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&K Abstract

Four real-time heuristic algorithms for determining aircraft evasion
strategies against a multiple missile threat are described. Algorithms 1
and 2 are based on a "myopic” saddle-point calculation which apportions the
projection of the instantaneous aircraft acceleration among the normals to
the individual maneuver or guidance planes defined by each missile and its
target., Algorithms 3 and 4 are also based cn*“myopic”Psaddle-point calcu-
lations. These latter two algorithms apportion the projection of the instan-
taneous aircraft acceleration into the individual maneuver planes so as to
maximize the minimum of a function which is related to the line of sight
rate of each missile threat, These latter two algorithms are motivated by
the concept of anti-proportional navigation,

Each algorithm has the following properties: i) each requires rela-
tively minimal dynamic and parametric information; ii) each provides cap-
ability against an N missile threat; iii) each generates aerodynamically
feasible aircraft maneuvers which meet both structural and pilot stress
limitations; iv) each is computable using foreseeable hardware; v) each
exhibits markovian behavior, i.e., each is restartable from present state
information.

» Simulation results using each algorithm with generic F-4 and AIM-9
truth models,characterized by nonlinear differential equations, including
lift, drag, gravity, 3-dimensional poin“" mass dynamics, aircraft load factor
and roll rate limits, and missile autopilot dynamics and load factor limits
are presented.

All four heuristic algorithms are motivated by a formal game theoretic
model for multiple missile evasion. This formal game theoretic analysis is
included as part of this study.
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1.0 Introduction and Summary

This report éresents the results of research on the application of a
blend of game theory, control theory, and decision analysis to air-to-air
fire control. The focus of this study embraces the determination of aircraft
evasion strategies against both single and multiple missile threats. The
results include:

i) The delineation of mathematical models for the determin-
ation of optimal evasion strategies against multiple missile threats.
ii) The design and implementation of a series of computer
simulation models for studying the characteristics of evasive aircraft
maneuvers against both single and multiple missile threats.
iii) The determination and validation of heuristic algorithms
which could be implemented to achieve real-time onboard calculation

and execution of evasive maneuvers against single and multiple missile

threats,

This report is presented in six parts:

Part 1. Introduction and Summary

Part 2, Overview, Alternative Problem Characterizations,
and Background Information

Part 3. Heuristic Algorithms for Determining Evasion
Strategies Suitable for Real-Time Onboard Computation

Part 4. Computer Simulation Models for Determining and
Evaluating the Global and Local Characteristics

of Evasive Maneuvers

Part 5. A Game Theoretic Model for Determining Aircraft
Evasion Strategies Against a Multiple Missile Threat

Part 6. Conclusions and Recommendations for Further Research.
The material is presented in this order to emphasize the goal of applicability,
as opposed to the delineation of elegant mathematical models which provide

base lines or figures of merit but do not lead directly to real-time algorithms.




However, the historical evolution of this research follows the ordering
Part 5, Part 4. rart 3,

The w rk contained in Parts 3 & 4 represent research contributions
by Mr., Michael Sheketoff and are the basis for hLis Masters Thesis in
Systems Engineering (Sheketoff, 1979). Parts 3 & 4 also provide the basis
for two papers (Sheketoff & Mintz, 1979%a, & 1979b). The work in Part 5
represents research contributions by Mr. Stephern F. Huling and are a part
of his Ph.D. Dissertation in Systems Engineering (Huling, 1979). Part 5

also provides the basis for a paper (Huling & Mintz, 1977).




2,0 OQverview, Alternative Problem Characterizations, and Background Informaticn

2.1 Overview

The generic problem of determining how to maneuver an aircraft to evade
a missile threat is by no means new. The U.S. experience in Viet Nam and the
Israeli experience in the 1967 and 1973 wars have clearly demonstrated the
need to develop and perfect practical methods for blunting the effectiveness
of various missile threats. We cite the following open literature as being
representative of recent work in missile evasion and allied studies which
have been carried out by other investigators: (FAAC, 1977); (Garnell & East,
1977); f‘rumman, 1975); (Grumman, 1976); (Poulter, 1975); (Shinar & Steinberg,
1976); (TASC, 1977); & (Veda, 1977). The dual to the missile evasion problem,
which has aroused at least equal interest, is the determination of Missile
Launch Envelopes (MLE)., The missile evasion problem and its dual, the MLE
determination, are clearly linked, since knowledge of when or whether to
launch a missile to counter an aircraft threat depends on the potential for
evasive maneuvering on the part of the target aircraft. We cite the following
recent technical proposals (submitted in response to RFP F33€15-77-R-1014)
by the First Ann Arbor Corporation (FAAC, 1977) and the Veda Corporation
(veda, 1977) as useful sources of relevant information for characterizing
the problem of missile launch envelope sensitivity analysis for an air-to-air
missile engagement.

Although the dual problems of evasive maneuver determination and launch
envelope determination are of interest in the air-to-air and ground-to-air
contexts, we shall focus our attention on the air-to-air case in the remainder
of this report., The simulaticn models described in Part 4 of this report
could however be relatively easily modified to represent the threat of a

multiple Surface-to-Air Missile (SAM) attack. 1In principle, the real-time




heuristic algorithms which are descriked in Part 3 of this report could be
applied to counter a multiple SAM threat., 1In order to evaluate the performance
of these heuristic algorithms against a multiple SAM threat, the user would
need to make some modificationg in the simulation programs in Part 4 to
account for the appropriate dynamics and guidance of the SAMs.
2.2 Alternative Problem Claracterizations and Background Information
The art of problem solving in an engineering setting requires that we

choose that minimal degree of complexity and fidelity for the various models
which serve to defipe our underlying problem, in order to:

i) capture a sufficient degree of accuracy and

ii) provide a potentially tractable solution within the confines

of our computational limitations.

The determination of evasive maneuvers against single and multiple missile
threats provides no exception to this general rule. In this section we shall
review the qualitative and quantitative aspects of a variety of alternatives
which have been proposed as approaches to obtaining a "solution" to the
evasion proﬁlem associated with a single missile threat, We begin the dis-
cussion of the determination of evasion strategies by considering a single
missile threat, since any evasion strategy whic.» protects against a multiple
missile threat should have reasonably good properties when used against a
single missile. fﬁ the process of delineating various approaches to the
single missile evasion problem, we shall refer to the dual problem, which
we have referred to previously as the MLE determination. This review of
cur-¢, . thinking about the MLE problem will provide us with a useful base
lire to ~ompare such common facets as:

i) Modeling Assumptions, &

ii) Parametric Variability.
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The taxonomy of missile evasion and MLE studies includes:
i) The classification of the models of the underlying dynamical
systems.
ii) The classification of decision criteria which are used to
measure the success of a given missile evasion scheme, or
the effectiveness of a given missile engagement opportunity
against a maneuvering target.
iii) Evasive maneuver modeling and generation.
The characteristics of the underlying dynamical models can be separated
into two basic classes:
i) Purely Deterministic Models, &
ii) Models which include Stochastic Effects,
These two classes can, in turn, be partitioned by taxonomic aspects of model
comblexity and applicability, which are determined by the design and level
of detail incorporated in the models of missile and aircraft flight dynamics,
control systems, and sensor behavior. These taxonomic aspects could include
the following mu;ually dependent considerations:
i) Nonlinear vs linear models of system dynamics.
ii) 1Inclusion vs exclusion of various lift, drag, and gravity terms.
iii) 3-dimensional kinematic behavior vs 2-dimensional kinematic
behavior.
iv) 1Incorporation of constraints on missile and aircraft maneuvers.
v) Incorporation of deterministic and stochastic aspects of sensor
and seeker dynamics, underlying constraints, and error sources.
We have classified the eight references cited in Section 2.1 based on
these taxonomic considerations. The results of our classification are contain-

ed in Table 2-1., We emphasize that these eight references are merely
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representative of recent work in missile evasion and allied studies, and that
these references ére, in their totality, neither complete with respect to the
available literature, nor exhaustive with respect to its content., We also
note that the design and rendering of a matrix or table for classifying the
taxonomic aspects of a lengthy report, monograph, or proposal is subject to
the interpretive analysis of the reviewer, and, hence, the reader should refer
the original work to obtain the complete picture. It is also important to
recognize that each report, monograph, or proposal was prepared with reference
to some specific set of goals, and, hence, any blanket comparison between

these works is to some degree inherently unfair.




Table 2-la

Reference Identification and Miscellaneous Notes

REEOItS

Reference 1. (TASC, 1977): .
Brown, C.M., and D.H. Johnson, "Fire Control Simulation (FICS) User's
Manual," The Analytical Sciences Corp., TR-750-1, July 1977. '

Reference 2. (Grumman, 1976):
Carpenter, G. and M., Falco, "Supercruise Vulnerability To Surface-To-Air
Missile Threats," Grumman Aerospace Corp., 1976.

Reference 3. (Shinar & Steinberg, 1976):

shinar, J. and D. Steinberg, "Analysis Of Optimal Evasive Maneuvers Based
On A Linearizecd Two-Dimensional Kinematic Model," Technion - Israel Institute
Of Technology, T.A.E. Report No. 230, 1976.

Reference 4. (Poulter, 1975):

Poulter, R.A., "Differential Game Guidance Versus Proportional Naviga-
tion For An Air-To~Air Missile," Air Force Institute Of Technology, GA/MC/75-5,
December 1975,

Reference 5. (Grumman, 1975): :

Carpenter, G. and M. Falco, "Analysis Of Aircraft Evasion Strategies In
Air-To-Air Missile Effectiveness Models," Grumman Aerospace Corp., Report No.
RE~506, August 197S.

Monographs

Reference 6. (Garnell & East):
Garnell, P. and D.J. East, Guided Weapon Control Systems, Pergamon
Press, 1977.

Proposals - MLE Sensitivity Analysis

Reference 7, (FAAC, 1977):
FAAC Proposal FP402U/2762, "Part I ~ Technical Proposal For A Missile
Launch Envelope Sensitivity Analysis,” First Ann Arbor Corp., January 1977.

Reference 8. (Veda, 1977):
Veda Proposal 13005-77U/Q0105, "Technical Proposal Volume I ~ Missile
Launch Envelope Sensitivity Analysis," Veda Corp., January 1977,
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Continuation of Table 2-1la

Miscellaneous Notes

Reference 1, Abstract:

"This user's manual documents the Flre gpntrol Simulation (FICS) computer
program. FICS is a FORTRAN simulation designed for the evaluation of a wide
range of defensive fire control processing techniques for a single missile-
target in a three dimensional engagement. It contains.realistic models for
attacking missiles, aircraft maneuver dynamics, escorted aircraft, coarse
tracking sensors, a fine tracker, and a weapon pointing and acquisition
system. In addition, it contains algorithms for target tracking, threat and
kill assessment, weapon handover, and flight control handover. ... It has full
monte carlo statistical evaluation capabilities ... "

Reference 2, Abstract:

"This paper presents a new effectiveness methodology with which to quanti-
tatively analyze vulnerability/survivability of aircraft to surface-to-air
missile threats. Supercruiser survivability tradeoffs with maneuver perform-
ance and threat warning system parameters are presented for a known SAM threat.
In addition the survivability sensitivity to a variety of penetration altitude
and Mach number flight conditions has been examined.

The approach is a blend of optimal control theory, stochastic learning
theory and dynamic simulation resulting in a learning algorithm which permits
the evaluation of aircraft evasive maneuvering as an integral part of the
survivability measure. The methodology develops optimal evasive strategies
in the form of a feedback control policy based upon a discretized set of
information states which are available as visual or threat warning system
cues to the pilot. The algorithm develops evasive strategies using the
optimization criteria of maximizing the survival probability for all possible
missile launch conditions."

Reference 3, Abstract:

"Optimal evasion from proportionally guided missiles is analyzed assuming
two-dimensional linearized kinematics. By this assumption a simple search
technique can be used instead of the cumbersome solution of a two point bound~
ary value problem. Due to the simplicity of this approach it is possible to
include in the mathematical model factors which have been neglected in other
analytic studies, It is demonstrated that these factors as: the exact
dynamic structure of the guidance system, the location of the saturating
element in the guidance loop, the limited roll rate of the evading aircraft,
etc., have major effects on the optimal maneuver sequence and determine the
order of magnitude of the resulting miss distance,

Comparison with studies, which used non-linear kinematic models, shows
that the domains of validity of linearized kinematics and two-dimensional
analysis coincide. In the case ¢f optimal evasion assessment, both assumptions
are limited in their validit’ to nearly head-on or tail chase engagements.

To analyze engagements of other initial conditions a three-dimensional model
is required., The method described in this paper can be extended for this
type of three~dimensional study."




Continuation of Table 2-la

Miscellaneous Notes

Reference 4, Abstract:

"proportional navigation is a closed loop optimal control for the case
of a linear dynam’c model of the air-to~air missile intercept problem and a
quadratic cost function (Ref ... ). :

This paper presents a differential game model of the intercept problem
using nonlinear realistic dynamics, free final time and a terminal cost
function related to probability of kill. With this model proportional navi-
gation is no longer optimal and the extent of its nonoptimality is indicated
for a range of saddle point solutions.

A guidance concept based on differential game theory is discussed and is
compared to proportional navigation in an off line simulation. The consider-
able gains made by this scheme over proportional navigation provide the incen-
tive to develop a real-time version." -

Reference 5, Abstract:

"This report presents a new methodology with which to quantify missile
effectiveness and aircraft vulnerability. The approach is a blend of applica-
tions of optimal control theory, stochastic learning theory, and simulation.
This methodology permits an evaluation of aircraft evasive maneuvering and
countermeasures deployment strategy as an integral part of the effectiveness/
vulnerability measurements., The strategy determination is a form of feedback
control policy based upon a discretized set of information thresholds in the
relative coordinate space as would be available to an evading aircraft pilot.
The optimization criteria of an evading aircraft is that of maximizing the
survival probability for all relative coordinates. The representative model
chosen for illustration is evasion from a close range air-to-air IR guided
missile.”

Reference 6, Notes:

The subject matter of this monograph is based on lecture notes given to
the Guided Weapon Systems (M.Sc.) Course at the English Royal Military College
Of Science in Shrivenham, Swindon. At the time of the completion of this
monograph (August 1976), this course was the only one of its type in the U.K.
and had been given continuously for twenty six years,

The chapter headings are: The Performance Of Target Trackers; Missile
Servos; Missile Control Methods; Aerodynamic Derivatives And Aerodynamic
Transfer Functions{ Missile Instruments; Autopilot Design; Line Of Sight Loops;
Homing Heads And Associated Stability Problems; Proportional Navigation And
Homing Guidance Loops; Wiener Filter Theory Applied To Guidance Loop Design;
Modern Control Theory Applied To Guidance Loop Design; Kalman Filters.

Chapter 9, Proportional Navigation And Homing Guidance Loops, contains
the bulk of the material in this monograph relating to the effects of target
maneuver,




Continuation of Table 2-la

Miscellaneous Notes

References 7 & 8, Notes:

The FAAC Technical Proposal For A Missile Launch Envelope Sensitivity
Analysis contains 2 very concise and lucid description of the essential
factors effecting the performance of an air-to-air missile of the AIM-9L
variety. This proposal calls for the use of an extensive simulation model
of the AIM-9L, which had been developed by FAAC, to generate the required
MLE sensitivity information. Similarly, the Veda Technical Proposal For A
Missile Launch Envelope Sensitivity Analysis calls for the use of an extensive
six degree of freedom cross-coupled flyout simulation model for the AIM-9L.
This latter model was available through the Naval Weapons Center (NWC) at
China Lake,

These simulation models represented, as of January 1977, the most widely
accepted digital computer simulation models of the AIM=SL. In light of the
extensive detail incorporated in these AIM~9L models, the fidelity of the
missile models used in References 7 & 8 will dominate the fidelity of the
generic air-to-air missile models used in the other representative references.




MSL Dynamics

Reference (s) Tyée #

3, 6 I

5 11
1, 2, 4 111
7, 8 v

2-9

Table 2-1b

Description

Linearized 2-dimensional point mass model with load
factor constraint.

Nonlinear 2-~dimensional point mass model with load
factor constraint.

Nonlinear 3-dimensional point mass model with load
factor constraint.

AIM-9L industry/government standard.

MSL Autopilot-Airframe Dynamics

Reference (s) Type #

4 0

5 I

1l II

2 Il
3, 6 Iv
7, 8 Vv

Stochastic Attributes

Reference(s) Type #
2-5,7,8 0

6 I

Description
Zero order dynamics in roll and AOA.

Linear first order roll (or yaw) dynamics and zero
order AOA dynamics.

Linear first order AOA dynamics and zero order roll
dynamics.

Linear first order pitch and yaw dynamics.

Linear nth order dynamics for lateral acceleration
with/without saturating elements,

AIM-9L industry/government ;tandard.

bescription
None ~ a purely deterministic model or application.

Angular noise and glint modules in monte carlo
missile simulation.

Large scale monte carlo simulation model including
effects such as: missile seeker/sensor noise and
wind gust disturbances.
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Continuation of Table 2-1b

Missile Seeker/Sensor Dynamics and Error Sources

Reference (s)

2, 3, 4

7, 8

Type #
0

IX

III

Iv

Aircraft Dynamics

Reference (s)

S

Type #

I

II

II1

Iv

Description

None - no dynamical constraints or error sources
are imposed in these models.

FOV limits, gimbal limits, gimbal rate limit, and
first order seeker dynamics.,

FOV limits, gimbal limits, gimbal rate limit, second
order seeker dynamics, angular noise, and glint,

Noise corrupted measturements of target: range,
azimuth, elevation, range rate, azimuth rate, eleva-
tion rate, and glint (optional).

AIM-9L industry/government standard.

Description

2~D kinematics with piecewise constant longitudinal
acceleration (3 values: +a, 0, -a) - motion along
simple arcs.

2~-D kinematics with constant aircraft-missile closure
rate and piecewise constant lateral acceleration,

Same as Type II with a ramp function modification of
the piecewise constant acceleration profile when roll
rate limits are assumed.

3-D kinematics with constant airspeed and zero order
lateral acceleration dynamics with load factor con-
straint,

Same as Type IV without constant airspeed.

3-D kinematics with constant airspeed and first order
roll and AOA dynamics with load factor constraint.




3.0 Heuristic Algorithms for Determining Evasion Strategies Suitable for

Real-Time Onboard Computation

3.1 Introduction

In this chapter we examine the real-time computation of aircraft evasion

strategies against a multiple missile threat using a game theoretic approach.

We describe herein several related heuristic algorithms for determining

evasion strategies suitable for real-time onboard computation. These algorithms

were developed subject to the following goals and constraints. Each algorithm

should:
i)
ii)

iii)

iv)

v)

require relatively minimal dynamic and parametric information,
provide capability against an N - missile threat (N > 2),

generate aerodynamically feasible aircraft maneuvers to meet
aircraft design limitations and pilot stress limitations,

be computable using foreseeable hardware, and

exhibit markovian bebhavior (be restartable from present
state information).

3.2 Aircraft and Missile Models

For the purposes of this study we chose generic models of the F-4 aircraft

{(Phantom II -~ McDonnell Douglas) and AIM-9 missile (Sidewinder). Salient

features of the aircraft and missile models employed in this study, include:

i)
ii)
iii)

iv)

v)

nonlinear models of system dynamics,

the inclusion of various lift, drag, gravitational forces,
3-dimensional kinematic bevavior with point mass dynamics,

the incorporation of constraints on missile and aircraft
maneuvers, including: missile autopilot dynamics, aircraft
roll rate limits, and missile/aircraft load factor constraints,

and

the assumption of a deterministic environment and perfect
tracking.
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The choice of this type of model was made to achieve a balance between simula-
tion fidelity and computational complexity, iﬁ the context of taking a first
cut at the real-time computation of aircraft evasion strategies against a
multiple missile threat. The attributes of the aircraft and missile models
incorporated in this study are closely matched by the dynamical models used
in (Poulter, 1975). The differences include the addition of missile autopilot
dynamics and aircraft roll rate limitations in the present study.

The details of the F-4 aircraft and AIM-9 missile dynamics used in the

present study are contained in Table 3-1.




Table 3~la

Definition of Dynamic Variables and Parametric Values which appear in the
Aircraft and Missile Models

Generic Variables and Parameters Common to both Aircraft and Missile Models:

R
X, v, 2z = earth based inertial coordinate system (Cartesian),

v - airspeed (magnitude),
Y - angle defined by velocity wvector and horizontal (x-y) plane,
o - angle defined by the projection of the velocity vector in the

horizontal plane and the x-axis,

T - thrust along vehicle center line,

a - angle of attack (AQa),

B - vehicle bank angle,

L - 1lift force (normal to velocity vector and wing plan:form),
D - - drag force {(colinear with velocity veétor),
m - wvehicle mass,

g - gravitational constant,

n - wvehicle load factor (n = L/mg),

CL - coefficient of lift,

CD - coefficient of drag,

S - characteristic area,

P - air density (p = poe-sz)
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Figure 3-la
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Table 3-1b
F-4 Aircraft Dynamics
dx/dt = vcos(y)cos (o)
dy/dt = vcos(y)sin(o)
dz/dt = vsin(y)
dv/dt = (Tcos(a)-D)/m - gsin(y)
dy/dt = (L+Tsin(a))cos(u)/mv - gcos(y)/v
do/dt = (L+Tsin(a))sin(u)/mvcos(y)
T = kl + knz + k3v
2
L = Cva S/2
CL = CL o
a
D =C st/z
DD
CD = CD + kC
0o

Parametric values

m = 1243.0 slugs
k1 = 22347.0 1bf (Afterburner Off);
k2 = - 0.7018 1bf/ft
k3 = 18.141 lbf-sec/ft
c, = 3.8986 rad !

a
CD = 0.01675

o
K = 0.223

2

S = 530.0 ft

35347.0 1bf (Afterburner On)

3-5




3-6

Conti:.uation of Table 3-1lb

Constraints on Aircraft Dynamics

The maximum allowed load factor is 8,0 g. The angle of attack is limited
to a maximum value of 25.0 degrees. This corresponds to approximately 29 AOA
Units on the cockpit AOA Indicator, based on the relation,

AOA Units = 1.03(a(degrees) + 3.3)+.
The maximum roll rate is limited to 600 deg/sec. This is three times the
maximum suggested roll rate in the F-4 "dash ~ one manual" (USAF, 1977). The
consequences of rolling at this higher rate could include damage to missile
stores. However, we have learned through informal conversations with F-4
pilots, that F-4 roll rates in excess of 600 deg/sec could be employed in

certain combat situations.

+ McDonnell Douglas Co. - Private Communication




Table 3-1c
AIM-9 Missile Dynamics
dx/dt = vcos(Y)cos (o)
dy/dt = vecos(y)sin(o)
dz/dt = vsin(y)
dv/dt = -(D/m + gsin(y))
dy/dt = Lcos(u)/mv = gcos(y)/v
do/dt = Lsin(u)/mvcos(y)
da/dt = -(a - acom)/t; acom = AOA commanded by missile guidance system
L =C v28/2
= Lp
CL = CL a
a
D = Cpvis/2
DD
CD = CD + kC
o

Parametric Values

m = 3.2 slugs

c, = 22.918 rad !
a .

CD = 0.7
o

K = 0.042

s = 0.223 ££2

T = 0.15 sec




Continuation of Table 3-lc

Missile Guidance Law

Proportional Navigation Relations:

Let 8 and Yy denote respectively, the yaw ard pitch line of sight (los)
angles, for the los defined by the missile and aircrafé depicted in Pigure 3-1lb.
Let d8/dt and 4dy/dt denote their respective rates.

Classical proportional navigation (AFA, 1975) provides that the missile
pitch and yaw rates (dy/dt & do/dt) are determined by: dy/dt = dew/dt, and
do/dt = Ryde/dt, where R.p and Ry are the Proportional Navigation Constants in

pitch and yaw. Hence,

tan(u) = (Ryde/dt)/(deW/dt + gecos(y)/v),
n= (Ryde/dt)vcos(Y)/sin(u), if d6/dt ¥ O
and _
n= (vRPdw/dt + gcos(y))/gcos(u), if do/d4t = O.

In this simulation we have specified that R.p = R.Y = 4,5, We remark that the
AIM-9L is roll rate stabilized, and, hence, the pitch and yaw commands in the
present simulation are unrealistic to the extent that the lateral acceleration
components will vary by as much as a factor ofv(Z)%, and the instantaneous

value of this factor will depend on the roll history of the missile (FAAC, 1977).

Constraints on Missile Dynamics

The missile load factor is constrained to be less than or equal to 15.0 g
in absolute value. No roll rate limit is specified, The AOA rate is limited

through the first order dynamics specified previously in this Table (t = 0.15 secj.
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3.3 Remarks on Modeling Philosophy and Underlying Assumptions
The choices of aircraft and missile models incorporated in this study

were made to capture those attributes of both dynamical systems which were
felt to be important in determining significant aspects of both global and
local characteristics of missile-aircraft interception behavior. 1In compari-.
son with the missile models employed in the eight exemplary references, which
were reviewed in Chapter 2, the missile model employed in the present study
is basically similar in detail to the deterministic aspects of the generic
missile model described in (TASC, 1977), the generic missile model described
in (Grumman, 1¢76), and the generic missile model described in (Poulter, 1975)
- augmented with autopilot dynamics. In making a similar comparison among
the aircraft models, we note that the aircraft model employed in the present
study is similar in detail to those described in (Grumman, 1976) and

(Poﬁlter, 1975) - when both are augmented to include aircraft roll rate limits.

3.3.1 Attributes of Aircraft-Missile Models in the Context of Evasive
Aircraft Maneuvering

The choice of 3-dimensional nonlinear models including lift, drag, and
gravitational forces, as well as the incorporation of constraints such as
missile autopilot dynamics, aircraft roll rate limits, and missile-aircraft
load factor limits, provides the means for accounting for significant aspects
of the global characteristics of missile-aircraft interception behavior.

The assumption of "linearizability" has been invoked in prior studies,
e.g., (Shinar & Steinberg, 1976) and (Garnell & East, 1977). This assumption,
when coupled with a deterministic model, allows one to analyze the evasion

problem as a fixed terminal time problem with vehicles that have constant air-

speed, The validity of this type of analysis is limited basically to end

game analyses on the order of ten missile autopilot-airframe time conctants
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in duration, with an engagement geometry which is within a small perturbation
from tail-chase or head-chase conditions (Shinar & Steinberg, 1976), or within
a small perturbation from a collision - constant wvelocity - flight path
(Garnell & East, 1977). The analysis based on linearization is useful in the
end game, when the conditions for its validity are met. However, the linear-
ization approach does not allow for the effect of global maneuvers which are
designed to evade missiles by initiating maneuvers outside the end game enve-
lope, or to provide for entry into a "favorable set" of end game states.
Simulation results, obtained in the present study, indicate that relative
missile-aircraft load factor capability, missile autopilot-airframe time con- ;
stants, aircraft roll rate limit, engagement geometry, relative airspeed, \
and maneuver timing play a significant role in the outcome of an evasive {
maneuver. The factors associated with engagement geometry and airspeed |
variability are global in extent, and therefore, these factors are not amen-
able to a linearized analysis outside the end game envelope.

It is important to note that the timing of a maneuver outside the end
game envelope can significantly affect the actual time at which an intercept
can occur., Hence, the goal of maximizing the missile~-aircraft miss distance
at an a priori specified terminal time can be quite misleading, because the
miss distance at the a priori terminal time can be quite large, but, without
any further maneuvering by the aircraft, the missile still may achieve an
intercept at a later time.

The importance of these previous considerations have been noted in ear-
lier studies, e.g., see the exemplary references cited in Chapter 2. The con-
tribution of the present study focuses on the evasive maneuver strategy deter-
mination in a multiple missile environment, when the luxury of a single or

one at a time end came analysis may not be available,
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3.3.2 Potentially Important Factors Omitted in the Missile Model

The major limitation of the missile model in the present study is the
unrealistic sensor-seeker characterization. Factors such as: seeker limits,
seeker dynamics, stochastic effects, and blind range are ignored entirely.
This lack of realism in seeker behavior makes the missile system appear to
be much more effective than it actually is. This and other modeling consider-
ations are the subject of a further study of evasive tactics in a multiple
missile environment., Finally, the important issue of counter measures has
also been ignored. From a systems point of view, it is clear that the poten-
tial use of counter measures should be considered in a missile evasion study.
However, for practical reasons, it was felt to be outside the potential scope
of this present study.
3.4 DAircraft Evasion Strategies - Basic Considerations
3.4.1 Qualitative Aspects |

In the analysis and synthesis of evasive maneuver strategies, it is use-
ful to partition the problem into two phases. Phase I will be referred to as
the Extra-End-Game (EEG) phase, and will denote that portion of the missile-
aircraft engagement outside the end game envelope. Phase II will be referred
to as the Intra-End-Game (IEG) phase, and will denote that portion of the
missile-aircraft engagement inside the end game envelope. It is important to
recognize that the end game envelope is not a totally precise notion. Qual-
itatively, we shali mean by the end game envelope that portion of the missile-
aircraft engagement in which the missile is within 10 - 15 missile time con-
stants of an interception or point of closest approach {(FAAC, 1977). It is
evident that the state space description of the end game envelope will depend
on the aircraft maneuvers in the EEG phase of the engagement. This coupling

between the end game envelope and the EEG phase maneuvering of the aircraft
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is conceptually quite similar to the variations that exist between MLE's in
the cases referred to as "target aware" versus'"target unaware"” conditions,
During the EEG phase, aircraft maneuvers initiated against a missile
launched inside the target unaware MLE would generally cause the missile to
maneuver in response to the changing orientation of the missile-aircraft
los vector. With significant "time-to-go" available (relative to the missile
autopilot-airframe time constants) the missile would be expected to "follow"
the aircraft's maneuvers. Hence, the goal of the aircraft would be to seek
to maneuver in such a way as to:

i) cause the missile to give up enough energy so as to "place the
missile beyond its maximum range" (FAAC, 1977), or

ii) cause the missile and aircraft to enter the end game envelope
in a region of state space favorable to the aircraft, i.e., a
region from which the aircraft could outmaneuver the missile
based on considerations such as: missile autopilot-airframe
time constants, relative turning radii, and seeker behavior.
It is important to note that, depending on initial conditions, there may be
"blends" of strategies based on i) and ii) which are reasonable for the air~-
craft to use., In addition to these considerations, the multiple missile
threat adds to the complexity of the decision environment by constraining
the aircraft to avoid situations where an escape from one missile leads to
a "setup" for a second missile.
3.4.2 Quantitative Methods

Earlier studies, e.g., (Poulter, 1975), (Shinar & Steinberg, 1976), and

(Garnell & East, 1977) consider the application of optimal control techniques

to determine aircraft evasion strategies. The work by (Poulter, 1975) address-
es the determination of optimal maneuvers in the EEG phase of the problem.
The computational aspects of the problem are fraught with difficulties which

are typical of free terminal time nonlinear programﬁing problems. The compu-~
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tational problem may exhibit local maxima and, hence, the determination of a
global solution mdy be difficult to obtain, and, in any case, very time-
consuming to achieve. In the context of the overall goals of this present
study, there seems to be no reasonable possibility of attaining a real-time
global solution to the optimal maneuver problem (again%t even a sipgle
missile) starting from the EEG phase.

If one seeks to optimize the maneuver starting from the IEG phase, by
assuming that the terminal time is known a priori and that linearization is
valid, one is led to a set of computationally tractable approximations, see
for example, (Shinar & Steinberg, 1976) and (Garnell & East, 1977).

The focus of the present study is on the real-time determination of
evasive maneuvers in a multiple missile environment, where the luxury of a
single or one at a time end game analysis may not be available, i.e., the
anaiysis and implementation of evasive maneuvering must begin in the EEG
phase. This brings us to the introduction of the heuristic algorithms which
have been developed for this purpose.

3.4.3 Geometric Aspects of Missile Guidance

Before we describe the heuristic algorithms, it is useful to review two
well-known concepts in missile guidance "lore",

i) the geometric-kinematic concept known variously as the Intercept,
Maneuver, or Guidance Plane (FAAC, 1977) and (Garnell & East,
1977), and

ii) the geometric-kinematic concept known as Anti-Proportional
Navigation (TASC, 1977).

The Maneuver Plane:

The maneuver plane is defined to be that plane determined by the missile-
aircraft los vector and the aircraft velocity vector.

"For a non-maneuvering target, the cptimum (miésile) heading angle lies

in the plane defined by the tarxget fairzraft) valocity vector and the los at
launch. This plane is sometimes called the intercept or maneuver plane, It
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is an estimate of this optimum heading that the fire control system usually
computes and provides to the pilot for steering cues. It is this same opti-
mum heading from which heading errors are measured. Since launches from
other than optimum heading require the missile to maneuver more than it would
if launched from the optimum, more missile energy is consumed and performance
is affected." (FAAC, 1977; p. 20).

When the missile velocity vector lies in the maneuver plane (as defined
above), the maneuver plane can be defined equivalently as that plane deterxr-
mined by the missile-~aircraft los vector and the relative velocity vector of
the missile and aircraft. We will employ this definition in the sequel.
Anti-Proportional Navigation:

The concept of anti-proportional navigation can be simply stated as that
aircraft maneuver which instantaneously maximizes the missile-aircraft line
of sight rate (TASC, 1977).

Let aw and ag denote respectively the aircraft acceleration in pitch and
yaw, as measured in missile-aircraft los coordinates (see Figure 3-2). Then,
a simple exercise in calculus demonstrates that, the missile-aircraft los

rate is maximized instantaneously (myopic maximization) when the aircraft

acceleration vector has maximum magnitude and an orientation defined by:

(aw/ae) (dy/at) /(dae/dt) cos (Y),

a

r 0,

and the signs of the components are chosen to increase the instantaneous los
rate.
The Relationship Between Anti-Proportional Navigation and the Maneuver Plane:
- -> -> .
The vector cross product G 4 los X v defines a normal vector to the

rel
maneuver plane, which is expressible in missile-aircraft los coordinates by:
¢ = (rawani, + (-rcos(w)de/dt)1¢,

-) -) . s 3
where i¢ and i, denote the unit vectors (in los coordinates) in the pitch

8

and yaw directions respectively. We observe that the ratio of the components
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Figure 3-2
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(aw/ae) of E is the negative reciprocal of the ratio (aw/ae) formed by the
components of the anti-proportional acceleration vector defined previously.
Hence, the anti-proportional acceleration vector lies in the maneuver plare,
3.5 Heuristic Alqorithms

Herein we describe four heuristic algorithms for ;ountering a'multiple
missile threat. The algorithms are defined for the case of N = 2 missiles;
however, the respective extensions to the general case (N > 2) is essentially
trivial in each instance. To simplify the following discussion, we denote
the algorithms by: Algorithm 1, .., Algorithm 4.

Let Ei (i=1,2] denote the unit normal vector associated with the maneuver
plane of missile i. Let Fi (i=1,2) denote the unit vector associated with the
commanded (desired) direction defined by the anti-proportional navigation rule
associated with missile i, We note that in los coordinates, the ratio of
piéch to yaw components of Ei is the negative reciprocal of the ratio of pitch
to yaw components of Fi' i=1, 2, Algorithms 1 & 2 are defined in terms of
the maneuver plane unit normals El & EZ' whereas, Algorithms 3 & 4 are defined
in terms of the anti-proportional navigation unit vectors ?l & Fz. Finally,
let K(u) denote the instantaneous total acceleration wvector of the aircraft.
The orientation of the aircraft total acceleration vector is a function of
the aircraft bank angle u, as well as the angle of attacs and the velocity
vector. The magn%iude of K(u) depends on the instantaneous aircraft drag,
lift, and thrust forces, as well as the force of gravity.

Algorithm 1:
Define Ji(p) by,
> >
Ji(u) = Gi'A(u), i=1, 2.

Define P(u,A) by,

PN = DI )+ (=03, 0],

where =7 <y < 7 rad, and 0 < A <1,
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* *
Algorithm 1 dictates that at each decision instant a pair (u ,A ) be
determined such that:

* *
P(M ,A ) = min max P(u,A) = max min P(u,}),
A u u A

until a closure rate negative (CRN) condition is achieved for one of the

*
missiles., Then, U is determined by:

*
W = arg max |3 (W],

where the ith missile is assumed to be in a closure rate positive (CRP)
condition.
* *

Here we assume that a saddle point pair (4 ,A ) for P(u,A) exists
and refer the readér to Chapter 5 of this report to review relevant related
saddle point existence results.

The heuristic of Algorithm 1 requires, in effect, the myopic determina-
tion of an instantaneous saddle point pair. This saddle point has the follow-

*
ing interpretation: The instantaneous bank angle u is precisely that bank
angle which maximizes the minimum value of the absolute value of the projec-
tion of the aircraft acceleration vector on a "synthetic" maneuver plane
normal E(A), obtained by forming a linear combination (convex combination)
of the individual maneuver plane normals:
() = A8, + (1-0)C
( = 1 2'

i.e,.,

|E0) <A | .

P(u,A)

We note that

> >
P(u,1) = [G;*A(W) |, and

> >
P(u,0) = [G,ram ],
Thus, the value of u which maximizes P(u,l), is that value of u which instan-
> >
taneously maximizes the absolute value of the projection of A(u) on Gl’ i.e.,

that value of L which maximizes the aircraft acceleration normal to the
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maneuver plane associated with missile 1.

The heuristic_of Algorithm 1 provides a degree of weighting or importance
A* and (l-A*) to be associated with the maneuver plane of the respective
missile threats. As the weighting factor A* varies from one to zero in value,
the weight associated with the maneuver plane of missile 1, A*, is decreased,
and the weight associated with the maneuver plane of missile 2, (l-k*), is
increased accordingly.

In summary, the heuristic of Algorithm 1 allows the amount of aircraft
acceleration which is available at a given decision instant to be aéértioned
in such a way that a balance is achieved in "attempting" to simultaneously
maximize the aircraft acceleration normal to each maneuver plane.

Algorithm 2:

Based on the notation introduced in the presentation of Algorithm 1,

Algorithm 2 dictates that at each decision instant u* be determined by:

v = arg max (min({3 [, 17,0,

until a CRN condition is achieved for one of the missiles. Then, u* is de-
termined by:

" = arg max lo, ],

where the ith missile is assumed to be in a CRP condition,

The heuristic of Algorithm 2 requires, in effect, the myopic determin-
ation of a bank angle u* which maximizes the minimum (over all missiles) of
the absolute value of the projection of the instantaneous aircraft accelera-
tion on the normal vector to the missile maneuver plane. This is equivalent

to the following max min problem:

max min (AlJl(u)l + -0, b,
u A

where =7 < u < 7 rad, and A ¢ {0,1}.

The heuristic of Algorithm 2 differs from that of Algorithm 1 in that
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Algorithm 2 is "binary"” and allows no smiooth blending of objectives by the
assignment of an intermediate degree of importance or weight to each missile
thr=at in the objective function.

In summary, under Algorithm 2, the full attention of the aircraft is
captured at each decision instant by just one of the two missiles when both
missiles are closing on the aircraft,

Algorithm 3:

Algorithm 3 is the dual of Algorithm 1 with E replaced by Fl and E

1 2

replaced by ?2. Here, the objective is to seek a trade-off between the line
of sight rate associated with each missile, as opposed to the aircraft accel-
eration normal to the individual maneuver planes,

Algorithm 4:

Algorithm 4 is the dual of Algorithm 2 with E replaced by Fl and E

1 2

replaced by ?2. The interpretation of the heuristic associated with Algo-
rithm 4 is similar to that of Algorithm 2, with the objective now being
line of sight rate maximization, as opposed to "maximizing" aircraft accel-
eration normal to the individual maneuver planes,
3.6 Information Reguirements

Orie of the goals of this present study was the development of a real-time
algorithm with relatively minimal requirements in terms of dynamic data and
the description of missile system dynamics. It is important to note that all
four heuristic algorithms described in this study require only information
delineating: the relative velocity between each missile and the aircraft,
and each missile-aircraft los. No a priori knowledge of the missiles' dynamics
or control systems is required. This is not to say, however, that additional
information would be useless, since a more complete description of each missil:
might permit an approximate faster than real-time fiyout simulation to be run
in parallel with the heuristic evasive raneuver decision rodel to enhance thve

decision making process.




4.0 Computer Simulation Models rfor Determining and Evaluating the Glcbal
and Local Characteristics of Evasive Maneuvers

4.1 Introduction

In this chapter we describe the details of the simulation models based
on the four heuristic algorithms delineated in Chapter 3, and we present and
analyze the simulation results pertaining to the exercising of these four
algorithms against seven representative missile-aircraft engagement scenarios.
The related FORTRAN IV source programs are contained in Appendix A of this
report.,
4,2 The Simulation Paradigm and Engagement Scenarios
4.2.1 The Simulation Paradigm

The four simulation models developed for use in this study are flyout
simulations for evaluating and comparing the four heuristic evasion algorithms
defined in Chapter 3. The individual programs are referred to as ACDYN.91, ..,
ACDY&.94, and correspond respectively to Algorithms 1 - 4. The programs
ACDYN.91 - ACDYN.94 have many features in common, Hence, program ACDYN,91
will be described in detail, and the relevant differences which characterize
92 - 94 will be provided to complete the program package. The source program
for ACDYN.91 is complete with the exception of certain nonessential library
graphicé routines for producing plots. Flowcharts for programs 91 & 92 are
included in this chapter. Programs 91 & 93 are virtually identical -- the
sole exception pertains to the remarks in Section 3.5 (p. 3-20) in reference
to the vectors Ei and Fi' i=1, 2, This same statement holds as well for
programs 92 & 94.

The flyout simulations are based on the dynamical models of the F-4
aircraft and AIM-9 missile which are delineated in Chapter 3. All missile-
aircraft engagement scenarios considered.in this study exhibit the following

saliert characteristics:




i) The missiles are assumed to be coasting (thrust equals zero)
when the evasive tactics are initiated.

ii) Without evasive maneuvering, all missile-aircraft engagements
would result in a first missile kill within 4 - 8 seconds from
the opening of the engagement scenarios,

iii) The integration time step is defined by
STEP = min(T,0.5*DSV/VREL) ,
where: DSV denotes the current separation distance between
the closest missile and the aircraft; VREL denotes the magni-
tude of the relative velocity between the closest missile and
the aircraft; and T equals 0.1 seconds.

iv) The aircraft begins the maneuver process dictated by the rele-
vant algorithm at the time instant t = 0.1 sec after the open-
ing of the engagement scenario. Hence, a detailed study of
maneuver initiation timing was not carried out as a part of this
present study.

v) During the maneuver process the aircraft afterburner is on, and
the aircraft load factor is 8 g, or the aircraft is limited to
a maximum AOA of 25 degrees.

vi) The aircraft is roll rate limited to 600 deg/sec. Hence, if the
commanded hank angle based on the decision algorithm is greater
than 600,.*STEP degrees from the present roll position, the
commanded roll increment is limited to 600.*STEP.

Flowcharts for ACDYN.91 & ACDYN.92

The flowcharts for programs ACDYN.91 and ACDYN.92 are included in Figures
4-1(a - h). Figqure 4-la depicts the overall organization of the generic ACDYN
simulation program. The first two subroutines, INIT and VALUE, define the
heart of the program (refer to Figures 4-1(a - f)). Subroutine INIT (Figure
4-1b) allows the user to either interactively initialize an engagement scenario,
or read and update a file with such information. Subroutine VALUE (Figures
4-1(c - f)) provides the necessary flyout simulation logic and report genera-
tion. The variations between programs ACDYN.31 - 94 occur in subroutine VALUZ,

*
specifically, within the program module for determining the values of y and
*
A (see Figures 4-~1l(c, e, & f)). Figures 4-1l(e & f) flowchart the determina-
* *

tion of the pair (u ,\X ) within ACDYN,.91 & 92 respectively. The generic func-

tional notation J(u,A), which appears in the caption of Figures 4-1(e & f),




refers to the relevant game theoretic kernel functions defined explicitly in
heuristic Algorithms 1 & 2 (Section 3.5, pp. 3-17 & 3-19). The remainder of
the program, subroutines INTBOX & PLOUT (Figures 4-1(g & h)), provide the nec-
essary integration capability and the calls to the library plotting routines.
4,2.2 The Engagement Scenarios

The performance of the heuristic algorithms was studied by meaﬁs of com—
parative scenario analysis. The four heuristic algorithms were exercised
against seven representative missile-aircraft engagement scenarios. The
initial conditions at the opening of each scenario are summarized in Table 471.
The x-y position and horizontal velocity of the missiles and aircraft in each
scegario are depicted vectorially in Figures 4-2(a - ¢). The engagements
were chosen to depict a combination of missile threats which ranged through
mixtures of tail-chase, head-chase, and off-beam launch conditions. The engage-
ments included scenarios (1 - 3) where one missilé is above the aircraft ini-
tially and the second missile is launched from below, as well as coplanar
initial conditions (5 & 7), and cases (4 & 6) where both missile are launched
from below the aircraft. The engagements all lead to multiple hits if no
aircraft maneuvering occurs.
4.3 Algorithm Performance
Summary and Ranking

The performance of Algorithms 1 - 4 parameterized by scenario and individ-
ual missile identification is summarized in Table 4-2a. The detailed results
of each of nine scenario/algorithm pairs in which the aircraft achieved multi-
ple misses are contained in Tables 4-~3 through 4-11, and Figures 4-3 throngh
4-11., The definitions of program variables which appear in Tables 4-3 through
4-11 are contained in Table 4-2b.

In order to analyze and compare the performance (Table 4-2a) of the four
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heuristic algorithms against the seven multiple missile threat scenarios
defined in Table 4-1, it is necessary to adopt a suitable performance measure.
A game theoretic approach suggests that the minimum of the miss distance,
associated with missiles 1 & 2, be adopted as a measure of performance for
each algorithm-scenario pair., Based on this approach, we observe that there
is no single algorithm whose performance dominates the remaining three algo-
rithms on a scenario by scenario basis. 1If, in addition, we calculate the
number of multiple misses, we observe that the algorithms in decreasing order
of performance are: Algorithms 1, 4, 2, & 3.
Detailed Simulation Output

Tables 4-3 through 4-11 contain the initial and final state information
associated with the niné successful (multiple miss) algorithm-scenario pairs
contained in Table 4-2a. In addition, these nine tables contain the minimum
miss distance information collected as part of thé overall simulation report
generation. Figures 4-3 through 4-11 are multiple figures, e.g., Figure 4-3
contains Figures 4-3a, .., 4-3e. Figures associated with Algorithm 1 contain
five graphs (a -~ e) which depict: (a) Aircraft Bank Angle u* vs time;
(b) A*x 100 vs time; (c) the Projection of the Aircraft and Missile
Trajectories in the (x-y) Plane; (d) the Projection of the Aircraft and
Missile Trajectories in the (z-x) Plane; (e) the Projection of the Aircraft
and Missile Trajectories in the (z-y) Plane. Figures associated with Algo-
rithms 2 & 4 contains four graphs (a - d) which depict: (a) Aircraft Bank
Angle vs time and A* vs time (the symbol "F" denotes A*, where an "F - value"
of 50 danotes l* = 1, and an "F - value" of -50 Jdenotes A* = 0); (b) - (4
depict respectively the projections of the aircraft and missile trajectories

in the (x-y), (z-x), and (z-y) planes.
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Figure 4-~1b
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Figure 4-1c
Subroutine VALUE

(flyout simulation)

( START ) @

B
. Y
INITIALIZE, ‘ AANEUVER
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N
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. MANEUVER
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Figure 4-14d

Continuation of

Subroutine VALUE
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Figure 4-le

Program Module within Subroutine VALUE to determine X & p via:

START

SET A

min max J(u,A) ACDYN.91 (Algorithm 1)

Ao

N

COMBINE

—)
G's

3 l
SET UP |
PERF '
/220

FIND |

'BEST' U@
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y
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270
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Figure 4-1f ' 4-10
Program Module within Subroutine VALUE to determine A & u via:

max min J(p,A) ACDYN.92 (Algorithm 2)
u A

START

SET UP §
PERFS
FOR EACHl

MISSILEJ

SET UP
ALLOWED
BANK
ANGLES

THE MIN PERF >
MAX SO FAR

SAVE
NEW MAX

NEXT

P ———————
SET BANK |
ANGLE
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Figure 4-lg

Subroutine INTBOX

(fly one time step)

START

CALCULATE
ATRCRAFT
DYNAMICS

CALCULATE
EACH
MSL's

DYNAMICS

AND

CONTROLS

INTEGRATE

STORE
VARIABLES

RETURN !
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Figure 4-1lh

Subroutine PLOUT

(CRT or PRINTER)

(typical use, one set per graph)

~

START

TRANSFORM
DATA

(scaling,
etc.)

SET UP
GRAPH

FILL IN
PLOTS

DRAW
GRAPH

CRT Y
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Table 4-2a

Summary of Algorithm Performance
(Miss Distance)

|

Scenario MSL Algorithm | Algoritum | Algorithm ! Algorithm
# # 1 2 "3 4
1 1 32 18 - -
1 2 37 61 H H
2 1 40 H H -
2 2 73 - - H
3 1 T - H 17
3 2 25 H 30 69
4 1 H H 19 21
4 2 - - H 23
5 1 29 17 H -
5 2 53 52 39 H
6 1 56 60 H H
6 2 22 H - -
-7 1 64 H H 158
7 2 H 25 - 268

Notes: a)
b)
c)

d)

Miss distance rounded to nearest foot.

H denotes hit, i.e., miss distance < 15 feet.

denotes untabulated miss or second hit.

T denotes occurrence of time limit in simulation.
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Table 4-3

Algorithm 1, Scenario 1

ISTEP = ColULN, TAU = 0.,1500
InlY X0€1) = 1125¢.° INIT ACC 7)) = 11258 .0 INIY X0(13)
INIT ALY = .o JUUlLL INIT x2( 8) = 140 .00 INIT x04¢14)
Lal T oxut) = 5,350 W0 IWIT AT C %) = 330.0.3 1ilY x3¢15)
1017 X (&) = 11006t ILIT ADCI0LY = 21s50elU INIT 20(1¢)
IN1IT Xuds) = JeiNI0UZ INIT A2C11) = ~7.99997 11T X0¢C17)
IRIT Xutle)d) = verdiubl?l INIT x0€12) = -4 40000 INIT X0(10)
PROFORTIONAL NAVIUATION GAINS:
FITCH (RK11) = “e50 s YAW (RK12) = 4450
A7C MAYIUM LOBAD FACTOR = 5,00
Ih MANEUVER, AFTEROURNER S WILL BE ON
TImE = weuf3C DSEPT = Ge 143E D5 DSEP2 = D.2028 05
START MANEUVER AT T = .13
TIrE = teuUL LCSEPY = ce V16E 0S DSEP2 = Je 160 05
TIiWE = coeuwNl 0SEPYT = se¥24E T4 DSEP2 = we 123¢g GS
TIME = Jeb L  DSEPL = e ¢UEE (46 DSEP2 = 0.YU8E G4
TInE = “,uls DSEFY = Us&?3E Q& DSEP2 = O« $95€ 04
TImE = JeLlu pDSEPY = sec3cE U4 DSEP2 = Qe cBGE QO6
TlmE = Sev¥éh  DoEPT = 113. DSEP2 = 116.
er? CLOSURE FaTE WEGATIVE AT TIME = Se¥?T7¢tern
TAY ¢ =37 DoTP = 32,3770 r NOW = 35.5233
TAe 2 LEST 0SFe = 3743331 s NOW = 57.92764
Xuli): Se167c5 % xut 7): Le1673E (5 x0C¢13): O«1671E 0S5
Xotid: -503,4 x,0 &): -$36 .0 XUC14): ~550.5
Xuts): Le3JadF U XGC 9): Ce3U4TE (S XUC15) 2 0.205J€ 05
xXuld): 75244 XxXJt¢1U): 220t Xxt{1o): 2175
X (%) ~1.64. X;(11): “1442% XuvE372): 14,34
Xxuted: cbad) X3€(12): -76+01 xX0(1E): ~140.6
Delix: -tell DELYV: 238 €
DeLl1e -cbo9 pMiIste 3845
BEST DMIS WaS 3244
boLaZ: 19.2 pzlY¥e: 42.5
DoLa2: -56,5 " T 57.9
BEd) OY1S wAS 3¢ 4

28578.0
10000.0
2730C.0
3450.00
7.99999
-150.000
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Table 4-4
Algorithm 2, Scenario 1

TSTEP = ue12U?, TAU = 0.1500
INIT X0C1) = 11252.°¢ 1417 a0C 7)) = 11258.0 INIT X0 (133
INIT X0() = JeGICULC INIT x0C ¢) = 14000420 INIT XxX2(14)
INIT xuCl) = Sedeual 11T A0C 9) = 337000 1417 xC(15)
INTIT XL(s) = 112000 INET A1) = 215u. 0l INIT AL (1)
INIT Y32 = venbuwlii InIT AL1Y) = =7 95959 InIT X3¢17)
INIT X3(ce) = velUUGLY 1INl aCQ12) = -£0.0L0UC INEIT xU(te)
PrOPORTIONAL NAVIGATION GAIKS:
FITCH (/K11) = “4eSL s YAs (RR1C) = 64,50
A/C haYlMum LOAD FACTOR = 8.00
IN PATEUVER, AFTERGURNERS wlLl EE ON
TIME = G.U00 DSEPY = Ge 143E 05 DSEPZ2 = 0.<02€ 05
START PFANEUVER AT T = Cal0
TIME = leudC DSEPY = Ge 110E 0S5 DSEP2 = 0. 160€E 05
TIME = ceuJL  0SEPT = Use¢95E T4 DSEP2 = Je 122 OS5
TILE = feuldL 0Serf1 = UecI4E C4& DSEP2 = Qacl4E Ob
TIWE = ceuJi LSEPT = Ues73E C4 DSEPR = Je 5578 04
T1M4E = 3euQL DSEPY = ve 1218 U4 DSEP2 = Q. c40E Q6
TIME = >¢51¢ DSEPY = 21.5 DSEP2 = g.0.
TINE = 50737 LSEPY = . 69, DSEPS = £06.9
e CLOSURS RaTe NEGATIVE AT TInE = 5.510"‘_*
TAY 2 cedT DSEP = 17.8518 ¢ NOW = 802.4064
TAZ¢ ¢ &5ST DSEP = 0De9543 NOW = 695214
xul1): G.163:2 Q5 X3¢ 7): e l634E 5 xX0C¢13)¢ 0.1¢37€ 05
Xul2): . 025.1 xXJ2€ 5): ~-50.06 xCC14): 597.1
2ul5): Ue3Ubete O35 X3¢ Y): Le30068E CS xUC15): 0.3U90E 05
X,la): ?5C.2 X5010): 2150 AC(18): 21E2.
Xuts): -22e%Y xJC11)e 24408 wirdid: 1.543
Xuled: cdebc x0(12): =74.65 xU(1s): -147.4
DELXT: 29.9 DELY1: 655,
DELZ: 179, oMISI: 880,
BEST DMIS WS 17.%
Detx?: 13.2 VELYZ: 28.C
DiLed: ~cled DMISc: 6503
BeST OviS WAS 61.4

[ LI T T I I )

2EST¥.0
15000.0
270490.0
2453400
7.99999
-150.030
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Table 4-5
Algorithm 1, Scenario 2

ISTEP = Ue10_ 7y TAU = L1500
INTIT xo()) = 1125¢ .7 NET AUC 7)Y = 11258.2 INIT X0¢€13) = 26578,0
iN1T o xudCi) = JeUUGLL TNIT &2(C B) = 15CL0.0 INIT X0(€14) = -9990.00
PWIT Xut:) = RAR I FIs IHIT an( v) = 5030245 InItT xy(15) = 2706G.0
FETE B S SON 0 B 11535 U< 11T 22(1L) = 1530 INIT Xx0(10) = ’450.00
INIT xoll) = P ERATRTIY T4IT Al2(11) = =T ev5999 11T 45€17) = Te99%99
ISIT xote) = se Cllul IN1T a2(12) = =t ueUTY INIT X0(108) = 150.C00 '
PROPORTIONAL NAVIGATION GAINS:
PITCH (¥ 11) = “~e59 s YAa (RK12) = 4.50
AFC RaYii'uM LGAD FACTOR = 8400
IN ®AVEUVER, AFTERGURNERS wILL BE ON
TIvE = veullC DSEPT = Je1S3E CS DSEPR = 0.<02€ 05
STAKRT MANEUVER AT T = 0.10
TImg = Teulo tsepPt = Qs 126 NS5 DSEP2 = ge 160E 0S
TINE = coubln [§5pP1 = LeY®OE U4 pSEPZ = Ue 122 05
TINE = Je00C 13¢P1 = Ue ¢2CE U DSEP2 = Oec?74E 04
Timg = LRSI RN LSEPT = CewbofE 06 DSEP2 = Je573E 04
TInE = Seuln pyfPY = ve 17TUE D4 DSEP2 = Je 3108 (6
TIME = 3.03%5 DSEPY = S7.3 DSEPZ2 = Ce163E Oe
TIne = cec?¢C p3ePY = Ue 175E (6 DSEP2 = 1c3.
e~ CLCSURE RnTc HEGATIVE AT TIaE = Sa370 *evi
TAY 2 53T DafP = 4y 3203 s NUW = 1673401
TAZ ¢ &zST Catr = 227325 NQW = 75.4026
Xu(1): ue.t8/706° J3 X3¢ 7)) Le1664E S XCC13): Go1676E CS5
Xuléd: «Cs2. X3¢ 2): 93.068 xXU€14) 2Co4.
xul3): ‘Ue2¢Bze Q2 X3¢ $): Lel8067E (5 x0€13): 0.c896€ G5
} IV V% 19 7.c¢ X3C10): 2114, xc€16) 2110.
Xuls): 1Yt xXuC(i1)e -12ev1 XUC17) e 22,7152
xuls): 4Ce3s x3¢12): ~79.90 1C(1s): 1211
DELAT: 115. DELY1: C.196E 04
S WaH ¢ttla OMI1IST: Vel197E 064
BELOT 0ric 428 A
e:l42: 1,20 DELYZ: -12.1 .
DoLuecs - 1244 [P P 7544
2eST D135 ~2S 7c¢e?
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Table 4-6

Algorithm 4, Scenario 3

ISTEP = 0.1000, TAU = 0.1500
INIT XUC1) = 11258.0 INIT X0C 7Y = 0.000000 INIT X0(13)
INIT X02) = U.000000 INLIT X0C 8§) = 6500600 INLIT X0(1¢4)
INET 20C3) = 36320 .0 IRET &20C 9) = 33000.0 INIT X0C15)
INLIT X2Ce) = 1100.00 Iniy x0Ctoy = 3150.00 INIT x0(16)
INLT XU(S) = 0.u30000 IH1T X0¢(11) = =7 .99999 INIT X0Q17)
INIT XUCL) = J«U0u0LUo InIY Xx0Q€12) = -30.0L00L0 INIT X0(18)
PROPORTIONAL NHAVIGLVATION GAINS:
PLTCH (kKI11) = Lad0 s YAW (RK12) = 4.50
AJC MAX1AUM LOAD FACTOR = 8.00
IN MANEUVER, AFTERBURNERS WILL BE ON
TIKE = U.U00 DOSEPT = V.133E 05 DSEP2 = 0.202€E 0S
START MANEUVER AT T = J.1U
TIng = 1400 DOSEP1 = 0.1126 0S DSEP2 = 0.159€ 05
TImE = ¢ce30U  DSEPT = J«P12E 04 DSEP2 = 0. 119 05
TIME = 3.u00 OSEPY = Je711E C4 DSEPZ2 = 0.607€E O4
TIAE = 4 ulU DOSEPY = 04513 O& DSEP2 = D+ 4S7E 04
Tire = 5400 DSEPT = Us326E 04 DSEPZ = 0.150E 04
TIME = e300 DSEPY = Dec26E 04 DSEPZ = 70.9
TInE = c.126 DSEPT = U«135E 04 DSEP2 = O 144E 04
TIME = 1.006 DSEPT = 67.6 DSEP2 = 0a3S6E 04
aass (LOSURE RATE NEGATIVE AT TIME = TeUb580en
TA1 : wEST DSEP = 173176 y NOW = 13 .4981
TAZ : BEST DSEP = 63.6587 e NUW = 3651.30
xX0C1): 0.1586€ G5 X0€¢ 72 V.1587E (5 x0€13): 0. 1249€ 05
X0€¢2): 2601, XJy¢ 8):z 2612. X0€14) 2 1272.
XJC8): 0e2728E U5 X3¢ 9): 0.2727E 45 X0C15): 0.,2774€E @5
X0C&): 71972 XUC10): 2016 x0C16) 2 2G3S5.
XG¢3): ~62.0% XqCt1): -35.11 X0C17): -12.39
X0Co0): ~6.609 Xuli12): -23.37 XUC18> -161.9
DELX1T: -3.12 DELYT: ~10.8
bELZT: 11.9 bMIST: 13.5
BEST DMLIS WAS 173
DELX2: 0.337¢ 04 DELYZ:S 0.133 Q&
DELZ2: -458. pMIs2: 0.365€ 04
BEST OMIS 4aS 68.7

o wonw

28578.0
9990.00
27000.0
3450.00
7.99999

-150.000 °

4-36
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Table
Algorithm 4,

4-7

Scenario 4

ISTEP = Q.1007, TAU = 0.1500
(NLT X3C1) = 11258.0 INIT X0C 7) = 28258.0
41T x0€2) = J.000a00 INIYT X0C 8) = 0.3CJ040
INIT Xu(38) = 30000.0 TuIt x0¢ 93 = 350u0.0
INIT XUL4) = 1100.40 IRIF a0 (IO) = 33G0.0G0
LH1Y xUCs) = v.u0Voouon IH1T A0CTY) = =7.94999
INIT X0Cs? = u.Jqogobe INIT A0€12) = 160.0U0
PROPOKTID4AL NAVIVATION GAINS:
PLTCLH (RK11) = we30 » YAW (RK12) =
AZC MAXLIMUN LOAD FACTOR = B8.00
IN MANEUVER, AFTERBURNERS WILL BE ON
TIRE = C.J00 DSEPT = 0.173E 05 D0OSEP2 =
START MANEUVER AT T = r.10
TIME = 1.00U D0SEPT = Us130E 05 DSEP2 =
TINE = é.JUU DSEPT = U.910C 04 DSEP2 =
TIME = 3.000 oSEPY = U.563€ 04 D0OStP2 =
TIRE = +.000 opsSLPY1 = Gac69E O& DSEPZ =
TIME = 4,970 osEet = 274 DSEP2 =
TIME = 5.0%96 vsEPT = 2%.8 DSEP2 =
TIME = 5.360 DSEPY = 633, DSEP2 =
TIng = 5.360 Dd>tb1 = U.<B7E 06 DSEP2 =
saas CLOSUKE RATE NEGATIVE AT TInE = 670500t sk
TA1 : BEST DSEP = 20.5v91 » HOW = 3791.58
TA2 : BEST DSEP = 23.0v74 s NUW = 25.1589
XJ(1): 0.1580E 05 xg¢ 7): 0.1225€ G5 x0¢13)
() 2139. 3¢ 3): 2707 x0C14)
Xu€3): 0.20693€E G5 xgl 9): 0.2598E US X015
PRV QD s46.U x0(10) 2 2124, x0(10)
20(5): ~84,77 X0C¢11): -37.31 X0C1?)
Xu(6): -19.29 X0€12): 158 .7 x0¢18)
DELXT: 0.363c 04 VELYT: ~568.
DeELZ1: 949, DMISY: 0379 04
BEST DMLIS WAS 20.6
DELXZ2: ~17.2 DELYZ2: -16.38
DeELZ2: 7.29 DMISe: 2562
BESE DMILIS ¥AS 23.1

x0€13)
x0¢14)
Xa<15)
x0€16)
x3C17)
xQ 13

INIT
INIT
INLT
INIT
INIKT
INIT

4.50

0.133e 05
05
04
04
04
Q4
Cé
04

0.111E
0.8689E
0.081€
Qe 479E
0.c93E
0.¢?0E
0. ¢25€
636

H 0.1590E 05
: 2156.
H 0.2692E 05
s 2126.
. ~36.24
H -24.84

nownon oy

4-41

0.3500000
6500.00
33000.0
3300.00

~7.99999

-30.0000°
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Table

4-8

Algorithm 1, Scenario 5

IS TEP = U.10UU, TAU = U.1500
INLY XuCY) = 15000.90 INIT AOC 7)) = S00U.0L0 INIT X0C(13)
1517 xuCe) = L. lUuQue INIT ACC B) = 0.CLuUWO INIT XxU{14)
IN1Y xg(3) = 5.000.C INIT x0C€ 9) = 2C0L0.D INIT x2(15)
INIT Xy ta) = 110U LY INIT ACCIL) = 230ue LU INIT xU€1¢)
INIT X0€Y) = velOLOOLL INIT ACCTY) = Qe QUUULD INIT X0GC17)
INIT XC (o) = ve LULOLUY - INIT a0€1¢) = Qe ULOG INIT x0(C10)
PROPOKTIOWAL NAVIGATION GAINS:
PITCH (RX11) = «e50 s YAW (RK12) = &.50
AJC MAX]IMULM LOAD FACTOR = 8.00
IN MANEUVER, AFTEROURNERS wWILL BE ON
TIME = 0.U00 DSEPY = 0. 120 0S5 DSEPR 0.120€ 05
START ANEUVER AT T = JelU
TIME = 1.L0C DSEPYT = DeY89E 0& DBSEPZ = 0+919E 04
Time = ce0C DSEPY = Ge 794E 04 OSEP2 = Oe.0tDE 06
TImE = S.LUL DSEPY = Ueo13E 04 DSEPZ = Qe426E Q&
Timrg = 4000 O0SEPY .= Coet4&YE Q4 DSEP2 = O.c06€ Q4
TIrE = 4e92i DSEPT = Ue SUBE 04 O0SEP2 = 1.8,
TIMNE = Se24c DSEPY = Uscb1E 04 ODSEP2 = 577,
TImE = el DSEPYT = Ce 110E C& DSEPZ2 = Oecb6E 04
TIrE = 7.095 ©DSEPY = 356 DSEP2 = Des11tE 04
«owe CLOSURE RATe NEGATIVE AT TINME = 7119 v 2>
© YAY z cEST DSEP = 28e7095 9 NOW = 30.8579
TA¢ ¢ EEST DSEP = 52.8ub4 s NOW = 4150434
xutl): Ue2145E 05 X3¢ 2): Ca2146E C5 X0€13): Ue2173E 05
Xutd): “oble? xU¢ E): -832 45 XUC14) ¢ -6955.,
XJ(3): Ue287UE US xXJ¢ 9): CGelB09E (S X0C¢15): O.c¥32E G5
Xulsl: 753.Y X341G2: 2Us 1. Xp€red: 1985,
X3(%): -cbe 1Y xX3C11): ~10.97 xX0¢17) 2 -2.076
Aulo)d): ~13.55 X0¢12): -4 4750 X0L138) -52.37
DELXY: “11.5 DELY1: -28.3
DELZ1: 448 LMISt: 30.9
BEST DMIS WAS 28.58
peLXx2: -iT0., DELY:: JebdDYE U6
DELIZ: -021. pMIS2: 0.415E 04
BEST DMIS WAS PYEY

LU T I R TR 2 T}

15000.0
12000.0
53000.0
3300.00
0.000L0U
-60.0000
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Table 4-9
Algorithm 2, Scenario 5

INIT X0C1) = 15000.0 INIT x0C 7)) = 3000.00 INIT X0¢13) = 15000.0
INITY Xyted) = UsLOLLUY INIT X0( &) = 0.CULOCO INIT X0(14) = 12000,.,0
INIT xut3) = 3L0u0.C INIT x0C 93 = 3CuJy0.0 INIT X0(15) = 30000.0
INIT xUC4) = 1100.00 INIT X0(C10) = 330G.00 INIT X0(16) = 3300.00
INIT XU(S5) = yeLUUOUU INIT x0€1%) = 0.C0C0d00 INIT X0C17) = 0.000000
INIT XUC6) = U.Lo0u0Lo INIT x0(12) = 0.0U0000 INIT XUC18) = -6U.0000
PROPORTIONAL NAVIGATION GAINS:
PITCH (RX11) = 4.50 ¢ YANW (RK12) = 4 .50
AJC AAXIMUP LOAD FACTOR = 8,00
IN MANEUVER, AFTERbURNERS wlLL BE ON
TImE = UsU0U DSEPY = Us 120E 05 DSEP2 = 0.120€ 05
STARY PANEUVER AT T = C.1d
TInE = 1.00C D0SEPT1 = C.¥89€E 04 OSEP2 = 0«914E 04
TImg = d«u0C DSEPT = Je 794E 04 DSEP2 = 0+637E 06
TIME = 3.u00 DSEPY = J. 013k U4 DSEPZ = 0.368¢ O4
TImE = 4.LUU DSEPT = Ue 4b5E 06 DSEPZ2 = 0.106€ 34
TInE = hobh?3 DSEPYT = O« 368E Q& DSEP2 = 130.
TImMe = >¢511 DSEPY = Ge ¢34E 06 DSEP2 = 0+.210E 04
TIME = 6311 ©OSEP1 = 8¢S DSEPZ = Ue«18E 04
TIME = be083 DSEPT = 1%.5 DSEP2 = 0«525€ Q4
»ass CLOSURE RATE NEGATIVE AT TIME = GeoBletex
TAY & bEST DSEP = 17.1382 s NOW = 19.4535
TA2 : BEST DSEP = 51.6036 ¢ hOW = 5254.68
X0€1): " 0.2091€ 05 X0¢ 7): €e«2092E 0S5 X0€¢13): 0.2037E 0S5
X0(€2): 39643 x0C &) 412.6 X0C(14): -4824,
PIVN Y B U.2¥59E OS5 XJC $): LelY59€ CS XQ(ts2: 0.2984€ 05
X3C¢4): 751.5 XG¢10): 2071, x0C16) 2 2043.
xuid):e ~3U.91% X0€11): ~12.44 XU€17): -8.208
XJy(ed: ~24454 XJd(12): -10.27 xXU€18): ~86.82
DELXT: -10.,2 DELYT: -16.2
DELZ: 335 pMISt: 19.5
BEST DM1S WaAS 171
DELXZ: 543, DELYZ: G.522E 04
DELZ2: ~252. omM1S2: 0.525€ 04

BEST OMIS WAS 51.7
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ISTEP = Us10UM, TAU = J
JRIT XS(Y) = 1:00Q.0C
INIT xo () = vellULULL
IN1IT Yo (2) = seduul Y
21T xJCR) = TI00 el
IN1T Xxu(S) = ve.llCul
N1y 'U(&) = el
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Table 4-10
Algorithm 1, Scenario 6

«150U
INIT xDC 7) = 34000.0 IHIT xJ¢13) = J3.008C30
IWIT x.C &) = veLUUOLO INIT xJ(14) = Q622000
ISIT 203C ¥) = I3000 62 INIT aut135) = 33200.0
1011 x0(QIU) = 250Ceud INIT Xx3(€1¢) = 2320.09
ILIT AN(1Y) = =7 e9995%Y INLIT %KU€172) = ~7.99999
Inl1 A5(12) = Tcus0UD INIT 20(tE) = 0.+000000

PROPOKTIONAL NAVIGATION GAINS:
PITCH (a<11) =

45U . YAw (RK,Z) = 4,50

AJC MpY1"uM LOAD FACTOR = d.00

IN MavcUVER, AFTE

TIME = veultl DSEPY
START MALCUVER AT T = .10

TINE = Te000 DSEPY

TInE = couile DSEPT

TIAE = seuJC DSEPY
TInt = s,ulUL DSEPT

TIrE = “e53359% DSEP1

Tims = 5.13c¢ OSEPT

TIng = vel3: DSEP1

TIne = ielle 0scpl

TIz€ = tect. DS3EPT
crew CLOSURE 2-Te nEGATIVC
TAY ¢ EZST D58Cp = 55.
TAR ¢ EEST DacP = 22

X (1) CeTP93E US xg{
u(2): 15.83 xJ(

2uls): Ledolt® G3 ¢
Xuls): 713.0 x0 (€1
X,(5): ~24.21 Y31
Xulé): 16,04 X5€1

DetXxT: NeH73c Jb

DELZY: Jd135¢ Cb

EelST OMAIS S 55

Dela2: -12.1
cotel: [ S

£eST 0Pt

~ AS e

RAURNERS WILL BE ON

= GCe173€ 05 DSEP2 = 0,133 05
= Je 13GE 05 DOSEP2 = Je« 112E 05
= Ve 703E 04 0seP2 = Jev26c G&
= GCe>318 T4 DSERP2 = Qes743E Q&
= ce 1778 94 DSEPZ = Je 572€ G4
= TceS DSEP2 = Oe.4238 04
= Je 1978 D& DSEPZ = o SU3E 06
= CedX7E C4 DSEP2 = Cec36E 06
= Ve F4VE 4 DSEPZ = 9¢Se
= Ve ?D0E L& DSEPZ = 2¢et
AT TIME = fe018tnvwsn
67156 s NQW = 9072.77
1066 ¢ NOW = 264.5693
7): e 112CE (5 X0€13): 0.199%4E 05
8): 2086, X0€14) ¢ ~5.520
2H Ce2745€ C5 XKGC(15) GeZl033E G5
U): 1935, X0€16) ¢ 2033.
1): -19.04 x0C(17): -20.13
2): 157 .7 xu€ted: 7.204
DELYY: ~0e2078 04
uM1STe LeyD78 24
.7
VELYc: 21.4
erIse: 2448
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Table 4-11
Algorithm 4, Scenario 7

ISTEP = 0.1000, TAY =
INITY xJ(t) = 0.300000 xXp¢ 7) = 15000.0 INIT x0(€13)
INIT X0(Z) = 0.,0000u0 AQC d) = 0.000000 INIT Xx3(C14)
INLIY X0C3) = 50000 .0 £0¢ 9) = 30G00.0 INIT X0C15)
IH1T XUC6) = 130U.uc xg(1G6) = 3300.00 INIT x0(€106)
IHIT XJ(5) = U.0uu000 x0C11) = 0.0000Q3 INIT X0(C37)
INIT XUCs) = 45.0000 A0C12) = 1L0.060 INIT x0(18)
PROPORTIONAL NAVIGATION GAINS:
PITCH (kK11) = s YAW (RX12) = 4.50
AZC RAXIMUM LOAD FACTOR = 38.U0
IN MANCUVER, AFTEREURNERS wlLL BE ON
TINE = Jy.000 DobSEPT 0.150€e 05 OSEP2 = 0.150€ Q5
SIART MANELUVER AT T 0.10
TIME = 1.000 DSEPY = De112€8 05 DSEP2 = 0.1131€ QS
TIKE = 2.300 0SEPT = Q. 76UE 04 DSEP2 = 0.759¢ 04
TINE = 3.u00 DOSEPT = Uew34E 04 DSEP2 = 0.437e 04
TINE = 4.000 DOSEP1 = C.1306t 04 0OSEP2 = 0. 146€ Q4
saxse CLOSURE RATE NEGATIVE = Le5580
TAY 2 BEST OSEP = 152.707 s NOW = 341,083
TA2 : GEST DSEP = 2654416 » NOW = 293.517
XuC1): 2283%. x0C 7): 2552. xX0C13): 2648,
Xue2r: 2?31, X3¢ 8): 2652, X0C¢14) 2548,
X0¢3): C.2982€ OS5 X0¢ 9): U.2981E QS xG(15): 0.2981€ 05
x0(4): 725.¢ xJ(10) ¢z 2371. X0(16)z 2370.
XJl(5): -8.204 X0€11): ~2.432 x0C17): -2.518
X3C6): 36.00 x0¢12): 152.3 x0C18) -61.79
DELXT: 332. 792
DELZT: 9.56 34t
BEST DMIS WAS 158.
DELKZ: 236, 183 .
bELLZ: 0«00 299«

BEST OMIS WAS

268

[ U [ I S I 1}

4-63

0.000000
15000.0
30000.0
3300.00

0.000C00

~89.9998
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5-1

5.0 A Game Theoretic Model for Determining Aircraft Evasion Strategies
Against a Multiple Missile Threat

Introduction

In this Chapter we consider a missile evasion problem formulated in
terms of one aircraft (the evader) and two guiced missiles. Based on various
assumptions pertaining to dynamics, information patterns, and optimization
criteria the existence, structure and behavior of a set of optimal evasion
strategies are delineated. This study encompasses problem formulations with
linear and nonlinear dynamics. In each case, the évader is assumed to know
the guidance law for each pursuing missile, In this study two general classes
of optimization criteria are considered: (i) fixed terminal time criteria
and (ii) free terminal time criteria. In the former case, the evader seeks
to maximize the terminal miss distance between himself and each pursuer. In
the latter case, the evader seeks to maximize the distance of closest approach
between himself and each pursuer. This decision problem is most naturally
formulated as a multi-criterion or vector valued optimization problem, A
game theoretic approach is taken in solving this class of problems.

The results in this chapter represent part of a Ph.D. Dissertation in
Systems Engineering (Huling, 1979) and are the basis for a péper (Huling &
Mintz, 1977). In the numbering convention for the following subsections in

this chapter, we have omitted the leading (5.) designation,




1. OPTIMAL EVASION STRATEGIFS AGAINST MULTIPLE MISSILES: PART I ~ FOR
CRITERIA WITH A FIXED TERIUAL TIMFE

1.1 Introduction:

We consider a missile evasion problem formulated in terms of one aircraft
(the evader) and two guided missiles. We delineate the existence, structure,
and behavior of optimal evasion strategies for this problem based on the fol-
lowing assumptions pertaining to dynamics, information patterns, and optimiza-
tion criteria.

namics:
(a) The evader's and pursuer's dynamics are each linear, i.e.,
ie = Fexe + Geue °

.

xpi = Fpixpi + Cpiui’ i=1,2.

(b) 'The evader's and pursuer's dynamics are each nonlinear, i.e.,

= f t
xe e(xeoue’ )

xpi = fpi(xpi’ui’t)’ i=1,2.

Information:

Each pursuer (1 = 1,2) uses a given feedback contrél law for its guldance
strategy. The evader's a priori information inclides a complete description of
each dynamical system including initial state information.

Optimization Criterion:

The evader seeks to maximize the "miss distance' between himself and each
pursuer at a given terminal time T. Since there are two pursuers, the evader
is faced with a rulti-criterion or vector valued optimization problem. Omne

approach to solving this multi~criterion problem 1s to seek an evasion strategv




which maximizes the minimum terminal miss distance. This maxmin or game theo-
retic approach requires that we solve a saddle-point problem to obtain the op-
timal evasion strategy.

In order to obtain a physically meaningful solution, we nust either modify
the original problem statement to include a set of constraints on the evader's'
permissible controls, or modify the pay-off functions to include a cost to the
evader for using energy for evasive maneuvering. We shall take this later ap-
proach initially and assume that the evader's control function is weighted quad-
ratically in each of the individual criteria. 1In scction 3 and subsequent sec-
tions, we consider optimal evasion problems with a variety of constraints on

the evader's permissible controls.




AN OPTIMAL EVASION PROBLFM WITH LINEAR DYNAMICS AND QUADRATIC COST ON CONTROL

2‘

2.1 Mathematical Problem Statement:

Let x A (xe,xpl,xp

)7,
2
then one obtains

x = Fx + Gou0 + Glu1 + quz, x(0)4 X,

where F and Gi i = 0,1,2 denote partitioned matrices defined in terms of

Fe’Fpi’Ge’ and Gi i =1,2, and where Ug = u,.
We have assumed
u, = SiX; i=1,2.
Hence

x = Fx + Gouo; x(0) = Xg

where F = F + GIS1 + stz'

Define Jl(uo,xo) and Jz(uo,xo) by: -
i .

1

3, = x*(T)C,x(T) - £ u;Dou dt

where C, > 0 and Dy > 0.

T
3, = x"(T)C x(T) - { ugDyu,dt s e

In what follows, we shall consider X, a fixed vector and write Ji(uo,xo) as

J(uo,i) i=1,2.
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2.2 Game Theoretic Formulation:

Let the space of permissible open loop controls u be L2[0,T] and let
IA{1,2}. Let

J: L?(0,T] x IR
denote the kernel of an abstract game.

Consider the following saddle-point problem (STP):

SPPl: Does max min J(uo,i) = min max J(uo,i)?

quLZ[O,T] iel iel uocLZIO,T]

Discussion (SPP1l):

Due to the discrete nature of the set I = {1,2}, SPP1l will generally not
have a saddle-point in pure strategies. Thils situation can often be resolved

however by considering mixed strategies over I. This leads naturally to SPP2.

SPP2:

Let pe{0,1] and define J(uo,p) Q=pJ(uo,1) + (l-p)J(uo,Z).

Does

max min J[uo.P] = min max J[uo,P]?

uoeLZ[o,Tl pe(0,1] pe(0,1] uoeLZ(O,T]

Discussion (SPP2):

For conceptual reasons, it is useful to consider p as the probability that \\ ?

strategy 1 = 1 is played. Then
I/\'?. .\.J:“,\,b ':( ID._Q{!:'.:_',
/7 2
e i !




E[J(u,,1)) = J(uq,n), J(uo,o) = le + (l-p)J2

~ T
x(T)Cx(T) -juc‘)nouodt,
0

anl
]

where pC1 + (l-p)Cz.

In order to investigate the properties of the game denoted by
~ ~
{J(u,,p), L2[0,T]), [0,1]} it is useful to rewrite J(uy,p) as follows.
First observe that

= +L-
x(T) on uc

o~
where L A ¢(T,0) and ¢ is the state transition matrix associated with F,

and where L:LZ[O,T]+Rn is the linear operator defined by
T

Lu0 = g °(T’T)G0Wfr'

.llence we can write that

E(U,‘ )4 ”on + Luoﬂ-zé - ”uOHZD ’
0

where the first norm is w.r.t.R" and the second norm is w.r.t. L2[0,T).

2.3 Properties of J:LZ[O,T]X[O,I]*R:

Observation 1l:

If for all pel0,1], the matrix Riccati equation
R=-FR-RF-RGDIGR R(T) = C
S0 00 =¢

has a bounded soluiion on [0,T], then J[uo,p] is concave in u, for every pel0,1].

We will denote the existence of bounded solutions to this Riccati equation

for all pe(0,1] as Condition 1.




An Aside: If Condition 1l does not hold, a relaxed version may hold on a

subset of [0,1], i.e., for only some values of p.

Observation 2:
If Conditicn 1 holds, then for fixed p, J[uo,p] is weakly upper semi-

continuous in u, on L2(0,T].

Observation 3:

For fixed uoeLz[O,T], J[uo,p] is continuous in p on [0,1].

Observation 4:

For fixed uoeLz[D,T], J(uO,P) is convex (affine) in p on [0,1].

Observation 5:

[0,1] is a compact convex subsat of R.

Observation 6:

L2[0,T] is convex.
Lemma 1:
- ~
If Condition 1 holds, then sup inf J(uo,p) = inf sup J(uo,p).
uy D Py,

Proof: It follows from Observations 1-6 that J(uo,p) is quasi-concave-
quasi-convex in (uo,p) and u.s.c. - l.s.c. Further, L2[0,T] and [0,1] are
convex spaces,'and [0,1] is compact in R. Therefore, Lemma 1 Pbllows as a

consequence of Sion's Theorem [Sion: 1958].
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a

Lemma C:

If Condition 1 holds, then min sup J(u,,p) = sun min J(1y,p)
D \lo (ln P

i.e., there exists a value of p (say p*) such that

sup J(uo,p*) = inf sup J(uo,p).
u, Py,

Proof: Lemma 2 is a consequence of Lemma 1 and the compactness of [0,1].

Observation 7:

If Condition 1 holds, there exists a value of uy (say uo*) such that

~ ~
sup J(uo,p*) = J(uo*,p*).

u
0

An Aside: Observation 7 is a consecquence of the assumption of Condition 1.
Theorem 1: The pair (uo*,p*) defined through Lerma 2 and Observation 7 con-

~
stitute a saddle-point for J(u,,p) -

~

-~ -
Proof: The verification that J(uo,p*) < J(uo*'P*).i J(uo*,p) follows

directly from the definition of (uo*,p*) in Lemma 2 and Observation 7.
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3. AN OPTIMAL EVASION PROBLEM WITH LINFAR DYNAMICS AND A TOTAL ENFRGY CONSTRAINT:

3.1 Problem Statement:

Let

x = Fx + Gou0 3 x(O)Q}O +

where

2, ={ugl2[C,T): [l fl2 < e?).

e
Define J1 and J2 by
: T
I o=x (T)Clx(T) - { usD udt
T
.JZ = x (T)sz(T) - { u Dyudt.

Consider the following Maxmin Problem:

max min J(uo,i) .

Q iel

UOE e

The sole differerce between this problem and that considered in the pre-

vious section is the restriction of uO to the weakly compact set Qe < L2[0,T],

A
Q@ ={u.eL2[0,T): |lu_||2 < e?}.

Reasoning as before, we are 'lead to consider
~ —
max nin J(uo,p)

u e pel0,1]
o

o~
t F was defined in Section 2.




where J(uo,p) = pJ(uO,l) + (1-p) J(uO,Z).

3.2 Problem Solution:

Consider the following saddle-point problem (SPP3):
Does
~ ”~
max min J(uo,p) = min max J(uo,p)?

uoeﬂe pe(0,1] pe(0,1] uoch

Observation 1:

Qe is a convex weakly compact subset of LZ[O,T].

Condition 1:
The Riccati matrix differential equation

~

o
':-‘_ - =1
.R F°R - RF RGODQ GOR
R(T) = C gpcl + (l—p)C2
has a bounded solution on [0,T] for all pe{0,1].
Now using the results assoclated with SPP2, we have:

Theorem 1:

1f Condition 1 holds, then
~

~
max -min J[uo,p] = min max J[uo,p].
uere pe([0,1] pe[0,1] uere
Proof:
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The proof again follows from Sion's Theorem [Sion: 1958] by noting that:




(a) Qe is a convex weakly compact subset of 1,°[0,T) and [0,1]} is a
convex compact subset of R.
~
(b) J:Qéx[0,1]+R
is quasi-concave-convex, weakly u.s.c. in u, for fixed p, and continuous in p

for fixed Uy

3.3 Solution Structure:

Lemma 1:
Let (uo*,p*) denote any saddle-point solution to SPP3, then
~
*= *
ug = arg max J(uo,p )
uere

where:

k= * -1
u} (D0 + a De) G;kx,

k=-Fk - kF - kGo(Dy + a*pe)’lask,

k(T) = C = p*Cl + (1"P*)C2 s
T
and a* ( fu’*D u*dt - e2) =0 ,
00 €0
a* > 0,
Proof: Lemma 1 follows as a consequence of the Linear-Quadratic (LQ) nature

of the problem setting and the application of standard multiplier theory. (See

for example [Luenberger: 1969, P. 217].)
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4.1 Problem Statement:

Let

Q= {uoeLZ[o,T]: Huollge < e?}.

Define J1 and J2 by

(4"
]

x'(T)Clx(T)

[S9]
[]

x’(T)sz(T).

Consider the following Maxmin Problem:

max min J(uo,i).
u €Q iel
0 e

The sole difference between this problem and that corsidered in the previous
section is the elimination of the quadratic terms in u from the pay-off
0

functions Jl and J2.

Reasoning as before, we are lead to consider

o~
max min J(uo,v)
uosQe pe0,1]




where

3(u ,P) = pJ(u ,1) + (1-p)J(u ,2)
0 0 It
= X’(T)[pC1 + (1-p)C_Ix(T).

4.2 Problem Solution:

Consider the following saddle-point problem (SPP4):
Does

~ ~
max min J(uo,p) = min mnax J(uo,p)?

quQe pe[0,1] pel0,1] uosQe

Lemma 1: For fixed pe[0,1], J(uy,p) is w-continuous on £,.

Proof: For notational simplicity, we consider the scalar case, i.e.,

dim(x) = dim(uo) = 1.

We note that
T

x(T) = Q(T,O)xo + f ¢(T,I)Gou0dr
0

~
where ¢ is the state transition function associated with F. Hence, x(T)

can be expressed as

x(T) = a + <b,u0>

where aeR, beL2[0,T] and <+ ,>denotes the standard inrer product on L210,T].

(Here we are of course assuming that

@(T,C)GO e L2[0,T]).
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Therefore, x2(T) is w-continuous for all u e¢L?[0,T] since x(T) is w-continuous
n

in uo. Finally,

3w = xED e+ (1-p)C ],

”~
and therefore, J(uo,p) is w-continuous cn L2[0,T] for fixed pel0,1].

Observation 1:

J(uo,p) A xZ(T)[pC1 + (1—p)Cﬁ] is continuous in the pair (uo,p) when

J:Qe x [U,1]+R vhere Qe is endowed with the weak topolosy. This follows from
-’
the product structure of J,where we observe that the product of the limits

of two sequences is the limit of product of the individual sequences.

Observation 2:

J:Qe x [0,1]»R is contiruocus in the pair (uo,p) in the general case -

dim(x) = n, dim(u) = r; where Qe is endowed with the weak topology.
Observaticn 2 follows by noting that in the general case the components of x(T)
can be considered as a linear combination of underlying linear functionals.
Theorem 1 :

Let Mu and Mp denote respectively the set of all probability measures
My (respectively up) on..ﬂ.e (respectively [0,1]). Then,

max min E[Ekuo,p)] = min max E[f?uo,p)],

: M
uesuu upeMp upeﬂp uee u

where the expectation operation is with respect to the measures ", and up
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Comment :

The interpretation of this theorem is that the saddle-point nroblem,
(SPP4) has a solution in mix.d stratcries. In what follows, we will in fact
show that (SPP4) has a solution in pure strategies. To do this, we will need
Thcorem 1 as a preliminary result.

Proof of Theorem 1:

~
Since J(uo,p) is continuous in the pair (u ,p) and Qe and [0,1] are
0

respectively w-compact and compact then Tleorem 1 is a direct consequence of
a feneral saddle-peint theorem [See [Owen: 1968] (Theorem IV.6.1)].
Theorem 2 :
Let (u;.u;) denote a pair of optimal mixed stratepies with respect to the

game defined by Szﬁex[0,1]+R. Let p* A Euip]. ‘ If are max E(UO,D*) is
P uOEQe

essentially unique, then, the pair (u*e,u*p) are one point, i.e., u*e and u*
correspond to pure strategies.

Proof:

Since J[uo,p] is affine in p for fixed uo, p* A Eu* [p] can be viewed as
P
an optimal pure strategy since

EU* [J(UO.P)] = J(UO’p*)-
4
~
Let u*o= arg max J(uo,p*). Since u*0 is essentially unique by assumption, the pure

u efl
0 e

strategy u: is equivalent to the optimal mixed strategy u:.
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Lemma 1:
1 1m e
X = e
uo o D GORx
where
r~ ~ o~ ~o 1 ~ -1 ‘N
R=-TFR - - RGODe COR

R(T) A C = p*C1 + (1-9*)02, and
T

f u* D u*dt = e2,
0 0€ec¢

Proof: Lemma 1 follows as a consequence of the Linear-Quadratic (LQ)

nature of the problem setting and the application of standard multiplier theory.

(See for example {[Luenberger: 1969, P. 220].)




|
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5. AN OPTIMAL EVASION PROBLEM WITH LINEAR DYNAMICS AND HARD CONSTRAINTS ON CONTROL:

5.1 Problem Statement:

Let

x=Fx+Gu; x(0) Ax
00 ’ 0

where

u Q3 Qb A{ u eL?[0,T]: a,<u,(t)<b.}, and u, denotes the ith component of
be B ALY 1341 (920 £ <
e vector u -

Define Jl and J2 by
J1 = x’(T)Clx(T)

J = x°(T)C x(T) .
2 2

Consider the following Maxmin Problem:

max min J(uo,i).
. u e iel

0o b
The sole difference between this problem and that considered in the

previous section is the replacement of Qe with Qb.

Reasoning as before, we are lead to consider
tax min J(uo,p)
u e, pel0,1]

where S'(uo,p) = x"(Mpc_ + (1-p)C Ix(D).

5.2 Problem Solution:

Consider the following saddle-point problem (SPP5):

Does

~ ~
max min J(uo,p) = nin max J(uo,p)?

uoeﬂb pe[0,1] pe(0,1] uerb




5-18
In order to answer SPP5, we will first formulate and solve a related
saddle~point problem SPP6:
We begin with the following definition:
Definition:
— n L] ~
X(T,x ) A {x(T)eE : x = Fx + G u ; x(0) A x ; u €@, }
0 00 = o0 b
Observation 1:
XKT,xO) is a compact convex subset of E".
Consider the following saddle-point protlem (SPP6):
Does
~ ~
max A min x (T)Cx(T) = min max x“(TYCx(T) ?
.x(T)sz(r,xo) pe[0,1] pe[0,1] x(T)ez(T,xo)

Theorem ] :

Let Mx and Mp denote respectively the set of all probability measures M

(respectively up) on_Z(T,xo) (respectively [0,1]). Then,

max min E[x'(T)Ex(T)] = min max E[x‘(T)gx(T)].

uxeMx upeﬂp upcM uxe: M

where the expectation operation is with respect to the measures L and up.
The proof follows by noting that E(T,xo) is compact in En, [0,1] is com-
pact in R, and x'(T)g;(T) is continuous in the pair (x(T),p). Hence the con-

clusion follows as a consequence of Theorem IV.6.1 [Owen: 1968].
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Theorem 2:
Let (ui,u;) denote a pair of optimal mixed strategles with respect to
the zame defined by:

ki X(T,x ) % (0,11+R, k(x(T),p) = x*(T) Cx(T) .

Let p* A Eu*[p]. If x*(T)= arg max k (x(T),p*) is unique, then the pair
K(Tyxq)

(u;,u;) are one-point, i.e., u; and u; correspond to pure strategles.

Proof:

Since k(x(T),p) is affine in p for fixed x(T), p* A

Eu*[p] can be viewed
: P
as an optimal pure strategy since

B+ [R(x(),p) ] = k(x(T),p%).
P

‘Let x*(T) A arg max k(x(T),p*).
X(T)EX(T,xO)

Since x*(T) is unique by assumption, the pure stratepy x*(T) is equivalent to

the optimal mixed strategy u;.

Theorem 3 :

Let u*o denote any control in Qb which achieves x(T) = x*(T), then
Lad ~
max min F(u ,p) = min max J(uo,p) = J(ug,p*),

uerb pel0,1] pe{0,1] uosnb

i.e. (ug,p*) is a saddle-point pair for SPP5. [x*(T) and p* are defined in Theorem 2].
Proof: The proof follows directlv by noting that (x*(T),p*) is a saddle-point
pair for the game defined by:

k:z(T,xo) x [0,1]°R,

K(x(T),p) = x”(T)Cx(T).
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6. AN OPTIMAL EVASION PROBLEM WITH NONLINLAR DYNAMICS AND HARD CONSTRAINTS ON

CONTROL:

6.1 Problem Statement:

Let x = f(x,uo,t) x(0) A_xowhere u efl;
i 0

Q= {uou%§t)eEr; u; Lebesgue measurable on [0,T], a,<u (t) < b, ,i =1,...,r}.
Define J and J by
1 2
J1 = x’(T)Clx(T)
J = x"(T)C x(T) .
2 2

Consider the following maxmin problem:

max min J(uo,i)-

u €9 iel
0

The sole difference between this problem and that considered in the pre-
vious section is that the dynamics are now allowed to be possibly nonlinear.
Reasoning as before we are lead to consider

~
max min J(uo,p)
uer pef0,1]

where '3<u0,p> = x°(1) [pC_ + (1-p)C_Jx(T).

Consider the following saddle-point problem (SPP7):

Docs

~ ~
rax min J(uo,p) = min max J(uo,p)?
uocﬂ pe[0,1] pe[0,1] uer
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In order to answer SPP7, we will first formulate and solve a related saddle-
point problem SPP8. This approach parallels our analysis in section 5.
We begin with the following definition:

X(T,x ) & {x(T)eE™: x = f(x, u ,t); x(0) =x ; u ;Q}
- 0o Q 0 0

Assumption 1l:

Assume:Z(T,xo) is compact in ",
Consider the following saddle-point problem (SPP8):
Does

Lad ~
max min J(uo,p) = min  max J(uo,p)?
uer pef0,1] pe(0,1] uocQ

Theorem 1:

Let Mx and Mp denote respectively the set of all probability measures

Mo (respectively up) on:z(T,xo) (respectively [0,1]). Then,

max min E[x’(T)E;(T)] = min max E[x‘(T)Ex(T)]

M M ‘M
ueM, upe o upeMp M My

where the expectasion operation is with respect to the measures Mo and up.

The proof of this result is precisely that of Theorem 1, section 5.
Theorem 2:

Let (u;,u;) denote a pair of optimal mixed stratepies with respect to the

game defined by:
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kzz(r,xo) x [0,1)+R,
k(x(T),p) = X‘(T)éX(T).

Let p* = E ,[p]. If x*(T)4arg_max k(x(T),p*) is unique then the pair
Hp T, xp)

(u;,u;) are cne-point i.e., u: and p; correspond to pure strategies.

Proof:

The proof of this result is precisely that of Theorem 2, section 5.

Theorem 3 :
Let ug denote any control in © which achieves x(T) = x*(T), then

~ -~ ~
max min J(uo,p) = J (u:,p*) = min max J(uo,p).
uoeﬂ pe(0,1] ‘ pe[0,1] Lgﬂ

-~

Hence, the pair (ug,p*) is a seaddle--point for the pame defined by J(uo,p)

(SPP7), where x*(T) and p* are defined in Theorem 3.
Proof:
The proof of this result is precisely that of Theorem 3, section 5.

6.3 Some Comments on Theorem 1-3, Sections 5 & 6:

In order to extend the saddle-point results for the case of linear dynamics
(section 5) to include nonlinear dynamics (section 6), we have assumed that the
set of attainment:g(T,xn) is compact in " (Assumption 1, section 6). 1In
this section we will consider sufficient conditions to guarantee the compact-

ness of ZKT,xo). The following results are due to Filippov (Filippov; 1962).
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We begin with several definitions:
Let x = f(x,u,t), x(0) = xO where dim(x) = n, dim(u) = r. Suppose each
component ui of u is a measurable function of t satisfvinp ai.: u{(t).i bi’
r
0 <t <T, Let U denote the permissible range of u, i.e. U = I [al'bil' Suppbose
i=1

that £ is continugus in all arguments, and is continuously differentiable with re-
spect to x, and that

x“f(x,u,t) < C[1 +|[xi|2] for some C and all t,x, ueU.
Let R(t,x) denote the following set valued function:

R(t,x) = {f(x,u,t): uey}

Theorem 4 (Filippov):

1f f, and U are defined as above, and R(t,x) is convex for all t,

0 <t<T, and ern, thentz(T,xo) is compact.

Comment: Theorem 4 is also true when u(t)eU(t), where U(t) 1s compact in Er,
and the set valued function U(*) is t-continuous in the Hausdorff Topology,
for all t, 0<t<T.

Proof: See [Filippov: 1962], or [Hermes and LaSalle: 1969].
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7. AN OPTIMAL EVASION PROBLEM WITH NONLINEAR DYNAMICS, HARD CONSTRAINTS
ON CONTROL, AND A GENERAL TFRMINAL COST FUNCTION:

7.1 Problem Statement:

let x = f(x,uo,c), x (0) = xo, where uer;

Qé__{uoz uo(t)cEr; u, Lebesgue measurable on [0,T], a; iui(t) —<-b1’

i

A X r
i=1,2, ..,r}, and U= 1 [a.,b,]&GE".
i=1 *
Let Jl(x(T)) and Jz(x(T)) denote terminal cost functions.

Assumntions :

Al : J1 and Jz are continuous maps of E" into R.

A2 : f: E'xU x [i),'!']-*!-:n is continuous in all arguments, is con-
tinuously differentiable in its first argument (x);

x f(x,u ,t) < C[1 + Hx” 2] fcr some C and all xéEn, ueU, and te [0,T],

A3 : If R (t,x) A {f(x,u ,t): uel]} then
the set R(t,x) is convex for all pairs (t,x) where 0 < t < T, xeE".

Au : Let X(t,xo) and z denote

z('l‘,xo) A {x(T)eEn:;c = f(x,uo,t), x(0) = xo, uer}
YA (@ (x(m), JZ(X(T)))EEzi x(T)e'g(r,xon,
then i i8 a convex set.

Consider the following maxmin problem:
max min J, (x(T)).

u e iel
0




T
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The sole difference between this problem and that considered in the
previous section is that the functions Ji(x(T)) are now allowed to be
arbitrary continuous mappings.

Reasoning as before, we are lead to consider

max min E(Uo,p)

uer pel0,1]}

where 3'<u0,p) = pJ (x() + (1-p)J_(x()).

7.2 Problem Solution:

Consider the following saddle-point problem (SPP9):

Does

~ ~
max min J(uo,p) = min max J(uo,p)?
uneﬂ pel0,1] pel0,1] uer

Theorem 1:

Under Assumptions Al - A“, SPP9 has a solution in pure strategies.

Proof: We begin with several observations.

Observation 1:

The set i:is compact in E2, This observation follows by noting that i:is the
image of‘Z(T;xo) under J, where J(x(T)) = (Jl(x(T)), Jz(x(T))), J is continuous

(Assumption Al)’ andjz(T,xo) is compact in E" (Theorem 4, section 6).

Observation Z:

Let k: Y x [0,1]R, k (v,p) = Py, + (1-p)y.
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Since k is continuous in (y,p), convex (affing) in p for fixed y, concave
(¢ffine) in y for fixed p, and z; [0,1] are compact convex sets then by
Sion's Theorem [Sion: 1958], the game defined by (k,z;[o,ll} has a solution
in pure strategies.

Hence, the proof of Theorem 1 is complete by noting that the games
{5,9,[0,1]} and {k,i,[O,l]} are equivalent. Therefore, if (y*,p*) denotes

any solution to {k,i,[O,l]} , (u*0 ,P*) denotes a saddle-point solution for

{J,2,[0,1]} when u*0 is any control which achieves y* = J(x*(T)).

Comment :
Assumption A“ of this section in a sense replaces the assumption of the

uniqueress of x*(T) = arg max k(x(T),p*) which appears in Theorem 2 of sections
X (T,x.)
=~ 0

5 and 6.
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8. OPTIMAL EVASION STRATEGIES AGAINST MULTIPLE MISSTLES: PART IT - FOR
CRITERIA WITH A FREE TERMINAL TIME

8.1 Introduction:

We consider a missile evasion problem formulated in terms of one aircraft
(the evader) and two guided missiles. We delineate the existence, structure,
and behavior of optimal evasion strategies for this problem based on the fol-
lowing assumptions pertaining to dynamics, information patterns, and optimiza-
tion criteria.

Dynamics:

The evader's and pursuer's dynamics are each nonlinear, i.e.,
X = £ (x_,u_,t)
;cpi - fpi(xpi,ui,t), 1=1,2.

‘Information:

Each pursuer (1 = 1,2) uses a given feedback control law for its guidance
strategy. The evader's a priori information includes a complete descripticn of

each dynamical system including initial state informationm.

Optimization Criterion:

The evader seeks to maximize the 'distance of closest approach" between
himself and each pursuer over a given time interval [0,T]. Since there are two
pursuers, the evader is faced with a multi-criterion or vector valued optimiza-
tion problem. One approach to solving this multi-criterion problem is to seek an
evasion strategy, which maximizes the minimum. This maxmin or game theoretic

distance of closest approach between the evader and each pursuer over a given

time interval [0.T].




This approach requires that we solve a saddle-point problem to obtain the
optimal evasion strategy.

In order to obtain a physically meaningful solution, we shall modify the
original problem statement to inclule a set of constraints on the evader's per-
missible controls. 1In addition, we shall assume that for this given problem
setting there exists a value of T (suitably large) such that thre is no need
for the evader to consider strategies for t>T. This implies that the distance
of closest apprcach for each missile occurs at an interior point of [0,T].
Hence, we have chosen the free terminal time nomenclature to describe this
situation. This latter assumption is easily justified in the setting where
each missile is non-thrusting after t = 0, and drag forces are included in
the problem formulation.

.In the following section, it is assumed that the reader is familiar with

the material in sections 1-7 of this report.
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9. AN OPTIMAL FVASION PROBLEM WITH NONLINFAR DYNAMICS, HARD CONSTRAINTS ON
CONTROL, AND A GENTVFAL COST FUNCTION:

9.1 Problem Statement:

Let x = f(x,uo,t), x(0) = xo, where uosQ; and

T,
Qg{uo. uo(t)en 3 uy Lebesgui measurable on [0,T], a, :_ui(t) <by,
{=1,2, . .,r}, and U= T (a,b 1.

i=1 N

Let Jl(x(t)) and Jz(x(t)) denote general cost functions. For example
Ji(x(t)) could denote the actual distance between missile i and the aircraft at

time t. However, the function J, could also be chosen to depend on the relative

i

orientation of the missile and aircraft at time t.

Assuggtions:

A1 : J1 and Jz are continuous maps of E" into R.

A2 : f: E"x Ux [0,T]—>En is continuous in all arguments, is con-

tinously differentiable in its first argument (x);

x“f(x,u,t) < cl1 +|]xl|2] for some C, all xcEn, ueU and telo,T].

A3 : If R (t,x) A {f(x,\_b,t): a; < uy ibi' i=1, ..,r}, then
the set R(t,x) is convex for all pairs (t,x) where 0 <t < T, xeE".

A : Let
[N

B A {(b.(x ,u b (x ,u ))e E2: x(0) = x ef}

4, {( 1( 0’ O)' 2( o’ o)) (0) o’ u et

where bi(xo,uo) Amin Ji(x(t)). then B is a convex set.
0<t<T

Consider the following Maxmin Problem:

max min bi(xo,uo).

u efl 1eT
Q
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Reasoning as before, we are lead to consider

~
max min J(uo,p)

u e peIO,ll
-
where J(u p) = pb X .u ) + l_p’b (x u )

9.2 Problem Solution:

Consider the following saddle-point problem (SPP10):

Does

~ ~
max min J(uo,p) =  pdu nax J(uo,p)?
uoeﬂ pe(0,1] pe[0,1] uer

Theorem 1:
Under Assumptions Al - A“, SPP10 has a solution in pure strategies.
Proof: We begin with several observations.

Observation 1:

The set B is compact in E2.

Observation 2:

Let k: B x [0,1)}»R, k(b,p) = pb1 + (l-p)bz.
Since k is continuous in (b,p), convex (affine) in p for fixed b, concave
(affine) in b for fixed p, and B, [0,1] are compact convex sets then by
Sion's Theorem [Sioﬁi 1958], the game defined by {k,B,[0,1}} has a solution
in pure strategies.

Hence, the proof of Theorem 1 is complete by noting that the games
{3,2, (0,1]} and {k,B,[0,1]} are equivalent. Therefore, if (b*,p*) denotes
any solution to {k,B,[0,1]} , (u*o,p*) denotes a saddle-point solution for

{3,2,[0,1]}) when u*0 is any control which achieves b* = (b,(xo,u*o),bz(xo,u*o)).
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10. HISTORICAL PRECIS:

10.1 Games of Evasion with ore Than Cne Pursuer:

As far as we are aware, Games of Fvasion against several pursuers have not
appeared extensively in the literature. Isaacs considers a very simple example
of such a Differential Game on p. 148 of his celebrated monograph [1965].

10,2 Games of Fvasion with a Single Pursuer:

The literature on Games of Lvasion against a single pursuer is relatively
extensive. We cite the following sources as examples: The monographs by Isaacs
[196Z]; Bryson and Ho [1969]; and Friedman (1971]. The papers by Behn and Ho
[1968]; Rhodes and Luenberger [1969]; Basar and Mintz [1973]; and Poulter and
Anderson [1976]. The thesis by Poulter [1975].

10.3 Cptimization Problems with Vector Valued Pay-off:

_The literature concerning optimization problems with vector valued pay-
off functions 1s considerable. We cite the seminal paper by Da Cunha and Polak
[1967]) and the contribution by Reid and Citron [1971] as examples.

10.4 Linear-Ouadratic Optimization Problems with Vector Valued Pay-off:

The problem of solving an LO optimization problem with vector valued pay-
off has been considered by !edanic and Andjelic in a sequence of papers and
letters [Medanic and Andjelic: 1971, 1972a, and 1972b]. (See also the critical
appraisal of this work by Ho [1971].

The results of section 2 of this present report parallels the oper-lcop
results obtained by Medanic and Anjelic [1971, 1972b]. The basic difference
(besides tlL.c tetliodology) is that we consider a max min problem with weighting

matrices with both positive and negative elgenvalues, wherecas Medanic and Andjelic
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consider a min max problem with positive and nonnegative weighting matrices. This
difference leads to the possible existence of a conjugate point in the present
problem setting, which in turn provides us with a natural interpretation for our
Condition 1 (section 2). We note that no conjugate point phenomenon can arise in

{Medanic and Andjelic: 1971, 1972b].
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6.0 Conclusions and Recommendations for Further Research

Four real-time heuristic algorithms for determining aircraft evasion
strategies against a multiple missile threat have been described. All four
heuristic algorithms are motivated by a formal game theoretic model for
multiple missile evasion., Algorithms 1 and 2 are based on "myopic" saddle
point calculations which apportion the projection of the instantaneous air-
craft acceleration among the normals to the individual maneuver or guidance
planes defined by each missile and its target. Algorithms 3 and 4 are also
based on "myopic" saddle-point calculations. These latter two algorithms
apportion the projection of the instantaneous aircraft acceleratioﬁ into the
individual maneuver planes so as to maximize the minimum of a particular
function which is related to the line of sight rate of each missile threat.
These latter two algorithms are motivated by the concept of anti-proportional
navigation. .

Each algorithm has the following properties: i) each requires rela-
tively minimal dynamic and parametric information; ii) each provides cap-
ability against an N missile threat; iii) each generates aerodynamically
feasible aircraft maneuvers which meet both structural and pilot stress
limitaﬁions; iv) each is computable using foreseeable hardware; v) each
exhibits markovian behavior, i.e., each is restartable from present state
information.

Simulation results using each algorithm with generic F-4 and AIM-9
truth models characterized by nonlinear differential equations, including
lift, drag, gravity, 3-dimensional point mass dvnamics, aircraft load factor
and roll rate limits, and missile autopilot dynamics and load factor limits
have been presented.

Based on the performance of the four heuristic algorithms against seven




representative multiple missile engagement scenarios (Table 4-2a), where algo-
rithm performance in a given scenario is gauged by the minimum miss distance
associated with missiles 1 & 2, one observes that, on a scenario by scenario
basis, there is no single algorithm whose performance dominates the remaining
three algorithms. However, if we calculate the total number of multiple
misses, we observe that the algorithms ranked in decreasing order of perfor-
mance are: Algorithms 1, 4, 2, & 3.

We believe that the importance of this present. study lies more in the
development and comparative analysis of real-time algorithms for multiple
missile evasion, than in the absolute numerical miss distance results obtained
herein. The missile model employed in this study exhibits performance cap-
abilities which make it'more effective than an actual missile would be.
Improving the missile model's realism will therefore affect the numerical
miss distance results in the simulation.

Further research work is currently being pursued in several areas to
obtain further insight into the potential for actual implementation of a
"future generation" of one or several of these algorithms in an operational
setting: i) timing of maneuver initiation in the EEG phase; 1ii) transition
strategies between the EEG and IEG phases; iii) the incorporation of load
factor as well as bank angle in the aircraft maneuver strategy; iv) a cross
comparison between algorithms as a function of initial scenario geometry and

state description; v) a parametric sensitivity analysis for items i - iv.
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Aggendix A

FORTRAN 1V Source Programs

Program ACDYN.91:
Program ACDYN.92:
Program ACDYN,93:

Program ACDYN.94:

complete listing; pp. A-2 through A-25.
main program and subroutine VALUE; pp. A-26 through A-34.
main program and subroutine VALUE; pp. A-35 through A-43.

main program and subroutine VALUE; pp. A-44 through A-52.
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OO AN AN AN AN

PROGRAN ACOYN
ACDYN.91 -== MYOPIC, MULTIPLE (TwO) MISSILES
USES LF=1.0, BA=y.Q FOR CONTROLS FOR FIRST STEP,
THEN MANEUVERS TO MAXIMIZE ACCELERATION NORMAL
TG THE “GUIDANCE PLANE” FOR SINGLE HISSILE CRITERION
FOR COMBINATION, USE 00 LOOP OF LAHBOA“S, I.E.
LA¥DA = U.0 THeU 1.0 BY U.US5, AT EACH STEP,
TG FIND THE MINCLAMSDA) OF THE MAX(UQ) OF =
J(LAMBDA=ACCEL(DOTIG 1D+ (1-LAMBDAI =ACCEL(DGTIG2)]

WhEN CNE MISSILE HAS MISSED THE AIRCRAFT, BEGIN
TG IGNORE IT —-- I.Eey SET LAMBDA TO 1 OR O

DEFINE THREAT ASSESSMENT FOR EACH MISSILE I AS A
FUNCTION OF LAMoDA; I.E.

TATC(LANBDA) = DMISTC(FINAL)
TAZC(LAMBOA) = OMIS2(FINAL)

ALL MANEUVERS ROLL-RATE LIMITED (RLMAX DEGREES)

WRITES YO THE TERMINAL, THEN PRINTC

RXK11 = RX12 = 4.5

STORAGE FOR UP TO 100 ITERATIONS AFTER ONSET OF MANEUVER

PLOTTED VARIABLES ARE ==~

PL{,1) = USTAR (DEG)

PLC2) = PERFSTAR

PLC,3) = USTARZ (DEG)

PLC,4) = PERF2

PLC,S) = GX )

PLUS8) = GY ) COMBINED USING LAMBDA

PLE,7) =62 )

PLC,8) = LF1 (COMMANDED)

PLC,9) = SPECIFIC ENERGY (A/C)

PLU,IU) = SPe ENe (RISSILE 1)

PLE,11) = ALPHA (A Q)

PLC412) = GAKNA (A/C)

PLU,13) = SI6mA C(A/C)

PLEGT4) = NORMT(B) = (6X1v24GY124246210¢2)240,5
PLC,15) = Z (A/C) ; T
PLC476) = AIRSPEED (A/C)

PLCy1?) = SYT1 (L.0uSe. PITCH)

PLC,18) = THETAT (L+0eSe YAW)

PLCE,TY) = NORHUACCEL) = (AX a223AYRR24AZ b22)2%(0,5
PL(,20) = DRAG (AJC) . : “
PLC,23) = 2 (MISSILE 1)

PL{22) = X (A/C)

PLC,23) = X (MISSILE 1)

PL(424) = Y (AZC)

PLEL2S) = ¥ (MISSILE 1)

PLC,20) = 1FLAG = SL, *+ FOR USTAR, = FOR USTAR2
PL(427) = SYDT
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PLC,28) = THEDT1

PL429) = NORMT(LOSOOT) = (SYDT18424THEOTI%*2)%20.5
PLL30U) = 6X1 ) b -
PLC,31) = GY1 ) MISSILE 1

PLE,32) = 621 )

PL(,35) = NORRM2

PL 34) = 6X2 )

PLC435) = GY2 ) AISSILE 2

PLC,36) = 622 b

PLU,37) = NORM2(LOS~DOT)

PL(,38) = LF2C

PLC43Y) = SPe ENe (NMISSILE 2)

PLCL4U) = SY2 (LOS PITCH)

PLELLT) = THETAZ (LOS YAW)

PL(,42) = X (A1SSILE 2)

PLE,43) = Y (MISSILE 2)

PLE,44) = 2 (A1SSILE 2)

PLC,45) = sSyYpt2

PL(,&46) = THEDT?

PLC,4T7) = LARDAT t 100,

PL(,48) = GSY -

PL(,49) = GTHY

PL(,50) = GSY2 .

PLEST) = GTHZ

PL(,452) = GSY )

PLI453) = GTH ) COMBINED USING LARBDA

REAL*® STRING,SDATE

INTEGER CUTINE

LOGICAL PRTED,LONCE

COMMON /PARMIZ LONCE

COMMON /PARMY/ ISEC,DMIS1,0M1S5S2,PRTED

10UM=CUTIME (L)
CALL TIMEOD(STRING)
CALL DATEC(SDATE)
WRITEC(O,¢8) SDATE, STRING
06 FORMATEISX,4UL 272, ACDIYNLYY “,40(°2") 4/,
1 SIXyAdeeXgAB8 9/ 91HT)

LONCE=.FALSE.
999 CALL INIT
CALL VALUE
CALL PLOUT(2)
CALL PLOUT(S)

WRI1Te(,100) .
10U FORMAT(® ENTER D TO STOP, 1 TO REINITIALIZE, 2 °

1 “FOR NO INET PRINT®)

CALL 8&LL(1)

READ(1,170) ISEC
11U FORMAT(I V)

IFCISEC.NELO) GO TO 999

ST)P

END
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SUBROUTINE INIT

DIMENSION IONOF(2)

REAL “uy LF, LO, H1. Lf‘g LTy LRIN, LRAX, MAXLFy NORMAX,
1 LOS"AX, LF2y L2

INTEGER CUTIME

LCGICAL PRTED,LONCE

COmmON

IARP/ T5,Q0S0,ALFAD,CLD4D yLTy6,"0,C01,C02,C03),

1T RHOBETAGCLAFUSUsLUT4DU2¢HT1,CLAFT1,S1,D073,RLNAX,
2 DVCyTHRESHPKITZ&K12,Q1ST1,ALFAT,CLY,D1,L1,ALNEAS
3 WPl TAU,TAFTB,TFLAG,W252,ALFA2,CL2,D2,4L2

CoOMMUN FFARMTZ JJ,KSTEP
COMMON JFARP 2 VIHU,VTHY jOTH,TSTEP,ILPUTA

COMMON /PARMS/ NO,L10

COMRON /ZPARMSZ MANUVR

CONMON ZPARMCZ LONCE

COMRGON /FARMY/ ISEC,DMIS1,0M1S2,PRTED

COMMUN ZCONTRZ ACLFCIUL) JACBACTOLI ZACTIC1I00) , TCHG,LF,UD4MAXLEF

COMMGN FMSL/ LF1,UY,PSY1,THETAT,LF2,U2,PSY2, THETA2

COMMON ZARRAYY/ %0(13),XuLINCIE)

COMMULN ZFLVRZ PLUILU, 55) (PXAX, PMIN,LMAX,LMIN,SFMAX,
SEWINJALFRAXLALFMINSNCGRMAX Z¥AK, ZAIN, VEAX 4 VAIN,
DMAN DMIN g XMAX o XMI N, YnAKy YMIN JANMAX L OSPAX

DATA IYES/Z®Y“/, 1ONOF/"OFF“y“ON °?

FORMAT(IY)
FORMRAT(13)
FORMAT(F12.6)
FORMATC(AY)

IF(LONCE) 60 TO 8GO0
PI1=3,14159
hMO=1b

N1=6

10=100

1SEC=1 :
KLMAX=60C.0
ALREAS=25.0*P1/180.
MU=1243.C
BETA=0.,0C0030575
0=52.10
RHO=L.uU23769
TAFTo=13C00.
€02=-0.7(138
CUS=1%.141
CLAFU=5.8986
$0=530.0
0UI=U,01675
pU2=uU.223
ni=3,.,29
CLAF1=222,.,918
$1=0.223

D11=0e7
012=0.042
RK11=4,5
kK12=4,5
THRESH=0,1
vTu0=200.0
VTH1=20L0,.0
PTH=15.0
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BEGIN INPUTTING DATA --~
use FILE 10

READ

(10,3) KSTEP

TSTEP=1.C/FLOAT(KSTEP)

READ
READ
READ
READ
KEAD

(10,6 xUC1)
(10,86) x0(2)
(10,63 x0(3)
(10,6) x0(¢4)
(10,6) DAl

XU(S)=0A1*P12180.

READ

(10,46) DA2

X0¢s)=0A2*P1/180.

READ
READ
READ
READ
READ
READ

(10,63 Tau
(10,6) xU(?7)
(1U,6) x0(8)
(10,86) x0(9)
(10,6) xC(10)
(10,6) d A}

XU(11)=DA3+P1/1580.

READ

(10,6) DAL

X0(1¢)=DA4rP1/180.

READ
KREAD
READ
READ
READ

(10,6) x0(13)
(10,6) x0(14)
(10,6) x0(13)
(10,63 x0(16)
(10,6) DOAS

x0(12)=D4A5-P17180.,

READ

(10,6) DAS

X0C¢10)=DA6P1/1380.

DO 750 I=1,NO

XUINCI)=X0(1)
750 CONTINUE

60 TO 315

80U CONTINUE
wRITE(O,E13)
B13 FORMAT( THY)
51> CONTINUE
DO 331N 1=1,NU
XUCI)=10INC])
85C CONTINUE
1FCISEC.EQ.2) 60 TO 870

LONCE=.TRUE,

wRITe(2,852) TSTEP,
WRITc(o,8592) TSTEP,
852 FORMAT(SX,“TSTEP

WRITc(2,854)

854 FORMAT(/,”

1

00 800 l='.~’

4=j%0

K=1412
TEAP=XJ(])
TEAP1=XU )
TEAPZ=XU (K)

x0¢.)
RISSILE %27 4/)

TAU
TAU
’.fdo‘g’. TAU = ..r8|‘|l,

AIRCRAFT MISSILE #1°,




121 IF(1.LT.3) 60 TO 355

122 TEMP=TcMP+130./P]

123 TERPI=TEMPY +180./P1

124 TERPL=TEMP2*18U./P1

125 895 CONTINUE

126 WRITe(2y256) 1, TEMP, TENPT, TEMP2

127 wRITE(0,c52) 1, TEMP, 4, TENPY, Kk, TEMP2

128 B56 FORMAT(IC,3(5X,G15.6))
12y B58 FORPATISIA,“INIT X0C(”411,°) = “,615.6,

150 1 1x.'lhll’ XU(’.IZ,') = '.615.6.11,
151 4 TINIT lU('.XZ.') = "h1506’
132 86C CONTINUE

135 ¢

134 87U CONTINUE

135 ICPUT™=CUTIMELO)}

136 LF1=4259DA3

137 LF2=,254DAS

1358 Uul=0.0

15y u2=0.0

149 yo=z0.0

141 ACTIC1)=C,.C

142 ACLF(1)=1,0

143 ACBACT)=0.0

166 BANUVR=0

145 PRTEL=4FALSE,

1406 CO01=22545 .7

147 ¢

143 101=a04¢3)=-x0(9)

149 ¥Y01=x2(2)-x0(8)

150 . X01=X0(1)-X0(7)

19 RXY=SQRT XDV +*XD1+YD12YD1)
152 PSYI=ATAN2CZDT14,RXY) ~

153 THETAT=ATANZ2(YD1,XD1)

1% DMIS1=SQART(RXY*#242D1422)
159 ¢ T "
1%¢ 202=x0¢(3)-x0¢15)

157 ¥02=x0(23~-x0¢14)

158 X02=x701)-x0tL13)

19y RXY=SORT(XD2-XD24YD2+YD2)
160 PSY2=0TAN2(ZDZ,RAY) ~

101 THETAZ=ATANZ(YD2,XD2)

182 DMISc=SART(RXY»* 24202 242)
163 ¢ o -
164 DO B46C 121,53

10> 00 B840 421,10

1006 PL(J.I)=C-0

167 880 CONTINUE

168 PPAX=1060C00.0

109 POINz=0,0

170 ) LMAX=0,0

71 LMIN=6.0

172 SPnAx=U.U

173 SPRInN=2013)4U.5X0(¢&)»x0(4)/6
174 ALFMRAX=0.0 )

7S ALFMIN=0,0

176 NORMAY=U .0

17 ANPAX=U.C

178 1PAX=0.0

17y IMIN=ARINT(XUCS) o x0C9) X 0LC15))

180 xAmAX=0,0




151 XMIN=AMIATCXUCID X0C(7)(X(C13))

182 YMAX=9.0

153 YRIN=AMIANT(XQC2) ¢ XO(EI,XL(14))
184 VRAX=XU(4)

185 VRIN=YULL)

156 oMAX=0.0

187 P™IN=1.0E10

188 LOSmAX=0,0

189 €

U wRITe(2,903)

191 U3 FORMAT(Z, © BEEGIN ALL MANEUVERS AFTER 1 STEP”)

193 wRITEC2,515) RK11,RK12

e sRITelo,5%13) RKl1.RK12

195 913 FORMAT(2(X, PROPORTIONAL NAVIGATION GAINS: 4/,

196 T 12X “PITCH (RK11) = “4012e3: s YAW (RK12) = “4612.3,7)
1wz C

198 wRITE(2,916)

vy Y16 FORMAT(® ENTER MAXIMUM LOAD FACTOR FOR A/C (F12.6)7)
<Uo CALL eeLL(l)

cUt READ(1,6) MAXLF

ue - IFC(MAXLF EQ.U.0) MAXLF=6.0

<03 WRITE(24518) FAXLF

<Us WMRITECO,5106) PAXLF

205 918 FORMATLICX,° AJC MAXINUN LOAD FACTOR = “,F542,7/)

e07? WRITE(2,526)
<0y 926 FORMAT(” USE AFTERBURNERS IN MANEUVER (Y OR N)2°)
20y - CALL ®BeLL(Y)

¢10 READ(1;11) 1DUM

<11 TFLAG=UWC

212 IFCIDUMLEQ.IVES) TFLAG6=1.0
213 I=TFLRG*T1 .0

<14 WRITE(Z2,%28) IONOF(1)

ra b wRITECO,928) I0NOF(I)

216 92b FORMATCTILX,” IN MWANEUVER, AFTERBURNERS WILL BE “3A3,44)

<1E 1SEC=1

219 wRITE(2,571)

220 971 FORMAT(” ENTER } TO ABORT®)
<21 CALL BELLCY)

222 READ(1,1) LOGIC

223 IF(LCBIC.EQ.1) STOP

224 €

22> RETURN

éeo END
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SUBRGUTINE VALUE
REAL ™uy LF, LO, M1, LF1, LY, NORMY, LMAX, LMIN, MAXLF,
NUPRAX, LOSAAX, LF2, L2, MNORMZ, LAMDA1, LAMODAZ2,
NORHE
DIMENSION ACDFM(100,2)
LOGICAL PRTED, FLAGY, FLAB2
INTEGER CUTIME
COMMON /AMP/ TO,Q0SU,ALFAD,CLO,0(,L0,6,M0,C01,C02,C03,
RHO,GETAGCLAFU,SU,0U1,002,M1,CLAFT,S1,011,RLAAX,
DV, THRESH RKT1 4kK12,QG1ST4ALFAL,CLY1,01,L1,ALKEAS
sPLyTAUSTAFTB, TFLAG,3252,ALFAZ,CL2,D2,L2
COMMUN FFARMIS JJ KSTEP
COMMUN /FARMZ/ VTHU,VIHY DTH,TSTEP,ICPUTA
COMMON JPARMS/ NU,1U
COMMON SFARMGS STEP
COMMUN ZPARMSZ MANUVR
CONMON /FARMS/ ISEC,DMIS1,DMIS2,PRTED
COMMUN ZARRAYT/ XOU(15),XLINCI8)
COMMCN FCONTRZ ACLFCTIUU) JACBACIUUY ACTICI00) ,TCHG 4LF4UD MAXLF
COMMUN JFLVRZ PLCIUU,53) yPMAX ¢ PFIN,LMAX,LMIN,SFMAX,
SPYINJALFMAX,ALFMIN, NURMAX ,ZNAX ,ZNIN,VMAX VNIN,
DAAX g CMIN g XMAK (XMIN,YMAX, YFIN JANMAX ,LOSMAX
COMMUN F¥SLY LFT,U1,PSYT 3 THETAT,LF2U2,PSY2, THETA2

EQUIVALENCE (GAMA,X0(5)) 4(SIsMA,X0(6))
EQUIVALENCE (VU,XUC6)),(V1,XGC10)),(V2,X0(16))

DATA TESIN /1.0/, IEXIT/ X"/, I1QUIK/I‘Q“!?
PERF(UI=COEFA*COS (U 4COEFBASINCUI+COEFC

COSGAP=COS (GAMA)
SINGA=SINC(GAFA)
€0SSi6=C0S(S16MA)
SINSIG=SIN(SIGMA)

TA=0,0

44=0
bUX1=1.0¢810
oUM2=1.U€10
FLAG1=,FALSE,
FLAGZ2=+FALSE.,
LAMDAYI=0 .S

FLAG(T) INDICATES THAT MISSILE 1 ALREADY 60T AwAY

CONTINUE
IF(FLAGT) LANDA1=0,0

IF(FLADZ) LAMDAT=1,0
LASDAZ=1.0-LAMDAY

IVAL=SU

TPRINLT=TA

VOX=y0~CASGAM+COSSIG
VUY=VD+CCSGAMRISINSIG
VOZ=vU+SINGAM
VIXSVT1,CCSIXUCI1))-Cose¢xXL(I2l)
VIV=VI-CCSEXUCIIID-SIN(XLC12))
VIZ=Vv1-SINC(XUCIT))
V2X=V2-CCSEXUCI7))»COSIXLITE))
V2Y=V25CCSEXUCI7) ) »SINCXUCIB))




108
109
14U
AR R
e
113
114
115
116
17
118
MYy
124

(ol o N o)

200

V2ZI=v2 «SIN(XOQ(17))

VRELX1=VEX=-VIX

VRELYT1=VLY~V1Y

VREL21=V(Z~V1Z
VRELTT1=SGRY(VRELXI=#2¢VRELYI®®24VRELZT*#*2)
VRELX2=V(X~V2X - - "
VRELY2=VLY~V2Y

VREL22=V(Z~V22
VRELT2=SURT(VRELXZ2s#2¢VRELY2»#24VRELZ2222)
CELX1=XULT1)-X0(7) ~ - ’
DELY1=Xx0(2)-X0(3)

DELZ 1=xU(3)=-x0(Y)

DELXZ=XU(1)~-XU(C13)

DELYZ=4UC(2)=-X0(14)

DELZz=x0(33-x0(15)

BUAT=AMINT(DUMT,DRIST)
DUMZ=AMINTI(DUM2,DM1IS2)
DMIST=SAAT(DELX T+ r24DELY Ine24DEL2T222)
PMISE=SART(DELX w2 #DELY c#=29DELZ2%*2)
DSVYI=D,5-0MIST/VRELTY -

DSV2=0.9 'DMIS2/VRELT2
STEP=AMINTILTSTEP,DSV1,0SV2)
DMIS=AMINT(DMIST,DNI52)

1F(dd.uT .0) MANUVR=1

LF=1,0

ULAST=UC

u0=0.0

IF(MANUVR.NE.1) 60 TO 30C

UO=ULAST
LF=MAXLF
ISEC=1ISECH)

6X1 = VRELYV»DELZT - VRELZI*DELY)

6Y1 = YRELZ1-DELXT1 - VRELXV*DELZ?

621 = VRELXVT<DELYY - VRELVYI*DELX?

NORMY = SQRTULGXT:6X1 ¢ GY14GY1 ¢ GZ146Z1)
6X2 = VRELY2-DEL22 - VRELZ2»DELY2 )

6Y2 = VRELZ2-0DELXZ2 - VRELX2%*DELZ?2

6Z2 = VRELXZ=DELY2Z - VRELY2*DELXZ2

NORM2 = SQRT(GX2»6X2 ¢+ GY2+6Y2 # 622+6122)
IFC(NURNT GE.TESTH.AND . NONM2.6E.TESTN) 60 To 200

NORM TOO SMALL, NO GUIDANCE PLANE, DO NOTHING YET

LF=ACLF(ISEC-1)
60 To ¢9U

CONTINUE
6X1=6X1/NORR1
GY1=6Y1/AhORNT
eZ1=6Z1/NORMY
6X2=LX2/NORM2
6YLTLYL/NORME
GI2=6ZL/n0RNZ
PERFn=1.CE20

00 270 LAMB=1,21
LARDAT=FLOAT(LARB=-1)/20,
LAMDAZ=1.0-LAMDA1




121
122
123
124
1¢5
126
127
128
129
130
131
132
133
134
13>
130
137
133
13y
140
141
142
143
144
145
140
147
148
16y
150
131
152
153
154
155
15¢
157
158
159
160
1610
162
163
104
165
106
167
16y
169
170
1”7
172
173
174
175
176
mrr
17s
17y
18C

[a N a3 )

[a ol o N

[ AR a W Al ]

220

23u

&30

IFCFLAGT AND«(LANB.GT.1)) 60 TO 280
IFCFLAG2 AND«(LAMB.LT.21)) 60 TO 270

GX=LAMDAI*GXVISLAMDA2 *6X2
6YSLAYDATI(GYI4LAMCAZ*6Y2 .
GZ=LAFDA1'611‘LAHDAZ:GIZ

COEFA=62+COSGAM=-GY +SINGAN®SINSIG-GX*SINGAM=COSSIG
COEFA=COEFA~(LU+TU>SINCALFAU)) -
COEFou=0Y+COSOAM~LX*SINuAA
COEFo=COEFB*(LO+TC-SINIALFAQ))
COEFC=C(TU~COSLALFAU) =00 )*(GZ*SINGAM+G6Y*COSGAM+SINSIG
] +6Y+COS6AM*COSSI6)) - 62Z3M0*6 -

USTAR=ATANZC(COEFB 4COEFA)
USTAKZ=USTAR+P1

IF(USTAR 6T eU) USTARC=USTAR-PI
CONTINUE

PERFST=PERFCUSTAR)
PERFZ2=PERF(USTARZ)

ABST=AoS (PERFST)

ABSZ=A8S (PERF2Z)

USE “BEST® U AND RATE LIAIT TO RLMAX

IFLAG=IVAL

URAX=USTAR

PERMIN=AGST

IFLADST.CE.ABS2) 60 TO 230

UMAX =USTARZ

IFLAG==1VAL

PERMIN=ABSZ

CONTINUE

ROLL=(UMAX-UU?«180.7P1
IF(ROLL.6T+150+.3 ROLL=ROLL~360.
1'(ROLL.LT.('18U-’) ROLL=R°LL’5°0l
AROLL=ABS(ROLL)

WE NOV RATE-LIMIT WHICHEVER ANGLE WE GET TO RLMAX
DE6 PER SEC.ee

IFCAROLL .LES(RLMAX-STEP)) 60 TO 250
ROLL=Q0LL*RLMAX*STEP/AROLL
IFCAROLL.LEL175,) 60 TO 250

ROLL IS ESSEMTIALLY A COMPLETE FLIP --- USE PLUS/MINUS
RLMAX INTO PERF FUNCTION TO (HECK FOR BES' WAY
_IO MAKE FLIPS

IVAL=7S

USTAR=UDS(RLMAX*STEP+P1/180,)
IFCUSTARGTWPI) USTAR=US TAR~(2.0+P1)
USTAR2=UL=(RLPAX -STEP*P1/160,)
IFCUSTARZSLES(-PI)) USTAR2=USTARZ*(2.0*+P1)
&0 TO 220 )

CONTINUE

IFCPcRAIN.GE.PERFM) GO TQ 270
PERFM=PERMIN

JMIN=LANE

A-10
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181 RLMIN=ROLL
1582 PLUISEC,1)=USTAR» 100.7P1

183 FLUISEC2)=PERFST

184 PLEISEC, $)=USTAR2:180./P}

13y PLCISECy&)=PERFe

e FLUISEC,3)=62X

w7 PLIISEC,4)=GY .
180 PLUISEC,7)=612

189 PLLISEC 4 26)=1FLAG .

19U PLUISEC,47)=5-CININ=-1)

19 PYAX=ApAXT1C(PHAX,PERFSTPCRFZ)

192 FRINZANINTUPHINZPERFST,PERF2)

195 270 CONTINUE
194 250 CONTINUE

195 €

196 ROLL=RLMIN

97 UU=UU®(RCLL*F1/7180.)

194 IFLULGTWPI) UI=Ud=(2.0*P1)

19y TFCUGCLE «(=P.)) UU=UU+(2.0:P])

20U ¢ )

201 ¢ CALCULATE THE BEST ACCELESRATION wITHOUT GUIDANCE PLANE
¢ue €

PAV K] TACCXSCLTU*COS CALFAU)=-DL) +(COSGAM~COSSIG))~
2U4& 1 ((Lu'IU-SIN(ALFAU))-(SIN(UU)'SIMGANOCOS(UOI:
205 P4 S1INuANM«(0SS1IG))

2U o6 ACCY=C(TU COL(ALFAL)=-DJ) -CCOSGAM:SINSIG))®
eu? 1 ((LUGXU'SX&(ALFAU))'(blN(UU)’(OSGA!-COS(UO):
208 2 SINGAM®SINSIG))

c¢uy ACCZSCLTL*COSCALFALY=DUY SINGAMI=(MJ«G)+
PA RV 1 CALUTYTUSINCALFAUI ) -CLSGANYCOSCUO))

<11 ANORM=SGRTCACCX: ACCX®ACCY»ACCYTACCZ*ACCZ)
12 C

¢1s ¢ STOR: PLOTTED VARIABLES

214 €

2195 PLLISEC, 14)=NCRM]

216 PLUISEC, 19)=ANORMN/MOD

217 PLOISEC,y 50)=GXT

A L] PLUISEC31)=6Y)

¢y PLEISEC,32)=621

<d v FLUT 350y 23)200R¥¢

cdl PLUIOSECyS4)=06X2

2ee PLCISECy 35)=4Y2

cl3 PLUTSEC, 36220622

2 NOXKMAY=AYAXTANORMAXyNORM 1, NORM2) *
éed ANMA AZAMAXT(ANHAX JANORNM)

¢26 €

el YL COLTINUE

<23 IF(PRTED) GO TO 3G0C

<29 PRTED=+TRUE.

31 COI=C1*TAFTu*TFLAG

<31 TCHG=TPRINT

232 wRITECC,310) TPRINT

233 wRITe(64310) TPRINT

254 310 FOGRVM ATC2X,“START MANEUVER AT T = “,F6.2)
23y CALL BeLL(S)

236 C

257 SPMAXZAMAXTI(PL(Y 49),PL(T ,10),PL(1,39))

XY ) SPARINTAYINIC(PL(T(9),PLCT ,1U),PLCT1,393)

239y ALFMAY=ALFAU

(33" ALFMi4=ALFAQ
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241 IMAX=2AINTAXCU3Y 4 NGLT) X (15D

ibe IPINZARAXTUXLUS) g XulY) X LC15))

243 APAXZARAXTOXLCT) s Xu(7) X C13))

PIX AMINZEMINTOACCI) o XG(7)yX0uLi13))

24) YPAXZMAARTEXUE2) ¢ XLl d X C14)) .
2406 VPIN=ZAMINTOXULZ) 4 XUC3D4XLC14))

247 VMAX =YY

chd VPIN=Vy

ey LMAX =Dy

eSS OMIN=DY

251 LOSMAX=0,0

¢52 ¢

P X 300U CONTIVUE

254 ACBACISECI=UU*180./PI

255 ACLFCISECI=LEF

256 ACTICISECY=TPRINT .
25? ACDM(ISEC,1)=DNISY -
258 ACDMCISEC,2)=DNIS2

259 €

26U 1F (RNpLJI,KSTEP) JNE. 0) 60 TO 477

261 aRITE (2,400) TPRIWT, 0M1S), D152

262 wRITe (4,600) TPRINT, 0MISTy DM41S2

638 UG FORMAT (S5XK¢"TIME = “gF1UeS5,2X3 DSEPT = “,612.3,2X,

264 1 “DSEP2 = ‘.612.3)

265 €

206 477 CONTINUE

267 IFCEND L TaVThU)cOR(VILTaVTHID ¢OR(V2LToVTHT)) 60 TO 510
268 . LF(DOMIS LT 4DTH) 60 TO S24L ’

269 1F(TAY3.0) 60 TO 480

2?u FLAGI=FLAGY . 08.,6DM1S1,6T,DUNT)

271 FLAGk=‘LAG£.OR.(DH1$Z.GT.DU!Z)

272 IF(FLAGT JANDFLAG2) 60 TO 540

ers 48C CONT iVUE

274 CALL INTHOX

éry TA=TASST P

ete dd=d441

er? IFUISEC.GEL1IU) 60 TO 530

278 60 Tu 10¢C

¢ty C

¢8y SIL CONTINUE

2581 wRlTe (24515) TPRINT

c6e aRITe (64515) TPRINT

IE-¥ S15 FORMAT (1 X" ¢~ AlC OR MISSILE YEL. IS TOO LOW “, .
PEEY T AT TI®E: “L,F10.35," * 2% 41)

i3y 60 To oUC .
<86 ¢

¢s? ¢ HIT OCCUKRED, PRINT OUT

P31} 520 CONTINUE

289 wRITEC(C,52%) TPRINT,DUAY ,DUMZ

Yy WRITEC(O,5925) TPRIANT,DUAT ,BUMZ2

¢9 525 FORPATULIX,"wes~v HIT AT TIME = “,F10,3,

ive 1 erern’ ) 5%, "PEST DSEPS WERE 1:7,
évs 2 615.6". [ Z:"¢1500|l)

Y4 o0 TG0 6UC

2Y5 €

é¢ve 530 CONTINUE

v WRITc(2,555) TPRINT

2vs wRITe(64535) TPRINT

299 535 FORMAT(SRy“TIXE LIMIT AT T = “,F6e2)
50U 60 TQ o6UL
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301 ¢

S0 ¢ CLOSUCE RATE NEGATIVE SOLUTION ~- PRINT IT

U3 56U CONTINUE

& “RITe (2, 564) TPUINLTDUMT ,OMIST,OULUMZ,D™ES2

205 wRITr(o,564) TPRINT,DUNT (DmIST,0LY"2,0™182 A
3ue 944 FORMATI(3Xy “~vvr CLUSUREL WATE NEGATIVE AT TIME = “4Fl.3,
o7 1 T4 e [ 9% ¢"TAY : oELNT DSEP = “,015.6,7, NCW = “,615.6,7,
S0s Z SX%9°TA2 2 BEST BSEP = “4615.64"s NOWL = “3G154647)
3uy 60 Tu &UL

L3100 ¢

5711 600G CONTINUE

312 CALL BELL(Y)

513 C

314 READ(1,635) LOGIC

315 1FC(LUGIC.EQ.JEXIT) RETURN

310 S DEXY

317 DO 627 J314NID

318 dId=Jee

319 KK=J+12 .

32U TEMP=XL(J)

321 TERP1=XU (JdJ4)

522 - TEWMPS=AU (KK)

323 IF(S.LT,.S) 60 TO &0S

324 TEMNP=TEMP*IEV./P]

329 TERP1=TEPP1-1¥8]./P]

526 TEMPc=TEFPL»1ED./P]

527 6US CONTiINUE

328 WRITEC24ET1U) J,TENP,JJId, TEMPI KK, TEMPZ

32y - WRITeCosETC) JoTENF o JJdy TEMPT KK ,TERP2

S3L o1u fORNRT(CX"XU(‘|I1.'): ',613.6.61.

351 1 “A0€" 3129702 T46134444X, ,

232 < ‘ZL‘-(‘.IE.": "'\)13.6)

353 620 CONT INUE

334 €

33> WRITE (2,625) DELXT,DELY 1,DELZ3,0MIS1,DUNT

536 wRITE €646¢5) DELXV1,DELY 1,0ELZT1,40%IS1,0UNT

5817 625 FORPAT/ 4 IUXp"DELXT: “3612.5,2%, "DELYT: “,G612.3,7,
358 T 1024°0elZ1: “467¢e3 42X, 0PIS12 “4612.547,

23y & YUa,”BEST DMIS wAS “,612.3)

awbl «9LTE (30500 QBELXLYDELY cyDELZZyvMIScylUN

561 aPI¥e (6,630) DELXcyDELY CoUELZZyiMIS2yDUANZ

342 O350 FORP ATLZ 4 TUX g "DELXC: “9G12e342X DELY2: “40612e59/,
345 T O TUA“DELZC: “90TcedscX 3 °DM1IS2: “4612.347, .
3446 € TUAs"2eST DMIS uwaS ",612.5)

34) CALL 2ELL(Y)

340 PEAD(1,4555) LCGIC

LYY 4 IFCLUGLCEGeIEXIT) RETURN

sS40 1F(LLGIC.EQsIQUIK) GO TO 66U

S49 6355 FOR™AT(AT) .

3% ¢

3 WRITE(6,6431)

35¢ 651 FORMAT(TIHT)

358 80 €657 1:=1,1SEC

3% IFCMGOCT 420U eEwel) CALL SELL(T)

35 TFCMOOCT 420) eBQeu) READ(1,635) LCGIC

3506 IFCLUGICELTEXIT) RETURN

as¢ 1FCLUGICEGeISUIK) 60 TO 66D

356 wRITclcoc36) ACTIC(I) ACOA(1) 4PLUIyc)PLC],33)

35y 636 FORMATCIXy“TINE “ 98529349 "ACBA “9FLe2 43Ky "LFIC “,F8s1,
sou L 354 °LF2C “4F8.1)




S0 65U CONTINUE
E1-Y4 66L CONTIIMUE

30635 00 64N 1=1,1ISEC

EY.X aRITe(0,037) ACTl(l"ACLF(x)'ACBA(l)'pL‘1|t).PL(I"B)'
30> H PLCL 193 4P L2, 1), PLELy11),PL(L,20),

500 2 (ACU (I 433)4d=1,2)4FLUIyaT) .

2617 637 FORPATUIX,"TINE = "3 0PFbe293X9 ACLF = “9F5.1,3Xy

£Y-Y.} 1 “ACoA(DEG) = '|f802|5X.'L“C = ',F&.?.SX'

369 2 TLFC = "4 FBec¢3Xy"h0nMIA) = “,6114247920X,
EY A 3 “NIaMI(G) = -|G‘102|3A"ALPHA = "‘00205Xp
a1 4 “LTAG = ‘46114247 ,20X,°0%1S1 = TACQYI) = %
372 5 Fredg 9N DPISE = TA(2) = "4 FP.2,45X,

373 [ “LARMBDATY = “4~=2PFS5edy?)

24 67U CONTINUE

37y ¢

370 10UM=CUT IMECUI-ICPUTA

377 wRITECC,¢39) 1DUM

578 nRITE(O,65Y) IDUM .
37y 63y FORMAT(4X,"CPU TIME (SECCNDS) = “415,0PF5.0)
380 € .

581 RETURN

382 END
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SUBROUTINE 1nNTBOX

WEAL MU,y LF,y, LUy, M1, LF1, L1, LPAX, LMNIN, MAXLF, NORMAX,
LOS™AX,y LFZy Ldy MVU,y AV, MPy2

LOGICAL FRTED

VIGENSION XPUCTS)

COMM OGN 2 aMP/ TU.QCSU.ALFAU|CLU|DD'LO|F'HU'CO‘qCUZ.CU’p'
RHOSLETAZCLAF U ySLeDUTy Wy T4 CLAFT14ST4y0TT4RLMAX,
DV ey THRESH ) RKTY yhK12,Q 1ST ALFAT,CLEDT,4L T,ALKEAS
sP Ly TAUGTAFTByTFLAG, w252, ALFAZCL24D2,40L2

COM™ON ZARRAYTIZ XCClod X uINCIB)

COMMOUN JFARNM IS JJKSTEP

COmMCM ZFARNMSS NuylU

COmMMON JFAKM&/S STEP

COMMULM ZFARMS/ MANUVR

COMMUN /FPARMY/ ISEC,DMIS1,DMIS2,PRTED

COmMUN FCONTKYZ ACLECTSLU) JACSACTUL) JACTICIUJ) 3 TCHE 4LFUQ  MAXLF

COMMON 2FLVR/Z PLUTUU355) yPRARGPYINJLAAX LMIN ¢ SPMAX,

SEYINGALFRAX JALFRIN G NURMAXgZYAX g 2ZATIN WMAX JVRIN,
DAARGUMIN g XAAK g XM LINGYFARQYMIN JARNNAXLOSMAX
COMMON Z29SL/ LFT;UT PSYT JTHETAT,LFCU24PSY2Z,THETAZ

EQUIVALEANCE (GAMAAU(S)) ,(SI6MA,X0(6))
EQUIVALEANCE (VU,XLL4D),Cvw1,XUCI0)),4(¥2,4X0(16))

FIRST CALCULATE AIRCRAFT DYNAMICS
COS6A¥=CCS(6AMFA)

SINGA”=S [N (EGAMA)
COSSiG=CCS(SIGHA)

"SINSIG=SIN(S164A)

nvVO=n0.v_
TUSCuT+CU2XLLE3)4CUS VD
QUSO=0.5’RHO'EXP(-bETA:X£(3))*VO*VU‘SO

LINIT ALFAU TO STALL ANGLE, AND STURE ALPHA ACHIEVED

ALFACTANMINIC(MU <+ LF/(CLAFU?QUSO)) ALREAS)
ACLFUISEC)=ALFAD-CLAFO @uSG/(M0te)
SINA_FSSINCALFAU)STIC

CLU=SCLAFL ALEAY

0U=QuSU(DUT+DUZ -CLC~x2)

Le=CL"-qLsU

APULCTI=VL*CCSGAN - CUSS TS .
XFUC)=VC+COSCANSINSIG

APG( )=V -"SINGAN

APUC)=CTU  CCSUALFAL)=D0JI/IND - 6:SINGAN
XPULS)=CLU+SIHALF) COS(ULIZCAVI) -6 -COSGAM/ZVD
APUGCO)=C(LO*SINALF) SIN(ULIZ(AVU*COSGANM)

MISSILE & 1 === CALCULATE DYNAMICS AnD CONTROLS

COSEA"=CCSiXVU(IT))
SINGAT=S IN(XULCIT))
COSSIG=CCS(XLCT12))
SINSAG=SINCXL{12))

AAELRRA A ]
G1S1=0 5 RHOEXP(-BETA:XL(F))*VvI v1eSY
ALFAIC=!1'6'LF1I(CLAF?}OISI)

A-15
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61 1FCJIeE@eU) ALFAVY=ALFATC

¥4 TF(TAUGGEUsLCUUTIIALFATIZcXP(=STEF/TAUI *CALFAT=ALFAIC) + ALFAIC
LY IFCTANGLTaGaeWLUUY) ALFATSALFATC

o4 CLYI=CLAF1¢ALFAY

65 £12G151¢(D114D12-CLYe>2) .
66 L1=CLT Q181

%4 XPU(Z)=VI+COSGAML{ISSIG

6d XPU(¢)=VI*CCSEAA-SINSIG

oy APULS )=V 1+SINGAM

0 XPOC1C)=-D1/M1 - G SINGAM

71 XPUCTI1)=LT«CLSCUIYZLAVIY - G+COSGAMZVY

7¢ APUC12)=L1-SINGUI)/(MVI*COSEAN)

73 X01=x3¢1)-x0¢(7)

le YOI=AU(LI-X0tY)

75 101=x0¢3)-X01(9)

76 XPDI=XPU(1)=-xPO(7)

77 YPD1=YPI(2)-xPU(s) .
7 IPD1=XPU 3= 1PLU(Y)

7y RR1I=ADTI® 2¢YD1:7242D1 22

3¢ REXY17aD1+-24YD1-»2 B

81 RXY1=SGRTCARXYY)

82 CPSYVI=ATAN2(ZL1,RXY1)

85 THETAT=ATAN(YDT,XD1)

84 THEDTT1=(XD1+YPD1-YDT :XPD 1) /RRXY?

85 SYBTISU(RXY1<ZPD1-ZD1 (XD 1*XPD1+YD1~YPD1)/RXYT1)/RRY
86 DTNCA“=(SYDT1--24TnELTI*+2)+30,.5

87 ARGYI=IKIZ+*THEDTI/ (AKT1<SYDTT14G<C(SGANIVT)

33 U1=ATANCARGT)

8y - TEST=A0S (THEDT1)

946 IFCTEST .6E. THRESH) LF1=

91 1 RK1Z2-THEDT1+V1CuSGAAS(E=SIN(UT))

92 IF¢TST LT. THRESH) LF¥= ~

93 1 C(RAT11A3YDTI46+COSGAM/VI)=(VI/C¢5+COS(UT)))

96 €

v> PLCISEC,2)=LF1

ve LPAX=AMAXT(LMAX,ABS(LF1))

v LNINZARTRTCLRINGCLET))

9o LFI=A“INTC15eCARAXT(~15.0,LF1)2

vy ¢

e ¢ PISSILE A & === CALCULATE DYNAMICS AND CONTROLS
1wl ¢

1¢ COSGA*=CCS(XL17))

1us SIHGA™=SIN(XLI17)) .
14 COSS.A=CCSE(XLC143)

Tus SINSIG=SINC(XLCIX))

106 ¢

1u7? avV2=ntl.V¢

o . w2522"e% RHKO*EXP(-bETA X0L(19))Vitv2=S1

109 ALFALC=M14GLF2I/(CLAFT-QcS52)

114 1FCJJI.EQ.U) ALFAZ=ALFA2C

R R JFUTAUGG6ELQaLCOUIIALFAZ=cXP(-STEP/TAUI »CALFA2-ALFA2C) + ALFA2C
112 IFCTAVLLTUSLICUT) ALFA2=ALFARC

113 CL2=(LAF1rALFA2

14 02=CcSE*(D114012CL2*» Q)

115 L2=CL? 0esS2

118 APCL14)=Vv21C0SGAN CO0SS16
117 APUC14)=y2 COSGAA-SINSIG

118 XPUCIS)=V2-SINGAN

119y APUL14)==Dp2/MnT1 = G-SINGASA

124 ¥POC17)=L2-CCSCUED/ICAve) ~ 6-C0S6AM/V2
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121 XPUOCTIVI=L2 SINI(ULZ) /(MY P (COSGAM)

122 ADE=aUt1)~-XUC15)

123 Y0R=KD(2I=-XC (14

124 D2=aT(3)=-x0(15)

12> APDR2z=YF L (1)=-4P2(13)

1206 YPO2=XPUL2)=-APUL14) .
127 ZPD2=XPU(5)-xPLC1S)

123 RR2TADE*24YD2 +.41ID2 22

129 RRXYc=ABL® 24YD2 92 .

154U nXY2=S4RT(RRXYZ)

151 PSY2=ATAN2(IDZ,RXY2)

132 THET A2=ATALZ2(YDZ,XD2)

133 THEDTZ2=(XD*YPDL~YDZ*XPD¢)/RRXY2

134 SYDTc=(RXY2+ZPD2~702 (XD c¢?XPD24Y02+YPD2)/RXY2)/RR2
135 DINZ=(SYLT2+22¢TREDT2x+2)r=0,5

136 ARGZ=AK T *THEDTZ2/ (KK11:SYDT2+46+CCSGAMIVZ)
137 UZSATANCARGZ)

138 TEST=3S(THEDTZ2)

13y IF(TcST oGie THRESH) LF2=

10 T RK12-THEDT ¢ V¥2+CO0SGAMZ (G2SIN(UZ))

141 TF(TEST «LTe THRESH) LF2=

14¢ k] (RATVISSYDT¢4G- COSEAM/Y () »(V2/72(GrC0OS(U2)))
13 C ’

144 PLOTSEC, £8)=LF2

145 LMAXSAMAX T(LIMAX,ABS(LF2))

140 LRIN=AmINTCLMIN, (LEZ))

147 LFZ=ACINTCIS JUAMAXTIC=15.0,LF2))

148 C

169 C 00 INTEGRATIGN

150 € N

151 60 1L0 I=1,NU

152 x0€2)=x04€1) ¢ STEP:XPO(]1)

153 100 CONTINUE

154 €

155 ¢ CALCULATE GUIDANCE PLANES IN SY-THETA COORDINATES
156 €

152 6SYV1==-THeDT1,COSCPSYT)

1% GTH1=SYDT1

15y OSIN=SWRTCGSY T C4GTHI*¢)

16¢L IFLEaTanevELC(Teu)) GSYVI=GSYV/ZGSTN

151 JFCE3TinewEal(V1:4U)) GTHI=GIHI/G6GSTN

162 ¢

163 GSYZ2==THEDTZ2-COS(PSY2) .
164 6Tn2=5SYD12

105 USTN=SURT(LSY2 -2 ¢cTHLZ *()

166 IFCOSTineGEo(T1,4J)) oSYL=GSY2/6STN

16¢ IFCB6oTnocEel1eU)) wTHEZ=ETHE/ULSTN

16¢ C

169 ALAM=PL O ISEC 4707100,

17y LSYSALAM .GSYI4( T~ALAN) 'G>Y2

mn” 6TH=ALAM'GTHIH(I~ALAM) +6 THZ

17¢ ¢ )

175 C STORE FLOTTED VARIABLES

174 ¢

175 SPENU=AU(3) ¢+ 0,5:v0~¥0/e

176 SPENT1=A0(9) + Se5 Wi vVl/6

7 SPeNC=XUCIS) ¢ Ua5:¥2*4¥2/6

172 PLUTISECy9)=SPENU

17y PLCISEC) 10)=SPENT

184 PLULLEC, 11)=ALFAU180./P1
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151 PLUISEC,12)=6ANA-1:0./P1

13¢ PLOISECy13)=S51IGMA 1EUL/P]

165 FLEISEC,15)=xU0(3)

184 PLEI (L ,16)=V0

-3 PLOISTCo17)=PSYY - TeUa/P]

156 FLOISTL g I%)=THITA Y 15U/ F]

187 PLETISEC,,cU)=DU

1858 FLUISEC,21)=x0(Y)

15y PLUTSEC,¢2)=2CC1)

199 FLOISFC423)=XL(?)

1Y PLEISECyc0)=X0(2)

1v2 PLUTSEC,, &5 =x(&)

192 PLOYSSC,c?)=ASPEC(5SYDTT)

1946 PLUISFC o cE)SASPECCTHEDTY)

19> PLUISEC 4 cYI=ZASPEC(UTNORNM]

1v6 PLOTISEC, 27I=ASPEC(DTNZ)

197 PLCISEC39)=SPEN2

1R Z-] PLUISC,40)=PSY2,1004/P1

vy PLUISFC41)=THETAZ - 180U./F1

P4V ¥ PLEISEC,42)=20(1Y)

<U PLOISEC,,485)=x00(14)

cue FLUIDCSC,44)=Xx0015)

<03 PLOISFL 4 &45)SASPEC(SYDTE)

cU4 PLUISE(Cy«0)=ASPEC(THEDTZ)

cuUs PLCISEC,y48)=6SY1

cUd PLUTISECy49)=6THY

207 PLEISZC502=68Y2

PR FLUTLEC, 51)=6THS

¢y PLUISEC, S2)=6SY

210 *PLEISEC,S53)=6TH

<11 ¢

c1¢ SPMAXZAMAXTC(SPAAX SPENCe SPENT,SPENZ]
-1 SPMIN=AMINT(SPMIN,SPENCs SPENT,SPEN2)
et4 ALFRAXZAMAXTIC(ALFAL 1804/7F1,ALFMAX)
<15 ALF* 1N b INTCALFAU- 18 e/ FT JALFNIN)
218 CNAXZAMAXTIAZPAR G AU (3) 4 XU (Y24 X0€15))
217 ZYIN=AmItVTCZMINGAC(S) 4y20(9),x0¢C15))
cla AMAX 4 AATUXM2 X AL 0T) A0 L2),x0(CT3))
ély XKRINZARTIATOXNMTIN A LC1) a0 (7)) X00CT135))
«ll YPAXZALAXTOYN ZX, X0 (2) a0 (8)yaC0(14))
¢é YINZARY N (YRIN G ALC2) 3 XUCED 4 XUC14))
clé WEAXSANAXRTIVRAL,V()

ées vEILZANTINT(VSIN,VU)

cd b UPAXANAAT(DMAX,DL) *
2> CPIN=ARIAT(DMINL,OU)

226 LOSPAX=ASAXICLOSHAAYASPECCDTNDOK® ), ASPECI(DTINZ))
P-4 4

céd RETUKYN

Ly [.1]
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SUBRUUTINE PLOUTCIO)

PIMEnSION XT(SY), YT(Y0), ARAYI(G¥), ARAYZ2(948)

AEAL LinAXy LNIN, MAXLF, wChMAX, LOSMAX, LOSMIN, LF
INTE LSk CUTINKE

LOGICAL FRTED

COMPUN JFLYRZ PLETLU53) (PRAX PYINLAARGLRIN,SFMAX,
1 SFYIN JALFMAX G ALFYINSNUIMAX G IV AX g ZaIN,VMAX ,VDNIN,
P DrdXDMIN g XrAK AT N Y rAXy YRIN JARYAX,LOSHMAX
COMMUN ZCONTRYZ ACLFCTIUI) JACBACTOC JACTICIUS) g TCHGsLFoUQ MAXLF
COMMUN JFARN /! VIHO VTHY (DTH,TSTEP,ICPUTH

COMMUN PFPARMYYL 1SEC,O™IS1,0M1S2,PRTED

EQUIVALENCE (XTCI),ACTIC L)) YTCI)ZACTICS))
DATA IEXIT/X®/

JSEC=ISEC-]
KSEC=ISEC~2
IF(KSEC.LE-T1) RETURN

FORMAT(” TYPE ““X°° FOR NO PRINTED GRAPHS ")

CALL BeLL(1)

READ(1,1) LOGIC
IFCLIGIC.EQelEXIT) RETURN
PORMAT(AY)

PUAX=AMART(PMAX ,ABS(PMIN))
PRIN=-PRAX
APAINZPMAX

CALL XSFPREGIACTICI)JACTICISEC) 3y LIN " 9-180e,318C0., LINT)
1FCJU.EQ.2) CALL ¥ODT

CALL 70X

CALL PLARRYCTF 7 XT,PL(Z,ycb)JSEC)

CALL PLARRY ("7 4xXxT,PL(<, 1) ,JSEC)

CALL PLARRY U 274 xT4PL(cy 3)4JSEC)

CALL ’LAnRY('L—|l7'pL(z' ~?),JSEC)

CALL CLARRY( U ,ACTI ACBA1ISEC)

CALL GrArPHC  AncUVERDING TIRET318473AHK ANGLES & LAMGDA”
] "',‘)

IFCICeeTe2) READCT,1) LOGIC

IFCLUGICEus JEXET) RETURN

1FCIUCEQ5) wFITEC(c,12)
FORMAT(® PLcASE BE PATICNT === 1°°M GOING AS FAST AS 1 CAN®)

CALL YSPREUDCACTIC1)4ACTI(ISEC) s "LINT3=18Usys18044°LINT)
IF(ILerG.2) CALL VDT

CALL 20X

CALL PLARRYC U ,ACTIACBA,ISE")

CALL GRAPHC MANMEUVERING TIME®,16,°5ANK ANGLES”,11)
sFCIUee@c2) KEAD(T,1) LOGIC

LF(LURICLERJIEXIT) RETURN

CALL YSPREUCACTICI),ACTICISECY,"LINT31C0.yCay LINTD
JFtJuet@e2) CALL VDT

CALL Tux

CALL PLARRY (L ¢ XTyPLCCy47),dSEC)
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61 CALL SKAFH( RANEUVERING TIME“,16 4 LANGDA ,6)

- 34 IFCIGer@e2) WEAD(T,41) LOGIC

¥ IF(LUCGLCLEG,iEXIT) RETURN

66 C

-3 DO &u 1=4,185¢C

66 APAYIC(I)=ALS(PL(I,2))

X3 ARAY (1) =AuS(PLLL,6))

63 APMIn=aAMINY (APMINLZARAYIC(]I) AKAY2(]))

6y 6L CONTINUE

7u €

71 CALL SPRED(CACTICI) ACTICISEC),"LIN"JAPMINGSPMAX,“LIN")
?2 1FUIGaeGa2) CALL vOT

73 CALL BOX

74 CALL PLARRY( +“,YT,ARAYT ,XSEC)

7Yy CALL PLARRY( 274 YT ,ARAY2 ,KSEC)

7¢ CALL GrRAFH( > ANSUVERING TIME®,164"ABS PERFS“,9)
re IF(10.EQ2) KEAD(1,1) LOGIC

73 IFCLUGIC EGsIEXIT) RETURN

79 €

3] DO 8u 1=2,1S5EC

%1 PLUI,1)=PLCT41)~1.(0E3

-4 PLCI 3 8)=FLUT3)~1,UES

835 ACBACT)=ACOACTI) <1 LES

B4 5L CONTINUE '

&9 €

80 CALL SPRED(ACTICI) ACTICISEC),“LINT ,PRINPMAX, LIN")
87 IFCIGC.2Q@42) CALL VDY

Y CALL "0QX

8y CALL PLARRYU( Py XT4yPL(Cyc)JSECY

vu TCALL PLARRY (TP, XTPL(Cy4),JSEC)

v1 CALL PLARRY( "+ ", xT,PLEZy 1) ,JSEC)

L X4 CALL OL8SRY("27,xT,PL e,y 3] 4JSEC)

93 CALL PLAKRRY( U ,ACTI,ACBA,ISEC)

ve CALL RRAPH{“U=BANK USEL; »942=bANK CALC““D;P R=PERFS“ 437,
95 1 “oANKS « TUUU AND PERFS“,22)

906 IFCIuec@.2) READCT,41) LOGLIC

9? IFCLULGIC Ewo IEXIT)Y RETURMN

ve €

Yy DO Yo I=¢y1S5¢C

vy PLUT 3= (147) V.LE-S

101 PLEL ) =FLCI 501 uE=-S

1u¢ ACoALT1)ZACCALI) T UE-S

108 vy CONTINUE

16 ¢ ’
1us CALL SPREDCACTICI),ACTiC(LiSEC)“LINT VRIN,VHAX, "LIN")
1ue IFCIC.EQLZ) CALL VOT

197 CALL TuX

e CALL SLARPYC( V", ACTIPLC1,16),1SEC)

10y CALL GRAFH( MENEUVERING TIMET 4164 AIRSPEED 482
11 1FCIvee@e2) READCT1,1) LOGIC

LR B TFCLUCICeE@eIEXIT) RE TURN
11e C

113 CALL SPREDCXMINGAXNAXy “LINTJYNINY YMAX, LINT)

174 IFClusr@e2) CALL VDT

115 CALL mQOX

11¢ CALL PLARRYL Y1 ,PL(1,25),PLCT1,25),44SEC)

17z CALL PLAFRY (27 4P LC1,42)4PL1,L5)4J8EC)

118 CALL PLARRY (A PLIUT,22)4PLL1,24),J5EC)

11y CALL GhAFH( A=Y PRUJECTICN === X742U0:"Y7,1)

12U IFCIuetd «2) READCT,1) LOGIC

. .. S




121
12¢
123
12«
125
126
1¢¢
1o
12y
150
181
152
1585
134
135
150
137
iKY
159
1640
141
162
163
164
14>
160
147
160
149
15C
151
1¢
1535
156
15
15¢
157
1>
15y
10U
161
1e¢
164
Toé
15
1e6
167
16¢a
169
W\
171
172
175
174
5
17¢
177
175
7y
184

13

JFCLUGBIC,EQ.IEXIT) RETURA

CALL SHRED(XMINLAPMAX, “LIN"yZMIN;2ZMAXy“LINT)
1FtIC.c2.2) CALL VDT

CALL EuX

CALL PLARRY("17,PL(1,235),PLLY,21),J5EC)
CALL PLARRY U 2, FL(T,4¢) ,PLUT,44),J5EC)
CALL PLARRY U R 4 PLC1,4¢2) ,PLLY1,15),45cC)
CALL GRAFH("X=2 PROJECTIWN ==~ X7,20472°,1)
IFCIu.e@42) READ(1,1) LOGIC
IFCLUGICEQLIEXIT) RETURMN

CALL SPREDCYMNINZYMAX“LINTJZMIN,IMAXy LINT)
IFCICee0,.,2) CALL VDT

CALL BOX

CALL PLARRY(“17,PL(1,2.) ,PLCY1,21),JSEC)
CALL PLARRY (" 27,PLE1,45) 4PLET,44),J05EC)
CALL PLARRYC 27,PLU1,206) PLCT1415),45EC)
CALL GRAFH("1=1 PRUJECTIUN === Y ,204°27,1)
1IF(IC.EQ.2) KEAD(1,1) LOGIC
1FCLLUGLCEGLiEXIT) RETURMN

IFUI0.EQ46) WRITE(Z,13)
FORMAT(® I JUST FINISHED PROJECTIONS ~- HANG IN THERE®)

LOSMIN==-LOSHAX
CALL SPREDU(ACTICI)IZACTICISEC), “LIN ,LOSMIN,LOSMAX;“LIN")
IFCluer®42) CALL VDT

CALL BOX

CCALL PLARRY( N ACTIPLL1,2Y),JSEC)

CALL PLARKRY (S 4ACTI,PLC1,27),4d5EC)

CALL PLARRYUL T ,ACTILPLUY1,28),3S5¢eC)

CALL GaRAFH( " MENEUVERING IIME“416,°L0S RATES AND NORM1",19)
1F(I0.c842) KEAD(Y 1) LOGIC

IFCLUGICEQeIEXIT) RETURN

CALL SPREDC(ACTICI) L ACTICISEC)y“LIN"JLOSMIN LOSMAX,“LIN")
IF(IGec@42) CALL VDT

CALL 2uX

CALL PLAFPRY (", " ACTI,PLLT,37343SEC)

CALL PLArRRY( S ,ACTIPLEY,459),d5¢cC)

CALL OLARRYC( T ,alTI PLU1,06),JS5EC)

CALL CRAFH( MANEUVERING T14E”,14,°L0S RATES AND NORM2”,19)
1F€1Let%e2) READC(T1,1) LOGIC .
IFCLUSICEwaJEXIT) RETURN

CALL YSPREDCACTIC(T1) JACTICISEC) , LN 9=358004180.,4°LINT)
1FCluec@42) CALL VuT

CALL 20X

CALL PLARRY( S ,ACTI PLL1,17),J5EC)

CALL PLARRYC( P, ACTI PLC1,4U),d5EC)

CALL PLARRYC( T ,ACTI,PLCT,18),JS5EC)

CALL PLARRYC Z7yACTIFLC1,471),JSEC)

CALL CRAFHC( MANEUVERING TIMEZ, 16 4°NAV ANGLES®,10)
L1FCIUatda2) REASCi41) LOGIC

IFCLUSICEuIEXIT) RETURN

CALL YSPREDCACTICII ACTICISEC) ,"LIN T 3-180Les180.,"LINT)
1F(Iuec@a2) CALL VOT
CALL 20X




181
1z¢
13
124
18>
1306
187
138
k-3 4
- IYY
1¥1
1v¢
193
1vée
195
1ve
1v7
1¥8
vy
200
201
r3ir4
P4LE]
204
205
<cVo
207
P41 1
Uy
¢1u
Z11
2te
213
214
215
<10
e17
18
21y
VU
c2
222
<2}
T4
¢ed
e
c2/
cde
cdyY
r'%1"
231
{32
233
<34
235
c306
237
PE-X.)
23y
Q4L
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CALL PLARRY( S 4ACTI,PL(1,13),JSEC)

CALL PLARKRY(“C " ACTIFLC1,12),45¢cC)

CALL ERAFH( MAMEUVERINGL TIME“,16,"POSITN ANGLES”,413)
TFCIGaeGe2) REANCI,LT) LOGIC

IFCLUGICEQ.IEXRIT) RETURMN

JFLIu.EQ,06) WRITE(c,14)
FORMATC(® NEXT ARE THE GUIDANCE PLANES == NOT ™UCH MOKE")

CALL XSPREDC(XT(1) y2TCJISEC),"LIN  3=14091:0y “LINTD
IFC(I0UeEQe2) CALL V2T

CALL 90X

CALL PLAARY( S ,XT,PLU2,52),4SEC)

CALL PLARRY("T ", xT,PL(Z,53),J5EC)

CALL GRAPHC NANEUVERING TIME®,164"GUIDANCE PLANE“,14)
1FCIUsEQ@e2) READCI41) LOWIC

JTFOLUGBIC.Eua1EXIT) RETURMN

CALL XSPREDCXTCI) JXTCISECI s LINT y=1:0,3.0, LINTY
1FCIGeE@.2) CALL VOT

CALL =0X

CALL PLARRYU( S ,XT4PL(Z,48)4dSEC)

CALL PLARRY( T” xT,PLU{Z,y«Y),JSEC) .

CALL GNRAFH(“YANEUVERING TIME 416 4°GUIDANCE PLANE=17,18)
IFCIu.£Q@e2) READC141) LOGIC

IFCLUGIC EG.IEXIT) RETURN

CALL YSPREDCXTC1) JXT(JISEC) 3 LINT 4=140,47.04 LINT)

LJFClueEQ «2) CALL VOT

CALL 90X

CA.L PLARRY (ST, XT4PLLZy50),4JSEC)

CALL PLARRY (T AT PL(C431)4JSEC)

CALL GRAFHU MANEUVERING 11ME“416,"GUIDANCE PLANE=27,16)

IFC10.c942) READCT1,1) LOGIC
IFCLUGIC.EC.IEXIT) RETURN

CALL SPPED(ACII(I).ACTI(ISEC).'LIN’.LHIN.LHAX.'LIH')
LFCIC.® e2) CALL VOT

CA_L 2uX

CALL PLARRY( I17,ACTIPLLTY,0),JSEQ)

CALL PLARRY("2°,ACTI4PLC1,38)445¢cC)

CALL 2LARRY (U L7, ACTI 4ACLFyISEC) .
CALL GRAFH( FRANEUVeRIMNG [1HE“,16,7LOAD FACTORS”,12)
IFCIvec@e2) WEATC(T41) LOGIC

IFCLUGICE«eISXIT) RETURK

CALL SPPEDCACTICI) yACTICISEC), "LINTyALFMINJALFRAX,“LIN"]
iFClU.eQ42) CALL VOV

CALL 20X

CALL PLARRY( AT ,ACTIPLC1,11),1S5EC)

CALL "RAFH(“RANEUVERINS TIME“,16,°ANGLE OF ATTACK?,15)
IFCIG.EQW2) KEAD(1,1) LOGIC

IFCLLGIiC EwalEXIT) RETURMN

CALL SPREDCACTICIIZACTICISEC)“LINT4D"INJORKAX,y “LINT)
1FC1C.c842) CALL VOT

CALL AuX

CALL PLARRY(“D“,ACTI,PL(1,20)3,JSEC)

CALL GHAFHC MENEUVERING TIME 4164 "DRAG",4)
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3 X 23y

oYy

IFCICec@42) READCT1,1) LOGIC
TF(LGGIC EuelEXIT) RETURN

CALL SPReDCACTICI) ,ACTICASEC) s LINT SPRINySPMAR,“LINT)
1FCIvaeGoe2) CALL VDT

CALL
CaLtL
CALL
caLL

fuX .
PLARRY{“T 4 ACTI PLET,10),1SEC)

PLARRY ("2 ,ACTI PLC1,39),1S5EC)

ODLARRY( AT ACTI PLET,¥),1SECQ)

CALL CGhAFPHC PANEUVERIAG TIME 116 4°SPECIFIC ENERGIES y17)
IFClUeeQe8) WwRITE(Zy15)
FORMATL® OUNE f22200°)

IoUF=CUT IME(U)-ICPUTHM
wRITE(10,2359) IDuUMm
FORMAT(SX, “CFU TIKE (SECCNDS) = “415)

RETURN
END




OOV &GN -

1w

SUGROUTINE EELL(N)
INTEER*2 ACI0Q)

DATA 8/7FCZEUVLU/
FORVAT(TL(SX,A1))
MEAINT(NLTU)

WRITE(c, 1WU) (A(1),131,N)
RETURN

END

A-24




O VSN

FUNCTION ASPEC(VAL)

TEMP=VAL

IFVALLTe(=Tou)) TENP==-aALOGTIU(-VAL)
ASPE(C=TENP

RETUNN

END

A-25
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VAN AN A OO AONADNNOO NN ANACO AN NN

PROGulM ACODYN
ACDYNe92 ~== PYOPIC, MULTIPLE (TaO) MISSILES

USES LF=1,0, BA= el FCR CONTROLS FOR FIRSY STEP,
THENR FANEUVERS TO MAXI#IZEt ACCELERATION NORRKAL .
Ty THE “EGUIDANCE PLANc” FOR SINGLE MISSILE CRITERION

FOR COmPINATION, CHECK ALL POSSIclLE ROLLS (¢/- 60 DEG)
FuR L#MLDA OF T AND 1 ONLY TO FIND THE mAX(UC) OF
THE M IN(LAFMSDA) OF @

KLAPBDARACCEL(DOTIG 1)K C1-LAMBDAYAACCEL(DOTIE2)

WHEN CNE MISSILE HAS PISSED THE AIPCRAFT, GEGIN
TO IGNORE IT =-- IeEey SET LAMBOA TO 1 OoR 0

BEFINE THRZAT ASSESSMENT FOR EACH MISSILE I AS A
FUNCTION OF LAP6DA; I .E.

TATC(LAMEDA) = UMiIS1(FINAL)
TA2 (LAPBDA) = DYIS2(FINAL)

ALL MANEUVERS ROLL-RATE LINMITeDp (RL™AX DEGREES)

wRITES TC THE TEAMINAL, THEN PRINTS

kK11 = RK12 4.5
STORACE FOR UP TO 100 ITERATIONS AFTER ONSET OF MANEUVER

PLOTTICS SARIACLES ARE ---

PLC,T) = USTAR (D0€EG)

CL(42) = PERFSTAR

FLO,3) = USTAKZ (DEG)

eL(44) = PERFZ

FLEGS) = oX )

BL(484) = GV } CCrB INED USING LAFBOA

PL‘,?) EIYY 4 )

PLCGE) = LFY (COMMAMNDED)

OL(49) = SPECIFIC ENERGY (AJC)

OLCy1C) = SP. ENe CPISSILE 1) .
e (411) = ALPHA (A Q)

PL(¢12) = GAMMA (A/C)

L{y12) = S16rA (A Q)

FLCYTL) = NOANTIC(G) 2 (GXT2=caGY 1 224G T1neg)wx0,5
PL€,15) =1 (A2C)

L7163 = AIRSPEED (A/C)

PLCe17) = SYT (LeQeSe PITCH)

PLCy1E) = THETAT (L .0sSe Yalk)

PLEG19) 2 NORMCACCEL) = (AX +#24AYRwCoAZ ) R2(0,5
SL(423) = DaAw (A/C)

PL(,21) = 7 (mISSiLE V)

PL22) = X (A/C)

FLC423) = X (mISSILE 1)

PL€,24) = ¥ (A/C)

PLE,25) = ¥ (mISSILe 1)

PLC420) = 1FLAG = S(Cy ¢ FOR USTAR, =~ FOR ULSTA:Z

PL427) SYOT1

A-26
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61 ¢ oL (423) = THEDTT
62 ¢ CL(,2%) = KORPTICLOSGOT) = (SYDT1#w24THEDT 1422) 20,5
63 ¢ TLELIC) = 6at ) ot
64 C "L0e31) = eV ) NMISSILE 1
&5 ¢ rele32) = 621 )
66 € PLC423) = NORN2
67 € PLC434) = 642 ) '
60 ¢ FLC435) = GY2 ) eISSILE 2
8% ¢ CLC,36) = G22 )
7¢C € PLC437) = KGRFZCLLS~DOTD
71 ¢ PL(,38) = LF2C
72 ¢ BL(439) = SPe ENe (PISSILE 2)
73 ¢ CLC,40) = SYZ2 (LCS FITCH)
74 ¢ PLC61) = THETAZ (LCS YAW)
75 € PL442) = x (NISSILE 2)
76 ¢ FLG463) = ¥ (AISSILE 2)
77 ¢ PLC,44) = 2 (AISSILE 2)
75 ¢ oL (445) = SYDT2
79 ¢ Py (4406) = ThEDT2
8C ¢ PLC467) = LAMULATL & 100,
%Y ¢ PLl,43) = 65V
32 ¢ PLC4Y) = GTHI
83 ¢ PLC4SU) = GSY2
3¢ ¢ PLl451) = GTH
£s ¢ TLE4S52) = GSY )
36 € FL(4S53) = GTH ) COPBINED USING LANBDA
87 ¢
BY REAL © STRING,SDATE
3y . INTEGER CUTINE
9C LOGICAL FRTEDLLONCE
91 COM™UN JFARM7/ LONCE
$e COmMM®uli FFARRYS I5EC,DRI31,0M152,FRTED
93 ¢
94 10UM=CUT INE(C)
93 CALL TI*E0L(STRING)
va CALL TAT:(SCATE)
97 wRITctuy€6) SCATE, STRING
9 e FORYAT(IIX 6L (" 7) 47 ACDYNLDZ ‘44N <") o4,
Yy 1 517|AC'2X|‘C'/|1H1)
1.0 €
101 LONC o= FALSE,
102 G99 CALL Tnld
123 CALL VALLUE .
104 CALL SLOLT(2)
1095 CALL TLOLT(&)
1es €
iJ7 wG1Tole,1G0)
1 1C5 FO#%sT(” ENTEF O TO STOP, 1 T0O REINITIALIZE, 2 °
129 1 “F kMO INIT PRINT®)
1¢ CALL 2cLL(1)
111 READ(1,110) ISEC
112 11C FCR¥AT(IT)
113 IFCIOEC.NESC) 60 TO 999
114 5T0P

115 END
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-
-l
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WA

T DATA TESTIN /1.02y 1EXITZ X4, IGLIK/®Q®Y

A-28

SUGRCUTINKE VALUE

INTELEK LOw () HIGH(Z2)

REAL v‘J' LF. L:| H‘. Li1| L1' NQHH1' LHAX. LHI'![ '\AXLF,
1 LutaAXy LUSMAX,, LFS, L2, NORME, LAMDA1, LAMCAZ,

¢ NuiMa

LIZEaS1ON ACEY(1GG,42) ‘ .
LOVIC®*L FRTEL,y FLAGY, FLAG2

INTEWER (UTINE

CCamuyN 24vp) TJ.HCSC.ALFAO.CLO.DL'LG'G,MC|C01.C02|C03'
1 RHUGOETAZCLAF oS gDy uDey N1 CLAFT3ST,0T14RLAAX,
é DV1coTHRESH gFRTT4RK1C4G1IS1,ALFAT,CLYT D T4L 14 ALKEAS
H sP L gTAL TARTS g TFLAG gl c24ALFAZ CL2,DP2,4L2

CCAMUN ZFAKRMT/ JJ GRSTEP

COMUN ZHARMe/ VTHC VT JDTHTSTEP,ICPUTM

COMMCN JFARNASZ ND,L10

COMMUN JFAKM4GYL STEP

COMLY JFARITS/ MANUVR

COMMUN /FARKY! TSEC+0MIST,0M1S52,PRTED

COmPUN /2RRAYTZ XT(12),X({InC18)

COUY LN FCONTRZ ACLFCICU)Y JACBACTIN ) JACTICI0) s TCHG 4L FyUOs MAXLF
COMMUN JFLVRYZ PL(ILUD 453) 4sPrAX P INJLAAX LMINGSFMAX,

1 SFYINJALFR AR JALFMIN NCOMAR g2 AXy 2T N WMAX G VRIN,

é Do BAgCYIN g X AK QANIN Y 2BRGYTIN JAGMALLLOSHAX

COMMUN /2SL/ LFT UT4PSYT ,THETAT,LFC,U2yPSY2,THETAZ
COMMUN Z3T14CUSY TAGSINMN(3L0)y TABCCS(360)

SOUIVALEACE (EAHA,A2(5)) ,(S5IGMA,2T(8))
EQUIVALENCE (VO gXT(6)) vl xG(1))4(vZ,4xGC16))

C0S5av=CCS (GArA)
SINGAY=S IN(GAIA)
CCSSIC=CCS(SICGAA)
SINSIC=SIN(SIGNMA)

TA=0,0

34=0 .
LUMN1T=1,0¢10

vl 22%.1c10

FLAG 1=, F2LSE.

FLAGC c e FALSES

LenDe123,5 .

FLAG(I) INGICATES THAT MISSILE I ALREADY GOT AwAY

CC T, NyE

IFCFLYGT) LAXNDATISCLO

IF(FL*w2) LARCAT=1,.0

LA DAT=1.0-LAMDAY

1VAL =Sy

TPRINT=TA

vCXx=v> CCSGAX-COSSIG
VCY=vy"r(CSGANM*SINS]E
VOZ=v" S INGAN

VIX=y? CCSEXL(11)) CosEX LI
vIv=YY CLSIXTC11)) SINIXLC12))
VI1Z=e? SIN(XCC1I1))
V2x=v2-0CS(XLC17))-CCS(XL(18))
W2Y=y2 CCSUxL(17)) SIN(X . C18))
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61 v22=v2 SINIXC(I7))

62 WVRELATIZV(X=-V1X

63 vRELYT=SVIY=V1Y

64 vFitet=vi2-viz

65 thLI'=SGRT(VFELXI"2*VR:L'1"20VReLl1:¢2)
46 WRELAZEVLX=VRX R
67 VREL V2=V iY=V2Y

64 wREL22=V{2-Vel

3] MFELIZ=S~RT(VRELXZ"vaRiLYZ"ZOVRELlZ'tZ)

L BELX iza0(13=-xC(7)

I DELY 12x3€2)-xC(E)

7¢ DELZ 1227 (3)-aC(%)

73 LELXc=4D(1)=-Xx0(13)

74 BELY<c=al(2)=xC(14)

75 CELZ&=A0(33-XC(15)

76 €

77 pUMT=exIAT(DUMT,DMIST)

73 CU~Z*rIAT(DUM2,D*152) .
79 o*lsl=>n»T(n;Lxl:-24DELYI'-200EL11--2)

8¢ CHISc=sAnTCLELAZ ~CHOELY c*#~240ELA2**2)

31 DSV1:".5 DMIST/VKELT

62 6SV230.S -DMIS2/VRELT2

33 sTEP=8hln1(TSTEP,DSvi,OSVZ)

84 DF1S LAl I CONIST,DRIS2)

33 1F(JJdeuT o5) HINUVR=T

86 LF=1,0

37 ULAST=UN

ta ul=C."n

8y . 1F(MaNUVEReNE1) 60 TO 30C

9C €

91 ul=uLAsST

92 LF=MaAYLF

93 ISEC=TSEC+T

X 6X1 = VRELYI-DELZT - VRELZ1¢DELY

95 oY1 = VRELZ1-DELX1 = VRELXI-DLELZY

96 521 = WRELX1-0eLY? - VaELYT#DELX{

9? NORM1 = SQRTLEXT-GXT 4 6¥1+6Y1 ¢ 6212621)
9 X2 = v3A:LY2 LELLE - VKELZ2*ULELYZ

99 W¥2Z = wrlZ2 CZLK2 = VKELXZ-pELZZ

124 el ¢ wPLxZ bELYC - VHELYZ=DELX ¢

101 NCRNc¢ = SQRT(CAZ GX2 + 6GY2:.G¥2Z 4 6127612)
10 IF(Nu?ﬁ1.GE.TESTA.»ND.hOi“z.bs.TeSTN) 60 TO0 2CC
125 ¢
17 € NOARY TG SHAALLy WC GUIDANCE PLANE, ULO NOTHING YET .
1us ¢
Tte LF=ACLF CISEC=-T3

10 6C Tu 2S¢

1de €
139 eTu COLTIVUE

11 eX126Y1/NORMY

111 o¥1=LY1/NORM1

B B 4 0211202 1/NORMY

112 X0 /I NORM2

114 wY¥Yé=uVelhORNK2
115 wlZzwlZ/nORM2
e €
117 £0E5~1=GZ1-cOSEAM-GYIfSIAGAM'SINSIG-GX1*SXHGAH-COSSIG
11¢ CCEFA7=CCEFA1~(LQ'YU'SIN(ALFAO))
11y COeFuT=€Y1 :CLSGAA-LXT ST AGAM

12c COEFc1=CCEFL1-(LGOTO SINCALFATDY




121
12¢
123
124
125
12¢
127
123

137
132
13%
14C
161
142
143
144
145

147
142
149
1sC
151
152
153
154
155
156
157
15>
159
(K-

13¢C

a2 N aXal

[a N aRal

21¢

22C

¢3cC

COEF(T1=CATUL COSCALFASI=DL)~(G2 1+ SINGAY46YT1°COSGAM*SINSIE
1 40X (OSCAVrCUSS16)) - GZ1*M0G

COEFAT=r22 COSGAM=GYZ -SIANGAM -SINSIG-GXZ»SINGAM COSSI6
COZFaZ2CLEFle (Lu4lD SINCALFAD))
COEF.T=CY2 " COSGAN=UXZ ST NEAM
COEFeT=CLEFEC (LUATT -SINCALFAC))

COEFC =((TC-CCSCALFAL) =D )~ (6Z2 ¢ SINGAN4GY2-COSuANSSINS ]G
2 4% +(OSGAF CGSSIB)) - G22+M3°6

CHECK cViPY ANGLE (BY DEGREE) wITHIN 4/~ RLMAX

NBLK =1

PRF¥MAX=0.0

IUU=(UG+130./P1) 41050,
IF(IuTe5Te360) 1UC=TUC-3¢0
1FCILT.LT.1) TuC=1u0+35a0
IROLL=mLAAXsSTEP

LCw( 1)=1LC-1RCOLL

IFCLUW(1).6E«1) 60 TO 21C

NELK=Z

LO(1)=1

LOw(¢)=3¢C+IUT-IRCLL

HIGH (2) =360

CONT s“UE

HIoH(1)=JUU+IROLL

IF(HICR(I) LELSG6U) GO TO 220

NELK =2 .
HIGKH(1)=JUCIIPOLL=-360

HIGH(2)=1360

LCuwlc)=LcWw ()

LO4(1)=1

CONT INUE

00 2:7 TJK=1,%N3LK

ISTRY=LOw(1JK)

JEwOzHiIGRCIJN)

00 2:" 1.D=ISTRT,,IEND

PERF1=COEFAT TABCCSCIUG) ¢COEFR1-TABSINCIUQ)*COERFCT
PERF¢=LOEFAL TAECOSCIUU) #COEFEC~TABSINCIUOIHCOEFC2
ACSTSRLS(FIRF 1)

AESU=%0SPZke2)

IFCFLPLY) AEST=ALSC WU

1IFCFL7u2) ABSN2=ABST*2.U
FRFeinvzALINT(22S1,ABS2) .
IF(PRE-INSLECPRFMAX) GO 10 230
IFLAL=,V AL

17AX =100

POFX AX=PAFMIN

1FCA=21LELAGS2) GO TO 220
IFLAL==TVAL

CONT INUE

UCSFLCAT (IMAX=123)-P1/18 L,

NOTE ~=-- IFLAG IS POSITIVE FOR LAMBDA = 1, AND NEGATIVE
FuR LsvedA = 0

PLCYIO"C,c)=PERFT
PLC1SFC,4)=PERF2
PLOI9ZCyi€)=1FLAG

PMAX =8mAXT (PHAX PERF 1 ,PERF2)

A-30
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181 PPIN=BaINT(PMIN,PERF I JFPE FF2)

13¢ €

133 ¢C CALCULATE THE BEST ACCELERATION MITHOUT GUIDANCE PLANE
186 C

125 ACCX=((TY *COSTALFALY=DL) ((cGSGA™ €US5S1G))-

1586 1 CCL 4TI -SIMNCALFAS)) - C2INCUT) *SINOAMACOS(UC) = .
107 ¢ SiY%eAr=C03516))

1z8 ACCY=((TL-COSCALFAL)=Du) (COSEA® -SINS16))4

189 1 CCLLH1D SIP CALFAQD ) CSIACUD) »COSGAM=COUSCUT)
1yl 2 SatiukpreSINSIG))

191 ACCZ=C(TC-COSCALFAL)-DU) ‘SINGAR) ~(MT=GI e

192 1 CCL.4TD'SI“CALFAT) ) CCSUAM~COSCUG))

193 ANORM=SQRT (ACCX -ACCXPACCY*ACCYIACCZ~ACCZ)

194 €

195 ¢ STORe PLCTTED VARIABLES

196 ¢

197 PLETSEC, 14)=NCRMY

178 FLOISSC419) =ALORN/ 0 ) -
199 FLCISTCy3C)=6X1

29C PLETISTCy21)=6Y1,

¢01 PLIISTC432)=021

PY PLET S0y 23)=n0RME

¢33 PLOTISSC,y36)=6X2

<04 PLOIS®Cyi5)=6Y2

¢35 PLETISTC,36)=20622

¢l NCRM Yz APAXT(NORMAX g nCRM 1y NORM2)

Pik 4 ANMAX=ZAY 2X 1T (ANKAX ANGRN) o .
¢0o ¢

209 290 CONTANUE

c1L . 1F(FrTEb) 60 TO 3CO

211 PRTEu=,TRUE.

<12 CCI=CT14 1A FTB'TFLAG

213 TCHO =TPR INT

14 eRITclc 3103 TPRIMNT

215 WwPITelo,i10) TPRINT

c1e 31C FORM»T(2Xy"START FPANEUVER AT T = “,F6.2)

17 CALL =eliL(3)

21¢ €

¢l SPAARTAYEXTAPLCT 3G) yPLET ¢10) PLC1,39))

2. SEXIRTAY NTARLCT %) 4 FLIT 410),PL(1,39))

«él ALEMAYSALFAC

cdec ALEMINSALFAD

23 AYARSEATIRT(XLID) 2L (3) X (15))

¢4 IoIN 80231 XL E3) o xL (24X (152) .
<ed AtAX 2P ARt XLT) g X (?),y2.C13))

c2¢ AMIM 2 L TRT LY (1Y XL (D) X C13))

27 YEAX 2 AT AN (2) g XU ()X L C16))

22¢ Y2INE 2T a1 (XL (2 g XL C3) X C14))

29 VYAX SV

<30 vrIN=V

¢31 LVAX 200
.32 O¥IN=D00

233 LOSMAY=2,0

¢34 €

235 300 CCNTINUE .

230 alSA(INECI=UC-1E2,/P1

237 ACLF(ISEC)=LF

23¢ ACTICISEC)I=TPRINT

239 ACD (13EC,1)=DHIS

¢4 C ACDM (13EC,2)=0M182




241
242
IR
cba
<b>d
e Y-
247
P Y]
by
¢S
<5
é52

<45
PX.Y-]
<617
ébo
PE-%
PR 4N
T
272
<73
¢té4
275
cle
71
e?
<l
c:‘
¢d¢
<33
e b
€T3

¢t

w0
ety
'3
<91
92
<93
<94
<95
iéve
<Y
298
299
3CcC

C

[a N al

LU

©277

&8¢

s1C

515

52¢

525

w
G
n

S4.

544

6l

IF Ca~p(JdJKSTEP) «NE. 0)
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60 TO 477

WRIT: (2,4,6CC) TPRINT, um1S1, DAIS2

WR1Te (E4450) TPRINT, LM

Sty Dm1S2

FORVAT € SX4"T1e2 = “4F10 242X “DSEPT = “4G1243,42Xy

TRIEF2 = T401de3)

CONT.LUE

IFCCy LT VTIRC) VRV TLL T
IF(D.~T53.LTLCTH) w0 TO S2¢C
TIFCTLa . Te300) 60 TO &Ey

oVTHIZ LURW(V2,,LT.VTHT)) 60 TO 510

FLACTI=FLFGISUR.(pMISTaaTsDUNY)
FLAGCTFLAGC o (G (LMIS246T JDLM2)

IFCFLPUT ANDGFLAGED) GC TC
COhT ;NUE

CALL INTEOX

TA=STA4STEP

dd=3441

IFCISSC.€ELIU) 60 TO 530
60 1O 1CC )

CONTINUE

wRITE (2,515) TPRINT
wPITe (6.515) TP LT

540

FOAMAT(VTAg" v A/JC QR MISSILE VeEL. IS TOO LOW °,

CAT Tl¥i:s “4F10e3,7 *a”

60 TG ol¢C

HIT UCLURRED, PRINT 0UY
CONTIMUE

/)

WRIT:(c4525) TPRINT,DUNY (DUM2
hPIT:(a'EZS) ]PRIN'.DUM"DU”Z

FORMAT(IAg“»av>>  HIT AT

TINE = “4F10.3,

- secws” ] 5n¢”BEST CSEPS WERE 1:7,
61566370 & 2:'.615.0.1)

L0 Ty o0C

CONTIVUE
aRIT (295353 TPRINT
aSIT-00,235) TPRINT

FORNPTESR TIME LIAIT AT T = “,F042)

60 Tu o' ¢

CLCSv"c RATE MEGATIVE SOLUTION -~ PRINT 1T .

CCiTivue

«P1T:0cg804) TPRINTZOURT DAIST, DLMZ,DM]IS2
WPIT g 3ba) TPYINT0URT 4 0RT STy PL T, 0% 552
FOR! ~TCZag" - - CLUSURL nATE NEGATIVE AT TIME = “4F1Ce3,
< ""'/)5X"'A1 : oEST DSEP = 7,515,057y MuW = ‘96154647

Sag’TH2 3 9:ST USEF =
60 Tu o-C

CONTNUE
CALL TeLb(Y1)

READ(T,425) LOGIC
IF(LUFLICWEQelEXIT) RETURN
Mlu=¢e

Lo 6c7 d:=14NTC

d4d4=J4%0

-|G‘5.6|'| 0w = "615.6'1)
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301 KK=J 412
302 TEMP:XJ(J)
303 TEFRP1=20(¢JJJ)
3504 TEAP ¢=al (KK)
35S 1F¢J LT+ %) GO TO 635
306 TEMP =T FalEu./PI
N7 TEAP1=TEPPI 18] ./P1]
30¢ TEMPc=TENMP2 = 1EQ./P1
34Y 605 CONTIMULE
31¢ WRITc ey e1U) J TEXPyJJdy IEMP I KK ,TEMP2
EERE WRITcloy¢tu) J,TErryddoy TEMPT KK (TEMP2
12 CIC FORMAT (2290 XL 911472 “4G13 44,44 X,
313 1 R S S PR EERh I T TY 3
314 Z .‘,."'12'..,: ‘|G1305)
315 62C CONTINUE
316 ¢
3'? IRITE ‘2.625) DELX1'DEL'11°ELZ1'DFIS1'DU"’
212 wPITE (4,625) DELX1,DZLY1,DELZ1,0%1IST1,0UMY
3ty 625 FORMAT(/ 3 1CK 3 "DELXYT 26 12e3,2X ¢ "DELYT: “9G12.2,/,
32¢C T TCay“DEL21: “4610e3ecX 4 0M1IST: “4612:34/,
321 2 1CA,°0CEST DMIS WAS “4612.3)
322 wRITe (Z443C) DELXC 4DELY cyDELZ2,40M1IS2,DUM2
523 . WwRITE (€ 4630) DELXCGDELY (4DELZICi™1S2,0UNA2
324 O30 FORMET(/ 4V 2K 4 DELXL: “361243,2%y DELY2Z: “4G12424/,
325 1 TCAs”DEL22: “40V1celscX 4 ONM1ISZ: “9G12.3,4/,
326 ¢ Y0a,"BéST L¥IS WiaS “461243)
321 CALL Febli(Y)
525 READ(1,6:5) LOGIC
329 IFCLGCLICEGelEXIT) RETURA
33¢C D IFILGriC .EQ.IGUIKR) 60 TO 660
331 035 FORMAT(AT)
332 ¢
333 aRITc(e,831)
334 631 FORMT(1ET)
335 CO &57 1:1,1S8EC
33 TFC»un(l 420) oFQe)) CALL HELLC(T)
537 IF(PLUr (I 420)etuau) READ(1,635) LCGIC
338 IFCLOTICLEGaIEXIT) RETURA
3% IF(LUTIC . SualGuik) GO TO &40
36 ¢ ASITelLge358) ACTICIY ¢ACLEBACI) PLC[42),PLC1,38)
241 G3¢ FORMATENIA Tl = “gb3ece3ag ALBA “gFcele¢3a¢ LFIL “4FB8at,
j‘: 1 ?A.'LFZC "Fi‘:.‘)
243 65, CONTIMUS
344 06. CONTLIYNLE .
545 B0 &7° 1:=1,1SEC
368 WPITcCuyt37) ACTICI) JACLFCL) JACPACI) PL(I,45),PLC1438),
347 1 PLEL G 1P) g FL T4 14) 3 FLCigd 1) PL(T42D),
b ¢ [ (I'J)|J=1")'FL("‘7)
34% 637 FOASAT(INY TIVE = “4IFF6 423Xy 7ACLF = “4F5.1,2%,
354 T “ACcB{DEG) = “JFLeZ435ag "LFIC = “4Foa1,3X,
351 é TLEC = T gFlel 4 iX g WIRMCA) = 461142474520 %,
552 3 Talat (o) = "51102|3"‘ALPHA = ‘|F802|3X|
353 4 TUOAG = T 3610ecel 92UX UMIST = TACY) = 7,
354 5 FOoeca X g70B¥1SC = TA(2) = “4F09,245x,
355 ¢ ‘LemB Al = J.-ZFFSIZ'I)
3546 67L C(ONTIVUE
357 ¢
350 I0UM=CUTIMNE(UL)-ICPUTM
259 wRITclco¢35) I0UHM
36 wklTe(c,¢39) 1DUM




161 63y FORMAT(4LX,“CFU TIM™& (ScCiNDS)
3%¢ €

383 KETUKM

264 END

“e154CPF5.C)
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PROGNAM ACDYN
ACDYh 93 === MYOPICL, MULTIPLE (Tw0) MISSILES

USES LF=1ed, LA=JeJs FOR COWTROLS FOR FIRST STEP,
THSy “ANEUVERD TO “AXa1Zt ACCELERATIUN IN IME
TOTLOANCE PLAWE” ANII-PROFPORTIONALLY J0 THE
PLSSILE®S GUIDANCE

FOR COA3INATIOH, USE DO LOOP OF LAMBDAS, I.SE.

LA%00A = Ul TrkU 1.0 BY U.JS, AT EACH STEP,

TS FIND THE HMIN(LANoDA) OF THL AAX(UO) OF :
[CLAKBOA *ACCLL(DOTIG I $C (T-LAMBDA) #ACCEL (DOTIE 2D

WrnZd ONE MISSIlc HAS MISSED THE AIRCRAFT, BEGINMN
Tu LSNORE IT —--= Xe.cey SET LAKHDA TO 1 OR O

DEFINE THREAT ASSESSMENT FOR EACH MISSILE I AS A
FUNCTION OF LAMoDA; I.E.

TATCLAMBOA)
TAZ (LAM3DAN)

DALSTC(FINAL)
LMLS2CFINAL)

ALL MANEUVERS ROLL-RATE LIMITED (RLMAX DEGREES)

wRITES TO THE TER™INAL, IHEN PRINTS

RK11 = RK12 = 45

STORAGE FOR UP TOQ 100 ITERATIONS AFTER ONSET LF MANEUVER

PLOTTED VARIABLES ARE —-—=

PLEy1) = USTAR (DESG)

PL(¢2) = PLRFSTAR

PLCy3) = USTARZ (DEG)

PLy4) = PESF2

PL(,5) = GX )

Tele4) = 3Y ) CUwBBINe) USING LAMIDA

PLCy?) = GZ ) .

PLCeR) 2 LFT (CIMMANDZD)

P l,7) = SPLCIFLIC ERERGY (AJC)

“LCe10) = 5Pe Eile (MISSILE 1) .
3. (,11) = ALPRA (A/C)

OL(12) = GAMMA (A7C)

"Ll,13) = SiGsA (AZQ)

L 16) = HUANTCL) = (GXTH#2 230 T#a24G 2102 )e2],5
PL(,15) =T (AZC)

PLCy15) = AIRSPEED (A/T)

DL‘[‘]) = SY? (LeUeSe PITCH)

PLgT3) = THETAY (LeDeS. YAW)

PLEYTI) = NURSGCACCEL) = (AKX ax24AY*R2+AZanc)as],5
PL{420) = DrAa (A/C)

SL(,21) = ¢ (41S51LE 1)

PLC22) = X (A/C.

PL(e23) = ¥ (4ISSiLe 1)

fL(e24) = Y (AJC)

PLC,25) = ¥ (uISSILe 1)

PLC,26) = LFLAG = 50,y * FOR USTAR, - FOR USTARZ2
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61 ¢ oL (,27) = SYpf1
62 ¢ PLy28) = THEDTH
63 ¢ oL (y27) = NMORGT(LUSLAT) = (SYDT1eaZ+THEDT1492) ¢20,.5
b ¢ PL(,3d) = Gx1 >
65 ¢ FL,31) = ovt ) MISSILE @
60 C PLC,32) = G )
67 C PL(y335) = HIRNZ
68 € PLle3a) = 6X2 )
69 C PL(,35) = ¢r2 ?) MISSILE 2
7G ¢ oL €,36) = G622 )
71 ¢ PL(,37) = NUAM2(LOS~DOT)
72 ¢ oL (,30) = LFSC
73 ¢ PLC3Y) = 5P, EN. (MISSILE 2}
76 C PL{,4U) = SY2 (LGS PITCH)
75 € PLCgb41) = THETA: (LOS YAYW)
76 ¢ PLC,48) = X (*ISSILE 2)
77 ¢ oL (,43) = ¥ (alISSlle &)
76 € PLE,44) = 2 (NISSILE 2)
79 ¢ PL{,45) = S¥0T12
80 ¢ PLC,40) = PHEDT2
st ¢ b C,47) = LAXOAT » 100.
82 ¢ PLC,40) = GSY1
85 ¢ PL(,49) = 6Tnl
84 C PLE,5U) = 65Y2
35 ¢ PL(,%1) = GTH2
36 € o (,52) = 65Y )
37 ¢ CL(eS5:) = 6TH ) COMSINED USING LAMBDA
35 €
89 . REAL ST SIRING,SDATE
20 INTEGLIR CUTINE
L'} LOGI (AL PRTELLLONCE
92 COSMUN FPARMTZ LINCE
93 COMMUN JPARMG/ 1SEC,DMLS1,0M1S2,PRTED
94 C
95 10U =CUTIYE(D)
9¢ CALL T1*£00 (STRING)
97 CALL DATE(SDATE)
g0 aRLTrlO,88) SCATL, STRING
¢35 66 FORVATLISX 600 e ),° ACDYN,G3 7,400 %)/,
10¢ 1 SIXg2ugeX gAs g/ ,1HT)
11 C
132 LONCr=e FALSE.
L3 ¥y99 (ALL ToIT )
134 LALL YALUE
13S LALL °PLouT ()
190 CaLL PLNOUT(S)
1u? ¢
1Ce “21Te(c,100)
1Jy J10u FO0R~ATL” ZuTek U TU STOP, 1 10 RZIINITIALIZE, 2
110 1 “EOK N0 LnIT PRINTT)
111 CALL 3eLL(l)
112 KREAD(T,110) (SEC
115 110 FONMAT(LI1)
114 IFCI3ECcental) GO TGO 999
115 sTOP

11e END
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-
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103

SUSROUTINE VALUE

REAL “u, LF, LU, N1, LFT1, LT, NONT, LMAX, LMIN, MAXLF,
1 NHOUPANy LOSHAK, LF2, L2y NORFJ, LAMDAL, LAMDAZ,
2 NGIHG

DIME WSLON ACU’(100,2)

LCul 2L PRIEv, FLAGLY, FLAG2

ANTEGOER CUTIME

COMM UL ZAMPYS T1,uCL0 ¢ ALFADLCLN,0U,L0+G4M5,C01,C002,C003,
1 ARHU0ETAGCLAFY ¢SGsDl9yuC2sHT,CLAFT,ST,0T1,RLEAX,
2 D1:oeTHRESARKTT ynK12,31S1,ALFA L, CLT,DT,L1,ALKEAS

3 G PL TAULTAFTL TFLAGW232,ALFA2,CL2,D2,L2

LomnYN JPAKNT/ JJ okSTEF

CONMUN IPARI LI VTHU YTnT,0TH,TSTEP,ICPUTM

CCMIION /PARMS/ 4J, 10

COMMUN /PARMS/ STEP

CONMUN ZPARMS/ HALUVR

CONMUN /PARIPZ ISEL,DMIST,DMIS2,PRTED

COMMUN JARKAYT/ AUCI3) XuINC13)

CuMMuUN JLOKTK/ ACLF(IOQ),ACBA(1PL),ACTI(lOS)yTCHG.LF'UO-HAXLF
CORHAGN FPLVRY PLATUO 55) yPHAX g PMIN G LHRX G LMIN o SFMAX,

1 Sr il gALFMAR ya LFALH NIRIMAXNZMAX 9 ZAINgVMAX 9 VRIN,
¢ DABAPUMIN g X AAA gAMLIA,YRAXN, YV IN JANMAX ,LOSHAX

COMMUN ZRSL/ LEV pUloPSTT,THETAT (LFZ,U2,4PSY Ly THETAZ,

1 SYOTT,THEDT 1 ,LYDT2,THED T2

€U JALENCE (GATALLG(5)) 4 (SIGMA,X3(6))
SQUIVALERCE (VU 40U (4)) 4(V1,Xu(13)),€Vv2,X0C18))

BATA TESTN /1.0t-06/, LEXITZI"X”/, LlQUIKZZQ”Z/

'PEKF(U)=COEFA‘COS(U)*COEFB*SIH(U)’COEFC

A5G A¥=CCS (SAMA)
INGAZ=S IN(GAMA)
03Si6=CUS(SIGMA)
SINSLE=SIN(SLEMA)
CNSSY1=C0S(PSYT)
CCasSr2=CusS(PsSY2)
COSTA1=CUS(THETAY)
CI5Tn2=CuS(THETAZ)
SILest1=51N(PSYT)
SINS 228 IN(PSYL)
SINTHI=SIN(TRETAT)
SINTR?=S (NCTHETAZ) .

<
S
C

14=0.9

44=C

U1 121,010
LUN2:1.,0:10
FLAG 1= FALSE.
FLAG .= FALSE.
LAKDAT=0.S

FLAG(I) INOLICATES THAT MISSILE I ALREADY GOT AwAY

CONTLINUE

1FCFLT) LAPDAT=0.0
IFCFLAG?) LAADAT=T.0
LAADA2=1.C-LAFDAY
IVAL=5Q
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127
11¢
111
112
113
114
115
116
117
118
11y
120

[u N ol o}

2C0

TPRINT=TA

v0Xx=yIeaCUSGANCOSS I6

VoY =vZeCUSGA4+SInSI6

VOZ =T oS INGAN
vIN=yTaCuS (XL (T1T1222COS(XT(12))
VIV =4 1200S X (11))«SINCXUC12))
VIZ=v1aSIN(xL,(11))
w2XK=u2aCuS(XL(17)3)eCcOS{X0LC13))
W2Y=v?#COS(XU(17))-STI2CXU(13))
w22 =v2eSINIXLCT7))
dRLLAT=VOX=VIX

VREL YT1=V0Y-V1Y

VRELZT=VOI=-Y1Z
VRELYT=SURT(VRELAT2424VRELYT 2224 VRELZT222)
VREL XZSVUX-V2X

VRELY2=V0OY=-Vv2Y

VRELZ2=VIZ-V22
VRELT2=SGRT(VRELX2a22+yRLY2##24VRELZ2:42)
LELX 1=a0(1)-Xx0(7)

DELY 123 (2)-Xx5(8)

CELZ 1=a0(33}-40(9)

DELX ¢=a0(1)=XC(13)

DELY ¢=x0(2)-xC(14)

DELZ c=a0(3)-20(15)

LUMT=A41HT(DUMT(DALIST)
LUR2=841041(DL"L,0MLS2)
DUIS T=3QART(DELXT N ¢DELY T #224DELZT222)
LMESC=SAKT(DELX2® A  +DELYC*a2+4DELZI2242)

. DSV1=",54DATIST1/VRELTY

OSV2=CaS*D4IS2/VRELT
STEP=2MINT(TOSTEP ,DSVI DS¥2)
CXLS=AnINTI(DALIST ,DNISL)
I1FCI) «uTo0) HMAUVR=T

LF=1.0

ULAST=UD

v(3=0.2

IF(HMANUVAiELT) GO TO 30U

u=uLasT
wFa2raXLF
IScC=I3€EC*T

GXT = =(3YUTIASIISYT#CUSTHT » THZDTT+COSSYTI2SINTHT)
SY1T = THzBT14CuSLYT14COOTAT = SYDIT*#SINSYT«SINTHI
GZ1 = JYOT1«CCSSYT

NORI 1 = LOKT(GAT*GAT + GY14GY1 + G21%GZ1)

LXZ = -~(LYDTIPSLUSY2eCOSTHLZ + THEDTZACCSSYLSINTH2)
GYZ = TieDT2#CuSaYctCOSTH2 = SYDT2ASIMSY*SINTHZ
LZ2 = 3YOT24COSSYL

WOn% 2 = SART(CAZwGAZ ¢ GV2+GY2 & GI2+GZ2)
IFUNG AT oGEL TESTRaAND s NORMELGELTESTH) GO TO 200

isORM TUO SHMALL, NO GUIDANCE PLANE, DO NOTHING YET

LF=ACLF(ISEC-1)
G0 Tu &9

CONTINJE
GXT=UX1/H0RMY
Y 1=uY1/n0RHY
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121
122
123
124
125
126
127
12&
129
135¢
13
132
133
13¢
135
130
137
13
13y
143
141
142
163
144
145
1460
147
t4o
ey
150
151
152
153

153
15y

179
154

(o ol oY

(ool ol o]

(o N aRu N a1

224

UZ1=aZT1/NORMT
LX2TLYX e /NOkM2
LYZSGYC/NORMZ
0ZI2=uTc/NORM2
PERFN=1,UE20

00 277 LA =1,21

CAMDAT=FLOAT (LAMI~-1) /20,
LAMDA?=1.0~-LAYDA
IFCFLAGTAND A (LAMSGTl)) 62 TO (SO
IFCFLAG2.AND(LANBLLTA2T)) GO TO 270

LX=SLAMLAT*GX THLAMDAZ2GKX2
GYSLAYDATEOY 14LAMDAZ*GY2
GZ=LATVATAGZTHLAMDAZAGL2

COEFA=GZaCUSGAN-0YaS I AMESINSIG-GX4SINGAM*COSSIG
COEFA=LOLFARCLTH+TOSSINCALFAD))
COEFU=LY2CUSOAA-GXNLS INcAM
COLFu=COFLa(LO+TUSSINCALFAD))
COEFC=C(TU*COS(ALFAD)=2])*(GZ*SINGAM+GY*COSGAM2SINSIE
1 +UXaCUSGANY(O3SIG)) = GIsMO*6

USTAR=ATANZ (CCEF3 ,COLFA)
USTARZ2=USTARPI

TFCUSTARLGT ol o) USTARZ=SUSTAR-PI
CONTINUJE

PERFST=PERF(USTAR)
PEXFc=PERF(USTARZ)

. ASST=A3S(PERFST)

ABS2=A5S(PLRF2)
USE “IESTT U D RATE LIMIT TO RULMAX

IFLAG=SLVAL

UMAX =USTAR

PERMIN=AIST

1FCACSTewELAUSE) GO TO 250

UmAX =UST AR

FFLAG==1VAL

FPERMAN=AUS2

CeNTINUE

nOLL =CusAY=Uud*ts0./PI
1FCRutLauT . 157.) ROLL=KOLL-360.
‘.F(RULLOL,'(“JJ- )} ROLL=RLL+ISC,.
ARUL L=ASS(ROLL)

a” HuW RATE-LIYIT wHICHEJVER ANGLE w€ GET TQ RLMAX
DeG PER SECass

FF(AROLL L e (RLHAXSSTEP)Y) GO TO 250
ROLL =POLL#RLMAKASTcP/AROLL
IFCAKOLLWLTL1ED,) w0 TO 250

nOLL T3 £SSENTIALLY A COMPLETE FLIP === USE PLUS/MINUS
ALAAX [WTO PLRF FUNCTION TQ C(HECK FOR GEST WAY
10 XaKE FLIPS

IVAL=T7S
USTAR=UO#(RLMAK*STEP2PL/180,)
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181
132
183
144
1S

198
197

19¢
2130
201
22
<03
206
¢US
200
¢n?
¢0o
eny
e1e
211
12
«ls

217

c1s
2
221
22¢
223
224
22>
¥y
27
¢2s
ey
232
231
232
233
234
235
23%¢
57
233
25y
240

[a N a Nl

259

270
284

2990

TFCUSTAR.GT . P1) USTARSUSTAK=-(2,%4P])
USTAR?=UL=(RLMAX«STE PP 2150 ,)
IFCISTARLWLE« (=P L)) USTAR2=USTAR*(2.0¢P1)
60 T <20

CONTINUE

IF(PL AluisuwCPERFY) GO TO 27U
PERFN=PERN LW

JMIN:=LAMY

RLUSI N =R 0OLL
PLUTIOFC,1)SUSTAR®TID,/P1
PLCIGFC o) =PLRFST
PLOISECy2)TUSTARZ2180./P1
PLCISSCy4)SPERFR
PLCISFL,S5)=GX

PLCISEC,0)=GY

PLCISEC,7)=GZ
FLCOLISFCa268)=1FLAG
PLCTISFC,y «7) 35 ¢ (JHIN~-T1)

FRAX 2AMAXT (PrAXPERFSTLPERF2)
FMINzaNINT (PR IN,PERFSTPLRF2)
CONTINUE

CONTINUE

ROLL =TLMIN
UC=ULs(ROLL*PI/150.)
IF(Uu.uT.PI) UJU=U0-(2.0%PI)
IFCULLEL(~P 1)) UU=UU+(2.02P]1)

_CALCULATE THE bEST ACCELLRATION WITHOUT GUIDANCE PLANE

ACCAX=C(TI*COSC(ALFAU)~D0)=(COSGA¥*CO0SSIG))~
1 COLUr 023 LN CALERID IR S In(UCI*LINGAMSCOSCUO) 2
2 SIVOAMN*COS5S1IG))

ACCY=((TO *COSCALFAU)~CT)A(COSGAMASINSIG))®

1 CCLUSTORS LN (ALFAD) )« (SINIUD)*COSGAM-COSC(UDD =
Ir4 SIYoAMeS1NS1G))
ACCZ=CLTU*LUS(ALFALI=DU)=SINGAM) ~-(MOsG) e

1 CLLU+TC«SINCALFAD) DI 2COSLANECOSCUD))

ANOZ i =2 QRT (ACCXeACCX+*ACCY*ACCY+ACCZ*ACCZ)

STORc PLOTTED VARIABLES

PLIISFCy14)=40RT
PLELSFS,T12)=AN0R "/ 40
PLEIS"C,50)=0X1
PLCI>FC,21)=371

PLCTI 5EC,32)=611
PLELSEC933)=n0RMLE
FLUISFCe36)=0X2
PLCISES435)=45Y2
PLCILFC,38)=622

KOR™ AY=AMAXT (NORHAR 4 iOKMT ,NORY2)
ANMAAL=AMAXT (ANMAK yANORNM)

CONT INUE

LFCPXTED) GO 10 300
PRTED=eTRUE.
CI1=C"1+TAFTH2TFLAG
TCHa =TPRINT
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2641
che
¢4 3
chb
<hS
¢hd
242
48
249
- 250
<51
25¢
253
254
2535
254
257
<S5
259
2640
61
262
263
254
265
266
267
268
269
27U
271
272
273
274
TS
275
277
27e
ery
RE A
¢a
82
PR
2t 4
495
dde
<87
2t8
by
490
91
Y2
273
C94
295

297
298
299
»00

wRITelcy310) TPRINT

aRIT:-Co,310) TPRINY .
310 FOSKMAT(ZX 4 “START MANEUVER AT T = “,F642)

CALL BebL(3)

SPHAX=AMAXT(PL(Y ,9),PL(T,1U),PLC1,39))
SPMIL=AYINTCPL(T 7)) ,PL(T,10),PL(1,39))
ALFMAX=ALFAQ

ALFMLN=ALFAD

MAX =AALNTOX D), X0 (9) 4 XU(15))
IPIN=U4ART (XTI (3) 4 XU(9),XUC(15))

XMAX = Vi ART (XD C1) XU (7)Y ,XuC13))
AMINSBARINTAXUCT1) (X3 (7),xGC13))
YXANZAGARTAXL(2) g XU (S o Xul14))
YSINZPAINTOXNGC2) ¢ XU () ,,XUC14))

VMAX zVJ

VMIN=V)

o AxX =50

DMIN =00

LOS®AX=0.0

306 CONTINUE
ACHACISECI=UU*18D./PI
ACLF(ISEC)I=LF
ACTLCISEC)=TPRINT
ACDM(JSEC,1)=0MI51
ACOM(CISEC,Z)=DMIS2

U IF (RODCIILKSTEP) oNE. 0) GO TO 477
wRITL (2,4u0) TPRINT, DMIST, DMIS2
whkITt (6,400) TPxINT, DMLIST, OMIS2
w00 FORKAT (L%, TIND = “,F10.2,2X,7DSEPT = “,612.3,42X,
1 “NSEP2 = “,612.3)

477 CONTINUE
TJFOOVT QL ToVTHD)oORe (VILLTAVTIHT) 4ORL(V2 LT&VTHT)) 60 TO 510
IF(DATIS «LT«DTH) w0 TO 520
IF(TAT3.0) GO TO 482
FUAGTI=FiLAGY . Caa(u”ISTL0LT.DUNT)
FLAG =L AG e UF (I MIS2 el TaDU%2)
IFCFLAGTLAND.FLAGZ) GO Tu 540
LEU COMTINUE
CALL InTUOX
TA=TASTEP
Ji=JJa+l
LFCISICL,GEeIW) GO TO 530
©0 Tu 100

516 CONTANUE
wRITi (2,515) TPRINT
wRITE (6,515) TPRInT
515 FORMAT(Ir,"as A/C OR MISSILE VEL. 1S 700 LOW ~°,
1 AT TIME: “,Fi10.3,° 2’y /)
6N Tu oY

HIT OCCURRED, PRINT OUT

520 CONTA'MUE
WRITc(oe525) TPRINTDULKT,DUMZ
WRITE(G,525) TPRIKNT,DUNT,DUA2

525 FORNAT(IX, aeeas  HIT AT TIAE = “,F10.3,
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301 1 T asnee” J SX,“BEST VSEPS WEKE 1:7,
332 2 GT1Seby 7y & 2274615 .0,7)
303 a0 TO0 600
304 C
3353 S30 CONTINJE
3J6 wRITL(e535) TPRINT
3Q7¢ WlITclo,y 5353 TPRINT ,
202 533 FORMAT(SA¢ TI"L LINIT AT T = “,F6e2)
209 00 Y0 o0V
-3t €
311 ¢ CLOSUPE RATE NEGATIVE SOLUTIQON ~- PHINT 1IT
332 540 CONTINUE
313 WPITE(2y3544) TPRINT,OUNT DMIST,DUM2,0ML1S2
314 WRITcl6,y544) TPRINT,,pUAT,DMIST,DLASOMIS2

315 S44 FORMAT(3x,"asex CLOSURE KATE NEGATLIVE AT TIME = “,F10e3,

316 1 Casan” /9K, TAT 2 GEST DSEP = 4015697, NUW = “,615.6,47,
317 2 Siy”"TAZ : BEST DSEP = “,615.6,"y NOw = “,615.647)
ER E-! G0 Tu 600

319 ¢

326 600 CONTINUE

221 CALL OeLiL(1)

322 ¢

325 KEAD(T1,635) (OoIf

324 IF(LUELC.EQL LEXIT) RETURN

325 nN10=0

326 00 6¢7 J=14N1C

327 dd3=2¢6

228 KK=) »12

329 TELP =X0 ()

334 T TENPI=40CIJI)

331 TEMP =240 (KK)

332 IFlJelTeS) CJ T2 645

333 TE4P=Te%P+120./P1

334 TEAP1=1EMPTI#12) . /P]

335 TEMP ¢=TEHP2*130./P1

3350 605 CONTINULE

337 WRITECCc01D) 2, TEMP,JJI,TEMPT KK, TEMP2

33 WRATECL 810 ) JyTEXPoJJIo LEMPT KK ,TEMP2

337 OtTu FORMAT(2X, XJUC 311,7) 2 “4yG13.4,4X,

P X 1 ’K:\.|Igp‘): "\11)c~"0x'

41 < XM 3129 )2 T 4673 .4)

362 62U CONTLNUE

343 ¢

S4% wRITe (2,625) DLLAT DELYTLDELZT,DAIST, DUNT :
345 eRITr (5,6253) 0ELXT ,LELYT,WELZTy0MIST,DUNT

340 625 FCRYATC/ 10X 4 °DELRT: “3G12.3,2%y DELYT: “yul12.24/7y
3617 T 104,70 2L2T: “yuliedchy “DNiST:y T,612.3,7,

345 ¢ 104y "2EST DMI5S waS “,G12.3)

34y «RITe (2,630) DELXZIDELYcywELZ22,0¥1S2,0UM2

350G oRITE (69830) DELACYDELYCyDELZCyL11S52,0UN2

351 630 FORMAT(/ 416Xy “DELXc: “4612.392X,y DELYZ2: “9G12.34/,
‘352 1 ‘lDXp'DELlZ: ’.'u‘li..l'a.ZX,'Dﬂl.SZ: "GIZ.J"I

353 2 TJIxy°5eST OMIS wAhS “,512.3)

354 CALL =zLe (1)

355 READ(T1,635) LOGIC

359 IFCLICIC.EQ.LEXTT) RETURN

357 IFCLUCICLEQ.ICGJLIK) GO TO 660

354 635 FOAMAT(ATY)

35y ¢

36¢C SRITEC(C,631)
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361 631 FORMAT(THT)

362 50 657 1=1,ISEC

363 FFCun(1,20).E40U) CALL SELL(Y)

264 LFCRCNCLI,20) eEGeu) READC(T ,035) LOGIC

365 1FCLUGIC.EC. IEXIT) RETURN

256 IFCLVAIC.E1413UIK) GO T3 &40

367 wPLTeleya0) ACTICL) JALBACTI) oFPLCI93),yPLCL, 38)

EY-3 636 FORXATOIXR G T INL “0F5.243Ay ACBA “,F8.243Xy“LFI1C “4FB8a1,
369 1 T4 LF2C “,F8.1)

274 650 CONTINJE

- 371 o6l (ONTLINJE

372 uC 847 1=1,1ISEC

373 dRITe(6,637) ACTICL) JACLF(1),ACBACI),PLC1,3),PL(L,38),
374 1 PLUL,19),PLIE,143,PLCE,11),PL(T,2U),

375 P4 CACUY LT 4J )71 4¢) g Pl 47)

3tu 637 FORMAT(IRGTTIML = “,JPF6.2¢3Xy "ACLF = “4FS.1,3X,

377 1 “ACoACDEG) = “yF342930y “LFTIC = “,F3.1,3X,
375 2l TLF2C = Ty F3a2 43X NOXMCA) = “4G11.2,7,20X,
ary 3 TRORMI(G) = T, 511.2,38,ALPHA = T, F8 .24 3X,
38U & THRPAG = T,611,.2,/ 92Uk TDMIST = TA(Y) = “,
331 5 FSal s SXp 0MIS2 = TA(Z) = “4F9.2,5X,

382 & TLAR3IVAT = “y=2PFS.2,/)

383 67J CONTINUE

3b4 C

385 IPUM=CUTIMECII-ICPUTN

3ye «RITel(c,837) IDUA

387 wRITeCo,639) 1IDUN

350 637 FORMATC 4X 7 CPU TINME (SECUNDS) = “4,15,0PF5.0)
389 ¢

396 RETURN

371 T END
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PROGKAN ACDYN
ACDYNeYh === PFYOPIC, RULTIPLE (Tw0) MISSILES

USES LF=1el, FA=ZGL.U FChk CONTRCLS FUR FIRST STEP,
ThE,y LANLUVERD TO MaXimMIZc ACCELEKATION IN THE
“OUVADANCE PLAKET ANIL-PRIPORTIONALLY 10 THE
®ASOSILETS GUIDANCE

FOR CH4BINATICOH, CHECK ALL POUSSIALE ROLLS (+/- 60 DEG)
FU? LAMaDA OF O AND 1 ONLY TO FIND THE MAACUQ) OF
THE RINCLAPoDA) OF =

[CCAMBDASACCELDOTISINH (T -LAKGDA) *ALCEL(DCTI6R)

WhEWw ONE MISSILE HAS MISSED TnE AIRCRAFT, BEGIN
TU IGNORE IT ~—-= leEey SET LAMBDA T0 1 OR O

DEFINE THREAT ASSESSMENT FOR EACH MISSILE I AS A
FUNCTLICA OF LAAGDA,; l.E.

TATC(LARMRDA)
TA2 (LARBLA)

bMISTCFINAL)
DMISZ2(FINAL)

ALL MANEUVERS XOLL-RATE LIAITED (RLMAX DEGREES)

WRITES TO THE TERMINAL, THEN PRINTS

RK11 = RK12 = 4.5

STQRAGE FNR UP TQ 100 ITERATIONS AFTER ONSET OF MANEUVER

PLOTTED VARIABLES ARE =---

oL (y1) = USTAR (DEG)

PLC,2) = PEWFSTAR

PL{43) = USTARZ (DEG)

LCy4) = PERFR

oL (,5) = 6X )

PLeC) T 5Y ) COAZLINED USIAG LAMDDA

oL (,7) = GL )

L {y%) = LFY (COM“MANDED)

PLE,9) = SPLCIFLIC ENEAGY (A /C)

PLEG,TO) = SP. ke C(AISSILE D) :
OLE,11) = ALPnd (A/Q)

PLC,T1Z2) = GALsA (AR/L)

ALC,13) = SlumA (AZCQ)

PLGp1a) = WORNTC(G) = (RIS c#4Gr12824G2Tanc)}aa(,5
PL,15) =1 (a/cC)

PLC,16) = ALKSPEED (A/C)

pL(p1’) = 5Y1 (LeUebe PITCH)

PLCy13) = YHETAL (L.0.Su YA W)

PLEp19) = HUKMCACCEL) = C(AX*%2+AYRAZ2+AZ0 0 )22],5
91 (,23) = bRAL (AZC)

oL t,21) = Z (mISSILE 1)

PLC,22) = X (A7C)

PL(,23) = X (A1SSite 1)

PL,26) = Y (ASO)

PL(y259) = ¥ (aISSite 1)

PL(,23) = IFLAG = 50U, ¢ FOR USTAR, = FOR USTAR2
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AN OO ANAC OO D

oL (427) = SYpT1

PL{y23) = THeort

PL(p29) = UIRATCLUSVOLI) = (SYDT1e02+4THEDTY 10242)0e],5
oL (,T0) = G6x1 )

L (,31) = Sx¢1 )} MISSILE 1
L3 = G611 )

TL(y23) = NUKM2

PLCp3%) = 6X2 )

PL(y,35) = GY2 ) HMISSILE 2
PLE,36) = GZ2 )

L (,37) = NOSmM2(LOS-DOT)
"LCy35) = LFeC

PLC37) = SPe L%e (MISSILE )
PL(,24G) = SY2 (LOS PITCH)
PLCR4T) = THeTAZ (LUS YAY)
PLC,42) = X (RISSILE 2)
PL{43) =Y (MmISSILE 2)
FL{,44) = 1 (MISSILe )
PLLs4 ) = S¥YDI2

PLC,4e) = TdEoT2

PL(,47) = LAMDAL + 100,
PeCybe) = GSYY

PLC,4P) = GTMT

PL(,50) = GSYQ

PLC,51) = GTH2

fL(,5¢) = 65Y )

PL(y53) = GTH ) COMBINED USING LAMBDA

REAL*S STRING,SDATE

- INTEGIR CUTILAE

&6

y9y

100

LOGICAL PRTED,LONCE
CoOmmMon JPARMZ/ LUONCE
LOMPUN JPARMAY/ L1SEC,0™LS)eDMES2,PRTED

1OUN =CUT IMECU)

CALL T1.4zODC(STRLING)

CALL DATEC(SDOATE)

wRiTeCo,¢%) SDATE, STRiYe

FORSATCIEX 440U (%27) 7 ACDYN.9& “,400 x"),/,
SHY,aA302K gAief 4THT)

LONCc=.FALSE.
CALL InhIT
CaLl YaALUE
CALL 7L0uT (™)
CALL PLOUTL 2

ARETeCe,130)

FOYXMAT(” ENTeR ) Tu STOP, 1 TO REINITIALIZE,

TF2n w0 INIC PRINT )
CALL ZcLL(Y)
READ(T,110) SEC
FORMATL(IT)
IFCISFC.NFELO0) GO TO 999
sSTOP
ENO

2

-
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SUSRUUTINE VALUE

INTELWIK LOwWU(2),hIGH(2)

REAL Yu, LF, LTy M1, LF1, L1, NOR¥T, LMAX, LMIN, MAXLF,
NURMAX, LUSMAX, LFCy L2y HORYY, LAMDAT, LAMDAZ,
NU?RG

LIMERSLION ACDR(TU0,42)

LOGI VAL FRTED, FLAOGT, FLAGZ

LINTFufx (UTIAE

COMMUN /a%P /) Tu,salSTO,ALFAD,CLO,DC,L0sG9*3,CO1,002,C03,

RHU ot TA G CLAFL ;SuaLGT40024mTyCLAFT,5S1,011,RLMAX,
DT o THAESH 2011 ,0%x12,21ST,ALFRT,CLY,0T,LT,)ALREAS
sPLeTAUGTAFTL yTFLAG ;w252 4ALFA2,CL2,D2,L2

COANUY JPARPRYS J3J KSTEP

LOMMUN /PARB O, VT HUWWTHRT,DTH,TSTeP ,1CPUTH

COMMUN JPARM 3/ NU,i0

commuY JPAKMGLZ STEP

COMMyun JPARML/S MANUVR

COMMUN SPAKM 7/ ISEC,071S1,DMIS2,PRTED

COMPUN ZARRAYT/ XTCTL)  Xuln(18)

COMMOUN ZCONTNKY/Z ACLFCICUY JACTACTIOL) ,ACTICTIIC) yTUHG 4 LF,UOgMAXLF

COMPUN JPUvR/ PLCILD 353) P AR PHIN L LMAXHLMIN,SPMAX,
SFRINGALFFAXN gaLE AL Ny HURIMAX 9270 AX y ZAI NG VIAX g VMIN ,
DoAA p oMLl g X AN g XML g YMAK,y Y MIN JAUNAX,LOSHAX

COMMON /78SL/ LFT,U1,PSYT,THETAT,LFE u2ePOYc, THLTAZ,
SYDITT1,THEDTT1,5YdT2,TlHeD T2

CCMmO FSINCUS/ TAOSINCI00), TALCUS(360)

EAUTIVALENCE (GAMAX0(5)), (SIGrA, X0(46))
EQUIVACENCE (VO 4XUCL) ) {VvT1,X0C10)),(v2,XG(16)]

. DATA TESTIN /71.0E -Onl,y LEAIT/ X"/, IQUIKITQ7Y/

1006

COSR A¥=CS (GaAvA)
SING AM =S [N (GAUA)
CISSIC=CCS (SIGHA)D
S11iS13=SIN(S1GAA)
CO0SS(1=Cus (PSYT1)
COSSYI=COS(PSY)
COSTnT=COS(THETAT)
COSTnl=COS(THETAZ)
SIHSY¥I=S N (pPsYl)
SISe2=SIM(PSY2)
Wl THT=2S N (ThETAT)
SINTA?2=S I (TaETAZ)

TA=0.0

43=0
Gie1=1,.0.:13
LUa2=1.0¢10
FLAGI=.FALSE.
FLAG (o FALSE .
LA4DAT 20,95

FLAGC(I) INODICATLS THAT MLSSILE I ALREADY GOT AwAY

CONTINUE

LECFLAGT) LAMDA1=0.0
LFCFLAGL2) LANDAT=1.0
LA DAZ=T.0-LAMUAT
IVAL =5y
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111
112
118
114
115
11¢
117
i1t
11y
120

[al oW al

e0u

IPRINT=TA

VCA=v24COSGANMSCOSSIG

VOY =y e COSLAM®SINS IG

V02 =V aSINGAM

Iy TaCOS (e (TT)34COSCAG(T12))
VIV AV T a 0 (XL{T1))es5 i XuCl2))
VvI1Z=vt2S5 N (Au(11))
V2ASN2aCUuS A (17T )2CIs{X5(18))
WY =Yel5 (XL (172))sSTH(Xu(18))
V2Z=v2aS1M(XL(17))
VRELAT=VUX -V IX

VRELYT=VUY=-YV1Y

VRELLZT=VUZ-V1IZ
VRELTTI=SURT(VRELX 122 +YReLY1 s#2+VRELZT1222)
VRELAZ=VCX=V2X

VRELYZ2=VAY-VcY

VRELIZ=Vul=-v22
VRELTC=SGRT(VRELX2822+VRcLY2¢#2+VRELZ22+2)
DELX1=xJ(1)-%x2(7)

PELY 1=x0(2)-401(3)

LELZ 1=x3(3)-XC(y)
VELXc=ad(1)-XC(13)
DELYc=A0(2)=-x((14)
DELZ¢=xJ(3)~XC(15)

PUNT=2M4INTI(DUMT ,LMIST)

DU 2=ANINT(DUP2,0X152)

VYIS T=0URT(DELXT®*24DTLYT#a24DELLT1242)}
DMISC=SGRTIDELX o #DELYZ2424DEL 22422)
DSV T1="092D  IST/VRELTT
OSV23N.540M1ISZ/VRELT2

STEP=AMINT(TSTEP ,O05V1,0SV2)
S¥ISTAALLT(DNIST,00182)

FFQJS auT0) KANUVR=T

LF=1.0

ULAST=U0O

ug=0,0

IF(®AMNUVRNELT) GO TO 300

Ua=ULEST
LF=MaXLF
1SeC=T3EC*1

X1 = =(SYITT51SYTCUSTHY ¢ THDTT2COSSY1#SIATHT)
LYY = [HeOTTIACCSYT+CCSTHT — SYDTIASINSYT2#SINTHIT
621 = LSYLTI«L OSST1

wOR® T = SCRATACXT*#GRT ¢ GYTe6YT ¢ GZ1+GZ71)

GXE 2 ={OYITc*3InSYZA2CUSTHe + THEDTZ22CUSSYZ#STATHZ)
Ye = TrDT2a0US3Y20C 03T = STD 2o SINSYC*SINTHZ

WZd : SYLTZ*CGLSYR
MOnt e = SORTUGAZ*GX2 + GY22GY2 # GZ24G22)
IFINUAT GE e TESTiHaAND aNORMZSGE.TLSTNY GO TO 204

NORM YOO SMALL, NO GUIVANCE PLANE, DO NOTHING YET

LF=ACLFC(ISEC~-1)
w0 Tu 270

CONTLYJE
WXT1=LY1/NORMT
aY1=LYT/NORMT
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121 eZ17021/x0RN1
12¢ WXZ2=uY FNORAE
123 LYZ2=uY2/NORM2
124 bl23uTc/NORME
12> €
1206 COEFAT=0.T10C0S3AM~oY 125 nGaMeSINSIG-GXT#SINGAMaCUSSIE
127 COEFAT=CLEFA TS (LUu+IC*SINCALFAQ))
12¢ COefFol1=6YT2CuUSIAI-uXT20]HGAN
12¢ COEFLISCUOLFE 12 (LU tTU*SLUCALFAD))
Y34 COEFLT=CCTI2COSCALIALUI=-DU)2(ULIT®LINGAMSGYTI2COSuAMSINSIG
131 1 (T2 COSGAP*CUSSIL)) ~ uwZ14/i0s6
132 ¢
133 COEFAO2=GZ2*COSCAM-LY2 eSTINGAMSSINSIGL-GX24SINGAM2CIOSS16
13 COLFA2=CLEFAC*(Ly+TUrSINCALFAD))
135% COEF32=0Y2+C S AR=LX22511GAN
130 COEF92=CUEFIAL*(Lu+{UaSIN(ALFAD))
137 COEFLYI=C(TUACOSCALFAJ)-DU)*(GL2*SINGAM+4GY2+COSGAM+SINSIG
130 2 +uXc 2COSGAY*CUSSTIL)) - 6GZ24M0»6
139 ¢
1640 ¢ CHECK .VERY ANGLE (BY OEGREE) WITHIN ¢/- RLMAX
141 C
142 sbLK =Y
143 PRFMAX=3.0
144 1UC= 1y e180./PL1) #1000
145 LFU1LlaGTe360) TUU=TUG=300
140 IFCIuT.LT.1) TUU=TuO+3060
147 IFULLaLMAXESTEP
143 Low(1)=Tud-1580LL
143 IFC(LuUv(1).6E.1) w0 TO 214
154 T NBLK =2
151 LowC1)=1
152 WCulo)=3s0¢1uUl-THOLL
153 HIGH (2) =360
15« 210 CONTINUE
155 nIGHCY)=1UJ*IROLL
156 IFCHLISHh(1)aLEL26U) 60 TO 220
157 NOLK 32
15¢ HIGH(T) = IUD+IRILL-56U
1>y AI1GA(2)=56U
S L0aC o )aLuw(l)
181 LaC1)=1
lec é20 CONTINUE
15 LC 2:70 LJIK=T,M5LK
Taodk ISIRTI=_J4CIJK)
155 FENC2MIGa(1dKR)
16¢ 50 2.0 I1JG=1STRT,IEND
151 FERFIZLO0FAT2aTA3LCoCIUGI*COEFS T+ YA INCTI LTI +COLFCT
1o FERFOTCOEFAL2TALDL o CIUL) +COEFL 2o IAESANCTILQ)#CORFC2
169 AFS1:A3SIPLRF1)
17v A 2=0:S(PERF2):
171 FFCFLAGT) ABST=RAGBSc*2.U
I ¥ 44 IFCFLAGZ) AG52=A4ST*2.0
17 PRIFMIN=AYTY (A5 T 4438 2)
174 LFCPLFMINLLEPRFMAX) GO 10 230
17¢ LFLAG=LVAL
120 IYAX=Ty0
177 PRFMAY=PKFAIN
178 IFCACTT.LELAUS2) GO TO 230
179y LFLAu==IVAL

18¢ 230 COuTINVE
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151 UD=FLOATCIMAX=-TEU3+PL/18U.

182 €

183 € NOTE =~= LFLAG 15 POSITIVE FOR LAMBDA = 1, AND NEGATIVE
156 € FuR LAMuDA = 0

135 €

1oo PLIISFCC)=PERFT

1v7 PLCISTLyw)=PLRF2

1ks PLCIDEL 262 =1FLAG

1£9 PMAX ZANAXT(PMAX ,PERFY ,PERF2)

1935 PRINENTAV(PHIN yPERF 1 4 PERF2)

191 C

i9e C CALCULATZE THE JEST ACCELeRATION uwITHOUT GULIDANCE PLANE
193 ¢

194 ACCX =((TO*COSCALFALU)Y ~D3)*#(COSCAM2COSSIG))—
198 1 CCLU®TUAS IR (ACFAND DI *#(SLaCUN) ¢ SIAGAMCCOS(UT) s
196 P4 SIMGRIIACOSSIG))

197 ACCY=C(TU2COSCALFADY-DU)A(COSRAMASLINSIG)I)®
193 1 (CLu+TOeS I CALFATI I (SIACUI)I*COSLAM-COS(UD) e
199y Z SINLAMe5INSL6Y)

<0G ACCZ=((TC&CDS(ALFAQ)-DG)'SINuAﬂ)-(MO'G)’
281 1 CCLL+I0eSIN(ALFAN) I *CUSuAM:COS(UT))

2de ARORA=SOARTCACCX®ACCX +ALCY*ACCY+ACCZ#ACCT)
243 C

204 C STORC PLOTTED VARIABLES

2Us €

06 PLETILFC,14)=2N0RMY

207 PLCISTC, 193 =ANORMEZND

PRV PLELLTC,30)=06X1

<y PLCISEC,51)=06Y1

c1C T PLAISFC,32)=621

<11 PLUTSFC,32)=NORNM2

PA I PLEISEC34)=6X2

<153 PLELSEC,35)=CY2

214 PLCLSEC,36)=022

215 FORM AXZAMAX T (NOTAAX ¢ NCKWT ¢ NORM2)

21s ANMAATAMAXT CANKAX gANORN)

¢17 ¢

Pa K] 290 CCONTIMUE

<19 1F{PaTcD) GO0 TO 3CU

¢l PRTS UzeTRUC S

21 CCI=L"T1+TAFTarTFLAG

c2¢ [CHO=TPRINT

23 wFIT:Ccy310) TPRINT

2% OQLIL(U'AIG) TPRINT .
25 310 FOR“AT(2X, STAKT HANEUVER AT T = “,F5.2)
2s CALL SELLLS)

c2? ¢

2 SPMAXZAAAXTC(PL(T ,9),PLLT,T10),°LC1,39))

2y SR LAt INTCPLCY,G) 4PLUT,TL) 4PLCT,39))

<3 ALF2AY=ALFAU

¢35 ALFMASALFAD
32 CMAN =S4T NTIX03) %0 (9D ,Xu(15))

233 IPIN AR ANT{XU(3) ,Xxu () ,xul15))

234 AYAX 64 ART(XUCT) o Xul 7)) xu(133)

¢35 APINAATLTINOCT) 4 407D 4 XuC13))

PA Y- (VAL =P AAT (XU () g XuCo) yXu(14))

<37 Y IR = ASINTCAL (), Xu o), X0 (14))

233 ¥¥AX VYU

23y YMIN=VJ

chG UMAX =CU




A=-50

PLR | DMIN=DU

P2 LOS™ AX=0.0

243 C :

2L b 300 CONTINJE

<6 S ALLACTISZCI=VU*TSU/PL

260 ACLFCISZZC)=LF

ie? ACIFUISECI=TPRINT

vl ACO*(ISEC,1)=0"]S1

49 ACDM (I5EC,2)=DMI>C

U ¢
251 IF (A DUlIIRSTEP) JNEo C) GO TO w77

P2 Y4 aRITE (2,450) TPRLLT, LMgEST, DMLS2

55 WRITL (0,400) TPRINT, 9MIST1, D4IS2

96 400 FORMAT (LX,"TIND = “4F10.392Xs 0SEPT = “,612.3,2X,
255 1 “DSEP2 = “,G612.3)5

2506 ¢

257 77 CONTINUE

PA Y 1ECAVO LT T 0) eOR (VT LTaVTHI) QR (V2 .LT.VIH1)) 60 TO S10
25y IFCDeal1SLT JUFH) GO TO 52V

cbu LF(TA.LT.3.0) CO TO 430

251 FLAGT=FLAGT OR . (UX(ST.uT,0URT)

68 FLAGL=FLAG20R.(B11S2.0T.DUM)

263 IFCFLALTLAND.FLAGE) GO TO 54U

P4-X3 480 CONTARUJUE

265 CALL TuTBOX

26o TA=TA+TEP

c6? dd=444+1

cbd IF(ISEC.GELID) GO TO 530

cay 60 T0 10J

e70 ¢ .

PR A ] 510 CONTINUE

2re wR1Tt (2,515) TPRINT

273 aRITc (54515) TPRIAT

276 S1S FORVKT(TA, 8n A/C OR WISSILE ViLe IS TOO LOW
275 1 “AT TIYE: “,FlUe3,” s’ ,/)

a4 60 T0 500

2?77 ¢

«?e € n1T UCCURRED, PRINT OUT

c?> S2U (OnTiMLE

<hH L wFITe(:,%25) TPIINT,,DUNMTDUN2

él aPlTcC0y325) TPkINIgLUNTDLYC

P 525 FORYAT (14, 2n2se  HIT AT TIKE = “,F10.3,
<33 1 e dtane” [ SK, BEST JOSEPS WERE 1:7,
PR é G‘ﬁ-ﬁ,’g (Y ::'|91500'/) .
<Y w0 TU LU0

ens €

7 $3C CONTINGE

i¥o sR1Tc€2,535) TPRINT

eRITc5e535) TPRLINT
555 FORYAT(SA,“TLIFPE LINIT AT T = “,Fb5.2)

ANARAR
T QWL
N - O

w0 Tu o6Uu

[

C CLISURE KATE NEGATIVE SOLUTION -~ PRINT IT
296 S4u (CKTINUE
AN -Rl'L(Z.S‘“) TPR[NI'DUV"DHIS1,DU‘2'D”ISZ
e¢vo «RITel5,344) TPRIAT UM DI ST,0UL™2,D®]IS2
257 Shh FORAATCIN, #wes CLUSURL RATE NEGATIVE AT TIME = “,F10.3,
<9 1 Can=d” L 9N, TAY 2 oEbdT JSEP = “,G15.6: 7y NOW = “4G15.647,
299 P4 Sﬁ.’TnZ : BeST OSEP = “36156,379 N0 = '|61).6'l)

500 L0 YO0 60U
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301 ¢C
39¢ 60U CONTEINUE
5U3 CALL PeLL(1)
04 €
505 «FA2(1,635) L2GIC
ETY LF(LUGLIC.EGe LEXTIT) RETURN .
307 N10=0
30¢ B0 6¢9 J=t,N10
30y JI3=d+6
2140 aK=J¢12
311 FEMP=Yu(d)
3¢ TEXP1=4X0¢JJJ)
313 TEMP =XD (XK )
214 IFCJLT.S) G0 TO 60S
315 TE4P=TEMP2130 /P
316 TERP I=TEMP T 1°0./P1
317 TEAP=TEMP21EU./P)
213 605 CONTINUE
s10 WRETL(ELETU) J,TEMP ,JII, TEMPT KX ,TEMP2
320 wRITL(O0,510) J,lE%P,JJd,TE*P1,KK,TEMP2
321 610 F0RMAT (ZR"Xu(”,1T97) 2 “,613.446X,
322 1 'AU('.IZ.'): "015-4"x,
323 < XL 31247 Ty01344)
324 620 CONTLNUE
325 ¢
326 WRITE (2,625) 2ELX1,DELY1,DEL?1,DMIST,0UMmY
227 wRITE (65625) DELXTLDELYTL0ELZT,0MIST ,0UMT
328 625 fOQﬂAT(/y1dx,‘DELﬂ1: ',GlZ-&,ZX.'DiLY1: ‘1612.3.’
329 t 13].'DELZ1: '.h1d.3.;x.'0H151: "512.3',' .
33J *é 12A978eST LFMIS WAS ",612.3)
331 SRITE (2,630) DELXCyDELY L UELZZ2,LMIS2,0UN2
33¢ WRITE (5,630) DLLXZ,DELYZ2,LELZZ2,0MLIS2,0UN2
333 030 FORNAT(/ gTUX 3 "DELXC: “9612e3¢42X9 "DELY2: "5 612434/
334 1 10%9°0kL22: “9012ce34¢X, 0M1S2: “9G12.3,7,
33 2 13X,7HEST LIS WAS “,612.3)
330 CALL FELL(Y)
537 READCT,435) LOSIC
538 IF(LUGLCaERL IEXIT) RETURN
539 IFILLGLCLZR.I6UIK) GG TO 660
S4u 635 FORYAT(AT)
361 €
342 D0 650 I=1,1SEC
5¢3 ITFCun(I42U)+%4a0L) CALL OELLCT)
344 IF(»ur(142u)efhed) READCT,675) LOGIC .
365 JIFCLLTICOEWLLEXIT) ReTun
342 LFCLUCLCoEGe 1HUIR) GO TO 660
347 w@LlTeley336) ACTLICL) JACHALLY, ™ L 14a),°LLL,38)
Sb. 630 FOREATCIX ¢ TIMe “4F5e¢2943K07ACC- F3.293X3LF1C “4FEaly
369 1 Ja3°LF2C “4F2.1)

35¢ 650 CONTLVUE
351 66u (ONTI'IUE

35¢ wRITECG,641)

35 64T O™ AT (THT)

354 LS 677 1=1,1S€EC

355 wRETeCoeu37) ACTICAY JACLFCL) ACRACL) ,PLCL8),PLC1,438),
356 1 FLlI 12D ,7L01,14),PL0i,11),PL(L,20),

357 2 ‘ﬁCU“(!vJ)'J=1';"FL(A'QI)

35¢ 637 FIAMAT(IR,“TiME = “yUuPFbe2 438 ACLF = “,FS5.1534,

35y 1 “ACLA(DEG) = “,F5a2930, “LFT1C = “,F8.1,3X,

363 ¢ TLFEC = T aFSel 93X e THORTCA) = T,G1142,/,20X,




56¢
20V
sty
71
372
373

C

[ BN Y VY

CeORMTICu) = “,G011.2,3x,°ALPHA = “,F5.2,3%,
TLOAG T T 01T ed s/ 42Uk, 0LA1ST = TALT) = 7
Fhec 93Ky UN1S2 = TA(2) = “4F9 245X,
TLAHALAT = T4=2PFS54d,y /)

670 (InTINJE

10U z2CUT Lt (JY-ICPUTA

SRIT LU,y 259) 1DUA

»RITe(o,637) JOUM

FORMAT(4X,7CPU TIHE (SECUNJS) = “,15,0PF5.0)

RETUxN
END
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