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This report describes the development of a mathematical model for

gunner's tracking performance in MIQ Mode II tracking task which is a linear
time-varying antiaircraft artillery system. The Luenberger observer theory
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reduced-order observer, a feedback controller, and a remnant element. An
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computer simulation of man-in-the-loop AAA tracking systems using the gunner
model reéuires only a short execution time. A parameter identification pro-
gram based on the combined least squares curve-fitting method and the modified
Gauss Newton gradient algorithm is developed to determine parameters of the
model systematically. Model predictions of both azimuth and elevation tracking
errors for several target flyby and maneuvering trajectories are shown to be
in excellent agreement with the empirical data obtained from manned AAA
simulation experiments conducted at the Aerospace Medical Research Laboratory,
Wright-Patterson AFB, Ohio. It is concluded that the antiaircraft gunner
model based on the observer theory can be accurately and efficiently used

to study AAA weapon effectiveness and aircraft survivability.
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SECTION I

INTRODUCTION

The Luenberger observer theory [1] has been applied to design a gunner
model by the authors in [2] through [8] which describes the gunner's
tracking response in antiaircraft artillery (AAA) systems. The main high-
lights of the model are a simple model structure and accurate predictions
of tracking errors. In [4], it has been pointed out that in the computer
simulation of man-in-the-loop AAA tracking systems tremendous computer
execution time can be saved by using the human operator (or gunner) model
based on the observer theory rather than the optimal control model [9].
This is the advantage of a model with simple structure. The designed model
has been applied to study the weapon effectiveness of linear time-invariant
AAA tracking systems at the Aerospace Medical Research Laboratory of Wright-
Patterson AFB, Ohio. This report will present a more general antiaircraft
gunner model which can represent the gunner's tracking performance in the
MTQ System which is a linear time-varying AAA tracking system. The basic
structure of the model contains three elements--a reduced-order observer, a
feedback controller, and a remnant element. However, the reduced-order
observer is now a linear time-varying system. So the antiaircraft gunner
model is also a linear time-varying system. A parameter identification
program is developed to determine model parameters such that the model
output can represent gunner's tracking function. The combined least
squares curve-fitting method and the modified Gauss Newton gradient

iterative algorithm are used to design the parameter identification




program. The parameter values of the gunner model are obtained by
iteratively adjusting their values until the model predictions of azimuth
and elevation tracking errors match the empirical data of the manned MTIQ
simulation experiments. A computer simulation program for the closed-loop
MTQ tracking task is also developed. Simulation results are compared with
the experimental data. Model predictions of tracking errors are shown to
be accurate representations of actual gunner tracking data. Many figures
showing computer simulation results for various flyby and maneuvering

trajectories are also included in this report.




SECTION II

MTQ TRACKING SYSTEM

Figure 1 shows the block diagram of the MTQ tracking system. The
visual display provides the information of tracking error e, on a two
dimensional visual device to the human operator (gunner). The tracking
error e, is the difference between the target angle OT and the gunsight
angle Og. The x-axis and the y-axis components of the signal on the
display represent the azimuth and the elevation tracking errors. The
function of the human operator (gunner) in Figure 1 is to align the gunsight
angle Gg to the target angle OT. In the MIQ system, only one gunner per-
forms angle tracking task (i.e., he tracks both azimuth and elevation
angles). In the following analysis, the MIQ tracking system is decomposed
into elevation and azimuth tracking systems as shown in Figures 2 and 3.
The gunner models in these figures are mathematical models representing
gunner's azimuth and elevation tracking responses to be designed in the
next section. In Figure 3, the factor cos(@g)EL where (eg)EL is the
elevation gunsight output, is included in the modeling of the azimuth
visual display for some optical consideration (see Reference [10] for
detail). Therefore, the elevation and the azimuth tracking systems are

coupled in the sense that the elevation gunsight output (Og)EL is used as

one of the inputs to the azimuth tracking system.




W3LSAS ONIMOVYL VYV NV 40 WVYOVIQ MO018 :1 3¥NOld

05 aied -l A B S i o -t =

W3LSAS (43NNND) vdsia
HOLVHIO b=
gt 1HOISNNS N NYINAH O la AVNSIA

1394v1




W3LSAS ONIMOVYL NOILVAITA 40 WWVHOVIQ 0018 :2 3¥Nold

W oo ST SITERRAT T I e s

10

W3LSAS
L1HBISNNO
NOILYA33

s B

13A0W Y3INNNO

+AI

T3l L)




W3LSAS ONIMOVHL HLINWIZY 40 Wvd9owid X008 :€ 38NOId

T

 N31SAS

LHOISNNS §
HLNWIZV

-

H3INNND

13a0N

H(bg)

11




The input-output relations of the azimuth and the elevation gunsight

systems are represented by

) a7

[}

1.28uAZ (1
and
) = l.34uEL (2)

Several simulated flyby and maneuvering trajectories of the target aircraft
described in [10] are used as inputs to the AAA tracking system for simu-
lation purposes. Now, a general state space equation of the azimuth or the
elevation AAA tracking system including the gunsight system and the target
motion can be derived in the following. Let us introduce state variables

A

xil(t) = (e.)

i @

Py~ €y

A *
X9 (t) = (0

T)i

where 1 = AZ or EL represents azimuth or elevation components of signals in
the AAA tracking system. For example, Xp01 and Xpzo denote the azimuth
components of tracking error and target angle rate respectively. And let
x = [xil(t) xiz(t)]T be the state vector. The general system dynamic

equation and the measurement equation of the azimuth or elevation AAA

tracking system can be derived by using Equations (1) and (2) and Figures 2

and 3.

12
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x, = A,x, + B,u, = Fi(GT)i (3)

Xy 544K T Y
and
yi = CiXy )
[ where i = AZ or EL, i
. i
0 1 0 ‘
I A .
i" s Fi = ’
0o o0 1 1
|
"y 5
i by g
A
Bi = with bAZl = -1.28 and bELl = -1.34, (5) ¥
0
A
C; = [c;; O with Cpz1 = COS (@g)EL and c.., = 1, (6)

and uss (OT)i and v; denote azimuth or elevation components of the

gunner's control output, the target acceleration and the observed

tracking error respectively. The above matrices Ai and Fi have the
same values for azimuth or elevation cases but the vector Bi in
Equation (5) shows different component values. Equation (6) shows that
Caz1 is time-varying while CEL1 is a constant equal to one. Therefore,
the azimuth MTQ tracking system is a linear time-varying system while

the elevation MTQ tracking system is only a linear time-invariant

' system. In the next section gunner models will be designed representing
gunner's azimuth and elevation tracking responses corresponding to

equations (3) and (4).

13
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SECTION III

MTQ TRACKER MODEL DEVELOPMENT

The authors have developed an antiaircraft gunner model [2] through
[8] based on the Luenberger reduced-order observer theory [l]. The basic
structure of the model is shown in Figure 4 consisting of three main
elements -~ a reduced-order observer, a state variable feedback controller,
and a remnant element. The first two elements contain the deterministic
part of the model while the remnant element represents the randor (or
stochastic) part of the model. The reduced-order observer gives an
estimate of those unmeasurable state variables, and it is one of the
characteristic capabilities of a human tracking. The state variable feed-
back controller represents the gunner's control function. All the effects
of the various randomness sources due to human psychophysical limitations
and of the modeling errors are equivalently lumped into one remnant element.
These effects include the observation error, the neuromotor noise, target

uncertainty modeling error, tracking error due to tracking difficulty with

respect to various trajectories, etc. In this paper, more general mathe-
matical equations of the model will be derived corresponding to the linear

time-varying tracking system described by Equations (3) and (4).

Since the gunner doesn't have precise information about the target
| dynamics (i.e., the so-called human's uncertainty about target motion), the
term representing target angle acceleration, OT’ in Equation (3) will not

be included in the design of the reduced-order observer of the gunner

14
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model. Let us assume that the gunner's understanding (or internal model)

about the tracking system is described by

1= AgF Y By

[ o

and

Yy = Cy%y

For the convenience of designing a reduced-order observer, let us introduce

a new state vectol Ei

e

€41%41

"
[}

12

where xil and x12

of Ci of Equation (6). Then the equations representing the gunner's

are state components of X and 4 is the first element
internal model about the tracking system can be rewritten as
x:= A x! + B} u (7)

i i1 i1

and

16
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H vy = €)X (8)

u where

i1l °q €41P41

(1 o]

(@]
e -
]

1

2 of xi needs

Now Ci is a constant vector. In fact, the new first state component of x
J is measurable. Therefore, only the second state component x
to be estimated in order to implement the state variable feedback controller.

The reduced-order observer theory [l1] is now applied to give an estimate

212 of X9 by using Equations (7) and (8). It can be shown that 312

satisfies the following differential equation.

. . . -1
R = -kcilﬁiz + ky - k Cilcil

i2 b

y - koeyibyyug

where c¢,, and bi are defined in Equations (5) and (6), k is the observer

il 1

gain, and u, is a linear feedback control law of the form

ue = =lvp vy

(9) !

12
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where Y1 and Y, are two feedback control gains. The values of k, Yy and Y,

will be shown later. In order to bypass the time derivative of y in

‘ Equation (9), let us introduce a new variable z,
z = 212 - ky(t)

then the observer dynamics can be expressec by

. 2 -1
z —kcilz ~ (k c + ki

11 °11°11) y - kegbyyu

Next, the control output u(t) of the gunner model of Figure 4 can be

expressed by

u(t) = uc(t) + v(t) = —[Yl Yz] . + v(t) .

where the remnant v(t) is modeled as a white noise with mean zero and with

Rk e bt i S

covariance function as follows

o

E[v(t) v(1)] = (al * oy % (t) + a, e% (t)) §(t-1)
for all t and Tt

where a1, @y, 0q, are three nonnegative parameters of the model to be

-—.——-.-._—-—-.————w,,-.—_,.._

determined, éT and §T are estimated target angle rate and acceleration

respectively. Note that by definition éT is x,, and can be obtained from

i2

o

rT' oy i 2 o 5 ™ o ” - .
- g e o : b

(10)

(11)

(12)

(13)




Equation (9) or Equation (11), 6_ can be obtained by taking a first order

T
Taylor series expansion of éT' Equations (11) through (13) are the mathe-

matical equations of a general gunner model. By selecting i = AZ or EL,
this model represents the gunner's response in azimuth or elevation tracking
task respectively. Next the gunner model equations will be combined with
Equations (3) and (4) of the tracking system (which includes the gunsight

system and the target motion) to form overall equations of the man-in-the-

] loop AAA tracking system. For the following analysis, the state components

of the overall system are selected to be

Vi
27 %2~y (14)
Xi2 " Ry
where Yis %49 and 212 are defined in Equations (4), (3) and (9) and k is

the observer gain. Then the state space equation of the overall system can

be described by

A, = AX 4 E (eT)i + Dyvy (13)
where Ai’ Ei’ and 21 matrices are
]
. é c:_1 +c,.k -b,.c + y,k} c,, -b,,c..y, b..c..¥
111 % 1 111 * 72 11 “®41%41Y2 Pi1f11Y2
A= 2 -1
' megk kegeqy + dykeyy (v ¥ wpk) meggko+ byyvokey; by vokey

0 —kcil




0 i1%41
E=q1] Dy = | “byikeyy
1 —bilkcil

and v, is the remnant element in which the parameters a

i 29 and ag of its

1’ ¢

covariance function may have different values for azimuth and elevation

tracking cases, The parameters of the gunner model, i.e., k, Y1r Yos Ops @

2’

and aq of Equations (11), (12), and (13) will be determined in the next

section.

20




Section IV

COMBINED CURVE-FITTING IDENTIFICATION PROGRAM

Before the gunner model based in the observer theory can be used to describe
gunner's tracking response, the parameters k, Yo Yo» Qs @9y g, of
Equations (9) through (13) should be determined first. The authors have
developed a curve-fitting parameter identification program using the least
squares method [11] and the Gauss Newton gradient method [12]. Model

predictions of the ensemble mean and the ensemble standard deviation of

tracking errors will be used in the curve-fitting program. The MTQ
elevation tracking system will be used an as example. The corresponding

equations are derived in terms of model parameters in the following. l

s

Taking expectation values of both sides of Equation (15), we have

Xpp, = B X * EEL(GT)EL (16)

where XEL = E [EEL]' The first component x1 of XEL is the model prediction

of ensemble mean of tracking error. By solving vector differential

Equation (16),;1 can be expressed in terms of model parameters. (?i(o)

is assumed to be zero.)

ft k + 1.34y1 + 1.3‘0ky2 1-34Y1(t - 1)

X () = T34y, (K + 1.34v)

+

FREE TSty ——————

21
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1-34Y2 e'k(t -0 1+ 1.34Y2 5 (v ax
k + 1.34Y1 1.3471 : T

Furthermore, let P(t) = E [(EEL(t) - iﬁL(t)) (KEL(t) - iﬁL(t))T] , and it can
be shown that the first diagonal element P13 of P is the square of the ensemble

standard deviation of tracking errors. It can be shown that P(t) satisfies

the following covariance equation.

hd _ T ( ’.‘2 a2 ) T
P=AgP+P AL +D (o) +a, 6.(t) + 05 6,.(6)) Dy (18)

By solving this matrix differential equation and with the assumption P1 ) =

the first diagonal element pll(t) of P(t) can be obtained.

t
-1 _k(t - T)
_ 2 B -
pll(t) L 1.34 {k 1-34Y1 [1.34ky2 e

2
1.3471(t - 1)
(k + 136y, + 1.3ky,) e .

s 2

a2
(al + ay GT(T) + ay BT(T)dT)

Let

g(t) = pll(t)l/z ’




then s(t) denotes the model prediction of ensemble standard deviation of

! tracking errors. Equations (17) and (20) are ensemble mean and ensemble
standard deviation of tracking errors which are explicit functions of model

L]
parameters.

The parameters of the antiaircraft gunner model will be determined system-
atically and simultaneously by a combined least squares curve-fitting

1 identification program. The reference curves to be fitted in the curve-
fitting program are obtained from empirical data of manned AAA simulation
experiments conducted at the Aerospace Medical Research Laboratory of
Wright-Patterson AFB, Ohio. Several simulated flyby and maneuvering air-
craft traje;tories of 35 seconds duration are used as target trajectories
for the above experiments. Let Ei(t) and s'(t) be the reference empirical

mean and standard deviation of tracking errors which are obtained by

averaging the results of twenty-five experimental simulation runs with the

same target trajectory and the same subject. Now the criterion function J

of the combined least squares curve-fitting program is defined as

t

f
J() = f [(xi(c) El(:,g))z +c(s'(x) E(t,a))z] dt (21)
0

Ty

where tf is the tracking duration (equal to 35 seconds in this case). ;1
and s' are empirical reference data, a is the parameter vector of the

gunner model,

23
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Y

=[kY1 Yo @ % “3]

x, and s are functions of time and parameter vector a as shown in Equations
(17) through (20). c¢ is a positive weighting factor selected to be one in
this case. The criteron function J of Equation (21) can be considered as a
combination of two integrations. One of them is an integration of the
square of the error between the empirical mean tracking error ii and the

model prediction of the ensemble mean tracking error x The other is a

1
similar integration related to the standard deviation of tracking errors.
Therefore, minimizing J with respect to the parameter vector a is called a
combined least squares curve-fitting method. We would like to point out
that in this method model parameters will be determined such that empirical
mean and standard deviation of tracking errors are fitted simultaneously by
the corresponding model prediction functions §1 and s. Now the parameter
identification task becomes a minimization problem, i.e., to find values of
the parameter vector a which minimize the criterion function J(a) of
Equation (21). The modified Gauss Newton iterative gradient method is
derived in Appendix A which iteratively adjusts parameter values to mini-
mize the criterion function J. This iterative process will continue until
the increments are smaller than a preassigned lower bound. A computer
curve-fitting program is developed using the above mentioned methods and
procedures. The highlights of the identification procedure are a fast
method, accurate values and a systematic approach. Obviously, the parameter

identification done by a computer is much faster than manual tuning. The

combined least squares curve-fitting minimization procedure can definitely




provide more accurate parameter values than the trial-and-error approach.

f Finally, it is a systematic procedure to determine parameter values and can

be applied to gunner models describing control responses for various AAA

tracking systems. The parameter values of the gunner model determined by
this identification procedure for both elevation and azimuth tracking tasks

are listed in the following table.

Coefficients of
Observer Controller Remnant Covariance
Parameter Gain Gains Function

Gunner k Y1 Yo oy a2 a3
Model For

Elevation 1.88 -1.99 -.745 .0000094 .025 .068
Tracking

Azimuth 5.12 -3.51 -.762 .0000363 |.00614 .0117

We would like to point out that the above parameter values are obtained
consistently from the combined curve-fitting parameter identification

program with various initial guesses. 1In addition, the parameter values of

the gunner model depend on the dynamics of AAA gunsight systems. For
different AAA gunsight dynamic systems, the combined curve-fitting program

will determine different parameter values for the gunner model.




Section V

COMPUTER SIMULATION RESULTS

Once the parameters of the gunner model are determined, the gunner model
is ready to be used in computer simulation of the AAA closed loop tracking
system to describe gunner's tracking performance. These parameter values
can be substituted into the elements of matrices A;, F;, and D; of
Equation (15) which is a mathematical dynamic model of the overall
closed~loop AAA tracking system. In order to find a solution of

Equation (15) without using convolution integrations, it can be

discretized to be

X1 = ¢ X *T 6 n v T, vy (22)
where
§ﬂ+1 = 5(tn+1) with t4 = (n+l) At and At = .066 seconds,
At
¢ = EXP [é,L.Ac], r, = /; EXP [:A_{o] do - F; 22)
At . .-
r, = ./(; EXP [1_\1.0] do - D, eT,n = eT (tn) and 24) L

v_ is a random sequence with the following properties

E [vn] = 0, {




e s e

Taking expectation values of both sides of Equation (22), we get
=¢X +T 8 (25)
Let Pn+1 denote the covariance of §n+1’ then it can be shown that Pn+

1

satisfies the following matrix difference equation.
_ 1 ) a2 T
Py =¢P ¢ +T (al +a, 6o (tn) +a, By (tn))r2 (26)

Then the first element of §£+ of Equation (25) and the square root of

1
the first diagonal element of the matrix Pn+l of Equation (26) are the
model predictions of the ensemble mean and the ensemble standard deviation
of tracking errors respectively. Computer programs simulating MTQ closed
loop tracking system are developed using the above recursive equations
(25) and (26). The inputs to these programs are motion trajectories of
target aircraft. Six flyby and maneuvering trajectories as shown in
Figure 5 are used in this study. The antiaircraft weapon is located at
the origin of local horizontal x~y plane and the z axis represents the
altitude. The increment of each of the three axes is 1000 ft. A detailed
description of the characteristics of these trajectories can be found in
[10]. The output of the computer simulation program are ensemblg mean

and ensemble standard deviation of tracking errors which can be used to
predict the gunner's tracking characteristics. Computer simulation
results of the MTQ tracking system show that model predictions match

well with the empirical data for both mean and standard deviation of

27
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tracking errors, Simulation results are shown in Figures 6 through 29 for
the trajectories of Figure 5. There are two curves on each of these
figures. The solid curve is the empirical data which is obtained by
averaging the results of twenty-five experimental simulation runs of

35 seconds duration. The dashed curve shows the ensemble value of the
model prediction of the tracking error. Figures 6 through 9 show the
results of elevation mean, elevation standard deviation, azimuth mean,
and 2zimuth standard deviation of tracking errors for the maneuvering
trajectory Tl of Figure 5. All of these four figures show that the MIQ
tracker model can provide accuracy prediction of the corresponding
empirical data. Next, Figures 10 through 13 show the similar results for
the flyby trajectory T2 of Figure 5. Again three figures indicate the
designed MTQ tracker model generating model predictions in excellent
agreement with the empirical data for a flyby trajectory too. We would
like to point out that the same set of parameter values determined by

the combined curve-fitting identification program in the last section can
be used to generate accurate model predictions for all six flyby and
maneuvering trajectories of Figure 5. Therefore, it is concluded that
for a given gunsight weapon system (e.g., MTQ) a same set of parameter
values can be used in the observer model to predict human operator's
tracking errors for all realistic simulated target trajectories. Hence,
the observer model (i.e., MTQ tracker model) is a predictive model.
Similarly, Figures 14 ~ 17, 18 ~ 21, 22 ~ 25, and 26 ~ 29 show the
corresponding simulation results for trajectories T3, T4, T5, and T6.

All these results verify that the designed observer model can describe
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human's tracking response accurately. The names of these six trajectories

in [10] are listed as follows for reference.

T1 Zigzag
T2 2 x 2 Flyby
[ T3 Fairpass
Th4 RECON
T5 Weapon Delivery
T6 4 x .3 Flyby

i A comparison between this model prediction and the optimal control model
prediction [9] is shown in Figure 30. The dotted curve in Figure 30 is
the optimal control model prediction of the tracking error. Obviously,
it shows that the antiaircraft gunner model can represent the gunner's
response as well as that by the optimal control model. However, the

3 computer execution time by simulating the linear time-varying MTQ gun
system using the gunner model is less than 15% of that using the optimal

| control model.
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Section VI

CONCLUSION

This report presents some extended work on the development of an anti-
aircraft gunner model based on the observer theory for the MTQ system.

In [2] through [8], the authors developed a gunner model for the study of
weapon effectiveness of linear time-invariant AAA systems. The more
general antiaircraft gunner model developed in this report can be as

well applied to linear time-varying AAA systems (e.g., MTQ system).

The structure of the gunner model contains three elements - a reduced-order
ovserver, a feedback controller, and a remnant element. Here the reduced-
order observer is designed as a linear time-varying system. A computer
simulation program is developed with the designed model describing the
gunner tracking performance for a linear time-varying AAA tracking system,
Computer simulation results are in excellent agreement with the manned

AAA simulation empirical data for several flyby and maneuvering trajec-
tories. It is also shown that the gunner model can predict tracking

error as accurately as the optimal control model. However, the computer
execution time of the MTQ closed loop tracking system simulation utilizing
the gunner model is much shorter than that using the optimal control
model. All these results verify that the designed gunner model is an
accurate and efficient model describing the gunner's compensatory

tracking characteris;ics for various linear time-varying or time

invariant AAA weapon systems.
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The six model parameters--an observer gain, two controller gains, and

three coefficients of the remnant covariance function--are determined

by the combined least squares curve-fitting identification program.

This identification program provides an efficient model validation method.
The designed gunner model and the parameter identification procedure have
been successfully applied to study the problems of the aircraft surviv-
ability and air defense weapon effectiveness at the Aerospace Medical
Research Laboratory, Wright-Patterson AFB, Ohio. All the results of the
computer simulation of closed-loop AAA tracking systems show that model
parameters can be determined accurately by the curve-fitting program and
the gunner model is a reliable representation of actual gunner's

tracking performance.
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APPENDIX A

Derivation of the Iterative Algorithm of Modified Gauss Newton Method:

The criterion function J(a) of Equation (21) is rewritten here,

J(a) = ftf [(xi(t) - xi(t:,g))2 +c (;'(t) - E(t,a))z] dt
0

Taking first order Taylor series expansions of fl and s with respect to

a certain initial guess éo’ we have

2
t ox, (L,
sws [ 50 - x ey - 2= ]
0 =
_ 2
_ L 3§ (t,ao)
c|s'(t) -8 (t’éo) - da ' (2 —éo) de

Next, the partial derivative of J with respect to a can be found as

() te N B 3%, (t,a)
5a = '/; -2 (xl(t) - xl(t,go)) ___.@_0._+
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b s

- _ s t,a,
c‘-2(s'(t) - s(tléo» —a  t

as (¢, o (t,
2—5(;;@ (a-go)#;%)jl dt (A1)

Assume that a* is a minimal, then

3J(a%)

9a

= 0 (A2)

After discretization, Equations (Al) and (A2) can be rearranged to be

—\T
+c | -2 (_s-' - —) (%Z) (A3)
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- amme— ——

Equation (A3) can be extended to a more general form,

T p—
21 T & T é Z(BX1(:;’21)) (QXI(—‘:;,%)) + 2
'<9;(tk’9-i))T (Sg(tk,ai))
2a da

= {25 (5) - (0ny) (———-—_ s ) T

k=1

-1

T
as tedy )

+e -z(;-(tk)- E(tk,gi))( X
i= 0, 1, 2; 3’

This is the modified Gauss Newton iterative gradiant algorithm.
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APPENDIX B
PRGRAM LISTING OF PARAMETER IDENTIFICATION PROCEDURES-~AZIMUTH CASE

FYN,
COMMENY, 4288 NG DFLK ¥2¥¥
ATTACH,TAPEL, NAT18,0YS2,

~ -
=

LIBRAKY,INMSL,

LL_I!Av

PROGPAM AZFIY (IwpPuy ,CUTPLY, aP51)
‘ gy INC L EELWE
COMMON/PATL/F20512,5) 3al6)y 2 (B),EL(512,14)

[v)

PATA 1P,WF/6ote. s
CUSE—EVERY T3 334 DOILY

FEAD®,I1
1

N2=141363/11
o IEAN2.GT.Ei2) N2=842
DT=e33911

N0 15 1=1,2
—_— 1=
0o 13 K£=1,1050
— Zeb=16
REAS(14%)21,72123,474475,426
K=K 4] Qud
IF(MOL (KK yI1YNEGu) GO WG 1F

IF(IC1.G7e5142) 50 7J 12
IF e EQe2) 561605
F2(15141)=21
F2AICL, 21222
F2(1C1,2)=26
S =713
PHID(XC1)=(26=26¢) /4033
GO0 0 13
5 72=22/7(1280.%00S(B(IC1,1)))
ZhenZbh 43030 800 (E (10103 0))
F2(IC1,4)=272
$)=a724%
10 CONTINUE
15 CONFINUE
C INPUT "1 1% GC Cn “0* YO SVIF
—20 REALYLIFG
IF (XFGeEGWO) LTCF
C MAKE INITIAL GUESS AND TREUT I3 LTICN LIMITS
C INPUY LIM1, LIM2, % EE

————READ®LLTML, LIM2,E8
PPINT® g SHLIMLI =, LiML ¢SHLANZZ L TM?, IHEE=,EF

c I"E“z 131 G“-Ss nh ‘G‘IN G‘Mﬁ“ G'“~=2 ﬁlErﬂ] yIE‘IA .ln .3
READ"hﬁ

PEINI®, 3HASY GUES_ ,al
€ CCMPUTEZ INITTAL 6CST FUNSTION
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c.l' cc““. .42
 aaaa s

PRINT®, EHUNINL =R U2

SUBROUTINE LCOP(RJ2)
CITERATICN PRCCESS—

CIMENSICN R(6)4G(E46) 4QI(646) yWCRK(6),DD0(6)

COMMON/ VAR/OT N1yN2,IP,LIML,LIM2,EE, WF

COMMON/NMATL/F2(512,5),A(6),AA(6),E1512,14)
FPHIB(C4D

- 14

NCT=MCY= $ DEL=1.0

——5-Bo-t3-Fety 1P
R(IN=0.

— P ety
DO 18 J:i.IP

DO 20 K=Ni,yN2

2t~ oty 73
SDIF==2,%KF® (F2 (Ky5)=B(Ky1il))

RUIN=R(IN+B(KH I I*EDIF+B(K,I#7)*50IF

4+ X5
L2 Z 08

15 QUI, ) =C(ToU) 42 (K1) ¥B(KyJ) +Ze*UF*B(Ko147)*B(KyJ+7)
—20—CONTENUE
C USE IMSL LIE ROUTINE “LINVLF™ 10 COMPUTE INVEFSE CF G
A MGy TRy B Ry O3y iy HOR KRR
IF(IER.EC.129) PRINT® 4HIEW=, [T
C—GOMPURE—D MATFIN FROM—GIMVERSE—SNG—H— ——
DO 25 I=1,IP
-_— Be 25 d’.l "'
25 D(2)=-Q1(1,J)%
—COMPUEE AL+ et T
30 0O 32 I=1,IF

JADI‘
LA - AN 7

J=3

IF(A(2)4GTe8s) u=

#

IF (A(L)oLTo Co)

%Q
"
NN e NN

IF(A(s)OLTOOO J
———IF L NE B 56T O
CALL COEF(A,FJ1)
—_—T Rt e R 2G0T 4h

34 DEL=.5

4
iy

Lo
\ K 2

36 D(I)=D(I)*0EL
——36-NEFeNCT+1
IF(NCToLE.LIML) GO YC 30

PRINT®, 3H A=,k

n
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——

Ml o

L Ry R T S B R O .

RETURN
40 D0 45 I=1,1IP
45 IF(O0D(I).GTLEEF) GO TO 5F
—— G010 65
50 MCT=MCT ¢4
K266 T0-55
PRINT®, 7THERRCR 2913JH NLT=gNCTe 5k MCY=,M(Y
b
PRINT¥95H RJ1=4RJL,EH RJ2=,KkJ2
55 PJ2=FJ1
—  NGTg-
DEino
—— DO,k
60 AAC(I)=£(I)
l:n Tf‘ R

65 PRINY 70,A,NCYT,MCT
—F¢FORMAT (1 X664 25y 202 — — — —— ——
PRINT®, IHEA= yRA
PRINY#*, 3K D=,C
PRIANT#,SHUMIN=,RUL
END
SUBXCUTINE CCEF{ky:rJ)

DIMENSICN THB“iZ)g!HDu(riz),THlK(Bia),‘HuDK(‘ic)
1"7‘49 CE UF
COMMCON/MATL/ZF2(51295) 98 (E) 92 A(‘),“(‘iZcih)
e COMMCN/MAT2/E3(20LA )L (6) 4PHIL (512)

K=w(g) 3 GAMI=WI(Z) § CAMZ=W ()
ALF1=k(4) $ ALF2=wt(3) 3 ALFI=n(6)
DO 10 1=1,42
T=(I-1)*27
—_— BNLI)=F241,2) —_
C1=3C5(F2(1,3))
—— ARG=C1¥KNT
S1=19,
IELARG oL La2id0) S1scXP (=nfa)
10 F3(1)=51

- ! K1)

CO 24 1=1,N2
————THOATI=EZ (T i )= FI L)LY
IFUILEG.1) GC T0 29
= [ABESATT AT ES Wirvall
2% CONTINUE
—— - THCL (L) =TROR L)
CC 30 I=1,N2
_T=(l=1)*07Y
BWIL)=F2(L,2)
LlaCClLE2 134730
P2=z=TiN(F2(1,3))8FHITI) o

62 v”“J\




TX130241.28%01%GAamMd

X2=xX1+K*C1

— ARGiaCiWKSY
ARG2=X14T

—————S120.. % S220,

IF (ARG1+LTe20Ue) S1ZEXP(=ALCL)
- =E G2)

X3=-T¥x2-1,

— 308 EI(I1=(1,28%CLBCIOGAMR)® (S4PY34GS2) /XNMD
CALL VCCNVO(F3,BWyN2yN2,TIKK)
DO L0 T=4 N2

T=(1-1)401
BMIT)=F2(T,2)

B(I 1)=F3(I)*pT
C4=C0S(F2(1,3))

C2=<TANIF2(1,3))*FRID(I)
= sC1e

X2=X1i+K*(1
e X321.28%01%(C141.23%C1¥GAN2)1/X{482

X4z (1e028%CL) ¥¥24GAN2/X2%%2
ARG4=Ci9ka]

ARG2=X1%Y

s’-u s oA:-nL
IF(ARGL1LT. 2004) 51=Exp(-AR01:
G - 3 2=E G2

40 F3(I)=X3®(S2% (X1#T=1s)#1e)tXU¥ (32% (-X2*Y41,)=51)
I'e)

DO S0 I=1,N2

I=(I=-13%01%
BW(I)=F2(Iy2)
=F3¢1)8pY

C1=C0S(F2(1,3))
C2==YAN(E2(T,3))2FPHIL(T)

X1=202+1.,28%C1%GANMYL
X2=X1+K*C1
X3=1.28*C1/X1

ARG1=C1*K*T

S1=0. $ S2=0.

—————IFHARGAVLTv 200 - SeEXP=ARGL -
IF (ARG24G¥,=2(04) S2=EXP(ARGZ:

CALL VCONVO(F3,BW,N2,N2,IWK)

—00—60--TetyN2
B(I,3)=F3(I)aQT

B(X,5)=0.

T:(I‘H)'af

C1=C0S(F2(I,3))
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Xi= C2*1 2R%31%GoML

*e. TRV E Pul¥ }
"‘Y’\ A 3

X3= (F1*1.46‘01‘0AM2)/X1

123G 1M 2/ X
AKG1=C19K*T
ARG 2eX-14T
S1=3. 3 32=0.

_ ARGt Yy 2 et t SmENP i)
TF (ARG2,GT o =203 ) S22k XP (1.K62)
CALL v§c§ggirs,aw,N2,N2.:uK)
B(I,T);F§3;;0CY
BK (1) = Fz?i,z»

RY.F R L WE
‘JI UU-.\I’—C‘I'QII

ARG1=C19x*T
—_“5'!'.'&'

IF(ARG1.LT,20() Si=gxP(=4::61)
— 720 F3I)=CieTa8Y

CALL VCONVOU(F3, QW N24H2yIWK)

-4 N2

B A S

THOK(I)=F3(I)*D7
3 Eavi—G6—F0—85
THOOK (X)) =A{THEK(I)=FHOK(I=1)) /00
——80-CONTINUE
THDOK (1) =THODK(2)
no- a5 1-4 N2
L=A I 4~ SERr Tt 3 A0 1
T=(1=-1)13%07
_—HﬂL&*&M&FW 3 L
85 FI(II=FT(F2(I,3)FRIC(L) ,VyGAML,GAM2yK)
no 90 I=1,N2
By =S ERTF3A 45T —
T=(I-1)*CT
90 FI(I)=FY(F2(Xy43)yFRID(I) 4T 4CaMLyCEH2HK)

ALl UEANVOLER S N2 M2 _ TLi)
VAGL YUUINYU LT QY LTIV JIVE Y A TVINT

DO 100 I=1,N2

———Fe{I-1)80Y
B(I+8)=F3(I)*DT
Gli”“hl E‘ .“ Ea!:ug‘:’!gzhal ;321“90‘;)!QL
C1=COS (F2(I,3))

HIB LT

A1=3Ce+1,28%(C1%GANML
— PexirAAO]
S1=0, $ S2=0.
ARG1=C1LoK*T
ARG2=Xx1%T
—  IFEAARGL LT 2G04 ) SLEXR(aARGL)
IF (ARG24GTe=2034) S2=EXP (ARG2)

Xoz(1,208%C1)982092,8((1,+X3)*S2-X3%S1)
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e G2 LAZE Lo 282 LI CANGRL 2L LR 2R KR CAMIILXZERZ

X6=(1,28%C1%C12K*GAM2*T) /X2

CALL VCCNVO(F3, BH 482 N2, IWK)

14N2

T=(I-1)%0Y
SN AT AL LAALE2ET HOA T 08 2AALE 32 WEE AT )02

B(X,8)=8(1,8)+F3(1)*DY

= 91? 1\\

'YAN(F2(103))‘PHID(I)
——————¥$88344~Gilctlsk¥%

X2=X1+X%C1
—ixe—$-S2=0~

ARG1=C17K*T
ARG2zX1 3T

IF‘ARGi LT.ZO(-) S1=EXP (=AFG1)

. —»YDII_J{‘Q\

X3%1.285C1K*CANZ /X2
 XA=1.28804EKBCAN2 LA 2842

X5=20'((1.+X3)‘52 X3%g5 1)‘(1.20'&1)“‘
i)

CALL VLCN\O(FB.EH,hZ'NZ,INK)

24,82
T=(1-1)%0T

B(I,9)=F3(I)*aY
£12005(£2(T 431

C2==TAN(F2(I,3))*FRID(I)

—— X4=C241.288C12GANL
X2=X1 +K*C1
——Si=0.$ 52=0

ARG1={1%K*T
ARG E=X1%%

IF(ARGL e LT 20 o) 3S1=EXP(=AKR(G1)
—IFAARG24 6T+ =2004 ) 52k XRAARGR)
X3=1.28%*C1¥K/X2
— XL=X3¥GAMZ

X5=(1.28%CL) #2282 ¥ ((1,4X4)*32-X4"T1)
120 F3(I)=X58(32¥X3-51%x3)

CALL VCCNVO(F3yBW4N24N24IHK)
——00 133 I=1,HN2

T=(I-1)%01
——Butll=4,0

B(I,10)=F3(I)*0T

A ¥ P oK)
CALL VGCNVOU(F3oBW N2 yN2y THK)
=1 N2
T=(I-1)+07
—  BW{T)zTEQ(p)ee?
8(1011) F’(I)'De
by 24K)

CALL VCCNVO(F3 oy \Z,VZpIhK)
L0463 T=34N2
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) ' S ' o A : e ; S .
.
R e e e bk DS A s bl sl iy 4

T Te(I=1)%CY
2

B(I,12)=2F3(I)*DT

24K

CALL VCCNVO(F3,BRyN2yN2yIKWK)
—_—— =1 N2
160 B(1,13)zF3(I}+DT
DO 165 J=8,12

D0 165 I=1ng

RJ=0.
—B0—tF Ty N2
170 RISRIF(F2LIg4) =BT 7)) I¥%24UF* (FZ(1,5)=-B(1,y14))2%2

[ e YE .. 1
L SR

FUNgTION FY(TRT yPHD TG M1y GAM2,4K)

- B L4
C2==TAN(THET)#PHD

- ' A‘i
X2=X1+K*C1

——Steoiv—5—Seedy
ARG1=014K*T

TFUARGLLTe 200 e) S1zEXP(=-ARGY)
H-ARG 2+t =280 ) S2 =P G 62
X3=1.28%C12GAM2¥K/ X2

et AN A RN T S XA L4 AR
END

-
1

9°59=190e1y¢01,.,001

-

7
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APPENDIX C
PROGRAM LISTING OF PARAMETER IDENTIFICATION PROCEDURES-ELEVATION CASE

HELP,CY=3,10=L740238
MF,T800,10400,CH70000,STCSE, LT40238,GLASS;250=3960 ———  — -
FTNyL=0.4
ATTACH, IMSL, I0=LIBRARY, SN=ASO, e e e e
LIBRARY,IMSL.
ATTACH,T,DAT10,CY=1,4R=1, T o e
COPY, T, TAPEL,
LGO. S
PROGRAY FIF(INPUT,0UTFUT,TAPEL)
COMMON/VAR/LIMLy LIM2 g EE TPy H o Ny DEL N1 CE™ ~— = == = e
COMMON/MAT/F2(512,4) 44 (5) AR (E) 18(512,9),0(6) ,F3(512,4)
REWING 1 e
CURVE FIT PROGRAM FOK KOOMS = MTQ = ELEVATION
PARAMETCKS IDENTIFICD ARED ~ =~
AC1)=KGALN  A(2)=GAMMAL  A(3)=GAMMA2
BULISALPMAL < (¥)=ALPHAZ  ~ ATEY=ALPHA3 - —- ~—— = =
SAMPLES OF DATA AbZ S/L:CTED AT EVERY I1 POINTS
TIMC 3TEP = [1%,033 B
FIRST THRE SECUNCS OF £ATA AFE CoNSIUERED AQUISITION ANG NOT USE
CE=STANDARD DZVIATION WEIGATING FACTOR ~ICHETT - — —— = =——=—
PRINT®,30H PICK LVERY == SAMPLES
JEAO*, 11 i T T T T m e s
=1+1045/ 11
IF (N GTa512) N=512 S e e
H=,033*11
N1=90/11 R -
Ie=¢
FRINT® p23HI1=, 11, 4HDFLE oMy 3H Nz Ny 3HNL2,NT &R 1P, 1P - =
c XEAD IN TRAJFCTORY INFORMATION AND LMDIRICAL GATA
c ELL OATE IN FADIANS R
e 5 i=1,2
1C1=0 g
D0 5 <I=1,1054
1 2 WEAT(L MV 21022473924 015,25 R
KK=Ki+I1=1
IF (100 (KK, I 1) oN:o 0160 TO 6
t 1C1=1C1+1
IF(IC14GT4512)50 TO & C e e e
IF(1.8001060 T0 &
26=23/1000, -
75=7¢ /1000,
5 II=(1-1)%2+1
F2(IC1,21)=74
F2(IC1,1141)=75 e o e
' 6 COMTINUe !
11 FINTe,=0WTYPL 1 TO Gu OF TYPL 0 10 sToP —  ~
RTAG*, IFG
TF (IFG4EQ.0)STOP
CALL IniT
50 To 11 Co e
- LIS
SU3 uTLIn. INIT

OO OO0OO0OO0




- ” o . - tag ” e G o

s e aans AT A AN Tt (e A5 P 1 DR B N

ILIT1elZ-TION ~JUTT
INPUT JVERRLIUL LINMITS AND =PSILON  (EE=401)
MaK: INITIAL GUESS
COMMON/VA/LIML LIM24u s 9 IPyHy N NELyNT O e
COMMON/MAT/F2(512,4) 44+ (b)), AA(F),B(S!ZyQ)qf(—),F3(512.~)
=43 INT’,SOH TYP:_ Ih LIMiQLIﬂ?QL
FEAD*  LIML,, LIM2,EC
Ci=1
PRINT® gSHLI1=gLIMLWSHLIMZ= g LI 1243HEE=y2{ ¢3HC. =
] P>INT*92EHTYP: IN K9y0LyG2ya1ek2yA3
“KEALC*, AA
PRINT*,10H 1ST GUZESS,AL
Cel=1
SLLL CO=F(AaL,y7)2)
PRINT® 70 UMINL=44 J2
CALL LOOP(RJ2)
Y|
SUBRGUTLNL DO
c CALCULATE L ™MaTxix Fr(Y Q abi X
SIMENETION Kby QA lingn) yW1(Het)
COMMON/ZVA /LTI SL g LIM2 9L 9 IPgHylv g I L gtv1,CH
COMMONL/MAT/F2{512,4) 45 (B) AL () ,R(512,3),C(2),F3(%12,L)
COMMUNZ AL INL/ZN )M i1
NCIM=IP_NOIM1=1"+1
G 10 I=1,iP
F(I)=0.
SC 10 J=1,1IP
10 Q(Is0)=3,
JU 3% K=N1yN
SN=F2(X,3)=F3(K)
5?\1=F2(‘<,-0"F‘(P(,2)
COo 30 1=1,1°
SO 2% J=1,IP
CUI ) =0(14) 2,208 (K,T)*B(K,D)
IF(1eGTe30IReJelTe3)GL TC 28
QCIsJ)=0()yI)42422(Ky31+0)2*3 (K, J+E)
25 CONTINY:
RIIN=R(I) =2+ *SNh1*3(K,])
IF(..-T 3060 T9 30
PUIN=T () =242SN*3(Kyl¢r)
30 CCONTINU
35 CCNT1INU-
CALL GHMINVIIP,IP,Qyd1yMR,y1)
iP1=1P*1pP
0G s0 I=1,1P -
I1I=1 i
0tI=u., .,);v‘»"‘! -
| 2C «% J=1,1P1,IP 3!_;.‘:&\;”9}
CAL) =0 (D) 41 LI *FID) gat o J3d
45 11=1i+1 P SR S
, 50 D(I)==0(I) oY

IND

OO0

SURCGJTING LCOR(-J2)
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ITEATIUN PROCISS

COMPUTE A(I+1)=AtI)+0(I)

DETERMINE WHEN A(I+1) IS ACCEPTABLE T T e
CIMZINSION 0DD(6)

COMMON/VAR/LIML, LIM2,EE,IP, H3 Ny DEL yNTHCE — ——
COMMON/MAT/FZ(:IZ,“),A(o)'AA(E),8(51299).0(3)

NCT=MCT=0 T -
1 CALL 0D
2 DO 100 I=1,IP : T T T e e

D(IN=D(I)*DEL

100 A(IN=AALI)+DU(]) o -
IF(A(].).LT. UQQOPQA(Z)QGTQOQ)GO TO 1¢

IFtACL) o LT o0 4eOR A(5)LT, OOOOROA‘b,QtTi_ﬁ.)’GO T0 46 - o N
CALL COLF(A,RJ1)

OO0

6 IF(+J1,LT,RJ2)G0 TO 30 o e e S
15 CEL=eE
| NCT=NCT+1 e e R

IFINCTWLELLIMLIGOD TO 2
PrINT*,7HERRO% 1,3H A=yAy54 NCT=yNCT,5H MCT=yMOT kI yxd2 -
PAINT*,3H 0=,0,3HAA= KA

RETURN ' ’ T T T o -
30 00 35 I=1,IP

DOD(I) =ABS(O(I)/7AA(L))
35 IF(OCD(1)eGTLEE)GO TO 20

GO0 TO &0 e
20 MCT=MCT+1

IF(MCTeLELLIM2)GO TO 9 - e o
PEINT* ,7HERDPOR 2¢3H A=oAy6H NCT=4NCT 45H MCT=4MCT,F UL kU2
PRINT® 43H D=yDy IHAATJAA -~ —
RETURN

9 RJ2=RJ1 - - - - S
NCT=0
DEL=1. e —-
GO0 25 I=1,IP

25 AA(I)=ALD) ) o e
60 T0 1

40 PRINTLGS,y (A(I)4I=1,IP)HNCTMCT T T
PRINT*,3HAA=,AAN
PFINT®*,3H D=,D T T e -
FRINT® SHUMIN=,FrJ1

45 FORMAT (1X,6G12,5,2Xy218) - "~
END
SUBKOUTINE COLF(W,RJ) o T e
DIMENSION W(6),IWK(11)
COMMON/VAR/LIMLyLIM2,EE4IPyHy Ky DELINT,,CT
COHMON/MAT/FZ(DIZ’Q)gA(&)'AA(6)gB(512'9)gD(6),F3(5129k)

| ’ Usw(1) Itk
V=H(2)
[ Y2H(3) b e

A1=W(4)
A2=W(5) e
A3=d(b)
L=1.30 : S T e
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10

15

17

20

CALL VCONVO(F3484hyNyIHK)

AL« MM L. Ul . 9.5 i A

X=C*veU
X1=1+C*Y
REWING 1
COMPUTE PaRTIalL DERIVATIVE OF MEAMN TRROK WRT KGAIN
DC 10 I=1,N
T=(I=1)%H T T smmmes e e m— e emen
B(I)=F2(I,2)
$1=32=100. ‘ . -
TFU*T o6 e2004)51=0.
IF(C*Y*ToL%e=2004)52=0, ' B
IF(S1eNZe e )S1=2XP(=U*T)
1F(S52eNLe0e)S2=2XP(C*V*T) o T T T mmmmemmee e s e s e
FI3(I)=(S2*X1=X1=C*C+VrY*T2S1) /7 (X*C*V)
F3(I)=F3(I) =((UEX1+4C*V)4S2=X*X1+C*C*V*Y*31)/7(C*VeX*X) cT
CALL VCONVO(F34839NghyIWK)
COMPUTE PARTIAL OTRIVATIVYC OF MIAMN rRROR WRT GAMMA1L
DO 15 I=t,N

FF=F3(I)*H : e
WRITE(L)FF
BUI)=F2(1,2) S
T=(1=1)*H
S1=52=100, -
IF(UTGE«2C0e)31=0,
IF(C*V*TeLEe=200,)S82=0¢ ~ ~ 7~ 777" -
IF(S1eNLe 00 ) SL=EXP(=U*T)
IF(S2eNLaDs)S2=XPIC*VH*T) - e
F3(I)=CrVaX*(S2*(1+4T*(x+C*U*Y) ) =X1+C*Y*3S1)
FI(D=F3(I) =(Us2,*CH¥VI* ((ULXL+C*VIRS2=X*X1+4T*CHV*Y*31)
FI(IV=F3(1) 7C(C*v*V*X*X)
CALL VCONVO(F3,8 ¢yNgNyIWK) — o oo - T s
COMPUTE PARTIAL DEPRPIVATIVE OF M:Ah CQPOQ WrT GAMMA1L

DC 17 I=1,N o A

FF=F3(I)*H

WEITE(L)FF : o T - T
B(I)=F2(1,2)

T=(i=1)*H
S$1=52=100.

IF(U*T 4GFf «2004)S1=0, . TTTUTTTT T T e
IF(C*V*ToLEe=2004)S2=0,
IF(S1eNi.a Do) S1=EXP(=U*T) T TTtooTuTmTmTT oo T
IF(S2eNLe0e) S2=cXP(C*V*T)

FI3(I)=2(UPS2 =U=CPVCAVY¥SL1) Z7IURXY — 7 oo s e e e
CALL VCONVOLF3,84NyNyIWK)
CCMPUTE ESTIMATE OF OT TOTTT TTTTTTT mmImo s e e e

DO 20 I=1,N
FF=F3(I)*H Tt T T
WRITE(1)FF
B(IV=F2(I,2) - T T e
T=(l=1)*H
S1=0,
IF(UPT LT 42004)S1=EXP(=U*T)
F3(I)=S1
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M ST el g st s e et wme s wdie e e e

25

35

37

50

Sterohs ot e AR bt o e e i

8(1,3)=F2(1,2)

COMPUTE PAXTInL OF OV ESTIMATE WRT KGAIN

DO 25 I=1,N - T

T=(1=1)*H

FF==F3(I)*H¢F2(])

B(Iy7)=1,

B(I,8)=FF o T

S1=0,

1IF(UT LT 42004)S1=EXP(=U*T)

F3(I)=T*&1

B(I)=F2¢1,2)

BUIy9)=(B(iy8)=81I=1,8))/H o e

CCNTINUE

CELL VCONVO(F3,3yNeNyiWK) ’ ’ T
B(1,6)=0,

DC 27 I=1,N : . T
BAILs5)=F3(I)*H

IF(lezNe1)GO TO 27 : T T T s s o
BeIloo) =Bl 45)=t(I=1,5))/H

CONTINUL

CCMPUTE PARTIAL CeRIVATIVES OF VASIANCE WFT ALPHA(J)
0o w0 J=1,3

DO 3% 1I=1,N

T=(I=1)*H - e e e e e
IT=J+b

3(I)=3C1,11)*56(1,1ID)

S1=52=100,

IF(U*T o GT,200)S1=0, ’ T
IF(C*V*T LT «=2004)52=0,

JF(S1eNteDe)S1=XP(=U*T) : T T o nm mens s mesemnem s
IF(32¢N" e 0e) S2=EXP(C*V*T)

FI(I)=(C2(32%(X+C*UY) =UNMCPY*¥51)/X)**2

CONTINUE

CELL VCONVO(F34340N9NyIWK)

D0 37 I=1,N

FF=C3(I)*H o TTT TT TTITITSSmms e es i eme s e -
WKITE(L1)FF

CCNTINU: o

COMPUTE - PurRTILL DERIVATIVE OF VaRIANCE WET KGIAN

DO 50 I=1,N C

T=(1-1)*H

S1=52=100, - T Tt e e omm e mmimas s TS Cemwmm e e e
IF(U*T +GT ,200)351=0.

IF(C*V*TelT «=2004)S2=0,

I(S1eNzele)S1=cXP(=U*T)

IF(S2eNT. e Do )S2= XPIC®VY*T) - T o

S Ie7)=322(U*C2Y+X)=Yy*(*+Y+51
B(Iyw)=A1+A2%B(Z40)*B(I48)en3*B(I,49)%B(I,%)

BLI)=A(1et)

FI(1)122,%C*C B8 1,712 (X2 (S2%X1=CrYS1*(150%T))=STT 7)1 7IX*X*X)Y
CALL VCONVO(F3 45,4t 9N,y IWK)

30 €3 I=1,N
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53

55

60

65

75

n

T=(I-1)*H

SCADEL) 303, 1) LpLY PAGRSeEt
_;‘f‘ .0 I=143 e PL&;ISBA“)‘I? e

B(1,3)=F3(1)*H ‘ T T
6(I)= AZ'B(I,#"W(;,5)+A3’B(IQa)'B(I,E)
FI3(I)=2.%C*C*B(I,7)*B(I7)/7(X*X) T T T s e e e
CALL VCUNVO(F3y:3gMygNygIHK)

COMPUTZ FALRTILL DIRIVITIVY OF VARIANCE WRY GEMMAYL ~— = = -~
JC 55 1=1,4N

FFEF3(I)*H#B(T,3) I
WERITE(L1)FF

T=tI=1)*h - T T T T m T e s e
S1=100

IF(CPVeT LTe=2004)S1=0, TUOT T T Tmm T e T e e
IF(S1eNtLeDe ) SI=IXF(O*VET)

A(IN=2(1, 1) T T T e e T S S e e
F3(1)=C+C*C*42.%53(1,7 )'(Si‘(T’(X*U’C'Y)+1)‘X B(Ig7))/(X‘K‘X)
CCNTINY

CALL VCORKVIUF 3,y 341ighigTuWk)

COMPUT™ PuRTIal UVRIVETIVE OF VAKIANCT WFT GAMMAZ -

0C A0 I=1,N

T=(I-1)*H N U -
FF=F3(1)*H

WRIT: (1)FF

S1=52=148,

IF(U*T o 06T42004) 3510,

IFUC*V*T oLT o=2%04)52=0Co

IF(G1eMliiela) S1=2XP(=U*T) T T T e e e I
IF(S2eNr e Be) 32=:XP(C*V*T)

5(I1=3(1yw)

FI(IV=C8C20"2.%U*3(147)%(32=51)/7(X*X)

CONTINU:

CALL VIONVIU(F I3 s 39lyi g IWK)

COMPUTE MiaN T-ACKING : RO T s mme e s
20 BY I=1,N

T=(I=1)*H

FF=F3(1)*H

Wi'IT~ (1) FF

B(I)=F2(1,42)

$1=52=10C., - T
IFCU»T46T742000)81L= ﬂo

IF(CPV*ToaLT ¢=200,)S2

IF(SioNfoﬂo)Si=tXP(-U'T)

IF(S2eNZa0e)Z2=2XF(C2*VET)

F3(D)=((UsXL+C Y ) *S2=X*X1+] ‘L‘V‘Y'Si)/(C‘V‘X) F
CONTINUE ST mm T s e s e

CALL VCOUNVOC(F3439hgeMyiWK)

REZWING 1

B0 7 I=7,3
00 72 J=1,u
REAL (1) Y, 1)
30 77 I=4,5 e e e e i
00 77 J=1,4N

BRI S, S
o
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82
83

85

10

15
13

Do 29

TCO R0 J=1,N
READ(1)IB(J,y1)

RJ=0 -
COMPUTE STANDARO OEVIATION OF TQACKING ERFO&
D0 83 I=1,4N
F3(I’2)‘SQRT(B(I,“"AI*B(I.ﬁ)'A2+B(1v6)‘A3)

DO 82 J=1,b
BUI+J)=e5%3(I9J)/F3(I,2)
CONTINUE

CALUCATE VALUE OF COST FUNCTIGN
DO 85 I=N1,N

F3(I)=F3(I)*H

RJISRI+(F2 (I 43V =F3(I))**24CE*(F2(TI,L) =F3TTy27T*%2 ~

END

SUBPOUTINE GHMINV (NP ,NCyA3UyME 4 MT)
DIMENSION A(1),U(1),S(10),IP(10)
COMMON/MAINAL/Z NOIHyNDIM1
TOL=1.£=12

ADV=TOL*TOL

¥R=NC

NRM1=NR=1 S S
NCM1=NC~-1

JJ=1

DO 5 J=1,NC
SCJIZDOTINR AL SI) yALIIN)
JJI=JJ+NDIM

11=1

DO 19 I=1,NCM1
XMAX=S(I)
IMAX=I
IF(NC.EQe1)
IP1=]1+1

G0 TO t5

00 10 J=IPL,NC =~ =~ & 0 T
IF(XMAX.GESS(J)) GO TC 10
IMAX=Y -
XMAX=S (J)

CONTINUE e

IF(IMAX.EQeT) GO TO 1‘

S(IMAX)=S(I) e

S(I)=XMAX

KK=(IMAX=1) *NOIM+1 :
CALL SHAP (A(KK),A(II)pNRpl)
IP(IY=IMAX

II=II+NUIM

TOL1=S (1) *AOV S e
ADV=TOL1

JJ=1

0O 100 J=1,NC

FAC=S(J) IR

JMiz=J=1

JPM=JJ +NFML
JCM=JJegMe
I=JJ,JCH
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20 UtI)=0,
U(JCM) =140
1F(JeENel) GO TU Sa
KK=1 B o e e mmmare et h m T e § - S e —— e am s mim
DO 30 K=1,JM1
IF(S(K) 4EQele0) GO TC 30
‘ TEMP==COT INRJA(JJI) yA(KK))
4 CALL VADD(KGTUMPLU(JJ) JUIKK) )
30 KK=KK#NDIM
30 50 L=1,2 T TTTIITTIT o eI oo cimemamiimmees s meemeo o
KK=1
DO 50 K=1,JM1
IF(S(K)4EQeNs) GO TC £0
TEMP==00T(NRyA(JJI) 4A(KK))
CALL VACOD(N® 4 TEMPLA(JJ) yA(KK))
CELL VADDIK,,TEMP,LU(JJ) UIKK)} T T T Immmmmemm s mes o s oo s ens
S50 KK=KK+NOIM
: TOL1=TOL*FAGC+ADY - : - -
- FAC=GOT(NE,A(JI) yA(ID))
54 IF(FAC.GT.TOL1) GO TO 70 R T - -
DO 55 I=JJyJRM
55 4(I)=0.
StJ)=0.
KK=1 . e e e
00 65 K=1,JM1
IF(S(K)+EQeDs) GO TO 65 ST T oTr e T T o
TEMP==30T (K yU(KK),U(JJ))
CALL VADDINR sTEMPLACJII) $ R IKKY T
65 KK=KK+NDIM
FAC=03T (JyUTL I ,ULIIN) ’ T T T T R
MR=M~x=1
GC T0 7% ToTTT e s - i -
70 S(J)=1,0
KK=1 : o ST T -
BC 72 K=1,UM1
IF(S(K) «EQe1le) GO TO 72 T T T T T T T T T T T T T T T e
TEMP==DOTINRyA(JJ) yA(KK))
CALL VADO(K,TEMP,U(JJ) yUIKK) ) ~ —— ~mmm—-— — T T
72 KK=KK+NDIM
75 FAG=1,/SORT(FALOC) . - -
D) 80 I=JJyJEM
80 A(I)=A(I)*FAC o e e
00 85 I=JJ,JCM
B35 U(II=U(I)*FAC T T
100 JJ=JJ+NDIM
IF(MRGENNP 4OF s MR EQ4NC) G TU 12T
IF(MTaNEL 0) PRINT110 4N ¢NCyMF

‘ 110 FORMAT (I3 1HX,I2,8H Mt RANK,TI2) " —_ o e e
120 NEND=NC*NDIM
l JJi=1 o e s e i
, 00 135 J=1,NC r
: 00 125 I=1, MR S e e e e e e e e
: 1I=1-J+0J
L N
',E 74
i ~

]




R S PRI

125

130
135

33

N -

TSINSI0T2ANTNL G ULII) 4 (11D)

NENJSNENL=NGIM

11=4

00 130 I=14HNR

JIIIN=51(I) - e
II=II+NLIM

JJ=Jy+NOIML

00 93 J=2,NC

K=N{=J+1

KK=IP(K)

IFIKeNEJIP(K)) CALL SWAP(UIK) g IKKY ¢y Ny NCIMY—

CONTINUL

AETUAN

ENT

SUBKOUTINE VADD(N,C14£,3)
OCIMINSION A(1),3(1)

70 1 1=1,N e e e

A{I)=A4(1)+C1*3(1)

RETURN

£MD

FUNCTION COTUN4A,48)
DOU3L: FPREC ISLON LUT1,08LT
JIMENSION AC(L),2(1)
0NY1=0.,00

IF(iikeLEoe0) GO TUO 2

00 1 I=1,NKX
DOT1=DUTL+408Le(A(IN*B(1))
JCT=00T1

RETURN - o
IND

SUBFCUTINE SWAP(A,BylyINC)
CIMENSION AlL),3(1)
NN=N*INU

I=1

IF(IeGToNN) ®ITURN
TEMP=RA(])

A(I)=8(L)

3(T)=TIMP

1=I+INC

GG 70 1

END T T

FUNCTILION DOT2(NN,A,B)

pouBLt PFECISION IDT2,0BLE o
CIMENSIOUN A(1),2(1)
COMMON/MAINL/NDIM

DOT2=0,00

IF(NNeLLeO) GO TO 2 R oo
DO 1 I=1,NingNDIM
CuT2=0012+403LECA(I)*R(I))

DOT2=D2T2

*STU~N

£
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100 2900 L01

10e =€¢ =6¢ o001 ,01 L1001
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100 200 LQ1%

2e =10¢ =5¢ 001 401 .01

1

100 200 ,01

1e =10 ~1¢ «001 .N01 ,001

1

100 200 401
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APPENDIX D
PROGRAM LISTING OF COMPUTER SIMULATION OF AAA TRACKING TASK

. _FROGRAM MTQEINPUT 2CLTFUT,TAPE2,TAFEG) = _
ETRERSTeR P Gy 2CLTFUT,TAPEZ, TAF
GOMMCON/ VAFR/DELyNyN1,CTOCHECDHET+T9070

~ PRYINY®,JUHUSE EVERY === SEMFLES?
REWIND 2

READ®, T1
C70=8.

IC1=0
CEL=T1%,023

— 15=30711
N=23$N1=9Q

" PRINY®,40FVTYFE IN 1 FCR AZ, 2 FCR EL OR 3 FCR EOTF
PEAD*,IFG

1231
IF(IFG.ECs2)12=2

P(T) =1, Z8%P(7,2)=1,34
P(G)SP(!Q¢)=0.

po 15 Ic=12,2
PRINT®, 40FTYFE IN GAMMAL,GAMPI2,KGAIN,F1,F2,P3 FCR,IC

15 TTREADF,(F(JLIT),J=1,¢0)
DO 101 [=1,105)

- "_WfiﬁTﬁj3)A,B,GTOD,ET,D.ECD
KK=I+I1-1

T T IF(NODIRK,I1T.NE. F)GC TO 107
IC1=1C1 41

TTTYSTICI-1V¥DEL
CALL CBSEL(ELERRySDEL,C7,P(9))

2SUAZC79P)
HPITE(6")T.IZERRQELEPQoSDﬁZ’QQEL

T T IFINCD (Y, I5) L EQLOVFRINTS, T2 RZERRLELERR,STCAZ,SUEL
IF(IC1.ECe L) FRINYVS,TLAZERRyELERRy SDA24SCEL

100 — TONTINUE

3 FORMAT (6€12,5)
5 'Uql'!' lEGII.!)
END

~ T SUBROUTIRE UESELTELERK,SCEL,C7,F)
COMMON/VAR/DEL,NyN1,0TCD,ECO,EY,T
2 LT XX (T, D LRI L KIT3, IV L, R2(3, 3V, P(D)
DIMENSICN FZ(S"GAﬂiP(S)

IF{T.GCT.. 001160 TC 1
Z(1)==P(7)

= = (7}
00 19 u=1,N1

AT =0,
10 XX¢J)=0,

s 4 ¢ B
A(2)==P(3)3P(3)=PT7I*P(3)*(P(1)+P(3)*P(2))

s1¢ k]
l(”'GP(!)’P(7"?‘3"?‘2’
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TB(8)=P(7)¥P(3)%F (2)

A(Q)==P ()

CALL OSCRY(N,ASCEL,R1sMH2410)
TR (OyEPTY T T Ty e

F2{2)==F(7)*P(3)
TRz =0,
b no 3€ K=1,N

GAMLIF (K)=1,
NC 3€ u=1,4N
3 T 36 GARIFIKY=CAMIPIRI+RZ UKy JV¥F2( Y ~ ~ 7~ 0
PO 56 I=1,N =
I1I=% e
Pi(l)=0.
DO 45 J=T,Ni,N
PRI =R1(I) +W2(J) *Z(12)

e S —— o o m—— o= e o

45  II=IT+1
50  CONYINUE

00 €0 I=zi,N
2{Y)=0,

T D0 60 J=1,.N
60 AT 0)=R1(I)%R1 (J)

po 20 1=1,N
I3=1+N

I2=I3+N
28 R4(I)=W2(T3)+W2(I2)

Z(1)=2(2)=Z2(2)=N,
Xx{1)1=.0001

1 Pua=Z(2)=2(3)+P(2722(1)
PS=(Pu=-P(e)) /CEL

TF (T<EQ.0,)PE=<CD
V=(P(L)+P (5)*PL¥PL+P(6)*P5%PS) /LEL

P(8)=P4
£O 25 I=1,N

I1=1
#2(I)=0.

BO 15 JsIyN1sN
W2 (I)=W2(I) amiCy)®*2¢1])

3 15 IT=1I+4
25 CONTINUE
DC 35 Ix1,4N
Z(I)=n2(1)+RA1(L)®EDLD

35 CONTINUE
UBAR==P(1)%Z(1)=P(2)%(Z(2)¢+P(3)%Z2(4)=-2(3))

IF (ABS(UBAR) <LE..785) GO Y0 3¢&
3 UFIX30755

IF‘UB—“ﬁo ET.O o) UFIXxs~e 788
00 37 J=1,N

37 Z(J)I=Z{J)+GAMLIP (J)* (UBARFUFIX)
38 CONTINUE

] CALL MULT (W1,XX,N,N1,W2,10)
DO 40 T=1,Ni

46 AXCIISALTI®VeN2(T)
_SOEL=SORT (XX (1))®*180/3.14156
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C7=ET-Z() T T TTTTTTT T e e e

ELERR=2(1)%1804/3.14156

END
____SUBROUTINE GESAZ(AZER1,S0AZ,87,F)

TINENSICN AA(3,3) 524130, XU3,7),R2(3) WK (), W2 (35 3D, Wl (2, 3)
DIMENSICN GAMIP(3),P(8),F2¢3)
COMMON/VAF/DELy Ny MLy CTCDsEDT4ET,T4C7C
IF(T4GT.,801)G60 7C 1
R2(1) =-F(7)
R2(2)=RZ(2)=F (7)*F(2)
0O 10 J=1yN1
AA(4) =0,

10 x(J)=0,
71(1)=21(2)=21(3) =0,
X(1)=.01005 ' ?
71(3)=0, %

- S 7 ¥ 4 W - D & O L R - S U E

PS=(P4=P(8)) /DEL - :
IF(T.EQ.0.)P5=0TCC CorTrrm o mmmmm o '
_ V=(P(4L)+P(5)#P4P 4P (6)*F52°5) /LEL !
P(8)=P4
C70=(C7-C70) /DEL
01=C0S (C7)
D2=-TAN(C7)*C70
C7c=C7
AA(1)=02+C18P(2)+01%P (7D (P (1)4P(2)*F (3))
AA(2) ==01%P(3)*P(3)=P(3)*C2-P(7)#F (3} *D1*(P (1) +P(2)*F(3))
_AA(4)=D1+4C1%F(7)%F "2)
=CI¥FP(D-FIMI¥PY¥P (Y% LT T

AK(T)==P(7)%01%pP(2)

RA(8Y P (7V¥P 2V ¥F (31 *01 CoTmT T e e e

AR (g)==P(3)*C4

CALU DSCRY(N,AA,DEL W3,y W4,y iD) T o
] DO 25 I=1,N

: I1=1
F HK(I)=°0
00 1% J=I,Ni,N
WK(T)=HK(I)+Kw3(J)#21(2])
15 ITI=71+1
25 CONTINUE
7700 3% I=1,N T —
24 (X)=WK(J) + (WG (T+3) +RU(T+6))¥0TDD L ~ N
35 (ONTI.iUE T o
UBAR==P (1)%24 (1)=F(2)%(Z1(2)+P(3)*Z1(1)=24(3)?
XF (ABS(UEAR) oLE«e 823) GC TO 33
F2(1)=P(7)%D1 o o L L .
TTTTTFZ(2)==F(T)¥P(3)* (1
F2(3)=0,
D0 36 K=1,N
G‘"i?(“):ﬂ.

e A T T O O St Y P SN TR Y T

00 3¢ Jsi.N




36 GAMLP(K)=GANLP (k) ¢+HU (K, u)*F2(0) e
TTTTTTUFIX=,828
IF (UBAR4CTo0e) UFIX=-e829 =~
D0 37 J=1,N '
37 7400 =21(J) +GAMIP () B (URARIUFIX)
33 CONTINUE
B0 B8 X=a,N —_—
IT=1
WK =0 o
T B0 G0 J=ToN1sN
WK(I)=HK(I) +Rt(J) #22(IT) %01
40 IT=TT+1
50 CONTIMUE L
TTTUTCALU MULT WS X, Ny hi R ,10y T
DO 6¢ I=1,N e ~
T DO B0 J=1,N
I1=(y=-1)1¥N+1
60 X(ID=WK(DI *kK{D ¥V¢nWa(TY)
COAZ2=SART (X (1)) %180/ (3, 14156%C1) o
T RIERR=ZA(IY¥18Y /(3 1uisE¥pY T T T ’
END
T T SUBROUTINE FULT (E,FyL,L1,H,MRY T - N o T
DIMENSICN E(L1) 4F(L1),G(8),K(LY)
0O 10 I=1,L
II:i P ———. —— = T — — —— . ———— —
e PO RETSL e e e e - . -
. YEMP=C.
€0 5 J=1,0L1,L
TEMF=TEMF4E(JI*F(IT)

5 TY=IT+1 -
__KK=(k=1)%L+2 e o e e
TTREIKKY=TENF
10 G(KXK)=TEMF o o _ L

T YR (MRGECLIIRETURN
Do 20 I=1sL
00 20 K=IsL
TEMF=0, B i
— e PR S e s e e e
no 15 J=I,L1,L

T YEMP=TENMFAG(Y¥ECTIDY O T T e e
15 II=1I1+¢L
KKz (K=1)%L+]
21 _ H(AX)=YEMF S o
L2=L-1
0 30 I=4,L2 S U
] L3=1+1
ro 3¢ J=Li,L _ e L
Kiz(I-1)%L+J
o Kkg=Ageydelex — ——

30 H(K1) =K (K2)
END

80




" WUBRCUTINE OSCRT(NGIMyA4CELIEAVEAINT (NT)

DIMENSICAN A(i)gEA(141EAINs(1),CLEF(30)
SEYS EAsEXF(AYLEL) ,EAINT=TNTEGRAL EA © TC DEL

NCIMi=NCIbey
NNa=NDIMOUNCINM
NY%i=NT=1
CCEF(NT) =1,

PO 18 I=1,NTM1

I1=NV-]

10 COEF(IIN=CEL¥CCEF(TIT+1)/FLOAT(T)

MY PUST BE AT LEAST 3

CALL DIAG(NOIM,EAINTY,A,CCEF (1),C0FF(2)) .

"0 60 L=2,NT
CALL MULT(A,EATNT JNCIMoNNyEAyL)

IF (L.EC.NT)GC TO 70
. 60 CALL PIAG(NDIPQ:AINY,FALIQP_QC i__l.))

70 00 80 IT=1,HNyNCIM1
EA(II)I=CEA(TII)+1.(

80 CONTINUE
END

SUBROUTINE DIAG (NGIMyRsBsCLleG2)
DIMENSICN A(1),E(1)
NDIN1=NCIF+1
NN=NDIM®NCIN
NMi=NDT M-1

TI=1

IF(C1.ECe14D) GC YO AC
DO 5 Jz=1,MN,NDINM

T K=JeNM1

B0 4 T=Jdek
Tk A(TII=CL¥E()

A(II)=A(1T)+C2

5 TI=TI+NCIM]

. RETURN I
10 0O 7 J=1,NNyNLIV

K= J+NH1 .

6 h(I)-B(I)

7 TI=II+NCIM

B(II)=A(IX)+C2

RETURN
ENJ
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