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Abstract: To solve the nuisance alarm caused by the fixed forward-looking boundary, this paper
proposed a resilient forward-looking terrain avoidance method. The method constructed the resili-
ent and adjustable forward-looking boundary model by rolling angle and navigation error, which
makes the terrain data perceived by the forward-looking alert closer to the real flight trajectory, 10
reduces the nuisance alarm, and improves the reliability of the alert. The simulation test and verifi- 11
cation were carried out using real digital elevation maps and simulated flight data, and compared 12

with the traditional forward-looking terrain avoidance warning method. |SISENONEESRISIES
show that the resilient forward-looking terrain avoidance warning method can provide the flight 14

crew with more accurate terrain awareness and improve the reliability of alerts: 15
Keywords: Helicopter; Terrain Awareness and Warning System; Forward-looking terrain alert 16

17
1. Introduction 18

According to statistics, the vast majority of major aviation fatalities in the world are 19
Controlled Flight Into Terrain (CFIT). CFIT means that the aircraft is in a fully airworthy 20

slate, and there is no failure or engine failure of the aircraft itself. The aircraft crashes, falls 21
fothe ground or falls into the water, when the flight crew is not aware of the danger, 22
resulting in an aircraft crash or serious damage and casualties (1. 2

EEEEE I ESSNEE United States took the lead in launching the Ground 24
Proximity Warning System (GPWS) [2], and in 1976 agreed to authorize the use of GPWS 25

for commercial aircraft. The GPWS system can provide|iiil§ excessive descent rate warning 26
[34], B excessive terrain closure warning [5,6], [il§ negative climb rate after take-off 27
warning [7,8], jiil§ unsafe terrain clearance warning [9], il glide slope warning [10] and =~ 28
other mode alarm functions. Each mode receives various flight parameters of the aircraft 29
as input data, and compares these parameters with a variety of internally stored warning 30
thresholds. If any one of the warning thresholdf is exceeded, Jjiillll§ audible and visual 31
warnings are provided to the crew. The emergence of GPWS significantly improves the 32
safety of aircraft in the take-of f§jiil§ and approach landing i and plays a key rolein 33
reducing the occurrence of CFIT [11,12]. In addition, a large number of scholars have im- 34
proved the warning function of GPWS. For example, literature [13] improved SIS
B warning judgment by weighted fusion of correction altitudes provided by multiple 36
sensors. Literature [14] generated the terrain clearance floor envelope around the runway, 37
and suppressed the warning within the envelope to avoid excessive interference warnings 38
during landing. [SHISISENEEEE where different mode alarms [iillfj occur at the same 39
time, literature [15] proposed a time-based mode switching method. GPWS is a reactive 40
system, and only when the aircraft enters [l dangerous area will it give a warning. There- 41
fore, the reaction time reserved by GPWS for pilots is too short, and it lacks prediction 42
ability. The crew can only passively take actions to get rid of the dilemma, and cannot 43
actively avoid the danger. 44
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state prior to and at the time of collision with the ground or water, and the crash results in serious aircraft damage, injuries, or casualties.

Using real digital elevation maps and simulated flight testing, the proposed method was observed to provide alerting that is superior to the traditional forward-looking terrain avoidance technique.
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In order to reduce nuisance warngings GPWS provides the pilot minimal lead time, requiring swift action to avert the hazard. A system that provides preview of ground hazards based on the projected aircraft trajectory would allow the pilot to anticipate potential danger and pan evasive action with lower workload.
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Since the beginning of the 21st century, with the rapid development of digital map
technology, navigation technology, and satellite positioning technology, the Enhanced
Ground Proximity Warning System (EGPWS) came into being [16]. EGPWS, is also known
as Terrain Awareness and Warning System (TAWS) system [17,18]. EGPWS adds Forward
Looking Terrain Avoidance (FLTA) and terrain display functions in addition to the origi-
nal mode alert function. FLTA can provide a "look ahead" function, which [l im-
proves the pilot's awareness of the surrounding terrain

situation, but also increases the 51
—. As the core function of the TAWS system, FLTA had received

extensive attention from researchers since it was proposed. Literature [19] designed the
FLTA envelope by establishing the normal trajectory, vertical trajectory, and inclined re-
covery trajectory of the helicopter. Literature [20] and [21] designed the vertical envelope
of FLTA by establishing the aircraft’s standard vertical avoidance maneuver trajectory.
Literature [22] studied the time threshold of forward-looking alarm, and analyzed the
alarm performance under different time thresholds. Literature [23] proposed a forward-
looking warning method that uses terrain matching to correct the relative position error
between helicopter and terrain. In addition, for the interference warning, literature [24]
proposed a method to adjust the FLTA envelope according to the Required Navigation
Performance (RNP) of aircraft.

Although the proposed methods can provide the FLTA function for the crew, the
traditional FLTA envelope adopts a trapezoidal side boundary. When the aircraft turns,
it is prone to nuisance alarms, which reduces the reliability of the FLTA. To solve this
problem, this paper proposes a resilient forward-looking terrain avoidance warning
method. The method adjusts the beginning width of the FLTA through the navigation
error and terrain resolution. When turning flight, the FLTA side boundary is associated
with the roll angle to construct a resilient adjustable side boundary model, which reduces
nuisance alarms and improves the reliability of the alerts.

2. Helicopter Terrain Awareness and Warning System (HTAWS)

HTAWS is to evaluate whether the aircraft will crash into the ground through the
information provided by airborne sensors such as radio altitude, atmospheric data, atti-
tude, instrument landing, and terrain/obstacle database, and generate corresponding au-
ditory and visual signals. il HTAWS is mainly divided into two types, the mode alert
and the FLTA alert. The mode alert mainly uses the current state information of the air-
craft provided by [ii§ onboard sensor to compare with the known dangerous situation to
judge whether to provide an alert. The mode alert includes 6 modes: excessive descent
rate warning (Mode 1), excessive terrain closure warning (Mode 2), negative climb rate
after take-off warning (Mode 3), unsafe terrain clearance warning (Mode 4), il glide
slope warning (Mode 5) and [ii§ altitude call and excessive roll/pitch warning (Mode 6)
[25].

The principle of FLTA alert is to generate a virtual three-dimensional envelope in the
space of the aircraft's forward direction based on Jiilcurrent flight state. When the alert
activation conditions (for [ili§ helicopter, the activation conditions include that the air-
speed is greater than 21m/s, the landing gear|jiilil§§ is retracted or the flight height is
greater than 3m, and the current altitude is greater than the calculated clipping height)
[25] Sl the aircraft automatically obtains data information such as terrain and obsta-
cles, and compares the spatial position relationship between the envelope and the sur-
rounding terrain in real-time. When the surrounding terrain penetrates the envelope, an
alert is triggered. The schematic diagram of the FLTA flight is shown in Figure 1. The
envelopes for FLTA are divided into caution envelopes and warning envelopes. The de-
sign process of the two envelopes is completely the same, and both consist of 4 parts,
namely, the look-down boundary, the look-ahead boundary, the look-up boundary and
the side boundary. And the difference is that the safety margin of the warning envelope
is smaller, and the safety margin of the caution envelope is larger [26]. The specific imple-
mentation block diagram is shown in Figure 2.
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The safety margin of the warning envelope is smaller than the caution envelope's margin [26], and Figure 2 shows FLTA's implementation block diagram. 

The safety margin of the warning envelope is smaller than the caution envelope's margin [26], and Figure 2 shows FLTA's implementation block diagram. 
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Figure 2. The implementation block diagram. 101

The look-down boundary is mainly determined by the minimum safe altitude AH [Siliillg
BRI During cruise flights|jiilil§ AH is generally GSilil| a fixed value. But during take- 103
off or landing, AH changes with the distance from the aircraft to the nearest runway 104
[26]. To avoid [ false alarm
[BBE when the aircraft flies over the terrain at a relatively low altitude, a cut-off boundary 106
is set. When the cut-off boundary is larger than the look-down boundary, the cut-off 107
boundary is used as the new look-down boundary. The cut-off boundary starts from the 108
predetermined offset position below the aircraft and extends to the front of the flight at 109
the predetermined cut-off angle. The cut-off angle calculation formula is 110

ajc =min(y, Os) — Sy @

Where v is the flight path angle. Os is the upper limit of the cut-off angle. 6 is the base 111
value. 112

The look-ahead boundary is determined by the look-ahead distance and the corre- 113
sponding influence coefficient. For the helicopter, the look-ahead distance is equal to the 114
sum of the reaction distance and the distance from cruise to hover. The look-ahead dis- 115
tance calculation formula is 116

V2

=—+V (2)
2gtan«

Dia

Where Vis the flight speed. g is the gravitational acceleration. « is the nominal pitch angle 117
for hovering. T is the reaction time of the pilot. 118
The look-up boundary is determined by the loss altitude, jiil§ look-up distance and 119

B 10ok-up extended angle. The look-up distance is equal to the look-ahead distance mul- 120
tiplied by the different coefficients. To avoid threatening terrain, the aircraft needs to do 121
the maneuver of pulling up and climbing. The descending height from the beginning of 122
the maneuver to the climb is the loss altitude, and the calculation model is 123


Examples of FLTA Caution and Warning envelopes.
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Alerts are computed using Eqn. 3, where alitude loss is defined as the vertical distance flown from maneuver initiation to the start of the climb.
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Where dH. represents the loss altitude of the caution alert. And the dHw represents the loss 124
altitude of the warning alert. V- is the vertical speed. a is the acceleration during the pull- 125
up maneuver. 126

The side boundary is mainly composed of the beginning width Bu, the centerline de- 127
flection angle 0 and the side deviation angle 6, as shown in Figure 3. The centerline of the 128
side boundary starts from the current position of the aircraft and extends to both sides 129
with a fixed deviation angle to form a trapezoidal side boundary. The trapezoidal fil§ 130
boundary can better perceive the terrain in front of the aircraft when flying in a straight 131

line. When the aircraft turning, the accuracy of terrain awareness will be reduced. 132
4.

terrain

v 133

Figure 3. Trapezoidal jjijif§ boundary. 134
The design process of the trapezoidal il boundary and the extraction of terrain data 135
within the[ill§ boundary consists of the following 5 steps. 136

(1) According to the current position (co, ro) of the aircraft, the row and column coor- 137
dinates of the four endpoints of the trapezoidal boundary on the digital terrain elevation 138
map is calculated as 139

I =ry+1/2*B,, *cos(0)

r, =1y —1/2*B,, *cos(d)

4
r3 =1 —k3 * D/ cos(8)*sin(@ - 5) (4)
Iy =y —k3 * Dy A/ c0S() *sin(6 + )
€y =Co +1/2*B,, *sin(6)
Cy =Co —1/2* By, *sin(6)

Q)

C3 =C; + K3 * Dy 5 /c0s(5) *cos(6 - 0)

Cq =Cy + K3 * Dy a/C0S(5) *CcOS(6 + I)

Where Dra is the look-ahead distance. ks is the coefficient of the caution look-up distance. 140


defined by

provides the best prediction of hazardous terrain during rectilinear flight (i.e., the radius of turn is infinite). As the radius of turn decreases, less of the aricraft's projected trajectory will lie wihtin the trapezoidal boundary, incresing the likelihood of a mismatch between anticipated and actual terrain height.
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(2) Construct a polygon database from vertex coordinates. And store the maximum 141
ordinate Rua, starting abscissa Cmax and reciprocal of slope k corresponding to each line 142
segment. 143

(3) Arrange the coordinate data of the sampling points stored in (2) in ascending or- 144
der. Using the scan line method, the terrain between the line segments is retrieved and 145
stored. 146

(4) For each terrain data retrieved, calculate the distance dI from the beginning width 147
Bw. Then, arrange d! in ascending order, and split the retrieved terrain data according to 148
the set distance threshold. 149

(5) For the forward-looking alert, an alert is issued as long as there is a high terrain 150
penetration boundary. Therefore, the maximum value of each row in the split terrain data 151
is compared with the envelope to realize a forward-looking alert judgment. 152

and compare it with the real-time calculated three-dimensional alert envelope to warn the 154
e EENEREsy [t not only increases the flight crew's perception of 155

the surrounding terrain but also facilitates the crew to adopt a gentler avoidance strategy. 156

RS VWhen the aircraf SIS turns, the traditional trapezoidal jiji§ boundary 158

centerline gradually deviates from the real flight trajectory with the increase of the fore- 159
sight distance. It can be seen in Figure 3fjthe red threat terrain not in front of the flight will 160
lead to the false alarm. And the yellow threat terrain in front of the real flight will cause 161
the missing alarm. These interference alarms will affect the normal flight of the crew and 162
reduce the reliability of the FLTA alert. 163

3. Resilience forward-looking terrain avoidance warning method (RFLTA) 164

The resilience forward-looking terrain avoidance warning method retains the look- 165
down boundary, the look-ahead boundary and the look-up boundary in the traditional 166
method, and mainly optimizes the side boundary. The method combines the current map 167
resolution and 3 times the real-time estimation error of the navigation system to design 168
the beginning width. And the forward-looking alert envelope is [ESllSIg 2djusted ac- 169
cording to the aircraft roll angle. When the aircraft is flying in a straight line, the trapezoi- 170
dal side boundary is used to extract the terrain data within the envelope, and when the 171
aircraft is turning, the terrain data is extracted using the pipe-shaped side boundary | SR
SNSRI "o in Figure 4, where the 173
square represents the terrain grid, the green square represents terrain elevation extracted 174
from the side boundary, and the red and yellow squares represent the threat terrain. 175
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T 176
Figure 4. The pipe-shaped side boundary. 177


polygonal

Store

element retrieved

Arrange

partition

The maximum value of each row of the partitioned terrain data is compared to the envelope. An alert is issued when the terrain penetrates the boundary.

FLTA enhances 

and

less abrupt maneuvering due to earlier planning.

increasingly

along the centerline

In

of

modifies the horizontal boundary.

construct

Resilient

The


Aerospace 2022, 9, x FOR PEER REVIEW 6 of 11

The design process of the pipe-shaped [il§ boundary and the extraction of terrain 178
data within the il boundary consists of the following 7 steps. 179
(1) According to the real-time estimation error oxy provided by the aircraft navigation 180
system and the resolution res of the map datajjiilililgillj] used by the aircraft, adjust the 181
beginning width B of the boundary as 182

Bw=3*0,, +res (6)

(2) According to the current position of the aircraft (co, r0), speed V, attitude and other 183
information, calculate the radius R of the pipe-shaped boundary, the coordinates of the 184
center of the circle (xo, o), the Center Angle a and the coordinates of the baseline end- 185

points (cs, 7s), (Ce, 7e). 186
2
R=— )
gtany
Xo =Co + Rsin(0) 8)
Yo =y + Rcos(0)
k3D *180
o=—"tA —— 9
R )
Iy =Iy +0.5* B, cos(d) (10)
I, =1y —0.5* B, cos(d)
Cs =Cy +0.5*B,,sin(6)
: (11)
Ce =Cy—0.5*B,,sin(9)
Where, y is the aircraft roll angle. 0 is the angle between the centerline and the east. 187

(3) Set the sampling number 5. Sampling the equal central angle of the pipe-shaped 188

i) = e = (¢; — ;) cos(@) — (1 — 1) sin(®)
(i) =y * (g — ey )sin(&) # (5 — 1) cos(d)

194

(4) Connect each sampling point end to end to construct a pipeline-shaped approxi- 195
mate polygon. A polygon database is constructed to store the maximum ordinate Rumax, the 196
initial abscissa Cmax and the reciprocal of the slope k corresponding to each line segment. 197

(5) Arrange the coordinate data of the sampling points stored in (2) in ascending or- 198
der. Using the scan line method, the terrain between the line segments is retrieved and 199
stored. 200

(6) For each terrain data retrieved, calculate the distance dl from the starting width 201
Bw and the distance Lr from the center of the circle. Then, the corresponding central angle 202
« and arc length Lv [lSJSBEEE. Arrange Lv in ascending order, and split the retrieved 203
terrain data according to the set distance threshold. 204
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The convention for denoting roll angle is the Greek letter phi. Gamma normally denotes flight path angle.
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(7) For the forward-looking alert, an alert is issued as long as there is a high terrain 205
penetration boundary. Therefore, the maximum value of each row in the split terrain data 206
is compared with the envelope to realize a forward-looking alert judgment. 207

4. Experimental results and analysis 208

The resilient forward-looking terrain avoidance warning method is tested and veri- 209
fiedlif] using real terrain elevation data and simulated flight [jSSi8ll]- The size of the 210
digital terrain elevation map used in the experiment is 540kmx540km, and the map reso- 211
lution is 30m. The terrain contour map and the three-dimensional simulated flight trajec- 212
tory are shown in Figure 5 and Figure 6, respectively. The initial height of the simulated 213
flight trajectory is 518.16m. The initial speed is 25.72m/s. The width of the safety corridor 214

caused by the navigation and positioning error is 90m. The S ERISIIESININE (icht 215
status data is 50Hz. 216

350

3500

3000

2500

2000

E
N 1500
o 1000
500
100/
0
400
50 8 400
200~ 3% S 300
Ly . ; 2. {7 Y(grid) R . 200
50 100 150 200 250 300 350 100 - 100 X(grid)
X(grid) ) 217
Figure 5. The terrain contour map. Figure 6. 3D terrain and simulation trajectory. 218

The RFLTA caution and warning alert tests are carried out in the direct flight situation 219
and the turn situation, respectively. The roll angle, forward-looking distance (DLA), radio 220
altitude and remaining impact time are counted as shown in Table 1. The RFLTA caution 221

alert and warning alert results are shown in Figure 7 and Figure 8. 222
Table 1. The RFLTA alert results under different alert types. 223
Alert Type Roll angle Dr4 Radio altitude Remaining impact time
Caution Terrain 0° 1.62km 101m 10.46s
Warning Terrain 6.32° 2.35km 225m 5.86s

As can be seen from Figure 7 and Figure 8, when the threatening terrain ahead of the 224
flight penetrates the caution envelope, the system can give a voice of "Caution Terrain". 225
When the threatening terrain ahead of the flight penetrates the warning envelope, the sys- 226
tem can give a voice of "Warning Terrain". In addition, different from the mode alert, 227
when the alert occurs, the method can calculate the remaining impact time based on the 228
current flight state parameters for the flight crew's reference. As shown in Table 1, for the 229
caution alert shown in Figure 7, the remaining time for the aircraft to hit the nearest threat- 230
ening terrain is 10.46s. And for the warning alert shown in Figure 8, the aircraftis close to 231
the threatening terrain, and the remaining impact time is 5.86s. 232
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Figure 8. RFLTA Warning alert results. (a) Horizontal result; (b) Vertical result.

To further test the performance of the RFLTA method, under the same turning flight,
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235

the traditional alert envelope and the resilient alert envelope afejiseditolexperimentire=m236

spectively andilieexpermentalesuliSare oW Figure 9. The horizontal boundaries

of the two methods are drawn on the horizontal flight trajectory curve, and the terrain
elevations extracted by the two methods are compared with the terrain elevations under
the real trajectory, as shown in Figure 10 and Figure 11, respectively. For the turning flight

we count the interference alarm and the elevation dif-
ference with the real terrain profile under two methods, as shown in Table 2. The interfer-
ence alarm [ifilllii includes false alarm Nrand missing alarm Num. If the terrain profile
below the real trajectory does not penetrate the alert boundary, and the extracted terrain
profile penetrates the alert boundary, it is recorded as a false alarm. On the contrary, if the
terrain profile below the real trajectory penetrates the warning boundary, and the ex-
tracted terrain profile does not penetrate the alert boundary, it is recorded as a missing
alarm. The terrain profile information |l calculates the mean Hwm and standard devi-
ation Hs of the elevation difference between the extracted terrain profile and the real ter-
rain profile.
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Table 2. The alert results under two methods in turning flight.
Total . . .
Nr Boundary type Nr Nc¢ NFr Ny H,(m) Hy(m)
epoch
First 471 0 Trapezoid 12 0 12 0 -10.4 35.8
turning Pipe 0 0 0 0 2.1 29.9
Second Trapezoid 132 43 89 21 -103.9 125.4
. 251 64 .
turning Pipe 65 62 3 2 13.1 37.6

*Note: Ng represents the number of real alerts. Nr represents the total alerts under different methods. Nc
represents the number of correct alerts.

It can be seen from Figure 9 to Figure 11 that the traditional FLTA method has a cau-
tion alert, while the RFLTA method does not generate an alert. From the terrain elevation
curve directly below the real flight trajectory, it can be seen that the terrain elevation ex-
tracted by the RFLTA method is closer than the traditional FLTA method. And there is no
threatening terrain ahead, so it can be judged that the traditional FLTA method has oc-
curred false alarm. And compared to the trapezoidal boundary, the pipe-shaped Fill§
boundary is closer to the trajectory of the aircraft when it turns. Table 2 summarizes the
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better reflects the actual terrain overflown

As there is no hazardous terrain along the actual flight path, the traditional FLTA has issued a false alarm.
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alarms and missing alarms of the pipe-shaped boundary proposed in this paper is FiilllIEH

B reduced. Moreover, EEINSIEIESIBENEEH the oxtracted terrain profile and
the real terrain profile, we can also see that the difference of the proposed method is
smaller, the awareness terrain is more accurate, and can effectively improve the reliability

of the HTAWS.

5. Conclusions

This paper proposed a resilient forward-looking terrain avoidance method. The
RFLTA method adjusts the forward-looking boundary according i the navigation error
and roll angle of the aircraft. The designed pipe-shaped il boundary can reduce the
interference alarms under turning flight, and enhance the pilot's ability to perceive the
terrain ahead. The actual digital terrain elevation map and simulated flight data are used
for testing and verification. Compared with the traditional FLTA method, the terrain pro-
file extracted by the RFLTA method is closer to the real profile, and the number of false
alarms and missing alarms are significantly reduced. Although the RFLTA method can
improve the reliability of the TAWS, it can not guarantee flight safety. How to avoid
threatening terrain entirely depends on the pilot's own experience. Therefore, future work
will focus on giving safe avoidance suggestions.
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missed

substantially lower than the traditional trapezoidal method.

more accurately reflects the actual terrain overfown, thus providing improved terrain awareness and reliability of the HTAWS.

based on

RFLTA's

awareness of potentially hazardous terrain

Actual digital terrain and simulated flight was

better reflected

HTAWS

Action taken by a pilot to evade hazardous terrain will depend on pilot experience and cognizance of available evasion options.

Future work will examine how to provide the pilot with safe trajectory advisories.
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