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reduced-order observer, a linear feedback controller, and a remnant element.
The structure of the model is not only concise, but also describes the key
functional roles performed by a gunner in such a system. Short execution
time of this model enhances a great deal of its applicability to existing
attrition models in evaluation of the survivability of aircraft in tactical
engagement scenarios.
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A least-squares minimization algorithm is derived to identify the model
parameters systematically. It is based on a hill-climbing optimization
algorithm and an average approximation method to approximate a system's
delayed state variables. The ensembled mean and standard deviation of model
predictions for both azimuth and elevation tracking as well as tracer errors
are obtained.. These data are compared with the human's empirical data
obtained from gxperiments conducted at the Air Force Aerospace Medical
Research Labpratory. Results show that model predictions are in close

ith empirical data for several flyby and maneuvering trajec~

The conclusions avre that this gunner model and the parameter
identification program can be used accurately and efficiently in the
analysis of the effectiveness of AAA weapon systems. z .
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SUMMARY

This report documents the development of a mathematical model which

describes the gunner's tracking performance in an AAA tracer-directed manual
firing task. Reduced-order observer theory is applied to design this model 1
for the underlying linear time-varying entiaircraft artillery system. The
model consists of a reduced-order observer, a linear feedback controller,
and a stochastic remnant element. Both the tracking and the tracer errors
are considered measurable. The tracer dynamics enter the system in a
delayed fashion. The Average Approximation Method is used to solve the
closed~loop delay differential equations. A least-squares minimization
algorithm is derived to identify the model parameters systematically., N
Simulation results on model predictions versus empirical data over several
input trajectories are included. The gunner model can adequately describe
human response in this compensatory tracking and firing task. The gunner
model developed here can be used in larger attrition models to evaluate the

survivability of aircraft in tactical engagement scenarijos.
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PREFACE

This report documents a study performed by Systems Research Laboratories,
Inc. (SRL), Dayton, Ohio, for the Air Force Aerospace Medical Research
Laboratory (AFAMRL), Human Engineering Divisiom, Manned Threat Quantifica-
tion program. This work was performed under Contract F33615-79-C-0500. The
Contract Monitor was Dr. Carroll N. Day, and the Technical Manager was

Capt. George J. Valentino. The SRL Project Manager was Mr. Kaile Bishop.

The author extends his appreciation to Dr. Carroll N. Day, Messrs. Walt
Summers and Maris M. Vikmanis of the Human Engineering Division of the Air
Force Aerospace Medical Research Laboratory, Wright~Patterson AFB, for their

valuable comments and discussions.
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Section I :
INTRODUCTION £

The tracking performance of a human operator in an antiaircraft artillery
(AAA) system has been studied for several years. Several approaches have

been proposed and proven successful in modeling human response in compen-

A A B AT s R

satory tracking tasks. Among these are the McRuer Crossover Model (McRuer
and Krendel, 1974), Optimal Control Model (Kleinman et al., 1971, 1974), PID
Structure Modified Optimal Control Model (Phatak et al., 1976), and Observer

Model (Kou et al., 1978). The specific gunnery task modeled involves direct

Y f RS Qi

manual rate control of the gun turret with the gunner using an optical

sighting system having a line of sight coincident with the gun pointing
angle. In this system mode, radar is not used for either azimuth, eleva-
tion, or range data. Rather, the gunner, using vismnal feedback from the
antiaircraft artillery tracer rounds he has fired, continucusly adjusts
weapon pointing in azimuth and elevation to minimize the tracer-to-target
error; hence, increases his chances of putting "hits" on the target. There-
fore, the subject pilays both the role of a tracker and a lead angle computer.

This tracking task is greatly complicated by the inclusion of lead angle

AN S st e oo OB AR LA i

estimation. An additional measurement channel is available to the guaner to

B,

supplement the task through the miss distance of tracer rounds from the %
target. The tracer dynamics enter the man-machine system in a delayed g
fashion and complicate the development of a simple but faithful human opera- §
tor model, In this report, Luenberger observer theory is applied to design §

an antiaircraft gunner model that consists of a reduced-order observer and a
controller. A remnant function that lumps all the random effects from
measurement noise and human neuromotor respoase noise is assumed to be

Gaussian with its covariance being a function of target velocity and accel-

eration. The manned AAA simulation experiment was conducted at the Air
Force Aerospace Medical Research Laboratory, Wright-Patterson AFB, Ohio.
The empirical tracking and tracer data were used to identify parameters of
the gunner model via a least-squares minimization algorithm. The computer
simulation of an AAA closed~loop tracking and firing system shows that the
gunner model's prediction of tracking error is in close agreement with the

empirical data over various input target trajectories.

PO AVt e
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Section II
AAA TRACKING AND FIRING SYSTEM

In a manual tracking and firing task, the human operator (gunner) perceives

both the tracking error and the tracer error on a two-dimensional visual

>k,

display. The tracking error* e is the difference between the target angle

OT and the barrel angle GB, while the tracer error e, is the difference

Ry

between the target angle eT and the projectile ending angle GP. For the

5t

simulation the projectile flight path ended at the range of the target;

each individual tracer round was blanked at this point GP and disappeared

from the display. This is depicted in Figure 1. The two axes on the dis~

PP e

play represent the azimuth and elevation components of the tracking and the

tracer errors, respectively. The gunner's objective is to align the pro-

jectile ending angle GP to the target angle eT, or to minimize the magni-

tude of the tracer error to simulate a close hit on the target.

The gunner performs both the tracking and firing task along both the azimuth

and elevation axes. Since the structure of the underlying systems for

azimuth and elevation axes is similar, they can be decompos2d and treated

R T L S C N A s M T 2 Feror e

separately. The only difference comes from the azimuth tracking system
Figure 2 is

:

being nonlinear due to a visual correction factor cos(eB)EL.

the block diagram of an AAA tracking and firing system.

ELEVATION

The elevation barrel dynamics and rate control system can be represented by

R Y A A L N g bt

the transfer function TlB

At NS f

%1847 1.34 (s+16.875) W
U1(8) " 5(0.9265%+5+16.875)

o

Based 0. a frequency domain analysis of the input target trajectories (Kou

and Glass, 1977), it was found that the frequency bandwidth of all the

RER e L e KRR f e SR et a8 sl e S e T

bl ara™

R i T

*Also referred to as the "lag" angle later in this report.
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trajectories used in tnis study is approximatelyv 0.2 Hz. Hence, the

above-mentioned transfer function can be approximated by

1.34 2)

Tg(s) = =75

to simplify the model design and subsequent analysis. The corresponding

input-output relation of the elevation barrel system becomes

ulB(t) = 1.34 ul(t) (3)

The elevation projectile ballistics can be described by the following

equation (see Appendix A):

; - 2

ulp(t) = olB(t-r) - 0.001 (5.274+0.4867") cos OlB(t 1) (4)
where 1 is the time~of-flight of the projectile. The second term approxi-
mates the elevation drop of a projectile due to gravitation. The 1 is deter-

mined by the target range R(t) (see Appendix A)

. R(t) <
‘ 930 < 0.19 R(5) °F R(t) <€ 2877 meters (5)

and thus is a time-varying quantity.
AZIMUTH

The azimuth barrel dynamics and rate control system can be represented by

the following transfer fuaction

6, (s) .
Y2B'S7 1.28 (s+5.312) 6)

T..(s) = >
2B Up(8)  5(0.459s2+s+5. 312"

Similar to the elevatioi case, the azimuth transfer function can be approxi-

mated by
~ 1.28
= ==£8 7
T,p(s) s (7
19
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The corresponding input-ovtput relation of the azimuth barrel plant becomes

\ OZB (t) = 1.28 uz(t) (8)

Since there is no gravitational drop in the azimuth axis, the azimuth pro-

jectile ballistics can be described simply by
. GZP () = OZB (t-1) (9)
The state vector is introduced here
x.(t) = |x., (), x ., (t), x ., (t) T
=i il > Ti2 > 743 ’

"p" means “the transpose of," with

A -
xil(t) = eiT(t) eiB(t),
x..(0) 2o, () - 0,,(0)
i2 iT ip
and
s
xi3(-) = OiT(t) >
where
i=1, 2%

*1f not otherwise specified, the first subscript index i represents the
elevation (i = 1) or azimuth axis (i = Z) while the second index repre-

sents the i-th element or row of a matrix.
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The following system and measurement equations can be derived from

Equations (3)-(4), (8)-(9).

RS T H b e R W R R MU R e

X; = Ajx, + B, ui(t) + E; ui(t—'t) +E; eiT(t) + _G_i(t-r) (10
and
Xi(t) =C; §i(t) i=1,2 (11)
where :
0 1 b, 0 %
i E
A = 0 1 B, =|0 E, =|e (1) g
0 0 0 0 3
- - C. = [+ 0 0 ’%
—1i 9‘1 gi(t) i 1 j:ﬁ
Ll 0 0 g 0 :
with
b1 = -1.34
b2 = -1,28
< =1
<, = cos GlB(t)
el(t) = -1.34 x (l-1) X [l + (0.00521+0.000486T2) sin OlB(t~T)]
ez(t) = -1,28 x (1-1)
g, (t) = (0.0052+0.000972T) X T X cos elB(t—T)
g,(t) = 0
. 12
{
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5iT’ uis Yy and Yio dencte the elevation or azimuth components of the
target acceleration, the gunner's control output and the observed tracking
error (lag angle) and tracer error, respectively. By definition, elB(t)
can be expressed by GlT(t) - xll(t). Thus, the underlying AAA tracking and
firing system is not only a time~varying system, but also a nonlinear
system with a time-varying delay. In order to bhave the problem well-posed,

several approximations are made to simplify the system equations.
Note that elB(t) is not directly measurable and T is less than or equal to
7.5 seconds in the simulation experiment, and we may neglect gl(t) and
approximate el(t) by

e (1) = -1.34 (1-T)B; (12)

where Bl is a parameter to be identified with other model parameters.

. : 1
. 1, = CLX.
If we introduce a transformation on the states X7 and X9 by X5p T €5%4q0

= ¢ X, then Equations (10)-(1l) can be rewritten as follows. Let 82

]
%52 i2
=1,

Yoo At ! ' ' -
x: = A x; + B ou () +Efug (e-7) + Ey 6,0 (0 (13)

Xi(t) = g& §fi(t) (14)
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where

i7i i —i 3
K 0 0 0
0 0 %
' _: - 3
E ¢iby (1-1)8y E; =)0 3
3
0 i
L _l :!i
1 0 0
¢ = 0 1 0 i=1,2

Notice that gl(t) is dropped from Ecuation (10) and el(t) is approximated
by the expression shown in Equation (12). The simplified system equations

represent a linear time-varying system with a time-varying delay in the

control.
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Section III
AN AAA OBSERVER GUNNER MODEL

:

The function of the gunner in an AAA system can be regarded as consisting

of two stages to be modeled. In the first stage, the gunner observes con-
tinuous signals and makes an estimate of system states (e.g., target
velocity) based on his internal model of target motion. In the second

stage, the gunner uses the observed and estimated states to form and exercise
a proper control action so that a certain objective can be achieved. The
former one corresponds to an estimation process, while the latter corresponds
to a control process. The reduced-order observer is used in conjunction
with a linear state variable feedback (1l.s.v.f.) control law to model the

gunner's function. The structure of an observer gunner model is shown in

Figure 3.

Since the gunner does not have full knowledge of the target dynamics, we may
assume that the gunner perceives the target motion (or internal model) as a
constant velocity process, i.e., 6. = O. Therefore, the equations repre-

T
senting the gunner's internal model of the tracking and firing system can be

ARG oL ¥ R AN M ER SN R AN R A D AL A T 2 e YO A R R

described by
=A'x' + B! u, (t) + E:'L uy (t-1) (15)

=1,2 (16)

Note that g% is a constant matrix and both X;qs ¥4 are measurable, the only

state that needs to be estimated in order to implement an l.s.v.f. control

law is X; 39 the target velocity. Reduced-order observer (Luenberger, 1971)
i -

is applied to generaEe an estimate Xiq of %4 by using Equations (15) and

(16). The estimate X, satisfies the following equation:

'%‘,Y?:%ww-,*: SopSVERERT e T e w
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A

X3 = (kyptkyo) xi4(0) + kyyyq (6) + kyoy,o(e)

e I A S R AR R T S

© -1 . -1
= kgpi0s Y (8 - kyacie Ty ()
- Bi (1-1v) kizbi ui(t-T) ~ kilbiui(t) i=1,2 17)
where k.. and k., are observer gains. z
il i2 2

As mentioned eariier in this section, the second function of the gunner is
to form a control action based on the observed tracking and tracer error as

well as the estimated target velocity. The gunner uses a control manipulator

called an "H-grip" to position the gun barrel/optical sight in azimuth and

elevation; this rate control system is continuously used by the gunner to

minimize the error between the tracer rounds and the target (i.e., minimize

X, of Figure 3). The objective of the gunner is to minimize the tracer

error so that a maximum probability of hit could result. In other words,
the gunner's response in the second stage would be to stabilize the under-
lying system, especially the tracer error xiz(t). A natural control func-
tion which may achieve this objective would be a linear feedback control
law. Let us consider an l.s.v.f. control of the form

~

u (8) = Ioox3 () + v, (t)

with

UEANIERRY R A S RS s Sy

Yi1) i1
| = i =
« 20 Yi2 L Ti2 =12 18
%43 Yi3

where Fi is a vector ol controller gains to be identified, gi is a vector

T e e a o

of measurable states and estimated state.
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A remnant function vi(t) is introduced here to take into account the random
2ffects due to the measurement noise, the neuromotor noise, target uncer-
tainty, modeling error, difficulty of tracking, etc. It is modeled as a

white noise with zero mean and with covariance function

D e >

E ) (v) vy (s)

]
Q
+
Q

AT (t)) +a leiT(t)l §(t-s)

i = 1,2 (19)

fo- all t and s. aij are nonnegative model parameters to be determined.
A ~

eiT and eiT are estimated target angle rate and acceleration, respectively.

2 doraty

The model Equations (17) and (18) describe the gunmner's response in the

estimation and the control stage, respectively. The overall equations of
the man-in-the~lcop AAA tracking and firing system are obtained by com-
bining Equations (17) and (18) with Equations (13) and (14) of the actual

tracking and firing system. If we define a new state vector

e’ SR JRRT LA N 2 AT,

ST
: X = - 20
, AT i Yize %30 %33 T %3 (20)
3 then the state equation of the closed-loop system becomes
]
s X = - + B, (t) + Ev, (t- 21)
g -ﬁi éi ﬁi(t) +'Qi 2(-i(r o+ E&elT * Elvl(t) Eﬁvl(t R (21)
£ where
18
- 3 -, - -
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-
. -1 -
13 Fbioyvyy byeyvy,  (Ibyvigde;  -biegvyg
: -1
- 0 1ci ci 0
: - 0 0 0 0
: 0 0 0 - k,c,
: O
g‘ —
5 [0 0 0 o ]
: i1 Y42 Y3 " Vi3
3 D, = biciBi (1-1) -
3 0 0 0 0
0 0 0 0
L J
& - b =
3 0 i b.c.-1 [ 0
i’i
0 0 bici (l—T)Bi
E, = B, = E; =
! 1 0 0
) 1 0 0
,:' — J — - L. -
: 5 .
: ki = kil + kiZ 1= 1, 2
There are eight* model parameters in total, i.e., Bi, ki’ Yil’ Yi2’ YiB
ail’ aiZ’ and ai3 that need to be determined in the gunner model.

*For the azimuth, only seven parameters need to be identified since 62 =1
by definition.
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Section IV
A LEAST-SQUARES IDENTIFICATION PROGRAM

Since the last two components of éi are independent from the first two

components as indicated in Equation (21), the system equations can be

decoupled into the following form:

~

x;3(t) = 8;.(0)

=
—~
(nd
~
)

= —kici xié(t) + eiT(t)

ro . -

x37(8) = (egey T4 bieyyyy) xyp(€) + byey vy ox%,,(0)

+ bicivi(t) + fil(t)

i S )
(0 = et x (6) +bc B (1-D) [yilxil(t-r)

b

oy px, (1) vi(t—T%-+ £, (0)
with

£i0(8) = (4byY,4) cp x.5(t) = bye,¥, 4%, (1)

i=1,2

£p(6) = egrya(0) + byegBy (A=) Yyg fiy (e-0) - xy, (e

(22)

(23)

(24)

Note that Equation (23) represents a linear-time varying system with time-

varying delay. Since an explicit solution for this type of delay dif-

ferential equation is usually not available, the Average Approximation

Method is applied to approximate Equation (23) bty the following ordinary

differential equation (Banks and Burns, 1978).

N, . _ ,N N N
Wo(e) = A () W (e) + M, g, ()
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2 (N+1)
— A )
1 0 0 ......0f
o) = i=1,2
0 1 o ...... 0
fil(t) + bicivi(t)
g = fiz(t) + biciBi(l—T) vi(t—r)
and
N N-1 b1
}_J_i = xil(t)’ xiz(t), xil(t- N 1), xiz(t N T), . . .

. T
xil(t—T/, xiz(t—r)

is a 2(N+1) x 1 vector consisted of the original states xil(t), xiz(t) and

the approximated delayed states of order N.

Based on a comparison study, the time history of xil(t) and xiz(t) fell
within 5 percent of each other when N = 1 was used versus N = 10. Therefore

N

1 was adopted to save computer memory and reduce computation time.* For

1}

N 1, we have

-

1,., _,1 1 1 .
W) = A (e) Wo(e) + M. g, (t) (26)

*Memory saving is up to 50 percent and computation time can be reduced up
to 75 percent.
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24 14 i%4Y41°1 1%1712P4
1 1 “
. o -3 0 :
0 1 0 !
. J
1 0
. 0 1
=i 0 0
0 0

In order to identify model parameters, we first take the expectation of

Equation (26) to obtain the equation governing the mean of states

o

=1 _ .1 - 1

Wy (0) = A(e) W, (e) + M) £,(c) (27)
where

. r

_W_i(t) = E[xil(t)}, E[xiz(t)], Elxil(t-T)]’ E[xiz(t-'r)] T
and

£ (1) = [f (t), £ (t)]T

i il . V)

Notice that the remnant terms vi(t) and vi(t-—r) disappear because of the

assumption of its zero mean. The first and second component of Ei, Vi and
Wigs are the model prediction of ensembled mean of tracking and tracer

error, respectively,
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On the other hand, the covariance matrix gi(t) satisfies the following

equation:

n

B(6) = AL(E) B (1) + B (8) A/ (1) +D,(0) (1) D (1) (28)

where

B (1) = E [ﬁ(t) - Ei(c)] [gﬁ(c) - Eilm]T

b.c 0
id .
0 biciBi(l—r)
D.(t) =
D, o
C
po b
. ; L
[
a F o, (fr(®) e OiT(t)’ 0
Qi(t) =
L0 i1 + a 9 GiT(t—T) + @5 'OiT(t—T) ]

The first diagonal element Piq1 of gi(t) is the square of the ensembled
standard deviation of tracking errors. Similarly, the second diagonal
element P99 of gi(t) is the square of the ensembled standard deviation of
tracer errors. By solving the matrix differential Equation (28), and

defining

1
sil(t) = pill(t) R SiZ(t) = pizz(t) (29)

N

the model prediction of standard deviation of tracking and tracer errors is

obtained.

The parzmeters of the gunner model are determined via a least-squares curve-

fitting identification program. The reference curves to be fitted in
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the curve-fitting program are obtained from empirical tracking and tracer
data collected in the manned simulation experiments. These experiments were
conducted on an AAA simulator at the Air Force Aerospace Medical Research

Laboratory. Several simulated nonmaneuvering (i.e., flyby) and maneuvering

- v o
s e At MXIRE ERGR AR RN

(i.e., recon) aircraft trajectories were used as target trajectories for

these experiments., Let ;il(t) and ;iz(t) be the empirical means of tracking

ANLEGeANA

and tracer errors, ggl(t) and gkz(t) be the corresponding standard devia-

tions. These empirical means and standard deviations were obtained by

Lok 2 et

averaging and computing the variance of the empirical data of forty experi-

mental simulation runs with the same target trajectory and the same subject.

The parameters were identified by minimizing the cost function J(k, T,

a, B,) defined as follows:

S B

27,

te

min Ji(k, B, I, @) = min

2
i=1 't -

S AR R A i o

k,B,l,a k,B8,I,a

%
7
1 - g
+ zi ¢y sij(t) - sij(t) de (30) g

i=1,2

where to is the time when the first tracer round reaches the range of the
target, tf is the time when the last tracer round is fired. The parameters
to be determined are k, B, I and o as defined in Equations (13), (17)-(19).

. Qi is a positive weighting factor chosen to be one in the identification

runs.

The cost function Ji consists of four contributing terms. These terms are,

respectively:

' The integral of the square errors between the empirical mean

: - . -1
tracking error X:q and the model prediction ey Wig-
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] The square errors between the empirical mean tracer error iiz and
the model prediction Cy Wi,

® The square errors between the empirical standard deviation ;il of
tracking error and the model prediction ci_lsil'

. Finally, the square errors between the empirical standard deviation

Si9 of tracer error and the model prediction ci—lSiZ'
Therefore, the model parameters will be identified such that model prediction
of tracking and tracer error and their standard deviations will fit with the
empirical counterparts simultaneously. This is a fairly complex minimization
problem which would b2 too cumbersome and inefficient to use the Gauss-
Newton gradient method. A direct search method based on Rosenbrock's hill-
climbing minimization algorithm (Rosenbrock, 1966) was derived (see
Appendix B). This method adjusts parameter values along a set of ortho-
normal axes iteratively to search for the least cost Ji’ before a rotation
of axes is performed and a new series of searches are launched. The itera-
tive process will continue until the changes in parameter values are smaller
than a prespecified value. A computer curve-fitting program was written
which implements the previously mentioned minimization algorithm. Some
merits of the identification program are that it has simple computation
requirements, provides a systematic search, and gives reasonably fast con-
vergence speed.

1Y
A set of converged parameter values were obtained by this identification
program for both the elevation and asimuth gunner model. These values are

listed in Table 1.

The preceding parameter values were obtained by applying the empirical data
from the Reron flight path. Notice that the gunner model depends on the
dynamics of the ba.rel plant. For different AAA tracking systems, the
identification program can be used to determine parameter values for the

corresponding gunner model.
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The gunner model described in the last section was implemented on a CDC
CYBER 175 computer to simulate the man-in-the-loop AAA tracking and firing <
ta.k. The parameters of the gunuer model listed in Table 1 were used in a

siralation of gunner's response for five typical operational trajectories,

Section V
COMPUTER SIMULATION RESULTS

including both flyby as well as maneuvering trajectories.

using convolution integration (to reduce computation time) in solving
Equations (27) and (28), we discretize the system equations into (for sim-

plicity of notation we may drop the subscript i and the superscript 1 from

here on),

where

-+l

W

—n+l

and & = 0.06

$
“n

A:L‘

<

W
-1 -n

+H £ +L v
“n-n -n-n

= E(tn+1> with t . = tg + (nt+l)A

seconds.

= exp [A(tn) A],

A

=/ exp {A(tn) . 0] do
()

A

=[ exp {A(tn) . o] do - ]_)_(tn)
)
{Y(tn), v(tn—zﬁ]T

and f = £(t ) as defined in Equation (24). Notice that v defined here is
-n - n T

a random sequence with the following properties.
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5[v,] = 0, [(zn) (y_n)T] =2 9(t) (32)

Taking the expectation of both sides of Equation (31) we obtain

By = T+ 8 £ 9
Denote gn+1 as the covariance matrix of Hn+l’ then the solution of
Equation (28) can be expressed in the following discrete form:
_ T, 1 T
IR MRS S (34)

The first and second elements of Eﬁ+l in Equation (33) are the model pre-
diction of the mean tracking and tracer error correspondingly. The first
and second diagonal elements of gn+l in Equation (34) are the model pre-

diction of the variance of tracking and tracer errors.

A computer program was developed which uses the recursive Equations (33) and
(34) to simulate a closed~loop AAA tracking and firing task. Inputs to

the simulation program are the time history of range and acceleration of the
target aircraft, plus the initial angular .sition and velocity of the
target. Outputs of the simulation program are model predicted mean tracking
error and its standard deviation. Five trajectories including flyby and
maneuvering trajectories were used in this study and are shown in Figure 4a-
4e. The AAA weapon system was located at the origin of the x-y plane, with
aircraft altitude measured along the -z axis. The increment of each of the
three axes is 1000 feet, A detailed description of the characteristics of

these trajectories can be found in (Rolek, 1977).

Simulation results are shown in Figures 5 through 24 for the trajectories
listed in Figure 4. The solid curve in these figures is the empirical data
which are obtained by averaging the results of 40 experimental simulation

runs. The dashed curve* is the model prediction of ensembled mean and

*Initial conditions used in these simulation runs are the same as the
: empirical data. In general, initial conditions are computed by empirical

formulas referred in Appendix A.
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standard deviation. Figures 5 through 8 show the results of elevation mean
and standard deviation, azimuth mean and standard deviation of both tracking
errors and tracer errors for the Recon trajectory. These figures show that
the designed gunner model can provide consistent prediction of the human's
empirical tracking data as well as the tracer error data which result when
tracking error propagates through the barrel plant. The remaining figures
show that similar agreement between predicted and empirical data holds for
the other four trajectories, too. The author concluded that for a given AAA
weapon system, the same set of parameter values can be used in the gunner
model to predict the human operator's tracking and tracer errors for all
simulated target trajectories. In other words, the gunner model designed

here is a predictive model.
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Section VI
CONCLUSION

This report summarizes the modeling of a gunner's performance in a complex
AAA tracking and firing task. In this task, the gunner observes not only
the tracking error, but also the miss distance of tracers from the target.
A gunner model is proposed here which consists of a reduced-order observer,
a linear feedback controller, and a remnant element. The Average Approxi-
mation Method is used to solve the closed-loop delay differential equationms.
The parameters of the model are determined via a least-squares minimization
algorithm. Computer simulation results show that the model predictions of
mean tracking and tracer errors are in close agreement with empirical data
for several flyby and maneuvering trajectories., These results demonstrate
that the proposed model is an accurate and efficient model for representing
the gunner's performance characteristics in an AAA weapon system in this

tracking and firing operational mode.

This human operator gunner model has been incorporated into the MTQ series
of POO1/0BS AAA engagement models and is designated as program PC01/0BS 3/6.
It is this final, composite program which is intended for use by aircraft
survivability in performing their weapons effectiveness studies. Documen-~
tation of PO01/OBS 3/6 is in preparation at the Air Force Aerospace Medical

Research Laboratory and will be distributed separately.
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APPENDIX A ;
PROJECTILE BALLISTICS AND INITIAL CONDITIONS }
;S
. PROJECTILE BALLISTICS i
FA The projectile ballistics equations* for an AAA weapon system used in this
’ é‘ study can be described by k
vyt
: R(t) = (A1) g
. 2 :
2 1+t K + Kyt \/K3t - Kt + K g
, 3
E _ cos 9._(o) sin o (t) %
3 a(t) = sin 1 1B 0 (a2) %
g 1 2
4 .2 ‘. . 2 g
3 1+ sin” o (t) - 2 sin a_(t) sin 6. ,(0) §
',; (o] o] 1B %j
3 4
a (t) = 0.001 (K t+K,t") (A3)
3 with constants
4 v, = 930.0 m/sec
3 Kl = 0.19036681/sec
i K, = 0.14851772/sec’
4 K, = 0.02565365/sec"
: K, = 0.02274266/sec’
Ky = 0.01660118/sec”
K6 = 5.202815
K7 = 0.4863915

*See Milenski, J., '"Methodology to Characterize 23 mm Projectile Trajectories
for Monte Carlo Simulations," Technical Memorandum to J. Bode et al.,
Braddock Dunn MacDonald, November 24, 1975.
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where elB(o) is the gun barrel elevation angle at time of fire t = o, r(t) ;
¢

is the range of the projectile at time t, a(t) is the drop of projectile ?
elevation angle at time t. Refer to Figure 25, g

ALTITUDE
A i

a(t)

e RR Bt Y e AL ey v kY

RN

£ v% ke g etk Lt

: -
! DOWNRANGE

Figure 25. Schematic of Projectile Ballistics
Since the time-of-flight of interest is less than or equal to 7.5 seconds,

% it can be shown that ao(t) is less than 0.06 rad. Equation (A2) can be

approximatecd by
~1
a(t) ~ sin [%os 6,5 ao(t)] (Ad4)

Again, since cos 61B(o) < 1 the same argument implies o(t) can be approxi-

mated by
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b amme as

s

o(t) o ao(t) cos 618(0)

0.001 (5.202815 t + 0.4863915 t) cos 8,5(0)

On the other hand, within the range of interest, it car be shown that

£0.028 << Ky

I
2
|K2t —\/£3t - K4t + KS

We carn approximate Equation (Al) by

v *t
o}

1+ Klt

R(t) =~

Thus, for a given range R, we can solve for the time of flight from

Equation (A7)

S S
930 - 0.19R

INITIAL CONDITIONS

Ir the computer simulation program, the gunner starts firing at t

with the first tracer round reaching target's slaat range at t = £y

gunner model is, therefore, turned on at t = to. The initial conditions !

used in the gunner model are computed as follows.
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Elevatior: ,

AR BB A DTS WIS

ELL T JOWOPICOVIS R IRA B ¥ S

N - 2
OlB (to—r) -1 elT (to—r) - 0.001 (5.27 + 0.48617)

cos [elT (to—T) + 0.05 *]
_ A . ~N /\2
GlB(to) =~ 7 elT(to) - 0.001 (5.27 + 0.48671°) cos [elT(to)

+ 0.05]}

wl (to) = elT(to> - elB(to)

wz(to) = elT(to) - elT(co-r) - GlB(to—r) + 0.001 (5.2t

2
+ 0.48617) cos [GlT(to—T) + 0.05)]

w3(t0) = wa(to) =0
pll(to) = pzz(to) = 0.0002, P33(to) = P44(to) =0 ;
Bij(ty) =0 Vi#i, .3 =1,2,3,4

*Bar2d on empirical data, an estimate of elevation tracking error of
value -0.05 rad is used here.
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g
E:
Z
Azimuth: %
]
. g 3
ezB(to—T) = =0.025 X sgn [OZT(to-Tﬂ :
i
eZB(to) =T 62T(to) E
vy () = [ezr(to) B ezs(to)] cos 8,p(ty)
wyt) = [GZT(to) - eZBo;o-r)] cos 9, (¢ ) ;-
w3(t0) = w4(t°) = 0 f
Pll(to) = P22(to) = 0.0002 x cos eJB(to)’ P33(t0) = P44(t0) =0 3
Pij(to) =0 vi#¢j, i,j=1,2,3,4
where T is the anticipated time of flight of the tracer fired at t = to.
This value is normally available in the engagement model as the difference

between the time of intercept and the time of fire. In general, a rough

approximation can be obtained by using Equation (A8) with R = R(to).
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APPENDIX B
A HILL-CLIMEING OPTIMIZATTON ALGORITHM

1 SIS YOS SN AR A

Let a be a vector of dimension p x 1. The cost function J in Equation (30)

can be rewritten as

A Vot ot I

1 :z: -1 -- 2
? min J ‘) = min ¢ wj(t)—xj(t)

o}

AR LIE LRt

ek

AV

+ ot 55() = E&(c) 2ie (B1)

A
IR R4

The iteration procedures which adjust the values of a in search for a

i Aty

L

minimum of J(a) are described below.

Fyr

WAL o P AR I

1. Choose an initial guess a of a, and € which is a termination B

%

3 lower bound. If the absolute sum of changes in a within one i

C . 3 3 I3 . "

3 iteration is less than or equal to €, the iteration process will ;
&

S be terminated. b

A ;

. 3

;

< 2. Cempuce J(a ) and call it J . 3

-0 o ‘L

)

g . i

3 3. (a) Choose a set of p orthornormal vectors vi. cumulative vector ;

r - t

3 éi’ increment coefficients ei, cumulative increment #

e Y

coefficients di’ success indices ;> i=1,2, ..., p.

initially, let

AT SRR

- T
vy =& T (1,0, ..., 0)
T
v, = &y = (0,1,0, . M




T

£

bl

(b) 5et parameter axis loop index i =1

Adjust the parameter vector according to
a =a + e, v,
—new -old i—i

Check constraints on a, e.g., if a(i) are constrained to be

nonnegativ - then set

Enew(i) = énew(i)l’ if énew(l) <0

e e T ey DT ek R R R T R T R AN e KRk g R A ¢ W R T S N NG R N R X

3 6. Compute J(gnew) and call it Iy Then, do the comparison test.
; If -J; = -, set J_=J,, proceed to (7); otherwise,
i proceed to (9).
"3 7. (») Store accumulated increment along each axis
.
H d, =d, +e,
A i i
3 a = a
& (b)  Set 1d —new
?
- 3
=
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(c) Reset increment unit for next subiteration

8. Test the success index q;- If 4y > 1.5, set 9; = 1. Proceed

to (11).

9. Reverse climbing direction and cut the increment length by

half

10. Test the success index q;- If qi.S 1.5, set q, © 0.

11. Test all success indices qj. 1f q; < 0.5 for all 3=1,2, ...,

p, compute

gl
I g H,ﬂ_-g:l—ﬂ

where

12, Test the parameter loop index i. If i = p, proceed to (13).

Otherwise, set i = 1 + 1, proceed to (4).

13. Test the termination bound. If

P
Z di! <€
i=1

stop the iteration; otherwise, proceed to (14).

84

A ]

{
{
gi
%
:

—— - o - - - ———

N ) o = o ~ - - - “ o ot 2Tt
i e R RO C IR . - 2 45 Y SO, 1 . R T v T - W DT Y 0

N

R sy o

ST APl T e e

CHIERTVIER

e R e STV S T I st B4 JQn L iy AT R




14. Rotate orthormal axes V, according to Gram-Schmidt orthogonali-

. . . >l
zation procedure. First, store cunulative vecor §& ke
K

§_i dlll+ d2l2+ -!-d}_r\_r_p

£2= dz'_\rh2+...+opy_‘p

P

Sl dovsn.redl

3 et IS e e d S SR

5 ° Io%p

SR

Second, compute a set of orthogonal changes Bi’ and new axes

V.
-1

w0
[ ot
L}
[Taa
Pt

R R R A AR S A D B et A

1<
[
[}
i
S
i
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APPENDIX C
LISTING CF PARAMETER IDENTIFICATION PROGRAM--~

ELEVATION CASE

HMMMMMM A M AME M PR AN P MMM AMMM AN MM P MMM MMM MMM A MY MM MMM MP MM MM MMM MMM
MACANN MU MMM M MM RN M MM SN AN NI M MMM M MMM MM A M MMM MMM M N MY

WoHs T 350y CH? I v— L 766205y HEy 2SO0 —ror-ronononoononon o e — ——

MAP(ON) .

COUMMENT-~ s b I M AR NG T O v By

CUMMENT, ' ELFIT,I0=1760295,CY=35 THETPDOT=ALPHA(L1)*THETB(T-TAU) ¥
FTNe. -

ATTACH, TAFC1 4 JATMBRAZ 9 CY=3yMRE1,
ATTAGH,y TAFZ2yDAT HETRAGERYGY= 3y MR 1

L60.
———PROGRAH—ORTE :
DIYENSION ALFHA{8)sPSI(8) s A(8) 40(8) s ALPHAN(S) ;
- ULAENS TNt 2 S B bop by B3y 4B 5y KEAS 1 81y 3 By B )y Kl d-g AT 1B 5
CCMONZARRAY/X (10000 9S(1060) 9 ELOD(1360) sTX(1230) 9 TS(1033),RANI1000 :
1) 2
CGHMOK/ 3/ TAUSCO» DELyNSTPy NDI My T, IPTy Y10 3
£06 Tobi—F-Hy—bi- .
INTEGER Qs SUBITFR ;3
— 4636 :
00 1 I=1,8 g

L o

VEI4J)=XI(ZyJi=G o6
e S e i B T O - e S S

Z{ly2¥25.0

AT =3

1 CONTINUE
+R=t
READ*9 K1y NCIVM, TuIPT,Y10

I*3éh S Vhd e BV | G 7Y B Kol o oo SR X N}
BERAT I LB A~ ST . SEALSP R ES SN A AF-ME s N NCo) -

%
54

£

42 FCIMAT (1H1y“NC.OF PTS = *4Iuy2X,"ORDER= 412,
e 2X NI Bty G4 2y S ANy R EAD-EVERY Ny T2, P OINT R Y da e Ge2
C.5)
KT *F70+03

MDDk S e f e SN o Sy bk g g

C 1=1,KT)
E6—ri—E+iyK
REAC(19+3) CUM65AZyAZDyAZEDs EL yELD, DUHL T oAZMN, DUMRAZS Dy CUM3
———tF (EOF-t 1SS
45 FCRIMAT(12611.5)
o EF MOttty P M8 —60—F6—hriv
IHS(I=-1)/1PT 1
EL00 (FHI=0UML
X (IH) = DUM2
—— =5 {IHI=OYM3

RAN(IH)=7.5

Sa by i in g

M -

46 CCNTINUZ
50-67—1
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T . R R RS R R S RSt A T

KEAD(2946) TIM T A2, DUML ,TAZS Dy CUMS
eI F(EOF-(2)) 4 b yor

3 46 FURNAT (3622 ,8)
4o LM AT =ty b By ey G 6—FOtp 2 3
5 16=(I-1)/1P 141 £
1 —— = TX{ I3 )23UMY %
: TSUIG) =3UMS £
3 47 —-~—CONFIkUS i
DEL=). 23 IPT 2
et z
? NSTP=IH-1 S
3 e == R EA LA (A PH- (1-yT34 8- §
: REAC™, £9S 2
* —AJaf~E — 3
: 1L DG 8 I=1,8
: Etl)=.1 355
3 oI)=C.1} ‘E
1 A (13224} :
§‘ 8 CONTINUZ g
{ PR, & FYNTLS 1 2
g LALL 1TG(ALFRA, AY) 3
GLBY—AS 3
: PRINT 43y AL fHA
3 by- —F CRMATL G AL P RAT 0y G 1245, 08 G 134592082 512 05y 't 112, 51 2,5y 200,
4 L6125, 8001245851245, 8% ,(1245) ;
: e —PRINT 1 y A -1y 5LBLT
b1 FORMAV (™ Uz 361245, ITSRATICAST 415, "SUBITERATIONS= *,I5)
3 41~ ~——PO—1I i1y :
3 SUIIT=SJCIT 44 3
3 cmeem = =00 -12- L2148 o
AWPRAN(L)2ALFHA (L) ¢#E(K)*V (K, L) 3
: com o IF (L a3 E03) o NG oAb e LEv ) b 60T G--12—— ;
2 iF (ALPHANIL)IWLT oL s) ALPHANCL)==ALPHAN (L) 3
: ¢~ —— GONFENYS ;
3 CALL INTG(ALFRAN, d) 3
¥ - — =1 P (A o5 T2 O L 6 - 66— FO- 20— — - 9
3 oLIJ=4) 3
: - o= PRENT—w3 ralFHAN ——- >
; PRINT 41,AJs IT,SUBIT 3
. e K B B ]
£ 1K) =3 *E(K)
ST G I ST ;

ALPHA (M) = ALFHAN(M)
16 ——COINTINUS
IF (4(K)euT1e5) A(K)I=1,0

F ol ool @ WL 24
A-4h I Bt as <

20 E(K) =43 E(K)

- im e IF -AAK) s boivB Ak I=0 6 :

25 CK=C o6 ;
"T

—— - 0-33—131y8
iF (A(LIWLT.(.51G0 YO

CKatt

(2]
Q
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. i : N N A O R AL Rl a

SRS SRR

P

36 CONTINUZ 4
I F A Gk HEv 6 50— O 100 ;
SUML=SU4225 4G 2
e [30—32 M2ty 8 3
suw1=suu1+x1(1.a)a~a :

TUIEEIUTICTTRL u:' LEX S

3z CONTINUZ
- X1 2GR TSUM
X2=SART(SUM &)

3
— e X IR X A2 1
PRINT 33,0LJJs ALPHAyX1,X3 3
~3 Fe——f (R MAF— ety G £ P S At e Py G B Sy~ 4y S 12T 5y S Ay G 12 By ng‘
2% 1493512454217, 612459%1%,622, Se=1~9612s0,%8%,512459%)%/ 3
e 3 AL p eyt B B X T AL A X T A2 2 2y G 1 2w 5 fé
GC TH 110 3
«10 6~ —GONT-INYE ——— j
165 0 TO 11 3
~11@ SbM43=tv) ) ;
DO 115 Lei,7 : 4
e 2+ S SRR R S 2y e - : 3
F(L)=L.) ! §
e c—ef 2{Ly M)=0-c0 T e e &
115  CONTINUE E
e 46—t 7--Joty8- — :
U0 117 K=iyt ,
- 117 - X I S K )b —
0o 12, I=1,8
~1206-—-SUN3=SUAI+LESD- I
IF (SUM3.LE.EFS)GO TO 1000

D0 13¢ N=1, ¢

0C 13, Jz=i, ¢
----- — 24N y-3} = B{ N)—{Ny -
13¢ G CNTINUZ
— —— 0~ 14— ty8

C6 140 L=1,

F iy O | Lo b (3
A4 amec S £ =Tyt

XIC29L)3XI sl ) #Z(Kyl) '
164 0—~-CNLIKUE

SUM4=C .
—-$0-151—J=14 8
i5¢ SUMuzS5UML+XT (19J)%%2
5 UML=EORT (ki)

LA ARSI b fre S

DO 155 J=4,38
155 - —¥-{1+-3)=L1-{1 y SIS UNL
KCINT= 2

159.-—-G=KGUNT ~1
L0 178 <2140
1 501 rf—iniy-&

FAW=F () + XT(KCUNTyL)*V(K,L)

3 10€¢ - - CONTTINYS —vee — -
4 0O 170 #=1.8
cmmee s F2LGY M) =F QsS4 E y—+-F24 Gy} A

1790 CONTINWUZ

C(Q)ﬂ‘t"l
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175 CCNTINUZ
- 00 190—Is1y &— -
190 o (KOULT1)2 ) I(KCUNT, 1) ~-F2 (Qs 1)
- - - SUME () 2 sm——
' Lo 240 M=1,8
20-G—- B UM S UMt 34 BB N Ty M e e e e st
SUMS(G) =5Q<7 (bUuNs (M)

s e = 00 215 - MEly B e e e+ e - - -
VIKCULT M) = (KOUNT, 1) /SUMSLC)
215 - CINFIMUZ -—m— o - —-

KCUNT: SQUNT +¢

=t e R AKX GUN T bt v B 66~ T O~ 150
11171

SUBITademmm— i s
FR=1

- C-256—<=1y8 -

t(€)=,1

.- 4 K ror—y}
A(X)=2.])

2% ¢ CONTINUE
6CC 170 11

1ubo CALL--EXIT- e ———
ENQ

———— U3 RGN N o+ AL PHAY &
COMUQON/ARSAT/XERFLLO23) oSEMP (13009 Z00042326) o TX{1913) TS (1230)

—=  —1,TAULLI3C) ——
LCMMON/ZS3/75T AU CU 9UELyNSTP ¢y NUa TG 43IPT,Y10

e GIMENS TIN WA ddy E{wp o by BHly~) yP2{dy 4o}y ALPHA{ 8 )y A (Ly b )-
L9c(io) gZ0 (16108, INTULG) g Blayg )y CAINT{L34) 3 {0)yCOClLya) L)

———? .%MHX—&-(%&—&—H“O%E-&-&HM——-———-——
EQUIVELINCE (A(2e21)93(1)) s (CACL,2)9C(L D)o (ZAINT (141),23INT(L})

----- —LAT b T /L efee

c

C--INITIALIZATION

-(:——-36%‘6-)-“’/-5{.
O 1L I=1,ND

e ——- G011 -ND
FlIosJd)=),

— e, QC (I yJ) =0

1 A(IsJ) =],
NC1=ND~-1
NI2=NG=2

—————— NAASNE/ 2-4
L0 11 I=1,NG

- emem—HERs
D(IY=Ll.

RN
T

11 P(I,I)=j.0C ¢

o e Ffly £) 2 Y D6—ER 43 2
F(2,2)=),iC 053246

eemmX3 (1) 2 o T 55426~

Au(1)=0,

—— e L 2L T
£0J214(1)=C,

ro eereee$ 326 0o om
ARS=~LE YALPELL2)

e e —EF (AR 05T 0= 200 3512 EXRAARGD — —
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G OMP USE—A NO =BTty TR SN BN e
U-remft NG -0 r oA N —ile

. —PRINT—92 _—
FOIMAT (4%, “TIME™, 4%, “TARGEY VEL™y 2Xy“EST VE. ERROR™) 2X, “EST TAR VE
------ — L)
7=TG
Gk
T=T+2EL
0 — — — LF (MG (KK y4Eidvr EGv I ORvAKK 5 £6 o1 I PRINT--05 4.7 3 X34 LN oy XLl KE Yoo
c 1 WX2(KK) =Xt (KK}
Go - - —FCAUAT-{45-12-v5
Ki=<XK+1
K2=<Kmt
A3(K1) =3 (KK)+ELC(KK) *DEL
— e — LE(ALF HA (2] 4 EQ vav )G O~T0—
X4(KL1) =31 X4 (vKj +EOD(KK)® (1.~S1)/ALPHAL2)

60 -T0-3

c
G-
c
c
97

A 3005

NS~ -

SIS o B D gt

3
4 Xu (K1) =Xt (KK)+EDC (KK) “ DEL g
F———GONTIRYZ |3
C-COMPUTE-AND-5T0+ E-E-5TIMATED-TARGET--yELOSI TY~AND A5 CE LERATIIN oo oo C g
¢ L F

- B G { KK ) SR S (ke { KK
IF(K2452,1) ECOR(KK)={EDH(KK) -TUH(K2) )/ (EL {

A GOHTFINI=

NCIM=ND
e~ -NE=NDL22 - L3
c {
C START-INTEGRATIOM-LGOFR
c

S P
1=T¢C

e (1243
W(2)=0 ,)247 3¢
SOMEANES (1) ~XENRA475) P24 {2 ) s TR ) IR m e e
SSI=(SARTUF (1, L1 ) =STMP (125) )~ - Z+(SIRTIF 1292)) =TS (1)) *+2

R e B R A e s

F

s

hiz=<{K+1
MeTAJ (KL FGEL Rt - = e .-
RA=NAA/TAUT ki)
e - —AZa e ={TAUL{ (V=T AYKK I LBEL — -
CLR=CC4ALPAA )
Fo

Lovasan oe, R vr et o o
o A Y R T v

e { Ly 2P G o R

Afly2)=-Cv ALFMA (4) J

e A2y NDLIEALL 1) - ALRHALI I A E

A 12,40) =AL1, 20+ ALPHA(1)*A2 :

— G 2121y NO2 ;

J1=1+2
A(J1,I)=RA
AL ydl)==R!
2 --——(ONT-ENYZ
CALL LSCSRT(MLIMpE9IEL By ELINT 4K)
G 73 = GEAALEH AL S P AR HA LA
CRU4=CI*ALPHA(S)
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SCALA PSS htmt M AHA L HAAR) A2
C(C(2y 2)zaLFhuio)~ SCALL
C- - ~-IFU{M0D KKy L&t vEQvItvOF+ tKKvEQ i) —PRINT—03y Ty H-{L 3+ Y13y SHFAY,

c 1 SAFT(P(1,411),S3C

99 - -~ FOMAT{>6 12 +E; -
c

C- COMPUTE—HEAN- TRACCENC—ERROR

c

=00 Al Tl i {HY
00 120 J=1, dCINM
-0} G EHE Ay AN ) _
129 CONT INUE
Lo~ —~GONEINUE
F(l)=t1.~CR%) X3 (KK) +CRG® X6 (KK}

————F (2} =X-3 (KK}
IF(KKaGToM) FL2)=F{2) +CRI (X u{KK~M) =X3(KK=~M))
001321y NEIYH

00 140 J=1,
UAT oA EH AT

140 CCNTINUZ

I 3dft d
r 3

4. 3
VY9I reor

- A41) =645
LTS AN
130— CCONT-ENUE
c
g G- COMPUTFE—Z RRIA—GYEFHEAN-TRAGK-ING~ERROR i
> c {'-
% ~ - -SHEANE SAEAN+ (-1 )=XEMR( KL H P~ 4-(H{ 2} -TX {Ki-125))02 g
3 C
A C COMPUTE-COVARTA NES—HATRIX
4 c
3 ~ GGGt R A E AP HAE T AT S E B AL A Y L8 FLAR S-S B b (K-
: 1 ¢sScat
s PR G T MI—CU G 6252 = CALPHA GBI +ALPHA ( 7)1~ ABS { E OH (-KK—M) Y — oo —.
1 FALFHA(S) ACS(EDOH(KK)I)I'SCALL
------ CALL ~MULT ¢E & INT 7GRN TMs NP 1312) —

LALL MULT(ELoFy WGIMgNL;P2410)
~——— 0226wty N CEM

D0 220 J=1, Mid

PALy ) =PL(Ivurep2 - e e e e e e
220 CONTINUZ

BNLE o S £ L

BGS

T

c R o e omimes -

§ g COMPUTE ERRIF QUE TG STANDAPD DSVIATICN
§ 55)=SS0+(SArTIP{191)) ~SEMPIKL) )¥v 24 (SR T(P(2,2)) =TS(K1-125))*"2
. Vel+dEL- - e e — -
APk ey

1o G——-6GRIHIMIZ
EJ=0EL* (SMEAN+A T2 SSD)

ST URIN.
RTTUXHN

END

DIMENSIIN Et1)F (1),5(16)4H(1) i
———80—t—Iatyt §
]
d
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e TR R T T AN T e SO
A o= T AL T AN g o P T AR ST - e

4 TSN SO WAL KT RaY i MR o aas n weew v e e e e e T s

I1=1
o T a2 h,

TEMF=( o
50535 Ly byt

1 EMP=TEMP+E(II T { (II)
5 LI=Ei41

KK= (K1) vl el

H(KK) = TZMP
16 b (KK) = TZMP

00 22 I=1,tL

e 5029 %=Lyt
TEMP=C .,
I13=Kk

=T

0C 15 Jal,Ll,L
T EMF 2 Y- EARAG A £ E LT
15 II=II+L
- e KK K = L LT
20 H(KK) =TIMP
L2=lat
0C 37 I=1,L%
— L3=1+8 -
00 33 J=L3,L
Y O LY
K2=(J-1)7L+1

3v (K 1} - (K23

END
e -SLAFOUTING-ESGRT (NITMy Ay DELyEA sEAINT ¢ NT)

CIMENSISN A(2),2A(L), SAINT(1),C (EF(3C)

C - e SE13 EA=EXF (4" BIL) yEAINT~ INTEGRAL—ELI—TI-DEL—
NCTMLz ¥IIM+1

SIS W Y VE I RY VS 2% —
NIM1=NT-1

e ——GCEFANT )=ty

00 1] I=1,NTM
LIZNT-T

16 LCEF(IIN=DEL~COEF(IT+1}/FLOATL(I)

G N MY-S T b F— e EAS T3
CALL DIAGUN (ItyiAINTA,COEF (1) 4COEF(2))

— 10 6} L=I y NT— —
CALL MULT(ACEAINTZNOIMyNNyEA, 1)
mme—— I F{L s E 2 NTFHEC-T0—-73
63 CAL LIAGINDIVMyEAINTHEA,140,COZF(L))
a7 Gy O &3 =L Iy N M - Mo
EA(II)=2A(II)¢ie0
~——80—GONT I MU=

END
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PTER AT ARRTTT e o ADE T L v

R ot e v 1

Py R

T

~mem e SUBRQUTENE—ETAG ANEF My Ay Oy G2
GIMENSION A1), (1)
NEIMLENS ML
NN=NIIMNOI?
se— —-NMLANC M-t
il=1
- —IFHCLi S Nrtwr )60
LC S JU=1yNNyNLIN

———— e +NM-4
‘Jvul LY

L0 & I=)yK
-4 -A(IY=014B 1)
AIIY=A(LT) C2
-5-1I= [+N)INML -
RETUIN
i G 0= T—Js-Ly-HN-M-1¢
K=J+{ML
— w0 & I=k -
6 A(D)=£ (D)
AL, )= A(II)-+C2 - -—
7 1I=17+NJINML
w e KETURS,
END

0

-]
e
(-]

LRy SN LG SR CHERE Rk ek

22L61 ‘-1 3.‘.9, ey v- -13L - - B T ——
161920514337 7,1,6419, .62133, .1152&:(‘-~,.1kb15?-h,.461655-3
Oevi - . e m e e e —— - e cmmans e e e — —————————— —— & o — o

AP IED o SV RGN PP g7 4
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APPENDIX D

LISTING OF PARAMETER IDENTIFICATION PROGRAM--

.y

AZIMUTH CASE
HE Wy T-30G9 CUZB bt t O L2955y WEL4 2500 ——— —— o e —— ———
HAP(ON) «
COMMENT ANO—DeEk—-L
CUMMENT. “*AZFIT,IC-L76L2S5,0Y=3% IDENTIFY 7 FARAMETERS*®
FIN.
ATTACH, TAPEL,0ATMBRAZy CY23yMR=1,
ATTAGHS TAREZy AT HOTAAGERYGY =3y IR= 760285 MRt - oo oo .
Q.

GRA-N-ORIATARE Iy TARERy T NRUT-GLTRYF)
DIMENSION ALFHA(8),PSI(8),A(8),0(8),ALPHAN(S)
D IMENS FON—S ATy EL 8 V(98 2 {84 83 o X T- {3 + B} BB 8 )y AT} F 22U 8} —
G CYMON/ARRAY/ X{210UC)9S(1C00),AZDD(1000),ELS(1000),RAN(10G0)
ey TX 4160388
CCMMON/S/TAU$CO9 DELyNSTPy NDIN, Tdy IPT, Y1 0

[ Ty U -V . ¥ . (o
FOoORETT Iy T v

INTEGER QsSUEIT, FR

16=¢

NFAR=7
————NPARL=NRAR=1-

DO 1 I314NP IR
e DO~ =Ly NRAR-

VAL, J3=XICI, D=0l

h o <IN 2 AN -3 W WL Y3 2 ¢ AW R'A N EENE T L Y, )
L2 VEFvrCawor AANX B 2 L Aai T I s A ank N a-)

Z(1,J)30.0
et 1) 88D
b GONTINUE

REAC*y KLy NOINMy TG 9 IPT, Y10
e — AR INT—4 29K 1y ML My T Do TR T Y-
42 FCIMAT(1HL1,"NO.OF PTS = "yIuy2Xy"0RDERs *,I2,

c%§1¥.:““’

=K1-KT

e REA D -1y 3 -4 B WPy AR AZ Oy DU N By EL Dy EL: DOy Ty DU M2 o £ LEN, DUA 34 ELS) oo

C I=1,KT}

D0 -<ed Yoo IC-
WUNVTTYY AR TW

READ(1,43) DULN4,AZ,ATI0,DUML,EL,ELDy ELDD Ty DUM29ELMNy DUMIHELSD

afed O RS d=) T A Y -
AT ATV AT T YAy VS

43  FCRMAT (1261 1.5)
A——TF (MBIt EFHa-NEw I —60—F0—irks
IH=(I-1)/IPT 8
———— D0 EH) DU
X(Ih)=3uH2

Fod Well I o B8 YOS od | [ o8 & ¥ Y1
Tehd VAT TLL wWiliy

S(IH) = QUM3
—————RAN{ EH)-47-5
IF(DUMGLTo28774) RANCIH)=DUNA/(I3C . ~.1 9% DUMY)
-lp———GONTFENYE
00 &/ I=1,K
e REA BByt FINE yGUNS y TRy Ry F L B0~
IF(EOF (2)) & ue
b ——£GRMAT (5612-45)

10
3

2
3
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AL RS

48 IF(MIC(I=2yIFT) aNEsde) GO TO 47

Iva({I=-1}/IPT42
fX(I3)=IUMS

{5 TG b FUN
&7 COMTINUZ

e -y Eis ) 433V IRT
C6=1.28

—— - N STP=IH=1
READ*, (ALPHA (1) 9 IS1yNPAR)
READ*yEPS
PRINT oEPSy (ALPHA(TI), I=14 NPAR)

------ AJ3 &t
1 CO & I=iyNPAR

"_——-_E{:l_ 12

o)=Lt}

A- (123

8 GONTINUEZ

e e 12SUETTED
CALL INTG(ALFHA,AJ)

GLIJ=A-H
PRINT 4Jy (ALFHA (MP) 4MP=1, NPAR)

C CL2.54"1%9312:59"1"91C1245)

g £ GAMHA A F HA— 2y 642 v Sy 125 2y 6 1245y 01 2v Sy g e

— —-PRINT—413AJy ThyrSUELF
41 FORMAT (* J= *,51245," ITERATIOAS= **y15, “3USITZRATIONS

2 I7)

11-——-06- 13—K=1y NFAR
SU3IT=SJSIT ¢4

—d33 4.3 'y 4 N dL
CUT LT a4 TivT AL
KLPHAN (L) =A FhALL) +E(KI*V (KsL)
e - LR AL €52 02 v AN oi vt B0 %) }—60—F6-1:2 e
IF (ALPHAN(L) LT sued) ALPHAN(L)==ALPHAN(L)
3 12 ---- GONTINUZ ———
4 CALL INTG{ALFhAN,AJ)
] e F— 4t 5 F O rEH—GE—FO 26 o
¢ oLlJ= Ay
— - PRINT-—wly (ALFRA MNPy HP=EeNPAR) - -
3 PKINT 419AJ, 1i,SUBIT
: -0 14) 2644 +ELKD - e e
- € (K)1=3*3(K)
: e = 50— 5oty NFAR
s ALPFA(MI =ALPHANIM)
§ 15 - - GLATINUE - -
f IF (A(K)ebTe1.50 A(K)=140
§ ¢ T0-25— -em
3 2 E(K) == 437 E(K)
r . o e (K Pk Er b S A K 2
25 CK3G
- =BG Bl NF AR ——
1F (4(L)4LT .G.5)60 [0 30
-Chatof — - -
3 CONTINYZ
15K rEr e —10—13

SUML+SU42=4 o0

GO 22 M31yNFAF
SUML=5UML +X I L5y 0)- 32

SUM2=SUM2 X I (2y )22 -
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Sl RTINS T AT LT Sl TR AT VER T AT TS Tt . h "Ny vy
o B T T iy W i tdigan e Uy 8w 3

P 5
S AT RO% P e R S

3 CONTINUE
~-—X 125R-T{SUMN)
X2=SQRT(SUM ")
—— -3z XA K2 —_—
PRINT 33,0L0Jdy (ALPHA(MPY yMP: L4 NPAR) 4 X1y X3
33 - ——F ORMAT— Mt —— Ay G425/ - AL PH ARy 512v Sy= § 29512 ¢S94 1 2y G LEy 5——
298%,312.59784,G12459%824054245, A8 9Gl12e54 )M/
—————ﬂ*—x§+*+-“Tﬁ4t154*—***%4**§+3+°—‘16+375‘
60 TO 116
16 6—CONTINUE
165 60 TO 1t
11 G—5UM3zo3
DO 115 L=14NFARL

[V o WL W 3 NN PuL | E40.8.
U oMYA

FLI=G)
v mn P2 (L g M )20
115 CONTINUE
D011 7—J=1y NFLR
LG 117 X=19 MPAR
117 Xi{Jdyh) =00
D0 120 Is1,NPLR
12 0——SUM3=S UM+ LES{( B 1))
- 1F (SUM3.LELEFS)GO TO 100¢
3 ——————50 -13—N=1 9 rFAR
00 13C J=1,NFAR
ZA Ny =34 — VN
13¢ CCNTINUE
e 30 14— 24y NFER
00 140G Lz1yNFER

LEALLN il L A

AR

SATIR FINQT

< e 5O -1 4 K=y FA R
XICJal) aXI(lsL)+2(KyL)
3 140—GON-INUE f
A SUML=( o) ;
F e 00 A 36—l g NRAR
1 156 SUML2SUML+XT (19 J V742
, e SUAL =S QAT (S A b ) -
. D0 155 J=1,NPAR
4 155 VAL pd d SARH—miAS b
3 K CUNT= 2
: 159 _. 4=K0UNT-1 - - -

U0 175 <x1,0
ceenD0 160t =1 9 NFER -
FLU=F(2) + XI(KOUNT,LI*V(K,L)

16 ——GONTIIUE
GO 176G 4= 1, NFAR
------ F2(Gy MI=Fr @IV Ky M F2(GyM)
17C  CONTINUE
- FAR =)

175 LONTINUE
§0—1 Qe—Ts-1y-NPAR
193 JILCUNT, 1)z I(KGUNT,I)-F2(Qy I)
- - SUM5(3)=5+8
uv0 201 M=14NFLR
2u s -~ SU4S{Q1:SUME(C)+tKOUNTFy )32
SUMS (G) SR (SUHE(Q))
~ miem eny § - 24 M= ey M AR
VvIKOUNT M) = - (KOUNT 9 M) /7 5UMS(Q)




B A O I R T T PR e e AES - T s
LS ¢ ¥ NI AN 8 BTN R S N T (4 R e e W GV AN o -
A S T T Tt T A T s A TR R TS

PSSRy

215 -—uLINTINhYZ ——
KOUNT:= K JUNT ¢4
= 1F (KOUNT-oL € oF AR)—GO—-T0—159
17=1T+4
SU T4
Fk=1
UG 23(--K=149 NFAR
Ei{K)=,.1
- G(K)Y sk
AVK)I=Z24)
22 G=- GONTINUS ~
6C 70 11t
1vud  GALL--EXET -
ZN9)
SUIRJUTINE- I M CL-ALPHA yEY) -
CCMMON/ZARRAY ZXEFF(100C) 9SEMP (1330L)EDDC 153009 ELG (1130, TAUCLI3D)
s o I 5 O ST B RN S PR
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APPENDIX E
LISTING OF COMPUTER SIMULATICN PROGRAM FOR

AN AAA TRACKING AND FIRING TASK
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CUMMENT . - SIMUb,IL=L7€3295,CY-124AA MODZ6 SIMULATION PROGRAM %
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FTN,
L60s —-—— _
PROG2AM ELF TUINFLT,0UTPUT, i APEL)
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C Y10(€1)s INITIAL GUESS OF EL LAG ANGLE

CY 162 4t ~ENEF G U ESS—EF—AT—tAo—AHELE

C UtL! EL CONTROL

G -UAZ1 AZ-CONTROG - —
C CO(1)s EL RATE CChTRCL COEFF

C CE(2s1 AZ-RATTCONIROLCOEFF -
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