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[57] ABSTRACT

A terrain reference navigation system for an aircraft,
surface vessel or subsurface vessel utilizing three sets of
geo-physical correlation data. A kalman filter is used to

rarralate tarrain data slactramaonatic data and orauvi-
COorreiate wrrain Gata, S.eciromagnelic gata ang grav:

metric data with the output of a digital map of terrain,
electromagnetic field and gravity. An optical disk stores
the digitized data for sections of the globe. A Best of 3
selection process decides based on the errors in the
kalman filter whether to accept the prediction of the
terrain system, clectromagnctlc system or gravity sys-
tem. Aninertial navigation system uses the results of the
Best of 3 seiection to update aircraft, surface vessel or
sub-surface vessel position and velocity and provide a
more accurate positional estimate.
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TERRAIN REFERENCED NAVIGATION
ELECTROMAGNETIC-GRAVITATIONAL

Mnnnr A TTMNANT
AAWIN

BACKGROUND OF THE INVENTION

L Field of the Invention

This invention relates to a method of reducing the
amount of uncertainty in a terrain referenced navigation
system while flying over water, flat ground or shifting
desert and dunes and more particularly to a method of
correlating electromagnetic and gravimetric informa-
tion relative to the flight path of an aircraft under direc-
tion of a terrain referenced navigation system.

1I. Background of Terrain Referenced Navigation

One prior art terrain aided navigation system is avaii-
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 a digital terrain

elevation map. SITANisa recursive, real time, terrain-

aided nawganon 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

description of the SITAN terrain aided navigation 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/FI6 Terrain-
Aided Navigation System, by D. D. Boozer, M. K. Lau,
J. R. Fellerhoff, Sandia National Laboratories, Albu-
querque, N. Mex. 87185.

SITAN utilizes Kalman filter algorithms to process
geophysical measurements. The algorithm estimates
errors in a flight path produced by an inertial navigation
system following the equations given in the above-men-
tioned article quoted below.

“The Kalman filter can be formed with the following
state model and measurement:

8Xx1 = ¢6Xx + Wi

Ck

CXi) + Vi

Zi -k, )+ Vi

wherein:

8X=INS error states to be estimated

¢ =state-transition matrix for INS errors

Xg=states of INS and aircraft

Cx=ground clearance measurement

Zy=altitude of aircraft

h=height of terrain at position ( .,. )

Wi=driving noise with E(Wx)=0 for all k and
E(WiW;7)=Qudkj

Vi=measurement error With E(V;)=0 for all k and
E(ViV)=Ridy

k=Subscript denoting time k.

Since the measurement function c(x) is a nonlinear

function of the states, the standard extended Kalman

filter approach is used to obtain the measurement
matrix,

matrix,
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,,k=_3%%1.|x=x,‘(_)=[_1.,,_;.,.,1,0,0...1

where hy and hy, are the terrain slopes in the x and y
directions of the map evaluated at Xx(—), the pre-
dicted aircraft position just before a measurement is

processed at time k. The first three states are taken to
be the x nnm on, v mmhnn and altitude, respec-

e

“tively. At any tlme k,

A=XNs+0X

The state vector often used in a single filter imple-
mentation is

SX=[5X 5Y 5Z 5V

where 8X, 8Y, 8Z, 8V,, and 5V yare errors in the X
position, Y position, aititude, X velocity, and Y ve-
locity, respectively. Other INS errors and states can
also be included in X by using the proper ¢.

Parallel SITAN was developed because the distance
needed by SITAN to reach steady state becomes
€xcessive as initial pumuun €rrors url:.s; ippféicn
several hundred meters. Parallel SITAN is a bank of
extended Kalman filters that process identical altime-
ter measurements. 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

HT 4+
HP:H, -jifi filier

Amﬂhﬁllﬂ = L |- i,:‘
where A;is the residual at ith update, n is the number
of updates, and HPH7+R is the residual variance.
Once the IPEs are reduced by the parallel filters, a

cmple filter performs well, starting off essentially in
stcady state.

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

sx=[sx5Ys2ZT

For both the single and paralle] filter implementa-
tion’s least-squares plane fit to the map, known as
stochastic linearization, is used to compute the siopes,
hy and Hy. Horizontal uncertainties oy and oy from
the error-covariance matrix, defined by and are used
to determine the size of the plane. Residuals

P = E(X — 51 (X — £07T)
Disg P = [0 o 022 oy oby)

from the plane fit, RFIT}, are added to the measure-
ment error variance, Rg, 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.”
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SITAN has three basic modes: acquisition mode, lost

mode and track mode.
Acquisition Mode

The information from the inertial navigation position
is used. When one of the 57 filters identifies a reliable
estimate of true aircraft position, the track mode is en-
tered. A single five state Kalman 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 Iogic concept to handle the
transition from track to lost and from acquisition to
track.

Acquisition mode is used to locate the aircraft’s posi-
tion within a circular region of uncertainty. The region
of uncertainty is called the cu'cular error of probabxhty

or CEP. In SITAN a 2100 meter initial pumuuu CEPis

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 position

______ SRT0Ia. Al ILRCT 18 INItlallzeC wilal posiicn

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

aircraft has deviated from the 2363 meter search area,
the lost mode is initiated. The lost mode ceases to pro-

PR L LS

vide position estimates for the aircraft, and the puot has:

to update the inertial navigation before restarting SI-
TAN.

Track Mode

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 slopes in rectangles

surrounding the center of the aircraft position. The

track filters are not updated during track mode unless

the inertial nav1gat10n system, alnmeter, 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.
ThlS produces large errors in estimated posmons It is
imperative that the probability of a faise 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-conirol logic

(FIG. 6) is needed to determine in which mode the
algorithm should operate. When large aircraft posi-
tion errors exist, it should choose the acquisition
mode; with small errors, the track. The main parame-

ter 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 posi-
tions (X; Y)). In the acquisition mode the paral]el
filters will tend to mlmate to the relative minima of
this surface.

To keep the parallel 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

P R PP, |
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possible by selecting the acquisition filter with the
minimum AWRS. Test 1 requires the selected filter to
have an AWRS lower than a threshold value to en-
sure that the paralle] 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 global minimum of the AWRS
curve is expected to shift upward. Test 2 requires
contrast in the terrain, a sufficient different between
AWRSin and AWRS,,;5, to 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* i
does not compete with AWRS,,,;., where the size of
the exclusive region is computed using oxand oy of
the selected filter. Statistical]y, as more updatcs are
made, the sepafatmﬁ beiween the giobal minimum
and relative minima can be realized and still retain the
same confidence level. Therefore, the required sepa-
ration between AWRS*,,;, and AWRS,,,;sshould be a
function of 1/n, where n is the number of updates.

Toct 4 raguirac tha svand e afela anloaed £la_ s

iest 4 requires the oyand o yof the selecied filier 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_ . ic oreatar than a thrach_

Q1S mage. 22 ¥ A min a5 miealll Llall @ uircsin-

old, the lost mode is entered and AFTI/SITAN will not
produce any more estimates until the pilot updates the
INS, which wili automatically restart 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 o yare checked
continuously while its AWRS is checked every 64 up-
dates. If either the o's or the AWRS is too high, AFT-
I/SITAN switches back to the acquisition mode. The
test on o prevents the track filter from using excessively
large plane ﬁts to ma.intain track after ﬂying over
smooth terrain for a long time. The AWRS test checks
for unbelievable filter residuals. The entire mode-con-
trol logic with parameter values derived from the South
Central flight test data is shown in FIG. 6.

Discussion of the Prior Art

Terrain aided navigation is a concept which has had
industry application since the Cruise Missile develop-
ment. The fundamental assumption in terrain aided
navigation is that the ‘terrain elevation profile’ under an
aircraft’s flight path is sufficiently unique to allow one
to determine the position of the mrcraft with an accu-
racy which is much better than a typical inertial naviga-
tion system (INS). This is only true, of course, if the
terrain under the flight path of the aircraft is not flat and
you have an accurate map of the flight path in terms of
elevation.

Now referring to FIG. 1 which shows a generalized
terrain aided mavigation sysiem. In genmeral, terrain
aided navigation systems utilize a barometric altimeter
20 to obtain aircraft elevation data 22 and a down-look-
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 22 to obtain an estimate of the elevation of the
terrain 28 which is below the aircraft. Residuals from
the plane fit 34 of the Kalman filter are added to the
measurement error 32 to ensure that the filter assigns

less weight to the measurement when the plane fit is
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either very lar:ze aor 1@ aover a rmm‘h area, ﬂ‘ll'lﬁ arhrmno -

to local terrain. The elevation data 17 is then subtractcd
using a subtractor 16 from the associated map terrain
clevation data 14 for that latitude/longitude 12 and the
resulting error 32 is used with INS position 12 and

velocity data in a Kalman Filter 30 to produce esti-

mated aucraft position updates 36 and vclocxty updates
38 to the INS.

Inertial Navigation Systems (INS) have inherent in-
accuracies which lead to positional uncertainties when
flying using INS. Even terrain aided algorithms have
dlﬂicuhy wnth certain physical terrain charactcnstlcs
Terrain Profile Matching algorithms matched radar/ba-
rometer aitimeter data to an on-board digital elevation
data base using auto-correlation technmiques to deter-
mine aircraft position in real-time. This technique works
only over terrain with a relatively uniquely defined
profile and not an ambiguous profile such as over flat
iand and water.

Alternate navigation aids such as the Global Position-
ing System (GPS) might not exist in a war environment.

A better pos1t10nal determination system is needed to
overcome the difficulty of the Prior Art. Such is the
motivation of this present invention.

SUMMARY OF THE INVENTION

The invention proceeds by employing auto-correla-
tion techniques in conjunction with terrain data when
the aircraft is over iand, and used with other geophysi-
cal data such as geo-magnetic or gravimetric when not
over land or over flat land. Simultaneous/parallel auto-
correlation of two data bases reduces the positional
uncertainty because more than one type of data is avail-
abie in the flight path.

It is an object of the invention to provide an im-
proved terrain aided navigation system that uses the
auto-correlation of a plurality of geophysical character-
istic databases to improve the accuracy of the terrain
aided navigation system.

It is an object of the invention to provide an im-
proved terrain aided navigation system that uses an
electromagnetic data base and a gravimetric data base
that is stored on a magnetic or optical disc.

It is an object of the invention to pronue an im-
proved terrain aided navigation system that is usable
over flat land, bodies of water and deserts.

It is an object of the invention to provide an im-
proved terrain aided navigation system that uses a si-
multancous and parallel auto-correlation of a electro-
magnetic and gravimetric data bases.

It is an object of the invention to provide an im-
proved terrain aided navigation system that allows an
aircraft to know where it is after coast fall.

Tt ic an n‘“nnf aof invanti
an eC

tha +a 3o
as 1S t Of in¢ mmvention 1o

nearrido ae
leVluL &A1 AT
proved terram aided navigation system that uses a Best
of 3 selection algorithm that chooses a velocity update
and position update either from one of three Kalman

filters, the first being a terrain correlation Kalman filter,

the second bemg a p'lar\'rnmaan-hr- correlation Kalman

filter and the third being a gravuy correlation Kalman
filter.

It is an object of the invention to provide an im-

proved terrain gided navigation system that selects ei-

ther the electromagnetic correlation Kalman filter or

the gravimetric correlation Kalman filter when the
terrain correlation Kalman filter indicates a “flat” con-
dition.
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Tt is an object of the invention to also provide surface
or subsurface ships with 2 method of navigation utiliz-
ing ocean bottom terrain, gravity data bases and elec-
tromagnetic data bases, with the related sensors.

It is a further object of the invention to provide a
passive system that uses an electromagnetic sensor and
clcctromagnctlc data base or a gravity sensor and grav-
ity data base.

BRIEF DESCRIPTION OF THE DRAWINGS

To illustrate this invention, a preferred embodiment
will be described herein with reference to the accompa-
nying drawings. The prcfcrred embodiment concerns
the auto-correlation of a gravimetric and electro-mag-
netic database to improve the accuracy of a terrain
referenced navigation system.

FIG. 1 shows a schematic flow block diagram of the
generalized terrain aided navigation system structure of
tha neine art
the prior art,

FIG. 2 shows a schematic flow diagram of one em-
bodiment of the auto-correlated electro-magnetic and

gravimetric method and apparatus of the invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

Inherent in any approach of this type is the need for
basic data concerning the electro-magnetic characteris-
tics of the terrain of interest to navigate and the gravita-
tion profile of the same terrain. The National Geophysi-
cal Data Center has available electro-magnetic and
gravitational data for extensive portions of the globe,
including broad ocean areas. The electro-magnetic and
gravitational profiles are available in digital, machine
readable form, in much the same way that terrain eleva-
tion data is available for extensive portions of the globe.

Now refcrring to FIG. 2 which shows the prcferrcd
embodiment of the method and apparaius of the inven-
tion. As in the general case, the preferred terrain aided
navigation invention utilizes a barometric altimeter 20
to obtain aircraft elevation data 22 and a down-looking
radar or laser altimeter 26 to obtain aircraft ground

1 smntinn 34 Tha arainnd Alanea Aatn 24
clearance information 24. The ground clearance data 24

is then subtracted using a subtractor 23 from the aircraft
elevation 22 to obtain an estimate of the elevation of the
terrain 28 which is below the aircraft. Residuals from
the plane fit 34 of the Kalman filter are added in a well
known manner to the measurement error 32 to ensure
that the 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. As with the prior art
elevation data 17 is then subtracted using a subtractor
16 from the associated map terrain elevation data 15 for
that latitude/longitude 12 and the resulting error 32 is
used with INS position 12 and velocity data in a Kal-
man Filter 30 to produce estimated aircraft position
updates 38 and velocity updates 36 to a Best of 3 selec-
tion blocks 68A and 68B.

Electro-magnetic field data is handled the same way
as terrain profile data. In one preferred terrain aided
navigation embodiment of the invention an electro-
magnetic field sensor 50, for example a magnetic flux
valve, is used to obtain measured electro-magnetic field
data 48. In this case residuals from the plane fit 42 of the
Kaiman filter for the digital electro-magnetic field map

™ mant arrar 4L tn ancnira that
40 are added to the measurement error 46 to ensure that

the 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 variations in electro-magnetic
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field. The measured electro-magnetic field data 45 is
then subtracted using a subtractor 44 from the associ-
ated digital electro-magnetic field data map data 43 for

that latitnde /lonecitunda 12 and tha racultine arrar 4£ is

that latitude/longitude 12 and the resulting error 46 is
used with INS position 12 and velocity data in a electro-
magnetic correlation Kalman Filter 78 to produce esti-
mated aircraft position updates 72 and velocity updates
70 to a Best of 3 selection blocks 68A and 68B.
Gravity field data is handled the same way as terrain
profile data. In one terrain aided navigation embodi-
ment of the invention a gravity field sensor 54 is used to
obiain measured gravity fieid daia 6Z. In this case resid-
uals from the plane fit 59 of the Kalman filter for the
digital gravity field map 58 are added to the measure-
ment error 63 to ensure that the filter assigns less weight
to the measurement when the plane fit is either very
}afge or is over a IUUEAI area, thus aunpl.ul& to local
variations in gravity. The measured gravity data 61 is
then subtracted using a subtractor 60 from the associ-
ated digital gravity field data map data 59 for that latitu-
de/longitude 12 and the resulting error 63 is used with

INS nosition 12 and velocitv data in a gravity correla-

position 12 and velocity data in a gravity correla
tion Kalman Filter 64 to produce estimated aircraft
position updates 65 and velocity updates 66 to a Best of
3 selection blocks 68A and 68B.

The Best of 3 selection blocks 68A and 68B choose
which of the three sets of updates to send to the inertial
navigation system 10, such as a ring laser gyro (RLG)
based inertial navigation system. The information pro-
vided for a seiecied velocity updaie 74 is either the
terrain correlated kalman estimate of the velocity up-
date 36 or the electro-magnetic correlated kalman esti-
mate of the velocity update 70 or the gravity correlated
kalman estimate of the velocity update 66. The informa-
tion provided for a selected position update 76 is either
the terrain correlated kalman estimate of the position
update 38 the electro-magnetic correlated kalman esti-
mate of the position update 72 or the gravity correlated
kalman estimate of the position update 65. In either case

the system tries to nrn\m-in a best nnﬁmota af nacitia
a2 sysiein tnes 10 pr um

with respect to the all three types of data.

Those skilled in the art will recognize that the digi-
tized terrain elevation data map 14, digitized electro-
magnetic field data map 40 and digitized gravity field
data map 58 may be stored in a magnetic or optical
storage systcm

The Best of 3 selection blocks 68A and 68B recognize
when the terrain Kaiman fiiter 30 is over water, flat
ground or deserts and utilizes the results of the other
two filters 78 and 64 for these cases. Selection block
68A chooses the best velocity update and selection
block 68B chooses the best position update Similarly
the other two filiers 78 and 64 may have similar prUU-
lems when there is insufficient data of their type in the
flight path and would similarly be excluded from selec-
tion for inertial navigation system 10 updates 74 and 76.
For example the terrain filter 30 could be reporting a

PN : : hn olane i
flat condition in which case either the electro-magnetic

filter 78 could be used or the gravity filter 64 could be
used depending on which filter is reporting the lowest
error or is not also in a substantially flat condition.
When the terrain correlation filter returns to a non-flat
condition the terrain updates 36 and 38 are utilized
again.

The method of the invention provides a number of
supplemental predictions to help eliminate the problem
with flying over flat ground, water and deserts, since
gravimetric 61 and electromagnetic data 45 is not corre-
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lated to terrain elevation data 17. Even though desert

sands move and water remains about the same eleva-

tion, the gravimetric data 61 and electromagnetic data

45 is unique and relatively stable.

The three types of navigation aids provided by the
invention provide a capability of looking ahead and
predicting the aircraft’s impending position with re-
spect to terrain and provide ground proximity warning
before the aircraft and terrain elevation become coinci-
dent. An audible signal could be generated to alert the
pilot of imminent ground intercept.

Those skilled in the art wiil recognize that the ap-
proach of the invention could be utilized for underwa-
ter terrain aided navigation for underwater and surface
craft as charts of underwater terrain elevation are avail-
able. The capabnhty to operate in broad ocean areas, flat
’gl'Cr‘L‘u’iu, and deserts is a al&luuuuu imp
the prior art.

Electromagnetic sensor and electromagnetic data
base or a gravity sensor and gravity data base is used the
system is passive, in the sense that no detectable radia-

i i rrain datahace rannirac
tion in generated, whereas the terrain database requires

a random altimeter which is not passive.

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 neéded to apply the novel principles and to con-
struct and use such speclahzed components as are re-
quired. However, it is to be understood that the inven-
tion can be carried out by specificaily different equip-
ment and devices, and that various modifications, both
as to the equipment details and operating procedures,
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 comprising:

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

(b) a means for determining a current electromag-
netic field from the aircraft having a current elec-
tromagnetic field output;

(c) a means for detecting a current gravity field from

the aircraft havnng a current oravltv field r\n'nnf

(d) a means for inertial navngatlon havmg a latltude/-
longitude positional output, a selected position
update input and a selected velocity update input;

(e) a 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 digital ierrain elevation outpui wherein the
means for storing a digital terrain elevation map
provides the digital terrain elevation residual out-
put and digital terrain elevation output in response
to the terrain latitude/longitude input;

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

(g) a means for storing a digital electromagnetic field
map having a electromagnetic latitude/longitude
input connected to the latitude/longitude posi-
tional output and a digital electromagnetic field
residual output and a digital electromagnetic field

Tovemeit over
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output wherein the means for storing a digital elec-
tromagnetic fieid provides the digital electromag-
netic residual output and digital electromagnetic
field output in response to the electromagnetic
latitude/longitude input;

(h) a means for subtracting a digita.l clcctromagnctic
field connecied to the digiiai eieciromagnetic field
output and the current electromagnetic field output
and wherein the means for subtracting a digital
electromagnet field also includes a electromagnetic
error output;

{i) a means for storing a gravity field map having a
gravity latitude/longitude input connected to the
latitude/longitude positional output and having a
gravity field residual output and a gravity field
output wherein the means for storing a gravity

field map prn\ndcs the g.fou‘hy field residual output

and gravity field output in response to the gravity
latitude/longitude input;

(j) a means for subtracting a gravity field connected
to the gravity field output and the current gravity
field ontput and wherein the means for subtracting

a gravity / field also includes a gravity error output;

(k) 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;

(1) a means for electromagnctic correlation connected
to ihe digital eleciromagnetic elevation residual
output and the electromagnetic error output and
wherein the means for electromagnetic correlation
provides a electromagnetic velocity update and a
electromagnetic position update;

{m) a means for gravity correlation connected to the
digital gravity elevation residual output and the
gravity error output and wherein the means for
gravity correlation provides a gravity velocity
update and a gravity position update;

ln\ a means for salecting hef‘v'"\.-v n

update, the electromagnenc velocity update and
the gravity velocity update to provide a selected
velocity update wherein the selected velocity up-
date is connected to the selected velocity update
input; and

(o) a means for selecting between the terrain position
update, the electromagnetic position update and
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the gravity position update to provide a selected
position update wherein the selected position up-
date is connected to the selected position update

input.

2. The terrain refercnccd navigation system of claim
1 wherein the means for terrain correlation is a kalman
filter.

3. The terrain referenced navigation system of clalm

ar -t
1 wherein the means for electromagnetic correlation is

a kalman filter.

4. The terrain referenced navigation system of claim
‘1 wherein the means for gravity correlation is a kalman
filter.

Th, H ey oot taevs AL Aladeas
8. The terrain referenced navigation system of claim

1 wherein the means for selecting between the terrain
velocity update, the electromagnetic velocity update
and the gravity velocity update selects the update with
the least error.

syeta af Al
6. The terrain referenced navigation system of claim

1 wherein the means for selecting between the terrain
position update, the electromagnetic position update
and the gravity position update selects the update with
the least error.

ooty at. af alaias
7. 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-

. . Teivoar
tween the barometric altimeter and the radar altimeter.

8. The terrain referenced navigation system of claim
1 wherein the means for determining the current elec-
tro-magnetic field from the aircraft further comprises a
magnetic flux valve.

Q. The terrain refsrancad navication svs £ claim

1 wherein the means for detecting a gravity field from
the aircraft comprises a gravitometer.

10. The terrain referenced navigation system of claim
1 wherein the means for inertial navigation further com-

nncpc a lncpr gyro Innrhnl ng\nnahnn eystem

11. The terram referenced navxgatlon system of claim
1 wherein the means for storing a digital terrain eleva-
tion map further comprises an optical disk.

12. The terrain referenced navigation system of claim
1 wherein the means for ctnrmg a rhmfnl electromao-

crein 1 meoans I10r sionng a Al CICCRICniag

netic field map further comprises an optlcal disk.
* x = * *
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