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Stored digital terrain data are used as a parameter for a
passive ranging exteded Kalman filter in a target range
measurement system. The system accurately locates
ground based targets using platform referenced passive
sensors. The Kalman filter algorithm fuses angular tar-
get measurements (azimuth and elevation) from avail-
able sensors (FLIR, RFR, etc.) along with stored digital
terrain data to obtain recursive least-square error esti-
mates of target location. An iterative algorithm calcu-
lates the slant range to the intersection of the target’s
line of sight vector with the digital terrain data base.
Thig calculated slant

ranoa ig an inmnt
11255 Cal

slant range is used as an input to the
Kalman filter to complement the measured azimuth and
elevation inputs. The Kalman filter uses the calculated
range measurement to update the target location esti-
mate as a function of terrain slope. The system arrives at
a rapid solution by using the stored digital terrain data
to provide estimates of range. The Kalman filter pro-
vides the framework for fusion, filtering of the measure-
ment noise, and automatic triangulation when owncraft
maneuvers improve observability. Results from a
Monte Carlo simulation of the algorithm, using real
terrain data, are presented. Measurement noise effects,
and the more dominant terrain effects on the system

estimation accuracy are analyzed.

12 Claims, 11 Drawing Sheets
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TERRAIN AIDED PASSIVE RANGE ESTIMATION

This invention was made with U.S. government sup-
port under Contract No. F-3060-2-88-C-022. The

government has certain rights in this invention.

T

U.S.

TIALNET NI AT TRTTN AT v e T T

BACKGROUND OF THE INVENTIO

There are many applications where it is critical for a

PO T

51uuuuuaacu or d'uUUuu: pldl.lUlIll 10 pdbblvcly deter~ i

mine the range from its position to a ground target or
threat. For defensive tactical situation assessment,
ground threat locations must be known to enable threat
avoidance and/or proper usage of countermeasures.

=+ tha attanliing oimneaf
For offensive close air SUpport, the attacking aircratt

must precisely know the target’s location to fulfill its
mission. Also, for in-flight route planning the exact
threat/target location must be known. Avionic systems
must derive these location estimates passively, so as to

maintain the ohvious tactical advantaces of stealth

1aintain the obvious tactical advantages of stealth.

In many combat situations off-board assets such as
tactical links or AWACS will not be available to pro-
vide target/threat locations. When off-board assets are
not available, sensor platforms have to passively locate
targets/threats autonomously, using sensors such as
forward looking infrared sensors, infrared sensor track-
ers, radio frequency precision direction finding equip-
ment, helmet mounted sights, etc. These sensors can
accurately provide azimuth and elevation angular mea-
surements to a ground based target passively, but they
do not provide a measurement of range, which is re-
quired to determine target location.

SUMMARY OF THE INVENTION

The present invention is a passive system and method
by which data as to the present position (including
longitude, latitude, and altitude) and attitude of a sensor

i A ta ~ralanlar
platform and stored terrain data are used to calculate an

estimated range from the platform to a ground-based
target or threat, and the estimated range is then pro-
cessed by a Kalman filter to increase the accuracy of the
calculated range. In accordance with the present inven-
tion, sensory angular data, owncraft positional data (e,
data as to the position of the sensor platform), and
stored digital terrain data are fused together to derive
accurate threat/target location.

The present invention does not rely on triangulation
through owncraft movement to arrive at range to tar-
gets. Various methods of ranging from angle-only in-
puts have been developed for various applications, in-
uuumg sonar, muvulg Ldrgt:\. lrd.u(mg, and emitter ioca-
tion. These methods include various Kalman filtering
techniques in different coordinate systems, as well as
the use of least squares and Moore-Penrose methods.
Common to all these methods is the requirement for
host platform movement over long base legs to provide
usable estimation accuracy. In the present invention, the
use of stored digital terrain data permits relatively in-
stantaneous single-look estimates of range, which are
then refined over time using a Kalman filter. The Kal-

man filter has better observability characteristics due to

the availability of this pseudo-measurement of range
derived from the line of sight (LOS) intersection with
the stored terrain data base. Hence, through use of digi-
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platform to triangulate and using time integration of
multiple measurements to filter noise, thereby improv-
ing passive target location estimation. For the Kalman
filter to achieve optimum performance it is required
that the input noise be uncorrelated, zero mean, and
Gaussian. This assumption is not generally valid, as
sensors exhibit bias from sample to sample and show a
correlation over time. A Monte Carlo simulation has
been used to quantify the effects of an added elevation
and azimuth bias on performance of the present inven-
tion. The results show that reasonable values of bias (up
to half the random noise standard deviation) do not
seriously affect performance of the invention. How-
ever, for sensors where the predominant errors are fixed
unknown biases, the Kalman filter may be modified, or
other techniques, such as a multiple model Kalman filter
scheme, may be utilized.

A more detailed discussion of Kalman filters can be
found in Applied Digital Estimation, by The Analytical
Sciences Corporation, edited by Arthur Gelb, The MIT
Press.

Since the present invention was designed with the
generic sensor in mind, the azimuth and elevation mea-
surements are assumed to define a “straight™ LOS vec-
tor. Obviously the validity of this assumption is sensor
and spectrum dependent. For instance, RF at a long
distance shows propagation bending, whereas short
distance IR approximates a straight line. The invention
must be adapted to model propagation effects.

The invention is described herein for the single-target
environment. Various techniques are known for multi-
target correlation of measurements to the targets’
tracks.

BRIEF DESCRIPTION OF DRAWINGS

These and other aspects and advantages of the pres-
ent invention are more apparent from the arawmgs, in
which:

FIG. 1 is a diagram illustrating an airborne sensor

- platform determining the range to a ground-based tar-

45

60

tal terrain data, a quicker and more stable estimate of 65

target location is achieved.
Range estimation can be improved by processing
multiple looks at a threat/target, using the motion of the

get in accordance with the present invention;

FiG. Z is a biock diagram of a system for determining
the range from a sensor platform to a ground-based
target in accordance with the present invention;

FIG. 3 is a diagram illustrating the geometry of the
line of sight intersection determination problem,;

FIG. 4 is a diagram illustrating the geometry of a test
solution of the line of sight intersection determination
problem;

FIG. 5 is a diagram 111ustratmg the geometry of the
terrain adjacent the line of sight terrain intercept point;

FIG. 6 is an X-Y diagram of the geometry illustrated
in FIG. 5;

FIG. 7 is a flow chart o
algorithm;

FIG. 8 is a description of Kalman filter parameters
suitable for the present invention;

FIG. 9 sets forth a program design language of a

Kalman filter suitable for use in the present invention;

FIG. 10 sets forth Kalman equatlons suitable for the
present invention;

FIG. 11 sets forth covariance matrices suitable for the
present invention;

f the line of sight intersection

FIG. 12 sets forth initialization equations suitable for
the Kalman filter in accordance with the present inven-

tion;



4,954,837

3

FIGS. 13z and 135 set forth ranging accuracies of the
present invention obtained from computer simulations
of its use in various terrains;

FIG. 14 is a table setting forth sensor and scenario
characteristics for Monte Carlo simulations of the rang-
ing shown

FIGS. 15-19 graphically depict experimentally de-
rived results from computer simulations of the opera-
tion of the present invention; and

FIG. 20 sets forth the number of operations required
to update a three state Kalman filter.

DETAILED DESCRIPTION OF A PREFERRED
EMBODIMENT

FIG. 1 illustrates the problem the present invention
solves. Sensors within a platform 20, such as an air-
plane, helicopter, tank, or other airborne or ground-
based platform, passively measure angular data refer-
enced to platform 20. The elevation angle and azimuth
angle from platform 20 to a target 22 on terrain 24 are
measured with respect to north and to the local horizon-
tal. The latitude, longitude, and attitude of platform 20
are known via conventional navigational techniques,
such as an inertial navigation system (INS) or a global
positioning system (GPS). The altitude of platform 20
with respect to mean sea level (msl) is likewise known
via conventional techniques, such as a barometer altim-
eter or GPS. The height H above msl of terrain 24 at
discrete points is provided in a stored digital data base
within platform 20. Such data bases are available from

the Defense Mapping Agency of the U.S. government.

With this data, a ground intersect of the angular Line of
Sight (LOS) vector 26 with terrain 24 can be deter-
mined, providing a single estimate of the range from
platform 20 to target 22. Use of the terrain data avoids
errors which would result using a flat terrain assump-
tion, as can be appreciated from FIG. 1.

FIG. 2 shows an overall block diagram of the terrain
aided passive range estimating system of the present
invention. The navigational systems 28 on platform 20
provide indications of the platform’s position, attitude,
and altitude to LOS intersection computer 30 which
also receives digital terrain data from memory 32. Sen-
sors 34 on board platform 20 provide computer 38 with
indications of the azimuth angle and the elevation angle
from platform 20 to target 22. Computer 36 performs a
LOS intersection algorithm which calculates a best
estimate of the range from platform 20 to target 22

nt and
given a single azimuth angle measurement and a single

elevation angle measurement from the platform to the
target. This algorithm searches along the LOS vector,
defined by the supplied angles until the closest terrain
intersection is found. The azimuth and elevation angles
define the direction of line of sight vector 26 from plat-
form 20 to target 22, as shown in FIG. 1. This dlrec-
tional information is used to interrogate the terrain ele-
vation data base in memory 32, to determine points at
which vector 26 intersects terrain 24, starting from the
closest possible target location to be considered out to
the maximum range. When a coarse point of intersec-
tic 1 is located, the algorithm then looks for a finer reso-
lution qui‘SECuuu,
tion data points.
FIG. 3 shows the geometry of the LOS intersection
problem. If h,, the target height above mean sea level,
and S,, the arc length distance along the earth’s surface

from a point vertically beneath platform 20 to the target

22, are known, then R, the target range can be calcu-
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lated. An iterative method can be utilized to determine
hyand S, if Alt, the ownship’s altitude, ®, the elevation
angie from ownship to the target, P, the terrain data
post spacing, and h;, the terrain height are known. From
FIG. 3, the law of sines and the arc length equation
permit derivation of R as a function of Re, the earth’s
radius, h;and .

From inspection of FIG. 3, the law of sines can be
applied to yield:

[(Sin 8)/R]=[Sin B)/[Re+hj], [¢Y)

and it can also

can a:sge 1 il

B=90" -, @
The arc length equation tells us:

S;=Reb (3a)
which can be rearranged to give:

0=S//R, (3b)

By using the trigonometric identity:

Cos (a)=Sin (90°—a)

R=[(Re+h;) Sin(S;/Re)]/Cosd [©)
is obtained as the target range. Hence, if h, and S, are
known, equation 5 can be used to find R, the range.
The parameters hy and S; can be found iteratively by
“walking along” the earth terrain data base and compar-

o W 4 tha dotn laos Latols
H}g calculated test he:5hts, fiesry (O L€ Qatla oasc llClElll,

h;. FIG. 4 shows the geometry for the it test case,
which is a case before the iterative solution is found. In
this case the test range is too short, and so the calculated

test height, hy.g, is greater than the terrain data base
height, h;, That is,

Ryese>h;, ©
and so the terrain intercept is not found yet. At the
actual range or terrain intercept, hys;=h,.

The test height h; at the i* post can be calculated as a
function of i, P, ®, and Alt, where i is the number of
stored \Jléll.ﬂl terrain data yumm between the location
on the earth’s surface vertically beneath the platform or
owncraft and the test point, and P is the interpoint spac-
ing. From the law of sines,

[Sin
B1/[hiesi+ Rel=[Sin{180° —(B8+ 0050} )/~
[Re+Al. G

Using equations 2 and 4, equation 7 can be reduced and

solved to yield:

hiest=[(Re+Alf) Cos ®]/[C0Ss (80— D] — Re. (®)

The arc length equation can be used to solve for 8., as

a function of i and P. The arc length at the test point i,

is:

Slu.vrz

frestP. 9

The arc angle is found from:
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Siest= Rebrest, (10a)
or:
B1051=Stest/Re. (10b)
Equations 8, 9, and 10 can be combined to yield:
hyesti=[(Re-+Alf) Cos @]/[Cos(ires:P/Re— )] — Re an

as the height of the test point. The value calculated in

Pmmhnn 11 is the height that should be comnared to the

uallor 15100 NCIgNt thal SAcUIA B compared ¢ tne

data base height at point i to see whether the terrain
intercept has been found.

When h;> hyes, (12)
the intercept of the line-of-sight vector and the terrain
has occurred. This point is called i*.

Once point i* has been found, a finer resolution esti-
mate of the true terrain interception can be found. A
finer resolution calculation of an estimated arc distance
along the earth’s surface to the target S; and an esti-
mated target terrain height h, are recalculated. The
improved estimates of S;and h,are then used in equati
5 to get the desired best range estimate.

Between-data-point spacing estimation can be made
by taking the intersection of the LOS vector and a line
joining the stored terrain points before and after the

S. FIG. § shows what
parameters are desired: h, the estimated target height
above msl, and X, the distance from the target to the
previous data point i* — 1. Assuming the terrain is linear
between data points i* and i*—1, and assuming the
effects of the earth’s curvature over one post space can
be neglected, FIG. 5 can be redrawn as an X-Y dlagram
normalized to post spacing, as in FIG. 6. Using the
equation for a line,

on

target noint. as shown in FIG

aIget poim, as saown n e,

y=Mx+b=[(¥Y1— Y0)/(X1—X0)]X+ Y intercept, (13)

equations for the LOS vector line and the dlgltal terrain

data line can be written as:

LOS Vector Line: y=(hestps — hrostis - )X + Beesiir _ 1 (14a)

Terrain Data Line: y={hix—hp _ )X+ hp_ 4 (14b)

Equations (14a) and (14b) have two unknowns, X and y,
and so can be solved for the test point distance X as:

X=[hps_ V—hiestis 11/ heestin+ his — 1 —hpests 1.

—ha). 15)

Then,

p

y=h

ar 7 \\;. I
={(ap—anp )X+

Ay,
where 0<X < 1.

Equations 15 and 16 represent the finer resolution,
best estimate of the intercept, X being the fraction of the

data point spacing that the target is located from point

@i*—1) and being the best estimate of the target’s

height above mean sea level. Assuming no earth curva-.

ture over the fraction of test point spacing, S;, the arc-
length distance over the earth’s surface that the target is
located away from the ownship is best estimated as

Sy=(i*—1+XP, an

w
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where P is the terrain data post spacing.

Now all parameters needed to calculate the best esti-
mate of target range, using equation 5, have been de-
rived. S;is found from equation 17, and h,is found from
equation 16. ¢ is the measured elevation angle, and Re
is the known earth’s radius. These are all used in equa-
tion 5 to compute the range, R.

To summarize, the integer i is iterated through i=i-

i 1 11 t5 caleulat ot + +
min t0 1==1nax, uoung ﬂquauun 11 to caicuiate a test target

height. The calculated test target height is compared to
the terrain height found from the data base at point i
until the condition of equation 12 is met at point i*.

Then a finer resolution solution is found using equations
15 and 16 to find a best estimate of tarcet heicht and

© 0 IIRC & OCSL CSilmase o1 target fCigit ana

fractional distance between terrain posts. Next the arc
length distance over the earth’s surface to the target is
calculated using equation 17. Finally, equation 5 is used
to calculate the best estimate of target range. FIG. 7
summarizes the process. Arldmrmallv FIG.

7 includes
ad hoc logic to account for targets 1ocated near peaks.

The outputs from computer 30 are applied to Kalman
filter 36, as depicted in FIG. 2. The Kalman filter pro-
vides outputs indicative of the length of the projection
in each of three mutually perpendicular directions, i.e.,
north, east and down, of the line of sight from platform
20 to target 22, those lengths being designated N, E and
D, respectively, in FIG. 2

The range R is then calculated as
R=[N2+4+E?4.D?05, The Kalman filter also provides
an indication of the accuracy of its N, E and D outputs
in the form of a covariance matrix.

The Kalman filter pnuvrdca the Eeneral solution to
the recursive, minimum mean-square error estimation
problem. Use of the Kalman filter minimizes the mean-
square error, provided the owncraft dynamics are
known and measurement errors are accurately mod-
eled. In addition to minimizing the mean-square error,
the Kalman filter has a number of other advantages for
the passive ranging problem, including the following:
1. Fusion of multiple measurements from multiple
sensors can readily be accommodated. Data is not
“thrown out”.

2. The Kalman filter provides a convenient real time
measure of the estimation accuracy through the covari-
ance matrix.

3. The filter automatically calculates the time se-
quenced bearing intersection (triangulation).

4. The filter gains can easily be adapted to reflect
terrain conditions.

5. All calculations are
approaches are involved.

6. Estimates are refined using terrain slope.

The present invention provides a unique application
of a Kalman filter to passive ranging, in that it uses

target range, found from the intersection of the LOS

vector with the digital terrain data, as a measurement
quantity for the Kalman filter.

The coordinate system, state vector, and measure-
ment vector for the filter are described in FIG. 8. The
filter rate is dictated hv the rate at which the sensors can
provide independent angular measurements. A three-
state, position only Kalman filter can be used for sta-
tionary targets; however, velocity states can be added
to track moving targets, using a six state Kalman filter
with a constant velocity model. Maneuvering targets
can be tracked using a multiple model Kalman filter
scheme. The relative, North, East, Down coordinate
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system is chosen to facilitate triangulation and gain
observability from owncraft movement. Time propaga-
tion of states (correction for owncraft movement) dur-
ing periods between measurements can easily be accom-
plished in this coordinate system.

The program design language of a suitable Kalman
filter cycle is presented in FIG. 9. The equations to
initialize the state and covariance mairices and the for-
mulas to perform much of the steady state measurement
update computations are presented in FIGS. 10-12. It is
to be noted in the equations that the linearization of the
H matrix makes this an extended Kalman filter. This H

. . A
matrix controls the gains of the filter, and similar to

Kalman filter based terrain aided navigation algorithms,
contains terms related to the terrain slope. Also, it
shouid be noted that the initialization scheme, initializa-
tion being critical for proper filter convergence, is for a
full covariance matrix and again takes advantage of the
digital terrain data by using the LOS intersection algo-
rithm to provide an initial estimate of range. It can also
be seen from the equations that the measurement error
covariance, R, includes measurement correlation coeffi-
cients, since the derived target slant range measurement
will be highly correlated with the corresponding azi-
muth and elevation measurements.

PN Af tha cmwacan
A detailed Monte Carlo simulation of the present

invention has been developed to predict performance.
The Monte Carlo simulation was performed placing
targets at six different locations, using five different
sensor conﬁgurations The stationary targets were
nlaced in various terrain conditions within 2 terrain data
base located near Edwards Air Force Base, Calif. The
targets’ exact latitudes and longitudes are specified in
FIGS. 134 and 13b. For the following analysis, the
passive ranging algorithm is assumed to receive target
measurements from passive sensors which include a
helmet mounted sight, IR sensor tracker, and RF preci-
sion direction ﬁnding equipmcnt The sensor character-
istics are shown in FIG. 14. However, the algorithm
utilized in the present invention is generic in nature and
can readily be tuned to work with any sensors that
supply target measurements of azimuth, elevation, and,
if available, range.

FIGS. 132 and 13h nregent a matrix of rqngip

224 andc 2120 present 2 matrix of ran,

racies for the single look LOS intersection algorithm.
The LOS intersection algorithm achieves these ranging
accuracies through processing of one single set of azi-
muth and elevation measurements. The mean absolute
slant range error, Er, given in FIGS. 13a and 135, is
obtained by the following formula:

N ~
Er = —Z'l |Rtrue — Ril,

where Ry is the true relative range (owncraft to tar-
get), N is the number of Monte Carlo runs (N=200),
and R;is the LOS Algorithm estimate of relative range
for the i** Monte Carlo run. The simulation results
shown in FIGS. 132 and 135 point out the effect on
achievable accuracy of target location within the ter-
rain. Ranging accuracies can vary from a {zw hundred
feet to fifteen percent of the true range. Performing the
simulation has established that the LOS intersection
algorithm alone produces good results in steeper ter-
rain, but degraded results in flat terrain for the close in
IR sensor tracker and helmet mounted sight scenarios.
Tor the longer range RF scenario, the algorithm pro-
duces good results for relatively continuous terrain, but

20

25

30

35

40

45

50

24

degrades in the rougher terrain where ambiguous rang-
ing solutions can be widely spread due to terrain effects.
The present invention, with its multi-look Kalman filter
processing, improves these single look results.

FIGS. 15 and 16 show how ?rnhncmnn multinla ¢en-

15 and 16 show how processing multiple sen
sor measurements at 10 hertz through the Kalman filter
can improve estimation accuracies with sensory inputs
from the IR sensor tracker and the helmet mounted
sight over flat terrain. The target locations are the same
as specified in FIGS. 132 and 135 for the single look
LOS intersection algorithm. FIG. 15 shows that the
processing of 20 measurements over a two second inter-
val can decrease the sensor tracker’s position error to
approximately 250 feet of RSS error. Monte Carlo aver-
age RSS position error at a given instant of scenario
time, the parameter shown in FIGS. 15 through 19, is
defined by:

N A a
,2 [(Nlrue - i)z + (Elrue - I)Z + Drrue — D'.)Z]O.S

i=1

RSS =

where Nirue, Etrues and Dyrye are the true relative north,
east, and down distances (owncraft to target) at given
instances of time, N is the number of Monte Carlo runs
(N—=4M and D ara + com atat

WN=4V), ang N;, El, and 17jare the three state Kalman
filter estimates of these relative positions for the it
Monte Carlo run. FIG. 16 shows how the three state
Kalman filter processing removes the adverse terrain

effects inherent in the helmet mounted sight single look
]nrahnn’ r‘anahrlltu In FIG

location of the target converge to relatively the same
average RSS position accuracy of 400 feet due to filter-
ing of the terrain coupled noise.

FIG. 17 shows results of 40 Monte Carlo runs using a
0.1 degree RF precision direction finding system at 100
nautical miles (nm) Emitter 1, which is on the dry lake,
is turned on at time 0, turned off at 2 seconds, and
turned on again at 5 seconds. Emitter Z, which is on a
gradual slope, is turned on at 3 seconds and turned off at
7 seconds. For both emitters, the present invention
increases single-look estimation accuracy. In the first
two seconds of RF radiation detection, emitter 1’s aver-
age RSS position accuracy is improved from 23000 feet
to 7000 feet. This emitter’s next RF burst, commencing
at 5 seconds, further increases accuracy to 4000 feet at
100 nm, less than one percent of the total range. FIG.
18, for the same double emitter scenario as in FIG. 17,
shows covariance matrix yleUllllduLC The s square root
of the north-north diagonal element of the covariance
matrix closely matches the actual north channel RMS
error, indicating the filter is properly tuned. Not only
does the present invention provide a good estimate of

target/threat location, but also the covariance matrix

provides a reliable indication of the estimate accuracy.

The following simulation results are for a target ac-
quisition and sensor hand-off scenario and indicate how
a wide angle sensor can be used for acquisition, with the
target being handed off to a narrow field of view device
for automated weapon delivery. This procedure over-
comes the “soda straw” problem of target acquisition
using a narrow field of view device. Results generated
from the Monte Carlo simulation of this scenario are
shown in FIG. 19. The scenario for the simulation runs
is the owncraft starting at a two nautical mile range and
ﬂying directly at the target ata velocity of 300 m/s (580
knots) and a relative aititude of 2000 feet. One target is
located on the side of a steeply sloped mountain, and

16 all variations of terrain
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another is located on a gradual slope of a hill. The tar-

almat ad 1N
gets are initially seen by the helmet mounted sight (10

mrad one-sigma angle errors), and two seconds later
handed off to the sensor tracker system (one mrad one-
sigma angle errors). Both sensors are assumed to be
providing uncorrelated angle measurements at 10 hertz.
The owncraft pcsrtion inaccuracy is 50 meters, with a
five meter error in altitude. Examination of FIG. 19
shows the immediate advantage of multi-look process-
ing with the present invention. The filter quickly refines
the position estimates from the helmet mounted sensor
for both terrain cases. Then, at two seconds, the sensor
tracker system data is fused to the processed helmet
mounted sensor data to further improve estimation ac-
curacy in both terrain and conditions. In this scenario
there is no benefit from owncraft maneuvering, since
the owncraft is flying straight to the target. With a
maneuver, or a flight path somewhat tangential to the

target, observability is gained and triangulation helps _
estimation. With a penalty to covertness, the location *

accuracy can be further improved by cueing a low
pro‘aabihty of intercept burst radar or laser range finder.

The cueing location would be provided by the passive
location estimate of the present invention. The mechan-
ics of the present invention provide for easy fusion of
other measurement sources to pinpoint target location
and release a weapon.

FIGS. 14 through 18 demonstrate estimation im-
provement and filter convergence using the present
invention. Monte Carlo runs such as in FIGS. 14
through 18, and others, have shown promising results.
F{G 29 1!5[) I.hC llulllbcl Uf llldLllCllldUL«dl UlJCldLlUllb
required for a three state Kalman filter update, exclud-
ing the operations required to generate the target ter-
rain elevation height measurement. It can be seen that
the filter does not require a significant amount of com-
putation. For a variety of scenarios and sensor charac-
teristics, the present invention has shown improved
passive target location estimation performance.

Although the present invention has been described

with reference to a preferred embodiment, rearrange-

mente and alterationg can ha made, and still

would be within the scope of the invention.

What is claimed is:

1. A method of estimating the range from a sensor
platform to a ground-based target, said method com-
prising:

(a) acquiring navigational data indicating the plat-
form longitude, latitude, and elevation above the
earth’s mean sea level;

(b) determining the elevation angle and the azimuth
angle of a line of sight from the platform to the
target;

(c) acquiring terrain data indicating the height of the
earth’s surface above mean sea level at each of a
plurality of terrain data points in an area of terrain
including the target location and the line of sight;

(d) calculating a test target height for a test data point
located on the earth’s surface and on the line of
sight;

(e) comparing the calculated test target height with
the height of the earth’s surface at the tested terrain
data point, as indicated in the terrain data;

(f) when the calculated test target height is greater
Llldll LllC 11::1511L Ul LIIC eal‘tll,s bulldbﬁ at Ulc Lt:blt:u
terrain data point, selecting another test terrain
data point further from the platform than the tested

tha ragnlt
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terrain data point and repeatmg steps (d) and (e) for

adld allUthl tCDt lCl Tain Ude pUllll.,

(g) when the calculated test target height is not
greater than the height of the earth’s surface at the
tested terrain data point, calculating an estimated
range from the platform to the target; and

(h) applying the elevation angle, the azimuth angle,

and the estimated range to a Kalman filter to pro-
vide an improved estimated range from the plat-
form to the target.

2. A method as claimed in claim 1 wherein step (g)
includes determining the target location between two
adjacent data points on the line of sight by calculating
the point of intersection of the line of sight and a line
connecting said two adjacent data points.

3. A method as claimed in claim 1 wherein step (h)
includes calculating the lengths of the projections of the
line of sight from the platform to the target on three
mutually perpendicular axes, and calculating the square
root of the sum of the squares of the calculated lengths.

4. A method as claimed in claim 3 wherein step (a)
further comprises acquiring indications of the accuracy
of the acquired navigational data, step (g) further com-
prises determining the accuracy of the calculated range,
and step (h) includes determining the covariances of the
calculated lengths.

S. A method of estimating the range from a sensor
platform to a ground-based target, said method com-
prising:

(a) acquiring navigational data indicating the plat-
form longitude, latitude, and elevation above the
earth’s mean sea level;

(b) determining the elevation angle and the azimuth
angle of a line of sight from the platform to the
target;

(c) acquiring terrain data indicating the height of the
earth’s surface above mean sea level at each of a
plurality of terrain data points in an area of terrain
including the target location and the line of sight;

(d) calculating a test target height for a test data point
located on the earth’s surface and on the line of

3 3 haoino hasad An tha datn seint
sight, the calculation being based on the data point

location, the navigational data, the elevation angle,
and the radius of the earth;

(e) comparing the calculated test target height with
the height of the earth’s surface at the tested terrain

data nn|nt as indicated in the terrain data;

® when the calculated test target height is greater
than the height of the earth’s surface at the tested
terrain data point, selecting another test terfain
data point further from the platform than the tested
terrain data point and repeating steps (d) and (¢) for
said another test terrain data point;

(g) when the calculated test target height is not
greater than the height of the earth’s surface at the
tested terrain data point, calculating an estimated
range from the platform to the target, based on the

- calculated test target height, the tested terrain data
point location, the determined elevation angle, and
the radius of the earth; and

(h) applying the elevation angle, the azimuth angle,
and the estimated range to a Kalman filter to pro-
vide an improved estimated range from the plat-
form to the target.

6. A method as claimed in claim 5 wherein step (g)

includes determining the target location between two

adjacent data points on the line of sight by calculating
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the point of intersection of the line of sight and a line
cnnnecfmv said two ndmm:nf data pr\lrlfc

7. A method as clalmed in claim 5 wherein step (h)
includes calculating the lengths of the projections of the
line of sight from the platform to the target on three
mutually perpendicular axes, and calculating the square

ot af tha qiim Af tha crarag o [ PR 1L PRSI

root of the sum of the squaircs of the calculated 1E€NIZLIS.
8. A method as claimed in claim 7 wherein step (a)

further comprises acquiring indications of the accuracy |,

of the acquired navigational data, step (g) further com-
prises determining the accuracy of the calculated range,
and step (h) includes determining the covariances of the
calculated lengths.

9. A system for estimating the range from a sensor
platform to a ground-based target, sald system compris-
ing:

(a) a source of navigational data indicating the plat-

form longitude, latitude, and elevation above the

earth’s mean sea level:

allil 5 In€an sga 1&vel]

(b) means for determining the elevation angle and the
azimuth angle of a line of sight from the platform to
the target;

(c) a memory for storing terrain data indicating the
height of the earth’s surface above mean sea level
at each of a plurality of terrain data points in an
area of terrain including the target location and the
line of sight;

(d) means for calculating a test target height for a test
data point located on the earth’s surface and on the
line of sight, the calculation being based on the data
point location, the navigational data, the elevation
angle, and the radius of the earth;

(¢) means for comparing the calculated test target
height with the height of the earth’s surface at the
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tested terrain data point, as indicated in the terrain
dam

® means responsive to the calculated test target
height being greater than the height of the earth’s
surface at the tested terrain data point, for selecting
another test terrain data point further from the
platform than the tested terrain data point;

(g) means responsive to the calculated test target
height not being greater than the height of the
earth’s surface at the tesied terrain data point, for
calculating an estimated range from the platform to
the target, based on the calculated test target
height, the tested terrain data point location, the
determined elevation angle, and the radius of the
earth; and

(h) Kalman filter means connected to receive the
elevation angle, the azimuth angle, and the esti-
mated range for providing an improved estimated
range from the platform to the target.

10. A system as claimed in claim 9 further comprising

means for determining the target location between two
adjacent data points on the line of sight by calculating
the point of intersection of the line of sight and a line
connecting said two adjacent data points.

11. A system as claimed in claim 9 wherein said Kal-
man filter means includes means for calculating the
lengths of the projections of the line of sight from the
plaiform to the target on three mutualiy perpendicular
axes, and means for calculating the square root of the
sum of the squares of the calculated lengths.

12. A system as claimed in claim 11 further compris-
mg means for acqulrmg indications of the accuracy of
the acquired navigational data, means for determining
the accuracy of the calculated range, and means for

determining the covariances of the calculated lengths.
* * * * *



