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Military helicopter Nap-of-the-Earth (NOE) flight is one of the most demanding low-altitude, near terrain flight operations.
In NOE, the pilot is operating at or below tree-top levels, taking maximum advantage of the terrain and ground features for
concealment. Such increased proximity to ebstructions places heightened maneuverability requirements on the aircraft and ex-
treme levels of workioad on the pilot.

The basic issue belng addressed in the NASA Automated Nap-of-the-Earth (ANOE) program Is the intelligent use of envi-
ronmental Information such as knowledge of terrain, obstacles, and other external factors to enhance the flight path guidance
of the vehicle. This is a major departure over contemporary guldance and control based on feedback of state variables such as
vehicle attitudes, velocitles, and accelerations. Although the immediate program has a military focus, the technological ad-
vances inherent for automating NOE flight have great benefit to the operation of a wide class of vehicles such as emergency
medical helicopters, conventional and high-speed transports, unmanned aerial vehicles, and planetary vehicles.

This paper summarizes results to date of the NASA ANOE program in the areas of passive and active sensors, pilot dis-
plays, low-altitude manual trajectory guidance, and NOE automatic guidance. Each of these areas has been developed and
evaluated in piloted, motion-based simulation or through fRlight test. These evaluations have dentonstrated the feasibility of au-

temating the NOE flight mission, and have generated additional spin-off applications of the technologies.

Introduction

Pilots flying rotorcraft close to the ground in nap-of-the-carth flight are
confronted with unique guidance and control tasks such as aircraft con-
cealment, obstacle avoidance, and long-range mission planning. These
flight tasks require a high degree of skill and concentration, and can be in-
tensified by low-visibility and high auxiliary workload conditions. Au-
tomation in this flight regime is desired to reduce pilot workload without
compromising pilot confidence and safety.

The objective of the NASA Automated Nap-of-the-Earth program is to
aid the helicopter pilot during low-altitude and NOE flight through computer
and sensor augmentation. The program has focused on three technology
areas: (1) processing methods for acquiring terrain and obstacle information
from passive and active sensors, (2) use of stored digital terrain data in con-
junction with highly accurate navigation systems for improved low-altitude
guidance, and (3) augmentation of stored digital terrain data through the use
of forward-looking sensors and integration of these sensor data into the flight
guidance and control systems for manual and automatic modes.

All three technology areas involve conceptualization, analysis, hard-
ware implementation, and flight test. The first and third technology areas
were flight tested on the NASA/Army UH-60 RASCAL (Rotorcraft Air-
crew Systems Concepls Airbome Laboratory) test helicopter. The second
technology area was accomplished in joint flight test with the U.S. Army
on the Army UH-60 STAR (Systems Testbed for Avionics Research) test
helicopter. The NASA VMS (Vertical Motion Simulator) facility has been
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used extensively, in conducting piloted, motion-based high fidelity graphic

flight simulations. Because automating nap-of-the-earth flight is such a

revolutionary concept, the piloted evaluation studies include concepts for

low-altitude (above tree-top) as well as NOE (below tree-top) flight. These
conceptual aids have direct application to certain missions (e.g. military

special operations, search and rescue) and offer the potential of being a

first step in piloted automation in proximity to terrain.

The NASA ANOE program includes the following component tech-
nologies:

1. Passive Sensors: use of “pixel-flow” data from television and infrared
cameras o detect and extract range and position to objects and terrain.
Such sensors offer high update rates and wide field of views without
emilting energy.

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

3. Mid-field, Low-Altitude Manual Guidance System: use of navigational,
aircraft state, terrain database, forward sensor information, and pilot
displays 1o present an above-the-treetops trajectory to the pilot using
manual control.

4. Near-field, Pilot-Directed Automated Guidance System: use of aircraft
state information, terrain database, forward sensors, and pilot displays
to provide a below tree-top NOE trajectory to the pilot, providing au-
tomatic control maneuvers in the event of a potential ground or obsta-
cle collision.

This paper describes the results of the NASA ANOE program in the
above technical component areas, summarizes the programs findings, and
provides future program directions,
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Overall ANOE System Architecture

The complete automated NOE system uses a terrain / obstacle database
in generating trajectory guidance, which is presented to the pilot through
a helmet-mounted display. Maneuvering the aircraft along the recom-
mended trajectory is directed by the pilot, although assisted through auto-
matic control. At his discretion, the pilot may elect to delegate complete
mancuvering control of the aircrafl to the automatic system. It is unlikely,
however, that fully automatic operation will be typical, as pilots are justi-
fiably unwilling to relinquish total authority to any automatic system. Cur
automated NOE system architecture is shown as Fig. 1.
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maps. Their resolution is not fine enough for wire detection. Active sen-
sors, such as millimeter-wave (MMW) radar or laser radar (ladar), provide: |
much denser, more uniform obstacle maps. MMW radar operates in de-
graded weather, while ladar (and some radar bands) can detect wires. A
tive sensors typically provide low update rates for fields of view compa-
rable to passive sensors. As such, both types of these complementary: i
sensors are required for near-field obstacle detection and avoidance. A
Full-mission guidance is the result of combining far-field mission plan-
ning guidance, mid-field low-altiude TF/TA guidance, and near-field ob-*1
stacle avoidance guidance. This combined guidance function is then pre-
sented 1o the pilot on a pilot-centered full-mission display. This display-
includes modes for low-altitude TF/TA oper-
ations and for NOE operations. These dis- |

plays are intimately coupled with the degree

Fig.1, Overall Automated NOE system architecture.

A combination of forward scasors and digitized terrain elcvation maps
provides the required far, mid, and near-field planning (Refs. 1, 2). “Far-
field” or mission planning yields coarse waypoints several miles apart and
takes into account mission requirements and global threat information. Ex-
isting mission or route planners, drawing from relatively coarse digitized
terrain maps, arc sufficient for this purpose (Refs. 3, 4). High resolutien
digital maps commonly available from the U.S. Defense Mapping Agency
(~100m resolution) (Ref. 5) are required to provide mid-field trajectory
planning. These maps allow a low-altitude, short duration (~1 minute),
“mid-field” valley-sceking guidance trajectory to be generated and to re-
fine the far-ficld route (Ref. 6). Valley-seeking, lateral and vertical ma-
neuvering flight is commonly termed terrain following / terrain avoidance
(TF/TA) Night.

Non-energy-emilting passive sensors, such as video cameras or for-
ward-looking infrared (FLIR), and those that actively emit energy, c.g.
radar and laser radar, are necessary for “near-field” planning. Near-ficld
planning adjusts the mid-field guidance trajectory with regard to unmapped
obstacles, such as trees, wires, and structures. Most digitized terrain maps
do not include these obstacles, and those that do cannot account for hazards
placed afler map sampling, a likely event even in non-hostile environments.
These passive and active forward sensors update the digitized terrain maps
with high resolution, high accuracy terrain and obstacle information which
can then be used for close-in, near-field obstacle avoidance.

Passive sensors, which use the parallax between image frames to ob-
tain ranging to obstacles, have the advantages of high update rates, wide
field of views, and covertness. However, they are limited in degraded
weather and typically produce sparsely populated, non-uniform obstacle
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—*| Mission and infrared-band cameras, offer wide field-
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. . NOE ating energy. Earlier systems using these=:
Mission Operation sensors relied on extensive a priori knowledge
Display By

of the objects to be detected and/or interaction '
with a human user to designate objects of in
terest. In the NOE application where the role ‘]
of the sensors is to detect unexpected objects
(i.e., those not appearing in digital terrain maps) and (o aid in reducing the 4
pilot’s workload, neither of these assumptions apply. In addition, the senso:
must determine the position of detected obstacles.

Approach

Beginning in 1986, the theoretical foundation for the obstacle detection 4
and ranging algorithms was established (Ref. 7). Given the ability to mea-
sure the motion of an ebject between frames in an image sequence and
measurements of the camera’s motion state, a Kalman filter was developed
to estimate the cbject’s position (range, azimuth, and elevation) under the
assumption that the object is not moving. This approach allows for detec- 3
tion and ranging under the full 6 degree-of-freedom maneuvering ex- 3
pected during NOE operations. i

Implementation and Flight Test Results

Following initia) laboratory demonstrations and testing (Refs, 8-10),}
flight test data were collected to support development and validation of thé§
single-camera obstacle detection and passive range estimation algorithms; 3
A single monochrome camera was mounted in the nose of a CH-47 Chi:#
nook helicopter. Aircraft state information was measured using an inertial§
navigation system (INS). Truth measurements of obstacle positions rela-
live to the helicopter were obtained using a ground-based laser tracking}
system. Off-line results using these flight data demonstrated the ability to]
detect objects at a distance of up to 700 feet and to estimate range withini
10 percent error by the time the helicopter had travelled one-tenth the dis-
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tance toward the object (Ref. 11).

The initial approach was expanded to incorporale multiple cameras to
overcome limitations in ranging to objects directly along the helicopter’s
path (Ref. 12). In addition, enhancements to the range-cstimation filter re-
sulted in an improved capability for ranging to distant objects (Ref. 13).
Development of the multi-camera ranging algorithms led to a follow-on
flight test in which two cameras were mounted one meter apart on the nose
of a UH-60 Blackhawk helicopter. Fig. 2 shows the NASA/Army RAS-
CAL test helicopter (Ref. 14) equipped with stereo outboard visible-band
cameras and an infrared centerline camera. A Litton LN-93 INS and an
Ashtech differential GPS sysiem provided the aircraft state information.
As before, a ground-based laser tracker was used to measure the true ¢b-
stacle positions for validation of the passive ranging algorithms. Analysis
of the resulting data showed improved range accuracy and an extended
range to 1000 feet (Ref. 15). A summary of passive ranging results ob-
tained from flight test is provided in Fig. 3 and Table 1. The flight test sce-
nario included several trucks parked on a runway that were detected dur-
ing a 3 deg glide-slope landing.

Having validated through flight data the feasibility of obstacle detec-
tion using passive sensors, our focus shified to achieving real-time opera-
tion. An estimated 2 billion floating point operations per second were re-

Fig. 2. Test helicopter with stereo cameras (outboard) and infrared
camera (center) during data collection @ights.

Fig. 3. Truck obstacles parked on runway during final approach
landing sequence.
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Table 1. Summary of passive ranging results given

imaging sequence of Fig. 3.
Truck | Frame Truth |Monocular| Motion/Stereo
Range (ft) | Range (ft) Range (ft)

A 1 488 171 489
60 399 405 431

120 316 335 350

180 235 227 247

B 1 614 270 785
60 525 568 587

120 443 462 463

180 363 364 341

C 1 741 267 739
60 650 519 498

120 568 606 565

180 487 514 486

D 1 860 138 na
60 770 618 594

120 688 653 799

180 609 534 671

E 1 991 122 955
60 899 995 813

120 817 594 698

180 736 863 722

quired to achieve real-time performance of the multi-camera algorithm at
a rate of 15 frame-pairs per second. Since this computational requirement
was beyond the capability of off-the-shelf microprocessors and digital sig-
nal processors, parallel processing technology was employed. The selec-
tion of a parallel processing architecture addressed trade-offs in overall
speed increase, processor utilization, programmability, and physical con-
straints. In addition, the processing system needed to accommodale
changes in the vision algorithm, exhibit good scalability, and be able to be
installed on a helicopter. Multi-processor architectures investigated in-
cluded a traditional image processing architecture, a shared-memory sys-
tem, and two distributed-memory machines (Ref. 16-20). The most
promising architecture, a distributed-memory multi-processor machine,
was successfully implemented under a Small Business Innovative Re-
search (SBIR) contract awarded to Innovative Configurations, Inc. The re-
sulting system uses 32 Intel i860 processors and a sterco image acquisition
system implemented on three 9U VME computer boards to detect and
range to 300 “objects” at an update rate of 15 Hz. An cbject is an entity
trackable through passive ranging algorithms, such as a physical object’s
edge or comer. The truck cbstacles of Fig. 3 commonly provided several
dozen objects for tracking.

Following laboratory testing, the real-lime passive ranging sysiem was
modified for airbone operation and installed on the NASA/Army UH-60
RASCAL helicopter for flight demonstration. The system obtained all re-
quired inputs directly from aircrafl sensors in demonstrating real-time pas-
sive ranging capability at low altitude under full 6 degree-of-freedom ma-
neuvering.

Active Sensors

Active sensors are capable of operating in degraded weather with pre-
cise ranging measurements, but at slower update rates for comparable field
of views 1o passive sensors. The millimeter-wave (MMW) band provides
small antennas with narrow beam shapes, which, when configured as a
“pencil-beam” 3-d radar, provides precise range, azimuth, and elevation to
obstacles and temain. This allows great flexibility in implementation and
use of the radar information beyond that required for the near-field guid-
ance planning of ANOE flight.
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Approach

The scanning, pencil-beam MMW radar allows a terrain and obstacle
database (TOD) to be construcied and presented to the pilot as a synthetic
perspective display. This display would be of greatest benefit during flight
operations in unfamiliar areas, such as thosc encountered during heli-
bome cmergency medical service (EMS), search and rescue, and airbome
fire-fighting missions.

Implementation

NASA collaborated with Honeywell in developing a 35 GHz pulsed
radar system for use in the NASA ANOE program and for use as a stand-
alone collision protection and waming device. The NASA/Honeywell 35
GHz coherent pulsed MMW radar system takes advantage of existing 4.3
GHz radar altimeter components in performing the transmit and receive
functions. The 4.3 GHz signal is passed through an upconverter to 35
GHz, and emilted as a scanning, pencil-bcam through a twist-reflector
type antenna. Radar reumns are down-converted to 4.3 GHz and processed
using the 4.3 GHz radar altimeter components. 35 GHz affords good
weather penctration capability and scatiering at low grazing angles, and a
small antenna (11.8 in diameter).

The resulling 2.6 deg pencil-beam is scanned over a 20 deg elevation
by 50 deg azimuth field of view in 1 sec (fully interlaced in 2 sec). Range
gating varies from 16 1o 32 ft over the 1056 ft range of the radar. The radar
system was designed to allow growth in range to 10,000 fi. An early sin-
gle-beam, non-scanning version of this radar demonstrated excellent cor-
relation between predicted and flight test performance (Ref. 21).

The radar-derived TOD is presented to the pilot on a panel-mounted
display as a 3-dimensional synthetic perspective “grid” display. Each grid
is drawn at the height estimated from current and prior radar retums, and
any stored map data that may be available. The grid perspective display
can also be overlaid onto a video image provided by a camcra mounted ad-
jacent to the radar.

An gbstacle-sensitive guidance trajectory can be gencraied using the
radar-derived terrain and obstacle database. Such a trajectory and associated
display has been extensively flight tested through a NASA/Army low-alti-
tude flight guidance program (Ref. 22). This work is described in the section
on mid-ficld, low-altitude manual guidance.

Flight Test Results

Flights were conducted with the NASA/Honeywell 35 GHz radar on
the NASA/Army UH-60 RASCAL test helicopter based at Ames Re-
scarch Center. The 35 GHz radar was mounted on the nose of the aircraft
on an experimental mounting bar, adjacent 1o a color video camera (Fig.
4). The camera allowed recordings of the perspective grid display with the
camera video.

Flights were conducted during day VFR conditions in flat and moder-
ately rugged mountainous terrain. Test profiles included flights among
tower and wire obstacles. Speeds flown were between 20 - 60 kts, at alti-
tudes of 200 ft AGL and below. Tests of the radar system fourd the radar
capable of detecting low grazing angle terrain, towers and trees without
difficulty. White the radar was not designed to detect wires and cables, it
detected high tension transmission towers, and there were indications that
it could intermiuently detect the cables. It was assumed this occurred on
mulii-stranded cables where the reflection from the wires was diffuse
rather than the more specular reflection produced from smooth wires.

The 3-dimensional grid-world perspective view display was able to be
reliably constructed and rendered in real-time from the radar’s retums, cre-
ating a fairly accurate representation of the scene surrounding the heli-
copter. However, the current limited range did require flights at low-alti-
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tude and speed so as to not “over-fly” the field of view and range of the -
sensor (Ref. 23). Fig. 5 depicts a representative radar-generated grid dis- §
play from flight test, in which the aircraft was heading toward a hill with §
an adjacent (left) tower. The radar and associated display demonstrated the
system's potential usefulness for collision avoidance. Further results are
found in Ref. 23.

Radar processor
boxes

[ - Boresight
2 ca

35GHz radarand __—»
internal scanning antenna

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

%

Flg. 5. Perspective grid-world display in hilly terrain with adjacent
tower cbstacle.

Mid-Field, Low-Altitude Manual Guidance System

A mid-field low-altitude terrain following / termain avoidance (TF/TA);
guidance system relying on digitized terrain elevation maps was devel-§
oped that employs airbore navigation, mission requirements, aircraft pes-4
formance limits, and radar altimeter returns to generate a valley-seeking,,
low-altitude trajectory between waypoints in real-time. “Mid-field” refersy
to planning of approximately 1 minute ahead and low-altitude is taken asj
no lower than tree-top altitude. By applying a cost function over an in-
tended route between waypoints, a three-dimensional TF/TA roule may be:
calculated in real-time. 3

Approach

The trajectory generation algorithm maintains a cost function thafj
secks to minimize mean sea level (MSL) altitude, heading change from 4
straight line nominal path between waypoints, and lateral offset from the
nominal path. The cost function is applied to candidate trajectories frony]
the current aircraft position over discrete pitch and roll angles. The low w!:
cost function trajectory (for the next 30 sec) is then selected (Ref. 4). Add
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justing constants of the cost function allows varying degrees of weighting 10
be applicd to each performance parameter. The pilot selects aircraft perfor-
mance limits and constants for the system. These include maximum bank,
climb and dive angles, normal load factor, and desired velocity and set clear-
ance altitude. Set clearance altitude is that AGL altitude the guidance algo-
rithm will seck. By severely penalizing, for example, those trajectories that
deviate from the straight line nominal course (in heading and position), a
straight line contour trajectory is gencrated. Such flight exclusively in the
vertical plane is termed terrain following (TF) flight. Decreasing the penalty
on these same two parameters allows lateral movement, and yields a mean-
dering temrain following / terrain avoidance (TF/TA) flight profile. A general
far-field flight plan, consisting of a series 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 supplicd with ground based threat informa-
tion, will choose course waypoints sensitive 10 these hazards.

Implementation

The trajectory gencrated by the guidance system is presented symbol-
ically to the pilot through a helmet mounted display (HMD), the Integrated
Helmet and Display Sighling System (IHADSS). The Honeywell
IHADSS is standard equipment for the U.S. Army’s AH-64 Apache heli-
copter. A simplified pictorial of the “pathway-in-the-sky™ pilot presenta-
1ion symbology on the head-tracked HMD is shown as Fig. 6, which pre-
sents a climbing left tum trajectory.

Phantom

Fig. 6. Mid-field, low-altitude manual guidance system pifot
symbology.

The pathway troughs and phantom aircrafl are drawn in inertial space
along the desired trajectory. The troughs are 100 ft (30.5 m) wide at the
base, 50 ft (15.2 m) tall, and 200 ft (61.0 m) wide at top, and are drawn in
1 sec increments of the trajectory out o 8 sec, based on the aircraft’s air-
speed. The top center of each pathway is the desired, computed trajectory.
The phantom aircraft flies at the top center of the fourth trough (the desired
trajectory 4 s in the future). The aircraft’s (light path vector is also drawn
on the helmet mounted display, as predicted 4 s ahead. Hence, by trecking
the phantom aircraft with the flight path vector, the pilot ies the desired
TF/TA guidance trajectory. Additional aircraft state information also dis-
played (but not shown on Fig. 6) includes magnetic heading, engine
torque, airspeed, altitude, and tumm and slip. A horizon line, pitch ladder,
and aircraft nose chevrons are also displayed to improve situational aware-
ness. An airspeed flight director tape shows deviation from the pilot se-
lected airspeed. This symbology set was developed over several piloted,
motion-based simulations with a diverse group of pilots, and gives good
trajectory tracking performance with low pilot workload. Such a “pilot-
centered” display, providing trajectory lead information and heightened
situational awareness, is preferred by pilots to traditional “flight-director”
ILS-type displays (Ref. 24).
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Piloted Simulation and Flight Test Results

The TF/TA guidance system evolved through four motion-based, pi-
loted simulations on the NASA Ames Vertical Motion Simulator (VMS)
facility. These simulations were used to develop the guidance algorithm,
pilot display laws, and pilot display symbology, and included studies of in-
dividual display elements, pilot handling qualities ratings, and pilot work-
load. The TF/TA guidance system was evaluated during flight trials with
the U.S. Army Command/Control Systems Integration Directorate
(C2SID), Ft. Monmouth, NJ, on their NUH-60 STAR (Systems Testbed
for Avionics Rescarch) helicopter.

The guidance system was further validated through flight test and sup-
porting VMS simulations in three phases; (1) the baseline terrain map-
based system, (2) the radar altimeter Kalman filter system, and (3) the
forward sensor equipped system, which added an cbstacle avoidance ca-
pability. The phases built upon one another and progressively increased in
complexity and capability (Fig. 7). The guidance system has been exten-
sively flight tested in primarily rugged terrain in So. Central Pennsylvania.
The bascline system’s performance is principally limited in its ability to
accurately position itself above the terrain, and its inability to detect and
avoid unmapped obstacles, such as trees and wires. The above ground po-
sitioning limitation was dominant and restricted flight of the bascline sys-
tem to above 300 ft AGL at the operational design speeds between 80 and
110 kts (Ref. 25).

The light, solid blocks of Fig. 7 detail the extension to the baseline
TF/TA guidance system resulting from a Kalman filter augmentation. The
predicted AGL altitude, calculated as the difference in the navigation sys-
tem MSL altitude and the stored map (terrain elevation, logether with the
radar altimeter measurement, are blended in a Kalman filter to yield an es-
timate for the difference error from the predicted AGL altitude. This dif-
ference error value, , is then used to alter the terrain elevation database ref-
erenced guidance trajectory at the AGL-emor blending block. This
modified trajectory is then presented to the pilot using the existing display
laws and symbology. The enhancement produced trajectories more reflec-
tive of the topography and allowed for lower altitude operation than that
of the baseline guidance system. The minimum flight altitude of this
Kalman filter augmented system was reduced from 300 ft AGL altitude to
150 fi at operational speeds from 80 to 110 kis (Ref. 26). Flight restrictions
for the termain-referenced guidance system were now govemed by pilot ob-
stacle detection and avoidance, which could be assisted by a forward-look-
ing sensor.

The third and final phase of the guidance system decreased the systems
operational altitude to 75 ft AGL allitude and added an obstacle avoidance
capability. The forward sensor enhancement to the NASA/Army mid-field
manual guidance system involved the addition of three distinct compo-
nents; a wide field of view forward locking laser radar, a terrain/obstacle
database generated from sensor retums, and a path manager, which modi-
fies the guidance trajectory if necessary after querying the sensor database.
This enhancement is shown as bold blocks in Fig. 7.

The forward sensor was the Northrop Obstacle Avoidance Sysiem
(OASYS) laser radar prototype sensor developed by the U.S. Army (Refs,
27, 28). The terrain and cbstacles located by the forward sensor are stored
in an inertially-referenced square grid peciodically shifted so its center po-
sition remains below the aircraft. The database is updated with a group of
OASYS detected objects at 10 Hz. A “path manager” is used to alter the
guidance trajectory in the event of an altitude clearance problem, as deter-
mined by the elevations of obstacles and terrain stored in the sensor gen-
erated database. All adjustments made to the trajectory are in vertical po-
sition only, i.e. no lateral modifications are made.

A representative flight test result from a terrain following (TF) mission
is shown as Fig, 8. Terrain following flight, or contour flight, is flown at
constant heading between waypoints with only vertical mancuvering al-
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lowed. The ground tracks are straight lines between waypoints. This TF
mission was flown at 80 kts airspeed and set clearance altitude of 75 fi, cre-
ating expected guidance trajectory AGL clearances of 75 ft AGL and
above. These figures trace the elevation or vertical track (Fig. 8a), as well
as the pilot’s tracking of the guidance trajectory through the HMD symbol-
ogy previously discussed. The upper solid line traces the aircraft MSL alti-
tude while flying the forward-sensor equipped guidance system. The upper
dashed line tracks the desired (or “commanded™) trajectory MSL altitude,
which is computed by the trajectory algorithm as modified by the forward
sensor dependent path manager and presented (o the pilot. The difference
between these two lines, representing the pilot's vertical tracking of the de-
sired trajectory, is provided in Fig. 8b. The lowest solid line of Fig. 8a is the
“sruth” measurement of the tervain elevation, which is calculated as the air-
craft's MSL altitude minus the radar altimeter measurement.

l Forward
sansor -> Sensor Path

e | Database Manager
p traj]
hory P traj)
AGL rHisplay ! FPo-——— )
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- - - - Baseline (TF/TA) Guidance System
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=== Forward Sensor Augmented (TF/TA/OA) Guidance Sysiem

Fig. 7. Mid-field, low-altitude manual guidance system block
diagram.
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The commanded (path manager comrected) pathway of Fig.8a presents]
a smooth but aggressive trajectory. Terrain undulations are clearly recog-}
nized and reflected in the pathway placement. Areas where the guidance!
pathway appears too high are most likely due to local foliage effects,ie. a
tight, higher concentration of trees, or the effect of the smooth flight pathy
angle constraint imposed on all guidance trajectories. Fig. 8b shows the}
difference between the elevation (vertical) command position and that of?
the aircraft. Mean elevation tracking was -2.6 fi, with standard deviation]
of 18.0 ft. Except for the period surrounding the hill just prior to time 150 1
s, tracking is within the trough vertical bounds of 50 ft. Imperfect trajec-
tory tracking can be traced to two principle reasons; the pilot can never
track the symbology perfectly, and at times will override the recommended
pathway. Circumvention of the commanded trajectory occasionally occurs |
when a pilot “short-cuts” the suggested guidance trajectory, such as when
a ridge is crossed followed by negative sloping terrain. Further resulls are
found in (Ref. 22).

Near-Field, Pilot-Directed Automated Guidance System

Early efforts at NASA Ames Research Center to reduce pilot workload
by automating tasks for NOE flight involved the development of a fully
automatic obstacle avoidance system implemented in a real-time worksta- §
tion based simulation. The technical empbhasis of this effort was on the de-§
velopment of guidance and control laws that selected and followed open
paths for safe maneuvering based upon the identification of terrain and ob-
stacles from simulated on-board sensor information (Ref. 29). Resulting
guidance commands 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 cyclic, collec-
tive, and rudder control inputs needed to follow the guidance command. |

Approach

Following the development of the guidance and control functions fot
fully automatic flight, research efforts were directed towards the develop-;
ment of an effeclive means by which a human pilot could interface with
the automated systems. The goal was to develop an interface that took ad
vantage of the workload reduction potential of fully automatic guidance
and control without compromising pilot confi-

dence and mission flexibility. Qualitative results§
from previcus simulation studies of automated]
NOE obstacle avoidance systems identified the}
pilot-interface as being the most crucial factor in-
fluencing pilot acceptability (Ref. 30). In partic-
ular, studies suggested that poor pilot acceptabil-
ity would result from any waypoint following,j
fully automatic NOE system that required pilotdj
1o perform merely as system monitors.

Research aimed at identifying effective pilotg

interface solutions resulted in the selection of a3
concept referred to as Pilot-Directed Guidancéy
(PDG). The PDG concept, shown schematicallyj
in Fig. 9, is based upon a translaticnal velocity-{

: command control system that provides continu-
| ous obstacle avoidance protection while dependsg
ing upon the pilot for overall course guidance
(Ref. 31). With this interface, a pilot can concests
tratc upon primary course guidance and soCi
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Fig. 8. Flight test results of low-altitude, manual guldance system. (a.) Elevation (vertical) profile. The PDG system assists pilots flying NOE b

(b.) Pilot elevation tracking of guidance trajectory.

ondary cockpit tasks by delegating obstacle dej
tection and avoidance tasks to the PDG syster

providing: (1) automated obstacle detection 2 nf
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avoidance, (2) terrain-following altitude control, and (3) airspeed control.
PDG relies upon real-time forward-looking sensor information to provide
the system with knowledge of obstacles and terrain in the vicinity of the
rotorcraft, In the event that the PDG systemn determines that an obstacle or
terrain collision will take place within the PDG look-ahead time window,
the necessary avoidance control activity is provided automatically for the
pilot. The PDG guidance logic is designed to favor lateral maneuvers over
vertical maneuvers in order lo provide greater concealment of the vehicle
under hostile conditions. Vertical maneuvers are exccuted by the system in
the event that all lateral maneuvering options have been exhausted.
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Fig. 9. Near-fleld, pilot-directed automated guidance system
diagram.

Implementation

To improve situational awareness and PDG sysiem monitoring, a
Helmet-Mounted Display (HMD) is provided for the pilot. Along with
rotorcraft and system state information, the HMD displays inertially ref-
erenced course-following symbology that resembles a path-way on the
ground described by a series of symbols resembling croquet wickets, as
shown in Fig. 10. This course symbology is similar to the pathway in the
sky symbology used in the mid-field, low-altitude manual guidance sys-
tem of the previous section except that the troughs are inverted and an-
chored to the ground. This provides a mere meaningful visual reference
to the pilot at very low NOE altitudes. The height of the wickets are set
to the PDG commanded radar altitude to provide additional altitude
tracking information to the pilot. A ground-based symbol representing
the predicted position of the vehicle at the end of the PDG look-ahead
time window is also displayed on the HMD. This symbol, referred to as
the PDG refercnce point, resembles an inverted triangle that has its ver-
tex in comact with the terrain surface and its height equal to the PDG
commanded radar altitude (Ref. 31). Additional symbology provided,
but not shown on Fig. 10, includes a horizon line, boresight indicator,
heading indicator, and pitch rcference. Automatic obstacle-avoidance
control activity is executed whencver a direct line-of-sight to the PDG
reference point is obstructed.

To provide a pilot cueing mechanism for automatic control, the cyclic
and collective controls are back-driven in the cockpit. The pilot is able to
override the PDG system at any time by providing sufficient force input to
the control inceptors. The final control inceptor positions, governed by the
pilot, are interpreted as the velocity command inputs that are sent to the
high bandwidih autopilot controller.

The PDG controller is based upon a non-linear, feedback linearization
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technique that facilitates its use over the entire flight envelope of the vehi-
cle. The feedback linearization technique is used to transform the input-
output map of the original nonlinear sysiem into a lincar time-invariant
form (Ref. 32). The transformed system is then easily controlled using any
well-known linear control design technique. Further simplification of the
design process can be realized by dividing the rotorcraft dynamics into
multiple time scales of reduced order using the singular perturbation
method. The advantage of using this method is that the resulting con-
trollers will also be of reduced order. A baseline nonlinear inverse autopi-
lot design incorporating feedback linearization and time-scale separation
was designed and synthesized for a comprehensive flight test validation
engineering model of the UH-60A Black Hawk helicopter for the PDG ap-
plication, The system uses a stored-trim-map approach to approximale the
inverse force and moment model of the rotorcraft used during feedback
lincarization. A simple time-invariant PD-type control law design is used
throughout the operational flight envelope.
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Flg. 10. Near-fleld, pilot-directed automated guidance system pilot
symbology.

Piloted Simulation Results

The control laws of Fig. 9 along with the guidance in display Fig. 10
were evaluated through piloted simulation in the NASA Ames six de-
gree-of-freedom Vertical Motion Simulator (VMS). The Heneywell
IHADSS was used as the HMD. Results demonstrated the capability of
the PDG automated system to significantly improve flight path perfor-
mance and reduce pilot workload for NOE missions requiring obstacle
avoidance. Flights were conducted both with and without PDG au-
tomation for direct comparison of flight path performance and pilot
workload. Fig. 11 shows an out-the-window view of the NASA Ames
VMS during simulation of the pilot-directed automated guidance sys-
tem.

Under low visibility conditions, time exposed above tre¢ level was re-
duced by 75% with the PDG system compared with that of non-automated
flights. Increased obstacle clearances, leading to the prevention of obsta-
cle strikes, were also observed with PDG. Secondary performance bene-
fits, resulting from the PDG automation, were greatly improved airspeed
and altitude command following. Most importantly, simulation cvalua-
tions have demonstrated the potential of the PDG system to substantially
reduce overall pilot workload over a range of speed and visibility condi-
tions (Ref. 33).
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Fig. 11. Pilot’s view during simulation of near-field, pilot-directed
automated guidance system.

Concluding Remarks

This paper summarizes the status and results of the NASA Automated
Nap-of-the-Earth (ANOE) program. A structure involving sensor and
database derived guidance, pilot-centercd displays, and pilot-automatic
control interaction has been employed. Results have been demonstrated
through laboratory development, piloted, motion-based simulation, and
flight testing in the technology focus arcas of passive sensors, active sen-
sors, mid-ficld manual TF/TA guidance, and near-field pilot-directed NOE
automatic guidance.

Algorithms have been developed using calibrated flight test images
and a specialized 32-board parallel processor computer that can perform
ranging to objects from passive sensors in real-time. Ranging to 300 image
objects at 15 Hz through visible-band or infrared cameras have achieved
ranging accuracies of 5% given recorded flight test imaging data. Real-
time in-flight capability aboard a test helicopter has been demonstrated.
Real-time passive ranging to objects has direct application in robotics, air-
port tcrminal area operations, and in planctary rovers. Work in passive
ranging has supported the exiernal vision component of the NASA high-
speed research program, and is applicable to any synthetic-vision system.
Calibrated flight test data sets have been distributed to numerous universi-
ties and government laboratories.

A scanning, pencil-beam millimeter-wave radar has been developed
which can create a local, high-resolution database surrounding an aircraft
in real-time for a direct 3-dimensional perspective display. Such an obsta-
cle detection and avoidance capability has immediate value to commercial
emergency medical service (EMS) operations, airbome fire-fighting, and
oil-rig operations. The millimeter-wave radar system and associated dis-
play were flight tested and demonstrated their obstacle detection capabil-
ity and potential usefulness for collision avoidance.

A mid-field, low-altitude manual guidance system has been developed
and extensively flight tested in cooperation with the US Army. When aug-
mented with a laser radar forward-sensor, low-altitude obstacle aveidance
capable flights to 75 feet AGL at 80-110 kis were achieved. Guidance tra-
jectories, generated and then modified in real-time by forward-sensor ob-
stacle detections, are presented to the pilot on a helmetl-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 awtomated NOE guidance system has been
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developed and is being refined through piloted, motion-based simulation.
The system incorporates back-driven controls and a helmet-mounted dis-
play. The system leaves principal and ultimate authority with the pilot
while providing an automatic clobber protection capability. Under low vis-
ibility conditions, time exposed above trec level was reduced by 75% with
this system compared with that of non-automated flights. Increased obsta-
cle clearances, producing no cbstacle strikes, were also observed with the
pilot-directed guidance system. Simulation evaluations have demonstrated
the potential of this pilot-directed automated NOE guidance system (o sub-
stantially reduce overall pilot workload over a range of speed and visibil-
ity conditions.

Future work will focus on the optimal merging of passive sensor and
active sensor derived obstaclc rangings in creating a Jocal, 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 NOE flight guidance system is
conceivable within the coming years.
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