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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).
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I. INTRODUCTION

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 gquite randomly in time.
Meteorologists like to present their forecasts equally
spaced in time.

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
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
noise covariance matrix, R, the excitation covariance, Q,
the initialization covariance of error in the filter itself,
P(1/0), and the transition matrix, ¢.

In most physical processes that one desired to track,

many of these parameters change during the process of
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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 of 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 f
observation error was established (PCN #).

The error covariance matrix in terms of error ellipsoids %ﬁ:
along the track gives a measurement for the worthiness of ‘ i

the algorithm parameters. S




TN T T Y I, e T —

AL I APu AU ik A A PRl S Al Mgt Bt g sy s oo S SR R

IT. KALMAN FILTERING TECHNIQUES ;

In a linear, discrete system, the state and measurement

equations are given by

®
X(k+1l) = #(k)x(k) + Tw(k)
and
[ ]
z(k) = H(k)x (k) + vik)
where x is the state; ¢ is the transition matrix; T 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: ;Ti
e
E{w(k)-w (1)1 = Q(k)o, . .
- had k3
and o
°
Elv(k) v (3)] = R(K)5, . o
and
e
E[w(k)] = 0, E[v(k)] =0
where Q(k) and R(k) are covariances of excitation and
. , ]
measurement noise. Now if g(k) is the estimated state e
value after the kth measurement and Q(k|k—l) is the lk?f;
predicted value of the state before the kth measurement %ﬁ;_:
®

we have:
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X (klk-1) = E(Q(k-llk-l),k-l), where f is any function.

state e¢rror vector is defined to be
A
X(k) = x(k) - x(k)
the predicted state error vector is defined to be

Tixlk-1) = %

(k|k=-1) - x(k).

covariance of state error matrix is defined to be
p(klk) = E(X(x)-X (k) 1,

the predicted covariance of state error is defined as
P(k|k-1) = E(F(k|k-1)-&T (k|[k-1)1.

state excitation matrix is defined by

Q(k) = (k) E[w(k)-w (k)] -LT(k),

the measurement noise covariance matrix is defined by

R(k) = E(v(K)-vT(K)].

Kalman filter equations are:

PL V= a(k)P(k[K)eT (k) + Q(k)
Glk) = P x=1)HT (k) [H(K)P (k| k-1) BT (k) +R (k)] 7*
P(k|k) = [. -G(kK)H(k)]P(k|k-1)

10
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TABLE 3

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE
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BEST TRACK DATA

TINME
1806400
1812.00
1818.00
1900. 00
1906. 00
1912.,00
1918.00
2000. 00
2006+ 00
2012.00
2018. 00
210000
2106 00
2112.00
2118.00
2200, 00
220600
221200
221800
23006 Q0
2306.00
2312.00
231800
240000
24064 00
2412.00
2413.00
2500.00
2506 00
2512.00
251 8. 00
2600. 00
2606. Q0
261200
2618, 00
2700.00
2706+ Q0
2712.00
2718.00
2800+ 00
2806400
2812.00
2813.00
2900« 00
2906. 00
2912.00
291 8. 00
3000. 00
3006.00
3012.00

TABLE 2

BLAT
3.80
4.50
4,90
S« 90
6«40
6.70
690
6«90
7.00
730
7«50
780
7.90
8.10
8.30
8460
8e80
9.00
9.10
9«20
930
Fe30
9,70
9.80
9.80
F.90
1010
10.30
10.50
10,40
10.30
10,50
11.00
11.50
11.70
11.80
1190
12.00
12+.40
12,90
13.30
13«70
14,10
14430
1420
14,00
13.90
13.380
13.50

18

8L ONG

160670
158.80
15710
155.50
153.90
152- 40
1S1.00
149,90
148,70
147.60
14650
14S5.50
144,40
142.90
1al.30
139.50
13770
136.10
134.80
133.50
132,40
131.40
130.40
129.50
128.380
128.20
127.70
127.20
126,80
126620
125.50
124.80
124.00
123.50
122.90
122.29
12130
12040

T
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TABLE 1

OBSERVED DATA (SATELLITE FIXES)

TIME LAT L ONG
130400 3.70 160.90
1809.00 4.00 160. 10
1818.00 470 15770
1900.00 S5.30 155,50
1903.48 S5.80 154,30
1906+ 00 S«80 153.90
1909. 00 6.00 152.60
1916.33 6«70 150470
1921.00 6.80 150.00
2000. 00 7«20 149. 60
2003« 00 7.20 149,30
2005.18 750 149,10
2012.00 700 147.40
2016421 7.20 146. 10
2018400 7.20 146+ 00
2021.00 720 145,70
2100.00 730 14529
2103.00 7.50 145.00
2105. 06 3,20 l4a4.40
2106.00 8.50 144,00
2112.00 780 143.00
2116.00 300 141,90
2117.51 8.00 141.70
2200 Q0 830 139.30
2203.00 8.50 139.00
2204454 850 138.10
220600 Be50 138.00
2212.00 8. 60 13590
2216+ 00 8,30 13470

. 221740 9. 00 134.20
: 2300.00 8.80 13360
2306.00 9430 132.30
2312.00 F«40 13140
231 7.28 950 130.10
2321.00 950 129.60
240000 9.50 129.50
2403.00 9400 1290
2406413 9.80 128,70
2412.00 9«70 128,20
2416+ 00 9.0 127.80
2413.00 9470 127.60
2421.00 9.90 127.40
2500.00 10.00 127430
2503. 00 10.10 12710
2506.01 10.10 12630
2509. 00 10.30 12670
2512.00 10.30 126430
251 8. 00 10«40 125.50
2521 .00 10.40 125.10
260000 10.30 124.50

Y
L
17
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magnitude of the gate LVEjk k-1) + R) resulted in changing
the values of the gains. The above correction makes the
filter more adaptive now and the errors EBl 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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X(1/0) =

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 ®
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(l,1) 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 » :
appears in Figure 3.

The errors EBl and EOBl represent (YH-BLAT) and
(LAT-BLAT) respectively. They, along with EB2 and EOB2 »
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 [ ]

of the latitude error the K.F is close to the best track
values.
In an attempt for better performance the Q [ ] 4

matrix was changed in the algorithm. Also the innovation iifﬁ

errors, in terms of latitude and longitude, exceeding the

15 1
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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.

The data in the K.F algorithm parameters are:

1 0o DpT 0
0 1 0 DT
¢ =
0 0 1 0
0 0 0 0 |
DT?/2 0
0 DT /2
[" =
DT 0
0 DT
100 o 0 0
0 10 o 0
P(l/O) = 3
0 0 10 0
0 0 0 10°

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!' Xcos® + ysiné

]

y' ycosé - xsing

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

6= 1/2 tan I 220""‘5 )y
g - Qg
x = %

where cos(x,y) = Plz(k k-1)

2 2 _
o, = Py (kfk-1) and o, = P22(k|k 1)

The new variances are calculated by

o. + 02
2 _ X Y 4 cov (Xy)
7 x 2 sin26
2 2
oo+ ¢
2 _ X y _ cov(xy)
Ty 2 sin2d

Incorporating the above equations, error ellipses are

presented in subsequent figures with the satellite tracks.

13
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IITI. ERROR ELLIPSOIDS

The error covariance matrix in each stage of a Kalman

filter process gives insight into the gquality of the track

occuring.

F The diagonal terms (Pll

# uncertainty in our knowledge of latitude and longitude. Their
+f

and P22) are the variances of

X respective off 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.

The joint probability density function is:

1

o-1/2eT (k[ k-1)P7F (k[k-1)e (k| k-1)

where e(k|k-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
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]

2(k|k-1) = (k)% (k-1|k-1)

]

Bk |k-1) = H)H (k] k-1)

: fklK) = £(k|k-1) + G(K) 12 (K) -2 (k|k-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.
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ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE
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V. RANDOM TRACKING

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

created. The equations for this simulated storm were:

BLAT(s) = BLAT(S—l)—Vx'T

BLONG (s} = BLONG(S-l)-VY'T

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

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

where T=6hr, Vx=10°/24hr, Vy=5°/24hr and V = measurement
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 Gl1l
and Gl13. This approach gave stable values of 0.27 and
0.01 respactively 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)—Q(kik-l)) is

31
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weighted each time by the same gquantity 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 EBl1 (YH-BLAT) and EB2 (XH-BLONG) are
nearly zero and are smaller in comparison with EOB1 (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.
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TABLE 5

TIME BLAT
1800.00 160.00
1806.00 157.50
1812.00 15500
1818.00 152 .50
1900.00 150.00
1906.00 147650
1912.00 145 .00
1918.00 14250
2000. 00 14000
2006.00 137.50
2012.00 135.00
2018.00 132.50
2100.00 130.00
2106.00 12750
2112.00 125.00
2113.00 122.50
2200.00 120,00
220600 11750
2212.00 115.00
2219.00 112.50
2300.00 110.00
2305.00 10750
2312.00 10500
2318.00 102 .50
2400.00 100.00
2406400 97.50
2412.00 95«00
2413.00 92 .50
2500.00 90.00
2506.00 8750
23512.00 8500
2518.00 82.50
26500.00 80.00
2606.00 7750
2512.00 75«00
261800 7250
2700.00 7000
2706.00 6750
2712.00 65.00
2718.,00 6250
2800.00 60.00
2806.00 57.50
231200 5500
2818.00 S2..50
2900.00 S0.00
2906.00 47.50
271200 45.00
2918.00 42450
3000.00 40.00
3006.00 37.30

33

BESTRACKX DATA

B8LONG

3.80
2.80
1.80
0.80
-0.20
-1.20
—2.20
-3. 20
-‘.20
—5.20
‘6-20
—~7«20
-8.20
-94,20
~11.20
-14,20
-15.20
~16.20
-17.20
-18.20
-19,20
—24.20
-25.20
-30.20
-31.20
-33.20
—-34.20
-37 20
-39.20
—40.20
-41.20
-42-20
-43.20
—-44,20
-45,20

T

POr N PRrwar |




TABLE 6

OBSERVED DATA

TI4E LAT
1800400 160.00
1806.00 157.30
1812.00 15492
18313,00 152.71
1900.00 150.03
1906400 147 «63
1912.00 14495
1918+ 00 142,61
2000,.00 139 .99
2006400 137.26
2012 .00 134.62
2018.00 132.39
2100, 00 130.31
210600 127 .37
2112.00 12519
2113%.,00 122 .44
2200400 120,19
220600 11740
2212.00 113 .87
2218.00 112.92
2300.00 110,03
2306.00 107 .65
2312.,00 104 .83
2318.00 102 .9€¢
2%00.00 99,90
2406.00 9765
2412.00 9S «29
2418.00 92 .44
2500.00 90.51
250600 87.18
251¢c«00 84 <84
2518.00 240
2600.00 80.00
2606400 77.78
2512 .00 75 08
2513.00 250
2700.00 69 .96
27036.00Q 67.22
2712.00 64,79
2718,00 62.75
2800.00 59 A3
230% 400 57«37
2912.09 Sae72
2813 ,00 32 .43
2900.00 50.06
2905 .00 47.91
29124090 44,38
2918.00 42.53
300000 40414
3006 .00 37 .26

34

LONG

380
2460
172
1.01
-0a.17
-1.07
—-225
—3.09
-44,21
—Sed4
-6. 58
—-7.31
=789
=9+ 33
-1330
~-14.33
~-14.78
-16.17
-17.05
~18.37
-21..05
~-21,91
-23.26
-26436
-30.12
-32 24
-33.48
-34.41
—344.95
-3637
-4Q0.14
—-40,79
—“3'12
-44,06
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TABLE 7

ERROR VALUES IN TERMS OF LATITUDE AND LONGITUDE
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TABLE 7

ERROR VALUES IN TERMS OF LATITUDE

AND LONGITUDE
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VI. CONCLUSICNS

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

[E(k)-é(k]k-l)] is compared to the gate [\/B(k;k-l)+§(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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JE= 3
YALiTE (e, 1c€2)dx
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) »1
59 o
1




- W — T R O P T ——— 3 5 - —

-~

()

so312% 2=1,4
5123 (i, 3) = J.
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¥{2,2)=.029001
Cail PHIDEL(DY,4,L,A,Z,PHI,DEL,T1,02,52,43,00)
JEITE(8,97¢€)
$79  FCIIMAT (/! PHl )
AxITIE (4,579)
2C 3579 I=1,1
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C

[N e

(@

SU25

403

TOTAT (Y LAT(TYy ,Leas (X))

3, 30) 1T (8, L83 ()

)
WRITE(4,E311)
WRITE(4,50) (2(J),Jd=1,H4)
NRITE(3,3611)
WRITE (5,99) (2 (J),d=1,%)
CALL 3UB(Z,Z¥X11,4,1,5,40,4D)
AZITE(3,SU45) TIMI(X)
ITE(3,8310)
WIITE (3,3029)

FONAT (/O © ke kAT kok kAR kg ek kR Rk Ak E R L &

L)

YRITE(3,97) ( 2(J),Jd=1,%)
F(K.LZ.1) GO T2 2204
GAIR= (2F451(2,2) +3(1,1)) **.5
ATE J1T.0.) GC I0 2203
G (d,2)=0.5% (1246 {2,2))

A{2,2Y=10020.%w(2,2)

4

I {ADBS (E (<)) -G2

3(8,2)=0.5% (2.3334G(4,2))
SILAAT(1, 1) =Z2%En&dA (1, 1)
PEANT(2,2) =2%EKKX1(2,2)
PEXXT1(3,3) =2%PKKY1(3,2)
SKXAN (4, 4) =2*DEENT (4, 4)
SPITO (4,2 132)GALL, 7 (2)

, JV32)GATE, E (2)

SATI=(S4TA1(1,1)+2(1,1)) **.5

ABS (2 (1)) =3ATE .L7.0.) SC IC 2204
)=u.5%(1.2+43(1,1))
)=10060.%a (1, 1)
) =).5% (Ve 333+6(3,1))
XAAT(1, 1) =2%EKX11(1,1)

DU AN (£, 0) T2RORAIN(L,2)
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z SANAV(S,) =l aa T (2, D)
< ERLAT (0, 8) TIEERZA) (a,4)

L.

C WETUE (4, P11 GATC, ()
SPIIE (s, s 31)CAY I, 5 (1) -
9191 pUT AL (9, YEFTCT 5T SATL. GATZ= 'V, F10.0,3%,07(1; = !
)
9192 FCRAAT (A, '35503 3T GATZ. GATE= ', 510.4,2%,'2(2)= '

11,7104, 744X ")

e . .
T :
U I S R R Ry U

< G11(X)=3¢1,1) ]
< 331 (4) =543, 1)
C D2 3022 I=1,u

[N}
to

WRITE (4, 59) (SAKA1(I,T),d=1,4)
274 ARITE (4,59)
VEITE (3,59)
33 TosuAT(/Y HAIRIE 5 1)
SPITE(3,98) (5:1,3),0=1,4)

3024 ARITE(4,90) (G{1,Jd),J=1,M)

—~ m— e

RAITI (4,00 10) :
c2 1 TUXAAT (/Y © ) A

W ITE (3, v0) (S (1), 0=1,0) ,

Wl lii (4, :0) (2(J),d=1,%) ‘

CALT 2200 (5,0, i, 1,53, 50,12, L) L
C WOITE (4, 30) (SE{dY,I=,0) va;

Call ALD(T£AMY,3T,0, 1, 08K, ND,12) \ j
C CALL DAUC(PHT,VEE N, 1, KKK, W, 10, L0)

W lIE (0,001 ?fl:

WE LTI (4,11
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313

EL AT FEa ')
SERITI(S,72) (K75 (0) ,d=1,1)
WIITE (4, 30) (KKK (), 321,
311(K) =6 (1, 1)
531(%)=3(3,1)
211 (K) =BXX41 (1, 1)
K11 (K)=£8F (1,1)
T (K) =X¥& (1)
A (&) =4KK (2)
KTIMT=INT (1142 (X))
$ETINE=FICAI (XIIYE)
LT(RYTIAZLWELTIAE (X)) SCI0 2613
ZIJJYLHK (¥)=JUL4E
EORT(K) =12 (K) -LAT (X)
ZOB2 (%) =% (X) ~LOANG (X)
CONTINJT
ATITE (4,3812)
HPITE (¢, 8512)
FC41aT (/" XKEAD ')
WRITE(8,00) (XEXA1(T),J=1,4)
BRITE (4, 39) (a5%41(J) ,2=1,30)

IE(ILAT(R)=LiaTu.)) 3¢ 10 9937

17 (B5~TL4F (K)«Li.0) 3C 1C Jtao

IF(328-TI178(X).31.9)30 TC 3039
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5312
THD (K) =XEXT (1)
SHP (K) =XK&N Y (<)
28=1530+ L1#100

2015 LC vedsw I=1,4

Jedh
Er=as+¢

2297
TRGL (XXV) =4KK (1)
KEAh (KKRK)TAKX (o)
Gu TS Ind

LS Cl=zo= (15001 0%10))
AFILI (4,500,

A —

UL

Cd e
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9
"l
WTITINZ ey, L
Do FL2TNI(AL, 0, P10, SEEYL,T 04,0 INET)

3770

e 34

43¢

15 (SC=24.70-0) 30 1. 5702

IT{(I-4.0I.2) 50 IU 024
IZ(DIA5(S+1)-22.0T700) 6C 795 Y034
cu=cL-2+4+17¢8
IS{ITAZ(X+#1)-cZ.L2.d) SC 10 Yudad
IF(38-TIME(#).20.0)5C QiC 965138

WOITE (4, 351.)22,001,1T, %

WEITI(A,3008) B, 000,07,

FUTIAT (/. TTE U, ENS.a,v 30T= TLE1).4,0 NE
vox=t, 1D

CALL PYTOLL(LOI,N,Ll,A,E,34I,2EL,D1,02,140,142,12)

-y N et e
CALL 27un (8L, ne

>

sy 1,88 K86 ,98,40,L03)

a2lIi(c,4312)
SL2ANT (/0 CREMC
35 LIGE(X) ")

NATTI(3,37) (R~%do (J) ,d=1,4), 38, 0747 (X)
WEITE (3,4012)

WPTII(4,50) (R€EAD (J) ,d=1,8), 36, [L4T (¥)

-~

TEWS (XX48) =4K& 18 (1) '
KKAG (K6) =(EEAO (£)
Jh 23 REAE=SRYR o
e .
o T L
n?,[.??(#,;*(’““) ‘:
$253 FOAANT /., YXh LEE KK @2
4
L") ]
NFITE (4,9 )) MF A0 [XRNK) ,XENA (€RY) ,XSXF, 23, T2
ARAEERS e .
RSN ¥
4
GhA4 LONTIuUE ..
WATTT(3, U5 T
WG LI (v, VYY) (KFE R (JY LT, 0) g, TLAT (4) ) -7
<
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e ——

SITT (4,00 (VT

W 15 (e, rus0) L
Yecso FueltdI(54,! T, 1)
I
.
5T *I3
LETIME(K+ 1)y -1T x0Tzt
S=IIAT(Ke2)=13%10=-12070¢0
ci=3-1
Ja=o
- anIlce(3,765)3K
AR TIE(4,35%)
AP ITE(3,558)
< 20 3J):22 I=,w }
¢ KRITE(3,90) (EXFi(I ),J-1,‘) .
NI P, ‘71”'(4,33)(Y(FX1(A,J} , N

CAlL 7EIDEL(DI,\,Z,A,&,?HI,DEZ,DI,DZ,ND,XQ,LD)
¢ Call TRANS(CEL,N,1,02Li,N0,4T)
¢ CALL 2202 (SSL,0ELI,u,1,N,0 ,N0,%0,02)
< CALL CL@Sl(H(1,1),C,N,X,;,Fu,. 2) ]
C LorLoLDLICLOLLLCICICLOLDT 2LEsL 3L RN 3L SIDLELoL 2L
N
N WEIT (4, h59)
C WELLE (0, 244)
< SO 71+ I=1,0 :
- RIS (4, 0) NI, 0),3=0,) E
S713e JFLLE(R, 30y {0 (I,d),d=1,%) g
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3 ST (V3,1 47500
312 PRt DONES I
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ek CALOILATES SUZIANG T

*am [VE=(RAL, I1XC=MCAThH
rxEx Tga=ICUR JF DAY
I¥3=13%352

h
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15,120

AE-12A*%150

L}
[
oy
]
(K]
pet

,JUIak)

CALL YWTOCEN(IYZ,14C,I0A, Td:,d0LHE)

KB

END

t

AT

A=0AY,

1

Eokok ok ok ok ok R X &

=

15302

SUBRCUTING NMACEN(YEAF ,AC,DA,HF,JdLd™)

*&® CALIFL Y SJUCERCUTINE
xx CLLCULATZS JULIAL ZaA

INTRGTL INID (12) ,:kak,CA

ID= (YTATP=1900.) *%2h5.023-

IADD=D

IF(A0D (YEVE, 4) .G6T. 0) 36
iAZD=1
SVE JiULdA = INID(10) + Da +

[e: = 24,

1*
.
L

+
i
=
—
3
=

LTEAE=YZAL-17])
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Co*%& JJLIAs TILNI AN wfIlis Tel CATA 1C TUI PILZ
CoREx ONLITID C2ATAY.
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36 1Y J=1,59

N I
MEVEONEIE B SCIN |

£T14313))

CALL JITTIMI(LeZ51,143)

I3JUL(J)=1cd

IF(ISIINL (). d2.I53JUL (I))507T¢C

ELI(I)=Tu(l)-bo

AT (J)
Se2(I)=XL(L)-ELCKS
081(Iy=YE(l) ~La1 (I
T0L2 {I)=XH (L) ~1ON

021 (1)=LAT(I)-Fial

Fus2(I)=LoNG (1) -CLONG (J)

JTIME(I) =IEJIL(J)

CONILNIE

CONTINGS

- N L

P~

F(14,250)

T
WIILE (0, 290)

1

J

FOCAAT (/10K P ITIAEY SR, P S0 o, s

YIop 1, 5K, YECE2)
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,50
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TZ(JII42 (M) -55.0)3CTC
0,300) (JTL4F () ,ERT (), EE2(N), 2001 ()

Sy .

LU i

yFG3c(a))

G ITEATN 3Ny (JTUAE () L E2T (N
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SUSRGUILIOF SaTAD{A,N,M,ND,40,12200)
DIMELSION & (N3,4T),IEZAL (1)
Tu 13 I = 1,3
13 FEAD (2,20 (A(Z,0),d = 1,4)
<0 FOPAAT (3EIC. 2
IZTJRA
A0
<
-
C
“

STUBRCUTLAE *unlTri(A,i,Y,00,4%0,1ia8[TE)
JIATNSICN A(ND,MT) ,1aBIIE(10)
3019 1 = 1,4

ARTTE(4,22) {I,39,8{1,3), ]

i

]
oy
-
S
~—

IV WRITY(3,23) (I1.,3,3(1,3), I

|
—

-
~

) ELNANT (2=, (M, T, T2,y = Y L,1EE1YL5))

L
SHo U INE T (3LAL, 0l CNG, 1147, e T E, aui,Th,LAT
1 ,L0M3)
SLITYSICN LT4E (3)7),3TINE (30)), cLAT (300) , 21046 (2)20)
1oL (300)
CTRSNSTha (HA(SIN , T2V (20l) ,EE2(390) (JIE3UL (33))
1,501 (398) ,
O30 yEL e T {(5uy) L, 2C32 (50 D)
STALES LAT (2)) L LANG {20
“
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14

15
20
32

31

34

+ )

JTO{LL.TLIT) e T2l

t
“

oo 1e 3 o= I,
L= AL, )
A(L,J) = asr,0)
4(%2,J) z

W0 15 g = 1,k

= X(L,d)
X(L,Jd) = X(Xt,J)

o

IF(A(R,L).3C0.) GG IC 3o
AATIC = A(4,L)/a(i,L)

o) 33 3 = LE,

AV(£,J) = a(€,J)=-5AT10*A(L,.J)
2C 35 J = 1,\

L, d) = A(F,d)mda IR (L))
Cudllaid

CONTIVUEL

¢ 43 1 0= 1,4

3= SHA(I1,5) %4, )

X(11,d) = (i(11,d)-3),/4(27,20)
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At T

12

129

13
14

143

15

[ 3]

1)

[l

IT (=Ve2) 13,1.,182
o led L= 1,

1,14
<{l,J) = A1,0
RELJRN

IF {2+1.9) 195,114,195
DO 140 I = 1,d

DO 130 J = 1,4
S(I,Jy = -aA(I,Jd)
EZTJ%u

30 159 I = 1,4

CO 180 3 = 1,4
C(I,Jd) = ¢*5(1,J)

RETURU

-y
-
[N
(9]
[
]

L3O

STBRCITINE "FCIZ(N,E3,A, %, X20,1)
CIAEN3ION a(%,M),X (4,1
50 1 1

4]

]
— -—

wo 1 J P
X{i,d) = Q.
G2 2 o= 1,
{7,y = 1.

ple J+ L = 1,4

K2 = 0

Z = 0.

L¥ (2.GEJABS (A (¥,Jd))) aC IC 12
. = AE3(A(R,L))
Lp = ¥

Codlinie

75

Wy ———




5UNACUTTWF SEOU (A, S, 5,0,1,0,42,492,1L0
DIMENSICN A(LD,ML) ,2(™C2,L2),C(NC,12)
o1 1 = 1,1
3¢ 1 J = 1,1
1 c(1,3J)y = 0.
J0 121 1 = 1,4
" 1€t J = 1,1
5C 181 % = 1,4
151 SHIL,9) =C(ILI) ¢ A (i,K)*3{%,T)
b2 LUSN
Zd)
C
c
<
STRBERCULTINE TaANS(A,3,4,C,N2,20)
DI*FENSICH A (ND,M2),C(20,0)
o6 183 1 = 1,4
CC 133 J = 1,1
123 C(J,I) = A(I,Jd)
FETURN
TND
C
o
<
<
SUBRCUTINE CCONST (2,A,N,%,C,8D0,4D)
DIAINSICYN A(ND,Y%C),< (M, ¥D)
IF(g) 11,19, 1
13 20 139 I = 1,3
DO 129 J = 1,4
159 S(I,Jd) = 0.0

74




Sl e aad Aih e aa nan st ubel eam sacsvet codh il S U MMM see el atel i SRRl Sl AL A A LA — i T

33 FCIRAT (Y I -5 1)
c L 335 I=1,)
C 3% WRITE(u,32)(I5.0(1,3),0=1,4)

-1

C NCTE O AZEFE BPREAV(I,I) = 2 (K/¥%=-1) waEki P(Z/3-1) =

CALL 9200 (TEZ2, 2¢%%7,5%,N, ), 5%%,NC,*C,19)

ni

c

coC0

STuRCUTLINE ASD(A,3,N,4,C,¥D,4D)
DIAENSION 4 (42,4C),5 (32, 40) ,C (4D,1D)
= 1,

1,4

(@I
v
C
(] )
Co b
il

2 C(I,d)y =9.

&
]
——
n
[\
4
|

1,4
oC 152 J = 1,4

132 C(L,d) = 2(1,J) + T{i,d)

C

C

c

C
SUBECUIINE SUB(A,E,N,%,C,4D,4D)
JIMEZ0SICH A(ND,1L) ,B (AT, ¥%5) ,C(ND,40)
30 132 T = 1,4
DO 182 J = 1,14

152 C(I,3) = a(I,d) - E(I,J)

EETIEN
END

c
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C 2% »2L75(3,90) (TE4P1(L,3),2=1,4)

Cill aTo(13421,5,4,4,[54c1,80,4D) -

CaLL 25CL2(%,0.300C0301,17421,T2422,%k5,10) ]
L (31921, 1) =13523(L,2) /057 :
N TEMP2 (e, 1) =~T5423 (L, 1) /Cil
C IF422(1,2)==1E423(2,1) /LT -
< TEAPZ (o, 1) ==L1i823 (1, 1) /DEI -
< WRITE(3,31)

(@]

.

(]

(@]

I 47 I:]'“
¢7 HFLTE(S,30) (TE42(1,3),3=1,1)
3T FCotaAT (! (E24 +5)=11)

01,119,101

101 CALL 230D (LEME,:EH82,0,M4,4,5,%5,40,L0)
NOIE HETE DRX(I,J) = E(E/K) WHIRE 2 (X/R) =
(I-5 (%) *H) €D (X /&~ 1)

CALL PECD(S,u,4,1,0,I808,N3, 4L, 1LT)

WEITE(S,3))

30 FCRYAT (' Gli "
CC 25 I=1,N\

25 wAITE(3,90) (1242 (1,J) ,J=1,%)
o6 104 I
20 198 J

1Jo 124°(I,Jd) = =-T842(I,))
AGITE (3, 37)

W
-—
-~
s

1
—_
-
-z

37 ECEAAT (! HT '

CC 45 1=1,4
45 WRITE(5,90)( JAI(I,N),J=1,1)

CALL ADD(HI,TE22,N, N, TENE,ND,HD)

ARTITZ(8,33)

72

e
PR
o«
L4 4 4

e
.
vary

s
’
PPN O

. o

daatalnaindi '.l




NIATUSION SN2, ), 2V, 1), 12,12) , 5 {12,12)
1,7 (12,14,
1 4I(12,12) k0 (12,12) ,TE%2(12,12) ,IE421(12, 1),

HEHL(12,12) ,EHIT(12,12),372%11(12,12)

C (%) = P(hyK=1) %% (2%D (X/K=-1)*¥E] + 3)
< DHI*D (K~1/4-1)*#2dIT + C
IT(K.Z2.1) GC IC 3305
CALL THANS(FLI,N,N,CHIT,NU,M D)

CalL 2xCC (KK, HIT, N, N8, T390, 520,90, 10)
C(E5L, F42,%,8,%,I04P1,4L,4D,LD)

(F421,0,6,%,35%41, 82, 4D)

CAaLl
CALL ACH

{
WBITI(3,559)

555 FURMAL (/! AATRIX TFXA1 ")
oC J)AL [zll\x
BRTTR{5,29) (PRXA1(I,0),d=1,%)

3022 WELLSE (4, )0 (BEK41(1,d),d=1,)
935S CowT1dUE

CALL Tadws(h,d,n,d1,50,90

¥

C oIz, 39)
24 TOZMATH! u ")

C Lc 22 1=1,

C 22 ARiTE(3,9d) (H{LI,Jd),J=1,%)
29 FUPANT (127E11.4)

C SITZ(3,30)
So IuafNI( o'l ")

< 23C ¢2 I=1,X

C 23 wellD(®,33) (R1 Jd) ,J=1,4%)

( (81 (1
CALL 2.0D(2%X%#1, nL,4,~,.,1£w?,n:,~:,L:) R
CALL 2200 (E,1242,9,5%,4,12481,N7,4D,12) T
C GWFiTI(A, 39) o
is FCa“aT(' L % HI ') !
C CC 24 I=1,M B
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COR(IT,IC) = T/I*C(I3,Ic

PEI(IL,IC) = PHI(IE,IC)+CCR(Za,IC)

IEIL(IR,IC) = ITIL(IG,IC) ¢TI/ ({F+1e )*(F+2. 1))
#CCF (15,71C)

TEPA(IS, IC) = TERG(IP,IC)+T/(Fe1. ) ECCE (Is,1C)

MW 1z IP = 1,N

CO 12 IS = 1,n

Wi
(o)
.

C(i3,1Q)
JO 12 £ = 1,%

C{I%,IC) C (I, IC)+a(I2,K)*CCR{£,IC)
Fo=orel

20 13 ix = 1,4

30 13 IC 1,N
IT(A23(CCL(I5,4C)) e 3T IRST*ABS(PHI(L2,1C)))

[ A W
- C
— —
& -
[ =
[N |
1] "
a— —
- -~

[y ==

IS OLHEI CPIIATY SAIN MALEIALA Awc oI

STUSHCHIINE CALN(BAR,I%220, 0,7, 00,8, ,M,5,.40, 40
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1)

SAZ0 B SAAT (VINDEXY, A, VTTATY 4, S e, s, vy

®onh, VAHDY 54, VLONGY 0, Lalt T, het)

-
. . e - C ot e
C JALUEs o ¢l ZLCLIIZO

SETITE (10,4430) (I,2142 (1), 311(1),531(1) f2H(I),L532(D),
2LCNG(I),LAL(I) ,X#(I), I = 1,33)
C
<430 FCIUAT (I4,3F35.2)
C

I I I s Y T Y R s R R R E S R S EE TR S R R R R R

WEITE(E, 13154
< ALIZ2(%, 1) =

35 63 J=1,N
AZITT(3,3C) (5(J, 1) ,1=1,4)
65 CoutTINUA
FITE(3,10)
1o FOO4AT (' ',/,3%,'CCV. ®AI. OF DPRZDICTED Z3II4AIT' )
£C 15 J=1,%
WTLIE (R, 9) (S¥KI1(I,I),11,0)

2.
r

1o CCuilnidz
cod 37072
24D

Cad wdm AW AR AT il AL AR AN WA T A NAMI AN A dd A dalninn AV

<
STonGTTINE SULDTL (L, ted, 2, 20l 000, 01,22, 50, 40, L)
CTASNGTON A(12,12) ,u (e, 12) , 231 (12,00)y 052 (12,12),
* TIna(12,12),
0N (12,12),C(12,12),01(12,12) ,22(12,12),T7iL (12, 1)
[73T = 1.3-7
T=1.
DO 1) In = 1,)
NC1Y IC = 1,
sai(in,iC) = 2.
A4 (Iv,L7) = 1.
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(@}

()

[l

2, 30CE) (LT EA(LY,2AT (D) L ING(T) 42X (2) , X (L)

WAITE(B,4550) (G111 (8) ,%=1,1)
SEITE(2,335%8) (TTHE (X)) ,&=1,10)
Jege FUIMAT (F10.4)
WRITE (3,41C)
410 FORAAL ("1')
WRITE(4,7777)

CALL PLCLI2(sI43,311,%8:4,1)

CALL PLOIP(IL¥E,G31,0u,3)

NARLLE(4,7777)

CALL PLUIZ(IIAE,Y¥YH,NN,1)
CALL LI (1I4Z,YHF,LN,3)
Li=unN+Z

LCNSG (LI-1) =100

wRITZ(4,7777)

CALL PLCLT(LCNG,LAT,LL, T
CALL PLCIT (Wi, ¥H,uN,35)
CALL 2LCIE(LCHG,LAT,LL, 1)

CALL PLCI? (ali, Yi,x%,3)
wtxt% GEITE VALJTIS [NTC [LCT FILE FCS DISSDPLa *esrsrwsssxs
dUCIZ LF VALUES
WDITE(1D, c42e) N, n (1, 1) ,8(1,1)
ATITE( 4,242e) 9,4 (1, 1), (1,1

2025 FOPAAT(Td, i, a(1, )=, F5.3,3%,'3(1,1)=",54.2)

. - o IR SR R
CLLAS s ADiNGS
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lles EORIAT(HIND)
~

AR R AR R E R R ENA R A AT R AR E L AR AR R R RN xSk Ak akkk kA kA E kok ok k%

C WRIIF(4,7717)
NPITELR,593) (TIVI(I),IA%(I),LOLS(I),TaI), 4i(l),I=1

WNPITZ({0,393%) (Biiaf(I1),ELAT(I),ELCwGC (I),ZK4 (I)
1 {846 (1) ,1=1,42)
393 FCIMAT (14,5F 6.2)

2 363) (TIAS(I),LAL(I),LUds (L), Y. (3),47(0)

STTOE(I),ELAT (1) s2Lous (), 1% 40 {I)

3
INTTAZ=THT (TI*E (X))
FLTTAS=2LCAT(THITAD)
TF(CLTIAE.NFLLIMT (%)) 4ULl suc
CALL TEL o (FLal,CloN3,IIMe, 3T T4, 0ii, iu, 2!, 000%;5)
$35  CONLINIE
5 €% JLITZ FCET ALD ICu2 TC SILE VECH Lal)!

]

[
0
(aa]
C
23
s
)
-
~
~N
-
(9a)
N
-
C
[
v
=
x-
—_
leel
Q]
>
v
—

,\
L
[
t

1

—-
=
Ll'
-
n

-

-
L
—
e
—

—
=
r.
I
5

-~

-
t1y
i
.

—
e

i
{
s
—

S03.7 I=1,un

E7(1)=YKAS (1) -2Lal (1)

IX(L) =YKo (D) =sL0NG (1)

TIGE(I) =000 (D)
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1361
IEEN

«

[4D]

Lo

2225

1

'-'—7- P * AZ I 4 v_v_'*v'_*-.".\ w- . A it s RadiEidRon 0 AR
3
{
: - Bek (ITIDNT IL TDLallL TilizSs TAala Lu DolLc:
i AT =L o) ATAN (L ® 2T E L (1, 2) 2 (TAT AL (1, 1) =n (2,40 ))
g STS2(= (200 {1, 1) #SKEA(2,2)) fea*Erar1(1,0)
1 /SIN({Z.%TEET)

SIG2Y=(PXRAT(Y1, 1Y +24441(2,2))/2.-2X441(1,2)

/3TN (2.%THET)

542 ((SI32¢)*%,5) %)
SYS((3I327) #%.5) %5

[92]

/12

<

(

(
Fi=3.14135.¢

C

Xi=IILLIF
D (ITLLI?) =SA*CUS (PI#YI) XCT-SY*I14(S1%VI) *#3T#4H (5
L2 (ITLLID) =S¥*CO3 (SI*4I) #5T+SYRSTN (F1*40) *CT14 (%)
ARITE(1,1982) K2 (IELLIE) ,YP(IZLLIT)

FUBANT (ZF1S.T)

whx ZN) U5 IZILIPSE JALCUlATLON

SOl LU/, IENTI2 WY,
, TRAR(JI) ')

WP LLE (B, 2223) (TXATZ (JJ), D2AGS (Sd) , 28 2s (I, ¥ e (3 ])
1

2N
-
4
—“
—
C
Cq
—
-

IEEPERS R

FLoAAI (/.0 TKEI2(44), TETUS(AY), 1L+ (1),

Ar LTI (0, 22.3) (TE2T{MM) , TV Pda {(A4), 0% 224 (1Y), 7000 (1)

R ER R
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