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

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

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

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

. INTRODUCTION

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

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

In this paper, the global digital terrain databasdesigned
and constructed based on square grid and sub-gudtige.
Terrain data searching is implemented through dugryhe
latitude and longitude bands and separated zoneglobfl
aircraft positiof
combination of dynamic scheduling and hierarchical
scheduling is adopted to schedule the terrain datd, the
terrain data can be read and delete dynamicallyggrmemory.
According to the scope, distance, approach spdedmation

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

pressure altitude, and flight track etc. througbereing the

data of air data computer, radio altimeter, inkmiavigation

system, ILS, and the current aircraft configuratidata.

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

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

unsafe conditions happen when approaching to thainethe

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

pilots to take effective measures, the main fumctbEGPWS
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, tlivamced
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
NASA Langley Research Center and other compani
synthetic vision is used to research and avoidrobed flight
into terrain. In other researches, EGPWS integgativith
synthetic vision is a new trend in EGPWS developri@{5].
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executed in real-time, and provides caution anchingralarm.
Enhanced Ground Proximity Warning Simulation and
Validation System are implemented with a good tigaé in
terrain display and alarm trigger.

Il. CONSTRUCTIONOF GLOBAL DIGITAL TERRAIN DATABASE

The construction of global digital terrain database
foundation of achieving warning alarm and terrasptay. 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-tifisplay
sg]puld be met. Global digital terrain databaseasstructed
based on square grid structure, and it is widelgdugn
continuous surface digital representation. With péen
structure, small amount of data storage, it is eoment to
analyze and calculate [7]. Furthermore, there hagor
database, which includes airport name, runway kergtation
of runway center, entrance location, airport heighd runway
direction etc. According to the square grid schemaeh square

&rid has a covering range of abd@®b6x 256 nautical mile,

as shown in fig.1; these squares grids can alsdiviéed into
different levels of sub-grid to provide higher a@my 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 1B-ggids,
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which is16%16 nautical mile covering range, agdix 4,

1x1 nautical mile, and finally025x 025 nautical mile for
highest accuracy which present the terrain dataaigzort.
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Fig.1 Grids and sub-grids of terrain database

In each square grid, there is a data header, dsdenee
height of the grid is stored in the data headefeiRace height
is the highest point of the grid elevation repréisenthe entire
square grid [8]. Moreover, a flag is included inadaeader,
which representing that in some areas there is ore mhetailed
resolution classification. For example, in marineas, no
matter what resolution it is, the maximum elevatiaiue is the
same, so there is no need to divide the squares.gfile
structure of data header of square grid is showigas

data header

minimum data header size

(including a flag representing if there is terrdata and sub-grid

reference height of entire square L
)

mask of sub-grid2 bytes

sub-grid: #1 234567891011 12 13 14186

[o]ofoo]o]ofofo]o o000 0 1]o]

Fig.2 Data header structure of square grid

For the mountains and areas near the airport, morerate
data can be provided by terrain database. In #sg,che flag
contains a 2-bytes mask, illustrating that in tleatdevel sub-
grids, there has different elevation values. Faaneple, the
number “1” in the 15th bit is a 2-bit mask as showrfig.2.
When gonging to the next level of sub-grid, eadd will 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 tdemhine
whether there has more accurate data in the nesttdeb-grid.
If there has more accurate data, then judging thi 2ask in
the data header of next level sub-grid, and findilg most
accurate terrain data will be read and displayed.

The structure of the terrain database provides tgrea
flexibility for application. With small amount ofadia storage, it
is fast and easy to read. Moreover, when necessargin data
can be added and modified without changing othesd the
grids.

A.  Real-time Searching of Terrain Data

The terrain data in database are used in terraieath
detection and terrain display, with the processifigterrain
collision detection, the topographic information &lso
displayed on navigation instrument. Terrain callistetection
is based on current aircraft position, velocity. etéirough
searching terrain database, the aircraft currepation is
determined, and the current terrain data arouratadiris got,
scheduled and stored.

The aircraft's current position is determined bg Hatitude
and longitude, and latitude and longitude inforomtiis
provided by navigation system. First, accordingdifferent
latitude, the global terrain can be divided intffedent latitude
bands, for example, the latitude bands 1 to 4 aewnstin fig.3.
It also can be subdivided into different partitioms each
latitude band. These different partitions are hetsame sizes,
and they can not be overlapped. The figures, asrslhmfig.3,
for example 1.1, 4.2 etc. represent these parsition each
partition, it also can be subdivided into differantas. In order
to facilitate calculating and scheduling, the sifg¢hese 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
P
partition 3.1
72 areas 3.11 | current aircraft
/ position
latitude bands 3
[ A « 58
80 partition 2.1
68 70 partition 2.2
latitude band5>‘ \A
YT 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 determineviich areas.
Searching terrain data in this way, processing tcaa be
reduced greatly [8].

In determining latitude band, the latitude transedit 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 latitgdeater,
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equal to or less than each latitude band. If etutthe 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 processoaifiparison,
and eventually the aircraft position can be deteediin a
certain latitude band.

Once the latitude band is determined, the next Eej
determine in which partition the aircraft is. Thss realized
through comparing the current aircraft longitude ttoe
longitude band stored in terrain database, as slwfig.3, the

In order to provide a relatively large display randor
example 160 and 320 nautical miles display rangel @
reduce the amount of processed data and timeettarn data
in RAM is constructed by the form of hierarchicalta that is,
the terrain data nearby the aircraft have the lighecuracy.
With distance increasing, the terrain data acculaegomes
less and less. The current aircraft position idirst layer, in
this layer, the terrain data has highest accurtaen following
by second and third layers, and their accuracyibedess 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 terkmiondaries in

boundaries of every partition. If the aircraft is the latitude
band 2, then current aircraft longitude should bmpared to
the longitude boundaries 68 and 70. If currentraftdongitude
is equal to boundary 68, the aircraft is in pantit2.1, if less
then 68, the aircraft is not in any partition, regter then 68,
then continue to compare the current aircraft g with
boundary 70, until the partition is determinedthe course of
comparison, the latitude bands and longitude baueslare
stored avoiding repeated determining and comparBeoause
the partition is not overlapped, so in this waygrgwartition is
uniquely determined.

Once the partition is determined, the next steptds
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 byittharea
corner 80. Through comparing the current aircraftgitude
and latitude with the area, if the aircraft positiis within 4
degrees nearby corner 80, the aircraft is insida 8r11. After
determining the aircraft position in the terraintatmse, the
terrain data of this area can be scheduled ancgsed.

B.  Real-time Scheduling of Terrain Data

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

every layer, when aircraft fly over the boundatye tterrain
data in RAM will be updated from ROM, as shown ig.4.
This hierarchical data is displayed in variableunacy, and it
can reduce the amount of data processed in merioorigrge-
scale terrain display, it can reduce processing t[i0]. As
mentioned above, terrain data in ROM is also caotgd by
this hierarchical data structure.

1. IMPLEMENTATION OF LOOK-AHEAD TERRAIN
WARNING

Except for landing, look-ahead terrain warning veoitk 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 databatmk-ahead
terrain warning gives a caution or warning for moie
conflicts to the terrain. If terrain or obstaclgspaar within
security profile, then caution or warning startheTsecurity
profile has a certain space respectively in frdnthe aircraft,
below and above the aircraft, in front of aircrdfiere is a
width of 0.25 nautical miles, and extend with thaegrees
angle. The security profile boundary angles belad above
aircraft is a function of aircraft flight path aeg[11]. Look-
down distance of the security profile is a funct@imearest or
destination runway height. This can prevent unwaestions

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

generated, and the map is displayed with currertrest
position as its center[9], as shown in fig.4, witle aircraft's
position changing, the terrain data in ROM is cmmbusly
transferred to RAM and the map is generated anulajisd in
real-time.
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data loading::>

ROM data
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Fig.4 Searching and scheduling of look-ahead tedata

distance is a function of aircraft speed and ttstadce to the
nearest airport. The security profile of look-ahegdrain
warning is shown as fig.5.

QUTSIDE LINES POINT OUT +-3 DEG

.= CENTER LINE
il POINTS ALONG GROUND TRACK
PLUS A LEAD ANGLE DURING TURNS

S

[=%— LOOK AHEAD DISTANCE — 8=

Fig. 5 Security profile of look-ahead terrain wangi

According to processes and principles of look-aheacin
warning, collecting parameters on every aircrafitem, such
as radio altitude, speed, vertical speed, flighth pngle etc,
with these parameters, the security profile is getee. Then
current flight area terrain is found in terrain atzse, and the
potential conflict to the terrain or obstacles istatted. If
terrain or obstacles appear within security profiten caution
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or warning starts. The algorithm process of lookahterrain
warning is shown as fig. 6.
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Fig. 6 Algorithm of look-ahead terrain warning

A.  Computation of Security Profile

Look-ahead distance of security profile is compubaded
on aircraft ground speed by determining a certastiadce
range along the ground track of aircraft speed. r@duce
unwanted cautions or warnings, the look-ahead miistais
limited. But, there are two different look-aheadtdnce, one is
terrain caution, which is started within 60 secobdfore the
aircraft colliding with terrain. Another is terraiarning,
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 rpli#d by
current ground speed, as mention above, takeitite fime as
60 seconds, the calculation method of look-aheathwice of
terrain caution is shown as formula 1.

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

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

V is ground speedS1 and 82 are respectively look-

ahead distance of terrain caution and look-aheatarie of
terrain warning. The vertical distance of securitpfile is

is also

2517-9950
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determined by distance of aircraft position to Beamirport
and flight height level [8], the function relatidrip between
vertical distance and distance to airport and flighight level
is shown as fig.7.

AH

500 feet i 300 feet
800 N

A

500 .
y ’i‘ Y T y

frunway center distance

800 feet

<

Fig.7 Relationship between vertical distance asthdice to
airport

In fig.7, the horizontal axis represents the hartabdistance
from aircraft to runway, and the vertical axis eggnts 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 belosvaicraft.
From d point, with increase of horizontal distance, tieetical
distance of security profile increases at a gradri00 feet
per mile and finally increases to 500 feet higlenthmaintain
the height toD point, D is 12 miles. After this, the vertical
distances increase again at gradient of 100 feetge until
800 feet high, and then maintain the height uncedn@vhen
aircraft flight at or above flight level 3000 feehe vertical
distance of security profile will maintain 800 fedigh
unchanged.

B.  Implementation of Terrain Display and Warning

Terrain display is to demonstrate a certain ramgein on
the navigation display in accordance with a certeotor
scheme. According to the aircraft's current algtutbcation
and color scheme, the terrain data is processedhendearby
terrain is displayed as a map. And the map is ajsul by
different colors such as red, yellow and green wiiffierent
densities. These colors are transformed with thengés of
aircraft height. The terrain display color schemmeslhown as
fig.8 [12].
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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 abaghdr than
aircraft altitude is displayed in high-density red.

The terrain that is 2000 feet (609.6 meters) toOl@#kt
(304.8 meters) higher than aircraft altitude ipldiged in high-
density yellow.

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

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

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

V. SIMULATION AND CONCLUSIONS

According to above EGPWS design scheme, simulatods
experiments are executed to verify its functionsstF the
aircraft's current position is determined in terrdatabase, and
then the terrain data nearby the aircraft is sestdnd after
data processing and scheduling, the terrain mdgsgayed in
navigation display. The dangerous terrains or abetaare
distinguished by the security profile and if théweeve dangers,
warning or caution starts, and the red or yelloidsgappear to
display warring or caution terrain.

If dangerous terrains or obstacles appear in tlpesof
caution distance, terrain caution will be startedhin 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, amdlow
grids appear on ND representing the caution terrain

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

In each simulation time cycle, the aircraft's gositshould
be updated, and the forecast flight track shouldebalculated
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 andslesel
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 displayedi@nl0 with
red or yellow grids.

ss253 Taszss LS AFF WF 210

goors o 26 NN
- 12:23

Fig. 10 Scope of warring or caution terrain

In this paper, enhanced ground proximity warningtem'’s
functions and workflow are analyzed, and EGPWS kitian
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, aealsly and
stable.
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