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[57] ABSTRACT

A terrain referenced navigation system utilizing a
woods database model including a method for increas-
ing terrain referenced navigation accuracy by compen-
sating for the existence of deciduous forests. Deciduous

Fnrmfc present increased terrain referenced ua‘vasauuu

inaccuracies during months that trees lack leaves. The
terrain referenced navigation database is modified to
include a woods bit to indicate the existence of a decidu-

ous forest. The terrain referenced navigation algorithm
is modified to account for the existence of the decidunne

AROER2CC 10 LU 10T LIS CXESVEIICe O 1l QECIGUTUsS

forest.

5 Claims, 3 Drawing Sheets

117, 2h
(__SEASON > {
20l
19 BAROMETRIC
10 14 50A ) 18 ALTIMETER
I | (L = | |
1Y m—— ) ,I,,”\ 23 I 22°
DIGIHAL | .
NAVIGATION |LAT/LONG)|  TERRAIN WOOoDS A ELEVATION DIFF
cvarey | [POSTION | ELEVATION ADJUSTMENT EVATI
DRI —
SYSTEN 1 UPDATES DATA (
I 16 28 24
60A 32,\_1ERRORS :
RESIDUALS _ RADAR
ALTIMETER
] | KALMAN
FILIEK 30
28— !
VELOCITY UPDATE B~
/\_36
_POSITION UPDATES




U.S. Patent

Aug. 2, 1994 Sheet 1 of 3

5,335,181

N> N A Y

N

P




U.S. Patent Aug. 2, 1994 Sheet 2 of 3 5,335,181

Fig. 3
40 40 40 40A
X i | A

SUMMER WINTER



s

7

Sheet 3 of 3 5,335,181

Aug. 2, 1994

U.S. Patent

S31vadn NOILISOd
g€ —~_
o 31vadn ALIDOTIA
| O yams |
NVINTYM ﬁvm
yalawiy [ %
HVavy SVNAIS3Y
. —CE
SHOHI e
yz— 8z \9 Y Y
N VAV s31vadn

— e < : ] W3LSAS

40 ( > NouvAZ1a = X )=—r] Nanoontd Noar ToeHs0d NollyoIAVN
y a3unsvaw | |— + . < : ; WILHENI

2zt 2 4410 WLI9Ia

~— Ll 74}

~ ] (. H
- 8l | \vos - oL
OIMLANONYSE Gl
~o~“
M 4 zom?mm D




5,335,181

1

TERRAIN RE

FERENCED NAVIGATION
DATA BASE MODEL

—WOODS

AN ARV

This invention relates to a terrain referenced naviga-
tion system and, more particularly, for a method of
increasing the accuracy of a terrain referenced naviga-

tion system when used with a geophysical database
representing a forest.

BACKGROUND OF TERRAIN REFERENCED
NAVIGATION

One prior art terrain aided navigation system is avail-
able from Sandia Labs. Sandia has created the Sandia
inertial Terrain-Aided Navigation (SITAN) flight-
computer algorithm that produces a very accurate tra-
jectory for low-flying, high-performance aircraft by
combining outputs from a radar or laser altimeter, an
inertial navigation system (INS), and 2 digital terrain
elevation map. SITANisa rccurSIVC, real Ilme, terrain-
aided navigation algorithm for use on fighter aircraft.
The algorithm has been implemented in a popular mi-
croprocessor. The aircraft’s position can be estimated
within a 926 meter circle error of probability A good
dcau;xyuuu of the SITAN terrain aided u&'v‘igal.iOl‘.l Sys-
tem can be found in the proceedings of the IEEE Na-
tional Aerospace and Electronics Conference—NAE-
CON, May 20-24, 1985 entitled The AFTI/F16 Terrain-

Aided Navigation System, by D. D. Boozer, M. K. Lau,

3 3 1 T akl +, - A Ty
J. R, Fellerhoff, Sandia National Laboratories, Albu-

querque, N. Mex. 87185.

SITAN utilizes Kahan filter algorithms to process
geophysical measurements. The algorithm estimates
errors in a flight path produced by an inertial navigation

system ‘Fn“n\vlnno' the eauations given in the ahove-men-

=1em 10220 0 €GRAN0LHS gIVED 1N 1AC aolvVe-men-

tloncd article.
The Kahan filter can be formed with the following
state model:
67 Xkt 1=08X+ W

and the measurement

Ck

CXp) + Vi
Zg —h(.,.)+ Vi

1

0Xr=INS error states to be estimated
& =state-transition matrix for INS errors
Xi=states of INS and aircraft

‘Cr=ground clearance measurement
71 =altitunda af aircraft

h =height of terrain at position ( .,. )
Wi=driving noise with E(Wz)=0 for all k and
E(WiW;H)=Qxdxj '
Vi=measurement error with E(Vx)=0 for all k and
EV y.V A= Rk&
k= subscnpt dcnotmg time k.
Since the measurement function c(x) is a nonlinear func-
tion of the states, the standard extended Kahan filter

approach is used to obtain the measurement matrix,

Hp = aga& X = Xk (=) = [—hx, —hy, 1,00.. ]
=

where h; and h,, are the terrain slopes in the x and y
directions of the map evaluated at Xi(—), the predicted
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2

aircraft position just before a measurement is processed
at time k. The first three states are taken to be the x
position, y position, and altitude, respectively. At any
time k,

X=XiNs+8X

The state vector often used in a single filter implementa-
tion is

3X=[8X 8Y 8Z Vx 6V y1T

where 68X, 8Y, 8Z, 6V;, and 8V yare errors in the X
position, Y position, altitude, X velocity, and Y veloc-
ity, respectively. Other INS errors and states can also be
included in 98X by using the proper ®.

Paraile] SITAN was developed because the distance
needed by SITAN to reach steady state becomes exces-
sive as initial position errors (IPEs) approach several
hundred meters. Parallel SITAN is a bank of extended
Kahan filters that process identical altimeter measure-
ments. After some updates, the filter with the minimum
average weighted residual squared (AWRS) value is

identified as having the correct position estimate. The

AWRS value is deﬁned by

A2

z.p.er.T
HiPH;

]

i jth filter

1 n
AWRSjth filter = 5~ |- R
Li=1

where A;is the residual at the ith update, n is.the number
of updates, and HPH7+-R is the residual variance. Once
the IPEs are reduced by the pa.rallel ﬁlters, a single
filter performs well, starting off essentially in steady
state.

To implement parallel SITAN, the number and geo-
metrical layout of the parallel filters needed to cover an
IPE must be specified. A square, constant-spaced grid
can be used to center the filters about the horizontal
position indicated by the INS. Filters at and near the
corners are then eliminated to reduce the number of
filters. To further lighten the computational burden,
three-state, instead of five-state, filters are often used in
parallel SITAN with

B -3
+ &,

8X=[6x 5Y 62T

For both the single and parallel filter implementation, a
least-squares plane fit to the map, known as stochastic
linearization, is used to compute the slopes, h; and Hy.
Horizontal uncertainties oy and oy from the error-
covariance matrix, defined by

P=EI(<LY—§10(5_X_—S«X)7]
and

Diag P = [oy? oo ‘72VX olVY]
are used to determine the size of the plane. Residuals
from the plane fit, RFIT, are added to the measure-
ment error variance, R, to ensure that the SITAN filter
assigns less weight to the measurement when the plane
fit is either very large or is over a rough area, thus
adapting to local terrain.

SITAN has three basic modes: acquisition mode, lost
mode and track mode.

Acquisition Mode
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‘When one of the filters identifies a reliable estimate of
true aircraft position, the track mode is entered. A sin-
gle five state Kahan filter is initialized at the estimated
acquired position. During track mode, the aircraft’s
position is estimated every 100 meters. SITAN employs
a mode control logic concept to handle the transition

from track to lost and from acauisition to track

Hack 10 2081 ang Irein acquisniion 1o racx.

Acquisition mode is used to locate the aircraft’s posi-
tion within a circular region of uncertainty. The region
of uncertainty is called the circular error of probability
or CEP. In SITAN a 2100 meter initial position CEP is

A a
covered with 57 3-state Kalman filters centered on a

grid whose initial positions are 525 meters apart.

The state acquisition filters include error states. They
can estimate an aircraft’s position under significant INS
velocity errors. Each filter is initialized with posmon

af a oS .
error estimates. To ensure that erroneous information is

not employed to update the filters, none of the filters are
updated if the pitch altitude is greater than 30 degrees or
if the altimeter loses lock or the INS fails.

If the mode control logic of SITAN indicates that the

tha 27242 svatne gaamah awa
aircraft has deviated from the 2363 meter search arca,

the lost mode is initiated. The lost mode ceases to pro-
vide position estimates for the aircraft, and the pilot has
to update the inertial navigation before restarting SI-
TAN.

Tennlr NEA~AT~
x21auk WViOQd

Track mode estimates the position of the aircraft
during flight. The five state tracking filter is used. The
acquisition mode initializes the track filters. The track
mode makes estimates of terrain s]opes in rectangles
snrrounumg, the center of the aircraft puuuun The
track filters are not updated during track mode unless
the inertial navigation system, altimeter, and other
flight data are valid.

Track mode is entered when the aircraft’s actual
position is close to the estimated one. In the event of a
false fix, the track filter is set at the wrong position and
the SITAN algorithm will proceed as if it was correct.
This produces large errors in estimated positions. It is
imperative that the probability of a false fix be kept low.
The following is taken from the above-mentioned arti-
cle in regard to the mode control logic of SITAN.

With the design for the acquisition, lost, and track
modes as described above, the mode-control logic is
needed to determine in which mode the algorithm
should operate. When large aircraft position errors
exist, it should choose the acquisition mode; with
small errors, the track. The main parameter used in
the mode-control logic for transition from acquisition
to track is the AWRS. FIG. 7 shows a cross-section
of a three-dimensional AWRS surface where AWRS
is a function of the parallel filter positions (X, Y}). In
the acquisition mode the parallel filters will tend to
migrate to the relative minima of this surface.

To keep the paraiiel filters from migrating too far
from their initial positions, a maximum of 128 updates
is allowed. Four tests are performed after every 32
updates to determine if transition to the track mode is
poss1b1e by selectmg the acqmsmon filter with the
minimum AWRS. Test 1 requires the selected fiiter to
have an AWRS lower than a threshold value to en-
sure that the parallel filters are indeed over the cor-
rect aircraft position. If the parallel filters are config-
ured over an area which does not include the true
aircraft position, the giobal minimum of the AWRS
curve is expected to shift upward. Test 2 requires
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4
contrast in the terrain, a sufficient difference between
AWRSin and AWRS,,4x t0 prevent transition to the
track mode over very smooth areas such as water.
Test 3, the false-fix test, requires that the minimum
AWRS outside of an exclusion region, AWRS*pin
does not compete with AWRS,,;,, where the size of
the exclusive region is computed using oy and oyof
the selected filter. Statistically, as more updates are
made, the separation between the global minimum
and relative minima can be realized and still retain the
same confidence level. Therefore, the required sepa-
ration between AWRS*,,;, and AWRS i should be a
function of 1/n, where n is the number of updates.
Test 4 requires the o-yand o yof the selected filter to
be smaller than its initial value, 200 m, indicating that
improvements have been made in estimating the air-
craft’s position during acquisition.

If track is not entered after 128 updates, a test for the
lost mode is made. If AWRS,;, is greater than a
threshold, the lost mode is entered and AFTI/SI-
TAN will not produce any more estimates until the
pilot updates the INS, which will automaticaily re-
start AFTI/SITAN in the track mode. If the lost
condition is not met, the parallel filters are reset and
acquisition starts over. This process continues until
track or lost mode is entered.

Once in track, the track filter's oy and oy are
checked continuously while its AWRS is checked
every 64 updates. If either the o’s or the AWRS is
too hlgh AFTI/SITAN switches back to the acquisi-
tion mode. The test on o prevents the track filter
from using excessively large plane fits to maintain
track after flying over smooth terrain for a long time.
The AWRS test checks for unbelievable filter residu-

The Sandia Inertial-Terrain Aided Navigation
SITAN algorithm treated the presence of trees as a
“map error” and proceeded knowing that the results
were not accurate in an optimal sense. Other workers in
the field of terrain-aided navigation have attempted to
compensate for distortions due to deciduous trees by

Iqt[gdugmg an additional Flfpnna state, Eric Scarman

of SAAB Scandia AB Aerospace Division in a paper
entitled Kalman Filter For Terrain-Aided Navigation,
describes an approach to model a deciduous forest in
terms of a state s. Quoting from the article:

Another approach is to introduce a wood mo

terms of a state s and an equation, say

ndal in
3}

CGC1 1

. 1
S=— G —eg)

the output relation is then
{=z—h(xy)—s+em

ess has an assumed variance Q.. As Q; increases, the
system will use { more and more suspiciously, which
makes the system less and less sensitive to such dis-
turbances as woods. Finally when Qsis very large the
system will not dare to draw any conclusions at all
from {. The position will then diverge at a rate deter-
mined by the inertial navigation system.

The method of the invention avoids the need to cre-
ate an additional state equation to handle wooded areas,



5,335,181

bl
which in turn avoids the need for increased processing
power.

Radar altimeter elevation returns from deciduous
forests induce significant error as a terrain referenced
navigation algorithm tries to correlate the elevations 5
with stored elevation data. This error is not systematic
and is, therefore, difficult to correct. Therefore, it is the

tRClClOlG; QUEIICHEL 1O COTTCCL. 1 NCriiore, 1i1s e

desire to correct for deciduous forests in winter and
summer in a terrain referenced navigation that moti-
vates the invention. 10

SUMMARY OF THE INVENTION

It is one object of the invention to compensate for the
existence of deciduous forests in winter and summer.

It is yet another object of the invention to include a 15
woods bit for every element in the database.

It is another obiject of the invention to increase the
accuracy of a terrain referenced navigation system by
systematically eliminating the errors due to overflown
wooded areas in summer and winter. 20

It is another object of the invention to desensitize the

terrain referenced navigation system to the existence of

ground cover.

It is yet another object of the invention to increase
the overall positional accuracy of the terrain referenced 25
navigation algorithm.

The invention utilizes a “woods” bit nacked into each

mvention uilhizes a LI PaACcked e Eacn

point of the terrain referenced navigation database.

BRIEF DESCRIPTION OF THE DRAWINGS 30

To illustrate the invention, a preferred embodiment

of thig invention will be described hereinafter with ref.

erence to the accompanying drawings. The preferred
embodiment concerns a “woods” database model em-
bodied as a data structure in a TRN database. 35

FIG. 1 shows a schematic diagram of 9 points in the
TRN database showing the nse of the woods hit

database showing the use of the woods bit.

FIG. 2 shows the schematic diagram of one database
element from the TRN database showing the inclusion
of the woods bit. 40

FIG. 3 shows a schematic representation of the effect
on altimeter data of changes in season.

FIG. 4 shows a gcnera.llzed terrain aided navigation
system.

Other objects, features and advantages of the present 45
invention will become apparent to those skilled in the
art through the Description of the Preferred Embodi-
ment, Claims, and drawings herein wherein like numer-
als refer to like elements.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

FIG. 1 shows a schematic diagram of an overhead
view of a boundary between a deciduous forest 10 and
a conifer forest 20. The terrain is represented in the 55
terrain referenced navigation database as elevation data
for an array of latitudes and longitudes. The deciduous
forest is indicated by region 10. The conifer forest is
indicated by region 20. Sample data points are shown as
small circles A-I, the point in the upper left hand corner 60
is indicated by A.. The method of the invention incorpo-
rates a woods bit 60 as shown in FIG. 2. Points A, D, G,
and H are located in the conifer forest 20. Points B, C,

E, F, and 1 are located in the deciduous forest 10.

FIG. 2 is a schematic representation of the terrain 65
referenced navigation database value. The terrain refer-
enced navigation database word is composed of a first
part S0 consisting of elevation data and of the database

50

6
vector and a second part 60 consisting of a woods bit.
Those skilled in the art will understand that the woods
bit 60 could be incorporated in the database using an
encoding scheme. The woods bit may also occur any-
where within the database field 70.

FIG. 3 shows a schematic diagram of the effect of a
deciduous forest on the altimeter reading. It can be seen
that conifer forest 20 reflects the same ground elevation
40 in winter as in summer but the deciduous forest 10
shows a different radar profile 40A in summer versus
winter. In winter, without the leaves to reflect the radar
signal, the altitudes given by the radar altimcter are
increased. This results in a error to the terrain refer-
enced navigation algorithm making it difficult to corre-
late ground positions. The method of the invention,
therefore, incorporates in the terrain referenced naviga-
tion database, a state exclusively dedicated for the indi-
cation of a deciduous forest—the woods bit 60. If the
woods bit is not activated this condition indicates either
a conifer forest, treeless expanse or a body of water.

The terrain referenced navigation system will then
emp}cy knowledge of the hemisphere in which the
plane is flying and the season or time of the year in
which the readings are being taken. Thus, in summer,
for a database that has been characterized during the
summer, elevation data is considered to be accurate. In

wrintar flinht solaca alasendd o

a winier gL wiika© CiCvauiil ua.w. .uaa uccu Ld.KCH

during the summer, terrain navigation elevations will be

.adjusted for the average height of the conifer forest.

The terrain referenced navigation algorithm of the
invention correlates radar altimeter return profiles with
digital terrain elevation data DTED to choose position
information. When the aircraft is flying at a low level
the radar altimeter can see the tops of trees instead of
the ground when woods and forest are overflown. The
method of the invention recognizes that the overflown
areas of forests compensate for error in real time.

Now referring to FIG. 4 which shows a generalized
terrain aided navigation system. In general, terrain
aided navigation systems utilize a barometric altimeter
20 to obtain aircraft elevation data 22 and a down-look-

£+, datnter nisama ¥ g |
ing radar or laser altimeter 26 to obtain aircraft ground

clearance information 24. The ground clearance data 24
is then subtracted using a subtractor 23 from the aircraft
elevation data 22 to obtain an estimate of the elevation
of the terrain 28 which is below the aircraft Digital

arr. nhnca T4 imalndae YT
terrain elevation \UTED) database 14 includes DTED

data and residuals. Residuals 34 from the plane fit of the
Kalman filter are added to the measurement error 32 to
ensure that the filter assigns less weight to the measure-
ment when the plane fit is either very large or is over a

1 1 ¢, n Tha alavrnéiaen
rough area, thus adapting to local terrain. The elevation

data 17 is then subtracted, using a subtractor 16, from
the associated map terrain elevation data 15 for that
latitude/longitude 12 adjusted for the season of the year
and the existence of a deciduous forest.

T, Y Ree] 1
In one preferred embodiment of the invention a

woods state adjustment 19 is made to the elevation
information 50A and woods bit 60A from the digital
terrain elevation database 14. The woods adjustment 19
is made based on a season input 21 to the woods state

adiustment 19, In one prnf‘erreﬂ embodiment the season

input could come from a clock 117.

For example if the elevation data was measured dur-
ing the summer a deciduous state indication from the
digital terrain elevation data woods bit 60A would indi-

cate that no adjustment would need to be made if the

current season 21 was summer. Likewise if the season 21
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were winter, an adjustment for the absence of tree
leaves would create a more accurate elevation output
15. In the case of winter, elevation data would be re-
duced by the height of the average deciduous forest.
The resulting error 32 is used with INS position 12
and velocity data in a Kalman Filter 30 to produce

i i 1ti datec 2 and valacity nn
estimated aircraft position updates 36 and velocity up-

dates 38 to the inertial navigation system 10.

This invention has been described herein in consider-
able detail in order to comply with the Patent Statutes
and to provide those skilled in the art with the informa-
tion needed to apply the novel principles and to con-
struct and use such specialized components as are re-
quired. However, it is to be understood that the inven-
tion can be carried out by specifically different equip-
ment and devices, and that various modiﬁcations, both
as to the equipmem details and upma.uug pluu:uu.rcb,
can be accomplished without departing from the scope
of the invention itself.

What is claimed is:

1. A terrain referenced navigation system for use in
an aircraft C()ml‘JriSmg

(a) a means for determining a current terrain eleva-
tion from the aircraft having a current terrain ele-
vation output;

(b) a means for inertial navigation having a latitude/-
longitude positional ouiput, a selecied position
update input and a selected velocity update input;

(c) 2 means for storing a digital terrain elevation map
having a terrain latitude/longitude input connected
to the latitude/longitude positional output and
having a digital terrain elevation residual output
and a woods indicator output and a digital terrain
elevation output wherein the means for storing a
digital terrain elevation map provides the digital
terrain elevation residual output, woods indicator
output, and digitai terrain elevation output in re-
sponse to the terrain latitude/longitude input, and
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8
wherein the woods indicator output indicates the
existence or absence of a deciduous forest in the
terrain;

(d) a means for generating a woods state adjustment
to the digital terrain elevation output so as to pro-
vide a woods adjusted digital terrain elevation
cutput in accordance with the present season when
said deciduous forest is indicated, the woods state
adjustment means being coupled to the woods indi-
cator output and the digital terrain elevation out-
put;

{¢) a means for computing the difference between
elevations connected to the current terrain eleva-
tion output and the woods adjusted digital terrain
elevation output, wherein the means for computing
the difference between elevations also includes a
terrain error output; and

(f) a means for terrain correlation connected to the
digital terrain elevation residual output and the
terrain error output and wherein the means for
terrain correlation provides a terrain velocity up-
date and a terrain position update.

2. The terrain referenced navigation system of claim

1 wherein the means for terrain correlation is a kalman
filter.

3. The terrain referenced navigation system of claim

1 wherein the means for determining a current terrain
elevation from the aircraft further comprises a baromet-
ric altimeter and a radar altimeter wherein the current
terrain elevation is calculated from the difference be-
tween the barometric altimeter and the radar altimeter.

4. The terrain referenced navigation system of claim

1 wherein the means for inertial navigation further com-
prises a laser gyro inertial navigation system.

5. The terrain referenced navigation system of claim

1 wherein the means for storing a digital terrain eleva-

tion map further comprises an optical disk.
* * * * *



