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INTRODUCTION

The Information Sciences and Human Factors (IS&I-IF) Division is one of the five divisions that comprise

NASA's Office of Aeronautics and Space Technology (OAST). This division sponsors research in both

aeronautical and space technology. This 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 is also intended

to communicate significant technical accomplishments to NASA technologists, project engineers, other govern-

ment agencies and academia.

The IS&HF Program consists of seven major elements: Automation and Robotics, Computer Sciences, Com-

munications, Controls and Guidance, Data Systems, Human Factors, and Sensor Technology. Accomplishments

are presented in all seven categories: Controls and Guidance and Human Factors are shown in two sections,

Space and Aeronautics. Total program funding, including civil service manpower costs, for FY88 is shown
below.

Element Aero ($M) Space ($M) Total R&D ($M)

Automation and Robotics

Communications Systems

Computer Science
Controls and Guidance

Data Systems
Human Factors

Sensor Technology

16.7
30.4

24.7

31.3 31.3
8.5 8.5

6.5 23.2

6.3 36.7

13.2 13.2

5.2 29.9

16.0 16.0

The NASA Civil Space Technology Initiative (CSTI) will be initiated in FY88 with the goal of revitalizing
the nation's civil space technology capabilities and enabling more efficient, reliable and less cosily space

transportation and earth orbit operations. The IS&I-IF Division will have focused CSTI technology activities

in High Speed/Capacity Data Systems, Science Sensors, Automation and P,ob_cs. Funding for these activities

are included above. In FY89 another new initiative, Pathfinder, is being planned. The objective of Pathfinder

will be to develop and validate critical enabling technologies for furore exploration missions. It is anticipated
Pathfinder will include focused Information Sciences and Human Factors activities in Planetary Rover

Technology, Optical Communications, Human Factors/Life Support, Automated Rendezvous and Docking,

Adaptive Hazard Avoidance Landing, and Photonic Systems.

To aid in the communication of 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 technology activities.

DIVISION DIRECTOR: Lee Holcomb, (202) 453-2747

DEPUTY DIRECTOR: Ray Hood, (202) 453-2745
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Headquarters
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N89-18398

Automation and Robotics

OAST created the Civil Space Technology Initiative (CSTI) as a flve-year effort

to improve by an order of magnitude 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 Telerobotlcs when applied to the space environment have the

capability to significantly improve productivity and enhance safety, as well as

reduce the cost of NASA operations.

The automation and robotics program is divided into two areas, with Autonomous

Systems focusing on the automation of control systems for the Space Station and

mission operations and Telerobotics focusing on automation for in-space

servicing, assembly, and repair. Each has a planned sequence of integrated

demonstrations showing the evolutionary advance of the state-of-the-art.

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: sensing

and perception; planning and reasoning; control execution; operator interface;

and systems architecture and integration. Coordination with DARPA's A&R

program is achieved since NASA acts as a DARPA agent. Memoranda of

Understanding have been developed with Space Station for the transfer of OAST

developed technologies to the Flight Telerobotlc Servicer and the Thermal and

Power Control Systems.

FY87 has seen the establishment, and significant initial accomplishments of the

A&R program. The Telerobotics Program has achieved a major milestone towards

completion of their first major technology demonstration through the vision-

based tracking of a spinning satellite (once it is initialized by a human-

guided graphic overlay), and the synchronized positioning of the manipulator

arms. Three applications demonstrations were completed using the Beam Assembly

Teleoperator. The applications were: assembling beam elements into a space

structure; using a general control structure for coordinated movement of

multiple robot arms; and using the Oak Ridge National Laboratory's teleoperated

manipulator to recreate the Access experiment. The Autonomous Systems Program

has achieved a major milestone towards the Space Station Thermal Control Expert

System technology demonstration through the completion of System Build I which

has led to the development of the Model Tool Kit. Accomplishments toward

completion of applications demonstrations have occurred with the development of

an operational readiness prototype expert system for the monitoring of the

Shuttle communications systems and initial integration of the KATE and GMODS

for diagnostics and control of the Shuttle Environmental Control System.

Major research goals were accomplished in the areas of: operator interface;

systems architecture and integration; and planning and reasoning. In the

operator interface element higher-performance force reflecting hand controllers

and triggers were tested for teleoperation. In the systems architecture and

integration element, the first design of the spaceborne symbolic processor was



completed with a reconfigurable, radiation resistant, fault-tolerant

architecture. In the planning and reasoning 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 IRAS data.

In addition to the CSTI technologies, OAST has Been reviewing the technology

requirements for future planetary and lunar missions, and has packaged these

into the new initiative called Pathfinder. 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 of the moon and Mars - semi-autonomously, with only

occasional communication and direction from Earth. This is a challenging

problem in that the rover would effectively be a mobile laboratory with its own

instrumentation, tools and intelligence for self-navlgatlon, and rock sample

acquisition and analysis. This development effort is a requirement unique to

NASA, and it will build on the in-house expertise in automation and robotics

which has resulted from the CSTI program.

PROGRAM MANAGER= Dr. Melvin Montemerlo

NASA/OASTIRC

Washington, DC 20546

(202) 253-2744
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a
d

r
a
n
g
e

o
f

c
o
m
p
u
t
a
t
i
o
n
a
l

p
r
o
b
l
e
m
s
.

F
u
t
u
r
e

o
b
j
e
c
t
i
v
e
s

t
h
r
o
u
g
h

t
h
e

C
i
v
i
l

S
p
a
c
e

T
e
c
h
n
o
l
o
g
y

I
n
i
t
i
a
t
i
v
e

i
n

H
i
g
h

R
a
t
e
/
H
i
g
h

C
a
p
a
c
i
t
y

D
a
t
a

i
n
c
l
u
d
e

d
a
t
a

s
y
s
t
e
m

a
r
c
h
i
t
e
c
t
u
r
a
l

s
t
u
d
i
e
s

f
o
r

n
e
w

s
p
a
c
e

i
n
i
t
i
a
t
i
v
e
s
,

s
i
g
n
i
f
i
c
a
n
t

a
d
v
a
n
c
e
s

i
n

t
e
c
h
n
o
l
o
g
i
e
s

a
n
d

c
a
p
a
b
i
l
i
t
i
e
s

f
o
r

o
n
-
b
o
a
r
d

i
m
a
g
e

p
r
o
c
e
s
s
i
n
g
,

d
a
t
a

c
o
m
p
r
e
s
s
i
o
n
,

h
i
g
h

v
o
l
u
m
e

b
l
o
c
k

a
c
c
e
s
s

s
t
o
r
a
g
e
,

d
a
t
a

n
e
t
w
o
r
k
s
,

s
p
e
c
t
r
o
m
e
t
r
y

a
n
d

a
d
a
p
t
i
v
e

s
e
n
s
o
r

c
o
n
t
r
o
l
.

P
R
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R
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N
A
G
E
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D
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P
a
u
l
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.

S
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i
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A
S
A
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O
A
S
T
/
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P
R

E
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D

IN
G

P
A
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E
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L
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H
u
m
a
n

F
a
c
t
o
r
s

-
A
e
r
o
n
a
u
t
i
c
s

T
h
e

o
b
j
e
c
t
i
v
e
s

o
f

t
h
e

a
e
r
o
n
a
u
t
i
c
s

h
u
m
a
n

f
a
c
t
o
r
s

r
e
s
e
a
r
c
h

a
n
d

t
e
c
h
n
o
l
o
g
y

p
r
o
g
r
a
m

a
r
e

t
o

p
r
o
v
i
d
e

t
h
e

t
e
c
h
n
o
l
o
g
y

b
a
s
e

a
n
d

c
a
p
a
b
i
l
i
t
y

t
o

d
e
s
i
g
n

e
f
f
e
c
t
i
v
e

c
r
e
w
-

c
o
c
k
p
i
t

s
y
s
t
e
m
s

a
n
d

t
o

a
d
v
a
n
c
e

s
o
l
u
t
i
o
n
s

t
o

h
u
m
a
n

p
r
o
b
l
e
m
s

a
f
f
e
c
t
i
n
g

a
i
r

t
r
a
n
s
p
o
r
t

a
n
d

r
o
t
o
r
c
r
a
f
t

e
f
f
e
c
t
i
v
e
n
e
s
s

a
n
d

s
a
f
e
t
y
.

A
d
v
a
n
c
e
d

a
u
t
o
m
a
t
i
o
n

t
e
c
h
n
o
l
o
g
i
e
s
,

n
e
w

i
n
f
o
r
m
a
t
i
o
n

d
i
s
p
l
a
y

c
a
p
a
b
i
l
i
t
i
e
s

u
n
d
e
r

c
o
m
p
u
t
e
r

c
o
n
t
r
o
l
,

a
n
d

c
o
n
c
e
r
n

f
o
r

t
h
e

e
f
f
e
c
t
s

o
f

h
u
m
a
n

e
r
r
o
r

i
n

f
l
i
g
h
t

o
p
e
r
a
t
i
o
n
s

a
r
e

e
l
e
m
e
n
t
s

w
h
i
c
h

d
r
i
v
e

t
h
e

d
i
r
e
c
t
i
o
n
s

o
f

t
h
e

p
r
o
g
r
a
m
.

T
h
u
s
,

t
h
e

p
r
o
g
r
a
m

h
a
s

f
o
u
r

t
h
r
u
s
t
s
:

(
I
)

f
l
i
g
h
t

m
a
n
a
g
e
m
e
n
t
;

(
2
)

h
u
m
a
n

e
n
g
i
n
e
e
r
i
n
g

m
e
t
h
o
d
s
;

(
3
)

r
o
t
o
r
c
r
a
f
t
;

a
n
d

(
4
)

s
u
b
s
o
n
i
c

t
r
a
n
s
p
o
r
t
s
.

F
l
i
g
h
t

m
a
n
a
g
e
m
e
n
t

r
e
s
e
a
r
c
h

i
s

a
i
m
e
d

a
t

d
e
v
e
l
o
p
m
e
n
t

a
n
d

e
v
a
l
u
a
t
i
o
n

o
f

m
e
t
h
o
d
s

a
n
d

t
e
c
h
n
i
q
u
e
s

t
h
a
t

a
l
l
o
w

t
h
e

c
r
e
w

t
o

d
e
a
l

w
i
t
h

v
a
r
i
o
u
s

p
r
o
b
l
e
m
s

i
n

t
h
e

f
l
i
g
h
t

e
n
v
i
r
o
n
m
e
n
t
.

A
n

e
x
p
e
r
t

s
y
s
t
e
m

c
a
l
l
e
d

F
a
u
l
t
f
i
n
d
e
r

w
a
s

d
e
v
e
l
o
p
e
d

a
n
d

i
s

b
e
i
n
g

e
v
a
l
u
a
t
e
d

t
o

a
l
l
o
w

e
a
r
l
y

d
e
t
e
c
t
i
o
n

o
f

e
n
g
i
n
e

f
a
i
l
u
r
e
s

a
n
d

t
o

r
e
c
o
m
m
e
n
d

t
o

t
h
e

c
r
e
w

a
l
t
e
r
n
a
t
i
v
e
s

i
n

p
o
w
e
r

m
a
n
a
g
e
m
e
n
t

f
o
r

s
a
f
e

o
p
e
r
a
t
i
o
n
s
.

S
t
u
d
i
e
s

w
e
r
e

c
o
m
p
l
e
t
e
d

w
h
i
c
h

e
s
t
a
b
l
i
s
h
e
d

t
h
e

m
i
n
i
m
u
m

a
m
o
u
n
t

o
f

i
n
f
o
r
m
a
t
i
o
n

t
o

b
e

d
i
s
p
l
a
y
e
d

t
o

t
h
e

p
i
l
o
t

i
n

a
n

a
d
v
a
n
c
e
d

t
a
c
t
i
c
a
l

a
i
r
c
r
a
f
t
.

A
d
d
i
t
i
o
n
a
l

r
e
s
e
a
r
c
h

w
a
s

p
e
r
f
o
r
m
e
d

o
n

a
n

a
d
v
a
n
c
e
d
,

t
h
r
e
e
-
d
i
m
e
n
s
i
o
n
a
l

d
i
s
p
l
a
y

m
e
t
h
o
d

w
h
i
c
h

s
h
o
w
s

a
p
a
t
h

i
n

t
h
e

s
k
y

t
o

b
e

f
o
l
l
o
w
e
d

f
o
r

d
i
f
f
e
r
e
n
t

f
l
i
g
h
t

r
e
g
i
m
e
s
.

H
u
m
a
n

e
n
g
i
n
e
e
r
i
n
g

r
e
s
e
a
r
c
h

h
a
s

h
a
d

a
l
o
n
g

t
e
r
m

o
b
j
e
c
t
i
v
e

t
o

i
m
p
l
e
m
e
n
t

s
t
a
t
e
-
o
f
-

t
h
e
-
a
r
t

p
s
y
c
h
o
p
h
y
s
i
o
l
o
g
i
c
a
l

r
e
s
p
o
n
s
e

m
e
a
s
u
r
e
m
e
n
t

m
e
t
h
o
d
s

a
s

a
n

a
i
d

i
n

c
r
e
w

w
o
r
k
l
o
a
d

a
s
s
e
s
s
m
e
n
t
.

S
e
v
e
r
a
l

s
t
u
d
i
e
s

w
e
r
e

c
o
m
p
l
e
t
e
d

w
h
i
c
h

r
e
s
u
l
t
e
d

i
n

a
n

i
m
p
r
o
v
e
m
e
n
t

i
n

s
e
n
s
i
t
i
v
i
t
y

w
h
e
r
e
b
y

h
e
a
r
t

r
a
t
e

v
a
r
i
a
b
i
l
i
t
y

i
s

m
e
a
s
u
r
e
d

d
u
r
i
n
g

v
a
r
i
o
u
s

t
y
p
e
s

o
f

f
l
i
g
h
t

o
p
e
r
a
t
i
o
n
s
.

W
o
r
k
l
o
a
d

a
s
s
o
c
i
a
t
e
d

w
i
t
h

l
o
w

d
e
m
a
n
d
s

o
n

t
h
e

p
i
l
o
t

r
e
s
u
l
t

i
n

b
o
r
e
d
o
m
.

T
h
i
s

m
e
n
t
a
l

s
t
a
t
e

w
a
s

m
e
a
s
u
r
e
d

a
n
d

e
v
a
l
u
a
t
e
d

b
y

a

n
e
w

p
s
y
c
h
o
p
h
y
s
i
o
l
o
g
i
c
a
l

m
o
d
e
l
.

R
o
t
o
r
c
r
a
f
t

r
e
s
e
a
r
c
h

f
o
c
u
s
e
d

o
n

t
h
e

d
i
f
f
e
r
e
n
t

k
i
n
d
s

o
f

h
u
m
a
n

v
i
s
u
a
l

r
e
q
u
i
r
e
m
e
n
t
s

f
o
r

e
f
f
e
c
t
i
v
e

n
a
p
-
o
f
-
e
a
r
t
h

(
N
O
E
)

o
p
e
r
a
t
i
o
n
s

a
n
d

t
h
e

s
u
b
s
e
q
u
e
n
t

d
e
s
i
g
n

c
o
n
s
i
d
e
r
-

a
t
i
o
n
s

f
o
r

h
e
l
i
c
o
p
t
e
r

o
p
e
r
a
t
i
o
n
s

a
n
d

d
i
s
p
l
a
y
s
.

S
t
u
d
i
e
s

w
e
r
e

p
e
r
f
o
r
m
e
d

o
n

w
o
r
k
-

l
o
a
d

a
n
d

o
p
e
r
a
t
i
o
n
a
l

t
a
s
k
s

o
f

p
i
l
o
t
s

i
n
v
o
l
v
e
d

i
n

u
n
u
s
u
a
l

r
o
t
o
r
c
r
a
f
t

o
p
e
r
a
t
i
o
n
s
,

s
u
c
h

a
s

p
o
l
i
c
e

s
u
r
v
e
i
l
l
a
n
c
e

a
n
d

m
e
d
i
c
a
l

e
v
a
c
u
a
t
i
o
n
s
.

A
d
a
t
a

c
o
l
l
e
c
t
i
o
n

p
r
o
g
r
a
m

w
a
s

i
n
i
t
i
a
t
e
d

t
o

g
a
i
n

d
a
t
a

i
n

a
n

a
t
t
e
m
p
t

t
o

u
n
d
e
r
s
t
a
n
d

a
n
d

d
e
a
l

w
i
t
h

t
h
e

h
i
g
h

n
u
m
b
e
r

o
f

i
n
c
i
d
e
n
t
s

a
n
d

a
c
c
i
d
e
n
t
s

i
n

t
h
e
s
e

t
y
p
e
s

o
f

o
p
e
r
a
t
i
o
n
s
.

S
u
b
s
o
n
i
c

t
r
a
n
s
p
o
r
t

r
e
s
e
a
r
c
h
,

i
n
c
l
u
d
i
n
g

c
o
m
m
u
t
e
r

a
n
d

g
e
n
e
r
a
l

a
v
i
a
t
i
o
n
,

i
s

i
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c
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c
e
s
s
f
u
l
l
y

a
v
o
i
d
/
e
s
c
a
p
e

w
i
n
d

s
h
e
a
r

h
a
z
a
r
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D
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s
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c
t
u
r
e
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w
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c
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c
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p
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p
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c
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i
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p
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p
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t
.

E
x
t
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s
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e

p
l
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s
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e

b
e
e
n

p
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e
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r
e
d
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n
d
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t
e
d

b
e
t
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e
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R
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e
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r
c
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e
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t
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n
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R
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s
e
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c
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e
n
t
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r

f
o
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i
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i
t
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t
i
v
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c
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l
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d
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v
i
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t
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o
n
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a
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A
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t
o
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t
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h
i
c
h

w
i
l
l

s
t
a
r
t
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F
Y
8
9
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b
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c
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c
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c
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p
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c
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d
e
m
o
n
s
t
r
a
t
e

a
n
d

t
r
a
n
s
f
e
r

pE
r..C

r..D
.'_

P
A

G
E

B
,._:_K

N
O

T
F

ILM
E

D

147



e
f
f
e
c
t
i
v
e

t
e
c
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n
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l

a
v
i
a
t
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o
n

c
o
m
m
u
n
i
t
y
.

T
h
i
s

t
e
c
h
n
o
l
o
g
y

w
i
l
l

a
l
l
o
w

o
p
t
i
m
a
l

i
n
t
e
g
r
a
t
i
o
n

o
f

h
u
m
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n
s

a
n
d

a
u
t
o
m
a
t
e
d

s
y
s
t
e
m
s
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p
r
o
v
i
d
e

h
u
m
a
n
-

c
e
n
t
e
r
e
d

a
u
t
o
m
a
t
i
o
n

i
n

a
i
r

t
r
a
f
f
i
c

c
o
n
t
r
o
l

a
n
d

f
l
i
g
h
t

s
y
s
t
e
m
s
,

a
n
d

s
u
p
p
o
r
t

a
n
d

i
m
p
r
o
v
e

h
u
m
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n

c
a
p
a
b
i
l
i
t
i
e
s

t
h
r
o
u
g
h

f
u
l
l
y

c
o
m
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t
i
b
l
e
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o
p
e
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i
v
e
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l
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g
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d
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.
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.
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H
u
m
a
n

F
a
c
t
o
r
s

-
S
p
a
c
e

N
89

-
1840

5

T
he

objectives
of

the
space

hum
an

factors
research

and
technology

program
are

to
provide

a
technology

base
for

intelligent
operator

interfaces,
especially

w
ith

autonom
ous

subsystem
s,

and
to

develop
a

new
generation

of
high

perform
ance

space
suits,

gloves,
and

tools/end
effectors

to
m

eet
the

requirem
ents

of

advanced
space

m
issions.

T
he

technology
base

is
intended

to
provide

increased

p
r
o
d
u
c
t
i
v
i
t
y
,

e
f
f
i
c
i
e
n
c
y
,

a
n
d

s
a
f
e
t
y

i
n

c
o
m
p
l
e
x

m
a
n
n
e
d

o
p
e
r
a
t
i
o
n
s

w
i
t
h
i
n

a
u
t
o
m
a
t
e
d

o
n
b
o
a
r
d

s
y
s
t
e
m
s

a
n
d

e
x
t
r
a
v
e
h
i
c
u
l
a
r

a
c
t
i
v
i
t
i
e
s

(
E
V
A
)

e
n
v
i
r
o
n
m
e
n
t
s
.

C
r
e
w

s
t
a
t
i
o
n

r
e
s
e
a
r
c
h

i
s

t
h
e

f
i
r
s
t

o
f

t
w
o

m
a
j
o
r

a
r
e
a
s
.

D
e
v
e
l
o
p
m
e
n
t

o
f

m
e
t
h
o
d
s

f
o
r

t
h
e

a
s
t
r
o
n
a
u
t

t
o

s
u
p
e
r
v
i
s
e
,

m
o
n
i
t
o
r

a
n
d

e
v
a
l
u
a
t
e

t
h
e

p
e
r
f
o
r
m
a
n
c
e

o
f

r
o
b
o
t
i
c

s
y
s
t
e
m
s
,

o
t
h
e
r

s
p
a
c
e

s
u
b
s
y
s
t
e
m
s
,

a
n
d

o
r
b
i
t
a
l

v
e
h
i
c
l
e
s

a
r
e

k
e
y

a
r
e
a
s

o
f

r
e
s
e
a
r
c
h
.

F
u
n
d
a
m
e
n
t
a
l

u
n
d
e
r
s
t
a
n
d
i
n
g

o
f

t
h
e

h
u
m
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n

v
i
s
u
a
l

a
n
d

i
n
f
o
r
m
a
t
i
o
n

i
n
t
e
g
r
a
t
i
o
n

c
a
p
a
b
i
l
i
t
i
e
s

p
r
o
v
i
d
e
s

a
t
e
c
h
n
i
c
a
l

b
a
s
i
s

t
o

d
e
v
e
l
o
p

m
a
t
h
e
m
a
t
i
c
a
l
,

a
n
t
h
r
o
p
o
m
e
t
r
i
c
,

a
n
d

g
r
a
p
h
i
c
a
l

m
o
d
e
l
s

o
f

h
u
m
a
n

i
n
t
e
r
a
c
t
i
o
n
s

w
i
t
h

s
p
a
c
e
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y
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t
e
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s

a
n
d

e
q
u
i
p
m
e
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t
.

T
h
e

c
a
p
a
b
i
l
i
t
y

t
o

p
e
r
c
e
i
v
e
,

e
v
a
l
u
a
t
e

a
n
d

c
o
n
t
r
o
l

r
o
b
o
t
i
c

a
s
s
i
s
t
a
n
t
s
,

c
o
m
p
u
t
e
r
-
g
e
n
e
r
a
t
e
d

i
m
a
g
e
s

o
f

a
c
t
u
a
l

s
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t
e
m
s

a
n
d

s
p
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e

s
t
r
u
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t
u
r
e
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a
n
d

t
o

i
n
t
e
r
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t

w
i
t
h

s
u
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h
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s
s
i
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t
a
n
t
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s
y
s
t
e
m
s

a
n
d

s
t
r
u
c
t
u
r
e
s
,

v
i
a
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o
m
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u
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r
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d
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l
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,

h
a
s

a
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h
i
e
v
e
d

a
n

i
n
i
t
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l
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e
a
s
i
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y

u
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t
h
e

n
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e

v
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r
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l

w
o
r
k
s
t
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t
i
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n
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e
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e
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r
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h
.

A
l
a
r
g
e

s
c
a
l
e

m
o
c
k
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u
p

o
f

t
h
e

v
i
e
w
i
n
g

c
u
p
o
l
a

o
f

t
h
e

S
p
a
c
e

S
t
a
t
i
o
n

p
r
o
v
i
d
e
s

t
h
e

m
e
a
n
s

t
o

s
t
u
d
y

t
h
e

e
f
f
e
c
t
s

o
f

a
9
0
-
m
i
n
u
t
e

c
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c
l
e

o
f

l
i
g
h
t
-
d
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n

w
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,

o
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d
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s
p
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d

o
n

t
h
e
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r
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i
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h
e
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o
f

r
e
s
e
a
r
c
h

o
n

a
r
t
i
f
i
c
i
a
l
l
y

g
r
o
w
n

m
a
t
e
r
i
a
l
s

s
u
c
h

a
s

q
u
a
n
t
u
m

w
e
l
l

a
n
d

s
u
p
e
r
l
a
t
t
i
c
e

s
t
r
u
c
t
u
r
e
s

w
i
t
h

t
h
e

p
o
t
e
n
t
i
a
l

f
o
r

n
e
w

a
n
d

e
f
f
i
c
i
e
n
t

m
e
a
n
s

f
o
r

d
e
t
e
c
t
i
n
g

e
l
e
c
t
r
o
m
a
g
n
e
t
i
c

p
h
e
n
o
m
e
n
a
.

R
e
s
e
a
r
c
h

i
s

a
l
s
o

b
e
i
n
g

d
o
n
e

o
n

u
n
i
q
u
e

m
a
t
e
r
i
a
l
s

a
n
d

c
o
n
c
e
p
t
s

f
o
r

d
e
t
e
c
t
o
r

c
o
m
p
o
n
e
n
t
s

a
n
d

d
e
v
i
c
e
s

f
o
r

m
e
a
s
u
r
i
n
g

h
i
g
h

e
n
e
r
g
y

p
h
e
n
o
m
e
n
a

s
u
c
h

a
s

U
V
,

x
-

a
n
d

g
a
m
m
a

r
a
y
s

t
h
a
t

a
r
e

r
e
q
u
i
r
e
d

o
b
s
e
r
v
a
b
l
e
s

i
n

a
s
t
r
o
p
h
y
s
i
c
a
l

a
n
d

s
o
l
a
r

p
h
y
s
i
c
s

m
i
s
s
i
o
n
s
.

T
h
e

C
S
T
I

p
r
o
g
r
a
m

i
s

m
o
r
e

m
i
s
s
i
o
n

d
r
i
v
e
n

a
n
d

i
s

b
a
l
a
n
c
e
d

a
m
o
n
g

f
o
u
r

m
a
j
o
r

r
e
s
e
a
r
c
h

a
n
d

d
e
v
e
l
o
p
m
e
n
t

d
i
s
c
i
p
l
i
n
e
s
:

(
1
)

d
e
t
e
c
t
o
r

s
e
n
s
o
r
s
;

(
2
)

s
u
b
-

m
i
l
l
i
m
e
t
e
r

w
a
v
e

s
e
n
s
o
r
s
;

(
3
)

L
I
D
A
R
/
D
L
%
L

s
e
n
s
o
r
s
;

a
n
d

(
4
)

c
o
o
l
e
r

t
e
c
h
n
o
l
o
g
y
.

T
h
e

f
i
r
s
t

d
i
s
c
i
p
l
i
n
e

p
l
a
n
s

t
o

d
e
v
e
l
o
p

l
a
r
g
e

s
p
a
t
i
a
l

i
m
a
g
i
n
g

f
o
r
m
a
t

a
r
r
a
y
s

i
n

t
h
e

n
e
a
r

(
I

-
3
0

m
i
c
r
o
m
e
t
e
r
s

w
a
v
e
l
e
n
g
t
h
)

a
n
d

f
a
r

(
3
0

-
2
0
0

m
i
c
r
o
m
e
t
e
r
s

w
a
v
e
-

l
e
n
g
t
h
)

i
n
f
r
a
r
e
d

p
o
r
t
i
o
n
s

o
£

t
h
e

e
l
e
c
t
r
o
m
a
g
n
e
t
i
c

(
E
M
)

s
p
e
c
t
r
u
m
.

T
h
e
s
e

g
o
a
l
s

a
r
e

c
r
u
c
i
a
l

t
o

e
n
a
b
l
e

s
p
a
c
e
-
b
o
r
n
e

r
e
m
o
t
e

s
e
n
s
i
n
g

f
o
r

t
h
e

v
a
r
i
o
u
s

T
e
r
r
e
s
t
r
i
a
l
,

P
l
a
n
e
t
a
r
y
,

a
n
d

A
s
t
r
o
p
h
y
s
i
c
a
l

m
i
s
s
i
o
n
s
.

T
h
e

s
u
b
m
i
l
l
i
m
e
t
e
r

d
i
s
c
i
p
l
i
n
e

i
s

d
e
d
i
c
a
t
e
d

t
o

d
e
v
e
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o
p
i
n
g

t
h
e

t
e
c
h
n
o
l
o
g
y
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o

e
n
a
b
l
e

h
e
t
e
r
o
d
y
n
e

r
e
c
e
i
v
e
r

i
n
s
t
r
u
m
e
n
t
s

f
o
r

r
e
m
o
t
e

s
e
n
s
i
n
g

i
n

t
h
e

3
0
0

t
o

3
,
0
0
0

G
H
z

f
r
e
q
u
e
n
c
y

r
e
g
i
o
n
s

o
f

t
h
e

E
M

s
p
e
c
t
r
u
m

w
i
t
h

a
f
o
c
u
s

o
n

d
e
v
e
l
o
p
i
n
g

l
o
c
a
l

o
s
c
i
l
l
a
t
o
r
s
,

f
r
e
q
u
e
n
c
y

m
i
x
e
r
s

a
n
d

q
u
a
s
i
-
o
p
t
l
c
a
l

t
e
c
h
n
o
l
o
g
y

i
n

t
h
i
s

r
e
g
i
o
n
.

B
a
c
k
w
a
r
d

w
a
v
e

o
s
c
i
l
l
a
t
o
r
s
,

l
a
s
e
r
s
,

a
n
d

q
u
a
n
t
u
m

w
e
l
l

d
e
v
i
c
e
s

m
a
y

a
l
s
o

h
a
v
e

p
o
t
e
n
t
i
a
l

a
s

o
s
c
i
l
l
a
t
o
r
s
.

I
n

t
h
e

t
h
i
r
d

a
r
e
a

t
h
e

a
c
r
o
n
y
m

D
I
A
L
/
L
I
D
A
R

(
D
I
A
L

m
e
a
n
s

_
i
f
f
e
r
e
n
t
i
a
l

_
b
s
o
r
p
t
i
o
n

L
I
D
A
R

w
h
i
l
e

L
I
D
A
R
m
e
a
n
s

L
i
g
h
t

_
e
t
e
c
t
l
o
n

a
n
d

_
a
n
g
i
n
g
)

c
o
n
s
i
s
t
s

o
f

r
e
s
e
a
r
c
h

o
n

t
e
c
h
n
i
q
u
e
s

f
o
r

e
n
a
b
l
i
n
g

a
c
t
i
v
e

r
e
m
o
t
e

s
e
n
s
i
n
g

i
n

w
h
i
c
h

a
c
o
h
e
r
e
n
t

s
o
u
r
c
e

s
u
c
h

a
s

a
l
a
s
e
r

i
s

u
s
e
d

t
o

p
r
o
b
e

t
h
e

e
n
v
i
r
o
n
m
e
n
t
.

R
e
s
e
a
r
c
h

i
s

c
o
n
c
e
n
t
r
a
t
e
d

o
n

t
e
c
h
n
o
l
o
g
y

f
o
r

o
b
t
a
i
n
i
n
g

t
u
n
a
b
l
e
,

f
r
e
q
u
e
n
c
y

s
t
a
b
l
e
,

a
n
d

p
u
r
e

s
p
a
c
e

q
u
a
l
l
f
i
a
b
l
e

l
a
s
e
r
s
.

F
i
n
a
l
l
y
,

i
n

t
h
e

l
a
s
t

d
i
s
c
i
p
l
i
n
e

r
e
s
e
a
r
c
h

i
s

b
e
i
n
g

d
o
n
e

o
n

t
e
c
h
n
o
l
o
g
y

t
o

e
n
a
b
l
e

c
r
y
o
g
e
n
i
c

c
o
o
l
e
r
s

i
n

t
h
e

K
e
l
v
i
n

t
o

s
u
b
-
K
e
l
v
l
n

t
e
m
p
e
r
a
t
u
r
e

r
e
g
i
o
n
s

i
n

s
u
p
p
o
r
t

o
f

t
h
e

e
f
f
o
r
t
s

i
n

t
h
e

d
e
t
e
c
t
o
r

a
n
d

s
u
b
m
i
l
l
i
m
e
t
e
r

w
a
v
e

s
e
n
s
o
r

t
h
r
u
s
t
s
.

W
o
r
k

i
n
c
l
u
d
e
s

r
e
s
e
a
r
c
h

o
n

v
a
r
i
o
u
s

c
o
o
l
e
r

c
o
n
c
e
p
t
s

s
u
c
h

a
s

t
h
e

p
u
l
s
e

t
u
b
e
,

a
d
i
a
b
a
t
i
c
,

H
e
l
i
u
m

3
,

a
n
d

z
e
r
o
-
g
r
a
v
i
t
y

r
e
f
r
i
g
e
r
a
t
o
r
s

a
n
d

t
h
e
i
r

c
o
r
r
e
s
p
o
n
d
i
n
g

c
o
m
p
o
n
e
n
t

d
e
v
e
l
o
p
m
e
n
t
.

P
R
O
G
R
A
M

M
A
N
A
C
E
R
:

M
a
r
t
i
n

M
.

S
o
k
o
l
o
s
k
i

N
A
S
A
I
O
A
S
T
/
R
C

W
a
s
h
i
n
g
t
o
n
,

D
C

2
0
5
4
6

(
2
0
2
)

4
5
3
-
2
7
4
8
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