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A

PILOT AID USING A SYNTHETIC
ENVIRONMENT
This is a continuation of application Ser. No. 08/274,394,
filed Jul. 11, 1994, now abandoned.

BACKGROUND OF THE INVENTION

This invention relates to a pilot aid for synthesizing a view
of the world. When flying under Visual Flight Rules (VFR)
the normal procedure for determining your position is to

t th ind ;10 tha infarmatinm an o
relate what you sC€ Oul tne winaow 16 (nd iniormation on a

paper map. During the day it can be difficult to determine
your location because the desired landmark can be lost in the
clutter of everything else. When flying at night you see
mostly lights. When flying under Instrument Flight Rules
(IFR) you must relate the information from various naviga-
tion aids to the information on a printed map. You must then
interpret the map information in order to avoid flying into
objects such as mountains and the like. An improvement in
this situation came about when the global posmonmg system
\uro; became aperauonax and available for civilian use.
GPS directly provides map coordinates but you must still,
however, interpret the map information. Systems have been
developed which use GPS coordinates to access an elec-
tronic map which is presented on a display as a flat map.
Systems have also been developed that preseni an apparent
three-dimensional effect and some that present a mathemati-
cally correct texture-mapped three-dimensional projected
display.

Both of these systems require a very large amount of
storage for terrain data. The latter system also requires
specialized hardware. Their high cost have prevented their

widespread adoption by the avaiation community,

The 1984 patent to Taylor et al. (U.S. Pat. No. 4,445,118)
shows the basic operation of the global positioning system
(GPS).

The 1984 patent to Johnson et al. (U.S. Pat. No. 4,468,
793) shows a receiver for receiving GPS signals.

The 1984 patent to Maher (US Pat. No. 4485,383)

bllUWb auuuu:l ICLCIVCI lUl lCLClVlllg UI'D blglld.lb

The 1986 patent to Evans (U.S. Pat. No. 4,599,620) shows
a method for determining the orientation of a moving object
and producing roll, pitch, and yaw information.

The 1992 patent to Timothy et al. (U.S. Pat. No. 5,101,
356) also shows a method for determining the orientation of
a moving object and producing roll, pitch, and yaw infor-

[ROPS pauny

IMiauion.

The 1993 patent to Ward et al. (U.S. Pat. No. 5,185,610)
shows a method for determining the orientation of a moving
object from a single GPS receiver and producing roll, pitch,
and yaw information.

The 1992 patent to Fraughton et al. (U.S. Pat. No.
5,153,836) shows a navigation, surveillance, emergency

nnnnn prewes Mpses |
B.’)LCIII n.uu lllCl.llUU

nnd Aanllicinn avasdamas

ana <Couisidii  avoiaaiice
whereby each craft determines its own position using
LORAN or GPS and transmits it on a radio channel along
with the craft’s identification information. Each craft also
receives the radio channel and thereby can determine the

anesoition mmd F Aot I e A e e 2o

pudiuun ailu xucuuuuauuu Ul ULHCI tlalt 1u LllU Vlblllll.y

The 1992 patent to Beckwith et al. (U.S. Pat. No. 5,140,

lacatinn
10Caiion,
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532) provides a topographical two-dimensional real-time -

dlsplay of the terram over Wthh the aircraft is passing, and
a slope-shading technique incorporated into the system
provides to the display an apparent three-dimensional effect
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similar to that provided by a relief map. This is accom-
plished by reading compressed terrain data from a cassette
tape in a controlled manner based on the instantaneous
geographical location of the aircraft as provided by the
aircraft navigational computer system, reconstructing the
compressed data by suitable processing and writing the
reconstructed data into a scene memory with a north-up
orientation. A read control circuit then controls the read-out
of data from the scene memory with a heading-up orienta-
tion to provide a real-time display of the terrain over which
the aircraft is passing. A symbol at the center of display
position depicts the location of the aircraft with respect to
the terrain, permitting the pilot to navigate the aircraft even
under conditions of poor visibility. However, the display
provided by this system is in the form of a moving map
rather than a true perspective display of the terrain as it

would appear to the nilot throuch the window of the aircraft

L appeal 10 L0 PO UIOUESD wWiC WINAOW O1 W aircrall.

The 1987 patent to Beckwith et al. (U.S. Pat. No. 4,660,
157) is similar to U.S. Pat. No. 5,140,532. It also reads
compressed terrain data from a cassette tape in a controlled
manner based on the instantaneous geographical location of
the aircraft as provided by the aircrafi navigational computer
system and reconstructs the compressed data by suitable
processing and writing the reconstructed data into a scene
memory. However, instead of providing a topographical
two-dimensional display of the terrain over which the air-
craft is passing and using a siope-shading technique to
provide an apparent three-dimensional effect similar to that
provided by a relief map as shown in the *532 patent, the
’157 patent processes the data to provide a 3D perspective
on the display. There are a number of differences between
the "157 patent and the present invention:

1. The *157 Patent stores the map as a collection of terrain

nointe with accnciatad altitudac:
PULGS Wil assullalbu didddlls,

storage required by this approach requires that a tape be
prepared for each mission. The present invention stores
terrain data as a collection of polygons which results in
a significant reduction of data base storage; larger
aanaranhin arang Ane ha ctnend on tlant 2656 bt manacon

BLUELapIuL aiCad Lall Ut SLUITU SV ulail it it not llCLCbbal_y

to generate a data base for each mission.
2. The ’157 Patent uses a tape cassette for data base

storage; the long access time for tape storage makes it
necessary to use a relatively large cache memory. The
present invention uses a CD-ROM which permits ran-
dom access to the data so that the requirements for

cache storage are reduced.

. The 157 Patent accounts for the aircraft’s heading by
controlling the way the data is read out from the tape.
Different heading angles result in the data being read
from a different sequence of addresses. Since addresses
exist only at discrete locations, the truncation of
address locations causes an unavoidable change in the
map shapes as the aircraft changes heading. The present
invention stores terrain as polygons which are math-
ematically rotated as the aircraft changes attitude. The

tha laroa amanunt of
uil 1argl amouiit O1

w

PPN ) JE JRPREIE S |

leUlULlUll lb UCLCIIIIICU Uy IIUIIIDCI Ul Dll.b ubcu io
represent the vertices of the polygons, not the number
of storage addresses.

4. The 157 accounts for the roll attitude of the aircraft by
mathematically rotating the screen data after it is pro-
jected. The *157 Patent does not show the display being

responsive to the pitch angle of the aircraft. In systems
such as this the lack of fidelitv ig apparent to the uger.

SULCI a8 LIS A0 1ACX O IICCILLY 18 apparciiy 10 1nC uscer

People know what things are supposed to look like and
how they are supposed to change perspective when
they move. The present invention uses techniques that
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have long been used by the computer graphics industry
to perform the mathematically correct transformation
and projection.

5. The *157 shows only a single cockpit display while one
of the embodiments of the present invention shows a
stereographic head-mounted display with a head sen-
sor. The pilot is presented with a synthesized view of
the world that is responsive to wherever the pilot looks;
the view is not blocked by the cockpit or other aircraft

qtemintiiean ambhadimant not ontinisatad ko tha

ol uk,Luu./a T}‘MB VilIUUALLLIVIIL ;B nuuL mllelPﬂl\/u Uy e
’157 patent.

The 1991 patent to Behensky et al. (U.S. Pat. No. 5,005,
148) shows a driving simulator for a video game. The road
and other terrain are produced by mathematically transform-
ing a three-dimensional polygon data base.

The first sales brochure from Atari Games Corp. is for a
coin-operated game (Hard Drivin’) produced in 1989 and
relates to the 148 patent. The terrain is represented by
polygons in a three-dimensional space. Each polygon is
transformed mathematically according to the position and
orientation of the player. After being tested to determine
whether it is visible and havmg the appropriate illumination

function nerformad it ic clinned nerniactad tha
function periormed, it 1§ Clipped and projecied onto (ne

display screen. These operations are in general use by the
computer graphics industry and are well known to those
possessing ordinary skill in the art.

The second sales brochure from Atari Games Corp. is for
a coin-operated game (Steel Talons) produced in 1991 and
which also relates to the ’ 148 patent and the use of polygons
to represent terrain and other objects.

The 1993 patent to Dawson et al. (U.S. Pat. No. 5,179,
638) shows a a method and apparatus for providing a texture
mapped perspective view for digital map systems which
includes a geometry engine that receives the elevation posts
scanned from the cache memory by the shape address

osnerator A tilino enoine ic then ncad to trancform the
generaior. A luing €ngine 1s en used ¢ ransicrm e

elevation posts into three-dimensional polygons. There are a
number of differences between the 638 patent and the
present invention:

1. The *638 Patent is for a digital map system only. The
maiter of how the location and attitude are selected is
not addressed. The present invention uses a digital map
as part of a system for presenting an aircraft pilot with
a synthesized view of the world regardless of the actual
visibility.

2. The ’638 Patent stores the map as a collection of terrain
points with associated altitudes, thereby requiring a

larce amount of data storace. The terrain noints are
iarge amount oI gala siorage. 10€ terrain pomnis are

transformed into polygons during program run-time
thereby adding to the processing burden. The present
invention stores terrain data as a collection of polygons
which results in a significant reduction of data base

staraoca
SwUlage.

3. The present invention also teaches the use of a stereo-
graphic head-mounted display with a head sensor. The
pilot is presented with a synthesized view of the world
that is responsive to wherever the pilot looks; the view
is not biocked by the cockpit or other aircraft structures.
This embodiment is not anticipated by the *638 patent.

The 1994 patent to Hamilton et al. (U.S. Pat. No. 5,296,

854) shows a helicopter virtual display system in which the
structual outlines corresponding to structual members form-
ing the canopy structure are added to the head-up dispiay in
order to replace the canopy structure clues used by pilots
which would otherwise be lost by the use of the head-up
display.

The 1994 patent to Lewins (U.S. Pat. No. 5,302,964)

shows a head-up display for an aircraft and incorporates a
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4
cathode-ray tube image generator with a digital look-up
table for distortion correction. An optical system projects an
image formed on the CRT screen onto a holographic mirror
combiner which is transparent to the pilot’s direct view
through the aircraft windshieid.

The sales brochure from the Polhemus company shows
the commercial availability of a position and orientation
sensor which can be used on a head-mounted display.

The article from EDN magazine, Jan. 7, 1993, pages
31-42, entitled “System revolutionizes surveying and navi-
gation” is an overview of how the global positioning system
(GPS) works and lists several manufacturers of commer-
c1a11y available receivers. The article also mentions several
applications such as the use by geologists to monitor fault
lines, by oil companies for off-shore oil explorations, for
keeping track of lower-orbit satellites, by fleet vehicle
operators to keep track of their fleet, for crop sprayers to
spread fertilizer and pesticides more efficiently, and for
in-car systems to display maps for automotive navigation.

The section from “Aviator’s Guide to GPS” presents a
history of the GPS program.

The sales brochure from Mpcpﬂnn chtprpc Corn. is for

TP. 18 10T

commercially available equlpment comprising a GPS
receiver with a moving map display. The map that is
displayed is a flat map.

The sales brochure from Trimble Navigation is for a

commercially availahle GPS receiver
commerciany avauascif rS reeeiver

The sales brochure from the U.S. Geological survey
shows the availability of Digital Elevation Models for all of
the United States and its territories.

The second sales brochure from the U.S. Geological

enrvay chawa tha availahility Af Nigital T ina (iranh Madale
SUIVUY SHUWS Ui avaliauviiivy U1 wigildl 450 Slapil iviOGLis

for all of the United States and its territories. The data
includes: political and administrative boundaries; hydrogra-
phy consisting of all flowing water, standing water, and
wetlands; major transportatxon systems consisting of roads
and l.ld.llb lcuhua.da, PIPCJLAAU), transiinission hﬁﬁS, and air-
ports; and significant manmade structures.

The Washington Sectional Aeronautical Chart is a paper
map published by the U.S. Department of Commerce,
National Oceanic and Atrnospheric Administration that
shows the COi‘ﬂpu‘:Xuy of the information that an aircraft pﬂOL
needs in order to fly in the area covered by the map. The
other areas of the U.S. are covered by similar maps.

The sales brochure from Jeppesen Sanderson shows that
the company makes its navigation data base available in
compuier readable form.

Accordingly, several objects and advantages of my inven-
tion are to provide a system that produces a mathematically
correct three-dimensional projected view of the terrain while
reducing the amount of storage required for the data base
and which can be accomplished by using standard commer-
cially available components. The invention can be used as a
real-time inflight aid or it can be used to preview a flight, or
it can be used to replay and review a previous flight.

Further objects and advantages of my invention will
become apparant from a consideration of the drawings and
ensuing description.

SUMMARY OF THE INVENTION

The present invention is a pilot aid which uses the
aircraft’s position and attitude to transform data from a
digital data base to present a pilot with a synthesized
three-dimensional projected view of the world. The three-
dimensional position is typically determined by using the

output of a commercially available GPS receiver. As a safety
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check, the altitude calculated by the GPS receiver can be
compared to the output of either a standard altimeter or a
radio altimeter. Attitude can also be determined from the use
of a GPS receiver or it can be derived from standard avionic
instruments such as turn-and-bank indicaior and gyrocom-
pass. The digital data base represents the terrain and man-
made structures as collections of polygons in order to
minimize storage requirements. The pilot can select several
feature such as pan, tilt, and zoom which would allow the
pilot to see a synthesized view of terrain that would other-
wise be blocked by the aircraft’s structure, especially on a
low-wing aircraft. The pilot can also preview the route either
inflight or on the ground. Because the system has the ability
to save the flying parameters from a flight, the pilot can
replay all or part of a previous flight, and can even take over
during the replay to try out different flight strategies.
Through the use of a head-mounted display with a head
sensor, the pilot can have complete range of motion to
receive a synthesized view of the world, completely unhin-
dered by the aircraft structure.

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a block diagram showing the output to a single
video display.

FIG. 2 is a block diagram showing the output to a
head-mounted display.

FIG. 3 is a block diagram showing a system used to plan
and/or replay a particular flight.

FIG. 4 is a block diagram showing Computer 107 and
Graphics System 108 in FIG. 1, FIG. 2, and FIG. 3.

FIG. 5a shows a simple positive (counter-clockwise)
rotation of a point around the origin of a 2-Dimensional
space.

FIG. 5b shows a second positive (counter-clockwise)
rotation of a point around the origin of a 2-Dimensional
space.

FIG. 62 showe the sgnivalent t
RS, 8 SneWS In€ equivaient U

FIG. 5a where the rotation is around the Z axis.

FIG. 6b is a re-orientation of the axes of FIG. 6a showing
rotation around the Y axis.

FIG. 6c is a re-orientation of the axes of FIG. 6a showing
rotation around the X axis.

FIG. 7a is a side view showing the projection ofa point

m L[llUC-ulIllCllblUIlb PIU_]CLLCU onio a lWU-UlmEﬂblOndl
screen.

FIG. 7b is a top view showing the projection of a point in
three-dimensions projected onto a two-dimensional screen.

FIG. 8a is a cabinet-projected three-dimensional repre-
sentation of the viewing pyramid.

FIG. 8b is a 2D top view of the viewing pyramid.

FIG. 8¢ is a 2D side view of the viewing pyramid.

FIG. 9a shows an unclipped polygon.

FIG. 9b shows how clipping the polygon in FIG. 9a
produces additional sides to the polygon.

FIG. 10a shows the impending crossover from Geo-
graphic Data Block 21 to Geographic Data Block 22.

FIG. 10b shows the result of a crossover from Geographic
Data Block 21 to Geographic Data Block 22.

FIG. 11a shows the impending crossover from Geo-
graphic Data Block 22 to Geographic Data Block 32.

FIG. 11b shows the result of a crossover from Geographic
Data Block 22 to Geographic Data Block 32.
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FIG. 12a through FIG. 12f, and FIG. 13a through FIG. 13f
show the procedure for generating the polygon data base
from the Digital Elevation Model data.

DETAILED SPECIFICATION

FIG. 1 shows the basic form of the invention. GPS
Receiver 101 receives signals from the satellites that make
up the global positioning system (GPS) and calculates the
aircraft’s position in three dimensions. Altimeter 104 pro-
vides an output of the aircraft’s altitude as a safety check in
the event GPS Receiver 101 malfunctions. Turn-and-bank
Indicator 102 and Gyrocompass 103 provide the aircraft’s
attitude which comprises heading, roll, and pitch. CD-ROM
Data Base 105 contains the digital data base consisting of
three-dimensional polygon data for terrain and manmade
stmictures.

Computer 107 is shown in more detail in FIG. 4 and uses
commercially available integrated circuits including proces-
sor 404, the MPC601, from Motorola Semiconductor Inc.
The MPC601 is a fast 32-bit RISC processor with a ﬂoating
p(‘:ii‘u unit and a 32K Dylc mgm-way set-associative unified
instruction and data cache. Most integer instructions are
executed in one clock cycle. Compilers are available for
ANSI standard C and for ANSI standard FORTRAN 77.
Computer 107 also contains ROM 405, RAM 406, Avionics
Interface 401, CD-ROM Interface 402, Control Panel Inter-

face 403, Graphics Systems Interface 407, and Hard Drive
Interface 408.

Computer 107 uses the aircraft’s position from GPS
Receiver 101 to look up the terrain and manmade structure
data in CD-ROM Data Base 105. This data is organized in

geographic blocks and is accessed so that there is always the
nroner data nrecent Thic ic chown in FIG 10, FI(GG 104

proper data present. This is shown in FIG. 10a. FIG. 105
shows that when the aircraft crosses from Block 21 to Block
22, the data from Blocks 10, 20, and 30 are discarded and
data from Blocks 13, 23, and 33 are brought in from
CD-ROM Data Base 105. FIG. 11a and FIG. 115 show the

airoraft oraceing from Rlack 22 ta Rlaslk 19
aifllart CIOS8INE 1T0IMN O100K & 10 OuU0K Sa.

Computer 107 uses the aircraft’s position from GPS
Receiver 101 and attitude information from Turn-and-bank
Indicator 102 and Gyrocompass 103 to mathematically
operate on the terrain and manmade structure data to present
three-dimensional projected polygons to Graphics System
108. As shown in FIG. 4, Graphics System 108 consists of
a commercially available graphics integrated circuit 409, the
86C805, made by S3 Incorporatcd This integrated circuit
contains primitives for drawing lines in addition to the
standard SVGA grapmcs functions. The 86C805 controls
DRAM 410 which is the video memory consisting of two
buffers of 1024x768 pixels, each of which is 8 bits deep. The
video to be displayed from DRAM 410 is sent to RAMDAC
411 which is an integrated circuit commercially available
from several manufacturers, such as Brooktree and AT&T.

RAMDAC 411 contains a small RAM of 256x24 bits and
three 8-bit DACs. The RAM section is a color table pro-
grammed to assign the desired color to each of the 256
combinations possible by having 8 bits/pixel and is com-
bined with three video DACs, one for each color for Video
Display 109.

Ann T omlae a el Alomlas; AL Aamacas
Video Display 109 is a color video display of conven-

tional design such as a standard CRT, an LCD panel, or a
plasma display panel. The preferred size of Video Display
109 is 19" although other sizes may be used.

FIG. 2 shows the use of the system with Head Mounted
Display 201. Head Mounted Display Attitude Sensors 202
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provide Computer 107 with the orientation of Head
Mounted Display 201. This orientation is concatenated with
the aircraft’s orientation provided by Turn-and-bank Indi-
cator 102 and Gyrocompass 103. Asa consequence the pilot
can iturn Illb or IICI llt:d.u dlll.l Vlt:W Ult: tﬂree Ulrﬂellblullal
synthesized view of the transformed terrain and manmade
structure data unhindered by the aircraft’s structure. With the
appropriate sensors for engines, fuel tanks, doors, and the
like, the pilot can be presented with synthesized represen-

tations of these ohiects in their correct locations. For

tations of these objects in their correct locations. For
example, the pilot would be able to ‘look’ at a fuel tank and
‘see’ if it is running low. The pilot would also be able to ‘see’
if there is a problem with an engine and, on muiti-engine
aircraft, identify which one. By using a technique similar to
that taught in the 1992 patent to Fraughton et al. (U.S. Pat.
No. 5,153,836) where each aircraft determines its own
position using LORAN or GPS and transmits it on a radio
channel along with the aircraft’s identification information
so that each craft also receives the radio channel and can
thereby determine the position and identification of other
craft in the vicinity, these other aircraft can be presented in
the present invention as three-dimensional objects in their
correct positions to alert the pilot to their presence and take
evasive maneuvers as required.

TV T o TS Fnze mmnma Ao s tlan ol

nara wisK urive 11" lb 101 1CLvlaig uic d‘ll\.«ldll 8 pUbl'
tion and orientation data for later playback in order to review
the flight. Because the information presented on Video
Display 109 is a function of the aircraft’s position and
orientation data applied to the CD-ROM Data Base 105, it
can be reconsirucied later at any iime by storing just the
aircraft’s position and orientation data and applying it again
to CD-ROM Data Base 106, as long as the data base is still
available. The aircraft’s position and orientation data
requires fewer than 100 bytes By recording it every 0.1
seconds, an hour requires about 3.6 Megabytes of storage.
(100 bytes/updatex10 updates/secondx60 seconds/minx60
minutes/hour=about 3.6 Megabytes) Therefore, a standard
340 Megabyte hard drive would store about 94 hours of
operation.

A method for previewing a route that has not been flown
before is shown in FIG. 3. GPS Receiver 101, Turn-and-

bhank Indicator 1802 Guracomnace 102 and Altimater 104

bank Indicator 102, Gyrocompass 103, and Altimeter 104
are replaced by User Flight Controls with Force Feedback
301 and Aerodynamic Model Processor 302. Aerodynamic
Model Processor 302 is a processor that implements the
aerodynamic mathematical model for the type of aircraft

Aacirad Tt ransivac tha ngar innmiite fram Tlear Flioht O anteal
GOSIITA. 11 TCCCIVES il USTT HIpuULs 1T0IM USTT riigit LONUo1

with Force Feedback 301, performs the mathematical cal-
culations to simulate the desired aircraft, and supplies output
back to the Force Feedback part of the controls and to
Computer 107. The outputs supplied to Computer 107

BLJJIu}ﬂI,C I.hC UULPULB uuuuau_y Bul.}l.}llcd [(8] GPS I\CLCIVCI
101, Turn-and-bank Indicator 102, Gyrocompass 103, and
Altimeter 104. In this way, Computer 107 executes exactly
the same program that it would perform in the in-flight
system This permits the pilot to practice flying routes that
he or she has not fiown before and is par'uculany useful in
practicing approach and landing at unfamiliar airports. This
system does not need to be installed in an aircraft; it can be
installed in any convenient location, even the pilot’s home.

Control Panel 106 allows the pilot to select different
operating features. For example, the pilot can choose the
‘look angle’ of the display (pan and tilt). This would allow
the pilot to see synthesized terrain coresponding to real
terrain that would otherwise be blocked by the aircraft’s
structure like the nose, or the wing on a low wing aircraft.

Another feature is the zoom function which provides mag-

20

25

30

35

40

45

50

55

60

65

Q
o

nification. Another feature is to permit the pilot to select a
section of the route other than the one he or she is on, for

example, to preview the approach to the destination airport.

MATH INTRO

The math for the present invention has been used in the
field of coin-operated video games and in traditional com-
puter graphics. However, since it has not been well docu-
mented, it will be presented here. The basic concep; assurmes
the unit is a simulator, responsive to the user’s inputs. It is
a short step from that to the present invention where the
inputs represent the physical location and attitude of the
aircraft.

The steps required to view a 3D polygon-based data base
are:

1 Tranofnrmation ftranclatinm, and sntatinn oo ranniend)
1. 1iaudliuliiiaiivil \uaik DlﬂLlUll aLllu 1y (9LV) ad u.\.luuuu)
2. Visibility and illumination

3. Clippine

3. Clipping

4. Projection

In this geometric model there is an absolute Universe
filled with Objects, each of which is free to rotate and
translate. Associated with each Object is an Orthonormal
Matrix (i.e. a set of Orthogonai Unit Vectors) that decribes
the Object’s orientation with respect to the Universe.
Because the Unit Vectors are Orthogonal, the Inverse of the
matrix is simply the Transpose. This makes it very easy to
change the point of reference. The Object may look at the
Universe or the Universe may iook at the Object. The Object
may look at another Object after the appropriate concatena-
tion of Unit Vectors. Each Object will always Roll, Pitch, or
Yaw around its own axes regardless of its current orientation
without using Euler angle functions.

ROTATIONS

The convention used here is that the Z axis is straight up,
the X axis is straight ahead, and the Y axis is to the right.

DNTT n entotine oe~ssead tha Vo owia DT P Y P vy
ROLL is a rotation around the X dxil, r'1 TCH is a rotation

around the Y axis, and YAW is a rotation around the Z axis.
For a simple positive (counter-clockwise) rotation of a
point around the origin of a 2-Dimensional space:

Y=X*SIN(a)+Y*COS(a)

See FIG. Sa.
If we want to rotate the point again there are two choices:
1. Simply sum the angles and rotate the original points, in
which case:

"=X*COS(a+b)-Y*SIN(a+b)
Y"=X*SIN(a+b)+Y*COS(a+b)

7 Datata Y'
&, AN

V' hy an h-
Gilall A, I

ola
Oy aligiC O.

X"=X"*COS(b)-Y'*SIN(b)

Y'=X"*SIN(b}+Y*COS(b)

See FIG. 56b.
With the second method the errors are cumulative. The
first method preserves the accuracy of the nnmna] coordi-

nates; unfortunately it works only for rotations around a
single axis. When a series of rotations are done together

around two or three axes, the order of rotation makes a
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difference. As an example: An airplane always Rolls,
Pitches, and Yaws according to its own axes. Visualize an
airplane suspended in air, wings straight and level, nose
pointed North. Roll 90 degrees clockwise, then pitch 90
degrees “up”. The nose will be pointing East. Now we will
start over and reverse the order of rotation. Start from
aumgm and level, pOiﬁLiﬁg North. Pitch up 90 uchcca, then
Roll 90 degrees clockwise, The nose will now be pointing
straight up, where “up” is referenced to the ground. If you
have trouble visualizing these motions, Just pretend your
hand is the airplane.
This means that we cannot simply keep a running sum of
the angles for each axis. The standard method is to use

ad to ha desgerihe,

ntinne of BEnlar anolae Tha ath A
1€ Mmensa 6 e GesCrioed 18

functions of Euler angles.
easier and faster to use than Euler angle functions.

Although FIG. 5a represents a two dimensional space, it
is equivalent to a three dimensional space where the rotation
is around the Z axis. See FIG. 6a. The equations are:

X' = X*COS(za) — Y*SIN(za) Equation 1
Y = X*SIN(za) + Y*COS(za)

By symmetry the other equations are:
7 = 7Z¥CNO8Q{(uva) — V*QT\Tf‘m\ Eonatian 2
Z = Z*COS(ya) — X*SIN(ya) Equation 2
X' = Z*SIN(ya) + X*COS(ya)
See FIG. 6b.
and
Y = Y*COS(xa) — Z*SIN(xa) Equation 3

Z = Y*SIN(xa) + Z*COS(xa)
See FIG. 6¢.

From the ship’s frame of reference it is at rest; it is the
Universe that is rotating, We can either change the equations
to make the angles negative or decide that positive rotations
are clockwise. Therefore, from now on all positive rotations
are clockwise.

Consolidating Equations 1, 2, and 3 for a motion consist-
ing of rotations za (around the Z axis), ya (around the Y
axis), and xa (around the X axis) yields:

X'=X*[COS(ya)*COS(za) [+ Y *[—COS(ya)*SIN(z

TR QNI g RS I oay
[SIN(ya)]
Y'=X*[SIN(xa)*SIN(ya)*COS(za)+COS(xa)*SIN(za)]+
Y *[-SIN(xa)*SIN(ya)*SIN(za)+COS(xa)*COS(za)]+
Z*[-SIN(xa)*COS(ya)]
Z'=X*[-COS(xa)*SIN(ya)*COS(za)+SIN(xa)*SIN(za)]
+Y*[COS(xa)*SIN(ya)*SIN(za)+SIN(xa)*COS(za)]+
Z¥[COS(xa)*COS(ya)]
(The asymmetry in the equations is another indication of the
difference the order of rotation makes.)
The main use of the consolidated equations is to show that
any rotation will be in the form:

X=Ax*X+Bx*Y+Cx*Z

Z'=Az*X+Bz*Y+Cz*Z

If we start with three specific points in the initial, absolute
coordinate system, such as:

Px=(1,0,0)
Py=(0,1,0)
Pz=(0,0,1)
after any number of arbitrary rotations,
Px'=(XA,YA,ZA)
Py'=(XB,YB,ZB)
Pz'=(XC,YC,ZC)

w
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10
By inspection:
XA =Ax XB=Bx XC=Cx
YA =Ay YB=By YC=Cy
ZA=Az ZB=Bz ZC=Cz

Therefore, these three points in the ship’s frame of
reference provide the coefficients to transform the absolute
coordinates of whatever is in the Universe of points. The
absolute Iist of points is itself never changed so it is never
lost and errors are not cumulative. All that is required is to
calculate Px; Py, and Pz with sufficient accuracy. Px, Py, and
Pz can be thought of as the axes of a gyrocompass or 3 axis
stabilized platform in the ship that is always oriented in the
original, absolute coordinate system.

TRANSLATIONS

Translations do not affect any of the angies and therefore
do not affect the rotation coefficients. Translations will be
handled as follows:

Rather than keep track of where the origin of the absolute
coordinate system is from the ship’s point of view (it
changes with the ship’s orientation), the ship’s location will
be kept track of in the absolute coordinate system.

To do this requires finding the inverse transformation of
the rotation matrix. Px, Py, and Pz are vectors, each with a
length of 1.000, and each one orthogonal to the others.
(Rotating them will not change these properties.) The
inverse of an orthonormal matrix (one composed of orthogo-
nal unit vectors like Px, Py, and Pz) is formed by transposing
rows and columns.

Thavrafara far Y
10CICI0IC, 101 A, 1,

Y', Z' in the Ship’s reference:

V 7 in tha TThnie

£ 111 uil VIiy

[x] [a B2 o] [x
[Y‘] [ By ¢y |* Y]and
LZJ lAZ Bz CZJ LZJ
[x] [ax & 4] [x]
Y |=|Bx By Bz {*|Y
lZJ le Cy Cz z

The ship’s X unit vector (1,0,0), the vector which, according
to the ship is straight ahead, transforms to (Ax,Rx,Cx). Thus
the position of the ship in terms of the Umversc s coordi-
nates can be determined. The complete transformation for
the Ship to look at the Universe, taking into account the
position of the Ship: For X,Y,Z in Universe reference and X',

Y', Z' in Ship’s reference
[x] [a B &) [x-xr
Y |=|Ay By Cy |*| Y-IT
z Az Bz Cz Z-ZT
INDEPENDENT OBJECTS

p— VI R T

To draw UUJCbLb ina POLy gO1ni-oas ed syste 1,
vertices that define the polygon will rotate the polygon.
The nhmrt will be defined in its own gggrd_p_[_
(the object “library”) and have associated with it a set of unit
vectors. The object is rotated by rotating its unit vectors. The

object will also have a position in the absolute Universe.
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When we want to look at an object from any frame of
reference we will transform each point in the object’s library
by applying a rotation matrix to place the object in the
proper orientation. We will then apply a translation vector to
place the object in the proper position. The rotation matrix
is derived from both the object’s and the observer’s unit
vectors; the translation vector is derived from the object’s
position, the observer’s position, and the observer’s unit
vectors.

oy
o

ship 2:

[a2 a2 4271 [x] [xr2 ]

- EHEREHE]

Cx2 Cy2 C2
Ship 1 looks at the Universe looking at Ship 2:

The simplest frame of reference from which to view an 10
object is in the Universe’s reference at (0,0, 0) looking along
the X axis. The reason is that we au‘eau_y have the rotation
coeficients to look at the object. The object’s unit vectors
supply the matrix coefficients for the object to look at
(rotate) the Universe. The inverse of this matrix will allow
x [ax1 Bt o1 ] [x-xm EQUATION 10
Y = Ayl Byl Cyl {*] Y-YT1
Lz ] [ 421 B ca | |z-zm
r . . 4 o~ r .. %v r .. — ~s VT
Axl Bxl1 oxl X Axl Bxl Cxl Afl
= | Ayl Byl oyl [*| ¥ |-]Ay Byl oyl |*| 1
Azl Bzl Czl z Azl Bzl (7l zn
L 25 J L Jd L d L 4
the Universe to look at (rotate) the object. As discussed Expand
previously, the unit vectors form an Orthonormal matrix; its
inverse is simply the Transpose. After the object is rotated, Axl Bxl Cxl I'x" 'I Axl Bxl Cxl 'l
it ig translated to its nosition (11c nosition ar-r-nrfhnn to the i a oma s [ R P "
| d AR | b 30 Ayl Byl Cyl * Y =\ Ayl Byl oyl .
Universe) and pro;ccteq More on 'prOJectxon later. . l Azl B Cid J l 7 J l Azl B J
A consequence of using the Unit Vector method is that,
whatever orientation the object is in, it will always Roll, A2 Bx2 Cx2 X XT2
Pitch, and Yaw according to ITS axes. A2 B2 o |*|ry |+]| m
For an object with unit vectors:
35 \L42 B2 c2 | |z |zr2 ])
rAx Bx Cx 1 Using the Distributive Law of Matrices
lAy By O J
4 B & [ax Bt cn ] [[az a2 a2 ] [x])
- . 40 =] Ayl Byl Oyl Bx2 By2 B2 |*|v +
and absolute position [XT,YT,ZT], and [X,Y,Z) a point from l Ay , By X C’ X J H o Cy ) ¢ 2J l Z J )
the object’s library, and [X',Y',Z] in the Universe’s refer- @ P e xe B
ence, The Universe looks at the object: [ Axl Bxd Cxl ] [ XT2 ‘|
"x ) [ar ay ac] [x] [xr] Ayl Byl Gyl |*| T2
45 Azl Bzl Czl zZr
Y |=|Bx By Bz |*{Y |+]| YT LZZZJl_J
z Cx Cy (2 z zTr . L ..o P
L~ 4 ’ d LT d Using the Associative Law of Matrices:
For two ships, each with unit vectors and positions: [Tan B 11 Taw 4w 4o 1\ [x1
- 50 _ *
Al B Ca ] Ayl Byl Cyl Bx2 By2 Bz2 Y |+
P Azl Bzl Czl 2 O Cz2 z
Ayir  pyir LUyl OMip 1L wilit vECIONS - - = =7 = -
| Azl Bzl Czt | [Axl Bxl Cxl '| I'xn 'I
FYTT U s @1 1o e Avl Bvl vl * ymn
{XT1,IT1,ZT1) Smp 1 Posion syL SyL o Wyl LiL
55 l_Azl Bzl Czt J lzn J
A2 B2 Cx2 |
Ay2 By2 Cy2 | Ship2 Unit Vectors Substituting back into Equation 10 gives:
Az2 B2 Cz2
: . T} {{aa Ba oa ] [az a2 a2z ) [x]
(XT2,YT2,ZT?2) Ship 2 Position 60 ye Az
Ayl Byl Cyl Bx2 By2 Bz2 Yy |+
A2 Ay2 A2 ] \L4 Bl Gl (G2 G2 G2 ) {Z]
Transpose (Inverse) of
Bx2 By2 Bz2 j .
Ship 2 Unit Vectors Axl Bxl Cxl X2 Axl Bxl Cxl ] [xn
Cx2 Cy2 C2
s 7 4 6 Ayl Byl cyIJ*lmJ—lAyl Byl Cle*lYTlJ
. . . Vo . 1 Bzl Cad n Azl Bzl Cz Z11
(X,Y,Z) in Ship 2 library, (X',Y',Z") in Universe Refer- Al Bl G z e

ence, and (X",Y",Z") in Ship 1 Reference Universe looks at
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Therefore:
EQUATION 11
l'x '| {[Axl Bxl Cxl'I A2 Ay2 Azz]\
™ Ayl Byl Cyl |*| Bx2 By2 Bz2 *
I_Z" J \lAzl Bzl Czl J leZ o C2 J}
[xT Tast Bu ca | [xn-xn1 ]
Y |+]| A Byt o |*| ym-vna
LZJ LAzl Bzi Czi_l LZ’i‘Z—"I‘i J|
Now let:
EQUATION 12
far Bx ] [axt B ca ] [aee B2 ce
Ay By Cy Ayl Byl Cyl Ay2 By2 C(y2
Az Bz Cz Azl Bzl Czl Az2 B2 Cz2
- - L3 o [ 9 Pl

This matrix represents the orientation of Ship 2 according
to Ship 1’s frame of reference. This concatentation needs to
be done only once per update of Ship 2.

Also let:

EQUATION 13
[ax1 Bt o] [xm2-xm1 ]

er Ayl Byl oyl |*| rm-vn
Bzl Cal ZT2-ZT1)

XT,YT,ZT) is merely the position of Ship 2 in Ship 1’s
frame of reference.

Thic adea tn kha An
This alsc needs to be done - onl ily onc

library will be of the form:

[x 71 [Taa Ba ca
" |=]| Ayl Byl Cyl {*|Y J +
z Azl Bzl Czl Z 11 ]
Therefore, every object has six degrees of freedom, and any
object may look at any other object.

SUMMARY OF TRANSFORMATION ALGORITHMS:
Define Unit Vectors: [Px]} = (Ax,Ay,Az)

|Py] = (Bx,By,Bz)

[Pz] = (Cx,Cy,Cz)

Ax= Dy Cz=1.000

Bx=Bz=Cx=

Initialize:

Ay=Az= Cy=

If Roll;
Ay = Ay * COS(xa) ~ Az * SIN(xa)

A7' = Ay * SIN(xa) + Az * COS(xa)
R\l = Rv * COS(xa) — Rz * SIN(xa)

CWixa) 28 xa)

B?' = By * SIN(xa) + Bz * COS(xa)
Cy' = Cy * COS(xa) — Cz * SIN(xa)
Cz' = Cy * SIN(xa) + Cz * COS(xa)
If Pitch:
AZ' = Az * COS(ya) — Ax * SIN(ya)
Ax' = Az * SIN(ya) + Ax * COS(ya)
Bz’ =Bz * COS(ya) — Bx * SIN(ya)
Bx' = Bz * SIN(ya) + Bx * COS(ya)
Cz'= Cz * COS(ya) — Cx * SIN(ya)
Cx' = Cz * SiN(ya) + Cx ¥ CO3(ya)
If Yaw:
Ax' = Ax * COS(za) - Ay * SIN(za)
Ay’ = Ax * SIN(za) + Ay * COS(za)
Bx'=Bx * COS(za) — By * SIN(za)

By' = Bx * SIN(za) + By * COSGza)

Cx' = Cx * COS(za) — Cy * SIN(za)
Cy' = Cx * SIN(xa) + Cy * COS(xa)
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-continued
SUMMARY OF TRANSFORMATION ALGORITHMS:

(za', 'ya', and 'xa' are incremental rotations.)

rm At 1 ¥
vectors form a transformation matrix.

X, Y, Z in Universe reference
reference
r b
X ’I [Axl Bxl Cxl '| [x
Y 1=1A4y1 Byl Cyl 1*17Y
z J lAzl Bzl Cz1 J lZ ]
and
[x] [aa B2 ca ] [x]
Y |=] Ayl Byl Oyl |*{ VY
z Azl Bzl Czl z |

The ship’s x unit vector, the vector which according to the
ship is straight ahead, transforms to (Ax,Bx,Cx). For a ship
in free space, this is the acceleration vector when there is
forward thrust. The sum of the accelerations determine the
velocity vector and the sum of the velocity vectors deter-
mine the position vector (XT,YT,ZT). For two ships, each
with unit vectors and positions:

r -

Axl  Bxl Cxl

Ayl Byl (yl Ship 1 Unit Vectors
| Az1 Bzl Czl |
(XT1,YT1,ZT1) Ship 1 Position
r 1

Axl  Bxlt Cxl

Ayl Byl Cyl Ship 2 Unit Vectors
| Azl Bzl Czl ]
(XT2,YT2,ZT2) Ship 2 Position

Ship 1 looks at the Universe:

Fx Y Tast 2o o] Tx-xr 1
Y Ayl Byl Cyl |*|Y-YT
‘Z' ] ‘Azl Bzl Czl ] LZ—ZI‘ l
(X,Y,Z) in Universe
(X,Y,Z) in Ship 1 frame of reference
Ship 1 looks at Ship 2:
fax Bx o] [aa B ca§ [ae B2 o]
Ay By Cy Ayl Byl Cyl Ay2 By2 Cy2 l
L Az Bz (2 1L Azl Bzl Czl 1 LAzZ B2 (722 ]

(Ship 2 orientation relative to Ship 1 orientation)

[ xr Axl Bxl Cxl XT2 - XTI
Ayl Bl ol |*| -
471 Ba Ca | |zn-zn |

(Skup 2 position in Ship 1’s frame of reference)

s s S]]
2] L ooa] 2] [ ]

(X,X,Z) in Ship 2 library
X,Y,Z) in Ship 1 reference

VISIBILITY AND ILLUMINATION

After a polygon is transformed, whether it is a terrain
polygon or it belongs to an independently moving object
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such as another aircraft, the next step is to determine its
illumination value, if indeed, it is visible at all.

Associated with each polygon is a vector of length 1 that
is normal to the surface of the polygon. This is obtained by
using the vector crossproduct between the vectors forming
any two adjacent sides of the polygon. For two vectors
Vi={x1,y1,21} and V2=[x2,y2,22] the crossproduct VIxV2
is the vector [(yl*z2-y2*zl),—(x1*22—-x2%z1),(x1*y2—
x2*y1)]. The vector is then normalized by dividing it by its
length. This gives it a length of 1. This calculation can be
done when the data base is generated, becoming part of the

data haca or it can he done durine nrooram mn time The
Uala Gast, O L Call o0 GONT GUIing prograin uill uiil. 1aid

tradeoff is between data base size and program execution
time. In any event, it becomes part of the transformed data.

After the polygon and its normal are transformed to the
aircraft’s frame of reference, we need to calculate the angle
between the polygon’s normal and the vector from the base
of the normal to the aircraft. This is done by taking the
vector dot product. For two vectors V1=[x1,yl,z1] and
V2=[x2,y2,22], V1 dot V2=length(V1)*length(V2)*cos(a)
and is calulated as (x1*x2+y1*y2+z1*z2). Therefore:

*x2 4yl *y2 +21 *22)
length(V1) * length(V2)

cos(a) = &l

A cosine that is negative means that the anglc is between 90
degress and 270 degrees Since this znulp is famnp away

from the observer it w111 not be visible and can be rejected
and not subjected to further processing. The actual cosine
value can be used to determine the brightness of the polygon
for added realism.

CLIPPING

Now that the polygon has been transformed and checked
for visibility it must be clipped so that it will properly fit on
the screen after it is projected. Standard clipping routines are
well known in the computer graphics industry. There are six
clipping planes as shown in the 3D representation shown in
FIG. 8a . The 2D top view is shown in FIG. 8b, and the 2D
side view is shown in FIG. 8c. It should be noted that
clipping a polygon may result in the creation of addition
polygon sxdcs which must be added to the polygon descrip-
tion sent to the polygon display routine.

PROJECTION

As shown in FIG. 7a, X' is the distance to the point along
the X axis, Z' is the height of the point, Xs is the distance
from the eyepoint to the screen onto which the point is to be
projected, and Sy is the vertical displacement on the screen.
Z/X' and Sy/Xs form similar triangles so: Z/X'=Sy/Xs,
therefore Sy=Xs*Z'/X'. Likewise, Y7X'=Sx/Xs so
Sx=Xs*Y'/X' where Sx is the horizontal displacement on the
screen. However, we stiil need to fit Sy and Sx to the monitor
display coordinates. Suppose we have a screen that is 1024
by 1024. Each axis would be plus or minus 512 with (0,0)
in the center. If we want a 90 degree field of view (plus or
minus 45 degrees from the center), then when a point has
Z/X'=1 it must be put at the edge of the screen where its
value is 512. Therefore Sy=512*Z"/X". (Sy is the Screen
Y-coordinate). Therefore:

Sy=K*Z/X' Sy is the vertical coordinate on the display
Sx=K*Y'/X' Sx is the horizontal coordinate on the display
K is chosen to make the viewing angle fit the monitor
coordinates. If K is varied dynamically we end up with a
zoom lens effect. And if we are ciever in impiementing the
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divider, K can be performed without having to actually do a
multiplication.

THE DATABASE

The data base is generated from several sources. The U.S.
Geological Survey (USGS) makes available various data-
bases, iwo of which are of particular interest. The firsi is ihe
Digital Elevation Model data which consist of an array of
regularly spaced terrain elevations. This data base is con-
verted into a data base containing polygons (whose vertices
are three-dimensional points) in order to maximize the
geographic area covered by CD-ROM Data Base 105 and
also to reduce the amount of run-time processing required of
Computer 107. This is possible because there are large areas
of terrain that are essentially flat. Note that flat does not
necessarily mean level. A sloping area is flat without being
level.

The Digital Elevation Model data elevations are spaced
30 meters 30 meters=30mx39.37 ft/12
in=98.245 ft. A linear mile contains 5,280 ft/mix1 data
point/98.245 fi=53.65 data points/mi. Therefore, a square
mile contains 53.65x53.65=2878 data points. California has
a total area of 158,706 square miles which requires 158,

TOEXIRTR=AKRE 7858 QER  data nnintg thiec fioura
TVUORLG 107700, 100,000 Udla  pUiiis. uils  fnguic

includes 2,407 sq mi of inland water areas, there are 2407x
2878=6,927,346 data points just for inland water. The U.S.
has a total area of 3,618,773 square miles which requires
3,618,773x2878=10,414,828,694 data points. This ﬁgure

QA af inland
includes 79 484 sq mi of inland water arcas 1C|.iuuul§

79,484x2878=228,754,952 data points just for inland water.

The polygon data are organized in geographic data biocks.
Because the amount of data in each geographic data block
depends on the number of polygons and because the number
of polygons depends on the flatness of the terrain, the size
of each geographic data block is variable. Therefore, an
address table is maintained that contains a pointer to each
geographic data block. The first choice is to decide on the
geographic area represented by the block. For the present
invention the size is 20 mix20 mi=400 sq mi. Therefore, the
polygon data base for California requires 158,706 sq mix1
block/400 sq mi=397 geographic data blocks. The number of

polygons in a given geographlc data block depends on the
flatness of the terrain and what we decide is ‘flat’. The
definition of ‘flatness’ is that for a polygon whose vertices
are three-dimensional points, there will be no elevation

nointg that are hicgher than the nlane of the nolvoon and there
points th at are nigher than tne piane of (he poiygoen ang (here

will be no elevation points that are below the the plane of the
polygon by a distance called the Error Factor. A small Error
Factor will require more polygons to represent a given
terrain than will a large Error Factor. A small Error Factor
Tha

Frro
108 oIror

in/mxl1

anart
apart. IM/IMIX

Qinna
1000

will alse eenerate the terrain more accurately
neérae e wWirain more ad iy

Factor does not have to be the same for all Geographic Data
Blocks. Blocks for areas of high interest, like airports and
surrounding areas can be generated using a small Error
Factor in order to represent the terrain more precisely. The

nracant invantion neag an Errar Bactar of 10 £t for arang
PICOSUILL LIVOIIULL WSO dall KiTOI raCiol U1 1v 1t 10T aicas

surrounding airports and 50 ft for all other areas.

A procedure for generating the polygon data base from the
Digital Elevation Model data is demonstrated in FIG. 12a
through FIG. 12f and FIG. 13a through FIG. 13f. We start
with three points which define a polygon and which has a
surface. We select the next elevation point and decide if it
belongs in the polygon accordinng to the citeria previously
discussed. If it does, it gets added to the polygon. If not, not.
We then test additional adjacent points until we run out.
Then we start over with another three points.
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When we are done generating polygons for a Geographic
Data Block we go back and examine them; any polygon that
is ‘too big’ is broken down into smaller polygons. This is to
make sure there are always enough polygons on the screen

tn nravida a nranar rafaranca far tha nilat (A gcinola lavraa
W PIUYIGE a PIoper ICICICOCT 10T uiC PuGl. (A SigIT 1aigl

polygon on the screen would not have any apparent motion.)
Finally, the polygons are assigned colors and/or shades so
that adjacent polygons will not blend into each other.

The other USGS data base used is the Digital Line Graph

data which includec-
Gaila Wil inCiuaes.

aries; hydrography consisting of all flowing water, standing
water, and wetlands; major transportation systems consist-
ing of roads and trails, railroads, pipelines, transmission
lines, and airports; and significant manmade structures. The
Digital Line Graph data is two-dimensional. In the present
invention features such as water, roads, railroads, and pipe-
lines are represented as polygons with elevations determined
from the Digital Elevation Model data. Transmission lines
and significant manmade structures are defined as three-

dimencional ghiects made of nolvoong and are nlaced
aimensional ofjecis mace O polygoens ang ar€ piaced

according to the elevations determined from the Digital
Elevation Model data. The different types of objects are
tagged so that by using Control Panel 106 the pilot can select
them to be highlighted by category or by specific object. For

svamnle tha nilat can change to have all airmarte hiohliochtad
CAdIlipiC, uiC Pl Call CIIOUSC LU 1a Ve au all PUILS i giUigiaici

or just the destination airport. The pilot can also choose to
have a specific highway highlighted.

Data from additional digital data bases can also be incor-
porated. An example of such a data base is from Jeppesen
Sanderson whose NavData Services division provides aero-
nautical charts and makes this information available in
digital form.

While preferred embodiments of the present invention
have been shown, it is to be expressly understood that
modifications and changes may be made thereto and that the
present invention is set forth in the following claims.

I claim:

1. A pilot aid which uses an aircraft’s position and attitude
to transform data from a digital data base to present a pilot
with a synthesized three dimensional projected view of the
world comprising:

a position determining system for locating said aircraft’s

position in three dimensions;

a digital data ha da
a qigila: Gala oasce \«uulpxnolus terrain qata,

nnlitical and asdminigctrativa hannd
puiiCal aiil aGiiinisitrauve oouna-

said terrain
data representing real terrestrial terrain as at least one
polygon, said terrain data generated from elevation data
of said real terrestrial terrain;

an attitude determining system for determining said air-
craft’s orientation in three dimensional space;
a computer to access said terrain data according to said

aircraft’s nosition and to transform said terrain data to
§ pOSiiion andG 1o wansiorm sai terrain aata o

provide three dimensional projected image data accord-
ing to said aircraft’s orientation; and

a display for displaying said three dimensional projected

image data.

2. The pilot aid of claim 1, wherein said position deter-
mining system comprises a standard system for receiving
and processing data from the global positioning system.

3. The pilot aid of claim 1, wherein said attitude deter-
mining system comprises a standard avionics system.

4. The pilot aid of claim 1, wherein said digital data base
comprises a cd rom disc and cd rom drive.

5. The pilot aid of claim 1, further comprising
panel to select at least one operating feature.

6. The pilot aid of claim 5, wherein said at least one
operating feature comprises at least one feature selected

a control
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from a group consisting of panning a viewpoint of said three
dimensional projected image, tilting a viewpoint of said
three dimensional projected image, zooming a viewpoint of
said three dimensional projected image, and providing a

thran dimanainnal neaiantad smaoca of a rontae akhand
ulfCe GIMcNnsiona: projeCichd 1mage O1 a rouil andcad.

7. The pilot aid as described in claim 1 wherein said
digital data base further comprises structure data, said struc-
ture data representing manmade structures as one or more

polygons.

8. The pilot aid as des m 1 wherein said
elevation data comprises an array of elevation points,
wherein each said polygon representing said terrain defines
a plane, wherein in a first region of terrain represented by
said at least one polygon each elevation point within each
said polygon is within a first distance of said plane of each
said polygon.

9. The pilot aid as described in claim 8 wherein in a

caecond racinn of caid tarrain ranracentad hu gaid at laact ana
SCCONA ITZICN Of §a1G 1CIiTaifl rePIrisTiiieG O §ail au 18ast Ohid

polygon each elevation point within each said polygon is
within a second distance of said plane of each said polygon
in said second region, said second distance different from
said first distance.

10, The pilot aid as described in claim 9 wherein no
clevation point within each said polygon in said first region
and said second region is above said plane of said polygon.

11. The pilot aid as described in claim 8 wherein no
elevation point within each said polygon in said first region

is ahoave ¢aid nlane of said nolvoon
18 above said piane of said poiygon.

12. A pilot aid which uses an aircraft’s position and
attitude to transform data from a digital data base to present
a pilot with a synthesized three dimensional projected view
of the world comprising:

a position determining system for locating said aircraft’s

position in three dimensions;

a digital data base comprisine terrain data

igiids Cawa 0ase COMPIISIIE Wilalll daa, s&ll WiTatk

data representing real terrestrial terrain as at least one
polygon, said terrain data generated from elevation data
of said real terrestrial terrain;

an attitude determining system for del;ermining said air-

craii's onemduon in mree mmenblonal space,
a computer to access said terrain data according to said

aircraft’s pnuhnn and to transform said terrain data to

provide three dimensional projected image data accord-
ing to said aircraft’s orientation; and

amass storage memory for recording said aircraft position

data and said aircraft’s attitude data for allowing a
l.llgﬂl. Uf Salu :ur(,rd.u over bd.l(.l l.eITd.ll'l io DC uxbpldyeu at
a later time.

13. The pilot aid of claim 12, wherein said position
determining system comprises a standard system for receiv-
ing and processing data from the global positioning system.

i4. The pilot aid of claim 12, wherein said attitude
determining systems comprises a standard avionics system.

15. The pilot aid of claim 12, wherein said digital data
base comprises a cd rom and a cd rom drive.

16. The pilot aid of claim 12, further comprising a control
panel to select at least one operating feature.

17. The pilot aid of claim 16, wherein said at least one
operating feature comprises at least one feature selected
from a group consisting of panning a viewpoint of said three
dimensional projected image, tilting a viewpoint of said
three dimensional projected image, zooming a viewpoint of
said three dimensional projected image, providing a three
dimensional projected image of a route ahead, and providing
a three dimensional pro;cctcd image of a previous flight.

18. The pilot aid as described in claim 12 wherein said
digital data base further comprises structure data, said struc-

cribed in clai

said terrain
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ture data representing manmade structures as one or more
polygons.

19. The pilot aid as described in claim 12 wherein said
elevation data comprises an array of elevation points,
wherein each said polygon represenhng said terrain defines
a plane, wherein in a first region of terrain represented by
said at least one polygon each elevation point within each
said polygon is within a first distance of said plane of each
said polygon.

20. The pilot aid as described in claim 19 wherein in a
second region of said terrain represented by said at least one
polygon each elevation point within each said polygon is
within a second distance of said piane of each said polygon
in said second region, said second distance different from
said first distance.

21. The pilot aid as described in claim 20 wherein no
elevation point within each said polygon in said first region

and eaid second ragion ic ahave gaid nlana of gaid nolveon
anG 5aiG SCCONG ICEI0I 15 avUVLe 5ail paaliT Ol 5ail pOsy goil.

22. The pilot aid as described in claim 19 wherein no
elevation point within each said polygon in said first region
is above said plane of said polygon.

23. A pilot aid which uses an aircraft’s position and
attitude to transform data from a digital data base to present
a pilot with a synthesized three dimensional projected view
of the world comprising:

a position determining system for locating said aircraft’s

position in three dimensions;

a ulglldl uau Ddbc Cumpriblng lGITdiIl ude, bd.lu I.UHd.lIl
data representing real terrestrial terrain as at least one
polygon, said terrain data generated from elevation data
of said real terrestrial terrain;

a first attitude determining system for determining said

aircraft’s orientation in three dimensional space;

a head mounted display worn by said pilot of said aircraft;

a second attitude determining system for determining the

orientation of said pilot’s head in three dimensional
space; and

a computer to access said terrain data according to said

aircraft’s position and to transform said terrain data to
provide three dimensional projected image data to said
head mounted display according to said aircraft’s ori-
entation and said pilot head orientation.

24. The pilot aid as described in claim 23 wherein said
digital data base further comprises structure data, said struc-
ture data representing manmade structures as one or more
polygons

LD lllC pllUl, dlu as dc‘:sancu imn bldlm AD WﬂCrﬂll’l bdlu
elevation data comprises an array of elevation points,
wherein each said polygon representing said terrain defines
a plane, wherein in a first region of terrain represented by
said at least one polygon each elevation point within each
said polygon is within a first distance of said piane of each
said polygon.

26. The pilot aid as described in claim 25 wherein in a
second region of said terrain represented by said at least one
polygon each elevation point within each said polygon is
within a second distance of said plane of each said polygon
in said second region, said second distance different from
said first distance.

27. The pilot aid as described in claim 26 wherein no
elevation point within each said polygon in said first region
and said second region is above said piane of said polygon.

28. The pilot aid as described in claim 25 wherein no
elevation point within each said polygon in said first region
is above said plane of said polygon.

29. A method of using an aircraft’s position and attitude
to transform data from a digital data base to present a pilot
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with a synthesized three dimensional projected view of the
world comprising:

locating said aircraft’s position in three dimensions;

providing a data base comprising terrain data, said terrain

data representing real terrestrial terrain as at least one
polygons, said terrain data generated from elevation
data of said real terrestrial terrain;

determining said aircraft’s orientation in three dimen-

sional space;

accessing said terrain data according to said aircraft’s

position;

transforming said terrain data to provide three dimen-

sional projected image data according to said aircraft’s
orientation; and

displaying said three dimensional projected image data.

30. The method of claim 29 further comprising selecting
at least one operating feature, wherein said at least one
operating feature comprises at least one feature selected
from a group consisting of panning a viewpoint of said three
dimensional projected image, tilting a viewpoint of said
three dimensional projected image zooming a viewpoint of
bd.lu LlLlUC uuucumuua.l plUJCLLCU 1mage, dllU PleCIlllllg a
three dimensional projected image of a route ahead.

31. The method as described in claim 29 wherein said
terrain data base is produced by a method comprising the
steps of:

providing a plurality of elevation points, each of said

plurality of elevation points representing an elevation
of a point on a terrain;

defining a polygon having at least one vertex defined by

at least one of said elevation points;

examining an adjacent one of said plurality of elevation
points to determine if expanding said polygon to an
expanded polygon to include said adjacent one of said
plurality of elevation points causes at least one of said
nll_u'a_ht_v of elevation points within said expanded poly-
gon not to be within a first distance of a plane of said
expanded polygon; and

expanding said polygon to include said adjacent one of

said plurality of elevation points if each of said eleva-
tion points within said Expaﬁucu pOrngﬂ is within said
first distance of said plane.

32. The method as described in claim 31 wherein at least
one additional adjacent one of said plurality of elevation
points is examined, and wherein said polygon is expanded to
IIILIUUC bdlu at IC&SL one du(.llLlUIldl one ()l Salﬂ pmramy OI
elevation points that does not cause any of said elevation
points within said expanded polygon not to be within said
first distance of said plane of said expanded polygon.

33. The method as described in claim 32 wherein said
polygon is stored in said terrain data base after ail of said
elevation points adjacent to said polygon have been exam-
ined.

34. The method as described in claim 32 wherein addi-
tional polygons are defined, expanded, and added to said
terrain database.

35. The method as described in claim 31 wherein at least
one additional adjacent one of said plurality of elevation
points is examined, and wherein said polygon is expanded to
include said at least one additional one of said plurality of
elevation points that does not cause any of said elevation
points within said expanded polygon to be above said plane
of said expanded polygon and does not cause any of said

elevation points within said expanded polygon not to be

- within said first distance of said plane of said expanded

polygon.
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36. The method as described in claim 35 wherein said
polygon is stored in said terrain data base after all of said
elevation points adjacent to said polygon have been exam-
ined.

37. The method as described in claim 31 wherein said
adjacent one of said plurality of elevation points is further
examined to determine if at least one of said plurality of
elevation points within said expanded polygon is above said

2
74

plane of said expanded polygon, and said polygon is

exnanded if none of said elevation noints within gaid

ipanced i none oI sai ciovauon polils whalnly saiC

expanded polygon is above said plane of said expanded
polygon and if each of said elevation points within said

expanded polygon is within said first distance of said plane.



