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Preface

S
Air-to-air combat has been of great interest to me since being an

operational fighter pilot in the F-4 aircraft. When the subject of

working with the Smart Target Computer Simulation was proposed by

Captain Ph i l ip  L. Abold of the Air Force Flight Dynamics Laboratory!

Systems Integration and Malvsls Branch, I was eager to apply my f lying

experience and engineering knowledge to this problem.

The Smart Target Model is unique, in that it solves the air combat

simulat ion problem by duplicating, as closely as possible, what the

human pilot observes and the logic he uses to select and fly a certain

maneuver. As an operationa l F-4 pilot with combat experience, I have

had the opportunity to make these decisions and f l y  the a ir  combat

maneuvers on a regular basis. A great deal of the work that has gone

into this thesis Is a direct application of my experience.

I am indebted to Captain Phi l ip  I.. Abold , my sponsor at the Air

Force Flight Dynamics Laboratory , for providing the proposal of the

problem, and his  encouragement throughout my work on this project , and

to Lieutenant Richard Floyd for his initial help in understanding the

Smart Target Computer Program.

The assistance provided by my thesis advisor , Dr. Robert A. Calico ,

Jr., was Invaluable. }f Is direction and continued motivation were greatly

appreciated throughout the development of this project.

And most of all, I must express my deepest appreciation to my wife,

Linda , for her continuing lov, and patience in support of this thesis,

without which it is likely the project would not have, been completed.

Dennis Louthauser



Per 7- 2 5- 78 t&econ w ith AFIT (Mr. ~

. - L
W~ ’~,v~r) Plea~~ delete the classified I )

reference’

Contents

~‘f” 
~~~~ ~~~ i.. .. Page

Preface . . . . . . . . . . . . . . . . . . . ,. . . . . . . . . . ii

List of Figures . . . . . . . . . . . . . . ... . . . . . . . . . V

List of Tables . . . . . . . . . . . . . . . . . . . ~~~~~~~~~~~ . . . vii
Abstract . . . . . . . . . . . . . . . . . . . . . . . . . . . . .viii
I. Introduction . . . . . . . . . . . . . . . . . . . . . . . . 1

Background . . . . . . . . . . . . . . . . . . . . . . . I
Problem . . . . . . . . . . . . . . . . . . . . . . . . . 3
Scope . . . . . . . . . . . . . . . . . . . . . . . . . . 3
Plan of Development . . . . . . . . . . . . . . . . . . . 4

II. Smart Target Theory . . . . . . . . . . . . . . . . . . . . 5

Aircraft Axis Systems . . . . . . . . . . . . . . . . . . 5
Decision Parameters . . . . . . . . . . . . . . . . . . . 11

Ill. Situation Cell and Tactics Selection . . . . . . . . . . . . 17

Role Des ignation and Maneuver Selection . . . . . . . . . 17
Attack Role . . . . . . . . . . . . . . . . . . . . . . . 26
Offensive Role . . . . . . . . . . . . . . . . . . . . . 25
Defensive Role . . . . . . . . . . . . . . . . . . . . . 28
Evasive Role . . . . . . . . . . . . . . . . . . . . . . 30

IV. Air Combat Maneuvers . . . . . . . . . . . . . . . . . . . . 36

Evaslve M a n e u v e rs . . . . . . . . . . . . . . . . .. . .  36
Max imum ~.nergy Maneuver . . . . . . . . . . . . . . . 36
Hard Turn . . . . . . . . . . . . . . . . . . . . . . 37
Vertical Dive Followed by a Hard Pull Up . . . . . . . 37
Hard Pull Up . . . . . . . . . . . . . . . . . . . . . 37
Max imum Rate Turn . . . . . . . . . . . . . . . . . . 37
Hard lurn kollowed by a Turn Reversal . . . . . . . . 39
split s . . . . . . . . . . . . . . . . . . . . . . . 39
High C Rolls . . . . . . . . . . . . . . . . . . . . . 39

Defensive Maneuvers . . . . . . . . . . . . . . . . . . . 43
Scissors . . . . . . . . . . . . . . . . . . . . . . 43
Vertical Rolling Scissors , . . . . . . . . . . . . . 43

Offensive Role , . . . . . . . . . . . . . . . . . . . . 43
Pursuit Curve . . . . . . . . . . . . . . . . .. . . . 43
High Speed Yo— Yo . . . . . . . . . . . . . . . . . . . 46
Barrol Roll Attack . . . . . . . . . . . . . . . . . . 46
Low Speed Yo— Yo . . . . . . . . . . . . . . . . . . 46

i ll
-~ -



-~~~~~~~~~~w~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
---

~~
- ------ - 

‘7 1
I .

Page

Attack i lanouvers . . . . . . . . . . . . . . . . . . . . 50
Missile Attack . . . . . . . . . . . . . . . . . . . 50
Gun Attack . . . . . . . . . . . . . . . . . . . . . 50
Hca d—I~~~Gun Attack . .. . . . . . .  . . . . . . . .  50

V. Pilot Model . . . . . . . . . . . . . . . . . . . . . . . . 33

The Real Pilot . . . . . . . . . . . . . . . . . . . . . 54

V I .  Control Filter . . . . . . . . . . . . . . . . . . . . . . 57

V I I .  A i r c r a f t  Model . . . . . . . . . . . . . . . . . . . . . . 60

Aircra f t Equa tions of Motion . . . . . . . . , . . . . . 60
1—4 Target Model . . . . . . . . . . . . . . . . . . . 64
Opponent Model . . . . . . . . . . . . . . . . . . . . . 65

V I I I .  Addit ional  Subroutines and Function Subprograms . . . . . . 67

SUBR OUTI NE T1t~SSB . . . .. .. . . . . .  ....... 67
SUBROUTINE A TMO S . . . . . . . . . ... . ... . . . .  67
FUNCT ION EXTR A . .. . . . . . . .. . . . .. . . . . .  67
SC~B UtI~~~ L U L E R . .  . . . . . . .. . . . . . . . . ..  67
SU ROU U~ E IsLLC T . . . . . . . . . . . . . . . . . . . 68
SUBR OUT IN E RANW . .. ... . . . . . . . . . .  . . .. 68

IX. Results . . . . . . . . . . . . . . . . . . . . . . . . . . 69

X. Conclusions and Recoimnondations . . . . . . . . . . . . . . 78

Conclus ions . . . . . . . . . . . . . . . . . . . . . . 78
Reccxnmondations . . . . . . . . . . . . . . . . . . . . 79
Applicat ions . . . . . . . . . . . . . . . . . . . . . . 79

Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

Appendix A : Smart Target Computer Program Listing . . , , . . . . 83

Appendix B: Smart Target Aerodynamic Data . . . . . . . . . . . . 143

Appendix C: Smart Target rest Results . . . . . . . . . . . . . . 146
Vita . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 154

iv 

____,

~~~~~~~~~

-

~~

.. :~~~ -~i: ~~~~~~~~~~~~~~~~~~~~~~~~ 
,=~



~~~~
_
~~~~ - -~ ~~~~~~~~~~~~~~~~~~ 

~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-

~
-.--— - — ,-

~~~~~ ~
-‘- -

~~~~~~~~
.- 

~~~~~~~~~~~~

L i s t  of Figures

Figur. Pags

1 InformatI on  Flow for  Smart Target Model . . . . . . . . . . 6

2 Axis Systems Used in Aircraft S imulat ion . . . . . . . . . 9

3 Spherical Coordinate System Superimposed upon the
Body Fixed Coordinate System . . . . . . . . . . . . . . . 10

4 GeometricaL Relat ionship in Air  Combat . . . . . . . . . 12

5 Determination of . . . . . . . . . . . . . . . . . . . 14

6 Determ ination of . . . . . . . . . . . . . . . . . . . 15
7 LSTATE Flowchart . . . . . . . . . . . . . . . . . . . . . 19

8 Si tuat ion Space for the Attack Role . . . . . . . . . . . . 26

9 Situation Space for the Offense Role . . . . . . . . . . . 27

10 Situation Space for the Defense Role . . . . . . . . . . . 29

9 11 Situation Spac. for the Evasive Role . . . . . . . . . . 32

12 VertIcal Dive Followed by a Hard Pull Up . . . . . . . . 38

13 SplitSManeuver . . . . . . . . . .  . . . . . . . . . . .  40

14 High G Roll Over . ... ... . . . . . . . . . . . . .  . 41
15 High G Roll Undernoath . . . . . . . . . .  ... . . . . .  42

16 Scissors Haneuver . . . . . . . . . . . . . . . .  ... .. 44

17 Vertical Rolling Scissors . . . . . . . . . . . . . . . . . 45

18 Pure Pursuit Curve . . . . . . . . . . . . . . . . . . . . 47

19 Htgh Speed Yo—Yo . . . . . . . . . . . . . . . . . . . . .  48
20 Barrel Roll Attack . . . . . . . . . . . . . . . . . . . . 49

21 Low Speed yo.yo . . . . . . . . . . . . . . . . . . . . . . 51
22 Distribution of Pilot Skill Levels . . . . . . . . . . . . 55

23 Control Rate Model . . . . . . . . . . . . . . . . . . . . 58
24 Responsive Simulation in the Evasive Role . . . . . . . . . 72

V



— ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~ T~~~~~~~ - - 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-.

~~~ ~~~~~~~ -r~~~~~-..-- 
•- - —

~~~

----

~

-.

Figure Page

25 Responsive Simulation in the Defensive RoLe . . . . . , . . 74

26 Responsive Simulation in the Offensive Rote . , . . . . . . 75

27 Responsive Simulation in the Attack Role . . . . . . . . . 77

I 

-

~~ 

- 

vi 

- -



‘ ‘~~ - —. 
~~~~~~~~~~~~ 

‘

~~~

—‘

~~~~~~~~~

List of Tables

Table Page

I Air Combat Maneuvers Selected for Lach Situation Cell . . , 33

II Role Decision Parameters Based upon Pilot  Sk i l l
Factor as Determined by SUB RIJUT1 NE SKILL . . . , , , . . 56

III Initial Conditions for Smart Target Test Runs . . . . . . . 71

IV Aerodynamic C o e f f i c i e n t s  and S t a b i l i t y  Derivatives . . . . 144

V Hard Pull Up . . . . . . . . . . . . . . . . . . . . . . . 146

VI Split S . . . . . . . . . . . . . . . . . , . . . . . . . . 147

VII  High C Roll Over . . . . . . . . . . 4 • 4 . . . , . . 148

V I I I  High C Roll Undernea th . . . . . . . . . . . . . . . , . 149

IX Maximum b.norgy Maneuver . . . . . . . . . . . . . . . . . . 149
X Max imum Rate Turn . . . . . . , . , . . . . . . . . . . . . 150

5 XI Vertical Rolling Scissors . . . . . . . . . . . . . . . . . 150

XII Scissors . . . . . . . . . . . . . . . . . . . . . . . . . 151

XIII High Speed Yo— Yo . . . . . . . . . . . . . . . . . . . . . 152

XIV Low Speed Yo—Yo . . . . . . . . . . . . . . . . . . . . . . 153

I

vii 

- - - - — -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— 

~~~~~~~~~~ -~~~~~-~~~~~- m ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .
~~~; 4 ~~~~~~~~~~~~~~~~~~~~~~~ 

— -

~~ 
, 

~~~~~~~~~

A11T/GA[JA.A/7814.7 V

Abstta~1

1Research and evaluation were conducted to determine If an adaptive
maneuvering target could be utilised for a i r - t o— a ir  combat s imula t ion

In the Large Ampl itud e Mu lt imod e Aerospace Research SimuLator (LAMARS) .

A computer program was dev.Lop.d, based on Quest Corporat ion’s Smart

Target , which enabled the target to make tactical decisions bas.d on

aircraft states , make variations in decision parameters corresponding

to differences in pilots , and to provid, control inputs to fly ac tual

air comba t mansuvers. Validation of the simulated target was accom.

pu shed by numerous test runs to ensure simulated maneuvers were realts—

t i c , and continuity between maneuvers at dif fe ren t  p i lo t  ski ll  levels

was va l id .

(1
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DEVELOPMENT OF SMART TARC~T FOR SIMULa TION

OF ONE-ON-ONE AIR-TO-A IR Ct~*IBAT

I. Introduction

Backgyound

The s imula t ion  of air—to-air combat La not a new field (Ret 1:1).

However, the greatest strides In developing r ea l i s t i c  air combat simu-

lators have been achieved since the advent ot digital and hybrid com-

puters. Many U. S. Government agencies and private corporations have

developed such simulators. There have been many techniques employed in

simulating air—to—air combat. These Include differential games theory,

numerical methods in trajectory optimization, energy maneuverabIlity,

and adaptive m~neuvortng targets. Although these approaches may be very

useful  in de te rmin ing  optima l f l igh t  paths , evalua t ing  m i s s i l e  guidance

systmus , or designing automatic control systems, they lack the realism

of a human pi lo ted a i r c r a f t .

Therefore, In s imula t ing  aerial combat , a r e a l i s t i c - p i l o t e d  target

Is desirable. Many other adaptive maneuvering targets have been developed

w i t h  varying degree of complexity (Ref a 2-5) .  The Tactics II  target  uses

one all encompassing tactical rul. and l i mi t s  i tself  to the horizontal

plane. Other models, such as COAP and TAC Avenger , are able to generate

some of the classical air combat maneuvers, but are too deterministic

w ithin the defensive part of an engagement. The Adaptive Maneuvering 
—

Logic (ANL) model provides the best maneuver ing target to date. However ,

the target has proved unrealist ic , In that it is able to maneuver beyond

the norma l capabilities of most aircraft.

1
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In 1976 , t he Aerospace Medica l Research Laboratory (i MRL) at Wright-

Patterson AFB, Ohio saw a need for  a maneuvering target to be uswd in

t h e i r  Dynamic Environment Simula to r  (DES ) .  They contracted to the Quest

Research Corporation to provide a computer simulation which would in-

corporate target logic Into equations of motion of a simulated aircraft,

determine the state of the aircraft in real time , and display the target

continuously over a subject’s field of view. The Quest Corporation sur-

veyed many of the above mentioned simulation systems. They concluded

that the best overall tactical  model for a responsive target was the

one developed by Captain Robert P. Barrett in his AFIT Master’s Thesis

(Ref 6) . The Smart Target computer program was then w r i t t e n  by the

Quest Corporation based upon Barrett’ s model (Ref 7) .

Smart Target is unique in tha t It  responds to the maneuvers flown

by the s imulator pi lot , which in turn forces the p i lo t  to change his

controls in response to the target ’s maneuvering . But , because the tar-

get Is intended to fly against a human pilot , this target has been de-

signed to duplicate, as closely as possible , the logic u t i l ized  by a

pi lo t  in reaching decisions and execut ing them . To acconfp lish th is ,

the entire combat space is divided into situation cells. For each of

these s i tua t ion  cells , air  combat tactics dictate which classica l a i r

combat maneuvers will be flown. This model contains a full repertoire

of tactical maneuvers, so that It may effectively operate in all regions

of the combat space. The selection of a certain maneuver In a given

sItuation is also dependent upon the skill level of the simulated pilot.

The p i lot ’s sk i l l  level and hence h i s  decision process may be altered.

This  s k i l l  level ranges from the over-aggressive, over—confiden t fIghter

pilot , to the newly trained , timid pilot.2



The Air Force Flight Dynamics Laboratory/Systems Integration and

Analysis Branch (AFFDL/FGD) is Involved in an F-l06 Integrated Fire

Fl ight Control (IFFC) simulation program. One phase of this program is

to investigate the adequacy of their Large Amplitude Multimode Aero-

space Research Simulator (LAMARS) in an air-to—air combat environment.

AFFUL/FCL) concluded that Smart Target would provide the necessary

maneuvering target to validate their air-to-air simulation.

Problem -

the prob lem of th is  thesis is to evaluate the Smart Target computer

program and make necessary changes, so that It may provide a responsive

target for simulator use. The purpose of this study Is to determine if

Smart Target provides an acceptable maneuvering target for the LAMARS

air  combat s imulation. I

Scope

In evaluati~tg the Smart Target , the fol lowing areas are covered Z

1. Check the logic by which the target selects an appropriate

maneuver In any given s i tuat ion.

2. Evaluate the factors upon which the target bases Its decIsion .

3. Redefine the controls necessary to f l y  each selected maneuver.

4. Ensure that the target continuously responds to changes

i n i t i a t e d  by the opponent.

5. ExperImen t with different pilot skill levels.

This evaluation was not run on the LAMARS system due to lack of

computer time. The entire s imula t ion  was conducted on the CUC 6600

computer.

C
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( pjan of Developmen t
The program was obtained from AMRL. S ince they had made numerous

changes to Smart Target , the first step in solving th is problem was to 
- 

-

return th. program to th. origina l forma t used by the Quest Corporation .

Second, various subroutines required modification so that the program

would be compatible with the CX 6600, Third, an aircraft model developed

using dynamics of an F.4E/J airct~tt t was attached . Fourth , various test

cases were run to verity that the target selected the correct maneuver

for each si tuation cell. Fifth , the desired control inputs wera altered

ex tensively so that the maneuver flight paths were realistic. And

f inally, numerous test eases were executed to eva luate the effect of

pilot skill level on the maneuvers simulated.

(-.1;



11, Smart Target Theory

A generalised information f low diagram of the Smart Target model

is shown in Fig. 1. i t  shows how the tactics selection logic relates

to the ent i re  responsive target model. The opponen t a i rcra f t  and tar-

get dynamic models provide the geometric Inputs to the tactics selec-

tion model. These are discussed in deta i l  In Chapter VU. Another

input to the tactics selection logic Is the p i lo t  model , which is dis-

cussed in Chapter V. The tactics selection logic outputs the s i tua t ion

cell In which the aircraft presently resides. This situation cell along

with the dynamIcal inputs from the target and opponent provide the basis

for the maneuver generation. The maneuver generation , covered in

Chapter IV, determines the desired value of angle of attack, side slip

ang le, bank angle and thrust to be used in a particular air combat

maneuver. Since the desired controls frequently exceed the aircraft’s
capability, a control filter is used to limit the values of the control

variables. This control filter is covered in Chapter VI. These control

variables are input to the target dynamical equations to generate the

actual flight path. These target dynamics are then fed back to the

tactics selection logic and to the opponent’s visual display.

A ircraft Axis Systems

Prior to developing the actual dynamics of the Smart Target model,

a discussion of the various coordinate systems used is appropriate.

In every dynamics problem, an inertial reference frame must be

defined. For the purpose of this thesis, an earth surface fixed co-

ordinate system, FE, will be considered as the inertial tram.. Several

5 

~-~~~~~~~~ -~~~~~~ - - -  
-
~~~~~~~ - - - -



~
‘
~~~~~

‘ 
~~~~~~~~~ ‘ 

~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
—-~--‘~~~ 

- - - - 

~~~~~~~~~~~~

TACTICS PILOT
— p SELECTION MODEL

MANEUVER OPPONENT
GENERATION I AIRCRAFT

LOGIC DYNAMICS

CONTROL
FILTER

TARGET
DYNAMICS

1
OPPONENT

p VISUAL
DISPLAY
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assumptions are made regarding the choice of this inertial frame.

First, it is assumed that the earth is flat, and that the rotation of

the earth can be neglected. Second, gravity is assumed to be a constant

in both magnitude and direction.  Third , it  is assumed that no wind or

movement of the air mass exists. The z
~ 

axis is directed vertically

down and xg - YE is the horizontal plane, with xg point ing north and

~E 
pointing east.

The vehicle vertical reference frame, Fv, is attached to the air-

craft at the center of gravity (e.g.). The axis is directed verti-

cally downward, along the local gravity vector. The XV axis points

north and the axis east. Since the earth is assumed flat, Fv has

axes parallel to F~, and the angular velocity between the frames,

is zero. Hence , if the origin of the earth surface frame is located

iimnediately below the vehicle at time zero, the target coordinates

would be XE — 0, Yg — 0, Z g — _ht, where hr Is the al t i tude of the

target.

The target pilot views his opponent from a body fixed coordinate

system, FB. In this system , the origin Is located at the c.g. of the

aircraft. The XB axis is directed forward along the Intersection of

the plane of symmetry and the waterline plane. The axis is oriented

down from the a i rc ra f t  in the plane of syiwnetry and perpendicular to

the XB axis. The XB - a5 plane Is the plane of symmetry of the air.

craft. The y5 axis is oriented out the right wing and completes a

right-handed orthogonal system. The angular velocity of FB relative

to FE is ~, and has the components p, q, and r. The components of V5

are u, v, and v.

- - - 
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The reference frame used for the aircraft force equations is the

air trajectory reference frame, or wind axes (Ref 8:109). The origin

of this frame Is at the aircraft c.g. The x
~ 
axis is directed along

the velocity vector of the aircraft. The z~, axis is perpendicular to

the x~, axis and lies in the plane of svumtetry. The y1, axis completes

a right-hand orthogonal coordinate system.

In addition , the stability axis system is utilized when dealing

with the aerodynamic coefficients. In this righ t-handed coordinate

system , the origin is fixed at the c.g. The x5 axis is the projection

of the x~, axis on the aircraft plan e of symaetrv. The angle between

these two axes is defined as th. side slip, ~~ . The angle between the

X 3 axis and the XB ax is is defined to be the angle of attack , a. The

a5 axis lies in the plane of synmietry and is coincident with the

axis. In a similar manner the y5 axis is coincident w i t h  the Y~ axis.

Fig. 2 shows the relat ionship between the various coorilnate systems.

In air combat, the pilot actually considers his opponent in a

spherical coordinate system super imposed upon the body axis system. In

this system, RF is the range to the opponent. In this thesis, the

subscript T refers to the target or reference aircraft or to the target

fixed vertical reference frame. The F or OPP subscripts denote the

fighter or opponent or non-reference aircraft. The symbol T,F  denotes

the azimuth angle to the opponent, and is measured positive to the right

in the XSYB plane. The elevation angle, ‘1?, is positive above the

X 5y8 plane. This is shown In FIg. 3.

The orientation of F5 with respect to Fv may be found by consecu-

tive rotations about the axes a, y, x, through the angles 4j , 0, 0,

i t
respectively.

8
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Opponent

.

5

Target YB

‘B

Fig. 3. Spherical Coordinate System Superimposed Upon the Body Fixed
Coordinate System (Ref 6:9)

1. Th. rotation 4 is about the ‘v axis and carries the axes to
X2 y~ ‘2 tji is the heading angle.

2. The rotation 0 is about the y2 axis and carries the axes to

x3 y~ 13. 0 i5 the pitch angle.

3. The rotation 0, about the x3 axis, carries th. axes to their
fina l position , F5. 0 is the bank angle.

10
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Decision P;~~nmeto~g

In order for  the target to react roa1 i~~r t ca l l v , the actua l log ic

used by a pilot in reaching his decision is simulated. At very long

ranges the pilot sees his opponent as a point mass. He is able to

estimate range, az imuth , and elevation. As t ime progresses , he is able

to est imate range rate, RF, azimuth rate, ~~, and elevation rate, ‘1cr.
As range decreases, the pilot sees the opponen t as a rigid body, with

a specific angular orientation within his body-fixed frame5 This Is

the level at wh ich decisions are usually made.

The situation space used in developing the Smart Target tactics

is composed of 37 situation cells. These situation cells were defined

because a moaningfu l difference in combat tactics selection exists

between each cell and the surrounding regions. The five dimensions

used to define the combat space are range, range rate, steering error,

steering error of the opponent, and *nglo off. The pilot v iews t hese

parameters in his body axis system. Figure 4 shows the geometrical

relationship of these dimensions. O.,~, the steering error of the

target, is def ined to be the angle between the veloc i ty vector of the

target and the range vector. Likewise , the steering error of the

opponen t , ~~~~~ is defined to be the angle hetwoen the opponent velocity

vector and the range vector. The angle off of the target , 0
~~
, is de-

fined to be the angle between the opponent voIoctt~’ vector and the line—

of-sight extended through the opponent. Situ~ tton space dichotomIzatIon

logic uses the five variables, range, range rate, 0,~, ~~~~ and to

determine in which of the 37 situation cells the target .tirc ratt

presently resides.

11
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Fig. 4. Geometrical Relationship in Air Combat (Ref 7*3.5)

The computer simulation continuously updates the target’s relative

states. These are in th. earth surface fixed frame. To enter the

tactics selection logic, the earth—fixed coordinates must be trans—

formed to the body axis system and then to the pilot ’s spherical
coordinate system. The target states consist of the following com-

ponents:

XTE4 ~TE’ ~~~ 
the position coordinates.

UTE, VtE, Wig, the velocity components in

the XE, ~~~ ‘E 
directions, respectively.

$t~’ 
9TV •TE’ the Euler angles corresponding to heading

angle, pitch angle, and bank angle,

4 respectively.

12
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For the t ig h t er  or opponent , th e corresponding term s are labeled X0pp

through w0pp and through

First the opponent’s relative position is determined ~n the target

vertica l frame s

AX a X~pp - X Tg (I)

AY a Y0pp - 
~TE (2)

As — ‘OPP - ‘TE
_ (~~2 • e A~~~)

½ 
(4)

The opponent’s relative velocity components in th is  frame are:

AU • u0pp - UTE

Av — V0pp - vTE (6)

— W~pp - WTE

The position and veloci ty components of the fighter are transformed

from the target f ixed  ver t ica l  frame to the body fixed frame through an

Euler  angle transformation. The transformatIon matr ix is:

cOuh cOmlj -sO

• sflsOcth - cOs4t sOs0s4i • cOc4~ sOcO (8)

cOs8c~c • sDs~Li cflsOstjt - sOals cOcO

where c and a are abbreviations for cosine and sine, respectively. The

angles 0, 0, and iJJ represent 0TE’ 01E’ and ~TE’ 
respectively.

XF.

Y~ 
— Lay AY (9)

IL. As

uF Au q’~ - ry~
V
f 

L5~ AV - IXF - (10)

py
~ 

- qx~

13
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Azimuth and elevation angles can now be determined.

-Sw
— sin 1 ( —

~~ ) (11)

a sin 1 ( ~F — )  (12)F RF CO5 9,

The rules for selecting the proper quadrant for these and other

angles in this chapter may be found in the listing of PROGRAM SMTFGT

in Appendix A.

The range rate, RF, is foun d by taking the scalar produc t of the

fighter ’s velocity vector in the target’s body frame and the line—of—

sight vector to the fighter.

RF u F cos
~
1F cos

~~y
+ v F cos 1F sin

~~F
_ w

F sIn i
~p 

(13)

Th. heading angl, of the opponent expressed in the body centered

f rame, 4SF’ must be found in order to determine the azimuth rate and

elevation rate of the opponent. 
~‘F 

is s imply the angle between the

target xB axis and the component of the opponent ’s relative veloci ty

vector In the X5y~ plane. Refer to Fig. 5.

x~~ plan. 

Opponen~~.~~~ /2~~~~~~

(uF
2 
• VF

2) 
~

Fig. 5. Determ InatIon of 
~‘F (Rot 6*16)

14
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~ty COS ’ 2 2 ~ (14)
(uy • vF )

If v~. is negative, then

1 
UF

a — cos~ (15)
UF F

Th. special cases where iqs (14) or (15) become singular are

treated in PROGRAM SMTTCT. Refer to Appendix A, PROGIWI SMrTGT.

Now,

2 2 ½
(us. • vF ) cos • - 

~~ (16)F Rr cos nr

This .quation is shown in Fig. 5. Also,

— 
(*

2 
• v~

2)~ cos - 
~
F) sin 1F - wF CO~~~~~~ (17)

Ry

See Fig.. 6, which shows the plane containing the 55 axis and the

line-of—sight ‘Vector.

t Uy • VF) cos (4t.,~ ~~~~~~~~~~~~

__~___;~~~~

— 

\-

____

~~

_ 
- 

~~~~.- -Fig. 6. Determ inatIon of 1
~ 

(Ref 6:17)
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Next, the steering errors and angles off are determined. The

target ’s angle of f , 0T’ is found according to the following equation:

COS OT — 
VO P P I R F

V0pp ftp

(18)

— 

(Ax)(u0pp) e (Ay)(v0pp) • ( Az)(v0)~~~
VOn’ ftp

The target’s steering error to the opponent is simply:

cos 0T — cos cos tip (19)

The opponent’s steering error is:

00PP — 
~~~~

0T (20)

The opponent’s angle of f is not used in this simulation.

H 16
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III. Situation Cell and Tactics Selection

This chapter contains a discussion of the situat ion cell and

maneuver selection as determined in FUNCTION ISTATE. The situation

space dichotomization logic uses the fou r variables , range , Rp, range

rate , i(
~
, the deviation angle or steering error of the target , 0T’ and

the angle of f of the target, 0T’ which were developed In the previous

chapter.

Role Designation and ~1aneuver Selection

An aircraft in the air-to-air combat environment may assume one of

four basic roles:

1. The attack role occurs when the target is in a situation

nearing weapons utilization. In this case, the deviation angle is small

whether in the fron t or rear hemisphere of the opponent.

2. The offensive role occurs when the target has an advantage

over the opponent, but is not necessar ily in a position to utilize his

- weapons.

3. The defensive role occurs in two cases; In both cases the

target is in the front hemisphere of the opponent. Either the target

no longer considers h imself to have a steering error advantage over the

opponent, or the opponent has a steering error of less than 20 degrees.

4. The evasive role occurs when the target is in a position to

have weapons launched against it. In this case , an immedIate evasive

maneuver must be performed . 
-

Wi thin each of these role designations , the target may select from

several combat maneuvers, depending upon wh ich sI tuat ion cell he

17
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occupies. Each sItuation cell Is designated by a three d i g i t  number.

The hundreds digit corresponds to the air combat role in which the

target is involved.

5 - attack

4 - offense

3 - defense

2 — evasion

W i t h i n  the attack role there are two basic components which correspond

to attack f rom the fron t of the opponen t and attack from the rear of

the opponent. Likewise, the offensive role is divided into front

offense and rear offense. A flow chart of the decision logic is pre-

sented in Fig. 7.

The role decision parameters used in the FUNCTION ISTATE are input

from SUBR OUTINE SKILL . These parameters are def ined and the i r  nomina l

values given below.

is nominally 90°. It is the target’s maximum angle off for a

rear attack.

amax is the maximum angle of attack utilized by the target aircraft.

This determines the amount of steering error which can be cancelled In

an immediate attack.

004 
is the target’s maximum steering error for a frontal attack.

Nominally, it Is 30°.

0D5 
is the target ’s maximum steering error for frontal offense.

Nominally, it is 60°.

E 06 is an arbi t rary  angle beyond which the opponent’s steering

( 
error i s considered large, It Ia 200 in the nomina l case.

18
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o 380, 392 , - Statement Labels
394 , 900

6
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E > A- 09 ~OPP
380

Y
DEFENSE

< 6~~O 
N___

MANUVR — 33 L!~~~
UVR 

~~~~y

INI~( — 312
R < 3000 N

392,V” MANUVR—ISELCT

___-

INIX — 311

MANUVR—lSE1.C~
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I
- -—

IS TATE— INIX

1~~~
E-EJ -

Fig. 7. (concluded) ISTATE Flowchart (Ref 7*A.32)
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is nominally set at 100. It the target’s steering error

exceeds his opponent’s steering error by more than E~~ , the opponent

would be considered to have a distinct advantage.

‘
~
maxT 

is the maximum effective tracking range. This indicates the

range beyond which the probability of being killed by the opponent de-

creases sharply. If the target assumes his opponent carries missiles,

is a rb i t ra r i ly  set at 6000 feet. If the target could ascertain

that the opponent had no missile capability , Rmax could be set to 3000

feet. However, this would usually be an unwise assumption to make .

R.~ax is the max imum weapon range. Again, the target must assume

the worst conditions , since he does not know the status of the weapons

carried by his opponent. Rmax~ 
is set at 20,000 feet. This corres-

ponds to an opponent with a long range missile capability.

Attack Role

The f i r s t  test in determining the target’s role is whether the

angle off of the target is less than ø~~~. This indicates whether or

- not the target is in the front  hemisphere of the oppon ent. The nex t

level checks the steer ing error or deviation angle of the target , 0T’

If the target is in the opponent’s front hemisphere and eT is less than

O
D
4

~~ 
the target is in the rear attack role. On the other hand, if the

target Is in the front hemisphere wi th  the steering error less than

e04, i t  is in the front  attack role. Once It has been determined that

the target is in the f ront  attack role the remainder of the logic is

based only on range.

For the frontal attack, If the range to the opponent is greater

than 20,000 feet, the target will perform a barrel roll attack. If the

_ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~ ~~~~ ~~~~~~~~~~~~~~~~ ~~~r~~~r n
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range lies between 12 ,000 feet and 20 ,000 feet , the target w i l l  f l y a

pure pursuit  for  a m i s s i l e  attack. And if the existing range Is less

than 12,000 feet, a head on gun attack is appropriate.

For the rear attack role, there are three categories of fl~, angle

of f , which are considered in addition to range. These categories of

angle of f are less than 450, greater than 450 and less than 60°, or

between 60
0 
and Ø~~. For these categories, the target will select a

pure pursuit course to decrease range, a pure pursuit course to track

for a missi le  at tack, a lead pursuit cnurse to track for a gun attack,

or a high speed yo-yo to avoid overshooting the opponent. See FIg, 8

for the exact s i tuat ion cells corresponding to attack role. In this

figure and the ones that follow , the opponent velocity vector is located

at the center of the figure and the range along the vertical axis.

Although these plots are only a two dimensional representation of range

and angle off , they facil itate understanding which regions apply to each

sItuation cell.

Offensive Role

If it is determined that the target is in the rear hemisphere of

the oppon ent , but not In the attack role , the target is in the rear

offense role. In this role it is f i r s t  determined whether the angle off

is less than 600 or between 600 and fl~~. The next step is to determine

whether the target has a steering error greater than 900. This indi-

cates that the a irc ra f t  are separating , probably as a result of a pass

in a nose quarter attack. These situations are considered separately.

The other rear offense situations arc further broken -down by range.

See Fig. 9 for the rear offense situation space.
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There are three situations in which the target is considered to be

on offense in the opponent’s front hemIsphere. The first case occurs

when the target steering error is greater than 004 
and less than 

~~~
The second case occurs when the steering error Is greater than 

~~~ 
and

less than E~~. The third case occurs when the steering error of the

opponent Is less than 004 
but the range is greater than Rma~~. See

Fig. 9. -

Defensive Role

The defensive role occurs for two cases when the target is in the

front hemisphere of the opponent and has a steering error greater than

0~~. The first case occurs when the target’s steering error is greater

than E09
. The second case occurs when the range is between and

Rmax~ 
with the opponent having a steering error less then E06

.

For the first case, if the range is greater than 6000 feet, the

maximum energy maneuver is selected. If the range decreases below 6000

fee t, the target selects randomly between a hard turn, maximum rotation

of the opponent’s line-of-sight vector, or a maximum rotation of the

opponent’s proportional pursuit vector. These maneuvers all correspond

to a hard turn into the opponent. If range decreases below 3000 feet,

the target will select randomly between a turn at max imum rate, maximum

rotation of the opponent’s lead pursuit vector, a split s, a vertical

roll ing scissors, a maximum rotation of the opponent ’s proportional

pursuit vector, or a scissors.

For the second case of the defensive role, the targot will select

front a maximum rate turn, a hard turn Into the opponent, a max imum

rotation of the opponent’s line—of-sight vector, or a max imum energy

maneuver to disengage. Fig. 10 shows the si tuat ion space for the

defensive role.

28
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Evasive ~~~~

The evasive role occurs only when the opponent’s steering error is

less than Eu6 
and the target Is less than the range, Rmax from the

opponent.

Within the evasive role, the opponent Is Inside the maximum track-

ing range for his weapon. It, however, the range is greater than 3000

feet and is increasing, the target should capitalize on this energy

advantage to increase the separation distance. This is accomplished by

perform ing a maximum energy maneuver.

If the target does not possess an energy advantage, the target has

several maneuvers which are appropriate. These are a hard turn into

the opponent, a vertical dive followed by a hard pull-up , or a max imum

rate turn. Each of these maneuvers is appropriate, and one Is selected

at random , wi th  a better chance of selecting a hard turn into the

opponent. -

As the opponent comes inside 3000 feet range, the split S is added

to those above in the target’s list of choices. When the opponent comes

inside 2000 feet, he Is in gun firing position and the target must

immediately increase the opponent’s angle o f f .  Two maneuvers are added.

They are an immediate pull-up at maximum angle of attack and a hard turn

followed by a turn reversal. The target will no longer consider the

max imum rate turn or the vertical dive followed by a hard pull up. In

both of these maneuvers, the target must decrease his angle of attack,

and does nothing to immediately increase the opponent’s angle of t .

With the range less than 2000 feet, and an excessive rate of

closure, the target should perform ei ther  a h igh  g roll over or a

~ 
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If h i s  airspeed is below 350 KCAS, where KCAS is knots calibrated air-

speed , he wi l l  never be able to roll over the top , and would perform

the roll underneath. See Fig. 11 for the evasive role situation space.

Associated with each situation cell are one or more appropriate

maneuvers. When the target occupies a defensive or evasive cell, the

choice of maneuvers is made on a random bas is In such a manner that a

particular maneuver is selected a predetermined fraction of the time.

Certain offensive cells also have more than one maneuver . However,

these maneuvers are chosen on a deterministic basis. Table I contains

a list of the maneuvers associated with each situation cell.

The final output of FUNCTION ISTATE consists of the situation cell

number and the selected maneuver for that si tuation cell. These two

parameters are then utilized by SUBROUTINE DESIRE to generate the

actua l controls needed to simulate the maneuver. See Append ix A for

a detailed listing of FUNCTION ISTATE.
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Fig. 11. Situation Space for the Evasive Role (Re f 7:3.17)
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Table I
Air Combat Maneuvers Selected for Each Situation Cell

Situation Random Selection Rate/
Cell Maneuver Selected Selection Criteria

201 1. Hard pull  up 30%
2. SplIt s 20%
3. Hard turn 30%
4. Hard turn followed by a reversal 20%

202 1. High g roll over Equivalent airspeed
> 507 feet/sec

2. High g roll underneath Equivalent airspeed
( 507 feet/sec

211 1. Hard turn 60%
2. Maximum rate turn 20%
3. Ver tical d ive followe d by hard

pull up 20%

212 1. Split s 20%
2 . Hard turn 40%
3. Max imum rate turn 20%
4. Vertical dive followed by hard

pull up 20%

221 1. Hard tu rn 60%
2. Maximum rate turn 20%

-~ 
- 

3. Vertical dive followed by hard
pull up 20%

222 MaxImum energy maneuver

301 1. Max imum rate turn 40%
2 . Hard turn 40%
3. Maximum energy maneuver 20%

if 311 1. Hard turn 60%
2. Split s 20%
3. Scissors 10%
4. Vertical rolling scissors 10%

312 Hard turn

313 Maximum energy maneuver

401 1. H igh  speed yo-yo < -127
2. Pure pursuit R < .84
3. Lead pursuit Ii ~ -84
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Table I (continued)
Air Combat Maneuvers Selected f or Each Situation Cell

Situation Random Selection Rate/
Cell Maneuver Selected Selection Criteria

402 1. Low speed yo-yo -R < .028R + 42
2. Lead pursuit -R < .028K + 84
3. Pure pursuit -R < .028R • 127
4. Lag pursuit - A >  . 028R + 127

403 Low speed yo-yo -

411 1. Lag pursuit R >  -.028R
2. Low speed yo-yo k < -.028a

412 Barrel roll

421 Hard turn

422 Pure pursuit

423 Barrel roll

431 Barrel roll

441 Pure pursuit

451 Low speed yo-yo

461 Barrel roll

501 High speed yo-yo

502 Lead pursuit (gun attack)

303 Pure pursuit (missile attack)

504 Pure pursuit 
-

511 High speed yo-yo

512 Lead pursuit (gun attack) 
-

513 Lead pursuit

514 Lead pursuit

521 High speed yo.yo

522 Load pursuit (gun attack)

523 Lead pursuit
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Table I (continued) 
-

Air Combat Maneuvers Selected for Each Situation Cell

Situation Random Selection Rat./
Cell Maneuver Selected Selection Criteria

324 Lead pursuit

331 Head on gun attack

332 Pure pursuit

533 Barrel roll
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IV. Air Combat Maneuvers

The control inputs used to simulate each Air Combat Maneuver are

contained in SUBROUTINE DESIRE. The main program calls DESIRE on each

time through the loop. As a result, the desired control Inputs are

continuously updated .

The controls u t i l i zed  in this simulation are : a0, angle of attack,

~~ 
sideslip angle, 0D’ bank angle, and ThrustD, thrust. These corres-

pond to the pilot ’s control over elevator, rudder, ailerons, and

throttle, but eliminate the need of simulating a complicated control

system. -

In spite of the development of high performance fighter aircraft,

pilots today learn the same basic air combat maneuvers that have been

flown since World War I. The only changes have been In the size of the

arena and in the formation tactics utilized. Since the success of Smart

Target depends a great deal upon the maneuvers being realistic, it is

appropriate to discuss the purpose of each maneuver and its desired out-

come in air battle,

Evasive Maneuvers

4 Maximum Energy Maneuver. The maximum energy maneuver may be per-

formed in any phase of air combat, but is normally considered as an

evasive or defensive maneuver. As its name implies, this maneuver is

designed to increase the aircraft’s velocity and thus increase its energy

level. The purpose of this maneuver is to increase the separation die—

tance between aircraft or to exit from the combat arena. By simply un-

loading the aircraft at 0 - .5 g’s, in a wings level attitude, with
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maximum thrust, the pilot is able to increase his energy level and

accelerate to a higher mach number than his opponent.

Hard Turn. The purpose of the hard turn is to prevent the opponent

from achieving a firing position. The object of this maneuver Is to

rotate the target’s angular velocity cone away from the opponent. The

— main concern when performing this hard turn is to acquire a smaller

turn radius than the opponent. This will force him outside the target’s

turn and prevent the opponent from achieving a tracking solution. The

hard turn in this simulation is performed in the horizontal plane.

Vertical Dive Followed ~~ a Hard Pull 3~~
. This maneuver accom—

pl ishes the same objectives as the hard turn, except that it is flown

in the vertical rather than the horizontal plane. The target rolls to

an Inverted at t i tude and pulls the a i r c r a f t  into a dive. As the dive

nears the vertical position the target wi l l  roll wings level and pull up

with maximum angle of attack. If the opponent has followed the target

into the dive, the hard pull up is designed to force the opponent to

overshoot the bottom of the target ’s flight path and thus break any

tracking solution which the opponent possessed. See Fig. 12 for a

depiction of the vertical dive followed by a hard pull up.

Hard Pull ~~~. The hard pull up serves the same purpose as the

vertical dive followed by a hard pull up, but is done at closer range

when there is insufficient time to accomplish the dive. It also

attempts to force the opponent to overshoot the target’s flight path

and preclude a tracking solution.

Maximum Rate Turn. This maneuver is comparable to the hard turn,

but Is accomplished at greater range. The maximum roll rate allows the

pilot  to very quick ly obtain h is  desired bank angle. As the turn is
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started, a slight dive is employed to generate angular velocity and

also to retain future maneuvering potential. Because the opponent is

— at a greater range, his rate of turn w ill appear to be less than the

target’s, and his angle off and rate of closure will increase. Again,

the desired result is to cause the attacking aircraft to overshoot the

tt~rget’s flight path.

Hard Tu rn Followed ~~ a Turn Reversa l. The hard turn with

reversal, like the other evasive maneuvers, is designed to defeat an

opponent’s tracking solution. In this maneuver, the target will

random ly fly a hard turn, followed by a turn in the opposite direction.

The hard turns make it extremely difficult for the opponent to achieve

consistent tracking due to the unpredictability of the maneuver.

Split ~,. The Split  S is initiated Identically to the vertical dive

followed by a hard pull up. The maneuver continues to- be the same until

the vertical position is achieved. Instead of rolling at this point,

the target wi l l  continue to increase back pressure , f l y ing the aircraft

through the vertical and using the pull out from the d ive to cause the

opponent to overshoot. Figure 13 shows the flight path of a Split S.

High ~ Rolls, The high g rolls are very effective evasive

maneuvers at close range because they are difficult to counter effec-

tively. These rolls appear to be simple aileron rolls, but In reality

are high pertozinance vector rolls performed at high angles of attack,

which allow the defender to u t i l i z e  gravity and induced drag to reduce

his airspeed and change direction more rapidly than his opponent. The

objective of these maneuvers is to remove the attacker from his firing

position. Figs . 14 and 15 depict the high g roll over and the high g

roll under, respectively.

39



- — -w - “n- — -- ------—----
~
— -— ——-- --5., ~~- ,~~~~

- 
~

- -5 --5- -,---~~~-.-—---- -- -  
--

~~~
- -.,-,-,.- — --5—-~~~~~~~~-~~ —--—-~~——-

I-

40

~~~~~~- -~~~
— -

~~
-- ~~~~~~~ -~~~~

~-



~ 
¶~

__ 
~~~~~~~~~~~~~ — - --5-.- 

~~— --5——— —.—--~~ - -5-—

/

7

-4

• 

- -

. 

~~_J

- 

41

- - - - -5 -

- .•~-~-—~~~ 
,- ----— -

~~ 
- —-5- 

~~~ ~~~~~~~~~~~~~~~~ ‘- 
- - - -  ——- __________________



- 
~~
•—

~~~~~~~~~
- --•-- ---•.-, —• —•

~ 

- ------- —•- - --—---5------ -.--— -5- -•-—,• -- - - • -— —- ----5—— - - m’1y ~~~~~~

J 1v  I
—

V g~

~~~~~~ II E
—-5— II

/ 
-

42 • 

- -5 ~~~~~~~~~~~~~~~~~ -

~ 

- -~~~~~~~
_
~~~~~~~~- —•---—~-5—=~~

.=-.-
-- 

- 5 - — - --



TTI - 

-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ T - ~
--—

~~ 
:‘~~~~~ j~~~~~~~~~~~

D’fc’nstv~ Man ’tivoVs

Man y of the defensive maneuvers ~ro the same as those employed in

the evasive role. Those are the max imum energy maneuver, hard turn,

split S and m~iximum rate turn. In addition to those maneuvers, the

scissors, and vertical rolling scissors are employed as defenstvs

maneuvers.

Scissors. The scissors is a defensive maneuver In which a series

of turn reversals is executed in an attempt to achieve an offensiv.

position after an overshoot by the attacker.  In this maneuver, the

target has the advantage. By virtue of forcing the attacker to over-

shoot, the target has a lower velocity and can easily force the attacker

to the target’s twelve o’clock position. See Fig. 16 for a depiction

of the scissors maneuver. In Fig . 16 , and the remaining figures in

this chapter, tho relative positions of the two aircraft , in time, are - -

denoted by ident ical  alphabetic letters.

Vertical  Ro l l i ng  Scissors. This is a defensive roll ing maneuver

in the vertical plane. The purpose of this maneuver is to gain an

offens ive advantage if the attacker overshoots the target’s flight path,

and slides through his angular velocity cone while in the vertical

plane. See Fig. 17.

Offensive Role

Pursuit Cu~y.~~ A pursuit curve is an offensive maneuver along the

projected flight path from the target’s nose to the opponent’s tail.

As the offender, It  is desirable to position the aircraft In a good

firing position for weapons utilizat ion . Oepend lng on relative position

and wh ich weapon is des ired, lag pursuit , pure pursuit , or lead pursuit
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is chosen. For pure pu r su i t , the target is pointed d ir ec t ly  at th.

opponent. For lag pursu i t , the target points his nose behind the

opponent. In this simulation the lag angle is 200. Likewise , for lead

pursuit, the target points h i s  nose 200 in front  of the opponent. S..

Fig. 18 for the pure pursuit curve.

i~J~~~ 
Speed yo-yo. The high speed yo-vo is an offensive maneuver

In which the target maneuvors through both the vertical and horizontal

planes to prevent an overshoot in the plane of the opponent’s turn. The

purpose is to maintain an offensive advantage by keeping nose-tall

sepa ration between the attacker and defender. The high speed yo—yo Is

an effective counter to the defensive turn , the scissors , and hi gh ~g

rolls . The high speed yo-yo countering the defensive turn Is shown In

Fig. 19.

Barrel Roll ,~ttack. The barrel roll attack is a three dimensional

maneuver designed to decrease angle off and maintain nose—tail separa—

tics-i. It accomplishes the same result as the high speed yo-yo , but Is

normally flown at high angle off and long range. The attacker pulls up

to the ins ide of his opponent, then barrel rolls in a direction opposite

his  opponent’s turn. The attacker changes his rate of roll to remain

ins ide his opponent’s turn while reducing angle off and diving below his

opponent’s fl ight path. The barrel roll attack is shown in Fig. 20.

Low Speed yo-Yo. Th is  maneuver may be employed in a running battle

or in a turning fight whenever the attacker has an insufficient rat4 of

closure. The purpose of a low speed yo-vo is to provide cut-off and

rate of closure. To perform this maneuver in a turning figh t, the

attacker maintains his bank and lowers his nose to the inside of the

turn, thus increasing airspeed and reducing angle of f .  As the attacker

46
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decreases range, with an airspeed advantage, he pulls up and zooms

toward the opponent’s six o’clock position . See Fig. 21.

Attack Maneuvers

M i s s i l e  Attack. In performing the missile attack, the attacker

simply attempts to remain on a pure pursuit course. If the attacker

is able to keep h is angle off less than 10° for three seconds with his

relative range within the missile firing envelope, he Is considered to

have tracked his opponent for sufficien t time to achieve a missil. kill.

Attack. The gun attack is accomplished by maintaining a lead

pursuit angle of 200. If the attacker maintains this lead angle, and

Is within 5
0 
azimuth error and 20° elevation error, and is within gun

tracking range, he has tracked the opponen t for sufficient time to

achieve a gun kill. Because air-to-air gunnery is based on attitude

control rather than the velocity vector, these limits may be overly

restrictive in achieving an actual kill.

Head-On Gun Attack. Although the head—on gun attack Is not the

most effective method of achieving a kill , it is a valuable psychological

maneuver which may cause the opponent to commit a crucial error or force

him to disengage from the combat arena. This head-on attack is accom-

plished by utilizing a 10° lead angle. Although the head-on attack may

not achieve a kill , it will not adversely affect the target’s future

maneuvering potential.

It is difficult to visualize many of the maneuvers utilized in this

s imulat ion, especially if the reader has never been exposed to them or

seen them flown. A more deta i led description of each maneuver may be

f ound in Ref 9 or 10. It should be emphasized that skill In air combat 
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is more of an art than a science, and many decisions reached by pilots

may be more accurately described as reflex reactions rather than clas-

sical decisions. Consequently, there may be those that disagre. with

some of the maneuvers selected in this simulation. However, it has been

necessary in this project to define exact boundaries where the selection

of maneuvers may change. As most fighter pIlots agree, this is not the

case in air-to-air combat, where even the same pilot may view identical

conditions differently from day to day. It is important that the reader

b. aware that in reality, the maneuvers and the s ituations in which they

are selected may differ from the situations being simulated in this study.

The desired control inputs which simulate the air combat maneuvers

in this thesis are found in Appendix A, SUBROUTINE DESIRE.
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V. Pilot Model

It is the purpose of the Smart Target Simulation to provide a

target model which will duplicate as closely as possible the maneuvers

flown by air combat pilots. It would be difficult to motivate a simu—

lator pilot if he knew that he would always lose to a target whose

performance Is optima l or always win over a target whose capabilities

are exceeded.

A target Is desired that is less than perfect in Its decision

making and execution, and yet Is realistic and skillful enou~~ to make

the pilot work for his victories. Because each target pilot ~ •.tfer—

ent, this target should have the capability to vary i ts ski ll , so that

its decisions and maneuvers do not become predictable.

SUBROUTINE SKILL was developed as a very simple pilot model which

allows various pilot decision boundaries to be altered. There are eight

decision parameters which are functions of the pilot skill factor.

is the maximum angle off for rear attack.

am~~ 
is the max imum angle of attack utilized by the target pilot.

is the maximum steering error for frontal attack.

is the max imum steering error for frontal offense.

€06 
is the steering angle error limit to determine if the opponent’s

steering error is small .

€09 
is the steering error advantage allowed the opponent.

is the estimated max imum range at which the opponent may

begin track ing and expect a reasonable probability of kill.

is the estimated maximum effective range that the opponent

may fire his weapon and possibly achieve a kill.

-— — --
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The nominal values of these decision parameters are listed In

Table II under Pilot Skill Factor 0. These nominal values represent

the decision parameters which the ideal target pilot would use.

The Real Pi lot

SUBROUTINE SKILL considers a continuum of pilot skill levels. On

one end of the spectrum is the pi lot who has reached an experience

plateau where he fails to recognize his own weaknesses. He is an over-

confident, over-aggressive pilot who tends to fly his aircraft at its

absolute limit , but lacks the skill to do so all of the time. He

occasionally exceeds the aerodynamic and structural limits of hIs air-

p lane, resulting in less than maximum performance and less than ideal

decision making.

At the other end of the spectrum is the pi lot  who lacks experience

and confidence. He assumes his skills are inadequate for the situation

at hand and is overly conservative in his decision mak ing. He is too

timid to fly the aircraft near its limits and so fails to achieve maxi-

mum performance when he needs It.

These are the two extremes in pilot skill level that are found in

most tactical fighter units. Individuals who exhibit these extremes

are rare, but so are the ideal pilots. Most pilots would perform at an

Intermediate level of pilot skill. They would fall slightly left or

right of the ideal pilot an a d i s t r i b u t i o n  curve. See Figure 22. This

distribution Is based upon the experienc, of veteran air—to—air pilots

who have observed the many levels of skill which tactical pilots poss.ss.

The pilot skill factor of —l is assigned to the under-experienced pilot,

0 to the ideal pilot , and +1 to the over~confident pilot. Th. possibility

54
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Fig. 22. 1)istribution of Pilot Skill Levels (Ref 6:37)

of varying the skill factor provides the facility to change the Smart

Target level of capability.

Table II summarizes the extreme values of each of the decision

parameters , as well as the nominal values selected for the ideal pilot.

These values are provided to the program from SUBROUTINE SKILL when the

Pi lo t  Sk i l l  Factor is specif ied.  See Appendix A for a detailed list ing

of SUBROUTINE SKILL.
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— Table II
Role Decision Parameters Based upon Pilot SkIll Factor

as Determined by SUBROUTINE SKILL

Parameter Pilot Skill Factor

-l 0 .1

60° 900 - 120°

15° .300 4Q0

004 
00 30° 600

300 60° 900

E 30° 20° 10°
0
6

~max T 
8,000 feet 6,000 feet 4,000 feet

Rmax 30,000 feet 20,000 feet 10,000 feet

00 10° 20°

*The values of amex assume an ~~~ of the a irp lane of 300.
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_VI. Control Filter

In order that the Smart Target simulation be realistic , it is

necessary to provide finite control rates to the target. This Is

accomplished through SUBROUTINE CONTRL. The control variables for the

aircraft model are angle of attack, a side slip angle, ~~~, bank angle,

0, and thrust.

The inputs to this routine are the desired and actual values of

the control variables along with the integration interval , Ot. This

routine computes the new angular control rates a , ~~~, 0, and thrust rate.

The actual values of the control variables are then calculated during

the execution of CONTRL by a simple integration process.

Since the max imum rotational rate of the bank angle, 0, is such a

strong function of a, 0max is computed.

The function Is a parabola fit through the following points:

a max

00 180°/sec
o 010 90 /sec
o 030 24 /sec

S ince the angles in the program are handled in radians ,

max TI - 10.9 a , 10.8862 a2 (21)

where ~~~ and a are expressed in radians/second and radians,

respectively. -
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Once is computed, the computation of the control variables

Is completed utilizing the scheme as shown in Fig . 23. The control

a~ 
is used as an example.

a a — constant —Control _____________________

Region

- Control Error

Fig. 23. Control Rate Model (Ref 4:94)

The relationship between the desired control error and the actual

control rate Is divided Into three regions: linear, parabolic, and

constant. The constant region represents the a i rcraf t  l imit  on the

control error. The control error is given by

— a0 _ a.~( (22)

where, ~~ is the control error, aD is the desired angle of attack,

and aX is the actual angle of attack. -
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Next, the proposed parabolic control rate a is computed based on

the max imum value of a. This maximum value is a function of the target

aircraft being simulated.

ci — 
• 

(4~~~~)
2 

(23)

The proposed a is examined to see if it falls outside the parabolic

region. If

a 
~~ 

(24)

then
. 

_a —  2At - 
(25)

or, If,

(26)

then

— (27)

The new value of the control variable is now computed

a; — • SIc~4(cj At, &i) (28)

where the function SIGN assigns to the absolute value of the first

parameter, the sign of the second parameter.

A similar set of equations is used for each of the other controls.

See Appendix A, SUBROUTINE CONTRL, for a detailed listing.
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VII. Aircraft Model 
-

Aircraft ~~uat ions of Motion

The differential equations of motion utilized in this simulation

are for a rigid vehicle written in a combination of the wind and body

axes (Ref 8:149-150). The assumptions of a flat earth, constant mass,

and constant gravity are incorporated. The equations are:

Tx~~~~
D m g Sifl OW _ M V  (29)

Ty~~
_ Y . mg sin Ow cos OW — m V r

~ 
(30)

Tiw 
- L . mg cos cos — -m V (31)

• 1L [L • I~(5 (~ • pq) • (I~~ - i~~) qr] (32)

q — 
~~~~ 

[~i • ‘XI 
(r2 - p2) • (1~~ - 

~~~ 
rp] (33)

— j [N • IX~ 
(

~~ 
- qr) • (I,~ - Iyy) ~x~] (34)

8w — cos - r
~ 

sin

— (q~ sin Ow • rW cos Ow) sec (36)

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 37)

— V cos cos 
- 

(38)

— v cos b~~sin~j,1~ (39)

— -V sin (40)

Equations (29), (30), and (31) are the force equations written In the

wind axes, where
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T — the x componen t of the thrust vector.
X

V

— the y component of the thrust vector.

TIw 
— the z component of the thrust vector.

0 — the drag force on the aircra~t..

Y — the side force on the aircraft.

L — the lift force an the aircraft.

Equations (32), (33), and (34) are the moment equations written in the

body axes, where

p — rotational rate about the x body axis.

q — rotational rate about the y body axis.

r — rotational rate about the z body axis.

— principle moment of inertia about the x axis.

— principle moment of inertia about the y axis.

— principle moment of inertia about the z axis.

— product of inertia about the x-z plane.

L — rolling moment

14 — pitching moment

N — yawing moment.

Although I. is used both for lift force and rolling moment, the context

makes it clear which Is meant.

Equations (35), (36), and (37) are the Euler angle rates for the

wind axes. Equations (38), (39), and (40) are the x, y, and s veloci-

ties which are integrated to obtain the position of the aircraft.

The control variables a, ~~~, and are specified by the appropriate

maneuver being simulated , and will not be described by the differential

equations. In addition, since a and ~ are controlled , the relationship
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between the wind and body axes may be determined, by taking the com-

ponents of the angular velocity of F8 relative to Fu It follows that:

p 0

— L~~ q~~~& • 0 (41)

rW r -

where, L,,8 is the transformation matrix

c a c ~~ s~~ s a c ~~

— -c a se  c~~ -aa s~~ (42 )

- s a  0 Ca

The resulting scalar equations ares

— p cos a cos ~ • (q - &) sin ~ • r sin a cos ~ (43)

— -p cos a sin ~ • (q - &) cos - r sin a sin ~ (44)

r
~ — - p sina.rcos a~~~$ (45)

Solving Eq (44) for and Eq (45) for ~ gives:

— q - sec 8 - p cos a tan ~ - r sin a tan ~ (46)

— rw .ps ina .rcos a (47)

The quantities rW and are determined from Eqs (30) and (31), respec-

tive ly.

— 
:~ 

(Ty~ - C • mg sin cos (48)

;;~ 
(T~~~ 

. L . mg cos Ø
~ 

COS (49)
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Now that the values of P~’ ~~~~~~~ 
r
~
, a, ~~~, ci , and 8 are known, the values

of p, q, and r are determined.

p 0

q.d — - LBW 0 - (50)

r rW

where, LBW is the transformation matrix

c a c~~ - c a se

— s~~ c~~ 0 (51)

s ac~~ — s a s s  ca

The scalar quantities p, q, and r follow:

p — cos a cos ~ - cos a sin ~ - (r~ 
- ~~) sin a (52)

q & • sin ~ • cos ~ 
- (53)

r ~ ~~ 
sin a cos ~ — sin a sin ~ • (rw - ~~) cos a (54)

Since the controls provided to the target are for a trimmed condition,

it is assumed that actual control deflections of elevator, aileron, and

rudder are provided such that the moment equations yield the same values

of p, q, and r as Eqs (52), (53), and (54), For this reason, the moment

equations are not utilized in this program.

Zn summary, the actual equations of motion for the Smart Target are

the followings

Txw D -

V — - g sin ew (‘s) 
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sin (56)

— (q
~ sin •w • ru cos see 0w (“)

— V co~ COS (58)

— V cos O~ sin - (‘u)

— —V sin O~ 
- (60)

where rg is given by Eq (48), ~~ 
Is given by Eq (49), and p, q, and r

are determined from Eqs (52), (53), and (54), respectively.

- - Eqs (55) through (60) are integrated in SUBROUTINE RXDES each tine

through the program to update the flight path of the target. Refer to

Appendix A for a listing of this subroutine.

~~~ Target Model -

The 1-4 model used in Smart Target was developed by the National

Aeronautics and Space Administration (NASA) for their simulation studies.

The aircraft used throughout this study was programmed to be representa—

tive of the F-4E because of the author’s flying experience and knowledge

of this aircraft. This evaluation does not cover the entire operational

enve lope of the 1-4 aircraft , but concentrates on the region usually

encountered in air—to—air combat, namely, mach numbers below 1.2 and

altitudes below 35,000 feet.

Thrust parameters for the- model are stored in tabular form as

fw~ctions of Mach Number. From these thrust parameters, the thrust

avai lable is computed as a function of altitude. The target aero-

dynamics are specified by various stability derivatives which are stored

I-
64

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~
—--

~~
-
~~

---
~~~~-



- ~~~~~~~~~~~~~~~~~~~~~~ ‘

~~~~~~~~~~~~~

‘

~~~

“ --

~~~

- - - - - - - — -- --- -- --

~ 

-

as functions of Mach Number and angle of attack. SInce the target is

assumed to be a trimmed model, the stability derivatives with respect

to control detlections are assumed to be zero. The stability deriva-

tives, thrust parameters, and equations for the aerodynamic coefficients

used in this program appear in Appendix B.

- 
:- Opponent Model -

In actual implementation of the Smart Target Program, the LAMARS

simulator wi l l  provide the opponent ’s inputs. However , in this study

there was no requirement for the opponent to be responsive and a simp le

model for the opponent was needed to test the target simulation.

The state of the opponent is given in the form of nine equations

with each of the state variables as functions of time. The nine com-

ponents of the opponent’s state are:

X0pp, Y0pp~ 
1opp components of the oppon ent’s position

U0pp, v0pp, w~~p components of the opponent’s velocity
Vector

1ltFE~ 01E’ 
0FE opponent’s Euler angles. 

-

The state equations must be changed for each maneuver flown by the

opponent.

In order to evaluate the maneuvers flown by the Smart Target , two

flight paths were programmed for the opponent. In the f i r s t  case , the

opponent was programmed to remain in a straight and level condition,

as would be the case if he did not see the target. The opponent’s
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state equations ares

X0pp — X0pp • U~pp At (61)

Yop? — Y0pp • V0pp At (62)

~oPp — 
~oi~P • 

W0pp At (63)

u0pp — 800 (64)

VQpp — 0 (65)

w0pp — 0 (66)

4FE — o (67)

FE — 0 (68)

0FE — 0 (69)

The second maneuver simulated for the opponent is a hard turn.

This maneuver was used as a defensive maneuver to evaluate the target as

an attacker. The opponent ’s state equations for ~~~~~ Y~pp, and

remain the same. The other state equations ares

U0pp — ~~~~~ ~~~~~ 
~FE (70)

V0pp — sin (71)

W0pp — 0 (72)

41E — 4FE • At (73) 
-

— (74)

— 0 (75)
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VIII. Additional Subroutines and Function Subprograms

In addition to the main Smart Target routines already described ,

there are several other subroutines and funct ion subprograms which are

essential in complet ing th i s  simulation . A brief description of these

subprograms is listed below.

SUBROUTINE TRNSSB

This subroutine transforms a vector In the body fixed reference

frame, 1B’ into the stability axis system, 1s• It uses an Euler angle

transformat ion through the angle of attack, a. It is called from the

main program , PROGRAM SMTTGT.

SUBROUTINE AThOS

This routine uses the two lowest layers of the 1962 United States

Standard Atmosphere model to determine the a i r  density, speed of sound,

and density ratio. The input required is the aircraft  a l t i tude in feet.

FUNCTION EXTRA

This function accomplishes a two—dimensional interpolation of the

aerodynamic coefficients and stability derivatives. All coefficient

tables are input as a function of angle of attack and Mach number,

except for thrust parameters which are a function of altitude and Mach

number.

SUBROUTINE EULER

This subroutine Is used to solve the six differential equations of

motion . The integration technique is a stra ightforwa rd Euler method . 

- 

67 

—- -— _____



~ —

~~~~~~~~

-_—-_— -------- -- - -
~~~~~~~~~~~~~~~~~~~~~

- 5 -

SUBROUTINE ISELCT

This routine selects one of six variables on a random basis. In

evasive and defensive situations 1SELCT is called by FUNCTION ISTATE to

randomly select a maneuver. The random number used in this selection Is

obtained by calling SUBROUTINE RANDU. 
-

SUBROUTINE RANDU -

This subroutine u t i l izes  several library subprograms of the CDC 6600

digital computer. These subprograms, RANSET, RAN F , and RANGET , are used

to randomly select an integer and a f loating point random number for  use

in SUBROUTINE DESIRE and SUBROUTINE ISTATE.

Listings of these additional subroutines and function subprograms

are found in Appendix A.
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IX. Results

Once the necessary modifications were made so that the Smart Target

Program would be compatib le w ith the CDC 6600 computer, the F-4 a ircraft

model was attached. The first step in evaluating the simulation was to

determine if the initial situation cell and corresponding combat man-

euver were selected properly. There were 37 sets of initial conditions,

each corresponding to a situation cell, which were used to test this

objective. Examination of the results indicated that the situation cell

and maneuver, called for in each case, were exactly as expected for the

ideal pilot with a skill factor of zero. It was also found that the

situation cells and tactics decisions were altered accordingly for the

pilots with skill factors of +1 and — 1.

The second step in this evaluation was to determine if the target

was actually maneuvering in response to his oppon ent with the desired

controls to perform each of the selected air combat maneuvers. It was

found that the desired control inputs to generate each maneuver, as

programmed by Barrett (Ref 6), were extremely inadequate. In most

cases, the target did not maneuver in response to his opponent, and the

actual maneuver flight paths were unrealistic. One major deficiency

noted in the evasive and defensive roles was that because each maneuver

is selected on a random basis, there was never sufficient time allowed

to partially complete these maneuvers. As a result, the target would

switch randomly between evasive or defensive maneuvers , and never estab-

lish a consistent f l igh t path long enough to be an effective maneuver.

An extensive modification was accomplished to SUBROUTINE DESIRE, in an 
—

- 

69



r 

-5 
- - - -

attempt to correct these ptoblems, so that the target was correctly

responding and generating realistic maneuver fligh t paths. With  the

incorporated modifications, the execution of the defensive and evasive

situations proved satisfactory. The maneuvers in the offensive and

attack role also proved adequate on an individua l basis, but when the

maneuvers were selected in a running battle, it was not conclusively

shown that the target was correctly responding to the opponent.

Contained in Appendix C are the results obtained lit simulating each Air

Combat Maneuver.

Four test cases were run to ensure that the target was responding

correctly and continually updating its maneuvers based on its current

situation cell. With in each case the pilot skill factor was set at

-1, — .5, 0, .5, and I, to check the effect  of the p i lo t  on each selected

maneuver. The initial conditions for each of these test cases are

listed In Table III.

Test Case 1 was set up so that the ideal target would be evasive.

The initial situation cell number was 202 and the maneuver selected was

the high g roll over. After 16 seconds, the target entered the of f en—

sive role and selected the low speed yo-yo to increase his overtake on

the opponent. As the target continued to close on the opponent, pure

pursuit and the low speed yo-yo were alternately selected until the

completion of the run at 60 seconds. Figure 24 shows the three-dimen—

sional fligh t paths and two-dimens ional ground track of the ideal target

and opponent in the evasive test case.

The second test case was in i t i a l ly  programmed for the ideal target

to be defensive. The hard turn was selected as the f i r s t  maneuver , with

the s i tua t ion  cell being number 301. The situation coil changed after 

~~~~~~~~~~ 
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Table III
initial Conditions for Smart Target Test Runs

Variable Case 1 Case 2 Case 3 Case 4

X TE (fe) 1,700 13,000 -8,000 .5,000

YTE (f t)  0 0 
- 

0 0

5TE (fe) -20,000 -20,000 
- 

-20,000 -20,000

utE (ft/sec) 800 800 655 800

vTE (ft/sec) 0 0 459 0

VIE (f t/see) 0 0 0 0

~1~~
(deg) 0 0 35 0

e1~~(deg) 0 0 0 0

Ø~g (deg) 0 0 0 0

~T 
(deg/sec) 0 0 0 0

qr (deg/sec) - 0 0 - 0 0

rT (deg/sec) 0 0 0 0

x0pp (ft) 0 0 0 0

y0~~~ (ft)  0 0 0 0

z0~~ (ft) —20,000 -20,000 -20,000 - -20,000

u0pp (ft/see) 900 900 900 800

V0pp (f t/sec) 0 0 0 0

w0pp (ft/sea) 0 0 0 0

t~J~~~(deg) 0 0 0 0

G~~~(deg) 0 - 0 0 0

•FE (deg) 0 0 90 90

- - - - - 

- 

- 
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TEST CASE 1/EVASIVE

LEGEND
D—TFiRGET
O — OPPOI€NT
A~~~ND TRK (T’3+—~3NO TRK ( O)

Fig. 24. Responsive Simulation in the Evasive Role
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12.5 seconds, and the target selected the maximum energy maneuver. As

the target gained velocity and entered the opponent’s rear hemisphere,

the low speed yo-yo was chosen in order to close on the opponent. This

took place after 22.5 seconds into the simulation. As the target con-

tinued to decrease range, pure pursuit was selected after 40.5 seconds.

The target remained in pursuit until the completion of the test run.

See Fig . 25 for the plot of the defensive test case.

Test Case 3 was i n i t i a l i zed  so that the idea l target would be in

the offensive role. The first maneuver selected was the low speed yo-yo

to close on the opponent. The situation cell was number 403. After

5.0 seconds into the run, the target selected pure pursuit. As the

target turned with ~he opponent, the rate of closure decreased and the —

low speed yo-yo was selected to regain airspeed at 10.5 seconds. At

15.5 seconds the target chose lag pursuit  and continued to track the

opponent until 23.0 seconds. At this point the situation cell called

for a barrel roll attack. The target continued in the offensive role ,

but was unable to Improve his situation with the selection of the barrel

roll. Thc barrel roll was flown until the end of the test run at 60.0

seconds. Fig. 26 shows this offensive test run.

In the fourth test case , the ideal target was set up in the attack

role, The initial situation cell was 504. The maneuver selected was

the pure pursuit curve for a missile nttack. The target tracked the

ep~,om.nt for 1.5 seconds, but was unable to null the steering error to

~~~~~~ a kill. At th is point the low speed yo-vo was selected , and the

....4 s.,.~~~t .d t. ci~~~. .~~ f” .  opponent. A f t e r  36.5 seconds , the tar-

- .-.~~ - - . ,. ‘~~~.. -I. end ,.Iect..t tb. 1.e4 puriiit curve. While

- . - ~~~~4. , ‘ P. .  -a r r r l  m u  s t t -~ek was
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TEST CASE 2/DEFENSIVE

LEGENO
O - ThRGET
o— O ~’PON~NT
A GNO TRK (tt
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FIg. 25. Responsive Simulation in the Defensive Role
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TEST CASE 3/OFFENSIVE

LE~~END
0 — TI9RGET
0 — OPPDNCNT

- a—GND TRK (T)
+ — ~~ ND TRK(OJ

~~1

I i’4

Fig. 26. Responsive Simulation in the Offensive Role



chosen. After 46.5 seconds, the low speod yo-yo was again selvcted and

maintained until the end of the run at 60.0 seconds. The attack test

results are shown In FIg. 27.

The final objective of this study was to evaluate the effect of the

differen t pilot skill levels to determine the validity of the pilot

modal. Upon examinat ion of the results obtained from the four test

cases , using the five pilot skill levels mentioned above, the pilot

model proved realistic throughout the s imulation . For example , In Test

Case 2 , the ideal pilot was able to convert the defensive situation Into

an attack position. The timid pilot with skill level of -1.0, after the

initial defensive maneuver, selected the maximum energy maneuver in an

attempt to disengage. The over-aggressive pilot with skill level of 1.0,

did convert to the offensive role. However, because the control inputs

utilized were excessive, the over-confiden t pilot lost valuable airspeed

and maneuvering potent ial  and could not close suffich’ntly on the

opponent to be a threat. As expected, the pilots with skill factors of

0.5 and -0.5 performed identically. Both were able to convert from the

defensive to the attack role. However , it took a longer period of time

for these two pilots to make this conver3lon than did the ideal pilot.

If, 

— - -
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TEST CASE 4/ATTACK

LEGEND
o - TFIRGCT
0 — OPPONCPIT
a— GNU TRK(t)
+— ~ ND TRK(O)

I . 6’

II
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Ii
JI
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Fig. 27. Responsive Simulation in the Attack Role
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X. Conclusions and Recommendations

Conclusions

The objectives of this study, as listed in Chapter I, have all been

accomplished to varying degrees. 
-

The selection of maneuvers based on the situation space defined,

and the factors utilized to make the selection, were all accomplished

satisfactorily. However, the decisions used to define this situation

space and maneuver selection were based only on the experience of

veteran F-4 pilots. With the advent of high thrust-to-weight ratio

fighters, with greater turning and acceleration capability, the situa-

tion space will need to be modified to account for these higher perform-

ance aircraft. In addition , with the ever increasing capability of

air—to-air weapons, further modifications in the situation space and

decision parameters must be incorporated for the Smart Target Simulation

to be effective.

The response of the target to the opponent’s maneuver ing and the

a b i l i t y  of the target to realistically fly each maneuver have not been

totally solved to the author’s satisfaction. Although the controls to

fly each maneuver have proved sufficient in this study, actual inplemen-

tation of this program on the LANARS may require additional modification

to the DESIRE subroutine. Because the offensive and attack maneuvers

are so dependent on the relative states of the two aircraft, and because

the same maneuver may be selected for several situation cells, the

present set of controls may not prove adequate for all selected situations.

This Is especially true regard ing the barr.l roll attack. Also, the

- -



simple unresponsive opponent model used in this study definitely does

not provide a true test for the offensive and attack maneuvers. Actual

evaluation of these roles may only prove satisfactory af ter the actual

LAHARS simulation is accomplished. It is also concluded that there may

be other weaknesses in the control laws which may be found and altered

after use. In addition, SUBROUTINE DESiRE must be altered for each

simulated target other than the F-4.

The target has shown that it does respond continuously to the

opponent’s maneuvers by changing its maneuver in response to ‘he

opponent. It has also shown that the variation in pilot skil~ has a

definite affect on the decisions reached and the maneuvers selected.

Recommendat ions

Further development of the air combat maneuvers should be antic I—

pated. As new combat tactics are developed with the changing fight.r

and weapons capabilities, new maneuvers and changes to existing

maneuvers must be continually updated.

With the implementat i on of this program on the LANARS System,

fur ther  development of the basic maneuvers , in response to an actual

responsive opponent, needs to be incorporated. In addition, a more

advanced integration routine may be employed if the Euler technique Is

not sufficiently accurate for smaller increments of time.

Applications

There are many applications foreseen in using this responsive

target simulation . First of all , the savings in training coats would

he significant. ~~. simulator sortie would acc~~~~I 1ith the sam. amount

L. . . . .
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of training as two or more actual flying sorties. Also, the matter of

- ;  f l ying safety in the dangerous air combat mission would be alleviated.

Probably the greatest application of this type of simulation

would be to actually program Soviet aircraft vehicle dynamics and

maneuvers so that realistic dogfights could be portrayed in a training

environment. This would enable our comba t crews to be even better pre-

pared when fac ing the enemy In a combat environment.

In addition, a responsive model such as Smart Target , would be a

valuable tool in simulator evaluations of new air-to-air technology.

For example, air-to-air gun sights, air-to-air weapons, and even new

design aircraft  could be tested even before actual development and

production of such systems.

L 
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Append ix A

Smart Target Cotn~uter Program Listing

This appendix contains the Fortran program listings of each of the — -

programs, subrou tines, and function subprograms used in this Smart

Target simulation study. 
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Appendix B

- 

- Smart Ta rget Aerodynamic Data

As discussed in Chapter V II , the moment equations are not used in

the Smart Target model. Thus, the only aerodynamic coefficients and

stability derivatives needed are those for the force equations.

The equations specifying these coefficients are as foltows z

CL — C~ , . 
—

~~~~~ (C~~q • CL.&) (76)

CD — C~ , + ~C~~8

— 
2’! 

(C~~p • C y r) (78)

where ,

CL — coefficien t of l i f t

CD — coefficient of dra g

Cy coefficient of side force

— mean aerodynamic chord

b — wing span

V — total velocity

These aerodynamic coefficients and stability derivatives are tabulated

as function s of Mach ntmiber and angle of attack. Table IV lists the

conventional designation, the definition , and a representative value from

the tables at M — .90 and a — 3°.

- 
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Table IV
Aerodynamic Coeffic ients and Stability Derivatives

Representative
Designation Definition Value

Cia- , Basic lift force coefficient with .438
elevator zero

C~~ Basic drag coefficient with elevator .052
U zero

C~~ Drag coefficient incremen t due to full .050
speed brake deflection

Cy Derivative of side force coefficient with .168
respect to roll rate

CL Derivati ve of lift coefficient with respect 4.72
to pitch rate

Cy Derivative of side force coefficient with .72
r respect to yaw rate

CL Derivative of lift coefficien t with respect 1.30
a to angle of attack rate

The aerodynamic forces alon g the stab ility axes are determined by

the following:

XS — • q s c D+ ;

— S S C y (80)

— • S C L + T 5 , (81)

where,

q — dynamic pressure, ½ p

$ • reference area -

Tx~ and T55 • thrust along the x and z stability axes,

respectively. 

—-- -~~~~~~
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These force equations written in the stability axes are resolved Into

the wind axes by the following transformation s

XV — x5 C O s 8 + y 5 sIn~ -mg sin O~ (82)

— .XS sIn
~~~.y$

COs
~~~

+mg sin O~~cos O~ (83)

I
V 

— s5 +mg cos O
~~cos Ø~ a- (84)

Eqs (82), (83), and (84) are then utilized to compute the Euler

angle rates for the wind axes.

- 5-’
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Appendix C

Smart Target Test Results

This appendix contains the results obtained In the simulat ion of

each Air Combat Maneuver. A discussion of the desired controls to fly

each maneuver is given, along with a tabular listing of the results

obtained. Refer to chapter IV for a detailed description of each

maneuver and to Appendix A, SUBROUTINE DESIRE, for the exact controls

used.

Evas ive Maneuvers

Hard Pull ~2.• The hard pull up was programmed as a wings level

climb at max imum angle of attack using idle thrust. The results of this
- - 

maneuver are shown in Table V , based on pitch angle attained . As de-

sired, angle of attack increased rapidly, with a correspond ing increase

in pitch , and a significant loss in airspeed.

Table V
Hard Pull Up

Pitch Angle - 8 Angle of Attack - a Velocity - VT Time
(deg) (deg) (ft/sec ) (see)

0.0 3.13 750.00 0.00
10.0 10.61 672.95 1.35
20.0 16.81 662.08 1.50
30.0 23.61 636.82 1.84
40.0 28.14 595.90 2.41
50.0 29.60 526.17 350
60.0 29.95 442.42 5 0 0
70.0 30.00 297.84 8.50

- 
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Split S. The split s was simulated by utilizing a max imum roll)
rate to ach ieve an inverted attitude. Maximum angle of attack was then

applied to cause the target to turn in the vertical plane. The des i red

result was a heading change of 1800 plus a sligh t Increase in airspeed

due to the addition of the gravity vector in the vertica l turn. Table

VI shows how the fligh t pa th changed based on pitch angle.

Table VI
Split S

Pitch Angle— $ Bank Angle- ( Heading Mgle-~ Velocity -Vt Time
(deg) (deg) (deg) (ft/see) (5cc)

0.0 0.0 - 0.0 550.00 0.0
—30.0 179.5 0.0 558.94 4.5
—60.0 180.0 0.0 552.74 6.5
—90.0 0.0 180.0 573.65 8.5
—60.0 0.0 180.0 606.26 10.5
—30.0 0.0 180.0 - 632.43 12.5
0.0 0.0 180.0 638.17 15.0

Hard Turn. By commanding a maximum angle of attack turn with a

bank angle of 80°, the hard turn simulated in Smart Target proved very

effective. The results showed that a turn using these controls pro.

vided a heading change of 240° in 20 seconds.

• Hard 
~~~~~~~~ 

Followed ~~ a Turn Reversal. The controls used to simu-

late this maneuver were the same as the hard turn. The Initial direc-

tion of turn was selected at random, and the turn reversal was accom-

pu shed after a 10 second delay . In a 20 second time Interva l the

target was able to generate 1300 heading change In one direction

followed by an 88° heading change in the opposite directIon.

- 

147 

, a -J



~~. Ta-~~’ ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~ 
_
~~~~~~~~~~ — — -,---~- —

~~~~~ -~~~

- t IIi~j~ C Rol l Over. To simulate the high & roll over, maximum angle

of attack , bank angle change of 400 per sec ond, max imum sides lip angle,

and Idle thrust were used . The desired results were a vector roll of

3600, wIth a lar ge decrease in velocity. Table VII  shows the resu1~s of

the high g roll over .

Table V II
High C Roll Over

Bank Angle-ø Pitch Angle—9 Velocity .Vt Time
(deg) (deg) (ft/see) (sea-c)

90.0 0.0 875. 0 0.0
45.0 26.0 645 .0 2.3
0.0 41.0 525. 0 4.3

-45.0 35.0 450.0 3.8
-90.0 11.0 360.0 8.0

— 135. 0 —20. 0 3~~a-.3 10. 0
.180.0 -40.0 279.0 11.8

135.0 .46.0 215. 0 13,5
90.0 —36.0 2~9.0 15.3

High G Roll Underneath. The high g roll undernea th was accomplished

usIng the same controls as the high g roll over. However , In a turn ing

figh t with low airspeed , the roll must be initiated in the directi on of

bank . In an attemp t to turn over the top with this low airs peed , the

aircraft would stall , and the maneuver would have to be aborted . The

results of the high g roll underneath are shown in Table VIII.
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Table V I I I
Hi gh C Roll Underneath -

Bank Angle- Ø Pitch Angle—e Veloc i ty_V T Time
(deg) (deg) (ft/see) (sec ) 

—

90.0 0.0 675 0.0
135.0 —40.0 548 2.3
180.0 — 62.0 485 4.2

-135.0 -69.0 456 6.0
-90.0 -58.0 442 8.0
.45.0 -38.0 434 10.0-
0.0 —27.0 426 11.7
45.0 —32.0 412 13.6
90.0 —53.0 396 15.5

Maximum Energy Maneuver. The conk, .s used to simulate this

maneuver were zero angle of attack , maximum thrust, with wings level.

The purpose of the maneuver is to gain as much airspeed as possible in

a short period of time. Table IX indicates the results attained .

Table IX
Maximum Energy Maneuver

Pitch Angle—O Angle of At tack-a Time Velocity .Vt(deg ) (deg ) (see) (ft/sec)

0 3.13 00 650
—3 0.27 3.0 669
.10 0.02 5.0 707
—15 0,00 7.0 756
.20 0.00 9.5 824
.23 0.00 11.7 887
-30 000 15.0 992
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Max imum Rate Turn. To accomplish this maneuver , a maximum roll

rate was commanded to achieve a bank angle of j350, Ther~ using maximum

• angle of attack , the nose low, slicing turn was initiated . The results

Indicated a very rapid turn rate once the desired bank was attained.

Tab le X displays these results . 
-

Tab le X -

Maximum Rate Turn
Bank Angle-Ø Pitch a-Angle-8 Heading Angle-4i Time Velocity-V T
(deg) (de~) (de~) (see) (ftfsec)

0 0 0 0  0.0 0.0 700
45 -0.16 1.2 1.6 701
90 —3.00 1.3 1.9 703
135 —49.00 41.8 5.0 687
135 .86.00 12O.0 8.0 676

Defensive Maneuver s —

Vertical Rolling Scissors, To generate this maneuver, the target

is rolled to an Inverted attitude using maximum angle of attack. As

the target nears a vertical attitude , a 900 bank was commanded in an

attempt to force the opponent to overshoot the target’s fligh t path.

A bank was then desired in the opposite direction to allow the target

to maneuver toward the opponent ’s six o’clock posit ion. ‘ Tab le XI shows

thase results versus a non -maneuvering opponent.

Table XI
Vertical ROiling_ Scissors

Bank Angle-Ø Pitch Angle-e Angle of Attack-CL Time Veloc ity—V t
(de~) (des~) (dc x) (see) (f t /see)
0.0 0.0 

- 
3.13 0.0 750

90.0 4.4 28.53 2.5 695
180.0 -66.0 30,00 6.5 629
90.0 -83.0 30.00 10.0 553
0.0 -18.0 30.00 14,5 478
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Scissors. The scissors maneuver accomplishes a series of turn

reversals In an attemp t to force the opponent to the target ’s twelve

o’clock position. These turns were performed at 9Q0 of bank, maximum

angle of attack , and Idle thrust. The results of this maneuver are

shown in Table XII against a non-maneuvering opponent.

Table XII
Scissors

Bank Angle-D Pitch Angle-e Angle of Attack -a Time Veloc ity-Vt
(deg) (deg) (deg) (see) (ft/sec )

O 0 3 .13 0. 0 750
.90 5.15 29.27 3.0 678

0 49.00 30.00 6.7 590

90 33.00 30.00 10.3 509

Offensive Maneuvers

Pursuit Curves. For lead , lag, and pure pursuit maneuvers, the

target was programmed to null its steering error and match that erro r

with the des ired pursuit angle. By varying the desired bank angle,

angle of attack, and thrust , based upon the magnitude of steering error,

the ta rget was placed upon the desired pursuit course. In testIng all

of the pursuit maneuvers against a non-maneuvering target , the control

Inputs appeared to hold the target within 5~ of the desired pursuit

curve. -

H1g.h Speed Yo-Yo. The purpose of the high speed yo-yo is to

maneuver In both the vertical and horI zontal planes to prec lude over-

shooting the opponen t by possessing an excessive am oumt of overtake.

ThI s was accomplished by commanding a roll of 900 from the ta rget ’s

original bank. By rollIng out of the opponent’s plane, and using

131
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maximum angle of attack and idle thrust , he was ab le to main tain the

attack role and stay in the opponen t’s rear hemisphere. As the range

rate increased followin g the rolling maneuver , the ta rget selected a

pure or Lead pursuit curve to remain on the attack. The high speed

yo-yo pa rameters versus a non-maneuvering Opponent are given in Table

XIII.

Table XIII
Hi gh Speed Yo—Yo

Bank Angle-P Pitch Angle-9 Angle of Attack-CL Time Velocity -Vt
(deg) (dog) (deg) 

— 
(sec) (ft/sec)

0.0 0.0 3.13 0.0 900
45.0 3.0 8.13 .7 891
90.0 5.0 12.39 3.0 875
90.0 .3.2 29.14 

- 
7.4 821

90.0 -6.7 30.00 9 ,3 793
45.0 —4.7 2.39 11.4 817
0.0 —6.7 2.39 15.0 884

Low Speed Yo-Yo. This offensive maneuver was utilized to increase

the target ’s overtake while reducing angle of f. To simulate the low

speed yo-yo, the target was programmed to turn with the opponent air-

craft. Once the angle of f was less than 350, an acceleration was

commanded to increase the target ’s velocity. Maximum thrust, zero angle

of attack, and actual bank angle were used for the acceleration . Table

XIV shows the results of this maneuver. 
-

Barrel Roll Attack. The barre l roll attack proved to be the most

difficult maneuver to realisticall y simulate. Four sets of controls

are required to simulate each segmen t of this maneuver. The desired

control inputs are heavil y dependent on relative dynamics of both

152
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Tab le XIV
• Low Speed Yo-yo -

Bank Angle—fl Pitch Angle— $ Angle of Attack-a Time Velocity—VT
(deg) (deg) (deg ) (sec) (ft/sec)

0.0 0.0 3.13 0.0 800
.45,0 1.3 8.13 1.0 789
.85, 0 —1 .8 13.13 3. 0 777
.85.0 —2.9 - 1.57 4.0 788
—72 -.3.4 0.00 6.5 834
-72 -6.8 0.00 10.0 895

aircra f t, and the barrel roll is selected for five different situation

cells. For these reasons , an adequate simulation was not accomplished.

The present controls included In SUBROUTINE DESIRE for the barrel roll

attack are definitely inadequate , mainly due to the unrealistic method

- 
- of switching between the ~~stred controls for each maneuver segment.

Attack Maneuvers

All of the attack maneuvers utilized the desired controls f rom the

pursui t curves. The missile attack was simulated using the pure pursuit

controls. The gun attack used a lead pu rsui t of 200, and the head-on

gun attack was performed with a 100 lead angle. The result-3 of the

attack maneuvers showed that the simulated parameters necessary to

achieve a kill may be overly restrictive. The exact pursuit curves

required for these attacks were unable to be attained for the required

amount of tracking t ime for a simulated kill.
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