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ABSTRACT -

D RIS R Ty YA M EINON AT S A SRR e el fevini vy preitwtoacigent i L

:LOCATER is a computer program used to simulate proj égtiié tracking radar estimation of
wedpon locations from real or simulated.projectile:fracking:data:;. A complete mathematical .
description-of the modified. point. mass trajectory modéling, rada§ random.errors, wind;.
refraction; multipath and‘the maximum likeliliood estimator is included: Detailed user
ifistructions -and: samplés are covered:. ‘A programmer's giide to modification 6f the 7000 1line

;FORTRAN ‘program i$ ‘included.
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LOCATER* is a computer program designed to simulate a projectile tracking radar (PTR) and

RS
ot
7 Srla B e

to estimate weapon locations from real or simulated projectile tracking data. This 7000 line

o FE

FORTRAN program was developed as a tool in support of the Army/DARPA HOWLS program to investigate

the application of new technology to the problem of locating artillery. Over'a 3 year period

¢
"
P

RN

3
T

this program was used to investigate a broad class of problems concerning projectile

s
3

- tracking radar performance. It is organized in a modular way so that it can be easily under- 35
stood, used and modified by any analyst or programmer. It is reasonably efficient - but ,;,
like any detailed simulation it can only be used to perfomm specific analysis and gain insight - &

> ¥

4

not to simulate an entire battle scenario.

LOCATER simulates a projectile trajecéory using a modified point mass dynamic model which

g S
includes effects of drag and projectile spin. A projectile tracking radar measures this ' ’::
trajectory with associated random errors in range, azimuth, elevation and doppler which are & w%
statistically modeled as independent bias, jitter and thermal noise errors. The environment jf
is modeled with wind and air density affecting the trajectory and refraction and multipath Y

5
affecting the radar measurements. The location estimator takes these simulated errored _ :if
measurements (or real radar measurements) and makes an estimate of the most likely launch ’ f‘
location for the weapon. The estimator also uses a statistical model of radar errors and can g %
use meteorological, multipath as well as a prior{ data about projectile parameters. The :§ «:
estimator is very flexible allowing any subset of measurement dimensions (e.g., azimth, ;; é
elevation) to be used in estimating any subset of states (e.g., excluding drag and spin). ;ﬁ ’J
When real data is processed this feature plus the ability to automatically edit out bad 2
points (e.g., >2¢) gives good performance even with poor data. When simulating a radar, a “:
number of independent simulations arce run for a given trajectory (i.e., different errors) and §

¢

%,

X
ot

the statistical performance is summarized (i.e., weapon location CEP).

AN

Reta
v

Over the three years of llsing LOCATER in the HOWLS project it has been applied to a wide

3 Pl

variety of problems: Performance evaluation of various proposed PTR concepts, development of

i

an improved Upleg/Downleg weapon location algorithm, validation of algorithm performance by

processing real data, simulation of multiple radar tracking nets, evaluation of performance

}’ ‘ degradation due to projectile RCS variation with aspect and multipath errors, and the
.o ;
" - *The name LOCATER suggests the program's function as is the achronym "Location Of Counterfire

Artillery Through Trajectory Estimation by Radar'.
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pérfonmance -of .a. radax without elevation. measurements.., Bkxamples. oL*JOCATER operation in four

Sy

-cases ate included with all inpit and output; .

- ~,

Both the :input and output is organized in a modufav way that makes ‘their operation easy to

<
AT

b3

S
Talenr

Jearn and use: Input parameters are specified in up to 16 “free- form data packets. Typically

-
.
I
Iy
bayid

only a few of these are vequired. For example, only four are needed to process veal data. -

ks

&m‘«:«! i

‘Input of real data is flexible with run time formats allowing input from cards or tape units. ) .

Buad

In operation, miltiple rins are usually made so that the onl¥ packets witiv paramecteis that
-change need to-be ve-specified - other values rermain in effect - making parameter changing
-easy with only a few cards.

The output -is organized into 9 independent (optional) séctions:

1 Listing of input cards

2 Nominal projectile trajectory generated .

3 EStimator states after each iteraticn till convergence l .

4 Track file measurements -with.editing notes

§ State covariance matrix and.correlation cocfficients ;

6 Estimated launch conditions (e.g., velocity, Q, ctc.) - g
’ 7 Track residual errors : ; ) 4o R

8 State -estimation parameters (c.g., drag and spin) g - ' ' 3%

‘9 Launch point location errors ‘ :::

Plots of residual errors -(7) and launch point errors (9) ave done by separate programs using

‘files prepared by LOGATER.

A complete mathematical description of all modeling and the maximm likelihood estimator

A

is "includey- to bridge the gap between thcory[:11 and the implementation in LOCATER. The f
maximup likelihood equations are solved iteratively with a technique that requi‘res only an — §

. approximate initial estimate. The number of states to be ostimated is selectable (usually 6 5\:
to 8) ‘but the- state vactor is eﬁ;-m\dnhle up to 17 states. A numeric -transition matrix is . f%
used thus spermitting casier changé to the equations of motion. ) A fj‘
Program.modification is facilitated by a mathematical description which includes the ; ‘;i
identification-of certain key program variables. Typical program modifications are iliustrated : (:;

as a guide to programmers changing dimensions of arrvays for radar measurements and meteorological

conditions, udding data packets for input parameters, and modifying the equations of motion.
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2.0 INTRODUCTION . . *
v _2 llisktox‘)' of LOCATER Program Dovelopment - ’ '

A Qmm!; stwdy of projectile tjr:\ckii\g radars was wndortaken in 1973 as part of the }};W‘:V:\\xxx}- ; ¥
IONLS program. 'ghe general charter of the HOWLS program was to { indt ways of applying né\\- toch~ i ;
nology to the 3ocau~§en of hostilo indirect-fire w SUPONS i.e., artillery and mortars. The phase ; ;’
of the project dirvected toward pmje&-i}e tracking vadars wag to exploit pew teclmelowy in the - g
an of -atvanced gomputers, precision guided rewitions, xmlt»ismti‘c scnsors.: and 1ight -weight :
highly mobile sénsm‘ platforms, ,"l‘hese udv{umﬁ:ﬂ_ Leclmfslogies, way postulated as being available ; ?
for developmont in the mid-1980's, ‘ ' % ~‘§j

o |

Over the past 3 years of the projectile m*acking; radar investigatien, a vaviety of analytic : ti

© tools have been used to support this study.  First, there was need of a simulator to investigate ! :‘3%
‘the avaraey of projoctite tracking radavs in the varbous systems concepts proposed for the 1980's, i féﬁ
later as advanced tracking algoritlms weré explored it beocame essential to have a teel for proc- "“4}
essing peal radar data thvough e.\'mrimant.fll algovithms. 1In onder to {ill the gap in real vadar é
data, it was negessary to use special precision ballistic trajectory generators such as the ‘ ?g‘
BRI, modifiedd pc;in‘t: MASS Program or trafectories produced by outside agencies, for example RAR ‘ ;
(Rocket assisted projectiles) trajectories, or rocket trajectories that were simulated for f ‘f;
[ LY pmmsos\aml thus it was necessary to use those externally generated trvjectories as ?
“models for u aystem sumdator. Neav the cnd of the project is was possihile to arange for ‘*}
[1eld measuraments of a variety of projectile types in owder to complete the spectrum of %
trajectories with whieh to test proposed ddvanced tracking algovithms. With thig high precision %
tracking data, it was nocossary to add features that would allow fov algorithm validation and '::
modi fication, ability to change the dvnamie rracking model ensily, and to analyze the ;?
charactevistics of the vosidual erwors. The majority of those requircments for analytic tools i
were met through the development of an cmnibus projectile tracking program called LOCNTPR, :
The LOCATER program evolved to meet the neod for system anaiysis tools described atove,

Eavly system analysis and parvametric studies were performed with a modified exo-atmosphervic ﬁ‘
Ty

program called HWIPIR (tastile Weapons Locating Projectile Tracking Radar). HWLPTR included :
modifications to allow for simulation of endo-atmosphervic ballistic trajectories but the :‘Ej
program structuve was somewhat inefficient tor projectile tracking work and somewhat “f}?

i

difficult to wodify. As it became clear that the projectile tracking investigation

would expand wnto other othor applications, it was decided to redesign and write a new program

vty 0,

specifically for endo-atmospheric projectile tracking investipations, This woia was stavted in

2% TR NS T SR
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features can be found in Sectim 3.
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the Fall of 1976 and resuited In cha weiting of 7,000 lives of il}f(l]b\’\‘ code which hecune operas
riong) in hwfaey 1977, This program, called MXCATER, was written for the (DQ 6600 computer and
uses 66 K decimal words of storage. The proghum-was designed to be flexible and uses an vasily
modified mdutar construction. Input to the progauwa is in the fonr of data puackets submitted

in batch. CQutput iz preparca in the form of & waber of output SECIINS cach independent of

one another. Internally, a generalizod state vector structire ig used which is easily modified
wl punovical integration is used to keep the state vector extrapolation transparent to the
parcicular syster model being used. Continued cvolution of this-program is expected as it is
now in a fom which is easily maintainable. As new modifications ave added to $he program,
future versions of the program will be docimented in addenda to be uttached to this fwctical
Techiology report.  All progrems and decumentation are to be made available on tope. ‘lhe program
wias written to be operated on the Lincoln CIX-6600 ocaputer, however, the FORTRAN conventions used

Zn writing this program weve chosen to make conversion .for use on IRM-370 equipment very
straight forward.

2.2 Purpose

The purpose of this report is to familiarize potential users of the LOCATER program with

its features and capabilities. For those who are already users of the program it serves as a

reforence guide for both the preparation of input and the interpretation of cutput. For those
who wish to make softwore modifications, it serves as a systom description md programming guide.

The basic function of the program is to locate hostile weapens from radar tracking data on the

fived projectile. The purpose of the program is to serve as a general purpose analytic tool for

dnvestigating the effects on weapon location accuracy of radar system parvameters, trajectorvy
modeling and estimation algorithms, and envirommental effects such as wind, tropospherie
refraction, and multipath. The program is designed to provide analysis of these effects by

analytic modeling, statistical modeling, and through analysis of real data. ‘The program is

designed to be useful in a wide variety of analyses of sensors designed to measure tactical

ballistic projectiles. The program iy designed to te functionaily

1y
<

useful in a research

and development enviromment. 1t is user oriented, modular, and easily wodified. it's designed

o

o opevate efficiently in a bitch envivomment with graphics being provided by scpavate

special-purpose plotting programs. A complete description of the program capabilities and
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2.3 <Scope

This veport contains a complete descriptlon of the operation and use of version 2.0 of
the- LOCATER program.  Version 2.0 of LOCATER was achieved in Mavch 1978, As with any R&D
-analysis tool, continued change is to be expected. It is planned to describe any subsequent
revisions to the progran in addenda to this report.

A complete description of program capabilities and features is included in Section 3. Ihis
includes information a potential user would need to hnow to detemnine if the program would soive
his particular problem, and furthenmmore, the Kind of information neasded to detenuine if the program
would be usable with a given set of camputer equipment. Application ol the program to particular
projectile tracking problems is covered in Section 4. ‘Thesc applications are illust.ated concretely
by the examples of program operation imfludcd in Section 7, Additicnal potential applications of
the program are also included. A complete description of the mathematicul backgrawrd for the
program is included in Section 5. The mathematical basis in theory of operation uged in the
LOCATER program can be found in Refevence 1. However, the actual implementation in the LOCATER
program differs in several important details; namely, the inclusion of a morve general dynumic
model for the projectile which includes induced diag and magous aceelaration and the use of
nunerical transition matrices. ‘These are covered in Section 5. A general users' guide and
reference is contained in Section 6 which includes a Jescription 2 the preparation of the
input data packets as well as a conmplewe description and intzrpretation of cach output section.
Four complete demonstration examples ot prograt operation are includad in Section 7. These
are designed to illustrate the wide variety of applications of thus pregram. Tinally, Sectjon §
provides a guide to programers for understanding the internal program operation and for making
potential modifications to the program.

This report dees not cover the results of eny of the projectile tracking anxlyses performed
as part of the HOWLS program. The use and effectiveness ot various projectile tracking radar
concepts and projectile tracking algorithms is wovered in other Tactical Technology reports

(T'N1977-15 and TT-23),
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3.0 PROGRAM CAPABILITIES
This section is dirvected at the potential user or person who wishes to get an overview of

what this-program will -do.. Wo will start by giving.a very brief description of the way in'which

the program.operates, Next, we will describe the program capabilitics for modeling the projectile

trajectory of the radar in the chavironment. The parameters considercd in the trajectory

estimation process will then be described md finally same program features will be described,

3.1 DPrograa Uperation

The LOCATER program was designed to both simulate projectile tracking radar operation and
reduce experimental recorded radar data px;oducing a launch point estimate, The major operating
modes for the LOCATER program ave depicted schematically in Figure $-1, When in the radar
simulation mode, an intemnal trajectory generator produces the position and velocity measurements
for the modeled trajectory, A radar noise-generator then adds random radar measurement crrors
which model ‘thc error statistics of the parcicular radar being simulated. These simulated
trajectory measurements are then processed through the maximum likelihood weapon location
algorithm and the predicted lawwch point is collected for output. This process is repeated
many times in Monte Carlo simulations of radar operation. ‘The collected launch points .are
-then statisgically processed to detemine the expected CEP,

When experimental recorded rador data is to be processed, the internal trajectory generator
is not nceded, The data is entered directly through a simple coordinate transformmation, and of
course no radar noise needs be added to the rveal measurements, and it is prowessed directly by
the maximm 1likelihood weapon location algorithm, the output being the launch point prediction
as well as other statistical quantities such as azimuth of fire, QE, etc. If many similar
trajectories are to be processed, and the true launch point is known, an experimental CEP can
also be generated.

With the program structure shown, it is possible to use an extemally generated trajectory
in place of the internal trajecctory generator for use in the simulation mode. Such detailed
trajectory modeling programs as the Ballistic Research Labs' 6-degree-of-frecdom model or the

medificd point mass model can casily be employed. tere again the radar noise generator is used

to add simulated radar measurement noisc to the unerrored trajectory measurcments, ‘The coordinate

transfomation is generally required to convert {rom the modeling coordinate system centered at

the launch puint to the measurcement coordinate system centered at the radar,
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The LOCATER progrum is extremely modular giving it a flexibility to oporate in any combina- i
tion of modes that arve implemented. For cxample, it is possible to take experimentally rocorded )
radar dats and add additional vadae nolge to it. Thig might be done, tor exawple, to model a 3
projectile traching vadar of low prectsion with oxperimentally recorded wetric measuremonts fvom , i
a high precision tracking radar, ”
b

3.2 Woapon Modeling «

§

Of course the model ing of weapon projectile characteristics applies only to trajectories ;
penerated by the internal trajectory generator. It is possible to specify-up to § weapons q«
ad/or trajectories to be modeled at once.  Each weapon ts located in & local UM coordinate ﬁ
systom inclwdling dts clevation above sea level. The initial conditions for the trajectory ave l :
speedfied in ‘toms of the azlmuth of five, the Qi and the initial velocity of the projectilo i
at the time of lmunch, ‘The vrojectile chavacteristics which ave wodeled include the diameter, :;
mass, and drag curve to be usel with the projectile. A spin constant is also specificd which ‘
'\detennlncs the Lift accoleration and other minor accelorvations dopendent upon the projectile ’
-

spin.  In addition to these factors, the efiects of gravity, Coviolis force, wind and density o%
variations are also included in the ballistic trajectory calculations. ihe radar cross section é
of the projoctile can be cither specificd as a constant or it can be modeled as a table of radar :;
cross section values as a function of aspect angle where aspect angle is defined as the angie ; “2
botween the projectile velocity vector and a line fyom the projectile to the observing radar. ’ :‘;
In simlation wns, it Is possible to specity a drag and spin wcertainty so that the . 4 awnd Z 5(
spin factors can be varied over a range to simulate the wncertainty in these characteristics on ,
a rownd-to-round. basis. When external trajectories are uscd in place of the mternally generated |

ones, it is often necessary to convert the coordinates produced by the oaternal trajectovy
genorator into those that corvrespend to the actual location of the observing radur, To o this

a special featuwre has been added that allows the origin of the trajectory to be specified in

towms of its UM coordinate location amd elevation abo.. sea level. 1his voordinate transfommation
is usually not requived for cxperimental recormded radarv data because that data ts usually made

available in radar measurcment coordinates of range, azimuth, elevation, .ad doppler.

3.3 Radar Modeling

Up to 5 radars may be modeled at one time in the prograni. Hach of these vadavs may track
any or all of tho weapons specified above. The tracking inteyval for cach radar weapon paiv can

be specified in towms of altitude, time, ov in tems of clevation angle to determine the trach
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of each radar is specified.in the UM coordinate system along with the altitwde, ‘The type of

‘o " &
f

3

segment ' for a particular radar. Most often one specifles the elevation coverage of the radar f

and lets tracking tako place autamatically. For multi-seusor tracking, the measurements will §|

be converted to the coordinates of the base radar and the radav covariance matvix will likewise be §

converted to the base radar coordinates so that the maximun likelilood plgorithin can combine all },I

t the measurements to produce the most likely launch point, This capability can be used to inves= ;i
tigate the geometric sensitivity to various multi-sensor tracking configurations, The location g

X 5

vadar modeled is a tracking radav which measures range, azimuth, elovation, doppler, and

S e N AT
.

signal-to-noise ratio. Phased ariay rvadar angle measurcments are not prosently modeled in they
program, For each of the measurement dimensions except the signalsto-noise ratio, the user
can specily an error model composed of a biss, a statistically independent jitter error which

does not vary with signal-to-noise ratio or range, and a statistically independent thermal error

(S

Fon el e WL

which does depend upon signal-to-noise ratio and hence range of the radar to the tavget, ‘The

et

R

sensitivaty of the radar is also specitiad so that signal-to-noise rutio may be simwated as a

oAy

e
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function of range and radar cross section. When Monte Carlo simulations ave run, a randon
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nunber generator is used to supply numbers selected from a normal probability distribution.

=

“hoso numbers ave then scaled by the sigmas specified for bias, jitter, and thevmal sigmas. In
computing the themmal ervor the range is used to compute the signal-to-noisc ratio and 1ts square

root then is used to divide the specified themmal sigmas. ‘The signal-to-noise ratio is computed

L2 gy o3 27 a2 ot A v s pem e
i

from the sensitivity, the range, and the rvadar cross section. If a radar cross section aspect.
angle table is provided, then radar cvoss section Is recomputed at each point based on the

computed aspect angle for the target,

S8 A e A A

& An inportant feature of the program is the ability to medel any subset of measurement

“ ? dimensionsj for example, a radar was modeled which measuved only range, azimuth, and doppler
4

: % or a sensor could be modeled which made only angle measurements. When any of the three posi taon

i «% measuring dimensions is missing, it is often possible to use the geometric diversity of the ~5

§ trajectory to infer the missing positional information. }f
5 Duving the trajectory estimation calculation, the maximm likelihood algovithm uses the 3%’
'i radar orvor sigmas specified in the radar model. It is, however, possible to specify a diffevent “é
i“r s rvadar model to be used in the estimation process than in the measuvcment generation. This model ,:
t is also used during the processing ot recorded radar data. ‘The radar model includes provisions “3’
’ N for removing known hiases in range, azimuth, elevation, and dappler. In addition, a specular 2
i

maltipath model is included for removing known mattipath from the clevation measurement. Both
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‘biases and the multipath canibe fncluded 41 the éstination procoss discussed in ‘Section 3.5

34 Exi\r‘irounel)\ta‘lwbbdéiling
‘Tho .atmospheric-model is' used:-both in the generation of trajectories. for simulation and in
thosmaximun 1ikelihood weapou location algorithm. ‘The atmosphericomodel. includes wind’speed,.
direction; air density, and air température. Three options are provided for specifying these
_conditions: First is a standard:option which uses. standard density wnd -temperature profiles
gideno wind,  Second is a ground conditions specification whore the density and temperature
profiles-are scaled to.match the specified grownd. conditions and the wind speed and direction
épe Aassuited to-bé wonstant with altitude. ‘The third option is a layered meteorological model
w!i‘g:i%&'atm wind speed: direction, alr.density and temperature ave specified as a function of
altitude,. is spécificdation is designed to mesh-with the standayd meterological reporting
forwiat )
The propagation of -the radar signal can be simulated to include cffects of tyopospheric
vefraction on the. range-and-elevation measurcments., ‘The effects of wultipath errvors.in the
6_10vi\f.:im measurement can- also-be simulated either by specifying a functional form for the cxror

or-by "specifying a table of elovation ervors (see Section 5.4.4 for more detailed description

‘of. the multipath simulation).

3.5 Trajectory Lstimation Process

Although the LOCATER program is configured ‘to handle several tracking algorithms, only the
aaximan likelihood estimator is prosently implemented. ‘The operation of the maximun likelihood
-estinator will be briefly described using Figure 3-2. For a more vigorous exposition of the
theory, sée Ref. 1. Radar medsurements arc taken of a projectile trajectory as illustrated by
the dots on Figure 3-2, ‘The state of the préjectile at each poiit along the trajectory is then
described by a state vector which includes the 3 position and 3 velodity states in addition to
séveral parmetric states to be described below: The radar measurements ate assembled into a
track file which includes all of the track points nicasurcd on a particular trajectory. ‘An initial
cStimate of the state vector is made by a gimple polynomial regression on a fow of these measure-
ments, This initial state referred to as )((1, is used to stdrt the estimation process. 'This state
vector is oxtrapolated by integrating the states to each of the measurcment times in-the track

file. The state vector is then transformed into tho measurement dimensions and the difference
is computed to dotcwmine the residual errors from cach measurement. ‘These errors are thén uséed

to solve the maximm likelihood equation for the linear pertiurbaticn aio which is the most likely
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Rig. 3-2, Maximum likelihood estimation,
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linear perturbution to the initial state vector which would remove the residual errors. Next,
this perturbation is added to the initial state vector to create a new state vector. The
perturbation is tested to sec if it is small enough to temminate the iteration process. If it
is not, the corrected state vector is then used to start another iteration of the process us
illustrated in Rigure 3-2, Any or ull of the states may be tested for convergence. We have

generally tested only the position state and asked that the perturbation be less than 1/2 meter.

3

R

In LOCATER, a total of 10 states are moc}elcd: 3 position, 3 velocity, and 4 parameters, one

R

o

2

of which is a drag scule factor which is used to scale the drag obtained (ran an internally

2.

stored drag tuble which is a function of Mach muber. Secondly, a spin vonstant is inciluded

which relates the spin dervived accelerations principally lift for the projectile and two states

which can be used to estimate wind in the ecast and north directions. The program has options to

Vi - RPN P A Sty

suppress the estimation of any subgroup of these states. for exwmple, the wind states are

Vo |k
R

generally not estimated but are measured ¢ priord values. The spin constant and the drag may
not be estimated; Yor example, if the radar measurements are too poor to support estimation of
these additional parameters. During processing the maxjme 1ikelihood estimator uses the
measurement exror statistics specified in the radar model in onder to detemine the correct
weightings of radar measurements. ‘'The signal-to-noise ratio used for scaling the themal error
variance can use a4 natural signal-to-noisc measurcment in the case of real recorded data or it
can be generated based on the range and sensitivity of the vadar for simulated trajectories.
For simulated trajectories, the radar model used for trajectory estimation may be different
than that used to generate the radar measurements. ‘The initialization of the state vector
can be either from a) the true turget location, which speeds convergence in simulation cases,
b) the average value of the state vector, again in cases of Monte Ciarto simulations where
parameters are varied parametrically such as drag, or ¢)through polynominal regiession of the radar
measurements. this would be used if the true position was not known for recorded radar
measurements.

1t is possible to incorporate a priori infommation known about the state of the trajectory.
For example, it may be possible to give a good estimate of the probable projectile drag or spin
constants, or perhups, test data is being reduced and you know the actual launch position very
accurately. ‘These measurements may be specified along with the wncertainty associated with the '
measuraments, These data are weighted with the appropriate covariance and incorporated in
the maximun likelihood estimation. One lmportant characteristic of the LOCATER program is the *

ability to vary the mmber of states to be ostimated. For example, any ol the ten states
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described nbove may be deleted fromw given estimation. Tor examplo, it may not be dosirable
to estimate projectile spin constant because of poor quality of radar data, When a state is
dropped the initial value of the parameter is uscd throughout the computation.

Soveral speeial features have been sdded to the maximam tikelihood estimator, First of
these s the ability te estimate radar hiases in range, azimuth, elevation and dopplor. This
Iy ospecially useful when reducing data with considerable geometvic diversity such as a long
trajectory or datu taken fram waltiple wdars, One must be aware, howevor, that this techuigue
sometimes leads to indetemminate vesults. A similar capability has been added with regand to the
estimation of wultipath evors. A sinple Dunctional fomr for elevation multipath ervors, descibed
fully in Section 5.4.4, is used and the three coefficients for this fnctional fom are inctuded
in the maximm likelihood estimation so that multipath from a single specular reCloction may he
romoved from low angle tracking dara.

Ot particular value in processing experimental recorded vadar data, is the abitity to
automatically edit track points, Three optional methods are Included for automatic cdiring
of radav track points, Fivst is the use of a polynomial it to the measured data In owley to

pre-edit and delete measuranents of move than a certain distance from the fitted polynomial.

P

his is particularly hetpful in ramoving erroncous target associations, such as fvom aivcraft,
from the track file. 'The sccond method is to set a signal-to-noise threshold balow which a

track point will not be accepted. This, in effect, simlates a dotectdon thveshold, The, third
automatic editing technique Is to allow the maximan likelthood algorithm to converge, then compute
the average weighted square residual ervor and standard deviation tor cach measurement component,,
wd reject points with a residual ervor greater than No where N is a factor spocifiablec This
tast technigue has been fouwnd useful in vemoving points which am‘en\)ncow because of dmpiuper

target controids,

3.6 Pwogran eatures .

The LOGATER progrwn is highly flexible in terws of the output that is produced, 1t van
report as little or as much of the information that the user requives. Ihe output is organized
into a series of report SECTIONS from 1 - 10, any of which way be printed or not, at user opt ion.
Por exwnple, input cards may be printed, ar not, The geperated trajectory fora simulation may
be printed. The states of the maximum likelihood estimate can be printed at cach Ateration
desired to show convergence, 'The state covariance matrix and corvelat ion coctliciont matrix
cun be printed and the track residuals can be printed as well as plotted, showing the deviation

of the measured points from the fitted trajectory. The genervated measuraments, together with the
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vadur weights, may be printed as part of each trajectory estimate, An estimate of launch
conditions and residual statistics is presented which describes the estimated velocity, firing
~azimuth and qua&irm\c elevation (QU) for each trajectory processed. The maximum likelihood
es:liato of each of the paramétric states is presonted, such as the drag constant and spin

coastant. The key output is the launch point estimation, This can be selected as being the

leunch i)oint. the impact point or some intermediate intercept point. This would be useful,

for example, with guided projectiles. For a group of trajectories, either real.or simulated,
the: projected xy launch points aro plotted, the mean launch point is cilculated and the CEP is
:alcixlated. The major and minor axes of the orror elipse are also calculated and plotted with
the launch points.,

Some of the key features which make the program particularly user-oricated are the simple,

defaulted input through the use of data packets which gives the user the ability to stack

;ml’tliple runs- while only changing the parameters that change from run to run. The ease and

" ‘flexibility of:specifying either cards or tape for external inpit data is also of interest.

In genexal, great carc has been taken to provide a great flexibility of options through using

a modula{t program structure, it is possible to specify the various model parametexrs, completely
independently. The program operation has been planned in a logical way to allow almost complete
ﬂexibilit}' in the selection of the vurious options, for example, the ability o select various
states to be estimated, to select the measurement dimensions of the radar, to use multiple
radars, to select various intercept conditions, and the ability to specity track segments with
great flexibility,

. The program was designed so that the plotting software was separate from the main LOCATER
Program. LOCATER prepares summary files for exumple, of the launch point estimations which can
then be processed by external plotting programs. All report sections for LOCATER are configured
for 8 1/2 x 11 paper so no photo reductions are required. Internally, the LOCATER program
i5 designed to be eusily modified using a structured modular construction, Examples of design
decisions made to facilitate future modification are the variable dimonsions assigned to the
state vector, allowing for the incorporation of additional states, should they be required in
the future. Another example is the use of a numerical transition matzix to perform the inte-
gration of the state vector along the trajectory. This feature allows the dynamic model for
the projectile to be changed with little impact on the vest of the program. These design
features have resulted from several iterations  of program redesign and many hundreds of

camputer hours of program execution.
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4.0 LOCATER APPLICATIONS

Bocuuse of the LOCATER program's _reat flexihility there jg, an almast undimited range
of potential application. Perhaps the best way to illustrate this range of gpplicatien is
to rccount all of the applications of the program to the HOWLS projectile tracking radar inves-
tigation. This section presents & number of selected applications of the WCATER program ta
rarjous HOWLS applicatims. These applicatiops ave selected to reprosent the vapge of potential

LOCATER applicaticns, but shouid not be interpreted us vopresenting the results or conclusions

of the HOWLS projectile tracking radav study.

4.1 PIR Concept Stwly

One of the eavly applications of the WCATER program was a pacametric investipation of
various projectile tracking vadar concepts. In this investigation were short range, long range
radars, narrow bewnad or broad beamed, slow tracked rate or rvapid, phased array, or rotating

antenna systoms, single vadar or multiple vadar sites. In short, as wany Jiffervent approaches

to solving the projectile tracking vadar program as could be conjured up. Bach of the seversl
candidate systems went through a preliminary design stuwly in which the system parameters were
varied and a {ivst level optimization wag perfommed within the constraints placed on each
concept . The result was a series of raday wodels which were used in LOCATER s:mulaticns.
In order to fairly evaluate the various competing system concepts, a standard set of vepresen-

tative target trgjectories was prepared. Each of the cadidate systems was simulated in

Monte Carvlo mxle against this vepresentative set of trajectories, bWhat resulted was a matrix

of weapon location accuracies for cach cadidate radar against each weapon trajectory. ‘ypically

20 Monte Carlo runs were made for cach radar target pair, Such wide scale s mulation elforts

can take many hours of computer time. LOCATHR'Sefficiency has been improved iin several areas
so that its efficiency in carrying out lavge scale Monte Carlo simulation is very vespectable.
It is possible to estimate the amount of time required for such sinulations fairly accurately

(see Sccticn 6.6 for mothods of run~time estimation).

4.2 RGS Perfommance begradation

In conjunction with the study of various PTR concepts, it was realized that the variation
in radar cross-section (RCS) misht have a significant effect on radar performance. ‘fhe
projectile's radar cross section varies as a function of the aspect angle to the viewing radar,

This aspect angle is a function of the vadar to projectile target geometrry, and in general,
! X pro] get ¥ $

varigs considerahly aver the course of a trajectory. ‘The projectile's radar cross section may
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viary many dB over the course of a-typical trajectory. What then should be the radar cross ,:
section value used to model a given projectile type? .In answering-this question we added the é
capability fo¥’ simulating the actual radar cross section fluctustion as a function of aspect 4
angle. It was assumed-that the projectile body axis was stabilized and aligned with the velocity %;
vector. The aspect angle between the velocity vector and the line of sight to the radar was g
then calculated and the result was used to look up the radar cross section from a table of
stored vadar cross section values. ‘The nunber of different trajectory geometries were simulated A‘a;
for different radar coverage angles. ‘The results of these simulations were as accurate as could Z
be obtained using the full knowledge of radar cross section distribution for a particular jl
projectile. (
In onder to expedite the evaluation of the radur system concepts it was desired te use n‘i
a representative constant cross scction in the simulation for each projectile type. It had é
been proposed to use a radar cross section equal to the median radar-cross section over the 3&
l‘;UISO of aspectangle from 0 to 60 degrees. It was veasoned that this represented a realistic ;«
range of probable viéwing angles for typical radar engagement geometry. Additional simulations :
were then nn using these constant cross scctions which were then compared with the-more detailed %;
simulations described above. 1n all cases the detailed simulations gave slightly better weapon Z,
. 7
: location statistics th:u; the constant cross section assumptions. Thus it was conservative to i
A
assume a’constant cross soction in the system concept simulation. Using this method it is :]
possible to caiculate an effective radar cross section for each projectile type and target “‘;
geometry. Because of this simplification, it was possible to carry out the system simulation :;
moze rapidly because the various target radar cross sections did not have to be digitized for ':
input into the radar model and of course, the simulation itself ran somewhat more quickly. ?
- ﬁ'
4.3 Algorithm Development
As a result of the system concept study, certain system concepts were identified as being
i very promising. In order to take advantage of these new system concepts, a new projectile tracking ;
algorithm was developed to make better use of downleg tracking infommation. The LOCATER program
was used extensively in developing this downleg tracking algorithm. One aspect of the improved %
weapon location algorithm was the development of the maximm likelihood state estimation (
technique for projectile tracking. This technique is a very general one and in fact, its the N
basis for the current tracker used in LOCATER. The other aspect of Jownleg tracking, which ,
nceded considerable attention was the development of 2 reaiistic trajectory dynamic model. -
Because of the rather long extrapolation times involved for downleg data most of the ervors {
16
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associated with them come about through errors in the dynmmic mxlel for the irajectory Ome
ay to investigate the effects of such a wodel were to employ an extemal trajectory gererator
which contained as much as was knwown about the ballistic behavier of projectiles. Thu US Auny
Ballistics Research Laboratery (BRL) has several models which contain a very accurate acrvodynamic
models for projectile dynamics. Oue of these was used for our studies., This model was used as
input to the LOCATER program and were used as a basis for samul.zed t-~jectory. The progranm was
1w using the maximen likelihood estimation and the intemnal observational dynamic model to
determine estimated taunch points, bitses and systematic errors in the vesuiding lawnch points
wore then corrolated with various model inaccuracies. Gradunlly, the obsarvational model was
improved thus reducing these systematic errors. One should note that it is not possible to
include in the observational radar model for projectiles all of the @ priord acrodynmmic
information presented in the BRL model. To do this one would newd to know a priort the shell
type, the moment of inertia, etc.
Because tid LOCATER vrogram is designed using a mmerical transition matrix with which

to integrate the trajectory forward or backward, this decouples the program from the actual
dynamic madel being used.  Thus the acceleration gencration subroutine can be changed quite
casily to reflect changes in the dynwmic model employed tor weapon location, This has been

a areat help in exploring the effects of secondary acceleration such as the yaw induced drag,
the magnas accelevation and the 1ift acceleration. Additional features which have been very
helpful are the ability to resolve the residual evrors relative to the instantancous velouity
vecror, ‘This example illustvates the use of the LOCATER program in improving the projectile

tracking algorithm.

d.4 Real bata Performance Validation

Seon after th» completion of the systems simulation studies, some real revorded track data
became available from one of the cavly projectile tracking radar (1! .25).13 It secmed appropriate
at the time to try the new improved weapon location algorithms on this recorded radar data.

Since those carly tests the LOGVIER program has been used to process reconded radar tracking
data from five diffevent vadars. 'The processing of thix data with LOCATER has pyoven to be most
informative particularly in showing the perfommance of the woapon location algovithm,  Recently,
a series of projectile tracking tests have been periommed using the AN/FPS-16 vadar at Watlops
Island, VA, The data from these tests has been provessed by LOCATER, in owder to validate the
performmnce of the upleg-downtey weapon location algoritlm. By processing a series of different

trajectovies using di ffevent projectiles it is possible to get a very good understanding of the
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strengths and weaknesses of u particular algorithm. Several of the tools that LOCALER gives us
are pm'{iculm‘l)' helpful in this regard., First, there is a miss distance distribution this
shows us the bins and the spread in predicted taunch-points (s‘cc- Section 7.1). ‘The spread:in
the lawnch-points is due to xandom errovs from vadar noise and round to vound variation in L
the projectiles themselves. The bias errors, the offset of the cluster, aredue to systematic
errors most likely from errors in the model of the ballistic trajectory, but other sources of
systematic errors would be radar biases and errors in meterolegical conditions. A second
useful report is in SECTION 7 where the residual crrovs are presented. A plot of the ';*esidunl
errors in each radar measurcment dimensioft is also provided. This provides a way tb quickly
cvulimtc the goodness of fit in the estimated trajectory. In the example shown in Section 7.1,
onc can see that the errors in the radar range systematically deviate {rom the estimate.

This shows us there is more systematic error in the vange dimension than either of the angle “~
dimensions. snether useful roport is the covariance matrix and the correlation coefficient

presented ixi SECTION 5. This pemits one to quickly observe the degree of correlation between

various states in the estimation process. This will vary depending upon the trajectory and

the viewing geometry. We have had cases of real data (1'1‘-'23)13 vhere several states were almost

linearly correlated, for example, the vertical position and vertical velocity were all linearly
correlated with the drag constant. When this occurs the estimation process may not converge

and if it does converge the answer is not unique. With LOCATER it is, however, possible to

easily remove one of the dependent states. Another example is that one would not normally

want to estimate both the projectile drag and tl;e wind velocity at the same time since these

tend to be highly coupled states. Awother useful -report is the estimation statistics which

present the results of the state estimation for the parameter states such as, drag and spin.

From a series of tests such- as-those illustrated in Se