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Preface

The purpose of this research was to extend the work that was previously done
by two otiier AFIT students on the CMMCA cruise missile tracking problem. The
primary effort here was the critical analysis and modification of an optimization
program that was written by Capt Tony Garton, and based on a penalty function

and algorithm originally proposed by Lt Col William Baker.

I am indebted to my advisor Col Thomas Schuppe for suggesting the problem
to me and for providing me a great amount of assistance and the occasional push in
the proper direction when required. I would like to thank my reader, Maj Dennis
Dietz for his insight and perception of the problem. I also wish to thank Lt Col
Baker for his mathematical expertise and taking time from his schedule to answer
my questions. 1 would also like to thank Capt Tony Garton for his interest in the
problem and supplying me with the right information when needed. Finally I wish to
thank my wile Shelley for allowing me to spend the first five months of our married

life finishing my thesis and finishing school.

Andvew C. Hachman
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Abstract

The Air Force has recently acquired two aircraft dedicated for cruise mis-
sile tracking. These aircraft, known as the Cruise Missile Mission Control Aircraft
(CMMCA), are responsible for collecting data from the missile and tracking and
positively controlling the missile during live fire testing over the western United
States. Due to the limited tracking radar range and the flight characteristics of the
CMMCA, tracking cruise missiles through complex maneuvers is not always possible.
A FORTRAN optimization, based on flight simulation and optimal control theory,
was written in a prior thesis eflurt in order to deterimine optimal CMMCA flight

profiles for tracking cruise missiles through certain maneuvers.

The primary emphasis of this rescarch effort was to conduct an analysis of the
previously written optimization program. and to make the appropriate modifications
to improve the performance and efficiency of the program. The program was tested
over several different missile flight paths, using a variety of different initial program
conditions and input parameters, in order to find the program modifications and
parameter settings that produced the best CMMCA flight profiles in response to the

given cruise missile flight path.

xi




DEVELOPING CMMCA FLIGHT PROFILES
FOR CRUISE MISSILE TRACKING

I Introduction

1.1 Background

The 4950th Test Wing at Wright-Patterson AFB will soon acquire two aircraft
dedicated to supporting cruise missile flight tests. These aircraft, EC-18s known
as the Cruise Missile Mission Control Aircraft (CMMCA), are designed to perform
many different tasks during cruise missile flight tests, which take placg across. the

western United States andl Canada.

The primary role of the CMMCA is receiving and processing telemetry data
from the missile. The CMMCA is responsible for tracking and positively controlling
the missile, and also tracking any nearby aircraft intruding into the airspace of
the cruise missile and of the CMMCA. Missile tracking and airspace control are
accomplished using a modified AN/APG-63 auto-track radar system. The CMMCA .
also contains a remdte command and control/flight termination system (RCC/FTS)
which allows the CMMCA flight crew to take control of the missile if the missile strays
from the intended course or in any situation of imminent danger to the missile or

*the surrounding environment {4).

During previous cruise missile flight tests, EC-135s from the 4950th Test Wing,
which did not have the missile tracking capability of the CMMCA, received and.

processed telemetry data from the missile. The roles of tracking and maimainiug"-} ST

control of the miss_:ile and the surrounding airspace were performed by:la comBi’h_ig@ion o
of fighter and other support aircraft. ‘The CMMCA was designed to combine the
roles of all these aircraft into one platiorm (5:1-3). S o

]




1.2 Probtem Statement

Tracking cruise missiles is not a problem when the missile is flying a relatively
streight path. However, during most cruise missile flight tests, the missile follows a
comnlex route to test terrain masking and other deception techniques and to test
the flight characteristics of the missile. The missile must also maneuver in order to
s‘ay withiu ihe confines of the restricted airspace of the test range. The difference in
flight cuaracteristics between the CMMCA and the cruise missile, combined with the
difference in altitude between the two aircraft (the cruise missile flies at an altitude
less than 1000 feet above ground level, while the CMMCA maintains an altitude
of approximately 29,000 feet) makes tracking the missile through these maneuvers

an extremely difficult problem, even though the CMMCA crew knows the planned
| flight path of the missile (1?).

There heve been at least two previous attempts at solving the cruise missile
- tracking problem. The firct attempt wae a thesis by Heavner, who investigated the
use of, and applied, dynaraic proeramming to solve tne missile tracking problem. In
his reseaich, he found the optimal flight paths for the CMMCA for a particular sct
of simple missile maneuvers, However, this method proved to be too complex and
computer inlensive to solve the problem for anythirg more than a single maneuver
75:36-38). o

Garton took another approach to solviﬁg this problem. In his thesis, Garton
used a cohtinixdué simulation miodel to set up a Night path for a cruise mirsile maneu-

“ver, and also to 'ﬁnd an initial gﬁe&s for a CMMCA flight path to track the nussile.

- He then used a FOR’I‘RAN pmgram to tmprove upon the initial guess. This inethod _

R »_.Iound the. opumal CMM(‘A ﬁ:ght palh gwen the paruculm: mxssalc ﬂnght ptoﬁla and a -

- _shu'tmg pomt for the CMMCA relatwe lo the mnssslv. This method n'so worked well

- .for sonie nmple mm:’e mtmeuvers. but produced mfeasxble "‘MMCA ﬂught paths for 'A

some of the mote eomplex maneuvers (5 4) A moie deuulef! dascnptmn of Garton s

resem:h eﬂ'ort is found in (.‘hap&cr 2




Two considerable problems exist in attempting to find optimum CMMCA flight
paths for cruise missile tracking. The first problem occurs when the entire cruise
missile flight path (or a large portion of the flight path) is broken down into individual
maneuvers, and the CMMCA flight path is optimized for each individual maneuver.
The position of the CMMCA relative to the cruise missile at the end of the optimal
flight path for one particular maneuver may not be the optimal starting point for
the next cruise missile maneuver; it may not even be a feasible starting point for the

next maneuver,.

The second problem is that the modified AN/APG-63 radar system has a much
shorter useful range than the telemetry system, and is therefore the limiting factor
in the effective telemetry and tracking range from the CMMCA to the cruise missile.
Also, the telemetry svstem of the CMMCA has a shorter range than the telemetry
system on the EC-135s (4). Previously, the EC-135s could 'stand-off’ while the cruise
missile flew complex maneuvers and still receive good telemetry data. Performing
these stand-off routines with the CMMCA will result in the tracking radar losing
radar lock on the missile and a possible loss of telemetry data, and is therefore no
longer an acceptable method of collecting data from the cruise missile during complex
maneuvers. However, due to the limitations imposed by the flight characteristics of
the CMMCA, following the same flight path as the cruise missile through these

complex maneuvers is quite often not possible.

1.3 Research Objeclive

The objective of this research is to develop optimal CMMCA flight profiles for

= cruiéé_.A_tnissile tracking. A methodology will be produced that will find the optimal

flight proﬁles for tracking cruise missiles through a series of complex maneuvers or
overAa large'éliétance, given a particular missile flight path and the flight characteris-
tics of the CMMCA This research wnll extend the mearch almdy done by Garton

, _and Heavner.




1.4 Assumptions and Limitations

Several assumptions and limitations must be made in order to narrow the scope
of this thesis effort. Many of these assumptions were also valid for the research
previously done by Garton and Heavner. These assumptions and limitations are the

following:

¢ For this research effort, the slant range from the CMMCA to the cruise mis-
sile will be discounted. The CMMCA and cruise missile will be assumed to
remain at constant altitudes during the entire flight path, and therefore any

representation of the two aircraft will be in two dimensions.

¢ Due to the performance limitations of the tracking radar system, the feasible
distance from the CMMCA to the cruise missile will be restricted to a range of
five to fifteen nautical miles. The feasible azimuth deviation from the centerline
of the CMMCA to the cruise missile will be restricted to a range of -60 to 60

degrees.

o Due to physical limitations of the CMMCA, the maximum true air speed (TAS)
will be 480 knots and the minimum TAS will be 320 knots. The maximum

desired bank angle will be 30 degrees.

¢ No wind conditions will be incurred by the cruise missile, but the wind condi-
tions for the CMMCA are variable. This allows for different CMMCA headings
caused by high altitude wind conditions.

o Although the movements of the CMMCA and cruise missile are continuous pro-
cesses in time, numerical solution techniques used by the computer to solve the
tracking problem require the flight paths to be expressed as discrete processes.

The discrete time interval assumed for this research effort is 0.10 minutes.




1.5 Overview

Chapter 2 of this thesis provides an overview of the current literature that is
pertinent to solving this cruise missile tracking problem. This includes information
required for a better understanding of previous research efforts in this area, such as
control theory, dynamic programming, and simulation. Chapter 2 also includes a de-
velopment of Garton’s approach to solving this problem. It covers the concepts and
methodologies Garton used to develop his FORTRAN simulation program. Chapter
3 covers the initial modifications made to Garton’s FORTRAN program, and pro-
ceeds into the experimental design methodologies developed for this research effort.
Chapter 3 also includes all computer code and other material used in the develop-
ment of the work. Chapter 4 is a presentation of the results of this research effort,

and the recommendations and conclusions are presented in Chapter 5.




II. Literature Review

2,1 Introduction

In order to properly investigate the problem of tracking cruise missiles with
the cruise missile mission control aircraft (CMMCA), this research must include a
review of the current literature on information relating to the cruise missile tracking
problem. This chapter begins with sections on the basics of missile tracking and
optimal control theory. These are followed by a thorough description of the work
done by Garton. Next, proportional navigation is briefly discussed as a possible
alternate solution technique to this problem. The final section discusses simulation
techniques; with an emphasis on verification and validation, which will constitute a

significant portion of this research.

2.2 Cruise Missile Tracking

During cruise missile flight tests, the CMMCA flight crew has the responsibility
of keeping the cruise missile within the tracking radar system’s radar cone over the
entire flight of the missile; or over the greatest percentage of the missile’s flight if
100 percent coverage is not possible. As was previously mentioned in Chapter 1,
the assumed limits of the tracking radar for this research are 5 to 15 nautical miles
in range and -60 to 60 degrees in azimuth. Figure 1 shows the azimuth and range
limits of the tracking radar. In order to further simplify the cruise missile.tmcking
problem, the cruise missile is assumed to be positively tracked by the CMMCA when
the -missile is anywhere within the tracking radar's coverage pattern. Establishing
a nominal cruise missile position near the center of the CMMCA's radar coverage
allows the flight crew to let the missile's position vary slightly in any direction with
respect to the CMMCA without losing radar contact.

Cruise missile tracking must be accomplished without violating the physical
constraints of the CMMCA. As discussed in Chapter 1, the airspecd limitations are a
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Figure 1. Range and Azimuth Limits of Tracking Radar

minimum of 320 knots and a maximum of 480 knots, while the bank angle is limited
to 30 degrees. Sustaining bank angles greater than 30 degrees places physical strain
and fatigue on the mission crew members on board the aircraft, many of whom are
performing their jobs whilc standing up the entire mission (4). To allow for the
greatest flexibility in cruise missile tracking without violating the aircraft’s physical
constraints, the nominal airspeed and bank angle should be at the center of the
performance limitations, or 400 knots and 0 degrees respectively.

2.8 Optimal Control Theory

The objective of optimal control theory, as defined by Kirk, is “to determine the
control signals that will cause a process Lo satisfy the physical constraints and at the
same time minimize (or maximize) some performance criterion” (8:3).‘ The cruise
missile tracking problem of attempting to maximize the- percentage of the cruise
missile flight path that the CMMCA can track, while staying within the physical

performance limits of the aircraft, can be viewed as an optimal control problem.




Garton used a combination of optimal control theory and simulation to model
the flight paths of the CMMCA and the cruise missile (5:5). In setting up the
equations to model the flight path of the two aircraft, Garton followed the three

steps for formulating an optimal control problem as outlined by Kirk:

1. A mathematical description (or model) of the process to be controlled,
2. A statement of the physical constraints.
3. Specification of a performance criterion. (8:4)

The movements of the CMMCA and the cruise missile conform to physical laws,
and therefore can be described by mathematical equations. Since the CMMCA and
the cruise missile are hoth airborne vehicles, they can change their flight path in
three independent directions and also rotate about three separate axes. This gives
both aircraft six degrees of freedom (14:235). However, for the scope of this research,
both the CMMCA and the cruise missile are assuined to maintain constant altitude
(12). Therefore, their flight paths can be described in terms of a two-dimensional
(North-South and East-West) coordinate system.

Defining the flight path of the CMMCA in mathematical form is the first step
in solving the cruise missile tracking problem by any solution method and is also the
first phase of formulating an optimal control problem. In his research, Garton defined
the flight path of the CMMCA in the form of three differential equations'(s:T‘S),
These equations, which d_egcribe a two- dimensional flight path for the CMMCA, are

the following:

| _%=msmnwm)+ww (1)
% = TAS s cos(HDG) + WYV, (2)




dHDG  g*tan(a) 3)
dt ~— TAS

The independent variables in these equations are the aircraft heading (HDG),
the true airspeed (TAS), the CMMCA bank angle (a), and the two components of
wind velocity (WV,. and WV,). The constant ¢ in equation (3) represents the grav-
itational constant. Here, North is the positive y-direction, and East is the positive

x-direction (5:8-9).

The choice of independent and dependent variables depends on what informa-
tion is needed about the system being evaluated. Since the object of this research
is to derive information about the position of the CMMCA reiative to the cruise

missile, the above equations are applicable.

The next phase of formulating a control theory solution is determining the
physical limitations of the systems. The CMMCA has limitations on its maximum
and minimum operating speeds and maximum bank angle. These linitations restrict
the set of possible flight paths that the CMMCA could follow. Therefore, these
limitations must also be included in the control theory formulation of the CMMCA
flight path. In his rescarch Garton solved the three differential equations which
describe the flight path of the CMMCA (equations | - 3), changed them from a
continuous to a discrete form (since the cruise missile tracking problem must be in a
discrete form for a nufnerical solution), and transformed variables in the equations
80 that the coutrol variables are the true airspeed and bank angle at each discrete

time poiht. The final forms of these equations are as follows: (5:59)

zi = 20+ Y TAS;sin[HDG;|WAt + WV,(t - 1) (4)
jul o '

i =vo+ Y TAS;cosl HDG WAL+ WV, (t—te)  (8)
Jub :




tanfa;] WiAt

HDG; = HDG0+ZC TAS (6)

j=0

The previous equations can thus describe the position of the CMMCA at any
discrete point along its flight path, based on the initial position of the CMMCA (i,
and yo), the initial heading of the CMMCA (H DGy), the true airspeed and bank
angle values up to that point (T'AS; and ay), the heading values up to that point
(which are functions of initial position, airspeed, and bank angle), and the wind
conditions. The W/ values are quadrature weights, which arc necessary for solving

these equations numerically using the trapezoidal rule for numerical integration.

The final step in formulating an optimal control theory problem is selecting
an appropriate performance criteria. Kirk defines an optimal control as “one that
‘minimizes (or maximizes) the performance measure” (8:10). For the cruise missile
. tracking problem, the appropriate performance measure is méximizing the percent-
age of the cruise missile flight path over which the CMMCA can successfully track

the missile.

24 Garlon}'s Solution ‘Method

As discussed eaﬂier. in his attempt tc solve this problem Garton used optimal
control: theory, which was implemented in a FORTRAN simulation program to find
optimal CM MCA ﬂ»gm paths for trackmg cruise missiles (5 18). At the heart of the -
FORTRAN program is an objectwe functional ongmally developed by Bakcr aml )

later ndaptcd to this parixcular solution method (‘7) '

84 - Objective F’uuclwnal The FOR’I‘RAN simulation program developed
by Garton finds an optimal CMMCA ﬁnght pm.h by means of iteratively performing
a modified gradlem search in order to minimize an objective functional (5 18:19).
The objective functional describes the posntton of the CMMCA relative to a nominal
position determmed to be the bcst poamon for the CMMCA for tracking the cruise
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missile. The objective functional is based on the following four independent variables:
distance from the CMMCA to the cruise missile, the cruise missile azimuth angle
relative to the CMMCA, the CMMCA true airspeed (TAS), and the CMMCA bank
angle. The objective functional calculates a value at each discrete point in the .
CMMCA flight path, based on the difference between the variables and their nominal
values. This ‘penalty’ increases as a function of the difference between the variable
and its nominal value. Figure 2 shows the basic shape of the penalty curve for sach of
the objective functional variables. Therefore, the goal of the optimization program is

to minimize the penalty imposed at each discrete point in the CMMCA flight path.

b 0 : b
Distance From Nominal :

" Figure 2. Penalty. Function Shape

The first two varisbles are included in the objective functional in order 1o keep
the cruise missile within ihe limite of the CMMCA's tracking radar system. As
was previously mentioned in Chapter 1, the limits of tlté. tracking vadar are 510 15
nautical miles (nm) in range, and -60 to 60 degrees in agimuth. Figure | showed the
agimuth and range limits of the tracking radar. The last two vambles are included

in the objective [unctional to ensure that the CMMCA does not exceed its airspeed

il




and bank angle limitations. The airspeed limitations assumed for this research are

320 to 480 knots, and the assumed bank angle limitation is 30 degrees.

The penalty induced by the current position error is described by the following
equation:
J(r,0) = [r; = ro]* + W1[0; — 6o} (7

where 1o is the nominal desired range from the CMMCA to the cruise missile, 0, is
the nominal desired azimuth angle between the two aircraft, and W) is a weighting

factor used to scale the penalties between the range and azimuth angle deviations.

The penalty induced by CMMCA control inputs comes from the airspeed and
- bank angle. The airspeed penalty is of the form:

Qtl\a - - - _ |
Jras=W, [_V_'_(_l)ﬂ_U] _- o o (8)

- where Uo is the nominal desired true airspeed  is an allowable variance from the
nommal true mrspeu! value, and K3 is an mtege: value that affects the steepness of -
- the penalty function. Wa is another weighting factor used lo scale the penalnes

_ 'I‘hv final part of thv mduccd penalty comes from the bamk anglv ’I‘he bank )
S aug]e pem\hy is of the form |
2:R¢

Jé=wg,[ﬁ e (9)

where fy is the nommal desired bank angle and I\,. is an- mteger value thal affects
the st&pnms of the pemlty funcuon Wi is the ﬁm\l mghtmg factor t.m! o scale

o the pc-nnlues

‘I‘he overall dwaele form ol’ lhc objeetive functional thus bmnes.

wasfws
- in0 : : S
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where

Uo] 2% Ky

2+ K
Ji = [ri — ro]* + WA [0; — 0] + W, [— o + W {;0] (11)

The Wt; values again are quadrature weights used to numerically calculate the ob-

jective functional penalty value using the trapezoidal rule.

Since the only two variables that can be controlled by the CMMCA flight crew
are airspeed and bank angle, the distance and azimuth angle from the CMMCA to
the cruise missile rust be expressed in terms of the true airspeed and bank angle.
Garton used equations (4) through (6) to express the current position (r; and 6;) in
terms of true airspeed and bank angle, thereby describing the flight path using only

the initial conditions and the two ¢ntrol inputs.

With the objective functional completed, Garton then constructed a FOR-
TRAN program designed io find the optimal CMMCA flight path based upon the
given cruise missile flight path and the CMMCA flight characteristics. Given an
initial CMMCA flight path, this prbgra;m evaluates the overall penalty value of the
current CMMCA flight path by calculating the penalty induced at each discrete
point in the flight path, and then calculates the changes to the true airspeed and

bank angle necessary to produce a ﬂigh£ path with a srhallcr overall penalty.

The program uses a gradient search method to reduce the penaliy value. It
calculates the gradient of the objective functional with respec‘ to cach airspeed and
bank angle in the maneuver (5:25-31). ‘I'he opposite direction of the gradient indi-
cates the direction of steepest decent, and thus the direction of maximum reduction
of the ohjective ‘fﬁmctional. The ;Srogram then computes the penalty value at two
points along the direction of steepest decent, =nd using the current penalty value
as a third poiny along the gradient, fits a parabola to these points. The point at

which this fitted parabola is minimized is assumed to be close to the actual minimum
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penalty value aleng the gradient, and ‘s thus used as the next starting point for the

minimization routine (1).

The penalty induced by the new flight path is then calculated and again changes
are made to the airspeed and bank anglc. These steps are performed iteratively until
a solution detcrmined to be the optimal solution is found. The solution is declared
optimal i{ a minimum desired penalty value is achieved. If the program cannot
produce a flight path with less penalty than the desired penalty value within a

certain number of program iterations, the program is terminated.

The next two subsections describe the input files needed to make Garton’s

program work, aid the output files produced by the program.

2.4.2 Opttm: zalion Program Inpuls The first input file to the opt:mxzatnon

program is the file INPUT.DAT. This’ input file must contain. the cruise. mlssxle X-

and y- posntwns for each discrete time point in the. cruise mxssale maneuver, ond . -

Aalso an initial vector of CMMCA speeds and bank a:ngles for -vach point. From an.

xmtml eﬂ‘ort at solvmg this problem. sarton lmd desngned & SLAM H mmulatmu:;_ o o

» iifnmdt‘i d:sighed to rephcato the ﬂnght dmmctonahcs of both the crmse masszje and

the (“MMCA (5:31). He modified this nmdﬁl to pm(hlce as m;tput crume missile x-

~and yvposn.tons (mlahvo to the mztml CM MCi\ posxttou) at. d!scrcte ume intervalsfj e

"fm a given cruise missile manenver This ou(put file: also mcluded an mmal gueas for

1 . the (‘MMCA bank anglc am! speed m*cessar; ta pursue the nuss:ie 'Iheroforc, the

- \"_,:{mn.put ﬁle from Eh&s QI.AM i program. produwd the m‘cossary mput ﬂ:ght pmﬁle L

lor tlw FOR’I R'\N uphmmahon program (5: 3& 33)

Olhﬂ‘ mpm, files rt-qmm! to run’ tlw l‘ORI RAN progmn rontmn lhe uommal

o .,_f\mlues for distancr, and agimuth from the CMMCA to the mxsstlcnnd tmt' wspeod

aid b&nk angle, weagms for each of the objective ﬁmchona} componouts, wind con
. dmons for the CMMCA, and daux to calculue the quadmutro va!ues needml for the

" smmencal mtegmuous
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2.4.8 Optimization Program Output. Garton’s simulation program produces
two output files for each cruise missile maneuver. The first 011t§ut file, labeled
RESULTS.OUT, lists the CMMCA bank angle, airspeed, range to the cruise missile,
and ezimuth angle from the CMMCA to the cruise missile for each discrete time
point in the cruise missile manuever. RESULTS.OUT also includes the final JSTOP
value and the number of iterations performed by the program to obtain the-finai
'_so]utioﬁ. An example of the output file RESULTS.OUT, illustrating the results for

a 90 degree right turn by the cruise missile, is shown in Table 1 below.

The other output file obtained from the optimization program is the 'éruise»'
" missile and CMMCA>3<-~ and y- positions for each discrete time point during the
| missile maneuver. This data can be used to produce plots of the cruise missile and .
the optimal CMMCA flight path for following the cruise wissile maneuver. The plé_t _

. forthe 90 slegree cruise missile turn example is shown in Figure 3.

: .!24 4 | -'FORTPAN Pi‘ogram Performance. Garton ran his optimization pro-
gram fnr the fo!lowmg cruise rmss:le flight paths: a straight flight with the CMMCA
?75 nautncal miles dlreclly !)ehmd the missile, a straight flight with the CMMCA start-
mg with a: 5 nauw.al tmlc Yxor;zontal offset and 8 nautical miles behind the missile,
and 90, 180, and 270 degree turns each with the CMMCA starting 8 nm directly
behind. the mlssnle ‘I‘Zhe CMMCA was able to track the cruise missile through the
| >strmght fhghts and 90 degree turn with 100 pereent radar coverage, but radar cov-

crago fel! dmxmucally for the 180 and 270 degree turns. The ontput results for each

“run arc smnmmzed in Table 2.

o fl_»**.s Progirtional Navigation

Proporlmnal navigation is a technique that is commeonly used by airplanes and

' mnss«les in pursuit of other airborne vehicles. Proportional navigation, as stated by

A ‘-ff;(:uélman. is “a homing guidance technique in which the missile turn rate is directly
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Table 1. Data From File RESULTS.OUT, 90 Degree Cruise Missile Turn

ISTOP = 7.691867
NUMBER OF ITERATIONS = 150
Time | BANK (deg) | SPEED (kTAS) [ RANGE (nm) | THETA (deg)
0.1 -9.3 4004 8.0 1.4
0.2 7.5 399.0 8.0 4.0
0.3 -5.9 397.8 8.0 6.3
0.4 -4.3 396.7 8.0 8.3
0.5 -2.9 395.7 8.0 10.0
0.6 -1.4 394.7 8.0 - 113
0.7 0.0 393.8 8.1 12.8
0.8 14 392.9 8.1 14.3
0.9 2.8 391.9 8.1 16.0
10| 42 | 3910 8.1 17.6
11| 87 390.1 8.1 19.2
| 1.2 72 389.1 81 20.8
1.3 88 3883 81 22.1
| 141040 3874 1 81 23.3
1. 65 | 1200 - .386.7 : 8.1 24,2
{161 135 | 3860 &1 249
| LT 150 | 3856 . 80 | 252
L1882 ] 9888 ol T | 253
19 f o 1m3 ) essd | T8 |21
1207 179 | o358 |- - T9 | 247
420 182 CoBss T [ TR 239 -
122 180 | 8875 7.8 22T
123 14 | 3888 18 o2
24 | 165 - 390.1 7.8 19.6
2.5 154 391.5 7.8 18.0
2.6 14.2 392.8 7.9 16.3
2.7 12.9 394.0 7.9 14.7
2.8 11.5 395.2 7.9 13.2
2.9 10.2 396.2 7.9 11.8
3.0 8.9 397.1 7.9 10.6
3.1 .7 307.8 7.9 9.6
3.2 6.6 308.4 7.9 8.7
3.3 5.5 398.9 7.9 8.0
34 4.5 399.3 7.9 7.5
3.5 3.5 399.6 8.0 7.1
3.6 2.7 399.8 8.0 6.9
3.7 1.9 399.9 8.0 6.9
3.8 1.2 400.0 8.0 7.0
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Figure 3. Graphical Output of 90 Degree Cruise Missile Turn

Table 2. Preliminary Results of Garton's Optimization Program

Flight Path “Percent Coverage
Straight 100

Straight w/ Offset 100

90 Degree Turn 100

180 Degree Turn 34.3

270 Degree Turn 58.7
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proportional to the turn rate in space of the line of sight [to the pursued vehicle}”
(6:364). In proportional navigation, the missile reacts to the movements of the
vehicle being pursued and follows a flight path that is dependent on the the physical
limitations of the missile and on the flight path of the other vehicle. The flight
path of the missile becomes a function of the current heading and location of the

maneuvering target.

_The laws governing the proportional navigation flight paths for vehicles in pur-
suit of maneuvering targets are represented by non-linear differential equations, with
the independent variables being the velocity and acceleration of the target vehicle
(9:81-82). The complexity of these equations makes solving them in closed form
computationally intractable. However, recent work by Mahapatra and Shukla has
led to a quasilinear closed-form solution for the proportional navigation equations.
Mahapatra and Shukla have shown this solution to be very accurate by comparing

it to current linear approximation and numerical solution techniques (9:88).

With this quasilinear solution technique, a computer could be used to deter-
mine the proportional navigation flight path of a CMMCA, given a particular set of
CMMCA and cruise missile velocity and acceleration conditions. Since the missile
flight path is known prior to cach cruise missile flight test, the cruise missile and
CMMCA ﬂight‘ ;;a;f.hs could be simulated with the CMMCA following proportional
navigation laws 5:6 pursue the cruise missile through various maneuvers. By adjust-
ing the starting point and the navigation rules of the CMMCA, a set of flight paths
could be (le\t§loped and analyzed to find the optimal CMMCA flight path.

2.6 Simulaf?qn '

Compu{er simulation is one of the possible techniques available to aid in de-
termining optimal CMMCA flight paths for tracking cruise missiles. Simulation has
previously beex used on this problem and also on similar problems. Garton used

simulation to determine flight paths obtained through control theory methods (5:31).
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Simulation was successfully used in a similar situation, when it was used to model
the motion of the Orbital Maneuvering Vehicle during the performance of reqiired
duties in space. This simulation helped determine the expected capabilities of the
planned Orbital Maneuvering Vehicle, even though that vehicle will not be built for
many years (15:98-99). |

Simulation is the process of designing and building a computer model of a sys-
tem and then using that model to draw inferences about the modeled system (10:6).
The purpose of simulation, as described by Bekey, is “either to yield insight into
the behavior of the process being simulated or to make predictions of performance”
(3:57). If simulation is to be useful, it must simplify the description of the system

while still accurately representing the system conditions to be studied.

The simulation process can be broken down into ten distinct steps. Pritsker

describes these steps as the following:

1. Problem Formulation.

2. Model Building.

3. Data Acquisition.

4. Model Translation.

5. Verification.

6. Validation.

7. Strategic and Tactical Planning.

8. Experimentation.

9. Analysis of Results.

10. Implementation and Documentation. (10:10-11)

The most important steps of this model building procedure are the verification
and validation. Verification of a simulation model ensures that the system simulation
performs exactly as the model-builder intended. Validation of a model ensures that
the simulation represents the system well enough to gain useful information about
the system. The underlying problem is that validity is not a deterministic condition;

a model cannot be viewed as either valid or not valid. The validi'y of a model is
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more of a stochastic process, and is actually a measure of the degree to which the

model represents the system (13:177-178).

Sargent describes the validation process as consisting of “performing test and
evaluation within the model development process to determine whether a model is
valid or not” (11:33). Sargent goes on to describe several validation techniques,
including comparison to other models, validity based on expected events, and com-
parison to historical data (11:33-34). The validity of the simulation of CMMCA
flight paths can be ensured by two of these three methods. The simulation can be
compared to historical data gathered during previous cruise missile tests, and the
simulation can also be checked for events that are expected to take place during
the cruise missile flight testing (such as CMMCA reaction to certain cruise missile
maneuvers). Another method of validating the simulation is compating the results
of the modified code to Garton’s original code. Any modifications to the simulation
should show some improvement to the simulation, or should not be included in the
modifications. Therefore, any simulation model built during this research can be

effectively validated by more than one method.

2.7 Summary

Through optimal control theory, Garton and Baker developed an equation
that describes the flight path of the CMMCA in discrete time points relative to the
flight path of the cruise missile and assigns a penalty value if the flight path is not
optimal. Garton then used this equation as the basis for a FORTRAN program
which is designed to find optimal flight paths for cruise missile tracking. Garton’s
research went a long way towards solving the cruise missile tracking problem, but
the premliminary results presented in section 2.4.4 show that there is still much
room for improvement. This chapter presented a summary of Garton's work and the
mathematical formulation leading up to his FORTRAN program, and also presented

information necessary for continuing his work toward finding optimal solutions.
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III. Methodology

3.1 Introduction

This chapter describes the steps taken in the analysis and modification of Gar-
ton’s optimization code. The first section explains the modifications made to the
output files in order to better analyze the performance of the simulation. The second
section discusses the changes made to the weighting factors of the individual com-
ponents of the oujective functional. Next, the four cruise missile flight paths used
to test the program are presented and discussed, followed by a section describing an
alternate initial CMMCA flight path. The next section of this chapter discusses the
experimental design techniques used to analyze the performance of the optimization
program and determine the weight settings for optimal tracking performance. Fol-
lowing that is a discussion of three different methods which were used to improve
the performance of the program over the last flight profile. The final section of
this chapter discusses the analysis of the program in an attempt to determine the

conditions necessary for convergence of the algorithm to a single optimal solution.

3.2 Oulput Modifications to Optimizalion Program

Originally, Garton's optimization program printed out the CMMCA bank an-
gle, airspeed, range to the cruise missile, and azimuth angle to the cruise missile
for every time point in the maneuver. This information was printed to the file
RESULTS.QUT. The program also output the x and y coordinates of both the
CMMCA and cruise missile at every discrete point of the entire maneuver into the
file PLOT.DAT. An example of this output for a 90 degree turn was seen in Figure 3.
This information is very beneficial to CMMCA mission planners and crew members
when attempting to figure out how to track cruise missiles, but does not present
enough information in order to perform a rigorous analysis of the performance of the

program.
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In order to properly evaluate the performance of the optimization program,
several changes needed to be made to the output files. These changes inlude modi-

fication of existing output files, and also creating an additional output file.

3.2.1 RESULTS.OUT Modifications. The most needed performance criterion
missing from the output of the optimization program is the percentage of the cruise
missile maneuver that the cruise missile was in the radar cone of the CMMCA'’s
tracking radar system. The percentage of radar coverage through the given cruise
missile maneuver is really the key point in the optimization of the CMMCA flight
path, since the CMMCA flight crew seeks to maximize ths percentage. The proper
FORTRAN code was added to the program so that the optimization program deter-
mines the percentage of radar coverage over the entire cruise missile maneuver, This
is accomplished by evaluating at each discrete time point whether the cruise missile
is within the CMMCA's radar limits, and then calculating the percentage of radar

coverage for the entire run.

Another missing criterion is the percentage of the cruise missile maneuver
that the CMMCA is within its bank angle and airspeed constraints. The CMMCA
airspeed and bank angle at each point are calculated by the optimization program
and printed out in the file RESULTS.OUT, but the percentage of the flight path
that the CMMCA is within these constraints is not calculated. The program was
modified to calculate the percentage of the missile maneuver that the CMMCA is
within its constraints. This value is found by calculating at each time point whether
the CMMCA is within its constraints, and then calculating the percentage over the

entire maneuver.

An example of the modified RESULTS.QUT for the 90 degree turn example of
Chapter 2, indicating the additions made to the output file RESULTS.OUT, is shown
in Table 3. Two columns were added to the output file. The first column added,
labeled RADAR, indicates at each discrete point whether or not the cruise missile
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was within the CMMCA'’s radar cone. The second column added, labeled STRUCT,
indicates at each discrete point whether or not the CMMCA was within the physical
limits of the aircraft. One item to note is that the percentage of radar coverage,
the points at which radar coverage does not occur, the percentage of satisfying the
physical constraints, and the points at which the constraints are not satisfied, are
calculated only for the CMMCA flight path determined by the program as having
the minimum penalty value. The coverage and constraint percentages are not used
by the program to evaluate the optimal flight path. The program still determines

the optimal path by the minimized value of the objective functional.

3.2.2 Penally Source Calculations. Another output modification determined
as necessary for properly analyzing the optimization routine is the evaluation of the
source of the induced penalty at each point in the flight path. This will show the
points in the CMMCA flight path which are inducing the penalty into the objective
functional, and which penalty function components (i.e. range, bank angle) are
inducing the penalty. Knowing the source of the penalty, along with the ‘trouble
spots’ in the CMMCA flight path, should show where the program is failing or having
problems, and will help indicate the ‘route’ to be taken towards producing a better

algorithm.

The objective {unctional values for each objective functional variable at each
discrete time point were added to the CMMCA program output as a separate file,
called JCALC.OUT. The output file JCALC.OUT is shown in Table 4 for the 90
degree turn example of Chapter 2. This table shows the penalty value induced by
cach objective functional component at each discrete time point, and also shows the
points where the missile was out of the radar cone and where the CMMCA exceeded
its physical constraints.

The graphical output of the file JCALC.OUT is shown in Figures 4 through 7.
Theser plots indicate very clearly the source of the final penalty value, and where
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Table 3. Modified File RESULTS.OUT Output, 90 Degree Missile Turn

JSTOP = 7.691867
NUMBER OF ITERATIONS = 150
Time | BANK | SPEED | RANGE | THETA | RADAR | STRUCT

0.1 -9.6 400.0 8.0 14 1 1
0.2 -7.8 398.9 8.0 4.2 1 1
0.3 -6.1 397.9 8.0 6.6 1 1
0.4 -4.5 397.1 8.0 8.7 1 1
0.5 -3.0 396.3 8.0 10.4 1 1
0.6 -1.6 395.5 8.1 11.7 1 1
0.7 0.0 394.8 8.1 13.2 1 1
0.8 1.5 394.0 8.1 14.8 1 1
0.9 2.9 393.3 8.1 16.4 1 1
1.0 | 44 392.5 8.1 18.1 1 1
1.1 5.9 391.8 8.1 19.7 1 1
1.2 1.5 391.1 8.1 211 1 1
1.3 9.0 390.4 8.1 22.5 1 |
14 10.6 389.7 8.1 23.6 1 1
1.5 12.2 389.1 8.1 24.5 1 1
1.6 13.7 388.7 8.1 25.1 1 1
L7 15.1 388.3 8.0 254 1 1
1.8 | 163 388.2 8.0 25.5 1 1
1.9 173 388.3 7.9 25.4 1 1
2.0 17.9 388.6 1.9 25.1 1 1
2.1 18.1 389.2 78 24.3 1 1
2.2 13.0 390.0 8| 232 1 1
23 | 17S 391.0 7.8 21.8 1 i
24 16.6 392.1 7.8 20.2 1 1
2.5 15.6 393.2 7.8 18,5 1 1
2.6 144 394.2 7.9 16.9 i 1
27 13.1 395.2 1.9 15,2 1 1
2.8 11.8 396.2 7.9 13.7 i 1
2.9 10.5 397.0 79 | 122 1 1
3.0 9.2 397.7 7.9 10.9 i 1
3.1 7.9 398.3 1.9 98 1 1
3.2 6.7 398.8 7.9 89 1 1
3.3 5.6 392 | 79 8.1 1 1
34 4.6 399.5 8.0 7.5 1 1
3.5 3.6 399.7 8.0 7.0 1 1
3.6 2.7 399.9 8.0 638 1 1
3.7 1.9 400.0 8.0 6.7 1 1
3.8 1.2 400.0 8.0 6.9 1 1

CM IN RADAR CONE 100.00 PERCENT
CMMCA IN STURCTURAL LIMITS 100.00 PERCENT
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Table 4. File JCALC.OUT Output, 90 Degree Missile Turn

JRANGE
0.0000
0.0000
0.0001
0.0003
0.0010
0.0026
0.0054
0.0092
0.0134
0.0170
0.0191
0.0199
0.0184
0.0154
0.0109
0.0060
0.0017
0.0000

0.0040

0.0176
0.0292
0.0348
0.0348
0.0313
0.0263
0.0210
0.0163
0.0123

0.0092

0.0069
0.0052
0.0040
0.0030

0.0024
0.0018
0.0014

0.0011 .

0.0008 -

0.0005

JTHETA
0.0006
0.0053
0.0132
0.0228
0.0328
0.0420
0.0534
0.0669
0.0824
0.0996
0.1178
0.1361

0.1537 -

0.1695
0.1824
0.1917
- 0,1970

01982

0.1960

-.0.1918
0.1805
0.164F
0.1448
0.1245
0.1047°
0.0865

10,0706 -

0.0560
0.0456
- 0.0365

0.0293

0.0239
0.0198

0.0151

0011

- 00138
0.0143

00156 -

JSPEED
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0001
0.0001
0.0001
0.0002
0.0003
0.0004
0.0004
0.0005
0.0006
0.0006
0.0006
0.0005

0.0004
0.0003 -

0.0002
0.0001

0.0001

0.0000
0.000)

~ 0.0000

0.0000

0.0000
- 0.0000
- 0.0000
0.0169 |

0.0000

0.0000 |
-0.0000° 1

10,0000 |
' 0;0000

JBANK
0.1038
0.0683
0.0419
0.0229
0.0100
0.0025
0.0000
0.0024
0.0097
0.0220
0.0397
0.0630

0.0921 -

0.1269
0.1669
0.2106
0.2558
0.2090
0.3357
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the cruise missile was out of the radar system’s coverage é.rea. .ATheAA pené.lt.y source
informatien in this graphical form will clearly benefit the a.ria__]ysis of the 'bptimiZation

program.
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where

- ViU 2eK3 o 2+Ry
Ji = [ri = ro]* + WA[6; — 6] + W, [ ‘ It 0} tWs [B—‘] 3)
(V]

The objective function penalty value J; at each discrete time point becomes greater
than zero when one or more of the variables of the functional are not at their nominal
values. The value of J; incurred depends on the difference between the variable and

its nominal value.

As seen in Table 3, most of the total J value for the 90 degree turn example
was generated from the bank angle and azimuth angle components of the objective
functional, whereas the penalty imposed by the range component was one order of
magnitude smaller and the penalty imposed by the airspeed component was three
orders of magnitude smaller. Therefore, in evaluating the optimal CMMCA flight
path for the 90 degree cruise missile turn, the most important components as seen
by the program were the bank angle and azimuth angle. This is due primarily to
the differences in units between the objective functional components. Therefore, the
components of the objective functional must be scaled with respect to each other, so
that a particular range error produces the same penalty as some particular azimuth

angle error, airspeed error, and bank angle error,

Since the range limits of the CMMCA are 5 to 15 nautical miles (nm) and the
nominal range was set by Garton at 8 nm from the CMMCA to the cruise missile,
a penalty of (15 — 8)2 or 49 is incurred when the missile is at the outer limit of the
CMMCA's radar cone, and a penalty of (5~ 8)? or 9 is incurred when the missile is
at the inner radar limit. By adjusting the nominal range value to 10 nm, the same
penalty value (25) is incurred when the missile is at either the inner or outer limit of
the radar cone. (The nominal range from the CMMCA to the cruise missile is one

of the variables that will be adjusted during the experimenting with the program.)




This adjustment provides a logical basis for comparing the range penalty to the other

penalties.

Logically, the same penalty should be assigned when the cruise missile is at
the range limit as when the missile is at the azimuth limit of the radar cone. The
azimuth limits of the CMMCA'’s radar cone are -60 to 60 degrees, or -1.047 to 1.047
radians since the program performs ali anglc computations in radians. Therefore, at
the azimuth limits of the radar, the penalty imposed is (1.047 — 0)? or 1.097. This
means that the range penalty is 22.797 times greater at the radar limits than the
azimuth penalty. Therefore, the azimuth scaling factor required to equate the range

and azimuth ervors is Sy = 22.797.

Similarly, scaling factors can he applied to the airspeed and bank angle errors.
The nominal airspeed is currently 400 KTAS, or because the program calculates
airspeed in nm/min, 6.667 nm/min. The airspeed limitations are 320 to 480 KTAS,
or 5.333 to 8 nm/min. Garton previously set the other airspeed constants u and K3
sel to 1.25 and 2 respectively, and al these settings the upper (and lower) airspeed
limit imposed a penalty of ({8 — 6.667)/1.25), or 1.2945. Therefore, the scaling
factor required to equate the radar range and azimuth limits to the airspeed limit is
S = 19.312, |
“The CMMCA bank angle limit is 30 degrees, or 0.524 radians. With the current
values of ﬁo and K, set and 0.521 and l"respectively, the objective functional imposes
“a penalty of 1 when the bank angle is at its 80.degree'limit. Therefore, the scaling
factor required to equate the bank angle lfmit to the range, azimuth, and airspeed

limits is S5 = 25.

With all these scaling factors‘included, the final form of the objective functional

is the following:

- J[V,('f] = nggJ; | | : (14)




where

9 . 2 Vi = Uy 2+K3 ] a; 2K,
Ji = {ri—no)® +22.79TW1 [0; — 65)* + 19.312W, p +25W, % (15)
0

This final form of the objective functional became the starting point for the
analysis performed on the optimization program. With all necessary program mod-
ifications completed, the next phase of the research was analyzing the performance
of the algorithm and attempting to adjust the objective function variables to achieve
the best possible performance of the algorithm, regardless of the cruise missile ma-

neuver being tracked.

3.4 Cruise Missile Flight Paths

In order to test the optimization program’s response to cruise missile maneuvers
of varying lengths and complexity, four distinctly different cruise missile flight paths
were constructed. These flight paths also provided a basis over which the program
could be run in order to test for improvements in the algorithm. These improvements
were obtained from altering the variables of the objective functional and also varying
the initial CMMCA flight path. The four initial CMMCA flight paths, and the

reasons for choosing each particular path, are discussed below.

The first flight path was a 180 degree cruise missile turn. This was the first
maneuver for which Garton's program previously could not find a feasible CMMCA
flight path to successfully follow the missile. This was the simplest maneuver at-
ternpled, because any improved optimization program was expected to be able to
replicate Garton's success for the straight cruise missile path and also the 90 degree
turn. Previously, the program could achieve about 38 percent radar coverage for a

180 degree turn. Figure § shows the 180 degree cruise missile turn.

The second flight path was a 270 degree cruise missile turn. This mancuver was

also tested by Garton, but the optimization program could not find an acceptable
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CMMCA flight path for this maneuver. For the 270 degree turn, the program previ-
ously achieved approximately 58 percent radar coverage, but the CMMCA exceeded
physical limitations over about 10 percent of the flight path. Figure 9 shows the 270

degree cruise missile turn.
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Figure 9. Flight Path Two, 270 Degree Cruise Missile Turn

The third flight path was two 270 degree turns. This flight path was a good test
of the program’s capability of handling multiple maneuvers at one time. Garten's
program had never been tested over this flight path. Figure 10 shows the two 270

degree cruise missile turns.

The final flight path was a section of an actual cruise missile flight path that
had previously been flown during cruise missile flight tests. The mission planners
were not able to find an ARIA aircraft (EC-135 predecessor to the CMMCA) flight
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path that would provide 100 percent radar coverage without greatly exceeding the
structural and performance limits of the aircraft. Ideally, experimental design would
have improved the performance of the optimization algorithm enough to produce a
CMMCA flight path that provided 100 percent radar coverage while being within
the physical limits for the entire flight path (if possible), but a more realistic goal
was to be able to find the maximum radar coverage possible over this flight path.

Figure 11 shows the portion of the cruise missile flight test path used for the analysis.

8.5 Initial CMMCA Starting Paths

The optimization program, as part of the input data, requires an initial flight
path in order to ‘seed’ the program with an initial solution. When Garton first
constructed the program, the initial CMMCA flight path was a path flying straight
North for the entire time duration of the cruise missile maneuver. Although this
initial path led to acceptable results for many cruiée missile maneuvers, it did not
work for some of the longer maneuvers. This could be due to the speculation that
the surface represented by the objective functional is not convex, and could possibly
have many local optima (1). Therefore, a logical step was to produce an alternate

initial CMMCA flight path that was more in line with the expected result.

The alternate initial CMMCA flight path used for this research was the same
flight path that the cruise missile follows through the maneuver, except that the
CMMCA started the desired nominal distance behind the missite. A FORTRAN
program was written the;t computes the reqxﬁred CMMCA bank angles and airspeeds
for following the cruise missile based on the x and y coordinates of the nissile at
each time point. The program is based on an algorithm derived by Baker (1). The
FORTRAN program is contained in Appendix B.

This combination of the two initial flight paths is analogous to the dual simplex
method for solving linear programming problems. Using the straight initial flight

path can be seen as starting in a feasible position and working to an optimal position,
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whereas starting with the CMMCA following the cruise missile can be interpreted
as the dual solution of starting at an optimal solution and working to a feasible
solution(12). Both the straight and missile-following initial flight paths were used as
starting conditions for each of the flight paths in order to obtain preliminary results

showing the improvements to the algorithm.

8.6 Preliminary Results

With the completion of the code which calculates an initial CMMCA path
following the cruise missile, and the construction of the four cruise missile flight
paths, the next step was running each of the four flight profiles for both initial
CMMCA flight paths. These preliminary results were all done with the scaling
factors (which equate the penalties incurred from each component of the objective
functional) included in the objective functional and the variable weights Wy, W,

and Wj all set at one.

These preliminary results were obtained for two reasons. First, they were done
to indicate whether of not adding the scaling factors and starting the optimization
program with the CMMCA initially trailing the cruise missile improved upon the
results Garton obtained form his research. Second, these runs provided an initial
baseline of the program’s performance for comparison against the results of further

modifications and improvements to the optimization program.

The preliminary results achieved 100 percent coverage and kept the CMMCA
within physical limits 100 percent of the time for three of the four flight paths.
These results indicated a significant improvement over the results obtained from the
optimization program prior to the flight paths from consideration for experimental
design, since any changes to the weight parameters or initial CMMCA flight path
could only reduce the amount of radar coverage, if it changed at all. Table 5 indicates
(with an X) the preliminary runs where 100 percent radar coverage and 100 percent

physical restriction was achieved without performing any experimental design.
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Table 5. Optimal Covering of Flight Paths for Preliminary Runs

Flight Path | Initial CMMCA Path | Optimality Achieved
1 Straight X
Trailing X
2 Straight X
Trailing X
3 Straight
Trailing X
4 Straight
Trailing X

8.7 Ezperimental Design

From trial and error initial experimentation with the optimization program,
very significant changes in the percent of time the cruise missile was within radar cov-
crage and the percent of time the CMMCA was within physical limits were realized
when the objective functional weights and nominal values were altered. Therefore
an attempt was made to find the settings for thc objective functional weights and
nominal range value that produce optimal CMMCA flight paths. This was accom-
plished by describing the peréentage of radar coverage as a function of the objective
functional weights and nominal values, and then finding the maximum value of the
radar coverage function by adjusting the weights and nominal values. This section

‘describes the experimental design process.

8.7.1 Ezperiment Variables. When Garton and Baker criginally designed the
objective functional, they allowed for many of the variables to be altered for the
purpose of ‘fine-tuning’ the algorithm (1). These variables include the weights for |
the azimuth, airspeed, and bank angle components (W;, W, and W3), the nominal
values for each of the components (ro, 0o, Us, and By), and the values affecting the
shape of the penalty (unctions for the airspeed and bank angle {i, K3, and K,).
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The individual weight components were included specifically for the purpose
of altering the objective functional to improve the performance of the program.
Therefore, these variables were altered in an effort to optimize the performance of

the program.

The nominal values for the azimuth angle, airspeed, and bank angle compo-
nents were all left at their current values of 400 KTAS, 0 degrees, and 0 degrees
respectively during the experimentation, since these values allow for the greatest
variation in the azimuth angle and physical limitations of the CMMCA without ex-
ceeding the limits. However, the nominal value for range was experimented with,
since a greater nominal range allows for more total azimuth deviation but less range

- deviation and vice-versa.

The shape of the pénalty function for the airspeed and bank angle components
can be altered by changing the values of u, K3, and Ky, but changing the values
of the weights associated with the airspeed and bank angle can have much more of
an effect on the overall algorithm. Therefore, the parameters u, K3, and Ky were
not altered to improve program performance, since changing the weights W, and
W; associated with the airspeed and bank angle produced significant changes in the

performance of the program.

Therefore, the parameters that were altered in order to improve the optimiza-

tion program are W), Wy, Wj, and 1.

3.7.2 Design Poinls. The only cousideration for how many runs to perform
was computer time. There was no cost associated with computer use, but the op-
timization program did take a considerable amount of time to find a solution for
cruise missile maneuvers of considerable length (approximately 1 hour for two 270
degree turns in series, running for 150 program iterations). The design used for the
experimental process was a 2" full factorial design (where n is the number of experi-

mental variables), which means that for each flight path, 2¢ or 16 runs were iniﬁa,l.ly
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made. The number of runs made over each flight path was reduced as the variables
that proved to be insignificant in improving the performance of the optimization

algorithm were eliminated.

The initial experimental design was constructed around the current nominal
weight values, which were all initially set to a nominal value of 1. In order to
construct an orthogonal design around the current weight parameter settings, the
weight parameters Wy, Wy, Wi, were set at 0.5 and 1.5. The nominal distance
parameter rq was set at 8 and 10 nm. Next, performing a simple linear regression on
the results of the initial design indicated the direction of stecpest ascent along the
funciion describing the percentage of radar coverage. The steepest ascent direction
indicated the changes to the design parameters which would produce the highest
percentagé of radar coverage attainable given the current radar coverage. At the
point of &he highest percentage of radar coverage, another experimental design was
conducted and another steepest ascent direction was calculated. This process was
repeated until the highest possible radar coverage for the flight path was achieved. -
This metlw(_l_is commonly used to find the optimal valgles of response surfaces for
which the true underlying {unction is not known. The results of the experiments and

the values determined as optimal are presented in Chapter 4.

38 FE :rpmmentatwn mth Flight Path Four

Flight path four was originally constructed for the purpose of applyi ing the
techniques which improved the first three ﬂ»ght profiles to u much longer series
of cruise missile maneuvers. It was also constructed to élzeck-the ;ﬁrformance of
the optimization p‘rbgmn over A cruise missile flight path for which a-CMMCA :
flight path achieving 100 percent radar i;ovenge of the missile had not been found. |
* Therefore, flight path four was an excellent fmdidaté at an experimentsl flight path
for testing the results of techniques used to increase program performance.
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The first technique applied to the fourth flight proﬁle was using the optimal
weights found from the flight path three expet-imeht.al design. This was done to
determine if the optimal weighting scheme is independent of the cruise missile ma-
neuver. If the optimal weights are truly independent of the missile’s flight path',
then the optimal variable sett.ing.s“obtained for flight path three should increase the
percentage of radar coverage for flight path four (wit_h respect to the preliminary
results). The optimal objective functional variables were applind te flight path four
for both initial CMMCA flight path cases. .~ L

The second technique uséd to improve the program’s pecformance sver flight
path four was increasing the precision of ithe optimization program. The preliminary

results for the flight paths whére 100 percent radar co\_téiag‘z was not achieved might

have experienced less than optimal coverage due to tﬁe precision of the calculatious' -

being done by the program. The ob)eghve funcuonal op&;mmmg the position of the
CMMCA relative to the cruise mtssxle is A funchon of the airspeed and bank angle at
cach discrete time p@mt so for a flight profile ef 250 pomis the. 0!:3@0&:% funchonal
- is a function of 500 variables, E.very iteration the program finds the gradient oi’ the -

objective functional with respect to each of the %artabiés, and lhewfm‘c this may. L

cause some wductmn in the pwclsnon of the calculntmns, whtch may ulnmawh lend '

to the program not’ ccmvcrgmg ol an aptmmi CMMCA ﬂnght path

!mp!ementmg the precision mcrease in the pmgram wiis snmply a mauer of f' o

chemgmg all the real variables and data arrays in the progmm “ donblv pm'nsmnq e

real variables and arrays. The increase in precision caused thc e«wlm Unge of the

'program to more than double, ad therelore only two runs were madc- {or tlw double

precision runs of fhghl path four. Beth runs were made mmg tlw sanme \w:ghtmg L

scheme as in the preliminary runs, and these weights were applied ) ﬂaght path four
with the CMMCA starting initially flying stmght.th and also with the CM M(‘J\ '
initially trailing the cruise missile. The results of these runs are presented in Chapter
4. | - |
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3.9 Segmentation of Flight Path Four

The final attempt made at in-reasing the radar coverage over the fourth flight
path was segmenting the flight path into two sections of nearly equal length. This
was done to test if optimizing the two sections separately and then combining the
resulting flight paths provided better and more timely results over the entire flight
path than running the entire path at once. The two sections of flight path four are

shown in Figure 12 and Figure 13.

These two flight paths were optimized separately using both the preliminary
weights and the optimal weights derived from the experimental design, and using
both initial CMMCA flight paths. The results of the computer runs, and the com-
bined results showing the performance over the entire flight path, are contained in

Chapter 4.

3.10 Program Convergence

Throughout the construction of the objective functional and the optimization
- program there was concern that the surface described by the objective functional
and the particular flight path is not convex and therefore does not have a unigue
optimal solution (1). Thus, the program niay converge to different local optimal
solutions for the same crnise missile flight path, based in the initial CMMCA flight
path and the direction of approach to the solution (determined by the weights of the

components of the objective functional).

Another problem, seen in the output of the preliminary results, was that the
algorithin did not always reduce the penalty value after each iteration of the program.
This was seen in the output of almost all of the program runs, where the J value
essentially oscillated between an upper and lower bound as it gradually decreased, or
repeated a cyclic pattern as it sloMy converged to a solution. These oscillatory and
cyclic trends were observed primarily in the results of the fourth flight profile, and

were one of the driving factors for increasing the precision of the program. However,
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as seen in the results of the double precision runs over flight path four (summarized
in Chapter 4 and contained in Appendix G), increasing the precision of the program

caused no significant change in the performance of the program.

This concern prompted the researcher to include the necessary computer code
to record the overall penalty value calculated after each program iteration. The out-
put file JPLOT.OUT contains the iteration number and the penalty value recorded
for each iteration. A plot of this data will indicate if the program is converging
toward a solution, which will tell if a different gradient seach method is needed for
this program. A sample plot of the JPLOT data, using the 90 degree turn example

over a span of 150 iterations, is shown in Figure 14.
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Figure 14. Plot of J Value Versus Iterations, 90 Degree Tutn Example

In order to test the convergence of the algorithm the JPLOT.OUT_was plotted
for each of the flight paths using both the straight initial CMMCA flight path and
the alternate initial CMMCA flight path trailing the cruise missile. These plots are
inlcuded in Appendix D, as part of the preliminacy results of the modified algorithm,

and are also included in the output of all runs for which the results were presented.
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3.11 Alternate Gradient Search Method

The current gradient search method used by the optimization program pro-
duced optimal solutions for all four of the flight paths during the preliminary runs
where the CMMCA initially trailed the cruise missile. However, as was mentioned in
the previous section, the plots of J value versus iteration number for the preliminary
runs (shown in Appendix D) indicated that the algorithm did not always improve
the solution after each iteration. In fact, cyclic behavior with the J value oscillating

between two values was seen in several of the J value plots.

This discovery led the researcher to explore the possibility of changing the gra-
dient search method so that the J value was always being decreased as the program
worked towards an optimal solution. The alternate method used in this research
to find the minimum value along the gradient was simply evaluating the objective
functional, starting at the current position, at small discrete intervals along the gra-
dient until the minimum was found. Although this is certainly not the most elegant
or efficient gradient search method, it does guarantee that the program is always
converging towards a solution. This new gradient search procedure was not intended
to immediately replace the method Garton used in his work; it was implemented

~only to explore the possibilities of improving the efficiency of the program.

Figure 15 below illustrates the difference in performance that can possibly
occur between the two different gradient search methods. Assuming that thé penaliy
surface is represented by the solid line and the curvent CMMCA flight profile has the
‘penalty represented by point 1, the parabolic projection method that the program
currently uses would calculate the penalty at points 2 and 3, and from the three
points would decide the miniroum of the penalty surface along the gradient to be
at point 4, when the actual corresponding penalty value wéuld be at point 5. This
- would cause the situation where attempting to minimize along the gradient actually
increased the penalty value. In contrast, the alternate gradient search method would
calculate the peﬁnlty al small increments uléng the gradient, and would find the
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correct minimum along the gradient, shown by point 6. Since the next gradient
taken by the alternate search method would start at a lower penalty value, it is

obvious that the efficiency would be greatly increased.

Figure 15. Comparison of Gradient Search Methods

Implementing the new gradient search method was extremely simple. Garton's
program already had the code written to perform all of the steps involved in the new
search method; some sections of the program needed only minor moaiﬁcat.ions and

~ a few sections were deleted. The alternate program search method first calculates
the penalty associated with the current CMMCA flight path, finds the gradient of
the objective funétioml at that point with respect to the airspeeds and bank angles,

~ and then calculates the penalty value at discrete points along the gradient until the
‘minimum penalty value is found. At that point, the program then calculates the
next gradient and increments along that gradient until the minimum is again found.
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The program terminates when calculating the gradient and incrementing along the
gradient produces no reduction in the penalty value. An example of the performance
of the alternate gradient search method is illustrated in Figure 16, which shows the
plot of J value versus iteration number for the second flight profile with the CMMCA
initially flying straight.
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Figure 16. Plot of J Value Versus lterations, Alternate Gradient Search

The alternate gradient search method was run for each of the four flight profiles
using both initial CMMCA flight paths. The results of these runs are presented in
Chapler 4. The FORTRAN code for the program with the new gradient search
method is presented in Appendix C. |

" 3,12 Allernate Solution chhm'ques

As part of the research into solving the cruise missile traking problem, pro-
~ portional navigation was investigated as a possible alternate solution technique for
~ solving the problem. This would have been a likely solution technique had the current

method not been improved significantly by this research. However, significant im-
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provement was seen in the current method combining simulation and control theory,
and therefore the possibility of solving the problem using a proportional navigation

solution was not investigated.

8.18 Summary

This chapter presented the changes made to Garton’s optimization program
that were made in order to provide a better analysis of what the program was really
doing. Following that, the chapter described the experimental design techniges to be
used to attempt to fine tune the workings of ti.e program. This included adjusting the
weights and the nominal distance and also starting with an alternate initial CMMCA
flight path in order to converge to a solution closer to the expected solution. The

results obtained through this methodology are presented in the next chapter.
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IV. Results

4.1 Introduction

This chapter presents and analyzes the results obtained from the modification
of Garton’s optimization program and all steps taken towards finding a solution to
the cruise missile tracking problem. The first section presents the preliminary results
obtained from running all four cruise missile flight paths, and the improvements ré-
alized from adding the scaling factors and introducing an alternate initial CMMCA
flight path. The second section covers the results obtained from the experimental
design performed to improve the percentage of radar coverage by adjusting the vari-
ables of the objective functional. The next sections outline the results achieved from
applying different weighting schemes and changing the precision of the program cal-
culations for the fourth flight path, and also the results obtained from segmenting
flight path four and applying different weighting schemes. The final section of the

chapter presents the results achieved from changing the gradient search method.

4.2 Preliminary Resulls

The preliminary results were obtained for all four of the cruise missile flight
paths, with both the stﬁﬁght and trailing initial CMMCA flight paths. The weights
W,, Wy, and W, were all set at 1 and the nominal distance ro was fixed at 8 nm
for these preliminary tuns. For all flight paths the program was run for 150 iter-
~ ations. The results of these computer runs indicate the considerable improvement
over Garton's results obtained by adding the scaling factors to equate the objec;ive ,
functional components, and from starting the iterative optimization process with the
CMMCA trailing the cruise missile. This set of preliminary results also provided a
baseline for beginning the experimental design-process to maximize the percentage
of radar coverage and the pcrcent'agerof the flight path the CMMCA is Within the

physical constraints. This maximization was accomplished by adjusting the objec-



tive functional weights Wy, W), and W3 and also the nominal desired distance from
the CMMCA to the cruise missile 79. The preliminary results obtained from the
program are outlined in Table 6, and the rest of the computer output is contained

in Appendix C.

Table 6. Preliminary Results of Optimization Program

Flight Path | Init Path | JSTOP | Radar | Physical

1 Straight | 447.30 100 100
Trailing | 455.93 100 100

) Straight | 249.84 | 100 | 100
Trailing | 250.39 100 100

3 Straight | 1217.04 | 74.15 94.56
Trailing | 926.90 100 100

4 Straight | 76391.24 | 37.41 100
Trailing | 124108.0 | 64.68 | 97.90

During the analysis of the output data from the preliminary runs, a significant
problem was seen in the files RESULTS.OUT obtained for the preliminary runs
over the fourth flight path. The output data for both of these runs is contained in
Appendix D. Specifically, the variable 0; describing the azimuth angle from the nose
of the aircraft to the cruise missile must be a value between -180 and 180 degrees for
the program to properly minimize the penalty value. However, values for 0; of over
270 degrees were seen for both runs over flight path four. This problem not only
caused the program to calculate the wrong gradient for the minimization process,
but also allowed for potentially miscalculatiﬁg the amount of radar coverage over the

flight profile.

“In order to correct this problem, a section of FORTRAN code was added to
the program to ensure the azimuth angle between the CMMCA and the missile is
never less than -180 degrees and never more than 180 degrees After the code was
added, the program was again run for all eight preliminary runs. No change in any
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of the preliminary results was seen for the first three flight paths, but a remarkable
increase in the radar coverage was seen for the fourth flight path. For the fourth
fligiit path with the CMMCA initially flying straight, the radar coverage increased
from 37.41 percent to 46.15 percent, and with the CMMCA initially trailing the
missile the coverage increased from 64.68 percent to 100 percent. The preliminary

results for the fourth flight path using the corrected algorithm are shown in Table 7.

Table 7. Corrected Flight Path Four Preliminary Results

Init Path | JSTOP | Radar | Physical
Straight | 25975.84 | 46.15 100
Trailing | 6112.03 | 100 97.03

Prior to this research effort, the optimization program achieved only 34.3 per-
cent radar coverage for the 180 degree turn and 58.7 percent radar coverage for the
270 degree turn. The preliminary runs achieved 100 percent radar coverage for both
of these cruise missile maneuvers, and kept the CMMCA within the physical limi-
tations 100 percent of the time for both flight paths. 100 percent coverage was also
achieved for the 2-270 degree cruise missile turns when the initial CMMCA flight
path was trailing the missile. Therefore, significant improvements in the algorithm
were seen from the addition of the scaling factors to the objective functional, and
even further improvement was seen when the initial CMMCA flight path was changed

{rom a straight flight path to a flight path trailing the missile.

4.3 Optimization of Objeciive Funclional Variables

As was mentioned previously, an experimental design was performed on the
optimization program in an attempt to maximize the percentage of radar coverage
by adjusting the variables ro, W;, W3, and Wa. The flight path used for this set
of experiments was flight path number three (double 270 degree turn), with the
- CMMCA ini_tially flying a straight path. This was the only flight profile used for the
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experimental design. 100 percent radar coverage was already achieved for flight paths
one and two from the preliminary runs, so no improvement could be gained from
experimentation with these flight profiles. Flight path four was not used due to its
extreme length and the amount of computer time required to generate each solution
(approximately three VAX model 6420 CPU hours for 150 program iterations), but
the optimal weighting scheme derived from the experimental design was applied to
flight path four in an attempt to determine if the optimal weights are independent

of the cruise missile maneuver and the initial CMMCA flight path.

The first stage of the weight optimization process was building a set of experi-
mental design points around the current weight values and the two nominal distances
that were initially used for running the program. Table 8 shows the first set of design
points and the final J value, percentage of radar coverage, and the physical limit

percentage obtained from each of the design points.

Table 8. First Set of Experimental Design Points

et ——

W, | W, | Ws [ JSTOP | RADAR | STRUCT
51 .51 .5 |1280.67| 6531 100
515127558 65.31 100
S5 11510 .5 1128087 6531 100
5|15 1.5]127556 | 65.31 100
151 .5 .5 | 229387 | 66.67 100
51 1.5[215260| 6590 | 100
1515] .5 1229373 | 66.67 100
1.5[1.5]1.5]215246 | 6599 100
100 5].5].5]|13714.51| 6326 100
S l1s]unst| 631 | 100
101 .511.5].5]137438) 63.26 | 100
10 5 [L5]1.5]1171.01 | 6531 100
10/i5] .5 | .5 |151069] 6667 | 100 -
. S1.5]1.5]135803( 66.67 100
1101151151 .5 151050 | 66.67 100
10! 1.5]1.6|1.5]1357.74| 66.67 100

R R R R R e K P
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A significant observation here is that the radar coverage achieved for each of
the design points was about 10 percent lower than the radar coverage achieved over
the same flight profile during the preliminary runs. This is due to the fact that the
preliminary runs were stopped after 150 program iterations, and the exprimental

design points were run for only 50 iterations.

The decision was made to run the experimental design points for only 50 itera-
tions, because the plot of overall J value versus iteration number for the preliminary
run of flight path three indicated that over 99 percent of the J value reduction oc-
curred within the first 50 iterations. The slight decrease in the overall J value over
the last 100 iterations for the preliminary run over flight path three produced a slight
improvement in the precentage of radar coverage, but this increase was accompa-
nied by a reduction in the percentage of time the CMMCA was within its physical

constraints.

The results of the first sot of experimental runs indicated that some improve-
ment in the percentage of coverage was possible when the parameter values were
altered. A simple linear regression was perforied on the data frem the fiest set of
experimental runs, and the following equation describing the percentage of radar .

coverage with respect Lo the design variables was d¢rivc§d:
RADAR = €5.045 - 0070 s o+ LT03 e Wy + 03430 Wy (16)

This equation indicates that the variable W, had absoluiely no effect on the per-
centage of radar corerage, while an inerease in radar coverage can be achieved by a

decrease in nominal distance and an increase in the variables W, and W,

The next step in the experimem prdéess was (o find the gradient of the regm
sion equation, which is simply the coefficient of each of the variables in the euuation.
The gradient indicates the direction. of greatest increase in the percentage of radar
~ coverage. ‘Table 9 shows the design points taken along the path of the gradient. ‘The
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value for Wy was incremented in steps of one, and ry and W3 were incremented in

steps of -0.1 and 0.201 respectively.

Table 9. First Gradient Search Points

ro | Wi | Wy | Ws [|JSTOP | RADAR | STRUCT
891 2 | 1 |1.201 |2433.19 | 65.31 100
88| 3 | 1 }1.402;3516.14 | 6735 100
871 4 { 1 {1.603[4551.97 | 68.02 100-
861 5 | 1 |1.804 |5640.45; 67.35 100

The maximum radar coverage attained in the first gradient search was 68.03
percent. Therefore, the next experimental design was constructed around the point
at which the maximum coverage occurred. The second set of design points, and the

results obtained at those points, are found in Table 10.

‘Table 10 Second Set of Experimental Desngn Points

vo [ Wy | Wy ] W, [J5TOP | RADAR | STRUCT
[T 35 1 [ 11034635 | 6145 ] 100

TT[35) 1 [2108 436233 | 6803 | 100
7743 1 | 1003 [581003] 03| 100
77 45) 1| 2108 | 551046 | 67.35 | 100
Jo7|35] 1 1108373036 | 66.67 100
90.735] 1 |2103 | 348042 6667 | 100

0.7 45| 1 {1103 [atae2e | 6735 | 100

90.7{45] 1 |2103 {44050 ] 6667 | 100

- Agam. this second set of desugn points md:catcd sone varmuu +in the percent-

age of radar eomage, but no coverage over 68.03 perccm was scen, A simiple linear |
" regression was performed on the data from the mwd sot of expenmmlal demgn_
~ runs, and the followmg equation was detived. "

- _R_ADAR=70.555‘-0.425w.,+o.170;w.-o.no.w, an

4




Table 11 shows the design points that were run along the second gradient. The
value for rg was incremented in steps of -0.5 and W; and W, were incremented in

steps of 0.2 and -0.2 respectively.

Table 11. Second Gradient Search Points

ro | Wi | W2 | W3 | JSTOP | RADAR | STRUCT
821421 1 |1.403|5097.73 | 67.35 100
77144 1 |1.203 | 5365.18 | 67.35 100
721461 1 |1.003 | 5339.38 | 67.35 100
6.7 1481 1 |0.803 |6214.75 | 68.03 100
62150 1 ]0.603 | 7584.15 | 67.35 100

No percentage of radar coverage over 68.03 percent was seen in the final gradi-
ent search. In fact, no improvement in the percentage of radar coverage was gained
over the center point of the second set of experimental design points. Also, the
variation from the lowest to the highest percentage of radar coverage over all 33
experimental runs was less than five percentage points. This information tends to
indicate that, while scaling the weight patameters provided significant improvement
in the performance of the prograin, any further experimentation with the parameters

provided only modest gains in the performance.

Also, the set of weight parameters proving the highest precentage of radar
coverage was not unique. Several different weighting schemes achieved the maximum
observed coverage of 68.03 percent. Therefore, the set of parameters referred to as

the optimal parameters for flight path three are the first parameters to achieve

the highest observed radar coverage, which are rp = 8.7, W) = 4, Wy = |, and

W3 = 1.603.




4.4 Ezperimentation with Flight Path Four

The preliminary results obtained for the fourth experimental flight profile in-
dicated much improvement in the percentage of radar coverage was possible for this
flight path when the CMMCA initial flight path was straight. The preliminary run
with the CMMCA initially flying a straight path achieved only 46.15 percent radar
coverage. Therefore, three difterent methods for improving the program’s perfor-
mance over flight path four were attempted. The methods were also applied to flight
path four with the CMMCA initially trailing the missile to ensure that the methods
did not increase the coverage using one initial CMMCA flight path and decrease the

coverage for the other initial CMMCA flight path.

4.4.1  Applying Oplimum Weights. The first attempt at increasing the radar
coverage for this flight path was applying to this flight profile the ‘optimum’ weights
and nominal distance obtained from the experimental design for flight path three.
This was done to provide information on whether the optimum objective functional
weights and other parameters are the same for each flight profile and CMMCA initial
condition, or if the optimum weights are dependent on the particular flight profile.

Table 12 shows the results of applying the optimum weights to llight path four.

Table 12. Flight Path Four Results with Optimum Weights

Tnit Path | JSTOP | RADAR [ STRUCT
Sivaight | 1653A.15 | 53.85 | 100
Trailing | 62032.16 | 100 | 010

The rcsul(s {rom applying the optimum weights to flight path lour caused a
fairly substantial increase iu the percentage of radar coverage with respect o the
preliminary résul_t.s for the straight initial CMMCA flight path, and caused no reduc-
tion i the eoverage for the trai'ing initial CMMCA flight path. These results tend to

confit. 1 the hypothesis that the optimum weight variables and nominal distance are
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most likely independent of the cruise missile flight path and initial CMMCA starting
position, but much more experimentation over several different flight profiles using

both initial CMMCA flight paths is required to truly test this hypothesis.

4.4.2  Double Precision Calculations. The next attempt at improving the per-
formance over flight path four was increasing the precision of the calculations involved
in the optimization process. This was accomplished by changing all the real variables
in the FORTRAN program code to double precision variables and changing all the
single precision functions to double precision functions. Due to the extreme amount
of computer time required to run flight path four using double precision calculations
(approximately 7 hours of VAX model 6420 CPU time was used for each run of 150
program iterations), flight path four was run only for the preliminary weights with
the CMMCA starting both straight and trailing the missile. The results of changing

the variables form real to double precision are presented in Table 13.

Table 13. Flight Path Four Results with Double Precision Variables

Double Precision “Single Precision

Init Path | JSTOP | RADAR [ STRUCT | JSTOP | RADAR [STRUCT |
Straight | 25884.2 | 46.15 100 | 25975.8 | 46.15 100
’l‘milicﬁ 5244.6 100 98.25 6112.0 100 97.30

The results from running the programi using double precision variables indi-
cated no change in the percent of radar coverage with respeet to the single precision
calculations. For both initial CMMCA cases there was no significant change in the
percentage of the flight patl; that the CMMCA was within its physical constraints
from the stahdard single precision caleulation runs. This indicates that the conver-
gence problem discussed in Chapter 3 is most likely not due to the precision of the
program's calculations, but due to the method wi&h which the program searches for

an optimum solution,
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4.5 Segmenting Flight Path Four

The third, and most successful, attempt at increasing the percentage of radar
coverage over flight path four was segmenting the flight path into the two sections
shown in Chapter 3, and the running the program over each of these sections sep-
arately. Each of the two sections of flight path four was run using the preliminary
weights and the optimum weights obtained for flight path three, and with both
the straight and trailing intial CMMCA flight paths. The results of these runs are

presented in Table 14.

Table 14. Results From Segmentation of Flight Path Four -

" Path [ Init Path | Weights | JSTOP | RADAR | STRUCT
4A | Straight | Prelim | 5741.87 [ 42.17 100
4A | Straight | Optimum | 6857.87 | 95.78 100
4A | Trailing | Prelim | 3026.58 100 98.19
4A | Trailing | Optimum | 8264.82 | 100 938.19
4B | Straight | Prelim |2529.67 | 96.18 100
4B | Straight | Optimum | 6655.61 100 100
4B | Trailing | Prelim | 1654.60 100 96.95
4B | Trailing | Optimum | 7064.66 100 96.95

The results from the two sections must be cmnbihed in order to caleulate the
true coverage over the entire flight profile. Flight path four »consisted of 286 discrete
poiuts, whereas the first section had 166 and the second section had 131, for a total
of 297. The overlap of 11 points is due to the fact that the program reqnirés the
missile and the CMMCA flying straight North for at least the length of the offset
between the two. Sinee 100 percent coverage was always achieved for the first 11
points of the second section, these points were discounted from the results of the

second section.

After calculating the percentages of the overall length of flight path four that

are contained by each section, and recalculating the percentages of radar coverage
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and physical limitation achieved over the second section, the results presented in

Table 15 were obtained for flight path four, as the overall results of the combined

sections.

Table 15. Results From Segmentation of Flight Path Four

Init Path | Weights | RADAR | STRUCT
Straight { Prelim 93.71 100
Straight | Optimum | 97.55 100
Trailing | Prelim 100 97.67
Trailing | Optimum 100 97.67

The results of segmenting the fourth flight path into two sections and then
obtaining an overall performance gave extremely encouraging results. No significant
changes were seen for the two runs made with the CMMCA initially trailing the
missile, but great improvements were made in the results with the CMMCA initially
flying straight.” Once again, the results with the CMMCA initially flying straight
using the optimum weigats provided better radar coverage than using the preliminary
weights. This len?- more evidence that the optimal wefghts may be independent

~of the flight profle, but much more experimentaﬁon is required in order to prove

- independence. Also, running both sections of the flight path for 150 iterations took

_ a total of approximately 50 minutes of CPU Lime, compared to three hours to run
150 iteiat.ons over the entire flight profile. -

T'he results of funning the two sections separately indicate that there should
_ prohébly be a restriction on the length of the flight path being run, due to both
the improvement in the results when the two sections of the CMMCA flight path
were optimized separately and the decrease in the time required to optimize the two
| -segments separately. ' |
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4.€ Program Convergence Results

This section discusses the penalty value convergence observed for each section
of the programn analysis and modification. The pl-ts of the J value versus iteration

number are contained in the appendices of the results for each section.

4.6.1 Preliminary Runs. The preliminary results for the first three flight
paths show that the optimization program always converged towards a minimum
J value, regardless of the initial CMMCA flight path. However, in every case the
plot of the J value versus the iteration number indicates an oscillation in the J value
as it decreases. It appears that the program is missing the minimum value along the

gradient, and is tending to skip back and forth about the true optimum vaiue.

The solutions for the two preliminary runs for flight path three both converged,
but to different optimal solutions. This confirmed the hypothesis that the optimal
CMMCA flight path found by the algorithm depends on both the particular cruise
missile maneuver and the initial CMMCA flight path. This is most likely due to
the fact that the surface described by the objective functional and the cruise missile
flight path is not convex, and therefore has many local minima( 1). Thus, the optimal
solution chosen by the algorithm for most cruise missile maﬁe@ers will depend }on
the starting flight path of the CMMCA. -

‘The fourth flight path with the CMMCA initially ﬂying straight showed conver-
gence towards a solrution‘ but the percentage of radar covei;age that was ultimqtely
achieved by this run was far below the percentages achieved over the other three
" flight profiles. The fourth flight path with the CMMCA initially trailing the missile .
started at a much Icwér J value, but the plot of t_hé penaly vérshs iteration number
indicated the cyclic behavior discussed earfier. This indicates that the program was
converging towards a solution, but not in an efficient manner. ‘T'he program did ulti-
mately achieve 100 precent radar coverage for this flight path, but regardless of the
100 percent coverage the penalty Qalue could still have been reduced substantially.
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4.6.2  Ezperimental Design. Over all of the design points of flight path three
that were run for the purpose of optimizing the weight values, the same pattern in the
plot of J value versus iteration number was observed. All these experimental runs
were converging to basically the same flight path with only small differences between
them, and thus the plots of J value versus iteration number were just shifted by a
factor dependent on the values of the objective functional weights and the nominal
distance. For every design point that was run, the J value exhibited a decreasing

trend, indicating convergence toward an optimal solution.

4.6.3 Flight Path Four Resulls. The experimentation with flight path four
caused no improvement when the optimal weights for flight path three were used
and when the program was changed to double precision. No significant difference
was seen in the sequential plots of the J value either. These plots appear to display
the same cyclic behavior as the plots for the preliminary runs. Therefove, applying
the optimal flight path three weights and changing the precision of the program had

no effect on reducing the J value or causing the program to converge.

For the fist section of the fourth flight path, the J value for each of the
runs displayed some convergence loward an optimal solution, but the J value versus
iteration displayed some cyclical effects. For ihc second section of the fourth flight

“path, the results of the J-value versus iteration were generally nol as promising.
Running the sccond seclion using the preliminary weights and the straight initital
CMMCA flight path was the only caxe where Lhe J value did not exhibit extremely

large deviations from a converging pattern.

464 Seqgmenting I‘lcghl Path Four. As was seen ecatlier, segmenting the
fourth flight path and then combining the results gave solutions with much bet-
ter radar coverage of the missile. The plots of J value versus iteration indicated

some improvement in the convergence of the algorithm for the separate sections of
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the fourth flight profile, but some of the results still displayed the random noise that

was seen for the preliminary results.

4.7 Alternate Gradient Search Results

As was mentioned in Chapter 3, the preliminary weights were run over the
eight different flight path conditions (four cruise missile flight paths and two initial
CMMCA flight paths) using the alternate gradient search method. The goal was to
attain comparable results to the first set of preliminary runs while achieving these
results more cfficiently. The results of these alternate preliminary runs using the

alternate gradient search method are presented in Table 16.

Table 16. Preliminary Results, Alternate Gradient Search

[ Path [ Init Path | JSTOP | Radar | Physical | Tter
~ 1 | Straight | 617.12 | 100 100 7
Trailing | 47967 | 100 | 100 | 15

2 | Straight | 919.86 | 100 100 7

Trailing | 349.57 | 100 100 |15

3 | Straight | 2042.55 | 63.94 100 20

Trailing | 94922 | 100 | 100 | 10

4 | Straight | 34766.05 | 19.58 | 100 | 20

“Trailing | 10356.30 | 100 | 97.90 [ 10

| The alternate gradient search method was able to replicaté the results of the - -
| runs where the original gradient search method achieved 100 percent radar coverage,
~ and the 63.94 percent coverage for flight path three with the CMMCA initially flying
siraight came close to the 71.15 pércenl originally achieved. The only real failing was
| flight path four, where only 19.58 percent coveruge was achieved with the CMMCA
~ initially flying straight, but the percentage of coverage over this flight path could
- - most likely have been improved by increasing the number of iterations performed.




The most significant difference between the alternate gradient search method
and the original method was the time involved in calculating the solutions. The time
savings was most apparent for runs using the third and fourth flight profile. The runs
over flight path three took approximately 10 CPU minutes for the siraight initial
CMMCA flight path and 5 CPU minutes for the trailing initial CMMCA flight path.
The runs over flight path four took 45 minutes for the straight initial CMMCA flight
path and 22 minutes for the trailing initial CMMCA flight path. Thesec performances
ave significantly better than the original gradient search inethod, where 150 program
iterations consumed 1 hour of CPU time for flight path three and 3 hours of CPU
time for flight path four.

The factor that drives the time involved in finding a solution is the number of
gradients that the program calculates on the way to finding the solution. Evaluating
the penalty and the associated CMMCA flight path at a given point on the gradi-
ent takes approximately one percent cf the time required to calculate the gradient.
By minimizing the penalty value along each gradient Before calculating the next di- -
rection for minimization, the program requires much fewer gradient calculations in

‘order to converge to the same solution.

, The alternate gradient search method was deve!oped to Nplore the posstbnhty
“of improving the efficiency of the program by changing the way the program searches .

for the minimum penalty value. The a.temm gradient search uwthod mmply shows i

that the program is capable of nmmng much more e—mcmnlv len u currentw does T

. without sacnﬁcmg any accuracy.

4.8 Summary 6] Resulls . S o
The results of the runs over all of the Hight paths for wveml \wtghung schemes :
provide much information on the current capabilities and izmlw.mns al' the optm:taa- '

tion program. The insight gained from the research done and some quesb\ms and
dnrecuons for t‘urther research are discussed in the next chapw RS
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V. Conclusions and Recommendations

5.1 Introduction

This chapter discusses the conclusions of the research and addresses any rec-

ommendations for future research and improvements to the optimization program.

5.2 Conclusions

The concept of minimizing the penalty for position error relative to the cruise
missile definitely shows promise as a method for solving the cruise missile tracking
problem, but the results initially achieved by Garton in his research indicated much
room for improvement. Adding the scaling factors to equate the weights of the ob-
jective functional caused significant improvement in the performance of the program.
Changing the initial CMMCA flight path, so that the CMMCA starts the optimiza-
tion process trailing the missile, also increased the performance of the program and

reduced the number of iterations required to converge upon a solution.

The analysis,pefformed on the program after the initial changes shows evidence
. _' ‘that there could possibly be optimum objective functional weights which are inde-
- pendent of the cruise missile flight profile, but much more experimenutioh:needs to

' '_ be done over a wide range of cruise missile fhght paths of various. Iength and com-

o plexnty. and possnbly more of the objecuve functional parameters need to be mcluded

&8 expenmem variables.

~ The analysis of the segmented fourth flight -profile results indicates that the

o length of the flight proﬁle has soine effect on the performance of the algorithm, due:

: :to the i increase in coverage when flight path four was broken into two sections. The

mcreued performmce and decreased soluhon time for the segmeuwd flight puh
| show thal there could possibly be a maximum practical missile (hght path length,

~ but again further research into this area is required. o
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However, the in-depth analysis of the functioning and performance of the pro-
gram done in this research effort indicates that a significant problem still exists in
the optimization program. This problem, which was evident in the results obtained
from all of the flight paths, is that the J value, which is expected to exhibit a decreas-
ing trend as the program steps through its iterations, often has large, unfavorable
deviations from a convergent path. Also, some of the J value versus iteration plots
indicated an oscillatory behavior, especially evident in the preliminary results. This
leads to the conclusion that the gradient search method used by the program is not
finding the true minimum penalty value along the gradient, and quite often finds
a value worse than the previous penalty value. The next section discusses changes

that can be made to the program to eliminate this problem.

5.3 Recommendations

5.3.1 Gradient Search Mcthod. ‘Ae shown by the results obtained from the
alternate gradient search method, a promising area of investigation towards solving
the convergence problem is improving the gradient search method. Several gradient
scarch methods exist that could improve the results, and guarantee that the J value ,7

i decreasing for every gradient that is taken.

The process of 'ﬁnding the gradiem cénéum‘es most of the compntef limo usedd
by the system, whereas evalnatmg the value of the penalty function at points along
. the gradient is relauvoly quick by comparison. Thwcforf*. A process that finds the
| gradient and then gnmmtees finding tht’ minimum value along that gradwnl before
finding the next direction for tmmmmuon would certainly prove lo be qnwkcr thau |

the current gradmm search method mswd by lhe program.

. 538 ngmm Inpul/Oulpvl.r Another iasué of concern is the iﬁpm and out-
“put files of the program and ‘the ease of use. The program requires an input file
of eruise missile x and y coordinate positions (relative o the fiest CMMCA point)




for every 0.10 minute along the flight profile being optimized. This is not easily
obtained from a plot of the ground track of the cruise missile. Although this is a
minor problem, a complete program which could be used by the flight crews to aid

in flight planning should allow for better data input methods.

5.3.8 Program PATH.FOR. The program PATH.FOR, which computes the
initial CMMCA speed and bank angle for a CMMCA path trailing the cruise missile
assumnes that the missile’s ground speed over the entire maneuver is a constant 400
KTAS. This worked well for all of the test profiles, because the cruise missile speed
has been fixed at 400 KTAS for all of the flight profiles. This will probably not
work {or actual cruise missile flight paths if the missile’s speed varies much from the

assumed constant airspeed for much of the flight profile.

'This problem can be fixed by finding the average speed of the missile over the
entire maneuver and then assuming that the CMMCA flies the average speed. This
will not provide the best initial CMMCA guess, but will put the CMMCA flight path
" closer to the missile's actual flight path than flying straight North for the entire time

of the missile’s flight.  Another fix would be Lo rewrite the computer code to allow for

- - the speed to vary from point to point. Although this would complicate the problem-.
the t‘orundaﬁon,éltould still be possible, '




Appendix A. Modified Optimization. Program |
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C» :

Cs TITLE: CMMCA Program To Track Cruise Missile Maneuvers

Cs :

C* WRITTEN BY: Capt Tony M. Garton

C+  DATE: 11 Feb 1990

c* . . .

C+ - MODIFIED BY: Capt. Andrew C. Hachman

C+#  DATE LAST MODIFIED: 25 Feh 1802

Ce ' _ - : : '

Ce DESCRIPTION: This program implements an algorithm to track

Cs - . a cruise missile during a turning maneuver.
- ' The program is not user friendly but can easily

Cs ‘ be learned and used on any VAX/VMS machine or

Ccs . IBM PC with a FORTRAN compiler.

Ce : :

Ce : OPERATING SYSTEM: This program was most recently modified

C+ _ ' on a VAX using VMS version 5.4. This

Ce - . program should be cowuibh with uw B

Ce o ~ version of roa'rm -

Cs :

INTEGER I,LIN,ALL,ITER,K3,X¢

PARAMETER (LIN=78,ALL=158) s
- am. DELTJ(1:ALL) ,CLAMB(O:1) , VLANB(1: m.mn. _

- BANK(O:LIN), SPED(O:LIH).ICR(O LINY  YER{D:LIN) :

t XPLARE(O:LIN) ,YPLANE(O:LIN) ,RANCE{1:£.18) , THETA{L:LIN),

& HDG{O:LIK) ,WIND(1:2) ,LANBDALD: 1. W(I‘LLL) NEWV(1:ALL), .
& QUADW(O:LIN),N(0:3) MK(O:LIN,1:LIN) e -
- REAL LAMBOP, JSTOP,DT, RO, THETAOC, W.UON)

CONMON BANK,SPEED,XCN, YCN , XPLABE, YPLAKE AANGE , THETA, HDG
_Cﬂﬂ!ﬂ! IURIGHT/ QU!QQ;V;UK;KS;K§ ’ ’

CONNGN mxunl m.nmo L W.BO

¢ Discrete time mmn (in ninutes) used by the ;umm
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DT=.}
0PER(20.FILE=’JPLDT.GUT’,STATUS=’NEU’)

CALL INPUT(VECTOR,LAMBDA,WIND,DT)
CALL DELTAJ(DELTJ,JSTOP,WIND,DT)
10  CALL VLAMDA(VECTOR,LAMBDA,VLAMB,DELTJ)
: CALL GLAMDA(VLAMB,GLANR,WIND,DT)
CALL GPT(LAMBDA,GLAMB,LANROP,JSTOP)
CALL NEWPOS(VECTOR,LAMBOP Dh.TJ.UEUVJ
CALL DECOMP(NEWV)
CALL DELTAJ(DELTJ,JSTOP,WIND, DT)
CALL CHECK(LAHBUP JSTOP ,NEWV, \ECTOR ITLR)
GoTa 10
END

C&ttt‘t#*#¢Oitt*&‘lti.‘l“#‘ttl‘it#‘#t‘#"#“t‘!ttl‘#“‘.‘*.#####.tlit

cs *
cr SUBRBUTIIB: IBPUT %
ce | o .

o DSSCRIPTIO! ;' Used to in,.u;st thc ncasury d&u for running .
Cs - the al;orithn S .

_ .

Ce : : : : -
c#“...‘.#‘*‘.‘t“’t..l.l.t.l.tti.‘0‘.‘00““*‘!.#!‘0“1'0.'0"!@"‘!‘

SUBROUTIUB IIPUT(VECTOR LAHBD!.UI'D;DT)
© INTEGER- ¥;J,LIN,ALL,K3,K4
PARAMETER (LIM«78,ALL=158)
. REAL DT,RO, THETAO,SU,UO.BO L '
REAL VECTOR(1:ALL),LAMBDA(O: l).ilﬂb(i 2), BAIK(O IIK).1
& SPEED(O:LIN), XCH(O‘LIH).YCH(O LIH).:PLA!!(O LW,
& YPLANE(O: LI!).RAIGE(I‘L!H) THETA(1: LI!),ﬁDG(O LIR)-
& QUADU(O:LIN),W(0:3),WK(0:LIK; THALY
_coNmoN BilK.SPEBb.XCR YC! XPLANE, VPLA!E lAlGE THETI,BDG :

. CONNON /MEYGRT/ QUADN, 4, VK, K3,K¢.
 comuon /PRELIN/ RO \THETAO, N0, 00,80

¢ an -p«a are uu/m and all. -mu are in radians.
¢ muu hoading and. x-y pociuu féx;__ m Clllc;l -

HDG(0)=0 -
XPLANE(0)#0.0
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OO

YPLANE(0)=0

Read in a vector containing the initial guess of bank and speed
CMMCA should be in during the maneuver. Also read in x-y
position for the cruise missile for each time increment of the
maneuver.

OPEN(10,FILE=’INPUT.DAT’,STATUS=’0LD’)
DO 10 I=0,LIM
READ(10,%) BANK(I),SPEED(I),XCM(I),YCM(I)
CONTINUE
CLOSE(10)

Contains the step size for the gradient search.

OPEN(11,FILE="LAMBDA.DAT’,STATUS=’0LD’)
READ(11,*) (LAMBDA(I), I=0,1)
CLOSE(11)

Contains nominal values of range, azimuth, allowable speed
variance, speed, and bank angle variance.

UPEN(12,FILE=’NOMINAL.DAT’,STATUS=’DLD’)
READ(12,*) RO,THETAO,MU,U0,BO
CLOSE(12)

Wind vector in its two x-y components.

OPEN(13,FILE=’WIND.DAT’,STATUS=’QLD’)
READ(13,*) (WIND(I), I=1,2)
CLOSE(13)

Adjustable objective function weights.

OPEN(14,FILE=’WEIGHT.DAT’,STATUS='0LD*)
READ(14,*) (W(I), I=0,3;
CLOSE(14)

At this point, the different components of the objective
function are scaled by multiplying the variable weights
by the previously calculated scaling constants.

W(0) = 1.0%W(2)
W(1) = 22.797*W(1)

69




20
30

(]

40

50
€0

(9]

(@]

70

W(2)
W(3)

19.312*%W(2)
25.000%W(3)

Adjustable parabola weights.

OPEN(15,FILE="K.DAT’,STATUS=’0LD’)
READ(15,*) K3,K4
CLOSE(15)

Initialize integration weight matrix.

DO 30 I=0,LIM
DO 20 J=1,LIM
WK(I,J)=5
CONTINUE
CONTINUE

Read in starter integration weight matrix. Trapezoidal rule
was used.

OPEN(16,FILE=’WK.DAT’,STATUS=’0LD’)
DO 40 I=0,3

READ(16,%) (WK(I,J), J=1,3)
CONTINUE
CLOSE(16)

N0 66 I=0,3
DO 60 J=1,3
WK(I,J)=WK(I,J)*DT
CONTINUE

CONTINUE

Generate the full integration weight matrix for the entire
maneuver.

CALL GEN(WK)

Take the last column of the invegration weight matrix and use
it for the quadrature objective function weights.

DO 70 I=0,LIM
QUADW(I)=WK(I,LIM)/DT
CONTINUE

Combine inputted speed and bank into single vector for later use

70




C in the optimization routine.

DO 80 I=1,LIM
VECTOR(I)=SPEED(I)
VECTOR (LIM+I)=BANK(I)
80 CONTINUE
END

Coteakeake o ok oo ol e oo o bk o ok ok ok o o o ook o s ko o ok ok s ok ok o oo ko ok o s e ok ool e o e ok ki ok ok ok ok o

Cx *
C* SUBROUTINE: GEN *
o *
Cx DESCRIPTION: Generates the full integration weight matrix *
Cx from the inputted starter matrix. The size of *
Cx the generated matrix is dependent on the *
Cx maneuver length. *
Cx *

Coteaokdak sk ok KR ORI o RO R KR s SR Kk 3R KR R R ok ok ok
SUBROUTINE GEN(WK)

INTEGER LIM,ROW,COL,X,Y,I,COUNT
PARAMETER (LIM=78)

REAL WK(O:LIM,1:LIM)

=2

Y=2

COUNT=0

DO 20 COL=4,LIM
Is1
DO 10 ROW=0,LIM
IF (ROW .LT. X) THEN
WK(ROW, COL) =WK (ROW, X)
ENDIF -
IF (ROW .EQ. X) THEN
WK(ROW, COL) =HK(ROW,X) + WK(0,Y)
ENDIF
IF (ROW .GT. X) THEN
WK (ROW, COL) =WK(I,Y)
eI+l
ENDIF
10 CONTINUE
COUNT » COUNT + 1
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IF (Y .EQ. 2) THEN
Y=3
ELSE
Y=2

ENDIF

IF (COUNT .EQ. 2)THEN
X=X + 2
COUNT=0

ENDIF

20 CONTINUE
END

Gk o oo oo ok o R o R R R o R R ol s K K kR R K ok e ok

Cx *
Cx SUBROUTINE:  DECOMP *
Cx *
Cs DESCRIPTION: Decomposes the maneuver vector back into its *
Cx - original bank and speed vectors. : *
Cx *

Cotesim o lor R AR KRR R KRR K KRR Al B
SUBROUTINE DECOMP(V)

INTEGER I,LIM,ALL

PARAMETER (LIM=78,ALL=156)

REAL V(1:ALL),BANK(O:LIM),SPEED(O:LIM)

COMMON BANK,SPEED,XCM,YCM,XPLANE,YPLANE,RANGE, THETA ,HDG

DO 10 I=1,LIM
SPEED(I)=V(I)
BANK(I)=V(LIM+I)

10  CONTINUE

END

7
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Cx *
Cx SUBROUTINE: COMP *
C*x *
C* DESCRIPTION: Computes CMMCA position and heading given the *
C* bank and speed vectors for the maneuver. *
Cx Also computes range and azimuth from the CMMCA  *
Cx to the cruise missile given the x-y position *
Cx for the missile for the entire maneuver. *
C* *

Cokidk Rk Aok Rk Rk kR R ARk ok kR R kR R R
SUBROUTINE COMP(WIND,DT)

INTEGER I,LIM,S,K3,K4

REAL DT,SUM1,SUM2,SUM3,TWOPI,ALPHA

PARAMETER (LIM=78)

REAL WIND(1:2),BANK(O:LIM),SPEED(0:LIM),XCM(0:LIM),YCM(0:LIM),
& XPLANE(O:LIM),YPLANE(O:LIM) ,RANGE(1:LIM),THETA(1:LIM),
& HDG(O:LIM),QUADW(O:LIM),W(0:3),WK(O:LIM,1:LIM)

COMMON BANK,SPEED,XCM,YCM,XPLANE, YPLANE ,RANGE, THETA ,HDG

COMMON /WEIGHT/ QUADW,W,WK,K3,K4

TWOPI=2%(AC0S(-1.))
SUM1=0
SUM2=0
SUM3=0
DO 40 I=i,LIM

DO 10 S=0,1

SUM1i=SUM1 + WK(S,I)*19,06%TAN(BANK(S))/SPEED(S)
10 CONTINUE
HDG(I)=HDG(0) + SUM1

¢ Ensure heading lies between 0 and 2 pi. '

20 IF (HDG(I) .GT. TWOPI)THEN
HDG(I)=HDG(I)~TWOPI
GOTO 20
ENDIF
30 IF (HDG(I) .LT. -TWOPI)THEN
HDG(I)=KDG(I)+TWOPI
GOTO 30
ENDIF
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SUM1=0
CONTINUE
DO 60 I=1,LIM
DO 50 S=0,1
SUM2=SUM2 + SPEED(S)*SIN(HDG(S))*WK(S,I)
SUM3=SUMZ + SPEED(S)*COS(HDG(S))*WK(S,I)
CONTINUE
XPLANE(I)=XPLANE(O) + SUM2 + WIND(1)#*DT*I
YPLANE(I)=YPLANE(OQ) + SUM3 + WIND(2)*DT*I
SUM2=0
SUM3=0
CONTINUE
DO 70 I=1,LIM
RANGE(I)=SQRT( (XCM(I)=XPLANE(I))**2 +

&  (YCM(I)-YPLANE(I))*x2)

The angle ALPHA is measured from the North (or y) axis to the
cruise missile. Counterclockwise from the y axis is a negative
ALPHA, clockwise is a positive ALPHA. Because of the TAN2
function ALPHA ranges only from pi to -pi.

ALPHA= ATAN2(XCM(I)-XPLANE(I),YCM(I)-YPLANE(I))
THETA(I)= ALPHA - HDG(I}

Ensure theta remains between -pi and pi.

IF (THETACI) .LT. -TWOPI/2) THETA(I)=THETA(I) + TWOPI
IF (THETA(I) .GT. TWOPI/2) THETA(I)=THETA(I) - TWOPI

CONTINUE
END

G0 3 oo o oK B Moo e

Cn
Cn
Cw
Cx
Cx
C»

SUBROUTINE: DELTAJ

DESCRIPTION: Computes the gradient of J with respect to
velocity and bank angle.

% ® % ¥ % »

Caakakaaak ke ol ko R oo ORI R oo oo e e B o

SUBROUTINE DELTAJ(DELTJ,JSTOP,WIND,DT)
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INTEGER I,K,K3,K4,KPL,COUNT

PARAMETER (LIM=78,ALL=156)

REAL BANK(0:LIM),SPEED(O:LIM),XCM(0:LIM),YCM(O:LIM),
& XPLANE(O:LIM),YPLANE(O:LIM),RANGE(1:LIM),THETA(1:LIM),
& HDG(O:LIM),WIND(1:2),DELTJ(1:ALL),QUADW(0:LIM),
& W(0:3),WK(O:LIM,1:LIM),0LD(1:ALL)

REAL JSTOP,RO,THETAO,MU,UO,BO,DT,TEMP,A,B,C,L,M,ANGLE,
¢t N,0,P,Q,R,S,T,X,Y,2,5UM,SUM1,5UM2,SUM3,SUM4 , SUMS
COMMON BANK,SPEED,XCM,YCM,XPLANE, YPLANE, RANGE,, THETA ,HDG

COMMON /PRELIM/ RO,THETAO,MU,U0,BO
COMMON /WEIGHT/ QUADW,W,WK,K3,K4

SUM=0
SUM1=0
SUM2=0
SUM3=0
SUM4=0
CALL COMP(WIND,DT)

Initialize the gradient vector to zero.

DO 10 Isi,ALL
OLD(I)=DELTJ(I)
DELTJ(I)=0

CONTINUE

DO 40 K=1,LIM
KPL=K+LIM
DO 30 I=i,LIM

M=(RANGE(I)-RO)
N=(THETA(I)-THETAOQ)
S=(XCM(I)-XPLANE(I))
T=(YCM(I)-YPLANE(I))

IF (K .LE. I)THEN

IF (I .EQ. K)THEN
SUM1=(W(2)#2#K3/MU) * (((SPEED(I)-U0) /MU)*#» (2¢K3-1))
SUM2=(W(3)*2%K4/B0) » ((BANK(I)/B0)**(2%K4-1))

ENDIF
X=-SIN(HDG(K) ) «WK(K,I)
Y=-19,06«TAN(BANK(K) ) / (SPEED(K) *»(2))

Z=-C0S (HDG(K) ) »WK(K,I)
A=-19,05%((1/C0S (BANK(K) ) )**2) /SPEED(K)
DO 20 L=K,I
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Q=SPEED(L)*C0S(HDG(L) ) *WK (L, I)*WK(K,L
R=SPEED(L)*SIN(HDG(L))*WK(L,I)*WK(K,L)
SUM3= SUM3 + Q
SUM4= SUM4 + R
20 CONTINUE
0=(S* (X~ (Y*SUM3) ) )+(T*(Z+(Y*SUM4)))
P=(((-S*(Z+(Y*SUM4)))+(T*(X~(Y*SUM3))) )/ (S#*2+4T#%2) )~ (Y
[ *WK(K,I))
SUM1=SUM1 + (2+«M»0/(W(O)*#RANGE(I))) + (2+W(1)*P)

B (S (A*SUM3) ) +(T*(~A)*SUM4)
C=(((~S*((~A)*SUM4) )+ (T*A*SUM3) ) / (S*#2+T¥»2) )+ (A*WK(K,I))
SUM2=SUM2 + (2+MxB/(W(0)*RANGE(I))) + (2+W(1)*N»C)

ENDIF

Sum the gradient vector for velocity.
DELTJ(K)=DELTJ(K) + QUADW(I)*SUM1
Sum the gradient vector for bank angle.

DELTJ(KPL)=DELTJ(KPL) + QUADW(I)»SUM2
SUM1=0
SUM2=0
SUM3=0
SUM4=0
30 CONTINUE
40 CONTINUE

Compute the slope of the gradient for each time unit.
DO 50 I=i,ALL
TEMP=DELTJ(I)#%2
SUN= SUM + TEMP
50 CONTINUE
JSTOP=SQRT(SUM)

Compute the normalized gradient of J.
DO 60 I=1,ALL
DELTJ(I)=DELTJ(I)/JSTOP
60  CONTINUE
IF (COUNT .EQ. 1) THEN
DO 70 I=1,ALL
SUM5=0LD(I)*DELTJ(I)
ANGLE=ANGLE + SUMS
70 CONTINUE
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ENDIF

COUNT=1
c ANGLE=(ACOS(ANGLE))*180/3.14159
c PRINT *, *ANGLE = ’,ANGLE
c ANGLE=0

END

(e 23333 T2 23ISR LSS RIS A2 23R 2t e g ad gt it et es i et ity

Cs ]
C» SUBROUTINE: VLAMBDA *
Cx : *
Ca DESCRIPTION: Computes a new column of the maneuver vector *
Cs for each of the two lambda step sizes. *
Cx »

COBddad R aesrd ki e RS A RsEEERERREEEERRRRRRRARERERREREEEERRRREREBRRRE SRS
SUBROUTINE VLAMDA(VECTOR,LAMBDA,VLAMB,DELTJ)

INTEGER I,Q,ALL
PARAMETER (ALL=156)
REAL DELTJ(1:ALL),VLAMB(1:ALL,0:1),VECTOR(1:ALL) ,LAMBDACO:1)
DO 20 Q=0,1
DO 10 I=1,ALL
VLAMB(1,Q)=VECTOR(1)-LAMBDA (Q)#DELTJ(I)
10 CONTINUE
20  CONTINUE
END

CredinadR st s b di e R bt b0 R s tuRes bR AR R RESRERRRR RS RERRRRRRERUNRERE S

C» , *
C+  SUBROUTINE: JCOMP *
Cr »
C» DESCRIPTION: Computes a nev objective function value given .
Cs the appropriate inputs. *
Cx ‘ *

CHRSRRddERE s S ARERRERREERELRRRRRE LR REEREERELEERERRRESREREERREOHRREE
SUBROUTINE JCOMP(J)
INTEGER I,LINM,K3,K4

PARAMETER (LIM=78)
REAL SUM,RO,THETAO,UO,MU,BO,J

17




REAL QUADW(O:LIM),W(0:3),WK(0O:LIM,1:LIM),BANK(O:LIM),

& SPEED(O0:LIM),XCM(O:LIM),YCM(O:LIM),XPLANE(O:LIM),

& YPLANE(O:LIM),RANGE(1:LIM),THETA(1:LIM),HDG(O:LIN)
COMMON BANK,SPEED,XCM,YCM,XPLANE, YPLANE ,RANGE,, THETA,HDG
COMMON /PRELIM/ RO,THETAO,MU,UO,BG
COMMON /WEIGHT/ QUADW,W,WK,K3,K4

J=0
DO 10 I=1,LIM
SUM=W(0)*(RANGE(I)~-RO)*#*2 + W(1)*(THETA(I)-THETAQ)**2
&+ W(2)*(((SPEED(I)-U0)/MU)*+(2+K3))
&+ W(3)*((BANK(I)/BO)*+(2+K4))
Je J + QUADW(I)*SUM
10 CONTINUE
END

CRExe R R e s AR RRERERERP RS RLERERAEREREER ISR EREF IR LT EREERNERSRRRERB NSRS

Cs *
Cr SUBROUTINE:  GLAMBDA .
C» . .
C*  DESCRIPTION: Computes two new objective function values for #
C» " sach new vector generated in the subroutine »
- ' - VLAMBDA. These two values are evaluated in .
C» : "~ the subroutine OPT. .
Ce ' .

CHRRERERRERRRAERRRESRESERERERRRERLEREREREARRRSERREEEORERERUSIERERIES
SUBROUTINE GLAMDA(VLAMB,GLAMB,WIND,DT)

~ INTECGER I,ALL,LIN,Q,K3,K4
PARAMETER (LINw78,ALLe156)
REAL WIND(1:2),V(1:ALL),BANK(O:LIM),SPEED(0:LINM), _

& XCM(O:LIM),YCM{O:LIM),XPLANE(O:LIM) YPLANE(O:LIK),

& RANGE(1:LIM) ,TRETA(1:LIM),HDG(O:LIM),QUADW(O:LIN),

& W(0:3),WK(O:LIM,1:LIM),GLANB(0:1),VLANB(1:ALL,0:1)
REAL J,DT,RO,THETAO,MU,UO,BO ' 7
COMMON BANK,SPEED,XCM,YCM, XPLANE, YPLANE , RANGE, THETA ,HDG
COMMON /PRELIM/ RO,THETAO,MU,U0,BO
COMMON /WEIGHT/ QUADW,W,WK,K3,K4

DO 20 Q=0,1
"~ DO 10 Is=i,AlL
V(I)=VLAMB(I,Q)
10 CONTINUE
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CALL DECOMP(V)
CALL COMP(WIND,DT)
CALL JCOMP(J)
GLAMB(Q)=J
20 CONTINUE
END

Crad Rtk g u R s R A RS kAR ERREF LR XL LR BARERBRERBBERBRRERBREERRERER SRR A

C» *
Cs SUBROUTINE: O0PT *
Cx *
Ce DESCRIPTION: Compares the two glambda values and computes *
Cx the best step size to take to a new and *
C» batter maneuver. *
Cs )

L L T T
SUBROUTINE OPT(LAMBDA,GLAMB,LAMBOP,JSTOP)

INTEGER LIM,ALL
PARAMETER (LIN=78,ALL=156)

.. REAL GLAMB(O:1),VLAMB(1:ALL,0:1) ,LAMBDA(O:1)
REAL JSTOP,LAMBOP,Y

Y=GLAMB(0) - JSTOPsLAMBDA(1)
IF (GLAMB(1) .LE. Y) THEN
LAMBOP=LAMBDA(1)
LANBOP= 5+ (LANBDA(1) + ((GLAMB(1)-GLANB(0))/(-JSTOP+
- & ((GLAMB(O0)-GLAMB(1))/LAMBDA(1))))) -
- ENDIF . - :
IF (LAMBOP .CT. 1) LAMBOPsLAMBDA(1)
END. -

.c.‘..‘#“tl“‘##0.00.0“00‘00.0.“‘0.“#0‘?‘.‘0.00‘0...0‘9"““..O“.

Ce _ .
Ce  SUBROUTINE: MNEWPOS *
Ce : ' ' *
C+  DESCRIPTION: Computes the nev maneuver vactor given the *
Ce - best step size determined in the subroutine .
Ce - QOPT. : *
Ce .

cttt‘tt.‘..‘#tiitlt“t‘O.‘.t.‘t‘0“#‘.‘.“0“““‘0‘0‘.““‘.".“‘.0‘
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SUBROUTINE NEWPOS(VECTOR,LAMBOP,DELTJ,NEWV)

INTEGER I,ALL
PARAMETER (ALL=2156)
REAL DELTJ(1:ALL),VECTCR(1:ALL),NEWV(1:ALL)
" REAL LAMBOP
DO 10 I=1,ALL
NEWV(I)= VECTOR(I)-LAMBOP*DELTI(I)
10 CONTINUE
END

CHERBREBERLLERBRLLBREE LI REREREEB ORISR R REEERERERAEE SRS SR RSN RBERER RS

% & & 5 &

Cs

C*  SUBROUTINE: CHECK

Cs a

C» DESCRIPTION: Checks to see if the stopping criteria have
Ce been met. Output is generated if‘thcy.haVQ.
Ce '

c.0tcnttnt.ta.¢ttto»ntttttttttttttt:tto‘t‘ttat.ot.t:ttntnt&taottttntyt'
SUBROUTINE CHECK(LANBOP JSTDP.IEHV VECTOR,ITBR)

INTEGER ITER,ALL,LIN,I,X3, K4
PARANETER (LINe78,ALL=156) -
REAL JSTOP,LAMBOP,RO,THETAO,UO ,NU,BO
" REAL NEWV(1:ALL) ,VECTOR(1:ALL),BANK(O:LIN) SPEED(0:LIN) ,
& - XCH(O:LIN),YCH(O:LIN) ,XPLANE(O:LIM) ,YPLANE(O:LIN)
& RANGE(1:LIN),THETA(1:LIN),HDG(O: un) JQUADH(O:LIN),
& W(0:3),WK(O:LIN,1:LIN) -
'COXNON BANK,SPEED,KCN, YCN, XPLANE, YPLANE , RANGE ‘ram,sm
COMNON /PRELIN/ RO,THETAO,NU,U0,B0
COMMON /WEIGHT/ QUADM,W,VK,K3,K¢

. PRINT », ITER, JSTOP
QRITB(ZO.‘) ITER, JSTOP'

IF ((ABS(LAMBOP) .LT. 1) AND. (ISTOP Lr. .1))
-ITER=ITER + 1§
‘CALL OUTPUT(ITER, JSTOP)

ELSE _

IF (ITER .EQ. 50) THEN
CALL OUTPUT(ITER,JSTOP)
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ENDIF
ITER=ITER + 1

Update the old maneuver vector to the new maneuver vector.

DO 10 I=1i,ALL
VECTOR(I)=NEWV(I)

CONTINUE

ENDIF

END

L T T T e T ST T Y

Ce
Ce
Cs

Ce

Cs
Cs -
. Cn

C*

SUBROUTINE:  OUTPUT

DESCRIPTION: Changes values of radians and nm/min back to
S degrees and knots. Outputs the final bank and
speed vectors the program determined as being
optimal. Anothcr file is generated to look at

“the runlt: gnphicany .

_ SUBROUTINE OUTPUT\ITER JSTUP)

 INTEGER I,ITER,LIN,K3,K4

PARANETER (LIN=78) =
INTEGER E(1:LIN) FCLSLIN)

REAL R9,THETAO,UO,NU,BO

REAL  JRANGE, JTHETA , JSPEED , JBANK
. REAL BANK(O:LIN) ,SPEED(0:LIN) ,XCH(O:LIN), m(o LIw,

& XPLANE(O:LIN) ,YPLANE(O:LIN) ,RANGE(1:LIN) »THETA(1:LIN),

& HDG(O:LIN) ,QUADN{O:L1K),¥(0:3) ,WK(O:LIN, I.LIH)

" REAL A,B,C,D,PI,LINIT,JSTOP

" REAL RADSUN,RADPER,STRUCSUN, STR"CPKR :

COMMON BANK,SPEED,XCM, YC lPLAIE.YPLAIE,RAUGB THETA.HDG
CUNNON /PRELIM/ RO,THETAO,NU,U0,B0

" CONNON /VEIQHT/ QUADN,,VK,K3,K¢

PI=ACOS(-1.)
RADSUN=0.0
STRUCSUN=0.0
LINITSAEAL(LIN)

S N N S
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L ELSE

JRANGE=0.G
"JTHETA=0.6
JSPEED=0.0
JBANK=0.0

OPEN(21 ,FILE='RESULTS.OUT? ,STATUS=>NEW?)
OPEN(22,FILE='PLOT.OUT’ ,STATUS="HEW®)
OPEN(23,FILE=’JCALC.OUT’ ,STATUS=’NEW*)
WRITE(21,%) *JSTOP = *,JSTOP

WRITE(21,10) ITER . T
FORMAT(1X,'# ITERATIONS = .13 //)
WRITE(2:,%)*' T~ BANK. SPEED  RaysE v,

. &'THETA  RADAR - STRUCT®.

WRITEZ21,8) * ' .
VAITE(29,¢)°¢ - - m&sa_  JTHETA _JSPEED  JBARK’,
- pavaR STRUCT S |

ae €6 o1, L1
E{IY¥el -
SN Tes LI ae
. Refet oo
- s»max(m:ecm
C=SPEED{I)+60 CoLm
o-‘rum(nmom s E

 Check 1o see if missile is vithin radar detection nnm. U
’_1;Uritc 84 Af it ia. nritt &0 if it it et ,; i

IF (CMNGECD) LT 5.0) .OR. (RANGECD) .GT. 16.0)) T

GOTO 20
ENDIF ' ' o
' IF ((D J.'l'. "60) OR. (D 31'. 60)) Tm

- GET0 30 .
CBMDIF -
E(Ds0
RADSUMSRADSUMe1.0 -

" Check to seo if CHNCA is within structural limits.

_ Urit--n 1 if it is, urite & 0 if it is not.

CIF ((B .LT. -30.0) .OK. (B .GT. 30.0)) THEN
¢oTV 40 -




40

50

60

aon

70

ENDIF

IF ((C .LT. 320) .OR. (C .GT. 480)) THEN
GOTO 40

ELSE
GOTO SO

ENDIF

F(I)=0
STRUCSUM=STRUCSUM+1

WRITE(21,70) A,B,C,RANGE(I),D,E(I),F(I)

CONTINUE

[FORHAT(F4.1,4(2X.F7.¥).6X,Il.6X,Ii)

© * .RADPER=100% (1~ (RADSUMILIMIT))
- WRITE(21,%)7 |
© WRITE(21,%)*CH IN RADAR GONE ? ;RADPER,* PERCENT’

o

80

- 80

100
110

'srnacpzauxoot(1 (STRJCSUH/LIHIT))

WRITE(21,%) *CNMCA W/IN STRUCTURAL LINITS °,STRUCPER,’ psacsur'

-Rrite the filo used tqlgxaphicaily,diaplay optimal flight

path for the CMMCA and the cruise missile flight path.

D0 80 1=0,LIM

WRITE(22,90) XPLANE(L) ,YPLANE(1),XCN(I), YCH(I)
CONTINUE :
FORMAT(4(3X ,F8.2))

Write the file used to graphically display the objective
function components for the optimal flight path.

DO 100 Ie=i,LIM
JRANGE = QUADNW(I)W(0)*{(RANGE(I)-R0)es2)
JTHETA & QUADN(I)oW(1)#((THETA(1)~THETAO)##2)
JSPEED = QUADW(YI)eW(2) ¢ (((SPEED(I)-U0)/NU)##(2¢K3))
JBANK = QUADW(I)oW(3)#((BANK(I)/BO)ee(2¢K4))
WRITE(23,110) JRANGE,JTHETA,JSPEED,JBANK,E(I),F(I)
CONTINUE
FORMAT(4(1X,F10.4),6X,11,7%,11)

STOP
END




Appendix B. Program to Generate Initial CMMCA Flight Path

ke oo oo e o e ks ks sk ok ok ok ko kol koo ok o ol sk sk ok s ok sk sk s ok sk ol ko ok sk kool ok s ok ko ok ok ok ok sk ok ok

C* *
Cx TITLE: Program To Generate Initial CMMCA Flight Path *
Cx *
C* WRITTEN BY: Capt Andrew C. Hachman *
C* DATE: 22 Jan 1992 * .
C* DATE LAST MODIFIED: 29 Jan 1992 *
Cx *
Ce DESCRIPTION: This program inputs a cruise missile flight *
C* . - path and generates the same flight path X nm '
 Cx _ hehind the missile as an initial guess for .
Cx - S the CMMCA flignt path. ‘ .
C» ) - *

R Ly T L L N L T
'PRUGRAM PATH

INTEGER I,LIM,ALL
PARAMETER (LIM=79)
REAL
2 BANK(O:LIM),SPEED(OQ:LIM),XCM(D:LIM),VCM(0:LTM),
& XPLANE(OC:LIN),YPLANE(C:LIM) RANGE(!:LIH),THETA(1:LIN),
& HDG(O:LIM),HEAD(O:LIM),ANGLE(O.LIM),ALPHA(O:LIM)
REAL DT, INIT_DIS, NUMPOINTS, VEL, PI, DELTAX, DELTAY,
& DELX, DELY

(23

Inittaliza time interval (in minutes) used by the algorithm,
c the velocity, and initial CMMCA heading and position

DT=.1

VEL = 20.0/3.0
HDG(0)=0.C
XPLANE(0)=0.0
YPLANE(0)=0.0
PIE = AC0OS(-1.0)

(2]

Read in x-y position for the cruise missile for each time
c incremsnt of the maneuver and the nominal starting distance.

OPEN(10,FILE="INPUT.DAT’ ,STATUS='0LD’)

84




10

Q

20

(o]

a .

DO 10 I=0,LIM

READ(10,¥) BANK(I),SPEED(I),XCM(I),YCM(I)
CONTINUE
CLOSE(10)
OPEN(11,FILE=’NOMINAL.DAT’ ,STATUS=’0LD*)
READ(11,*) INIT_DIS
CLOSE(11)

Compute the number of initial points in the path required
to account for the nominal CMMCA distance offset.

NUMPOINTS = INIT_DIS*(1/VEL)*(1/DT)

Calculate the CMMCA X and Y position for each point in
the initial flight path.

DO 20 I=i,LIM
IF (I .LT. NUMPOINTS) THEN
XPLANE(I) = 0.0
YPLANE(I) = YPLANE(I-1) + 2.0/3.0
ELSE
XPLANE(I) = XCM(I-NUMPOINTS+1)
YPLANE(I) = YCM(I~NUMPOINTS+1)
ENDIF
CONTINUE

Give the CHMMCA an initial path flying due north for the
distance of the offset, and calculate the rest of the
CMMCA flight path

D0 50, I=i,LIN

DELTAX = XPLAHE(I) - XPLANE(I-1)
DELTAY = YPLANE(I) - YPLANE(I-1)
IF (DELTAY .EQ. 0.0) THEM
IF (DELTAX .GT. 0.0) THEN
HDG(1) = PIE/2.0
ELSE
HDG(1) = 3.0ePIE/2.0
ENDIF
ELSE
HDG(X) = ATAM(DELTAX/DELTAY)
ENDIF
IF (DELTAY .LT. 0.0) THEM
HDG(I) = HDG(I) + PIE




[2]

50

100
130

ENDIF

DELX = XPLANE(I+1) - XPLANE(I)
DELY = YPLANE(I+1) - YPLANE(I)
IF (DELY .EQ. 0.0) THEN
IF (DELX .GT. 0.0) THEN
HEAD(I) = PIE/2.0

ELSE
HEAD(I) = 3.0*PIE/2.0
ENDIF
ELSE
HEAD(I) = ATAN(DELX/DELY)
ENDIF

IF (DELY .LT. 0.0) THEN
HEAD(I) = HEAD(I) + PIE

ENDIF

ANGLE(I) = HEAD(I) - HDG(I)

IF (ANGLE(I) .LT. -PIE) THEN
ANGLE(I) = ANGLE(I) + 2PIE
ENDIF :
IF (ANGLE(I) .GT. PIE) THEN
ANGLE(I) = ANGLE(I) - 2#PIE
ENDIF

ALPHA(I) = ATAN(2¢VEL/(DT#37.8)%ANGLE(I))
CONTINUE

Print out the alternate initial CMNCA flight path
into the file INPUT.OUT

OPEN(21,FILE=’INPUT.OUT® ,STATUS=’NEW®)
DO 100 I=0,LIN-1
WRITE(21,130) ALPHA(I), SPEED(I), XCN(I), YCM(I)
CONTINUE
FORNAT(4(4X,F8.4))

STop
END -
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Appendix C. Optimization Program, Alternate Gradient Search
Method
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C* *
C* TITLE: Alternate CMMCA Program For Cruise Missile Tracking *
C* *
Cx WRITTEN BY: Capt Tony M. Garton *
C* DATE: 11 Feb 1990 *
C* *
Cx MODIFIED BY: Capt Andrew C. Hachman *
Cs DATE LAST MODIFIED: 25 Feb 1992 *
C* *
Ce DESCRIPTION: This program implements an algorithm to track .
Ce a cruise missile during a turning maneuver. .
Ce The program is not user friendly but can easily
Cs be learned and usad on any VAX/VHS machine or *
Ce IBX PC with a FORTRAN compiler. *
Ce .
Ce OPERATING SYSTEN: This program vas most recently modified »
Ce on a VAX using VNS version 5.4. This *
Ce program should be compatible with any PC .
Ce version of FORTRAN. .
Ce *

, Crodse sttt su ot et te e sttt iRttt et ReRR Uttt ettt ere Rt eote st tbscsss

PROGRAM ALTERNATE

INTEGER I,LIN,ALL,ITER,K3.K4
PARAMETER (LIN=78,ALL=156)
REAL DELTJ(1:ALL),GLAMB,VLANB(1:ALL),
& BANK(O:LIM),SPEED(O:LIM) ,XCM(O:LIN),YCN(O:LIN),
& XPLANE(O:LIN),YPLANE(O:LIN) ,RANGE(1:LIN) ,THETA(1:LIN),
& HDG(O:LIN) ,NIND(1:2) ,VECTOR(1:ALL),NEWV(1:ALL),
& QUADW(O:LIN),W(0:3) WK(O:LIN,1:LIN)
REAL LANBUP,JSTOP,DT,RO,THETAO,NU,UO,BO
COMMON BANK,SPEED,XCM, YCM, XPLANE , YPLANE ,RANGE , THETA ,HDG
CONMON /WEIGHT/ QUADW,W,WK, K3,K4
CONNON /PRELIN/ RO,THETAO,MU,UO0,BO




c Discrete time interval (in minutes) used by the algorithm
DT=.1
OPEN(20,FILE=?JPLOT.OUT’ ,STATUS="NEW’)

CALL INPUT(VECTOR,WIND,DT)
CALL DELTAJ(DELTJ,JSTOP,WIND,DT)
10  CALL VLAMDA(VECTOR,VLAMB,WIND,DT,DELTJ,ITER)
CALL DELTAJ(DELTJ,JSTOP,WIND,DT)
CALL CHECK(LAMBOP,JSTOP,VECTOR,ITER)
GOTO 10
END

CHReeddku2 e hbd kR e e b kR RBE kSRR ERRBERERRR USSR BRSBTS SRR BB R SR g kR Rk

C* *
C» SUBROUTINE: INPUT *
(o .
Ce DESCRIPTION: Used to input the necessary data for running *
Ce the algorithm. .
Ce ]

(123 IITTITFTLE AL IITIZE IR ILS LIS L LY 2221 22 T2 7Tt ST it

SUBROUTINE INPUT(VECTOR,WIND,DT)
INTEGER I,J,LIN,ALL,K3,K4
PARAMETER (LIM=78,ALL=156)
REAL DT,RO,THETAO,MU,VU0,BO
REAL VECTOR(1:ALL),WIND(1:2),BANK(O:LIN),
& SPEED(O:LIN),XCM(O:LIN),YCM(O:LIN),XPLANECO:LIN},
& YPLANKE(O:LIM),RANGE(1:LIN),THETA(1:LIN),HDG(O:LIN),
& QUADW(O:LIM),W(0:3),WK(O:LIN,1:LIN)
COMMON BAMNK,SPEED,XCN,YCM,XPLANE,YPLAKE ,RANGE, THETA ,HDG

COMNON /WEIGHT/ QUADW,M,MK,%3.X%4
COMNON /PRELIN/ RO,THETAO,NU,U0,bO"

c A1l spoods'are in nm/min and all angles are in radians.
c Initial heading and x-y position for the CMMCA.

HDG(0) =0
XPLANE(0)=0.0
YPLANE(0)=0




aaoaaoa
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Read in a vector containing the initial guess of bank and speed
CMMCA should be in during the maneuver. Also read in x-y
position for the cruise missile for each time increment of the
lnaneuver.

OPEN(10,FILE=’INPUT.DAT’ ,STATUS=0LD’)
DO 10 I=0,LIM
READ(10,*) BANK(I),SPEED(I),XCM(I),YCM(I)
CONTINUE
CLOSE(10)

Contains nominal values of range, azimuth, allowable speed
variance, speed, and bank angle variance.

OPEN(12,FILE="NOMINAL.DAT®,STATUS="0LD?)
READ(12,%) RO,THETAO,MU,U0,BO
CLOSE(12)

Wind vector in its two x-v components.

OPEN(13,FILE="WIND.DAT®,STATUS='0LD’)
READ(13,%) (WIND(I), I=1,2)
CLOSE(13)

Adjustable objective function weights.

OPEN(14,FILE='WEIGHT.DAT’ ,STATUS=*GLD’)
READ(14,+) (W(I), I=0,3)
CLOSE(14)

At this point, the different components of the objective
function are normalized by multiplying the variasble weights
by the previously calculated normalizing constants.

W(0) = 1.0s¥(0)
22.797eM(1)
19.3i2eM(2)
25.00098(3)

w(2)
L{&))

Adjustable parcbola weights.
OPEN(15,FILE='K . DAT’ ,STATUS=’0LD*)

REXD(15,¢) K3,K4
CLOSE(15)
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Initialize integration weight matrix.

D0 30 I=0,LIM
DO 20 J=1,LIM
WK(I,J)=0
CONTINUE
CONTINUE

Read in starter integration weight matrix.

was used.

OPEN(16,FILE="WK.DAT’,STATUS=>0LD’)
DO 40 I=0,3

READ(16,%) (WK(I,J), J=1,3)
CONTINUE
CLOSE(16)

DO 60 I=0,3
U0 50 J=1,3
WK(I,J)=WK(I,J)#DT
CONTINUE

CONTINUE

Trapezoidal rule

Generate the full integration weight matrix for the entire

maneuver.

CALL GEN(WK)

Take the last column of the integration weight matrix and use
it for the quadrature objective function weights.

DO 70 1%0,LIN ,
QUADW(I)=NK(I,LIN)/DT
CONTINUE

Combine inputtad'spcod and bank into single vector for later use

in the optimization routine.

00 80 Is1,LIN
VECTOR(1)=SPEED(1)
VECTOR(LINeI)=BARK(Y)

CONTINUE

END




Gk o dokdiokdkdkkkkkkkksiokkkkikkkdikkkkkkkpkkkkkkdkkrrkikhkkhikk

Cx *
C» SUBROUTINE: GEN *
Cx *
Cs DESCRIPTION: Generates the full integration weight matrix *
Ce from the inputted starter matrix. The size of *
Ce the generated matrix is dependent on the *
Ce maneuver length. *
Ce *

o T R T T T R T R I R T o
SUBROUTINE GEN(WK)

INTEGER LIM,ROW,COL,X,Y,I,COUNT
PARAMETER (LIM=78)

REAL WK(O:LIM,1:LIN)

X=2

Y=2

COUNT=0

D0 20 COL=4 ,LIN
I=}
DO 10 ROW=Q,LIN
1F (ROW .LT. X) THEM
WK(ROW,COL)=WK(ROW,X)
ENDIF
IF (ROW .EQ. X) THEN
WK(ROW,COL)=MK(ROM,X) * WK(0,Y)
ENDIF
IF (ROW .GT. X) THEN
WK(ROW,COL)=NK(I,Y)
Is]el
ENDIF
10 CONTINUE
COUNT = COUNT + |
IF (Y .EQ. 2) THEN
Y=3
ELSE
Ys2
ENDIF
IF (COUNT .EQ. 2)THEM
X=X ¢ 2
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COUNT=0
ENDIF
20 CONTINUE
END

CredaR a2 R 33220 BERB SRR IRRERRRBERBLLSEERTFRRNSUBERBBER R PSR AN SR SR

C» .
Cs SUBROUTINE:  DECOMP *
Cs »
C+ - DESCRIPTION: Decomposes the maneuver vector back into its *
Cs original bank and speed vectors. .
Ce *

CHssuRBERR AR 2SS0 URNEERIRERRFERRBPLERNBS SRS IRESHS SRS IR ER S VRSB UD 0D

SUBROUTINE DECONP(V)

INTEGER I,LINM,ALL

PARAMETER (LIM=78,ALL=156)

REAL V(1:ALL),BANK(O:LIN),SPEED(O:LIN)

CONMOR BANK ,SPEED, XCM, YCM,XPLANE , YPLANE , RANCE , THETA ,HDG

DO 10 I=1,LIN
SPEED(I)=V(I)
BANK(I)=V(LIN+I)

10 CONTINUE
: END

Coreeteteentoitesetsslieiestt ettt stietsttittsititsstitestsdotrstonses
Ce :

Ce  SUBROUTINE: CONP

Ce o -

C+  DESCRIPTION: Computes CMNCA position and heading given the

® & & » & o o s 0

Ce bank and speed vectors for the maneuver.

Ce Also computes range and azimuth from the CNNCA
Ce to the cruise missile giv.n the x-y position
Ce for the missile for the entire sansuver.

Cs

CRe0000080008800083000880030448300008008000080030888000800383088033000¢68

SUBROUTINE CONP(WIND,DT)
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INTEGER I,LIM,S,K3,K4

REAL DT,SUM1,SUM2,SUM3,TWOPI,ALPHA

PARAMETER (LIM=78)

REAL WIND(1:2),BANK(O:LIM),SPEED(0:LIM),XCM(0O:LIM),YCM(O:LIM),
& XPLAKE(O:LIM),YPLAHE(O:LIM),RANGE(1:LIM),THETA(1:LIM),
& HDG(O:LIM),QUADW(O:LIM),W(0:3),WK(O:LIM,1:LIM)

COMMON BANK,SPEED,XCM,YZM,XPLANE , YPLANE ,RANGE, THETA ,HDG
COMMON /WEIGHT/ QUADW,W,WK,K3,K4

TWOPI=2+ (ACOS(~-1.))

SUM1=0

SUM2=0

SUM3=0

DO 40 I=1,LIM
DO 10 S=0,1 _ ‘

SUM1=SUMI + WK{S,I)*19.05¢TAN(BANK(S))/SPEED(S)

CONTINUE _ ‘
HDG(I)=HDG(0) + SUM1

Ensure heading lies hetveen O and 2 pi.

IF (HDG(I) .GT. TWOPI)THEN
HDG(I)*HDG(I)~TROPI
GOTO 20
ENDIF
If (HDG(I) .LT. =TWOPI)THEN
HDG(1)=HDG(1)+TWOPI
~ GOTO 30 S
ENDIF
SUN1=G
CONTINUE
DO 60 I=1,LIN
DO 50 $+0,1
- SUM2eSUN2 ~ SPEED(S)eSIN(HDG(S))eWK(S,1)
SUM3=SUN3 + SPEED(3)+COS(EDG(S))euUK(S,1)
CONTINUE
EPLANE(I)=XPLANE(0) ¢ SUN2 ¢ WIND(1)eDTel
YPLANE()=YPLANE(O) ¢ SUR3 ¢ WIND(2)eDTel
SUN2#0
SUN3=C
CONTIRUE
DO 70 Ie3,LIN
RANGE(I)=SURT((XCN(I)-XPLAME(I))ee2 +
&  (YOR(I)-YPLANE(I))es2)

93




OO0

- 70

The angle ALPHA is measured from the North (or y) axis to the
criuise missile. Counterclockwise from the y axis is a negative
ALPHA, clockwise is a positive ALPHA. Because of the TAN2
function ALPHA ranges only from pi t¢ -pi.

ALPHA= ATAN2(XCM(I)-XPLANE(I),YCH(I)-YPLANE(I))
THETA(I)= ALPHA - HDG(I)

Ensure theta remains between -pi and pi.

IF (THETA(I) .LT. -TWOPI/2) THETA(I)=THETA(I) + TWOPI
IF (THETA(I) .GT. TWOPI/2) THETA(I)STHETA(I) - TWOPI

CONTINUE
ERD
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Ce
C»

Ce
. oo
Ce

Ce -

SUBROUTINE: DELTAJ

DESCRIPTION: Ccnputes.tho gradient of J with respect to
velocity and bank angle.

e * 8 & & &

P h000000itstrtdasitseeissstittisttoteostisseessteesteeestsssssedense

SUBROUTINE DELTAJ(DELTJ,JSTOP,WIND,DT)

INTEGER 1,K,KS,K4,KPL,COUNT
PARANETER (LINe78,ALL*166) :
REAL BANK(O:LIN) ,SPEED(G:LIN),XCN{O:LIN),YCNCO:LIN),

& XPLANE(O:LIN),YPLARECO:LIN) ,RAZGECY:LIN) , THETA(1:LIN),
& HOG(O:LIN),WIND(1:2) ,DELTI(1:ALL),QUADW(O:LIN),
& ¥(0:3),9K(0:LIN,1:LIN) OLO(1:ALL)

REAL JSTOP,RO,THETAO,MU,U0,BO,0T,TENP,A,B,C,L, N, ANGLE,

an,0,P,Q,R,S,T,X,Y,2,8UN, SURT,SUN2,SUN3 ,SUN4 , SUNS

CONMON BANK,SPEED,XCM,YCN,XPLANE, YPLANE ,RARGE , THETA , HDC

COMNON /PRELIN/ RO,THETAO.NU,UO,B0O
CONNON /WEIGHT/ QUADW,W, UK, K3 K4

SUN=0

SUN1=0
SUN2=0

o




SUM3=0
SUM4=0
CALL COMP(WIND,DT)

C Initialize the gradient vector to zero.

DO 10 I=1,ALL
OLD(I)=DELTJ(I)
DELTJ(I)=0

10 CONTINUE

DO 40 K=1,LIM
KPL=K+LIM
D0 30 I=1,LIM
M=(RANGE(I)-RO0)
N=(THETA(I)-THETAO)
S=(XCM(I)-XPLANE(I))
T=(YCM(I)-YPLANE(I))

IF (K .LE. I)THEN

IF (I .EQ. K)THEN
SUM1=(W(2) *2%K3/MU) * (((SPEED(I)-U0) /MU) %% (2%K3-1))
SUM2=(W(3) *2¥K4/B0) * ((BANK(I)/B0)**(2%K4-1))
ENDIF
X=-SINCHDG(K) ) *WK(K,I)
Y=-19.05%TAN(BANK(K) )/ (SPEED(K) **(2))
Z=-COS(HDG(K) ) *WK(K,I)
A=-19.05%((1/COS(BANK(K)))**2) /SPEED(K)
D0 20 L=K,I
Q=SPEED(L)*C0S(HDG(L) )*WK(L ,I)*WK(K,L)
R=SPEED(L)*SIN(HDG(L))*WK(L,I)*WK(K,L)
SUM3= SUM3 + Q
SUM4= SUM4 + R
20 ~ CONTINUE
0=(S* (X~ (Y*SUM3)) )+ (T*(Z+(Y*SUM4)))
P=(((~S*(Z+(Y*SUM4)) )+ (Te(X-(Y#SUM3))))/(S#n2+T##2))-(Y
& *WK(K,I))
SUM1=SUM1 + (2#M*0/(W(O)*RANGE(I))) + (2=W(1)*P)

B=(S*(A*SUM3) ) +(T#(-A)*SUM4)
Ce({(~Sx((=A)*SUM4) )+ (T*AxSUM3) )/ (S##2+Te#2) )+ (A+WK(K,I))
SUM2=SUM2 + (2%M&B/(W(O)*RANGE(I))) + (2sW(1)N=C)

ENDIF

C Sum the gradient vector for velocity.
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DELTJ(K)=DELTJ(K) + QUADW(I)*SUM1
Sum the gradient vector for bank angle.

DELTJ(KPL)=DELTJ(KPL) + QUADW(I)*SUM2

30
40

50

60

70

OG0

CON
cox

Compute the slope of the gradient for each time unit.

Do

CON
JST

Compute the normalized gradient of J.

DO

SUM1=0
SUM2=0
SUM3=0
SUM4=0
TINUE
TINUE

50 I=1,ALL
TEMP=DELTJ(I)#*2
SUM= SUM + TEMP
TINUE
OP=SQRT(SUM)

60 I=1,ALL
DELTJ(I)=DELTJ(I)/JSTOP

CONTINUE

IF -

END

(COUNT .EQ. 1) THEN

DO 70 I=i,ALL
SUM5=0LD(I)*DELTI(I)
ANGLE=ANGLE + SUMS

CONTINUE

IF

COUNT'=}
ANGLE=(ACOS (ANGLE) )«180/AC0S(-1.)

WRITE(20,+) 'ANGLE = ’,ANGLE

ANG
END

LE=0
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SUBROUTINE:  VLAMBDA

DESCRIPTION: Computes 2 new column of the maneuver vector

for each increment along the gradient.

* W ¥ R ¥ *
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SUBROUTINE VLAMDA(VECTOR,VLAMB,WIND,DT,DELTJ,ITER)

INTEGER I,ALL,LIM,Q,K3,K4,ITER

PARAMETER (LIM=78,ALL=156)

REAL WIND(1:2),V(1:ALL) ,BANK(O:LIM),SPEED(O:LIM).
& XCM(O:LIM),YCM(O:LIM),XPLANE(O:LIM),YPLANE(O:LIM),
& RANGE(1:LIM),THETA(1:LIM),HDG(O:LIM),QUADW(O:LIM),
& W(0:3),WK(O:LIM,1:LIM),GLAMB,VLAMB(1:ALL)

REAL VECTOR(1:ALL),DELTJ(1:ALL) '

REAL J,DT,RO,THETAO,MU,U0,BO,STEP

COMMON BANK,SPEED,XCM,YCN,XPLANE, YPLANE, RANGE, THETA ,HDG

COMMON /PRELIM/ RO,THETAO,MU,U0,BO

COMMON /WEIGHT/ QUADW,W,WK,K3,K4

CALL GLAMDA(VECTOR,J,WIND,DT)
WRITE(20,%) ITER,J
PRINT »,ITER,J

STEP=1./(1000.)
PRINT »,'STEP = ',STEP

DO 10 I=1,ALL
VLAMB(I)=VECTOR(I)~STEP+DELTJI(I)
CONTINUE

CALL GLAMDA(VLAMB,GLAMB ,WIND,DT)
PRINT »,GLAMB
WRITE(20,#) * ',GLANB
IF {(GLANB .GT. J) THEN
GOTO 100
ENDIF

J = CLAMB

DO 50, I=1,ALL
VECTOR(I) = VLAMB(I)

CONTINUE
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GOTO &

100 RETURN
END .
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Cx *
Cx SUBROUTINE:  JCOMP *
Cx *
Cx DESCRIPTION: Computes a new objective function value given *
Cx the appropriate inputs. *
Cx *
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SUBROUTINE JCOMP(J)

INTEGER I,LIM,K3,K4

PARAMETER (LIM=78)

REAL SUM,RO,THETAO,UO,MU,BO,J

REAL QUADW{0:LIM),W(0:3),WK(O:LIM,1:LIM),BANK(O:LIN),
&SPEED(0:L.H),XCM(0O:LIM),YCM(O:LIM) ,XPLANE(O:LIM),
&YPLANE(O:LIM) ,RANGE(1:LIM) , THETA(1:LIM) ,HDG(O:LIM)
COMMON BANK,SPEED,XCM,YCM,XPLANE,YPLANE,RANGE, THETA ,HDG
COMMON /PLELIM/ 1O,THETAO,MU,U0,BO

COMMON /WSIGHT/ QUADY, W, WK, K3,K4

“J=0
DC 1v I=1,LIM
SUMRW(0) s (RANGE(I)-RO) ##2 + W(1)#(THETA(CI)-THETAO)*#2
&+ W(2)*+(({SPEED(I}~U0)/MU)*s(2¢K3))
& . ¢ W(3)+«((BANK(I)/BC)ex(2¢K4))
J= J 4 QUADM(I)*SUM
10  CONTINUE
- ‘ggu.;-
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Cx *
Cx SUBROUTINE:  GLAMBDA *
Cx *
Cx DESCRIPTION: Computes the new objective function value for *
Cx each new vector generated in the subroutine *
C* VLAMBDA. These values are evaluated back in *
Cx the subroutine VLAMBDA. *
Cx *

Gk Ao ko K o A KOK Rk oK kR R A Ak sk ook KK o
SUBROUTINE GLAMDA(VLAMB,GLAMB,WIND,DT)

INTEGER I,ALL,LIM,Q,K3,K4

PARAMETER (LIM=78,ALL=156)

REAL WIND(1:2),V(1:ALL) ,BANK(O:LIM),SPEED(0:LIM),
&XCM(O:LIM),YCM(O:LIM) ,XPLANE(O:LIM) ,YPLANE(O:LIM),
&RANGE(1:LIM) ,THETA(1:LIM),HDG(O:LIM) ,QUADW(O:LIM),
&W(0:3) ,WK(0:LIM,1:LIM) ,GLAMB,VLAMB(1:ALL)

REAL J,DT,RO,THETAO,NU,UO,BO

COMMON BANK,SPEED,XCM,YCM,XPLANE, YPLANE,,RANGE, THETA ,HDG

COMMON /PRELIM/ RO,THETAO,MU,UO,BO

COMMON /WEIGHT/ QUADW,W,wK,K3,K4

CALL DECOMP(VLAMB)
CALL COMP(WIND,DT)
CALL JCOMP(J)
GLAMB = J

20  CONTINUE
RETURN
END

CHErtes e i n s e st ap et R e R SS Rt SR G AR RRRCEREER PR KU R ERP RS RS R RSB RERREY

C» *
C» SUBROUTINE:  CHECK *
Ce *
Ce DESCRIPTION: Checks to see if the stopping criteria have .
Ce been met. Output is generated if they have. *
Ce .

CHERRRERREE SRR ARSI RUREBAR SRR A RERERE SRR LR AR RS HE AL LS RERRR AR SRS SR
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SUBROUTINE CHECK(LAMBOP,JSTOP,VECTOR, ITER)

INTEGER ITER,ALL,LIM,I,K3,K4

PARAMETER (LIM=78,ALL=156)

REAL JSTOP,LAMBOP,RO,THETAO,UO,MU,BO

REAL NEWV(1:ALL),VECTOR(1:ALL) ,BANK(O:LIM),SPEED(0:LIM),
&XCM(0:LIM),YCM(0O:LIM) ,XPLANE(O:LIM),YPLANE(O:LIM),
&RANGE(1:LIM),THETA(1:LIM) ,HDG(O:LIM),QUADW(O:LIM),
&W(0:3) ,WK(O:LIM,1:LIM)

COMMON BANK,SPEED,XCM,YCM,XPLANE, YPLANE,RANGE, THETA ,HDG

COMMON /PRELIM/ RO,THETAO,MU,U0,BO

COMMON /WEIGHT/ QUADW,W,WK,K3,K4

PRINT %, ITER, JSTOP
WRITE(20,#*) ITER,JSTOP
LAMBOP = 10

IF ((ABS(LAMBOP) .LT. .1).AND.(JSTOP .LT. .1)) THEN
ITER=ITER + 1
CALL OQUTPUT(ITER,JSTOP)

ELSE

IF (ITER .EQ. 20) THEN
CALL OQUTPUT(ITER,JSTOP)

ENDIF

ENDIF

ITER=ITER + 1
EXD

CRetdp it e e d k2R R A SRR NSRRI ERRRBREERRERRREE RS RURRR R R RS SRR RRBE RN RRERE

Cs
C»
Ce
C»
C»
C»
C»
Cx
Ce

SUBROUTINE:  OUTPUT

DESCRIPTION: Changes values of radians and nm/min back to
degrees and knots. Outputs the final bank and
speed vectors the program detarmined as being
optimal. Another file is generated to look at

the results graphically.

% # # # & » = #*

CHENUB AL LS RESREELBRR SRR EREERRRARAXAN AR I RRER SRR R ANV EPRE SR SR BRRESERES

SUBROUTINE OUTPUT(ITER,JSTOP)
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(2]

10

INTEGER I,ITER,LIM,K3,K4

PARAMETER (LIM=78)

INTEGER E(1:LIM),F(1:LIM)

REAL RO,THETAO,UO,MU,BO

REAL JRANGE,JTHETA,JSPEED, JBANK

REAL BANK(O:LIM),SPEED(O:LIM),XCM(O:LIM),YCM(O:LIM),
&XPLANE(O:LIM),YPLANE(O:LIM) ,RANGE(1:LIM),THETA(1:LIM),
&HDG(O0:LIM) ,QUADW(O:LIM),W(0:3),WK(0:LIM,1:LIM)

REAL A,B,C,D,PI,LIMIT,JSTOP

REAL RADSUM,RADPER,STRUCSUM,STRUCPER

COMMON BANK,SPEED,XCM,YCM, XPLANE, YPLANE ,RANGE , THETA , HDG

COMMON /PRELIM/ RO,THETAO,MU,UO,BO

COMMON /WEIGHT/ QUADW,W,WK,K3,K4

PI=AC0S(-1.)
RADSUM=0.0
STRUCSUM=0.0
LIMIT=REAL(LIM)
JRANGE=0.0
JTHETA=0.0
JSPEED=0.0
JBANK=0.0

OPEN(21,FILE=’RESULTS.OUT’ ,STATUS=’NEW’)
OPEN(22,FILE=’PLOT.OUT’,STATUS=’NEW’)
OPEN(23,FILE=’JCALC.OUT’ ,STATUS=’NEW?*)
WRITE(21,%) 'JSTOP = ’,JSTOP

WRITE(21,10) ITER

FORMAT(1X,’# ITERATIONS = *,I3 //)

WRITE(21,%)*' T BANK SPEED RANGE °,
&' THETA RADAR STRUCT'

WRITE(21,*) *' °

WRITE(23,*) ' JRANGE JTHETA JSPEED JBANK? ,
| & RADAR STRUCT’

DO 60 I=1,LIN
E(I)=1
F(I)=1
AmIs 1
B=BANK(I)+180/3.14169
C=SPEED(I)#*60
D=THETA(I)*180/3.14159

Check to sce if missile is within radar detection limits.
Write a 1 if it is, urite a 0 if it is not.
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50

60
70

a0

IF ((RANGE(I) .LT. 5.0) .OR. (RANGE(I) .GT. 15.0)) THEN
GOTO 20

ENDIF

IF ((D .LT. -60) .OR. (D .GT. 60)) THEN
GOTO 20

ELSE
GOTO 30

ENDIF

E(I)=0
RADSUM=RADSUM+1.0

Check to see if CMMCA is within structural limits.
Write a 1 if it is, write a 0 if it is not.

IF ((B .LT. -30.0) .OR. (B .GT. 30.0)) THEN
GOTO 40

ENDIF

IF ((C .LT. 320) .OR. (C .GT. 480)) THEN
GOTO 40

ELSE
GOTO 50

ENDIF

F(1)=0
STRUCSUM=STRUCSUM+1

WRITE(21,70) A,B,C,RANGE(I),D,E(I),F(I)

CONTINUE
FORMAT(F4.1,4(2X,F7.1),6X,I1,6X,I1)

RADPER=100%(1-(RADSUM/LIMIT))
WRITE(21,%)’ °
WRITE(21,*)'CN IN RADAR CONE ’ ,RADPER,’ PERCENT®

STRUCPER=100# (1 - (STRUCSUM/LIMIT))

WRITE(21,%) CMNCA W/IN STRUCTURAL LIMITS °,STRUCPER,' PERCENT’

. Write the file used to graphically display optimal flight

path for the CNMCA and the cruise missile flight path.

DO 80 I=0,LIM
WRITE(22,90) XPLANE(I),YPLANE(I),XCM(I),YCM(I)
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Q

80
90

100
110

CONTINUE
FORMAT(4(3X,F8.2))

Write the file used to graphically display the objective
function components for the optimal flight path.

DO 100 I=1,LIM
JRANGE = QUADW(I)*W(0)*((RANGE(I)~RO)*%2)
JTHETA = QUADW(I)*W(1)*((THETA(I)-THETAO)**2)
JSPEED = QUADW(I)*W(2)*(((SPEED(I)-UQ)/MU)*x*(2%K3))
JBANK QUADW(I)*W(3)*((BANK(I)/BO)**(2+K4))
WRITE(23,110) JRANGE,JTHETA,JSPEED,JBANK,E(I),F(I)
CONTINUE
FORMAT(4(1X,F10.4),6X,I1,7X,I1)

STOP
END
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Appendix D. Graphical Qutput of Preliminary Results

This appendix contains all graphical output from the preliminary runs. The
preliminary runs were done using weights of one for all the objective functional
components and a nominal distance of eight nauti~~' miles. This appendix has the
results for each of the four flight paths, which were all run using both the straight and
trailing initial CMMCA flight path. For every run, there is a plot of the CMMCA
flight path relative to the cruise missile flight path, and the plot of the overall J

value at cach iteration of the program.
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JSTQP = 447.3045
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 -4.6 399.7 8.0 0.7 1 1
0.2 -4.1 399.6 3.0 2.0 1 1
0.3 -3.5 399.4 8.0 3.3 1 1
0.4 -3.1 399.3 8.0 4.6 1 1
0.5 -2.6 399.2 8.0 5.7 1 1
0.6 =2.2 399.1 8.0 6.9 1 1
0.7 -1.9 399.0 8.0 1.9 1 1
0.8 -1.6 398.9 8.0 8.9 1 1
0.9 -1.2 398.8 8.0 9.9 1 1
1.0 -0.9 398.7 8.1 10.8 1 1
1.1 -0.6 398.6 8.1 11.6 1 1
1.2 -0.3 398.5 8.1 12.4 1 1
1.3 0.0 398.3 8.1 13.0 1 1
1.4 0.4 398.1 8.1 13.6 1 1
1.5 0.8 397.9 8.1 14.0 1 1
1.6 1.2 397.7 8.2 14.3 1 1
1.7 1.7 397.4 8.2 14.5 1 1
1.8 2.2 397.1 8.2 14.4 1 1
1.9 2.8 396.7 8.2 14.6 1 1
2.0 3.5 396.3 8.2 15.2 1 1
2.1 4.2 395.8 8.3 16.9 1 1
2.2 4.9 396.3 8.3 16.8 1 1
2.3 6.7 394.7 8.3 17.9 1 1
2.4 6.5 394.0 8.3 19.1 H 1
2.5 7.3 393.3 8.3 20.4 1 1
2.8 8.2 392.5 8.3 2.8 1 1
2.7 9.1 381.7 8.3 23.2 1 1
2.8 10.0 390.8 8.2 24.6 H 1
2.9 10.9 389.8 €.2 6.0 1 1
3.0 11.9 388.8 8.2 2.3 1 i
3.1 12.8 387.7 8.2 28.5 i 1
3.2 13.8 386.6 8.1 29.8 1 1
3.3 14.8 385.5 8.1 30.5 1 1
3.4 16.8 384.3 8.0 3.3 1 H
3.5 16.7 383.2 8.0 31.8 1 1
3.6 17.7 382.1 1.9 32.2 1 1
3.7 18.6  381.0 7.9 32.3 1 2
3.8 19.4 380.1 7.8 32.2 1 1
3.9 20.1 379.3 7.8 31.8 1 1
4.0 20.8 378.6 7.7 1.3 1 1
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JSTOP = 455.9345
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 ~3.9 398.6 8.0 0.6 1 1
0.2 -3.5 398.6 8.0 1.8 1 1
0.3 -3.1 398.5 - 8.0 2.9 1 1
0.4 -2.7 398.4 8.0 4.0 1 1
0.5 -2.4 398.4 8.0 5.0 1 1
0.6 -2.0 398.4 8.0 6.0 i 1
0.7 -1.7 398.3 8.0 6.9 1 1
0.8 -1.4 398.3 8.0 7.8 1 1
0.9 -1.1 398.2 8.0 8.7 1 1
1.0 -0.8 398.2 8.1 9.5 1 1
1.t - -0.5 398.2 8.1 10.2 1 1
1.2 -0.2 . 398.1 8.1 10.8 1 1
1.3 0.1 398.0 8.1 11.4 1 1
1.4 - 0.4 398.0C 8.1 11.8 1 1
1.8 0.8 397.9 8.1 S12.2 1 1
1.6 1.2 397.8 8.1 - 12,4 1 1
1.7 1.6 397.7 8.2 12,0 1 1
1.8 2.0 397.5 8.2 12.4 1 1
1.9 2.5 397.3 8.2 -12.6 1 1
2.0 3.0 397.1 8.2 13.2 1 1
2.1 3.5 396.9 8.2 14.1 1 1
2.2 3.9 33%6.7 8.2 15.3 1 1
2.3 4.4 396.5 8.2 16.7 1 1
2.4 4.8 396.3 8.2 18.5 1 1
2.5 5.2 396.1 8.2 20.4 1 1
2.6 §.5 395.9 8.2 22.7 1 1
2.7 5.8 3956.7 8.2 25.2 1 1
2.8 6.0 395.6 8.2 28.0 1 1
2.9 16.1 385.4 8.1 29.7 1 1
3.0 16.2 384.6 8.1 30.0 1 1
3.1 16.6 383.5 8.1 30.3 1 1
3.2 16.1 382.4 8.1 30.6 1 1
3.3 16.4 381.6 8.1 30.9 1 1
3.4 16.8 380.6 8.0 31.1 1 i
3.5 17.4 379.5 8.0 31.3 1 1
3.6 18.0 378.6 8.0 31.3 1 1
3.7 18.4 311.9 7.9 31.3 1 1
3.8 18.0 311.0 7.9 31.1 1 1
3.9 19.7 376.2 7.8 30.7 H 1
4.0 20.0 375.9 7.7 30.3 1 1
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4.1 20.3  375.7 7
4.2 20.7  375.5 7.
4.3  20.9  375.6 7.
4.4  20.8  376.1 7.
4.5  20.8  376.5 7.
4.6  20.6  377.1 7.
4.7  20.1  378.2 7.
4.8  19.6  379.4 6.
4.9  19.0  380.5 7.
5.0  18.6  381.5 7
5.4  17.5  383.3 7.
5.2  16.9  384.5 7.
§.3  16.4  385.7 7
5.4  16.3  386.4 7
5.5  13.8  389.4 7
5.6  15.0  389.1 7
5.7 5.3  397.0 7
5.8 5.0  397.3 7
5.9 4.6  397.5 7
6.0 4.3 397.8 7.
6.1 3.9  398.0 7
6.2 3.6  398.2 7
6.3 3.3 398.4 7.
6.4 3.0 398.6 7.
6.5 2.7 398.8 7,
6.9 2.4  398.9 7.4
6.7 2.1 399.1 7.4
6.8 1.9 399.2 7.4
6.9 1.6  399.3 7.4
7.0 1.4 399.4 7.4
7.1 1.2 399.5 7.4
7.2 1.0  399.6 7.4
7.3 0.8  399.7 7.4
7.4 0.6  399.7 7.4
7.5 0.4  399.8 7.4
7.6 0.3  399.9 7.4
7.7 0.4  399.9 7.4
7.8 0.0  400.0 7.4
CM IN RADAR CONE  100.0000

CHMCA W/IN STRUCTURAL LINITS
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JSTOP = 249.8399
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR  STRUCT
0.1 -4.0 404.2 8.0 0.6 1 1
0.2 -3.5 403.6 8.0 1.7 1 1
0.3 -3.0 403.1 8.0 2.8 1 1
0.4 -2.5 402.7 8.0 3.9 1 1
0.5 -2.1 402.3 8.0 4.8 1 1
0.6 -1.8 402.0 8.0 5.7 1 1
0.7 -1.5 401.8 8.0 6.6 1 1
0.8 -1.2 401.6 8.0 7.4 1 1
0.9 -0.9 401.4 8.0 8.2 1 1
1.0 -0.6 401.3 8.0 8.8 1 1
1.1 -0.3 401.1 8.0 9.5 1 1
1.2 0.0 401.0 8.0 10.0 1 1
1.3 0.3 400.9 8.0 10.5 1 1
1.4 0.7 400.8 8.0 10.8 1 1
1.5 1.1 400.7 8.0 11.0 1 1
1.6 1.5 400.6 8.0 1141 1 1
1.7 2.0 400.5 8.0 11.0 1 1
1.8 2.6 400.4 8.0 10.7 1 1
1.9 3.2 400.3 8.1 10.7 1 1
2.0 3.9 400.1 8.1 11.0 1 1
2.1 4.6 399.9 8.1 11.8 i 1
2.2 5.3 398.7 8.1 12.2 1 1
2.3 6.1 399.6 8.0 13.1 1 i
2.4 6.8 399.3 8.0 14.2 1 1
2.5 7.6 399.0 8.0 15.4 1 1
2.6 8.4 398.8 7.9 16.7 1 1
2.7 9.2 398.4 7.9 18.0 1 1
2.8 10.0 398.1 7.8 18.5 1 1
2.9 10.7 397.7 7.7 21.1 1 1
3.0 11.6 397.2 7.6 22.7 1 1
3.1 12.3 396.7 7.5 24.3 1 1
3.2 13.1 396.1 7.6 26.0 1 1
3.3 13.8 395.4 7.4 27.7 1 1
3.4 14.6 394.7 7.3 29.4 1 1
3.6 16.3 393.9 7.2 31.0 1 1
3.6 16.0 393.0 7.2 32.7 1 1
3.7 16.7 392.0 7.1 34.2 1 1
3.8 17.4 390.9 7.1 36.7 1 1
3.9 18.0 389.7 7.1 37.1 1 1

7.1 38.3 1 1

4.0 18.6 388.5
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4.1 19.2 387.1 7.1
4.2 19.8 385.8 7.1
4.3 20.4 384.4 7.1
4.4 20.9 383.0 7.1
4.5 21.4 381.6 7.2
4.6 21.9 380.2 7.2
4.7 22.4 378.9 7.2
4.8 22.9 377.8 7.3
4.9 23.3 376.7 7.3
5.0 23.8 375.9 7.4
5.1 24.1 376.3 7.4
5.2 24.4 375.0 7.4
5.3 24.6 375.0 7.4
5.4 24.6 376.3 7.4
5.5 24.5 375.9 7.3
5.6 24.2 376.8 7.3
5.7 23.7 378.0 7.2
5.8 23.0 379.4 7.1
5.9 22.1 380.9 7.0
6.0 211 382.7 6.9
6.1 18.9 384.5 6.8
6.2 18.5 386.3 6.7
6.3 17.14 388.0 6.7
6.4 15.6 389.6 6.7
6.5 14.2 391.1 6.7
6.6 12,8 392.5 6.7
6.7 11.4 393.7 6.7
6.8 10.1 394.8 6.7
6.9 8.8 395.7 6.7
7.0 7.6 396.5 6.7
7.1 6.5 397.2 6.7
7.2 5.5 397.7 6.7
7.3 4.4 398.3 6.7
7.4 3.5 398.7 6.7
7.8 2.6 399.1 6.8
7.6 1.7 399.4 6.8
7.7 0.8 399.7 6.8
7.8 0.3 399.9 6.8
CM IN RADAR CONE 100.0000

CMMCA W/IN STRUCTURAL LIMITS

W b bbb D Wb W
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e = B RN RN WW W W W
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10.9
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PERCENT
100.0000

116

S S b A e b b b A b b b b A A A A b A b b b b b b b b b b b A b b R

PERCENT

i i e R A T i e e o o S S T O N o N T T T Y O Y




30 Y T T T T

CMMCA —
CM —

25

20 | -

Y-Pos
{nm)

—
<
1
1

0 4 i ] 1

-5 0 5 10 15
X-Pos (nm)

Figure 23. Path 2 CMMCA and CM Paths, CMMCA Starting Trailing

117




500 T T ~T T T T T
450 ¢ T

400 .
J

Value
350 -

300 ~ -

2 50 { i ! WWMWWWNM

0 20 40 60 80 100 120 140 160
Tteration Number

Figure 24. Plot of J Value versus Iteration Number

118




JSTOP = 250.3886
# ITERATIONS = 150

T BANK SPEED RANGE THETA RADAR STRUCT
0.1 -3.9 404.7 8.0 0.6 1 1
0.2 -3.4 404.2 8.0 1.7 1 1
0.3 -3.0 403.9 8.0 2.8 1 1
0.4 -2.5 403.6 8.0 3.8 1 1
0.5 -2.2 403.3 8.0 4.8 1 1
0.6 -1.8 403.1 8.0 5.7 1 1
0.7 -1.5 402.9 8.0 6.5 1 1
0.8 -1.2 402.8 8.0 7.4 1 1
0.9 -0.9 402.6 8.0 8.1 1 1
1.0 -0.6 402.5 8.0 8.8 1 1
1.1 -0.3 402.4 8.0 9.4 1 1
1.2 0.1 402.4 8.0 9.9 1 1
1.3 0.4 402.3 8.0 10.4 1 1
1.4 0.8 402.2 8.0 10.7 1 1
1.5 1.2 402.2 8.0 10.9 1 1
1.6 1.6 402.1 8.0 10.9 1 1
1.7 2.1 402.1 8.0 10.8 1 1
1.8 2.6 402.0 8.0 10.5 1 1
1.9 3.2 401.9 8.0 10.5 1 1
2.0 3.8 401.9 8.0 10.8 1 1
2.1 4.5 401.8 8.0 11.3 1 1
2.2 5.1 401.7 8.0 12.14 1 1
2.3 5.7 401.6 8.0 13.1 1 1
2.4 6.3 401.6 8.0 14.3 1 H
2.5 6.8 401.5 7.9 16.8 1 1
2.6 7.3 401.5 7.9 17.4 1 1
2.7 7.8 401.5 7.8 19.3 1 1
2.8 8.1 401.5 7.7 21.4 1 1
2.9 13.0 398.1 7.7 23.1 1 i
3.0 13.3 397.8 7.6 24.2 1 1
3.1 13.7 397.3 7.5 25.5 1 1
3.2 14.2 396.7 7.4 26.8 1 1
3.3 14.7 396.1 7.4 28.2 1 i
3.4 15.1 395.4 7.3 29.7 1 1
3.5 18.7 394.5 7.2 31.2 1 1
3.6 16.3 393.5 7.2 32.6 1 1
3.7 16.8 392.6 7.1 34.1 1 1
3.8 17.4 391.4 7.1 356.8 1 1
3.9 18.0 390.1 7.1 36.8 1 1
4.0 18.5 388.8 7.1 37.9 1 1
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376.7 7.3
375.5 7.4
375.2 7.4
374.6 7.4
374.3 7.4
373.7 7.3
376.5 7.3
375.4 7.2
376.9 7.2
378.3 7.1
379.7 7.0
381.2 6.9
383.0 6.8
384.9 6.7
386.4 6.7
388.2 6.7
389.8 6.7
391.1 6.7
392.4 6.7
393.7 6.7
394.7 6.7
395.7 6.7
398.3 6.7
398.6 6.7
398.9 6.8
399.2 6.8
399.4 6.8
399.6 6.8
399.8 6.8
400.0 6.8
100.0000
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JSTOP = 1217.040
# ITERATIONS = 150

T BANK  3SPEED RANGE THETA  RADAR STRUCT
0.1 -3.8  402.6 8.0 0.6 1 1
0.2 -3.3  401.9 8.0 1.7 1 1
0.3 -2.8  401.3 8.0 2.7 1 1
0.4 -2.4  400.8 8.0 3.7 1 1
0.5 -2.1  400.3 8.0 4.6 1 1
0.6 -1.7  399.8 8.0 5.5 1 1
0.7 -1.4  399.4 8.0 6.3 1 1
0.8 1.1 399.0 8.0 7.1 1 1
0.9 -0.8  398.6 8.0 7.8 1 1
1.0 -0.6  398.3 8.0 8.5 1 1 ‘e
1.1 -0.3  398.0 .0 9.1 1 1 '
1.2 0.0  397.7 8.0 9.6 1 1
1.3 0.3  397.4 8.1 10.0 1 1
1.4 0.6  397.2 8.1 10.3 1 1
1.5 1.0  396.9 8.1 10.5 1 1
1.6 1.4  396.6 8.1 1.6 1 1
1.7 1.8  396.4 8.1 10.6 1 1
1.8 2.3 39%.1 8.1 10.3 1 1
1.9 2.8  395.9 8.1 10.4 1 1
2.0 3.3  395.6 8.2 10.8 1 1
2.1 3.9  395.4 8.2 11.5 1 1
2.2 4,5 3952 8.2 12.4 1 1
2.3 5.2  395.0 8.2 13.5 1 1
2.4 5.8  394.8 8.1 14.8 1 1
2.5 6.5  394.6 8.1 16.3 1 1
2.6 7.2  394.4 8.1 18.0 1 1
2.7 8.0 394.3 8.0 19.7 1 1
2.8 3.8  394,2 7.9 21.6 1 1
2.9 9.6  394.1 7.9 23.5 1 1
3.0 10.4  394.0 7.8 26.5 1 1
3.1 1.2 394.0 7.8 27.6 1 1
3.2 12.1  393.9 7.7 29.6 1 1
3.3 13.0  394.0 7.6 31.7 1 1
3.4 13.9  394.0 7.6 33.7 1 1
3.6 14.8  394.1 7.5 35.6 1 1
3.6 16.7  394.2 7.8 ar.4 1 1
3.7 16.6  394.3 7.6 39.1 1 1
3.8 17.6  394.5 7.5 40.5 1 1
3.9 18.5  394.7 7.5 41.8 1 1
4.0 19.4  394.9 7.5 42.8 1 1




.

»

-

- -

B WA e O LD A DO DGR - O WER ADN D W = O DO®J DD WR = OWO®B DG D WK

.

- .

«

- . -

.

.

WO WD W®E®NNNNNNNNNNODODODDDOOODOODODOO M OO OO GG D DD DR DD D

20.
21,
21.
22,
23.
23.
23.
23.
23.
23.
23.
22,
22.
21.
20.
19.
17.

O NN NO B W~NWWOWOM 1 © — W

-~3

14.9
13.3
11.7
10.0

8.2

4.8

1.0

5.0

395.
395.
395.
395.
395.
396.
396,
396.
396.
396.
396.
396.
396.
396.
396.
396.
396.
396.
396.
397.
397.4
397.6
397.8
398.0
398.3
398.6
398.8
399.1
399.4
399.6
399.8
400.0
400.2
400.3
400.3
400.2
400.1
399.8
399.4
398.9
398.2
397.3
386.3
395.1

O W OO M@ ~NN~N~N~TODOO O U b N+~ O NN W -

©w
©
~
0o

p‘p\—.au”.—..—.»yt.
[ A

DWW ®WOE@O®D~ I~~~ NN NN NN NN NN

-

- e s e OO

.

NODBNONWOONNDDNDODONDDD N~ ~000O®DBO®D®O®O®N®O~NANDD N

o ®

11.7
11.6
11.4
11.2
10.9
10.5
10.1

>

w
q
O O O ~I DO G b D BN NSO

o> b
- 0 oW
o

[+
-3
=]

§7.7
60.9
63.8
66.4
68.8
7.1
73.3
75.4
7.4
79.4
81.3
83.1
84.8
86.3
87.7
88.8
89.7
90.3
90.¢
90.6
90.4

124

C O OO OO O OO OO O CULCO O O O O O O O 1 st 4o b ot 1ot b b b FA b b b b b fd b b 4 b b b b 0

P Pl Pt P Gl Gt Db Pt P Pl P Pl S P e b b b b b e b b P b b b A A b b b b ph ek A b b b kb b b A ped ek



8.6 7.4 393.6 9.6 89.9
8.7 10.0 391.9 9.0 89.1
8.8 12.8 390.0 8.4 88.3
8.9 15.8 387.7 7.7 87.4
9.0 19.0 385.2 7.0 86.7
g.1 22,5 382.4 6.3 86.4
9.2 26.1 379.4 5.7 87.0
9.3 29.7 375.2 5.1 88.8
9.4 33.3 372.8 4.7 91.8
9.5 36.5 368.7 4.6 95.0
9.6 38.7 367.4 4.8 96.7
9.7 39.6 366.2 5.2 95.8
9.8 38.8 366.6 5.7 92.1
9.9 36.8 368.2 6.3 86.7
10.0 34.2 370.5 6.9 80.5
10.1 31.1 373.2 7.5 73.9
10.2 28.9 376.0 7.9 67.4
10.3 25.0 378.7 8.3 61.0
10.4 2.0 381.3 8.5 85.0
10.5 19.3 383.7 8.7 49.2
10.6 16.7 385.8 8.7 43.8
10.7 14.3 387.8 8.6 38.5
10.8 12.1 389.5 8.5 33.5
10.9 10,0 391.0 8.3 28.8
11.0 8.1 392.4 8.2 24.5
it.1 6.3 393.6 8.0 20.6
11.2 4.7 394.7 7.8 16.9
11.3 3.2 395.6 7.6 13.4
11.4 1.9 396.4 7.8 10.2
11.6 0.6 397.1 7.3 7.2
11.6 -0.5 397.7 7.2 4.4
11.7 -1.6 398.2 7.1 1.9
11.8 -2.4 398.7 6.9 -0.&
11.9 -3.2 399.0 6.9 -2.6
12.0 -3.9 399.3 6.8 ~4.5
121 -4.8 399.8 6.7 =6.1
12.2 -5.0 399.8 6.7 -7.5
12.3 -5.4 399.9 6.7 -8.7
12.4 -5.8 400.1 6.6 -9.6
12.5 -6.0 400.1 6.8 -10.2
12.6 -6.2 400.2 6.6 -10.7
12.7 =6.3 400.2 6.6 ~10.9
12.8 -6.3 400.3 6.6 -10.9
12.9 -6.3 400.3 6.7 -10.8
13.0 ~8.2 400.3 6.7 -10.5
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13.1 -6.1
13.2 -5.9
13.3 -5.6
13.4 -5.3
13.5 -5.0
13.6 -4.7
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13.8 4.0
13.9 -3.6
14.0 -3.2
14.1 ~2.7
14.2 -2.3
14.3 -1.9
14.4 -1.4
14.5 -0.9
14.6 -0.5
14.7 ~-0.1
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Figure 27. Path 3 CMMCA and CM Paths, CMMCA Starting Trailing
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JSTOP = 926.8980
# ITERATIONS = 150

T BANK SPEED RANGE THETA RADAR STRUCT
0.1 -2.0  399.8 8.0 0.3 1 1
0.2 -1.8 399.7 8.0 0.9 1 i
0.3 -1.6 399.6 8.0 1.5 1 1
0.4 -1.4 399.5 8.0 2.0 1 i
0.5 -1.2  399.4 8.0 2.5 1 1
0.6 -1.0  399.3 8.0 3.0 1 1
0.7 -0.8  399.2 8.0 3.5 1 1
0.8 -0.6  399.1 8.0 3.9 1 1
0.9 -0.4  399.1 8.0 4." 1 1
1.0 -0.2  399.0 8.0 4.7 1 1
1.1 -0.1  399.0 8.0 5.0 1 1

® 1.2 0.1  398.9 8.0 5.3 1 1

1.3 0.3  398.8 8.0 5.5 1 1
1.4 0.5  398.8 8.0 5.6 1 1
1.5 0.7  398.8 8.0 . 5.7 1 1
1.6 0.9  398.7 8.0 5.7 1 1
1.7 1.4 398.7 8.0 5.6 1 1
1.8 1.3 398.6 8.1 5.4 1 1
1.9 1.6 398.6 = 8.1 5.7 | {
2.0 1.7  398.6 8.1 6.4 1 1
2.1 1.9  398.5 8.0 7.5 1 1
2.2 2.1 398.5 8.0 9.1 1 1
2.3 2.2 398.5 8.0 11.1 1 1
2.4 2.3  398.6 7.9 13.5 1 t
2.5 2.4 398.€6 . 7.9 - 16.3 1 1
2.6 2.4 398.% 7.8 19 7 1 1
2.7 2.3 298.7° 7.8 23.5 1 t
2.8 2.2 398.8 7.7 27.8 1 1
2.9 16.6 3:1.4 7.1  30.3 1 1
3.0 :6.6  391.7 7.6 30.8 1 1
3.1 16.4  392.0 7.6 31.5 1 1
3.2 16.5 392.2 7.6 32.4 1 1
3.3 16.5 392.6 7.5 33.4 1 1

, 3.4 16.7  392.7 7.8 34.4 1 1

3.5 16.9  392.9 7.5 38.5 1 1
3.€ 17.2 . 398.0 1.5 36.7 1 1
3.7 17.6  393.2 7.4 37.8 1 1
3.8 18.¢  393.3 7.4 39.0 1 1
3.9 18.4  393.4 7.4 40.0 1 1
4.0 18.9  393.5 7.8 41.0 1 1
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JSTOP = 76391.24
# ITERATIONS = 150

T BANK  SPEED RANGE THETA  RADAR STRUCT
0.1 1.4  400.3 8.0 -0.2 1 1
0.2 1.7  400.3 8.0 -0.7 1 1
0.3 2.0  400.3 8.0 -1.3 1 1
0.4 2.3 400.2 8.0 -2.0 1 1
0.5 2.6  400.2 8.0 -2.9 1 1
0.6 2.9  400.2 8.0 -4.0 1 1
0.7 3.2 400.2 8.0 -5.1 1 1
0.8 3.4  400.2 8.0 -6.5 1 1
0.9 3.6  400.2 8.0 -7.9 1 i
1.0 3.9  400.1 8.0 -9.6 1 1
1.1 4.1  400.1 8.0 -11.3 1 1
1.2 4.3  400.1 8.0 -13.3 1 1
1.3 4.4  400.1 8.1 -15.3 1 1
1.4 4.6  400.1 8.1 -17.5 1 t
1.5 4.7  400.1 8.1 -19.9 1 1
1.6 4.9  400.0 8.2 -22.4 | 1
1.7 5.0 400.0 8.2 -25.0 1 1
1.8 5.1  400.0 8.3 -27.8 1 1
1.9 5.2  400.0 8.3 -30.6 1 1
2.0 5.2  400.0 8.4  -33.6 1 |
2.1 5.3  400.0 8.6 -36.6 1 1
2.2 5.3  400.0 8.6 -39.7 1 1
2.3 5.4 399.9 8.8 -42.8 1 1
2.4 5.4 399.9 8.9 -46.0 1 i
2.5 5.4  399.9 9.1 -49.2 1 1
2.6 6.3  399.9 9.3  -52.4 B 1
2.7 5.3 399.9 9.6  -55.6 1 1
2.8 5.2 399.9 9.8 -S8,7 1 1
2.9 5.1 399.9  10.0 -61.8 0 1
3.0 5.0 399.9 10.3 -64.9 . 0 1
3.1 4.9 399.9 - 0.6 -67.8 ) 1
3.2 4.8  399.8 11.0  -70.7 0 1
3.3 4.6 399.8  11.3  -73.4 0 1
3.4 4.5  399.8 11.6 =~1.7 0 1
3.8 4.3 3998 1.9 -17.7 0 1
5.6 4.1 399.8 12.2 -79.3 o |
3.7 3.8 399.8 12.3 -80.7 . © 1
3.8 3.6 399.8 12.4 . -81.9 0 1
3.9 3.3 399.8 12.6  -82.9 0 1
4.0 3.0 399.8 12.6  -63.8 0 1
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4.1 2.7 399.9 12.5 -84.6
4.2 2.4 399.9 12.5 -85.4
4.3 2.1 399.9 12.5 -86.1
4.4 1.7 399.9 12.5 -86.6
4.5 1.4 399.9 12.6 -87.0
4.6 1.0 399.9 12.6 -87.4
4.7 0.6 399.2 12.7 ~87.6
4.8 0.2 399.9 12.7 ~-87.8
4.9 -0.2 399.9 12.7 ~87.8
5.0 -0.7 400.0 12.8 -87.%
5.1 -1.1 400.0 12.8 -87.4
5.2 -1.5 400.0 12.9 -87.0
5.3 -2.0 400.0 12.9 -86.5
5.4 -2.4 400.0 12.3 -85.9
5.5 -2.9 400.0 13.0 -85.2
5.6 ~3.4 400.1 13.0 ~84.3
5.7 ~3.9 400.1 13.0 -83.2
5.8 -4.3 400.} 12.9 -82.1
5.9 -4.8 400.1 12.9 -80.7

-5.3  400.1 12,9  -79.3
-6.8  400.2 12,8 -77.6
-6.3  400.2 12,7 -75.8
-6.7  400.2 12,6  -73.9
-7.2  400.2  12.5 - -71.8
=7.7  400.2  12.4  -69.5
-8.1  400.3 12,2 -67.0
-8.6  400.3  12.0  -64.4
-9.0  400.3  11.8  -61.6

- -9.5  400.3 - 11.7  -58.6
-9.9  400.3  11.7  -85.6 -

~10.3  400.3  11.6  -52.6

~10.7  400.4  11.6  -49.5

400.4 11,6 -46.5
~11.4  400.4  11.7  -43.4
-11.8 4004  11.7  -40.4
“12.1  400.4  11.8  -37.4
“12.3  400.5  11.8  -34.5
-12.6  400.5  11.9  -31.6
-12.8  400.5  12.0 -28.d
~13.0 4005 12,1 -26.1
-13.1 400.5  12.1 -23.§
“13.3  400.5  12.2  -20.9

-13.3  400.5  12.2  -18.8

-13.4  400.6  12.2  -16.1
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-7.9 400.7
~7.3 400.7
-6.7 400.7
-6.1 400.6
-5.4 400.6
-4.8 400.6
-4.2 400.6
-3.5 400.6
~2.9 400.6
-2.2 400.6
-1.6 400.5
-0.9 401.5
-0.3 400.5
0.3 400.5
0.9 400.5
1.5 400.4
2.1 400.4
2.7 400.4
3.3 400.4
3.8 400.3
4.3 400.3
4.7 400.3
4.9 400.3
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13.
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17.3
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-10.6
-11.8
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-13.2
-14.1
~14.9
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-17.7
-18.3
-18.8
-19.2
~19.5
-19.6
-19.7
-19.6
-19.4
-19.2
-18.9

400.
400.
400.
400,
400.
400.
400.
400.
400.
400.
400.
400.
400.
400.
400,
400.
399,
399,
399.9
399.9
399.8
399.8
399.8
399.7
399.7
399.6
399.6
399.5
399.5
399.4
399.4
399.3
3939.2
399.2
399.1
399.1
398.0
399.0
399.0
398.9
398.9
398.9
398.8
398.8
398.8

D O O O O O O O I I i b b b b

L]

14.5
15.1
16.8
16.5
17.2
17.8
18.4
18.0
19.5
19.9
20.2
20.5
20.7
20.8
20.8
20.7
20.6
20.4
20.1
19.8
19.4
18.9
18.5
i8.0
17.8
17.1
16.7
16.3
16.9
15.5
16.1
14.7
14.4
14.1
13.8
13.6
13.4
13.2
13.0
12.7
12.4
12.1
11.8
11.5
it

263.
261.
258.
256.
264,
252.
251,
250,
249,
248,
248,
247.
247,
248,
248,
248,
249,
249.
250.
250,

DX MDD OO W W - O MTNNWOABOOD

[~
[y
-
-

261.9
252.4
282.7
252.8
283.0
253.3
283.6
254.0
254 .4
254.9
286.3
265.8
256.2
266.6
266.9
267.2
267.6
268.1
268.6
269.9
259.4
259.7
269.9
259.8

OOOOS.‘OOOOOOOQOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

IEORA A S St e pe e s e et A R Be e e b b B BB Bh bh bk B b bbbk b b b b b A b e b A b b A b bh e




17.
17.
17.
17.
18.
i8.
i8.
18.
18.
18.
8.
18.
18.
18.
19.
19.
19.
19.
19.4
19.5
19.6
19.7
19.8
19.9
20.0
20.1
20.2
20.3
20.4
20.5
20.6
20.7
20.8
20.9
21.0
21.1
21.2
21.3
21.4
21.6
21.6
21.7
21.8
21.9
22.0

N OO 0N WO W~ M

w

]
.

N e O O =

-

.

]
[
NDOOE®D WONOWWNONDN OO UTTWHO0OMWOoO=NWWwomo o

[= 3 IR AR S

*
®

398,
398.
398,
398.
338,
398,
398,
398.
398.
398.
399.
399.
399.
399,
399,
399,
399,
399,
399,
399,
399.
399.2
39¢.2
399.2
399.2
399.2
399.1
399.1
399.1
399.1
399.1
399.1
399.1
399.1
399.0
399.0
399.0
399.0
399.0
399.0
398.9
398.9
398.9
393.9
398.9

b s e OO OO WW W W WO O DO

[>s

e
o O O

DR N D O DD D DD BB DU DDONID O d e > oo

. .

@CeWOowOoOo NN ~N~NN~NNN~N NN OO oW W W O

.

-
(=]
N

10.7
11.3
11.9
12.5
13.1
13.6
14.1
14.4
14.7
14.9
16.0
16.1
15.0
14.9
14.8
14.7
14.5
14.3

289.
268.
258.
256.
285.
283.
251.
248,
245,
241,
238.
234,
230.
226,
222,
217.
213,
210,
206.1
201.9
197.5
193.2
188.9
184.7
180.7
176.9
173.2
169.6
166.2
162.9
169.6
166.4
163.3
150.2
147 .1
144.2
141.2
138.4
135.8
133.3
130.8
128.3
125.8
123.2
120.7

- 00O NWHSHNGWWWO WNMNODWO W

139

OOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOOO

».-.».-....p..»p»pn—o.—o"p‘p.—o”“p“"””“.—bppp.—s“puppp‘HMHHHHHpHH




22.1 11.7 388.9 14.1 118.1
22.2 12.0 398.9 13.8 115.6
22.3 12.2 398.9 13.5 113.2
22.4 12.3 398.9 13.2 110.8
22.5 12.4 398.9 12.9 108.2
22.6 12.5 398.9 12.6 105.3
22.7 12.6 398.9 12.3 102.3
22.8 12.6 398.9 12.1 99.1
22.9 12.5 3%¢8.9 11.9 95.7
23.0 12.5 398.9 11.7 92.3
23.1 12.3 398.9 11.6 88.7
23.2 12,2 389.0 11.5 86.2
23.3 12.0 399.0 11.4 81.6
23.4 11.8 399.0 11.4 78.1
23.8 11.6 399.0 11.4 74.8
23.6 11.3 398.1 11.5 71.6
23.7 11.0 399.1 11.6 68.6
23.8 10.7 399.1 11.8 65.9
23.9 10.3 399.2 11.9 63.4
24.0 10.0 399.2 12.1 61.2
24.1 9.6 399.2 12.4 69.4
24.2 9.2 399.2 12.6 §7.9
24.3 8.9 399.3 12.9 56.7
24.4 8.5 399.3 13.1 55.8
24.5 8.1 398.3 13.4 §5.3
24.6 1.7 399.4 13.7 54.7
24.7 7.3 399.4 13.9 54.0
24.8 6.9 399.4 14.2 63.4
24.9 6.5 389.5 14.4 52.8
25.0 6.1 399.5 14.7 52.3
25.1 5.7 399.5 4.9 51.7
25.2 5.3 399.5  15.1 51.2
25.3 5.0 399.6 16.3 50.8
25.4 4.6 399.6 16.5 80.3
25.5 4.3 399.6 16.6 49.9
25.6 4.0 399.6 16.8 49.¢6
256.7 3.7 399.6 18.0 49.7
25.8 3.4 399.7 16.2 49.7
25.9 3.1 399.7 16.4 49.3
26.0 2.9 399.7 16.5 48.8
26.1 2.7 399.7 16.5 48.2
26.2 2.5 399.7 16.5 47.3
26.3 2.3 399.7 16.4 46.3
26.4 2.1 399.7 16.2 45.3
26.5 2.0 399.7 16.9 44.1
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26.6 1.8 399.8 15.5 42.8 0 1
26.7 1.7 399.8 15.1 41.5 0 1
26.8 1.6 399.8 14.6 40.1 1 1
26.9 1.6 399.8 14.0 38.7 1 1
27.0 1.5 399.8 13.3 37.3 i 1
27.1 1.5 399.8 12.6 35.7 1 1
27.2 1.4 399.8 11.9 34.0 1 1
27.3 1.4 399.8 11.3 32.2 i i
27.4 1.4 399.9 10.6 30.1 1 1
27.5 1.3 399.9 10.0 27.8 1 1
27.6 1.3 399.9 9.3 25.3 1 1
27.7 1.3 399.9 8.7 22.4 1 1
27.8 1.3 399.9 8.1 19.1 1 1
27.9 1.2 399.9 7.5 16.3 1 1
28.0 1.1 399.9 6.9 10.9 1 1
28.1 1.0 399.9 6.4 5.8 1 1
28.2 0.9 400.0 5.9 0.1 1 1
28.3 0.7 400.0 5.5 -6.9 1 1
28.4 0.5 400.0 5.2 -14.6 1 1
28.5 0.3 400.0 5.0 -23.0 0 1
28.6 0.1 400.0 4.9 ~31.3 0 1

CM IN RADAR CONE 37.41259 PERCENT
CMMCA W/IN STRUCTURAL LIMITS 100.0000 PERCENT

4]




1 I I T | S
CMMCA
0 CM —
60 n
80 - 1
Y-Pos 40 >
(nm)
30 ‘ .
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10 F 4
0 'y ) ' 1 1
-30 -20 -10 10 20 30

0
X-Pos (nn)

Figure 31. Path 4 CMMCA and CM Paths, CMMCA Starting ‘Trailing
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Figure 32. Plot of J Value versus Iteration Number




JSTOP = 124108.0
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 -0.5 400.1 8.0 0.1 1 1
0.2 -0.5 400.1 8.0 0.2 1 1
0.3 -0.5 400.1 8.0 0.4 1 1
0.4 -0.5 400.1 8.0 0.6 1 1
0.5 -0.5 400.1 8.0 0.7 1 1
0.6 -0.5 400.1 8.0 0.9 1 1
0.7 -0.5 400.1 8.0 1.1 1 1
0.8 -0.5 400.1 8.0 1.3 i 1
0.9 -0.4 400.1 8.0 1.6 1 1
1.0 -0.4 400.1 8.0 1.8 1 1
1.1 -0.4 400.1 8.0 2.0 1 1
1.2 -0.4 400.1 8.0 2.3 1 1
1.3 ~0.4 400.1 8.0 2.5 1 1
1.4 -0.4 400.1 8.0 2.8 1 1
1.5 -0.4 400.1 8.0 3.1 1 i
1.6 -0.4 400.1 8.0 3.3 1 1
1.7 -0.4 400.1 8.0 3.6 1 1
1.8 -0.4 400.1 8.0 3.9 1 1
1.9 -0.4 400.1 8.0 4.2 1 1
2.0 -0.4 400.1 8.0 4.5 1 1
2.1 -0.4 400.1 8.0 4.9 1 1
2.2 -0.4 400.1 8.0 6.2 1 H
.3 -0.4 400.1 8.0 5.5 1 i
2.4 -0.4 400.1 8.0 5.8 1 t
2.5 -0.3 400.1 8.0 6.2 i i
2.6 -0.3 400.1 8.0 6.5 1 1
2.7 -0.3 400.1 8.0 6.9 1 1
2.8 -0.3 400.1 8.0 1.2 1 1
2.9 -0.3 400.1 8.0 7.6 1 1
.0 -0.3 400.1 8.0 8.0 1 1
3.1 -0.3 400.1 8.0 8.3 1 1
3.2 -0.3 400.1 8.0 8.7 1 1
3.3 -0.3 400.1 8.0 8.1 1 1
3.4 -0.3 400.1 8.1 iC.1 1 1
3.5 «0.3 400.1 8.1 11.6 1 M
3.6 ~0.3 400.1 8.1 13.8 1 1
.7 -0.2 409.1 8.1 18.5 i 1
3.8 -0.2 400.1 8.0 19.9 i H
3.9 «0,2 400.1 8.0 3.7 1 1
4.0 ~0.2 400.1 8.0 28.0 1 1
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8.6 ~20.1 400.6 4.7 2.5
8.7 -20.2 400.6 4.4 1.5
8.8 -20.1 400.6 4.1 -0.2
8.9 -20.5 400.6 3.8 -2.7
9.0 -19.8 400.6 3.5 -6.1
9.1 -20.3 400.6 3.2 -10.5
9.2 -19.8 400.6 3.1 -16.0
9.3 -20.1 400.6 2.9 -22.4
9.4 -20.2 400.6 2.9 -21.5
9.5 -20.0 400.6 2.9 -36.2
9.6 -20.0 400.5 3.1 -42.6
9.7 -20.1 400.5 3,2 ~48.2
9.8 ~20.3 400.5 3.5 -82.7
9.9 -20.2 400.5 3.7 -56.6
10.0 ~20.3 400.5 4.1 -58.4
10.1 -20.1 400.4 4.4 -88.7
10.2 -20.4 400.4 4.7 -57.7
10.3 -20.3 400.4 4.9 -55.7
10.4 60.4 398.0 5.2 -70.9
10.5 -77.6 404.7 5.5 -61.6
10.6 43.4 398.9 5.6 -23.3
10.7 -20.1 400.3 5.6 -27.7
10.8 -21.0 400.3 5.6 -21.2
10.9 -27.9 400.4 5.5 -12.6
11.0 -0.3 399.9 5.4 -6.3
1.1 -0.2 399.9 5.4 -4.0
11.2 -0.5 399.9 5.3 ~1.6
1.3 -0.4 399.9 5.3 0.9
11.4 -0.4 399.9 5.3 3.3
11.5 -0.4 399.9 §.3 5.8
11.6 ~0.1 399.9 5.3 8.3
11.7 ~0.8 399.% 6.3 10.9
11.8 -0.5 399.9 5.3 13.5
11.9 «0.3 399.3 5.3 16.0
12.0 -0.3 399.9 5.3 18.6
12.1 -0.3 399.9 5.4 21.1
12.2 ~0.2 399.9 5.4 23.6
12.3 0.0 399.9 5.8 28.0
12.4 «0.3 399.9 5.5 28.3
12.6 ~0.1 399.9 5.6 30.6
12.6 -0.1 399.9 5.7 32.¢&
12.7 0.0 399.9 5.8 35.6
12.8 0.0 399.9 5.9 37.0
12.9 0.3 399.9 6.0 38.9
13.0 0.0 399.9 6.1 40.8
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17.6 0.0  400.0 13.8  -28.4
17.7 -0.1  400.0 13.7  -31.5
17.8 -24.1 400.2 13.7 -31.2
17.9  -23.8  400.1 13.5  -27.4
18.0  -24.6  400.1 13.4  -23.4
18.1  -24.2  400.1 13.1  -19.4
18.2  -24.3  400.1 12.8  -15.4
18.3  -24.4  400.1 12.5  -11.4
18.4  -24.8  400.1 12.1 -7.2
18.5  -24.1  400.1 11.7 -3.1
18.6  -24.6  400.1 11.2 1.1
18.7  -24.5  400.1 10.7 5.3
18.8  -24.7  400.1 10.1 9.7
18.9  -24.1  400.1 9.5 14.0
19.0  -24.4  400.1 8.9 18.4
19.1  -24.0  400.1 8.2 22.8
19.2  -24.3  400.1 7.5 27.4
19.3  -23.9  400.0 6.8 32.2
19.4  -24.1  400.0 6.0 37.1
19.5  -23.5  400.0 5.4 42.0
19.6  -23.6  400.0 4.8 47.0
19.7  -23.9  400.0 4.3 52.3
19.8  -22.9  400.0 3.9 57.7
19.9  -23.6  400.0 3.5 63.4
20.0  -23,0  400.0 3.2 69.5
20.1  -23.2  400.0 3.0 75.9
20.2  -22.8  400.0 2.9 82.7
20.3  -30.6  400.0 2.8 90.9
20.4 1.1 400.0 2.8 95.5
20.5 0.7  400.0 2.9 95.2
20.6 0.9  400.0 2.9 94.9
20.7 1.1 400.0 3.0 94.6
20.8 1.3 400.0 2.9 94.3
20.9 0.9  400.0 2.8 94.5
21.0 1.1 400.0 2.6 95,3
21.1 1.3 400.0 2.3 97.3
21.2 1.6  400.0 2.0 101.5
21.3 1.1 400.0 1.6 110.2
21.4 1.3 400.0 1.3 121.8
21.5 1.4 400.0 1.2 151.4.
21.6 1.7 400.0 1.4  185.0
21.7 1.1  400.0 1.9  201.7
21.8  -21.9  400.0 2.4 214.3
21.9 22,0 400.0 3.0 228.0
2.5  235.3

22,0  =22.2  400.0 .
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26.6 0.3 400.0 8.4 7.6 1 1
26.7 38.8 400.0 7.8 -3.5 1 0
26.8 -23.7 400.0 7.3 -12.2 1 1
26.9 -23.2 400.0 6.7 -11.6 1 1
27.0 -23.5 400.0 6.1 ~-11.6 1 1
27.1 -23.4 400.0 5.6 -12.2 1 1
27.2 -23.5 400.0 5.3 -13.1 1 1
27.3 -23.6 400.0 5.0 -14.1 0 1
27.4 -23.2 400.0 4.7 -15.2 0 1
27.5 -23.7 400.0 4.6 -15.8 0 1
27.6 -23.5 400.0 4.5 -15.9 0 1
27.7 -23.4 400.0 4.4 ~15.2 0 1
27.8 -23.6 400.0 4.4 -13.6 0 1
27.9 -23.7 400.0 4.4 -11.0 0 1
28.0 -21.1 400.0 4.4 ~7.7 0 1
28.1 0.2 400.0 4.4 -7.3 0 1
28.2 0.1 400.0 4.4 -9.9 0 1
28.3 0.1 400.0 4.4 -12.4 0 !
28.4 0.1 400.0 4.4 -14.9 0 1
28.5 0.0 . 400.0 4.4 342.6 0 1
28.6 0.0 - 400.0 4.5 340.1 . o - 1

| CM IN RADAR CONE 64.68532  PERCENT
- CHMCA'W/IN STRUCTURAL LINITS  97.90209  PERCENT

15;;..-"
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Figure 33. Path 4 Corrected Paths, CMMCA Starting Straight
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JSTOP = 25975.84
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 1.9 400.1 8.0 ~0.3 1 1
0.2 2.1 400.1 8.0 -0.9 1 1
0.3 2.3 400.1 8.0 -1.6 1 1
0.4 2.5 400.1 8.0 -2.5 1 i
0.5 2.8 400.1 8.0 -3.4 1 1
0.6 3.0 400.1 8.0 -4.5 1 1
0.7 3.1 400.1 8.0 -5.7 1. 1
0.8 3.3 400.1 8.0 7.1 1 1
0.9 3.5 400.1 8.0 -8.6 1 1
1.0 3.7 400.1 8.0 -10.2 i 1
1.1 3.8 400.1 §.0 -11.9 1 1
1.2 3.9 40C.1 8.0 -13.8 1 1
1.3 4.1 400.1 8.1 -18.7 1 1
1.4 4.2 400.1 8.1 -17.8 i 1
1.8 4.3 400.1 8.1 =20.1 1 1
1.6 4.4 400.1 8.2 -22.4 1 1
1.7 4.5 400.1 8.2 -24.9 1 1
1.8 4.6 400.1 8.3 -27.4 1 1
1.8 4.6 400.1 8.3 -30,0 1 i
2.0 4.7 400.0 8.4 -32.8 1 1
2.1 4.7 400.0 8.5 -35.8 1 1
2.2 4.7 400.0 8.6 -38.4 1 1
2.3 4.8 400.0 8.8 -41.3 t 1
2.4 4.8 400.0 8.9 -44.3 1 1
2.5 4.8 400.0 9.1 -47.2 1 H
2.6 4.8 400.0 8,2 -50.2 1 1
2.7 4.7 399.9 9.4 -63.2 1 i
2.8 4.7 399.9 9.7 -56.1 1 1
2.9 4.7 399.9 8.5 -59.0 1 i
3.0 4.6 399.9 10.2 -61.9 0 1
3.1 4.5 399.8 10.4 -84.7 0 1
3.2 4.4 399.8 10.7 -67.4 0 1
3.3 4.3 399.8 114 -70.0 0 1
3.4 4.2 399.8 11.4 -72.3 0 1
3.5 4.1 399.7 11.8 ~74.1 0 1
3.6 3.9 399.7 11.8 -15.7 0 1
3.7 3.8 399.7 11.9 -77.1 0 1
3.8 3.6 399.6 12.0 -18.2 0 1
3.9 3.4 399.6 12.0 -79.2 0 1
4.0 3.2 399.6 12.0 -80.1 0 1




4.1 3.0 399.5 11.9  -81.0
4.2 2.7  399.5 11.9  -81.8
4.3 2.5  399.4 11.9  -82.6
4.4 2.2 399.4 11.9  -83.2
4.5 2.0  399.3 11.9  -83.8
4.6 1.7  399.3 11.9  -84.3
4.7 1.4  399.2 11.9  -84.8
4.8 1.0  399.2 12.0  -85.1
4.9 0.7  399.1 12.0  -85.4
5.0 0.4  399.1 12.0  -85.5
5.1 0.0  399.0 12,1 -85.6
5.2 -0.3  399.0 12.1  -85.6
5.3 -0.7  398.9 12.1  -85.4
5.4 -1.1  398.8 12.1  -85.2
5.5 -1.6  398.8 12.2  -84.8
5.6 -1.9  398.7 12.2  -84.3
5.7 -2.3  398.6 12.2  -83.7
5.8 -2.7  398.5 12.2  -83.0
5.9 -3.1  398.5 12.2  -82.2
6.0 -3.5  398.4 12.2  -81.2
6.1 -4.0  398.3 12.1 ~80.1
6.2 -4.4  398.2 12.1  -78.8
6.3 -4.9  398.2 12.1  -77.5
6.4 -5.3  398.1 12.0  -75.9
6.5 -5.8  398.0 11.9  -74.2
6.6 -6.2  397.9 11.8  -72.4
6.7 -6.7  397.8 11.7  -70.4
6.8 . -7.4  397.8 11.6  -68.2
6.9 -7.6  397.7 11.6  -66.0
7.0 ~8.1  897.6 11.6  -63.7
7.1 -8.5  397.6 11.6 -61.5
7.2 -9.0  397.5 11.7  -59.2
1.3 -9.4  397.4 11.8  -56.9
7.4 -9.8  397.4 11.9  -54.6
7.6 -10.3  397.3 12,1 -52.4
.6 . -10.7  397.3 12.2  -50.1
1.7 -11.1 397.2 12.4  -48.0
7.8  -11.6  397.2 12.6 -45.8
7.¢ -11.8  397.2 12.7  -43.7
8.0 =-12.2  397.1 12.9 -41.7
8.1 -12.6  397.1 13.1  -39.6
8.2 -12.8  397.% 13.2  -31.¢
8.3 -13.1  397.1 13.4 -35.6
8.4 -13.3 397.1 13.6  -33.7
8.5 -13.86  397.1 13.6 -31.8
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JSTOP = 6112.035
# ITERATIONS = 150

T BANK  SPEED RANGE THETA  RADAR STRUCT
0.1 0.1  400.2 8.0 0.0 1 1
0.2 0.1  400.2 8.0 0.0 1 1
0.3 0.1 400.2 8.0 -0.1 1 1
0.4 0.1  400.2 8.0 -0.1 1 1
0.5 0.1  400.2 8.0 -0.1 1 1
0.6 0.1  400.2 8.0 -0.2- 1 1
0.7 0.1 400.2 8.0 -0.2 " 1 1
0.8 0.1  400.2 8.0 -0.2 1 1
0.9 0.1 400.2 8.0 -0.3 1 t
1.0 0.1 400.2 8.0 -0.3 1 1
1.1 0.f 400.2 ~ 8.0 ~0.3 1 1
1.2 0.1 400.2 ' 8.0 -0.4 1 1
1.3 0.1  400.2 8.0 -0.4 1 1
1.4 0.1  400.2 8.0 -0.5 1 1
1.5 0.1  400.2 8.0 -0.5 1 1
1.6 0.1  40n.2 8.0 -0.6 1 1
1.7 0.1  400.2 8.0 -0.6 | 1
1.8 0.1  400.2 8.0 -0.7 1 1
1.9 0.1  400.2 8.0 -0.7 1 1
2.0 0.1  400.2 8.0 ~0.8 1 1
2.1 6.1  400.2 8.0 -0.9 1 !
2.2 0.1  400.2 8.0  -0.9 1 1
2.3 0.1  400.2 8.0 -1.0 1 1
2.4 0.1 . 400.2 8.0 -1.1 1 1
2.5 0.1  400.2 8.0 “1.1 1 1
2.6 0.1 400.2 8.0 -1.2 1 1
2.7 0.1  400.2 8.0 “1.3 1 1

2.8 0.1  400.2 8.0 -1.3 1 i
2.9 0.1  400.2 8.0 -1.4 1 1
3.0 0 4002 8.0 “1.6 1 1
3.1 0.1  400.2 8.0 1.6 1 1
3.2 0.1  400.2 8.0 -1.7 1 1
3.3 0.1  400.2 8.0 -1.7 1 1
3.4 0.1  400.2 2.0 -1.2 1 1
35 0.1  400.2 8.0 -0.1 1 1
3.8 0.1  400.2 7.9 1.6 1 1
3.7 0.1 400.2 7.9 3.8 t 1
3.8 0.1  400.2 1.8 6.7 X 1
3.9 0.1  400.2 . 1.7 10.2 1 1
4.0 0.0  400.2 7.6 14.1 1 1
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17.6 0.0 400.1 6.9 -36.9
17.7 0.1 400.1 7.0 -43.3
17.8 -23.6 401.1 7.1 ~-46.6
17.9 -23.1 401.1 7.2 -46.3
18.0 -23.7 401.2 7.3 -46.0
18.1 -23.2 401.2 7.4 -45.6
18.2 -23.3 401.3 7.4 -45.2
18.3 -23.3 401.3 7.5 -44.7
18.4 -23.6 401.3 7.6 -44.2
18.5 -23.0 401.3 7.6 -43.6
18.6 ~23.4 401.3 7.7 -43.1
18.7 -23.4 401.3 7.7 -42.5
13.8 ~23.6 401.3 7.7 -41.8
18.9 -23.1 401.3 7.7 -41.2
19.0 ~23.5 401.3 7.8 -40.5
19.1 -23.3 401.2 7.7 -39.9
19.2 -23.7 401.2 7.7 -39.3
19.3 -23.5 401.2 7.7 -38.8
15.4 -23.8 401.2 7.7 -37.9
19.5 -23.4 401.1 7.7 -36.5
19.6 ~23.6 401.1 7.7 -34.6
19.7 -24.1 401.0 7.8 =31.9
19.8 -23.3 401.0 7.9 ~28.8
19.9 -24.1 400.9 7.9 =25.0
20.0 -23.7 400.9 7.9 -20.6
20.1 -24.0 400.8 8.0 -18.7
20.2 ~23.7 400.8 8.0 -10.1
20.3 -31.6 401.0 8.0 2.5
20.4 0.0 399.9 8.0 2.1
20.5 -0.5 399.9 8.0 2,0
20.6 -0.4 399.9 8.0 1.9
20.7 -0.3 399.9 8.0 1.8
20.8 -0.1 399.9 8.0 1.1
20.9 -0.6 399.9 7.9 -0.2
21.0 -0.4 399.9 7.9 -2.0
21.1 -0.3 399.9 7.8 -4.4
21.2 -0.2 399.9 7.7 -7.5
21.3 -0.7 399.9 7.6 -11.1
1.4 -0.5 599.9 7.5 -15.3
21.5 -0.4 399.9 7.3 ~20.1
21.6 -0.1 399.9 7.2 -25.4
21.7 -0.7 399.9 7.2 -30.6
21.8 ~23.9 400.4 7.2 -32.1
21.9 ~24.0 400.4 7.3 -29.6
22.0 -24.2 400.3 7.3 -26.4
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Appendix E. Graphical Output of Experimental Results

This appendix contains the graphical output from the results of the experi-
mental design point which achieved the highest percentage of radar coverage over
flight path three. This appendix contains a plot of the CMMCA flight path relative
to the cruise missile flight path, the plot of the overall J value at each iteration
of the program, and the output file RESULTS.OUT, which contains the CMMCA
bank angle, airspeed, and position relative to the cruise missile at every point in the

solution.
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JSTOP = 4551.968
# ITERATIONS = 50

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 -6.5 400.8 8.0 1.0 1 1
0.2 -5.8 400.5 8.0 2.9 1 1
0.3 -5.2 400.3 8.0 4.7 1 1
0.4 -4.6 400.0 8.0 6.6 1 1
0.5 -4.0 399.8 8.0 8.3 1 1
0.6 -3.4 399.6 8.0 10.0 1 1
0.7 -2.8 399.4 8.0 11.6 1 1
0.8 ~2.2 399.2 8.0 13.0 1 1
0.9 -1.7 399.1 8.1 14.4 1 1
1.0 -1.1 398.9 8.1 15.6 1 1
141 -0.5 398.8 8.1 16.7 1 1
1.2 0.1 398.6 8.1 i7.6 1 1
1.3 0.6 398.5 8.2 i8.4 1 1
1.4 1.2 398.4 8.2 18.9 1 1
1.8 1.8 398.3 8.2 19.3 1 i
1.6 2.5 398.2 8.3 19.4 i i
1.7 3.1 398.1 8.3 18.3 1 3
1.8 3.8 398.0 8.3 19.0 1 1
1.9 4.4 397.9 8.4 18.8 1 1
2.0 5.1 397.9 8.4 18.9 i 1
2.1 5.8 397.8 8.4 19.2 1 1
2.2 6.5 397.8 8.5 19.6 1 1
2.3 7.2 397.7 8.5 20.1 1 1
2.4 8.0 3s7.7 8.5 20.8 1 i
2.5 8.7 397.6 8.5 21.5 H 1
2.6 9.4 397.6 8.5 22.3 1 1
2.7 10.1 397.6 8.5 23.2 1 1
2.8 10.8 397.6 8.5 24.1 i 1
2.9 11.5 397.6 8.5 25.1 1 1
3.0 12.2 397.6 8.4 26.0 1 1
3.1 12.9 397.7 8.4 27.0 1 1
3.2 13.5 397.7 8.3 28.0 1 1
3.3 14.1 397.8 8.3 29.0 1 1
3.4 14.7 397.8 8.2 30.0 1 1
3.5 16.3 397.9 8.1 31.0 1 i
3.6 15.8 398.0 8.1 32.0 1 1
3.7 16.3 398.0 8.0 33.0 1 1
3.8 16.8 398.1 7.9 34.0 1 :
3.9 17.2 398.2 7.9 35.1 1 i
4.0 17.8 398.3 7.8 36.1 1 1
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Appendix F. Graphical Output of Optimal Weights for Flight Path

Four

This appendix contains the graphical output from the results of the optimal
weights found from the experimental design process being applied to the fourth flight
profile. For both the straight and trailing initial CMMCA flight paths, this appendix
contains a plot of the CMMCA flight path eelative to the eruise missile flight path,
the vlot of the overall J value at cach iteration of the program:, and the output lile
RESULTS.OUT, which contains the CMMCA bank angle, atrspeed, and pesition

refative to the cruise missile at every point in the solation.
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JSTOP = 16538.15
# ITERATIONS = 150

MR RO N R e > ae i

»
o

et

w ¢
[

T BANK  SPEED RANGE THETA  RADAR STRUCT
9.1 -3.7  400.2 8.0 0.5 1 1
0.2 -2.9  400.3 8.0 1.6 1 1
0.3 -2.2  400.4 8.0 2.5 1 1
0.4 -1.6  400.5 8.0 3.2 1 1
0.5 ~0.9  400.5 8.0 3.8 1 1
0.8 ~0.3  400.6 8.0 4.2 1 1
0.7 - 0.4 400.6 8.0 4.5 1 1
0.8 0.9 400.6 - 8.0 4.5 1 1
0.9 1.8  400.7 8.0 4.4 1 1

0 2.0 400.7 8.0 . 4.1 1 1
1 2.8 400.7 80 3.6 1 1
2 3.0 400.7 . 8.0 2.9 1 1
3 3.5  400,7 8.0 2.0 1 1
4 . 3.9 407 - &0 08 -1 - 1
B 4.3 4007 8.0 - -0.4 S
6 - 4.6 4007 . 80 - -1.9 1 S
7 5.0 400.7 8.0 -3.7. 1 1
8 B3 400.6 ° B.0 5.6 1 1
9 8.5  400.6 8.0 -7.8 1 1
0. 5.8  400.8 8.0  -10.1 . 1
.1 6.0 400.5 8.0 -12.7 1 !
2 . 6.4 400,58 5.0 -15.4 1 1
3. 6.3 4004 . 8.1  -18.3 1 1
.4 6.4 400.4 8.1 -21.4 1 1
. 6.5 400,37 8.2 -24.7 1 iR
2.6 6.5 400.2.. 8.2  -28.0 1 1
6.6 400.2. 8.3 -31.5 1 1

2.8 6.6 - 400.f . 8.4  -35.1 1 1

2.8 6.6  400.0 8.5 -38.8 1 1

3.0. 6.5 . 400.0. 8.7 -42.6 1 1

6.4 U399.9 8.8  -46.3 1 1
3,2 6.4 399.8 9.0  -50.0 1 1
3.3 - 6.2 399.7 9.2 -53.7 1 1
3.4 - 6.1 399.7 9.4  -56.9 1 1
3.5 8.0 399.6 9.6  -59.7 1 1
3.6 5.8  395.5 9.8  -62.0 0 1
.7 5.6  3%9.4 9.9  -64.0 0 1
3.8 - 5.4 3993 9.9 -65.8 0 1
3.9 6.2 3993 9.9  -67.2 o 1
4.0 4.9 399.2 9.9  -68.8 0 1
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26.6 8.5 399.7 11.9 27.1 1
26.7 7.9 399.7 11.85 23.1 1
26.8 7.4 399.7 11,1 18.9 1
26.9 6.9 399.8 10.6 14.5 1
27.0 6.4 399.8 10.1 9.7 1
27.1 5.9 399.8 9.6 4.6 1
27.2 5.5 399.8 9.1 ~-0.9 1
27.3 5.0 399.8 8.6 -6.7 1
27.4 4.6 399.9 8.3 -13.0 1
27.5 4.1 399.9 7.9 -19.7 1
27.6 3.7 399.9 7.7 -26.7 1
7.7 3.3 399.9 7.6 ~34.0 1
27.8 2.9 399.9 7.5 -41.4 1
27.9 2.5 399.9 7.6 -48.6 1
28.0 2.1 399.9 7.8 -585.7 1
28.1 1.7 400.0 8.1 -62.2 0
28.2 1.3 400.0 8.4 -68.3 0
28.3 1.0 400.0 8.8 =73.7 0
28.4 0.6 400.0 9.3 -78.5 0
28.5 0.3 400.0 9.9 -82.8 0
28.6 0.1 400.0 10.5 -86.5 0

CM IN RADAR CONE 53.84616 PERCENT
CMMCA W/IN STRUCTURAL LINITS 100.0000 PERCENT
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Figure 41. CMMCA and Cruise Missile Paths, CMMCA Starting Trailing
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JSTOP = 62032.16
# ITERATIONS = 150

T BANK  SPEED  RANGE THETA  RADAR STRUCT
0.1 0.1  400.2 8.0 0.0 1 1
0.2 0.1  400.2 8.0 0.0 1 1
0.3 0.1  400.2 8.0  -0.1 1 1
0.4 0.1  400.2 8.0  -0.1 1 1
0.5 0.1  400.2 8.0  -0.2 1 1
0.6 0.1  400.2 8.0  -0.2 1 1
0.7 0.1  400.2 8.0  -0.3 1 1
0.8 0.1  400.2 8.0  -0.3 1 1
0.9 0.1  400,2 8.0  ~0.4 1 1
1.0 0.2  400.2 8.0  -0.5 1 1
1.1 2.2 400.2 8.0  -0.5 1 1
1.2 0.2 400.2 8.0  -0.6 1 1
1.3 0.2 400.2 8.0  -0.7 1 1
1.4 0.2  400.2 8.0  -0.8 1 1
1.8 0.2 400.2 8.0  -0.9 1 1
1.6 0.2 400.2 8.0  -1.0 1 1
1.7 0.2  400.2 8.0 1.1 1 1
1.8 0.2 400.2 8.0  -1.2 1 1
1.9 0.2 400.2 8.0  -1.4 1 1
2.0 0.2  400.2 8.0  -1.5 1 1
2.1 0.2 400.2 8.0  -1.6 1 1
2,2 0.2 400.2 8.0  -1.8 1 1
2.3 0.2 400.2 8.0  -1.9 1 1
2.4 0.3  400.2 8.0 -2.1 1 1
2.5 0.3  400.2 8.0  -2.3 1 1

2.6 0.3  400.2 8.0  -2.5 1 1
2.7 0.3  400.2 8.0  -2.7 1 1
2.8 0.3  400.2 8.0  -2.9 1 i
2.9 0.3 400.2 8.0  -3. 1 1
3.0 0.3  400.2 8.0  -3.3 1 1
3.1 0.3  400.2 8.0  -3.5 1 1
3.2 0.3 400.2 8.0  -3.7 1 1
3.3 0.3 400.2 8.0  -4.0 1 1
3.4 0.3 400.2 8.0 -3.6 1 1
3.5 0.3  400.2 8.0  -2.7 1 1
3.6 0.2 400.2 7.9 -1.2 1 1
3.7 0.3  400.2 7.8 0.9 1 1
3.8 0.3  400.2 1.7 3.5 1 1
3.9 0.3  400.2 7.8 6.8 1 1
4.0 0.3  400.2 7.5  10.5 1 1
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16 23.6  399.0 . 35
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16 23.1  399.0 20.9
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17.3 -0.5  400.2 . -14.4

C17.4 -0.5  400.2 . -18.5

. -23.2

17.5  -0.5 400.2
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26.6 -0.4 400.1 7.6 ~11.8 1
26.7 -0.8 400.1 7.4 -16.2 1
26.8 -0.6 400.1 7.3 ~21.2 1
26.9 37.2 399.8 7.2 -33.5 1
27.9 -2%1.5 400.2 7.1 -43.1 1
27.1 -23.9 400.2 7.2 -42.7 1
27.2 -24.0 400.2 7.2 -41.7 !
27.3 ~25.8 400.2 7.3 -40.1 1
27.4 -23.8 400.2 7.4 -37.8 1
27,5 -23.9 400.1 7.6 -34.9 1
27 6 ~23.5 400.1 7.6 -31.4 1
27.1 -23.9 400.1 7.7 -27.4 1
27.8 -23.6 400.1 7.8 -22.7 1
27.9 -23.5 400.1 7.8 -17.4 1
3.0 ~23.3 400.1 7.9 -11.6 1
28.1 ~23.7 400.0 7.9 -5.1 1
28.2 =21.1 400.0 7.9 1.5 1
28.3 0.1 400.0 7.9 4.9 1
28.4 0.0 40C.0 7.0 5.4 1
8.5 (VY] 40 0 7.9 5.8 1
28.6 0.0 400.0 7.9 6.2 1

CM IN RADAR CONE 10¢.0000 PERCENT
" CMMCA W/IN STRUCTURAL LIMITS 97.30209 FERCENT
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Appendix G. Graphaical Output for Double Precision Runs

This appendix contains the graphical output from the results of running the
program using double precision variables over the fourth flight profile. For both
initial CMMCA flight paths, this appendix contains a plot of the CMMCA flight
path relative to the cruise missile flight path, the plot of the overall J value at each
iteration of the program, and the output file RESULTS.OUT, which contains the
CMMCA bank angle, airspeed, and position relative to the cruise missile at every

point in the solution.

195




m T T Y T T
CMMCA —
0F CM — -
60 -
50 -1
Y-Pos 0F )
(nm)
30 - -
20 | -
10 - .
0 i 1 | 1 1
-40 -30 ~20 -10 0 10 20 30

X-Pos (nm)

Figure 43. CMMCA and Cruise Missile Paths, CMMCA Starting Straight
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JSTOP = 25884.17258196169
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 1.9 400.1 8.0 ~0.3 1 1
0.2 2.1 400.1 8.0 -0.9 1 1
0.3 2.3 400.1 8.0 -1.6 1 1
0.4 2.5 400.1 8.0 -2.5 1 1
0.5 2.8 400.1 8.0 -3.4 1 1
0.6 3.0 400.1 8.0 -4.5 1 1
0.7 3.1 400.1 8.0 -5.7 1 1
0.8 3.3 400.1 8.0° ~7.1 1 1
0.9 3.5 400.1 8.0 -8.6 1 1
1.0 3.7 400.1 8.0 -10.2 1 1
1.1 3.8 400.1 8.0 -11.9 1 1
1.2 3.9 400.1 8.0 -13.8 1 1
1.3 4.1 400.1 8.1 -15.8 1 1
1.4 4.2 400.1 8.1 -17.9 1 1

1.5 4.3 400.1 8.1 -20.1 1 1

1.6 4.4 400.1 8.2 -22.4 1 1
1.7 4.5 400.1 8.2 -24.9 1 1
1.8 4.6 400.1 8.3 -27.4 1 1
1.9 4.6 400.1 8.3 -30.1 1 1
2.0 4.7 400.0 8.4 -32.8 1 1
2.1 4.7 400.0 8.5 -35.6 1 1
2.2 4.7 400.0 8.6 -38.5 1 H
2.3 4.8  400.0 8.8 -41.4 1 1
2.4 4.8 400.0 8.9 -44.3 1 H
2.5 4.8 400.0 9.4 -47.3 1 1
2.6 4.8 400.0 9.2 -50.2 1 1
2.7 4.7 399.9 9.4 -63.2 1 1
2.8 4.7 399.9 9.7 -56.1 1 1
2.9 4.7 399.9 9.9 ~69.0 1 1
3.0 4.6 399.9 10.2 -61.9 0 1
3. 4.5 399.8 10.4 -64.7 0 1
3.2 4.4 399.8 10.7 -67.4 0 1
3.3 4.3 399.8 11.1 -70.1 0 1
3.4 4.2 399.8 11.4 -72.3 0 1
3.5 4.1 399.7 11.5 -74.2 0 1
3.6 3.9 399.7 11.8 -75.7 0 1
3.7 3.8 399.7 11,9 =77.1 0 1
3.8 3.6 399.6 12.0 -78.2 0 1
3.9 3.4 399.6 12.0 -79.2 0 1
4.0 3.2 399.6 12.0 -80.1 0 1
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3.0 399.5 11.9 -81.0
2.7 399.5 11.9 -81.8
2.5 399.4 11.9 -82.6
2.2 399.4 11.9 -83.2
2.0 398.3 11.9 -83.8
1.7 399.3 11.9 -84.3
1.4 399.2 11.9 -84.8
1.0 399.2 12.0 -85.1
0.7 399.1 12.0 -85.4
0.4 399.1 12.0 -85.5
0.0 399.0 12.1 -85.6
-0.3 399.0 12.1 -85.6
-0.7 398.9 12.1 -85.4
-1.1 398.8 12.1 -85.2
-1.5 398.8 12.2 -84.8
-1.9 398.7 12.2 ~84.3
-2.3 398.6 12.2 -83.8
-2.7 398.5 12,2 -83.0
-3.1 398.5 12.2 -82.2
-3.5 398.4 12.2 -81.2
-4.0 398.3 12.2 -80.1
-4.4 398.2 12.1 -78.9

-4.9 398.2 1241 ~77.5
-6.3 398.1 12.0 -75.9
-5.8 398.0 11.9 -74.2
-6.2 397.9 11.8 -72.4
-6.7 397.8 1.7 ~70.4
-7.1 397.8 11.6 -68.2
-7.6 397.7 11.6 -66.0
-8.1 397.6 11.6 -63.8
~8.5 397.5 11.6 -61.5
-9.0 397.5 11.7 -59.2
-9.4 397.4 11.8 -56.9
-9.8 397.4 11.9 -54.6
-10.3 397.3 12.1 -52.4
-10.7 397.3 12.2 =50.2
-11.1 397.2 12.4 -48.0
-11.4 397.2 12.6 -45.9
-11.8 397.1 12.8 -43.8
-12.2 397.1 12.9 -41.7
-12.5 397.1 13.1 =39.7
-12.8 397.1 13.2 -37.6
-13.0 397.4 13.4 -35.7
-13.3 397.1 13.5 =33.7
-13.5 397.1 13.6 -31.8
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400.2 7.4 29.7
398.1 7.5 29.8
398.1 7.6 25.9
398.0 7.6 21.3
398.0 7.6 16.1
397.9 7.7 10.4
397.8 7.7 4.1
398.6 7.7 -1.5
400.0 7.7 -3.8
400.0 7.7 -4.0
399.8 7.7 -4.5
400.4 7.7 -4.4
399.8 7.7 -4,2
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400.1 7.7 -4.7
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400.1 7.7 -4.8
400.0 7.7 -5.6
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400.1 7.6  -11.0
400.1 7.6  ~13.7
400.1 7.6 -16.9
400.1 7.6  =20.7
400.1 7.5  -24.9
400.1 7.6  -29.5
400.1 7.6 -34.6
400.1 7.6  -40.1
403.1 7.6  -42.8
403.1 7.6  -42.7
403.2 7.7  -42.5
403.3 7.8  -42.2
403.4 7.8  -41.8
403.4 7.9 -41.4
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0.8 399.9 8.4 2.9
0.3 399.9 8.4 2.7
0.6 399.9 8.4 2.5
0.6 399.9 8.4 2.9
0.8 399.9 8.4 3.8
0.5  399.9 8.4 5.2
0.7  399.9 8.3 7.2
0.7  399.9 8.3 9.7
0.7  399.9 8.2 12.7
0.9  399.9 8.1 16.3
0.5  399.9 8.0 20.5
0.7  399.9 7.9 25.2
0.7  399.9 7.8 30.6
0.7  399.9 7.7 36.4
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Appendix H. Results of Segmenting Flight Path Four

This appendix contains the graphical output from the results of the segmenta-
tion of the fourth flight path. The output from the first section of the fourth flight
path is presented first. This covers the cases where the initial CMMCA flight path
was straight and the preliminary weighting scheme was used, the initial CMMCA
flight path was straight and the optimal weighting scheme was used, the initial
CMMCA flight path was trailing and the preliminary weighting scheme was used,
and finally the initial CMMCA flight path was trailing and the optimal weighting
scheme was used. The same four cases are then presented for the second section of

the fourth flight path.

Each section of output contains a plot of the CMMCA flight path relative
to the cruise missile flight path, the plot of the overall J value at each iteration
of the program, and the output file RESULTS.OUT, which contains the CMMCA
bank angle, airspeed, and position relative to the cruise missile at every point in the

solution.
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JSTOP = 5741.868
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 -2.5 400.8 8.0 0.4 1 1
0.2 -2.3 400.8 8.0 1.1 1 1
0.3 -2.0 400.8 8.0 1.9 1 1
0.4 -1.8 400.8 8.0 2.6 i 1
0.5 -1.5 400.8 8.0 3.2 1 1
0.6 -1.2 400.8 8.0 3.9 1 1
0.7 -0.9 400.8 8.0 4.4 1 1
c.8 -0.7 400.8 8.0 5.0 1 i
0.9 -0.4 400.7 8.0 5.4 1 1
1.0 -0.1 400.7 8.0 5.8 1 1
1.1 0.2 400.7 8.0 6.1 1 1
1.2 0.5 400.7 8.0 6.3 1 1
1.3 0.8 400.7 8.0 6.4 1 1
1.4 1.1 400.7 8.0 6.5 1 1
1.5 1.4 400.7 8.0 6.4 1 1
1.6 1.7 400.6 8.0 6.2 1 1
1.7 2.0 400.6 8.0 5.8 1 1
1.8 2.3 400.6 8.0 5.3 H 1
1.9 2.5 400.6 8.0 4.7 1 1
2.0 2.8 400.5 8.0 4.0 1 1
2.1 3.1 400.5 8.0 3.1 1 1
2.2 3.4 400.5 8.0 2.1 H 1
2.3 3.6 400.5 8.0 0.8 1 1
2.4 3.9 400.5 8.0 =0.5 1 1
2.5 4.2 400.4 8.0 -2.0 1 1
2.6 4.4 400.4 8.0 =3.7 1 1
2.7 4.6 400.4 8.0 -5.6 1 1
2.8 4.8 400.4 8.0 -7.6 i 1
2.9 §.0 400.4 8.0 -9.9 1 1
3.0 5.2 400.3 8.0 -12.2 1 i
3.1 5.4 400.3 8.0 ~14.8 H i
3.2 5.5 400.3 8.1 -17.5 1 1
3.3 5.7 400.3 8.1 -20.4 1 i
3.4 5.8 400.3 8.1 -22.9 1 1
3.5 5.9 400.3 8.2 -24.9 1 1
3.6 6.9 400.3 8.2 -26.5 1 1
3.7 6.0 400.2 8.1 -27.8 1 1
3.8 6.0 400.2 8.0 -28.7 1 1
3.9 6.0 400.2 7.9 ~29.3 1 1
4.0 5.9 400.2 7.8 -29.6 1 1
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8.6 ~-15.5  401.5 8.6  -35.5
8.7 -15.9  401.4 8.7  -35.3
8.8 -16.2  401.4 8.8  -35.0
8.9 -16.5 40i.4 8.8  -34.7
9.0 -16.7  401.4 8.8  -34.4
9.1 -16.9  401.3 8.8  -3..1
9.2 -17.1  401.3 8.9  -33.8
9.3  -17.1  401.2 8.9  -33.6
9.4 -17.2  401.2 8.9  -30.8
9.5  -17.1  401.1 8.8  -33.2
9.6 -17.1  401.1 8.8  -33.1
9.7 =-16.9  401.0 8.8  -33.1
9.8 -16.7  401.0 8.8  -33.3
9.9 -16.5  400.9 8.7  -33.7
10.0  -16.2  400.8 8.7  -34.0
10.1  -15.8  400.8 8.7  -34.1
10.2 ° -15.5  400.7 8.7  -3.0
10.3  -15.1  400.6 8.8  -33.6
10.4 -14.6  400.6 8.9  -33.1
10.5  -14.1  400.5 8.9 -32.3
10.6 -13.6  400.4 9.0 -31.4

10.7  -13.1  400.4 9.1  -30.3
10.8  -12.6  400.3 9.2  =-29.1
10.9  -12.0  400.3 9.3  -27.8
11.0  -11.5  400.2 9.4 -26.4
t1.4  -10.9  400.2 9.4  -24.9
11.2  -10.3  400.1 9.5 -23.4
11.3 -9.7  400.1 9.5 -21.8
11.4 -s.1  400.0 9.6  -20.2
11.5 -8.5  400.0 9.6 -18.6
11.6 -7.9  399.9 9.6 -17.0
11.7 -7.3  399.9 9.7 -15.5
11.8 -6.7  399.9 9.7  ~-14.0
11.9 -6.1  399.8 9.7 -12.5
12.0 -5.5  399.8 9.7  =11.1
12.1 -4,2  399.8 9.7 -9.7
12.2 -4.3  399.7 9.7 -8.4
12.3 -3.7  399.7 9.7 -7.2
12.4 -3.1  399.7 9.7 -6.1
12.5 -2.6  399.7 9.7 -5.1
12.6 -2,0  399.6 9.7 -4.2
12.7 -1.5  399.6 9.7 -3.5
12.8 -0.9  399.6 9.7 -2.8
12.9 -0.4  399.6 9.7 -2.3
13.0 0.1  399.6 9.7 -1.9
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13.1 0.6 399.6 9.7 -1.7 1
13.2 1.1 399.6 9.7 -1.6 1
13.3 1.5 399.5 9.7 -1.7 1
13.4 2.0 399.5 9.7 -1.9 1
13.5 2.4 399.5 9.7 -2.3 1
13.6 2.8 399.5 9.6 -2.4 1
13.7 3.2 399.5 9.6 2.1 1
13.8 3.5 399.5 9.6 -1.6 1
13.9 3.9 399.5 9.5 -0.7 1
14.0 4.2 399.5 9.3 0.4 1
14.1 4.6 399.5 9.2 1.9 1
14.2 4.8 399.5 9.0 3.6 1
14.3 5.1 399.5 8.8 5.7 1
14.4 5.4 399.5 8.5 8.2 1
14.5 5.6 399.5 8.3 11 1
14.6 5.8 399.5 8.0 14.4 1
14.7 6.0 399.5 7.7 18.2 1
14.8 6.1 399.5 7.4 22.6 1
14.9 6.3 399.6 7.1 27.6 1
16.0 6.3 399.6 6.9 33.4 1
15.1 6.3 399.6 6.7 39.8 1
15.2 6.3 399.6 6.5 46.8 1
15.3 6.1 399.7 6.5 54.6 1
16.4 5.9 399.7 6.5 62.6 0
15.5 5.6 399.7 6.7 71.0 0
15.6 5.3 399.7 7.0 78.8 0
18.7 4.9 399.8 7.4 85.6 0
156.8 4.4 399.8 8.0 81.8 0
15.9 3.9 399.8 8.7 96.8 0
16.0 3.4 399.8 9.4 101.1 0
16.1 2.8 399.8 16.2 104.7 0
16.2 2.3 399.9 11.1 107.8 0
16.3 1.7 399.9 11.9 110.5 0
16.4 1.1 399.9 12.9 113.0 0
16.5 0.6 400.0 13.8 116.2 0
16.6 0.1 400.0 14.8 117.2 0

CM IN RADAR CONE 92.16868 PERCENT
CMMCA W/IN STRUCTURAL LIMITS 100.0000 PERCENT
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Figure 49. Section 1 CMMCA and CM Paths, CMMCA Starting Straight
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JSTOP = 6857.492
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 -3.0 401.0 8.0 0.4 1 1
0.2 -2.8 401.0 8.0 1.3 1 1
0.3 -2.5 401.0 8.0 2.2 1 1
0.4 -2.3 401.0 8.0 3.1 1 1
0.5 -2.0 401.0 8.0 4.0 1 1
0.6 -1.7 401.0 8.0 4.8 1 1
0.7 -1.4 400.9 8.0 5.6 1 1
0.8 -1.1 400.9 8.0 6.3 1 1
0.9 -0.8 400.9 8.0 7.0 1 1
1.0 -0.5 400.9 8.0 7.6 1 1
1.1 -0.2 400.8 8.0 8.1 1 1
1.2 0.1 400.8 8.0 8.5 1 1
1.3 0.4 400.7 8.0 8.9 1 1
1.4 0.7 400.7 8.0 9.2 1 1
1.5 0.9 400.7 8.0 9.4 1 i
1.6 1.2 400.6 8.0 9.4 1 1
1.7 1.6 400.6 8.0 9.4 1 1
1.8 1.7 400.6 8.0 9.3 1 1
1.9 2.0 400.6 8.0 9.0 1 1
2.0 2.3 400.5 8.1 8.6 1 1
2.1 2.5 400.5 8.1 8.1 1 1
2.2 2.8 400.5 8.1 7.5 1 1
2.3 3.0 400.5 8.1 6.7 1 1
2.4 3.2 400.4 8.1 5.8 1 1
2.5 3.5 400.4 8.1 4.7 1 1
2.6 3.7 400.4 8.0 3.5 1 i
2.7 3.9 400.4 8.0 2.2 1 1
2.8 4.1 400.4 8.0 0.7 1 i
2.9 4.3 400.4 8.0 -1.0 1 1
3.0 4.5 400.4 8.0 -2.8 1 1
3.1 4.7 400.4 8.0 -4.8 1 1
3.2 4.9 400.4 8.0 -6.9 H 1
3.3 5.1 400.4 8.0 -9.3 i 1
3.4 5.2 400.4 8.0 =111 1 1
3.5 5.4 400.5 8.0 -12.6 1 1
3.6 5.6 400.5 8.0 -13.6 1 1
3.7 5.6 400.5 8.0 -14.3 1 1
3.8 5.7 400.5 7.9 -14.6 1 1
3.9 5.8 400.6 7.8 -14.5 1 1




4.0 5.8 400.6 7.6 -14.1 1 i
4.1 5.8 400.6 7.5 -13.9 1 1
4.2 5.8 400.7 7.4 -13.7 1 1
4.3 5.8 400.7 7.3 -13.6 1 1
4.4 5.7 400.8 7.2 -13.7 1 1
4.5 5.6 400.8 7.1 -13.8 1 1
4.8 5.5 - 400.9 7.1 -13.9 1 1
4.7 5.4 400.9 7.0 -14.2 1 1
4.8 5.2 401.0 6.9 -14.6 1 1
4.9 5.0 401.0 6.9 -15.0 1 1
5.0 4.8 401.1 6.9 -15.5 1 1
5.1 4.6 401.2 6.8 -16.0 1 1
5.2 4.4 401.2 6.8 -16.6 1 1
5.3 4.1 401.3 6.8 -17.2 1 1
5.4 3.8 401.4 6.7 -17.9 1 1
5.5 3.5 401.5 6.7 ~18.6 1 1
5.6 3.1 401.6 6.7 -19.3 1 1
5.7 2.8 401.6 6.7 -19.9 1 1
5.8 2.4 401.7 6.7 -20.5 1 1
5.9 2.0 401.8 6.7 ~21.1 1 1
6.0 1.6 401.9 6.7 ~21.6 1 1
6.1 1.1 402.0 6.7 -22.1 1 1
6.2 0.6 402.1 6.7 -22.4 1 1
6.3 0.1 402.2 6.7 -22.6 1 1
6.4 -0.4 402.3 6.7 ~22.6 1 1
6.5 -1.0 402.5 6.7 -22.5 1 1
6.6 ~-1.6 402.6 6.7 -22.2 1 1
6.7 -2.2 402.7 6.7 -21.7 1 1
6.8 -2.8 402.8 6.7 -21.5 1 1
6.9 -3.5 402.9 6.7 -21.7 1 1
7.0 -4.2 403.0 6.8 -22.1 1 1
7.1 -5.0 403.1 6.8 -22.7 1 1
7.2 -5.7 403.3 6.8 -23.6 1 1
7.3 -6.5 403.4 6.9 -24.7 1 1
7.4 -7.3 403.5 6.9 -26.9 1 1
7.5 -8.1 403.6 7.0 -27.2 1 1
7.6 -8.9 403.7 7.1 -28.6 1 i
7.7 -9.8 403.8 7.1 -30.0 1 1
7.8 ~10.6 403.9 7.2 -31.4 1 1
7.9 -11.4 404.0 7.2 -32.8 1 1
8.0 -12.8 404.1 7.3 -34.1 1 1
8.1 -13.1 404.1 7.4 -36.4 1 1
8.2 -13.9 404.2 7.4 -36.5 1 1
8.3 -14.7 404.2 7.5 -37.5 1 1
8.4 -16.4 404.3 7.6 -38.3 1 1




404.3 7.7 -39.0
404.2 7.7 -39.5
404.2 7.8 -39.9
404.2 7.9 -40.0
404.1 8.0 -40.0
404.0 8.1 -39.8
403.9 8.1 -39.5
403.8 8.2 -39.0
403.6 8.2 -38.4
403.4 8.3 -35.0
403.3 8.3 -37.0
403.1 8.3 -36.2
402.8 8.3 -35.5
402.6 8.3 -34.8
402.4 8.3 -34.3
402.2 8.3 -33.6
402.0 8.4 -32.5
401.7 8.4 -31.2
401.5 8.5 -29.7
401.3 8.5 -27.9
401.1 8.6 -25.9
400.9 8.6 -23.7
400.7 8.7 -21.5
400.5 8.7 ~19.1
400.4 8.7 -16.6
400.2 8.8 -14.1
400.1 8.8 -11.6
399.9 8.8 ~9.0
399.8 8.8 -6.5
399.7 8.8 -3.9
399.6 8.8 -1.8
399.5 8.8 0.9 .
398.4 8.8 3.2
399.4 8.8 5.4
399.3 e.8 758
399.3 8.8 9.5
399.2 8.8 11.3
399.2 8.9 12.9
399.1 8.9 14.3
399.1 8.9 15.3
399.1 8.9 16.6
399.1 9.0 17.4
399.0 9.0 i7.9
399.0 9.0 18.3
399.0 8.0 18.3
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JSTOP = 3026.580
# ITERATIONS = 150

T BANK  SPEED RANGE THETA  RADAR STRUCT
0.1 -1.0  401.0 8.0 0.1 1 1
0.2 -0.9  401.0 8.0 0.4 1 1
0.3 -0.8  400.9 8.0 0.7 1 1
0.4 -0.8  400.9 8.0 1.0 1 1
0.5 -0.7  400.9 8.0 1.3 1 1
0.6 -0.6  400.8 8.0 1.6 1 1
0.7 -0.5  400.8 3.0 1.9 1 1
0.8 -0.4  400.8 8.0 2.1 1 1
0.9 -0.4  400.8 8.0 2.4 1 1
1.0 -0.3  400.7 8.0 2.6 1 1
1.1 -0.2  400.7 8.0 2.8 1 1
1.2 -0.1  400.7 8.0 3.0 1 1
1.3 0.0  400.7 8.0 3.2 1 1
1.4 0.1  400.6 8.0 3.4 1 1
1.5 0.1  400.6 8.0 3.5 1 1
1.6 0.2  400.6 8.0 3.6 1 |
1.7 0.3  400.6 8.0 3.7 1 1
1.8 0.4  400.6 8.0 3.7 | 1
1.9 0.5  400.6 8.0 3.7 1 1
2.0 0.6  400.6 8.0 3.7 1 1
2.1 0.7  400.5 8.0 3.6 1 1
2.2 0.8  400.5 8.0 3.5 1 {
2.3 0.8  400.5 8.0 3.3 1 1
2.4 0.9  400.5 8.0 3.1 1 1
2.5 1.0  400.5 8.0 2.9 1 1
2.6 1.1 400.5 8.0 2.6 1 1
2.7 1.2 400.5 8.0 2.2 1 1
2.8 1.3 400.5 8.0 1.8 1 1
2.9 1.4  400.5 8.0 1.3 1 1
3.0 1.6  400.5 8.0 0.8 1 1
3.1 1.6  400.5 8.0 0.2 1 1
3.2 1.7 400.5 8.0 -0.4 1 1
3.3 . 1.8 . 400.5 8.0 -1.2 1 1
3.4 1.9  400.5 8.0 -1.4 1 1
3.5 2.0  400.5 8.0 -1.1 1 1
3.6 2.1 400.5 7.9 -0.2 | 1

3.7 2.1 400.5 7.9 1.1 1 1
3.8 2.1  400.5 7.8 3.0 1 1
3.9°. 2.1 400.5 7.7 5.4 1 1
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4.0 2.1 400.6 7.6 8.2 i i
4.1 2.0 400.6 7.5 11.1 1 i
4.2 2.0 400.6 7.4 13.9 i 1
4.3 1.8 400.7 7.4 16.9 i 1
4.4 1.7 400.7 7.4 19.8 1 1
4.5 1.5 400.8 7.4 22.7 1 i
4.6 21.7 395.9 7.4 22.4 1 1
4.7 21.1 396.2 7.5 18.6 1 i
4.8 21.5 396.2 7.5 14.3 1 1
4.9 20.8 396.4 7.8 9.5 i i
5.0 20.7 396.5 7.5 4.3 i i
5.1 20.6 396.5 7.5 -1.4 1 1
§.2 13.3 398.2 7.5 -6.4 1 i
5.3 0.3 401.0 7.5 -8.7 i 1
5.4 ~0.2 401.1 7.5 ~9.1 i i
5.5 1.8 400.7 7.6 -9.7 1 i
5.6 -3.8 401.9 7.6 -9.8 i 1
5.7 1.3 400.8 7.6 ~9.9 1 1
5.8 -0.3 401.1 7.6 -10.3 1 i
5.9 -0.6 401.2 7.6 -10.6 1 i
6.0 -1.0  401.2 7.6  -10.7 1 1
6.1 -0.9  401.2 7.6 -10.7 1 1
6.2 -1.1  401.2 7.6  =10.7 1 1
6.3 -1.1  401.2 7.6  -10.7 1 1
6.4 -1.6  401.3 7.6 ~-10.5 1 1
6.5 -1.6  401.3 7.6 -10.3 1 1
6.6 -1.6  401.3 7.6 =10.0 1 1
6.7 -2.1  401.4 7.6 -9.6 1 1
6.8 -2.1  401.4 7.6 -9.6 1 1
6.9 -2.1  401.4 7.6 =-10.0 1 1
7.0 -2.7  401.5 7.6 -10.9 1 1
7.1 -2.6  401.5 7.6  -12,1 1 |
7.2 -2.8  401.6 7.6 -13.8 1 1
7.3 -3.1  401.6 7.6 -15.9 1 1
7.4 -3.1  401.6 7.6 -18.3 1 1
7.8 -3.0  401.6 7.6 =21.2 1 1
7.6 -3.4  401.7 7.5  -24.4 1 1
7.7 -3.3  401.7 7.5  -28.1 1 1
7.8 -3.3  401.7 7.5  -32.1 1 1
7.9 -3.1  401.6 7.6 -36.6 1 1
8.0 -20.9 407.1 7.6  -38.7 1 1
8.1  -20.5 . 407.1 7.6  -38.3 1 1
8.2 -20.5 407.3 7.7  -38.0 1 1
8.3 -20.7 407.5 7.7  -31.6 1 1
8.4 -20.6 407.6 7.8 -37.2 1 1
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JSTOP = 8274.818
# ITERATIONS = 150

T BANK  SPEED RANGE THETA  RADAR STRUCT
0.1 -0.7  401.1 8.0 0.1 1 1
0.2 -0.6  401.1 8.0 0.3 1 1
0.3 -0.6  401.0 8.0 0.5 1 1
0.4 -0.5  401.0 8.0 0.7 1 1
0.5 -0.4  401.0 8.0 0.9 1 1
0.6 ~0.4  401.0 8.0 1.1 1 1
0.7 -0.3  400.9 . 8.00 . 1.3 1 i
0.8 -0.3  400.9 . 8.0 1.4 1 1
0.9 -0.2  400.9 8.0 1.6 1 1

© 1.0 - -0.1  400.9 8.0 1.7 1 1
1.1 -0.1  400.9 8.0 1.8 1 1
1.2 0.0 400.9 8.0 2.0 1 {
1.3 0.1  400.8 8.0 2.0 1 1
1.4 0.1  400.8 8.0 2.1 1 1

1.5 0.2  400.8 8.0 2.2 i t
1.6 0.2  400,8 8.0 - 2.2 1 1
1.7 0.3  400.8 8.0 2.2 1 1
1.8 0.4  400.8 8.0 2.2 1 1
1.9 - 0.4 400.8 8.0 2.4 $ 1
2.0 0.5 400.8 - 8.0 . 2.1 1 1

2.1 .. .0:6 400.8 _ 8.0 2.0 1 1
2.2 0.6 400.8 8.0 1.8 1 1
2.3 Q.7 400.8 8.0 1.6 I 1
2.4 ~0.8  400.8 = 8.0 1.4 S S |
2.5 0.9 400.7 - 8.0 - 1.2 $ -
2:6 0.9 4007 . 8.0 0.9 B N
2.7 1.0 - 400.7 : 8.0 0.5 1.1

2.8 1.4 4007 80 - 0.2 R U !

2.9 1.1 - 400.7 8.0 ~-0.3 1 A
3.0 1.2 - 400.7 8.0 = -7 -1 1.

3.1 1.3 400.7 8,0 -1.3 1 1 :
3.2 ‘1.4 400.7 8.0 ~1.8 1 1 ) B
3.3 1.4 400.7 8.0 -2.8 S ¢ . o

3.4 1.5 .400.7 8.0 -2.5" S I
3.6 1.6 400.7 79 .21t -3

-.3.6 1.6  400.7 7.9 - -1.i 1 i

3.7 ‘1.6 -400.8 7.8 0.4 1 11
3.8 1.8 4008 7.7 2.5 1 1
3.9 1.6 1.6 5.2 1 1

flOO.S _




4.0 1.5  400.8 7.5 8.2 1 1
4.1 1.4  400.9 7.4 11.3 1 1
4.2 1.3 400.9 7.4 14.5 1 1
4.3 1.1 400.9 7.3 17.8 1 1
4.4 0.9  401.0 7.3 21.1 1 1
4.5 0.7  401.0 7.3 24.4 1 1
4.6 22.9  395.1 7.4 24.2 1 1
4.7 22.2  395.5 7.4 20.2 1 1
4.8 22.6  395.5 7.5 15.6 1 1
4.9 22.0  395.7 7.5 10.5 1 1
5.0 21.9  395.8 7.5 5.0 1 1
5.1 21.8  395.8 7.5 -1.2 1 1
5.2 13.9  397.8 7.5 -6.5 1 1
5.3 -0.3  401.3 7.5  -8.8 1 1
5.4 -0.8  401.4 7.5 -9.1 1 1
5.5 1.6 '400.9 7.5 -9.6 1 1
5.6 -4.7  402.3 7.5 -9.6 i 1
5.7 1.1 400.9 7.5 -9.4 1 1
5.8 -0.7  401.4 7.5 -9.8 1 1
5.9 -0.9  401.4 7.5 -9.9 1 1
6.0 -i.2  401.5 7.6 9.9 1 1
6.1 -1.1  401.5 7.5 -9.8 1 1
6.2 -1.2  401.5 7.5 -9.8 1 1
6.3 -1.1  401.4 7.6 -9.6 t 1
6.4 -1.6  401.6 7.6 ~9.5 1 1
6.5 -1.8  401.5 7.6 -3.2 1 1

6.6 -1.4  401.5 7.6 ~8.9 t 1
6.7 -2.0  401.6 7.6 -8.5 1 1

6.8 -1.9 - 401.6 7.6 -85 1 1

6.9 -1.8  401.6 7.6 ~9.0 1 1

7.0  -2.4 . 401.7 7.6 -9.9 -1 1

7.1 -2.1 . 401.7 7.6 -11.3 1 1

7.2 --2.3 4017 . 7.5  -13.1 1 1

- 7.3 -2.6 401.8. 7.5 -16.3 1 1
7.4 -2, 401.8 7.6 -17.9 1 1
7.8 -2.3  401.7. 7.6 -21.1 1 1
7.8 -2.7  401.9 - 7.5  -24.6 1 1
1.7 -2.6  401.8 . 7.4  -28.6 1 1
7.8 -2.4 . 401.8° 7.5  -33.0 1 1
L1090 -2 401,17 7.5 . -31.8 1 1
. RO . -21.8 408.3 7.5  -40.1 1 1
S 8.1 -21.1  408.3 7.6  -39.7 1 1

© 8.2° -21.0  408.8 7.6  -39.3 1 1
8.3  -21.3  408.8 7.7 -38.9 1 1
8.4 -21.1  408.8 7.7 -38.4 1 1




O W W WWTIWIWTCWTWIWOowowOow oK O

W - OODBADN D WNLO©® N0 N

10.

]
[~
o
O oo R WOOMO N OWWOo - 0l 0~ O~ O

-19.6
65,3
-74.8
40.6
-18.6
-19.2

1
N
(<2}
o

[N

.

-

» » -

NS W e OoEO 0 Mm S

.01 .

W B e e e M OO OO0O0O0OO
O W

408,
408.
408.
408.
408.
408.
408,
408.
408.
407 .
407.
407,
407.
406.
406.
406.
406.
405,

W o O W~NObhH O, OoONNOGOO ] O WWw

404.9

404.6
404.2
379.9
437.0
389.2
402.9
402.8
403.9
3989.1
389.0
399.1
399.1
399.1
399.1
399.0

399.1

399.1

899.1
399.1
3991
399.4

389.1
399.1
399.1

399.1
- 399.1

7.8
7.8
7.8
7.8
7.8
7.9
7.9
7.8
7.8
7.9
7.8
7.7
7.7
7.7
7.6
7.6
7.6
7.6
7.6
7.6
7.7
7.7
7.8
7.8
7.8
7.8
7.8
7.8
7.8
7.8
7.8

7.8

7.8
7.8

7.9

7§9
7.9
7.9

7$9

7.9

7.9
7.9

7\9

19

-37.9
-37.4
-36.9
-36.4
~-35.9
-35.3
-34.8
-34.2
~33.7
-30.2
~32.6
-32.0
-31.4
-31.0
-30.7
-30.1

- -29.1
~27.6

~26.7
-23.3
-20.5
-33.1
-20.7




13.0
13.1
13.2
13.3
13.4
13.5
13.6
13.7
13.8
13.9
14.0 -
14.1
14.2
14.3
14.4
14.5
14.6
14.7
14.8
14.9
16.0
16.1
16.2
15.3
16.4
16.5
16.6
16.7
16.8
16.9
16.0
16.1
16.2
16.3
16.4
6.6
16.6

27.1

W N WNDNDN
N 0= 01 W

3.4
3.8
3.6
4.0
4.1
4.2
4.5
4.2
4.4
4.4
4.3
4.2

27.0
26.7
26.3
256.9
25.7
25.4
24.7
24.6
24.0
23.7
23.2
23.3

22,3

22.4
22.5
22.1

©21.9

23.4

" -GN IN RADAR CONE

399,
399,
399.
399,
399.
399.
399.
399,
399.
399.
399.
399.
399.
399,
399.
399.
399.
399.2
397.9
398.0
398.1
398.2
398.3
398.4
398.5
398.7
398.8
399.0
399.1
399.3
399.4
399.6
399.7
399.8
399.9
399.9
400.0

L S = T = T = o S T S A A T T T

.
.
.
.
.
3
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
.
L3

.
.
L3
.
.
[y
.

.

7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.9
7.8
7.8
7.7
7.5
7.4
7.3
7.1
7.0
6.9
6.7
6.6
6.4
6.3
6.1
5.9
5.7
5.6
5.5
5.4
5.3
6.3
5.3
§.3
6.3
5.3
5.3
6.3

.

100.0000

CMMCA W/IN STRUCTURAL LINITS

O MWW WwWwwomo 34 ®
N W O OO 0WWNOOO 0, 00O OO0 0o,

NN NN - e
DO O = WO

24.
23.2
21.9
20.8
19.9
19.6
18.0
18.1
16.6
14.5
11.8
8.3
4.2
-0.8
-6.8
=134
-20.6

- PERCENT
98.19277

D O O I T T S O T R T S = T ol o = T o e T S Y Y T =

PERCENT

o b b b ek b B b b B S B b b b b b A b ba b b b b b b A A R R R R R R




] T T T T 1
CMMCA —
20 + CM —_—
10 - =
0r 4
Y-Pos -or ]
(nm)
-20 F -
.30 - -
-40 f -
_50 1 L 1. i A 1
-30 -20 -10 10 20 30

0
X-Pos (nm)

Figure 55. Section 2 CMMCA and CM Paths, CMMCA Starting Straight
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JSTOP = 2529.672
# ITERATIONS = 150

T BANK SPEED RANGE THETA RADAR STRUCT
0.1 7.1 398.6 8.0 -1.1 1 1
0.2 6.1 398.7 8.0 -3.1 1 1
0.3 5.2 398.9 8.0 -5.1 1 1
0.4 4.4 399.1 8.0 -6.9 1 1
0.5 3.5 399.3 8.0 -8.5 1 1
0.6 2.7 399.5 8.0 -10.1 1 1
0.7 1.9 399.6 8.0 -11.4 1 1
0.8 1.1 399.8 8.1 ~-12.5 1 1
0.9 0.3 400.0 8.1 -13.5 1 1
1.0 -0.5 400.3 8.1 -14.2 1 1
1.1 -1.3 400.5 8.1 -14.6 1 1
1.2 -2.2 400.7 8.1 -14.8 1 1
1.3 -3.0 401.0 8.1 -14.7 1 1
1.4 -3.8 401.3 8.2 -14.9 1 1
1.5 4.7 401.6 8.2 -15.4 i 1
1.6 -5.5 401.9 8.2 -16.1 1 1
1.7 -6.4 402.2 8.2 ~16.9 1 1
1.8 -7.3 402.5 8.2 -18.0 1 1
1.9 -8.1 402.9 8.1 -19.2 1 1
2.0 -9.0 403.3 8.1 -20.5 1 1
2.1 -9.9 403.7 8.1 -22.0 1 1
2.2 -10.8 404.1 8.0 -23.5 1 1
2,3 ~11.6 404.5 7.9 -25.1 i 1
2.4 -12.5 405.0 7.8 -26.8 1 1
2.5 -13.4 405.4 7.7 -28.6 1 i
2.6 -14.2 405.9 7.7 -30.4 i 1
2.7 -15.1 406.3 7.6 -32.3 1 1
2.8 -156.9 406.8 7.5 -34.2 1 1
2.9 ~16.7 407.3 7.4 -36.1 H 1
3.0 -17.5 407.7 7.3 ~38.0 1 1
3.1 -18.3 408.2 7.3 -39.9 1 1
3.2 -19.0  408.6 7.2 -41.8 1 1
3.3 -19.7 409.0 7.2 -43.6 1 1
3.4 -20.4 409.3 7.2 -45.3 1 1
3.5 -21.0 409.6 7.2 -46.9 1 1
3.6 -21.6 409.8 1.2 -48.4 1 i
3.7 -22.0 410.0 7.2 -49.8 1 1
3.8 -22.4 410.1 7.3 =51.0 1 1
3.9 -22.6 410.1 7.3 -52.3 1 1
4.0 -22.7 410.0 7.4 -53.0 1 1




4.1 =22.7 409.8 7.6 -863.1
4.2 -22.6 409.6 7.8 -52.4
4.3 -22.5 409.3 8.0 -561.2
4.4 -22.3 408.9 8.2 -49.4
4.5 -22.0 408.5 8.4 -47.0
4.6 -21.7 408.1 8.6 -44.2
4.7 -21.3 407.6 8.8 -41.0
4.8 -20.9 407.1 8.9 -37.5
4.9 ~20.5 406.6 9.0 -33.6
5.0 =20.0 406.1 9.1 -29.5
5.1 -19.5 405.6 9.2 ~25.1
5.2 -19.0 405.1 9.2 -20.4
5.3 -18.4 404.6 9.2 -15.5
5.4 -17.8 404.1 9.3 -11.0
5.5 -17.2 403.7 9.3 -6.8
5.6 -16.5 403.2 9.2 -2.9
5.7 -15.7 402.8 9.2 0.6
5.8 -14.9 402.4 9.2 3.7
5.9 ~14.1 402.1 9.1 6.3
6.0 -13.2 401.7 9.0 8.5
6.1 -12.2 401.4 8.9 10.2
6.2 -11.2 401.0 8.7 11.7
6.3 ~10.1 400.7 8.6 13.1
6.4 ~8.0 400.5 8.5 14.3
6.5 -7.8 400.2 8.4 16.3
6.6 -6.6 399.9 8.3 16.2
6.7 -5.4 399.6 8.3 16.8
6.8 -4.2 399.4 8.2 17.2
6.9 -2.9 399.1 8.1 17.3
7.0 -1.6 398.9 8.1 17.0
7.1 -0.4 398.6 8.1 17.¢
7.2 0.9 398.4 8.1 17.2
7.3 2.2 398.2 8.1 17.6
7.4 3.4 397.9 8.2 18.2
7.5 4.7 397.7 8.2 18.9
7.6 5.8 397.5 8.2 19.7
1.7 7.0 397.2 8.2 20.6
7.8 8.1 397.0 8.3 21.6
7.9 9.2 396.8 8.3 22.6
8.0 10.2 396.7 8.2 23.6
8.1 111 396.5 8.2 24.6
8.2 12,0 396.3 8.2 25.7
8.3 12.8 396.2 8.1 26.8
8.4 13.5 3986.1 8.1 21.9
8.5 14.2 396.0 8.0 29.1
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JSTOP = 6655.606
# ITERATIONS = 150

T BANK SPEED RANGE  THETA RADAR STRUCT
0.1 8.0 396.9 8.0 -1.2 1 1
0.2 7.0 397.3 8.0 -3.6 1 1
0.3 6.0 397.6 8.0 -5.8 1 1
0.4 5.0 397.9 8.0 -7.9 1 1
G.5 4.1 398.3 8.0 -9.8 1 1
0.6 3.2 398.6 8.0 -11.5 1 1
0.7 2.3 399.0 8.1 -13.1 1 1
0.8 1.4 399.4 8.1 -14.4 1 1
0.9 0.5 399.8 8.1 ~-15.6 1 1
1.0 -0.4 400.2 8.1 -16.5 1 i
1.1 -1.2 400.6 8.2 -17.1 1 1
1.2 -2.1 401.0 8.2 -17.4 1 1
1.3 -3.0 401.5 8.2 -17.5 1 1
1.4 -4.0 402.0 8.2 -17.8 1 1
1.5 -4.9 402.6 8.3 -18.3 1 1
1.6 -5.8 403.1 8.3 -19.0 1 1
1.7 -6.7 403.7 8.3 -19.9 1 1
1.8 ~7.7 404.3 8.3 -20.9 1 1
1.9 -8.6 404.9 8.3 =22.0 1 1
2.0 -9.5 405.6 8.3 -23.3 1 1
2,1 -10.4 406.2 8.2 -24.6 1 1
2.2 -11.3 406.9 8.2 -26.0 1 |
2.3 -12.2 407.6 8.1 ~27.5 1 1
2.4 -13.0 408.3 8.1 =29.0 1 1
2.5 -13.8 409.0 8.0 -30.6 1 1
2.6 -14.7 409.7 7.9 -32.2 1 1
2,7 -15.4 410.4 7.8 -33.8 1 1
2.8 -16.2 4111 7.8 -38.5 1 1
2.9 -17.0 411.8 7.7 -37.2 1 1
3.0 -17.7 412.4 7.6 -38.9 1 1
3.1 -18.3 413.0 7.6 ~40.6 1 1
3.2 -18.0 413.6 7.5 -42.3 1 1
3.3 -19.5 414.1 7.5 ~44.0 1 1
3.4 -20.1 414.6 7.5 -45.6 1 1
3.5 -20.6 416.0 7.5 -47.2 1 1
3.6 -21.0 415.3 7.5 -48.8 i 1
3.7 -21.3 415.5 7.5 -50.3 i 1
3.8 =21.6 415.7 7.6 -51.7 1 1
3.9 -21.7 415.7 7.6 ~53.2 i 1
4.0 -21.8 415.6 7.7 -64.3 1 1
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Figure 59. Section 2 CMMCA and CM Paths, CMMCA Starting Trailing

251




4000 T T 1 i T T n

3500 F

3000
Value

2500

2000 i A SR b i il

L]

‘ 500 L. A 1 L 1 1 i

0 20 40 40 80 100 120 §40
fteration Number

Figure 60. Plot of J Value versus Iteration Number
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JSTOP = 1654.592
# ITERATIONS = 150

T BANK SPEED RANGE THETA RADAR STRUCT
0.1 1.8 400.9 8.0 -0.3 1 1
0.2 1.6 400.9 8.0 -0.8 1 1
0.3 1.4 400.9 8.0 -1.3 1 1
0.4 1.2 400.9 8.0 -1.8 1 1
0.5 1.0 400.9 8.0 -2.2 1 1
0.6 0.8 401.0 8.0 -2.6 1 1
0.7 0.7 401.0 8.0 -3.0 1 1
0.8 0.5 401.0 8.0 -3.4 1 1
0.9 0.3 401.0 8.0 -3.7 1 1
1.0 0.1 401.0 8.0 -4.0 1 1
1.1 -0.1 401.1 8.0 -4.2 1 1
1.2 -0.2 401.1 8.0 -4.4 1 1
1.3 -0.4 401.1 8.0 -4.5 1 1
1.4 -0.6 401.1 8.0 =5.2 1 1
1.8 -0.8 401.1 8.0 ~6.4 1 1
1.6 -0.9 401.2 8.0 -8.1 1 1
1.7 -1 401.2 7.9 -10.4 1 1
1.8 -1.2 401.2 7.9 -13.1 1 1
1.9 -1.3 401.2 7.8 ~16.5 1 H
2.0 -1.3 401.2 7.7 -20.3 1 1
2.1 -1.4 401.2 7.6 -24.7 1 1
2.2 -1.4 401.2 7.6 -29.7 1 1
2.3 -1.3 401.2 7.5 ~36.2 1 1
2.4 -1.3 401.1 7.5 -41.3 1 1
2.5 ~21.9 411.2 7.5 -44.8 1 1
2.8 -21.4 411.3 7.8 -45.5 1 1
2.7 -30.3 416.7 7.6 -44.8 1 0
2.8 =30.1 417.0 1.6 -42.8 i 0
2.9 -21.8 412.5 1.5 -41.7 1 1

- 3.0 -22.3 412.9 7.8 ~42.2 1 \
3.1 -21.9 412.7 1.5 -42.7 1 1
3.2 «22.5 413.1 7.5 -43.2 1 1
3.3 -22.7 413.2 1.5 ~43.7 1 1
3.4 -23.1 413.3 1.5 ~44.1 1 1
3.5 -22.9 413.1 7.5 -44.5 1 1
3.6 -23.5 413.2 7.5 -44.9 1 1
3.7 -23.5 413.0 7.5 -45.2 1 i
3.8 ~24.1 413.0 7.6 -45.4 1 1
3.9 -24.1 412.7 7.5 -45.7 1 1
4.0 -24.5 412.5 7.5 ~45.5 1 1
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Figure 61. Section 2 CMMCA and CM Paths, CMMCA Starting Trailing
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JSTOP = 7064.657
# ITERATIONS = 150

T BANK  SPEED RANGE THETA  RADAR STRUCT
0.1 1.6  401.1 8.0 -0.2 1 1
0.2 1.4  401.1 8.0 -0.7 1 1
0.3 1.2 401.1 §.0 ~1.1 1 1
0.4 1.1 401.1 8.0 -1.6 i 1
0.5 0.9  401.1 8.0 -2.0 1 1
0.6 0.7  401.2 8.0 2.4 t 1
0.7 0.6  401.2 8.C -2.7 1 1
0.8 0.4  401.2 8.0 -3.0 1 1
0.9 0.2 401.2 8.0 -3.3 1 1

.0 0.1  401.3 8.2 -3.5 1 1

.1 ~0.1  401.3 8.0 3.7 1 1

.2 -0.2  401.3 8.0 -3.9 1 1

.3 -0.4  401.3 8.0 4.0 1 1

4 0.6  401.4 8.0 4.6 1 1

.5 -0.7  401.4 8.0 5.8 S |

.6 -0.9  401.4 7.9 7.5 1 1

7 -1.0  401.,§ 7.9 -9.8 1 1

8 -1.1  401.5 7.8  -12.8 1 i

.9 -1, 4031.5 7.8  -16.9 1 1

.0 -1.1  401.5 7.7 -19.8 1 1

A -1.1  401.5 7.6 =243 3 i

2 -1.0  401.4 7.5 -9.4 1 1

3 =09 4014 T8 -35.0 | 1

2.4 -9.8  401.3 7.6 -41.3 1 t
T2.8 -22.9 414.8 7.6 4.7 1 1
2.6 -22.2  416.0 7.5 ~45.3 1 1

S 2.1 -31.6 4222 7.5 =444 S
2.8 +31.3 4.5 1.5  -42,0 T
2.9 -22.6 4166 7.6  -40.9 R |
LA e229 M0 7.4 -a13 1 1
o317 - - 4168 7.4 -41.8 § 1
3.2 -25.0 417.3 7.4 -42.3 1 i
33 -23.2 0 4174 1.4 -42.7 1 1
3.4 -23.6 417.6 7.4 -43.1 1 1
3.5 7233 41.3 7.3 433 1 1
3.6 239 474 7.3 440 i 1
T -238 a174 7.3 ~44.3 1 1
38 a4 ara 7.3 -448 1 1
3.9 44 407 7.3 -44.9 i 1

: 1 1

4.4 ~24.8 416.% 7.3 “44.7
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23.3 391.9 7.3 33
23.4 392.0 7.2 3?
23.1 392.3 7.2 31
23.0 392.6 7.1 30
22.5 393.0 7.0 30
22.6°  393.3 6.9 29
22.1 393.7 6.9 29
22.0 394.1 5.9 27
21.5 394.5 6.9 26
21.7 394.9 6.9 24
21.0 396.4 6.9 21
20.9 395.7 69 18
20.9 396.1 7.0 14
20.5 396.5 7.0 10
20.8 396.8 7.0 5
16.9 397.8 7.0 1
-1.2 400.6 7.0 -0
-1.7 400.7 7.0 1
-1.6 400.7 6.9 3
-1.6 400.7 6.9 3.
-1.4 400.6 6.9 4.
-1.9 400.7 6.9 3.
-1.8 400.7 6.9 2.
-1.7 400.7 6.8 1.
-1.5 400.6 6.7 -1.
-1.8 400.7 6.6 -4
-1.5 400.6 6.5 -7
33.4 397.7 6.4 -18
-23.7 402.3 6.3 -26
-22.8 402.0 6.2 -26
-22.7 401.9 6.1 -26
-22.2 401.6 6.0 -26
-21.9 401.5 6.0 -25
-21.7 401.3 6.0 -23
-21.1 401.1 6.0 ~21
-21.4 400.9 6.0 -19
-20.9 400.7 6.1 -16
-20.8 400.6 6.1 -12.
-20.9 400.5 6.1 -7.
-21.1 400.4 6.1 -2
-18.8 400.2 6.1 3.
0.7 393.9 6.1 6.
0.5 400.0 6.1 6
0.3 400.0 6.1 6
0.2 400.0 6.1 6.
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CM IN RADAR CONE 100.0000 PERCEXT
CMMCA W/IN STRUCTURAL LIMITS 96.94656 PERCENT
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