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ABSTRACT

Controlled-flight-into-terrain incidents have been aleading cause of aircraft related fatalities
for anumber of years. The development of warning systems to prevent this type of mishap has
been constant since the early 1970's. A family Ground Proximity Warning Systems and,
recently, Terrain Awareness and Warning Systems have been mandated for use in commercial
arcraft in the United States.

Such systems have also been adapted for use in high performance military aircraft, although
they tend to be very different from the commercially required variants due to their unique
operating environment and aircraft performance requirements.

In this paper, one such system is described in detail, and a set of unique test techniques
required to test systems for high performance aircraft is explored. A number of recommendations
for testing terrain warning systems intended for use in high performance aircraft are also

devel oped.
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1. BACKGROUND

COMMERCIAL AIRCRAFT GPWSSYSTEMS

In the 1970's a number of studies were conducted to examine what could be done about one of
the leading causes of fatal aircraft accidents — the so-called Controlled Flight Into Terrain (CFIT).
A CFIT event is defined as an instance where an airplane, under the flight crew’s contral, is
inadvertently flown into terrain, obstructions or water without either sufficient or timely
flightcrew awareness to have prevented the event [1]. Asaresult of these studies, the Federa
Aviation Adminigtration (FAA) mandated in 1974 that large commercial aircraft be equipped
with a Ground Proximity Warning System (GPWS) compliant with Technical Standard Order
TSO-C92c. In 1978 the FAA extended the GPWS requirement to Part 135 certificate holders
operating turbojet powered airplanes with 10 or more passenger seats[2]. This ruling did not
affect turbo-propeller powered (turboprop) aircraft because it was believed that the performance
characterigtics of turboprop airplanes made them less susceptible to CFIT accidents.

However, later studies, including accident investigations by the National Transportation Safety
Board (NTSB), analyzed CFIT accidents involving turboprop airplanes and concluded that some
mishaps could have been avoided if GPWS equipment had been used. Asaresult, the FAA
amended the ruling in 1992 to require that all turbine powered aircraft with greater than 10
passenger seats be equipped with GPWS systems [2].

Since the original GPWS requirements were mandated, advances in terrain mapping capability
permitted the development of a new family of GPWS system that provides greater Situational
awareness for flight crews. These systems, known as Enhanced GPWS (EGPWS), have evolved
into a type of system more broadly known as Terrain Awareness and Warning System (TAWS).
After the crash of an American Airlines 757 equipped with GPWS near Cali, Columbia, the

NTSB recommended that the FAA study EGPWS systems and require their installation if they



were found to be effective. Subsequent studies by the Department of Transportation into CFIT
accidents between 1985 and 1995 concluded that EGPWS or TAWS systems could have
prevented 95-100 percent of them [3]. Asaresult, in 1998 the FAA mandated that TAWS
systems be installed in all commercial aircraft (with some limited exceptions) configured with

more than six passenger seats[2].

MILITARY GPWSSYSTEMS

Both tactical and transport class military aircraft have suffered high rates of CH T accidents as
well. The 1996 death of commerce Secretary Ron Brown and 34 othersin Croatiain an Air Force
C-9 highlighted the need for such systemsin military transport aircraft. These aircraft, while not
covered under the FAA GPWS or TAWS mandates, can clearly benefit from the same types of
systemsin use on commercial aircraft. Indeed, most types of large military transport aircraft
could use the same systems installed in commercial aircraft, without requiring extensive
modifications to either hardware or the protection algorithms due to their smilar maneuvering
limitations.

As an example applying to tactical military aircraft, CFI'T was the probable cause of over 30%
of al F/A-18 losses during the first ten years of the aircraft’ s existence, [4] and is to date the
leading single cause of the loss of aircraft in that community. The single-seat layout, frequent
task saturation experienced by aircrew, and dynamic flight profiles combine to make an
extremely strong case for inclusion of terrain avoidance systemsin such aircraft. The frequent
nap-of -the-Earth profiles flown by many rotary wing platforms make them prime candidates for
such systemsaswel.

However, the operating environment and mission of high-performance tactical aircraft provide
unique challenges for designers of GPWS systems. Many tactical aircraft use computer systems

and displays that are integrated in such a manner as to make it difficult to add external functions
2



to the overal avionics systems without extensive integration efforts. In addition, the flight
envelopes of tactical aircraft are sufficiently different from transport class aircraft as to make the

warning agorithms substantialy different.



2. GPWSTAWSSYSTEM FUNCTIONALITY

GROUND PROXIMITY WARNING SYSTEM

Federally mandated GPWS systems for commercia aircraft initially were required to alert the
aircrew to potential CFIT situations according to the modes [5] shown in Table 2-1. This type of
system uses inputs from aircraft sensors for determining altitude, atitude rate of change and other
aircraft conditions such as gear or flaps positions, and provides awarning of potential contact
with the ground, taking into account crew recognition and reaction time. Aircraft sensor inputs to
the system can include aradio altimeter, air data computer or barometric altimeter, and deviation
from ILS glideslope and localizer. The system outputs include visual and aural alerts and
warnings when it detects by calculated position rate-of -change that the aircraft is closing with
terrain. Thistype of system, though very useful, provides limited CFIT protection because it is
unable to account for rapidly changing terrain under the aircraft or obstructions in the flight path.
In addition, when in landing configuration, (gear and flaps deployed) warnings are inhibited for

all but excessive rates of descent, limiting protection during approaches.

Table 2-1
GPWS Protection Modes

Protection

Excessive Rates of Descent
Excessive Closure Rate to Terrain

Negative Climb Rate or Altitude Loss After Takeoff
Flight Into Terrain When Not in Landing Configuration
Excessive Downward Deviation From an ILS Glidescope
500 ft Callout on Non-Precision Approach
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TAWS

Current regulations require systems compliant with TSO-C151a be installed in most
commercia aircraft [2]. These systems offer greater protection from CHT than GPWS because
of their Forward Looking Terrain Avoidance (FLTA) capability and Premature Descent Alert
(PDA) functionality. TAWS systems a so incorporate improved situational awareness displays
and provide the basic GPWS functionality contained in earlier systems. These systems are
broken into two types, Class A and Class B systems, mandated depending on aircraft operating
criteriaas shown in Table 2-2 [6].

TAWS systems utilize terrain, airport and obstacle databases, employing the globa standard
WGS-84 spheroid for latitude/longitude reference to provide flight crews with an improved
predictive terrain hazard warning function. The predictive function is achieved by feeding the
arcraft's known position (as determined by a flight management system or by GPS) to aterrain
database, enabling the computer to predict terrain ahead and to the side of the aircraft's flight
path. By referencing terrain and airport databases, TAWS can warn of descent below safe vertical
profiles when the aircraft isin alanding configuration and there is no instrument landing system
glidescope signal present.

Class A systems also incorporate a color display alowing rapid identification of terrain
hazards together with a graphical display of the surrounding terrain. The aircraft position is
shown on the display either by GPS alone or through the flight management system. Specific

TAWS functionality is described in the following sections.

Table 2-2
TAWS Class A and B Summary of Requirements
GPWS FMS/RNAV | Mandatory | Terrain/
TAWS | Operating | PAX Modes or Terrain Field
Class Rule Seats | FLTA | PDA | (DO-161A) GPS Display Database
A 121 All YES | YES 1-6 Either YES YES
A 135 >0 YES [ YES 1-6 GPS YES YES
B 135 6-9 YES [ YES 1,36 GPS NO YES
B 91 6+ YES | YES 1,36 GPS NO YES

5




TAWS Minimum Reguirements

Forward L ooking Terrain Avoidance
The TAWS Forward Looking Terrain Avoidance (FLTA) warning capability “looks’ ahead of

and to the side of the aircraft’s predicted flight path and issues a warning if terrain or obstacles

penetrate the search volume, where the defined search volume varies as a function of flight phase

and aircraft maneuvers. The flight phase must be determined by the TAWS computer using

available inputs in order to ensure the proper mode is enabled where required. The following

definitions are generally recognized, though differences are alowed aslong asthey are

compatible with terminal procedures (TERPS) and standard instrument approach procedures [6]:
a) Enroute Phase: The aircraft is more than 15 nmi from the nearest airport or the

conditions for Terminal, Approach, and Departure Phases are not met.

b) Termina Phase: Theaircraft is 15 nmi or less from the nearest airport, the range to the
nearest runway threshold is decreasing and the airplane is at or below a straight line

drawn between the two points specified in Table 2-3 relative to the nearest runway.

c) Approach Phase: Distance to nearest runway threshold is less than 5 nmi, height above

the runway threshold is less than 1,900 ft, and distance to threshold is decreasing.

Table 2-3
Height Above Versus Distance To Runway

Distance to Runway | Height Above Runway

15 nmi 3,500 ft
5 nmi 1,900 ft




d) Departure Phase: The aircraft is defined to be in the departure phase from the point when
it trangitions to flight after leaving the runway, until it achieves an dtitude of 1,500 ft
AGL. The system must use some combination of sensor parameters to determine when
the aircraft is on the ground, and when it has transitioned to flight. Commonly used
sensor inputs include weight-on-wheels indications measured at the landing gear and

airspeed thresholds.

TAWS System Basic GPW S Functionality

In addition to the TAWS specific functionality listed above, the required TSO-C92 GPWS
functionality must be included aswell. These basic GPWS protection modes, shown in Table 2-
1, are required to function even if the TAWS warning functionality fails due to a sensor,

processor, or loss of the TAWS terrain database.



3. TESTING GPWSTAWSSYSTEMSINSTALLED ON
COMMERCIAL AIRCRAFT

CERTIFICATION REQUIREMENTS

Terrain warning systems, like al equipment installed on U.S. registered aircraft, must obtain
airworthiness approval from the FAA through the Type Certification or Supplementa Type
Certification process. Thisinvolves documenting the design, performance, and all details of the
system installation and integration with each type of aircraft [7]. In addition, a System Safety
Assessment must be conducted to establish &l hazards associated with the installation, and to
define the failure modes and probability of failure, as well asimpacts to aircraft operations, and

required mitigations to defined hazards.

FLIGHT TEST CONSIDERATIONS

The leve of flight test required to validate a particular TAWS system installation depends on
the type of aircraft, avionics structure, and whether or not that particular system has been certified
in another application [7]. First timeinstallations for a particular system or type of aircraft amost
always require flight test demonstration of required functionality. The addition of new sensorsto
previoudly certified systems usually requires alimited flight test program to demonstrate system
operation in the modes affected by the sensor inputs. In the case where upgraded TAWS systems
areingdled in a particular model aircraft that was previously equipped with some measure of
GPWS equipment from the same manufacturer, flight testing of the previous functionality may

not be required.

FLIGHT TEST TECHNIQUES
In generd, flight testing is as simple as demonstrating that each mode shows proper activation,

deactivation after the cause of the warning is removed, and freedom from nuisance warnings.
8



GPWS Testing
The methods required for demonstrating GPWS are described in the following sections [8].

Mode 1
Establish several descent rates below 3,000 ft AGL, continuing until the warning is activated,

then pull-up until the warning is cleared. Minimum altitudes to safely recover the aircraft at each

descent rate are used as a safety back-up should the system fail to issue a warning.

Mode 2
Flight across smoothly rising terrain in level flight at 500 ft above the highest terrain feature at

different flap and gear settings.

Mode 3
After anormal takeoff, climb to 300 ft AGL and dow climb rate until a dight descent is

initiated to trigger awarning.

Mode 4
Fly an approach with the appropriate approach flaps setting while leaving the gear up until the

warning threshold is reached. A go-around isinitiated at a safe altitude.

Mode 5
Conduct ILS approaches (During VMC) at varying deviations from the glide sope to trigger

warnings.

TAWS Functionality

TAWS functionality can be tested in a similar manner with relatively low risk [7] because of

the benign nature of the maneuvers required to initiate and clear warnings.



FLTA Mode
Flight test can be conducted in any areawhere the terrain or obstacle elevation is known. The

terrain or feature can be overflown while straight and level at no lower than 300 ft above the

known elevation to verify warning functionality.

PDA Mode
The premature descent mode can be tested in any area within 10 nmi of an airport that is

included in the terrain database. The threshold limits for the warnings can be easily and safely

explored to demonstrate proper system operation.

10



4. APPLYING GPWSTAWSSYSTEMSTO HIGH PERFORMANCE
AIRCRAFT

APPLICABILITY OF GPWS TAWSSYSTEMS

Ground Proximity Warning and TAWS systems can be implemented in high performance
military aircraft, though both the integration and operation of the systemsis usualy quite
different from systems intended for use in commercia aircraft. The operating environment and
integration challenges combine to make these systems considerably different from their

commercia counterparts.

Integration

Most high performance aircraft have unique avionics systems structured for their particular
mission. These are usually based on state-of -the-art technology and are focused on providing the
high performance required, as well as being able to fit in a physically confined location. In
addition, the system architecture many times is distributed throughout the airframe with
considerable redundancy to increase survivability, but at a cost of increased complexity. This
requires that other systems to be integrated must conform to unique interface requirements, which

in turn drives arequirement for dedicated system development.

Operation

In addition to integration challenges, the operating envelope of high performance aircraft
drives system requirements to much greater complexity. The fact that the aircraft routinely
operate at high speed near terrain requires that the protection algorithms be based on completely
different assumptions than those in use in commercial systems. For instance, the dtitude
clearance alowed by such systems prior to issuing warnings must by virtue of the aircraft

operating envelope be much smaller than commercia systems. In addition, the variety of externa
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stores configurations, and their effects on aircraft performance and the available recovery margin
adds to the problem. The effects of nuisance cues on the aircrew also drive elements of the
system design aswell. Repeated nuisance cues can drastically ater the assumptions of aircrew

response, which must be assumed and modeled into the algorithms.

Flight Testing
The following sections describe one system designed for use in atactical military high

performance aircraft, and the unique challenges presented by the environment in which it was

designed to operate, as well asthe challenges in testing its proper operation safely.



5. TAWSON THE F/A-18

OVERVIEW

The Enhanced Terrain Awareness and Warning System (TAWS) is the second generation of
the embedded Ground Proximity Warning System (GPWS), which was ariginally implemented
on F/A-18C/D model aircraft [11]. Both GPWS and TAWS are safety back-up systems designed
to reduce the probability of a Controlled-Flight-Into-Terrain (CFIT) type mishap in Navy tactica
aircraft by aerting the aircrew when ground impact is imminent.

The original versions of GPWS were designed by the Naval Air Systems Command
Embedded GPWS Integrated Product Team (1PT) and documented in the form of an “Algorithm
Design Report”. This report was provided to the F/A-18 prime contractor (McDonell Douglas)
who implemented the design in assembly language on the aircraft’s mission computers. After
implementation, the algorithm was laboratory tested in the Manned Flight Simulator prior to
flight testing on atest aircraft. When the TAWS program was initiated, the decision was made to
have the Embedded GPWS IPT not only design the algorithm, but aso implement it in the Ada
high level programming language. This software was then hosted on the aircraft’ s digital map
computer to take advantage of the stored digital terrain data without facing the difficulty of
transferring that information to the aircraft mission computers. The agorithm is run on the
Tactical Aircraft Moving Map Computer (TAMMAC) using inputs from aircraft sensors and the

mission computers.

OPERATIONAL CONCEPT

The origind GPWS system is limited by its primary atitude sensor, the radar altimeter
(RADALT). Becausethe RADALT isalook-down sensor, it cannot be used to determine the

terrain characteristics ahead of the aircraft. A history of the terrain behind the aircraft is available
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and could be used in some instances, but is not indicative of the approaching terrain. This leaves
effectively no protection against flight into rising terrain or during flight over mountains. The
TAWS system overcomes this limitation with the introduction of accurate aircraft positioning and
adigital terrain database. The TAWS computes the expected recovery trgjectory, in three
dimensions, and compares it with Digital Terrain Elevation Data (DTED). One critical
requirement is having accurate aircraft positioning relative to both the DTED database and the
world. The TAWS system combines data from many sensors to determine a position in three-
dimensional space that is used as the starting point for the recovery trgjectory. When the
recovery trgectory intersects the DTED database, a warning is issued to the aircrew. The
warning is presented as an arrow on the Head-Up Display (HUD) that indicates the direction for
recovery, and a directive voice warning that indicates the proper response based on the flight
condition. The arrow and the voice warning continue until the warning condition no longer
exists. The voice warnings available are: “Pull-Up...Pull-Up”, “Roll-Left...Roll-Left”, “Roll-
Right...Roll-Right”, “Power...Power”, and “ Check Gear”.

In the event that accurate positioning data or the DTED database is unavailable, the TAWS
enters amode that bases warnings solely on the dtitude required to recover. This “flat Earth”

mode is very effective over water, as was proven during the earlier GPWS development.

SYSTEM TRADEOFFS

The TAWS system was designed to minimize nuisance warnings. Nuisance warnings are
defined as warnings that the aircrew deems unnecessary based upon their intentions and view of
theterrain. If nuisance warnings are accepted as a“necessary cost” of protecting the aircraft and
aircrew, TAWS becomes significantly less effective. This negative training causes the aircrew to

guestion each warning, thus delaying the start of the recovery if the aircrew deems the warning
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valid. Any delay in responding to the warning will have catastrophic consequences as the aircraft
will no longer have sufficient atitude to successfully recover snce TAWS warnings are issued at
the last instant that recovery is possible given the aircraft’ s calculated performance. Thisdesign
bias towards a minimization of nuisance warnings is required for this system because of the low-
altitude and dynamic maneuvering mission requirements of the F/A-18. TAWS Warnings
normally occur three to seven seconds prior to terrain impact. The system requirements are for a

nuisance warning percentage of less than 8% (threshold) with an objective of less than 3%.

DESIGN DECISIONS

Configurable Parameters

The TAWS was intended to provide support for multiple platforms without software
modifications. (e.g., F/A-18C/D and F/A-18E/F). Therefore platform-specific characteristics
were identified and encapsulated as “ configurable parameters’ whose values may differ for each
installation. These parameters are loaded into predefined locations in the Digital Mapping
Computer (DMC) so that TAWS can effectively be customized for the desired platform, and
changes to the agorithm can be made without sof tware modifications. The configurable
parameters are presented in appendix A, Table A-1. These parameters are loaded into the aircraft

on the mission data card inserted from the cockpit.

I/O Approach
The TAWS system is hosted on the Tactica Aircraft Moving Map Computer (TAMMAC) and

accepts its inputs from the aircraft mission computers in the form of three MIL-STD-1553

messages. Each message includes a counter, which allows the system to ensure that the messages
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come from the same MC frame, and arefrom alater frame than the last data received and

processed.

TAWS OPERATIONAL MODES
The TAWS uses three primary modes to define the level of operation, terrain database
availahility, and warning condition. These three primary modes are BY PASS, COAST and

OPERATE.

BYPASSMode

When System Mode is set to BY PASS, the TAWS processes al required inputs, but does not
execute warnings. The system mode is set to BY PASS when the sensor hierarchy determines that
the system does not have enough sensor information to provide protection, or the aircraft isin the

Weight-on-Whedls (WonW) condition.

COAST Mode

When System Mode is set to COAST, the TAWS processes al components and issues
warning cues based on an extrapolated height above terrain. The System Mode is set to COAST
when the System Mode is hot in BY PASS, and DTED or accurate positioning is unavailable and
RADALT datais unavailable. Over relatively flat terrain, the extrapolated height above terrain is
based upon the last known terrain elevation. In the case where the last known height above

terrain was varying (ie above mountainous terrain), the COAST mode is not used.

OPERATE Mode

When the System Mode is set to OPERATE, the TAWS processes al components and issues
warning cues based upon measured height above terrain. The System Mode is set to OPERATE

when the conditions for BY PASS and COAST are not met.
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Terrain Definition Mode

In addition to the primary operating mode, the system defines a Terrain Definition Mode
which is determined based on whether or not the TAWS is using the Re-arced Digital Terrain
Elevation Data (RDTED) database for protection. The Terrain Definition Mode can either be

DTED or FLAT EARTH.

DTED
When the Terrain Definition Mode is set to DTED (DTED mode), the TAWS provides

protection against flight into all types of terrain (rising, level, and descending). The Terrain
Definition Mode is set to DTED when RDTED is available for the current location, the TAWS

has accurately determined its position, and the system is not in the landing phase.

FLAT EARTH
When the Terrain Definition Mode is set to FLAT EARTH, the system provides warnings only

against descending flight into level or descending terrain. The Terrain Definition Mode is set to
FLAT EARTH when RDTED is unavailable (including over the ocean), or when the system

cannot accurately determine its position, or isin the landing phase.

SYSTEM WARNINGS
The system provides severd different types of warnings loosely grouped into either GEAR or

TRAJECTORY warnings.

GEAR Warning

A GEAR warning is issued when the system determines that a gear-up landing is about to
occur while in the landing phase of flight. The criteriafor setting the GEAR warning is.

. The Aircraft is below 150 feet AGL, and
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- Isbelow 200 KCAS, and
- Theaircraft is descending, and
- More than 60 seconds have elapsed since a waveoff or takeoff, and

- Thelanding gear is not down and locked.

While in the landing flight phase, the system operates in the FLAT EARTH mode. Protection
is still provided by comparing the altitude required to recover the aircraft and the height above
terrain, but once alanding attempt is confirmed, the TAWS adds additional protection to ensure

that a gear-up landing is not about to happen. The system Landing Phase is defined as:

- Altitude less than 500 feet AGL, and
- Airspeed less than 200 KCAS, and

- More than 60 seconds since a waveoff or takeoff.

The GEAR Warning Mode is cleared when the TAWS receives the down-and-locked
indication, the aircraft begins climbing, the height above terrain climbs above 150 feet, or the
system leaves the landing phase. In al warning and cancellation conditions, the warning
condition (or cancellation criterid) must be met for three frames before the warning mode is
actually set (or cleared) in the fourth frame. These persistency timers protect the TAWS from

erroneously setting warnings (or clearing warnings) based on bad transient input data.

TRAJECTORY Warning

A TRAJECTORY warning is issued when the system determines that a high probability of a
CHT exigts. That is, the current flight path will intercept the ground unless an aggressive
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recovery isinitiated immediately. This protection is available at al airspeeds and flight

conditions. However, TAWS Warnings are inhibited when:

- Within 6 seconds of WonW to weight-off-wheels transition, or
- Within 1.1 seconds of transitioning from the BY PASS mode, or

- The TAWS computed height-above-terrain is less than zero.

SYSTEM SENSOR INPUTS

Signal processing selects data from many sources and produces what is deemed the most
accurate Height Above Terrain (HAT), height above Mean SeaLevel (MSL), aircraft velocities,
position, and accelerations. Two basic sources of height above terrain are used: the RADALT,
and the difference between aircraft MSL atitude and the terrain height from the RDTED
database. Error estimates are computed for each of these sources so that the proper weighting can
be made for each one.

To achieve full performance, datais required from the following aircraft systems: Inertial
Navigation System (INS), RADALT, Air Data Computer (ADC), and GPS. RDTED isaso
required from the Digital Map Computer (DMC). Some failures (or unavailability) of these
inputs will invalidate the TAWS, while other failures will only degrade performance to varying
degrees.

Table A-2 (Appendix A) shows the hierarchy of sensors used for each input to the TAWS and
the effects of sensor failures. Asan example, TAWS isin its fully capable mode when the INS
reports valid attitude and acceleration, GPS is used for position (either aiding the INS or stand-

alone), and DTED is available.
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Terrain Height Deter mination

The TAWS agorithm queries the DMC to acquire DTED information. The DMC returns
RDTED, which contains terrain heights (gridposts) spaced roughly 150 meters apart at mid-
latitudes. The DMC returns an elevation, which is the weighted average (using bilinear
interpolation) of the four closest RDTED gridposts surrounding the input latitude and longitude.
The RDTED was derived from the original Level | DTED, which has gridposts spaced at 3 arc
seconds, which equates to 100 meters at the equator, and decreases toward the poles. The DTED
is re-arced to support the TAMMAC map scae. Asmore precise DTED becomes available, the
TAMMAC will handle the Level-1l data and pass it to the TAWS with no loss of functiondlity,
but with greater precision.

The TAWS agorithm requests RDTED from the position on the globe that is one frame ahead
of the current aircraft position instead of the “current” position. This alows the system to
measure the difference in neighboring gridpost heights, by collecting data one frame in front of
the aircraft as well asbehind. The TAWS uses differencesin neighboring gridpost heightsin
calculating a nuisance warning buffer. The TAWS converts the DTED into feet and sets up an
array of three DTED points: in front of (next), under (current), and behind (last) the aircraft.
Three DTED points were chosen to minimize potential map registration errors in terrain data
local to the aircraft position. It looks up the next point each frame, passes the value of next to
current, and current to last. The “current” values are used for calculations, while the others are
kept for determining variation in heights at neighboring locations.

The TAWS calculates the terrain variation by measuring the difference in DTED terrain
heights both behind (where the aircraft has been) and ahead (where it is going) of the current
point. “Behind” is measured by finding the difference between DTED heights every frame, and
exponentialy decaying the values over time, so the variation over the last 2 gridposts

(approximately 1000 ft) is weighted at 50%. This method measures both jaggedness and rising or
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faling terrain. “Ahead” is measured by a“terrain roughness’ parameter passed to the algorithm
from the DMC, which finds the variation from a smooth dope of the next 15 gridpost heights
(approximately 7400 ft). Fifteen was chosen because it represents the length of atypical recovery
trgjectory. These two measures are then averaged to get the estimate of terrain variation, which

determines how large the DTED and RADALT errors might be.

Deter mining Air cr aft Position

The TAWS needs accurate position and altitude information to properly process potential
warning conditions. The system then uses the position error as an estimate of what is commonly
known as “map registration error”. The DTED database is populated with terrain heights for
specific latitude / longitude locations, and if the aircraft queries the database with a location that it
believesit is at, but in reality the aircraft is somewhere else, a map registration error occurs
because the terrain height returned is for alocation other than where the aircraft is.

When the GPS errors are acceptable (less than a defined limit of 80 ft), the position error
parameter is set to the GPS horizonta position error (HERR) returned by the GPS receiver. If the
GPS validity bit is FALSE, the position error parameter grows at the rate of 2 ft/sec. Thisisthe
expected INS drift rate, based on historical datafor the ASN-139 INS. The vaue of 80 ft was
chosen for two reasons. first, the GPS accuracy specifications indicate (and historical datafrom
F/A-18 tests validate) that when working properly, the HERR should be less than 80 ft the vast
majority of the time. Secondly, analyses of F/A-18 flight tests show that aircraft banking or
pitching maneuwvers tend to cause the GPS measurement errors (including the HERR) to
immediately jump to much higher values (i.e., 400 ft), even while the aircraft maintains accurate
position. In other words, the HERR does not reflect the true position error for these temporary

Stuations, so the TAWS assigns the position error to grow more slowly (with the INS drift).

21



Determining Aircraft Altitude And Altitude Error

When the GPS reported vertical error (VERR) is less than 80 ft, the GPS dtitude is used for
the best MSL dtitude parameter. If the VERR is greater than 80 ft, the barometric altitude is used
instead, as historical data shows if the VERR is greater than 80 ft, the barometric dtitude is likely
to be more accurate and should be used instead. In the case where the aircraft enters the transonic
region, the last reported “non-transonic” value is used and updated using the inertial damped
barometric parameter.

Accurate aircraft dtitude is considerably more difficult to determine than position, because of
sensor accuracy. Signa Processing keeps track of which MSL sensor is being used, so that
adjustments can be made to the height-above-terrain estimate whenever the logic switches among

the various choices. Sensory hierarchy is as follows:

GPS Altitude
The GPS dtitude value is used when the VERR has been less than 80 ft within the past 50

seconds. If the VERR is acceptable (< 80 ft), the dtitude error is set equa to the VERR. When
the VERR is greater than 80 ft, the estimate of atitude error is increased by 2 ft/sec only if the
INS dtitude differs from the GPS dtitude by more than the dtitude error estimate. Thisis done
so that a spike in bad GPS data will not instantaneously raise the estimate of the altitude error.
Instead, it will grow by as much as 100 ft over 50 seconds, and only then if the GPS altitude

redly is different than the INS BARO dltitude.

INS Altitude
The INS BARO dtitude is used when INSisvalid, and GPSisnot vaid. First, thereisa

check to seeif the INS atitude differs from the ADC barometric atitude by more than 800 ft,
while the aircraft is not in the transonic region. Thisis done because the F/A-18 has dtitude-
processing logic, which can add a 900-ft biasto the INS dtitude while transonic. This check

ensures INS BARO dtitude is not used in these conditions. The worst case error specification for
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barometric altitude error is 8.3% of atitude, so to estimate the one-sigma error, the larger of 75 ft
and one-half of the specification error (4.15%) isused. The dtitude error isincreased by 2 ft/sec
until the error reaches the one-sgmavaue. However, when the BARO and GPS altitudes agree,

the altitude is assumed good and the error estimate will not grow larger.

Barometric Altitude
The lowest priority isthe ADC barometric dtitude: and is used when both the GPS and INS

are not valid.

CFIT PROTECTION

The Protection component of the TAWS determines if ground impact isimminent for the two
mutually exclusive warning modes, GEAR and TRAJECTORY. If impact isimminent, the
appropriate warning mode is set and the warning isissued. In most cases, CHIT protection is
provided by checking the predicted recovery trgectory against the terrain database and
determining if the two intersect. When they do intersect, the TRAJECTORY Warning Mode is
set until the predicted trgjectory no longer intersects the terrain database. When the TAWS isin
the FLAT EARTH mode, the terrain database is not used for determining awarning condition. In
this case, the TRAJECTORY Warning Mode is set when the altitude required to recover the
aircraft is greater than or equal to the current height above the terrain plus a clearance atitude.
Thisis applicable only while over level or descending terrain. No protection into rising terrain is
provided whilein FLAT EARTH mode.

The TRAJECTORY Warning Mode provides protection by monitoring the altitude required to
recover the aircraft and the height above the terrain. Depending upon the sensor validity,
availability of DTED, and flight phase, this may be accomplished by projecting the recovery

trgjectory in three-dimensions and overlaying it on the RDTED database (DTED Terrain
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Definition Mode), or comparing the atitude required for recovery to the height above terrain

(FLAT EARTH Terrain Definition Mode).

Recovery Trajectories

Within the DTED mode, two recovery trgectories are computed to overlay the RDTED
database. The Vertica Recovery Tragectory (VRT) assumes the pilot will roll to wings-leve,
then apply alongitudinal pull to a constant 5g (or 80% of the aircraft available g if Nz limited).
The Oblique Recovery Tragectory (ORT) assumes the pilot will smply apply alongitudinal pull
at whatever the current bank angleis. At zero bank angle, the ORT and VRT are identicd. The
two recovery trgjectories are shown in Figure 5-1.

For awarning condition to exist, both calculated trgjectories must intersect the terrain in the
RDTED database, which helps avoid nuisance warnings. This is especially important in

mountainous terrain where the aircrew can see aturn in avalley and intend to maneuver through

Figure51
VRT and ORT Recovery Trgectories
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it, but the VRT detects potential ground impact because of the assumption that the aircraft will
roll to wings-level and then pull up. This assumption causes the VRT to intersect the side of the
valley that the aircrew is already aware of and maneuvering around. Within the FLAT EARTH

mode, the dtitude required for recovery is based solely on the dtitude lost during the VRT.

Recovery Phases

The recovery is broken into five phases: pilot response, roll response, G delay phase, G-onset
phase, and dive phase. The intention isto accurately model both the VRT and ORT in rea time
according to the aircraft’ s instantaneous performance capability. In each phase of the recovery
(except for the dive phase), the time to complete that phase is computed and used in kinematic

equations that define position, velocity, and acceleration.

Pilot response phase

The pilot response phase is the period from when the aircrew receives the warning cuesto
when the first action is taken to affect the recovery (lateral stick for roll-out, longitudinal stick for
pull-up, etc.). This*processing” timeis rather short for a pilot with high situational awareness,
and longer for a pilot who has lost situational awareness. Simulator and flight test from the
GPWS development program showed that a highly aware pilot could react as fast as 0.4 seconds,
and an unaware pilot could take 1.0 second or longer.

Predicting the pilot response time is very difficult due to this range in actual responses. While
the god is to protect the unaware pilot, selection of too large a pilot response time leads to
nuisance warnings for the aware pilot. Therefore, based on the results of eight years of GPWS
development and testing, a pilot response time of 1.3 seconds is used for the TAWS. Thisvaue
was increased after the first phase of flight test due to the desire to increase protection and

because nuisance warnings were non-existent.
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Roll Response Phase

Theroll response phase is the period from when the aircrew initiates recovery to when the
aircraft reaches the calculated target bank angle required to clear terrain. If no roll is required for
the recovery (VRT with small bank angle or ORT), the roll response phase will be nonexistent for
that frame.

The predicted roll response takes into account the platform-specific performance
characteristics. The roll performance characteristics assume that 50% lateral stick is used for
initial bank angles less than 70°, and 75% lateral stick for those greater than 70°. These
conservative assumptions alow the aircrew to roll faster than designed which may increase the
bottom-out altitude.

When the TAWS isin the DTED mode, the roll response phase, as well as the subsequent
phases, must be computed twice per frame. The first passisfor the VRT, which assumes a target
bank angle of zero. The second passis for the ORT, which assumes the target bank angleis the

bank angle at the end of the pilot response phase.

G Onset Delay Phase
The aircraft now has the lift vector pointing in the desired direction when the aircrew begins

pulling to the target normal acceleration. Asthe pilot applies aft stick, the horizontal stabilizer
moves to a more trailing-edge up condition. This causes downward motion of the tail and
eventually the nose pitch-up normally associated with the stick deflection. The tail moves
downward because the deflection of the horizontal stabilizer crestes a downward force. This
downward force instantaneously reduces the overall lift the aircraft is generating though it is
quickly compensated for by the nose pitching up. The reduction of lift before it increasesis seen
as a short-term reduction in normal acceleration on the aircraft. Thisis referred to asanon-

minimum phase response and is accounted for in this phase.
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In addition, the F/A-18 flight control system also uses a G-limiter to ensure the aircrew does
not exceed the structural limit of the airframe. The limit value for the G-limiter is reduced during
transonic flight to alleviate overstresses due to the highly dynamic nature of transonic flight.
Because TAWS dlows for accelerations (and decel erations) during the predicted recovery
trgjectories, and the change in G-limiter threshold during transonic flight can greetly affect the
recovery trgjectory, the TAWS must account for this transonic “G-bucket”. This meansthat in
addition to the predicted ground and air speeds, the TAWS must predict the mach number at

various points of the recovery.

G Onset Phase
The G-onset phase of the recovery is the time from the application of aft stick to the time that

the target normal acceleration is achieved. This may be in the vertica plane (VRT) or in an
oblique plane (ORT). If the current normal acceleration is greater than or equa to the target,
there is no G-onset phase. The target G-onset rate is computed from the airspeed, gross weight,
and external stores configuration. This estimate is based upon historical flight test data and an
F/A-18 high-fidelity airframe smulation. The assumed recovery technique is ramped aft stick

(over 0.75 seconds) sufficient to achieve the target normal acceleration.

Dive Phase

Once the recovery enters the dive phase, the required pilot maneuvering is over. Above
approximately corner speed (and for the ORT), the dive phase is assumed a constant normal
acceleration constant airspeed maneuver whose trgjectory is very closely approximated by an
dlipse. Below cornering speed (and for the VRT), the dive phase is assumed to have axia
acceleration due to the pilot applying maximum power. This axial acceleration causes an
increase in airspeed and therefore an increase in the target normal acceleration for the dive phase

(especialy notable during Sow speed conditions). For the vertical recovery trgectory, the elipse
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isinthe vertical plane. For the oblique recovery trgectory, the elipse is rotated about the flight

path in the body axis and about vertical in the inertial axis.

Recovery Trajectory Caculation

The VRT begins at the current aircraft position and ends when the aircraft is climbing
vertically. Figure 52 shows a VRT broken into its phases.
Fifteen samples are taken along the trgjectory and are spaced as.
- 3 samples from the roll phase

- 3 samples from the G-onset phase

- 9 samples from the dive phase at equal intervalsin horizontal trandation

Figure 5-2
Vertical Recovery Trgectory [11]
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Fifteen samples are used because in the worst case, the aircraft is capable of traversing fifteen
RDTED gridposts during the recovery (15 gridposts = 7380 feet). Thisdivision of samples was
chosen to reflect phases where the recovery could indeed be completed. That is, due to the pilot
response characteristics, arecovery has very little chance of being completed during the pilot
response phase. Similarly, the G-delay phase is so short (< 0.5 sec) and bounded by the roll and
G-onset phasesthat it is effectively represented by them.

The oblique recovery trgectory is computed after the VRT computations are complete. The
ORT, like the VRT, begins at the current aircraft position, but it ends at different points,
depending upon the bank angle. The ORT uses between 10 and 15 samples aong the trgjectory,
shown in Figure 5-3. Thisis done to avoid nuisance warnings during maneuvers in confined
areas such as canyons or below mountain peaks where the ORT may actualy predict an
intersection behind the turning aircraft. Even though the number of samples used in the terrain

intersection computation is variable, fifteen points are still computed along the entire ellipse.

War ning Deter mination

Once the samples for each recovery trajectory are computed, the terrain elevation at each
sample is compared with the predicted aircraft atitude along the trgjectory plus the clearance
altitude, which in the case of the F/A-18 is50 ft. Each trgjectory sample contains the latitude,
longitude and atitude of the aircraft along the trgjectory. The latitude and longitude are used to
query the DTED database for the elevation at that point. When the terrain elevation returned
from the DTED database is greater than or equal to the predicted atitude, a potential warning
exists.

When the RDTED terrain elevation exceeds the predicted atitude at any sample, the terrain

elevation is al'so examined at points to the Ieft and right of the intersection point, perpendicular to
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Figure 5-3
Oblique Recovery Traectory [11]

the trgjectory, thus making the trajectory appear like the shape of a“T”. Thisis done becausein
mountainous terrain, a potential warning at one latitude/longitude may not require awarning at a
different location. Any map registration errors or the potentia of aircraft maneuvering during the
recovery are accounted for with the “T” when ascertaining that a warning isrequired. The
distance right and left of the trgjectory to check is the maximum of the position error and one-
eighth of the distance from beginning of trgjectory to the intersection point in the horizontal
plane. Only when al three terrain elevations are greater than or equal to the trgjectory atitude
will a potentid warning exist.

A TRAJECTORY warning can be set only when both the VRT and ORT are detecting an
intercept. Whenever trgjectory protection detects an intercept (along the trgjectory and "T" for
VRT, or dong the trgectory for ORT), a persistency counter for the appropriate trgectory is
incremented until four consecutive frames of intercept occur. Once one of the persistency

counters reaches four, awarning is set as soon as the persistency counter for the "other” trajectory
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becomes non-zero.  The system thus determines which tragjectory describes "the way out" and is
conveyed to the aircrew as the directive recovery cue. Thisis used by the mission computer to
determine whether the recovery arrow on the HUD should be ground or aircraft stabilized as
described below.  Once the TRAJECTORY Warning Mode has been s, it is cleared by four
consecutive frames of no intercepts on either trgectory.

When the TAWS isin the FLAT EARTH mode, there is no need to compute the trgjectory
points as above since no digital terrain datais used for comparison. FLAT EARTH mode
requires only the altitude required to arrest the downward velocity to the targeted value. Thisis
determined using the kinematic updates from each phase. The end of the recovery while in the
FLAT EARTH mode occurs when the aircraft is paralld to the terrain, and is determined from the

terrain slope that is computed in the signal processing component.

Clearance Altitude

The clearance dtitude is the designed bottom-out altitude for the recovery. The value of the
clearance dtitude is based upon whether the TAWS isin the landing phase or not. Whilein the
landing phase, the clearance dtitude is the configurable parameter Landing_Clearance Altitude,
the dtitude at which the target downward velocity is to be achieved during landing. While not in
the landing phase, the clearance dltitude is Cruise_Clearance Altitude. (The configurable

parameters and their values are listed in Table A-2)

TAWS WARNING MECHANIZATION
When the system determines awarning is in order, the mission computers provide both visual

and aural warnings to the pilot.
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Aura Warnings

The audio cues are intended to be the primary warning cue, and are presented simultaneously
with the visua cues. The voice warnings are 3-6 dB above normal cockpit communications with
afemale voice inflection that communicates the sense of urgency of the situation. Multiple audio
warnings will be issued during the recovery if the situation requires. Each audio cueisissued so
that the aircrew will hear the entire directive cue, and cannot be interrupted. Thisis a hardware
limitation with the amplifier, control intercommunication (ACl), which generates al F/A-18
audio cueing. The warnings are issued until the warning condition no longer exigts.

Aural warnings consist of the following cues:

- “Roll Left, Roll Left”
- “Rall Right, Roll Right”
- “Pull-Up, Pull Up”
- “Power, Power”
- “Check Gear”
Multiple aural cues may be required for asingle recovery. For example, most ORT recoveries

issue a“Roll Left/Right” followed by “Pull Up”.

Visual Cues

The video cueing consists of the“ TAWS arrow” presented in the HUD with at least the same
intensity as the surrounding HUD symbology. The arrow is 50 mr wide and 150 mr high (for the
F/A-18 implementation), drawn around the optical center of the HUD. The arrow hasanotch in
the bottom so that the direction of the arrow can be ascertained from either the top or bottom. In
some cases, the top of the arrow may not be instantaneoudly visible in the HUD. The arrow

remains on the HUD as long as the Warning Mode is set.
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There are two orientations for the arrow in the HUD, set according to the commanded
recovery trgjectory. For the Vertical Recovery Trgectory, the arrow will be presented
perpendicular to the horizon; that is, pointing “up” in the inertial coordinate system, as shown in
Figure 5-4 where the aircraft is shown rolled 45 deg | eft.

For the Oblique Recovery Trgjectory, the arrow will remain fixed to the aircraft’s Z-axis
pointing “up”, as shown in Figure 5-5. The orientation of the arrow is dependent upon the

parameter desired recovery path determined by the TAWS algorithm.



244

350 000

010
| | |
A
5 -390
400
_$_\ \5
/\ ~
\/
5 \

Figure 54

HUD Indications for Vertica Recovery Trajectory



350 000 010
| |

L]

Figure 55
HUDIndications for ORT Recovery




6. FLIGHT TESTING TAWSON THE F/A-18

Just as the maneuvering envelope and mission requirements define the system design for
terrain warning systems on military aircraft, the requirements for testing such a system are
likewise expanded when compared with those intended for commercial aircraft. Flight testing the

TAWS system recently developed for the F/A-18 provides an example.

BACKGROUND

Development of the F/A-18 TAWS system required a large number of teststo vaidate the
approach and assumptions inherent in the system design. Numerous simulation events were
required to tweak the algorithms to provide the maximum amount of protection while minimizing
nuisance warnings. Flight testing was also required to validate that the system did not provide
nuisance warnings while the aircraft was operating in it intended environment performing
tactically relevant missions.

The TAWS test effort was undertaken as an integrated system test involving multiple test
techniques using both simulation and flight tests. Complementary use of smulation and flight
test using altitude safety buffers and a host of risk mitigations was the key to developing a robust
safety system that minimizes nuisance warnings. The objectives of the flight test program are
summarized in Table 6-1.

Flight testing was carried out in several phases with both F/A-18C/D and E/F variant aircraft,
which are aerodynamically very different, in order to verify that the configurable parameters were
optimized for each. Two categories of flight testing were required: performance flight testing and
nuisance cue testing. Since TAWS was designed to be a last-ditch safety system, it obvioudy

could not be flight tested safely in its intended operating environment. Because of this, a number



Table 6-1

F/A-18 TAWS Test Requirements and Evaluation Criteria [10]

REQUIREMENT

TESTS

CRITERIA

Ensure warning cues

Pilot maneuvers aircraft to

Warningg/transitions as

appear at the design generate terrain closure, excessive | designed.
thresholds/time sink rate, excessive bank angle,

floor altitude and gear up

warnings. Recover aircraft.

Exercise mode transitions.
Ensure trgjectory Pilot maneuvers aircraft into Actud vs. computed
components and bottom trgjectory warning. Upon receipt | warning altitude within
out altitudes. of aural/visua cues, pilot greater of either:

executes recovery.

10% of trgjectory dtitude or
100 ft.

Ensure that the number of
nuisance cues has been
minimized

Normal fleet operati onswhich
approach warning boundaries:

Low level flight operations

Nuisance Cues: lessthan
8% of the intended
maneuversevents. For Low

Simulated weapons level flight operations 1
delivery at minimum minute of flight equals 1
atitudes event.
LAT P less than 8%
Off nominal approaches (ﬂgalgg)than -
nw 0
VFR approaches, etc. (objective)
Ensure that assumed Test pilot closes hiseyesto Psw greater than 60%
parameters are sufficient | simulate loss of SA; aircraftis (threshold)
to prevent CHIT then maneuvered into simulated Psw greater than 90%
following loss of CFIT stuation by the safety pilot. | (objective)
Situational Awareness Test pilot initiates recovery at
(SA). warning.
Investigate pilot response,
roll out, G-onset,
sustained G, and bottom
out altitude.
Test for false cues caused | All flight tests and formation No false cues.
by spurious signals (data | flight.

spikes, wingman, power
interruptions, etc.)
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of special techniques were developed to safely conduct flight test while measuring system

performance to the maximum extent possible.

UNIQUE SAFETY PRECAUTIONS

Because of the nature of this flight testing, there was a considerable amount of attention given
to planning the profiles. The desire to test as close to the ground as possible for accurate aircraft
performance and pilot perception needed to be delicately balanced with the required atitude
buffer in order to ensure safety. Some unique methods were developed to provide as much

margin for safety as possible, while fulfilling the flight test requirements.

Flight Test Safety Buffer Altitude

The aircraft mission computer software was modified to allow the use of atemporary false
floor dtitude that raised the perceived terrain elevation above the real terrain, alowing flight test
to be conducted farther from the ground. When the aircraft was configured for flight test, the
pilot was presented with an option to enter a buffer altitude between 0 and 12,700 feet . This
buffer is then subtracted from the TAWS final height above terrain parameter and MSL altitudes
used in al warning calculations. This buffer did not change the indicated altitude presented to the
pilot, or the responses of the aircraft low-altitude warning system which is composed of an MSL
altitude warning setting and the radar altimeter (RADALT) warning setting.

Each time the buffer was enabled or the altitude setting changed, the buffer check procedure
was performed to verify that it was working properly. This involved descending at approximately
300 fpm to verify the warning at 50 ft above the false floor dtitude. The 300 fpm was used to
standardize the procedure at a descent rate low enough so that the warning would not appear
higher than the minimum 50 ft warning provided when a slow descent toward the ground was
occurring. (Higher descent rates would move the warning higher.) The buffer check flight test

card is presented in Figure 6-1.



Profile Planning

All dive profiles were planned using the Aircraft Target Area Maneuvering Simulation
(ATAMS) weaponeering program using worst-case aircraft gross weight and test conditions.
Tolerances for dive angle and airspeed were defined, and using the worst case of al parameters
that contribute, the expected atitude loss was calculated for every event. The ATAMS dltitudes
were used because they are dightly more conservative than those derived from the TACMAN
diverecovery charts.

The expected dtitude lost was used to determine the “terminate run atitude” which was the
minimum altitude allowable to ensure the aircraft recovered above the “ bottom out atitude.”
Table 6-2 shows the bottom out altitudes that were used, which differed as a function of dive
angle.

Using the terminate run altitude and minimum bottom out atitude, the required buffer altitude
could be determined so that the expected TAWS warning could be forced away from the terrain
for testing. Buffer atitudes were chosen so that there was ample time during the dive for the
expected TAWS warning to be given and the recovery started prior to the terminate run atitude.

Figure 6-2 shows the relationship between the various atitude parameters.

Safety Observers and Displays

Even though the safety atitudes were defined, it was determined that the test team needed to
monitor the atitudes and other safety critical parameters to be prepared to make knock-it-off calls

at the terminate run altitude if the TAWS system failed to provide warnings. The test team was

Table 6-2
Minimum Dive Recovery Bottom Out Altitudes
DIVE ANGLE (Degrees) BOTTOM OUT ALTITUDE (ft)
0-9 500
10-19 1000
20-37 2000
38-50 3000
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Flight Event:  214/107 F/A-18 Advanced Weapons Lab rightpae 1212000
Buffer Setting/Check

A

5,200 AGL
300 = 30
KCAS

0° +10° AOB

MSTR MODE: NAV
HUD

MSTR ARM:  SAFE
WPN:

VIDEO: Software Altitude

HUD LCAM LCAM LCAM Warnings
VIR1 VTR2 VTR3 VTX BARO: 8,100 RDR:0

1. Set Safety Buffer:

Unit 28

Address 21016

Data 11754 (5,100 ft)
2. Set RALT min

3. SetBaro 8,100

3. Descend at 300 fpm

4. Verify “Pull-Up, Pull-Up” at 5,150 ft AGL

5. Perform G-Warm

Next: Warmup 1
13,200 ft MSL / 200 KCAS

E/F TAWS

Figure 6-1
Flight Test Buffer Check Card
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organized with a safety observer and the test conductor monitoring displays in the control room to

provide an independent abort call if required during each run.

Telemetry Data System

To do this, anumber of aircraft parameters had to be telemetered to the ground. The standard
flight test telemetry (TM) system on the F/A-18 test aircraft was capable of monitoring all of the
required parameters, and sending them to the China Lake Range Control Center (RCC) baysin
real time. The required parameters are listed in Table 6-3.

In addition, it was determined that the test team should use an alternate altitude source to make
the abort determination in case the atitude sensors aboard the aircraft (which were of course aso
used as inputs to the TAWS system) should provide inaccurate data. For this reason, the aircraft
was configured with an Advanced Range Data System (ARDS) pod, which uses differential GPS

to determine precise Time/Space/Position Information (TSPI) and relayed it to the RCC bays.

SAfety Displays
Because of the very dynamic nature of the safety data, a determination was made to design

some specia displays to show the required information graphically in order to ensure that it was
evaluated correctly during each event. For the CFIT protection flights, a graphical display was
developed which plotted altitude and dive angle against a template showing the dive angle
tolerances and terminate run altitude, so that it was relatively easy to determine if the aircraft was
outside the envelope which determined the dtitude lost during recovery. A sample display is
shown in Figure 6-3. Note that the atitude is shown as AGL atitude. Asmentioned, an
independent altitude source was used to drive the safety display, however, the ARDS pod
provided only MSL altitude, which was converted to worst case AGL dtitude by assuming a

suitable terrain height. The highest terrain in the range area was used, which resulted in a
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Table 6-3
Required Real- Time Data Parameters [ 10]

Critical Test Parameters Critical Safety Parameters
Airspeeds (VCAL, VTRUE) Airspeeds (VCAL, VTRUE)
Dive Angle Dive Angle
Radar Altitude Altitude (ft AGL)
Baro Altitude Normal Acceleration (N, (G))
TSPl Altitude Mach Number
Verticd Vdocity Angle of Attack
Bank Angle
Stick position
TSPI Lat/Long
Hot Miketo RCC

conservative estimate of actua aircraft AGL dtitude, depending on the terrain below. The dive
angle data was taken from the aircraft telemetry stream. Severd other similar displays were
developed for use during nuisance warning testing, where no atitude buffer was used. The Low-
Altitude Tactics (LAT) display is shown in Figure 6-4.

LAT maneuvers were performed over level ground, so the known terrain elevation was used in
conjunction with the ARDS dtitude data to provide accurate AGL atitude for use on the display
without resorting to aircraft derived data. This provided for an extra measure of protection with
accuracy that supported the desire to test to a minimum altitude of 200 ft.

A similar display, shown in Figure 6-5 was used for weapons delivery profile nuisance

warning testing.

Safety Pilot
The use of a back-seat safety pilot was mandated for some of the testing, to ensure that if the

primary pilot were to be disoriented, there would be some means of recovering the aircraft. This
was particularly important for the “closed eyes’ CFIT testing where the front seat pilot was

deliberately disoriented to evaluate the recovery performance of the system when the pilot had
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suffered aloss of situational awareness— a primary reason for implementing the TAWS system.
The primary test aircraft was configured in the “trainer configuration” with flight controls in both

the front and aft cockpits.

Simulator Requirements

In addition to the heavy use of the Manned Flight Simulator for agorithm development, the
simulator was used to pre-fly all test points. It was deemed a safety requirement that all aircrew
develop and maintain proficiency for TAWS testing prior to actual flight test events. Thisaso
helped devel op the starting points for some of the more difficult scenarios, which were very
dependent on technique used to get the aircraft to the required point in the sky with the proper
attitude and airspeed desired. Table 6-4 summarizes the simulator requirements for both primary

Test Pilot and Safety Pilot for the different events.

ADDITIONAL SAFETY PRECAUTIONS

In addition, a number of common flight test “best practices” were used in combination to
assure maximum safety. The concept of “build-up” was applied, which dictated that the events
be done in a particular order with the functiona flights flown first. This aso drove the desireto
flight test at higher altitudes before moving the profiles either faster or lower. Likewise, practice
events and those with lower g-onset rates were flown first.

Also, the Naval Air Systems Command Test Hazard Analysis process was applied to al
aspects of this flight test program to identify, categorize and attempt to mitigate all idertified
risks. Each identified risk was mitigated in some way, and then the residua risk was assessed for
severity and probability in order to categorize the remaining risk. The residual risk matrix is

presented in Table 6-5.
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Table 6-4

Pilot/Flight Simulator Proficiency Requirements [10]

Flight MFS flight Practice FHight
, Required within 45 days prior to :
Functiona Test functional test flight. None required.
Low level * None required. None required.
— Required within 30 days prior to Required within 14 days prior to
LAT Testpilot™ | AT practice flight.® LAT test flight
Required within 30 days prior to Back or front seat practice flight
LAT Safety pilot * | LAT practice flight.® required within 14 days prior to
LAT test flight. *°
— Required within 45 days prior to :
CHT Test pilot CFIT test flight. None required.
CFIT Safety pilot | Required within 45 days prior to :
7 CFIT test flight. None required
Simulated Required within 45 days prior to
Weapon Delivery | weapons test flight. None required.
profiles
Off Nominal None required -
Approaches® None required.

Notes. 1. Must have flown 500 ft low level test flight prior to 200 ft (same route).
2. Must have been F/A-18 LAT qudified.
3. Must have previoudy completed aLAT instructor course.
4. Must have flown 500 ft or lower low level within 14 days prior to LAT practice

flight.

5. LSO required

o

Must have flown within 7 days prior to flying LAT.
7. Refresher required within 15 days of test flight.




The complete Test Hazard Analysis for the F/A-18 TAWS test program is listed in appendix
B. Theoverdl flight test category was assessed as Category B, which determined the level of
oversight and test team qualifications.

Another standard flight test practice that was used was the use of chase aircraft. Thiswas
mandated for some flights, in order to provide an external appraisal of potential dangerous
atitude trends while in the low-level environment. Thiswas primarily used for the LAT nuisance
testing, and is representative of fleet training practice.

The aforementioned test techniques and practices were all implemented in order to minimize
risk. The following sections describe the flight tests in detail as well as the test techniques used

to ensure safety.

SYSTEM PERFORMANCE TESTING
Performance flight tests were segregated into three types, and conducted in accordance with

logical build-up for a developmental system.

Functional Warning Verification

The first phase of flight test was dedicated to verification of basic system functionality. The
flight test safety buffer atitude (discussed in alater section) was verified, an evaluation of aircraft
positioning and DTED accuracy was performed, as well as a verification of the graceful
degradation of the system when DTED data was invalid or position information was limited.
After basic warning functionality was verified by diving towards the ground (with safety buffer),
the forward looking capability of the system was evaluated. This was done by picking aterrain
feature on the range with abrupt sides and flying directly toward it to verify warnings. Figure 6-6
shows the terrain feature used (renamed “TAWS Mountain” by the test team).

These tests were conducted using several profiles with the aircraft RADALT both on and off,

with the aircraft configured in a“light” configuration with only a center-line externa fuel tank
49



Table 6-5

Residua Risk Matrix

Hazard Severity
Mishap
Probability ! : 1 v
Catastrophic Critical Marginal Negligible
A - Frequent | UA UA Risk Category C | Risk Category B
B - Probable | UA Risk Category C | Risk Category C | Risk Category A
C- (Note 1) Risk Category C | Risk Category B | Risk Category A
Occasional
D - Remote (Note 2) (Note 2) Risk Category A | Risk Category A
Notes:

1. The determination of atest project whose residua risk assessment falls under 1/C will
require up front discussions with TCT prior to proceeding with the test program
development.

2. Assignment of Risk Category where residua risk falls under I/D or 11/D will require up
front discussions with the TCT to determine whether Risk Category A or B is applicable.

3.UA - Unacceptable risk, project residua risk too high to proceed.

4.Risk Category C - Test or activities which present a significant risk to personne,
equipment or property, even after all precautionary/corrective actions are taken.

5.Risk Category B - Test or activities which present a greater risk to personnel, equipment
or property than normal operations.

6.Risk Category A - Test or activities which present no greater risk than normal operations.




Figure 6-6
Forward Looking Analysis Testing Terrain Feature
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and wingtip ARDS pods. The first was alevel approach to the mountain using a 1,000 ft buffer
as depicted in Figure 6-7. (The peak was at 5,600 ft MSL)

Second was a diving approach to the mountain shown in Figure 6-8. Thiswas aso performed
with the RADALT both on and off. The points marked “B” and “C” were the terminate run
atitude and planned bottom out atitude respectively.

The third scenario was a climbing approach to the terrain feature. This was conducted only

with the aircraft RADALT on and is shown in Figure 6-9.

CFIT Protection

The next phase of testing wasthe CFIT protection evaluation of the system, and was the most
dynamic. Thisinvolved maneuvering the aircraft toward terrain at varying rates to determine the
accuracy of the warnings and terrain clearance during the recovery. Thiswas done with avariety
of safety buffer atitudes over level and mountainous terrain with the aircraft configured in one of

three ways. A baseline configuration named, “Fighter Escort — Clean” (FE/CL) and a high gross

/ Projected TAWS
‘ Recovery

Heading 060°

6100 ft MSL
400 KCAS e

Y
¥

[\ 5600 ft

1000 ft
! “ MsL

Buffer

2500 ft MSL

Figure 6-7
Level Approach Forward Looking Analysis
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weight configuration called the “interdiction” (INT) load were used for most tests to verify the
edges of the system performance envelope. In addition, an asymmetric load (“ASYM”) was
defined to verify the agorithm’s accuracy when the aircraft’ s roll rate and roll limiter were
invoked due to an asymmetric configuration. The CR or “Cruise Configuration”, which consisted
of gear up and flapsin “auto”, was used for most testing, although the “Power Approach” (PA)
Configuration of gear down with flaps fully extended was used to test landing pattern scenarios.
The F/A-18E/F aircraft external stores stations are depicted in Figure 6-10, and the external stores
loads are presented in Table 6-6.

CFIT protection flights utilized a“Test Pilot” in the front cockpit, and a* Safety Pilot” at the
controls in the back cockpit. To thoroughly evaluate the entire system, the effects of a disoriented
pilot needed to be included in the recovery. To do this, each run began with the Safety Pilot
maneuvering the aircraft into the point, while the Test Pilot turned his head, closed his eyes ad
performed some mental task during the setup to induce a loss of situational awareness. When the
TAWS aura warning occurred, the Test Pilot reacted to the warning and recovered the aircraft as
if hislife depended on it. The entire Test Pilot response and recovery, including the initial
reaction, g-onset rate, roll rate and intuitive nature of the recovery cues (i.e. did the Test Pilot

follow the arrow for the recovery while trying to regain SA?), was evaluated. In the instances

Figure 6-10
F/A-18E/F Externa Stores Stations
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Table 6-6
F/A-18E/F TEST LOADINGS

Loading | Station |Station | Station | Station Station Station Station Station | Station | Station | Station
(Weight) 1 2 3 4 5 6 7 8 9 10 11
FE-CL | ARDS CATM-120 | TANK | CATM-120 ARDS
(53,495 Ibg) | POP POD
INT ARDS MK84 | MK84 | CATM-120 | TANK | CATM-120 | MK84 | MK84 ARDS
(61,500 Ibs) | POD LDCFA |LDCFA LDCFA | LDCFA POD
ASYM | ARDS MK 84 TANK ARDS
22K ft-lbs | POD LDCFA POD
RWH
(54,787 |bs)

where a“crash” occurred, and the aircraft flew below the buffer altitude, the data were used to re-
stimulate the simulator to understand where agorithm adjustments were required.

The Safety Pilot was prepared to take control of the aircraft if the Test Pilot reacted incorrectly
to the warning cues, or initiated a recovery at the terminate run atitude if no warning was
generated.

In addition, practice runs with the Test Pilot’s eyes open were conducted for the most
aggressive runs in order to mitigate risk. This alowed the aircrew to become familiar with the g-

onset required to avoid aircraft overstress during testing.

CHIT Protection Over Level Terrain
CFIT flights over level terrain were conducted with both FE/CL and INT loadings with test

conditions ranging from 150 KCAS to transonic (0.92 IMN) airspeeds, aircraft attitudes of level
to 120° AOB, and dive angles between level and 45° at the warning point. Each loading required
adifferent test setup in terms of safety buffer atitudes because of the changes to aircraft
performance caused by the differences in gross weight and drag. A summary of the test points

and their safety buffer atitudes are shown in Tables 6-7 and 6-8.
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CHIT Protection Over Mountains
Testing over varied terrain provided some additional challenges to the test team because of the

assumptions that needed to be made to implement the safety buffers. The safety buffers and
subsequent atitude cal culations for terminate run altitude and expected warnings relied on
knowing the actual ground level below the aircraft. Over mountainous terrain the worst case
(highest locdl terrain feature) had to be assumed for safety. Therefore, if the aircraft was not over
this terrain feature during the setup, warnings would not be triggered at the expected atitudes,
and the terminate run altitude would be penetrated causing a knock it off cal by the safety
observer. To mitigate this, the buffer altitudes had to be moved up to alow some “dop” to
account for this while still providing the required worst case safety independent of terrain.

Due to the varied terrain, it was also determined that these tests should be performed with the
Test Pilot’ s eyes open using only the FE/CL stores configuration. Actua performance of the
entire system was extrapolated using the pilot response information gathered while testing over
level terrain. Likewise, aircraft performance at the heavy gross weight configuration was verified
sufficiently over level terrain. Figure 6-11 shows the actua terrain used for testing, with the
highest terrain elevation noted. Table 6-9 shows the list of test points and their associated buffer

altitudes.

Asymmetric Dive Recoveries
A subset of the CFIT dive recoveries was tested with the ASY M external stores configuration,

which resulted in asymmetry near the aircraft limit. The test was conducted over level terrain
with the Test Pilot’s eyes open. Risk mitigations included build-up consisting of practice runs at
stepped up atitudes and before the PA configuration test as well as the safety observers and
displays located in the control room. Table 6-10 depicts the buffer and planned event altitudes

for each test point.



Table 6-7
CHIT Over Leve Terrain Events— FE/CL Loading

2 | g &8s |2 |
o | to | B |92 |82 |Beg| Geg
5|5 | B3| <B| o8| 35 |BE 828 E2s
o g | 2= | O2 | s | Do |g<e| E<s
R &) < S~ | §%5 c |5 =
< < =23 g [t
= T =
F5.P1 | CR 250 5+ 0 7586 5100 5150 2982
F5.P2 CR 550 25+ 0 9118 5100 5150 6258
F5.1 CR 550 40+4 | 40L 11322 5100 5150 9786
F5.2 CR 450 | 30+5| 120L 8834 3700 3750 7862
F5.3 CR 450 [ 3v+3| 30L 8265 3700 3750 7161
F5.4 CR 550 | 25+2 0 7718 3700 3750 6253
F5.5 CR 250 | 305 120L 6983 3000 3050 6230
F5.6 CR 350 | 30+3]| 20R 6616 3000 3050 5858
F5.7 CR 450 | 202 0 6312 3000 3050 5450
F5.8 CR 250 | 20+x2| 30R 5465 2500 2550 5110
F5.9 CR 250 | 20+4| 80R 5912 2500 2550 5577
F5.10 | CR 350 | 10+3| 60L 4441 1600 1650 3989
F5.11 CR 450 10+ 3 80R 4501 1600 1650 4110
F5.12 CR 450 5+2 0 4191 1600 1650 3147
F5.13 | CR 450 5+2 | 30R 4163 1600 1650 3182
F5.14 | CR 250 5+2 0 4086 1600 1650 2982
F5.P3° | PA 150° | 15+2 0 4498 1600 1650 4029
F5.15° | PA 210 5x2 30R 4101 1600 1650 3024
F5.16° | PA 150° | 15+2 0 4498 1600 1650 4029
Notes: 1. Calculated for a 53,500 |b aircraft and the lesser of 5 G or 80% of available G
recovery.
2. Airspeed not less than on-speed AOA.
3. 2G and maximum landing weight (50,600 Ib)
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CHIT Over Leve Terrain Events— INT Loading

Table 6-8

R | ¢ |Bg | ¢ <
o | Yo |24 Eo | 82 sgo | §80
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z |5 BS [ S8 | 0l | 5= L<E | mE< | £ES
S | B2 | 27|37 | g2 |28 | B | Exs
= @) < = c o
< 8 =@ 5 -
z |E S
F6.P1 CR 250 5+ 0 7588 5100 5150 2992
F6.P2 CR 550 25+2 0 9198 5100 5150 6357
F6.1 CR 550 40+4 40L 11521 5100 5150 10022
F6.2 CR 450 30+£5| 120L 9279 4000 4050 7992
F6.3 CR 450 3BH+3 30L 8679 4000 4050 7293
F6.4 CR 550 25+2 0 8098 4000 4050 6357
F6.5 CR 250 30+£5| 120L 7088 3000 3050 6342
F6.6 CR 30 | 30+3| 20R 6669 3000 3050 5929
F6.7 CR 450 20+ 0 6347 3000 3050 5497
F6.8 CR 250 202 30R 6012 3000 3050 5157
F6.9 CR 250 | 20+4 | 80R 6480 3000 3050 5650
F6.10 CR 350 10+ 3 60L 4447 1600 1650 4001
F6.11 CR 450 10+ 3 80R 4505 1600 1650 4118
F6.12 CR 450 5+2 0 4194 1600 1650 3155
F6.13 CR 450 5+2 30R 4165 1600 1650 3187
F6.14 CR 250 5+2 0 4088 1600 1650 2992
F6.P2° | PA 150° 15+2 0 4498 1600 1650 4005
F6.15° PA 210 5+2 30R 4110 1600 1650 3031
F6.16° PA 150° 15+2 0 4498 1600 1650 4095
Notes. 1. Calculated for a 61,000 Ib aircraft and the lesser of 5 G or 80% of available G
recovery.

2. Airspeed not less than on-speed AOA.

3. 2G and maximum landing weight (50,600 Ib)




Figure 6-11
CFIT Over Mountainous Terrain Test Area
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Table 6-9
CFIT Over Mountainous Terrain Test Points
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F4.P1 CR 250 20+2 0 11040 5100 5150 7968
F4.P2 CR 550 | 40+4 0 14023 5100 5150 12392
F4.1 CR 550 | 40+4 0 14023 5100 5150 12392
F4.2 CR 450 | 3B+3 0 10987 3500 3550 9836
F4.3 CR 450 | 202 30L 9938 3500 3550 8767
F4.4 CR 450 | 30+4 80R 11290 3500 3550 10325
F4.5 CR 550 | 20+3 50L 10560 3500 3550 9463
F4.6 CR 330 | 30+4 60R 10350 3500 3550 9205
F4.7 CR 250 20+2 0 9440 3500 3550 7968
F4.8 CR 450 | 10+4 | 120L 7910 1600 1650 7643
F4.9 CR 250 | 10+4 | 120R 7648 1600 1650 7182
F4.10 CR 350 10+ 2 20L 7335 1600 1650 6787
F4.11 CR 50 | 10+2 0 7507 1600 1650 7005
F4.12 CR 550 | 10+2 40L 7695 1600 1650 7263
F4.13 CR 220 | 10+4 80R 7612 1600 1650 7149
F4.14 CR 250 5+2 30R 7149 1600 1650 6085
F4.P3’° PA 150° | 15+2 30R 7515 1600 1650 7172
F4.15° PA 190 5+2 0 7145 1600 1650 6039
F4.16° PA 150° 15+ 2 30R 7515 1600 1650 7172
Note: 1. Cadculated for a53,500 Ib aircraft and the lesser of 5 G or 80% of available G
recovery.
2. Airspeed not less than on-speed AOA.
3. 2G and maximum landing weight (50,600 Ib)
4, All atitudes based on highest local terrain elevation of 5348 feet MSL.
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Nuisance Warning testing

The fina phase of testing was nuisance warning evaluation. The system design made trade-
offs in performance to reduce nuisance warnings as much as possible because of prior experience
with GPWS, which initially was prone to nuisance warnings. To verify this, a series of tests were
flown to probe the edges of the aircraft operating envelope. No buffer altitudes or other

limitations were imposed on the aircraft for these flights.

Low-Level Performance

Two nuisance warning low-level routes were devel oped and flown to ensure that tactically
representative maneuvers made during low-level flight would not result in warnings. These
routes included mountainous terrain, ridgeline crossings, canyons and flight over water. They
were flown with both the FE/CL and INT loads, first at 500 ft and then at 200 ft. Safety
mitigations included buildup, and a chase aircraft for the 200 ft evaluation. The routes were
flown at 450 — 540 KCAS. Figure 6-12 details one of the two routes within the R2508 restricted

area.

Low Altitude Tactics
Another potentia source of nuisance warnings was the standard maneuvers and dive angle

rules that make up Low Altitude Tactics (LAT). These are Three Dimensiona (3D) evasive
maneuvers that are flown to within 200 ft of the ground in strict accordance with a set of rules
that detail dive angle and altitude. The test team used the safety displays detailed earlier and a
safety observer in the control room to provide a knock-it-off call if required. These standard
maneuvers were flown with a LAT qualified Test Pilot and LAT instructor Safety Pilot in the
back seat. All points were flown first in the ssimulator, and severa proficiency flights were flown
togan LAT currency prior to the flight tests. LAT dive rule recovery points are shown in Table
6-11.
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Table 6-10
Asymmetric Dive Recovery Test Points

o c
N (O] a} — >
o "@ |2 |9 _|2¢58Se |83¢T| $¢a
c = < <3 P|ESOQ MSo| €50 g 50
g | 5| 80 |58 | ol |5E<|g2E€|568<| E2<
Ol B | 27| 2T |2<£|28< |ag<e| E<&
= | L R m )
< —
SI4PL1[CR| 550 |40+4| 40L 9764 6200 6250 7300
S1411 [CR| 550 |40+4| 40L 8764 5200 5250 7300
S14.1.2 | CR 450 30+5| 120L 6196 3600 3650 5200
S1413 [CR| 250 [30+5| 120L | 4679 2900 2950 4000
S14.14 | CR 450 20+ 2 0 3819 2900 2950 3100
S1415 [CR| 250 [20+2| 30R | 3620 2900 2950 2900
S1416 [CR| 350 [10+3| 60L 1979 1400 1450 1700
SI4PL7|PA | 210 | 5t2 | 30R | 1631 1400 1450 800
S1417 [PA| 210 | 5+2 | 30R 931 700 750 800

Notes. 1. Calculated for a61,000 |b aircraft and the lesser of 5 G or 80% of available G recovery.
2. Airspeed not less than on-speed AOA.
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Figure 6-12
TAWS Low-Level Nuisance Route



The 3D LAT maneuvers consisted of the Straight-ahead Oblique Jink (SOJ), Vertical Jink,
Reverse Oblique Jink (ROJ), and Turning Oblique Jink (TOJ), as listed in Table 6-12, which

details the test points and bottom-out altitudes.

Weapons Delivery Recovery Testing

Some weapons delivery profiles at the edges of the aircraft performance envelope were also
flown to check for possible nuisance warnings. While no weapons were released, these were
performed with the heavy INT loadout and were conducted on the range with the test team safety
observers and displays. All points were flown in the smulator first, and buildup was applied by
flying the fastest point at each dive angle at stepped up atitudes prior to lowering the profile to
the minimum altitude. The altitude lost during these “warmup” ddlivery profiles was compared
with the predictions before moving down. The “Z-Diagrams’ detailing the dive delivery
parameters are presented as Figure 6-13. Recovery was initiated at the release atitude or the

aircraft “Break-X" (aHUD bombing mode symbol which indicates the weapon has insufficient

Table 6-11
LAT Dive Rule Recovery Test Points

Run KCAS . Dive Recovery _ Bott(_)m-out
Dive AOB Altitude Altitude
F12.2.1 420 10 0 500 200
F12.2.2 480 10 0 500 200
F12.2.3 520 10 0 500 200
F12.2.4 420 25 0 1500 200
F12.2.5 480 25 0 1500 200
F12.2.6 520 25 0 1500 200
F12.2.7 420 20 0 1000 200
F12.2.8 480 20 0 1000 200
F12.2.9 520 20 0 1000 200




Table6-12
3D LAT maneuvers

Dive Recover
Run Maneuver | Climb Angley Delay (sec) Bc:ltt(i)tﬂ-jcéut
(deg)
F12.3.1 S0OJ 20 0 200
F12.3.2 Vert Jink 20 0 200
F12.3.3 ROJ 20 0 200
F12.3.4 TOJ 20 0 200
F12.3.5 SOJ 25 0 200
F12.36| Vertdnk 25 0 200
F12.3.7 ROJ 25 0 200
F12.3.8 TOJ 25 0 200

time to properly arm) whichever comes first. No buffer atitudes were used.

Off-Nominal Approaches

The final nuisance warning check was during smulated off-nominal carrier landing
approaches. While a primary designed use for the system includes providing protection around
the carrier landing pattern, there was some concern that warnings might be given in off-nominal,
but not CFIT imminent conditions. Therefore several series of approaches was designed which
included fina corrections near the touchdown point to see whether warnings would be triggered.
These tests were run under the control of a Landing Signal Officer (LSO) just as they would be
during a carrier landing, but were performed at China Lake rather than at an actua aircraft carrier.
The LSO acted as the safety observer, ready to call awave-off if adverse trends were noted

during testing. Tables 6-13 and 6-14 summarize the approach and landing points tested.



Practice 1 F12.1.3

9000 ft, 450 KCAS o 8000 ft, 400 KCAS o7°

\

550 — 590 kis S30KCAS

580 KCAS
0.95M
600KTAS

Initiate Recovery 3432 ft

Bresk X 2200ft

Bresk X 2600 ft Initiate Recovery 21741t

31° K 30°

31°

500 — 540 kts

Bottom Out 1500 ft Bottom Out 500 ft
F12.1.2 F12.1.4
8000 ft, 350 KCAS 27° 8000 ft, 450 KCAS

31°

470 KCAS 580 KCAS
480KTAS 0.95M
440 — 480 kts 600 KTAS

Initiate Recovery
Break X

Break X

Initiate Recovery 24321t

550 — 590 kts

Bottom Out 500 ft Bottom Out 500 ft

Figure 6-13
Weapons Delivery Nuisance Warning Test Dive Profiles
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Table 6-13

Off-Nomina Approach and Landing Scenarios

Approach # Pass

F13.2.1

VFR approach,400 KCAS 1000 foot break at
numbers, tight pattern, flared, Touch-and-Go

Touch-and-Go, repeat as required.

VFR approach, simulate IFR approach, break out at
F13.2.2 200 feet, high on centerline over end of runway, flare,

VFR approach, 400 KCAS 1500 foot break at

F13.2.3 numbers, tight pattern, flare, Touch-and-Go.
VFR approach, simulate IFR approach, break out at
F13.24 200 feet, high over end of runway and 200 feet right
- of centerline, descend to runway and flare, Touch-and-
Go, Repeat asrequired.
Table 6-14
Off —Nomina Carrier Landing Scenarios
Approach # Pass L SO notes
Nominal pass. OK
F13.11 1 _baII high Start, correct to on glidesope by in the HX HCDIM
middle position
F13.1.2 2 !oall high Start, correct to on glidedlope by in the HX HCDIM
middle position I
F1313 | 1 bal highfrom start to in the middle, correct to on HX-IM HCDIC
glidesope by in close position
High overshooting start, 2 ball high overshooting
F13.1.4 start, correcting to on glidesope and on lineup by in - | HOSX CD-LUIM

the middle
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7. CONCLUSIONSAND RECOMMENDATIONS

Flight testing terrain warning systems intended for use on high performance aircraft presents
many unique challenges due to the required operating envel ope and basic assumptions made in
their design. Thereisusudly very little margin alowed for recovery once awarning is issued,
and testing such systems thoroughly and safely can be extraordinarily difficult.

As discussed in the previous section, some particular techniques can be employed to both safely
and thoroughly test such systems.

First, some means of eevating the testing away from the true terrain must be used if the
system is designed to provide last second warnings that would be too hazardous to test without
sensible terrain clearance factors. The use of a designed-in capability for “tricking” the system
into adding a safety buffer to calculated results while still using aircraft sensor inputs should be
considered.

The use of smulation to extend test results can provide a means of affordably testing a system
safely throughout an aircraft’ s operating envelope. Though the cost of developing and validating
the models using carefully constructed flight tests can be expensive, it is cost effective when
considering the cost of repeated flightsin a fly-fix-fly scenario which is often required to
optimize protection agorithms and minimize nuisance warnings. In addition, smulation
scenarios that are unsafe to fly can be run to test system operation to the extreme edges of the
alrcraft operating envelope. It is recommended that ssmulation models be devel oped and
validated for use in testing terrain avoidance systems.

Since terrain warning systems rely on aircraft sensors to provide inputs, considerable risk is
generated by using those sensor to provide safety information during flight test. A single sensor
malfunction could result in failure to initiate a timely recovery. In addition, test pilot task
saturation or fixation can also result in failure to recover from test maneuvers near terrain. These

risks can be mitigated by instrumenting test aircraft with redundant sensors, as well as telemetry
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systems to relay appropriate data to dedicated safety monitors that can focus solely on issuing
backup recovery initiation callsif required.

In addition, thorough testing of terrain avoidance systems intended for high- performance
arcraft would require an inordinate number of flights to cover all of the possible permutations of
aircraft configuration, externa stores asymmetry and maneuver envel opes possible for modern
multi-mission aircraft. A worst-case set of configurations should be defined to maintain
confidence that the system will work as expected throughout its intended operating envelope.

Also, the nature of terrain avoidance system testing, where most events need to occur in
proximity to terrain, introduces some unusual risks into a planned test program. Close attention
to detail and a very rigorous safety review process must be utilized to ensure that nothing is
overlooked, and that the planned events are safe.

Table 7-1 summarizes the recommendations for conducting safe and effective flight tests of

terrain avoidance systems intended for use on high performance aircraft.

Table 7-1
Summary of Recommendations

Recommendation

1 | Design a system safety buffer to move testing away from terrain

Simulation models must be validated and used to verify proper warning generation at
2 | the edges of the protection envelope and to optimize CFIT protection versus nuisance
warnings.

Instrument the test aircraft with telemetry for use in providing dedicated safety
displays on the ground for backup recovery calls.

Worst case gross weight, asymmetry and operational scenarios should be developed to
4 | spot check system operation throughout the aircraft operating envelope for al mission
areas.

A rigorous safety review process should be utilized to ensure safety when developing
test scenarios
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APPENDIX A

Table A-1
F/A-18 TAWS Configurable Parameters
Array F-18CD F-18EF
OffSet | Parameter Name Description vaue vaue
0 [Aircraft_Type Determines which aircraft TAWSisin 2 1
1 |Bank Thresnold Thr@hold for when "close enough" to 30 30
— Ending_Roll
2 | Cruise Clearance Altitude Targeted bottom-out atitude 50 50
3 | Data Invalid_Threshold Maximum number of invalid DTED points 5 5
4 | Default Weight Fail safe gross weight value - used when 30000 | 40000
weight is available
5 [ Gear_Structura_Limit Landing gear sink rate structural limit 24.8 26.4
6 [ Landing_Altitude Threshold Maximum altitude for landing profile 500 500
7 | Landing_Clearance_Altitude Targeted altitude for structural gear limit 10 10
8 | Maximum G M axi mum value for target normal 5 5
- acceleration
9 | PA_Lift_Coefficient Lift coefficient for landing profile 15 155
10 |Pilot_Delay Time Basic pilot reaction time 1 1
11 | Reference Weight Reference weight for G-limiter 32357 42097
12 | Roll_Mode_Constant Roll mode time constant 05 0.5
13 | UA_Lift Coefficient Lift coefficient for cruise profile 1.7078 18
14 | Wing_Area Wing areafor lift computation 400 500
15 | Dyn _Press Threshold Threshold for switching between PA & UA 202 195
16 |Landing_Airspeed Threshold Maximum airspeed for landing profile 200 200
17 | Close_to_ground Minimum value for believable DTED_HAT 10 10
18 |DTED Bad K ?é\?l ‘;Ied for DTED_Error when DTED is 299 299
19 |DTED Bad value m;‘%for terrain height when DTED is 32767 | -32767
20 |[First DTED Error Initial value for DTED Error 10 10
21 |[First_Sigma P Initia value for Sigma P 5 5
22 | First_terrain variation Initial value for terrain variations 5 5
23 |1 am_lost M a>.<ilmum value to believe current aircraft 500 500
position
24 |1 am REALLY lost Maximum value to believe aircraft position 5000 5000
- - - when over the ocean
25 | Lowest_Max_DTED_Error Minimum value for Max_DTED_Error 120 120
Value used when checking if the aircraft is
26 | Max_under_ground below the DTED terrain 50 50
27 | MSL_Error_Divisor g r?)IF Error divisor for calculating DTED 20 20
28 | Sigma Mult_for Max_Error ;?(\)/:Omany standard deviationsis Maximum 4 4
. Exponent for terrain height used to
29 [ Terrain_Exponent determine DTED error 0.25 0.25
30 | Terrain_Multiplier Factor for multiplying terrain variation to 2 2
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Table A-1 (Continued)
F/A-18 TAWS Configurable Parameters

Array F-18CD F-18EF
OffSet | Parameter Name Description value velue
determine DTED error
31 |Terrain_Quality Index Conversi on of terrian variation to equivalent 0.25 0.25
of sigma P
32 | Terrain_Variation K Decay divisor for calculating terrain 15000 | 15000
- - variation
Value for Maximum DTED Error when
33 [Max_Error_K DTED isinvalid 99999 99999
34 | Accuracy_Exponent Weighting for 1 frame of Rad_Alt data 3 3
: . - Proportion of Diff_BW_Neighbor to add to
35 | Diff_BW_Neighbor_divisor Final HAT 2 2
36 |Long Bias decay Constan_t to determine speed of decay for 0.998 0.998
Long Bias
37 |Long Bias divisor Constartt to determine how much 1 frame 200000 | 200000
contributesto the Long_Bias
: Weighting of buffer "noise" to add to
38 [ Nuisance K Final HAT 1.0 1.0
Constant to determine part of
39 | Rad_Error K Rad Alt_Error used for noise buffer 0.5 0.5
; Constant to determine speed of decay for
40 | Short_Bias_decay Short Bias 0.90 0.90
41 | short Bias divisor Cons_tant to determine hOW much 1 frame 5000 5000
- contributes to the Short_Bias
- Proportion of Short_Bias used to derive
42 | S.b_divisor noisein Fina_HAT 4 4
43 | Inhibit Timer Threshold Threshold value for inhibit timer to indicate 1 1
— - timeout
44 |Baro Bias FIA -18.b|as pqt i nto INS Baro in some 800 800
transonic conditions
45 |Baro Error_Multiplier SEps(t;C mated error in BARO dtitude based on 0.042 0.042
46 | First_MSL_Error_Est Initial value for MSL Altitude error 50 50
47 | GPS_Alt_Error_Max Altitude error limit for using GPS data 80 80
48 | GPS_Pos Error_Max Position error limit for using GPS data 80 80
49 | Lower_transonic Beginning of transonic mach region 0.95 0.95
50 | Position_Drift_Timer Time of how fong after loss of GPSwelose | g 500
- - position fix
51 | Upper_transonic End of transonic mach region 1.05 1.05
52 | Aura_Persistence_Timer_Threshold Th_r&e_hol d v_al ue for aural persistence timer 4 4
to indicate timeout
53 | Gear Repetition Time Repetitiontime for "Check Gear" when gear 80 80
handle is down
54 | Latch Timer_Bank_Threshold Bank threshold value for latch timer 45 45
55 |Latch Timer Threshold 'I_'hrahold value for latch timer to indicate 20 20
- - timeout
56 | Left Bank Threshold Threshold to determine left/right roll 150 150
command
57 | PA_Power_Threshold Criteriafor using "Power" during landings 85 85
58 | Throttle_Threshold Threshold to determine when at full power 100 46.5
59 [ UA_Power_Threshold Criteriafor using "Power" during cruise 18 18
60 | Enough_bad_hits Number of bad data points needed to disable 500 500

Over_Ocean
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Table A-1 (Continued)
F/A-18 TAWS Configurable Parameters

Array F-18CD F-18EF

OffSet | Parameter Name Description value velue
61 | Exponent_for_Rad Alt_angle Increase in error due to platform not level 3 3

: . How many good consecutive rad alt
62| Need_consecutive_hits readings needed for persistency timer 8 3
63 | Ocean Check MSL_Multiplier Multipl ier for potential error when verifying > >
no terrain over the ocean
64 |Proportion_of_sigma P ;cg;nonal error from terrain roughness 50 50
65 | Rad_Alt_multiplier Proportional radar altimeter error 0.005 0.005
66 | Starting_Rad Alt K Constant radar altimeter error 2 2
67 | Minimum _good Rad Alt HAT M}gg”m valueto believe Rad_Altwith 40 40
68 | First_Pos Error Initial value for Position_Error 100 100
69 | Points to Use H_ow far ahead to look in DTED to calculate 15 15
- = Sigma P
70 |Under_the Earth II; g\gﬁtr-than-poss blevaluefor DTED terrain| ;599 -1000
. Altitude below which COAST should
71 | Coast_Altitude_Threshold transition to OPERATE 4000 4000
. Threshold value for envelope timer to
72 | Envelope Timer_Threshold ignore the radar alfimeter 40 40
: Altitude above which the Radar Altimeter
7 | R Al Th | i )
3 |lgnore_Radalt_Altitude_Threshold may be ignored if not locked on the ground 5000 5000
74 | Level_Terrain_Time_Threshold Time threshold of level terrain 40 40
75 [ Maximum_Coast_Timer Timeout value for the Coast timer 1200 1200
76 | Maximum_Envelope Timer M & mum value for t.he envelope timer for 110 110
ignoring the radar altimeter

77 | Maximum_Ignore Timer Maximum value for the ignore timer for 100 100

- - redar altitude

78 | Maximum Radar Altitude L\,/I amum radar altitude that can be 4950 4950
Radar altitude which is aways ignored

79 | Minimum_Radar_Altitude when above the 10 10
Ignore Radalt_Altitude Threshold

80 [Over_Ocean Elevation_Threshold Tarrain devation thre;hol dfar non-DTED 100 100
over ocean determination

81 | Over Ocean Siope Threshold Terrain slope_thr_eshold for non-DTED over 1 1

- - - ocean determination

82 | Slope Airspeed_Threshold Airspeed above which terrain slope can be 170 170
computed

83 |Terrain_Elevation Timer Threshold | |'Me threshold for erroneous COAST 41 41

- - - terrain elevations

84 | Gear Altitude Threshold Altltyde below which gear protectionis 150 150
provided

85 | Takeoff Timer Threshold ;Il'mg)sﬂfl d value for takeoff timer to indicate 600 600

86 |Waveoff_Airspeed Threshold SAeir: xed below which wave-off can be 200 200

87 | Waveoff_Altitude Threshold SAe'rt]i;Jge below which wave-off can be 500 500

88 | Waveoff_Sink_Rate Threshold Sink rate required for wave-off -16.67 -16.67

89 | Waveoff Timer Threshold Threshold value for wave-off timer to 50 50

indicate timeout
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Table A-1 (Continued)
F/A-18 TAWS Configurable Parameters

Array F-18CD F-18EF
OffSet | Parameter Name Description value velue
90 | Weight Off Wheels Timer Threshold | 17reshold value for weight-off-wheelstime 60 60
to indicate timeout
! Threshold which defines level terrain slope
91 | Terrain Slope Level Threshold for COAST transition 2 2
92 | Maximum_Gonset Maximum Gonset rate during normal 5 5
operations
93 | Minimum_Gonset Minimum Gonset rate 0.15 0.15
94 |Maximum Gonset Nuisance gr/l :;g mum Gonset Rate in nuisance prone 6 6
95 |Radar Altitude Jump_In Threshold Eﬁ‘ eg"“t“de which, when below, is 500 500
96 [Maximum_Radalt Con_Timer gﬂn?;imum value for the Radalt Consistency 10 10
97 | Radalt_Consistency_Threshold Time threshold for consistent radalt data 6 6
98 [Maximum_Terrain_Timer Maximum value for the Calc_terrain_timer 10 10
99 | Maximum_Roll_Time Maximum value for Roll_Time 4
100 |Long_Bias Multiplier_for DTED Long bias effect on DTED_Etrror 2 2
101 | Min_Baro_Error Minimum value for barometric altitude error 75 75
Threshold for bank angle to allow upward
102 | ORT_Bank_Angle Max lift for ORT 72 72
103 | ORT Bank Cos Max Threshol d for cos(bank angle) to allow 0.3 0.3
upward lift for ORT
104 | Avail_Thrust_Con Constant value for available thrust 10177.7 | 32012.41
— — determination
105 | Avail_Thrust_M1 Coefficient for first order mach term in 147452 | -268215
thrust determination
106 | Avail Thrust M2 Coefficient for second order mach termin 0 62407.06
- — thrust determination
. Coefficient for third order mach termin
107 |Avail_Thrust M3 thrust determination 0 27683.1
108 | Avail Thrust A1 Coeff_|C| ent for first o_rder_ angle of attack 0 2 346588
term in thrust determination
109 | Drag_Coeff_Con Constant value for drag determination 0.0052623 | 0.0040243
110 |Drag_Coeff M1 Coefficient for first order machtermindrag | 5 497509 | -0.290672
— _ determination
111 | Drag_Coeff M2 Coefficient for second order machtermin | g 5751954 | 0,5013677
drag determination
112 |Drag_Coeff M3 Coefficient for third order mach termiin 0 -0.240227
- - drag determination
113 | Drag_Coeff A1 Coefficient for first order angle of attack 0.0043428 | -0.007449
term in drag determination
114 | Drag_Coeff A2 Coefficient for second order angle of attack | 51068 | 0,0025667
term in drag determination
115 | Drag_Coeff A3 Coeff_|C| ent for thlrd_ orqer angle of attack 0 0.000035
term in drag determination
Coefficient for first order mach times angle
11 D f MA1 . L -0.01321 .0017992
6 rag_Coeff_ of attack term in drag determination 0.013219 | 0.001799
117 | MinG Minimum G for target normal acceleration 12 12
Weighting of terrain roughnessin
118 | Roughness_Factor determination of MSL altitude for -04 -0.4
trgjectories
119 | Width_of_T_divisor Divisor for determining "T" intersection of 8 8
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Table A-1 (Continued)

F/A-18 TAWS Configurable Parameters

Array F-18CD F-18EF
OffSet | Parameter Name Description value velue
VRT
. : Reduction in G-limiter value due to
120 | High_Altitude G_Bucket Delta transonic flight at high altitudes 1.0 1.0
: Reduction in G-limiter value due to

121 | Low_Altitude G_Bucket_Delta transonic flight at low altitudes 1.0 17

122 | G_Bucket_Altitude Threshold Altitude at which the high/low altitude G- 0 15000
bucket delta changes
M inimum mach number at which the G-

123 | G_Bucket_Minimum_Mach_NoStores | bucket can be engaged with STORES flag 0.95 0.941
not set

- Minimum mach number at which the G-
124 | G_Bucket_Minimum_Mach__Stores bucket can be engaged with STORES set 0.91 0.905
125 | G_Bucket_Maximum Mach Maximum mach number at which the G- 1.04 1.045
- - - bucket can be engaged

126 | Corner_Speed Mlnl_ mum airspeed required to produce the ood ood
maximum G

127 | Maximum_Bank_Angle M""X”T‘“m. bar_1k angle for W.h'Ch th's. 30 30

- - reduction in pilot response time applies

128 | Minimum_Airspeed !\/Iln_lmum alrspeeq for whl_ch this reduction 400 400
in pilot response time applies

129 | Maximum_Airspeed Maximum ajrspee_d for wh_| ch thisreduction 505 505

= in pilot response time applies

130 | Reduced_Pilot_Delay Reduceq pilot response time for nuisance 13 13
prevention

131 | Minimum_Dive Angle Mlnlmum_dlvg angle for wh_lch this _ 5 5
reduction in pilot response time applies

132 | Maximum_Dive Angle Maximum dive angle for which this 25 25

reduction pilot response time applies

Note 1: Actual number omitted due to security classification.




Table A-2
F/A-18 TAWS Sensor Hierarchy and Effect

Terrain
Definition Mode || Attitudeand Position Velocity
System Mode Accéleration Source Source MSL Altitude? DTED RADALT
! . GPS, INS
OPERATE DTED INS AlGedINS, | Aided INS, | 5125 ADC Good Good or
GPS GPS, INS Bad
BARO
Aided INs, | CPSINS
OPERATE FLAT EARTH INS INS BARO, ADC Good Good
GPS, INS !
BARO
: - GPS, INS
OPERATE FLAT EARTH INS Aided INS, Aided INS, BARO, ADC Bad Good
GPS GPS, INS
BARO
: - GPS, INS
OPERATE or Aided INS, Aided INS,
COAST? FLAT EARTH INS GPS, INS GPS, INS BARO, ADC Bad Bad
BARO
. . GPS, INS
Aided INS, Aided INS, g Good or Good or
BYPASS N/A NONE GPS, INS GPS, INS BARO, ADC bad Bad
BARO
: GPS, INS
Aided INS, g Good or Good or
BYPASS N/A INS GPS, INS NONE BARO, ADC bad Bad
BARO
Notes:

! Thefirst priority used for position is the Aided INS mode, where GPS position is used to update the INS regularly.
Falling back to solely GPS-only degrades performance slightly, and has no effect on System Mode. The same logic
prevailsfor velocities.

2The MSL altitude is set with the following priority (highest to lowest): GPS; INSBARO; ADC BARO. Differences
in MSL altitude source have no effect on System Mode.

% The TAWS can go to the COAST mode only when the terrain has been determined to be level and the TAWS isin the
FLAT EARTH mode.

78




APPENDIX B

Table B-1
F/A-18 TAWS Developmental Test Plan Test Hazard Analysis
HAZARDOUS CAUSE EFFECT RISK ASSESSMENT PRECAUTIONARY MEASURE HAZARD
CONDITION LEVEL
Controlled Flight Into | Loss of situational Lossof Low risk given proper aircrew - Required weather: day VMC with defined horizonand | 1/D
Terrain (CHIT) during | awarenessin close arcraft/aircrew. experience/practice, test visual contact with terrain. CATB

Nuisance Cue Testing

proximity toterrain.

briefing, and execution.

All maneuvers are operationally representative; no
special maneuversarerequired nor desired. Pilot's
focuswill be on flying the maneuver; any nuisance
warnings will be automatically recorded on
instrumentation. Any pilot comments or observations
will be recorded verbally following aircraft recovery
and between maneuvers.

Provide sufficient proficiency through simulators
and/or warm-up flights.

Low Level Navigation

Chase aircraft required on 200 ft low levels (Chase
min dtitude 500 ft).

Pilot must fly 500 ft low level build up prior to 200 ft
Both 500 ft and 200 ft low level will be flown over the
sameroute.

Back seat safety aircrew required.

Standard weapons dive ddlivery profilesin accordance
withthe TACMAN, reference 7.

Practice weapons dive ddlivery profiles will be flown
initially 1000 ft above the lowest test point altitude.
Recoveries at the stepped up altitude will be
monitored to verify the actual atitudelost during
recovery does not exceed predicted dtitude loss.
Flight parameters are monitored real-time by a safety
monitor and call for recovery if safety parametersare
exceeded.

Radar altimeter set at minimum releasefinitiate
recovery atitudes. Warning bug checked prior to
maneuvers.

G warm-up maneuvers.

Back seat safety pilot required.
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Table B-1 (Continued)

F/A-18 TAWS Developmental Test Plan Test Hazard Andysis

HAZARDOUS CAUSE EFFECT RISK ASSESSMENT PRECAUTIONARY MEASURE HAZARD
CONDITION LEVEL
Controlled Flight Into | Reduced roll Lossof Low risk given proper aircrew LAT
Terrain during LAT performancein INT aircraft/aircrew. experience/practice, test Thorough LAT brief conducted prior to flight.

flights

loading

briefing, and execution.

LAT dive rules reviewed prior to each maneuver.
Back seat LAT instructor safety pilot required.
Prerequisite 500 ft low level.

Ground monitoring of critical flight parameters.

LAT flown to comfort level, but no lower than 200 ft.

LAT preflown in smulator at flight test conditions
and weights.




Table B-1 (Continued)
F/A-18 TAWS Developmental Test Plan Test Hazard Andysis

HAZARDOUS CAUSE EFFECT RISK ASSESSMENT PRECAUTIONARY MEASURE HAZARD
CONDITION LEVEL
Controlled Flight Into | Loss of situational Lossof Low risk given proper aircrew - Functional testswill be completed prior to smulated 1D
Terrain (CFIT) during | awareness, misapplied aircraft/aircrew. experience/practice, test loss of SA tests.
CFIT Protection recovery controls, briefing, and execution. - G warm up, recoveries targeting g onset rat es, CFIT
(Simulated loss of relianceon TAWS sustained g and roll rates required for TAWS Protection
SA)/ Functiond warnings. recoveries will be practiced through warm up events. CATB
Testing. - Useof safety buffersto raise TAWS warning )
altitudes. Functional
- Recoverieswill be practiced at the fastest and Slowest | Tests
test speedsin configuration CR prior to CRtestsand CATA
at the slowest test speed in configuration PA prior to
PA tests.
- Provide sufficient proficiency through smulator
sessions.
- Back seat safety pilot required for CFIT protection
testing.
- Radar altimeter hard-bug and BARO soft -bug set at
terminate run atitude and warning bugs checked prior
to maneuvers.
- Flight parameters are monitored real-time by a safety
monitor and call for recovery if safety parametersare
exceeded.
- Weether day VMC with defined horizon and visua
contact with terrain.
- Brief knock-it-off parameters prior to maneuver entry.
- Reviewed GPWS AV-8B mishap report OPNAV
3752-1 and applied lessons |earned to test procedures.
G Induced Loss of High G-onset rates Lossof Low risk given extensve A G warm-up will be performed prior tot esting (IAW 1/D
Consciousness during arecovery consciousness aircrew experience and warm- NSATS/NWTC SOP, reference 8).
(GLOC) during CHIT | maneuver. possibly leading up. Aircraft recoverieswill be practiced in the smulator prior totest | CHIT
Protection (Simulated to loss of flights and during practice maneuver prior to test events. Protection
loss of SA/ Functional aircraft/aircrew. Safety pilot starts G straining maneuver prior to expected TAWS | CAT B
Testing). warning altitude.
Functional
Tests
CATA
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Table B-1 (Continued)
F/A-18 TAWS Developmental Test Plan Test Hazard Analysis

HAZARDOUS CAUSE EFFECT RISK ASSESSMENT PRECAUTIONARY MEASURE HAZARD
CONDITION LEVEL
Aircraft overstress. Overly aggressive dive Down aircraft, Low risk given proper aircrew G warm up, recoveries targeting G-onset rates, sustained G, and 1/D
recovery. inspection experience/practice, test roll rates required for TAWS recoveries will be practiced through | CAT A
requirement. briefing, and execution. warm up events.
Excessive rate of Ground monitoring of critical flight parameters.
descent on landings. L SO monitor landing parameters during off nominal approaches.
Brief maximum landing weights.
RTB if overstress occurs and analyze to determine cause before
proceeding with test.
Bird-strike. Operating at altitudes Possible damage | Potential risk based on frequent | Visual look-out by aircrew will be maintained at al times. 1/c
where birds normally toorlossof low level operations during If bird-strike should occur, aircraft will climb above 10KFT CATB

fly.

arcraft. Possible
injury to or loss
of aircrew.

T&E.

MSL, conduct a controllability check, and return to base or a
suitable divert.
Chase aircraft on 200 ft low level routes.
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