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ABSTRACT

The estimation of parameters from a satellite

communication system is often through the use of Kalman

filtering. In this work the location of the eye of a

hurricane is estimated from satellite observations. A

comparison with a posteriori meteorologist's analysis

was attempted. An adaptive gating scheme was employed

in the filter to accommodate "manueuvers" of the storm.

The observations were at random intervals and also

came from several different sources (aircraft and land

based radar as well as satellite). I
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I. INTRODUCTION
S

Satellite communications, especially digital, are well

under way. One of the many observations that satellites

provide are the meteorological. These give the location of

a storm or a typhoon in terms of geological coordinates. It

is possible to have images of the store or typhoon cloud

cover.

These observations occur quite randomly in time.

Meteorologists like to present their forecasts equally

spaced in time. 5

The attempt, here, is to try to compare an adaptive

Kalman filtering algorithm to estimate the location of the

eye of a storm with optimum track values that are given from S

the meteorologist's analysis. The filtering process combines

all the available measurement data with prior knowledge about -*

the system. It produces an estimate of the location of the

storm (latitude, longitude) in such a manner that the mean

square error is minimized. The parameters, which are essential

design elements of a Kalman filter, are the measurement S

noise covariance matrix, R, the excitation covariance, 0,

the initialization covariance of error in the filter itself,

P(1/O), and the transition matrix, 0.

In most physical processes that one desired to track,

many of these parameters change during the process of

7
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tracking. The measurement noise associated with the

observations can change if a different sensor is used, or

a similar sensor obtaining measurements from some different

geometry relative to the object being tracked. If the object

being observed is acted upon by external forces, then the Q

matrix should be changed to account for these external

excitations. Most processes being tracked will change in their

dynamic characteristics during the observation time and so the

transition matrix ideally should also be changed. Further,

the time between observations quite often occurs randomly

in time. All of these things bring about the need to change

the Kalman filter to adapt as the process changes.

It is possible to change the parameters Qf the Kalman

filter by sensing the error between the observation and the

prediction from the track of what that observation should be.

If a gate is established representing 95% of the normal

random perturbations of the process, then when this error

exceeds the magnitude of the gate, one can reasonably

ascertain that the filter is no longer properly representing

the observed process. In the work attacked here, real data

was obtained from satellite observations and the qualitative

observation error was established (PCN #).

The error covariance matrix in terms of error ellipsoids •'

along the track gives a measurement for the worthiness of

the algorithm parameters.

8
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II. KALMAN FILTERING TECHNIQUES

In a linear, discrete system, the state and measurement

equations are given by

x(k+l) = 0(k)x(k) + rw(k)

and

z(k) = H(k)x(k) + v(k)

where x is the state; 0 is the transition matrix; r is

excitation noise matrix; H is the measurement matrix; w

and v are the excitation and measurement noise correspondingly,

assumed uncorrelated, zero mean white Gaussian:
S

E[w(k)-w T(j)] = Q(k) 6kj

and

T
E[v(k)"v (j)] = R(k)6kj

and

E[w(k)] = 0, E[v(k)] = 0

where Q(k) and R(k) are covariances of excitation and

measurement noise. Now if x(k) is the estimated state

value after the kth measurement and x(klk-1) is the

predicted value of the state before the kth measurement

we have:

9
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x(kik-1) f('x(k-lk-1),k-1), where f is any function.

The state ecrror vector is defined to be

=(k) x(k) - x(k)

and the predicted state error vector is defined to be

x(k k-1) = '(kIk-1) - x(k).

The covariance of state error matrix is defined to be

P(klk) = E[X(k)-T (k)],

and the predicted covariance of state error is defined as

P(klk-1) = E[ (klk-1). T(klk-1)].

The state excitation matrix is defined by

T TQ(k) = r(k)E[w(k)-w (k)] FT(k),

and the measurement noise covariance matrix is defined by

T
R(k) = E[v(k)v (k)I.

The Kalman filter equations are:

Pt= 0(k)P(klk)_T(k) + Q(k)

G(k) =P k-l)HT (k) [H(k)P(klk-l)HT (k)+R(k)]-i1

P(klk) : [G (k)H(k)IP(kk-1)

10
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TABLE 3

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE
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TABLE 2

BEST TRACK DATA

TIME BLAT 8LONG

1806.00 3.80 160.70
1812.00 4.50 158.80
1818.00 4.90 157.10
1900000 5.50 195.50
1906.00 5.90 153.90
1912.00 6.40 152.40
1918o0 6.70 1510.0
2000.00 6090 149V90
2006.00 6.90 148.70
2012.00 7.00 147.60
2018.00 7.30 146.50
2100.0 7.50 145.50
2106.000 7.80 1440
2112.00 7.90 142.90
2118.00 8.10 141.30
2200.o0 8.30 139.50
2206.00 8.60 137.70
22144000 8.80 136.10
2218.o0 9.00 134.80
2300.0 9.10 13.3.50
2306.00 9.20 132.40
2312.00 9.30 131.40
231a.O0 9.50 L30.40
2400.00 9.70 129.50
2406.00 9.80 128.80
2412.00 9.80 128.20
2413.0 9.90 127.70
2500.00 10.10 127.202506.0 10030 126.80
2512.00 10.50 126.,0
2518.00 10.460 125.50
2600.O0 10 30 124.80
2606.00 1o.5o 124.00
2612.0 00 11.00 123.o50
2618.00 11.50 122.90
2700.00 11.70 122.20 ,--.2706.00 11.80 121.302712.00 11.90 120.40
2718.00 12.00 119.50
2800.00 12.40 118.50
2806.00 12.90 117.80
2812.00 13.30 117-20
281. 00 13.70 116.00
2900.00 14.10 116.10
2906.00 14.30 115.80
2912.00 14.20 115.40
29 8.00 14.00 114.90
3000.00 13.90 114.50
3006.00 13.80 114.20
3012.00 13.30 114 00

1 8.



TABLE 1

OBSERVED DATA (SATELLITE FIXES)

TIME LAT LONG

1804.00 3.70 160090
1809.00 4.00 160.10
1818.00 4.70 157.70
1900.00 5.30 155.50
1903.48 5.80 154.30
1906.00 5.80 153.90 0
1909000 6.00 152.60
1916.33 6.70 150.70
1921.00 6.80 150.00
200000 7.20 149.60
2003.00 7.20 149.30
2005.18 7.50 149.10
2012oO0 7oO0 147.40
2016.21 7.20 146.10 0
2018o 00 7.20 146-00
2021o00 7.20 145070
2100.00 7.30 145.20
2103.00 7.50 145.00
2105-06 8.20 144.40
2106.00 8.50 144.00
2112.00 7.80 143.00
2116.00 d.0 141.90 0
2117.51 8.00 141.70
2200.0 8.30 139.30
2203.00 8.50 139.00
2204.54 8.50 138.10
2206.00 b*o50 138.00
2212.00 8.60 135.90
2.1 6.00 8e30 134.70
2217.40 9.00 1340.20 S
2300.00 8.80 133.60
2306.00 9.30 132.30
231,.oo 9.40 131.4o
2317.21 9.50 130.10
2321.00 9.60 129.60
2400.00 9.50 129.50
2403o00 9.o0 129.0.-
240bo13 9.80 128.70 O
2412.00 9.70 128.20
2416.00 9.00 127.80
2418.00 9.70 127.60
2421.00 9.90 127.,40
2500O00 10.00 127.30
2503.00 10.10 127.10
2506.01 10.10 126.80
2509.00 10.30 126, 70 0
2512.00 10.30 126.30
2518.00 10.40 125.50
2521.00 10.40 125.10
2600.00 10.30 124.50

1
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magnitude of the gate VP(k k-i) + R) resulted in changing

the values of the gains. The above correction makes the

filter more adaptive now and the errors EBI and EB2 appear

smaller on an average. The representation of the above

correction in terms of trajectories, gains, predictions and

errors appear in Figures 6, 7, 8, 9, and 10 and Table 4.

The computer program appears in Appendix A.

16
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0

0 0

X(l/0) =

0

In Figure 1 we have a representation of the best track

observed and the K.F track. An error ellipsoid at the 25th

stage of the process appears. It seems that K.F follows S

the observed track more closely than the best track. This

is due to the adaptive gating and Q relative to R.

The gain history for G(I,l) fluctuates between 0.7-0.8,

never arriving at a stable value. The G(3,1) reaches a

stable value of 0.12.

The above appears in Figure 2. The track for prediction S

appears in Figure 3.

The errors EBI and EOB1 represent (YH-BLAT) and

(LAT-BLAT) respectively. They, along with EB2 and EOB2 S

appear in Table 3 and Figures 4 and 5.

Implementing Julian Time, we have a comparison in common

time for 24 points only. It can be seen that in terms S

of the latitude error the K.F is close to the best track

values.

In an attempt for better performance the Q

matrix was changed in the algorithm. Also the innovation

errors, in terms of latitude and longitude, exceeding the

I



IV. SATELLITE TRACKING-SIMULATION RESULTS

Data from the Annual Tropical Cyclone Data for the

Typhoon-Nelson appear in Tables 1 and 2 in terms of

longitude and latitude. The best track data appears in

six-hour intervals for twelve days and the satellite fixes

(observed) in random time intervals.

bi The data in the K.F algorithm parameters are:

1 0 DT 0

0 1 0 DT

o 0 1 0

o 0 0 0

2
DT /2 0

2o DT /2

DT 0

o DT

0

3

0 10~ 0 0

P(/) 0 0 10 3 0

0O 0 0 103

14



however, does not have its major and minor axis aligned with

the coordinate system. Instead its axis (x', y'), comes

from the following transformation:

x'= xcosO + ysinO

y'= ycose - xsine

where x, y are the latitude and longitude in our case with

e = 1/2 tan-1 [ 2cov 
I

a - ax y

where cos(x,y) = P (k k-l)12 I
2 2 -l n
x Pl(kikl) and a= P22 (kik-l)

y 22.

The new variances are calculated by P

2 2
2 x Y + cov(xy)x 2 sin2 e-' '{

1

a2 ~2
2 _ cov(xy)
y 2 sin29

p

Incorporating the above equations, error ellipses are

presented in subsequent figures with the satellite tracks.

1

13•
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* III. ERROR ELLIPSOIDS

The error covariance matrix in each stage of a Kalman

- - filter process gives insight into the quality of the track

occuring.

The diagonal terms (P 11 and P 22 ) are the variances of

uncertainty in our knowledge of latitude and longitude. Their

respective of f diagonal terms are covariance between

- . latitude and longitude.

The square roots of the diagonal terms gives us the

rms errors in out estimates of longitude and latitude. Having

the definition of the structure we are dealing with (in our

case the satellite observations) and its uncertainties

(expressed by the PCN number-actually by the values of R)

- . we can see how the K.F performs through its error covariance

matrix. Expressing the P matrix in an ellipsoid of constant

probability, one obtains a visual appreciation for the

worthiness of the algorithm parameters. The representation

requires that the errors are normally distributed.
0

The joint probability density function is:

1l/2e T(klk-l)P- (k Ik-1) e(kJ k-1)
e I - I

where e(klk-1) is the predicted state error vector. Setting

* the exponent equal to a constant value, we are going

to have a curve which is an ellipse. This ellipse,

12



'(kik-i) = 0(k)x(k-l k-i)

x(kjk-l) = H(k)'(kjk- 1 )

x(klk) = ..(klk-1) + G(k) tz(k)-z(kJk-l)1

The initial condition of P (error covariance matrix) and the

Q and R matrices are the determining factors in the filter

structure. For Q having main diagonal values greater than

R means that we have greater uncertainty in the state

estimate than in the observation. Thus the new state

estimate is more dependent upon the new measurement and less

related to prior estimates. The inverse is also true. For

R having greater diagonal terms indicates that the new

measurement are subjected to stronger corruptive noises,

and so should be weighted less by the filter. The gains (G)

are lower. The P is responsible for the initial transient

performance of the filter.

i'i
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TABLE

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE

JTT'

7." . ' - . 7 ,3 ." , - 9. _, n. *

- J7 .'1Z6 -3: -1.1 •9 -0.) '

7',/0 A) -0.12 -, .,-)( - • 3 - ."-.
7 _ ," "'Y -' .2 3 - ., b-,•,' - 3 .. '

_-" 7r'
'  

"7 1 -'' . - 7 . 7
"  

-' * ',

0.010

-7. 17

2, - 1 0 . 1 r
'7 -, 0.). -7-& .4 j . 1 -
7-'7'. -0.-. - .7& ' 1 -, , ) -- ) -. ) 'I -- . '
7_-'7 , 0. a. ).&,.

_ 7-' - -J.'l - .2 07

7.. .4. -j')- *.r 0.1

0 : -0. 02 .1

28

0 /}'1• -O U? - .0.: -',*



4

0

4)
E-4

(N

-- 4

29)



00

(-4J

00

z in

30-



V. RANDOM TRACKING 0

To examine the adaptability of the K.F, another storm was

created. The equations for this simulated storm were:

BLAT(s) = BLAT(s-l)-V *Tx

BLONG(s) BLONG(s-l)-V *T
y

LAT(s) = BLAT(s) + V(s)

LONG(s) = BLONG(s) + V(s)

where T=6hr, V -100 /24hr, V =50 /24hr and V = measurementX y .
p

noise (created by a random generator subroutine).

Implementing the above equations, a "true" and an

"observed" track were created. These two data files were

named BESTRACK and OBSERVED and appear in Table 5 and 6.

Simulating with the above new data, the K.F algorithm

appeared to track well. Figure 11 shows the "true",

"observed" and K.F tracks.

Figure 12 indicates the gain history in terms of Gll

and G13. This approach gave stable values of 0.27 and
I

0.01 respectively after the 4th discrete point in time.

After this time the gain does not vary any more. This

means that the innovation error, (z(k)-x(kk-1)) is

31



weighted each time by the same quantity after the 4th

observation. Having lower values in the diagronal terms of

the Q matrix in comparison with R, in this case, means that

we have greater uncertainty in the measurements (observed

data) relative to the model uncertainties. So the gains are

smaller and the filter no longer "tracks" the measurements

closely.

As far as the latitude and longitude errors are concerned

it can be seen that EBI (YH-BLAT) and EB2(XH-BLONG) are

nearly zero and are smaller in comparison with EOBI (LAT-BLAT),

EOB2 (LONG-BLONG). This shows the ability of the algorithm

to follow the "true" values more than the measurement if the

latter has been corrupted with noise.

The error values and the plots appear in Table 7 and

Figures 13 and 14.

32



TABLE 5

BESTRACK DATA

TI ME SLAT SLONG

1900.00 160.00 3.80
1806.00 t57.50 2.80
1812.00 155.00 1.80
1819.00 152o50 0.80
1900.00 150.00 -0.20
1906.00 147.50 -1.20
1912.00 145.00 -2.20
1918.00 142.50 -3.20
2000.00 140,0 -420
2006.00 137.50 -5.20
2012.00 135.00 -6.20
201000 132.50 -7.20
2100.00 130.00 -8.20
2106.00 127.50 -9.20
2112.00 125.00 -[0.20
2119.00 122.50 -11o20
2200.00 120.00 -12.20
2206.00 117.50 -13.20
2212.00 115.00 -14.20
2218.00 112.50 -15.20
2300.00 110.00 -16.20
2305.00 107.50 -17.20
2312.00 105-00 -18.20
2318.00 102.50 -19.20
2400.00 100.00 -20.20
2406.00 97.50 -21.20
-4L2. 00 95.00 -22.20
243.00 92.50 -23.20
2500.00 90.00 -24.20
2506.00 67.50 -25.20
2312.00 85.00 -25.20
291.*00 82 .50 -27.20
2600.00 80.00 -29.20
2606.00 77.50 -29.20
2512.00 79.00 -30.20
2618.00 72.50 -31.20
2700.00 70.00 -32.20
2706-00 67.50 -33.20
2712.00 65.00 -34.20
2719.00 62.50 -35.20
-800.00 60.00 -36.20
2906.00 57.50 -37.20
2312.00 59.00 -38.20
2818.00 52.50 -39.20
2900.00 50.00 -40.20
2906.00 47.50 -41.20
2912.00 45.00 -42.20
2919.00 42.50 -'3.20
3000.00 40.00 -44.20
3006.00 37.50 -45.20
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TABLE 6

OBSERVED DATA

T14E LAT LONG

1800,00 160.00 3.80
1806.00 157.30 2.60
L82.0o 154.9, 1.72
1818 lO0 152.71 1.01
19O0o00 150.03 -0.17
1906.00 147.63 -1.07
1912.o00 144.95 -2.25
1918oo 142.61 -3o09
2000.00 139.99 -4.21
2006.o 137.26 -5.44
2012.00 134..6,?- -6.58
2018.00 132.39 --. 31
2100.00 130.31 -7.89
2106.00 127.37 -9.33
2112.00 125.19 -10.01
2115.00 122.44 -11.26
2200.00 120.19 -12.3L
2206.00 117.40 -13.30
2212.00 11.4.87 -14.33
2218.00 112.92 -14.78
2300.00 110.03 -L6.17
2306.00 107.65 -17.05
4312.00 104.83 -18.37
2318.00 102.96 -18.74
2400.00 99.90 -20.30
2406.00 97.65 -- 1.05
2*.12.00 95029 -21.9L
241.00 92.44 -23o26
2500.00 90.51 -23.69
Z506.00 87.l8 -25.52
251-.00 84.84 -26.36
25 L 8. 00 82.40 -27.30
2600.00 80.00 -26.20
2606.00 77.78 -28.9z
2512.00 7-5.08 -30.12
2SL3.00 72.50 -31.20
2700.00 69.96 -32.24
2706.00 67.22 -33.48
2712.00 64.79 -34.41
271 ,0 j 62.75 -34.95
2800.00 59.A3 -36.37
A'05.00 57.37 -37.13
2912.00 54.72 -35.48
231'3.00 52.43 -39o27
2900.00 50.06 -40.14
2905.00 47.91 -40.79
2912.00 44.88 -42.32
2915.00 42.5a -43.12
3000.00 40.14 -44.06
3006.00 37..b -45.44
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TABLE 7

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE

J I .W 1 t 2  CJ' Fu12
72 2tj24 -u.011 -O.nu ) .. 0 .

720c 1) - .e') -, -2J -, .,-0 -0 .20

7 , 21 3 -U.12 -0.13 -;.ol -0.0,3
7 ) O. 11 0.10 . n.
7 Ot,4d 0.10 n. , -I .01 ,).Oj
7eIt0% 4. 1 0. 1 1 J * 13 0 . 13
7,L0e40 0. 0 0.07 -J.O -n.-

7 0 0. 11 0 10 1-. 1 0. 11

7., 0 7 t -0.02 --) .)j -).°24 -0. 2-

7. 0, -0. 14 -03. 3-1

-0.- -9. 1
- .02 -. • 3 3 .jl I. 31

7,.. 0 ,'I. -0. Oq -0. o -O .11 -0° I 3

_' 7,0 - ')0. u2 0.() 1 0J. 1) 1) 1 )1

7 , 071- 0.03 -0.00 -0.05 - 0.j
7 20 .: 0 0. 1 ( . 1 :j I . 1'4
7.,() 7,P 0°J 0 .J_ -J0 IO -- to

72- 72 -. Oj -0.1, -0. 3 1
-P20 7J 0. i0. 10 . ? 0.72.)744, u. O I: ) 0 . ° 0 1 (o) . 1 ()
7c20 7"4 0. 12 0. 12" 0. P

7.: 6 7-3t oO. 01i 1 ,5 - .I" - .I7 ..
720 7- 2 0. 17 0.17 j .6 0 .4c"

7011) 0.11 -0. 1" -0. 10
121774 0 10 .1 I, .n . 1

,.' 7 -',) O *.' O j ). 1 I.1 " . ': I . ", .

7:2 ) 7io L) 1 Z2 1). 12 C) . r- ) .

7 _-)I 7') ,- L) z r0.23 0. 7l,

74) 70,; (0. 10 r).t0 -1 --'
z,,' 'SO 4, u. 0 2 o, . r,. -o1 . I5 -)-0. 1
7.0f)-31 0 -0. UL, -0 . 12 -3 . I

n  -f). I,).'

7.: io -00 -0. 03 j .0 n0 o

7 u . 0 3 0 •0
7z ! 0.04 0.1+ 4.0 r .n
7- r) - p 0. I .3I -J .04 -I .)4

,.-r b -o.07 - . )7 _ ?A- ,
3 -- .1 -0. 12 -0.- -0.21

7 2 6 c- i -O°04 -q () -. ()
c 

4 n

. .'. 4 -u.C . 1 "  -0. 17
1),,_,7Q -- •O 6 . 0 G, 7 n.O o i

7 21 -0. 11 -0.11 -j .u -  -0.3?
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TABLE 7

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE

II 1.i ,1 ,-| . "(7 1 ! .. q
7 .2 )4 -U , O, )•Oq,

-(. 0 .3 -, .-
7. 10 .,

7,) 0 (. 1' (0. 1. , . I I l.1 I
P.. ) A,, 0. 0') n. * 7 - * ) -n. , ) )

0. II n. 7 1 01
7-n,,)4 -11 P. 1. -0.31

7 1, 7" U00 O. 7 --7,r)-- .

L) 7 -u. 02 -0n3 - .j- 0- . 2-,

7 -0.. -. 1

/_ .. 'i O 7 ] ! - -- * 0I t-0J . I C) - 0 I 1

7,: ?'. -u. Oq -Q012 -U . 1 1 - 10. 17 0.1 U .j , I-
72') 71 .o. OO - I - .1')
I, 1 7 .0 0 . ) - - .. J 0 . 1 j

"L:1) 7 i i 0 . 0. 1 ,,

7e,) 74 e u.12 0.12 - T

7. -,'o -. 02 -0. 12.1.)
7., 71 ,U.0 -0.s 7 r) 1 7
7 1: " .0 7 .4 .

7. "0 7 0.U12 (). I. 1.
7 70 - . n ) .:'i

IL 7 - 0.1? -.. -1jo . - 3 . I

7 1 ,1, -1] . 1 -q . 13 r) f .

) ,,7 -0,1 -. 12 - .0 u 2

:' } ] - . ? 0 .I - .0' 1 - ..)

0- 0 - 4, . .0 n . ) 7 1

?.. ,-J. -0 ) -). ) - .4-

7._ ',j.,.2 - l I -0. I - - .0 - o 7
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1 A-i :T I J (.J= 1 1)

1 ?- ? jAT ( X, 'E5X I ZP T E C t CFD H, I.. .=?)

193 ?>, "A ((,'3NT1' VE ELE"3:JTS OF HE C4F A:"

SaA:2i X--a. )

2C 7 J= 1, i

EC 7 JzT,U

1' : I ~ Z _(,J .2 ) I , 2

I0 A. (5 , Li (',11 , , - 1,') :

D: L ( 5,70) ( , )

7 COLNCINUE

;1) F.571 1 (')' 5:, '': :: -_1f (6. S ';: Afl I E, I ~ r

EC H 1=,

3 , TITS , (H (I,J) ,J 1 J

'}2 3E=AD (5, 112) "AN'

A. ( LA,.. LI.I2 ) .31 , 12 9

E (3 , 1 - )

EAD ( , 13 ) 1 J

, . ', 2J.) I,J
. 5, 7 0) i J

,, -' (-j, 12 )

.2," 'Z ,)) (U !(,J) ,,J 1 , N)
, F ( ., 14 2)

51



I II I III i..................U -

LS

1 .,12 1 -(J, )C E BL_. (IJ) ,J:1, )

( ,t C)

1. - C .3' 1,A7 4

W 13

2i 1112 .
1112 Ii' (9,91) (%L (I,J) ,31l,L)

SIi (J 1, 1C)

TB

I y

(3 , 1:. );

7rC 21 i2l,1

T 1 =,r

,.. : . -(d , .. (l*) (. , ) 1 , L

"-) AJ (5,71")AN,(I ]

1 CO>N13 .z. IS ;'

§7 "' 7 C- ('], J )_-

1 . 2; . :' ( -.' 1 3 ,) ..j-

-i (2i.,.~ I) OZ ,;

::Z !( , 1-1) .

7I
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2C 111 =1A

3 FI ~ 150)

1Iu .... . . . .. FNT IH , DL -TO C .. ... . . 1N2U ",-"

1 1. ) ( .,'J , _I) N)

1- + l'( ?.I,--'A'. ,7"(' ').

S 1 ,N

1111 ! J=1ZE( , l)([2 ,J , =1

DS T (5I, 7 I3 ) EL(I,3

14 C215 C
WEBIr. (6, 153)

150 FCE:. A:(2 4,1 , '1T -[i H D 1 1 031 CE T:A N ,, 1 : IN U

1 E (-'i , ) ')
Iou) F(.... (5X I N -E F, Z LE L J 14 -S 2 TJ j H 1. E J iI C '

+ 1 7., ' X' 3.3i:- ' A :I' A

LC aJ d=1,1 -.

1 C 43: Jd 1 L2

*fl') i A ( , 17C) Ii,

17G 9 K . A ) 1. 1I

L A ( 7 J ) ZL(I,J)

4 2, '1CI NU.-7H

If d, 172) ".

.... ( ,3) g ,J) , l, )

11 C , I:E~d 1 ),9



1 C C N,- I:; J

1~~~ 7CC:~

C 2 I=1,N
E PS. Z O t 'h (-,J),J=I, ) . .

90 FU.I-AT (1 7 11. ) .

91 F Cr:,IA (1P721 1. J"

0 0 6, 3

1j =C CAT 1 S T , ' ) YCJ AN TG CI UHA . ANY ,L . , C 15"

1iAlI IX?')

9 P0 Z AD (5, 110) IAN

110 FC FAT (A3)
1 F(I A" N 17,) G CIu 19

IF (IAI.E. JY) G0 1 0 60
2,11 E (3, 1, 0 )

1 Zj -,) F r A'. (5 X o  , T,'d ,EL LI .-'T_ C F TUH.:" "A"I:TX, '. L : "J

+ X, N' E.-3 AS I!J; UfiEE I IS i CC 1 AND N i3 Ji'
1 CCTJ!'INl . ' ) :"

READ (5, 130) 1,J

1 30 0 AA T (221)

TE 1 (- , 73 I iJ)

Cc 3 J1,N

3 RIT2(3, ')) {FHf (l,Jj ,J:I,!)

;IF(, 140)

1 -0 f t - I A T ( 5 4[ , ' : 4 Y c r .2 C [L A N ,3 z s ? ' ) 9

GC C. ')JO

1 2TSE E (9, 141) T,".
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7~ 7 :LE~ 0O (\{IJ) ,J=1,

C 4z i ~ 2 ft' II I '1IiT LEME.oSION CF A

C

I S 1C CCN F. AD, I 2 (N L D 6 , K K J455017 027,,'

c

FEAD(5,442-3)L

7,ITE (P,7731)

776 0 7:i A 5 -F, l l e MNi

DC 7732 J=1,L

77 31E(7731,

2EAD(5,777ci I J)

77 32 C C N 11 UE

7(8 , 77 z 4)

C 7735 i 1, N

15 1 T L DO

D~ 1 J=1 N

7 F U .AT (F10.

4 7



-3 3 1 1
l= I J

L : 1( ,

EQ (3,3 J) ,"

hi (i,J)0.

H (L,J) =0.

E (I,J) =0

76a A (IJ) =3.

I. E (8,7771)

7771 F A (5x, ' YOUj A rAT 'IC C,, 2 Ul PHI C. GA.iA 0:

LJN F;C'',,

Ad (3,777L) TA7 7-7
7772 FCPIAT (')

1 (IAN .E. I ,) GC V, 7773

1 (IAN .A. P1i)G O I

7773 E5"(,777)

777, fOAA (//,5"X,'E VITIHE A AT IX')

DO 7775" i=1,N

FC 7775 J=1,:,

1. " (a,777.) 1 ,J

7776 F , AT(D,,'A (', 1,' ,',11,')=') p

Fb ((5,7778) A iJ)

7 77 7 (F10.3)

7775 CO Li 1N J -7

SRITE (9,77 7-)

4 i: E ( 7 ,7779)

7719 FC" iA, (5 , ' TII A ,A:Ix ') "

za 7 7o,; Il,:l"

I
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S1 (,27)

*7 i**"' I/2X* *)* '** ~ # * * * *~ 4 4 * * * * /,

2 X DG NJ C 1 USE A 1 K 1Y IC EXI2 I7:2 SA 1 9NLESS

1 YCJ WAI'/,

*2,( 'TO LOSE YCU: IIPUT FILE IHAC IS I iNTD ON '"

1 UNIT 4. '/,

*2X'.FO CHECK CUT AClIVATE '1112 GO IG 889 STAIFIEN1

1 C '/,

*2K-INE 135 TC -ND NITICUT 3ROV'/,

*2X,'DO YOU '.ANT TO DEVELOP THE INPUT FILE (Y/N) '')

READ ( 3, E) IAINJ

33 FC( IAI (A..)

C

i F (iAS .NE. I YE 1) 0 o L0 9 99,

"..

7777 7C .a 1 1 Ll -

ICE (6, 12 4)

lz,- FC'",AT ('ALL IF U -SiCJLD liE FLCA:IN G P 0INI EILE.-- ')

12A3 7c,'A ' 7dESE 2TH aW SE S EC I .- ',/)

101b F AC. AT1N6),5X,5U = ,I5,/ 11,5H-AIN 5)

19)2 1 II (d, 13)-

1I FC , 7 1 /, C x, ' i 1L'SC E'F i F ilI 2 '

'A2IE (8, 30) ?-

30 G1AT( 5X,' EINIE: o CEE1 OF lhE Sysil

1 (UP 70 .l ) . ')

aD (5,4 ).-45
0O F J IAZ 11 .I.
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C t? F(K J) i /) , 'G V E T 0 3 A T 3 1 V i 3 LA.P ~L S

cI

C PKMi1 1J,1) = 2 K(/K-1) , (CCV E POf AI K G IV.i K-1
C.SA LZS)-....

C N k 2. " " F ,S, ,F1 = M ,;'Jl'b E, CF CCL.,C .3S.

CN C A ZE A E

C i= AU T .1 E F !T ... A'!,C.,3 C HE EIL: 17

C

C

7171 FCE'AAi (/,2X,l*************E N***************/*

*2X,'THZ SGF.A I2ACK INPU- VILUES A-L E AVIALALEZ'/,

*2X, 'TIESE A E ECIC P r1INE I C T ii Z ER.AihAL A' 'I '/,

2X, ZC3I1.1N3G CF -FE CGZAY1 -- ALSC - qiS'IN'/,-'

.,X ' T i-I77l ii C G .4'1 7 C ' N 'Po!AILY AN it4 177U 7-IL

1 ;,iZLi'/ •

*2x, '.3E 2RCD.[CD :"i AAY PE 9?INliE C? US]7-.

1 Er I '/,

*A<,' D " '-?T C' ,I Nf 4. .S3 '417 9 j T

1 .' I l: ICA liC .'/,

* 1,(, 14 Z7, ,CU] ", CUN r) 1Li J:rii CAN N2 JS,

1 2FESELY '/,
*2 jI, 'A EIL- CF 'iii ?UT YAA T3 LaIN; 3DUCZD ,£

1 X iLL'/, L "-"

*2X, 'E j fJN , AS -- F UI7dI A-- CN YC:J A - £.S'.')

L
C '1** .LE Fi 7: 3 'J .;T C:q C T ii.S T E MINAL -- ASKS 1

C AN I ih EIL - tS t( L TI """
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1 A IL~ (I),

C *~ ~~ I3C:~ A' , diN , I 4:

c 3: ( 7 34) 1. 1A () ,L A (1) ,L~ (1) 1E~ 1)

C 1 ,4LAT (1)

C PCN(I), I=1,NZ)

C j74 FGCRMA1 (2X,6F1O.2)

c d 32IU',7.L .1~ C P UT T E61FE F jL T C: TN K.AL.AIAN F LTU.

c

P ~ (K/ K - (I-7c1W2 X)- 2 /KI I)

L * (1,J) 7).-FINES I[Z CCVAE.LANCE Of TH:E PEi SAMI?LE 51AJ30

C EXL'ITA'IlCr OF THE PB~CESS

C (1,J) DEE IN F 'f hE PAN DOM -(A iJSS IA N E A S b A LN T N' 5Z

C WHiICb IS ADDEL~ IC TEE Ct3SEVALLE SIGNALS

C :i- (1,3) 1S '.'-E IDENIjITY lAT!r TX

C I1 I ilL 11 D I3C 1 ET E I IJ I :N LUIH j, r JG i I H 2C Ca jj
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I Y ;

VYN ,'1'Y'/ 12L

,i 2 53

LIZ=50

DC 132 1=1,4

P KK (1,) 1000.

1' (1,) = . 00301
;t(2,2) .CQO01

C Z-AZ CLSERV1D VA LJHS
L..<

i FA :D (2, 11 ) (T I-iE -- ) ,L I(- ,LOI N I ; (1) l.4t

11 F 0 3'!!T (7 X, F6.2, .l l , 3 ,1, l-J

. AD(2,11) (T 'E 1) T. A I ) <I(I) , 7  I ' =  )<  L GN 31 1

c

C .iAD iAC VALES 
.

9EAD (3,1) (ETIM.E (J) , 7LA'! (J) , LON (J 4),NI C(J)

1 ,1,mL)

14 FC& AI (oX, 54. o, f 4.1, II.,( 4. 1, 2.(, 3.-0)

C ?.EAD (3,11) (Li (J) ,--TAI (J) , LONl- ( J ) ,?C (J) ,=1,.Z)

C 11 F~.C (4X, 'F1J.2)

C 11 G T (,,4 ,4,. ,!4 .1,1 , 4. 1,2(,F 3. )

C ECHO VALILS *,*C. ,CVB lAT Tl EE LINE S T ELI2A1.

S EQ:1O %:INi CHECK *******"<

;4 1 Z( , 73 ii L 1) , A (1) ,LO N (I),ET 1AE(1)""

C 1 LAA(7),, 3LCN (GI), C; (I) , 1:I, 1).• :

C .3;i.(J,37.1 (3I7T (4 ,LA (I) ,LO ;(1) ,pC: () ,z=1, ;Z)
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APPENDIX A

COMPUTER ALGORIIHM

C FALA N.ILZ:
1 12.1s ICGN HZ (12, 12) ,A (12, 12), 12, 12), (1 ,I )

1 ,2;ll (12, 12),

* Q(12,12), G31 (12 ), K (212 ), K ). 1(12, 2)

1 , ]|11 (I-'3) ,G22 ( 12.)

EII : i I [ D ( 1j1 , :- H (l1O) ,Y 1 3 ,Y] :(1 0)

1 ,X4(120) ,G-4 (12J)

Di NSI c EL(12, 12) ,A 14, 12) , (12, 12) ,DI (2,I .)

1 ,D2(12,12)

DIIENSION 7(12,) (12) , (12) ,KrH (120) ,LP (12P3)

1 , Y (1 0) ,E X (120)

I;i-.ICi DLi (1N:, 12) ,-CN C (12, 12), r: 120) 12 (1 )

C

3,: s : 1(,' .0 AE (5),D 1,. 12),X P(2 5),.' !(2) , 'LJ ( .) ..

* (12,12) ,. (12, 12) ,A (12, 12) , Z 1 1 (12), 1K (1zj)

1 , 'Kz ( 12 3) ,P22(120) ,

*FT (T Z, IZ) , ET (12,12) ,XNK (12) ,XKKLM1 (1 ) , Z Y (12)

1 , F(-91 (12))
) ,L1TN S C'i T 1 ', 2 LA 1.. ... ...N 1

1 ,JLAi (13)I

1 ,.032 (1,0)

* Th' .12 (1J) ,KAi(lJ),'IL[?o (I.)C),i 12(17 ).-
1 12 f, 2 1 V.1 1 J ') o 1 .

1 ,?24(102

7 1'4.3 1K0), [P7, (109)

J A A I. 1 1 I / I Y/'Y'/ 1 / I IE' 1' .

.EAL LA:,L6';.

I
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VI. CONCLUSIONS

The K.F approach to estimate the storm's location appears

to be very accurate. That comes from the comparison with

the meteorologist's analysis results. Concerning also the

fact that the latter was performed after the storm's occurence

one can see the advantages of the K.F algorithm. During

operation of the filter the actual residual sequence

[z(k)-z(kjk-l)} is compared to the gate [V,,P(k'k-l)+R(k)]

which actually is the square root of the residual covariance.

Being a white Gaussian sequence, the residual is bounded by

this gate.

When the gate is exceeded the model is determined invalid

within the filter and a modification in terms of Q and G

* takes place to adapt to the situation. At this point, and if

* the excess occurs in only one component of the vector residual

process, one can further deduce that the measuring device

generating the particular component is the source of

difficulty (a sensor failure).

The error ellipsoids of the process also give insight

into the filter performance in a more general case, referring

to many sensors with a greater variety of uncertainties, the

adaptive K.F algorithm could be a very advantageous approach.
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111 = 1 , 1

WI> (WI 3)

1 o I- ', .1 -'4

1; 0i 3 -7 1 1

+ I (,' ¢ .-2 ZAI C 1, . ' ," i '.--F

7,) CC t1% i=1 , !

C C 11, Jz1,

)3jA (5,7)(I,J)

11 CC 1INJE

4piir: (A,2 ) ,

2)3 FCF'i7Y (',)' ,S5, 'IH E .9 L4ATT?! (A %SU[,LEAN'

I"/, 'NCTST CC Vil~.ICF. A I;RTX) ')

[ 74 3C 17 1=l,1

17 - 2 (3,'l (7 (1,J) ,J= 1,.)

930 hA 1 (5, 1) iAN

SIF (I \.E. I?) GUCIC 79

k 1 (7.N .IY);f' 133

7( , 1 , C)

* ':" (, 1 3) ,J

i 5f[T. (3,2AC) ,

* 1; ~~:IU (,70)(r(1(,J),=,)('3, 12)

-',S~ :1 ]:1

1,. T 1 , , 1 1 .
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1114 E:: 9,91) V?(J,J) ,J=l, ')

3 0 F - , 5 C

42 iu 34 I=1,L

DC 34 J=1,N
... ITZ 8 C) 1, J

* ~EI (0,30)40
340 F03IAT (5X, ' i;rK.I 1(1,11,', ' , II' )=)

F. AD ( 5, 7 3 r ,X:' 1 I J)

34 CCNhINUE
3 I''1 ( , 35 1

-- R If E (9, 1l

414 C 35 i=1,N

35 ji _ITE~~O jP Z (IJ) , = ,

950 iAD (5, 110) IAN
li (!A,. d. L 1-U 51

IF (IAN. I3. IY) o':C 1500
WF I T7 ( 3, l1C

?EAD (5, 130) 1,J

,,1iT (d,3 40) 1,1

READ (5,13) 2KKM.1 (IJ)
- FIIE (8,351)

C0 3o I=I,N

77 ;,0TE d J ) (1 <:i (l J) ,J~l

L(,14 C

6T'3, 950

1 Dc 111b T=1,N

1! 1 ' fi T E 9, 91) ( K -1 1 1,J) ,J 1,J)

W Z . 9,143)

24o FC "A (5X, .'i TT I, [.E 0? !- HcIN:3 IC E
1 i EFrC .1ED. '

X ' (<10 ) >i l b IJ It, i.. UAL';'
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2)2
s=24*IS

2,E 1 Do-. 1 1 )4JO+
=IE 2)-IS1>14J0+S

£z\ I ~s'

!i ' (d, 17 ,5 K

73f:5 %C?:IAT (14)

~11F.(2,2U1 - , 5.(,2n :,I5, ,2 "  15 Sx : "J

1,iS, 5', 3i- 'D,15, J3,~ 5jLJ1

3 D 7 S
5 2.- 3

11 ( 3 , 3-

3D 3 17 1,

3017 A 21( I=) (

. .. E - t

1 I 3 3 1 1: 7,'
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iS= (':SE (2)-I 40))* (.01)

S=TIE (2)-IS*10-1430+ -

2't=S-T

JK=2

: T ( , 736 5) J K

9753 C CG:IAJE

;IT i (6,7d7 6) T
7 78e iC Q"'14- (5 X, kI0.- 3)

CALL, 2HIDEL(DT,:4,L,A, ,Pel ,DELDI, 2, , D,ID,L2)

o7539 ;*4ITLE (, ee)

o6 FO M Al(/ 2 11i '

DO JO.o T=,N

3023 ;I E( , 0 ( Fil(l,J) ,J=1,,')

_ TE (d,77)

777 FORI<AI (/' DI I

0O 33211=1,N

'30,1 I TE (8,9) (DEL (I ,1) ,J= -L.

CALL -FANS (ZEL,N, 1, E I , ND,AID)

CALL PiCZ (D L,DELI,N, 1, ,, , , E,LD)
CALL 2b J3'i (, (1, 1) , ", :i 1 , ,N , '.D) [

. I E (3,44) -

3' 30-5 i1,N

3025 wRiE (J,- O) (E (,J) ,J=14)

dK.Z(3,L444)

444 F A(/' ')

DO ,J026 1, A

* 3JZo , (3 (,9.]) (J(IJ) ,J1,')
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-C 5 27 j1 ,

3 27 + ii L ., ) I .( I, J) , J~ l :

3 5328 I=1,\

CC 5329 1=1,
i 3 2 J R.-.T (4, 9J) ( (IJ) ,j=1,N)

DO 323C 1=l,1

3 30 ; ?IT -.( 4, 0) ( K 1 1 ! J ) ,0= 1

ckC 6327 -1, M

03-7 ,,[" T= 7 ,93) (.( , ),] 1 J

DO 927 i=,')2 r ; IZ 7a] ( T ( J) ,j= 1,i)

DC 1T32d ,-m

; I - ( , 7777)
9 c TO I, I El i.: .

:f: (& r. :;. I iFA" 1) ,]c r, 7234

192c0 2' !A {ST<, ' X :VUX(' ZXXXN ',A 4)

J/ =33 i[l

FI I E (,7 L 5) 1

,SiF.(c , 7 5)J0 ](

, E AI (4, 5111) , , , NC , 1 C , L D ., N, I

jK=4 

.

T I (3, 7 J 5) e 

"

CC 72w- i1,N -

72135 i:'n I' ) (A(IJ) ,J= ,I N) .
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72.9 : .A (,t 9) E(I,1) Jj,= ,N

DC 7, 3 1=1,

7 3Jd F ,D ( , 1 (4I J ] I

DO 723 1=1,N

72 1.1) R ,1 T 9E ) j LF _ 0 (1, J =1 1 0

C.C 7326 I1 , ..'.-

732c ';-AD(4, 91) (H (IJ) ,J 1, N)

Da 7329 r=1,N
7329 5.EA, k ( , 1 ) (HI (I, J) , J=l1 :4)

CC, 732? 1=1,1

7 -27 - J (4, 1 1 3) J

27= (TIl (1)-15]J) * (''1)

L..i= ('LfA (2)- 15 0 ) * (.01)

1=24 I

!= i.-1 (1)-i: " I3 )- 1 J 1

s:ri:A (2)-TS*1C )- l5OQ+2

"C7. E = S 1

k.%3 'A L .j

A , 1 ( . )
~ 1 * ) .." .-

C A,2: L (:, 7L' L.L

- L L 1 -

5-7



S

: CA LLS E . . L I'C CALCJLALE J::, 27,2

, Z, - I S. ;-.I IE lID A'iy J

I DAY=! lI:.1/100.

i HGil 1=i I:A E- (I AY* 130)

IFIHQUt . . 0) IHCU:2L 4

HICD6=i. D (IdLU.;,.)

CALL J3 .IAE (IjI I',JULzF)

C IF ( Cb.EX0)GCIo 19 o

Md'L iA £=I' ([ E) S

:."DA i=, I F'IiO

AD (A Y =A:1 CAY 1 0

IF (A1O j F*Y. 24) 21 1 = VII Z

CALL JUCi' . (,:I .E, JU/ -)--

193o CC:JTiNdE

I2 A c 1 ~ j rJ;. 1 7
im;'" FLIIAT (///,' 3jULIAN J~iG . , iS ',19, ' ,,ACUIAL TI . i3: ...

1 T Z 1 8 11 UL i

1904 FO A (.' AC UIA 6 T T I 4,3,1 ,COESPiDI'J G '

1 JULIAN h : ' , i )

1983 CGJIT INiJ"

I* E (D "L . T: H C I .I.NZ

C ** CALCJlTA: :,GD'ILA 6 .]'Li,\N 11.15 EQg 1K2, :K,., K "

C AL .iuC ILA ) ,, JILIA JIAI5 N "

c I TF(m idCu F G'01~DC 31a17

i 1 7 2 (.) iIV- 7 2

i . ( ) =.I J '! 3.

58.... "'""" I



K? 1 - (K) 21 U T. .

V -., (i) =L-2 J +

K242 (K) =.JULfF;+4-

%<272 ( ) =_.JUI[R+ 72

31e 7  CC'4TI:V'Jr

C * END JUILLAN 2I.I: 'O'IINE

L

iP (P'CN (?) -5. :'i". O) cO it 3133

F (2,2) =.25

tGi T 3134
3- 1 3) GO Ic, 3135

31i3 IF (_CN (K)-]. NF.O)O C33

.i 1, 1) . 3c 2 ""

:R L2, 2 =.'3

uC 3g 1314

3135 If(?C:i(?J-2.-E.") CC rC 3134

? (1, 2)=. 3 12

j1 3 4 CC Ni JE

FI£TZ (8, 51445) li E (K)

5 2 (X, 2 13) <,35, F (1,1) ,C (1, )

931]. 51 AT(3X,,v' ,13,SX,'L =,Z 9 .,',''' ,?7...,5X,

931 ?I11T. (3,3 3 1, 3,9X (, 1) = , F 21 ) , (

R I E( , 3 1 P pC:4 (K) , q, , 1

3 13 F~ jP A ( , 'c ) ' F13. 4,3X , El==' t. 2, 1). (,1, 1)

1 4' ,1 0)"
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(39 ~,3) =J

D(. Z 1 ** /4 * (, ) .

; £ (,795)
7 9 9 i pA T M'I " I I .Q

..12 3 =l, N

3123 ,! [T[ F 3 0 ' I, ),] I

Q; (1, 1) *f.00C0 .) 111

;: (2,2) =.CJ'JQ01

Ca N 'IDEL (E%, ,I ,A, ,-HI,DFL,nj,32, } 9 ,  , [ D)

4'I3lE (8,9 7 c)

'79 FC?2Ai (/' R.1l ')

S~(~II4 ,7 S-

DC 3579 i1,'i. 
.

5~~~.,99 7_i 6.,5) 1 r v'j) j
3579 L ITE4a,93)) ( iJ (i,J) ,3=1,N) .. ,,

%CALLA
.AL 13 E ( , (-' 5 , o "" I, ,'-''?i 'i ' ' 

)
' " : ' ' " ' A

; ' ITE (3, 5)

.C 302- i1=  ,
' IT F( , 0 (DT iJ ,I~ lJ) •

j04- ,T1(4, 50) (DJ (,3) ,J 1, )

CALL p ( ', ,,, :.Kg,N,,L2)

CALL P.C (:J . ': 1, 11 1 J(K.1l ND ,Z :1

4 I r ( , c 10)

38 10 C;% R (/'
4F£[ 1 (3 ,3 0)( .,.1 JJ ) J.] 1,..

- .T T (o , U 1 o)
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- -- -- -- I -L - - -)

- 2) Lu ,

CALL 6 UDl(Z Z KX-11, ,1EH D ID)

C --(,aE 10)

.... ( , 32 ) ,

uP_ .K¢ ,: (/ (, d *~*l ** ** *** ]* "

WPITE (d,90) ( () ,3( 1 ,N)

:E (K.L3. 1) -0 0- 2204

iF (AI E (4))-3. .L'.D.) GC 10 2203

, (2,2) =,).1 * (1. 2+,; (2,2))

. (1,2) .5 (3. 3 33 +3 (4,2)

C 1: 1. "..,.1(1 )= , t 11

C PK I (2,2) =2.* PK,".1 (2,2)

1 (3, 3) =2 *PFKM 1 ( ,2).

i ~. I ( , 4) =2*P&V:; 1 (4,4)

C :;PTZ (A, 122) ;ai.z, " (2).i-

;A- Z V A 1 (1, 1) +2 1I, 1) ) 5

F(,\BS£1))-,;A7 .L'..) Gc IC 2204

' '"I I (, 2) :2 4 . 1 (2,2)
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- ( ,11 . ) A' :x (J 33)

1 ,C G, G'AT

", 192 F'CP.AAI('i.X, '-2.%.C. .;57 a£ GrB ATE ', Pl19.4, ?x, 'Z() ---

1, , 1.4,':( xx')

C

CI

. l (K)= (1, 1)

531 (K)=: (3,1)

C ,C 322 I=1,1

C22 ;RITE ( , f) ( .1 (1,J) ,J=1 ,N)

22%4 ,.II)E (4, ) J) J 1 .4

J9 F ,.-, .AT (/ ' ? : 1 ,: .5 , )

LC 302 4 .1, I

(3, 9C) T ) 1 J=, !)

592, u17: (4,9() (G (7,J) j=l,2A)
T'rl H .5 j ) (Z :<:. 1(J) ,J=l,.)

(4,,; 11)

". .. . ( , ,) (.5 U (I) ,J1 ,

,:-. 12 (+,) ) { (J) , J: 1,.

, L N D..

C~ ~ "A- : (P aI "K ,G ', I X K I ,G I D )
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Y t (K) =XK (I)

. ):;.T ( ,K (2)

, .... E{4 I 2 N XK 1,1:,:1

:1 E, C ( A, 1) I

L 21D1 () =Y (K) -LA. (K)

C 0"32 (K) = : (K) -.. K

3Ki3.CON IN' i i:I K

C .'II: T xKKI { 1 1)

I. . ), J A 1d (1

L{Ti J~[ ( T. =JUL 9 - j

XH ) (K =XKK E 1 -A[(<

2 97 : (OB'a-I ( ) . ') O I 9~
3d1L -O C4 o ooj

C ~~~ CST '31 .G

X 6

1: P(C5 = (1 ) ,.Z1
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IF (']I4 (:(+ 1) - .LI. 3) OC CO 9o34~

970) =h<;:-41 >2

9 >, (E:11 ({+l1)-: ..L F. 3) GC i0 19o4

K {3B-II" (7) ._ . )) OC IC HE C

,,'MO (4 ,i l 1 ) _"J, ?3 i, IT_, 7<

2, i_ c. Z .. . .

- 12 FKr"  (7 /,' 2-- ',Fl3.+, j : ',F 1I. ,' = V ,

S' K, 2)

C ALL 2<2D_ ( , I, , , 1, Xr'K.I , 2, I, , , AD,,Li)

1 7Z

KMIZ b 4 4 (J-. Ii-

Ko1 5K !"b . c/,' X F (

4 A t-r

F 4 K X' 1:)=' :H,
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I7 T

Ai "L ,- 1 , E I , N C,,.1C

C:2 ( I D

LTTL ('3, 5)D
,/ DO 3322 iI,'N.{'-

,322" : .,. lTZ3(4, 90) (1" l:. , . ( ,J) ,J:I1,4)

rD .( ,. ,L, T, . , -I ,DI, D , D, D ,L 3)

C CALL 7C'-:"S (£Zi, ; 1,4r,:,.-)

CtLL P:O2(2t L,DEL,N;,1,.N, , ,ND, 3,1D)

2 ALL cC;NSI (; (1,1I) ,2, N,N, <, nD,! D)
C L'" ?-, D,LLLL £2I 2rOLD 2 2T D2 32; 12 M DLD ....DLLD

< 3U 7 1j =1?

"''- 2(.4, ,3) V, (! ,3) ,Jzl : )

= (-2 -)  L2 I A N Ci 2 2222-
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I .* I .1 -.-.----- ,.. .7.. . .. .....~

1 , j_ ... i j

ii:

C

S " iLJ "J. 'J- . J3gE :-A. (KAEJJ"n"

C t4 C;,LiES jULTA N "]E FP" iEA? 190A)

t " * i":v='i 'AL, : : c= Io Nh (1 ALCH) , ZJAD. Y,

J 5= CA52
i y ]i

T A=Ili T Il/ I

CALL VCEN (y C hICTA, Id , J]LIH)

2 3 -, i

E L =3 7EA j . *I1 .Z -)I 'E D "

.;JAR[CIITI:,, N"i' 7 N (YEAF,AC(,EA,H,3'JLH-)

Cd  **e- * ALI _E _ 7 CUIINE Y LAIYZ E

* CALCU).. JULIA>: JAY AXLLLIA 1'%.:7

1'7.EC32 712b (12) ,ih.L,,2A, 17 [.-

< A , 2/ , 1 G, p ,Ip J, 1 , p,1 '1 , p, - , "4"

!=(YEA F-1-I J.) '2 >5. 25-. .2

I ADD 0

'.J JC:LDA : 1113D (110) + 00 * lA\DE

[EU.> §4-. * ti1'D + ,l1J112 - 1) + 17 > .5

I "7 LA? = : i" AL. ,- 1 "j I " "

79 :[.'



Sit: -:tA :  VAL -E AS A F NCIICN '

C j J:I-A. ?:1 12 .An 3IAS T MTA 1C 142 1!L-:;

1, 2~ 1
Isllms]_=TN :(l InE( )

Z ALL 111:H(I3:T,_,Jit:)

A) L 1 - JIl, . 1

13J ff, . (J) =ILJ
I? LIEIV1 (3) . .ISJUL (I)),3U>3 1)

Li 1 I) Y (i1) -i -A' (J)

i_ 2 1) l-. 1( ) - iLC N,3 (J)

Z :]3 1 (I) YH (1)-LA: (I)

I:. ,IJ,.2 X.H j ) -1C ', 1 1 )

h.21 (1) LAT (1) - FL,- (J)

:,,j2 (I) LC ': (1) -2L C-] (J)

JT IE (I) :IW JL (J)

1) CN f i N J E

'., fll£ x ,r; ) "

2< c F( > .1A (// ,1 Io' , ' J .Lr,'F' ,5 , ' L2_I , ;X, ' c? 2 ,;Y

' 'EJt 1' ,5X, 'rC '

20C 313 T 1

2. 1

A' J1 '=1,5,) "

., au) (.17MiF( N) , 21 (il),EF2(N) ,_,,n (N)

1 , fC ( 3 ( 1 AE))E)

78; '' (1 ,3 ) ; J : '. -" ::) ".'l ( ) , _..:., (:i) , -7 (' i:].-



..-<

Ii .EAJ (5, 2 0) (A (:,J) J M)

T I I
C

Jo O 10 1 , 1 Ii

,:)'.- Tr'. (4, 22) (1,;,; (I,J) , U = I,.')

C"

1 ,Lcx;',)

Di T-..1'1i [I L (39") ,3!I E (O)), LAI (JO.)) , T.Q3'.(-VD)

I , Y> (igO)

* J" i().) ,~ bL .),.) ,ZCi2 (..J'J)

-',.*,4 LA,: (.")) , _L.,N ; (.3" )

77
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-, (... ;?. it) , -

-' : A .,J)

A (L,J) = AJj7Fi)

1?4 A J?,J) , Z

DL) 1r"  J : ,

_ = X(L,)

X (L,J) : X ( 'I, )

15 4 (KP,J) : Z

23 (A J (A ( ,i) ) L. .2) ,C IG 5C

3 J :F(L n.3 .3 C T) _3

i i l = L+I

!>J, K = LP, J

IF (A (K,,L) .(.C.) Gc "c 3o

EAIC = A (F.,L)/A(Z,L)

1) 33 J L 1

33 \ (K,J) AA (K,J)-5Ai2OIA (L,J)
DC 35 J3 , [1

".(:i,,]) = <( ( ,J) -::K[ S'A (L,i) .

2 e: ,.,. 11, ij Z

j4 C ,):ii '4 7 I "
C 4

[I c~ :" ; lz

DC 4 J -

*1 ::?1 = i l + 1

Di, 42 K

42 3 : .3+:AilK) *( (,J)

.3 X(il,J) :('Y(n1,J)-5)/A(14,1)

i Dj

' i-.7.

76 -[
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1 1 T:: ( -1.: 1 3,12,13

12 1w I,. i 1

F" 12' J = 1,-

SJ A iJ)

13 1.F Q+1.) 15,14,15

14 DO l4j I = 1,i1

DO 1403 J = 1,'I

140 ( ,J) -A(I,J)

15 DO 15 I =

DO 1 '3.  J = 1I,A.

130 C (,J) *.(,J)

SEND

C

DO 1 1 1 1,:1
uO 1 3 = ,' .-

1 X (i,3) = ..

D 2 1

K? = O.30 C 1.,4 L" 1 1-,

.z:-S (Z J .~ ( N' J)) ,Gc 1c 2

11 = Ai.S A(KL))

14 pA 75 : 1

75.



DI .qSIL. NA (sD,"L), ,f L.( ,L 3 ) ,C (S N,1A)

DC 1 J 1 ,1

DC 1 J : 1,L
1 C(1,a) = ,,"."-

DO 1:21 i = 1

Du 151 1 = 1,1

DC 151 J = 1,:A

151 C (I,J : i,3) I A (II) J),,)

C

L

3 U 2 " i . I N F L N SI ) AC C , ND i)

D 1 3 1 = N

DO 153 I I J

1 3 C(J,I) = A(1,J)

747

I.

C

13 DO 133 1 =I,

DO 133 J = I;
1.J3 d (I,J) = 0.0 3::

74:



C E .7 :4?E 17K;;1 (1,j) = ? ( /'-I) EiE ?(K/K-1) =N)

tA ;.F(!. PV Kx , 1,. J) 1) 0 ho E (/; I

CAL

_, 1 U B N

C

C

SlP CIUT1NE a A (A ,., NM,C, N ,AC)
OMENgS MNa.a (W , IQ d), (NZ , .1j) ,C (W)3 10)

. DO 2 1 1

C D0 2 J=1,

C 2 (I,J) =0.

DO 152 i = 1 N

CC 152 J =1M

132 U(iJ) : , (i,) + a ±,J)

EN•

c

C

SJ.MCU2INE .U0 (:, ,N, ,CHD, D)

30 152 1 = 1

DO 152 J = I I
152 C(I,i) : A(I,J) - ,J :.'

RE7 u P J

E- 4 D
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LALL 2IECi? " , ..);CY 1, ...? 1,1:I D)2, : -: ID)

1 'TEA ,.. (2,1) I 193 (2, 1)/ 1"-

'EAP 2 ( , 1) =-',. il3 (1, 1) /DEI

C DC 27 T=1•

C .7 WIIT "(d,90)(EA ?.Z (IJ),J=,)
3 1 1;C i AT ( (f1".14 + 7) -1 )

17- (< S -2) 1 C1,1191 11

110 UIaE(J3,11 1)

111 FC,?.iAT (5[tKEF=2)

101 CALL 22CC (

C ,'C E HEE PK( (I,J) -r (/K) H RE K (/K)

C (I-,; () *H) P (K/K-i)

C. " LIE (3, 33). '

C 30 FC A, 1 ' Di ') --

C CC 25 I= 1 N

C 2 .RITE (3,9-) ) (iM P(IJ) ,J : ,N)

DC 18 J =1

1Jo 'I H I (I, J) = - 'I (IJ)

C .4 IT E (6, J7)

37 FC F Al (' HI ')

CC 4) 1= ,

C A L A, , L; b ,F 2, N N, T M E 'l,) 1 .. J)
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1~ ,.i2 1-,7122

1 ,':(12,1z),-i

i (12,12) ,P'.r (12, 12) , ' 1 (12, 12) 1

C 3( :) = '(it/k-1) H*:u * ?* (K/K-1) *EM + S

C PHE*P (K- 1/(- 1) *PAI'I +

IF (K. ' 1) GC IC o3

CALL T2AhN ,Ni,N,,FI1P,D ,TD)

CALL 2.C 7 F K , 1 I N , 1 F P C, " E I
CALL ~ ~ ~ ~ ~ ~ . P~C(H , F4,% 1},,' N U1,'t,1 DL D)

-4 LL P[3 .61 >, 'IF ?, I.51 .D, D

D 5 F 0 R .4(Al AAIJIX "'!KK 1 '

3C 3 )/2 r= I, N

1; -7t 16, 2')) (PK 'I 1 (1,J) ,J=1,";)

J0 2 E .E(4, )0) (F K 'i1 (1,J ,J l, ) 1:[

jo!j 9 C, L J.,UE..

CCA L T . L) D

C :C 22 1=I,""

c 22 F-ITE( ,9) (H(i,J),J=1,N)

F' A T- 1, 7E

O C>'T 31 7 1 .,

C A3r  D3 N'- 1 '7'A 23 z?:F (b, )) F ' (i,J) ,J=1,AD)

CALL_ 200,(,>£.,,, AP,N) ',ND,TDD) ,

C ~~7Z(~3u)
Jo ECL;AI (' 1; '7 HI ')

DC 24 i=l, 1"

71
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S

:L (I 'Li..) = 1: .oi{ 'iI ) C)

5; Cb 11 iK = 1,:.i

D ) 11 IC = 1,."

C2P(i3,IC).. = /2*ct13,: ) .-

1 ( ., [ IC) -HI(:i,IC)+Cc:2(1 ,IC) •

:FIL(.iP,iC) : :IL (I-,IC) *i/((I+1. )*(F+2. ))

*CC- (15,TC)
r1 IC)(Z, C =,7 + 1 *cc - (1CC

11 C = E (TP, ) +A / ((I. ) Cn. (i-b,4C)

Do lz p = 1,N

DO I; IC : 1,

33.
JU lz K ,,,

12 C[K,IC) : C(fiHC)+A(I?,K)*CC(K,IC)
: F+1.

Do 13 i :

LO 13 Ic 1, 'I

S A i ..

70-

Do) 14 IT7 : I,N

Lu 14 .iC = 1 ' .

C -' L .. CICKE,. ".-..~ C ?IiA~LA A.. 1

. ...... , ...



4 7' L EC C", """

,:4 ) -;C:1 AT( 4 aF .)

*1 x, i .;I ... .: D, Z r: ; ',-5_., LAL , ,t 'X I i-')i D" ':'' i".l

•LCNG(i),L~i(I) ,'Q(I) , E 1 , )

Eb
(LT

A3 ZC -:A.VAT (A 1 2)

C

IT, E ( , 10 P.) K

1 2  1~ 2) IC) 71
D b J=1, 1

5 CC7.1C.NUJ

K CT (3, 3c)"•

.... ~ ( ,/,3X,'CCV. 'A. OF23DC. ~ 3:. ) -
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[VST = I.=_-7

DO 1 :" = l

DC 1) IC = 1 ,16
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L410 FCAI :('1')1

C C-:iL (LC2 .1 ,, 1 1)

(2 ', CJL ' PLI 1,G31 ..

4 10 F (C, 2 A C)

, 7777)

C CALL PLUG (I .'C, 1. P 1.-', I)

c C L L L P , L , I ,., 31

t .?i iE 4, 7 7 77

C, CALL tLtg? ( 1-1EY ',3JN, 1)

to < A L L P / 'S 7 Y27- N ,3

LC N3 (L L-1) 1 0

L i, (LL) = 13

LA Y: L-l :J.
LAT (LL) =-J

L[i1'-S (4,77 17)

CALL PLCiIT (LCNG,LA:,LLI)

c CALL 2LC I(i,J J)

C A LL L C ' (IC ,LA':,LL, 1)

C CXLi. ?Lc.? (P:L, CLi,. ,'-)

'C ,iJF 1 E ll17S . TLC FLCI FL EFC D. L A

:I* H .,24 d) 11,4 (1,1) ,F (1,1)

";,,,1 AT " [ ,J ', 1( 1):',F ) 3,3X,' 1,1) :' 7' 8 )

I, L ,l Li -.
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3 , Z , N),
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3/gN (L. TE21)
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/3 rN {2.* iiE1)

3x= ( (2KI2-<) *. 5)

P1=3. 1 4 1 D 5/12

c:=ccs (7/1)
3 .1 = s, i" 1

2C 10d.Z 1I L LI1

X ( I E L L I ) =S .* C O S ( P * Y(I ) * C --S Y -i -( 2 1 l ' v ) -S7 .Y 3 7 - )

1981 iiff(I9,1962) XD(:3LL:P) ,Y(iILLII?)

z.222 C C1{.T I U E

C '=*4- ;,,iLL i:h' 2'CJ].c
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66

;I" " (: - 5



08



4

BIBLIOGRAPHY

Kirk, D.E., "Optimal Estimation: An Introduction to the
Theory and Applications", Mimeographed Notes for course
EE4413, Naval Postgraduate School, Monterey, CA, Spring 1984.

Maybeck, P.S., Stochastic Models, Estimation, and Control,
Vol. 1, 2, New York: Academic Press, 1982.

I<

81

"I

......



INITIAL DISTRIBUTION LIST

No. Copies

1. Library, Code 0142 2
Naval Postgraduate School
Monterey, California 93943

2. Defense Technical Information Center 2
Cameron Station
Alexandria, Virginia 22314

3. Hellenic Navy General Staff I
Geniko Epiteleio Nautikou
Stratopedo Papagou
Athens, Greece

4. Professor Harold A. Titus, 62Ti 2
Department of Electrical and Computer
Engineering
Naval Postgraduate School
Monterey, California 93943

5. Professor Alex Gerba, Jr., Code 62Gz 1
Department of Electrical and Computer,
Engineering
Naval Postgraduate School
Monterey, California 93943

6. Department Chairman, Code 62Rr 1
Department of Electrical and Computer
Engineering
Naval Postgraduate School
Monterey, California 93943

7. LT Pantos Theodore, H.N. 1
Vassileos Pavlou 30, Palaia Peudeli
Athens, Greece

8. LT V. Martzoucos, H.N. 1
Leoforos Galatsiou 115
Athens, Greece

9. LT. V. Tsafaras, H.N. 3
Dagli 27, Kifissia
Athens, Greece

82

0<



S

S

0

S

SFILME
S

S

DT~C
S

S


