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ABSTRACT

Military helicopter Nap-of-the-Earth {NOE) flight
represents one of the most demanding low-altitude, near
terrain flight operations. In NOE, the pilot is operating at or
below tree-top levels, taking maxinuim advantage of the
covertness provided by the terrain and ground features for
conceaiment. Such increased proximity to obstructions
places heightened muncuverability reguirements on the
airceraft and extreme levels of workload on the piot.

The basic issue being addressed in the NASA
Automated Nap-of-the-Earth (ANOIL) program is the
intelligent use of envirorumentat information such as
knowledge of terrain, obstacles, and other external factors (o
enhance the flight path guidance of the vehicle. This is a
mujor departure over contemporary guidance and control
which is predicated on state-feedback of variables such as
vehicle attitudes, velocities, and accelerations. Although the
immediate program has a military focus. the technological
advances inherent for automating NOL fight have grea
benefit o the operation of a wide class of vehicles such as
cimergency medical helicopters, conventional and high-speed

transports, unmanned aerial vehicles, and planetary vehicles.

This paper summarizes the results to date of the
NASA ANOE program in the areas of passive sensors.
active sensors, pilot displays, low-altitude manual trajectory
guidance, and NOE automatic guidance. Lach of these
component areas, separately and in vagious combinations,
have been developed and evaluated in piloted, motion-based
simulation or through fight test. These evatuations have
restized the feasibility of automating the NOE fiight nmsston,
and have generated addinional spin-oftf applications of the
technologies.

INTRODUCTION

Pilots flying rotorcraft close to the ground in nap-of-
the-earth flight are confronted with unique guidance and
control tasks such as aircraft concealment, obstacle
avoidance, and long-range mission planning. These flight
tasks require o high degree of skill and concentration, and
can be intensified by low-visibility and high auxiliary
workload conditions, Automation in this flight regime is
motivated by the desire to reduce pilot workioad withowt
compromising pilot confidence and safety.

The ebjective of the NASA Automated Nap-of-the-
Parth program is 1o develop technology to aid the helicopter
pilot during low-altitude and NOE flight through computer
and sensor augmentation. The program has focused on three
discrete wehnology areas: 1) processing methods for
acquiring terrain and obstacle information frony passive and
active sensors, 2) the use of stored digital terrain data in
conjunction with highly accurate navigation systems for
improved low-altitude guidance, and 3) the avgimentation or
correction of stored digital terrain data through the use of
forward-looking sensors and the integration of these sensor
data into the flight guidance and control systems in manual
and automatic modes,

All three development technology areas goals involve
conceptualization, analysis, hardware implementation. and
flight test. The first and third technology areas are being
conducted on the NASA/Army UH-00 RASCAL (Rotorerall
Aircrew Systems Concepts Airborne Laboratory) test
hehicopter. The second technology area has been
accomplished in joint flight test with the U.S. Army aboard
the Army UH-60 STAR (Svstems Testbed for Avionics
Rescarch) test helicopter. The NASA VMS (Vertical Motion
Simulator) facility has been used extensively, in conducting
niloted, motion-based high fidelity graphic flight
stmulations. Because avtomation in nap-of-the-carth flightis
such a revolutionary concept, the piloted evaluation studies
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Fig.1. Overall Awtomated NOE systent architecture.

include concepts for low-altitude (above tree-top) as well as
NOE (below tree-top) flight. Such aids for low-altiwude flight
have direct application o certain missions (e.g. military
special operations, search and rescue) and offer the potential
of being a first step in piloted autemation in proximity to
terrain.

The NASA ANOE program is composed of the
following component technologies:

[) Passive Sensors: the use of “pixel-flow” data lrom
tefevision and infrared cameras to detect and extract range
and position to objects and terrain. Such sensors offer high

update rates and wide field of views without emitting energy.

2) Active Sensors: the use of millimeter wave
(MMW) radar and laser radar to detect and extract range and
position to objects and terrain. Such sensors offer very
accurate ranging to objects, fine resolution, and operation in
degraded weather conditions.

3 Mid-field, Low-Altitude Manual Guidance Systen.
the use of navigational, aircraft state, terrain database,
forward sensor information, and pilot displays to present an
above tree-top 3-dimensional, trajectory to the pilot for
particular mission scenarios, using manuai (pilot) control,

4y Near-field Pilot-Directed Awtomated Guidance
Svarem: the use of aircraft swate information, errain database,
forward sensors, and pilot displays to provide a below tree-
top (NOE) trajectory to the pilot, providing automatic
control maneuvers in the event of a potential ground or
obstacle coliision,

The paper will describe the results of the NASA
ANOE program in the above technical component arcas,
summarize the programs findings, and provide Tuture
program directions,

OVERALIL ANOE SYSTEM
ARCHITECTURE

The complete antomated NOE system draws on a
terrain / obstacle database in generating trajectory guidance,
which is presented o the pilot through helmet-mounted
displays. Maneuvering the aircraft along the recommended
trajectory is directed by the pilot, although assisted through
automatic control. At his discretion, the pilot may elect to
delegate complete mancuvering control of the aircraft to the
automatic system. [t is unlikely, however, that such fully
automatic operation will constitute typical operations. as
pilots are justifiably unwilling to relinquish such total
authority to any automatic system. Qur proposed automated
NOE system architecture is shown as Fig. 1.

A combination of forward sensors and digitized
terrain elevation maps is necessary to provide the required
far, mid, and near-field planning [1, 2}, “Far-ield” or
mission planning yields course waypoints of several miles
apart and takes into account mission regquirements and giobal
threat information. Existing mission or route planners,
drawing from relatively course digitized terrain maps, are
sufticient for such purpose 13, 4} A high resolution digita
map. such as those commonly available by the U.S. Defense
Mapping Agency (~100m resolution} [5] is required to
provide mid-field rajectory planning. Such maps allow a
fow-altitude, short duration (~ | minute), “mid-feld” valley-
seeking guidance tajectory to generated and refine the far-
ficld route [G]. Such valley-seeking, lateral and verticat
maneuvering Hight is commonly termed terrain following /
terrain avoidance (TETAY flight
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The compiement of non-energy emitting passive
sensors, such as visible-band cameras or forward-looking
infrared (FLIR), and those that actively emit energy, e.g.
radar and laser radar, are necessary for “near-field” planning.
Near-field planning adjusts the mid-field guidance trajectory
with regard to unmapped or unknown obstacles, such as
trees, wires, and structures. Most digitized terrain maps do
not record such obstacles, and those that try cannot account
tor hazards placed after map sampling, a likely eventeven in
non-hostile environments, These passive and active forward
sensors update the digitized terraia maps with high
resolution, high accuracy terrain and obstacle information
which can then be used for close-in, near-field obstacle
avoidance.

assive sensors, which use the parallax between a
sequence of images to obtain ranging to obstacies, have the
advantages of high update rates, wide field of views, and, in
the military NOE application, covertness. They are limited in
duegraded weather operation, however, and typically produce
sparsety populated, non-uniform ebstacie maps. Their
resolution is also not tine enough for wire detection. Active
sensors, such as millimeter-wave (MMW) radar or laser
raclar (fadar), provide much denser, more uniform
obstacle maps through monitoring of clectromagnetic
emissions and returns. MMW radar affords operation in
degraded weather, while fadar (and possibly some rudar
bands) can offer wire detection. Active sensors typically
provide refatively low update rates tor comparable ficlds of
view to passive sensors. As such, both types of
complementary sensors are required for realizing near-ficld
obstacle detection and aveidance,

The tull-mission guidance is the result of the tar-tield
mission planning guidance, mid-field low-altitude THTA
guidance, and that of the near-field obstacte avoidance
suidance. This guidance is then presented to the pilot
through a pilot-centered full-misston display. This display
inciudes modes for tow-altitude TFEA operations and for
NOE operations. Such displays are intimately coupled with
the degree of control allotted to the automatic system. The
level of automation and associated pilot interface strongly
influence pilot acceptability, which is crucial 1o the realistic
success of an automated NOL system.

ANOE PROGRAM COMPONENT
TECHNOLOGIES

PASSIVE SENSORS

Electro-optical sensors, such as visible- and infrared-
band cameras, offer their wide field-of-view and fast update
rale as advantages for ubstacle detection and ranging
applications without the need for radiating energy info the
envitonment. Darlier systems utilizisg these sensors relied
an extensive a priort knewledge of the objects to be detected

Yig, 2. RASCAL helicopter with stereo cameras {outhoard) and
infrared camera {center) during data collection flights.

and/or interaction with a human user o designate the objects
of interest, Tn the NOE apphication where the role of the
sensors is to detect unexpected objects (i.e.. those not
appearing in digital tereain maps) and to aid i reducing the
pilet’s workload, neither of these assumptions apply. [n
addition, the sensor must fulfilt the additional role of
cdetermining the position of detected obstacles.

Approach: Beginning in 1980, the theoretical foundation
for the obstacle detection and ranging algorithms were
established [ 71, Given the ability to measure the motion of an
object between frames 1o an image seguence and
measurements of the camera’s motion state, a Kalman fiter
wis developed o estimate the object’s position (range.
azimnuth, and elevation) under the assumption that the object
is ot moving. This approach allows for detection and
vaaing under the tull & degres-otf-freedom mancuvering
expected during NOU operations.

lmplementation and Recorded Flight Test Data Results:
Following mitial laboratory demonstrations and testing 8-
TO]. Might test data were callected o support development
and validation of the single-camera obstacie detection and
passive range estimation aigorithms, A single moaochrome
camera was mounted in the nose of a CH-47 Chinook
helicopter, Alreraft state information was measured using an
inertial navigation system (INSY, Truth measurements of
abstacle positions relative w the helicopler were obained
using a ground-hased laser tracking system. Off-line resulis
using these flight data demonstrated the ability (o detect
objects at a distance of up to 700 feet and o estimate range
within 10 percent crror by the Gme the helicopter had
travelled ene-tenth the distance wward the object [T,

The initial approach was expanded w incorporate
multiple cameras o overcwme mitations in ranging 1o
objects divectly along the helieoprer™s path [12] Tn addition,
enhancements 1o the range-estinadion filter reselied inan
improved capability for ranging o distant objects [13].
Development of the multi-camern ranging algorithms led to
atollow-on flight testin which two cameras were mounted
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Fig. 3. Truck obstacies parked on runway during final
approach landing sequence.

one meter apart on the nese of a UH-00 Blackhawk
helicopter. Figure 2 portraits the NASA/Army RASCAL test
helicopter {157 equipped with sterco outboard visible-band
cameras and infrared centerline camera. A Litton LN-93 INS
and an Ashiech differential GPS system provided the arerafl
state information. As before, a ground-based laser vacker
was used to measure the true obstacle positions for
validation of the passive ranging algorithms. Analysis of the
resulting data showed improved range accuracy and an
extended range (o 1000 fect 4L A summiary of passive
ranging results oblained from flight testis provided in Fig. 3
and Tabie 1. In the flight test scenario recorded, several
trucks were parked on a runway during a 3 deg ghde-slope
landing.

To extend the obstacke detection and passive ranging
capability in support of night operations. NASA in
conjunction with the U5, Air Force Wright Laboratory
conducted an additional Night west using a 3-5 micron focal
plane array infrared camera. Under a joint agreement,
Wright Lab supphied o FLIR Systems Prism camera which
was installed on e nose of the UH-60. A bore-sighted
monochrome video cameras was synchronized with the IR
camera and mounted next (o the IR camera with a separation
of approximately 4.5 inches. Flights were conducted ar night
and in poor visibility conditions (light vain, log, and haze).

Having validated through flight datacthe feasibility of
obstacle detection using passive sensors, our focus shifted to
achieving real-time operation. An estimnated 2 biltion
floating point operations per second were required to achiceve
real-time performance of the multi-camera algorahm at a
rate 15 frame-pairs per seeond, Since this computational
requiremeant is bevond the capabitity of off-the-shelf

Table L Summary of passive ranging results given
imaging sequence of Fig. 3.

_ ) Truth  {Monocular| Motion/Stereo
Truck | Frame
Range (ft) | Range (ft) Range (ft)
A 1 488 171 489
60 399 405 434
120 36 335 350
180 235 227 247
B | 614 270 785
60 525 568 587
126 443 462 463
130 363 364 341
C ! 741 267 739
60 650 519 498
120 568 606 365
180 487 514 486
0 I 860 138 nfa
60 770 618 594
120) 688 653 799
180 509 534 671
L [ 991 122 935
60 899 995 813
120 817 594 698
150 736 863 722

microprocessors and digital signal processors, parallel
processing technology was employed. The selection of ¢
paraliel processing architecture addressed trade-offs in
overall speed increase, processor utilization.
programmabilitv. and physical constraints. In addition, @
promising systent needed (o be adaptabie 1o changes in the
vision algorithm, exhibit goed scalability, and be able to be
instulicd on board a helicopter. Several multi-pracessor
archireetures were investigated, including a traditional image
processing architecture, a shared-memaory system, and two
distributed-memory machines [16-20]. The most promising
architecture, a distributed-memory multi-processor machine,
wits successfully implemented under a Small Business
Innovative Research (SBIR) contract awarded to Innovative
Conligurations, [nc. The resulting systein utilizes 32 Intel
1860 processors and a stereo Image acguisition system
implemented on three 9U VME computer boards to detect
and range to 300 “chiects™ at an update rate of 15 Hz. An
object 1n this context s defined as an entity trackuable
through passive ranging algorithms, such as a physical
object’s edge or corner. The truck obstacles of Fig. 3
conunonly provided severai dozen such objects for tracking.

o

Following laboratory testing, the real-time passive
ranging system 13 planncd to be modified for airborne
operation and instatted on board the NASA/Arnmy UH-60
RASCAL helicopter for flight demonstration. The system
will obtain all required inputs directly from aircraft sensors
for demonstration of real-time passive ranging capability al
fow altitude under full 6 degree-of-freedom maneuvering.

109.4




ACTIVE SENSORS

Active sensors offer the ability to operate in degraded
weather with precise ranging measurements, but at slower
update rates for comparable field of views to passive sensors,
The millimeter-wave (MMW) banrd allows for relatively
small antennas and narrow beam shapes, which, if
configured as a “pencil-beam” 3-d radar, provides precise
range, azimuth, and clevation to obstacles and terrain, This
allows great flexibility in implementation and use of the
radar information beyond that required for the neas-field
guidance planning of ANOE flight.

Approach: The scanning, pencil-beam MMW radar allows
a terrain and obstacle database (TOD) 1o be constructed and
presented to the pilot as a synthetic perspective display. It
also drives an alternate display of a guidance trajectory with
obstacle avoidance capubility. The synthetic perspective
display would be of greatest benefit during flight operations
in unfamiliar areas, such as those encountered during heli-
borne emergency medical service (EMS), search and rescue,
and airborne fire-fighting missions, The obstacle sensitive
guidance display would be of assistance during all phases of
degraded weather operation.

Implementation: NASA is working jointly with Honeywell
in developing a 35 GHz pulsed radar system for use in the
NASA ANOE program and for use as a separate collision
protection and warning device. The NASA/Honcywell 35
GHz bi-phase modulated, coherent pulsed MMW radar
system takes advantage of existing 4.3 GGHz radar altimeter
components in performing the transmit and receive
functions. The 4.3 GHz signal 1s passed through an
upconverter to 35 GHz, and emitted as a scanming, pencil-
bearn through a twist-reflector type antenna. Radar returns
are down-converted to 4.3 GHz and processed using the 4.3
CiHz radar altimeter components. The use ot 35 GHz affords
good weather penetration capability, scattering at fow
grazing angles, and the use of a rather small antenna (1.8 in
diameter).

The approximaiely 2.6 deg pencil-beams are scanned
to cover a 20 deg elevation by 50 deg (azimuth) ficld of view
{(FOVY) in 1 sec (Fully interlaced in 2 sec). Range gating
varies from 16 to 32 ft over the 1000 ft range of the radar.
The radar system was designed to aliow easy prowth in
range to 10000 ft. An carly single-beam, non-scanning
version of this radar demonstrated excellent correlation
between predicted and fight west performance [21].

The radar-derived TOD is presented to the pilot on a
panel-mounted display as a 3-dimensional synthetic
perspective “grid” disply. Each grid is drawn at the heighs
estimated from current and prior radar returns, and any
stored map data that mav be available, For engineering
development, the grid perspective display can be overlaid
onto a video image provided by a camera mounted adjacent
to the radar.

[y

Radar Processor 3

Boresight
Camera

35 GHz Radar
and Antenna

Fig. 4. RASCAL helicopter with NASA/Honeywell
35 GHz MMW radar.

An obstacle sensitive guiclance trajectory can be
gencrated using the radar-derived terrain and obstacle
database. A flight pian is first entered. describing a route
between several waypoints, destred MSL altitude. and
minimum AGL aldtude. A nominal straight-line course is
then generated, and presented symbolically w the piloton a
pancl-mounted display. The course 18 altered in elevation,
however, should the minimum AGL altitude Tanit be
breached, as determined through querying of the radar-
derived database. The guidance trajectory is presented to the
pilot in a “highway-in-the-sky™ display format. Such a
display has been extensively flight tested through a NASA/
Army low-altitude flight guwdance program |22]. This
display will be described in the foltowing section on nid-
fickd, Tow-altitude manual guidance.

Early Flight Test Results: Flights are currently being
conducted with the NASA/Honeywell 35 GHz radar aboard
a NASA/Army UH-60 test helicopter based at Ames
Research Center. This rescarch aireraft includes GPS/ENS
navigation, digital data recorders for full aireraft state
information (and radar owtputs), and an externably mounted
color camera. The 353 GHz radar 1s mounted on the nose of
the aireraft on an experimental mounting har (g, 43 A
camera, meunted adjacent 1o the radar, allows merged video
recordings ol the piiot presentations of the pevspective grid
display or the “highway-in-the-sky™ guidance display with
that from the camera. The flight st course includes man-
made obstacles (towers, buildings) and natural obstacles
{lrees, ageressive mountainous terrain, Hat terrain} hazards.
Data collected includes radar output, atreraft state, and pifot
comments. Early flight test results have demonstrated the
ability of the radar to reliably derect obstacles and generate a
terrain £ obstacke duabase from these radar detections [23].
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MID-FIELD, LOW-ALTITUDE MANUAL GUIDANCE
SYSTEM

A mid-field low-altitede terrain following / terrain
avoidance (TF/TA) guidance system relying on digitized ter-
rain elevation maps was developed that employs airborne
navigation, mission requirements, aircraft performance lim-
its, and radar altimeter returns to generate in real-time a val-
ley-seeking, low-altitude trajectory between waypoints.
Recall that “mid-field” refers to planning of approximately |
min ahead and low-zaltitude is taken as no lower than tree-top
altitude. By applying a cost function over an intended route
between waypoints, a three-dimensional TF/TA route may
be calculated in real-time.

Approach: The trajectory generation algorithm maintains a
cost function that seeks to minimize mean sea level (MSL)
altitude, heading change from a straight line nominal path
between waypoints, and lateral offset from the nominal path,
The cost function is applied to candidate trajectories from
the current aircraft position over discrete pitch and roll an-
gles. The lowest cost function trajectory (for the next 30 ) is
then selected {4]. Adjusting constants of the cost function al-
tows varying degrees of weighting 1o be applicd 1w each per-
formance criterion. The pilot selects aircraft performance
iimits and constants for the system. These include maximum
bank, ¢climb and dive angles, normal load factor, and desired
veloeity and set clearance altitude. Set clearance altitude iy
that AGL altitude to which the guidance atgorithm will nom-
inally seek. By severely penalizing, for example, those tra-
jectories that deviate from the straight line nowminal course
{in heading and position}, @ straight line contour trajectory is
gencrated. Such flight exclusively in the vertical plane is
termed terrain following (TT) flight. Decreasing the penaity
on these same two paramicters altows Tateral movement, and
yields a meandering terrain following / terrain avoidance
(TE/TA) flight profile. A gencral fae-field flight plan, consist-
ing of a scries of course waypoints, is supplied by a mission
planner or simply input by the crew, and can be changed in
flight. The mission planner, if supplied with ground bascd
threat information, will choose course waypoints sensitive 1o
these hazards.

Implementation: The trajectory generated by the guidance
system is presented symbolically to the pilot through a hel-
met mounted display {HMD). A simplified pictorial of the
“pathway-in-the-sky™ pilot presentation symbology on the
head-tracked FIMIY is shown as Fig. 5, which presents a
climbing lefl turn trajectory. The pathway troughs end phan-
tom aireraft are drawn in inertial space along the desired wa-
jectory. The roughs are 100 {1 (3.5 m) wide at the base, 50
fr 0152 myall and 200 [0(61.0 m) wide at top, and are
drawn in | see increments of the trajectory out to 8 s, based
en the aireraft's airspeed. The top center of vach pathway s
the desired, computed trajectory. The phantom aireralt {lies

Phantom
Alrcraft

Flight Path
= Vector
/ -
Pathway
Troughs

Fig. 5. Mid-field, low-altitude manual guidance system
nilot symbology.

at the top center of the forth trough (the desired trajectory 4 s
in the future). The aireraft’s flight path vector is also drawn
on the helmer mounted dispiay, as predicted 4 ¢ ahead.
Henee, by tracking the phantom aircraft with the flight path
vector, the ptlot atempts to fly the desired TF/TA guidance
rajectory. Additional aircraft state information also dis-
played {but not shown on Fig. 5) includes magnetic heading,
engine torque, airspeed. radar altimeter, and ball and slip in-
dicator. A horizon hne. pitch ladder, and aircraft nose chev-
rons are also given to improve situational awareness. An
airspeed light divector tape reflects deviation from the pilot
selected, desired airspeed. This symbology set was devel-
oped over several piloted, motion-based simulations with a
diverse group of pilots, and gives good trajectory tracking
performance with low pitol workload. Such a “pilot-cen-
tered” display, providing trajectory lead information and
heightened situational awareness, is preferred by pilots to
raditionat “Might-director™ 1L.S-type displays [ 24].

Piloted Simulation and Flight Test Results: The TE/TA
auidance system evolved through four motion-based, piloted
simuiations on the NASA Ames Vertical Motion Simulator
{VIVS) Facility. These simulations served to develop the
euidance afgorithm, pilet display laws. and pilot display
symbology. and included studies of individual display
elements, pilot handling gualities ratings, and pilot
workload. The THTA guidance system was then
implemented for flight evaivation with the U.S. Army
Command/Control Systems Integration Directorate
{C281D), Tt Monmouth, NJ. aboard their NUH-60 STAR
(Systems Testhed for Avienics Research) helicopter, through
a Memorandum of Agreement.

The vuidance system was further validated through
light test and supporting VMS simulations in three phases:
13 the baseline terrain map-hased system. 2) the radar
altimeter Kabman filter system, and 3) the forward sensor
cquipped systenr, which added an obstacle avoidance
capability. The phases built upon one another and
progressively increased in complexity and capability (Fig.
6). The guidance svstem has been extensively fiight tested i
a vaviety of terrain, primarily rugged terrain in So. Central
Pennsylvania. The baseline system’s performance is
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Fig. 6. Mid-ficld, low-altitude manuval guidance systeny block diagram.

principally fimited in its ability 1o position itself above the
terrain, and its tnability to detect and avoid unmapped
obstacles, such as trees and wires. The above ground
positioning limitation was found dominant and restricted
flight to above 300 ft AGL at the operational design speeds
between 80 and 110 ks {25].

The dashed blocks of Fig. 6 detail the extension w the
baseline TF/TA guidance system resulting trom o Kalman
filier augmentation. The predicted AGL altitade, caleutated
as the difference in the navigation system MSL. altitude and
the stored map terrain elevation, together with the radar al-
timeter measurement, are blended in a Kalman filter o yield
an estimate for the difference error from the predicted AGLL
altitude. This difference error value, fz .15 then used 1o al-
ter the terrain elevation database referenced guidance trajec-
tory at the AGL-error blendiang block of Fig. 7. This
modified trajectory is then presented to the pilot using the
existing display laws and symbology. The enhancement pro-
duced trajectories more reflective of the topography and al-
fowed for lower altitude operation than that of the bascline
guidance system. The minimum flight altitude was reduced
froen 300 L AGL altitude 1o 150 ft at operational speeds
from 80 (o L0 ks {261, Flight restrictions lor the teream-ref-
crenced guidance system were now governed by pilat obsta-
cle detection and avoidance, which could be assisted by a
forward-looking sensor.

The forward sensor enhancement o the NASA/Army
mid-field manual guidance system involved the addition of
three distinet components: a wide field of view forward look-
ing laser radar, a terrainfobstacle database generated frony
sensor rerurns, amd a path manager, which modifies the guid-
ance trajectory i necessary after querying the sensqy data-
base {Iig. 6). }

The forward sensor integrated was the Northrop Ob-
stacle Avoidance System (OASYS) laser radar prototype
sensor developed by the U.S. Army {27, 28], The terrain and
obstacles located by the forward sensor are stored i an iner-
tially-referenced square grid system periodicaily shifted such
thal its center position remains approximately below the air-
craft. The database is updated with a group of OASYS de-
tected “objeets™, nominally at 10 Hz, A “path manager™ is
used to alter the guidance trajectory in the event of an alti-
wiele clearance problem, as detennined by the elevations of
obstacles and terrain stored 1 the sensor generated database.
All adjustments made to the trajectory are in vertical position
ondy, i.e. no lateral modifications are made. Note that the op-
timization about the cost function described earlier for the
guidance trajectory is not recomputed, e this is not a
“losed loop™ forward sensor trajectory solution.

Acrepresentative flight test result from a terrain fol-
lowing (TF} missien is shown as Fig. 7. Tereain following
flight, or contour flight, is fown at constant heading between

109.7



a}

h.)

Terrain, Guidance, Aircraft Alt, ft

Vert. Tracking, ft

2000

| Aireraft ) 80 kts Terrain Following (TF) Mission |
18001 ‘Altitode Co‘m‘[?ﬁéied 75 ft set clearance altitude.

(solid fine) {dashed line) 1

1600

1400 Y

1206 )
Terrain Elevation

: (Nav MSL - Rad Alt) .
1000 : . . . - : :

note: tervain elevation calewlation does not
account for tree canapy, approx 40 ft higher

Adrcratt Al - Commanded ARt
100 .
L ean = 2.6 11 ) -
200 stddev =180 ) 7
0 100 200 300 ' 400

Time, 5

Fig. 7. Flight test results of Tow-altitude, manual guidance system.
a.) Elevation (vertical) profile.

h.) Pilot elevation tracking of guidance trgjectory.

waypolnts with only vertical manecuvering. The ground track
of such flight results in straight lines between wavpoints.
This TF mission was flown at 80 kes airspeed and set clear-
ance altitude of 75 1, creating expected guidance trajectory
AGL clearances of 75 {t AGL and above. These figures trace
the elevation or vertical track (Fig. 7a). as well ag the pilot’s
uacking of the guidance trajectory through the HMD sym-
botogy previously discussed (Fig. 7b). The upper solid line
traces the aircraft MSL aftitude while flying the forward-sen-
sor equipped guidance system. The upper dashed hne tracks
the desired (or “commanded™} tajectory MSL altitude,
which is that computed by the wajectory algorithim as modi-
fied by the forward sensor dependent path manager and pre-
sented to the pitot. The difference between these two lines,
representing the pilot’s vertical tracking of the desired trajec-
tory. is given as Frg. 7h. The lowest selid line of Fie. Ta i
the "“truth™ measurement of the terrain elevation. which is
caleulated as the aireraft's MSL ahiitude minus the vadar al-
timeter measurement.

The commanded (path manager corrected) pathway of
Fig.7a presents a smooth but aggressive trajectory. Terrain
undulations are clearly recognized and reflected in the path-
way placement. Arcas where the guidance pathway appears
oo high are most tikely due 1o local foliage effecis, ie. a
tght, higher concentration of trees, or the effect of the
simooth {flight path angle constraint imposed on all guidance
trajectories. Figure 7b shows the difference between the ele-
vation (verticai) connnand position and that of the aircraft.
Mean elevation tracking was -2.0 ft, with standard deviation
of 18.0 fi. Except for the period surrounding the hill just pri-
orto tine {50 s, tracking is within the trough vertical bounds
of 50 ft. Imperfect trujectary tracking can be traced to two
principle reasons: the pilot can never track the symboelogy
perfectly, and at umes will override the recommended path-
way. Circumvention of the commanded trajectory oceasion-
ally occurs when a pilot “short-cuts™ the suggested guidance
rajectory, such ax when a ridge is crossed followed by nega-
tive sluping terrain,
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Fig. 8. Near-field, pilot-directed auwomated guidance system diagram.

NEAR-FIELD, PILOT-DIRECTED AUTOMATED
GUIDANCE SYSTEM

Early efforts a1 NASA Ames Research Center to re-
duce pilot workload by automating tasks for NOE flight in-
volved the development of a fullv automatic obstacie
avoidance system implemented in a real-time workstation
based simulation. The technical emphasis of this cffort was
on the development of vuidance and control laws that select-
ed and followed open paths for safe mancuvering based upon
the identification of 1errain and obstacles from simulated on-
board sensor information {29]. Resulting guidance com-
mands were generated in the form of a 3-dimensional com-
manded velocity vector. The autopilot-controller, based upon
an inversion of the vehicle dynamics, was responsible for
computing the cyelic, collective, and rudder contrel inputs
needed to follow the guidance command.

Approach: Following the development of the guidance and
control functions for fully automatic flight, rescarch ctlorts
were directed towards the development of an effective
means by which a human pilot could interface with the
automated systems. The goul was to develop an interface
that took advantage of the workload reduction potentiai of
fully antomatic guidance and control without compromising
piiot confidence and mission fexibility. Qualitative resules
from previcus simufation studies of automated NOE obstucle
avoidance systems identificd the pilot-interface as being the

most crucial factor influencing pilot acceptability [30]. In
particular, studies suggested that poor pilot acceptabitity
would result from any waypoint following, fully automatic
NOE system that required pilots to perform merely as system
monitors.

Research aimed at identifying eftective pilot interface
solutions resulted in the selection of a concept referred to as
Pilot-Directed Guidance {PIXG). The PDG concept, shown
sehematicaily in Fig. 8,15 based upon a transhutional
velocity-command control system that provides continuous
obstacle avoidance protection while depending upon the
pitot for overall course guidance [31]. With this interface, a
pitot can conceatrate upon primary ceurse guidance and
secondary cockpit tasks by delegating obstacle detection and
avoidance tasks 1o the PDG system, The PDG system assists
piiots fyving NOE by providing for 1) avtomated obsiacle
detegtion and avoidance, 2} terrain-following altitude
control. and 3) airspeed control. PRG relies upon real-time
forward-tooking sensor information to provide the system
with knowledge of obstacies and terrain in the vicinity of the
rotoreraft. In the event that the PDG system determines that
an ohsticle or terrain collision will take place within the
PG took-ahead time window, the necessary avoidance
control activity is provided automaticatty for the pilot. The
PO guidance logic s designed w faver lateral maneuvers
over vertical maneuvers in order to provide greater
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Fig. 9. Near-field, pilot-directed automated guidance
system pilot symbology.

concealment of the vehicle under hostile conditions. Vertical
maneuvers are executed by system in the event that all lateral
maneuvering options have been exhausted.
Iplerentation: To improve situational awareness and
PDG system monitoring. a Helmet-Mounted Display (HMD)
is provided for the pilot. Along with rotoreraft and system
state information, the HMID displays inertially referenced
course-following symbology that resembles a path-way on
the ground described by a series of symbols resembling
croquet wickets, as shown in Fig. 9. This course symbology
is similar to the pathway i the sky symbaology used in the
mid-field, low-altitude manuai guidance system of the
orevious section excepl that the troughs are inverted and
anchored to the ground. This provides a more meaningful
visual reference to the pitot at very low NOE altitudes. The
height of the wickets are set to the PDG commanded radar
aliitude to provide additional altitude wacking information o
the pilot. A ground-based symbol representing the predicied
position of the vehicle at the end of the PDG look-shead
time window is also displayed on the FIMD. This symbol,
referred to as the PDG reference point, resembles an inverted
triangle that has its vertex in contact with the terrain surface
and its height equal 1o the PDG commanded radar altitude
{32]. Additional symbology provided. by not shown on Fig.
9, includes a horizon line, bovesight indicator, heading
indicator, and pitch reference. Automatic obstacle-avoidance
control activity is executed whenever a direct Hine-of-sight to
ihe PDG reference peint is obstructed.

To provide a pilot cueing mechanism of automatic
control activity, the cyclic and collective control inceptors
re back-driven in the cockpit. The pilot is able 1o override
b PG system at any tine by providing a sufficient force
mput to the control inceptors. The final control inceptor
positions, governed by the pilot, are interpreted as the
velocity comumand inputs that are sent o the high bandwidth
autopilot controller,

The PDG controller is based upon a non-linear,
feedback lincarization design technique that facilitates its
use over the entire flight eavelope of the vehicle. The
fecdback linearization technique is used to transform the
input-output map of the original nonlinear system into a
linear time-invariant form [33]. The transformed system is
then easily controdled using any welt-known linear control
design technique. Further simplification of the design
process can be realized by dividing the rotoreraft dynamics
into multzple time scales of reduced order using the singular
perturbation method. The advantage of using this method is
that the resulting controllers will also be of reduced order. A
bascling nonlinear inverse autopitot design incorporating
feedbuek Jinearization and time-scale separation was
designed and synthesized for a comprehensive flight test
validated engineering modcel of the UH-60A Black Hawk
helicopter for the PRG application. The system uses a
stored-trim-map approach to approximate the inverse force
and moment model of the rotoreraft used during feedback
fineanization. A simple time-invariant P
type control law design is used throughoeut the operagonal
flight envelope.

Piloted Simulation Results: The control taws of Fig. 8
along with the guidance in Fig. 9 were evaluated through
piloted simulation in the NASA Ames six degree-of-freedom
Vertical Motion Simulator (VMS). Results demonstrate the
capability of the PDG sutomated systemn to signihcantly
improve flight path performance and reduce pitot workloud
for NOE missions requiring obstacle aveidance. Flights were
conducted both with and without PDG automation for direct
comparison of flight path performance and pilot workload.
An example of the NOE conditions encountered in the
simulation are shown in Fig. 10 which shows an out-the-
window view as seen by the pilot.

Fig. 10. Pilot’s view during simulation of near-field,
pilot-directed automated guidance sysiem.
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Under low visibility conditions, time exposed above
tree level was reduced by 75% with the PDG system
compared with that of non-automated flights. Increased
obstacle clearances, leading to a reduction in obstacle
strikes, were also observed with PDG. Secondary
performance benefits, resulting from the PDG automation,
were greatly improved airspeed and altitude command
following. Most importantly, simulation evaluations have
demonstrated the potentiat of the PDG system to
substantially reduce overall pilot workload over a range of
speed and visibility conditions [31].

CONCLUDING REMARKS

This paper summarizes the status and results to date
of the NASA Automated Nap-of-the-Earth (ANOE)
program. A structure involving sensor and database derived
guidance, pilot-centered displays, and pilot-automatic
contro! interaction has been employed. Results have been
demonstrated through faboratory development, piloted,
motion-based simulation, and through flight testing in the
technology focus areas of passive sensors, active sensors,
mid-field manval TF/TA guidance, and near-field pilot-
directed automatic guidance.

Algorithims have been developed using calibrated
flight test images and a specialized 32-board paradlel
processor computer that can perform ranging to objects from
passive sensors in real-time. Ranging to 500 image objects at
15 Hz through visible-band or infrared cameras have
achieved ranging accuracies of 5% of range given recovded
flight test collected Imaging data. Real-time operation has
been laboratory demonstrated. Reab-time in-flight
demonstration of this capability aboard a test helicopter is
on-going. Real-time passive ranging to objects has direct
application in robotics, alrport terminal arca operations, and
in planetary rovers. Work i passive ranging has supported
the external vision component of the NASA high-speed
rescarch progrant, and is applicable to any synthetic-vision
system. Calibrated flight test data sets have been distributed
to numerous universitics and government laboratories.

A scanning, pencii-beam millimeter-wave radar hag
been developed which can create a local, high-resolution
database surrounding an aircraft for direct 3-dimensional
perspective display or to drive higher-level guidance. Such
an obstacle detection and avoidance capability has
immediate value (0 commercial emergency medical service
{EMS) operations, airborne fire-fighting, and reduced
visibility operations. This MMW radar system and display
have begun flight trials and have demonstrated their obstacle
detection capability.

A mid-field, low-altitude manual guidance system has
been developed and extensively flight tested i cooperation
with the US Army. When augmented with a taser radar

forward-sensor, low-altitude obstacte avoidance capable
flights to 75 feet AGIL. at 80-110 kts have been achieved.
Guidance trajectoriés, generated and then modified in real-
time by forward-sensor obstacle detections, are presented to
the pilot on a helmet-mounted display. This guidance system
has direct application to the military and is now being
employed in a U.S. Special Operations test program.

A near-field, pilot-directed automated NOE guidance
system has been developed and is being refined through
piloted, motion-based simulation. The system incorporates
back-driven controls and a helmet-mounted display. The
system retains principle and ultimate authority with the pilot
while providing an automatic clobber protection capability.
Under low visibility conditions, time exposed above tree
level was reduced by 75% with this system compared with
that of non-automated flights. Increased obstacle clearances,
leading to a reduction in obstacle strikes, were also observed
with the pilot-directed guidance system. Simulation
eviluations have demonstrated the potential of this pilot-
directed automated NOE guidance system to substantially
reduce overall pilot worklead over a range of speed and
visthility conditions,

Future work will focus on the optimal merging of
passive sensor and active sensor derived obstacle rangings in
creating a local, high-resolution terrain and obstacle
database. Work on pilot interaction with automated guidance
through pilot-centered displays will continue. Eventual flight
demonstration of an integrated automated NOI fligh
vuidance system is conceivable within the coming years.
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