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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 onl'"myopic saddle-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 point 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 presents 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 Coputation

Part 4. Computer Simulation Models for Determining and
Evaluating tne 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 directiy to real-time algorithms.
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However, the historical evolution of this research follows the ordering

Part 5, Part 4 2art 3.

The w' rk contained in Parts 3 & 4 represent research contributions

by Mx. Michael Sheketoff and are the basis for his Masters Thesis in

Systems Engineering (Sheketoff, 1979). Parts 3 & 4 also provide the basis

for two papers (Sheketoff & Mintz, 1979a, & 1979b). The work in Part 5

represents research contributions by Mr. Stephen 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).
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2.0 Overview, Alternative Problem Characterizations, and Background Information

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 oLt by other investigators: (FAAC, 1977); (Garnell & East,

1977); '. 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 F33615-77-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 simulation 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. in principle, the real-time
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heuristic algorithms which are described in Part 3 of this report could be

applied to counter a multiple SAM threat. In order to evaluate the performance

of these heuristic algorithms against a multiple SAM threat, the user would

need to make some modifications in the simulation programs in Part 4 to

account for the appropriate dynamics and guidance of the SAMs.

2.2 Alternative Problem Characterizations 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 define 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 problem 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. In 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 cziteria 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

complexity 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 mutually dependent considerations:

i) Nonlinear vs linear models of system dynamics.

ii) Inclusion vs exclusion of various lift, drag, and gravity terms.

iii) 3-dimensional kinematic behavior vs 2-dimensional kinematic

behavior.

iv) Incorporation 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 are, 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.
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Table 2-la

Reference Identification and Miscellaneous Notes

Reports

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 Linearized 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 1975.

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-la

Miscellaneous Notes

Reference 1, Abstract:
"This user's manual documents the FIre Control 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 rerform-
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 assiunption 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 of optimal evasion assessment, both assumptions
are limited in their validity 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."
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Continuation of Table 2-la

Miscellaneous Notes

Reference 4, Abstract:
"Proportional navigation is a closed loop optimal control for the case

of a linear dynamc 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, Abstrdct:
"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-i 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.
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Continuation of Table 2-la

Miscellaneous Notes

References 7 & 8, Notes:
The FAAC Technical Proposal For A Missile Launch Envelope Sensitivity

Analysis contains a 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-9L. 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.
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Table 2-lb

MSL Dynamics

Reference(s) Type # Description

3, 6 I Linearized 2-dimensional point mass model with load
factor constraint.

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

1, 2, 4 III Nonlinear 3-dimensional point mass model with load
factor constraint.

7, 8 IV AIM-9L industry/government standard.

MSL Autopilot-Airframe Dynamics

Reference (s) Type # Description

4 0 Zero order dynamics in roll and AOA.

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

1 II Linear first order AOA dynamics and zero order roll

dynamics.

2 II Linear first order pitch and yaw dynamics.

3, 6 IV Linear nth order dynamics for lateral acceleration
with/without saturating elements.

7, 8 V AIH-9L industry/government tandard.

Stochastic Attributes

Reference(s) Type # Description

2 - 5, 7, 8 0 None - a purely deterministic model or application.

6 I Angular noise and glint modules in monte carlo
missile simulation.

1 II 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-lb

Missile Seeker/Sensor Dynamics and Error Sources

Reference (s) Type # Description

2, 3, 4 0 None - no dynamical constraints or error sources
are imposed in these models.

5 1 FOV limits, gimbal limits, gimbal rate limit, and
first order seeker dynamics.

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

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

7, 8 IV AIM-9L industry/government standard.

Aircraft Dynamics

Reference (s) Type # Description

1 2-D kinematics with piecewise constant longitudinal
acceleration (3 values: +a, 0, -a) - motion along
simple arcs.

6 II 2-D kinematics with constant aircraft-missile closure
rate and piecewise constant lateral acceleration.

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

7, 8 IV 3-D kinematics with constant airspeed and zero order
lateral acceleration dynamics with load factor con-
straint.

2, 4 V Same as Type IV without constant airspeed.

1 VI 3-D kinematics with constant airspeed and first order
roll and AOA dynamics with load factor constraint.
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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) require relatively minimal dynamic and parametric information,

ii) provide capability against an N - missile threat (N > 2),

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

iv) be computable using foreseeable hardware, and

v) exhibit markovian behavior (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) nonlinear models of system dynamics,

ii) the inclusion of various lift, drag, gravitational forces,

iii) 3-dimensional kinematic bevavior with point mass dynamics,

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

v) 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, in 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.
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Table 3-la

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

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

x, y, z - earth based inertial coordinate system (Cartesian),

v - airspeed (magnitude),

Y - angle defined by velocity vector and horizontal (x-y) plane,

a- angle defined by the projection of the velocity vector in the
horizontal plane and the x-axis,

T - thrust along vehicle center line,

- angle of attack (AOA),

- vehicle bank angle,

L - lift force (normal to velocity vector and wing planform),

D - drag force (colinear with velocity vector),

m - vehicle mass,

g - gravitational constant,

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

CL - coefficient of lift,

CD  - coefficient of drag,

S - characteristic area,

p - air density (p = p0
e - z
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Figure 3-la
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Table 3-lb

F-4 Aircraft Dynamics

dx/dt = vcos(y)cos(c)

dy/dt = vcos(y)sin(a)

dz/dt = vsin(y)

dv/dt = (Tcos(a)-D)/m - gsin(y)

dy/dt = (L+Tsin(a))cos(u)/mv - gcos(y)/v

da/dt = (L+Tsin())sin(1)/mvcos(y)

T =k 1 + k1z + k 3 v

L = Cpv2S/2

CL C L

2

D = CDpv2S/2

C = C + KC2

D D L
0

Paramvetric Values

m = 1243.0 slugs

k 1 22347.0 lbf (Afterburner Off); 35347.0 lbf (Afterburner On)

k 2  - 0.7018 lbf/ft

k 3  18.141 lbf-sec/ft

C L  3.8986 rad-1

C D  0.01675
0

= 0.223

S - 530.0 ft
2
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Conti..uation of Table 3-lb

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(c(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.

t McDonnell Douglas Co. - Private Communication
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Table 3-ic

AIM-9 Missile Dynamics

dx/dt = vcos(Y)cos(a)

dy/dt = vcos(Y) sin(a)

dz/dt = vsin(y)

dv/dt = -(D/m + gsin(y))

dy/dt = Lcos(p)/mv - gcos(y)/v

da/dt = Lsin(t)/mvcos(y)

da/dt = -(a - a )/T; a = AOA conmmanded by missile guidance system
corn com

L = CLpv2S/2

C L =C LaCL = L
a

D 2
D = CD pvS/2

CD =C + KC 2

DD L
0

Parametric Values

m = 3.2 slugs

C = 22.918 rad
- 1

a
C = 0.7

0

= 0.042

S = 0.223 ft
2

= 0.15 sec
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Continuation of Table 3-ic

Missile Guidance Law

Proportional Navigation Relations:

Let 0 and denote respectively, the yaw ard pitch line of sight (los)

angles, for the los defined by the missile and aircraft depicted in Figure 3-lb.

Let d6/dt and d4/dt denote their respective rates.

Classical proportional navigation (AFA, 1975) provides that the missile

pitch and yaw rates (dy/dt & dc/dt) are determined by: dy/dt = R.d4/dt, and
p

da/dt = R dO/dt, where R and R are the Proportional Navigation Constants in
y p y

pitch and yaw. Hence,

tan(p) = (R dO/dt)/(R d4/dt + gcos(y)/v),
y p

n = (Ry d/dt)vcos(y)/sin(p), if d6/dt ;' 0

and

n = (vR d@/dt + gcos(y))/gcos(p), if d8/dt = 0.
p

In this simulation we have specified that R = R = 4.5. We remark that the
p y

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 of (2) , 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 sec).
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Figure 3-lb
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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. In 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, 1976), 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

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

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

The choice of 3-dinensional 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 constants
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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 velocity - 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 Aircraft 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 shall 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 programming problems. The compu-
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tational problem may exhibit local maxima and, hence, the determination of a

global solution may 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 seen to be no reasonable possibility of attaining a real-time

global solution to the optimal maneuver problem (against even a single

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 coputationally 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

analysis 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 optimum (missile) heading angle lies
in the plane defined by the target (aircraft) velocity vector and the los at
launch. This plane is sonetimes 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; po 20).

When the missile velocity vector lies in the maneuver plane (as defined

above), the maneuver plane can be defined equivalently as that plane deter-

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 a and a 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:

(a /a0) = (d*/dt)/(dS/dt)cos(),

a = 0,r

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 A los X Vre1 defines a normal vector to the

maneuver plane, which is expressible in missile-aircraft los coordinates by:

G = (rd/dt)i8  + (-rcos()d8/dt)i,,

where i and i denote the unit vectors (in los coordinates) in the pitch

and yaw directions respectively. We observe that the ratio of the component3
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Figure 3-2
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Projection of Missile-Aircraft
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Definition of Missile-Aircraft los Unit Vectors
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(a /ae) of G is the negative reciprocal of the ratio (a /a 0 ) formed by the

components of the anti-proportional acceleration vector defined previously.

Hence, the anti-proportional acceleration vector lies in the maneuver plane.

3.5 Heuristic AlTorithms

Herein we describe four heuristic algorithms for countering a multiple

missile threat. The algorithms are defined for the case of N = 2 missiles;

however, the respective extensions to the generdl case (N > 2) is essentially

trivial in each instance. To simplify the following discussion, we denote

the algorithms by: Algorithm 1, .. , Algorithm 4.

Let G. (i=i,27 denote the unit normal vector associated with the maneuver

plane of missile i. Let i . (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

pitch to yaw components of G. is the negative reciprocal of the ratio of pitch

to yaw components of r., i = 1, 2. Algorithms 1 & 2 are defined in terms of

4. 4
the maneuver plane unit normals G1 & G2; whereas, Algorithms 3 & 4 are defined

in terms of the anti-proportional navigation unit vectors & r 2  Finally,

let A(p) denote the instantaneous total acceleration vector of the aircraft.

The orientation of the aircraft total acceleration vector is a function of

the aircraft bank angle )j, as well as the angle of ai;tack wd the velocity

vector. The magnitude of A(V) depends on the instantaneous aircraft drag,

lift, and thrust forces, as well as the force of gravity.

Algorithm 1:

Define J. (p) by,

J. (1 ) = G.,A(U), i = 1, 2.1 1

Define P(U,X) by,

P X 1 + (l-\) (i2)IG

where -it < < 7r rad, and 0 < X < 1.
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Algorithm 1 dictates that at each decision instant a pair (p ,X ) be

determined such that:

P( , ) = min max P(dX) = max min P(W,X),

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

missiles. Then, p is determined by:

U-- arg maxIi(P) I

th
where the i missile is assumed to be in a closure rate positive (CRP)

condition.
* *

Here we assume that a saddle point pair (j ,X ) for P(p,X) exists

and refer the reader 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 v 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 G(X), obtained by forming a linear combination (convex combination)

of the individual maneuver plane normals:

G(X) = XG1 + (l-X)G2 ,

i.e.,

= ") ) A A(U) l

We note that

P(Pl)= IGI.A(p) I, and

P(,0) = IG2 "A(P) I.

Thus, the value of V which maximizes P(U,l), is that value of V which instan-

taneously maximizes the absolute value of the projection of A(p) on Gi, 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 (1-X) to be associated with the maneuver plane of the respective

missile threats. As the weighting factor X varies from one to zero in value,

the weight associated with the maneuver plane of missile 1, X, is decreased,

and the weight associated with the maneuver plane of missile 2, (-X 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 aportioned

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 v be determined by:

v arg max (min(dJ 1 (p)I,IJ 2 (wl})),

until a CRN condition is achieved for one of the missiles. Then, is de-

termined by:

v * = arg max Ji (011
th

where the i 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 1i 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 (XIJ 1 ( 1) + (1-A) IJ 2 (M)I),

where -i < p n rad, and A e {0,i}.

The heuristic of Algorithm 2 differs from that of Algorithm 1 in that
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Algorithm 2 is "binary" and allows no smoth blending of objectives by the

assignment of an intermediate degree of importance or weight to each missile

thr-eat 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 G1 replaced by r1 and G2

replaced by r 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:

4. 4. 4
Algorithm 4 is the dual of Algorithm 2 with G1 replaced by r1 and G2

replaced by r2 . 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 Requirements

One 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 missiY "

might permit an approximate faster than real-time flyout simulation to be run

in parallel with thq heuristic evasive :.aneuver decision rodel to enhance tb&

decision making process.
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4.0 Computer Simulation odels for Determining and Evaluating the Global

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, .,

ACDYN.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

graphics 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 G. and 1, i = 1, 2. This same statement holds as well for1

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

sali.ert characteristics:
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i) The missiles are assumed to be cocasting (thrust equals zero)
when the evasive tactics are initiated.

ii) Without evasive maneuvering, all muissile-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
conmanded bank angle based on the decision algorithm is greater
than 600o*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). Figure 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.91 - 94 occur in subroutine VALUE,

specifically, within the program module for determining the values of V and

A (see Figures 4-1(c, e, & f)). Figures 4-1(e & f) flowchart the determina-

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

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

The x-y position and horizontal velocity of the missiles and aircraft in each

scenario are depicted vectorially in Figures 4-2(a - c). 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 missile 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 throl.gh

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. If, 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 nine 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 the 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) X 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 X vs time (the symbol "F" denotes X , where an "F - value"

of 50 denotes X = 1, and an "F - value" of -50 denotes X = 0); (b) - (d)

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-la

ACDYN Flowchart
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Figure 4-lb

Subroutine INIT

(Initialization)

S TAIR

N
FIRST
TIME

CONSTANTS

XJOINIT
SCENARIO

(file)

XgF

INIT(rint)

RESEf
ALL

ARIABLES

INPUT
ARAMETER,

& ECHO

N ABORT y

RETUPN STOP



Figure 4-ic4-

Subroutine VALUE

(flyout simulation)

START 290

INI TIALI ZE;
MANEUrLVE R

EGUN

" N

100 START

MANEUVER

COMPUTE:
VREL
Los RESET
DMIS STORED

VARIABLESJ

F FIST y IF =300

N SAVE

G 300CONTROLS

TOO 510

y N
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Figure 4-id

Continuation of

Subroutine VALUE

480 (510 520 540

FLY ONE PRINT PRINT PRINT

TIME STEP ,

INCREMENT,
TIMER

TI ME
LIMIT53

N Y

PRINT

STEP-BY-STEP
RESULTS

RETURN



Figure 4-le 4-9

Program Module within Subroutine VALUE to determine A & via:

min max J(ljX) ACDYN.91 (Algorithm 1)

: STARTiD 
250

SET A is
MAX P E Ry' y
NEW MIN

A 4;>

N
, F

MSL 1 y FIRST N 280 STORE
ONLY TIME NEW MIN

N 
y

MSL 2 y LAST N

ONLY TIME 270,4

N 
y

y

COMBINE 
INCRE14ENT

G , s

SET UP ALL X N

y

PERF TESTED A

1220 

y

f>N

280

FIND

'BEST' Uq L400K AT

LAST BA.NK; SET BANK

I I I 
ANGLE

ROLL RATEI

RATEI LIMIT

LIMIT RETURNtRETU

y
FLIP

N
N

250



Figure 4-if 4-10

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

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

1~ X

STARTD

SET UP

PERFS
FOR EACH
MISSILE

SET UP
ALLOWED
BANK

ANGLES

CALCULATE
PERFS I

MAX~~ SO F RSAVE

E

NEXT
BANK
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Figure 4-1g

Subroutine INTBOX

(fly one time step)

START

CALCULATE
A RCRAFT
DYNAMI CS

CALCULATE
EACH
MSL' s

DYNAMICS

AND

CONTROLS

INTEGRATE1

STORE

VARIABLES

RETURN



Figure 4-1h 4-12

Subroutine PLOUT

(CRT or PRINTER)

(typical use, one set per graph)

TRANS FORM
DATA

(scaling,
etc.)

SET UP
GRAPH

FILL IN
PLOTS

DRAW
GRAPH

YY

RRETURN

REUR
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Table 4-2a

Summary of Algorithm Performance
(Miss Distance)

Scenario MSL Algorithm Algoritan 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) Miss distance rounded to nearest foot.

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

c) - denotes untabulated miss or second hit.

d) T denotes occurrence of time limit in simulation.
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Table 4-3
Algorithm 1, Scenario 1

7TSP 2,, n TAU 0.15011

j:v IT XJl I) 1125e.£ I IT AC( 7) = 11256.0 INII XO(13) = 28578.0
1~i 1 U(2 1 T ,i-Uw1 I NIT I' A ) = 14 0. 0 INIT XU(14) = 10000.0

.17 xu() ; -J I'IT 7 A 7) = 3 3 .. 0. I,. 1 T xOC1S) = 2700
1 .T x ( 4) = 1 Vj-,u I II.IT A00 u ) = 1 .0-0X 1.%11 A (l 1C ) = 3450.00

I T Xu(1 .LO0UC I %1T X2 1 1) = -? If 9,? N T x .u17) 7.~99V99
iN IT X ;L Ac.)jI. =, 17 AaT ~?1 ) = -t.'. uuGO I Nl I x(16) .50 . u 00

P,(OF~eT1O~.AL :NAV1 A TI 0% GAT S:

A/C MAvi".1 L0DA FACTOR = o.bO

It. K:ANLU ER, 9 FTERiURNER~ WILL BE ON

TIAE =r~ .. 0 SEP1 = 0143E 05 PSEP2 = 0.202E 05
STAR&T MANEUVER AT T 1a

TIrE = I ui SEPi' = I; 116E 05 DSEP2 3. 160E 05
I IE = .,I)C [ DSEP1 = ,2 4E C4 DSEP2 = ,,. 123E 05

TIME = .~i. -'. OSEP1 = *06 04 DSEP2 = 0 .'v~d E 04.
TIM~E = I..u.%. DSCP1 = L,.4?.-E 04 DSEP2 = U.,95E 04

TIE= ..'. DSEP1 = ( 03o 14 D S EPZ = 0 .r b6 E 04
7 nE= 4 04 p1 = 1 13. OSIEP2 = 116.

I-CLOSU..E F^TE IE(,AT!dE AT TI1'.E5.o77+It--
TAI : -jST Dj*:F 3,e.i?7J ,NOW = 36.5233
T Ae LEST DSce .T.3 31 ,NOW = 57.'r274

Xw 1): '.1674E Q!~ xut 7): L.16?3E C5 XO(13): 0.1071E 05
X "(I!): -5n~ X' C 6): -536.0 XlU(14): -550.5
Xj(.5): -L.J1 Uz 'IC( 9): L.3U49E C5 xu(1j): 0 .315 jE 0 5

Xo4: 72'XA1(IU): 22"k. XL(1a): 2175.

xu6: t443Xj(12): -76.61 x(lt): -14a.6

DtLAI: -. DELVi: 23.C

SESI DPKIS W AS 32.4

D -L A 7: 19. uzLYr : 42.5
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Table 4-4
Algorithm 2, Scenario 1

TSTEP 0 .1 3.j', TAU z 0.1300

1 - 1T x U(1 12 l1 '.. " ; .I T AC( 7) = 1125?3.0 INII X003.) = 2857M.0
I.NT X0(4) = ccu II AO( ~ = 14 000 .J I N IT X (14 ) = 10000.0
iNIjT I uC ,QUr P.1A( =~ .33'L0. J IN IT A ( 15 ) = 21000.0
INIT X.. 0 12j.i, I; AU (lI J) ! S15 U.~ o 1'4i1 AL ( 10) = 345Z).00

I%~ !FU ; ., -',i U , L I I T ALC1 1) -7 .9,9 1T AJC17) = 7.99999
IT XZ;Cc. L -vL)GLO 1I IT AC (1 1.) = -6Gi.U 011 .J1. = -150.030

P.~ON1IowyoAL %AvI uA TI U G AI NS :

PI1TCH (.IK11) = '..50. , VAw (RK12) = 4150

AIC 14A
T IM.UM LOAD FACTOR =8.00

IN rA'IEU~VEI, AFTERaUI4NERS mILL eE ON

TIME C.UOO DSEPI = G.113E 05 DSEP2 = O.ZO2E 05
START PANE0pE AT T C1

T IME = 1 -1 C OSEPI = 6.11oE 05 DSEP2 = 0. 160E 05
7 1 ME z SEP1 = .0.5E --4 DSEP2 = -5.122E 05

7 A.=u J L 05i~l 0. c34E C 4 DSEP2 O.cV4E 04.
T I KE = j ,sEi1 = U..a73E 04 DSEP2 3. 5?E 04
T I E = 0 O SEP1 = .. 12 1 E04 DSEP2 = 0. 40E 04

TIME = .5 DsF?1 = 2 1.5 DSEP2 = 80
7~~ .37 6SEP1 = 6 9. DSEP2 = L".9

CLOSURES Rm"
t %~ I lI VE AT TIM~E m o~w*

TAI : vEST VOSP = 17.E 06 , NOW = 6oQ.4o4
TA4 : 6EST DS.!I' = o,.95

4 3 I NOuW = 69.5214

xcu( ) : 0.163-E L15 xo( 7): W, 6 34E L 5 xo(13): 0.1637E 05
ZA1: o25.1 X.IC 6): -30.06 kL(14): 597.1

AzA3) : U.3Ub-E rJ TOC IV): L.3U66E CS zU(15): 0.3u9zE 05
X.() 5C..) X.(10): 2150. 10(16): 21&2.

Z5.4c x0C12): -74.65 10(b6): -147.4

VELX1: 39.9 DELYI: 655.
DELZI: 179. Q#M151: 660.
6EST V'IS .AS 1.

DiLX?: 13.3 IELT2: 2 6. C

RELST DwiS W AS 61 .0
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Table 4-5
Algorithm 1, Scenario 2

TSTEF = u.1L.j?, TAU U.1500

1.IT X, (1) = 1 12j .9 IIT AUC 7) = 11258.0 INII X0(13) = 2o578.0
i.1l XL) % x.L.UJ, .U ]I,1T AO( o) = iTcN.0 IIT x 0(14) = -9990.00

',.IT X,(z) = 1 I 1T ArC v] = f"YJ, I;IT X.j(15) = 27OUG.0
Q..1T Y.C,) '1.11,.C 17.1T A")(1L) = 315.'.Lo0 INIT 1X0( 1 ) = L.450.00

VIT x(I.J T .. 4.1.,c A.CI A(11) = -7.,V ,99 1:,1 Aj(17) = 7 i9Y

I'.IT V Ld, I1'1T A2(1 ) = -tu.6U INIT xO(1b) = 150.000
P 0 kOTIO? AL SAofI ,A 1 ON GAINS:

PITCH (,r11) = '.51) , YAa (R,1Z) = 4.50

A/C MPAIOViU LOAD FACTOR =6.

IN A%'EUVEk , AFTERURNERS 6ILL BE ON

TIVE , wO D!EP1 = J.153E C5 DSEP2 = O.iOZE 05
SIAkT MANEUVER AT T = 0.10

1IfE = 1.U.3 (SEPt = 0. 126E (15 OSEP2 = 0.160E 05
TI-E = ' .[:S P1 = L.vk, oE U4 DSEP2 = U.122E 05
TIKE = , P1 . ! = u. 12LE J4 DSEP? = O.74E U4
TImE = %.,U . b3EP1 = (..4 a E 04 OSEP2 = 0. il3E 04
TIriE = E.. . E P1 = . 17 E U4 DSEP2 = 0. 10E 04
TT .E = 3.o OSEP1 = 51.3 DSEP2 = G.163E 04
TP,.E = ? n s3P1 = u. 175E C4 DSEP 2 15.

-- CLOSURE R T r. E I IVE AT II¢.E = 6.37 O ' *
IAI : a ;iT D rP' 4u..3Z, , NOW = 1973.C,1
TAZ : :-S7 C 12.7325 , NOW = 73.4026

X4( 1): u.161o0 J5 NJ( 7): L.1664E .5 XC(13): 0.1676E 05
X.(i): ZC52. xO( t): 93.08 XU(14): 2064.
X(j): "U.2( '-, -" ( ): u.23oTE C5 X0(00 ): O.Zo96E 05
XA 4): l T, 7.CY 1( 1 u) : 2114, xo(16) : 2110.

X 'j , ) : - 19. 4, X" (1I1 j: -12. V1 Xu ) ): 0 .715 2
xuc6): 4'. 3t x0(12): -79.90 (o): 121.1

DEL A: 115. DELVI: 0.196E 04
D0S 1 tL Ic11. DiI SI".197E 04
E j jQrIr 4.%S 4 4.

C=:LA2: -I. '  U E L Y,2 -12.1

?t.ST D-111 ,vS 7Z..7
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Table 4-6
Algorithm 4, Scenario 3

ISTEP 0.1000, TAU = 0.1500

NIT XC.() 11258.0 NII xOc 7) = O.OUO000 INIT XO(13) = 28578.0

INIT X(2) = U.UtJUUu0 1;IT AOC 8) = 6500.00 KNIT X0(14) = 9990.00

INIT )0(3) 
=  

3(U10.0 11411 AO( 9) = 33000.0 INIT X0(15) 
=  

27000.0

SINIT XJ(..) = 11(10.00 INIT xU 0l = 3150.uO INIT X0(16) = 3450.00

1N1r XU(5) = 0.,UOOO0O faIT , 10(11) = -7.91999 INIT XU(17) = 7.99999

INIT X(G) = J.UUUUUO INIT X0(12) = -30.00O ][NIT X0(18) = -150.000

PVFOiPORTIONAL NAVItATION GAINS:

PITCH (kK11) = 4.5U , YAW (RKI2) 4.50

A/C MAXIMUM4 LOAD FACTOR = 8.00

IN MANEUVER, AFTERbURNIRS WILL BE ON

TIME U 0.UOO bSEP1 = 0.133E 05 DSEP2 = 0.202E 05

START MANEUVER AT T = 0).U

TIME = 1*.00 OSEPI = 0.112E 05 DSEP2 = 0.159E 05

TIME = .JUU OSEPI = 0.V1ZE 04 DSEP2 = 0.119E 05

7IME = 3.uJU OSEP1 = 3.711E E!4 DSEPZ = 0.oOE 04

TIAE = 4.UOU DSEP1 = 0.515E 04 DSEPZ = U.451E 04

TIP",E = S.JUU DSEP1 = U..$26E 04 DSEP2 = 0.15UE 04

TIME = 5.56o DSEPI = Oo.&bE 04 DSEP2 = 7o.9
TIME = 0.126 DSEPI = U.135E 04 DSEP2 = 0.144E 04

TIME = I.J06 DSEP1 = 49.6 DSEPZ = 0.356E 04

**** CLOSUIRE RATE NEGATIVE AT TIME ?.J45
* * *

TAI : *EST DSEP = 11.3176 , NOW = 18.4981

TAZ : BEST DSEP = 68.6587 , NOW = 3651.30

1U(1): 0.15S6E 05 XU( 7): 0.1587E L5 x0(13): 0.1249E 05

xo(2): 2601. XJ( 8): 2612. X0(14): 1272.

XJ(.s): O.?lbdE U5 XoC 9): U.27E G5 xo(15): 0.2774E 05

X1(4): ?97.Z Xo(10): 2016. A0(16): 2035.

xu(S): -62.0', xO(I1): -35.11 X0(17): -12.39

xu(o): -4.609 XO(12): -23.37 Xu(l8-. -161.9

DELI: -9.12 DELY1: -10.8

DELZI: 11.9 uMIS1: 11.5
BEST DMIS WAS 17.3

DELX2: 0.337E 04 DELY2: 0.133E 04

DELZ2: -458. DMS2: 0.365E 04

BEST ONIS WAS 66.7
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Table 4-7

Algorithm 4, Scenario 4

IS TP O.10O7, TAU 0.150.

t LT XJCI) = 11258.0 INIT x0C 7) = 28258,.0 INIt XO(13) = 0.000000

L4IT XO (Z = j.000000 1NIT xn( h) 
=  

0.0JOU0 INIT XO(14) = 6500.00

LNIT u(31 = 30000.0 IrilT XO( 9) = 330u0.0 I1l4 X0(05) = 33000.0

INIT XU'C4) I I ,la.jO ItdIJ AU00) = 3300.UO INIT XO(16) = 3300.00

1w 17 xuC(5) = u.UOUOUO 11411 A0(11) = -7.9,999 INIT X0(17) = -7.99999

INIT X0(6) = UOJQUUUP) .N[ A 0(1Z) = bO.00O INIT j(0C08) = -30.00{0"

PROPOkTIO,JAL fJAVJk.A TI ON GAINS:

PITCH (KK11) = 4.5u , YAW (RKI2) = 4.50

AlC MAXIMUM LOAD FACTOR = a.00

IN MANEUVER, AFTE~bURNERS WILL BE ON

TIME = U.J00 OSEPI = 0.173E 05 DSEP2 = 0.133E 05

START MANEUVEk AT T r
=

.10

TIME = 1.00U OSEPI = U.13(E 05 DSEP2 = 0.111E 05

TI E = ,.JUU DSFP1 = 0.910C 04 DSEPZ = 0.b89E 04

TIME 
=  3.000 OSEPI = u.563E 04 DS.P2 = 0.o81E 04

TIAE 
=  4.300 DNLP1 = u.Z69E 04. DSEP2 = 0.479E 04

TIME = 4.970 OSI[S = 274. DSEP2 = 0.93E 04

TIME = 5.096 USEi'1 = z'.8 OSEP2 = O.e70E 04

TIME = 5.360 D!E'l 633. OSEP2 = O.Z25E 04

TIAE = 6.360 :EP1 u u.iB7E 04 DSE'Z = 636.

A*e* CLOSURF RATE NEGATIVE AT r[=E 6.795 ***

TAT : BEST OSEP = 20.5V91 , NOW = 3791.b8

TA2 : 3E.T DSEP = 23.0'74 , NUW = 25.1569

XJ(1): 0.158oE 05 X]( 7): 0.1225E 05 x0(13): 0.1590E 05

Au( Z): 2139. Xu( 3): 2707. x0(1) : 2156.

XU(3): O.20q3E 05 AJL( 9): U.259SE U5 xO(1s): 0.2692E 05

Xj(4): s46.0 X0(10): 2124. x(lei): 21Z6.

xU(s): -64.71 X0(11): -37.31 x0(17): -36.Z4

Xj(6): -19.2v XO(12): 158.7 xO(la): -24.84

OELXI: 0.363L U4 uELY1: -568.

DELZ.: 949. DMIS11: 0.379E 04

UES OMIS WAS ZO.6

DELX2: -17.2 OELY2: -16.8

0ELZZ: 7.29 DIM 1S. : 25.2

BESi DMIS AS 23.1
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Table 4-8

Algorithm 1, Scenario 5

IST-EP = (j.1000 , TAU U.1500

1% 1T XJ( 1) 1 50U0.'u IN IT XO( 7) = 3 UuU.L10 I N IT XU(13) = 15000.0
1% 17 XJ ( C U L.LUkUUU I N IT Act b) = U.CuuuUju IINIT J.Q(1'.)= 12000.0
114 1 X.) (3) 31G0.C 1IIT Act 9) = 3LLuO.J INIT XC(l5) = 30000.0
1.%11 XU(.) = lUU.LU I NI T AOM1) = !3uv..LO INIT X U ( It) = 3300.00
1NIT XU(,) U.10 jCul; I..IT AC(Il) = 0.uuuu.j 1IN1T XG ( 1 7) = 0OLUu
I N IT XC (0) .L-uQ I rI Act(It) = INHI A0(10) = -60jouuuo

Pk0POkTIOa.AL NAVI uA TION GAINS:
PITCH (kK11) = 4.50 , YAW (RK12) = 4.50

AIC MAXIMLM LOAD FACTOR = O.UO

IN MANEU'VER2 AFTERcURNER S WILL BE ON

TIME Li.U00 DSEP1 = OoIZOE 05 OSEP2 = O.1ZOE 05
START %!ANEUVER AT T= 11u

TIMqE = 1.UUL DSEPI = U. 189E 04 DSEP2 0.919E 04
TIME = e .,OC OSEPI= L0. 94E 04 DSEP2 = 0-o6OE 04
71I4E = 3.000 DSEP1 = 03E. 04 OSEPZ = (I.'.6E 04
TI10E = ..00J DSEPi- G.4 04 DSEPZ = U.e06E 04
TIM'E = 4..9Z' i SEPI = u. zUoE 04 OSEP? Ius.
IME = 5.24c DSEP1 = U.i61E 04 OSEP? = 5?7
TIME = . 4c DSEP1 = .lloE 04 DSEP2 = .i6;E 04.
7IPE = .U95 DSEPI = 3.6 DSEP2 0.411E 04
.*#CLOSURE RATE NEGATIVE AT TIKE = .1*v
TAI : zESl OSEP = ZZ.7o95 NOW = 3U.6579
TAe : bEST OSEP z 52.du64 ,NOW = 4150.34

x u ( I): U.?145E 05 XiJ( 7): G.Z146E CS XU(13) : (J.Z1?SE 05
xj(,e): -ceo.l Xu( 8): -832.o5 XU(14) : -4955.
XJ(3): U.?df0E U5 xOC 91: F,.28o9E L5 10(15): O.Z932E 05

x ,(4 53. 6 xj .1 r): ZU4 I. Zu ( 1,0 7965.
X,;~) C - 6.19 10(11): -10.9?X 0( 17): -2.076
A u 0) -1.5 . 5 10( 12) : -44*75U 10(16): -52.31

DELAI: -11.5 DELYI: -28.3
DELZI: 4.46 DMIS1: 30.9
9 E ST D M15S WAS 2.

D rL X 2: -i7o. D E L Yz J.40 PE U4
DELZZ: -021. DM152: 0.415E 04
BEST DM1S WAS 5e.
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Table 4-9
Algorithm 2, Scenario 5

ISTEP 0.1001, TAU = 0.1500

INIT X0(1 = 15000.0 INIT XO( 7) = 3000.00 INIT X0013) = 15000.0

INIT XU(e) = U..LU.uUV 1NIT X01 b) = 0.000c INIT X0(14) = 12000.0
IN!? Ku(S) = 3L0uo.c INIT AU( 9) = 30000.0 INIT 10(15) = 30000.0
1I XJ(4) = 110u.00 INIT XO000) = 3300.00 xNIr XO(S.6) = 3300.00
INIT XU(5) = %uuuOuu INIT XU(11) = U.OOLOUO INIT X0(17) = 0.00u00

INIT X0(6) = U.COUOUO IN!! 10(12) = .OuuOuO INIT 10(16) = -60.0000
PROPORTIONAL NAVhATION GAINS:

PITCH (RK1l) = 4.50 , YAW (RK12) = 4.50

AIC AAT1MUM LOAD FACTOR = 8.00

IN MANEUVER, AFTERbURNERS WILL BE ON

TIME u.UOU DSEPi = 0.120E 05 DSEP2 0.120E 05

START FANEUVER AT T = 0.10
TIME = I.UOC OSEPI = 0.S'89E 04 DSEP2 = 0.914E 04
TIME = .UOC 0SEP1 = 2.?V4E 04 DSEP2 = 0.637E 04

T1ME = J.u0U. DSEPI 0.0l3E 04 DSEP? = 0.36SE 04

T IE = 4.i000 OSEP1 U.45E 04 DSEP2 = 0 .106E 04
TIME = 4.473 DSEPI = 0. 366E 04 DSEP2 130.
T1ME = '.311 DSEP1 = C).e3'E 04 DSEP2 = 0.210E 04

TIME = b..411 OSEPI = 845. DSEPZ = .418E 04

TIME = 6.od3 DSEPi = 19.5 DSEP2 0.525E 04
.. ** CLOSURE RATE NEGATIVE AT TIME 6.8**

TAI bEST DSF? = 1.1382 ,NOW = 19.535

TAZ BEST USEP = S1.6a36 ,how= 5254.68

10j(1): 0.2091f 05 XO( 7): (;.2092E 05 10(13): 0.2037E 05

10(2): 396.3 101 8): 412.6 10(14): -4824.

1u(3): U.2V 59E 05 lOC 9): (;.ZY59E G5 X0052: 0.2984E 05

XQ(4): 131.t5 XG(10): z071. 10(16): 2043.

lu(5): -J..1 10(11): -12.44 10(17): -8.208

10(6): -24654 X0(12): -109.17 AU(18): -66.82

DELXI: -10.2 DELYl: -16.2
DELZI: 3.35 DM151: 19.5
BEST DAIS WAS 17.1

DELX2: 543. DELY2: 0.522E 04
DELIZ: -Z52. DM152: 0.525E 04
BEST DAIS WAS 51.7
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Table 4-10
Algorithmu 1, Scenario 6

TSTFP U.10u'11, TAU z .1500

.~X jl 112X0.c AQ(I JLC) 3w000.0 INIT X0(110 0.0OO00
I. T C~ =J '~tC. .IT A, C C,) V. .cuov. I I T A J(14 U.JIouoLo

Iil vA)PT AO~( Yv) 3 _. u.J ZI IT A£0115) 332jUL'.0
IT x f4) w1 1:~.11 A0(1U) $Uv-..o INIT Cj(14) 3320.00

1% IT W.~Cb = I.*.I T Ai9 (1 1) -7.Y',9 9 INI.T AU (17) = -7.99,199
P1 I YL.) ... O..LLC ' 1.11 AC Ij) Iou .0U3 IpdIT gOlb) O .G00000

PkR POfRT10;AL NAVI .A TI N GAINS:
,I T CuH (?'KI I) = 4 ; , YAw (RJ(12) = 4.50

AIC 14NVL LOAD FACTOR =du

Pd MAI.rUVERI AFTERdURNER 5 WILL BE ON

TIME ,uUL OSEPI z G.173E 05 DSEP2 = 0.133E 05
START fOANEUVJER AT T C= l

TIE= 1..,ClL DSEPI = 0. 13CGE 05 DSEP2 J.llZE 05
I IE = ~ ..,j U. OE PI = U 05E C04 DSEP2 0 . 2 6t E0G4

1!AE = .j.J C OSEPI = G . 3 1 E 4 DSEP? 0.743E 04
TIME = .u U~ O.SEPf .. 177E 94 DSEP2 0.572E 04
T I .E ' .53 S DSFP1 = 7 DSEP2 O.4h3E 04
T1IME = 5.1 3c DSEP1 = j .197E 04 DS E P2 = Q. e'S E 04
T I ..E = 3z C SEPI = 0 . 4 7E C4 DSEP2 = C . 36E 04

T I -i 1 3C Ospi = v . 49E 0 4 OSEP2 = 945.
T IE = I cl1 OSEP1 = io L.4 DSEPZ Z
IC L 0S U k F yT L tE 6AT 7 VZ AlIT N I lp /o8..

TAT : LST D6, 55.6156 ,NOW = 9072.77
TAZ E,&ST Da!? z 22.1..66 NOW = 24.5693

1)ii (.1993F 'J5 x0k( 7): ..1120E L.5 XO(13): 0.1994E 05

1A()): k.k~ 0.5 %CZ( 9): C.2745E C5 XG(I5) : 0.2650E Gs
4 ?13 .a U(1U)*. 1935. xu(16): 2033.

V6) 1b0 L2: 1-%7.7 xuC1r.): 7.204

DtLXI: 'lISE3 J4 DELYI: -0.20Q7E 04
DEL11: J.135t 1 4 LJisl: L-07 04
EL 7 C%115 10 55.7

0 cL A 2: -12.1 E LY; ?1 .4

Ei;ST D , AS zz .1
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Table 4-11

Algorithm 4, Scenario 7

FSTEP = 0.1000, TAU - 0.1500

LNIT XUJCI) = 0.000000 1.'4ZT x0c 7) = 5000.0 iN!? x0(13) = 0.000000

INIT XJCZ) = o.ruuu0 1'41T )LC( b) = 0.0,00O0 11411 XO(14) = 15000.0

Lul XQ(3) = 30000.0 INIT AO( 9) = 3U000.0 INIT XO(15) = 30000.0

iti IT XU(4) = 1000].00 tHI? XO(10) = 3300.00 IN!? x0(16) = 3300.00

kNIT XJ(5) = U.u00u0 I%!? AO(01) = .UC000 INII xU(17) = 0.000c.00

INIT X0(6) = 45.00U0 INIT X0012) = 1bu.0c00 1141? XO(18) = -89.9998
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5.0 A Game Theoretic Model for Determining Aircraft Evasion Strategies
Against a Multiple Mfissile Threat

Introduction

In this Chapter we consider a missile evasion problem formulated in

terms of one aircraft (the evader) and two guid.ed 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 evader 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 tie 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 paper (Huling &

Mintz, 1977). In the numbering convention for the following subsections in

this chapter, we have omitted the leading (5.) designation.
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i. OPTIMAL EVASION STRATEGIES AGAINST MULTIPLE MISSILES: PART I - FOR

CRITERIA WITH A FIXED TER'INAL TIME.

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.

Dynamics:

(a) The evader's and pursuer's dynamics are each linear, i.e.,

= Fx +Gu
e ee ee

xp F x + i = 1,2.pi pi p1 CplU1
,

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

e f (x e ,t)Xe feXe Ue

x fpi(xpiUitt), i = 1,2.

Information:

Each pursuer (i = 1,2) uses a given feedback control law for its guidance

strategy. The evader's a priori information includes 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 multi-criterion or vector valued optimization problem. One

approach to solving this multi-criterion problem is to seek an evasion strategy
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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 must 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. In section 3 and subsequent sec-

tions, we consider optimal evasion problems with a variety of constraints on

the evader's permissible controls.
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2. AN OPTIMAL EVASION PROBLF4 WITH LINEAR DYNAMICS AND QUADRATIC COST ON CONTROL

2.1 Mathematical Problem Statement:

Let x A (xeXpiXpi)Y ,

then one obtains

x - Fx + G0u 0 + GlI + G2u2, x(O)h x0

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

F e,F pi,G e, and GI i = 1,2, and where u0 M ue -

We have assumed

ui = Six; i = 1,2.

Hence

x Fx + G0u0 ; x(0) xo

where F - F + GiS1 + G2S 2.

Define JI (u 0 ,x 0 ) and J2(u0 ,x0) by:

T
J, x'(T)C x(T) - f u0D 0 u0d t0j
J2 x'(T)C x(T) - ju0DT udt

0

where C, 0 and D 0 >0.

In what follows, we shall consider x0 a fixed vector and write Ji(u0,x0) as

J(u0 ,i) i - 1,2.
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2.2. Came Theoretic Formulation:

Let the space of permissible open loop controls u be L2 [0,T] and let0

I ~{1,2}. Let

J: L2 [0,T] x I-R

denote the kernel of an abstract game.

Consider the following saddle-point problem (SPP):

SPPI: Does max min J(u ,I) = min max J(u ,i)?0 0

u cL2 [0,T] iEl iEl u EL2 [0,T]0 0

Discussion (SPP1):

Due to the discrete nature of the set I - {1,2}, SPPI will generally not

have a saddle-point in pure strategies. This situation can often be resolved

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

SPP2:

Let pc[0,1] and define J(u ,p) ApJ(u ,I) + (l-p)J(u ,2).
0 0 0

Does

max min Jup] = min max J[u 'P]?

u cL 2 [0,T] pc[0,1] pc[0,1] u EL2 [0,T]
0 0

Discussion (SPP2):

For conceptual reasons, it is useful to consider p as the probability that- )

strategy i i is played. Then

*p , I ,.

(cV',
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EJ(u,i)] = '(u,,), '(uo,Dp) = pJ + (l-P)J

-. T
= x'(T)Cx(T) -uudt,

0

where C = PC + (I-p)C

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(u0 ,p) as follows.

First observe that

x(T) = Lx + Lu
0 C

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

and where L:L2[0,T]eR fis the linear operator defined by
T

Lu = f D(T,T)GoqTi.
0 0

,Hence we can write that

J(uA,p)A -fLx + Lu 0°  _ juojj2"
= 0 CD

0

where the first norm is w.r.t.Rn and the second norm is w.r.t. L 2 [0,T].

2.3 Properties of J:L 2 [0,T]x[o,]-R:

Observation 1:

If for all p[0,1], the matrix Riccati equation

-- R - RF -RG D"IG'R; R(T) = C
S0 0 0

has a bounded solution on [O,T), then J[u.,pI is concave in u0 for every pE[O,1].

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

for all pc[O,lI as Condition 1.
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An Aside: If Condition 1 does not hold, a relaxed version may hold on a

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

Observation 2:

If Conditien I holds, then for fixed p, J[u ,p] is weakly upper semi-

continuous in u0 on L
2 [0,T].

Observation 3:

For fixed u0eL
2 [O,Tj, J(u 0 ,p] is continuous in p on [0,11.

Observation 4:

For fixed u 0EL 2 [,T], J(u 0 ,p) is convex (affine) in p on [0,I].

Observation 5:

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

Observation 6:

L2 [0,T] is convex.

Lenmma 1:

If Condition I holds, then sup inf J(u0 ,p) inf sup J(u 0 ,p).
U0 P p u0

Proof: It follows from Observations 1-6 that J(u ,p) is quasi-concave-
0

quasi-convex in (u0 ,p) and u.s.c. - l.s.c. Further, L2 [O,T] and [0,1] are

convex spaces, and [0,1] is compact in R. Therefore, Lemma 1 fllows as a

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

If Condition 1 holds, then min sup J(u0,p) = in rn (,,p)

p u 0  u

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

sup J(u0 ,p*) = inf sup J(u0 ,p).
U p u0 0

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

Observation 7:

If Condition I holds, there exists a value of u0 (say u *) such that

sup J(u0,p*) J(u0*,p*).
U
0

An Aside: Observation 7 is a consequence of the assumption of Condition 1.

Theorem 1: The pair (u *,p*) defined through Lemma 2 and Observation 7 con-
0

stitute a saddle-point for J(u0 ,p).

Proof: The verification that I(u,,p*) < J(u 0*,p*) < T(u0*,p) follows

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

3.1 Problem Statement:

Let

x = Fx + G0u 0 ; x(0)Ax 0 t"

where

Qe=fujL 2[C1 TI: IIUO112 < e2}.
e

Define J and J by
1 2

T

J x'(T)C x(T) - f u0Dou0dt
1 1 ~ 0

T
J x'(T)C x(T) - f UT) u dt.

2 2 0 00

Consider the following Maxmin Problem:

max min J(u0 ,i)

U 062e  icl

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

vious section is the restriction of u to the weakly compact set QZ C. L 2[O,T],0 e

QeA{UocL2[O,T]: u 11 < e 2 }.

Reasoning as before, we are 'lead to consider

max min J(u 0 ,p)

u EQ pe [Oi]

t F was defined in Section 2.
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where J(u0,p) 
= pJ(u 0,l) + (l-p) J(u0 ,2).

3.2 Problem Solution:

Consider the following saddle-point problem (SPP3):

Does

max min J(u ,p) min max J(u 0 ,p)?0

u062 e  pE[O,1] p[0,1] u0CQ e

Observation 1:

Q is a convex weakly compact subset of L2 [O,T].e

Condition 1:

The Riccati matrix differential equation

-F'R - RF - RG D-1G R
0 0 0

R(T) = C ApC + (l-p)C
1 2

has a bounded solution on [0,T] for all pE[0,1].

Now using the results associated with SPP2, we have:

Theorem 1:

If Condition 1 holds, then
4-&

max min Ju 0 ,p] = min max J[u0 ,p].

u 0le pe[0,1 pc[0,l] u0 f20ee

Proof:

The proof again follows from Sion's Theorem [Sion: 19581 by noting that:
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(a) e is a convex weakly compact subset of 1.2 [0,T] and [0,1] is a
e

convex compact subset of n,.

(b) J:P.x [0,1]-R
e

is quasi-concave-convex, weakly u.s.c. in u0 for fixed p, and continuous in p

for fixed uO .

3.3 Solution Structure:

Lemma 1:

Let (u *,p*) denote any saddle-point solution to SPP3, then

0u= arg max J(u0 ,p*)

U EQ
0 e

where:

"= (DO + a*D )-'G-kx,
00 e 0

k -Fic-k kF -kGO(% a~Cc*D )'ak
0 e 0

k(T) = C = p*C + (l-p*)C
1 2

T
and a* ( fu'*D u*dt - e 2 ) = 0

00 e 0

a* > 0.

Proof: Lemma I 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. A SECOND OPTIMAL EVASION PROBI.EI WNITH LINEAR PYNkICS AND A TOTAL, EN.ERGY

CONSTRAINT:

4.1 Problem Statement:

Let

x = Fx + G0u0; x(O)A x 0

where

uE;0 
e

2 2
I = fuo EL2 [ 0,T]: IjuoID < e.

e

Define J and J by
1 2

J = x'(T)C x(T)1 1

J = x'(T)C x(T).
2 2

Consider the following Maxmin Problem:

max min J(u i).0

u CQ iEI0 e

The sole difference between this problem and that considered in the previous

section is the elimination of the quadratic terms in u from the pay-off
0

functions J and J
1 2

Reasoning as before, we are lead to consider

max min J(u ,p)
0

u 0Qe pC Ol]0 e
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where

J(u ,p) = pJ(u ,l) + (l-p)J(u ,2)
0 0 0

= x'(T)[pC + (l-p)C ]x(T).1 1

4.2 Problem Solution:

Consider the following saddle-point problem (,PP4):

Does

max min J(u ,p) min max J(u ,p)?o 0
U 0 f E 1e pE[0,1] p [O,l] u 0 .Q e0 e0e

Lemma I: For fixed pc[O,l], J(uo,p) is w-continuous on 2e"

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

dim(x) = dim(u ) - 1.
0

We note that
T

x(T) = O(T,O)x + f P(T,T)G u (IT0 0 0
0

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

can be expressed as

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

where acR, bcL2 [O,T] and <" ,>denotes the standard inrer product on L2 [ O ,T ] .

(Here we are of course assuming that

(T, t)G 0E L2[0,T
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Therefore, x 2 (T) is w-continuous for all u cL 2 [O,T] since x(T) is w-continuous

in u Finally,
0

J(u ,p) = x 2 (T)[pC + (l-p)C ],0 1

and therefore, i(u ,p) is u-continuous cn L 2 [0,T] for fixed pc[0,1].

0

Observation 1:

J(u ,p) A x 2 (T)[pC + (I-p)C2] is continuous in the pair (u ,p) when
0 -

J:e x [U,l]- R,where Q is endowed with the weak topolopy. This follows frome e

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:Q x [0,1]--R is contiruous in the pair (u ,p) in the general case -e0

dim(x) = n, dim(u) = r; where 2 is endowed with the weak topology.e

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 M and M denote respectively the set of all probability measuresu p

Ve (respectively iP) onL. (respectively [0,1]). Then,

max min E[J(u ,p)]= min max E[J(u ,p) ,0 0
PeCM V CM OfC U1EMH

where the expectation operation is with respect to the measures p.e and u •p
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Commen t:

The interpretation of this theorem Is that the saddle-point problem,

(SPP4) has a solution in mix d strateies. 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(u ,p) is continuous in the pair (u ,p) and 02 and [0,11 are

respectively w-compact and compact then Theorem I is a direct consequence of

a general saddle-point theorem [See [Owen: 1968] (Theorem IV.6.1)].

Theorem 2 :

Let (j*,W*) denote a pair of optimal mixed strategies with respect to the
e p

game defined by J: x[0,1]+R. Let p* E [p]. If arg max J(u ,"*) is
e 11* 0

p u FQa e

essentially unique, then, the pair (* e,* p) are one point, i.e., *e and U*

correspond to pure strategies.

Proof:

Since J[u 1p] is affine in n for fixed u0, p* A E * (p] can be viewed as
0 0 Ij

an optimal pure strategy since

E* [J(u 0 ,p) ] = J(u 0 ,p*).
up

Let u* = arg max J(u 0p*). Since u* is essentially unique by assumption, the pure0 0 0.
u EQ

0 e

strategy u* is equivalent to the optimal mixed strategy p*.o e
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Lemma 1:

u* = G DGTLx
o a* e 0

where
- _ _~- 1 . - .o
R -F'R - RF - - RG D_ G Ro ~ e 0

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

T
u* D u*dt -e 2

0 0 e 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. 2201.)
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5. AN OPTIMAL EVASION PROBLEM WIT! LINFEAR DYNAMICS AND HARD CONSTRAINTS ON CONTROL:

5.1 Problem Statement:

Let

x = Fx + G u ; x() A x
0 0 0

where

u 0b; . 4_{ u cL2 [0,TI: ai.ui(t)<b} , and ui denotes the ith component of
0 - 0 the vector u

0

Define J and J by
1 2

J x'(T)C x(T)
1 I

J x'(T)C x(T)
2 2

Consider the following Maxmin Problem:

max min J(u ,i).0
u cQb  iCl

The sole difference between this problem and that considered in the

previous section is the replacement of 0e with .

Reasoning as before, we are lead to consider

max min J(u ,p)
0U ocab pc[O,1]

where J(u ,p) = x'(T)[pC + (l-p)C 2x(T).0 1 2

5.2 Problem Solution:

Consider the following saddle-point problem (SPP5):

Does

max min J(u ,p) min max J(u ,p)?
0 0U oCflb p E [O ,1 ] p E[O , 1] U o0E 1b
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In order to answer SPP5, we will first formulate and solve a related

saddle-point problem SPP6:

We begin with the following definition:

Definition:

X(T,x0) A fx(T)cEn: x -Fx + G u ; x(0) A x ; u EQ }"-0 0 0 =0 0b

Observation 1:

X(T,x ) is a compact convex subset of En .

Consider the following saddle-point protlem (SPP6):

Does

max min x-(T)Cx(T) = min max x'(T)Cx(T) ?

x(T)cX(T,x 0) pc[O,l pc[O,l] x(T):X(T,x )

Theorem 1:

Let M and M denote respectively the set of all probability measures u
x p x

(respectively p) on X(T,x ) (respectively [0,1]). Then,-- 0

max min E[x'(T)Cx(T)] = min max E[x'(T)Cx(T)],

P eM Px EH U CM VE IH
xx pp p p xx

where the expectation operation is with respect to the measures u x and p

Proof:

The proof follows by noting that 'X(T,x ) is compact in En , [0,11 is com-
- 0

pact in R, and x'(T)Cx(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 (i*,p*) denote a pair of optimal mixed strategies with respect to

X p

the game defined by:

k: X(T,x ) x [0,11-R, k(x(T),p) = x'(T)Cx(T).0

Let p* . Eu,[p]. If x*(T)- irg max k (x(T),p*) is unique, then the pair
p X(T,x 0 )

(P*,P*) are one-point, i.e., p and * correspond to pure strategies.
x p x p

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

E, 4*[k(x(T),p)] =k(-(T),p*).

p

Let x*(T) A arg max k(x(T),p*).

x(T)c (T,x )
0

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

the optimal mixed strategy u*.

x

Theorem 3 :

Let u* denote any control in Qb which achieves x(T) = x*(T), then0 b ,-

max min (u ,p) = min max J(u ,p) = J(u*,P*),0 00
u~C~b pEO[,i] pc[0,l] u0 b

i.e. (u*,p*) is a saddle-point pair for SPP5. [x*(T) and p* are defined in Theorem 2].

Proof: The proof follows directly by noting that (x*(T),p*) is a saddle-point

pair for the game defined by:

k:-.'(T,x ) x (0,11-R,
-- 0

k(x(T),p) = x'(T)Cx(T).
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6. AN OPTIMAL EVASION PROBLE' WITH NONLINEAR DYNAMICS AD HARD CONSTRAINTS ON

CONTROL:

6.1 Problem Statement:

Let x f(x,u ,t) x(O) A_ x where u cP;0 "- 0 0

S1= {u0:t) Er; ui Lebesgue measurable on [O,T] a.(u. (t) < bi i,.,r}

Define J and J by
1 2

J = x'(T)C x(T)1 1

J x'(T)C x(T)
2 2

Consider the following maxmin problem:

max min J(u ,i).
0

U EQ icl
0

The sole difference between this problem and that considcred 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(u ,p)0
u 0 n pE [0,I]
0

where J(u ,p) = x'(T) [pC + (l-p)C ]x(T).
0 1

Consider the following saddle-point problem (SPP7):

Docs

Trax min J(u ,p) min max J(u ,p)?o 0

U oQ pC[0,1] pE[0,1] U 0Q0 0
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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 ) A {x(T)c En : = f(x, u ,t); x(O) = x ; u E
- 0 -0 0 0

Assumption 1:

Assume X(T,x ) is compact in En.

Consider the following saddle-point problem (SPP8):

Does

max min J(u ,p) = min max J(u ,p)?0 0

u e pE[0,1) pE[0,1] u CO
0 0

Theorem 1:

Let M and M denote respectively the set of all probability measuresx p

P (respectively p) on X(T,x0) (respectively [0,1]). Then,

max min E[x'(T)Cx(T)] min max E[x'(T)Cx(T)]

0xx p p p p xC'Mx

where the expectation operation is with respect to the measures U and U
x p

Proof:

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

Theorem 2:

Let (P*,-*) denote a pair of optimal mixed strategies with respect to the
x P

game defined by:
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k:.X(T,x 0 ) x [0,1]-R,

k(x(T),p) - x'(T)Cx(T).

Let p* = E ,[p]. If x*(T) arg__7ax k(x(T),p*) is unique then the pair
Pp X(T,x0 )

(*,P ) are one-point i.e., p* and * correspond to purc strategies.
xp x p

Proof:

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

Theorem 3

Let u* denote any control in which achieves x(T) = x*(T), then
0

max min J(u ,p) - J (u*,p*) = min max J(u ,p).
.0 0 0

u En p4[0,1] pE[0,1] uEQ
0

Hence, the pair (u*,p*) is a saddle-point for the game defined by J(u ,p)
0 0

(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 X(T,x ) is compact in En (Assumption 1, section 6). In

this section we will consider sufficient conditions to guarantee the compact-

ness of X(T,x 0). The following results are due to Filippov (Filippov; 1962).
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We begin with several definitions:

Let x = f(x,ut), x(O) - x where dim(x) = n, dim(u) = r. Suppose each
0

component u i of ti is a measurable function of t satisfving a. < U (t) <

r
0 < t < T. Let U denote the permissible range of u, i.e. U = I[a,b iI. Suppons

i=l

that f is continuous in all arguments, and is continuously differentiable with re-

spect to x, and that

x'f(x,u,t) < C[I + Ix II 2 1 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): ueU}

Theorem 4 (Filippov):

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

0 < t < T, and xcEn, then'X(T,x ) is compact.

Comment: Theorem 4 is also true when u(t)EU(t), where U(t) is 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; 19621, or [frermes and LaSalle: 19691.
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7. AN OPTIMAL EVASION PROBLEM WITH NONLINEAR DrAICS, M)RD CONSTRAINTS

ON CONTROL, AND A GENERAL TERMINAL COST FUNCTION:

7.1 Problem Statement:

.Let x- f(x,u ,t), x (0) = x , where u 02;0 0 0

r
QA{u: u(t)cE ; u1 Lebesgue measurable on [0,T], ai < u (t) < bi,

r r
i 1,2, ..,r}, and U - H [ai,bi]gE

i=l 1 1

Let J (x(T)) and J (x(T)) denote terminal cost functions.
1 2

Assumptions:

A : J and J are continuous maps of En into R.1 1 2

A : f: En x U x [0,T]-E n is continuous in all arguments, is con-2

tinuously differentiable in its first argument (x);

xcf(x,u ,t) ' C[l + 1ixIl 2] fcr some C and all xEce, ucU, and t £ [O,T].

A : If R (t,x) A {f(x,u ,t): ueU3, then
3

the set R(t,x) is convex for all pairs (t,x) where 0 < t < T, xcEn .

A : Let X(t,x ) and Y denote
4 0

X(T,x )--n (x(T)cEn:x = f(x,u ,t), x(0) x0, u C}
0- 0 0 0

YA {(J (x(T)), J (x(T)))cE2 : x(T)£X(T,x ) ] '

then Y is a convex set.

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

u 0 iEI0
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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 J(u ,p)0

U 0 cf pc [0,i]
0

where J(u ,p) = pJ (x(T)) + (l-p)J (x(T)).0 1 2

7.2 Problem Solution:

Consider the following saddle-point problem (SPP9):

Does

max min J(u ,p) = min max J(u ,p)?
0 0

U 06 pc[Ol] pc[0,1] u 0"0 0

Theorem 1:

Under Assumptions A - A , SPP9 has a solution in pure strategies.14

Proof: We begin with several observations.

Observation 1:

The set V is compact in E2 . This observation follows by noting that Y is the

image of X(T,x ) under J, where J(x(T)) - (J (x(T)), J (x(T))), J is continuous0- 1 2

(Assumption A 1) and Y(T,xo) is compact in En (Theorem 4, section 6).

Observation 2:

Let k: Y x [O,1-R, k (yp) = py + (I-p)y2"
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Since k is continuous in (y,p), convex (affine) in p for fixed y, concave

(effine) in y for fixed p, and Y, [0,l] are compact convex sets then by

Sion's Theorem [Sion: 1958], the game defined by {k,V,[0,1]} has a solution

in pure strategies.

Hence, the proof of Theorem 1 is complete by noting that the games

{Js,[O,1]1 and {k,Y,[0,1]1} are equivalent. Therefore, if (y*,p*) denotes

any solution to {k,Y,[0,1]} , (u* ,p*) denotes a saddle-point solution for
0

fJ,a,[0,i]} when u* is any control which achieves y* = J(x*(T)).
0

Comment:

Assumption A of this section in a sense replaces the assumption of the
4

uniqueness of x*(T) = arg max k(x(T),p*) which appears in Theorem 2 of sections

X (Tx 0
5 and 6.
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8. OPTIMAL EVASION STRATEGIES AGAINST MULTIPLE MISSILES: PART II - 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 = e (xe u ,t)

XP fpi(XpiUi,t), i = 1,2.

Information:

Each pursuer (i - 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 information.

Optimization Criterion:

The evader seeks to maximize the "distance of closest approach" between

himself and each pursuer over a given time interval [OT]. 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 WO.T.
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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 incluee a set of constraints on the evader's per-

missible controls. In 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 justifiee 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 NONLINEAR DYNAMICS, PARD CONSTRAINT7S ON

CONTROL, AND A CGIFPL COST FUNCTION:

9.1 Problem Statement:

Let x f(x,u ,t), x(0) =x , where u 06; and0 0 0

OA{u u (t)cEr; u1 Lebesgue measurable on [0,T], ai < u(t ) < b0 0 r a - --

1 1,2, . . ,r}, and U = 11 [ai,bi.
i=l

Let J (x(t)) and J (x(t)) denote general cost functions. For example1 2

Ji(x(t)) could denote the actual distance between missile i and the aircraft at

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

orientation of the missile and aircraft at time t.

Assumptions:

A : J and J are continuous maps of En into R.1 1 2

A : f: En x U x [0,T]- E is continuous in all arguments, is con-2

tinously differentiable in its first argument (x);

x'f(x,u,t) < C[Il +jJx j 2 ] for some C, all xcE n, ueU and tc[O,T].

A : If R (t,x) A, {f(xut): a < u < b i = 1, ..,r), then
3 0 1 - 1 1'

the set R(t,x) is convex for all pairs (t,x) where 0 < t < T, xE n

A : Let
4

B A {(b (x0,U), b (x ,u ))c E2 : X(0) _ x , u ,'- 2 00 0 0

where bi(x 0,u 0) min Ji (x(t)), then B is a convex set.

O<t<T

Consider the following Maxmin Problem:

max min b (x ,u).

U 0 iEl0
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Reasoning as before, we are lead to consider

max min J(u ,p)
0

u CO pE[0,i]
0

where J(u ,p) pb(xu) + (l-p)b (x 0'0 1b(0u0) 2 0u0)

9.2 Problem Solution:

Consider the following saddle-point problem (SPPl0):

Does

max min J(u0,p) = nil Max J(u ,p)?
0 0

U0 cil pe[O'l] pe[0,1] u 0EQ
0 0

Theorem 1:

Under Assumptions A - A , SPPIO has a solution in pure strategies.
1 4

Proof: We begin with several observations.

Observation 1:

The set B is compact in E2 .

Observation 2:

Let k: B x [O,1]-R, k(b,p) = pb + (1-p)b .1 2

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 [Sion: 1958], the game defined by {k,B,[O,1]} has a solution

in pure strategies.

Hence, the proof of Theorem 1 is complete by noting that the games

{J,Q, (0,i]} and (k,B,[0,1]} are equivalent. Therefore, if (b*,p*) denotes

any solution to {k,B,[0,1]} , (u* ,p*) denotes a saddle-point solution for

IJ,a,[0,l]) when u*0 is any control which achieves b* = (b,(x ,u* ),b (x 0'u*0))"

u0munnnmmmminmm nnuNl m mlmlmn 0 0 20i
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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 Evasion 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 [19651.

10.2 Games of Evasion with a Single Pursuer:

The literature on Games of Evasion against a single pursuer is rc ]tively

extensive. We cite the following sources as examples: The monographs by Isaacs

[196S]; Bryson and Ho [1969]; and Friedman (19711. The papers by Behn and Ho

[19681; Rhodes and Luenberger (19691; Basar and intz (19731; and Poulter and

Anderson (19761. The thesis by Poulter [19751.

10.3 Cptimization Problems with Vector Valued Pay-off:

The literature concerning optimization problems with vector valued pay-

off functions is considerable. We cite the seminal paper by Da Cunha and Polak

[19671 and the contribution by Reid and Citron [1971] as examples.

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

The problem of solving an LO optimization problem with vector valued pay-

off has been considered by Medanic and Andielic 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.-Icop

results obtained by Medanic and Anjelic [1971, 1972b]. The basic difference

(besides tL.L rethodology) is that we consider a max min problem with weighting

matrices with both positive and negative eigenvalues, whereas Medanic and Andjelic
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consider a min max problem with positive and nonnegative weiplting 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 acceleration 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

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 point mass dynamics, 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
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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 phasel ii) 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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Appendix A

FORTRAN IV Source Programs

Program ACDYN.91: complete listing; pp. A-2 through A-25.

Program ACDYN.92: main program and subroutine VALUE; pp. A-26 through A-34.

Program ACDYN.93: main program and subroutine VALUE; pp. A-35 through A-43.

Program ACDYN.94: main program and subroutine VALUE; pp. A-44 through A-52.
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I PROGRAM ACDYN
2 C

3 C ACDYh.91 --- MYOPIC, MULTIPLE (TWO) MISSILES
4 C
5 C USES LFI.0s OA=J.O FOR CONTROLS FOR FIRST STEP,

6 C THEN MANEUVERS TO MAXJMIZE ACCELERATION NORMAL
7 C TO THE 'GUIDANCE PLANE' FOR SINGLE MISSILE CRITERION
as C

9 C FOR COMBINATION, USE 00 LOOP OF LAMBDA'S, I.E.
10 C LAW*DA = U.O THMU 1.0 BY U.U5, AT EACH STEP,
11 C TO FIND THE MIN(LAdDA) OF THE MAX(UO) OF

12 C
13 C i(LAMIBDA.-ACCEL(DOT)G1)*((1-LAt3DA)-ACCEL(DOT)G2)1
14 C
15 C WhEN ONE MISSILE HAS MISSED THE AIRCRAFT, BEGIN

16 C TO IGNORE IT --- I.E., SET LAFBDA TO I OR 0

17 C
1s C DEFINE THREAT ASSESSMENT FOR EACH 1ISSILE I AS A

1V C FUNCTION OF LAMdDA; I.E.
au C
21 C TAI(LA-BDA) = DMISI(FINAL)
ZZ C TAZ(LAMBDA) = DMISZ(FINAL)

23 C
Z4 C ALL MANEUVERS ROLL-RATE LIMITED (RLMAX DEGREES)

25 C
26C hRITES TO THE TERMINAL, THEN PRINTC

27 C

2 C RKI( = RX1Z = 4.5
ZC €
30 C STORAGE FOR UP TO 100 ITERATIONS AFTER ONSET OF MANEUVER
31 C

32 C PLOTTED VARIABLES ARE
33 C
34 C PL(C,) = USTAR (DEG)

35 C PL(CZ) = PERFSTAR
36 C PL(,3) = USTARZ (DE)

3F C PLC,4) = PERFZ
36 C PL(C5) = GX )
39 C PL(,6) - GY ) COMBINED USING LAMBDA

40 C PL(,?) = GZ )
41 C PL(,8) : LF1 (COMMANDED)
42 C PL(,9) a SPECIFIC ENERGY (AIC)
43 C PL(CU) SP. EN. (fISSILE 1)
44 C PL(,I1) ALPHA (A/C)

45 C PL(,1Z) GAINNA (A/C)
46 C PLCtl) SIGMA (A/C)
41 C PL(914) 3 NORMI(G) = (GXIt*Z4GY**24GZ*t*)**O.5

48 C PL(15) = Z (A/C)
49 C PL(06) : AIRSPEED (A/C)
50 C PL(t?) = S11 (L.O.S. PITCH)

51 C PL(,15) z THETA1 (L.O.S. YAk)
54 C PL(t19) = NORA(ACCEL) z (AX**24AY**24AZ&*2)**O.5
$3 C PL(92U) = DRAG (A/C)
54 C PL(,Z1) = Z (hISSILE 1)

3 C PL(,ZZ) = X (A/C)
56 C PL(,23) = X (MISSILE 1)
51 C PL(t24) = Y (A/C)
5S C PL( v25) = Y (MISSILE 1)
5V C PL(,26) c IFLAG 5g61 * FOR USTAR, - FOR USTAR2
6J C PL(,27) = SYDT1
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61 C PLC 28) = THEDTI
62 C PL(,29) = NORMI(LOSOT) = (SYDT1**2#TNEDTI**2)*10*5
63 C PLCSU =A 3-X
64 C PL(,31) = GY1 M ISSILE I
65 C PL(,32) =GZI )

6(, :PLf #33) = NORAq2
6i C PL(,3'.) = X2 )
68 C PLC,35) =6T2 M ISSILE 2
69 C PLC,36) = 6ZZ
70 C PLC,37) =NORMZ(LOS -DOT)
71 C PL(93b) =LF2C
72 C PL(939) =SP. EN. (MqISSILE 2)
73 C PLC,4U) r 512 (LOS PITCH)
74 C PL(,413 = ThETA2 (LOS YAW)
75 C OL ( 4 i) = X (AISSILE 2)
7b C PLC,41) = Y (MISSILE 2)
77 C PL(,44) = Z (AlSSILFE 2)
?a C PL( 945) = SYDT2
79 C PL1,46) = ThEOT2
dU C P11,47) =LAM0AI * 100.
al c PL(946) =GSTI
82 C PL ( 49 ) = GTN1
as c PLC950) = GSY2.
64 C PL1,51) = GTI4Z
85 c PL(,52) = GST )
56 C PL(,53) = GTN ) COMBINED USING LAMBDA
87 C
88 REAL-* SIRING,SOATE
by INTEa~ft CUT104E
v0 LOG1CAL PRTED,LONCE
91 COMM'ON JPARMI/ LONCE
92 COMMON IPARM91 ISEC,DMIS1,DMIS2,PRTED
93 C
94 IDUM=CUTIME(U)

95 CALL TIMEOO(STRINB)
V6 CALL (DATE(SDA1E)
91 kRI7E(6,c6) SCATE, STRING
98 66 FORMATCI5X,4U( ,),' ACDYN.91 ,q40('*')v/
99 1 51X,Ad,kX,AdqJ1IH)
I0U C
lUl LONCE=.FALSE*
102 999 CALL Ifill
103 CALL VALUE
104 CALL PLOUT(2)
105 CALL PLOUT(6)
106 C
101 WRITkC(,100) -

lob IOU FORMAE ENTERO_ TO STOP, 1 TO REINITIALIZE, 2-
109 1 'F05 hO INIT PRINT')
110 CALL 9ELL(13
II1 READ(I,110) ISEC
112 IIU FORMAT(II)
113 IF(ISEC.NE.O) GO TO 999
114 S73P
115 END
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I 5UIJROUIX~iE IhIT
a DIMtENSION IONOF(2)

3 REAL "!uv LF, 10, Al1, LFl, Lls LAIN, LF!AX, MAXLfq NORMAX,
4 1 LOS"AX, LF29 LZ

:0 NTE6ER CUTIME
6 LCGICAL PRTED9LOA.CE
I COMMN0~ /AMP/ IG.,QQSO,ALF AO,CLO,DC,L0,G,MOj,C01.C02,C03-,
a I RNO,bE1A,CLAFUSj,tUl,)V2I1 CLAF1,S1,D11,RLAAX,
9 Z OltTHRESHRKl1,kK1Z,Q 1SI,ALFA1,CLI,01,L1,ALkEAS

I U 3 ,P1,1*U,1AfT8,TfzLAG,,6 S2,ALFA2,CL2*D2,L2
II C OHMN I /FAR F.11 JJ,LSTEP
12 C-OeMNON IFARP21 VTHCu,VTNI,DTH,TSTEP,ICPUTN
13 C0OM ON I FA R 14 / NU,10
14 COMMON IPARM51I MANUVR

15 ~COPMON I PA R A ' LOhCE
16 COMMON /FARM%,/ ISEC,DMISI,DMIS2,PRTED
17I CCM'ILN ICONTIi ACLFA1ULU),AC8A(1Uf.),ACT1(10O),TCl1G,LFUO,MAXLF
15b COMMO 0J MSLI LF1,U1,PSYI,THiETAI,LF2,U2,PSY2,THETA2
19 COMMON /ARRAVI/ X0(10),Xk IN(18)
zu C OP. A 4 FIL VR I PL (ILU,5) ,PMA X, Pl-INqLMA X ,LM IN ,SPAA X
21 1 SIU'IN ,ALFl-.Ai,ALflf IN,N ORMAX, v!AX , LAIN, WAAX VAIN q

222 OhAA, VMNXMAXXMIlNViiAXYMIN,A4MAXLOSMAA
23 C
24 DATA JVES-T-1, 1OMOFIOFF,9O 'I

26 1 IORMATC1l)
lt 3 FORMATCIS)
26 6 FORMAICF12.6)
29 11 FORMAT(A1)
su C
31 IF(LQNCE) GO TO 800
32 P~Z3.1I.)59
33 N018
34 N18=
35 10=1 UO
36 1SEC1l
37 kLMAX=6OC.0
35 ALREAS2.0*PI/160.
39 Numli 3 . C
40 BETA=0.0C0030S75
41 ,2l
42 RH0~u.uU23169
43 TAFTo=15000.
44 CU2=-0.7C18
4 * C U3 = 14.141
46 CLAFS23*b~6
41 $0=530.0
46 DU1=U.U1675
49 002=U.223
50 M1=3.Zd
51 CtkF1=22.918
5 l s1 =0.22 3
53 011=Q.7
54 DIZ=U.U42
55 fkK114.5
56 W12=4.5
57 THRESNOU.1
5 d VTm0=2U0.O
5v VTH122U0
6U OTH=15.0
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61 C
62 C bE6IP. INPUTTING DATA
63 C USi FILE 10
64 C
65 READ (10,3) KSTEP
68 TSTEP=1 *CIFLOATCKSTEPJ
61 READ (1U,61 10(1)
68 READ (10,6) X0(2)
69 READ (10,6) X0(3
t0 READ (10,6) X0(4
71 READ (10,6) DAl
7Z XU(5)=0AI*P11180.
73 READ (10,6) DA2
74 X0(f6)=A2*P11180.
75 kEAD (1I0,8)6 TAU
76 READ (1U,6) XO(7
71 READ (10,6) 10(8)
78 READ (10,6) X0(9)
79 READ (10,6) 10(10)
so READ (10,6) D A3
a1 X0(1 1)=DAS'P I1d10*
82 READ (10,6) DA4
83 X0(1,e)zDA4'PI/180.
84 READ (10,8) X0(13)
85 kEAD (10,6) X0(14)
86 READ (10,6) 10(15)
81 READ (10,8) X0(16)
88 READ (I0,6) DA5
89 10(Il=DA5-PJI8U.
90 READ (10,6) DA6
V1 X0(I*)zDA6'PI/I80*
92 C
93 Do 750 I=1,No
94 XUXN (I )=1(I)
9#5 750 CONTINUE
96 60 TO 815
91 C
915 800 CONTINUE
99 wRITE(bgd13)
100 8S13 FORMAT(CIHI)
101 815 CONTINUE
102 00 8.)Q I:1,NU

104 85C CONT104UE
105 IFCISEC.EQ.2) 60 TO 870
106 C
107 L.OhCE2.TRUE*
108 ouIt(z,8S2) TSTEP, TAU
109 *RIIc(6,b5Z) TSTkFP, TAU
110 852 FORMAT(SI,'TSTEP = ,Fd.4,,9 TAU F84i

Ili 654 FORM'ATC19, loC.) AIRCRAFT MISSILE Ni's
Ili I 1 4MISSILE W91I)
114 C
115 00 800 I=1,N1
118 J=I*0
111 PKzi*12
11a TENP=XJ(I)
119 TEAPI=XU(J)
flu IEPe=X0(K)
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lzi IF( I.AT. 5) G0 TO 855
122 TEMP =TEM P*8U ./P I
123 IEMPl=TEMP14lL4O./P1
114 1ENPz=TEAP2*18U./P1

8Z 55 CONTINUE
126 bR1TL(2,c56) 1, TEMP, TEMPi, TE04PZ

128 656 FORMAT(!,3StX,G15.6))
12Y 8 m6 FOPMAT019,INIT XO(',1,) = ',G15.6,
13U 1 iA,1hIr XU(,Ide) = ',615.6,1I,
131 -d 'IMIT XLC,IZ9') '90b5.6)
132 860 CONTINUE
133 C
134 SIU CONTINUE
135 1CPU10-CUTIME(0)
136 LFI=.25*0A3
131 LF2=.254DA5
138 U10u.O
139 U2=0.0
14U UO=0.0
141 ACTIM=C0
142 ACLF1)=1.U
143 ACBA()=0.O
14.4 hANUVQ=O
145 PRTE D=.F ALSE .
146 COI=ZZ345.7
141 C
148 ZDl=A9(3)-X0(9)
149 V01=Xl!(2)-XO(8)
150 XV11=Ar (1 )-xO(7)
151 RXY=SqRT(XD19XD14YOl*YD1)
152 PSVT1ATANZ(ZO1,RXY)
155 THETA1AlAN2(V01,Xo1)
154 DMIS1=SQRT(RXTki,+ZD1*2)
155 C-
156 ZD2=X(3)-XO(15)
151 TD2ZA0(2)-X0(14I
158 XDAt(IJ-xu L13)
15Y kX1=b2ikT(XD2.Ro2*Yoz&1oz)
160 ilSWZ=OTAN2(Z D2,RXY)*
181 THETA2=A7ANZ (YD2,XDZ)
162 DM IS eSQRT (RXY**ZZDZ *2)
163 C
164 DO abc 1=1,53
165 00 860 J:1,IU
166 PL(JgI)=C.0
167 6 d CON T I!U E
166 PPAxzloOCOO.U
169 PAI N =0.0
17U LMAX0.0
111 LPNNz6. 0
112 SPHA:UI,
173 SPMIN-xo3),U.5*XO(4)*XO (4)16
174 ALFMAX=U.0
115 ALFAINzU.O
176 NOR 4A U .0
31 ANMAXU.C
1713 ZPAXzO.O
119 LMIN:IAIN1 (XUJ(S),x0(9),XUj(15))
laU XINAX:O.U
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161 XplNzAMZA1 (Xu(1),X(TJX&(13))
162 ypeAX =9.O0

Id 4 VMA =U( 4)
1b5 VMIN=YU( 4)
166 OMAX=0.O
187 DPIN =1.0ElO0

16 is LOSMqA0.O
169 C
IYU %.RI ft (2 9 ,03)
191 9UJ FORMAT(/,' - EEN ALL MANEUVERS AFTER I STEP')
192 C
193 kRITE(Z,513) RK I I qRK 12
IY4 wRITLt(oViS) RKI11,RK1Z2
1V5 913 FORMAT(2LX,'PROPOR11ONAL NAVIGATION GAINS:',l,
196 1 12X,'PTC4 (RKI) bZ., YAW (AK12) = ,G12.3,i)

191 C RT(296

Iv9 Y16 FORMAT( ENTER. MAXIMUM LOAD FACTOR FOR A/C (F1Z.6))
zUU CALL OELL(l)
cu1 REAO(1,6) MAXLF
2(32 IF(M4AXLF.EQ.U.O) MAXLF=6.O
403 l*RITEQ*Slb) FKAXLF
iu4 kRITECog~pla) PAXLF
205 918 FORP..Tt1CX,' A/C MAXIMUM LOAD FACTOR = '9F5.291)
2(36 C
20? 1 R IT E(2 9926)
,dub 926 FORMATC USE AFTERBURNERS IN MANEUVER (Y OR N)
20V9 CALL EtELLM1
z10 READC1,11) IDUM
Z11 TFLA6=U.C
212 IF(IDUh.EQ.IYES) TFLAG1.O
213 I=TFL~ki'1.O

E15 RITE(6, ,2d) IONOFCI)
216 928 FORPIAT(ILX,- IN MANEUVER, AFTERBURNERS WILL bE ,9A3,1)
Z1? C
068 ISEC21
,119 'oRITE(29971)
2ZU 971 FORMATV ENTER I TO ABORT')
4421 CALL eELL~LC)
222 READ41,1) LOGIC
223 IF(LCGIC.EQol) STOP
Z24 C
225 RETURN
126 END
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I SUBROUTINE VALUE
2 REAL "us IF, LO, MI, IF1, LI, NORM119 LI4AX, LIMIN, MAXIF,
3 1 Nh.ghAx, LOSAAX, LF2, L2, NORmi, LAMDAl, LAMDA29
4 oe NO0RM6
5 DIMENSION ACD (1OO,2)
6 LOGICAL FRIED, FLAGI, FLA62
I INTEQEI CUTIME
a COMMON /AMP/ TO,QOSU,ALFAO,CLO,oOJ,L0,G,MRU,CO1 ,c02,C03,
9 1 RHO,DjEIACLAFUSw,DU1,( 02,M1 ,CLAF1,S1,D1 1,RLIAAI,

10 le DIZ,TKRESH,RA?1 ,kKIe1lQS1,ALFAI,CL1,D1gL1,ALIEAS
11 5 ,PI,IAU,TAF78~,TFLAG,a2S2,ALFA2 ,CL2,D2,L2
12 COMMON IPARMI1I JJ (S TEP
13 COMMOjN /FARMZ/ VTHC,VTH1,DTH,TSTEPICPUTM
14 COMMON JPAR1431 NO.10
15 COMMON /PARK41 STEP
16 COMMuN /PARM51 MANUVR
17 COMMON /FARM91 ISEC,DMISIDMIS2,PRTED

18 COMRuN I.ARRAII/ XO(1.b),XLlk(l8)
IV COMMON /CONTR/ ACLF(lUU),ACBA(1OL),ACTI(IOU),TCHG,LF,UO,MAXLF
Z0 COM'~uN IPLVRI PL(hjU,53),PM4AXPM1,NLMAXtLMINSPMAX,
Zi 1 SP-lN ,ALFMAX,ALFMIN,N%;RAX,Z14AX,ZlNVMAXVNiN,
22 de DAAXCM1NXAAXXMN,YnAXg'IN ,ANMAX,LOSMAAk
23 COMMQN IFSLI LFI,Ul,PSY1,TrHETAI,LF2,U2,PSY2,rHETAZ
24 C
25 EQUIVALEhCE (G6AA0(5)),(SIW4A,X0(6))
28 EQUIVALENCE (VUJ,XU(t.)),(V1,XU(10)), (VZ,X0C163)
27 C
28 DATA TESIN 11.01, IEXIT/'X'/ ZQUIKIQ'i

3p3 PERFCU)2COEFA*COS (U),COEFBASIN(U),COEFC
31 C
32 COSGAP=COS(GAMA)
33 SIN6A*SN(GAIMA)
34 COSSIG=COS(SIGMA)
35 SINSI6=S1N(SIGNA)
.50 C
37 7A=0.0
.58 jizQ
39 DUM1=1.OE1O
4U DUMZ=I.UE1O
41 FLAGS1.FALSE.
42 FLAG2=.FALSE.
43 LAMDA1=O.5
44 C
45 C FLAGh) INDICATES THAT MISSILE I ALREADY 60T AtmAY
46 C
41 lOU CONTINUE

46 IF(FLAb1) LAMDA1O0.0
4V IM(LAta2) LAMD-A1=1.O
50 LA4 DA2=1 -0-LAC40AI
51 IVAL=5U
52 TPRIkT=TA
53 VoxzVo-COS6Am4COSSIG
54 VUT=VIJ.CCSGjAM*SINSIG
55 VCZ=VU-SINGAM

57 W9Y=V1 CCS(XU(11))*SIN(X (12J)
50 V1Z=V1'S IN(XU(11 ))
5V vZx~vZ-CCStxu(17) ).COS(XL(18))
60 V21=V2'-CCS(XU(17) ) SIN(Xu(I8))
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61 Y2Z=VZ SIN(XO(17))
62 VREL1IzVLX-VIX
63 VRELYV1VLYVV
64 VRELlI=VLZ-VI7
15 VREL11=SGRT(VRELX1 -*24VREL11a*24VRELZ1o*Z)
68 VRELX2=VLX-V2X
61? VRELYzVGY-V2T

68 VRELZ2=VLZ-V2Z
6V VRELT2=SQRT(VRELX2.*Z'VR iLVZ.*ZVRELZZ.**2)
7U CELXI=AU(1)-XD(I)
71 0ELYI=X0(2)-X0(8)
74 DELZI=XO(3)-X0(V)
15 DELX =XUC1)-XU(I3)
74 DELYt=AU(2)-XOC14)
75 DELZi=XO(3i-X0(I5)
16 C
77 OUM1=AMI Ni(DUMI,OM1S1)
78 DAvZ =AM I hl(OUP2,DM IS2)
l9 DM1S1=j~hTCDl:LX1 * '#D EL? 1'9Z.ELZ1 **2)
b0 VMIS4=SQRT(DELX,? -,4*ELT r*.24DELZ2**Z)
81 DSV1zQ.O-MS1/VRELTI

6 4e DSV2:.5-Dm1S21VRELT2
83 STEP=4hIN1l(7STEPqDI%DSd)
U4 DPISzAM1N1 (0MISI*OmIS2)

85 ~IF(JJ.bT.O) 14ANUVR1I
86 LF=1.0
81 ULAST=UO
ad 00Z0.0
by IF(MANUVR.NE.I) GO TO 300
90 C
91 UOxULAST
92 LF=KAXLF
93 ISEC=ISEC41
V4 611 VRELTI-DELZI - VRELZI*DELTI
95 611 VRkLZ1.OELXI - VRELX1*DELZI
V0 G21 z RELXI.DELT1 - VRELV1'DELXI
97 NORMI SQRT tGX1tGX1 * GVI-GYI * GZ1'GZ1)
9a GXZ VRELVZ'DELZZ - VfELZ2*DELYZ
99 G12 z RELZ2'OELX2 - VRELX2*OELZZ
IOU 622 =VRELAZ'DELTZ - VRELY2*DELX2
101 NORM2 =SQRT(GXZ-GX2 4 GY2*G12 + 6ZZ*GZZ)
102 IFNRft1.GE.IEST.AND.iOkN.6E.TESTN) G0 To 200
103 C
1U4 C NORM TOO SMALL, NO GUIDAhCE PLANE, 00 NOTHING YET
105 C
1U6 LF=ACLFCISEC-l)
101 GO To 00O
l0b C
109 ZOO CONTINUE
110 bX1~fiXI/hORM1
I11 LV12z6l/hORMlI
112 (.Z12b71INORMl
113 bX2z~,U/NORM2
114 fiYZbUi/hORMZ
115 b(eZbZUlORM2
116 PERFM=1.LE2O
III C
116 00 210 LAm8=1,Z1
119 LAMDA1=FLOAT(LA~i3-1 3120.
120 LAMDA2=1 0-LAMDAl
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121 IF(FLA61.AN~o(LAMb.GT.1)) G0 TO 280
122 lF(FLAb2sAND.CLAMB.LT./_1)) GO TO 270
123 C
124 GX=LANDA*GX?LA4DA2*GxZ

U5 6YLAwDA 1*UT14LAMiCAZ *GW2
126 iZ=LAMDA1*6Z14LAMDA2&GLZ
127 C
126 COEFA=6Z ICOSGAkM-E.1SINGAm*SIlSIGGXtSINGAMC0SSIG
129 COEFA=COEFA= (LU+TtJ'SIN(ALFAUJ)
130 COEFa=imYCOS6AM-bX .SINbAA
131 COEFo=COF3 (LQ4TC-SIN(ALFAO))
132 COEFC=C(1U.COS(ALFAU)-i0 )*(GZ*SlIN6AM4G1.COSGAR.SINS16
133 1 *G1r-CGSeAM*COSS1G)J - GZ*R0'&
13'. C
135 USTAR=ATANZ(COEFlB,COEFA)
138 USIAk2=USTAR*PI
137 IF(USTAR.GT.U.J) USTAR2=USTAR-PI
13 b 220 CONTINUE
13v PERFST=PERF(USTAR)
14U PER F =PERF CUSTARZ)
141 ABST=AcoS(PERFST)
142 A8SZ=A8S(PERFZ)
143 C
144 C USE '13S1' U AND RATE LIAJT 10 RL14AX
145 C
148 IFLA6=1VAL
147 UPAX=USTAR
148 PERMIN=AoST

14V IF(AoST.GE.ABSZ) 60 TO 230
15U UMAX=USTAR2
151 IFLAli-IVAL
152 PERMIN=ABS2
153 230 CON TINUE
154 kOLL=(UMAX-UU14180./PI
155 IF(ROLL.GT. 1bO.) ROLL=ROLL-360.
156 1F(ROLL.LT. (-1dU.)) ROLL=ROLL+360.
15? AROLL=ABS(ROLL)
151s C
159 C WE NOW RATE-LIMIT WHICHEVER ANGLE WE GET TO RLMAX
16U C DEG PER SEC*..
161 C
162 IF( A hOLL.LE. (RLMAX STEP)3 ) O TO 250
1635 kOLL=qOLL0RLMAX*$TkP/AkOLL
164. IF(AftOLL.LE.175.) 6O TO 250
165 C
106 C ROLL IS ESSENTIALLY A COMPLETE FLIP --- USE PLUS/MINUS
1 C RLAAX INTO PERF FUNCTION TO CHECK FOR DES' WAY

16b C TO MAKE FLIPS
169 C
11U 1VAL275
171 USTAN=UO4(RLM4AX*STEPPI/180.J
172 IF(USTAR.GT.PI) USTAR=USTAR-(2.OePI)
113 USTAkZ=UL(RLAXSTEPP11dO.)'
17'. IF4USTARsLE.C-PI)) USTAxZUSTAR2(2.0*PII
175 #60 TO 22U
176 C
111v i5U CONTINUE
178 IF(PcRhIN.GE.PERFM) GO TO 270
179 PERFNmPERMIN
150 JMIN=LAMB
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181 RLM I hO LL
18e PLC I ECo1 )USTAR' loO.IPj
183 FL(1 SECv2)=PEJfiST
164 PL(ISrC,)=USTARZ ,18O./Pl
165 PLC! IC '.c )=PERF i

It 7 PLCI rCv6)=GW
1to PLIS~C, ?)=GZ
189 PLC] 4C, s26)=IFLA6
19u PL( I EC , 47)=5-(JAIN-1)
191 PfAX=RriAx1 CPMAA,.'EiFSTPcRFZJ
lye Pf IN=Aml N1 IPMIN,PExFSY,PtRF2)
193 27U CONTINUE
194 280 CONT INUE

196 fiOLL =L91IN
197 UU=Uu4(RCLL,F'IildO.)
198 1 F(UL.(3T.P I) U02 UO-( 2 *PI)
19Y IF(Ut..LE*(-P:')) UU=UU+(2.0-PI)

201 C CALCULATE THE d3EST ACCELERATION w1THOUT GUIDANCE PLANE

ZU3 ~ACCX=(Tl*COI.(ALFAJ)-DU).(COSGAff-COSSIG))-

2U5 I Sl'AM-COSSG))
eubACC1=((TUCOL. ALtAU)-D.J) -(COSGAN 'SINSIG))4
eu? 1 ((Lvj*1USII.(ALFA'J)) *C41N(UU)'COSGA'-COS(UO)'

206 z S1N(6AM*SIt.SIG))
!Uv ACCZ=((T:-*CO .(ALFA,)-DU.SN6AM)-(MO0.G)*
,d1u i C (Lu41USIPhAALFAU)) -C LSGAN'*COS(UO))
e.11 AN0RaR=8QhT(AECXACCX4ACC1'AC'CY*ACCL*AC'CZ)
- 12 C
d1S C STORE PLOTTED VARIABLES
214 C

215P1(1 SFC. 4) =NCR~l
216 P1(1 SEC,, 19)=ANORMM

'di? PL(CISCjO)=Gx1
zlis PLC ISECs12GYl

Zee PLC(1 r .C, S5#.

e 2.5 PL (.!$ C, 6 6 Z

dL?'4 .toAAAXl t.0RMAA,N0R141,NORm2)
i le 5 ANMRAAAAXI CANMAX ,ANORA)
26C

czo IFCPnTEO) 60 TO 300
ezy PPTED=.TFUE.
2d3U UC!*AuTFA
e. 41 TCHG=TPRINT
Z52 t.R1T&C(,,1U) TPRINT
233 *RlTc(69310) IPRINT
254 31U FCHP'TCZX,'START MANEUVER AT T = ,F6.2)

Z35 CALL eELL(S)
256 C
231 SPMAA=AmAXI(PL(1 .9),PLC1 ,l)),PL(1.39))
236 SPNKI,,.A"IN1(PL(1 1 9),PL(1 ,lU) ,PLC 1,39))
239 ALFMAY=ALFAU

44U ALFPi'I=ALFAO
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JRIN= ii1 X~X~f1(XC(3),Xwj(9),x,(15))

Z46 INAM~h I CXUI(e),Xuj(d),XL(14))
i~o I VPAX VU
,e~b VPR1N =Vu
e.4v DMAX=DU

45t) DRJN:D4J
Z51 LOSDAXO0.0

d~s 30L CONTINUE
.154 ACkA(ISEC)=UU#16U./Pl
255 ACLF(ISEC)=LF
40 6 ACT1(15EC)=TPRINT

251 ACO (I 5EC, I) =MIS I
2513 ACDM(ISEC,Z )=DMISZ

25V C
,d6U IF (v--fl1j(JJ,KS7EP) *NE. 0) 60 TO 4??
Z61 &RITi (Z,4UU) TPRI;%T, 0t41S1, D *ISZ
4Z6 2 uR IT t (6 4 UU ) TP AINT , 1).4 1S I DA I SZ
Z65 4U( FOkPAT (5X,-T,E = ,F1U.S,LX,'D5EPl ',6Z.3,ZX,

24 1 OsEP2 '9612.3)

46 471 CONTINUE
261 IF((V'J.LTVThQ)I.R.(V.L1VTH1).OR.tV .LTovTHI)) 60 TO 510

288 IF(OhI5.LT.DTH) 60 TO SZ(.
Z89 IF(7A.LT.3oU) 120 TO 480

.e ?v FLA)=L AG.OR .(D 141 .(;T DU.91I
??I FLA6k=FLAGZ.OP.(&PI1SZ.GT .DU1Q)
272 1F(FLA.m1.A,*4D.FLAfiZ) 60 To 54.0
,03 480 CON~a'*UE
Z74 CALL 1thTbOX

i. !) IA=TA#STEP

get? IF(ISEC.GEoiU) 60 TO 530
276 60 To 100

ebU 51L LONT1'JUE
its1 uv1Tt 42,515) TPRIMT

id 4! R IT t (6,5 15) TPR dNT
46 515 FOR..T( I x , A/C Ok MtISSILE V!EL. IS TOO LOW '

64 1 'AT TIPE: ,F1U.3, *-,I
i d 5 (. To 0U(

461 C hIT OCCUIKRED, PRIhT OUT
'd s 5 Zk CONT I11uE
26Y 1mRXTL(Zo5Z5) TPRINTDUAI1,DUMZ
leYu R1(oZ) TPRIhT#DUAI,UMZ
idy1 5i!5 FORFPATIA,.t*4-* HIT AT TIhE = ,jF10.39
4292 1I -. i..',/,5X,'LEST DSEPS WERE 1:',

odY4 hO To 6(10
ZV5 C
Z96 5.i5,L COhTINUE
Z97 RIc2~)TPRINT
298 vRITcA6,535) TPRINT
299 535 FORMATC5A,'TIME LIMIT AT T '9F6.2)
SUU 6.0 To ebUU
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So01 C
Su c CLOSUOE RATE NEGATIVE SOLUTION -- PRINT IT
3US 54U CONiTIN4UE

Sub 544 FONAATC3X,'-- CLvSURZ KATE NEGATIVE AT TlIE ,IF1U.3,
So IU1 II 1 ~ ,/ ,5 X, -T A I a E 7D OE P =', 6 15 6, q , N cw = ', 615 .6,q
SUB z 5A,TlA? : EST (JSEP = ,615.0t's NOW. 'IGI.'.6,I)
SuV fa0 TO 6Ut.
.1U C
311 600 CONTINUE
Sloe CALL BELL(1
413 C
.314 READ(1,6345) LOGIC
315 IF(L(,GIC.EQ.IEXIT) RETURN.

317 DO 62T J=1,N10
')1d JJJ=J#6
319 KK=J*1Z

.S~d U E1MPWUCJ)
321 TfMP1=XU(JJJ)
322 TEMPc=XU ICK)
323 1F(J.LT.5) 6O TO 605
.$24 1FMP=T:M P*1bUj.JPI

326 7EMP =TEPZ-[1e0.1P1
3Ui 6U5i CONTINUE

Sza wRIVL(2,61U) J,TEP~eJJJTEMjP1,KKqTEP?
.)2y WPITc(..,41UJ J,TEer,JJJ, TEP,K,TE1PP

S3 L 61L 10 ~iTCex,'xu.', Ii,): - sG 13 .4 64 x
331 I Ao(ogliJ: ,'G?j.4v4X,
432 2 'qG1): ,~3.4)
3.53 620G CONT INUE
S34 C
335 imPITi (21625) DELX19DELY19DEL710DII5lPDUNI
30 kRITk (69645) OELX1qDELY1,DELZ1,D'ilS1,UM

. 1 1QAOLtLZ1: 's3,e-3,ZXs'PPIS1: ',G12.39,
2 10A,'BES1 DFIS ,AS ',6 112.)

.41 *Pl1t (696i.b DELXcj0ELY.9,LELZ2v0IS2*DUA2
3. 4 63L FOR?~AT(/,1UX,'DELXi: ',612.3,2Xt'DELY2: ',1.31
S4.5 1 1 UA ,0 ' LZe ,u

1 a ..5 v X t ' 1S 2 ,G12 .3/

345 CALL 9lELLM1
340 PEAD(1,535) LOGIC

.54( IF(LiuGIC.Ego1FXIT) RETuRN
S46 IF(LwGIC.E(..IQUIKi) GO0T0 66U
34Y 6 35 FQrkmgT(A1)
35 U c
S51 wRIYE(6,631)
35 631 FORI'ArC1H1)

454 MIff(,") EaoU) CALL aELL (1)

356 IF(LjGiC.E...IEXIT) RETURft
3 11 IF(LviC.EQ.IQUIK.) 60 TO 660

35V~ 6.56 FOkPAT(XTi'-E 'qf5.Z,3AqACBA ',Fb.2,3x,'LF1C -,Fd.1,
360 1 JA,'LFZC ',F8.1)
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Sol 65U CONTINUE
bz 666 CONTP'fUE
J6 1 O 60~ I1,X9SEC

66 2 (ACbMI*1J)J=1,e),FL(j,4?)

361 637 FOR',T(1X,'Tj E = ,JPF6.2,SX9.ACLF = 45.1,3A,

Soo I 'ACoA6(OG) = ,Fe.295SXCLFlC= F.3v

369 1 'LFc.C =' F. qX ',-M A ,,12 / 2x

.. 0 NP1AM 1(G) , '11.2 ,3A,'ALPHA ',Fo.2,3X$
.3l 4 L%'AG = ',Gll.2,/,,eX,'DMIS1 TAM1 -

S1/2 5 Fv.k,5X,'DISZ TACZ) = '9F9.295Xs

Si'S 6 LMBQAI ,j-ZPF5.2e, I
114 67u CONTINUE
S?5 C
sF6 X0UM=CuTIME(U)-XCPUTM

17 .RT (Z,439) IDUM

.7v 631y kORPAT(4X,.CPU TIMEi (SECCHOS) -,15,OPF5.0)
360 C
.551 RETURN
3832 END
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I SUBROUTINE INTBOX
le EAL "U, LF, U,9 P1, LF11 Li, LFAX, LRXNI MAXUf, NORMAX,

3 1 LOS-AX, LFO!, L49 MVU, AVIV fvV2
4 LOG6ICAL FRTED
5 01,ENSiON XPU(1h3

0 Comir~ol IAPI TSUALA,CL,,01Ul, C01 ,CLI2, CUS,.
7 1 RNOtbE1ACLAFC,SUDU1~, i,1CLAI,SlDll,RLPAX,

J P ,,TAU,TAFTi3,IFLAr,.2z2,ALFA2CL~oD2,LiI

11 C01'MON IFAR11 JJ,KSTEP
li ~COW" L 'I / PAR K.5 I Nu,IU

1 . COM14 Wl I FAh 4/ STEP
14 COMM' 60 1FARM 51 MANUVR

15 COMMON IFAKKY/ I SECDMlSltDMIS2,PRTED
1a COhM'v'4 /CONTkI ACLI(P'ju),ACSA(ltI..),ACTI(UJ,TCHG,Li,UO,MAXLF
I1I COMMON IFLVRI PLlU5)~~oY~~i~LI4SMX
16 1 S-IN tA L AAX 9ALEMI tN % .A X, Z AX , Z I N , IMAX , VN q
Iv 0 ~AA U Alt. , XAA A , XV1N Y YA AV T fXI ,Af.?AX l LOS AA X
2 0 COMMON /:OSL/ LFI1U1,P5'I1,THE1A1,LFZU2,PST2,THETAZ
21 C

z 04 EQUIVALENCE (GAM4A,XU(5))V(SIrbMAVXO(6))
235 EQUTvALEhCE (VUAU(43 ),C vl,XUC1U)) ,(V2,XO(16))
24 C
25 C FIRST CALCULATE AINCRAFT DYNAMICS

2? C056A10= C CS ( 6A PA)
28 SIhGAfJ=S1U(GAMA)

le v COS S IG=CCS (SIGAA
.50 SINSIG=SIN(SIG.AA)
31 C
32 "vO=10-V C
33 TU=Cu1'CU2'X,(3)*CU5-VO
34 QUSO=O.5 .RhO*EXP(-bETA-XL;(3))$VO),VO*SO
35 C
30 C LIMIT ALEAU TO STALL ANGLE, AND STORE ALPHA ACHIEVED

36 ALFAL.=Aeq1C ~~iL/CAU*AS,),LES
3 v AC.F IXSEL)=ALFAO -CLAFO QitSOJ(74*G)
4 t bl1NA- FSl:CALFAIJ) OTC
41 ELU=CLAF6-ALFAQ

4,e ~Q.QjSU.(DO14DUZ.CLC.R2)
43 LQ=C Ll -Q -S U

44 XPUM1=VL COSGAht.CSSIG
45 XPU(d.)=VC.COSCGAY. SISIGa
46 APO 0 )=V -1S I NGAA
41 APiJ("d (1L'CGS(ALFAU)-D0J/K43 - 6;SINGAM

45 ~XPJI5)=(LUSlf;ALF) COS(U%.)/(hVU)-G-CaSGA14/vO
49 XPG(C3LO *S I KALF S SI N(U 0 1 ( V U *CO SGAM
SU u
51 C MISSILE a 1 - CALCULATE DYNAMICS AriD CONTROLS
.5 Z C
53 COSGAI=CCSCXU(11))
54 SIN G A'IS IN (X L (I I ))
55 COSS IG=CCS (XL.(12) 3
56 bINSiG=SIN(XL(12))
57 C.
58 hv1~m1~V1
59 QlSlz ).5RHO'EXP(-BETA.XO(9) )*V1 'Vl*SI
6U ALFAlC=M1*GwLi1I(CLAFl-QlSl)
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61 IFCJJ.EQ.') ALFAI=ALFAlC
6 o IF( TAU. GE.U.(XCjU I)ALF A I=EP( -STE V1iTAU) tCALfAl-ALFAC 10 ALFA IC

63 IF(T.AI'.LT.U.LUUJ ) ALFAl =ALFAl C
o4 CL1=CLAF 1'ALFI

60 L1=CLI1QISI
6? XPu( l)V1*COSGA,4sCOSSIti
Ob APu(,) V-CCSGAA-SINSIG

6v APU( ,)=V I'S I AM
7 u XPO( 1C)=-D1PIM - G SINGAM

11 AP(11)=L1,C(,S(UI1)j(;VI) - G-COS,Ap/V
7 4 APU(12)=L1 SIN(U1)i(MVI*COSGAM)
73 A D1 =9 :1( I -JO(1

?b XPD1ZXPU()-'EPO(7)
77 'PD1=vP1 (2)-xP.j(a)

I b ZPD 1 zX iU 0 )- % P 1(V )
19 RRI=AD1*,2*YQ1-_4ZD1'.Z

5L RPX1I-ADI*-2tYD1-.2
al RXI= S(.fT(kR XY1)

31 PSYIzATAN2ZL1,RXYI)
6.$ 1HETA1=A7AN2(VO1sXO1)

64 1HEDT1=(XO1 .1PD1-YD1 'XPD I)iRRXYI
d:) SYTT~tRXY1 ZPD1-ZD1 *(ADI-PO1*YDI-YPDI)iRXY1)IRR1

do DTO=(SYDTI--24ThEDf1t.2)*.U.5
a I ARS11c'Ii+TE:TI/jiK11 STDT14G'COSGAM/V1)
56 U 1 =A IAN (AR G 1
ti9 TESTzAoS(THEDTI)

YQ IF(TESI GSE. JNRESII) LF1m
91 1 R K 1 1 7 E T *V1 -CvS G AAJ( S IN (01))
92 IF(TLST LT1. THRESH) LFI= -

95 1 (RLII.1hYDT1,6.COSGA.14/V1).(V1/(6.COS(U1)))
94 C

95 PL(1bECqC1=LFI
V6 LPAXz*,iAXI(LAX,AE6S(LFl))
y O I ~N r. 16 1 (L1,I N 9(L F 1) )

90 L F I 'IN 1 (15 AA A AA1 -15 .0, L FlI) I

IUU C P.1SSILt a Z --- CALCULATL DYNAAICS AND CONTROLS
lul c
I U O COSGA'=CCS (XUIM?

I '14COSSA=-CCS (X(A16) 3
1U5 %INS If=S IN(A#( II)3
1U6 r.

lua w2S~z:IJ.!RHO.CXP(-tETA XL(I5))'Vi*V2-S1
Wuv ALFAC=114t'LFZ/(CLAF1'Q cSZ)
Flu IF(Jj.iQ.U) ALFAZ=ALFA2C
I1 I F(TAtI.6E.U.CLCOU1 )ALFA~zcXP(-STEPITAU)*(ALFAZ-ALFA2C) 4 ALFAZC
Me~ 1F(TAU.L7..(LUI) ALFA2=ALFA2C

113 C12:LLAFIALFA2
114 02C.4 (I * I -C ~ ,

116 XPUW(1 4'2' CGSGAi4 'COSSIG
III APU(14)=vZ COSGAA-SINSIG
lid XPO(I~j=VZ*S1MjiAA
119 APL(16')-021M1 - 6i-SINGAA
lz~U XPO(I 7 'pL2*CCSCUe)/(:AV4) - GCOS63A4 /V2
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I a XPU( 1")=L2' SI 1(UZ )I (14VZ* COSGAM)

I es z 0D=AU (I )-XU ( 14)

124 ZD=A"C3 )-XU(15)

1 e 8 APO2='tiU (1 )-A P"' 13)

I?? ZP02zxPU (5)-)XPU(1)
12b itR2 A, 2 4 Y2 o, Z D2 a Z

1ley kRXY=ACi*12+YD2s*i
13U PXY2=SfdR BRR XYZ)
131 PSW2--ATAN2(Z D2,RXYZ)
132 TH4E 7 A2=A IAt.Z2 ( YD, X D 2
13.3 THE0ye=(XDC'YPDC-YD2*XPD c)/RRXT2
134 SYD 7r-=( R XY2 Z D2-Z U 2 - X D *XPO2+Y 02 YPO 2 IR XT 2 RR 2
135 ~ DTNZ=(SY LT2'ThEi)T2 --2 -O .5

137 U2I At* ( ARbZ I
135t TESTzi3S (TIIEDTZ)
13Y iF(YcST .GE. ThiiESII) LFZ=
14U 1 R K12 -THE DT e 'V2 COSGAti/t 6*S IN (U 2))
141 IF(TtST .LT. THi~Sll) LF2
14Z I (R.11%SY01eG-COSGAIVc).(Vj(G*COS(U2)))
143 C
144 PL(Iz.C95)LFZ
14g5 LvAX=AfeA1LAX,AbS(LF2))

14b C
11.V C 00 IN~TEGRATION

151 00 1.AI I=1,NU
152 x()U)*STEP XPO(I
151 100 COITINUE
154 C
155 C CALCULATE GUIDANCE PLANES IN SY-INETA COORDINATES

151 6SY1=-THEDTltCOS(PSY1)

15 v bSTN:S.RIC(.SYI ' 46TH1-*e)
16L 1F(GaT...uE.*(1.32 uS1lzGY~IIGSTN

16 deC
103 U.SY2=-TH EDT2 COS (PSYZ)
164 un=Vl
165 uSTN SR US Y? -2 .&TNC.* +
166 1 F GS Tpo. -E.(IJ) ) .SYZ=G SY2/STN
161F6~N.E(.) TNz HbT
16o C
169 ALAPz0L( ISEC,'.7)/lu U*
II U 1,SY=ALAM .GSY 1*( 1-ALA,() -G Y2
111 bINA^LAlqGTHI+(1-ALAA)-GIH2
1.74e C
113 C STORE PLOTTED VARIABLES
114 t
115 SPENi~iAU(3) + 0.5-VO"VG/o

I1It SPN 1 =AO (9) + 0.5 WlVl v/ G
I1I1 SPENe=XtJ(15) f Ui.5-VZ*iv2I
Irb PL(1 .FCqr7)=SPEt4u

Irv PL(I ,FL,10)=SPENI
180 PL(l .EC.11 )=ALFAU-1,40./P1
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P5'. PLC!3 rC, 16)=V0

ISO FLtI srCll 1) =IPHZ1 1 b JPI i

Its I L(I 4 FE i)=DU
166 I-1 ( I iC,eI)=xU(Y)
I1d PLII .EC,42JzACM1

I~ I PL ( SEC E 4 ) =XV Ce

19.4 PL(I!Fr,e7)=ASPEC (SYDT1)

1Y4 PLi! bCt Zb)=ASPEC (THETNNI
198 PLCIzFtc)=ASPEC(&)TNr)

197 PLC! ,FC,39)=SPEN2
Iva PLC! ,AC,40)=PSYe,1oV.iPJ
199 PL I SFC,4'1 )IHETA2- 1dU.i F!

zu U PLC! bFC, 42) =XO 14 )

eu 2 PLC! ~C 9 44 J=Xt 15 )
i(JS PLC! bCL,45):ASPEC (SYDUI)
CU'. PLit!SF ,,.6)=A5PEC (THEDT2 I

leu 5 PLC(! S FC , 4a ) 6SYI
ZU6PLC IQ~C , 49)=bTHI

207 PLC! TC. O)=GSY2

euv FLC!LEC,5Z)=rSW
.dU I PL C15SE 53 ) =TH

I SPAX=AqAXI(SP~iAX.SPEN~, .PEN1,SPEN2J
I s SPfMI.NjM INI CSPMI N 9SPEN~s SPEN I, SPiN2)

L14ALfPMAX=A:6AA1 CPLFAUL 160./F! ,ALFMAX)

e1 LFS1AXAt.AX CALOS.1AASPEC(DLhQR),APCON
116 C4 X= ) l(Z-A 6(3 I V',X 5

217 ZrLN A I'I(p lVc( x 9 ,O 1 )
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I SU&8RuUTIIE PLOUTCIO)

2 DIME(.SION XT(v4), YT(Yo), ARAY1( ), ARA12C9cs)

3 %E A L LnA Xv LPN MAX LF, .C?%MAX q LOS MAX, LOSM IN, LF
4 NPTE.Fk CUTIP.E

5 LOGICPL FRTED

a CC.M4Pu% /11'wRI PL(lLUI),)PMAX,PIPJ4,L-iAZ,L~lN,Sh'OAX,
1 1 Si-'1%, F.X A F I I ,,4 X "' X Z-il, M X ViN

IV COAM..N lCO.TkI ACLWI(1- )AC9A(lj,. ,ACTIClUW )qTLHG,LFvUOqKAXLF

7u CO4F1v!V /FA~i?,-/ VTkh.,VThl,07HqTSTtP,ICPUTA
II COFMMLoN /F-Ai.UVy ISEC,O:'qS ,0.-.SZ,PRTED
12 E

14 C
is ~DATA TLXT'X'/

16 C
It JSEC=ISEC-1
1a UKSECzYSEC-2
1I IF(K.SEC.LE.1) RETURN

.el 11 FORMATC TYPE -X FOR NO PRINTED GRAPHS')
zi C
24 CALL BELL(1

Z5 ~nEAD (1, 1) LOGIC

20 1FtL.)GlC.EQ.IEXlT) RETURN'
le I I kORM ArtA I

2vP~dAX=Am.AX1 CPMAX,AES(PmIN)
3U PA I N z-VAAX
31 AP~lh=PMAX
32 C

33 CALL XPECCI()AT !E)L~-5.,~.LN
34 IF(lU.EQ .2) CALL VDT

35 ~CALL 9 0X
36 CALL PLARRYUVF,XT,PL( , e63 1 JSEC)
11 CALL PLAi~RYC",XT,PL(Z,1),JSEC)

311 CALL PLAhRY'2,xT,PL(Z, .)),JSEC)
jy ~CALL vLA;Y(L',AT,PLt(, ..1),JSEC)

4 u CALL 0LAmRY'U',ACTI ,ACBA,lSEC)
4.1 LALL C. A rH C ',. VNcu 0L I %Q jI rE -,16 'j AK A~G LE S a.LAM sD A
4,e 1 9)
43 IFIU%.2 EADC,1) LOGIC
4.4 IF(L~GlC.Ew..EX1TJ RETURN

4 IZ 0~ FRM A 7 PLcASE 8L PATIILNT --- 1-M GOING AS FAST AS I CAN')

4.o t.
4V ~CALL YSPREU(ACT1 Cl),ACTI tISEC) ,'L1N,-l15U.,160.,'LIN'
st1,,Q2 CALL VDT
51 CALL ?QX
5.1 CALL PLA.RY( U',ACTI ,AC8lA,1SEf7)
.153 CALL GAPI4C"MANEUVER INt3 lIME -916 -ANK ANGLES- 11

5 lF(LurIC.E'Q.IEXIT) RETURN

57 ~CALL XScP.E(ACT1),ACTI(ISEC,LN,10.,C.,'LINd)
58 IF(Ivi.Q.Z) CALL VDT
5v CALL ?tA

60 CALL PLAk.RY C L.XT ,PL(k,4'7),JSEC 3



A- 20

81 CALL CkAFH('PANEUVERIN. 11SE,16,-LA'%GDA',6)

a d I F ( IQt.Q .2 ) k EAD ( I,1I2 LOU! C

0.5 IF(LC~i1C.E6.iEX1T) RETURN
64 C

05 DO 6. 1=_191SEC

88 APMls.zA'i1N1(AP.Mli,ARAY1(1),AkAI'2CI))
bs, 6L CONTINUE

?I CALL ' PRcD(ACTI(1 ),ACTI( ISEC),-LINAPMINPMAX,LIN')
?Z IF(Xui.EQ.2) CALL VD~T

73 CALL BOX
?4 CALL PLA[%RV(.*,YT,ARAY1,KSEC)

15 CALL PLARQY(-Z,YT,ARAY2,KSEC)

76 CALL GKAFHC'?ANEUVtR1Nb TIME,16,'ABS PERFS99)

?s IF(L ,GIC.EGA..EXIT) RETLJRh
79 C

au DO 8 u I = 2 IS EC

ts 1 L( I )zPL (I1)-l1.UE3

63 ACbA(T.J=AC03A(I) .1 UE3
Z84 8 U CONT INUE
65 C

do CALL SlRED(ACTI(1),ACTI (ISEC).LIN',PMIN.PMAX,.L1N)

87 IVCIO.to.2) CALL VOT
ad CALL DOX
89 CALL PLA&fRY'P',XT9PL(Ur),JSECY
9yJ CALL PLARY('P',XT,PL(Z,%) ,JSEC)

ii1 CALL PLAkRY(,AgTtPL(k1 1) 1JSEC)

V? CALL LO1 'T0(.:,SC

ys CALL PLARRY(VUvACTI ,AC8A,ISEC)
V4 CALL CkAPHVU= ANK USEL;-,ZzbANK CALC-D;P,R=PERFS1 j37,

95 1 %IANKS - lUjJu AND PERFS',dZ)
98 1F(1tj.cG.) kEADC1,1) LObIC
Y? IF(LGIC.E~i.iEXIT) RETURN

v9If Do' 9, i=,ISEC

v ; F PL (1I , I) w ~L ( I t ) *E -.5

IU V 3 - ONTIVUE
hj4 C
1U5 CALL Si-?EDALTI(l),AC7i( iSEC),LIN',VMIN,VtiAX,'LIN')
1(10 IF(IC.EG Z) CALL VDT

IU7 CALL 'uX

luo CALL CLAPy(-V,ACT1,PL( 1,l6),1SEC)

lug9 CALL GumAIH('MAEUVc.MiN- 1mE',l6 .AIRSPEED',d1
IIL 1FLQ2 EAD(l,l) LOWIC
III IF(LC('rC.EQ.IEXIT) RETURN

113 CALL SPRED (X? N,XcAX , Ll N' YKN, YMAX,-LIN')
114 1F(1t..LQ.Z) CALL VDT
115 CALL nOX

lit, CALL PLARRY(1I,PL(le.),gPL(1,25),JSEC)
11 7 CALL PAY'fL1,2 P(,3,SC

116 CALL PLAkHYC'A,PL(l,e2),PL(1,24),JSEC)
119 CALL CkAFH('X-Y PkUJECTICN --- XtU''l
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121 IF(LUG1C.Ers.IEXIT) RETURh

12 e C
les CALL S6-'iED (XNIN,AMIAE, LI.'v',ZM!N,Zi4AX,'LlN)
124 IF(IC.c3.2) CALL VDT
IZ5 CALL EuX
let CALL PLA;PYC1,'PL(1,2.5),PL(1,21),JSEC)

ldf CALL PL A tR T ' ,P L ( I, 4c) , PL( I, 4'4), J 5EC )
le o CALL PL RY ' 'P (lZ ,L ll )J cC
12Y CALL CRAFH('X-Z PkUJECTIkN -- X,920,'Z,1)
13 U I F ( I oto.2) A EAD ( I, I LO.1 C

132 C

133 CALL SPRED(ThN,PAX,L!,ZMIN,AX,'LX')
134 IF(IG.cO.Z) CALL VDT
135 CALL FOX

136 CALL OLAkRYVVl,PL1,2A,PL(1,21),JSEC)
131 CALL PLAhRY*2',PL(1,4i),PL(1,44),JSEC)

156 CALL PLA.RT("',PL(1 ,d.) ,PL(l,15).JSEC)
13Y CALL GiRAFH('f-1 .eiJECTIuN -- Y- 2U'Zol)
14U IF(IO.EQ.2) KEAD(l,1) LO(31C
14.1 IF(L%,G1C.EQ.iExIT) RETURN
142 C
141 1F(1O.EQ.6) wRITE(2,13)
144 13 FORMAT( I JUST FINISHED PROJECTIONS -- HANG IN THERE')
145 C
140 LOSMI'l=-LOSMAX

141 CALL S.R;RD(ACTl(1),ACTI(CISEC),'L1NLOSMINLOSIAX.LIN')
14b I(.L.JCALL VOT
149 CALL POX
15C .CALL QLA ART ( N,ACTI ,PL( 1,29) ,J SEC)
151 CALL PLAkRY-S-,AC7I,PL( 1,27),JSEC)

I~d CALL PLAkRR(T',AC11,PL( 1,2?1),JSEC)
153 CALL GdrAFH( PN UVEVRLNG LI0;E,I6vLOS RATES AND NORMI',19)
154 1F(10.ZQ.21 kEADI1,l) LO-,IC
113t 1FCL%.61C.EQ.IEXIT) RETURN

150 C
157 CALL SPREDCACTIC)ACTI(ISEC),LIN,LOSMIN,LOSMAX,L1N')

I.,) c, IF(IO.cG.2) CALL VDT
15Y CALL ?vX
IOU CALL '3LA ,R Y(.A C 1,PL(1,37),JSEC)
161 LALL PiLAr~RTS',ACT1 ,PLC 1,'5),JStC)
1oe ~ CALL 0LA-;YT'ACTIPL(1,.61,JSEC)
16.5 C A LL C FM(NANEUViRI NG 1IsmE , 1 t1%OS RATE S AND NORK2Z,19)

155 If(Lvi1C.Ew6.ISXIT) RETURN
166 C
161 CALL. Y5P.E0 (ACT! C ),ACTI (ISEC) ,-Lio,-13Z). 4 1O.,-LIN-)

160 iF(I..c9.e) CALL VuT
169 CALL ?UX
M,~ CALL vLARRY('5,ACTI,PL1,I?),JSEC)

111 CALL PLAARY(PF,ACT1,PL(1,4U),JS C)
17l CALL aLAlkAY(T,ACTI,PLC 1g15),JSEC)
IliS CALL rLAKPY('Z',ACTI,PL( 1,4I),JSEC)
1/4 CALL rAFH('MANEUVER1N TIME-,161-hAV AN6LES,910)

170 ICL,GlC.Eu.1EXIT) RETURN
I I/ 1C
I r i CALL WSPRED(AC1II (),ACTI (ISEC) ,LIN-,-16L. ,160.,'LIN)
1/V IF(11,.rQ.2) CALL VOT

Idu CALL 9UX
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181 CALL VLARRV('S,ACTI,PLC 1,13),JSEC)
CALL PLAkRV(,AC1,F L1,12),JSEC)

13 CALL IfAFH(_JrA~EUVR. T1E E, 16 'POSITN ANGLES-,13)
ld'. IF(I%,..LG.2) kEAfl(1,1) L0i41C
I a to IF (LiGlC.E4. IEX1I) RE TURNh

lab 14 FORMAT( NEXT ARE THE IUIDANCE PLANES -- NOT "UCH MORE')
18v C
.3yu CALL XSPRED(XT1,TCJSE),LN,-1.,1.U,'LIN)

191 1F(Iuj.EQ.2) CALL VDT
Me~ CALL SOX

193 CALL PLAARY(-SxTvPL(2,5?),JSEC)
194 CALL PLAtY'RTTX1,PL(2, .3),JSEC)

195 CALL GkAPN( .ANEUVERIN(i TIME916 'GUIDANCE PLANE',1.)

lII IF(LUGIC.Ewi.1EAIT) RETURN

199 CALL XSPREO (ZT(l) ,XT(JSE C),-L1N ,-1.0.1 .U, LIN-)

2UL IF(lu.L.Q.2) CALL Vi)T

zul CALL OOX
eU~e CALL 0LAARY( S',XT,PL(2j 45)qJSEC)
203 CALL PLAkRYt-T-,A,PL/_,'.),JSEC)

Z04 CALL (,AFH('qA-%ERN(6 TIPME,16s'GUIDANCE PLANE-1-,16)

205 ~ kG2 kFADC1,1) LO16XC

eU6 ~IFit,.1C Era. EX1TJ RETURni
ZUl C

Zb CALL SEDT()T(SCl,101OL)
z1C1.v4 CALL vOT

e.1 U CALL 90X

4 11 CA.L PLAkRVCS,XTPL(2,±50),JSEC)
zle CAL.. PLAAtP'T',ATvPL(Zq51)qJSEC)

zis CALL GRAFH('hANEUVERIN6 IIAE,916s,6UIDANCE PLANE-2'gl6)
214 C

Z15 IF(IO.LQ9.2) KEAD(1*1) LOb1C
I a IF(LuGIC.EG.IEX1T) RETURh

e16 ~CALL SPRED(ACTI(1 ),ACTI( ISEC),'LIN',L'qlN,LMAX,'L1Ni)

ely IF(Jf,..1. CALL VUT

r- 9 U A.L ?.jX
f~lCALL OLA &RI 1',ACTI ,PLC 1,o) ,JSE C)

422 CALL PLARRY'2,ACTI,P L1,3d),JSZC)

r.23 CALL 3LAtRY C 'i.?CTI,ACLV,1SECJ

ee4 CALL G^FH('?NkUVcRIUb 51i E,01LOAD FACTORS,912)

; 2 t F(LuGiC.Ef .IEXIT) RETURNt

e.20 CALL SPPED(ACTI(1 ),ACT1(ISEC),LIN,ALFMINALFI%AX,LIN')
cley P(Icl.&Q.Z) CALL VOT

.L 4 CA..L f3fUX

4131 CALL PLA9RW('A'ACTI ,PL(1,11),ISEC)
Z34e LOLL nAINHhA1NEUVRNG tiE',169'AN-oLE OF ATTACK-,15)

ZJ3 1F(I(,.EQ.2) kEADC1,l) LOvIC
.434 IF(L,.GiC.Elm.lEN1T) RETURN%

235 C
e.36 CALL SPRED(ACTI~i ),ACTIC ISEC).-LlN',O'RN,DMAX,LIN')

Z3 I IFC1,;.cQ.2) CALL V07
ii a CALL euX

4div CALL vLAbkRY'tACTI,PL(1*2O),JSEC)

?.4U CALL 6IAAHCNEUVERIIGJ IlnE16j'DRAG,4)
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ie4.eIF(LOGIC.Eh'.ZEXII) RETURtu

244 CALL !ZI-R D(AC7I1),ACTIC kSEC),'LI',SP'II,SPAA,LIN')

e.1 M cQ2 CALL VCUT
c.4o CALL L' vX

e~t CALL PLArARY'I,ACJI,PL( 1,10),ZSEC)
t. 4 6 CALL OLA,RY(2'AC1II,PL( I,39),ISEC)
,e4V CALL OLARYV'A',AC1IPL(lqv~),ISEC)
e~uCALL CI'APHC-P.ANEUVc RjhM 11PIO16SPECIFIC ENEiRGES',17)

i5 3 C
454 IDUf,,CUT IPE(U)-ICPUTM
e. 5 5 t-RTtA1Ov2S9) IDUM

Z50 23Y FORPMATO 1, CFU TliPE LSEC (ADOS = 15)
15 7 C

,25a R ET URN
45 v END



A- 24

1 SUuROUTIIE EkLL(N)
1NTIE~k*2 A(10)
DjATA AI1L*ZE'j'U/

1 IETuk~4
END
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1 FUNCITGN ASPECCYAL)
2 EKP=VAL

3 IFCVAL.GT.l.tQ) TEMF=ALOG10CVAL)
4 1FCV.AL.Ll. (-1 .u)) TEI P=-ALUG1UC-VAL)

5 ASPEL=1EI.P
6 RE IUk It
I END
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1 PROGmAM ACOYN

3 C ACDYk.9? - -- FYOPICI #RULlIPLE CTi.O) MISSILES
4 C
5 C USES LF=1.Ug E!='C ,iCR CONTROLS FOR FIRST STEP,
0 C ThEN4 ?ANEUVERS TO N;AX i*IZE ACCELERATION NORIMAL
7 C TO THE 'GUJDAat PLANc' FOR SiNraLE 14ISSJLE CRITERION

9 C FOR C ImEINATION, CHECK ALL POSSIuzLE ROLLS (*1- 60 DEG)
IL ( F%;P LoM~LOA OF C AND 1 ONLY TO FIND THE inAXCUC) OF
11 C THE PIN (LAPa1 DA) OF
12 C
13 C PLAPBDAODACCEL(DOT)G14k(1-LAMBDA)*IACCEL(OOT)r2)I
14 C
15 C WHFN CNE MISSILE HAS PISSED T14E AIPCRAFT, OEG1N
Ic C TO IGNORE IT -- I.E., SET LAMBDA TO I OR 0
1? C
Its C DEFInE TiREAT ASSESSMENT FOR EACH MISSILE I AS A
19 C FUNCTION OF LAP.6DA; I .E.
2 C C
21 C 1A1(LAIA.EA) = UMISI(FINAL)
22 C IA2 (LAtl.BDA) = u41S2(FINAL)
23 C
24 C ALL MAivELVERS ROLL-RATE LIMITED (RLY-AX DEGREES)
25 C
26 C 6RITES TC THE TERMINAL, ]HkEN PRINTS
2? C
Zb C kNX11 RK~12 =4.5
29 C
3 C C STORACE FOR UP TO 100 ITkRATIONS AFTER ONSET OF MANEUVER
31 C
£z C PLOTIC-2 UARIACLES ARE
33 C
34 C PL(91) USTAR (DEG)
35 C OL(92) = PERFSTAR
36 C rL( .3) =USTAk2 (DEG)
3? C QL(94 ) =PER F2
36 C PL( *5) 2 .oX )
39 C OL (96 ) =1 G CCOI6LNED USINGS LAIFBDA
4%. C PL(,

7
) zuZ

4 1 C rL C ,E) =LF1 Q OMA ND ED)
42 C 0 0(,9) = rE CI F IC E P.SRGI Y(AidC
43 C tL( , 1 J' = S F . E h. (PI S SIL E 1)
44 C cL( v 11) =ALPHA (A/C)
45 C PL(,12)= GAMMrA (A/C)
4a C eL(13)= SIG.A (A/C0
47 C FL 914 = NOkml(1C m (GX1&.-_4GYI#A2.GZI*.d**O.5
4 b C 'L 15) =Z (A/C)
4 9 C V L(16)= AIRSPEED (A IC)1
5 c C CL 0 1 = 511I (L.0O.S. PITCH)
S1IC PL(916) w THEW~ (L.O.S. YAb)
52 C L ( 19 ) aNOial.(ACCE 0 (AX-*24AT**ZAZ'%&0t*0.5
53 C PL( sZJ) = DRAti AiC )
54 C PLC,21) = Z (m'!SSILE 1)
55 C VL(t2Z) = X (A/C)
Sc C FL(,23) =x (mISSILE 1)
57 C PL( 124) = Y (A/ C)
56 C rL(,25) = Y 09ISSILt 1)
59 C PL(lZo) =IFLAG 5C, # FOR USTAR, - FOR USTA 2
6 C C PLC(,2?7) =5SV011



A- 27

61 C t L(92j) =THEDT1
62 t r tL(.2 If t.Ok.lLOS LOT) = SYD Tl* 24THiEDT 1*02)..0. 5
03 C L , 3 k) GA. I
64 C %L,31) = 6 V I P ISS IL E1
65 C rL,

3
Z = GL1 I

66b C "L , 3 3 N iR s 2
67 C r L(

3
4 = GAZ

60 C PL(,35) =GV2 IPISSILE 2
6 i C L (36) = Z2

71 C PL(,36.) =LF2C
72 C DLAS9) =Sil. EN. (0-!SSILE 2)
73 C vL ( 4 C) =SY2 (LCS I 7CH)
74 C rL(,4 1) =TiiETA2 (ILS YAW)I
75 C VL( 42) =x (N!SSlLk 2)
76 C PL ( 43) = Y (,4SSILE 2)
77 C. rL( 44) = Z 0-.ISSILE 2)
7 C tL ( 4 5) =S VDT2
79 c 00(,46) =ThsEDT2
8 c C "'L (147) r LAIVAI - 100.
81 C rL(,4.A GSVI
62 C OL ( 49) = GTH1
83 C PL(9,5A = G512
d C rL( 51l) zGTHiZ
65 C rL(152) =GS'1 )
16 C FL(953) =GTH ) COPB1INED USING LA~bDA
67 C
88 REAL 'cSIRING,SDATE

6 %; I N TEa E k CU TIM4E
9c L0C.ILPL FRTEDLONCE
91 C~h~wLN IFARM7/ LONCE

; ~ u Zi'9 SCD1S,~SR
9.3 C
94 ICUm1=CuTv9E(0)
95 CALL TI;ijOb(STRXNG)

90 CALL PATc(SCATE)
9? wRITt.,jo6) SCATE, STRING
9c 6C 10 YA T (1 Xj4L(V ),' CDV%.92 Y()i

I4 C
I J1 LON C 'F LS E
1-U 999 CALL ltdl

1 :3 CALL VALLE
1 'i4 C ALL LLC'LT(2)

I J 5 CALL c'LOLT(6)
1-, C

I J.) 1CZ FO . ENTEF ~J TO STOP$ 1 10 PEIITIALIZE, 2
199 1 pt'K %0 INI PRIN')
I IL CALL 7LLL(l)
I1 I AEA( ,1IO I ISEC
-112 1l1C FCR!"AI(I1)
113 IFCI,.EC.NE.C) GO TO 999
114 STOP
115 EN D
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I SUZ;RCUT!INE VALUE
2 IN~c LOmC ),HIGH(2)
3 REAL -, LF, L:, Ml, Lil , Iq %n.rM1, LKAX, LAlt., MAXLF,
4 1 aj2'. .Axs L(GSAX , LF2, L2, NOP.' LA"DA1, LAMCA2,
5 2 K67j.G

a LT/ E;iSLO% ACD' (IGG 2)
7 LOUYCL FRTEL, FLA0j, FLAG2

I Ce~MuT liPP/ 7-%,S ALi0C D,,~,,#CCO1,CtlZCO3,

1C 1 ltvFuu1A ,CLFKI,;,oJ,GISI,ALAS1ID1L,AXE

12 , P i, AL,TAETj,TFLA- j,.2z~2,ALFA2,CL2,fl2,L2
13 C CM !4 Iq / F A W i I/ JJ,KSTEP
14 COM Or %N I IA A -1e./ YT~iv..VTu11,OYH,TSTEP91CPUTM
15 C OM P G 1 /FA R:A 3J N3,10

16 C 0M i. /FA kv4i STIE P

IV CCmr %N 1ARRAYIJ XC(1 ),X LINC15)
z~~ c C' v-NI(Ot47k I ACU ( IC' ) ACBA(Irl)ACTI(10),TCHG,LFUO,MAXLF

21 COV~.%N /FLvRI PL(1.AJ,5.)P,AX,PIIN.L1rAXLMINl,SFMAXg
22 1 S -'yi,ALFi-AX,ALFMI ,NCR'.AX,Z',AX, Z,4N, 'AX,VMIN,
Z3 i D.*'AA , E£'1I. ,X AA ,AMIN ,Y IAA,Y"1IN ,A.4?'A:'(9LOStAX
24 CO~m%;N 1/%SLI 1FI,UIPS,1,TiETA1,LF2,u2ps12,THETA2
25 CC(,I t i /INCUSI TAoSiSC3.,O),TAbC .S(360)
26 C

27 EOUIVALENCE (VJAR,AC)) ,(lXc(1C)9(),(2XO1

29 C
3 C DATA T4S1N i1.[i, IEXIT/-X1, IOLIK-0-
31 C
32 COSSA'=CCS (GAI^ .)
33 SINGA'=S IN CGAA)
34 CCSSIC=CCS(SIGC'A)
35 SINS IC=S IN (S IGMA)
36 C)
3 7 1 A 0 . 0

41 FLAG6:*FPLSE.
4.2 fLA r T. F L SE .
43 LA- -).
44 C
45~ C FL4G (T 13 14ICATES THAT MISSILE I ALREADY GOT AbtAY
46 C
47 1 :L. CCIT.'JUT-
4 . 1F (FL1) LANODA4C.0

4 1 IF(FL*%2) LAhCA1=1.O
5Sc LA4 D.:1= .O-L.A.'iD*1
51 IVALZSu
52 IPRINTzTA
53 VCX=Vl CCSGAY.COSSIG
54 VICYzv",CCS GAh. SlNSIG

5) ~vrZ=v", SINGArM
56 Vlxzvi CCS()A-A11)) CCS(YL(12))
5 7 V 1 W C .S (X ;-C(11 51N) L ( x12)
So w IZv I S I N(X L (11)

5 9 v2x=v?.CCSCxi'(1?)).CcS(Xc(18))
60 W 2Y=V ? C CSC(X t- 07 SI'%(X.(lS)
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61 V21 Z1' S JN(xc (17))
62 .ELA1:V(LX-ViX

64 W~ziLlVCZ-VIZ
65 "P -i=QT(FX 24VRrLt1 -24VRELzlx*2)

66 0zEL A -VLX-V 2X

67 U CL I ?V.y-V~y
66 l*RELiL2Vi-Z-VCZ

6Y VRELI2=S.RT CVRELX2.,*24fRLY**24VQELLz*tZ)

7L 4ELZ I=A (3 )-A C (9 )

73 DELX(.=ArJ(1)-XO(I
3 )

75 cDELZj=A0 Q -X C(15
76 c

77 cu.-. 2 pmI III (OW'1 ,OtAIS2

79 DS I = p o T ( D .LA1 -Z4 0E LY * 2 4 0EL Z*v' 2 )

81 D S V 1 .5 A ISI IV k ELT I

62 DGSVZ--L'.5 -DiIS2/VRELT2
83 STEPzfti.INI (TSTZP,DSV1 IDSiiZ)

15 1 F(J j.%T .3) I.PNUVRzl
86 LF=I fl
37 UL AS I =U

slo lFCM..NUVi4.iE.1) 6O 70 30C

91 UC=ULOSI
92 LF=MA'LF
93 ISECaISEC41

14 t~X1 =VRELY11DELZI - VREL?1ODELT1

95 oYl vtR LZ1 -C2LX( - VRE LX 1DELZ 1

96 (JZI z WELX1-OaLVl - Vr.ELYIOELXI

9 ? IVON?d 1 zSOR'T (CXI GI 4 G611GY1 4 GZ1*GZ1)

9t 0 z VELV2 tELL2 - VkELZ2'(1ELY2
09 uYZ z Q tLZ2 C-LA2 - VIELXZ-LIELZ2

% zV '. ~L XZV- rL YZ - V9LYZOEFLXi

Il.1 NSO = RT(CA2-Gk2 * GY2'f2 4 GZ2'S2)

I Ja lF(N .(-E.1 iST.^ND NO.O1e.bE TESTN) Go TO ZCC

1J3 C
1>. C N4ORM TV) SALL , NC GU IDA tC E PLANE. DO 1.OTH ING VET

ILe LF=A.Lf (,SEC-1)
I f 7 6 Ti, eQC

1oc C

112 a 1=t IOM

115 % Z2=.21 hORM2
I I C
117 CoEf,.1:Gzl cSA-~tlA-I;SGGIS GMCSI

I I C, CCEFAZ*CCEFA1CLj41USIN(ALFAO))
I ISO C00.c3~l 1CLSGAM-.X1 $$I GAM

12C COEF,;1:CCEFb1l-(L ,sTD'SIN ALFA !))
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12 1 CfEFL=(M CO(AFA)- 0 (iZI*SNA46I'OGMS r
1i z 1 4 %, I"ICOS CAP CuS4 IG) -GZ 1 140 -G
123 C
124 COEFA'=CZ2 CCSGAA-b,2-SI hGAM-SlNSlG-GX2-SJNGAM COSSIG
125 C0EFkiO=CLEF/.e (LU41-i SIN (ALF A01

127 CIE t-zCE t (L;T -I (ALFAC))
I z a CEC z( (T"-CCS(ALiA-)-D -(6Z 2 * -I NGAM 4 G 2 -CO0S bAM iSIN S I
129 1 4oX -C0SGAP C~~SS16)) -GZ Z*t.0 .G
13 c C
131 C, CHE& r-ZP ANGLE (BY IjEbREE) WIT1HIN 41i AL14AX
132 C
133 NBLK:1
134 PRFfl)AVz.0
135 iUUCI(U 13U.iPX)41o0.
130 I F(J u' 1.30U) IUCzIUC-3cO
137 IFCIh'.L1.1) IUC=IUO*33O
13 IROLL:riL.AX -STiP
139 LCW(l)=ltG-ICiLL
14C IF(LuW0 )1.GE.1) GO TO 21 C

142 LO- ( I =
143 LOWC4)z34I~U -IROLL
144 HIGH(2)i 6G
145 2 1C COtJT &'UE
14b hI~aH01)=lUU41R0LL
147 1 F ( HIC( 1) .L E..36u ) GO TO 220
14t NELK=2
149 H16N(?):1U041PQLL-360
lSc HIGN(?)=263

152 LCd I1=1
153 ZZC CONTINUE
154 o0 2?:n JK 1 19LK
155 ISTRT=LO*s( JK)

157 00 2.,' 160OISTRT,1END
153 P~kF l:C('tFAI TAt3CC4(lUu) *COE Fll 1lA8SPJ(1UO)0COkFCl
159 F~F=0-A A-O(U)CEEZ-~3l(U1CEC

161 AES los 4P&Ec 2)
162 IF(FL'(a1) AE~l=AESZ'2.U
103 IFFULPu2i A2AS1 2.u

1CJ5 IF(Prr-,Ils.LE.PIRFm~AX) Go 10 230
160 IFLAo=AVPL

169 lF(Az!1.lLE.AjSZ) GO TO 2-,0

171 9 3L CON7 p-'E
172 U0=FLCAT(IMAX-ldJ)'P1IlSLo
173 C
174 C NOTE -- IFLAG IS POSITIVbE FOR LAMBDA =1, AND NEGATIVE

175 C Ft LAF48DA = U
176 C
It? PL (1 ,C,c) =PEP Fl
176 PLC! ,Cv4)PERF2
179 P1(1 ECv1.6)ZIFLA6
15C PfAX:=A.xl(PAX,pEkFlPEAF2)
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I d PP I N h 1N(PM IN IPE kF 1 ,PE AF 2)
111 C
IS 3 C CALCuLATE THE 6EST ACCZLLRATION ihITHOUT GUIDANCE PLANE
134 C
1C5 ACCX=((T.'OrALFA jD,) (COSGA" CGjSS1G))-

5 1'A'uAi' COSS IG))
1 CY=(6-CSAFA)D, (COSFA"P-S1INS16)4

169 1 ((LtL41rJ SI(LA)-.I(r -OGMCSU)
I vc 2 S1,vArSINSG))

192 1 C CL,4TJ S p-(ALFAC)) CC SUAM-COS(UG))
193 ANiORP.=ORT CACCX*ACCX4ACCI#ACC't'ACCZ'ACCZ)
194 C
195 C S70RE PLCTTED VARIABLES
196 C
197 PLC159C, 1&)=NCRM1

198 PL( I C , SC)=:R)/

'1 PL(ISFrC,.r2)~

P1( , 4) = G x

Z04 PL(IscC, .5)=GYZ
eQ5 PLC! rCo 6)=bZ2
e J j NCk Mr =A 0A X1 ( O0A*hAX9 %C01 NO R 2
207 ~A tiAxzMA X 1( A N MA X ,A N , R A)

i06 C
2(39 293 C0N T i NuE
41L IF(FnTtD) GO TO 3CC
i11 PRTEIJ:.TRUE.

213 ICH(3=YPRIJT
e14 wRITc(t.,j1J) TPRIhT

215 wPITc(o,!1L) TPRINT
il 31C FOj?'PT?Xg'S7ART IANEUVER AT T ' ,F6.2)
t.11 CALL ELLM3
21c C

2 zAL FM k =AL FAG

23 "AX =e , X 3 x X61)

e.2 o V!' A X! C)JCVwJP

237 ACLF(!N C):L

23b ACT! CTaFC)TPRINT
4a3 9 A C D"(! E C , I) = rAlS I
&4L ACO' (IsEC 12)=DA1S2
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21.1 C
,e42 IF (,i'r(JiK5T;."P) *NE. 0) 60 TO 477

..4 i i f I0 A )T ( X I, '- = ' ,F IC-.3 ZX DSE P 1 G G12 .32X,

,c 477 CON TtlU E
,4 F('L.~ )U.V.L.Tl.U.Y.TVH) 60 TO 510
4 5 1 F C D.T . LT . D H) . 0 TO0 52

45 1 IF(TA.LT.3.C) GO To 4 bu
~52 FLAC 1=fLbGl .iP.(utIiS1.bT*Oui1)
,5 3 FLAG ,:ILAGe.. q( *4.T .DLM2)

i54 IF(FL1tj.AND.FLA6Z) GO IC 540
e55 48 L CON T'%U E

5c CALL INTEOX
.d5 7 T A=T A 5T EP
45Z JJZJJ41
25rv IF(ISEG.(E.IU) GO TO 530
e6C 60 TO 1CC
Z6 1 C
c6i 51C CONTINIUE

.L6 3 oR IT k (2,p5 15 ) rPkIZNT
C6 4 P IT c ( 6,515)1 TPH IsoT
Z65 5 15 FO0i?'AT(IA, - A/C OR MISSILE VEL. IS TOO LOW -

1.6 IAT Tli: vF1I.3, *j

~6 60 T-5 61UL
Z6 C
e.-9 C HIII uCf.URRED, PRINT OUT
e. 7L 5 2 CON T i: E
271 mRIT-(e.# 2S) TPRINT,DUM.oDUM2
272 *PATcA., 525) ij1T iIDUM2
t.73 525 FO A,,T~l~j'-,v HIlT A] TIME = ,Flf.3,
474 1 .--- ',/,5Aq*8ES7 QSEPS WERE 1:',

275 2 G 15.61's& 2:sG15 .0,IJ)
e~lo uO Ti4 oCO
4 77 C

a 9. TL(e 
3 5 TO'R INT

I0 Tu z :3 T IN

3 C
e.4 C CLOS,.c RATE NEGATIVE SOLUTION -- PRIRT IT

. 5''4 kOrO ,.(!Av, - CL(.SU IL mATE IEGi.TIVE AT TIMlE 'FC

e I -1 - ' I5X,TA1 : EiT OSEP = ' uw5.s' 0-j ,G15.6,1,
f.9 5,'TA2 : 8:ST DSEF 'IG 15.61's Ntowi=,156

*f92 C
,g93 o CC CCu'TilNUE
e94 CALL rk;LL(l)
.:9 5 C

ilit READ,,A5) LOGIC
.Ly? IF(L, FiC.Er..lEX]T) RETURh

4!99 Lo 6c' J:1l,N1C
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Sol1 KK J,* 1
302 T MP -V j (J)
3 035 IMPI=0 (JJJ)
.504 IEMPC=AC (KK)

j c 5 F(J.LT. !) GO TO 6W-5

307 TEimP1zTr.If 06t./~P1

Q c T Em P c T EP2 .1EO.JPI
-;1 605 CON T VIUE

313 1 '(1,: ,013.4,4X,
314 2 .A(,l2v ): ',Gl3.4)
.05 6 2C CONTINUE
:)16 C
317 %RITE (Z,625 ) DELX1,OELY I vD EL Z I D'IS1DUMl

.')tPITt (6 ,t25 ) DELX1 ,DELV 1,OELZ1 ,D Si ,DUM1

1 625 FO R p-A T(/1--XD E LX I v ,12 .3 92X vO'ELY1 G12.3,/,
32c 1 1CA,-DELZI: 4l.,XII ',612.3,1,
.12 1 2 1 C A ,'0EST DP'IS WAS ,6IG12.3)
.$22 wRITc (2,63c) DELXZ,DEL~e.,0ELZ2v&AIS2,DU4Z
.123 wRlTt (6,630O) DELX 9DELYi,OELZZ2.YIS2,OU;42
£24 a 3C FO0i, i T /1 -x DELXL: ',G12.3,2x, DELYZ: ,sG12.2,J,
.325 1 1CAtOELZ?: ', 4. ,'DIIS2: -,G12.3,/,

.)26 i ILIA , '_ST CYIS h.A4S .,6 12.3)
32?1 CALL PLLLCI )

.52 b READ(1,6:,5i LOGIC
.329 1IF ( LZ(I C EQ - EXIT) RETuRh
33C .Ir(L, rIC.EQ.IGU1L) 60 TO 660
331 c35 F0R p AT (A I
3 32 C

334 631 FORMiT(1I k )
335 CC 657 l:I1SEC
.36 IF,.il92! QJ CALL tLELLCI

A b ~I F (L , IC.E6 .IAIT) PET&JRN
A I F ( L I CE tA. TGIK) GO TO 6oO
34 4cITL., &3_) ACTI (l),AL8A(1) ,OL( 1,c,DL(I, 38)

.)41 4630 FCO. A IA , I.:=' 1 ~. 43 A IAC 9A iFc .2 ,3A q LFI C F B. I
14 Z 1 A ,L f 2C , ~. 1)
)4 s 6 5 CON T !'!U S
.$44 o 6 CGriT r!U E

.)4? I JL, 1) Jl( g.) , FL( j17)P.C,2)

.).' 6 37 FOk AT01A 9T I IECz -,5FF6.2,3A,-ACLF = -,F5.1,3X,
J ). I 'ACchCDEG) = ,F .2,3A,LFIC ',oIx

S 51 a L fe.C _ 1 '.)mA -,Gil.291/,20xv

.S52 3 .C n' I ii) = ,qG I. 2 v3 AoALPHA =,F6.2w X ,
15 4 1 ,A C q ,C I I.i, / q2 X 1 '011 S1 TA ()

354 5 FS.ij!Xv'D'ISZ = TAC?) z'F.qA
355 6 'L do, :Al I ,-2FF5.2, J)
£56 6 ?C ( ON T IU E

.)50 1 U M CU T I E( L)-IC PUT M
.)59 .R I T(4 , 09) IDUAl

36( %AITt(., 439) IDU14
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6 3V fOR14 AT (4X, CIU TI ME CScC LNDS) ',159 CPF5. C)
. 6 C

363 kETUxN
.)64 iND
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I PR0G'met ACDTN

3 C AC DY:..'13 - -- MYOPIC* MULTIPLE (Two) AI1SSILES
4 C

jC USLS LF=1.3, LA=J.j fOi, CO,4TRCLS FOR FIRST STEP,
cC THr". ".ANEUVERVj T0 - A1Xi!'IZt ACCELLERATI6N It THE

7 C ,1-LDANCE PLAjiE A!.1I-PROPORTIONALLY 10 THE
6 C MLS. ILE'S GJIJiANCE.
9 C

IU L; c OR C IA3r4ATI0ts, USE DO LOOP OF LAMBDA'S, I.E.
11 C LA'o.A = U.0 ThkU 1.0 BY U.J5, AT EACH STEP,
12Z C TC, FIND TiE fllF(LA:IaDA) OF THL .AAX(UO) OF
13 C
14 C fCLAKBDAAACCLL(DOT)G1).( (1-LAMUDA)*ACCEL(DOT)GZ)I
15 C
10 C WNi'., ONE MISSILE HAi MISSED THE ALRCRAFTq BEGIN
11 C Tv i3NORE IT - -- I.E., SET LAMBDA TO 1 OR 0
16 C
19 c DEFI.4E THREAT ASSESSMENiT FOR EACH MISSILE I AS A

20 C FuPICT1Otv OF.LAvbDA; I.E.

zz C TA1CLA~ DA) = DrIASI(FINAL)
23 C TA2 CLA'a3A) = U4LS2(FINAL)
24 C
25 C ALL MANEUVERS ROLL-RATE. LIMITED MRMAX DEGREES)
26 c
21 C *RLTES iTl THE TER!VINAL, IHEN PRINTS

29 C RK11 =RK~12 =4.5
30 C
31 C STORAGE FOR UP TO 100 ITEi1ATIOUJS AFTER ONSET U-f MANEUVER
32 C
33 C. PLOTTED VARIAI3LES, ARE
34 C
35 C OL (91 USTAR (DEG)
36 C PLC,Z) zPLRFSTAR
37 C PLC,3) = USTAIR2 (DEC,)
3d C PL(,4) zPERFZ
39 C P*LC,5) z X )
4L C 'L, j Y ) US~Iii IN~G LAMJDA
41 C 'L,) GZ )
42 C -LC,i) z LFI CCJMMAN.OD)
43 C "L (,';) = SPLCIFIC E.%ERGY (A/C)
44 C 'L (,lu) =SP. Ei4. (ri1 SILE 1)
45 C 'L(,ll) = AL~mA (A/C)
46 L 'L(,12) = GAMMA WAC)
41 L '(13)= SiGA (A/0)

4e C *,-C,14) z 4= 1 .. ICt~ 6 G1.*1.2G~~)*.
4 ' C PL ( ,15) = Z (A/C)
Sul C PLC,1o) =AIR~SPEED (A/C)
51 C DL(,17) = SYl CL.U.S. PITCH)

52 C VL(91J) = Tiizrm (L.O.S. VAs)
51 C nL(,19?) =NUR.'(ACCEL) = (AX**2+AY**2+AZ&*c)**0.5
54 C PL(,20) = DOA CA/C)
55 C OL C 21 ) = L (MISSILE 1)
56 C PLC Z2 ) = X (A/ C.,
51 C DL(,23) =X CiISSILL 1)
5d C 'L C24) = Y (;%/C )
59 C PL (,Z5 = Y (mIS SILL 1)
60 C PL(,26 = IFLAG 50 + FOR USTAR, - FOR USTAR2
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61 C OL(,27) = SYDrl
62 C PL,2:.) =THEaTI

63 c OL (,? fl = NU,1 =L~ T (SYDT I *2+TEDT 1*2) **.
5

64 1 '( .3j) =GX1 )

65 C L(,Jt ) '= G ) rMISSILE I

6o C OLC,3Z) =GL.1

67 C P ( .Ti = NJ RN 2

64 C PL C 3-4 = )X

69 C vL ( 3 5 z r )Q MISSILE 2

70 C -LC,36) = G2 )

71 C PLC,37) =NuiM2(LOS-DOT)

72 C OL(,3o) zL VeC

73 C r P( , 3 ) zSP. EN. (MISSILE 2)
74. C -L(,4L3) zS'12 (LOS bITCH)

75 C PLC,41) = HETA (LJS YAW)
76 C PLC,4Z) = (YISSILE 2)

77 C -L(,4.3) = ('ZSSILE 2)

Td C PL(,44) =Z ( NlSSILE 2)

79 C -LC,1.5) = S1aT2

150 C OL(,
4 0) = rkiEiT2

15 1C OL(,4
7

) = LA;,')A1 * 10

82 C PL(,4o) =GS YI

si C !L(,49) = GTH1
84 C PL(,5U) = GSYZ

35 C PLC,51) = GTH2
36 C DL(OZ.) = GSY)
6S7 C PC 53) = GIN COA91NED USIG LAMbDA

89 aEAL*7 STRXN(1 1SOATL
9 0 I'iTEu~k CUTIMI.

91 LOGILAL P,?LiJJ,LONCE
92 CC'M4 ,: /PA;Z.I7I Lw'..E

93 COX~uN /PAR1491 ISEC,DMiS1,DMISZ,PRTEb

95 IJA=4CT1'E(0)
94b CALL T'jEO~jCSNI-%G)

97 CALL nATE(SOAYE)
90 ~ TC,6 SCkTTL, STRINup

r. 60 f R AT I SX4'.j ( ') p ACDVN .9 3 ,40() ,

I itc 1 5 IX , 9 j ,A. i ,I1

13e LON C LFAL SE .

I J4 LALL VALUE

I1j LALL OLO'Jr(2)
10 tj CALL PLOUT(6)

13Y lUu FORlpT( Z.TER 0 TU S7TjPq 1 TO RZINIIIALIZE,

110 1 I n 'fO) %0IIt Pkl%'41)

I I1 CALL 3ELL(1)

Ila! isAoti,110) ISEC
11.5 11 U FO%'AT(LI)

114 1EI(..)GO TO 999
115 STOP
116bN
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I SUdROUJINE VALUE
le EAL Ji, LF, LJ, MI, I), L7, NOh~ll, LMAX, LMPI, P9AXLF,

3 1 rl. ) LOS:.A A, LF Z, L 2
1 9 OP LAM U AI, LANRA2,

2 N 1 74G
5 DIME r,10'i AC JOC1JO 92)
C> L CUI, L_ P R IE v, F LA ( I, F LAG 2
7 ilTE Pli CU(IAE
i CCM~ufj' I'API ', .C!.),ALFAO,CLo,OdLQG,MO . C01,E02,C03,
9 1 k~Hu,oLTA ,CLA FJ S .,D'J ,02*0i1 ,C LAE 1 ,Sl ,Dl IiRLOAX,

13 C 0 .110U /PAUk;'e/ J)HUd KST HTSkP1CUT

14 C C.VC 0 f /PARMJ/ :JJL10
15 COii u!I /PAR K ., STEP
16 C OM JN fIPAR 4 5I AiA1, UV R
17 COP;M N 1/PAqI f IAE, DM S DMI SZ,PRTED
16 COftfLIuN / AR(A Y I/ A Li(1 Z' ) X u IN( 13)
19 CUMPO.%i: fco:~ri / ACLF (100 )ACBA(1(X,ACTI( 10J'),TCHG,LF,U3,PIAXLF
20 C 3K ON /PL IFZ/ PL 160S , 5 PNA x, P l , LA X LM IN pS PMAX g
21 1 S r'%K AL FMA A .Lf i'lldN i ,A A , LMAX , ZiIN , V'A XqVhIM

z 2 e :)m AA , DM IN , X.A A tA~ *ILN Y MAA -INANiIA X LOSSA X

23 COMM'! II'SL/ LF1ltiI,PS11,THETAILF2,U2,PSYL,THLTA?,
24 1 SVT I E DTI , YUT 2 THED TZ
25 C
26 f 2JI1 d AL E.C E CCA4A,)C 5),SIG 'A , x3 (6)
27 E QU I V JL EfCE (VUAi (4) ,(V 1 9X U(13))( V2 ,XO (16)
28 C
29 iOAYA 7ESTN /1O-tLEXITIX-, IQUIK/Q'/
30 C
31 PEfF(U)=C0LFA~bC0S U) tCOEFB*S 12ICU).COEFC
32 C
3.s COj SG AW=CCS (G Ar~f
34 SI NG A.4=SIN (GAIIA
35 COS S i CCUS(SGM"A)
36 i INS I~zS IN (S I6MA)

37 COS S11=CGS (P SyI )
38 M.C" T2=cus (esyz)

3 Y COS 7I=CoS CT siETA I
40( COT n 2=CS (TIErhEA Z

4 Z SINS t?-s 1N (P Sy.d

44 1,,1T n'=S IN (T hE TA Z
45 C

4 7A= &.921U1

5C c LAG I=. FALSE.
5 1 F LAG.%FALSE.

52LAAD Al=0.5
-53 C
54 C FLAG (I ) IN.)ICATLS FHA T Ml SILE I ALREA DY GOT AwAY
55 C
56 1OJ CO)NTIUE

so IF(FLA.*1) LAeADAI1.

59 LA4 DA2zl.C-LAPPDA 1
6 L IVAL z S
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61 1PR I rT=TA
02 WGXA =v I*COS GAI4COSSIG

53 VOY =w- CS A A*S I S 16
6 W1 =i? SIN GAN

61 v 11 =v I fts 1% (x (II) )
60 v2Y.=sv.aCuS (XU(17) )'COS(Xu(13))

I 1 v 21= i2 &S 1% ( XL (17)
1 1 4RLL A I VOX -V IX
72 V RLLYI1 UY-V IY
f3 VREL~l=VCZ-V1Z

74 vRELTl:SJRT (VRELi1A*2*VRELY1 #'24-VRELZ1**2)
75 VLX2=VUX-V2X

70 VRELTl=V0Y-V2Y
77 VRELZ?zV3JZ-V2Z
7%1 YRELJ2=s'..r CVRELX2.*2+VRi:LY2*e2,VRELL?**i)

du0 VLYl=A0(2)-XAC'3)
&I CEL Z I A(3- A 0(9 )

2 DE LX c A 0(1 -X C (13)
33 DE LY 4 A (2 - XC (14.
'34 DEL Z t A 0(3 -XO(15)
'35 C

'58 LiII 1Q.kT(iDELX1*i +DELYIfr*?40ELZI**Z)
'39 (.P~1Se:S$rk(DELX2**.+ULZ* DLZ*?
9 0 DSVI1". 5 *DA 15 1IV ELT I
y91 OSV 2 -,. 5 *'04 I S2/Vf:ELT 2
92 : EP=8%11 ~bTPDV19 2

94 [F:(jj *.AT.0) #4AkUVR=1
95 LF=1.0
90 ULAST=UgV

9c XVCMA.,uV..rE.l) GO TO 30iJ

10t U'J=UL IS T
IL11  LF = XL F

104 ISr-Cz13EC41
10 4 '4.11 -( Y pT I*s i.sy 1 * c.s i1 TI; D T 1COS S Y 1S NTH I
1J4  GY I T H =aI *CjSL Y 1 *C 0.,r I SYD 11*SIN S Y I*SI NT hl

IOt NORV = ,.kT CGA1*GA1 * GYI*GT1 + GZ1*GZ1)
IV 6X z -( ,Y'DT'SI,4YZ*C0STHZ 4 TH(D1TZ*CQSSy'-*SINTH?)

I ~GYZ it 2 *C. .YreZ .cv.. .4csrtt - S Y 1 a *SIIIJS YL*SIN T h?

10. z !>Q ItT C A GA 2 * G 12 *G Y2 + G 2 G Z 2

112 C
1 13 C. i.Oa'l T7w SMALL, NO GUIDA.%CL PLANE-, DO NOTHING YET
114 E
115 Li=AELF(ISEC-1)
1 16 GO To) ZU9

lid3 200 Cf?. T1 I NUE

1120 UY1~.l/NORfl
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12? 6Zl=wZlINOR1HI
122 z ye/%k?

124 u ur/%)M
125 )?EkF.=.uEZ0
126 C

13 t; iF( FLl~.AND. (LAm5.GT.1)) GO TO I.SO
131 jFFA-.N.(A-5L-) GO TO 270
13 Z C
1313 UVLA*LA1GX1 4LArMOA2*GX2
131. G v=L A DA I Y 1 4 LAv, DA 2 *GV 2

135 6iZ=LA Al A I*Z I +LAADAA*6 12
136 C
13? COE FA=GL &CUSGAMGYS iAK* SI^SI.-G X4SINGAM *COS SIG
13c C'IEFA=L0L VA a LC4TO&S I i(ALFAO))
139 COEFu=YACUSL.AA-aXkS 1~uAN

140" C1L1'COLF2& (LG,+TC;*StIh(ALFAO))
141 COEFL=( (TU *CO! (ALFAJ ) -33 * (GZ* St tGAMG Y*COSGAM OSINSIG
142 1 +tEaCfjSGAjMIC0iSLG)) - GZ*MD*G
143 C
144 uSI AR:ATA'42 (CCE~d ,COCFA)
145 USTAt42=U! TAR#PI

146IF(UiTAq .GT.L.u) USTAR2=USTAR-PI
147 2ZU CONTIJIJE
14.6 PERF.)T=PEq F(USTAR )
14-) Pf,4Fc=PEkF USTARZ)
Is() AS-ST=AjS(PERFST)
151 ABSZ=AjS(PLRFZ)
152 C
153 C USE '1EST- U AUD :RATIE LIMIT T0 RIMqAX
154 C
155 IFLAti=LVAL
156 UwAXzU$TAR
151 PER4111AJST

154 IF(A.Sr. E.AJS.!) GO TO 2-%0
159 f UPAX U.;T AR 2

)5-- IFLAu -IVAL
161 PE-M 14 AUla
162 2j CC It 7INu E

164 IF(RuLL.viT.1,' .) RcLL=kOLL-36O.
165 1 F ( R, LL .L . (-.IJ. ) ) ROLL=R LL L 3 5C .
156 A RLoL.=A 3 . ( 0LL 3

Ic.7 C
; 6e, C .tNsW RATE-Ll,'IT wHICHEdEmc ANLF~ '.E GET TO RIMAX
16', C DcG PER SEC...
17 L C
I111 IF(Aft0~i-L.L!-.(~iL,'Ax*STEP)) GO TO 250
.112 slOLL UlLL*@iLMt'ATLP/AROLL
113 iF(AcO6LL.L1.lEj.) ii0 TO 450
114 C
11r5 C .OLL Ti ESSEN.TIALLY A COMPLETE FLIP-- USE PLuS/MINUS
I fo C ,AL.A IWIO PLRF FUr4C lION TO CHLCK FOR 6EST WAY
11? C 10 '4AKE FLIPS
Ire C
179 IVALz?5
Thu US? AK=U.O ,(RLAASTEPPI/180.)
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181 ' F(LSTAR.GT.PI) UJSlAR=US iAk-(.1*PI)

16 3 1 F(J. TAR. LjE. (-PI') U STIA,(,"=USTA Re+(2 .0*P I
1 .34 GO TU 42

1") 2 5,. C ON T 1'lUE
131 IF(PL'AI-i-E.PERFX.) G01O270

W, ~JlI N zL AM d
19U P ~ L ' I1. 2K0 LL
191 PL(I -rC91)zUSTAFR*1?0./PI

193 PL( I ,C,2)rUSTARZ*180.lPL
194 PLC1! C,4)=PERFZ

191% PLCrSEC,o):Gt
19? PL(ISEC,?)=GZ
194 1"LC1 SFC,26)=lFLAG

200 HAAX =A,i AXl (Pr.A)x & E .(FTqPE RF2 )

2 uz 270 CO.T iNU E
z03 2EJ C0,4 T INUE
204 C
eJ5 l(0LL=Lt41N
206 uC-=U.'(ROLLeP I/I3O.)
e(37 IF(Uu.uT.PI) UJzU-(2.0*PI)

I1 aC CALCL*LATE THiE bEST ACCELLRATION ImITH0UT GUIDANCE PLANE
211
IZ12 ACCX :( IjeCOS (ALFAO)-DU)*(COSGAw''COSSI6i))-

Z14 2 SI!ACOiG)
i15 ACCYz((T'J *COS(ALFAU)-C3)Ak(COSGAMtSLNSIG))4

e- ( 1 ((LJ*IU0S'. (,ALFA ))*(SIN~tUO-)*C0SG.AR-COS(UO)*
217 2 SLItA;i*S INSIb) )

ACCZzCtTU*Cu(ALFAU)-,)Sp4A ) -(MO*G)+

'e2 .,l!Jr~4QRT(ACCXACCX-ALC*ACCY+ACCZ*ACCZ)

222 E ST0Rc. PLOTTED VAf(IABLES
,.23 C
224 PL(I 1 C14),fj.

z2o P1(1 A:C,32C)=G1

252 PL(1srC*34)=(.X
231 PLcraEt,35)=sy2
Z52 PLC1srC,36)=GZZ
z 3. N. 0 R'AV=AA X I(NOA A A:Ok M ,NO RR 2
234 ANM AAA.MAX I (A N.AA AAN ORX~)
255 C
2 s3, 29 ZI L0.T±PKUE
2357 IF(PRTLD) GO 10 300
235 PR T E D =. TkU E
239 C31 =V."1 TAFTb*TFLAki
240 1 CH :rPR INr
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44 it w'RITz(o,s1lO) TPRINT
44,3 .51u Ff)oMOTc2X'SIAi MANEUVER AT 7 F62
Z44 CALL VLLL(3)
445 C

24? pPM rA zk1 I (P'L(I 9),PL(1,lU) ,PL( 1,39))

448 ALl =AL FAO
249 ALFM Iff=ALFA0
,s0 Z"AX~A, (X3 (3),XL(9) XU(15))

256 YMAX=VJ
25? YM IN :VO

k~b DIP AX zDO
259 DMIN =O
260 LOSMAX=0.0
?61 C
26Z 300 CON T L1UE
263 ACE A t S EC) =UUIB~J ./iPI
264 ACL F( IS E C)=L F
265 ACTI (1SEC)=TPRI14r
266 ACDY ( S EC p I) =MIS 1
Z67 ACO?4(ISEC,)=DMXS2
268 C
269 IF CPOD(JJ,KSTEP) *NE. 0) GO TO 477
27Uh bPITL (2,4u0 ) TPk tNT, DiI Si, OftI 2
271 InAITL (6,400) TPgcI.T, DMIS1, DM!S2
272 400 FO~iKAr xT = ',F10.3w,ZX,DSEPl = ,GlZ.3g2XO
Z73 I 'vSEP2 z ,G12.3)
274 C
275 477 COTkiEUE
276 IF((V^'.L7.VTmrP).OR.(V1.LT.VTHI).OR.(V2.LT.VTHI)) G0 TO 510
271 1F(OD4IS.LT.DTH) PCO TO 520
Z7a iU(TA.LT.3.0) "o TO 48J

??9 FkLAG ILAG .;;. (;FIS I T.DU412)

kal IF(FLAul..1.D.FLA.) GO TV, 540
L~ 4 E.U C004 I ;U E

Z 6 3 CALL 1,.TUOX
2 t- 4 A=TA* ,TEP

Z95 j j =j I.
436 IF(IS'.E.10 GO TO0530

.L8 ~ 1 30T 100
Zra C
le6? 5 16 CO:4Tj 'UE
i90 wR[TL (2,515) IPRINT
291 s.RITE (6,515) TPR~sT
292 515 fCRMiT(1),-* A/C OR MISSILE VLL. IS T0O LOU -

2103 1 'AT TIIME: ',FIU.3, 9.I
eY4 W) To (Juu
2195 C
496 C HIT OCCURHRED, PRINT OUT
297 52U CONT'ifUE
Z98 .iI~..2)TPRIhT,OUfM1 ,0UMZ
299 6RIrL(c ,525) TVRIN1,DuM1,DU.4Z
.; 0U 525 fOHTAT(lXt,****I HIti AT TIAE '9F10.3,
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301 1 s*,,5,XEST PSEPS WEkE 1:-,
J2 2 G ;.6 2:,i 615 .0,i

3J3 60 To 601.
.)J 4 C
i0) 530 CONTIVJE

a j Rl~.NT( ,535) TPRLNT
So o mITL(o,55) TPRI j T
aot 535 fOh.ATC5A,-T1'L LIMI1T AT T = 'vF6.2)
.)09 uO O 10 oO
3 1.. C
311 C CLOSuPE R~ATE NEGATIVE SO&LUTION -- PRINT IT
312 543 CON T Ij E
313 hpPI T E( U344 ) IPR INT ,ODU~t ,OMI Si ,D 042DM LS2
314 %Rl Tc (o,544 ) 7PR 1N T , OU-11, D1I S ,D L't)M IS2
315 544 F0ki.AT(3x,.*** CLOSURL KATE NEGATIVE AT TIME = ,F10.3,
316 1 6**I5~~ EST DSEP =,.v15.6,', NGW = ',G15.6,1,
317 2 5A,TA2 :E!LST OSEP = ',GIS.6,', NOw ',G1S.6,/)
Sib GO To 600
319 C
3 2u b00 CONTINUE
.Z1 CALL 3ELLC1)
S22 C
323 kEAD(1,635) LOGIC
324 IF(L ELC.Ea.1EXIT) RETURN
325 m10=

426 D 00 bi J:1,Nlo
Sz I JJJ=J #6

32d KK=J *12
329 lEqp:xo(j)
s33 TEM1P I=A0 (JJJ)
331 TEf4PcAO (KK)
332 lFWJ.LT.5) C3 TO 505
333 1Ei4P=TeAP*18U.lPI

.535 TEMPe tElPZ*1210./PI
330 605 C0INTiNUE
07? kF1TE(e,..0) J,TEW#P,JJJ,7EM-1,JCK TEMPZ
3 3 o R LT L ( f 1 ,) J,TE~lF,JJ5, EMPl,KK ,TE.'4P2

.42 62U CO.% TLNU E
343 C
.44 swRJ1t (2,4625) OLLA1,DELyl,DELZ1,I)MZiS1,DUMI
345 P IT t (6,625) DE LXI L ELY 1,JE LZ1&I!IlSl ,DUA 1

447 1 1 ; %, tELZ I ', I .3 ,A , DI iS 1 GC1 2.3,J1

.34 . dR1Tt. (2,630) DELX ,DELYe.,u)ELZ2,I)'IS2,DUA42
35 0 - IT I (6,U30 ) ) E L A c.jDELT& 9 0E L Z Z9,*l I S DU K2
.35 1 634) FORM AT(,1OX , 'ELXA: ',612.3,2X,'DELYZ: ',G12.3,1,
352 1 l0)t,'ELZZ: ',614.3,2X,D!lS2: ',G1Z.31I,
.i53 2 TJA,GStST DRIS ;gAS 1.j
354 CALL !ILL(l)
355 iEAU(1,635) LOGIC
S5 3 IF(Lz.(IC.Er..1EX!T) RETURN4
s51 IF(LoCIC.EQ.IGJi4) GO TO 660
356 635 FOAMAr(AI)
35 C
360 bRITEC6,631)
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361 631 fOiRMAT 0 1)
16 2 DO65-1 1 1 I SEC
,>6 3 IFC4OnC,2J).EA.U) CALL dELL(l)

j64lfIr~l (1 ,20 ) .EU.%j ) REAU(l oc35) LOGIC
j65 1FCLv~IC.EQ.IEXIr) RETURN

.)66 lF(L%,rlC.El. F2UIj) GO T) 60

5 6 ' 636 FOk~,AT ( IA 9'T 1'L ',5.2,3A.-ACOA ,f8 .2,3X, LF1C -,F8.1,p
369 1 3A,'LF2C ',Fb.1)
> 7 Q 65C) CO.4TVYJE
.?7I o6L (OsT VsE
372 D~o 510 I=l,ISEC

>73 4RITt(b,t37) ACTL(1) ,ACLFCI) ,ACBA(I),PLC1,d3),PLCI,38),
374 1 PLCI, 1;) ,PL(i ,14) ,PLCI,11 ),PLCT,ZL.)

S702 637 EORmiT(1X,'T IL = ',JPF6.2,3X,'ACLF = ',f5.1,3Xt,
377 1 'ACoA(DiG) = 'qFF'.2v3,'LFlC =,F 1,X
376 2 't-FC = ,F.3..e,JX,'hOxi!(A) = 'Gl2/ZX

.i7v 3 .i'xM1(6) = ', zll .2 3A,'ALPHA = IF8.2, 3X,
3U 6. L 4 -DAG = -,Gll.2,I,4uX,DMIS1 TAMi
331 5 FS.,,X,'DMISZ TAQj) = -F.,X
182 6 -LAM.A1 = ,-2PF 5.2,1)
S3Q3 67J CON4TINUE
3b4 C
38 a5 Lt'UM =CUT IME ('.2-ICPtJTM

.;zlTt(i,639) ioU.'

386 (139 FORMAT( 4X CI T JAL (SECoNDS) 15 ,IOPF5.O)
.389 C
.s9L G ETURNf
391 E'40
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I PROGRAM~ ACDYN

2 C
SC ACOYN.94 -- PYOPICv kAULlIPLE (T.O) 4ISSILES

4 C
s C USES LF=1.U, FA=,i.U FCik LO,%TkOLS FOR FIRST STEP,

t ThE;. f-ANLUVLPS TO Ai~jmLZ, ACCELLkATI'J IN THE
I C '&DA'NCE PL&I.E' AlNI1-Pk3?0KTIONALLY 10 THE
b C Ml ILE'S GUIDANCE
"*C

I C C f OR Cim.8 NA T I Or., CHE CK ALL POS SI -LE ROLLS (+ /- 60 DEG)
I1I C FQU" LAIA60A OF 3 AND 1 ONLY TO FIND THE PiAK(O) Of
I ? C ThE %NN(LAIUDA.) OF
is C
14 C ICLAM9DA ACCE L(OO01 )Gi1I AI (1 -LA~.oDA) ACCEL (DGT)r.2)I
1s C
18 C WhiEW OF4E MISSILE HIAS MISSED TnE AIRCRAFT, BEGIN
17 C !u IGN.ORE Ir --- I.E., SET LAMBTDA TO 1 OR 0
18 c
19 C DEFINE TRi~EAT ASSESSMENT FOR EACH NISSILE I AS A
20 C FUV4C71CN OF LA;~uDA; I.E.
?- C
22 C TA I(LAMIP D A ) I iS 1CF :NAL)
23 C TA2(LAMibOA) =DMIS2(FINAL)
2-. C
25 c ALL *i~sEUVERS '40LL-RATE LIAITED (RLMAX DEGREES)
2 t C
21 C 6.RITES TO THE TERMINAL, THEN PRINTS
ed C.
29 C. kK11 = RV.12 = 4.5

31 C, STORAGE FOR UP TO 100 ITERATI04S AFTER ONSET Of MANEUVER
3 2 C
33 C PLOTIED VARIABLES ARE
34 C
35 C OL(1T) =USTAR (DEG)
3 o C PL ( Z) =PExFSTAK
57 C PL(,3) =USTARZ (DEG)
5.1 C "L ( 4 = PL.RF2
39 C OL(,5 = X )
4 u C. L(C -- y ) C042'iNkD USING LAMk3DA
41 C 'LC,7) = G )
42? C OL(,!) = LF) (CO:.MANOLD)

43 C OL(,=) SPL CIF IC E:%E'4G Y ( AIC)
44 C 'LC.3 = Sp'. )-:4. (;ISSILE 1)
45 C OL(,11) = LPn.% (A/0)

46, C PLC,1 ?) = uAA.IA CA/C)

4.. C ",.. (,1..4 ) ='%U'~i1 (U) = (GAlT*. Gfl**2GZ**)*O*.5
49 C PL(,lS) =Z (A/C)
5G C PLC,16) = Alk:DPFED (A/C)
51 c PLC,17) = $11 (L.u..,. PITCH)
52 C PL(t,a) = THETAI CL.O.S. TA.)
53 C PL(,19) = IJUf.:A(ACCEL) = (AX.*ZsAY*2+AZe-*)*0.5
54 C PL(,20) = D;Ab (A/C)
55 C GL(,21) = Z CrMISSILIt 1)
50 c PL(,22) = X (A/C)
57 C PL(92J) = X (.USSILt 1)
5 i c P'L t,2 = Y (A/C)
59 C OLLC,2 5 = (mtiSlLt 1)
6 u C. PL C,2.) = IFLAG =SU, + FOR USTAR, - FOul USTARZ
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61 C PL(,27) = SYDTI
62 C, PL (,5) = IHEcsr I
63 C DL (,29) = ,.(LcSoO I) = SYDTl*.2.T HEDT 1**Z) **0 5
64 C OL (, 3J ) =GX1
c5 C OL(C, 31 ) = Y I MISSILE 1
66 : 'L(,3,) = GZ1
67 C X(,33) = iu k M2
6_. C %L(.3.) = GX2
69 C P,.3) =CG2 Al :SSILE Z
?L C PL (,30) = GZZ
71 C OL C, 3 ) = tJOkF,2(LOS-DOT)
7Z C %LC,33) = LFiC
73 c PL ( v3k) = Sil. L'.. (oirSSILE 2)
f4. C PL (, 4 L;) = SY2 (LOS PITCH)
75 C 0 L(.41) = 7HETA2 (LUS YAW)
To~ C ;L(942) =X CrtSSILE 0)
77 C PL C,4 3) = YV (M'ISSILE V)
7t- C r-L (,44) = Z (-iT.;SILc 2)
79 C PLC,4 ) = SYDfZ
so C ILC,46) = TiEJiT2
81 C -Lt(,47) =LAMDAI * 100.
82 C P, (,44) = SYl
133 C PLC,49) =GrHI
64 C. PLC,5J) = GSYZ
35 C PL (,51 ) = TH
66 C. cLC,54) =GST
87 C rL(,53 ) = GTt4 COMBlJED USING LAMBDA
88 C

89 kEAL'c SfRIN'O,SDATE
9u I.,tTEilk CUTI.AC
91 LOalCkL I"?TEOLO:'JCE
92 COP1MOU /PARK?/ LOI4CE
93 LOMP*;jN IPA.,Vv/ 1SEL,D.'1Sl,oMIS2,FRTED
94 C
95 IOUffCUTIMEC.U)
90 CALL T1.4tOOCSTRL16)
91 CALL DA1E(SDATE)
93 *;iT&(j,06) SDArE, STRL'It
99 6 6 OFA( 5 4( ) ACDYN.94 ',40(*),/,
0 ' 1 5 1 - 'x A.,;/I H I

IU2 LO-1C.,;..FALSE.
I u l *9v CALL 11.11
IJ4 CALL V'ALUE
I J> CALL 'LouTC')

103CALL ;'LOJT'k

1a'r 100 F0Ar(' Et~r U TU STOP, 1 TO REINITIALIZE, 2-
I I ! I F ,% ,.o INir PRINT')
11 1 CALL t'cLL(1)
I11z2R LA 0 , 110 ) ISEC
11! 11J FOR"AT(I1)
114. lF(TSFC.,%E.O) GO TO 999
115 STOP
110 %~D
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1 SUBROUTINE VALUE
2 IN[ Et k LOW (Z),kIGi(2)

4 1 NCR hA X, LQS,-AX , LF Z, L2 , N~OR2 LAP'DA 1, LAMqDAZ,

0 il1'E; 1') ACD;(lJU,2)
7 LOG16AL PRTED, FLA'al, FLAG2
!$ I.NTFQr CU1IAE
9 CCMMij! /4'4P/ TL,, C. SO ,ALFAO,CLO,D',LO,G., .lcO2, C03,

IC 1 RH,, TA,CLAFL'.S .uL1,L O2,11 CLAF1,SlD1 1,RLAAX#

12 S ,~liTAtf AFT',T:LAG ,.2.2,ALFA2,CL2,D2,L2

15 COMM uN IPAi :M I NJ, 10
1 t COM U /PAkM4I STEP
17 C C l!4u' A.PIARM'5I MANu~VR
16b CO0M (4 UN /PAkN itI ISEC,0'A1S1,D'xS2,PqTED

2d LOMituN /Corrmf ACLF(Ctfu),AC9A(1O..),ACTI(13C),TCHG,LF,U0,NAXLF

22 1 SP'P'4,ALF~P AlkLf;4l fj,rJRh~AX,ZAX, ZINtV'AXqVMIN 9

Z4 COMv(, M N/f$L/ LFT,L1,PSf1,ThETA1,LFl,2PS-THT2
25 1 SYT rmED7 I 5YT2 THtDTZ
26 [CMM~i /SI.C~J/ TAjS l.C3oO), TAUCiOS(360)
21 C

2 1h LQUJIV ALE N CE (CAIA , X( 5))SI 611A IXO(6)
29 EQUIVA.E.1LCE CVO,X(4)),(V1,XO(1O)),(V2,XGC 16))

31 DA TA TL S TN I/I. DE-114, I E AIT/ X/I, I Q JI K-Q -
32 C
33 COSA AestrS (G.NA)
34 4ING AM= IN (GA"A)
35 c~SSIc=COS CS IGIA)

37 COSSf1=CoS U'SY I)
3o, COsSY,-=c0S (.PSY2 )
39 cOS.In=CuS CTNEiTA1)
4L COS~m=C)S (THEfA2)

4k SIN~S i21=SIfl (PSY2)
43 %Ti= N( iE l

45 c

47 JJ=O

S L FLG 1=. FALSE.
5 1 FLAG i..FALSE .

5 z L AID Al -. 5
.53 C
54 C FLAGUl) IrDICAIES THAT M.LSSILE I ALREADY GOT AbAY

55 C
5o 10G LOU'4T INHUE
51 IF(FtA.l ) LArDA1=0.0
5b 1FFLA .2) LAY.DAl=1.O
59 LAiOA2=1.O-LAMoA1
60 IVAL:5u
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61 IPRIT=TA
62 VCX=V')AC0SGAll'COSSIG
63 -Y =O COlS .A .*S INS 10G

54 VCZ =Vr *SIN GAM

7C V 2Z =v2 -S 1% (X u (17) )
71 VPE L X I V 0-V1 X
72 R EL Y IV;Y -V IY
73 VR9ELL1=VJZ-VlZ
74 gRLL11=SwT(YFLLX1'*24JRLY1 *2VRELZ1'*2)
75 V.1 L ?=VCX-V !X
76 VRELY2=V0Y-ViY
77 VRELZ,'VuZ-V2Z

70 VRELTZ=S0RT (VF4LX2**24lRc:Y2*24VREL12**2)
7 y DELX 1=x J (1 )XO (7

u ELY 1 =X 0(Q-A0(SQ
31 L.ELZI1=AJ(3)-XG(9)

t. DE LY.=A 0 (2 )-X L'C14)I
84 DELZc.=XJ(3)-X('C15)
135 c

13 0 v I S I =Sf.r(T UJE LX1 * * +D ELY 1 *2 +0E L I1h2)
by DflS.=QrrT (OtLX~4.ADELY.-*t24DELZ2**Z2)

90 0SV 1.5*'O'XS/VKELTI
91 i) V q.5&DX /REL
9z S7EPzf', It~.(rSTEP,DSV1,DSV2)

94 IF(JJ .jl.O) rAhUVli1
95, LF=.(7
96 ULAST=UO
97 uo=O.0

9 L4 IF(4A'1UVR..,.E.1 ) G0O 3O0JO

1'Ju UD=ULAST

1112 ISEC-LSEC+l
I ui CI=-SY)T1'..I;.SY1*CvS1Hl + TfzDT1*COSSY*ShTI)
IJ4 ~(Y I FtH;DT1*( ;Si~l*CCSTm1 - 5rDTl*SlNSYl*SINTHl

liv. .. oro! = s0i T (GX1*&Gx + GY1 AGY1 4 GZ I*G ZI)
10 ? x 2 - (bY Te.I, Sv2'-CS fHe. + THiD TZ'*CUS SYk*S! 1.TH2-)
I y f. c r~2 C JS SY 2* C C)T.4 - S Y12 INS V .*S L N 2

11 U %3 , , z 'RT (-A4'*GX2 + GY26GYZ +- rGZ*GzZ)
1 11 IF (Nu,7i~1 .GE. rESTlt.Al%'.No~'a.6E .TLSTN4) GO TO ZOU.

.I1 C i c OR14 700 SMALL, NO GUliANCE PLAUJE, 00 NOTHING YFET
114 C
115 LF=ACLFCISEC-1)
I1~ IL (a01u e90
1 17 C

I1 QY =61LY I/NORM I
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123 b kY ~4
12 - z2 /. R
12 C

12 0 LOEF Al = &C.S -Am~-.,Yj *:j ,GD.M *SIN SII3-;Xl*S.NGA:"*C%)SSIG

12? C,)PAI=C ,EFA 1'(Lu~iC*SiN(ALCAO))

12., COE FL 1 Cv FE I* (LU+1 *T3S±L(ALF A)) )

13U COE F L Iz C(7i A O A0Ai)D A lI tlNA* I*O M*ISL
131 1 +v(1 I*COS GA."*CuSS Lkij tLa I tlO 'G
132 c
1.53 COE FA 2=GL2 *COSAM-YZ S IGAM *SINl I t-G IZ*SINGAM *COSS 16

134 ~COEFA2zC ,EfAc* LJ *TU' .114(ALFAO))

135 COEFd2=GY? *COS AA-t.XZ *1i .GAM

ISO~ CQE~V:>CvjE FJe(Lui+W*ASI v(ALFA(I))
1?COE FL2=( (T O AL -u (Z IG1+Y*O6. SN

13~ 2 +uXeAC0SGA.'CSSZUx)) - Gl2*'l0*G

1390 c

14C C CHLCF. .iVERY ANGLE (BY OEGREE) WI THIN +/- RLAqAX

141 C
142 tNbLK:1

144 iu, l=V(jl3. IpI)*l0O.*

14b IFClu'.Ll.1) IUU=IUO+300
14?7 IPrULL--.L;AX *STEP

149 IL(.~e1).GE.1) tjO TO i1d
15 NeLKz2

15 Z LC6 ;)=3Ic0 1-0IROLL
153 tilGHM=)360
15.. 210 CONTL4UE
155 nIGH (1 =IUJ+IPOLL
156 IF(HIGHM1)LE-36k)3 60 TO 220
151 eLz

It !2D C014 T I *,lE

16C DO 2.' Ij0=ISiT.T,lLND
16i t F1=L~cLFAl -y3Tj .(1U-.)*C0E~l~1 lA.5,rjJIUfQ)*COLFC1

10 ~ ~ t .4 LFA2' T;,b,..( IUj)IC UEE ?2' lA- SiN (IU0) COLFC2

171 lf(FLA4t~) Ai3Sl=AfGSf*2.u
Iri IF(FLA&.2) AdJS2=AJSI*2.0

174 IF(P.Fr.Ifl.LE.rFMAX) Go 10 230
171. IFLA%.IVAL
176 IIMAX:Tuf
117 Pr(F'1A'=PkF.4lf4

libIF(Au':I.LE.ASSZ) GO( TO 230
17-1 IrL-A~jaIVAL
18. 230 COU I Iu E
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18 2 C
163 C NOTE --- IFLAG 14 POSITIOE FOR LA-*4bDA 1, AN~D NEGATIVE

ih'. C FUR LAPL'DA 0

1915 c

PLC] brL,..)=PLRF2

19 L; Ponl% - a~tI.-I1 (Pf*; IN ,PL i(F1PE t&FZ)

19~ 2C CALCLJLATZ THIE dEST ACCELtRATION ialTHOIUT GUIDANCE PLANE

193 C
194 ACCXzCCT0*C3S (ALFAu)-D)*(COSC.A"*COSSIG))-

195 1 C (L u **S 11, A Fj)AO*IN( UO*SI iGAM +COS (U 0)

190 2 S1'6 A-'h*C US SLG )
197 ACCI CCTrj*LCS(ALFA)-DU).(COSGA'!'SINSIG))+
196, 1 C (L u +70it S 1','(A F A:3 'S f .( ULICO S6A1-C OS (U0)

19 2 S1',b AM.S*.' dSIG )

2J! 1 C C LL+ 10 AS5It. (A L F A )) ) *C US -A A * C (UO) )
i.32 AlSq~i2aTALC*AC.X ALCC*ACC.YIB.CZ*ACCZ)

.ui C
204 C STOkc PLOTTED VARIABLES
~U C

U ~PLC! FC,14)=NO4C1
2 G PL ( 4 L, 19 ) ANGR ,4/.4

j e1L(L3sC,30)b(X1

~U PLCI4FC,31 )GYI
L1c PLCIbFC,32):6ZI
zli PLC! FC,33)=NORM2

4 1 e LCX EC,34 )=GX2
,613 PLC1~C,35)=CYZ

214 "IC I SFC, 36)bGZ2

z215 N.ORMAW=AMA~1 t'i;iAX:C-R41 ,NOR712)
2l1 t ANAAAAAXI (ANt*AX,AKOR"0
217 E.
21. 293) CONTiP~uE

IFUPTLD) G0 TO 3CU

~Z21 CCI =L1' -' TA F Tcs'* F LA(

t. 2 ' fCH.0 TV IN T

2 ; RITL(.,,SILA) TPRINI
2 3 .10 F O"' iT C 2x ,S T A T MAEUVE i Ar T T F6 .2

e2c, CALL r3LL(3)

AL F ML':ALFAD
~2 i jX A1 h.47 (X(3,Xu 9 )x t;( 15)

236 LUN zl;.AA1 (XuC),XuCo),XUiC14))

le. s 0AX =VU
.e 3 li VF I N VU
~~4u 'AX = W
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Db"1N =Du)
LOSIP AN =0 .0

243 C
.44 3 0 J C ON 140E

ACL F (IaE ='L F

Z 4 7 .C[ I I IE C):T)R L,,

i49 ACDM ( T EC 2~ =D.4lZ

25 1IF (m'D(JJK'STEP) *NE. 0) GO TO '.77

z 5 ~ R I TL (a 4U 0 TP r'Ii.T, t0 1l, DA I S?

.~. 400 $0RRAT (., '~=-,FlD.3,2X,-DSEPi ',G1Z.3,2X,

255 1 'DSEP2 = ',GIZ.3)
250 C
25? 4.77 CONT1'UE

259 IF(O.IS.Ll D[H) jO TO 52U
c.6 u IF(TA.tLT.3.0) LO 70 43U

b I FLAG I~LG r. l
6 Z F L A G .=fL A G2 . U R. ( E,1 1S ?_. GT .DUM Z

lb ifF l.AtD.LA'2) GO TO 54U

L 64 48G CO%IifJE

205 CALL Ii4Tt30X

'!6b T A=T A+iT EP

&FI6C.E.O GO TO 530
C6v 9 6 TO 10J

i 7 SIU CONTINUE
212z 6RITL (2,515) TPRINT
Z73 PRITc (6,515) TPRIlUT
274 515 fokrmT(A,'.* A/C OR '(ISSILE VtL. IS TOO LOW -

275 1 -AT TI'E: -,F16~.3, '' /

k76 60 TO 'JOO
271 C
47, c hIT %JrCUoRED, PRINT OUT

7 52U CO., TI .E
.F l~.., ~ Ti'RIPT,DU~t1 ,DU!2

c:= 525 f 0 !, ;T (1 ,'.** *HIlT AT TIME = t103
1 f'' ,SA 'SEST )SE.PS W.E kE 1:',

.0 TU. 1,1,0
t.1!6 C
e',7 5 3C CO"iT IN L;S

d~lo OIlTc(4,535) TPRLNT

e9L 535 FO .'AT(SA,-TLC LIMIT~ AT T ',Fb.2)

493 C CLOSull mATE NEGATIVE SOLUTION -- PRINT IT
4.94 54U LONT IEU E

. 7 544. kO;4*At( X,*-* CLQS JRL HATE MEGATIVE AT TIME ',F 10.39

91' '*-',/,5x,TAl oE;T SEP 2 ,G15.o, NOW ,vG15.69I,

29 9 2 5A*'TZ: BtSi DSEP = ,615.6,', NO. ,6j,/
s00 i.0 TO 6OU
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3ui~ t(U CO% T IUF
30 u3 CALL PLLLMl
S04 C
305 KFAD(1,635) L'GIC

*. o iF (Lv,IC.Eu. I LX IT) RcTURN

J 014 0 6e9 J=1,N10
3 ov JJJ=J+6

.s I k TE.:RP I=AO(JJJ)J
.31I3 TEPIO. .A 9 KK )

04 IF(J.LT.5) GO T0 605
315 TE4 P Ti:iP. 16 S./P 1
316 7 EMP I T EhP I*f10~. /P 1
317 1 EP j =1EMiPZ 1 F3*/P I
..,14~ 605 CO,. T u E

5 q 6q If L (4,61 V J i , T MV, JJJ rEMP I K KTEMP2
.3 2 wR1TL(c0,51G) J,t *-P1,JJJ,E M *Pl,(KK,TEMPZ

.2 Z 1 '^9C , I Z,'): -,613.4,'.X,

124 6 20 COut I*~E
325 C

31 69ZI't (296&'S) :)ELXl,DELY.l,UELZ2,DMISl,DUN2
-#2 aRATc (6,63L') DELX I DELY I DELZ I, Uql S2,D0Ui

.39 1t 13WODkCLZI: ',Cale.3&'X ,'DM ISI: ',GlZ.3~
S33 2 1:: A, 'a3T o:'is %dAS ',G12.3)
.331 DL 'RT~ELL(1)DLYILoLZMSZD
331 IRLTD(,63 ) LOSIC E~eDL~qMS2D

33u 835Q FOR.i'T(A1) DL4:'(l.,ZqDL2
134 1QvDL2:'rZ3e.,Di :'G231
335 20 1 Q X ':1S E.IS U23

330CLL ,Z)t~U CAL dELLi
S3?. kEA(1,63I.2) LOGICREO1 63)LOI
33b~ IF(LvGIC.EQ. IEXIT) RETURNs
34'y iF(L4iGC.2...1JIK) GO TO 660

54u 615 COR',.TAlE

3f f. I t5

1(.3 F(sC'(I,J).,J1u) CALL d,47)

s51 637> FORA TC1X,1il?* ,uPFZ,3).,ACL'- F3.,FS,3A~C ,FQI

35 1 6y O 1 AClACEG) ,~23'L

360 63 V EP~ = ,.,3 ,.PF62,5,'CA) ,61.,FI,1,
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361 3 ',?G1(l) , 2G,,S,, 'ALPI9A = 'FS .2,3X,

3 5 2 4 1, A,, ,G Zi,/ At %AIS I TA (1)

363 5 f ,., , x -UN,l.2 z A(Z) : f9 .2v5X,
36,'1 , 6 LAHri LA1 = "-ZPFS , . )
3.5 676 CO mI N.J E
56 C

3bl I DUM =CUT Ilk. (, )-ICPUTM
s c . R I T C.. (,Z , . 9) IOUA

Y JRITL(61,C..
3 ) IlUA

.) o.v -; FOhMAT(4.XCPU TIME (SEC.,N, S) = ',50PFS.O)

*)?I C
.73. kETU
373 EW O


