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SOME REFINEMENTS FOR A SHIP TRACKING ALGORITHM
INTRODUCTION

Some refinements have been developed for the ship tracking
algorithm in reference 1. Also, some errors in this reference have
been discovered, and are listed in Appendix A here. The availability
of reference 1, as so amended, is assumed in this report.

These refinements often make little difference when the input posi-
tion reports of the ship being tracked have a large margin of error.
In other cases, however, the difference can be dramatic, especially
with accurate reports followed by inaccurate ones. The original
algorithm does badly in such cases because certain pecularities of the
underlying ship motion model cause it to adhere too rigidly to the
"average velocity" estimated from early data. The refinements correct
this tendency by adjusting the "state covariance matrix" whenever the
estimated "driving noise" increases. This adjustment is theoretically
exact for the case of only two position reports with no prior velocity
information.

Upon the receipt of each new position report, the original
algorithm operates in planar coordinates by first updating an estimate
of the ship's state vector (x, y, X, y) with a Kalman filter, then
updating an estimate of a 2 x 2 driving noise covariance matrix Q with
the "residuals" from this filter. This Q matrix estimate is then
modified to make it diagonal with respect to the current estimate of
the velocity vector.

One refinement consists of subsequently updating the velocity
components of the state covariance matrix. In the currently estimated
"in-track" and "cro§i track" coordinates, this (2 x 2) submatrix is
increased by (t-t ) Q, where each term in Q is the greater of zero
and the change in the corresponding term of Q from its preceding value,
and where t is the current time and to is the time that tracking
started.

The rationale for this procedure is that this is exactly the
correction that would be needed in the state covariance matrix after
two position reports if this matrix were generated by the Kalman
filter using too low a value of the driving noise. In a sense, then,
this refinement introduces a degree of coordination that was hitherto
lacking between the updating of the Kalman filter and of the Q matrix
estimate.

Note: Manuscript submitted February 26, 1979.
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For good results, it was also found necessary to adopL a more

b . exact procedure for diagonalizing Q (in the currently estimated in-track
and cross-track coordinates) than was used in the original algorithm.

As a practical safeguard against extremely bad data, it was found wise
to limit the size of the increment in the velocity covariance submatrix
to that submatrix's initially specified value.

The details of these refinements are specified for the case of
planar tracking in the experimental FORTRAN implementation of Appendix
B, which corresponds to the program listed in reference 1 (Figure 3, pg.
20-23) for the original algorithm. The section "UPDATE DRIVING NOISE

ESTIMATE" is replaced entirely; also a few bookkeeping details are

added in the "INITIALIZATION" section. These refinements extend in
a straightforward way to the algorithms described in reference 1 for
tracking on a sphere, because these are both derived from the planar
tracking procedure. In this case, however, an even better procedure,
using rhumb-line track projections, is described in reference 2.

REFINEMENTS FOR PLANAR TRACKING

A. New Method of Recursively Estimating the "Maneuvering Intensity"”
Matrix Q (a 2 x 2 matrix)

Instead of computing the statistics §__, qx and QX (p. 11 of
reference 1), we compute two statistics, Qxxand Yq , wh &n approximate
the down-track and cross-track components of the "ﬁaneuverinq noise"
intensity. Assuming that these two components are uncorrelated, the
sort of reasoning used in reference 1 to derive egs. (27)-(29) leads
to a similar recursive scheme for generating ¢, and § . In the nota-
tion of reference 1, this scheme consists of dding theé following at
time ti+ , after updating the conditional mean and covariance matrix
of the séate vector according to egs. (8)-(24):

(1) Compute the down-track and cross-track components of the
"innovation" vector

R (i+l1)

€y (i+1)

To do this, we use the following coordinate transformation:




(9]

Hence, we have

€4

b
Xy

b
YY
Hence, from the

(i1) Compute the variance of

The covariance matrix of

where, in the notation of reference 1

= ex(i+l) cos® + ¢ (i+l) sing

€. --gx(x*l) sing + ey(1+l) cosd

» 2 ety = t%p (th = 2 ten)
i pyv i U Py 'ty vy i

coordinate transformation,

Q
sin 9 = = 3 ’
A" + v
a
cos § = .
¥ ] v )
Q° + 0°

a, V are estimated

velogity components
T

at i+l

and €, which we denote by bd and
-

'b

XX xy

- -

~

'b
[ 4

(") + 2 THEE T R (i+1)
Pex'ti T Pru'ty T Ph'ty Tex =

+ + * 2 + .
pxy(ti) + rva(ti) \ tpyu(ti) s puv(ti) + rxy(x+l) and




2 : N2
bd bxx cos § + 2 bxy sing cosfp + byy51“ )

- i 2
bc = bxx sing - 2 bxy sinf cosg + byycos 0.

(iii) Update &d and &c as follows:

1 eg ~Bq
qy(i+1) = qd(x) +i;1[max(-emax, E—— qd(x)]
& 3t ec-bc

g (i+1) = g_ (1) +; 3 (max(-e ., —7) - g_(D],

A =

; o : 1P N2
where e is 0 or the greatest positive value of either 7€ -b,) or

(ez-b ) generated in any iteration so far (including this one). The
use of e keeps @, and @ from occasionaly achieving unrealistically
large nqu§ive values.

This recursion scheme is carried out for i 20 (i.e., after the
second observation, because the first is z_ in the notation of
reference 1). It is initiated by setting ad(O) = QC(O) il TR

Until the second observation time tl' we use Q = 0 (or some other
selected initial value) for the "maneuvering matrix." For t in the
interval (t.,, t. . ), we use an approximation for Q constructed from
it I P i L
qd(x) and qc(L) as follows:

o, T SSPNTA o, EH

cq = max[g,(i), 0] I e
o -
AT o ¢
¢, = max[q_(i), O] C

positive-semidefinite.

Q= Tex quy is the result of transforming C from down-
F it track, cross~track coordinates (as currently
qyy lqyy estimated) to x,y coordinates, so

2 cia
= ) 9

q cq CO8°® + c_ sin
qu = (cd - cc) sin® cos®

qYY = ¢4 sinze + c cosze.
c
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B. Updating Velocity Covariance Submatrix (2 x 2)

Immediately after updating Q as above (say at t , 12 1), we also
compensate by adjusting the submatrix

as follows:

(i) Let a, and a_denote the values of c_, and c obtained on

the previous lteratlonc(lnltlally, ad = a O? Thefi compute
r
Bt (t+) max (0, c4” ad)
d L uu o'’ t.-t
1o
and

max (0, cc-ac)

[*N
(]

& uu(to)' t.-t
L i o

d. o
-91-- is the covariance submatrix increment in down-track, cross-
0 ld

1.2

+
uu(to) Ev b va(to)'

track coordinates. Also note:

(ii) Transforming the increment to x,y coordinates gives the
updated covariance submatrix components as

p (th =p (% +a

2 w2
- -_ dcos 0 + dc51n 0,

(t ) = P, (t ) + (d -d ) sin® cos§, and

p. (t) =p_(th +a

- 2
N - dsm 0 + dccos 0,

where "=" is used as in FORTRAN.




s Summary

Thus the "Final Algorithm" on pp. 12-13 of reference 1 is changed
as follows:

s qxx' ey and qyy are not used; replaced by q. and .

id
Initial values are

e = Q.
max

q4(0) = §_(0) = 0. Another initial value is
-~

2, The first step is replaced by two steps:

e Jenerate for 1 - 1, these are trivially
1} qxx. qu ' \R) ( . Y

0 for 1 = Q) from éd(i\ and §_(1i) as described above in (A).
Also update . T =

+ + + \ :
e Adjust p (t.), p (t.) and p_(t.) as described in above in (B).
L1 TR < uv 1 b A ¢
K The next two steps stay the same. The last step changes to:

e Clompute qd(x'l) and q_{(i+l) as described above in (A).

RHUMB~LINE TRACK PROJECTION

The preceding modifications for planar tracking can be incorporated
intd algorithms for tracking on a sphere in the same way that is describ-
ed in reference l. For tracking on a sphere with geographical
coordinates (i.e., latitude and longitude), however, an even better
procedure, due to T. 3. Bugenhagen of the Johns Hopkins University
Applied Physics Laboratory (2], 1s to propagate the estimated target
pPOsition between observations along a rhumb-line instead of a great-
circle path, again by dead reckoning with the estimated average velocity.
This modification eliminates the need for coordinate rotations, and is
probably a batter approximation to actual ship motion anyway. The
“"track propagation' procedure specified on pp. 25 and 26 of reference 1
then simplifies to the following:

° Beginning at time c* with the v axis oriented toward local
north and the x axis toward 1l0cal east, let ¢ and V¥, be the latitude
and longitude of the estimated position at :hit time} In these local
rectangular coordinates, the velocity estimates u., v., the (4 x d)
state covariance matrix P,., and the maneuvering parameter estimates
q,(1) and g_(1) (see partla of preceding section) are also available.
FOr convenidnce here, denote south latitudes and west longitudes
as negative.

° Propagate the ship's position by d;ad reckoning to the time
2 N : \
2 o N 3 cbse g i e ¥ and longitude
cx#l f the next cbservation The latitud is1 @ longitud Vel
6




of this dead-reckoned position can be computed analytically as follows:

L
. i :
- b — - -
Piel L % (c1+1 ti)’ Re earth radius
(unlessi$x+l; ¥ % 7, in which case this procedure is no longer valid.)

Qi(thl - ti)

R cos® . Mty 8 "0
e i
Q cosd 1+sing
! i i BN Lad otherwise
V. +{ =] 1n . -
i v, cosd l+sing,
i 1+l i

® Compute qxx' qx

and W from id(i) and q_(i) as in part A of
the preceding section. ¥ 5

Y

® Compute the matrix Mi+l from egs. 12 through 21 of reference
1.
) Set
X(ti+l) = 0
y(ti+l) it values at time t_
A i+l
gie ..) v q, in local coordinates
i+l i
bl T i
° Perform the rest of the procedure as in reference l, except
that P,. . and q,(i+l) and q _(i+l) (instead of Q,,,) are computed as

descriézé in the preceding Section of this report.
REFERENCES

(1] W. W. willman, "Recursive Filtering Algorithms for Ship Tracking,"
NRL Report 7969, April 6, 1976.




(2] T. G. Bugenhagen and L. B. Tarpenter, "OTH/DCST Engineering Analysis,
Vol. 5 - A Kalman Filter Rhumb-Line Ship Tracking Algorithm," APL/
JHU Report FS$-79-032, February 1979.

APPENDIX A
ERRATA

NRL Report 7969
Recursive Filtering Algorithms for Ship Tracking
Warren W. Willman
April 6, 1976

-

p. 10: vy in second expression from bottom should be v .

pp. 10 & 1ll: Moot Mo and m should be replaced by the respective
express!ons

+ + + 2
T
pxx(ti) ) 2pxu(ti) " puu(ti) T

P

+ + + + 2
: e, T
{5y * { P i) * pyu(ti)} Puy(ty) and

+ + + 2
2 T S
pyy(ti) 5 pyv(ti) + pvv(ti)

- P & These same expressions, with the index i changed to j-1, should

replace pxx(t;), pxy(tj) and pyy(tj)' respectively.

dxx(i-l) and éxy(i-l) in the second two equations should be

~ y * A s
qxx(x 1) and qu(1+l).

> L 2 Second FORTRAN statement from bottom should be replaced by
the four statements

R BGPTSR, P PR, O ST

RI = FLOAT(I-~1l)
GXX = GXX<OXX*TAU {because index I starts
GXY = GXY-QXY*TAU N
GYY = GYY-QYY*TAU at 1 instead of 0)
P £5% The coordinates (¢i+l' wi*l) at the end of line 7 should be
3 v, ). Eq. (51 14 read ¢ in"L (sin¢
=
( 1e1’ Vi) q. (51) shou rea i+l sin (s:.mi

<

cosY + ?i cos?®, siny).
i




p.38: Right hand side of equation (A3b) should read
P(t]) =~ P(t))H (H.P(t)H® + R,) “H.P(t]).
i . s, (S g | i 3 i
p. 45: v, in middle alternative of (C9) should be Oi; the same for

u, and u..
i i

. 46: 3 in last eguation should be &
’ T W, R Yy

‘'
N T e T i N




APPENDIX B

MODIFICATIONS IN PROGRAM LISTING OF FIGURE 3 IN NRL REPORT 7969

o000

OO

5071

[sXsizisNaNalsNeNaNaNa)

5070

o

PRIG2AM TEST
KALMAN FILTER WITH ADAPTIVE HRIVING NOISE

DIMENSIIN T(999)3XX(999),¥Y(999),XS(999),¥5(999),PXX(999),4Xx(999)
OIMENSION AY(999)yPXY(I99),PYY(999))ARXX(Y99)ARXY(999),ARYY(997)
DIMENSION SWAJU(999),59INC999),T4(999)

READ PARAMETER VALUSS

N = NUY3ER OF DJDETFLTIONS (= NGO, OF DATA CARDS)
VELVAR = ?3I0R SPEED VARIANCE

READ 50714N,VELVAR
FIRMAITC(I3,Fi0.5)

READ (AND STORE) DATA FCk EACH DETECTION

T = TINE

AX yAY = JIBSERVED LJICATION COOSROINATES

S¥A = SEMIMAJOR AXIS IF 86 PEICENT CINTAINMENT ELLIPSE
FOR OBSERVATIIN

Sl = S5EMIMINOR AXIS OF CONTATNMENT ELLIPSE

THT = JRIENTATIUN OF SEMIMAJOR AXIS (DEGREES CLOCKWISE
FROM Y-AXIS)

FORMAT(6FL0.4)

00 9 I=1,N

READ SOTOsTCI)pAX(I)pAYCI)ySMA,SMI,THT
THT=THT/S57.3
ARXXCI)=C(SHMA*SINCTAT) )e*2 +(SMIsCOSC(THT) ) sx2) /4.
ARXYCI)=SINCTHT)®COSCTHT) «(SHASSMA-SMI*SMI) /6,
ARYY(TU)=((SMTeSINCTHT) ) «#2+(SMAsCIS(THT) ) ¢x2)/ 4.

INITIALIZATION

XX(1)=axC1)
YY(u)=av(u
PXX(1)=ARXX(1)
PXY(1)=ARXY(1)
PYY(!)=ARYY(1)
Cl1=PXX(C1)ePYY (1)
C2=SORT((PXXCLI=PYY(1))se 46, 4PXY(1)%s2)
Cl=e>#(C1+C2)
C2=C1-C2
SYAJ(1)=2.¢53RT(C1)
SMTNC1)=2,¢5QRT(C2)




o0

oSO OoOOOn

TFOPRYCL) Nt o) 4 1Y 1)

LTS I

Y T s
PU OVACL) S0 VoA TANCOUPNNC Y =CUDZPXY (L)Y eun,
SYOCANTY NUE

N‘ AN

ML =0,

‘."01

V'ﬂ.

PXUa) o

PYXVa,

Py,

PYVS)

PUNs S EVEL VAR

PUVS

PYV U0

IXNXN &Y

QXY =0,

Q'Y.J.

(‘!'00

CC'(‘-

FMAX«Q,

R1=0.

PRINY 1O

PRINT 1)
O FOIRNMAT(RONGIOMPREDLIY O PONIVIONS /)
1) FORNMATCO NN gabaTIN X Y SMAY AX

1IN Av MIENTe )

RECURNTIVE STATE VECTOR ENTLIMAYION

0% 1 [='eN

IN=A(CD)

JY=«AY (1)

RXX=ARNXW )

RXY«ARXY(D)

RYY <ARYY([)

TAUSU L D)=T((=1)

XAAR: XX(T=1) tUieTAU

YRAR-YY(U-1)eVeTAY

GXNPXXCT=1)0 JaPXUSTALSPUUSTYAUSTALCQXNSTAD
OXYSPXY (D=L )e(PXVeERY U aTAUCMUVATADST AL QXY T AL
GYYaRYYC Tl D)ol JoPYVRTAUSOVVATAUSTAVGQYYRTAY
GXU = XUePgus YA

OXVapXVerve T AU

GYUsPYUePUVeTAD

LYVeRYVelyyaTAL

CURRONT SQEDICTED MISTTLIN duvbur
I = ONSERVATION INDER

T =« TIne
CAARYY )Y & CURRENT PREDICTED SISITION IN XY CONTDOINAYEYN

.

SYAD = SENMIMAJYOR ANTS OF a8 PERCENT CONTAINWENT spLIpsE -8R

CURRENT ®aNLTION
SYIN « SOMIMINOR ANTS IF CONTAINYENY cLLIPSE
T SQUENTAVIIN OF SEMTNAUOR AXTIN (Otue CLOCKMINE FrON Y

AV




Cl=GRXeGYY
C2=2SRTC(GXX=GYY)ae20 e, 0GXYO(IXY)
Cl=.5¢(Cl¢C2)
C2=Cl1-C2
SMAJCT) 2. ¢5RT(CL)
SYINCI)=2,.e5QRT(C2)
TECGCYNELCS) GU T 70
THCID) =0
63 TY SO
TO THCT) =57 3¢ ATANCCHXC=CL)ZGXY )90,
SO PRINT 7,TCI) XBAR,YIARZSMAJCTI) ySMINCI),,THCI)

C
DET=(GXX®RXX)(GVYSRYY)=(GYY QXY ) e
NETI=Q.
IFCOFToOTaNe) DETI21.Z0ET
HMXX=(GYY®RYY)eDETI
MXY==(GXY*RXY)eDETT
MYY=(GXXeIXR)EDET]
PXXCU) 2GXX=0XXOOXXOH4XX =2 00X XOCXY eHXY ~GXY (XY ONYY
PXYCI)2CXY=GXXOOXYR4XX=COXXeGYYOGXYRGXY) sHXY=GXYS(OYYaNHYY
PYYCT ) 2GYY=5YYR VY4V Y =2 ,eGYYOLRYOMXY-CXYOGXYONXX
Cl=PxXXCI)ePYY(])
C2=SQRT((PXXCL)=PYY(L))e02¢a ,ePXY(l)ee?)
Cl=er0(C1¢C2)
c2=C1-C2
SMAY(I)=22,05QT(CC1)
SMINCTU)=224¢35QRT(CR)
IFCPCY(I)eNEQUe) 30 TO 72
THCI) =0,
GO T S

T2 THCT) 25T JeATANCCOXC(I)=CL)/PXY (L)) o0y,

§2 CINTINUE
PXU2CXU=GXXeGXUSHXX~(GXXaGYUSGXYeGXU) eMXY =N XYeGYUSHYY
PXVE(XV=GCXXaGXVeHXX=(COGXXOGYVEEXYEGXV) e HXY-GXYaGYVEMYY
PYU= 3 YU=GYYeGYURMYY=( VY e XU*OXY GYU) sMXY=GXYeGXUSMXX
PYVaiYV=CYYeGYVEHYY=(GYYEGXVEGXYSGYV)eHXY-CXYOGXVENXX
PUU2PUU=GXUeGXUGNXX =2, eGXUCGYUSHXY=GYUeGYURNYY
PUV=PUV=CXUCGXVENXX=( 3XUCGYVeLYULGXV)eHXY=-OCYUeGYVeENYY
PVV=PVV=(XVEGXVOHXX =2, ¢5XVEGYVEMXY=GCYVeGYVENYY
DET 2P XXeRYY=RXYeRXY
NETI=V.

[FCOFT0Te0e) DETI=t/Z0€ET
MXX22YYeDETT
HXY==-RXYeDETT
MYY=2XXe®DET]
XXCI) =XBARS(PXXCL)a4XXeOXY(IYaMXY ) (ZIX-xBAR)
XXCT)=XXCL)*C(PXX(T)e4XYePXY(L)eMYY)e(lY=-Y3AR)
YYCD)=YBARS(PXY(I)eAXCeOYY(I)OMXY)e(ZX-XNAR)
YYCD)=YYCL)CPXYCI)aMXYePYY(I)eNYY)e(2Y=-Y3AR)
UzUe(PXUSHXX*PYUSHXY) e (ZX=XJAR) *(PXUSHXY*PYUSNHYY)a(2lY=-YBAR)
VeVe(PXVENXX*PYVEAXY ) O (ZX=NFAR)S(PXVEMXYSPYVENYY)e(lY-Y3AR)
C
C UPDATE ORIVING NIISE ESTIMATE ANDO VELICITY COIOVARTANCE SuUBMATRIX
C

IF(TIVLELDS) GO TO L
RI=RI¢1,

12




r'———"———-' - -

OI=MI
0C=NC
Pl=0.
PC=PT
SQINV=P]
U2=Uel)
v2z=Vvey
uv=usy
SQ=SQRT(U2eV2)
IF(S;.GT.J.) S:[VV"A-/SJ
QINV=32INVesQINY
EXslX=-XBAR
EY=2Y=-YBAR
SIT=CUSEXeVEEY)eSQINY
SCT=CUeEY=VEEX)eSIINV
GXX=2C.XX=-QXXeTAUSRXX
GXY=(XY=-QXYeTAUSRXY
GYY=5YY=-JYYeTAUSRYY
GIT=CU280XXe2.0UVEGXY #V2eGYYIRQINY
GCT2(V2¢GXX=2.2UVenXY +)2e(YY)eQINY
ECI=COITeSIT-GITY/TAY
ECC=CSCTedCT-GCT)/TAY
IFCECToLT.-EMAX) ECI=-ENAX
[F(ECCLT-EMAX)Y ECC=-CNWAX
Cl=CT+CECT-CTI/RE
CC=Cl¢(ECC-CCH/RT
H!*O.
HC20.
IF(CT.GT.O.) HX-C[
IFCCCaNhTade) HC=CO
QXX =CU2eHIeV2eHC) e LNV
QXY =2uVe(NI=-HC)*QINV
QYY=(V2eMTIeU2e¢MC )eQINY
DI=NT-DT
0C=HC-0DC
TFC(DCeLTede) PC2OC/(TC(T)-TCL))
IF(P{eGTeeSeVELVAR) 2=, 5¢VELVAR
IF(PCoGTasSeVELVA?) PL=,SeVELVAR
PUU=P UL SCULePTeV2eP() & QTINYV
PUV=DUVeUVe(PI=-PC)®QINV
PVV 2O VYVe(V2eP[ey2eP()e)INY

1 CONTINUE

TRACKER Jureul

I = OBSERVATION (INDEX

T = TIVE

(XXy YY) = CURRENT PAOSITIIN ESTIMATE IN X=Y COORUINATES

SYAJ = SEMIMAJOR AXTIS OF 86 PTRCENT CUONTAINMENY gLLIPSE &3
CURRENT PISITION

S*IN = SEVIMINOR AXIS OF CONTAINMENT ©LLIPSF

TH = JRIENTATION 35 SEMIMAJUIR AXIS (UEGoe CLOCKWISE #ROW v-AXIS)

OO0
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(2 el ol

“
~ o~

7
53

PRINT 8

PRINT 12

PRINT 11

N8 3 [=]1,N

PRINT ToTCI) o XXCI) g YYCL) 9 SMAJCT) 9 SMINCT), THCD)
PRINT 8

FIRMAT(R2SX 3F104295X92%510e295X92510e24/)
FIRMAT(20Xy777)

FORMATC(S50C ) LTHTRAZKCE) PISLITIONS,//)

TRACK SMJIOTHER

XSCNY=XX(N)

YSCN) =YY(N)

NM1=N=-]

DEN=T(N)-TCL)

IXX=7XXePUYUs DEN

QXY =IXY+PUVEDEN

QYY=)YY+PVVeDEN

DO 2 K=LlgNM}

I=N-¢

TAU=T(CI+1)-TCD)

P1=2pPXXCI)

P22PXY(I)

P3=pPYY(D)

DEN2(PL1eQXXSTAU)S(PI¢ JYYETAU)=(P2¢QXYeTAU) s
DENT=Q.

IFC(D“N.GT.0e) DENI’[-/OE“
HXX=P1e(P3+YYeTAU)-P2e(02+3XYeTAU)

HXY=2p2¢(PL+QXYsTAU)-PLe(P2+QXYTAU)
HYX=P2 e (P e YYSTA))-Dis(P2+ XY*TAU) !
|

HYY =P 36 (PLleQXX*TAU)=P2e(P2+XY¢TAU)
XSCI)=XXCI)¢(HXX®(XSCI*L)=XXCI)=UsTAU)+HXY«CYSCI*+L) =YV I)=VeTAU)) =«
10DENT
YSCI)=YYCIDeCHYXe(XSCIe1)=XXCI)-UsTAU) #HYY e (YSCI+1)=-YY(I)-VeTAU)) e
10ENT

SXX=P XX(N)

SXY=PXY(N)

SYY=PYY(N)

Cl=SXX*SYY
C22SURTCCSXX=SYY)ee? 44 ,0S5XYe0/)
Cl=2,5¢(C1¢C2)

C2=C1-C2

SMAJCN) =2, ¢5QRT(CL)
SHMINCN)=2,¢SQRT(C2)

IF(SXYNESDS) GO TOU 73

YH(N).OG

GI TY 53

THON) =57 30 ATANC(SXC(=21)/78XY) 90,
CYNTINUE

D3 5 L=2,N

[=N=L¢1

TAU=T(TI+1)-TCD)

14




P1=PXX(I)
P2=PYY(I)
PI=PYY(I)
41=P) ¢QXX&TAU
A2=P2+QXYsTAU
A3=P3+QYY=TAY
DET=41%A3-4232A2
DETI=0.
IF(DEToGTe06) DETI=16/0E5T
H1=A3=0ETI
H2=-22%DETI
H3=A18DET]
Bl1=Pl sH]l +92sH2
82=Pl sH2¢D23sH3
B3=P2*H1¢P3*H2
B4=P2sH2+P3*H3
D1=SKx-Al
02=SXY=-2A2
D3=SYY-A3
E1=81s01+82+02
F2=81%02+32%03
E3=83%01+¢342D2
E4=B3%02+34+03
SXX=01+EL1s31+E2%R2
SXY=P2+E1sB3+E24B4
SYY=P 3¢E3¢B3+E4sB4
Cl=SXXeSYY
C2=SIRTCCSXX=SYY)s#2¢4,8SxY282) %
Cl=.5%(C1+C2)
C2=C1-C2
SMAJCT)=2.3SQRT(CL)
SMINCI)=2.8SQRT(C2)
IF(SXYNEeDo) GO TI 76
THC(T) =0,
6o T8 5

76 THCI)=5T.38ATANC(SXX-C1)/SXY)+90.

S CONTINUE

T —

SMOJITHZR JUTPUT &

I = OBSERVATIIN [NDOEX §

T = TIME

(KSy YS) = SMOOTHED POSITION IN X-Y CIORDINATES

SYAJ = SEMIMAJOR AXIS OF 86 PERCENT CONTAINMENT :ZLLIPSEZ FIR
SMOOTHED POSITION

SOEIN = SEMIMINOR AXIS OF CONTAINMENT ELLIPSE

TH = ORIENTATIIN OF SEMIMAJCR AXIS (DEJ. CLOCKWISE F29M Y-AXIS)

(2N e NN aYaNaNaNaNalal

PRINT 13
PRINT 11
13 FOIRMAT(SOX,18HSMOIATAHE) 239SITIONS,77)
DO & [=1,VN
4 PRINT 7oTCI)oXSCT)oYSCI)gSYAJCTI) o SMINCI),TH(T)
END

T W e TR, W IO F 3
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