was developed from wind
tunnel tests of the vehicle with appropriate corrections for
landing gear and ground effects. Manual and autoland
control laws and a flight director display concept were
developed. The 6 DOF nonlinear vehicle model wasinstalled
and validated on the TSRV fixed-base simulator. An
approach trajectory consisting of a steep constant velocity
outer glideslope, a constant “g” preflare, and a shallow
inner glideslope to precision landing was developed for
piloted and autoland control evaluation. LaRC and DFRC
research pilots and JSC astronauts will conduct evaluations
of the manual control system and of switching transients
during manual takeovers from the autoland system. In
addition, vehicle performance concerns, such as landing
speeds, touchdown sink rates, crosswind capability, and
required runway lengths are being studied.

Successful manual landings using both the flight director
display and instrument-only approach techniques, under
no wind, headwind, tailwind, and steady crosswind condi-
tions were accomplished. The flight director display was
shown tolower the touchdown dispersion by roughly 50%,
and to lower the touchdown sink rates from an average 8
ft/sec to less than 5 ft/sec. Also, successful landings were
demonstrated with early versions of an autoland system
under the same conditions. Test pilots and astronauts
rate the vehicle handling qualities satisfactory on the
outer glideslope. However, because of rapid deceleration
during flare on the inner glideslope, they suggest that
vehicle design modifications should be investigated to
increase the low lift-to-drag (I/D)ratio. Cursory paramet-
ric studies of I/D have indicated that ratings could be
improved from acceptable to satisfactory through fairly
small I/D increases. Modifications to the flight control
configuration and landing gear design were also based on
these results. :

Early evaluation of a conceptual PLS vehicle design has
identified handling qualities/flight control problems. Ba-
sic modifications to the vehicle configuration have been

identified. LaRC and DFRC research pilots and JSC

astronauts are participating in parametric studies of
variations in vehicle weight and 1/D and flight control
issues on landing performance. The simulation will be
moved to the Visual Motion Simulator during late summer
1990. o

‘Technical Contact

E. Bruce Jackson, LaRC, (804) 864-4013
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Advanced Control Evaluation for Structures (ACES) and Computational Control

The objectives of this program are to develop, test, and
verify advanced control techniques on a large, complex
space system and to effect modeling and control methods
that are computationally efficient and repeat the test and
verification process for these methodologles

The control technology program (ACES-II) was conducted
in the ACES-I laboratory environment, which has a large
complex space system with 17 sensors, 9 effectors, and a

series of computers, in which the advanced control algo-

rithms are housed and are used to close the loop between
the sensors and effectors. Four control techniques, Posi-

tivity, Decentralized Pole Placement (DPP), High Authority

Control/Low Authority Control (HAC/LAC), and Model
Error Sensitivity Suppression (MESS), were tested in the
ACES-Ilaboratory. Previously, these control methods had
only been evaluated analytically and not verified in a
complex hardware environment. With the ACES facility,
control verification can be effected using time response
techniques, frequency response methods, robustness
analysis, and failure mode analysis. Also, in the compu-
tational control area, modeling tools are being enhanced
(TREETOPS improvements) and a control methodology is
being developed that precludes the necessity of solving
large order, simultaneous, nonlinear matrix equations.
Once these computational control elements are effected,
these elements will be tested and verified in the ACES-I
laboratory and the newly developed Multibody Modeling
Verification and Control Lab Complex.

In the ACES-II program, frequency response analysis,
robust analysis, and failure mode analysis were performed

on Positivity, DPP, HAC/LAC, and MESS. Based upon the
ACES-I control synthesis, all the control methods had
their positive and negative points, but the method with the
most positive points was DPP.

1y
Technical Contact

Henry B. Waltes MSFC, (205) 544 1441
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Autonomous Rendezvous and Docking

The objective of this effort is to define, develop, and
evaluate autonomous rendezvous and docking guidance
and control algorithms for planetary and lunar mission

applications using input from one or more navigation

sensors.

The study was conducted using the MFSC air-bearing
vehicle (ABV) and flat-floor facility. A charged-couple
device (CCD) based sensor was used to track a three-point
docking target illuminated by 10 laser diodes. This sensor
provides the coordinates of the three points in the field-of-
view; an inverse-perspective algorithm is used to compute
relative states in the chase vehicle reference frame. Six
independent control channels are used to generate thruster
commands for the X, Y, Z, roll, pitch, and yaw axes. Each
channel consists of a proportional-derivative controller
with rate-limiting capability. This technique was fully
validated using the ABV tosimulate the chase vehicle and
a Hubble Space Telescope (HST) model as the target
vehicle. The ABV has acceleration capabilities that are
representative of estimated planetary spacecraft reaction
control system capabilities. The HST model is coated with
reflective multi-layer insulation, which potentially causes
reflections and mistracking.

Numerous tests of this system were conducted in FY 1989
and FY 1990, which resulted in considerable refinement
and upgrading of the technology. The result was a system
capable of tracking the target from as far away as 150 feet,
in the presence of ambient light and spurious reflections
from the multilayer insulation. A docking success rate of
virtually 100% was obtained, using docking latches requir-

ing plus or minus two degrees and plus or minus twoinches
of alignment accuracy. All of the system components are
low-cost off-the-shelfitems, including the CCD sensor and
80386/80387 based computer.

Technical Contact

Richard Dabney, MSFC/ED13 , (205) 544-1473
Ricky Howard, MSFC/EB24, (205) 544-3536
Mike Book, MSFC/EB24 , (205) 544-3699
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Data Systems

The Data Systems Program consists of research and technology devoted to controlling,
processing, storing, manipulating, and analyzing space-derived data. The objectives
of the program are to provide the technology advancements needed to enable
affordable utilization of space-derived data, to increase substantially the capability for
future missions of on-board processing and recording and to provide high-speed,
high-volume computational systems that are anticipated for missions such as the
evolutionary Space Station and Earth Observing System.

The Data Systems Program supports fundamental research in such areas as laser
diodes, supports work to select and provide the appropriate on-board processor
technology for future NASA missions, and also supports the development of two flight
processors with special architectures. The ongoing support for solid-state laser
research leads directly to the development of a nine laser diode array that is used in
the Optical Disk Recorder. Some laser research efforts are focusing on Space Station
data handling applications. These devices are being developed to handle both the 300
Mbit/sec basic data rate and the much higher rates needed to support networking and
computer internal communications. Complementary research is being supported to
characterize the fundamental performance and properties of various alternative
networking.

NASA missions require processors that will work very reliably in the space
environment. Computer systems for missions in polar orbit and some planetary
missions must operate reliably in high radiation environments. The Data Systems
Program capitalizes on the dramatic advances in electronics, computer systems, and
software that are occurring in both the public and private sectors. It fosters and leads
the development of technologies required to meet NASA's unique data systems needs.
NASA technical expertise is being applied in cooperative arrangements with DoD,
and products from the DoD VHSIC program and other DoD developments are being
assembled into processors for testing and evaluation.

The Advanced Digital Synthetic Aperture Radar (SAR) Processor includes a special
architecture and algorithms to process SAR data. The unit will have a compute rate of
6000 megaflops per second. The Massively Parallel Processor (MPP) is being used for
ground processing of space image data, SAR data, and spectral analysis. The MPP
utilizes 16,384 processors. The research applications developed on the MPP have
verified the expected tremendous computational power of the MPP for the target
applications. Researchers outside of NASA in several universities, research centers,
and industry have been given access to the MPP to gain an understanding of its
capabilities, and they have applied these unique resources to a broad range of
computational problems.

Future objectives through the Civil Space Technology Initiative in High Rate/High
Capacity Data include data system architectural studies for new space initiatives,
significant advances in technologies and capabilities for on-board image processing,
data compression, high-volume block access storage, data networks, spectrometry,
and adaptive sensor control.

Program Manager: Paul Hunter
NASA/OAET/RC
Washington, DC 20546
(2024532704 131
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Algorithms/Applications — FY90 Configurable High-Rate 'ProcessorSystem (CHRPS)

The focus of this program is to develop and demonstrate
algorithms and applications that can exploit, in Earth
orbit, the high-capacity processing capabilities provided
by Configurable High Rate Processor System (CHRPS).
These algorithms are generally categorized as data com-
pression and data analysis. We plan to demonstrate that
the CHRPS concept will allow scientists, from their labo-
ratory, to program and control on-board high-rate pro-

cessing and receive only the meaningful results at their

workstations.

In FY 1990, this task developed a lossless data compres-
sion package that provides a selection of compression
algorithms from which a user can choose the one most

‘appropriate to the data set at hand. This package was

presented to the National Space Science Data Center
(NSSDC) User Group and installed on the NSSDC
VAXCluster for experimental use by that user community.

In addition, a multispectral image compression scheme
was developed based on region growing and quadtree data
structures that compress multispectral images to three
different levels: browse, moderate loss, and lossless.
Browse resolution results of this scheme are shown on the
accompanying illustration in the righthand column. This
scheme achieves a 20:1 compression ratio by locating and
retaining only the edges of regions and discarding the
textureinformation held within the regions. New schemes

retaining different types of information are targeted for

development in FY 1991.

The SPAM (Spectral Analysis Manager) software was

installed on the Science Information Systems Center’s
VAXCluster. Two SPAM analysis approaches, spectral
matching and mixture analysis, were selected for FY 1991
use in evaluating the effect of data compression on AVIRIS
analyses. - : o

In FY 1991, evaluation of a least three approaches to data

compression for AVIRIS data will be performed. Analysis
scenarios for use in data compression evaluation of simu-
lated MODIS data will be selected. Three additional
algorithms will be added to the baseline (NSSDC) com-
pression package. Evaluation will be performed of at least
three approaches to data compression for MODIS data. A
report will be prepared comparing results using the baseline

- (NSSDC) compression package for a wide variety of data
. set types. o ’

Technical Contact
James C. Tilton, GSFC, (301) 286-9510
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Automatic Image Data Encoding and Analysis

Our main objective is to perform fundamental research in
automated approaches for encoding multispectralimagery
dataintoimage segments based on the spatial structure of
the multispectral data and to investigate automated
methods for analyzing this encoded data on a segment-by-
segment basis. A secondary objective is to develop crite-
rion for evaluating the effectiveness of our analysis ap-
proaches on NASA remotely sensed image data.

There are a variety of ways for determining groundreference
data for satellite remote sensing data. One of the ways is
to photo-interpret low altitude aerial photographs and
then digitize the cover types on a digitizing tablet. The
resulting ground reference data can then be registered to
the satellite image, or, alternatively, the satellite image
can be registered to the ground reference data. Unfortu-
nately, there are many opportunities for error when using
a digitizing tablet and the resolution of the edges for the
ground reference data depends on the spacing of the points
selected on the digitizing tablet. One of the consequences
of this is that when overlaid on the image, errors and
missed detail in the ground reference databecome evident.
This task developed an approach for correcting these
errors and adding detail to the ground reference data
through the use of a highly interactive, visually oriented
process. This process involves the use of overlaid visual
displays of the satellite image data, the ground reference
data, and a segmentation of the satellite image data.

Several programs were implemented on the Science Infor-

mation Systems Center (SISC) VAXCluster and with an
IVAS image display system to effect interactive editing of

an edge map from an image segmentation so as to leave
only those edges that correspond to boundaries between
the ground cover types distinguished by the ground ref-
erence file. The resulting refined ground reference file
then can be used for more accurate evaluation of new
image analysis algorithms.

At the point funding ran out for this task, the interactive
line editing programs have been applied to a 128 x 256
pixel portion of a Landsat Thematic Mapper data set,
giving excellent results. When more funds become avail-
able, this refinement technique will be applied to several
other tests’ data sets and ground reference files.

Technical Contact
James C. Tilton, GSFC, (301) 286-9510
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Configurable High-Rate Processor System (CHRPS)

The goal of the Configurable High-Rate Processor System
(CHRPS) is to provide the architecture, system control,
and high-rate data handling interfaces needed to support
on-board compression, information extraction, and auto-
mated operations of high-rate imaging missions.

The next generation of imaging sensors will provide mea-
surement capability at finer spectral and spatial resolu-
tions, resulting in data rates exceeding the capability of
the Tracking and Data Relay Satellite System (TDRSS)
and exceeding the capacity of ground-processing systems
and analysis teams. Interdisciplinary studies will require
coordinated observations and integrated analysis of data
from these sensors. The CSTI Data System Program is
developing image processing and optical disk recorder
technology to support on-board data compression, infor-
mation extraction, and data buffering for these high-rate
missions.

The objective of CHRPS is to apply high-rate network
technology and develop the packet telemetry handling
interfaces to enable the processing and buffering compo-
nents to be configured for a range of operations from single
instrument data compression to multisensor fusion and
feature extraction. The CHRPS development will produce
a phased testbed to demonstrate technology components
for project applications such as EOS to support the inte-
gration of technology into space platform architectures
and to support the evaluation of on-board processing
functions. Support is building within NASA and the DoD
to use the CHRPS testbed as a technology demonstration
resource. ’

During FY 1990, the two contract study teams preparing
Phase-B designs for the EOS Data/Information System
completed special emphasis studies defining project re-
quirements for high-capacity processing on board the EOS
platforms. Generation of high-level data products for
direct broadcast to low-cost ground stations emerged from
these studies as the prime subject of interest to the EOS
Project because EOS may fly direct broadcast on POP-A
but with no processing or storage. The EOS Project stated
that Code R activity (to develop prototype and demon-
strate enhancing technologies in support of the direct
broadcast capability) will make significant contributions
tothe EOS Project, ifrequested fundinglevels are approved.

In FY 1991 we will develop and refine scenarios for on-
board data product computation in support of the EOS
direct broadcast capability. This activity will be performed
in collaboration with the EOS Project and will be used as
an avenue to achieve continued visibility of the concept
within the EOS Project.

Technical Contact
Dan Dalton, GSFC, (301) 286-5659
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Gallium Arsenide (GaAs) Pipeline Processor

The objective of this program is to advance on-board
ultrahigh-speed data acquisition and processing of scien-

tificdata. The Earth Observatory Spacecraft/Geodynamics -

Laser Ranging System (EOS/GLRS)scientificrequirement
is to acquire data in “snapshots” at rates up to 12 billion
bits per second and to preprocess data on board prior to
transmission to ground using radiation hard, low-power
integrated circuit technology. The solution liesin a pipeline
processor architecture implemented in high-speed GaAS
technology.

NASA and the Office of Naval Research (ONR) initiated a
program with Rockwell International for the development
ofan advanced, Ultrahigh-Speed Data Acquisition (USDA)
system. This system will be capable of digitizing an
incoming analog signal at 8-bit resolution and a sampling
rate of 1.5 giga-samples per second, storing the resulting
digital information for a period of 1.4 msec, and upon
command, reading out the stored information at a rate
compatible with the pipeline data processing hardware.
The high-speed data acquisition system addresses an
immediate need within NASA for data recording in the
GLRS. It also addresses generic requirements within the
Navy, particularly in providing the basis for flexible,
affordable, light weight, satellite-based electronic systems
with advanced capabilities. The ultrahigh-speed electronics
technologies developed in this program are key technolo-
gies foradvanced communication systems, high bandwidth
remote sensing and signal processing, and high-rate data
processing. '

Development of High Electron Mobility Transistor(HEMT)
memory circuits has been proceeding at Rockwell under
ONR/NASA sponsorship. This effort has led to the dem-
onstration (in FY 1990) of fully functional 1K Random
Access Memory (RAM) and 99.8% functional 4K RAMs
with ultrahigh-speed (read access time down to 0.6 nsec)
and low power (chip power of 0.3 W for 1K RAM), withan -
access time of 2.0 nsec. Also, in FY 1990 the University of
Idaho completed the architecture design of a general
purpose pipeline processor which uses a reconfigurable
data path processing chain.

Technical Contact :
Warner H. Miller, GSFC, (301) 286-8183
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SIMD CHIP — FY90 Configurable High Rate Processor System (CHRPS)

The objective of this research is to demonstrate the feasi-
bility of a flight-qualifiable compute engine able to sustain
at least one gigaflop per second when performing data
compression and image analysis algorithms.

Most data compression and image analysis algorithms
including synthetic aperture radar signal processing can

“be readily performed by computers with a very large

number of processing elements controlled by a main con-
trol unit. This type of computer architecture is generally
called the Single-Instruction-stream Multiple-Data-stream
(SIMD) architecture. The SIMD architecture is a good
match to applications that involve massive numbers of
data elements, all being processed in a similar manner. It
isinherently more energy efficient than any other parallel
computer architecture since only one controller and one
program memory are required to control a massive num-
ber of processors. ‘

InFY 1990, the Microelectronics Center of North Carolina
(MCNC), operating under a second year NASA grant,
designed, fabricated, and demonstrated on a test board a
fully functional custom CMOS integrated circuit containing
128 processing elements implemented with 1,109,340
transistors. A rad-hard version of this chip is the basic
building block of a massively parallel gigaflop compute
node.

In FY 1991, we will contract with AT&T Bell Laboratories
todefine the approach, schedule, and cost to produce arad-
hard version of the MCNC chip.

We will explore the establishment of collaborations with
several Earth scientists and astrophysicists involving ap-
plication of a high rate processor to address their upcoming
requirements. Candidate areas are prototype Earth Ob-
serving System (EOS) instrument testing in aircraft, EOS
direct readout data product formation in space,and Hubble
Space Telescope (HST) third generation instrument im-
bedded processing. We will derive requirements and
detailed scenarios based on a network architecture or an
imbedded processor to express their requirements.

We will initiate design of a scalable prototype system
incorporating the MCNC chip component to address the
processing and data handling requirements derived from
the above mentioned collaborations. Options for packag-
ing such a prototype system include high-density ap-
proaches such as the stacked silicon modules being de-
veloped by Irvine Sensors, and the thermal conduction
unit being developed by MCNC.

Technical Contact
James Fischer, GSFC, (301) 286-3465
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SIMD Chip
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Source Encoding (Lossless Data Compression)

The objective of this program is to develop source encoding
technology to maximize information return from science
instruments on space platforms by reducing the require-

ments for on-board storage and/or channel communication
bandwidth.

High resolution imaging science instruments in conjunc-
tions with large space platforms are driving the telemetry
bandwidth requirements to exceed what is currently
available in the NASA Tracking and Data Relay Satellite
System (TDRSS). As a result of the TDRSS bandwidth
constraints some form of on-board processing is required
to reduce the science instrument data rate. In addition, by
reducing the science data rate additional information can
be stored on the on-board tape recorder prior to playback
through the telemetry channel. In the past, lossless data
reduction was mostly implemented with the well-known
Huffman code, an optimal source coding scheme for known
data statistics which determines the code book. The code
book assigns shorted code words tosource samples occurring
more frequently and longer code words to less-frequent
samples. From our analysis at GSFC we have established
that the Rice coding scheme is a collection of Huffman
codes designed at various entropy ranges, without the
need to store any code book. The major advantage of Rice’s
coding scheme is its simple coding structure, which lends
itself easily to hardware implementation.

Completedin FY 1990 was a Very Large Scale Integration
(VLSI) logic design of a multiuser source coder and
decompressor chip set at the University of Idaho. The

.source coder is adaptive to source statistics and can oper-

ate at data rates up to 10M samples per second. Also
completed were data compression simulations (based on
the VLSI design algorithm) for both imaging and
nonimaging science data sets. These simulations included
data generated by the following instruments: Michelson
Doppler imager/SOHO, NRL and Lockheed instruments
on Orbiting Solar Laboratory (OSL), and Lunar Gamma-
Ray Spectrometer. Initiated in FY 1990 was a design of a
Configurable High-Rate Processor (CHRP) testbed Image
Instrument Simulator (IIS) with data compression capa-
bility. The IIS will generate imaging data, compress the
data, format the data into variable length packets, and
deliver the data to the CHRP testbed. This testbed will be
used with TDRSS to demonstrate lossless image data
compression. '

Technical Contact
Warner H. Miller, GSFC, (301) 286-8183
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Data Storage Technology

The purpose of this task is to evaluate the state of
magnetoresistive (MR) fixed-tape head technology for
achieving high data rate and high-capacity data storage
and to identify an attractive method for simultaneously
achieving high data rate and high-capacity recording with
high reliability, effective data rate matchmg, and low
mass, volume, and power.

The evaluation results indicate that MR head technology
is an extremely viable and promising technology, and that
storage density using MR head technology is at least three
times greater than optical storage densities. Results also
indicate that reliability figures using MR heads are one to
two orders of magnitude greater than those achieved with

. rotary head tape recorders. MR heads can be developed to

achieve 300 Mbps and terabit storage in tape recorder
formats with low mass, volume, and power. Additionally,
high-performance and compact memory modules can be
designed that offer higher performance than block access
optical and magneto-optical disk drives. Communication
has been established with corporations that include Ap-
plied Magnetics , IBM, Kodak, Odetics, and Storage Tek,
and discussions are under way tosupport NASA technically
in our follow-on FY 1991 baseline demonstration effort.

Technical Contact
Romney R. Katti, JPL, (818) 354- 3054
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Imaging Spectrometer Fiight Processor — Lossless Data Compressor

The objective of this task is to develop lossless data com-
pression technology for high-rate (up to 500 Mbps)imaging
spectrometer focal plane array data for an Earth-orbiting
HIRIS mission. Its compression ratiois about 2 to 1. The
specific goal is to develop and demonstrate a compressor
chip qualified for space by the end of FY 1990.

The unprecedented expanding capabilities of remote sens-
ing imaging systems such as the HIRIS/MODIS has left a
big gap in our ability to transmit and store the massive
volume of data produced by these systems. In order to
utilize the scientific potential of these instruments, with-
out placing unreasonable requirements on telemetry
channel bandwidth, a lossless data compression technol-
ogy must be developed before other high-ratio data com-
pression schemes become available. Such capabilities can
enhance the value of advanced NASA space missions from
both a science and an operational perspective at minimum
cost.

Future Earth-viewing EOS HIRIS systems and planetary
flight missions, even in the experimental states, preduce
large data volumes that tax heavily both the telemetry
channel and the storage unit. On-board lossless data
compression will reduce by afactor of twothe (1)instrument
data rates/volumes; (2) instrument data storage require-
ments; and (3) instrument data downlink requirements.
Furthermore, the Very Large Scale Integration (VLSI)
implementation will result in reducing the chip count by a
factor of five and the system power by a factor of three.
Another significant benefit of lossless data compression is
more effective ground transmission.

Both the detailed algorithm definition and the perfor-
mance evaluation of the lossless data compression schemes

“have been accomplished, and the VLSI design, layout,

simulation, and fabrication have been completed. Major
milestones for the reminder of FY 1990 consist of finishing
testbed fabrication, checkout, and the compressor chip
demonstration. '

Technical Contact
Robert E. Anderson, JPL, (818) 354-0213
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MAX: Flight Multicomputer

The focus of this program is to develop areal-time, general-
purpose computing system and environment that addresses
the high reliability needs of interplanetary spacecraft and
planetary rovers. MAX is a fault-tolerant parallel-com-
puting architecture specifically adapted to tight resource
limitations. It has been designed to support a large,
heterogeneous collection of tasks in an unpredictable,
event-driven environment, and is easily reconfigurable to
a wide range of mission requirements.

On-board computational processing technology has unique
requirements and constraints. In order to keep costs down
and make optimal use of the available hardware without
sacrificingreliability, the MAX architecture was developed.
MAX consists of any number of conventional computing
elements connected via a dual network topology. One
network operates as the prime data highway between
these elements and /O, the other as a broadcast medium
that synchronizes tightly coordinated real-time events
and tasks. Orchestrating these elements is a very high
level operating system that allows these tasks to execute
in a highly nondeterministic, event- and data-driven en-
vironment while maintaining appropriate redundancy for
increased reliability.

With the advent of new high-performance spacecraft pro-
cessors developed by DoD, integrated autonomous space-
craft operation is now possible. The MAX architecture
leverages these new device capabilities into a unique
system-oriented approach based on hardware resource
pooling. This approach maximizes the utility of available
hardware and software resources in order to minimize

system mass, power, and volume without compromising
reliability.

In 1990, the MAX program continued implementation of
fault-tolerant features and of software development tools.
A MAX system with three computing modules has been
delivered to ARC for independent evaluation. Redundant
execution of critical application code with voting of results
has been implemented and tested. Very Large Scale
Integrated Circuit (VLSI) implementation of the MAX
interprocessor communication controllers has begun. A
demonstration application that controls an autonomous
planetary rover is being developed.

JPL and LaRC have developed a joint plan and specifica-
tion for the COSMOS computer system, which will combine
and build on their experience with dataflow control of
multiprocessor systems. This system will use Very High
Speed Integrated Circuit (VHSIC) components developed
under DoD sponsorship and is projected to handle the
foreseeable general-purpose computing needs of NASA
missions as well as those of JPL.

FY 1991 plans include completion of the VLSI communi-
cations chips and the MAX software tool set. Plans also
include starting the implementation of COSMOS on MAX
hardware.

Technical Contact
Blair Lewis, JPL, (818) 354-0912
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Evaluation of ATAMM Performance on VHSIC Multiprocessor

The objective of this program is to implement the Algo-
rithm to Architecture Mapping Model (ATAMM) on a
general-purpose multiprocessor system fabricated with
Very High Speed Integrated Circuit (VHSIC) technology
toevaluate the performance of the initial ATAMM concept
and to identify enhancements to ATAMM to advance the
state-of-the-art for real-time spaceborne processing.

A concurrent processing strategy, the ATAMM provides
for the dynamic assignment of the nodes of a large grain
application algorithm graph to identical processors of a
multiprocessor system in a manner that optimizes the
execution of the graph. This research integrates the
ATAMM rules into an Air Force-developed 1750A Ad-
vanced Develop Model (ADM), containing four parallel
processors interconnected on a common bus, and it tests
the ATAMM strategy. An input/output scheme uses the
system’s 1553B interface to pass simulated datain and out
of the system and to capture important events, time-
marking the detailed execution of the nodes of the algo-
rithm graph during execution. Using the time-marked

~ information, detailed performance of an application algo-

rithm is then analyzed and compared with that deter-
mined from separate ATAMM simulations. An algorithm
coded in Ada and time-simulated algorithms are used to
characterize system performance.

The ATAMM rules were successfully integrated into the
Kernel Operating System (KOS), which provides the basic
communication functions for the ADM, and the analyzer
playback software was completed. The implementation

included the intermixing of processor self-testing with

algorithm execution. A test interface method was devel-
oped to evaluate the performance of the time-simulated
graphs and the Ada test algorithm to verify the viability of
the ATAMM approach. The integration of the ATAMM
software into the hardware was begun to facilitate full
ATAMM performance characterization.

The major software developments and the nonintrusive
test interface approach are key elements to enable the
final integration, debugging, and testing of the ATAMM
multiprocessing strategy in an available VHSIC hardware
system. The intermixed self-testing approach enhances
thelikelihood that only healthy processors will be assigned
to execute nodes of a graph and that faulty processors can
be automatically excluded (or replaced) and taken off-line
for further testing.

Debugging of the integrated ATAMM Multicomputer
Operating System on the ADM will be completed and the
ATAMM methodology tested. ATAMM willbeenhancedin
the future to broaden its applicability to a wider class of
graph situations including multiple graphs, multiple
instantiations of the same graph, multiple processor types,
and statistical node-latency times. These enhanced ver-
sions of ATAMM will be evaluated in spaceborne VHSIC
systems and then incorporated into a joint JPL/LaRC
operating system for potential future NASA missions.

Technical Contact
Paul J. Hayes, LaRC, (804) 864-1491
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SODR Controller Development

The objective of this companion program to the Spaceflight
Optical Disk Recorder (SODR) development program is to
developa versatile, modularcontroller that , when combined
with SODR disk drive modules, will provide high-perfor-
mance mass storage systems that meet NASA high-rate,

high-capacity spaceflight needs of the 1990s and beyond.

The goal is to develop a system with a capacity of greater
than 1terabit (120 gigabyte), uptoa 1.8 gigabit-per-second
input and output rate, and configurable, expandable archi-
tecture to satisfy various applications.

The controlleris the enabling element of a versatile recorder.
The thrust of this program is to develop a system architec-
ture and controller that allows development of a generic
drive unit and provides application-specific user interfaces
and expansion in rate and capacity. The focus of the
program is application aboard polar-orbiting platforms in
support of the Earth Observing System (EOS).

Aphased development is planned from breadboard through
engineering development and flight qualification. The
current emphasisis breadboard design and demonstration
of a 2-port operation at 150 megabits-per-second simulta-
neous read and write or 300 megabits-per-second read or
write. This includes verification of system concepts, es-
tablishment of operational guidelines, and definition of
user interfaces and commands. Breadboard development
will culminate in integration with a brassboard drive unit
and testbed system demonstration.

During the past year, breadboard controller development -

has continued. The preliminary design was completed and

culminated in a successful design review, which was at-
tended by government cosponsors and representatives
from GSFC. A prototype multiprocessor operating system
kernel has been developed and tested. Plans have been
formulated and the interface defined for demonstration in
a GSFC testbed. EOS application requirements have been
established, and a strawman interface and operation
scenarios have been defined. Since it is not feasible to
breadboard a complete system, a system modeling activity
has been included. The model design is complete, and
coding has begun. ‘

Technical Contact

‘Thomas A. Shull, LaRC, (804) 864-1837
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Spaceflight Optical Disk Recorder (SODR)

High-rate, high-capacity data storage has been identified
as an enabling capability for future NASA missions in-
cluding Earth observation, geostationary missions, and
planetary exploration in the 1990s and beyond. The SODR
program has been established to develop components and
subsystems based on rewritable optical disk technology,
which forms the basis for high-performance, mass storage
systems. There are three technology development areas:
14-inch magneto-optic (MO) media; multielement diode
laser arrays;and amultitrack electro-optic head assembly.
Feasibility was demonstrated in 1988 and the FY 1990
goal to demonstrate a full eight-track recording has been
achieved. Written data are shown in the polarized mi-
croscope photo of the “mark” on the media. This represents
a133-megabit per-second data transfer rate and 5-gigabyte
(4 X 1010 bit) capacity on one disk surface exceeding the
rate and capacity of any other known disk data storage
device.

Also during the past year, a new laser structure was
developed that enables more efficient (generating less
heat), thus longer-lived devices. Samples have been de-
livered and are under test at LaRC. A nine-element laser
has exceeded 1,000 hours of burn-in (at David Sarnoff
Research Center). Glass substrate media have been pro-
duced and undergone environmental testing, and media
performance optimization for harsh environments is pro-
ceeding. This technology is directly transferable to a
companion Air Force program. A NASA-sponsored NIST/
NASA/DoD/industry working group has been formed to
establish rugged 14-inch MO media test standards.

An associated modular controller is being developed at
Langley to produce a configurable, expandable system
supporting the use of multiple drive modules to obtain
data rates in excess of 1 gigabit-per-second (a rate that

~ exceeds any other known or planned optical recording

device or flight tape recorder) and capacities up to 1.2
terabits (160 gigabytes).

The current work represents significant technology risk
reduction toward development of a completely flight-
qualified optical disk drive and controller. NASA and
Navy funding are being used to initiate procurement of a
brassboard drive unit for flight demonstration in FY 1994.

Technical Contact
Thomas A. Shull, LaRC, (804) 864-1837
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Human Factors — Aeronautics

The objectives of the Aeronautics Human Factors Research and Technology Program
are to provide the technology base and capability to design effective crew-cockpit
systems and to advance solutions to human factors problems affecting air transport
and rotorcraft safety and effectiveness.

In the past 5 years, major steps in cockpit automation have occurred with the
introduction of more flexible electronic displays and a variety of automated flight
system management devices. They enable third-generation jet aircraft (i.e., B757/767,
MD-80/90, and B747-400) to have fully automatic routine flight from takeoff to rollout,
regardless of weather, and with reduced inflight workload. Higher levels of
automation have been associated with certain problems as well as benefits. The air
traffic management system has not kept pace to permit full use of these capabilities.
Changes in ATC instructions on the flight crew's tasks, especially during descent or
in terminal areas, result in very high workloads and, under some conditions, may
divert the crew from monitoring and managing the aircraft's progress and safety.

Major steps in cockpit automation have occurred with the introduction of more
flexible electronic displays and a variety of automated flight system management
devices. A major focus of human factors research has been directed toward new
human-centered interfaces and displays that provide increased margins of safety
while taking into account the potential value of computer-based and automated
system technology. The multiyear program of research, beginning in FY 1989, is
focused on new display technology for use by cockpit crews, human-centered
automation, and better use of information processing and management systems
within the cockpit and between flight decks and air traffic control stations.

For the past year, NASA researchers at Ames Research Center and Langley
Research Center, together with their cooperating universities and contractors, have
developed large display devices and presentation methods for restricted visibility
cockpits. Other research in computational vision and three-dimensional auditory
methods have allowed an expansion of human capabilities to deal with increasingly
complex information systems.

NASA researchers, with their academic counterparts, have identified effective
methods to reduce fatigue during long, Pacific-rim flights. As a result of these field
studies, the value of preplanned, in-seat rest has been identified and quantified.

In the area of helicopter research, NASA has identified major advantages of low level
displays for nap-of-the-earth flight. Certain display characteristics can enable the
pilot, under heavy workload conditions, to guide the rotorcraft through obstacles
under both day and reduced-visibility conditions.

Progress continues to be made in dealing with the complex problems that exist in in-
flight diagnostics and datalink methods and in the effects of boredom on cockpit
crews.

Program Manager: James P. Jenkins
NASA/OAET/RC
Washington, D.C. 20546
(202) 453-2750 157
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Automated Recovery Recommendation System (RECORS) Concept Designed,
Implemented, and Evaluated for Aircraft Application

Aircraft accident and incident analyses reveal that many
disastrous aircraft accidents involve multiple subsystems
failures. The primary objective of this research effort was
to design and implement a knowledge-based system con-
cept torecommend responses to failures involving multiple
subsystems. A second objective was to perform a pre-
liminary evaluation of pilot interaction with the RECORS
concept.

The input to the recovery recommendation process is a set
of fault hypotheses; its output is a description of fault
effects and a set of recommended crew responses. The
knowledge for the RECORS concept was acquired by
interviewing pilots, reviewing airline training tapes and-
training and operations manuals, and observing pilots in
aflight simulator. The primary knowledge base of RECORS
consists of qualitative causal models of aircraft subsystems
(electrical, fuel, hydraulic), effectors (engines, control
surfaces, gears), forces acting on the aircraft (drag, thrust,
gravity, lift), and the current flight profiles (air speed,
altitude). As shown in the figure, the knowledge encoded
in the models is used for assessing fault effects on flight
phases and goals, generating recovery procedures, and
explaining the reasoning. A preliminary engineering
evaluation of the concept was done by having four airline
pilots interact with the workstation implementation of
RECORS for fault scenarios based on actual accidents and
incidents.

A prototype aiding system concept called RECORS has
been designed and implemented. Among the preliminary
results of the engineering evaluation was that pilots seem

to use different mental models of the aircraft systems for
situation assessment than they do for response. This is
important because different mental models imply differ-
ent information is required to support reasoning with
those models. Forsituation assessment, pilotsliked having
information about the whole aircraft and its individual
components. For response, the pilots preferred informa-
tion about the controls as a single unit rather than divided
into individual components. Pilots liked the integrated
display because it showed multiple subsystems, and pilots
commented that the RECORS concept also had significant
potential utility for training.

RECORS was designed to recommend responses (correc-
tive actions) to flight crews, particularly in failure situa-
tions involving multiple subsystems. The RECORS con-
cept provides the potential for improved flight crew situ-
ation awareness of fault effects and for complete and
appropriate responses to faults.

Technical Contact
Kathy Abbott, LaRC, (804) 864-2018
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Recovery Recommendations for Fault Management
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Brain-Wave Measures of Workload Show Promise for Transitioning
From Laboratory to Flight Deck Simulator Environment

Most previous investigations that have addressed the
relationship between evoked electrical brain potentials
(EPs) and mental workload have focused on responses
elicited by a secondary task. Tobe useful in evaluating the
workload of human operators in real-world systems, EP
methodology must avoid the use of contrived, and possibly
interfering, secondary tasks. The objective of this study
was to determine the extent to which EPs elicited by
stimuli, as they are processed naturally, would reflect the
cognitive workload demands of a complex task.

A laboratory task was designed that provided discrete
stimuli to elicit EPs and allowed the manipulation of

‘mental workload, yet was analogous, in many ways, to the

types of monitoring activities that are performed in op-
erational environments. In this task, 12 subjects monitored
acircular arrangement of six two-digit readouts (see Figure
1). On each trial, the value of one of the readouts changed.
Only a subset of the display was salient to subjects, in that
they were instructed to monitor either one or three of the
six readouts and to report critical readout changes (read-
out changes that exceeded pre-specified boundaries). EPs
were obtained by recording the brain electrical activity
following each display change.

Twocomponents of the EPthat reflected cognitive workload
were discovered. Figure 2 represents EP amplitude com-
ponents at 250 msec and 450 msec obtained in response to
only the critical readout changes in both monitored and
non-monitored readouts. The results at 250 msecs reveal
differences between EPs due to the number of readouts
being monitored, regardless of whether the changing (and

eliciting) readout was being monitored or not. The results
at 450 msec reveal differences between EPs only when the
monitored readout is changing.

These findings appear promising as a way of distinguishing
background events (not monitored)from foreground events
(monitored) and assessing workload on the basis of EP
responses to either event. The results demonstrate the
usefulness of EPs as indicators of mental workload in any
setting that offers the ability to time-lock recording to a
discrete eliciting stimulus. ;

The assessment technology developed here will be applied
to determine the attentional and workload characteristics
of a graphics display concept developed for the automated
flight deck, the engine monitoring and control system (E-
MACS). Laboratory studies will reveal how well the
results for numerical displays, described here, will gen-
eralize to spatial graphic displays represented by the E-
MACS.

Technical Contact _
Alan T. Pope, LaRC, (804) 864-6642
Richard L. Horst, ARD Corporation
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Flight Testing Validated Knowledge-Based Systems Concept for Primary
Flight Display Information Management

An overall research objective has been established to
develop concepts that will help flight crews manage ex-
tensive amounts of information. As aninitial step towards
this overall objective, managing information on the primary
flight display (PFD)is being explored using a task-tailoring
approach. This approach requires complex logic which has
led to difficult-to-manage software when traditional pro-
gramming techniques were used. As aresult, a knowledge-
based system (KBS) approach was chosen over the tradi-
tional programming approach, based on an earlier study
that found KBS architectures easier to manage given
complex applications. The objective of this particular
study was to test the KBSs, collectively called the Task-
Tailored Flight Information Manager (TTFIM), in flight to
validate their implementation and integration and to
confirm the software engineering advantages of the KBS
approach in an operational environment.

TTFIM consists of two KBSs, one for information selection
and the other for flight phase detection (see figure), and
was validated on board the TSRV aircraft in two stages.
The first stage of flight tests, in which the flight engineer
manually entered the flight phase, was directed at testing
the KBS that selected the display information to be pre-

_sented. The second KBS, for flight phase detection, was

tested with a flight-test envelope consisting of multiple
repetitions of each flight phase represented in the KBS
and with multiple transitions between the flight phases.

The flight tests successfully validated the KBS concept for
PFD information management. Correct presentation of
information on the PFD during all flight tests validated

the implementation of the information selection KBS and
the integration of the two KBSs with each other and with
the existing TSRV systems. As expected, the KBS for
information selection was not as computationally fast as
its equivalent traditional system when selecting some
information, but this did not interfere with cockpit op-
erations. The flight-phase detection KBS was successful
for all elements within the flight-test envelope except one,
with the one logic error that was causing the problem being
easily isolated (on-line) given the KBS environment. The
flight tests confirmed the software engineering advantages
of using KBS architectures for this application and were
the first in a civil transport aircraft involving integrated
KBSs running in Lisp in real time. The KBSs produced in
this effort have also provided a platform that will ease
future testing of display philosophies (e.g., task tailoring)
by easing the effort required for logic modifications. The
flight-phase detection logic developed for this application
can be used for other automation tasks needing flight-
phase input.

A pilot evaluation of this task-tailored PFD management
philosophy is planned. Additionally, plans to change the
PFD logic in the TSRV simulator, to make it consistent
with the PFDlogicon the TSRV aircraft, are being pursued.

~ Technical Contact

Wendell R. Ricks, LaRC, (804) 864-6733
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Head Movement Correction Algorithm Eliminates False Translational Cues
from Stereo 3-D Flight Display

“Real-world,” 3-D, pictorial displays incorporating true
depth cues via stereopsis techniques have proven to be
effective means of displaying complex information in a
natural way to enhance situation awareness and provide
increases in pilot/vehicle performance. However, head
movements can seriously distort the depth information
embedded in stereo 3-D displays, as the transformations
used in mapping the visual scene to the depth-viewing
volume depend on location of the viewer . The goal of this
effort was to provide parallax corrections for head move-
ments, based on head-movement sensor input data, to the
lateral disparity calculations used to generate stereo dis-
plays and to verify their accuracy.

Figure 1illustrates the parallax concept that is employed
‘to produce objects behind a flight display monitor screen

via stereo pairs (lateral disparity). If the subject viewing
a stereo display moves away from the display screen, and
the lateral disparityisnot corrected for this movement, the
perceived object will appear to retreat farther from the
screen. Conversely, ifthe subject moves toward the screen,
the object appears to also move toward the screen. Thus,
any head movement effect is exaggerated by the accom-
panying object movement. To further confuse the viewer,
objects presented in front of the screen move in directions
opposite to those of objects located behind the screen. An
algorithm was developed and implemented that corrects

thelateral disparity calculations, based on head-movement

sensor input data, to eliminate these exaggerated and
confusing object movements. A verification experiment
was conducted in the Crew Station Systems Research
Laboratory. Since fore/aft movement effects are more

exaggerated than other degrees-of-freedom, the results of
the experiment are reported here only for that movement.

Figure 2 presents empirical data from three subjects (nine
trials per data point) that validate the movement correc-
tion algorithm. The percentage of perceived error is
plotted against the object depth placement position (both
axes are normalized to screen distance) for both a 20%
backward and a 20% forward head movement. Curves are
presented for the cases of no head movement, head
movement without correction, and head movement with
correction.

The head movement correction algorithm effectively
eliminates the distortions of depth information embedded
in stereo 3-D displays and stabilizes 3-D images to provide
anatural “look around the object” capability. These errors
are most disruptive with large-screen displays (e.g., pro-
jected displays), which allow some freedom for head
movement.

The head movement correction algorithm will be used in
further applications of stereo 3-D displays, particularly
those involving large screen displays, and for helmet-
mounted displays with unrestricted head movement.

Technical Contact
Russell V. Parrish, LaRC, (804) 864-6649
Steven P. Williams, LaRC, (804) 864-6649
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Heads-Down Stereoscopic Flight Displays

Current electronic technology can provide high-fidelity
pictorial displays under flicker-free conditions that incor-
porate depth in the display elements. The application of
stereoscopic (true depth) cuing to advanced heads-down
flight display concepts offers potential gains in pilot situ-
ation awareness and improved task performance, butlittle
attention has been focused on a fundamental issueinvolving
its use. The goal of this effort was to resolve the question
of whether short-term use of heads-down stereoscopic

displays in flight applications would degrade the real-

world depth perception of pilots using such displays.

Stereoacuity tests are traditionally used to measure the
real-world depth perception of a subject. Stereoacuity is
the smallest resolvable difference in depth; determined
from the measurement of attempted placements to the
same depth of two targets originally positioned at different
distances from the observer. Eight transport pilots flew

repeated simulated landing approaches using both -

nonstereo and stereo 3-D heads-down pathway-in-the-sky
displays. At decision height on each approach, the pilots

transitioned to a stereoacuity test using real objects rather

than a 2-D target test apparatus,

Statistical analysis of stereoacuity measures, comparing a
control condition of no exposure to any electronic flight
display with the transition data from nonstereo displays
and stereoscopic displays, revealed no significant differ-
ences for any of the conditions. The mean values of
stereoacuity for each condition, averaged over pilots and
replicates, are shown in Figure 1. The data for each
individual pilot are shown in Figure 2. Tests for statistical

significance for the individual data did reveal some dif-
ference. In only one instance (pilot 2) was depth perception
degraded from the control condition, and that case was
significant only for the transition from nonstereo displays.
In all other cases, there were either no differences or the

- acuity was improved over the control condition. Clearly,

transitioning from a heads-down stereoscopic display has
no more effect on real-world depth perception than
transitioning from a nonstereo display.

A fundamental issue challenging the application of ste-
reoscopic displays in heads-down flight applications has
been resolved with the determination that real-world
depth perception is unaffected by the short-term use of
stereo 3-D displays.

Another fundamental issue challenging the application of
stereoscopic displays in flight situations—the effect of
long-term stereoscopic display exposure on pilots’
stereoacuity—will be investigated.

Technical Contact
Anthony M. Busquets, Steven P. Williams,
Russell V. Parrish, LaRC, (804) 864-6649
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Improved Prototype Decision-Aiding Concept and Pilot-Vehicle
Interface (PVI) for In-Flight Diversions

A current problem in flight operations is the high pilot
workload required while responding to flight plan diver-
sions, especially during critical flight phases. The overall
objective of the Phase I research effort was to develop
concepts based on artificial intelligence (AI) techniques to
reduce pilot workload and to provide guidelines for the
integration of Al concepts into current and future flight
management systems. This work was performed under
NASA contract by Lockheed Aeronautical Systems Com-
pany. The objective of the Phase II task was to develop
concepts for the pilot-vehicle interface and to improve the
prototype decision-aiding software functions developed in
Phase II.

Using the results from Phases I and II, the information
flow between DIVERTER (the expert system developed for
this effort), the pilot, the on-board systems, and external
sources such as ATC was assessed. The pilot-vehicle
interface requirements were then determined, and a rig-
orous specification of an interface concept and the design
process that produced this concept was completed. The
specification of the design processincluded the alternatives
that were considered and the reasoning behind each design
decision made. The function of the DIVERTER prototype
software was improved by (1) integrating the selection
process for airfields and routes; (2) dynamically predicting

movement of weather cells; and (3) modularizing the code’

so that the demonstration drivers for the aircraft simula-
tion and map display can be replaced easily by links to a
research simulator such as NASA’s Advanced Concepts
Simulator (ACS). '

A presentation of the interface design and a demonstration
of the improved DIVERTER prototype software have both
been accomplished. The pilot-vehicle interface concept
and its accompanying design process specification will
provide a solid foundation as well as flexibility during
definition of simulator cockpit displays. The DIVERTER
demonstration software package incorporates all specified
enhancements and has many improved features for high-
lighting the capabilities of the decision-aiding concept.

The current progress in this research effort further dem-
onstrated the feasibility of decision aiding for flight plan
diversions. The expected benefit of integrating these
concepts into flight management systems is enhanced
flight safety through a reduction in peak crew workload.

During the next phase of this research effort, which will be
conducted on-site at LaRC, the DIVERTER decision-aiding -
concept will be tested in the Advanced Concepts Simula-
tor. In future phases, flight tests aboard the ATOPS TSRV
B-737 aircraft are also planned.

Technical Contact
Michael T. Palmer, LaRC, (804) 864-2044
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Information Fusion to Improve the Detection of Wind Shear Threats

The objective of this study was to explore the fusion of
different types of wind shear detection information with
corroborating weather information to produce a more
reliable estimate of the wind shear hazard than each of the
wind shear detection methods could have produced inde-
pendently. Such an increase in reliability could increase
the probability of wind shear detection and reduce the
number of nuisance warnings.

The FAA has developed a training aid to help pilots
recognize and avoid wind shear. This training aid instructs
the pilot to collect data from different weather sources and
combine that information with his/her own visual and
tactile information. The training aid provides an excellent
example of information fusion. The first step toward the
objective was to automate the information integration
outlined in the training aid using an expert systems
approach. Expert systems were chosen because the fusion
structure developed within the training aid (i.e., rules)
mapped well to this approach. '

The grant produced a research prototype wind shear
recognition expert system which attempts to detect and
classify wind shears through various sources of input data

(e.g.,ATISreports, LLWAS, air data, pilot visual sightings, -

and PIREPS). The prototype produces rudimentary as-
sessment of the wind shear and rudimentary guidance
(e.g., “high probability of wind shear!” and “abort takeoff”).
The prototype has 140 rules and is written in Common-
Lisp on a Symbolics Lisp machine. The study also identi-
fied issues that will need to be explored such as the
usefulness and availability of certain inputs, the effects of

false alarms on flight crew confidence, and user interface.

The prototype produced in this effort provides a basis for
exploring the fusion of wind shear-related information to
provide a more complete and accurate assessment of
hazardous wind shear. The lessons learned from this
exploration can aid the development of systems that help
reduce the number of inadvertent encounters with wind
shear while minimizing the number of false/nuisance
alarms. Such systems could lead to improved safety with
a minimal impact on operational efficiency.

Future plans for this effort include the fusion of airborne
forward-look sensor data into the detection process, an
increased use of evidential reasoning with the prototype,
an improved simulation of airport and aircraft for testing
the prototype, and an assessment of aircraft safety versus
pilot acceptance in the presence offalse alarms and missed
alarms.

Technical Contaét
David A. Hinton, LaRC, (804) 864-2040
Paul C. Schutte, LaRC, (804) 864-2019

" Robert F. Sengel, Princeton University, (609) 452-5103
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Use of Information Fusion to Improve the Detection
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Performance Effects of Alternate Pathways and Stereo 3-D Presentation Determined in a
Pictorial Display for Transport Landing Approach

The objective of this research was to determine the perfor-
mance of the “pathway-in-the-sky” format in a transport
complex-path approach and the effectiveness of two com-
peting pathway formats, and further, to investigate the
effect of their presentation in stereo vs. nonstereo modes.

A real-time, piloted simulation experiment assessing per-
formance in a transport landing-approach-in-turbulence
task was conducted. The experiment compared an NADC-
like tile pathway and a goalpost pathway presented in
stereo and nonstereo modes. Figure 1 illustrates the
alternate pathway formats as well as the visual task

chosen for the experiment (i.e., maintaining range sepa-

ration with a lead aircraft while flying the desired curved,
decelerating, descending, landing approach pattern).
Separation was regulated with the location of the desired
range marker element.

Figure 2 presents the mean standard deviation of path
error results from seven Air Force transport pilots who
each flew 20 approaches with each display format. The
overall operational precision of both formats proved to be
exceptional. The variation in vertical path error as indi-
cated by the standard deviation was 10% less for the tile
format, the variation in lateral path error was 11% less for
the goalpost format, and the difference in variation in
range path error was not statistically significant. The
inclusion of stereo depth cues improved range-separation
performance by 18% over the nonstereo control condition.

“Pathway-in-the-sky” integrated, pictorial display formats
appear to offer exceptional path-control precision for future

transport operational environments that require complex-
path approaches. While the objective data results for the
competing pathways do not appear to be operationally
significant, most pilots preferred the tile format for vertical
control and the goalpost format for lateral control ma-
neuvering. All pilots preferred the enhanced range and
rate-of-course cues provided by the stereo version of the
formats.

Innovative concepts will be explored toexploit the strengths
of each of the above formats (e.g., incorporating the verti-
cal sides of the goalpost into the tile format - a rough
format), and stereopsis cuing enhancements will continue
to be investigated. ‘

Technical Contact
Anthony M. Busquets, LaRC, (804) 864-6649
Russell V. Parrish, LaRC, (804) 864-6649

Steven P. Williams, LaRC, (804) 864-6649
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Human Factors - Space

The major goal of the Space Human Factors Program is to provide the technology that
will enable safe and productive human performance throughout and after space
flights and planetary/lunar missions of long duration. Two elements of the program
are Human Factors and Extravehicular Activity Systems. The Human Factors
element has three major subgoals:

Human Performance Models, Data, and Tools allow us to understand human
activities in the physical, mental, and perceptual domains and to identify important
lessons learned about human activities from prior space and lunar missions. To this
end, Johnson Space Center is using a laser-based human body mapping system to
measure different anthropometric sizes and shapes for incorporation into a large data
base. This data base is employed, along with a spatial computer image graphics
system, to analyze human motion under zero-gravity conditions, from the simulated
human bodysized figure performing a variety of new activities on board Space Station
Freedom or the Shuttle orbiter. At Ames Research Center, human performance
models for computer-aided engineering, a program initially developed for
aeronautical applications, are being modified for space applications.

Crew Support and Enhancement address the development of technology and its
applications for the evaluation of the crew's living and working activities in the
spacecraft, in the planetary/lunar habitat, and on planetary/lunar surfaces. During
the year, a number of projects were completed. At Johnson Space Center, new
computer graphics were developed, particularly new graphics methods for portraying
procedures that reduce human error. Also, advances in information management
methods for application to Shuttle maintenance operations were developed at Ames
Research Center. Data from Kennedy Space Center operations are being used as a
testbed for managing information processing in Shuttle maintenance operations.

Human-Automation-Robotic Systems determine the means by which humans and
automated or semi-autonomous systems can effectively work together. A major
project at Ames Research Center is the development of the Virtual Workstation as a
user interface device for exploring lunar or planetary surfaces. The effort this year
has been to obtain a MARS-like data base and begin to employ it in simulated
missions. At Johnson Space Center, effort was directed toward identifying the best
location of visual sensors for teleoperations.

The second major area of technology development is Extravehicular Activity (EVA)
Systems. In the past year a formal test and evaluation program for the AX-5 and the
Zero PreBreathe Mark III EVA suits was completed, and results were evaluated by
an internal NASA panel of experts and astronauts from Ames Research Center and
Johnson Space Center. Research to develop a voice-actuated control system for
commanding a data display on EVA suits was completed. Initial concepts for a wrist-
mounted electronic display for EVA suits were developed at Johnson Space Center.

Program Manager: James P. Jenkins
NASA/OAET/RC
Washington, DC 20546
(202) 453-2750

17%
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Advanced Extravehicular Activity (EVA) Suit Technology

The ARC has an ongoing program to address EVA suit
technology requirements for the Space Station and ad-
vanced exploration missions. A product of this effort has
been the development of the Ames AX-5 space suit. The
overall objectives of this development effort have been to
provide a high-mobility suit technology that eliminates
the need for prebreathing, provides increased hardware
and systems life span, minimizes maintenance, provides
increased hazard protection, and accommodates a large
population sizing capability.

As part of the overall evaluation process, a series of tests

~ have been established at JSC to assess the performance

of advanced suit concepts as compared to the current
Space Shuttle EMU. These tests consist of mobility

range comparisons, torque force work capability, general
workstation performance assessment, and the EASE/AC-
CESS structure simulation.

Throughout 1989, additional test of the AX-5’s mobility and
range of motion were completed in the JSC Weightless
Environment Test Facility (WETF) and in the KC-135
Zero-Gravity Aircraft. Suit joint cycle life tests have been
completed as part of the Suit Evaluation test matrix. The
AX-5 suit joints passed all cycle life tests. The AX-5 is
currently undergoing modification to incorporate a waist
bearing.

- Technical Contact

Hubert C. Vykukal, ARC, (415) 604-5386
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Computer Graphic Representation of Visual Space

This research effort in human visual representation will
develop computer graphic methods for delineating and
testing hypotheses about the relationship between two-
dimensional visual field maps and the three-dimensional
visual space served, under the conditions of (1) changing
eye position; (2) occlusion by structures that are part of or
mounted on the observer, such as facial structures, goggles,
or headgear; (3) occlusion by environmental objects; (4)
normal and abnormal defects of the visual field, such as
blind spots and areas of temporarily reduced visibility due
to local adaptation and photopigment bleaching; and (5)
variables that alter the focus of environmental objects on
the retinas (accommodation and pupillary responses).
Combined with other models being developed under the
A3l program, the computational methods produced by this
grant with Dr. Aries Arditi at the New York Association for

the Blind will enable crew station designers using MIDAS

to perform visibility assessments of potential cockpit de-
signs while still in the conceptual development phase.
Such design tools have a tremendous potential to reduce
overall design cost and enhance the quality of the final
product. :

Athree-dimensional computer-aided design tool developed
by the A3l program staff will be used to rapidly develop
prototype geometric models of representative cockpit

controls and displays. JACK, a geometrical model (man-

nequin) that can be resized, of pilot anthropometrics is
used to determine pilot head position and pilot point of
regard in the field of view. Instantaneous field of view
computations based on these factors will determine which
volumes in the visual space can be seen and which are

obstructed from view in both eyes and therefore cannot be
seen. The volumes will be visualized by rendering the
space in different colors with respect to the simple crite-
rion of visibility, or the space can be rendered with the
invisible elements removed. This approach provides the
first step toward enabling the crew station designer to see
the way a control or display will appear to the pilot’s eyes
under actual ambient lighting conditions, obstructions,
and head/eye positions, rather than solely representing
the control or display under typically ideal conditions.

Initiated in 1988, a preliminary version of this binocular
volumetric field of view model hasbeen integrated with the
A31 MIDAS workstation in preparation for demonstra-
tions scheduled during the summer of 1990.

Technical Contact |
James O. Larimer, ARC, (415) 604-5185
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Dynamic Anthropometric Modeling

One of the most fundamental requirements for model-
based human engineering and analysis in a wide array of
applications is a representation of human anthropometry
and motion. A grant with Dr. Norm Badler at the University
of Pennsylvania has been establish to meet this need with
easily created, realistic, and physically quantifiable human
figure motion via an interactive computer graphics system
for human modeling in a three-dimensional space envi-
ronment. Major research topics within this project include
(1) task simulation mechanisms that facilitate animation
of human movement by developing an interface between
artificial intelligence and graphic motion control; (2) re-
porting task simulation results with graphic animations
and various workload performance measures including
reach and view assessments, collision and interference
detection, strength or reaction force assessment, and
psychomotor task load; and (3) the use of human charac-
teristics such as hand preference or fatigue within the task
simulation.

The resulting computer program, JACK, allows the user to
select different sized male and female human figures or
graphic mannequins in the 5th, 50th, and 95th percentile
body size based on NASA astronaut demographics. These
mannequins can then be placed within a three-dimensional
object environment created and stored using a number of
modeling packages. Articulation is achieved using a goal-
solving technique based on specifying body joint orienta-
tions or end-effector (limb) goals. Flexibility constraints
havebeeninstalled toeliminate unreasonable movements.
Kinematic and inverse kinematic controls are applied so
that goals and constraints may be used to position and

orient the figure, with external/internal forces and torques
applied to produce motion. A movement time concept
based on Fitt’s Law has been incorporated based on reach
site distance and width.

Supporting graphic output in wire-frame, solid filled, or
smooth shaded modes, key poses can be stored and inter-
polated for animation, allowing environmental limitations
to be detected as a function of human size and movement
characteristics. In addition, by attaching the “view” of the
environment to the mannequin’s eye, JACK displays a
perspective corresponding to what the mannequin would
see while moving in the environment, providing the first
step toward further analysis and conclusions about object
occlusion and visibility.

Begunin the fall of 1987, JACK is being further enhanced,
both in house and by the developer, as an integral part of
A37’s MIDAS workstation.

Technical Contact

Barry R. Smith, ARC, (415) 604-4264
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Virtual interactive Environment Workstation

Human capabilities outside vehicles and shelters will be
a vital element of Space Station, Lunar base, and Mars
exploration missions. Because extravehicular activity
(EVA) will account for much of the human presence and
robots will assist in many chores, telepresence and in-
teractive visualization systems will provide essential
crew performance enhancement capabilities.

Tosupport NASA’s mission requirements for augmented
human capability, the Human Interface Research Branch
(Code FLM) is continuing to develop the Virtual Inter-
active Environment Workstation (VIEWS). This device
is a multisensory personal simulator and telepresence
device consisting of a custom-built, wide field-of-view
stereo head-mounted display, a custom video processor,
magnetic head tracker, fiber optic gloves, magnetic
gesture trackers, voice input/output, and an audio
symbology generator. The VIEWS is being developed to
enable greatly improved situation awareness in complex
spatial environments;toenable high-fidelity telepresence

" for control of telerobots; to simulate workstations,

cockpits, and module interiors; and to enable improved
scientific visualization interfaces for exploration of
planetary surface data.

The third-generation monochrome viewer and video
processor electronics have been completed. Ad hoc
demonstration software has been replaced by a system
software library for programming the viewer, tracker,
and glove. A directional acoustic signal processor, the
‘convolvotron’, has been designed and is being fabri-
cated. Initial Operational Capability (I0C) of the pro-

totype system will be achieved by the end of the year.
Upon reaching I0C, the hardware and software will be
integrated into a stable configuration for user interface
research, and generic development will end. Recently, a
major documentation activity has been completed, and
technology transfer activities are increasing.

Application software is under development for a joint
effort between NASA Ames and NASA’s Jet Propulsion
Lab (JPL)in which the VIEWS will be used to provide an
alternate operator interface in telerobotics supervisory
control. In another project, a highly dextrous anthro-
pomorphic end-effector under development at JPL and
the Ames VIEWS will demonstrate high-fidelity dextrous
telepresence between Ames and JPL.

_Technical Contact

Stephen R. Ellis, ARC, (415) 604-6147
Michael W. McGreevy, ARC, (415) 604-5784.
Elizabeth M. Wenzel, ARC, (415) 604-6290
Dr. James O. Larimer, ARC, (415) 604-5185
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Symbolic Operator Model

This component of the Man-machine Integration Design
and Analysis System (MIDAS) is complex and continu-
ously evolving. It currently contains two major
subcomponents: the scheduling and loading models.
During a simulation, this model attempts to execute
assigned mission activities subject tospecified constraints,
state variables, and other simulation object requirements.
This model accomplishes this action by (1) updating the
simulated operator goal list to delete terminated or in-
appropriate goals; (2) examining equipment and world
state variables to determine if event-response activities
are required; (3) tracing the decomposition of mission

goals to their lowest level, finding matching equipment

operation patterns or activities that will satisfy them; (4)
sorting these matched goal-activity patterns by priority;
(5) interacting with the scheduling and loading operator
model components as appropriate; and (6) executing these
activities subject to physical resource (hand, eye, etc.)
requirements, visual, auditory, cognitive, and psychomotor
(VACP) load limits, and temporal/logical constraints.

This constraint-based, opportunistic model of operator
scheduling behavior was developed using the blackboard
architecture provided as part of the Generic Expert Sys-
tem Tool (GEST). The scheduler contains modular com-
ponents or knowledge sources that represent individual
stages in the scheduling process, with an extended task-
based decomposition (a “divide-and-conquer” technique)
used to partition the overall scheduling problem. It
closely interacts with the MIDAS task-loading model for
reasoning about resource interactions between plausible
concurrent tasks.

The task-loading model is based on current research in
multiple resource theory, scaling, workload, and perception.

Based on attributes of the mission tasks, world state,

operator, and crew station equipment, a resource classi-
fication taxonomy is used to classify individual tasks in
terms of their demands on the visual, auditory, cognitive,
and psychomotor processing dimensions. In addition,
conflict matrices are used to describe the interactions of
these resource demands across different processing di-
mensions and tasks. Aninitial version of the task-loading
model has been coded in Symbolics Common Lisp.

Technical Contact

Barry Smith, ARC, (415) 604-4264

E. James Hartzell, ARC, (415) 604-5743
Irving C. Statler, ARC, (415) 604-6938
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Visualization for Planetary Exploration

The objective of this project is to develop a terrain visual-
ization and exploration system to allow NASA users, such
as astro-geologists and rover vehicle managers, to observe
and analyze planetary terrain features on a highly inter-
active, color, three-dimensional display graphic system.

RIACS is supporting the Visualization for Planetary Ex-

ploration (VPE) project, directed by Dr. Michael McGreevy,
Aerospace Human Factors (Code FLM). RIACS support
consists of computer system design plus software design

anddevelopment. The VPE projectis developingagraphics-

workstation-based terrain visualization and exploration
system, which generates color 3-D images based on actual
planetary terrain elevation and imagery data. Users may
explore the terrain dynamically by changing the viewing
position. The system willinclude “virtual reality” capability
by means of a stereo head-mounted display to provide the
user with a full-field-of-vision scene manipulated by a
helmet. This project will also create and analyze tools that
enable research into the human factors of geological ex-
ploration.

Digital terrain data of Mars has been obtained from U. S.
Geological Survey (NSSDC) and collected into a VPE data
base. We can display Mars terrain with elevation-coded
color, sunillumination shading, and texture mapping. The
workstation user can select a region of the planet, render
a 3-D view of the region, and then “fly” around in the
terrain via workstation input controls (mouse). Image
detail can be varied to trade off animation update time for
image realism. The terrain-rendering software has been
partially interfaced to the helmet-mounted display. A

method for synthesizing higher resolution terrain data
from actual elevation data has been developed and tested
with Mars data. All software is written for X windows and
UNIX environments.

‘Users will be able to explore planetary terrains with a high

degree of interaction (as opposed to precomputed movie
animations). Realism will be higher than that available in
current or previous systems as a result of the “virtual
reality” methods employed. Although the system will not

provide the same capabilities as commercial image-gen-
“eration systems (flight simulators), it is being developed

on aworkstation that costs an order of magnitude less than
such systems and, thus, will be practical for installation
directly in a science or project laboratory at one or more
centers. The plan is to continue system development.

Technical Contact
Lewis E. Hitchner, ARC (RIACS), (415) 962-7764




L81

2-D and 3-D Topographic Presentation of Viking Data

| i,‘“’”“ N
w'k*

Ny gty 5#% 4‘»
Wi A e

k”" pl h !5 u

wu ‘~ -.\

o 152 T

"“i"'

“ “ , ~\ !** ,“.f.!SA:
E 4




881

Virtual Workstation for Planetary Exploration

The objective of this program is to conduct research and
development of crew interfaces for in-space terrain ex-
ploration systems. The approach is to (1) review mission
operational experiences, mission constraints and oppor-
tunities, and the state of the art in exploration technology;
(2) investigate user behavior and requirements; and (3)
enlist interdisciplinary expertise to develop, implement,
demonstrate, and evaluate advanced crew interfaces. Field
studies have been conductedin desert terrain tounderstand
operations central to planetary surface exploration. In
addition, a planetary terrain visualization testbed is un-
der development to support focused user-interface research.
This powerful computer system provides dynamic inter-
action with planetary terrain data (currently Mars and
Earth, but easily applicable to Venus, Earth’s moon, or
other planetary bodies).

The OAET Virtual Workstation is a powerful user inter-
face device for NASA’s mission-oriented applications, in-
cluding computational fluid dynamics, planetary data
visualization, in-space telepresence, and Space Station
telerobotics. Beyond these applications, the Virtual
Workstation is also a uniquely useful user-interface re-
search device. Using head-tracked head-mounted displays,
the Virtual Workstation provides the user with a vivid
experience of three-dimensional space. It can be used with
computer graphics systems as a personal simulator, sur-
rounding the user with a virtual interactive environment.
Alternatively, it can utilize helmet-attached cameras and
other sensors to provide telepresence. In either case, an
instrumented glove may be used to detect hand shape and
position to enable the user to manipulate objects in com-
puter generated or remote environments.

Preliminary discussions with planetary geoscientists indi-
cate there is a strong scientific interest in the development
of Virtual Workstation technology for planetary surface
telepresence. A leading concept is to extend the reach of
human exploration beyond the perimeter of manned EVA
by use of telepresence from centrally manned bases to
numerous unmanned rovers. Geoscientists with decades
of experience in field work believe that human presence
contributes a tightly coupled and essential interplay of
cognitive, perceptual, manipulative, and locomotor skills
that can complement automated rover operations. By
using telepresence, these unique human skills may be
applied over a greater area at an earlier date.

The Virtual Workstation is of interest to the Office of Space
Flight for possible use on Space Station Freedom. Under
the Advanced Development Program, a studyis under way
to determine the design accommodations, also known as
“hooks and scars,” that may be required to support even-
tual use of the OAET Virtual Workstation on board Space
Station Freedom. The utilization of this technology for
Space Station automation and telerobotics is currently
being studied under the OAET Automation and Robotics
program, in cooperation with Dr. Guy Boy of NASA Ames
Research Center.

Technical Contact
Michael W. McGreevy, ARC, (415) 604-5784
Stephen R. Ellis, ARC, (415) 604-6147
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EVA Aids

The objective of this research is to determine what infor-
mation and capabilities should be available to an Astronaut
in Extravehicular Activity (EVA). Crucial workin servicing
and repairing satellites must be done in EVA. When an
astronaut is working outside of the Shuttle, for instance,
the resources within the Shuttle are not available. Withno
direct access to flight data files, computers, or the direct
link to mission control, careful consideration must be
given to identifying the aids required by the astronaut to
service and repair a satellite.

Details of suit operation, procedures for repair, and
drawings to show the astronaut what he or she is supposed
to look for are key elements to be examined. A Helmet
Mounted Display (HMD) can provide this information by
projecting it onto the upper part of the EVA helmet, where
it is out of the astronaut’s primary field of view. Another
option to be considered is a cuff checklist. Currently, this
cuffchecklistis made of paper, whichis hard to control and
update. A new project is under way to develop an electronic
cuff checklist in which data would be displayed on an LCD
screen, and paging would be controlled by buttons or voice
command.

Voice command for EVA has received considerable attention
because it allows the astronaut to call up new information
while leaving his or her hand free. One of the more serious
problems with voice command is a tendency for the voice
recognizer tointerpret and respond to an extraneous word
as one in it’s vocabulary. This happens because the EVA
astronaut often maintains an ongoing conversation with
the crew in the shuttle, and only occasionally would need

to use the voice command system. Experiments are being

‘conducted to determine parameters of voice recognition

that would allow the software to distinguish a valid com-
mand from conversation with the shuttle.

Other tests have been run using the hard upper torso and
helmet space suit, (with its attendant airflow noise) which
point to a particular placement of the microphone and
which required high confidence scores for voice recognition
toeffectively eliminate the tendency of the voice recognizer
torespond to extraneous conversation and to respond only
to voice command. ‘

Point of Contact
Barbara Woolford, JSC, (713) 483-3701
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Human-Computer Interaction

The study of human-computer interaction focuses on the
avenues of communication between the crew and spacecraft
systems. Research in the JSC Human-Computer Inter-
action Laboratory (HCIL) emphasizes that the crew and
spacecraft systems form an integrated, multiagent system
and, through the design of human-computer interfaces,
attempts tofind new waysin which that integrated system
can function more effectively. In this manner, the
important goals of the integrated crew/spacecraft system
are reached more efficiently, with less chance of the oc-
currence of anomaly. Two of the more important areas in
which the HCIL has made steady progress toward this end
arein the electronic display of procedures and in the study
of interfaces to intelligent (expert) systems.

The HCIL has a mature line of research investigating the
most appropriate form of electronically presenting proce-
dural information. The results of several experiments
have allowed the HCIL to formulate general guidelines
concerning the format, context, and level of detail at which
to present procedural information. Based on the results of
these experiments, the HCIL is currently building a sys-
tem for demonstrating the optimal method of electronically
displaying procedures. Also, the HCILis now interestedin
investigating possibilities for the adaptive display of pro-
cedures, so that the interface may alter the contents and
format of procedural information based on a crew member’s
interactions or on the task.

Interfaces to intelligent systems is a new HCIL research
area. The laboratory has made significant progress in its
initial investigation of many issues particularly relevant

to HCI with intelligent and expert systems. Three experi-
ments investigated the best way to code the large amount
of datareturning from an expert system. These experiments
have demonstrated the valuable use of many coding
techniques, while alsoindicating the limited use of color as
a symbolic language. Research investigating the optimal
level of detail for the presentation of expert system ex-
planations has been completed. Finally, an experiment
examining the relative effectiveness of the Space Station’s
automated thermal control system (TEXSYS) displays
was carried out, emphasizing expert versus novice per-
formance. The results showed that the particular display
that is best for presenting expert system data depends on
the kind of system state that is indicated by that data.
Basedontheseresults, four more experimentsinvestigating
expert system fault management, display format, and
expert system function allocation have been planned. The
main goal of this research is to provide designers of
intelligent system interfaces with guidelines for HCI de-
sign.

Technical Contact
Marianne Rudisill, JSC, (713) 483-3706
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Interface Design for User Control of Intelligent Systems

The objective of this project is to increase user control and
understanding of intelligent systems for dynamic moni-
toring and fault management, by developing supporting
user interface design technologies and processes. This
year, a proof-of-concept prototype of a user interface de-
velopment system and methodology has been completed.

The system can be used to design interfaces for intelligent -

systems for fault management that use schematics, dia-
grams, and models of the structure and function of the
managed system.

The proof-of-concept prototype is designed to support in-
terface prototyping and design of intelligent systems for
effective human interface. The software has been dem-
onstrated using a fault management scenario for a space
thermal control system, in which amodel-basedintelligent
system shares the fault management task with the human
operator. The prototype illustrates several desirable ca-
pabilities for developing user interfaces: (1) separation of
the user interface from the intelligent system; (2) object-
oriented data-model layer and architecture to handle in-
formation transfer between user and intelligent system;
(3) early consideration of information requirements from
intelligent system and user; and (4) integration of intelli-
gent system interface with conventional software, to handle
embedded intelligent systems.

Another major part of the project has been to develop
qualitative models for engineered systems to support ef-
fective user interface. These system models are used to
support user understanding of the status of the managed
system, explanations of system behavior, and concrete

interactions between the user and theintelligent software.
Modeling work was completed this year. Results include
aset ofreusable qualitative model parts for core phenomena
in engineering thermodynamics, which can be combined to
build models for such systems as refrigerators, steam
plants, and space thermal control systems. Compositional
modeling techniques have been developed for integrating
qualitative and quantitative model information and sev-
eral optional types of detail that are controlled by explicit
modeling assumptions. Thus, several types and levels of

. explanation can be supported.

Alessons-learned report, “Graphic Interfaces to Intelligent

‘Fault Management Systems: Issues and Guidelines,”
summarizes what has been learned in this project sofar. A
proposal for a follow-on project to apply the results of the
prototype work in space programs has been developed.
This project would produce requirements documents for
User Interface Development Systems and Intelligent
System Development Environments to support effective
user interface design for intelligent systems.

Technical Contact
Jane T. Malin, JSC, (713) 483-2046
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Strength and Motion Measurement

The support for empirical studies of strength and motion
has contributed. greatly to both the theoretical modeling
efforts and the issues that arise in actual operations.
During the year, the researchers on this project have
assisted in comparing performance capabilities of the two
zero pre-breathe suits, have assisted in qualifying a
shoulder bearing for flight, have worked on determining
loads imparted to a foot restraint or structure by an EVA
crew member doing a task, and have studied the effect of
space suits on strength. One key study that was very
significant to operational requirements was the analysis of
the effect of the new launch/entry suit on performance in
the cockpit.

Crew members aboard the Space Shuttle are subjected to
accelerations during ascent that range up to 3 g in the
chest-to-back direction. Despite the experience of 33
missions, no truly quantitative reach study using actual
crew equipment has ever been conducted. This lack of
reach performance data has resulted in uncertainty re-
garding emergency procedures that can realistically be
performed during actual Shuttle ascent versus what is
currently practiced in ground-based simulators. This
uncertainty has increased with the introduction, on STS-
26, of the current Launch Entry Suit (LES). There were
concerns that the survival equipment incorporated into
this suit would further degrade performance during ascent
accelerations.

A study was developed to quantify the crew’s performance
while wearing the LES under both a 1-g and 3-gload. Four
veteran astronaut pilots, three veteran mission specialists,

and four naive airmen were test subjects for this study.
Quantitative measurements were obtained from photo-
grammetric data captured while each subject rode the
Brooks Air Force Base centrifuge and performed a variety
of reach tasks. To date, the analysis of these data has
demonstrated that Shuttle crews in training can expect to
maintain all of the overhead reach capability evident in
good simulator runs and suffer only moderate degradation
in the forward reach performance during the launch phase
ofan actual Shuttle mission. Analysis of visual performance

and 6-g data is in progress. Potential Space Station

applications of this data include predicting reach perfor-
mance during Assured Crew Return Vehicle (ACRV) op-

erations.

Technical Contact
Tandi M. Bagian, JSC, (713) 483-3699
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Strength and Motion Modeling

The ability to predict the force that an astronaut can exert
on a piece of equipment, or on part of a structure, is
important to human factors engineers and to mission
planners. It enables them to specify loads that the
equipment must sustain, and to predict how the crew
members will handle large masses. For example, this year
a trash compactor was designed for use in the Shuttle. It
was designed to be manually operated both to save power
and to provide exercise for the crew. The design engineers
needed to know how much force arelatively weak astronaut
could exert so they could determine the mechanical am-
plification needed, and they needed to know how much
force arelatively strong astronaut could exert so they could
build the equipment to be sturdy enough to withstand the
likely high loads.

A new capability in PLAID, the human factors computer-
aided design system, will permit such calculations in the
future. This year, strength data were collected for single
joint motions through a range of angles, at varying ve-
locities. Polynomial equations were fit to the data and
stored in the program’s data base. Then a motion, that of
turning a ratchet wrench, was simulated by the software.
For each point in the wrench’s rotation, the position of the
crew member, which was required to move the wrench to
that angle, was calculated. The resultant angles were used
to determine, from the empirical curves, the force applied
by the astronaut at each joint The resultant force,
determined by vector addition, was calculated and plotted
in two ways. One way was a series of bar graphs shown on
the screen with the motion, which gave the force predicted
for each joint, and the resultant force. The other way was

a color-coded curve showing the entire range of motion
with the force determining the color at each point.

The model will be validated this year, and data will be
collected from more subjects so that a range of values,
rather than just one, can be predicted. In addition, a more
general class of motions will be allowed. While the present
algorithm is designed for rotation of an object, there are
many other patterns of motion possible. The animation
capabilities of PLAID permit showing quite complex
movements with only a few inputs by the analyst. These
animation capabilities will be tied to the force calculation
model so that any motion can be easily simulated.

Technical Contact
Barbara Woolford, JSC, (713) 483-3701
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Sensor Systems

The objective of the Sensor Technology Program is to provide necessary expertise and
technology to advance space remote sensing of terrestrial, planetary, and galactic
phenomena through the use of electromagnetic and electro-optic properties of gas,
liquid, and solid-state materials technology.

The Sensor Technology Program is divided into two subprograms: a base research
and development part and a Civil Space Technology Initiative (CSTI) part. The base
research and development consists of research on artificially grown materials such
as quantum well and superlattice structures with the potential for new and efficient
means for detecting electromagnetic phenomena. Research is also being done on
unique materials and concepts for detector components and on devices for measuring
high-energy phenomena such as UV, x-, and gamma rays that are required
observables in astrophysical and solar physics missions.

The CSTI program is more mission driven and is balanced among four major
research and development disciplines: (1) detector sensors; (2) submillimeter wave
sensors; (3) lidar/DIAL sensors; and (4) cooler technology. The first discipline plans to
develop large spatial imaging format arrays in the near (1 — 30 mm wavelength) and
far (30 — 200 mm wavelength) infrared portions of the electromagnetic (EM) spectrum.
These goals are crucial to enable spaceborne remote sensing for the various
terrestrial, planetary, and astrophysical missions. The submillimeter discipline is
dedicated to developing the technology to enable heterodyne receiver instruments for
remote sensing in the 300 to 3000 GHz frequency regions of the EM spectrum with a
focus on developing local oscillators, frequency mixers, and quasi-optical technology
in this region. Backward wave oscillators, lasers, and quantum well devices may also
have potential as oscillators. In the third area, DIAL/lidar (DIAL stands for
Differential Absorption Lidar, and lidar means light detection and ranging) consists
of research on techniques for enabling active remote sensing in which a coherent
source such as a laser is used to probe the environment. Research is concentrated on
technology for obtaining tunable, frequency stable, and pure space qualifiable lasers.
Finally, in the last discipline, research is focusing on technology to enable cryogenic
coolers in the Kelvin to sub-Kelvin temperature regions in support of efforts in the
detector and submillimeter wave sensor thrusts. Work includes research on various
cooler concepts such as the pulse tube, adiabatic, Helium 3, and zero-gravity
refrigerators and their corresponding component development.

Program Manager: Ramon P. De Paula
NASA/OAET/RC
Washington, DC 20546
(202) 453-2748
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Improved Low-Temperature Readouts for Astronomical IR Detector Arrays

The performance of integrated infrared (IR) detector array
technologyis commonly limited by the cryogenicelectronics
required to read out these arrays. In hybrid IR arrays,

these electronics are indium-bump-bonded to a detector -

substrate, and the electronics must operate at the detector
temperature, which can be 2 K or lower. In a pioneering
development project, supported by OAET, OSSA (Space
Infrared Telescope Facility, SIRTF), and the University of
Hawaii, state-of-the-art, low-temperature design tech-
niques have been employed to design readouts that should
dramatically improve overall low-temperature (< 10 K) IR
focal plane performance in SIRTF. These devices will
allow measurements of basic low-temperature field-effect

transistor (FET) parameters to be made, which should

uncover the fundamental reasons why achieved low-
temperature FET noise performance is commonly 3-5
times worse than predicted FET noise.

Valley Oak Semiconductor (Westlake Village, California)
is developing the designs and layouts for this project,
based on their dramatic success with 70 K arrays for the
second-generation Hubble Space Telescope IR spectrom-
eter. The basic approach is to produce n- and p-type metal-
oxide semiconductor FETs (MOSFETS) on a thin (2 pm or
less), lightly doped epitaxial layer. The epitaxial doping of
about 2 x 1014 cm3 is about 25 times lower than that used
for room-temperature applications; this will allow the
layer to remain fully depleted even at very low tempera-
tures. This approach is expected to eliminate the excess
1/f noise, anomalous current-voltage characteristics, and
hysteresis seen in earlier devices operated at < 10 K.

The layout includes a large number of test structures.
Included are individual FETSs, in which the width-to-
length ratio, oxide type (conventional SiO, or oxynitride),
oxide thickness (250 or 150 A), epi doping, and p-well
doping are all parametrically varied. These individual
FETSs are also grouped into basic “unit cell” test circuits,
the configuration that connects to individual detector

array pixels. To establish producibility and yield issues, a

series of arrays of these FETs will be fabricated: a1l x 32
array (applicable to the SIRTF photometer and spectro-
graph), and 128 x 128 and 256 x 256 arrays (applicable to
the SIRTF camera and spectograph and the University of
Hawaii instruments).

The new devices are being produced in the state-of-the-art
TRW foundry, which accommodates 1.25 pm design rules.
Their low-pressuresilicon epitaxial reactorisideally suited
for producing the epi layers, and their novel “retrograde”
p-well provides a base for an n-on-p FET structure which
does not freeze out below 10 K. Devices will be available
in late August 1990, and testing at a number of SIRTF

institutions (including ARC, GSFC, JPL, U. Arizona, U.

Rochester, Cornell U., Santa Barbara Research Center,
Rockwell International, and Cincinnati Electronics) will
commence shortly thereafter.

Technical Contact
Craig R. McCreight, ARC, (415) 604-6549
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Space Qualified *He Cooler

The objective of this project was to develop and flight test
a space qualified cooler for cooling infrared sensors to
temperatures below 0.3 K. Development progressed from
alevel 1 technology (basic principles observed) to a level 7
technology (in-space demonstration).

The previoué technology as used on IRAS (Infrared As-
tronomical Satellite) and COBE (Cosmic Background
Explorer) only allowed cooling to about 1.5 K. The per-

formance of infrared bolometers improves as T%2. Hence

their sensitivity will increase by a factor of 50 by cooling
to 0.3 K. Other applications include the study of critical
phenomena at the 3He/*He tricritical point in the absence
of gravitational mixing (0.87 K) and the optimization of
high stability clocks for navigation and relativity experi-
ments (0.5-0.8 K). '

Cooling is the result of evaporation of a liquid cryogen
(3He). A means of confining the boiling liquid in the

absence of gravity had to be found and demonstrated.
Surface tension was used to confine the liquid cryogen in

‘a porous (~20 pu pores) cooper matrix. This technique was

perfected in a series of laboratory demonstrations using
-1 g. During these tests the liquid was held at the top of
a chamber by surface tension. The surface tension forces
were strong enough to contain the boiling cryogen while
gravity tried to pull the liquid out. A qualified flight cooler
was built and successfully flown on a sounding rocket in
the fall of 1989. The cooler operated normally during
launch and during the 10 minutes of 0-g in flight. The
evaporated cryogen is pumped away with a charcoal sorp-
tion pump.

A portion ofthis work was done at the University of Oregon
and at the University of California at Berkeley

Technical Contact
Peter Kittel, ARC, (415) 604-4297
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Advanced Cryogenic Refrigerator for Space

A long-life cryogenic refrigerator capable of cooling detec-
tors to 30 K is being developed by NASA for instruments
that will be part of the Earth Observing System (EOS) and
future NASA programs in Earth science, astronomy,
microgravity science, interplanetary science, and human
exploration. NASA needs improved spectral, spatial, and
temporal sensitivity to meet its scientific goals. In many
cases, these goals can only be met by using cryogenically
cooled detectors. Sensitive detectors requiring cryogenic
temperatures have been available for more than a decade.
However, a long-life, reliable cryogenic refrigerator (often
referred to as a mechanical cooler) to cool these detectors
has yet to be developed. Only instruments with very
limited lifetimes, using massive stored cryogen coolers,
have been able to take advantage of the sensitive cryo-
genically cooled sensors. '

The advanced cryogenic refrigerator will build on the
single-stage Stirling cycle cooler technology that is pres-
ently under development. The goal of the program is to
produce a highly reliable cryogenic cooler with a 10-year

on-orbit lifetime. The cooler is to be designed for high

efficiency, low input power, small size, and low weight.
The cooler will also be optimized for low vibration and low
electromagnetic interference.

A contract for the development of the advanced cryogenic
refrigerator will be released earlyin 1991, anditis expected
that an advanced brassboard cooler will be available by the
end of 1993. A number of important tasks were completed
during fiscal year 1990 to prepare for the development of
the advanced cooler. A testbed has been established at

GSFC to test the most life-limiting aspect of the present
Stirling coolers, namely the clearance seals. A second
testbed has been completed at the National Institute of
Standards and Technology to test regenerative heat ex-
changers (regenerators). Improved regenerators could
greatly improve the efficiency of multistage, low tem-
perature Stirling coolers. Finally, advanced cooler concepts
have been successfully pursued. One particularly prom-
ising Stirling cooler concept developed over the last 2 years
eliminates all clearance seals and regenerators. This
novel approach may yield long life with high reliability,
low vibration, and unprecedented efficiency.

Technical Contact
Stephen H. Castles, GSFC, (301) 286-5405
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Advanced Lidar Technology

The focus of this research is in two areas: (1) development
of line-narrowed near infrared solid-state laser sources
and (2) evaluation of Raman frequency conversion tech-
niques for tunable mid-infrared lasers.

Currently available intracavity line-narrowing technology,
such as etalons and Littrow gratings, cannot attain the
very narrow linewidths required to obtain atmospheric
pressure and temperature measurements using differen-
tial absorption lidar (DIAL). GSFC is therefore pursuing
advanced semiconductor laser injection seeding (locking)
of solid-state alexandrite laser resonators. The approach
is to use a low power (10 mW) continuous wave (cw) 760-
nm GaAs laser diode beam as a seed source that serves to
lock the frequency of the high energy solid-state laser toits

own lasing frequency as the solid-state laser comes above

threshold. A novel diode laser frequency stabilization
scheme is used to ensure that the seed source wavelength
is in turn locked and stabilized to the wavelength of the
absorption feature being probed.

Nonlinear optical frequency conversion techniques are
being investigated at GSFC for the purpose of developing
a near continuously tunable laser source from 0.5- to 20-
um wavelength. The technical approach adopted here is to
use a commercial, tunable near infrared alexandrite or

titanium-doped sapphire laser in conjunction with mul-

tiple Stokes shift Raman scattering in gases. In theory,
this single, widely tunable laser transmitter could be used
to measure meteorclogical parameters such as pressure,
temperature, and water vapor in the near infrared as well
as aerosols and pollutants in the mid- infrared. The

current state of the art is such that a variety of lasers are
required to probe this region of the optical spectrum.

Proof of principle diode injection seeding of pulsed alexan-
drite lasers has been recently demonstrated, as has the
measurement of oxygen A-band absorption in the newly
fabricated optoacoustic cell. These demonstrated tech-
nologies were incorporated in a Code SE development
program in June of 1990 for further evaluation.

GSFC and Brown University tested the concept of seeding
stimulated Raman scattering in gases using a fiber-gener-
ated continuum. In the absence of a seed source, the
stimulated Raman signal is typically initiated by black-
body or spontaneous emission, and as a consequence, high
laser pump powers are required to achieve conversion

- efficiencies of even a few percent. The seeding experiments

were carried outin C methane at 37 atmospheres using 80/
psec, 532-nm pump pulses. The methane gas provided an
energy shift of the pump beam of 2,914 cm™1, putting the
first Stokes line at 630 nm. The wideband optical radiation
continuum generated in a germanosilicate fiber was calcu-
lated to have approximately 200 times the energy at 630
nm than spontaneous emission noise. Experiments are
currently under way to determine the effectiveness of
seeding the Raman process with a fiber continuum to
increase the conversion efficiency into the first Stokes
order without increasing the pump power.

Technical Contact
Bernard D. Seery, GSFC, (301) 286-8942
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Superconducting Magnetic Bearings

The objective of this project is to develop and build an
engineering model of a radial passive superconducting
magnetic bearing (SCMB) for on-orbit operation of high-
speed machinery with the emphasis on mechanical
cryocoolers.

Measurements of levitation force, stiffness, and drag have
been performed for various superconducting materials. As
a result of these tests quench melted Y-Ba-Cu-O ceramic
was identified as the best candidate for superconducting
magnetic bearings (SCMB) at the present time. It was
observed that 5-fold to 6-fold improvement in load capacity
can be obtained be decreasing the temperature from 77 K
to 4.2 K. Materials fabricated at Catholic University and
Japan had the highest magnetization and lift force. For
example, the Catholic University sample showed load
capacity of 2 psi (14 KPa) at 77 K, which increased to 15 psi

(105 KPa) at 4.2 K. A working model of partially enclosed

SCMB was built by Cornell University and GSFC and
successfully demonstrated at several meetings. A study
was performed by Massachusetts Institute of Technology
(MIT) that identified several high-payoff applications for
SCMB in space. These applications include vibration
isolators for cryogenic coolers, oscillating gimbals,
cryocoolers, cryoturbopumps, cryoalternators, cryofluid
circulators, and space turbines. These applications are of
interest to NASA, SDIO, DARPA, DOE, and other agen-
cies. Consequently, a draft Interagency SCMB Develop-
ment Program has been prepared by GSFC and MSFC and
distributed to the agencies for comments.

Recently a contract was prepared for Cornell University to

perform engineering characterization of passive SCMB.
Comments from agencies interested in a joint SCMB
program will be incorporated in the final draft, which will
be presented to NASA Headquarters. An effort is under
way to map the magnetic field within the magnet/super-
conduct gap, and a set-up is under design to measure the
magnetic stiffness of the magnetic disc levitated inside a
superconducting cylinder. The SCMB model should be
operational in FY 1990.

Technical Contact
Yury Flom, GSFC, (301) 286-3274
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Supercenducting Magnetic Bearings
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Diode—Pumped Neodymium Lasers

Conventional neodymium (Nd) lasers are pumped by
broadband flashlamp technology, which is inherently in-
efficient, unreliable, and bulky. Laser-diode-pumped Nd
technology, on the other hand, promises high efficiency,
long-autonomous operation, and compact packaging. These
characteristics are well suited for airborne and space-
based remote sensing applications. However, before diode-
pumped Nd lasers can be designed for these applications,
many physics and engineering questions need to be an-
swered. Physical parameters of Nd laser materials such as
emission and absorption cross-sections, excited-state ab-
sorption, and self-absorption need to be quantified in order
to predict laser system performance for remote sensing
applications.

YAG, YLF, BEL, Phosphate Glass,and Vanadate are some
of the more promising host materials for Nd lasers being
investigated for remote sensing applications. Although
the strongest laser transition for all of these materials is
nominally at 1.06 um, other important parameters are
significantly different. Comparison of the performance of
these materials then requires a good understanding of the
physical parameters of the materials so that conditions for
lasing can beindividually optimized for each. Forexample,
the well-known material, Nd:YAG, has a strong absorption
peak at 0.808 pm and a upper-state lifetime of 240 us. A
lesser known material, Nd:YLF, has a strong absorption
peak at 0.792 um and lifetime of 480 ps. From this
information, it is immediately evident that optimization of
the performance of these materials will require pumping
each with diodes operating at different wavelengths and
with different pulsewidths. ’

Laser-diode-pumped Nd lasers will provide reliable, effi-
cient, and compact sources of 1.06-um photons in the
fundamental, and photons in the second and third-har-
monics of the fundamental, at 0.53 um, respectively. The
Nd lasers and the harmonics will provide the source for
measuring aerosols directly. In addition, the second har-
monic of Nd lasers can be used to pump Ti:A1,0; lasers.
Usingthe latter laser, water vapor as well as pressure and
temperature can be measured.

Parameters such as absorption, lifetime, and excited state
absorption (ESA) have been measured for the majority of
the Nd materials. YLF and YAG exhibited ESA, which can
be a detriment to system efficiency. An effort to quantify
the extent of the ESA as a function of pump is under way.
This will add significantly to capabilities of scaling these
two materials for high-power outputs. Resonator and
coupling designs have been implemented and major com-
ponents have been ordered or are being fabricated. Laser
diode arrays (wavelength matched for pumping YAG,
YVO,,and BEL) have been delivered and are in the process
of being characterized.

Technical Contact ;
James C. Barnes, LaRC, (804) 864-1637
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HgZnTe Materials and Device Technology

There is a critical national need for infrared (IR) detector
technology to meet NASA mission requirements for the
1990s and beyond. The EOS instruments require photo-
voltaic (PV) IR detectors in large linear and area array
formats having unprecedented sensitivity and resolution
covering the mid-IR (3-5 pm) and the far-IR (8-20 pm).
These detectors will be expected to operate unattended for
periods of 5 or more years. Present IR detector technology
is based on HgCdTe devices that are difficult to process in
array formats, unstable in their electro-optical properties,
suffer from poor reliability, and have not demonstrated PV
technology beyond 13 um. The objective of this program is
to develop advanced IR materials and devices in HgZnTe

~ having improved robustness and reliability for remote

sensing applications from satellite platforms.

HgZnTe materials for the mid-IR and far-IR have been
developed, and 270 x 1 linear arrays have been fabricated.
Initial measurements on the 270 x 1 arrays at 80 Kand
30K haveyielded outstanding results; the spectral response
has been extended to beyond 20 um, D* sensitivities are
greater than 1 x 1019, and the responsivities are greater
than 1x10% French investigators (Triboulet at SAT) have
reported HgZnTe single devices to 15 um that are bakable
(can be mounted in long-life dewars), and SAT is now
offering HgZnTe IR single devices as part of their standard
IR product line.

Near-term plans are to complete characterization of the
current linear array, deliver an array to JPL and LaRC for
additional testing, and initiate development of far-IR
HgZnTe diodes. The technology being developed on this

program has direct application to several of the planned
EOS missions, AIRS, MODIS-N, and SAFIRE.

Technical Contact
William E. Miller, LaRC, (804) 864-1720
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High-Temperature Superconductivity Material Applied to Devices for Aerospace Technology

The high thermal conductivity ceramic superconductor
LaRC-sponsored effort presently focused on developing
and demonstrating the feasibility of fabricating composite
linear bearings using the Meissner effect (shown in figure)
and rigidly supported, environmentally protected super-
conducting circuit elements such as conductors, coils,
connectors, and crossovers on dielectric substrates for
microelectronic applications with emphasis on a specific
application for the NASA-SAFIRE program (i.e., a low-
noise, low thermal conductivity, superconducting grounding
strap for a highly sensitive, far-infrared, atmospheric
detector [see figure]). Based on the theory that these
superconducting ceramics are brittle by nature, the devices
should be fabricated on pre-formed, sintered, and tested
material bonded to a rigid substrate such as in a hybrid
circuit. This concept has the advantages of (1) pretesting
the superconducting material separate from the substrate,
(2) optimization of the superconducting properties of the
material without limitations imposed by the substrate, (3)
wider selection of substrate materials, since the high
temperature processing step precedes mounting onto the
printing circuit board, (4) freedom from firing shrinkage
and other numerous material compatibility problems, and
(5) anticipated high reliability because of its rigid design
and encapsulation from the environment. '

A collaborative and interactive testing program between
personnel at Clemson University and Westinghouse Sa-
vannah River Company is directed toward obtaining first-
time field test data on the superconducting ground strap
described above. The program is designed to provide
preliminary real-time data on the suitability of using the

123 superconducting material and devices made from it in
aspace environment, and to point out at an early stage any
deficiencies that may result from the tests. The deficien-
cies, ifany, will be corrected and retested wherever possible.

The specific tests of primary concern are designed to
critically evaluate the various materials(e.g., 123 ceramic,
epoxy encapsulants, substrates, and connectors), and de-
vices made from them in an environment that simulates,
as closely as possible, the actual conditions in space.

" Accordingly, these include (1) long-term stabilityin a high

vacuum, (2) radiation damage due to high-energy gamma
rays, (3) degradation of properties as a result of thermal
cycling and thermal shock, (4) mechanical stability due to
vibration, (5) moisture sensitivity, and (6) loss of super-
conductivity due toexposure tomagneticfields (see figure).

In addition to the superconductor device produced at
Clemson University, the Christopher Newport College
Physics Department has developed and is optimizing a
low-electric resistant joint material (106 Q) for use in
connecting the ceramic superconductor into the circuit.
Successful tests have been performed on typical specimens
for thermal shock, moisture sensitivity, and mechanical
strength (see figure).

Technical Contact
John D. Buckley, LaRC, (804) 864-4557
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Modeling of Multiply Doped Eye-Safe Solid-State Lasers for DIAL and Doppler Lidar

This research program is focused on providing a computer
model for optimizing the efficiency of narrowband eye-safe
lasers for differential absorption lidar (DIAL) and Doppler
lidar remote sensing of atmospheric trace gases and wind
velocity. Emphasis has been placed on multidoped rare
earth ion solid-state lasers that operate near 2 pm, which
offer the potential for both high efficiency frequency con-
version into the 2-5 pum vibration-rotational bands of
several key atmosphericconstituents or canbe used directly
for wind velocity/shear sensing.

Laser performance depends critically on many variables,
which include mirror reflectivities, cavity losses, type and
concentration oflasing and co-dopant ions, and laser pump
intensity. To vary these parameters in the laboratory
would be difficult, time consuming, and cost prohibitive.
By exercising a validated computer model, a detailed
understanding of the physical interaction mechanisms
can be gained and predictions can be made to enable the
researcher to accurately judge which of the variables to
more closely examine in the laboratory.

The detailed rate equation model previously developed to
describe energy transfer and laser activity for multiple
ion-doped rare earth lasers has been upgraded to include
several new up-conversion interactions. This model has
been applied to describe laser performance of a room
temperature thulium and holmium codoped yttrium alu-
minum garnet (Tm:Ho:YAG) laser pumped with a chro-
mium doped gadolinium scandium aluminum garnet
(Cr:GSAQG) laser-simulating diode laser pumping. The
rate constants necessary to characterize the Tm-to-Tm

and Tm-to-Ho energy transfer processes, as well as the
additional up-conversion interactions, have been obtained
from NASA-LaRC spectroscopic measurements. The model
hasbeen validated by comparing with experimental results
for a variety of rod lengths, pump intensities, output
couplers, and dopant concentrations.

Technical Contact
Clayton H. Bair, LaRC, (804) 864-1556
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Model Development for 2-Micrometer Eye-Safe Lidar
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Titanium: Sapphire Development for LIDAR

Ti:Al, O, is an efficient, h1gh-ga1n tunable laser source
that spans the spectral region from 0.65 pm to 1.1 pm.

. Unlike alexandrite, another tunable source, Ti:Al,Oghas a
large effective emission cross-section. Consequent Y, it can

operate efficiently and reliably at low-energy densities.
With the advent of diode-pumped Nd lasers, this material

can be laser-pumped efficiently and reliably. The overall

system efficiency of a diode-pumped, frequency-doubled
Nd laser pumping Ti:Al,O, is in excess of 5%.

Ti:A1,05providesa frequency-aglle solid-state laser source
in the 0 65 um to 1.1 pm region for Lidar and DIAL
experiments. The laser accesses weak H,O absorption
bands around 0.73 pm and the stronger absorptlon bands
around 0.94 um. This wide spectral coverage allows accurate
water vapor measurements for a wide dynamic range of
water vapor concentrations. Pressure and temperature
can be measured using oxygen bands around 0.76 pm.
These bands are also accessible with Ti:Al,O;. Thus, a
single-Lidar instrument would perform three important
DIAL measurements. Recent frequency doubling of'I‘i:A.le3
by contractors at LaRC with better than 50% conversion
lends promise to tripling capabilities to the ultraviolet.

This would allow a Ti:Al,O, system to address NO and OH
radicals as well.

Water vapor and pressure/temperature measurements
continue to surface as prime scientific parameters in the
atmospheric sciences and meteorological ‘community.
Knowledge of global water vapor distribution is required
for studying climate, the hydrological cycle, and meteoro-
logical processes, and temperature distribution provides
invaluable science on tropopause heights and meteorologi-
In addition, such sources are valuable

research tools in the spectral region where dye lager
performance is limited.

A Ti:Al,0, power oscillator, operating at 10 Hz, and w1th
subplcometer linewidths has demonstrated 430 mJ pulsed
energy output at LaRC under a NASA LaRC funded
contract. This output was demonstrated at the important
wavelengths around 0.73 pm and 0.76 um with better than
35% optical-to-optical efficiency. The subpicometer
linewidths were accomplished by seeding the power os-
cillator with a cw-ring single-mode oscillator also developed
underthe contract. The cw-oscillator has led toacommercial
device, and a version of the power oscillator is being

" developed by the contractor and will be available this

summer. The 430 mJ Ti:Al, O, laser has been accepted for
delivery at LaRC, and is presently being characterized.

The Ti:Al,O; laser system is being proposed to replace
alexandnte as the laser transmitter for NASA’s Lidar
Atmospheric Sensing Experiment (LASE) mission to mea-
sure H,O vapor profile. In a series of independent ex-

‘ penments the Ti:Al,O, laser met all of the LASE re-

quirements. LaRCis currently performing engineering of
the laser to simultaneously meet the LASE transmitter
requirements.

Technical Contact
James C. Barnes, LaRC, (804) 864-1637
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