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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

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.

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 fiting task. The gunner

model developed here can be used in larger attrition models to evaluate the

survivability of aircraft in tactical engagement scenarios.
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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-

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

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 visual feedback from the

antiaircraft artillery tracer rounds he has fired, continuously 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 plays both the role of a tracker and a lead angle computer.

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

estimation. An additional measurement channel is available to the gu.ner to

supplement the task through the miss distance of tracer rounds from the

target. The tracer dynamics enter the man-machine system in a delayed

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 response 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.
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Section II

AAA TRACKING AND FIRING SYSTEM

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

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

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

e0 and the barrel angle 6B, while the tracer error e is the differenceTB2
between the target angle T and the projectile ending angle 6 For the

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

each indiviidual tracer round was blanked at this point p and disappeared
fro:n the display. This is depicted in Figure 1. The two axes on the dis-

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 9p 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 decompossd and treated

separately. The only difference comes from the azimuth tracking system

being nonlinear due to a visual correction factor cos(eB)EL. Figure 2 is

the block diagram of an AAA trackiixg and firing system.

ELEVATION

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

the transfer function TIB

0 _ _ _ _
B(s) 1.34 (s+16.875)

1 T s(O.926s +s+16.875)

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

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

*Also referred to as the "lag" an-le later in this report.

0 k 7
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trajectories used in this study is approximately 0.2 Hz. Hence, the

above-mentioned transfer function can be approximated by

T1B(s) = s (2)

to simplify the model design and subsequent analysis. The corresponding

input-output relation of the elevation barrel system becomes

lB(t) = 1.34 uI(t) (3)

The elevation projectile ballistics can be described by the following

equation (see Appendix A):

2(t= 1B(t-T) - 0.001 (5.2T+0.486T2) cos 0lB(t-T) (4)

where i is the time-of-flight of the projectile. The second term approxi-

mates the elevation drop of a projectile due to gravitation. The T is deter-

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

• R(t)
_ Rtfor R(t) • 2877 meters (5)

930 - 0.19 R(t)

and thus is a time-varying quantity.

AZIMUTH

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

the following transfer function

T2B(S) 1.28 (s+5.312) (6)T2B(S) U-(s) 2 (31

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

mated by

_2B(S =1.28 (7)
T2B(s) (72B s

10
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The corresponding input-output relation of the azimuth barrel plant becomes

0 2B (t) = 1.28 u2 (t) (8)

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

jectile ballistics can be described simply by

0 2P (t) 0 2B (t-T) (9)

The state vector is introduced here

"X (t) =LX il(t), xi2(t), xi3(t)

"T" means "the transpose of," with

Xil(t) 2 iT(t) _ 0iB(t)'

x i2(t) e iT(t) _ 6ie(t)

and

x i3(t) =A iT(t)'

where

i , 2*

*If not otherwise specified, the first subscript index i represeAts the

elevation (i = 1) or azimuth axis (i = 2) while the second index repre-

sents the i-th element or row of a matrix.

of a11x



The following system and measurement equations can be derived from

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

x. A.x. + B. u.(t) + E. u.(t-T) + F. e (t) + G.(t-T) (10)

and

Yi(t) =Ci x-(t) i 1,2

where

1 0 [ B. 1  E. =e. (t)
0 0

F F G. c 0

F- -1 [i 0- 00

with

bI -1.34

b -1.28

cI

c2 =Cos 0iB(t)4
::i:1.4xI-)x [I + (0.0052o+0.000486T ) sin e1B(t--)]

e 2 (t) = -1.28 x (1-T)

g!(t) = (0.0052+0.000972T) x T x cos 6I(t-T)

g 2 (t) =0

'12



iT ui) yi, and Yi2 denote 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, 0 (t)
can be expressed by eT(t) - Xl(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 bave the problem well-posed,
several approximations are made to simplify the system equations.

Note that 0 B (t) is not directly measurable and T is less than or equal to

7.5 seconds in the simulation experiment, and we may neglect gWt) and

approximate el(t) by

e (t) =-1.34 (1-T)ý 1  (12)

where 81 is a parameter to be identified with other model parameters.

If we introduce a transformation on the states xil and xi 2 by x' = c x
il il1 i ill

r;
i~~l• • xIt'=c i then Equations (10)-(11) can be rewritten as follows. Let 8

x. A' x! + B! u.(t) + E! u. (t-T) + F 0i(t) (13)
-- -1 -- -- 1 --1 -i iT

it C! x'.•(t) (14)

k

13
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*~ I

where

A! 0K i -I 0
•_; - cic- 1  c.j B•

0 0

L J

0 0 1 i=1,2

Notice that gl(t) is dropped from Eouation (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.

14
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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 (l.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., aT = 0. Therefore, the equations repre-

senting the gunner's internal model of the tracking and firing system can be

described by

x= A!x! + B! ui (t) + E! u. (t-r) (15)

i= C.x i = 1,2 (16)

Note that C! is a constant matrix and both xil, xi 2 are measurable, the only

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

law is x i3 the target velocity. Reduced-order observer (Luenberger, 1971)

is applied to generate an estimate xi 3 of xi 3 by using Equations (15) and

(16). The estimate x satisfies the following equation:

15
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x = (k+ki x(t) + kY(t) + ky W(t)
D 3 1i2' D3 1±1i i2 i2

-kicci i(t -k.i2cici - 2

- •i (1--r) k i2bi u i(t-T) - ki b iU(t) i = 1,2 (17)

where kil and k are observer gains.

As mentioned earlier 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 2 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 x i2(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

1 -^

ui(t) -. x' (t) + vi(t)

with

S[~Yil" [il]

x'= "= i = 1,2 (18)S--i i2 1-iY 2

S • L xi3J 0Y3

where r. is a vector of controller gains to be identified, x! is a vector

of measurable states and estimated state.

17
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A remnant function v.(t) is introduced here to take into account the random
effects 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

E i (s = il + a. i2 iT (t) + cLi3 1iT(t)J 6(t-s)

i = 1,2 (19)

fo- all t and s. oi.. are nonnegative model parameters to be determined.
L"

6 and 0 are estimated target angle rate and acceleration, respectively.
iT iT

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

estimation and the control stage, respectively. The overall equations of

the man-in-the-loop AAA tracking and firing system are obtained by com-
I bining Equations (17) and (18) with Equations (13) and (14) of the actual

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

-i il' yi2, xi3' xi 3 - (20)

then the state equation of the closed-loop system becomes

X. -A. X.(t) + D. X.(t--r) + F.0 + B.v.(t) + E.v. (t-T) (21)

where

18
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-1
cici + biciiY b icYli2 (l+biYi3 )ci -biciY13

0 c.c. c. 0
A. =1 1

0 0 0 0

0 0 -k.c.

0 0 0 0

Yil Yi2 Y- YO

D. = b.c.3. (i-t)•
-D b 11 0 0 0 0

0 0 0 0

o b c. 0

0 bioo bic. (l-T) i
F.= B. = E.=

1 010 0

0 0

+ i= 1, 2ki k il ki2

There are eight* model parameters in total, i.e., 53i k31 ' il' Yi2' Yi3

acc, ai2. and a.3 that need to be determined in the gunner model.

*For the azimuth, only seven parameters need to be identified since a2 = 1

by definition.

19
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Section IV

A LEAST-SQUARES IDENTIFICATION PROGRAM

Since the last two components of X. are independent from the first two

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

decoupled into the following form:

k XiB(t) W(t)

xi(t) -kic xi(t) + eT (22)

xil(t) (c.c. + b.ciYil) xil(t) + b.ci Yi 2 xi 2 (t)

+ b c.v.(t) + f (t)+bi.li

S=c* -l (t) + bici~i(l-t) •
xi2(t) i c c xi 2  [Yilxil(t-T)

+ Yi 2 x 2 (t-T) + vi(t-T)]+ f W2 (t) (23)

with

f ilt W (1+b iYi3 c.• xi3(t W b i ci•i3 xi4(W

f. (t)(l-b )c x (t) -bcy x3(

fi(t) =cixi3(t) + b.c.e. (1-) Ix[1 -)] 4  . (24)1 i i3 i i3 i3(t• -xi4(t-T)

i = 1,2

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) by the following ordinary

differential equation (Banks and Burns, 1978).

N N N
W.(t) =A.(t) W +t ,t (25)

20
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2 (N+I)

r

MN 0 0.......M= 1i = 1,2
1 1 0 ......

fl(t) + bic v (t)
iii

i= fi2 (t) + bici i(l-T) vi(t-T

and

• - i(t), xi2(t), Xl t- -T xi2 -
- I ~ ii i2 Xj\- N i2\ Nt LF-).'

ii (t-tr)*, x (-I
ilt i2

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

the approximated delayed states of order N.

Based on a comparison study, the time history of xil(t) and xi 2 (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

N = 1, we have

w.(t) = A.(t) W.(t) + M. gi(t) (26)

*Memory saving is up to 50 percent and computation time can be reduced up

to 75 percent.
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cii + biciYil biciYi 2  0 0

1 -1Aji-0 cici- biciyi.Bi (1-T) biciyi~2 il_-T)

1 0 1 0

t '

0 1 0 1

LF T

S1 0
0 1

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

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

1ýt Wt)t) + fi i()(27)

where

Iit E[xil(t)1, E4x12(t)] E Liii'T E [xi2 (t-)]Tj

and

f~i(t) If il , f12(t Tlt

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

assumption of its zero mean. The first and second component of W_ i, and

w i, are the model prediction of ensembled mean of tracking and tracer

* •error, respectively.

WA
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r7
On the other hand, the covariance matrix P.(t) satisfies the following

--.

equation:

*1 1T TP~i(t) =Ali(t) Pi(t) + Pi(t) AiT(t) + Di(t) i(t) DiT(t) (28)

where

P Ej[1 (t) - ~ t 1 [ (t) _W WIl(t]TJ

1 3.F0+bci 0 t + t

DHi~t) =

S- 0

o il + i2 "OiT(t) + + i3

a cil + a i2 10 iT (t-'r) + O'i3 0 iT (t-'r)

The first diagonal element pill of P (t) is the square of the ensembled

standard deviation of tracking errors. Similarly, the second diagonal

element pi22 of P (t) is the square of the ensembled standard deviation of

tracer errors. By solving the matrix differential Equation (28), and

defining

1 1

Sil (t) = Pill(t)2, si 2 (t) = Pi 2 2 (t)2 (29)

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

obtained.

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

fitting identification program. The reference curves to be fitted in

24
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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

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

these experiments. Let x (t) and x (t) be the empirical means of tracking
il i2

and tracer errors, s(t) and si 2 (t) be the corresponding standard devia-
il 1

tions. These empirical means and standard deviations were obtained by

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, F,

a, B,) defined as follows:

min J.(k, r, F, a) = m fi n(t) -

j=l t

k,ý,r,a k,a,I',a

?: - 2
+ si (t) - s..(t) dt (30)

i = 1,2

where t is the time when the first tracer round reaches the range of the
0 -

target, t is the time when the last tracer round is fired. The parameters

to be determined are r, S, F and a as defined in Equations (13), (17)-(19).

£. is a positive weighting factor chosen to be one in the identification
1

runs.

The cost function J. consists of four contributing terms. These terms are,
1

respectively:

" • The integral of the square errors between the empirical mean
-1

"tracking error xil and the model prediction ci wil.

i1
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0 The square errors between the empirical mean tracer error x 12 and
-1

the model prediction ci wi.

F The square errors between the empirical standard deviation Sil of

of -i

tracking error and the model prediction c. si"

0 Finally, the square errors between the empirical standard deviation

s i2 of tracer error and the model prediction c i-s i2'

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 b? 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 J., 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.

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

listed in Table 1.

The preceding parameter values were obtained by applying the empirical data

from the Rernn flight path. Notice that the gunner model depends on the

dynamics of the barrel plant. For different AAA tracking systems, the

identification program can be used to deterihine parameter values for the

corresponding gunner model.

"26
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Section V

COMUTER SIMULATION RESULTS

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 gunner model listed in Table 1 were used in a

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

including both flyby as well as maneuvering trajectories. In order to avoid

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),

W =D W + H f + L v (31)

+ n n n n n n

where

W = w t+ with t t + (n+1)A
:-:M+ -n+l1 n.+l 0

and A = 0.06 seconds.

4 = exp n(t) A1,

-H =f~

[At do
0

exp (t n • dcy D(tn)

-n [v(tn), v t - [T
Vn = ) [n

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

a random sequence with the following properties.
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Ejy = 0, E [(,v) (V T] =*(tn) (32)

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

W +1 D W + H f (33)
-n+l : --n -n -n

Denote Pn+l as the covariance matrix of W,+,, then the solution of

Equation (28) can be expressed in the following discrete form:

T 1 T
Pn+l 0 P (D +-L (34)

= -n -n -n A -n T L

The first and second elements of W in Equation (33) are the model pre-

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

diction of the variance of tracking ;nd 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

whichare 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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SUBJECT 33
TRAJECTORY" JINK
CASE 4019S
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,-.... MODEL PREDICTION
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So ...... ............
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' Figure 24b. Standard Deviation of Tracer Error--Azimuth--Jink
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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 equations.

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 POO0/OBS AAA engagement models and is designated as program PO01/OBS 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 POO/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

PROJECTILE BALLISTICS

The projectile ballistics equations* for an AAA weapon system used in this

study can be described by

V "t

R(t) 0 (Al)

1 + t K + K t t 2 - K4 t + K

-I cos UlB(O) sin a 0(t)
t(t) sin -1 (A2)

+ sin2 Xo(t) 2 sin a_(t) sin 6lB(0

o(t) 0.001 (K t+K t (A3)

with constants

v = 930.0 m/sec
0

K1 = 0.19036681/sec

K2 = 0.14851772/sec 2

K3 =0.02565365/sec[• K4 =0 0.2274266/sec 3

K =0 0.01660118/sec 2

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 0 1B(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.

ALTITUDE

/

/ i/ a(t)

/ !

/ */ t
-. R

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 a (t) is less than 0.06 rad. Equation (A2) can be

I: approximated by

a•(t) _• sin-I [Cos 0 •()- x~) (A4)

Again, since cos 01B(o) < 1 the same argument implies a(t) can be approxi-

mated by
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a(t) a (t) Cos 01B(O)

= 0.001 (5.202815 t + 0.4863915 t 2 ) Cos elB(o) (A5)

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

2t K4t +K 5 1
~K2 t - t2- Kt+ K5 0.028 <<K1 (A6)

We car, approximate Equation (Al) by

v * t
R(t) =I+Kt (A7)

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

Equation (A7)

R (8
T = 930 - O.19R (A8)

t IINITIAL CONDITIONS

In the computer simulation program, the gunner starts firing at t t - T

with the first tracer round reaching target's slaat range at t 0 The

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:

0 1B (to-T) =- 0IT (t -T) -0.001 (5.2T + 0.486T2)

COS (t-) + 0.05

Cs[elT 0tT

A "2A

01B(to) =- e 0 1T(to - 0.001 (5.2T + 0.486T2) cos [61T(to)

+ 0.05]

w (to) = 0lT(to) - 1B(to0

w2 (t) = 0(t) - jlT(to-T) - B(to-T) + 0.001 (5.2T

+ 0.486T2 ) cos [01T(to-T) + 0.05)I

w3 (to) w4 (t) = 0

P1l (to) = P 2 2 (to) = 0.0002, P 3 3 (to) = P 4 4 (to) = 0

Pij (to) = 0 V i # j, i,j = 1,2,3,4

*Bnrid on empirical data, an estimate of elevation tracking error of
value -0.05 rad is used here.

80

4 -

7. .



Azimuth:

S2 B(to T) -0.025 x sgn 2 T(to-T]

6 2B(t) = -2 0To

et (tT(t)

w1 (0) L02T(to)- '2B(to)] ~ 1B t0)

w2 (to) = [2T(to) - 2 B(to-T) cos OiB(to)

w 3W(to) w4 (t) = 0

Pll(to) = P2 2 (to) = 0.0002 x cos e.-(t)' P3 3 (t) = P 4 4 (t) = 0

ij (t0) = 0 V i # j, i,j = 1,2,3,4

where T is the anticipated time of flight of the tracer fired at t = t .0

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).
0
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APPENDIX B

A HILL-CLIMBING OPTIMIZATION ALGORITHM

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

can be rewritten as

tf

min J ' i) = mn

t 0

+ z[(c s (t) - s(t) 2dt (Bl)

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

minimum of J(a) are described below.

1. Choose an i'itial guess a of a, and c which is a termination

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

iteration is less than or equal to c, the iteration process will

be terminated.

2. Compuce J(a) and call it J

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

increment coefficients ei, cumulative increment

coefficients di, success indices q,, i = 1,2, ... , p.

initially, let TIS-l 1 =l (1,0, . O)T

2 = 2= (0,1,0,
-2 -ý2
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= = (0, ... 0,1) T

e. = 0.1

d. =0

q 2

i =1,2, .. ,p

(b) Set parameter axis loop index i= 1

4. Adjust the parameter vector according to

a =a +e v
-new old i -i

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

nonnegativ, then set

a new(i) a new(i), if a new(i) < 0

6. Compute J(ae) and call it J Then, do the comparison test.
-new 1

If -Jl 1- -j,, set Jo =Jl proceed to (7); otherwise,

proceed to (9).

7. (i Store accumulated increment along each axis

d d +e.i i 1

(b) Set ad a a
-ol -new
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(c) Reset increment unit for next subiteration

e. = 3e.

I
8. Test the success index qi" If qi > 1.5, set qi = 1. Proceed

to (11).

9. Reverse climbing direction and cut the increment length by

half

1
e. = - - e1 2 -i

10. Test the success index qi" If qi < 1.5, set q= 0.

11. Test all success indices q.. If q. < 0.5 for all J = 1,2, ... ,
p, compute

H ý2

where Th 1,

-= ]

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

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

13. Test the termination bound. If
"p

stop the iteration; otherwise, proceed to (14).
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TU -i77 ; Iz M

14. Rotate orthormal axes vi according to Gram-Schmidt orthogonali-

zation procedure. First, store cumulative vecor

i dvLl + d 22 + "'" + d v

= 2 +..Qp-p

= dv

p-p

Second, compute a set of orthogonal changes Wi' and new axes

V.

-1-
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p-i

i 1

where

p

LjT _L Cj(i) v,(i)

i= 1

Proceed to 3(a) with new v. but retain e = 0.1, d = 0, qi 2.
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APPENDIX C

LISTING OF PARAM4ETER IDENTIFICATION PROGRAM--

ELEVATION CASE

tIMMtI9MM I I MMM'IMNAM I'IIM ?MIMMM4 ViMM!tItHIMI11M PMMM4MM MMM4M-MlMrI9 MMM4M'lMMP"MMMPMMHIII4III'411

HAP(ON) *
Cb#4iE-41 *TIIILVAR!; Z %o.P.
CUMMENT. *'ELFITIU=L?60295,C'r=3'; TIET PDOT=ALPHA(1) *THET8 T- TAU)##

AITAC'i9flFE~isATM6fiAZCY=3,MRri.________________'

-- pk&*A-4+-e-4-IA~r-i,TM'E2,Itir'UT .CUTpuT
DIIENSI3N ALFhýA48),PSIC8),A(63),0t8),ALPHAN(S)

CC'tMON/AkRAYiX6.ILU0),S(iObO),ELOD~liDO) 9TX(i0&]) vTS(i033)vQANtl0OC

(,cfrimor/3/TAU ,CO , DEL$,NSTP, NOI M,TO, IPT, Y± 0
~ LFr1, Ar.

IN~TEGER QsSUE179FR

00 1 I11,8

--------OO-4---*- 1 G.G
-I IIJ(I (IJv-O

I CE47INUE

42 FClMATUlHi,**hO.3F PTS j14q.2Xv'*ORDER= "9129

C.5)

K=KI-KT

REAC(21,..3) CLM63 AZAZOAZCO,ELELODUH1,tTAZMI4,00M2,AZSO0rtJM3

43 F CRMAT (12GLI *5)

X (IH)=O*JM2

RAN (IH)4.5
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kE'.D(2,4,)TIýE,1AZ,OUM4,TAZS0,CUM5
- _--IF (E-)F-(2-)#6v
46 FURý4 (5G,2.S)

4~-iTF4444A4+,.-P; PE.9J) CO TO 4?7

IS(IG)=OUM5

liEL= 3. 131 IPT

NST-I H-1

REA-, E3S

IL UO 8 I=198

0(1) =E . I

a CUITINUz

t..ALL ilir(;(ALFHA,Aj)

PRN -0 1, AL -44I HA
4,j PH~iA C !')~ALFl-AN(M

41----4CG-146--UE v

--I F f(L(10..T-i-3) AC--T.

.LF (A(L).AN L ).L.5G. V0 30APAN L,-LP L

OLJ I

ALH (1 --L HN M)



3(i CONTI NUE0

SUMizSU92% .C f
32 CONTINUE__________

-- X---K-1Sr-:j f-(-SUjMI-
X 2=SaRT (SUM Z)

PRIN'T 33,OL~jALPtIIA,XI,X3 _ _ _ _

GC TO 110

iLIS GO TO It

D0 115 Lr 197

F ML- I
---f 2 (LH~r ------ -

115 CONTINt;-

L,0 117 K::It

DO 1 2. I--i, 8________ _____

IF (3Ui 3,LE.-EPt))GO TO 1000

00 13. =X
DO 13s, NJ1,

13& £C, cI NU E

00O 14C. L=1,

SUM.-z C, . J

DU 155 J=19 6

K CUJNT 2
1!)9 ---- G z<GU N-r -I -

GO 171 :.,
-bO- 6i( L- * F

F- (1) -*F V) + XI(KCUNTL)*VCKsL)
1b~c~.- C0Nlth')1 0

00 17C 1=1*8
-F 2(09P) =F ~ij-'44-9Ml-4---F-2+G,~)-------

170 CO147 iN1Jz-
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175 CCNT INUE
D0 i1)t--tulIt8--

CA 2ýC M=198

Kr.cwrL K3UN7 4-1

FR= I

A (K):: 2 3
25 C CONTINUE--

icd 1011t

L .c9m0o/ 3/s3TAU, CL ELi,NST PN T 6IPT YID

C--INITI ALTZ-U A4IO
C

Go I. 1i,'ND

I A(I J ) = J

LO0 i1 I=ipNO

It (IVl)=.01

P (212 C 053_4

-- IF AR-, .- ,;------.



c
.CCOMPU;_--449 3TO 6 E AtrEG 9; AND X4
c
C -PRNT-9

W~ FOMT(X TIE9X TRE VEL"i 2Xt "EST yE.. ERROR~t 7X9 "EST TAR VE

[=TG

- T=T+DiEL

C I SX3(<K).X4 0(KK)- -

K1=<K+l

A3(KI) =3(KKO*EL.CCKK)l0EL

X4dKI)=il X4.VKi 4EEJD(KK)* (I.-SIUiALPHA(2)

4 X4(Ki)=X.IKK)4EiOC(KK) 6 DEL

CA

-1 C -1

NCIM=Na

C STAR--INTrEGiAT-1A-N-ýOGF---- - *--

-. ,3 --dQi (Fi4v O 1 19 1 SiM (2 5) -2__gR (P422) TSu

A UJ12)1V:-C.RHA 4
A 2, --.*4-N& 91 40H 4P 2 -
CALL14E) LSR( 1 2 4 LH A() L4BAIN,2

J-1=1+2~~ A-A~i44'A

A (JivI) .9R

>1*~~ ~ ~~~~~ lql=-p I___ ___________________

CAL LSgT(N~ 9EL B bN

-R=,4 ALH 5

./. .--- . -- __ ___ _____91



C (C(2, 2) =;LFFIM(6 1-SCALI
G - --- IF( (Io tKK, 6-GQwluOF,"-~,4.14-PRI.NT-993,-T-,W-(44.YJ4v SM4FA~l
C 1 S'PT (PClt1 ) )pS SC
99 - *---- F ORA T-AG 1 .-2 - -- - -----_______ ___

iZO C04~TINUE
i-10- -6 04 7-- i UE

ZOO 14C J=11

i3eC-CC4T-fNUE--
C

GCo FN AýKIN --

cC ---

I. kSCAL

I +4~LFriA( 8) AE S (ErJL)HKK))I I)SCAL i
----tALL-MJ!.-T CEA, INdMN;P!.0

00 22L J=j 1 1Mti

220 1: (~NT INUE=

C COM4PUTE ERRJF iJUE TO SrANOAPo DEVIATION

C-----. SS0(-or.tP( t1))-EM -i 4v2 SoI(P22 -- SKi i-._____

EJOD--L, (S,1EAN4K4A 7kSSD)

ruB"UmII U 'lf~

OI'IEN'SIJN E~i),F f1),G'(i6),Hf 1)
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ITEMP= C

IE.P=IEMP4-ECJ)'( (II)

H (K K) 1. T EllP

00 2i 1=19L

TE*IP=C.

00 t5 J=IL2.,L

15? II11t+L

2L. h(Kk)=T!'MP

DC 31 I~l,LZ

D0 33 J=L,3,L

K 2 =( J- 1) L~ +
-3 v-+ (K14 z (K 2)

E NOI--- -StLaFOU rIN&.-- SC-SGTU I~AtDEL-iA YEA INTtNT-)---

C --- SEA3 E~XP(A'ca-:)AINTINT-AL--EGA---E--O-r0--')EL- -
NClMI: 4JIti+2

1,~1 NT -

00 1] I=1,NT~l
- -l-Iz;N T- I- -

IG NTMT tL.G10 EF(11)=DE-L-,L'UEF(II~i)/FLOAT(I)

!;ALL DIlGCNtlhq-:AVNT,A,C0EFt1) ,COEF(2))

CALL t1ULT (Aq EhIJINDIM,NNYEA 01)
------ I FL { *E-..*N T44-G-TO--73----- i-__ __

60 CPLL fIAG (NOIt',EAINT,EA,1.6iC0E-F(L))

.. . ...



W 4ENS I N A(1)DO. (1)

N I4i~-4I-HI-441- 1
NN=N3)I N01

LO 5 J~iNNhbNI
-- KO-J ÷W4 i

DO 'A I=JlK
4- -AQI)= G -'6 1--)----

A (l I) =: Ai' (I)2
... 5- 1I= 11 N H }i--

RETUZN
---- iO--iO- 7--•- 4-,4N-.-AI•

K:J+iMl
-- uO 6 I-.=,'K- --
6 A(IQ)E (1)

AI.) -A(I-l-)-+-
7 iI:t[.N)IM1H

S... .. ET U-1,,
ENO

22 C. 1, 4 91)-J 6 , 2 1 -(---,.r . ... .. .. . . .
1. It 2. 1. 3 377, 1,6 419, 92 1~33, .1152b F- 14 41 5F -4, 46165 E-3

O.ul - - - - - - - - -- -
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APPENDIX D

LISTING OF PARAMETER IDENTIFICATION PROGRAM--

AZIMUTH CASE

WdWT-340vlG,4756- 6 G2),WI25-
I4APON)e

CCUMMENT. '*AZFITqIC--L76L255,CY=3, IDEN'TIFY 7 rPARA,4ETERS'v

ATTACH,TAPEI,OATM6RAZCY=3,t1Rz1.
AT T AC4I-T APE.-4I-v- 6-AG.ER-,V-3,446-4295, t1R 1.

----- PO GA OPT (TAPE 1.TAPrEa. !NPUT .ctTrUT)

OI9ENSION ALFHA(8),PSI(8),A(8h0O(8),ALPHiAN(8)

£C9CMON/ARRAY/ X(IGO 0) tS(ICO0 ) AZOO(1OOQ )*EL5(1000) #RAN( iOGO)

GcC!*iN/SITAUCODELNSTPNDIMiTJiPTYiO
-I;G IG-Al Fn,PrMt

INTEGER QvSUeIT*FR
NAR~

N)0± R=?~i

-00 1 jzkoNPARn
V(It j)4sX1It j)LU .O

Z(llJ)=0.o

I. CONTINUE

42 FCRMAT(iH1,-hU.OF PTS = "9492)99"OROERC ..,I~q
--- G-2X-244f IT T r- *.,E "C £6 1. 5"/ V.--A

Co5)

C I=LoKT.I

READ(i ,43) DLr.L.,AZA!~DUHiELELOELDOToUM2,ELMN,0U43,ELSO

43 FCRVA7(12Gll*5)
4~-f~t20(f-*-44+as.C.)GO 0 44

x (1h) 0oJH3

sb -4HO=a1 ("w

IF(DH~sT.277. RANIH~DU.1./95C*&9D,4
.!S

00WI=t



48 FMOE6,F.2.. GO TO 4?
I~ I/-I P 41 -_____

47 kO14T I NU2

tST Pr-I-41-
READ% , MAPtA (1),9 I=19NPAR)
READS, ZPS
FRINr vEPS, CALPHA( vI),11NPAR)

lb CO 6 I=l,NPAR

0 MU =L *I

8 t;ON 1N UE
- --- jýA)SUE-44zý+3

CALL iNrG(ALFtnAAJ)

P~RINT 4),(ALFHA(.XP),M40=1NPAR)

C Gt2.5,"I", q 12.5 ,3 %9G12.5)

41 FOV.A(" J="G1.9 ITERATIOK= '*,Is*,"sU3!T--RATIONS= ..,Ir~

SU3ITL.S-JEIT 41
Ar.

iALPHAN~(J---A litA (L) iE(K)4V (K, 1)

IF (ALPiAN(L).LT.u.)j) ALPHA N(L) ---ALPI1AN(LM

GALL 1-A( 9)ALPhANN(M) _

PRC4INT~ ----AJ lo --B

-f o,) E X--2 - -- -----

E K) (0-.5'3 K)

A LP I- A 4)A L P h5+4( N. 9M

5 04-4T3i--41,Pf- I N--

1F (A M).LT .1. 5)GAO O 3.0

--5 GK-zO.C -~G*~O-

0 C, I-, N F Afs)-'

?: I.L.I..)O O3
3% CONTINUE

S-- --:-U* -2$ l4*(<L*f_ ý )*



PkItNT 33,0L IJ, (ALPHA (MP),9MP- 1, NPAR),X I, )'3

.-- go X14+~--,-r(7 5 o-,4E 1144~4 t 2) 1 6C i2. 5-)--
GG TJ 110

IG5 GO TO It

DO 115 L:1,NFARt

115 G 0.T IN UE

-00- 117- 0i1, NPAR

117 X!(JfK)!.0q__________

IF (3U'13*LEEFS)GO TO ±000
__ __ __ __ __ __ _ __ __ __ __ __ __ __ __

00 13C JzitNr-ik

1.30 CCN7INUC
--- ,00 -14t- *.4,~F~-

00 14L 'ý=1,NFAR

SU44-C .J

i5c ý,U9'.SU114+XI (19J)42

0O 155 ):-1 NIPAR

K C'JNTm 2

b0 175 019,0

F (1):-F (1) + :(KOUNT L)*V (K, L)

00O 17C. iz ItNFAR

1~C G ONT I NU E

175 &,OAT INU:

iO 201. ti~lNFiR
2u-- S U45 (0 I.SUM~z. -)-f-i4-KG4JN,4l9*--4-

v ('Ot'JhTH)= (F,.UNTgt1)/SU.45(Q)

97 1

'4, I- ei -r _



*215

KOIJNT.-K)UNT+1
IF (KOU*%4T-vLi..NF"-R4-r4-TO-1593-------
1 11T~i

F R:- I
tiC 2;5U--K=-I,NFAR -_ _ _ _ ________

0 (K) z* C-

6~C TO it

StJ3lrOUjT IN&- i N i G -ALP~HA ,EJ--- ___

CIMON/i/ S T AL,XCE L, NST P t141T 3I PT ty t0

EG-A--N; -2rX!()-,X"ISM), I&C(EA.'(10C0) -_____

C INIT-IAL-IZAT-i344------____
c

UG---j-f--1=1, NO------- -*- _

00 1 J1,ND
P(ItJ)=3.

N CIV=N STP/ 3

Wi ( I EO

PNlqCi)." yib

X .-- 1 ) - - - -.--- '-

X~~* 4 1)



i)O 13 K<=iNSTP

C8- OSCLG i=<(+ - -

!F(ARL-.GT.-2G:.) SI=EXP(AFG)

A IF(ALFHA(l) .EC.~.-) GO TO 4

GU TO 3
4-- A:4 (K-i+-*-.K!,$;CE * E(!,(? BL
3 C ON T INU~

LF(KK.G=E.2) EJ:Et-.(KK)=(EDH(KI)-EOCH(KK.-i) i/DEL
Lu-Ct ýi - -

T=TG

--- m=TAU(K0-t&Et--
RA=NAA/TAUC $19)

- fiG 2 Isty-ND2---
S1=I +2

A WJ1,J-I1 ýR A

T)-~ (ELG (K 1) -'ELG(KK) )/DEL
---- b-1C-3S (-LG( Klo) I

T E=-ThE3C10, T i K( E G (KK)

T=T+DJEL
A Z--A= i .-- ( TA U (K I, A U (K 4/4 MEL--- ----
L R= CZ *-AL PH A (2) Ct3
-A (1, Y =-C-ý+i---------
A I 2) =-CL 1A LFH A ( 3) -C B

A (2914W.=A (I ,2) 42

S- COMPtJTE-r4- AN4S-I41C*-N-iA-TRI(--A E N4-NlEt-4~*

(,.LL OSCRT(NIIME9E(,OEUIEtjINT,53)
CR4=CL,4LPHA (4)* C6

C START INTEGRATIO0 LOOP

c 1FC((00(KKo Z3i.EO.O,.OR*(KK.EO.1)) PRINT 99,TW(1),SMEANip

99 FCRMAT(i:SIZ.5)

C COMPUIE 'iEA4 TRACKING ERROR

D 1A -1,NCIM

99



120 --;0~4T 1NUc
I1I10 CC-1T INUS

00 13t --:1NC

140O --- CNTINU:----------------______-_

~( ) =0 (1)

130 t;O 14TI NU E

C COMPLIE =R3 DUE 10 MEAN TRALCKING ERROR

G
C- 11 A 1: SIE N (k ( Ct_ X MP(K 2 _( t2 /!?-T XKt-125

00C2

00C 22C 4TINUL

220 3COUTINUE rLTEFLL,,

- ----- NPt~-

00 Sj 1:,1,L

TEM4p=4E:IP+G (J1.* F (III
5 -- ~11.

H(KVTM

1F(M~iElel)RET00

i) - ý I- Z1- -L



2c h('(K)=T-MP ----- -___ w
L2=L-1

L3=I+1

SUWiOUTINE ZSCRr(tdJIxA,oEL,rAf:AINrNT)
0 -ES-N A41-C4444444ý-,OF C

C S--TS EA=ýEXP(AMICýEL),EAIN'T-INTEG.ýAL EA a T3 :)EL

NN:NJI%4,NDI

C CEF (N T):- 1.

11 NT-I
IG COF (4) -O~4-I-+i40/--L-044-44I) -

C Nr MUST C3E AT LEAST3

D0 60 L-:3,NT
- . 64 -44U 4j-4r~44-r--;t44Ii4rNNE-A .

1F(L.EQ.NT)GC TC 73
- -60 -(;LL-

7- LoC 85I)-lq44-IN+1..C

oC CCITINUE

SU3RJUTINE CViG(NCI;1,AittCitC2)7

--hh=N-*AlM- NO!r- -_______-

IF(C.E2...)GO TO 10

K=J+NtMl
--- 0 4-I=JtK------____

5 II=tI+:4jitM1

IL &C 7 J-LNr4,KUIM

DaC 6 I=JI(

A (I D =A (11) + C2

~wCIC*.. I/I ri OF LIST I/
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APPENDIX E

LISTING OF COMPUTER SIMULATION PROGRAM FOR

AN AAA TRACKING AND FIRING TASK

Wo W T 2c ,MJat&2-fi5rH4EIl-r2-5 639 6-
C~toMENTs SIMUb I:L=L7b32959CY.-l:AAA MO0O76 SIMULATION PROGRIM "

A IT AGrI 0 AP~i-,-3a 4-*E4;,. Zrýfr r4 lkIrR+-.
FIN.
L60o. _______- --

PF06GýAM ELF :T~iNPLT,OUTPUTI4APEI)

AlN9?, NltUE-L UA4ZELTRAZTRISETZlZ2

C THE PURFOSET OF TFI-S FFCGRAM IS To SjilULATE Al E-EVATION TRACKI IG
C TASKC- ;N -THE_-4-ACE& -1 mEEOFIk-- -4) - SYST~f----- ---

C INPUTS THE EL;_Vt~lON (tE-L) t. AZIMUTH (AZ) ANGULAR ACCELEIATION IF

C OUTPUTS MEAAJ AN... !ýTANC 3Ev OF LAG, AIýGLE

C TAUS GELAY TN SECONGS
C ALPHsM* PA&AAETEr -ývEr'-TOR ------
C ELcRRt 'lEAN EL LAC- AN(LPE (I.E. TARGET ANGLE-uARREL ANGLE)
C PZERml M~f,1-AZ--tAt--AGt.E--- -____________

C ELSEDS STAt.JARZ3 LEVIi-11ION Or~ ELEýATICN LAG ANGLE
G-g zSs0 -3T-AWJAR F ~e F A-- *L
C ELTR% 4EAý. EL Th.Aur.k ERROR (TILRGET ANGL'E-TRACER EfIDING ANGLE)
C AZTRIt- ^IE4N--4aZ-T AL f - R O ----- _______________________________

C ELBAkt MEAN EL A[ KEL A14GLE
C DELIS --TIIME----SrE P-USi--*TiE I NTEt)-RA T ION -ROUT iNE --
C Y16(1IJ INITIAL G-UESS OF EL LlG ANGLE

CUELI EL CONTkOL ____________________

-UAZ3 ZGITO-- - - - -- - - - - - - _ _ _ _ _

C CO(IiJ EL RATE CCti~.RCL COEFF

CKuI NC OF 'IT IN IHE ENJTIJE TRAJECTORY

C EL03i EL AN12ULAF. ACLELERATION OF TARGET
tCAZ0OO R-4N;*-~-G~EAT !ON-0:T-OFG-4-T--

C X3(iji EL AN~GULAR v;LOCITY 07- TARGET
C X3421l-AZ-AAGOUL-44; Vt--__ ______ ______ ______ _____

C X48 LST7.*IATION L'kOk CF AN3ULAR VELCCIrY OF 7ARZET
C-ELI- L--A~-l(-*9 tO i-6ýHts-Of---+A PGE:T
C W(I3' 4 OJ0EL FRE-il(TEC LAG ANGLE
C W(2) I m1O)EL PkE-Jhlt- AC0Eo-----
C P(1,I,t VA~iANCi:W UF PCL.ICTEO LAG AtGLE
C P(29211 VARIANCz UF fITOT~E~FE~~-----
C Tto (hE INIrIAL FliLNu rIME

PRt ,WO-P-- - ___________.--..-..

3 FC~tAi(:1.h"'NCý UF PT:*: *,I-,2)X,"INII TIM~E= tGI?.o/iXt"RESD EVERY

K1=TLj .
-- f U<I -~--- -

- LIM'------_______
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A --D.V2-
(j 1AU=7 .3

AZSO=.OIC2* C.5
Zi=tj.

UAZ=,; .

i K- 7~A ( 18 2 X,1 "IM 8X,"EL VEL",9X,"ELZR ,49 "ELSD"t 6X,

2,6X,"EL TR",6X,-AZ -. "/

R E f0 192)DU I tA Z, AZ 3, A Z EL ,EL J, E L 0 1 ,AZ HAX Z S0, S

F ±()(I-j, IP1)NE . 0) GO TO7 5

IF(OjUHI.LE.287 *) `AU=OUX1/(93O .-. 19*OUMI)

iKA=N4A/ rAUitX3 I______ý

-1 0- - , Z f'I -t 1. A Z ))
IFCIdNE.1) GO TC 10

AZ2r.AZ

E21=Yi02

9 ISET.:IiET+i __________

- -lf4I-iE-T-,NE-,-4-l-)-;-9- 19

it. CALL O33EL6(ELEF.RoELSO)

IFUfIH-1-).L t:TAU) Y1ý(2) :YI 1C'4OS (ELBA R)

IF((9OO(IH-1,IPRINT).EQ.0).OFR.(IH.EQ.1)) PRINT 6,T,(3(t1)tELE~R
-- IrTfLS-3sUfJL-rX4-4Z) v AZERRAZSC-r-UA-lraTk-t-T R
6 FORMATC11bt12.51

5-~G.~4N U E
2 F CRM AT t 2 G11 .5
-- - ---- STOP---

END
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777,7

A hD ?-A,-Ur4,AZ1k ; P

DATA WT/I./
?9 31,~i 1.

C INITIALIZATION

1FM(K-l).GE.M) GO TO 6
IF(V<.GT.i) CO 10 5

C,O I. I1,=1Na

P (I,J) = J

W(I)zC
---- 0M1= E.-

F (I)-i,

X31) 3G U

EOH (1I) r-X3 UI

-. 4Gf< 4C-(444--4-LF& I S
5 W(I)..Y13(i)
6 - 1F(ISETeEQm-14-)-W(-2)hZ1

r ~ .CJ22Z2~~~NO~Th;IO :RR R __________

'--X44K14-.$3(4KX4I £1.D6-tEL

3 CCNTINUTE

IF(«.'G--:2) EL3(KKi2(E0H(KK)-ECH(KM?)/CEL -

1F((KK-I).L[.M) GC TO i50
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A Q,N .L jAt121,bJ4 Yi4A(1)4A2

LeG 2 jIL,tJ2 - -- - - - - - - -- .

Ji I=1 +2

A ( J , -j 1) =-R
2 LOV I lid -

CALL LS ;T,( KC1t CELqE9 9L,E INT15)
-- Ck3zýt -ALPI. A( I -A-2--- _________

Z)CALI=ziAL' (ALPh1AMi'A2)V12

C COtIPUTE-,4EA;4 -TiA 1lNI----;ZOR-f1-,C-v- -LAG ANIA---*---______
C

- U1) =Lh ()EA U~f~4 9L~h44)~H~ j-L4~4) -(X 1( (J)-~4(*

LO0 13C 1=1.NC

14^ C.COTINUE

Lao- -G ON_______

COMR4'.=CGJA1,!A -fA1

-l' .O- CCTN E ANTt oINOfttp
CAL MJ- (EiN (1-)-Xt (-
CO ?( J=9 .

(1 i694CJit ~ ~2C- GCNRTI-GUVA1Ni r.~X-__________
15

E-7?Z #4. CC ( 1, ) = Li ).LH('~AS(4~4K))4L4( -AS--~ K- 4---

RE SCAL

I--A~vLL-~ t2 iU oBE A~h-,CUELNput i-L 4-v4-O -___

CA1IVLL !KJLI EFNIP,
OAT Ve- z-t='ti-----
COTA ALH/.17s ~ lý4,,13-,961 J:,tsE,41Z -4 *C28 .- ý..

A/ (CTI~

£50 4,NT1~4 -E-------------- - -- --- -* -- __105--



IF(<Kout.1o) GC TO 5

G - INI-T IAL4-Z-t4O*d-- -___ ____

I-ti--A I-+4 7 -N
00 11 J1,1N

Pt2q2)=i.30,2 COS(ELG)#-412

X411): 3*

Eb~h(i)z0o

C
* G-(COMP4IT--Atqtl~ -6~-T Xg AND X4',
C
-5 t-- =LZY-I-) Q-)
6 lFtISET.EQ.1) vl(2)=Z2'*COS(ELG)

CC=C0S CELG)
AF.G=-UEL.%ALPHFA I )-Ct
1FCAi6..T.-2CL.) S12EXP(ARG)

K 1<K( -1

IF(ALPH!A(1).EQ.G.) GO TO 4

GC TO 3
4 Xl(Kt)=X(4KK4,AlC.5GVEt~----
3 CON1 INUEJ

C COMPUTE AN4J SiORE ESTIIATF() TARGET V/ELOCITY AND ACCELERATION

LO 2 i1=1N02

A(JII)=r.1

I tiEiJz (=-U,-OELG5 /DEL --

G :C OS. ( EL U)

ý)CAL ( C,(2) CL)"2/OEL
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14(191~) =-Ralr
C ------ - C-j_ __ _ - - _______ __________

C G0NPUH TPA4SITICN MATRIX EA ANJ ITS INTEGRAL VINT

G~ALL DS0KT(NC,-.,CEL9E99EaINT 15)

CV.(2C, 2)=ALPhA(5)*SCALAA26-2

C COMPUTE MEAN IRACKING E'R0RO

aý6 CONiINUE

FC1)--Cl-CR4.J Y3(ICK)+CR4YX4CKK)

140-C--ONTiftd*--
W (I)- I

C COMiPUTE COVARIANCE *-ATRIXAEEh(K

GOC(2,2)=CALFhA(5).ALPHA(6) AbS(EDHi(K(-N))

CALL MULT(EAIY7,CL;CqNDNiPi~1G)

LO 22, I=19,NC

PCIt J)=PjCI?,44 .2(I#J) -

226 i;CNT I?%u:

1:0_ _ _ _ _ CNT_ _ U1

__ _ __ _ __ _ __ _ _ __ _ __ _ __ _ _ __ _ __ _ __ _ _

. . . . . . ..- 0 -I-s--I Ci.

ATR=?I )/Ct

GO IJ U0- - viL-4-

T EMP=T El+E j) IF (II)
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"'A Wý 54,

lb C,(KK)=TEHP

00 21 1=19L

TEIP=C.

UC 13 J=I,LI,L

00O 31 JI3,Lý

3u H1 (<I -1r(2 -

DIAENL- A(~GNI),1API~rACOEFL),GCEF(2))

-. ,) b.J T3,N

%;ALL t1U!.T(A, EAI.ITN.J4IM,NN,E,1, 1)

EA( 11) =EA (II 1.i+1
60-it4T-liNUE

END

-- -- N(tN14N-J;44,A 
-_l. 2

NN=N)I M NOI

StM C'I.E1.. .1* GO 70__ __ __LO__ _I:~ ~ ~ i ~J5 J=,NN,?.ulM 
.-

A(I!)=A(II) 4C2

& ETU

"KJ+IMI

6 A (1.1= (1)

7 i1~iztrNJitm

END
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