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Abstract—In this paper, enhanced ground proximity warning Meanwhile, in foreign countries, the implementation

simulation and validation system is designed armglémented. First,
based on square grid and sub-grid structure, thieagidigital terrain
database is designed and constructed. Terrain sldeching is
implemented through querying the latitude and lardg bands and
separated zones of global terrain database withctinent aircraft
position. A combination of dynamic scheduling anirdrchical
scheduling is adopted to schedule the terrain datthe terrain data
can be read and delete dynamically in the memomco&dly,
according to the scope, distance, approach spéednation etc. to
the dangerous terrain in front, and using secymitfiles calculating
method, collision threat detection is executed @aldtime, and
provides caution and warning alarm. According tis tcheme, the
implementation of the enhanced ground proximity nizg
simulation system is realized. Simulations areiedrout to verify a
good real-time in terrain display and alarm triggend the results
show simulation system is realized correctly, reabty and stable.

methods and processing algorithms of EGPWS system a
continuously improved and innovated. In Americangpnaew
algorithms are designed and many national patestsplied

in EGPWS system, the practical techniques are bednified.
EGPWS system has few studies in our country. Asemg
only northwestern polytechnical university [6] andvil
aviation university of china have some studies,tbay are not
comprehensive enough, and not practical. In deferiestry,
because of confidentiality, the research of EGPWSem is
unknown. Furthermore, the research, developmentl an
implementation of EGPWS are not clear yet.

In this paper, the global digital terrain databesdesigned
and constructed based on square grid and sub-gridige.
Terrain data searching is implemented through dquerihe
latitude and longitude bands and separated zoneglobgl

Keywords—enhanced ground proximity warning system,; digitaterrain database with the current aircraft positioA

terrain; look-ahead terrain alarm; terrain displaymulation and
validation

I. INTRODUCTION

combination of dynamic scheduling and hierarchical
scheduling is adopted to schedule the terrain datd, the
terrain data can be read and delete dynamicalliggrmemory.
According to the scope, distance, approach spdedmation

NHANCED ground proximity warning system (EGPWS).etc. to the dangerous terrain in front, and usérgain alarm
computes the aircraft current position, atmospherigiofiles calculating method, collision threat déime is

pressure altitude, and flight track etc. througheréing the

data of air data computer, radio altimeter, inémiavigation

system, ILS, and the current aircraft configuratidata.

Combing with the airborne terrain database, obstdatabase,
and airports database around the world, EGPWS rdites

the potential conflict with the terrain and obsescl[1]. If

unsafe conditions happen when approaching to tinainethe

unsafe terrain will be shown on the navigation ligpand on
primary flight display, the warning message willpapr, the
visual and aural alarm signals will be sending tmutemind

pilots to take effective measures, the main fumc6bEGPWS
is to avoid controlled flight into terrain.

Honeywell has researched and developed a series
EGPWS products for many years, and the global iterr
database is released regularly, users can upd#ieoiigh its
website [2] [3]. These products, for example, tlivasaced
KMH980 hazard perception system, with integratiirgraffic
information, airborne collision-avoidance systend #GPWS,
has powerful functions and this product is widelsed in
commercial, military, general aviation and otheelds. In

a

executed in real-time, and provides caution andhingralarm.
Enhanced Ground Proximity Warning Simulation and
Validation System are implemented with a good tizaé in
terrain display and alarm trigger.

Il. CONSTRUCTIONOF GLOBAL DIGITAL TERRAIN DATABASE

The construction of global digital terrain databaise
foundation of achieving warning alarm and terraspthy. The
terrain data should be small enough to facilitdte tise of
relevant methods of data processing, for examplsearching
and scheduling terrain data, the need of real-titigplay
sg]puld be met. Global digital terrain databaseosstructed
based on square grid structure, and it is widelgdum
continuous surface digital representation. With @en
structure, small amount of data storage, it is eomnt to
analyze and calculate [7]. Furthermore, there hiagora
database, which includes airport name, runway kergtation
of runway center, entrance location, airport heightd runway
direction etc. According to the square grid schesaeh square

NASA Langley Research Center and other companie@,{id has a covering range of ab@®b6x 256 nautical mile,

synthetic vision is used to research and avoidrobedl flight
into terrain. In other researches, EGPWS integyativith
synthetic vision is a new trend in EGPWS developr@5].
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as shown in fig.1; these squares grids can alsdiviided into
different levels of sub-grid to provide higher aemy for
terrain data. For example, each square grid cativiided into
16 sub-grids, which i$4X 64 nautical mile covering range;
again, the sub-grids can also be divided into 16-gsids,
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which is 16Xx16 nautical mile covering range, agdix 4,

1x1 nautical mile, and finally025x 025 nautical mile for
highest accuracy which present the terrain dataaigzort.

lowest accurac
1 2 3 4

5 6 7 8
9 10 | 11 | 12

highest accuracy(near airport)
400|300 | 300 | 350

350|300 350 300
300|300 300|300

13 | 14 | 15 300

16 250|250 350
256x256 nautical .
mile low accuracy high accurac

0.25x0.25 nm

64%x64 nm 4x4 nm

<L qr

medium accuracy

16x16 nm
Fig.1 Grids and sub-grids of terrain database

In each square grid, there is a data header, detenee
height of the grid is stored in the data headefef®ace height
is the highest point of the grid elevation repréisgnthe entire
square grid [8]. Moreover, a flag is included inaddeader,
which representing that in some areas there is ore mbetailed
resolution classification. For example, in marineas, no
matter what resolution it is, the maximum elevatiatue is the
same, so there is no need to divide the squares.gfiie
structure of data header of square grid is showigas

data header

minimum data header size

reference height of entire square
(including a flag representing if there is terrdata and sub-grids)

mask of sub-grid2 bytes

sub-grid: #1 234567891011 12 13 14186

[o[efofoofo[o[ofo] o]0 0fo]0]1]0]

Fig.2 Data header structure of square grid

For the mountains and areas near the airport, mxerate
data can be provided by terrain database. In #se,cthe flag
contains a 2-bytes mask, illustrating that in teetdevel sub-
grids, there has different elevation values. Foanaple, the
number “1” in the 15th bit is a 2-bit mask as showrfig.2.
When gonging to the next level of sub-grid, eadt gill also
have a data header illustrating that whether thaxe different
elevation values and whether can be divided again.

When reading terrain data, the reference heighhefdata
header is reading first, and through the flag tdeweine
whether there has more accurate data in the nesttdeb-grid.
If there has more accurate data, then judging thi¢ Bask in
the data header of next level sub-grid, and fingtlg most
accurate terrain data will be read and displayed.
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The structure of the terrain database provides tgrea

flexibility for application. With small amount ofadla storage, it
is fast and easy to read. Moreover, when neceseargin data
can be added and modified without changing othetspd the
grids.

A.  Real-time Searching of Terrain Data

The terrain data in database are used in terrai@ath
detection and terrain display, with the processifigterrain
collision detection, the topographic information &so
displayed on navigation instrument. Terrain catlisletection
is based on current aircraft position, velocity. etdrough
searching terrain database, the aircraft curreottion is
determined, and the current terrain data arouratadiris got,
scheduled and stored.

The aircraft's current position is determined bg thatitude
and longitude, and latitude and longitude inforomatiis
provided by navigation system. First, accordingdiffierent
latitude, the global terrain can be divided intffedent latitude
bands, for example, the latitude bands 1 to 4 awsshin fig.3.
It also can be subdivided into different partitioms each
latitude band. These different partitions are hettame sizes,
and they can not be overlapped. The figures, asrshmofig.3,
for example 1.1, 4.2 etc. represent these parsition each
partition, it also can be subdivided into differaneéas. In order
to facilitate calculating and scheduling, the sifghese areas
is limited, the maximum longitude and latitude iddgrees,
and these areas can be overlapped.

76
\ = 62
74 \
latitude bands 4 partition 4.1 partition 4.2 60
W |
partition 3.1
72 areas 3.11 | current aircraft
/ position
latitude bands 3
[ “« 58
80 partition 2.1
68 70 partition 2.2
latitude bands>A \A
“— 56
partition 1.1 partition 1.2
latitude bands 1 f /
\
64 66 54

Fig. 3 Terrain data searching

When searching the terrain data during flight, ihick
latitude band the aircraft is should be determifirsti and then
determine in which partitions, finally determinevitnich areas.
Searching terrain data in this way, processing ttaa be
reduced greatly [8].

In determining latitude band, the latitude transmit by
aircraft navigation system should be compared ¢odifferent
latitude bands stored in terrain database. For pbanthe

figures 54 56, 58, 60 as shown in fig.3, respectively define

the lower boundaries of latitude bands 4. 3 and 4. When

determining, the latitude information should be pamed to
each latitude band, determining whether the lagitgdeater,
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equal to or less than each latitude band. If etuéhe latitude
band, the aircraft is in the latitude band, if geeahen the
latitude band, then compare the aircraft latitudethte next
latitude band, vice versa. Continue this processoaiparison,
and eventually the aircraft position can be deteediin a
certain latitude band.

Once the latitude band is determined, the next &e
determine in which partition the aircraft is. Thss realized
through comparing the current aircraft longitude tioe
longitude band stored in terrain database, as shofig.3, the

In order to provide a relatively large display randor
example 160 and 320 nautical miles display rangel to
reduce the amount of processed data and timeettarn data
in RAM is constructed by the form of hierarchicaltal that is,
the terrain data nearby the aircraft have the lsighecuracy.
With distance increasing, the terrain data accufaegomes
less and less. The current aircraft position idirst layer, in
this layer, the terrain data has highest accurthey following
by second and third layers, and their accuracybedess and
less. In every layer, the terrain data is storeth wie current

figures 64 66, 68, 70, 72 etc. represent the longitudeaircraft position as its center. There have tertmiondaries in

boundaries of every partition. If the aircraft s the latitude
band 2, then current aircraft longitude should bmgared to
the longitude boundaries 68 and 70. If currentraftdongitude

is equal to boundary 68, the aircraft is in patit2.1, if less
then 68, the aircraft is not in any partition, fegter then 68,
then continue to compare the current aircraft hudg with

boundary 70, until the partition is determinedthe course of
comparison, the latitude bands and longitude baugglare
stored avoiding repeated determining and comparBeoause
the partition is not overlapped, so in this wayermwartition is

uniquely determined.

Once the partition is determined, the next steptads
determine in which area the aircraft is. The asedeffined by 4
degrees longitude and latitude, its border is ndhrkg area
corner, for example, the area 3.11 is marked byithearea
corner 80. Through comparing the current aircraftgitude
and latitude with the area, if the aircraft pogsitic within 4
degrees nearby corner 80, the aircraft is insida 8rl11. After
determining the aircraft position in the terraintatmse, the
terrain data of this area can be scheduled anagsed.

B.  Real-time Scheduling of Terrain Data

The terrain data is stored in a ROM, in order tolitate
updating the terrain data according to aircrafilsent position,
after the terrain data in ROM is decompressed, titainsmitted

every layer, when aircraft fly over the boundaiye tterrain
data in RAM will be updated from ROM, as shown iig.4.
This hierarchical data is displayed in variableusacy, and it
can reduce the amount of data processed in metfioorigrge-
scale terrain display, it can reduce processing tji0]. As
mentioned above, terrain data in ROM is also cantd by
this hierarchical data structure.

1", IMPLEMENTATION OF LOOK-AHEAD TERRAIN
WARNING

Except for landing, look-ahead terrain warning veoik all
flight phases and its working height is above 3@t.fe
Integrating current aircraft position, altitude,esg and other
information, with internal global terrain databasek-ahead
terrain warning gives a caution or warning for moied
conflicts to the terrain. If terrain or obstaclgspaar within
security profile, then caution or warning starthieTsecurity
profile has a certain space respectively in frdnthe aircraft,
below and above the aircraft, in front of aircrafiere is a
width of 0.25 nautical miles, and extend with th@egrees
angle. The security profile boundary angles belowd above
aircraft is a function of aircraft flight path aeg[11]. Look-
down distance of the security profile is a functafmearest or
destination runway height. This can prevent unwaicgutions

to RAM, with the data in RAM the terrain map can b warnings caused by taking off or landing. Lodlead

generated, and the map is displayed with currentradi
position as its center[9], as shown in fig.4, witle aircraft's
position changing, the terrain data in ROM is cambusly
transferred to RAM and the map is generated armladisd in
real-time.

2 nautical miles

_ ROM third layer
resolution

0.5 nautical
m”em current aircraft
first layer [ position
0.25%
|miles resolutiopr RAM third layer
second layer

RAM second Iayer‘
current dircra’

position

first layer
0.25 nautical
miles resolution

0.5 nautical
miles resolution

data Ioading::>

ROM data
RAM data
Fig.4 Searching and scheduling of look-ahead tedata
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distance is a function of aircraft speed and tistadice to the
nearest airport. The security profile of look-ahe&drain
warning is shown as fig.5.

OQUTSIDE LINES POINT OUT +-3 DEG

(" .=/ CENTER LINE
i POINTS ALONG GROUND TRACK
PLUS A LEAD ANGLE DURING TURNS

STARTING WIDTH=1/4 1t

[=—LOOK AHEAD DISTANCE — |

Fig. 5 Security profile of look-ahead terrain wami

According to processes and principles of look-aheadhin
warning, collecting parameters on every aircrafitem, such
as radio altitude, speed, vertical speed, flighth mngle etc,
with these parameters, the security profile is ¢gged. Then
current flight area terrain is found in terrain alzse, and the
potential conflict to the terrain or obstacles istatted. If
terrain or obstacles appear within security profiteen caution
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or warning starts. The algorithm process of lookaghterrain
warning is shown as fig. 6.

4% aircraft parameters collecting ‘4—

Aircraft position/radio
altitude/speed/flight path
angle

v

Ssecurity profile generating

Airport
d.l_a;?rb;il:e Searching in terrain
—» database and obstacle
database
database
Obstacle
database

Comparing with
security profile

Break boundary?

W arring
triggerring

.y !

information Terrain display

Fig. 6 Algorithm of look-ahead terrain warning

A.  Computation of Security Profile

Look-ahead distance of security profile is compubeded
on aircraft ground speed by determining a certdstadce
range along the ground track of aircraft speed. ré@duce
unwanted cautions or warnings, the look-ahead riistas
limited. But, there are two different look-aheadtdnce, one is
terrain caution, which is started within 60 secobd$ore the
aircraft colliding with terrain. Another is terraiwarning,
which is started within 30 seconds before the aftaolliding
with terrain.

The look-ahead distance of terrain caution is deitezd by
flight time to dangerous terrain or obstacles rpligd by
current ground speed, as mention above, takeittd fime as
60 seconds, the calculation method of look-aheathuge of
terrain caution is shown as formula 1.

The look-ahead distance of terrain warning
determined by flight time to dangerous terrain dstacles
multiplied by current ground speed, take the flighte as 30
seconds, the calculation method of look-ahead mtistaof
terrain warning is shown as formula 2.

S, = 60V (1)
S, =30V (2)

V is ground speedSl and Sz are respectively look-

ahead distance of terrain caution and look-aheathrie of
terrain warning. The vertical distance of secunityfile is
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determined by distance of aircraft position to Betmirport
and flight height level [8], the function relatidnip between
vertical distance and distance to airport and flighight level
is shown as fig.7.

AH

500 feet i 300 feet
800 i
500 y
4 !
4 Y Y

frunway center distance

800 feet

<

Fig.7 Relationship between vertical distance astadice to
airport

In fig.7, the horizontal axis represents the hortabdistance
from aircraft to runway, and the vertical axis eg@nts the
vertical distance of security profile. The verticdistance

maintains 0 when horizontal distance is withth to the
runway end, that is to say, in this range, the ioast or
warnings can not be started to the terrain belosvdincraft.

From d point, with increase of horizontal distance, tieetical
distance of security profile increases at a gradériO0 feet
per mile and finally increases to 500 feet higlenttmaintain
the height toD point, D is 12 miles. After this, the vertical
distances increase again at gradient of 100 feemge until
800 feet high, and then maintain the height uncedngvhen
aircraft flight at or above flight level 3000 feghe vertical
distance of security profile will maintain 800 fedigh
unchanged.

B.  Implementation of Terrain Display and Warning

Terrain display is to demonstrate a certain ramsgein on
the navigation display in accordance with a certaglor
scheme. According to the aircraft's current altutbcation
and color scheme, the terrain data is processedhandearby
terrain is displayed as a map. And the map is aygu by
different colors such as red, yellow and green wiliffierent
densities. These colors are transformed with thengés of
aircraft height. The terrain display color schemeslhown as
fig.8 [12].

------ +2000°
s p— +1000
Ajrcraft Elevation

"l | &1 ] ~ yep—T T TH
fvarkabile)

-~ 1000

- 2000

Fig.8 ND terrain display color scheme
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As shown in fig.8, the red color represents theaterthat
significantly higher than the aircraft's currentitatle, the
terrain that is 2000 feet (609.6 meters) or aboghdr than
aircraft altitude is displayed in high-density red.

The terrain that is 2000 feet (609.6 meters) toO16#ket
(304.8 meters) higher than aircraft altitude ipliged in high-
density yellow.

And the terrain that is 1000 feet (304.8 meterghéi than
aircraft altitude to 500 feet (152.4 meters) lowtkan the
aircraft is displayed in medium-density yellow.

Any terrain that is 2000 feet (609.6 meters) lowean
aircraft is displayed in black color. Other colacheme is
demonstrated as fig.8.

Except the rules of terrain display, if there asngerous
terrains or obstacles during flight, warning or ti@u starts,
and the red or yellow grids appear on navigatispldy to
display the scope of warring or caution terraine Thd grids
represent warning terrain and the yellow grids esent
caution terrain.

V. SIMULATION AND CONCLUSIONS

According to above EGPWS design scheme, simulatiods
experiments are executed to verify its functionsstfF the
aircraft's current position is determined in terrdatabase, and
then the terrain data nearby the aircraft is semrdnd after
data processing and scheduling, the terrain mdjsjdayed in
navigation display. The dangerous terrains or aletaare
distinguished by the security profile and if thé@ve dangers,
warning or caution starts, and the red or yellowggappear to
display warring or caution terrain.

If dangerous terrains or obstacles appear in tlpesof
caution distance, terrain caution will be startedthin 60
seconds before the aircraft colliding with terraithe audio
information is “CAUTION TERRAIN", and the terrain ap is
automatically pop-up on the navigation display, gmilow
grids appear on ND representing the caution terrain

If dangerous terrains or obstacles appear in tlpeof
warning distance, terrain warning will be starteithim 30
seconds before the aircraft colliding with terraithe audio
information is “TERRAIN, TERRAIN PULL UP”, and thesd
words “PULL UP” appear on primary flight displaynd
“PULL UP” appears on the map in red, subsequeeitlygrids
appear on ND representing the warning terrain[13].[

In each simulation time cycle, the aircraft's gositshould
be updated, and the forecast flight track shouldelalculated
to update the scope of terrain, with the securityfile, the
dangerous terrains can be distinguished. In thig weal-time
computation of terrain warning according to airtradsition,
speed, etc. is implemented, and the modes andslesfel
warnings can be updated. Simulations and expersnarg
shown as fig.9 and fig.10. In fig.9, the terrain pnaearby
aircraft is displayed according to above color seheand the
scope of warring or caution terrain is displayedignl0 with
red or yellow grids.
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Fig. 10 Scope of warring or caution terrain

In this paper, enhanced ground proximity warningtem'’s
functions and workflow are analyzed, and EGPWS kKitian
and validation system is designed and implememtedording
to this scheme, the implementation of this systemealized to
verify a good real-time in terrain display and alarigger, and
the results show system is realized correctly, cealsly and
stable.
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