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SUMMARY

The present gun effectiveness methodology used by the
Alr Force 1s only capable of assessing the probabillity of kill
on Eﬁili polnt and area targefs. This research paper is the
result of an 1mproved methodology designed to fill the gap
that currently exists in air-to-ground gunnery methodology.
This new methodology is desighed to assess the probability of
kill on a moving ground target in the air-to-ground close
alr support role.

- The methodology 1s developed in seven areas of study:
misslion setup, target tracking, flight dynamics, gun/
projectile parameters, target model, projectile/target,
eneounter, and probablility of target hit/kill. The mathematics
are developed in the respective areas and programmed in
FORTRAN IV,

The mlssion setup assumes a flat, nonrotating earth
with an alrcraft located some distance from the target in
three~dimensional space with five degrees of freedom. The
gircraft flies toward the target from some Specified slant
range, alrspeed, and dive angle. The target begins at some
apecified X, Y ccoordinate on the ground; it attempts to
evade the attacker by travellng In some direction or arc at

a8 specified velocity. The aircraft sight system uses first
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order lead predictlon by looking at the future position

of the target at a projectile time of flight later and then
atftempts to maneuver to that positlon. When the alrcraft
reaches some specified open fire slant range, the gun 1s
turned on. It will fire untll the specifled burst time is
reached if the target remains within three standard devia-
tions of the specified alm error, and the aircraft remains
above some specified safe pullup altitude. The gun has been
programmed as a seven-barrel Gatling, General Electric GAU-8.
Its time-to-rate has been incorpofated into the computer
program. This gun willl accommodate other rounds as data
Input, but a gun change will require a change in the FORTRAN
program. The probability of target hit/klll is cumulative for
each round fired; therefore, at the end of the burst time,
fhe expected hits and probabllity of kill are known. The
probabillty of kill is calculated by using a nine-point
Hermite-Gauss approximation. The computer program results
were compared to the effectiveness of the Operation Evalua-
tion Group (OEG) Program, which has been accepted by the
Joint Technical Coordilnating Group (JTCG) and documented 1in
the Joint Munitions Effectiveness Manual (JMEM). The
effectiveness results wére very close with negligible
differences, The new methodology will enable the analyst

to evaluate the effectiveness.of a gun/alrcraft unit against
a moving target; however, it should be noted that vulnerablility

data for méving targets does not exist at this time. The
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computer output results are printed in four areas, which are
sight tracking, aircraft, gun projectile, and target data,
with pertinent header information for sach. Thls study has
revealed several major 1deas, some of which will require
future research. Probably the most obvious discovery shows
the evasive tactics for ground targets. Also the program
could be used to generate sight depression/lead compensation
tables for a pilot teachlng aid in air-to-ground flxed gun
slght systems. Another major finding 1s the need for lead
computing sight systems even in air—to-ground guns if the
target is moving.

Several areas of this study could be improved. First,
a more reaglistic pllet model could be incorporated intc the
model; however, maximum limits, aim error, g limit, alpha
limit, range check, altitude check, stall rate, and various
other limits attempt to simulate the pillot in this study.
Second, the program could be used to evaluate the effec-
tiveness against helicopters with a minimum program change.
Third, the more important variables could be computer plotted,
and fourth, a more reallistic target could be employed if it

was not predictable but random.



CHAPTER T

INTRODUCTION

Description of the Problem

The present gun effectiveness methodology used by the
Alr Force is only capable of assessling the damage inflicted
on non-moving point and area targets [9]. This assessment
1s accomplished through the use of a computer simulation
program which uses a Monte Carlo technique to determine the
probability of hitting a rectangular target with one or more
rounds from a single burst. It assumes that high rate-of-
fire gunnery 1s a stationary Markov process and that the
alming and balllstic disperslons are independent 1in the
range (along the flight path of the airecraft) and deflection
(normal the flight path in the horizontal plane) coordinates.
The effect of correlation of successive alm polnts is
considered, and bi-variate normal aiming eprror and ballistle
dispersion are assumed [1 and 2]. The strafing ailrcraft
flies at a constant alrspeed and dive angle from a specified
open fire slant range.

It was not until recently that the correlation gun
mcdel was actually validated. In 1975, the Alr Force

conducted test flrings af Nellls Alr Force Base, Nevada,

t

against potential ground targets. The results from the



test were compared to the correlation gun model simulations.
The model was found to be somewhat conservative and was
updated to produce more accurate =imulations.

In actual combat the target will most likely be
moving, and the alrcraft will not be able to strafe with
wings level and a constant dive for every encounter. There
are gun simulation models currently in use that employ some
of these tactics but they are limited to certaln targets,
such as trains, and the alrcraft i1s limited to specific
maneuvers assoclated with the target [4].

The role of alr-to-ground gun effectiveness has been
one of the majJor areas of concern during all of our recent
past wars and conflicts. With the new technological
advances being made in armament development we face the
problem of developing simulatlion models that resemble actual

combat engagements.

Research Objective

This research paper is the result of an Improved
methodology which 1is designed to fill in the gap that
currently exists in air-fto-ground gunnery methodology. It
will assess the probabllity of kill on a moving ground
target for high rate-of-fire guns in the air-to-ground role.
The attacking airecraft will have complete maneuverability
within the capabilitles of the alrframe. The ground target

will have a given velocity, direction, and turn rate



specified at some 1nltial engagement position.

The improved gun effectlveness mathematics will be
developed and programmed in FORTRAN. The effectlveness
results will bé compared to the previously discussed
valldated air-to~ground gun model against similar targets.
it has only been speculation in the past that ground targets
cannot travel fast enough to evade an attacking aircraft.

If this speculation should become a reality the mathematics
and computer program will be designed so that 1t can be used
to simulate effectiveness on targets such as hellcopters or
other aircraft flying near the ground 1in a level plane., The
speed of these low flylng targets could range from zero to
some value which approaches the velocity of the pursuing

aireraft.

Summary

This research paper is the result of an improved
methodology to assess the probability of kill on a moving
target for high rate-of-fire guns in the ailr-to-ground close
alr support role. The state of the art gun effectiveness
methodology is only capable of assessing the damage inflicted
on still point and area targets [9]. Chapter I begins by
discussing the present gun methodology versus the improved
methodology and ends with the research objective. Chapter
IT contalns a description of two popular and widely accepted

alr-to-ground gun models. In Chapter III the mathematics



are developed for the new methodology described in Chapter I,
The gdn/aircraft unit is depicted in a dynamic and typical
combat role of pursuing the evading ground ftarget. 1In the
final part of the chapter the prcbabllity of target hit/kill
is calculated based on the strafing attack dynamics.

Chapter IV describes the FTORTRAN program that produces the
effectiveness results, and Chapter V dlscusses the results.
The final chapter discusses the new model with 1ts limita-

tions, valldation, and recommendations for fufture research.
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CHAPTER IZ

REVIEW OF EFFECTIVENESS STUDIES

AND COMPUTER MODELS

One of the most popular air-to-ground pgun effectlveness
models currently 1n use by the Alr Force was developed by
the Center for Naval Analyses, Operatlions Evaluation Group,
Washington, D.C. [2]. This model was briefly described in
the Introduction in Chapter I. It employs a Monte Carlo
technique which determines the probabllity of killilng a
stationary ground target from an aircraft equipped with a
gun firing a single burst of a glven number of rounds. The
Individual aimpolnts cannot be specified in advance, there-
fore the program assumes that successlve aimpoints are
correlated. These almpolnts are normally distributed about
the center of the target. Balllistic dispersion is also
present, therefore the ith round does not impact at the aim-
point, but at some point nearby. The stationary target 1s
in the form of a rectangular projection of the real target
on the plane which is normal to the line of flight of the
attacking aircraft. The actual target will seldom or never
be rectangular in shape, but the projected target can always
be approximated by a rectangle. The aircraft flies directly

at the target at scme predetermined slant range, air speed,
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and dive angle. During this time the gun 1s telng fired at
the target for some spezified burst time In seconds. Most

of the i1nput parameters are explicitly defined and printed

in the output. The probability of target kill is printed

for each projectile fired. The end result is a cumulative
probability of target kill [9]. An analyst must be thoroughly
familiar with this program in order to properly ihterpret

the results. First of all, the accuracy of the results
depends upon the number of Monte Carleo iteration that has
been specified. Some compromise must be made here between
computer run time and desired accuracy. Second, the alrcraft
will fly near or into the ground 1f the burst time 1s too
long for a short slant range. In this case the user must
exercise caution in setting up the input parameters so that
the aircraft will have sufficient altitude to pull up safely
after the specified burst time has elapsed.

Another popular air-to-ground gun simulation program
i1s the RAND model [4]. This alr-tc-ground model was!developed
by the Rand Corporation. It computes kill probabilities for
forward-firing air-to-ground guns aind rockets versus
stationary targets. It employs twc types of kill mechanisms:
blast-fragmentation and penetration. When high explosives
(HE) projectiles are simulated the blast-fragmentation
portion of the program is used. The interaction between
projectile upon impact and target is deseribed by the Carlton

damage function. If penetration is considered, the weapon-



target interaction is described by a kill probability
conditional upcon impacting the targef presented area or
vulnerable area. This program considers two types of targets:
rectangular point targets, and recrangular area targets.
Fixed guns are considered, but the alrcraft can be assumed

fo be pulling up at a constant g force in order tc allow the
rounds to be aimed at different points in the ground plane.
There 1s an c¢ption in the program to slew the guns in the
azimuth plane. The strafing aircraft is assumed to dive or
pull up at a constant angle, or constant g force. The aim
and balllistic errors are assumed to be normally distributed.
The simulation of the ballistle trajectories are straight
line segments which are acceptable for rounds fired with high
muzzle veloclity from a high speed aireraft over slant ranges
less than 5000 feet. This model is not as versatile as the
previous air-to-ground gun model because: it does not have
the capability to simulate a gun time-to-rate curve; it
cannot evaluate a mixed round belt; i.e., an (HEI) high
explosive incendilary, and an {(API) armour pilercing 1incendiary
round mix In a single pass. It uses a constant conditicnal
kill probability for an entire burst as opposed to one that
changes as the aircraft/gun unit gets closer to the target.
However, both models have the option to evaluate the
effectiveness of a fuel sensitive target. An analyst desiring
to evaluate gun effectiveness for pcint targets could use
either model; however, arez target erfectiveness can only be

evaluated by using the RAND model [41].



CHAPTER III
DEVELOPMENT OF METHODOLOGY

This alr-to-ground gun effectiveness model deplcts an
alrcraft in three dimensional space with the ablility to
maneuver in a dynamic role of pursuing an evading ground
target. The ability to maneuver in an aerial engagement is
very 1lmportant along wlth many other parameters such as
muzzle veloeity, aim error, ballistic dispersion, fire
control, gun rate of fire, projectile size, drag, and pilot
performance. These and other parameters will be considered

within the followling methodology.

Mission Set-Up

The initial conditions for the engagement problem can
be selected or computed. If the conditions are selected,
time must be allowed for the pilot to fly through the sight
settlng conditions. This is a standard mission planning
procedure. Assume tne initlal sighting conditions are 300
knots, 30 degree dive angle, 2500 feet slént range, and 5
seconds allowed for tracking time. The aircraft velocity in

feet per second is

Vp = VACK*1,6878



where VACK 1s the speed of the alircraft in knots. The
initial airspeed [11] assuming thrust equals drag is given
by iIntegrating the following first order differential
equation. (Since the independent varilable 1s time, dot
notation will be used to determine the order of the equation.

This notation will be consistent throughout the report.)
V, = -g sin8 [111]

A

where g 1s acceleration due to gravity only (32.1687 ft/

sec), and 8 is the dive angle, then
dv = -g sin 6 dt.

Integrating both sides of the equation gives:

VA t

[ dv=-gsing [ dt
VO 0

VA - VO = ~-(g sing)t
Vo =V, + (g sing)t

which 1s the initial airspeed for a planned alrspeed of VA

at open fire. For the planned conditicns cited the initial
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alrspeed 1s

506.34 - 16.08%5,00

<3
I

<3
([

425,94 feet per second.

Note that ® 1s negative indicating a dive angle. Then

= *
Bo = B + Va™Ip
Ry = 2500.0 + 506.34 * 5.0
Ry = 5031.7 feet

where R. is the i1nitial range in feet, RI 1s the input line

0
of sight range in feet, and TT 1s the tracking time in
seconds. Therefore, the initial range of the aircraft to
the target is the velocity of the aircraft times the

tracking time allowed for nulling ftrackling errors, plus the

input line of sight range.

Target Tracking Assessment

The traditional depressed reticle sight used in alr-to-
ground gunnery is a simple form of impact predietor. It
dlsplays to the pilot where a round willl impact on the

ground 1f:
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1. Aircraft altitude relative to target 1s equal
to a predetermined value

2. Dive angle is equal tc a predetermined value

3. Roll angle is zero

L. Speed and weight are equal to a predetermined
value

5. Li1ft acceleration i1s slightly less than one g

6. Side slip is zero |

7. Cross wind is zero

8. Gun boresilght errors are zero.
A skllled pilot develops a significant negative correlation
among the various error sources. He 1s, for example, able
to adJust hls firing altitude to approxlimately compensate
for the deviation from planned dlve angle. The sight system,
commonly called the "pipper" 1s offset laterally to compen-
sate for non-zero roll angle. Sensitivities to deviliations i1n
angle—-of-attack and side slip are known to the pllet and the
aimpoint i1s shifted off the target by an amount proportional
to hls estimate of these deviations. Many other factors such
as crosswind can be estimated with considerable effectiveness
by a well trained‘pilot, however, due to the nature of this
study crosswind will not be considered in this report. The
sources of error are so numerous that accurate air-to-ground
gunnery wlth a fixed sight system seems impractical, and yet
skilled pilots can consistently put fifty percent or more of

thelr rounds in a 400-syuare foot target traveling at speeds
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up to 450 knots. Only two kinds of errors will be considered
in this study: aim error, and ballistic dlspersion. These
two errors alone constitute an entire study and will not be
derived or proven mathematically. These two errors will be
Inputs to the simulation program and based on actual test
results.

When operating in a combat environment with modest
defenses, the lengthy pericd of time required to set up the
shot for practice range accuracy can be taken only at great
risk to pilot and aircraft. This may, however, be the
appropriate tactic to avoid the necessity for a repeated
pass at the same target. Subsequent passes can be used to
improve the pllot's accuracy, but has a similar, if not
greater, benefit to the ground defenses. Accuracy cannot be
realistically separated from the risk that is incurred in
achieving that accuracy. Air-to-ground gunnery lmprovements
should therefore result in longer range accuracy, as well
as a reduced amount of time that must be committed to a
specific target, a reduced amount of time spent on a
predictable path, and a flexibllity in apprcach tactics.

The location of the pipper on the sighting system is
given by the sum of the gun bore axis angle, trajectory
shift, gravity drop, and the correction for the vertical
displacement of gun. See Figure III-1 for a description of
the sight depression geometry.

The sight depression for the planned firing condition
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FRL
GL'
PTV!

FPV
GL

PTV

LOSP

Figure III-1. Sight Depression Geometry [6]

FRL - fuselage reference line

GL - gun bore axis

PTV - projectile total veloclty vector

FPV - aircraft flight path vector

GL” -~ line parallel to gun bore axis

:VGP - vertical gun position W.R.T. silght in feet

PTV” - 1line parallel to the projectile total
veloclty wvector

LOSP

line of sight to projJectile at lmpact
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is

SD =+ 1+ § + CVD

where
€ = angle between FRL and GL~” (rad)
f = trajectory shift (rad)

8§ = angular gravity drop (rad)

CVvD correction for vertical displacement of

gun (feet)
and CVD = VGP/RO.
The angular gravity drop 8 1s calculated by computing a
projectile trajectory for the planned conditions. Delfa is
calculated 1n the gun/projectile parameters sectlon. The

tralJectory shift due to gun bore angle of attack 1s
T = V,la-e)/(V,+V,) [13].

The angle T is the angle between the_gun bore and the initial
veloclty vector of the proJectile. VA is the wveloecity for

the planned firing condition, VM is the gun muzzle velocity,
and o 1s the angle of attack of the FRL. Assuming the
alreraft 1s in non-accelerating flight; 1.e., Force [thrust] =
Force [drag] then o is calculated as follows:

W cos & - QSA CLauOL

a = 22162
m L
QSACL@ + T
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where

QSA O.SDVAzs

W = welght of the aircraft (pounds)

S = aerodynamic reference area for aircraft (ft?)
CLu = goefficient of 1lift versus o slope (per degree)
Ogr, = angle of attack at Zero 1ift (degrees)

p = air density (slugs)

The alr density is given by the following [37,

518.688 - 0.00356616]72

= Al 4,2561
and IZAl is the absolute value of the altitude of the
alrcraft.

The thrust to counteract drag at the inltial airspeed

1s given by
= - 2
T=0D O.BpVO SCD [3]

where CD 1s the aircraft coefficlient of drag.

In attacking the target the aircraft makes a tracking
pass at the target with a bank to the right or left depending
on the azimuth position of the target. Wnile tracking the
target through the sight system the angular position of the
target 1n sight or body coordinates 1s determined. The line

of sight range to the target 1s
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Ro= [(Xg - X% + (Y - ¥,)7 + (2 - 2,)212

where XT, YT’ ZT and XA’ YA’ ZA are the coordinates of the
target and alrcraft respectively. The line of sight range
will be calculated periodically at some small time Increment
into the engagement. This iterative process will be updated
by a specified time 1ncrement and used as a check to deter-
mine the gun open-fire range. Thils range check will be
discussed later 1n more detaill.

The orientation in space 1s given by the transforma-
tlon expressing body-fixed coordinates in terms of earth-
fixed cocordlnates. The line of sight vector (;) is as

follows:

where

N B
1 3
2 R
N B
3 R

and the line of sight unit vector in the alrcraft body axis

gystem is,
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where XL, YL’ gnd ZL are transformed from rys Toos r3 by

XL AXl AX2 AX3 Ty
YL = AYl AY2 AYB Ty [13]
ZL AZl A22 AZ3 r3

where
AX1 = Cos(a) Cos{8) Cos(¥) - sin(a) (Cos(9) sin(s) Cos(y) +
sin(¢) sin(y))
AX2 = Cos(a) Cos(8) sin(9) - sin(a) (Cos{¢) sin(s) sin(y) -
sin(d) Cos(v))
AX3 = - Cos(a) sin(®) - sin{a) Cos(¢) Cos(8)
AY1 = sin(4) sin(8) Cos(yp) -~ Cos () sin(p)
AY2 = sin(4) sin(8) sin(yp) + Cos(¢) Cos(y) :
AY3 = sin(¢) Cos(8)
AZ1 = sin(o) Cos{B) Cos(d) + Cos(a) (Cos(d) sin{(s) Cos(y) +

sin(¢) sin(®))
AZ2 = sin(o) Cos(8) sin(P) + Cos(a) (Cos{(¢) sin(e) sin(y)

sin(¢) Cos(¥))
AZ3 = -sinfa) sin(e) + Cos(a) Cos(¢) Cos(8)}
Next the target angular coordinates in the field of view

along the aircraft X axis is



18

Y
EL = ASIN(Z,) and AZ = ATAN [<2I, [12]
L XL
when EL and AZ are elevation and azlimuth respectively.
The azlimuth and elevation as computed in the previous

section are graphically displaced in Figure III-2, and the

target may he displaced from the pipper as shown.

LEFT } RIGHT
I l
l 1
! |
: ]
| |
EL |
: l SD
| |
i
@ T p‘z S —-I
—©- |
PARGET | SIGHT

Figure III-2. View of Target Through Sight

The aircraft bank angle 1s used to null the azimuth
error. The amount of the bank angle increment should be
proportional to the azimuth error. The maximum bank angle

should be limited by the maximum bank rate which can be
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assumed to be on the order of 180° per second. The maximum

roll or btank increment is given by,

= 4 %
Abuax = Pmax 2%
where At is the tlme increment of the engagement, and the
bank increment is,
\ = #
A Cy AZ

Cl is the proportionallty or hank angle galin constant. The

commanded bank angle is,
¢y = by 4 T 40

where i = present value, and i-1 1s the previous value. The

bank increment (A¢) 1s set so that it cannot exceed the value
|

The tracking task in elevation 1s accomplished by

commanding an angle of attack differential proportional to
the elevation tracking error. In accomplishing this task
the alircraft cannot exceed angle of attack limitatlons as
defined by structural load factor and gerodynamlc stall.
The feollowing equations are used to determine the angle of

attack limits. Lift 4is defined as
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= 2
L =1/2 DVA SCL
and the coefficient of 1ift CL is

C. =0. ¥ g+ C

Lo L0

where C,, is the coefficient of 1ift at a = 0. The aircraft

load factor 1 is

_ L + T¥*y
n = W [13]-

The angle of attack at aerodynamic stall is defilned as

C

- _LMAX
Gg C

Le T %OL

The structural load factor (ns) is an input gquantity which
the maximum load factor must not exceed to insure structural
integrity of the airframe. The maximum allowable angle of
attack (aST) for structural limitations dis
*
Mg W

Gomp T

2
1/2 pV, S(CLa + CLO)

The commanded angle of attack cannot exceed either ag OT

Cgm-
The commanded angle of attack 1= defined as
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oy = 0y + Ao

where Aag is the commanded increment determined by

If the engagement integration interval 1s small the change
In d must be limited by a maximum angle of attack rate

(&MAX)’ The maximum rate is
~ = .* r 2 :
Gyay = MFU/L1/2 oV, S(cLm + CLO)J.

Thus Ad cannot exceed AGN defined by

AX

Ao * AL,

MAX T OMAX

Alreraft Tlight Dynamics

The maneuvering stability is the static stabiiity of
an aireraft undergeoing normal acceleratlons. In order to
fully define the problem of stabillty two reference axes
will be introduced, the body axes and the wind axes systems.
These two axlis systems form the basis of a system of notation
used to describe the motions of an airplane. Each system
consists of three mutually perpendicular axes passing
through the center of gravity of the airplane, which adeguately

covers most of the aerodynamic problems in stability
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considerations.

The body axes system 1s fixed in the alrplane and is
the system of mutually perpendicular axes passing through
the alrcraft's center of gravity and whose X-axis 1s paralilel
to the thrust axis, the wing mean aerodynamic chord, or some
other longitudinal reference and i1s positive in the direction
of the nose of the aircraft. Figure III-3 shows this refer-

ence system.

Fipgure III-3. Airplane Body Axes System

The wind axes system differs from the body axes
system in that the X-axis is parallel to the relative wind,

positive backward. This Z-axis 1s positive down, and the



23

Y-axis 1s positive to the right; and the ¥-force, as before,
is the silde force. Now the X, Y, Z velocity components
represent the components of the relative wind. The wind

axes system 1s the one used for basic aerodynamlic performance
work., In most cases the body axes system is used in stability
work. The wind axes system is the one used for basice
aerodynamic performance work. In most cases the body axes

system is used in stability work. The wind axes system can

be seen in Filgure III-4.

HORIZONTAL

Figure III-4. Wind Axes Systém
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The wind axes ecuations [5] are as follows:

-

'I‘x -~ D -~ mg sing = mVA

Ty ~ C + mg Cosd sing = mV,(§Cose Cosy - ésing) [5]

Y

T, - L + mg Cos® Cosp = mVA(éCos¢ + { Cos® sing) [5]

Z

where TX’ Ty, TZ are the components c¢f thrust in the aircraft
body axes, and D is the drag force, C is side force, L is
1lift force, and m = W/g.

Note: For most purpocses TY and C are zero, and for
unaccelerated flight TX = D,
For the first wind axes equation

VA = —-g s5in@

whiech 1s the acceleration due to gravity only. 09 is

negative for dives so VA has a pcsitlve acceleration. From

the second and third wind axes equations we have,

2
. G (Cry + Cp)(.50V,%8)

b = T W Cosdp - Cosh

which 1s the first derivative for the alrcraft dive angle.

And
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b = ngsSing

3
VACOSB

which 1s the flrst derivative for the aircraft heading. n
is the g's that the aircraft will pull during the attack
maneuver and was calculated 1n the target trackling section.

The aireraft velocity vector components are

X = VA Cost Cosy
¥ = VA Cos@ Siny
2= -V, Sing

Then integrating 8, ¥, %, ¥, and Z will yield @, vy, Xps ¥y
and ZA after one time interval. The motion of the center of
gravity is described in terms of changes in heading, vertical
inclination, and magnitude of the airplane'’s velocity vector
relative to the ground. The magnltude of this vector is VA'
6 and ZA should be checked against a dive recovery table
which shows the altitude lost during a recovery maneuver
from a glven dive angle. If the current altitude ZA is less
than the value in the ftable, then terminate the engagement;
i.e., cease fire and determine the probability of target
kill at this point in time.

Time 1s updated by the following,
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where ti glves the present time, ti-l is the previous time

value, and At 1s the time Ilncrement 1In seconds.

Gun-Projectlle Parameters

The gun muzzle veloclty vector in the ailrcraft body

axes 1s

-3 ~ -~
VM = VM Cos(s)iB + VM sin(e)kB

where € 1s the gun bore angle below the fuselage reference

line. Now we need the components of the muzzle velocilty

vector VM in the earth axes. The transformation for this is,

Vux AX] AY] AZ1 Vy Cos (e)
Vy | = | AX2 AY?2 AZ2 0 [13]
Vuz AX3 AY3  AZ3 | [ Vy sin(e)

where the components AX1 through AZ3 were defined in the
target tracking section. The projectile 1nitial velocity
components are,

2 2 1/2
v +VPZ)

2
(VPX + VvV

PT PY

where
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Vex T Xa * Vix
Vpy + ¥, + Yy
Vpy = 25 + Vg

The gun position 1s described in terms of the sight
system in the target tracking assessment section of this
report. Therefore, the initlal position of the projectile
must be shifted by an amount proportional to the vertical

gun placement. This 1s accomplished by

= ¥

XP X, + VGP*4Z1
= *

YP YA + VGP*AZ2
= *

ZP Zn + VGP*AZ3

when AZl, AZ2, and AZ3 are defined in the target tracking
sectlion. Now XP, YP, ZP is the ecorrected initial position
of the projectile. Geometrically thls 1s represented in

Filgure III-5.

The projectile trajectory equations are as follows,

. 1 )"
XP = -7 pVPd XP [12]
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SIGHT
ga" o
— — J
/ ™~ -
/ .,
VGP
!
f~oe]
’ , VGP*Cos8
i
/ |
l. |
._....___|:
¢
VGPxSino GUN

Figure III-5. Projectile Initial Position, ¢=0, $=0

— — 2.
Yy g pVpd?Yp [12]
- 25
Zp = - § pVpd?iy + g (121

where d is the diameter of the projectile in feet. Now
integrate the three preceding equatlions until ZP is equal
to zero. The corresponding (XP,YP) is the projectile impact
point. The velocity of the projectlle at impact 1s,

"t 2 2 s 24v1/2
Vp = (XP + YR+ I, )

and the slant range 1is,
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and the projectile gravity drop 1s defined as

VourXotVouiptVen 2
PX"P "PY"P "PZ"P [12]

§ = ACOS :
Vop SR

XP,YP 1s an ideal aimpoint or impact point. The location
of the coordinate (XP,YP) is a function of the dynamics of
the engagement as modeled. In general the coordinates

(X YPl)...(XPn,YPn) could be generated as indicated in

P1?
Figure III-6.

Pn? Pn)

* (XPz’YPz)
* (XPl’YPx)

Figure IITI-6. Generated Impact Points
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Target Model

When the attack engagement begins the target l1s placed
anywhere in the X, Y plane with one of two optlions for evasive
tactics. The first option is exercised by giving the target
a constant veloclty and direction. VT 1s the veloclty of the
target, and BT I1s the direction of the veloclty. Orientatlon
of the target is determined by 8¢ which starts at any specified
coordinate positlon and progressively increases to the angle

desired. This optlon 1s graphically explained in Figure III-7.

VinS1n6 TARGET FUTURE
T #postrioN

7

TARGET —

Figure III-7. Linear Target Model
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The initial position of the target 1is derined as (XTO’YTO)’
and any position thereafter can be defined by knowing the
direction (BT), velocity (VT), and time into the engagement.

Mathematically, velocity is constant and 1s defined as below,

P
"

7 VTCoseT

|—<l
]

7 VTSinBT .

Then the initial position to some time 1n the future the

target can be located by Integrating the above equations to

give,

X t

Xy

Y

70 + VT CosBT*

Y + V Sin8T¥t .

T TO T

The second optlon allows the target to turn in any d4i-
rection from any orientation. The 1nitlal position of the
target is also defined as (XTO,YTO), and Wy 1s the turn rate.
VT is the veloecity, and eT 1s the directlion of the tafget ve-
loclty. The orlentation in the X, Y coordinate system 1s the
same as the previously described linear model. Thls 1s shown
in the following Figure on Target Turn Geometry.

The mathematics which enables one to determine the tar-

get pesition is developed as follows,

bp = wp [(11]
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V COSBT

/iy
L ol

Figure III-8. Target Turn Geometry

where o is defined as the angular veloelty. If 8p 1s measured
in radians and t in seconds, wm 1s expressed 1n radlans per
second. When the angular velocity 1s constant, the angular
displacement of the target 1n time (t) is given by integrating

both sides of the previous eguatlion as follows,

dop = wpdt
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Brp t

BT-BTO = WUmt
BT = GTO + th,

and the time rate of change for the X coordinate is

Now this equatlion can be integrated to find the X position of

the target for any tlme into the engagement by

XT t
j'dx = ‘[ Vi Cos (8T0+th)dt
X 0
TO
t
v sin (Bmatpmt)
XT - XTO = _.1‘. TO Wy
v

T
GE [sin( eTo+th )-sinBTOJ
A

XT = XTO + G% [Sin(BTo+mTt)—Sin9To]
The ¥ positlion is found similarly using the definltion of

Xp from the linear model with time and veloclty incorporated.

Y = Vo sin(BTo+th)
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Integrate both sides of the eguation to find the Y position

of the target for any time into the engagement by

T t
Jooady = [ Vg sin(eTO+w.I,t)dt
Yoq 0
Vo t
Yp = Ypo = 5, 08 (Bpotugt)
0
_— -
Y.-Y = L cos 6 ~ ¢cos{(B8m~tuwat)
T TO ~ wn i TO 7O W
Vip [ i
YT = YTO + EE COS Bmy — COS (eT0+mTt) .
L 4

Projectile/Target Encounter

Miss Distance with Respect to Target Normal to Trajectory

" The mathematlical flow returns to the target section
to determine the target position at projectile impact.
Where the target coordinate is (XT,YT), and the projectile

coordinate is (XP,YP) and the miss distance 1is,

XMISS

n
o
1
>4

YMISS

u
b
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The X and Y projectile miss cocordinates are rotated to a plane
normal to the line of sight plane as described in Figure

ITT-9.

Z“ z|

Figure III-9. Projectile Impact Position Rotated
Normal to the Dive Angle Theta

The new angle of rotation is described as

[

: 8, = m/2 - ASTN |

<3

then in matrix form
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X~ Cosp, 0 ~SinBl xr

Y~ = 0 1 0 Y

v Sinel 0 Cosd "
After the dive angle rotation we must consider the headlng
angle (¢), by rotating it to the normal. Graphically this
1s shown in Figure III-10. The new heading angle of rotation

is described as

Figure III-10. Projectile Tmpact Position Rotated
Normal to the Heading Angle ()
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then written in matrix rictatlon

L ]
X Costp1 S*mp1 4) X
Y = -Siny, Cosyy 0 Y
z" 0 0 1 Z

The matrix multiplication is then carried out as follows,

X Cose 0 ~3ing Cosw1 Simp1 0 X

1 1
Y= g 1 0 -S:l'.l'n]):L Cosw1 0 Y
A Slnel 0 CosB1 0 0 1 Z
XMISS X CosBlCoswl CoselS:me:L —Sinel AMISS
YMISS | =] Y| = --Simp1 Costp1 0 ¥YMISS
ZMISS A Sinelcos¢1 Sinelsinwl Cose1 ZMISS

Then the transformation 1is complete yielding X*, Y*, Z° as

follows,
X’ = XMISS¥Cose,Cosy, + YMISS¥Cose,Siny,
Y’ = -XMISS¥Siny, + YMISS¥Cosy,
Z° = XMISS*SinBICOSwl + YMISS*SinBISinwl.

Now X°, Y°, Z° is the projectile impact point rotated

normal to the targef.
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Target Presented Area

The target presented area is the area of the target
viewed from any direction normal to the prolectile velocity
at impact. The areas of the front side and top of the
target will be AF’ AS, AT, respectively. The unit wvector

components which define the presented area are as follows

iPCOS(TGHD) + Y 8in(TGHD)
Hy v

P

%PCOS(TGHD) ~ X5Sin(TGHD)
U, =
2 v,
el
3 VP

where the target heading is TGHD, and is defined as
TGHD = w,*t + 8,.. ;

T TO

Then the presented area of the target 1s,
AP = IAF*ull + ’As*p2| + IAT*U3| [12]

Target Vulnerable Area

The vulnerable area of a target is the area that, if

struck, with a proJectile of sufficient velocity will yield
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a target kill. The ratioc of vulnerable area to presented
area is defined as the probability of kill, given a hit, as

follows,

The wvulnerable area of a target in most cases 1s deflned as

a funection of the projectile impact angle, and the projectlle
Impact wvelocity. These data can be obtalned from tables for
any specified target. Due to the nature and classification
of these data none of the vulnerable area tables will be

published with this report in order to keep it unclassified.

Probability of Target Hit/Kill

The single shct hit probability 1s determlned by
uslng the classical probablllty equations which assume a
bl-variate normal distribution. The mean point of projectile

impact 1s located at (X YAI) relative to the target with a

AT?
standard deviation (OXB’OYB)' The probability that a single

round will hit the target given (¥,;,Y,;) 1s:

WD LE - 2
- 1 1 T TAI
PHSSA = i S EXP<- = —_————
2Woypdvy 2 Syp
7 -WD -LE
Yo, = Y, \?
+ —EL—E—ﬁl) dxzdy [7]
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where WD and LE are the hazlf target width and length.
The previous probability equation can be Integrated
by using the error function, defined as,
5 7
2 X X X

3
ERF(X) = = {X -~ + - + .. = ...} [83
= ( 113~ 215 317

therefore using the ERF function PHESSA is given by

LE-X LE-X
PHSSA = % ERF "gg“ﬂl + ERF ( 5 Al
XB xB
WD-Y WD-Y
YR 9vB

and the probability density function for determining whether
the burst pattern mean point of impact falls between ¥ and

Y + dx gand Y and ¥ + dy 1s

2

X, =X
_ 1 1 [%a1
fAI(XAI’YAI) - 2Toy Oy EXP 2 ox
AT AT AT
Y Y? 2
+ (AL [7]
UYAI

This equation I1s also called the almling error probability
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density function, which 1s bi-variate normal, and uncorre-
lated with a mean at (X!',Y'). These coordlnates locate the
center of the distribution with respect to the target and are
components of minimum miss.

The probability (PHS3) of a single round impacting the
target when alming error and balllistlce dispersion are in-

volved is

[ -] (-]
PHSS --f f far(X,Y) PHSSA (X,Y) dxdy.

- OO -0

This equation can be solved by using the Hermite-Gauss quad-
rature method [7]. This technique 1s used to evaluate inte-

grals in the form

f e~ X% p(xyax

-0

by approximating the lntegral as

M

150 Wy £(Xy)
The function f(X;) 1s evaluated with X, values which are the
roots of the Hermite polynomial of degree n + 1. This nu-
merical technigue is used to evaluate PHSSA for each aimpoint

(Xi) weighting (wi) by the probability of the aimpoint occur-

ring, then summing the products for all aimpoints [7].
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PHSS can be expressed in the Hermite-Gauss integral

form by separating the variables as,

LE-X LE+X,
PHSS = L ‘[ ERF ( ALl ERF(—————:£

chx UYA - /"GXB /"UXB
Xpa7p-X'12 . WD-Y
EXP -%-( AL dxpy j ERF( A%
2UXAI s JEGYB
WD+Y [y, -vr\2
11iAT

+ ERF EXP|-= a (7]

(/EUYB 2\/?6 VAT

Yot

Now apply the Hermite-Gauss approximation to the above equa-
tion. This will yield

n
I

W, W

ey

1
PHSS =

PHSSA(X,,Y,).
J

3 Yk

1 k=1

PHS3SA 1s multiplied by the probability of target kill, given
2 hit to yleld the single shot probabllity of kill given an

aimpoint.

PKSSA = PHSSA*Py, y

For a given number of rounds (MR) the probability of survival

(PSA) 1is,

PSA = (1-Pxssa)NE



and for all aimpoints the probability of survival 1s

n
oW
3=1 k=1

=
| o1

PS W, PSA (X,,Y,);
o

and the probability of target kill is

P, = 1-PS

43
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CHAPTER IV

ATOG COMPUTER PROGRAM

The mathematics developed 1In Chapter III has been
programmed in FORTRAN IV in order to produce effectiveness
results for comparison and validationn. Results from the
validated CEG air-to-ground gun simulation model discussed
In Chapter II will be compared to the ATCG simulation

results in the next chapter.

Program Description

The program begins by reading in all of the constants
and input wvariables needed to produce effectliveness results.
These data are read in under six different categories:
program control and miscellaneous, projectile characteristics,
target data, aircraft data, gun systems characterlstics, and
the target vulnerable area tables. The malin program calls
subroutine SIGHT to determine the sight depression, initial
angle of attack based on altltude, range to target, projec-
tlle time of flight and gravity drop. There upon the flow
returns again to the main program whlch calls subroutine
TRACK which determines the range from the alrcraft to the
target, and relative positlon of target in the sight system
In elévation and azimuth. The flow returns'again to the

main program which calls subroutine FLIGHT. This subroutine
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determines the new veloclity and position of the alrcraft
after some small time increment. Next subroutine GOTGT 1s
called to determline the new target pesition after a specified
time increment. At this point in time the main program
attempts to make any corrections in roll, pitch and yaw that
i1s necessary to keep the aircraft in pursult of the evading,
or still target. After some specifled delta time increment
there 1s a tést to determine if the target is wilthin the
predetermined open fire slant range. If the target 1s

within this specified range it will check to see 1f the
target is within three standard deviations of alm and ballis-
tic dispersions. If these conditions are not met the program
flow returns to the TRACK subroutine and continues to fly

the airecraft until the two previous checks determine that

the target 1s possible to hit. At this time subroutine GUN
1s called to determine projectile position and veleoecity,
impact velocity, and transforms the gun muzzle veloeclty
éomponents to earth axes components. After each round has
been fired the probability of target kill 1s determined by
calling subroutine PK1l. Thls routine uses the nine point
Hermite-Gauss quadrature method for generating aim points,
which are used in determining if the projectile hit and/or
killed the target. After the specifled burst time or total
time into the engagement has elapsed the flow returns to the
main ﬁrogram where arrays of output data haﬁe been stored

as 1t was generated. The oﬁtput is printed in four sections:
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the slght/tracking data, aircraft data, target data, and
the gun/projectile data. The program will continue to

read In and execute datza for as many cases as desired.

Overview Program Flow Chart

The following flow chart graphlcally displays the
flow of the computer program ATOG described in the previous

section.
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TARGET DATA,
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Figure IV-1.

Flowchart Overview of ATOG Computer Program
(continued)
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CHAPTER V
DEMONSTRATION OF RESULTS

The results obtained from the computer program
described in Chapter IV are limited to one particular air-
craft, one gun, and one target. The alreraft character-
lstles used Iin this simulation closely resémble that of the
A=10 in dynamic performance. The gun system 1s a 30
millimeter, seven barrel, Gatling which mimlics the General
Electric GAU-8. The target is defined only as an area in
square feet that 1s still or moving a specified velocity
and direction. The size target used for this analysis does
noct represent any potential ground target for the gun/
alreraft unit. This program Is capable of accepting inputs
from any aireraft, gun, target combination desired. The aim
error and ballistic dispersion used was representative of
the gun/alircraft unit based on actual test results. The aim
error used for this analysis was 5.887 mils sigma, and the
ballistic dispersion was 1.4 mils CEP as noted on the top of
Tables VI-1 and VI-3, respectively.

Tables V-1 through V-4 exhibilt various target
maneuvers with the gun effectiveness results recorded. Can
an aireraft with a fixed sight system hit a moving target?

This question frequently arises iIn ailr-te-ground gunnery
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analysis. Table V-5 shows the effectiveness results for
both fixed, and lead predicting sight systems. The results
(not shown) for a still target using beth sight systems
yleld approximately the same effectiveness resulfts. The
lead prediction sight system uses first order lead, based on

projectile time of fiight and fﬁture position of the target.
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Table V-1. Effectliveness Against a Moving Ground Target
for 250 Knots, 3 Degree Dive Angle

MOVING GROUND TARGET

VELOCITY HEADING (DEGREES) TURN RATE (DEGREES/SEC)
(MPH) 0 45 | 90 1135 [180 §| 5 | 10 | 15 | 20 | 30

15 0.0610.05(0.05|0.07]0.10({0.07{0.07]0.07]0.06]|0.0¢
30 0.09[0.04{0.04]0.05|0.211{0.07{0.06{0.06}0.06]0.05
45 0.09{0.03{0.03|{0.04]0.11||0.06|0.05{0.06{0.05{0.05
60 0.08|0.02|0.02{0.04)0.12|]0.06{0.051{0.05|0.05]0.05

Table V-2. Effectiveness Against a Moving Ground Target
for 250 Knots, 15 Degree Dive Angle

MOVING GROUND TARGET

VELOCITY HEADING (DEGREES) TURN RATE (DEGREES/SEC)
(MPH)
0 4s 90 |135 1180 5 10 15 20 30

15 0.11;0.09(0.10f0.10}0.12(| 0.10|0.09}0.10|0.10]0.08
.30 0.11{0.09(0.0510.10/0.12(/ 0.09]0.09;0.0910.09(0.07
45 0.1110.08/0.09§0.1070.12|] 0.09|0.08{0.09]0.08|0.07

60 0.11{0.08{0.09|0.,1110.121j0.€9]0.08|0.08[0.08(0.05




Table V-3. Effectiveness Against a Moving Ground Target
for 250 Knots, 30 Degres Dive Angle

MOVING GROUND TARGET

VELOCITY| HEADING (DEGREES) TURN RATE (DEGREES/SEC)
(MPH) 0 45 | 90 | 135] 180 5 10 | 15 | 20 | 30

15 0.16|0.14]0.16]0.180.21 ||/ 0.14]0.13]0.13|0.14]0.14
30 0.15(0.12(0.15]0.,20]0.24 (1 0.13[0.12(0.13|0.13(0.11
45 0.14]0.12]0.1410.22|0.25(}0.12}0.12}0.12|0.12]0.09

60 0.14|0.11|0.13|0.22|0.26}/ 0.110.11|0.11{0.11/0.06

Table V-L. Effectiveness Against a Moving Ground Target
for 250 Knots, 45 Degree Dive Angle

MOVING GROUND TARGET

VELOCITY HEADING (DEGREES) TURN RATE (DEGREER/SEC)
(MPH) [T 45 | 90 | 135] 1801] 5 10 | 15 | 20 | 30

15 0.46[0.42]|0.45]|0.46]|0.50|]0.42{0.41}0.41|0.43]0.42
30 0.43|0.39({0.4410.47[0.52(/0.38|0.37|0.38(0.40]0.32
45 0.38|0.36[0.42]0.42]|0.52(]0.34]|0.34]0.35/0.36(0.23

60 0.33]0.32]0.40|0.37]0.50|{0.31]0.31{0.32|0.36]/0.18
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Table V-5. Sight System Comparison for Aircraft Speed of
250 Knots, 30 Degree Dive Angle
SIGHT SYSTEM CCMPARISON/GUN EFFECTIVENESS
TARGET TARGET HEADING (DEGREES)
VELOCITY
(MPH) 0 45 90 135 180
YES NO | YES NO | YES NO YES NO YES NO
15 0.1610.13 | 0.140.11 ] 0.16(0.10 | 0.18}]0.12 ] 0.21]|0.14
30 0.15(0.10 | 0.12}0.05 | 0.1510.02 1 0.20|0.06 | 0.24]0.10
45 0.14{0.0510.12}0.01})0.140.00 ] 0.22|0.02 ] 0.25]0.04
60 0.1410.02 | 0.11|0.00{ 0.13{0.00{ 0,22{0.00 ) 0.26}0.01
80 0.12(0.01 | 0.10|0.00 ] 0.12|0.00 | 0.22]0.00 | 0.28]0.00
100 0.12|0.0170.09]0.00] 0.11]0.00 | C.23|0.001]0.29,0.00
TARGET TURN RATE (DEGREES)
5 10 15 20 30
YES HO YES HO YES NO YES NO YES MO
15 0.14]0.12{ 0.13/0.09| 0.13{0,08 | 0.14(0.08 | 0.14]0.10
30 0.13|0.08 ) 0.12}0.03 | 0.13]0.02 | 0.13|0.02{ 0.11{0.06
45 0.12{0.03] 0.12{0.01| 0.1270.00| 0.12]{0.00| 0.09}0.04
60 0.11{0.00| 0.11)0.00) 0.11{0.00 | 0.11]0.00] 0.06(0.02
80 0.10f{0.001{ ¢c.10{0.00}) 0.11}0.00| 0.11}0.00] 0.04(0.00
100 0.10]10.00 | 0.10{0.00] 0.12{0.00 | 0.12|0.00 ) 0.0N|0.00
NOTE: YES, means the pilot is using lead prediction

NO, means the pllot 1s not using lead prediction
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CHAPTER VI
CONCLUSIONS AND RECOMMENDATIONS

The objective of this research was to develop the
mathematics for an Improved air-to-ground gun model,
designed to assess the probabllity of k111l on a still, or
moving ground target. In order to valldate the mathematics
it was necessary to program the model in FCRTRAN, and then
compare the results to the Operations Evaluations group (0EG)

model effectiveness for similar engagements.

Results

The computer simulation model ATCG procduces results
in four areas of concern: (1) sight/tracking, (2) alreraft,
(3) target, (4) gun/projectile. Each respective topic has
its associated varilables printed for each tenth of a second
into the engagement. Other non-tlme related data for each
subject can be found at the top of Tables VI-1 through VI-I.

A typlcal attack engagement begins by observing the
target on a flat, non-rotating earth at an X, Y coordinate.
It may be still, or traveling at some constant velocity and
direction, or turnlng at a constant rate and veloecity. The
alrcraft 1s Introduced Into the system at some specified
cecordinate relative to the tarpet with a prédetermined

velocity and dive angle. The aircraft tracking system is
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Table VI-2. Gun Projzetile Data

tH+EHEEE RS GUN/PROJECTILE DATA FEEL I FHER A EE 4L

GUN RATE IN ROUNDS PZR MINUTEaesevssvcacs
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6.0188 32 27 i.12 256441
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Jdol.8
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3068.0
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J0&e8.8
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Jd75e 6
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Table VI-4.

XX EE R R R RN

ANGULAR

TIME
SetB8041
5e5044
B5.5£869
5.5533
5.5778
5.6022
Ceb62HBT
Be.b511
G.6756
57000
57145
5.7290
57435
E.7580
5.7725
S.757¢
5.8014
5.8159
5.83d4
Se8409
5.8594
5.8739
5.8884%
5.9329
5.9174
59319
DeG4biy
5.9609
5.975%4
5.98493
Go G643
6.0188
6.0333
6.0678
6.0023
b.0768
bal813

X~PQS
100“.0
1006040
iaﬂﬂ.u
1000.0
1uldeu
1000w
lﬂ&u.ﬂ
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1000ed’
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160040
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TARGET DATA
VELOCITY IN MILES PER MOURsssssesssesscae
INITIAL DIRECTION OF TAxGET VEL
TURN RATE IN DEGREESeesevsaassasns

Y~P3S

361.7
363.3
364.9
36645
3hB8.1
36947
37T1.4
37 3.0
37446
37642
377.2
378.1
379.1
380.0
381,

381.9

38249
383.9
384.8
385.8
386.7
387.7
388.56
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392.5
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394.4
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397.2
398.2
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40061
401.1
4U2eU

Target Data
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%5.00600
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IMP=-VEL

J034e3
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Ju3be 5
30atedl
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3041.3
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J0h8.1
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305449
3U55.8
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3055.1
3061.8
3Ub1.8
3661.9
3661.9
3068.6
306847
3063.8
3063.5
3U68.9
307546
3u75.7
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3075.9
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3082.7
3082.8
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3i189.b
3089.7
Ju83.8
3089.48
3id9.9

PRES AREA

215.7
215.7
215.7
215.7
215.7
215.7
215.7
215.7
215.7
215.7
21547
215,.7
215.8
215.8
21548
21548
215.8
215.8
215.8
215.8
215.8
2i5.8
215.8
2i5.8
215.8
215.8
215.8
21548
215.8
215.8
215.8
215.48
215.8
215.8
£Z15.8
21548
215.9
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VUL AREA
1.528
1.528
l.534
1.597
1e543
1.532
1.533
1.521
1.508
1513
1.503
1.485
1.487
1.49%4
1.487
1.481
1.4706
1.485
1e081
1.476
la472
leltB69
1.479
l.476
1e473
1.4740
1.468
1.479
Leaa?7
lel74
1.472
1.470
1.482
1460
1et478
1e76
l.475
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mathematically designed to pursue the target within cerfain
limitations. Pertinent constraints on alreraft capabilities
and turn rates are read in 23 a limiting factor which allows
the mathematical model to perform as a live model.

The aircraft continues to pursue the target for a
speciflied engagement timé. If the opén fire range (specified
in the input) is achieved before the engagement time elapses
a check will be made to determine if i1t 1is possible to hit
the target based on the aim error. After these two conditions
are met the gun will commence to fire for a specified number
of seconds, or untll the engagement time elapses. Then the

probability of target hit/kill is determined.

Comparison and Validation

One of the best ways to valldate the new methodology
1s to check it with another model known to produce accurate
results., The OEG model methodology and effectiveness
results are documented in the Joint Munitions Effectiveness
Manual (JMEM) and accepted by the armed services Joint
Technical Coordinating Group (JTCG) [9]. Due to the 0QEG's
popularity it became a prime subject for comparlison to the
new model. Table VI-5 shows four areas of compariscn using
a still target.

The data in Table VI-5 was collected from both models
under similar attack conditions. The target, gun and air-

craft were all the same. The OEG dive angle remains constant



Table VI-5.
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Gun Model Effectliveness Comparison

AIRCRAFT DIVE ATRCRAFT SLANT)| PROJ IMPACT PRCBABILITY
ANGLE (DEGREES) RANGE (FEET) VEL (FT/SEC) OF KILL

OEG ATOG OEG ATOG QLG ATOG OEG ATCG
15.0 ( 16.1 2000 1951 3210 3212 0.32 0.27
15.0 16.3 3000 2951 3010 2998 0.13 0.11
15.0 16.4 4000 3951 2820 2797 0.0% 0.05
30.0 31.1 2000 194¢ 3210 3221 0.42 0.40
30.0 31.3 3000 2946 3010 3012 0.17 0.18
30.0 31.4 4ooo 3946 2820 281¢ 0.08 .10
45.0 45.8 2000 1942 3210 3221 0.87 0.79
45.0 46.0 3000 2gk2 3010 3017 0.53 0.50
45.0 46,1 4000 3942 2820 2827 0.33 0.34
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for all cases while the ATOG dive angle increases slightly.
This slight increase 1s due to the aircraft's dynamic
characteristic to 'bunt' as it draws nearer to the target.
The alrcrafts' open fire siant ranges differ slightly
between the two models. Thia difference is due to the way
the open flre slant range 1s selected. In the QEG model it
is a fixed input. In the ATOG program it iIs calculated based
on the input sight harmonization range; then the mean gun
burst time is equall& divided on each side of this range.
The OEG model uses projectile trajectories calculated from
a trajectory program based on a constant altitude of four
thousand feet. The ATOG's trajectory characteristics are
all calculated within the program, and are representative
of the altitude at which each round is fired. This should
account for the projectile Impact velocecity differences. The
vulnerable area of a target (not shown in the taﬁle) is a
function of the dive angle, slant range, and projéctile
impact velocity. Since there are slight differences 1n all
three areas between the two models 1t would be difflcult to
achleve the exact probability of target kill. However, the
effectiveness results are very close and the differences are
negligible,

The ATOG program ls simpler to run, reguires one tenth
the set up time, and executes each case in three geconds
_1ess than that reguired for the OEG model. However, the OEG

model has a plot option but the ATOG model does not. ATOG
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has three times more information printed cut than the OEG
model., The largest and most obvioﬁs difference between the
two models is the potenwtial capatility of the ATOG program

to evaluate the damage inflicted on a moving target.

Recommendaticns and Conclusions

This new simulation model has many and varying advan-
tages over all of the alr-to-ground gun models known to be
in use at this time. There are several areas 1n the model
that could be topics for future research., First, the target
model could be improved upon by adopting a completely random
target [10]. Second, sight depression/lead compensation
tables could be generated for use as a teaching aid in alr-
to-ground fixed gun sight systems. Third, graphic output
could be incorporated into the program to display each
engagement. Fourth, the program can be modiflied with a minimum
effort to be used to assess the probability of ki1ill against
low flying alrcraft such as helicopters.

The ATOG computer program should prove to be a
valuable tool in future air-to-ground gun studies. It is
conservative, yet 1t uses some of the most sophilsticated

and accurate mathematical techniques known.
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AX2
AX3
AY1
AY2
AY3
AZ

AZA
AZl
AZ2
AZ3
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Front presented area of target (square feet)
Target presented area (square feet)

Side presented area of target (square feet)
Top presented area of target (square feet)

Target‘vulnerable area (square feet)

CaCBCy - Sa(CeSBCY + S4SyY)
CaClSy - Sa(C¢S6SY -~ S¢Cy)
- CuS® - Sal¢CH

S¢S8Cy - CoSy

S$¢3S68yp + C¢Cy
S¢C6

Azimuth of target angular coordinates in the field
of view aleng the alrcraft X axis

Target vulnerable area as a function of azimuth
SaCocy + Ca(C¢eSOCY + S¢Sy)

SaC8Sy + Ca(CeS0Sy - S¢Cy)

- SaS8 + CaC¢Ce

Side force on the aircraft 1In the wind axis equation
Alrcraft coefficient of drag

Aircraft coefficlent of 1ift

Coefficient of 1ift versus o slope

Cecefficient of 1ift at a = 0



CvVD
C1

EL

ELA

ERF

FPV

FRL

GL
GL'

GR

"y x> G Cwdy > >
(we} T 9

!

Correction for vertical displacement of gun (feet)
Proportionality roll angle gain constant

Diameter of projectile (feet)

Drag force

Elevation of target angular coordinates in the field
of view along the alrcraft's X axils

Target wvulnerable area as a function of elevation

A function narie used to describe a numerical eval-
uation technique

Aircraft flight path vector

Fuselage reference line (horizontal plane of the ailr
craft about which all angular measurements of the
alrcraft are made)

Acceleratlon due to gravity

Gun bore axls

Line parallel to the gun bore axis

Gun rate of fire {(rounds/minute)

1 component in the line of sight vector of the air-
craft body axis system

Vector component of the transformed velocity vector

J component in the line of sight vector of the air-
craft body axls system

Vector component of transformed velocity vector

k component in the line of sight vector of the air-
craft body axls system

Vector component of the transformed veloclity vector
Lift force

Length of target (feet)



LOSP

MDX
MDY
NR
PHSS
PHSSA
PKSSA

Px/u

PSA
PS
PTV

PTV!

QSA

H>» B> ™
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Line of sight to projectile at impact
Mass = weight/gravity

Target miss distance in X coordinate rotated to the
normal (feet)

Target miss distance in Y coordinate rotated to the
normal (feet)

A specified number of rounds fired in a burst

The prcobablility of a single round lmpacting the
target when aiming error and balllstic dispersion
are Involved

The probability of hitting the target with a single
round

Single shot probability of kill given an aimpoint
Probability of target kill/glven a hit
Probabillity of target kill

Probability of survival

Probabllity of survival for all aimpoilnts
Projectlile total veloclty vector

Line parallel to the projectile total veloclty
vector

An intermediate variable used to calculate alpha
Line of sight range to the target (feet)
The line of sight unlt vector

Line of sight unit veector in the aireraft body axis
system

Input line of sight range to target from alreraft
(feet)

Initial range of ailreraft to target (feet)



SD
SR
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H >

i component of the line of sight unit vector

H o

J component of the line of sight unit vector
k component of the line of sight unit vector r

Aerodynamic reference area of alrcraft (square
feet)

Sight depression (mils)

Projectile slant range (feet)

Thrust‘of the aircraft

Time (cumulative)

Engagement duration time (seconds)
Projectile time of flight (seconds)

Target heading (radians)

Present time

Tracking time (seconds)

Component of thrust in the alrcraft X-axis
Component of thrust in the aircraft Y-axis
Component of thrust in the aireraft Z-zxis
Veloecity of the aircraft (feet/second)
Velocity of the ailrcraft (knots)

Vertlical gun position with respect to the sight
(feet)

Gun muzzle velocity (feet/seconds)

Earth axls transformation for the gun muzzle
velocity 1n the X direction

Earth axis transformation for the gun muzzle
velocity in the Y directlion
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Earth axls transformation for the gun muzzle
veloclty in the Z directlon

Initial alrspeed for a planned zirspeed of VA at
open fire (feet/seconds}

Velccity of the projectile at impact (feet/second)
Projectile initial velocity (feet/second)

Projectile initial velocity component in the X di-
rection

Projectile initial velocity component in the ¥ di-
rection

Projectile 1nltlal velocity component 1in the Z di-
recticn

Veloclty of the target (feet/cecond)
Welight of the aircraft (pounds)
Width of the target (feet)

Weighting factor used in determining the probabllity
of the aimpoint occurring

Change in the X aircraft position after delta time
(feet/second)

The X coordinate position of the aircraft (feet)

The mean aimpoint of projectile Ilmpact position in
the X coordinate

Almpoints

Line of sight coordinate in the alrcraft body axis
system

Projectile X miss distance from target (feet)
Projectile impact point in the X coordinate (feet)
Projectile veloecity in the X directlion {(feet/second)

Projectile acceleration in the ¥ direction (feet/
second) 2
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X coordinate of projJectile impact polint relative to
the target (feet)

The X coordinate position of the target at any time
t (feet)

The target veloclity in the X direction (feet/second)
X coordinate in the target body
Initial X positicn of the target (feet)

The transformed projectile impact X coordinate
(feet)

The Y coordinate position of the aircraft (feet)

The mean almpolnt of projectile impact position in
the Y coordinate

Change in the Y position of the alreraft after delta
time (feet/second)

Line of sight coordinate 1in the aircraft body axis
system

Projectile Y miss distance from target (feet)
Projectlile impact point in Y coordinate (feet)

Veloeity of the projectlile in the Y direction
(feet/second)

Acceleration of the projectlle in the Y direction
(feet/second) *

Y coordinate of projectile lmpact point relative to
the target (feet)

The Y coordlnate positlion of the target at any time
t (feet)

The target velocity in the Y direction (feet/second)
Y coordinate in target body
Initial Y position of the target (feet)

The transformed projectile impact Y coordinate (feet)



Aa
At
Ad

Adppax

|

Change in the Z positlion of the alircraft after At
(feet/seconds)

The Z coordinate position of the alrcraft, or alti-
tude (feet)

Line of sight coordinate in the alrcraft body axls
system

Projectile 7 miss distance from the target (feet)
Projectile imract point in the Z coordinate. (feet)

Velocity of projectile in the Z direction (feet/
seconds )

Acceleration of the projectlle in the Z directilon
(feet/second) ¢

The Z coordinate position of the target (feet)
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The transformed projectile impact Z coordinate (feet)

Alircraft angle of attack (radians)

Present commanded angle of attack (radilans)
Maximum allowable angle of attack (radians)
Angle of attack at zero 1ift (radians)

Alreraft angle of attack at aerodynamice stall (ra-
dians)

Maximum allowable angle of attack for structurél
limitations (radians)

Projectile angular gravity drop (radians)
Increment angle of attack (radlans/ second)
Time increment (seconds)

Roll or bank increment (radlans/second)
Maximum recll angle (radians/second)

Angle between the FRL and the GL (radians)
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Aircraft dive angle or plteh (radians)

The relative change in the ai‘craft dive angle after
At (radians/second)

Linear direction of the target velocity (radians)
The target velocity change with time

The transformed angle of projectlle impact for the
aircraft dive angle

Adrcraft load factor
Alrcraft structural load factor
Air density (slugs)

Standard deviation of the ballistic dispersion in
range {(mils CEP)

Standard deviation of the ballistic dispersion in
deflection (mils CEP)

Standard deviation of the alm error 1n range

Standard deviation of the aim error in deflectlon

Trajectory shift angle - deflection of the bullet
due to the gun being at an angle of attack with
respect to the aircraft flight path (radians)

Roll or bank angle of aircraft (radians)

- Maximum bank angle rate (radians/second)

Commanded roll angle (radians)
Yaw or heading of aircraft (radians)

Change in the heading of the alrcraft after At
(radians/second)

Heading angle between the target axls and earth axis

The new projectile rotation angle of Impact for the
aircraft heading angle

Pi (a constant approximately equal to 3.1415926)



Ua

{

The target angular turn rate (radians/second)

Component in the direction of the velocity of the
projectile at impact

The second component in the directlon of the veloc-
ity of the projectlile at impact

The third component in the direction of the veloclity
of the projectile at impact
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SUBROUTINE VALUE(YO,k,N)
c““‘.“““"l"‘l'l""'l X TP RS RSIRESERESE SRS YR PR SSR RS PSR R YR SRR SRR R R Y
Cs APPPOPRIATE OEPIVATIVES FOR INTEGRATION M
c.“"“"¥‘l!¥¥¥¥l'l¥¥¥‘¥4¥4¥¥.~¥‘¥"l‘-"‘*‘ll““"“"‘*“‘-‘“""!“4

COMMON/VALUE/WPRDJ,DTALPIE

COMMONZFLI/RAD, G, T5ACH, T11, TIHE, PNEY

DIMENSION YO(N), K({N)
c*"“*“‘¥‘¥4“';44¥¥!¥I¥#¥l'¥¥l¥¥'¥l‘ ENRRABERRRERERES S AER RS R R ERRL LSRN

* CALCULATE PRNDJFCTTILE NRAG *
c"".l“"C."""“‘Q"‘4""*.""" BERERENR O ER RV BRSNS NEFRRELTYLREE

BO 13 M=1,N,6

RHOP=,0023763% (1.=(,)03568I%ARS (YC(M+5))) /518,688) %4, 2561

VSPROJ=1117.0~ 0.004*4BS(YO(M+5))

VLPROJ=SOPT (YO (M )%42 + YO(Me1)%%2 + YO(Me2)¥%2)

AHACHP=VLPROJ/VSPPDJ

CALL CDINT(AMACHP, Ch
c“‘¥¥'¥¥¥¥¥¥¥¥¥¥l‘¥ » ¥ ""“‘*"""““""“";“““;‘-‘"‘"“‘l"'“"
Ce CALCULATE COMPONENT ACCELERATION AND VELOCITY OF EACH PROJECTILE *
c.‘;"‘“"F“"*"‘*;4""*‘.*'»"'.“"‘ tE X2 R ERE PR ER ERERRLE SRR RS RS E R R RN YWY

CONST3==( (500, *GXPHOP*VLPROJ*CO* (PIE*(DIA/2544) *¥2)/5764) /WPROJ)

K{H~ ) =CONSTI*Yo (M

K(Mf1’=CONSTT‘YO(H+1}

K(M+2)=CONSTZ# YO (M+2) 45

K(M+3)= YO(M )

K(Mei) = YO (M+1)

K{M+5) = YO(M+2)

13 CONTINUE

RETURN

END



85

P IITE SR TSRS ES RS RN P Y Y]

&)
ry}

L=

H,COP
R REY

C*

eMA
LR 3

(

s
FE IMTERDBED
ERR LN R4 N

¥ A¥

FERREREEY D

ATES IN A €D
LN

.
M

For
LX N

H
'

13

HIS SBeoUTT
NENERRRERT XN

Crexax

T
=,
-
Lol -4
o
(=) t
- gV -
— O
[ = MOOD i
od (] [ 2l ad 03
- fen] Pt
[} -~ 00 T
1] -~ LD [y
- [ ol L o~
- |74 L) e —~—
c < o~ - vla=
[48) =z b b ]
L L L - =t
I I CceoIxTT -
[ O Z a0 - O~
x X L'TF b b o~ (B e S ¥ A
S . e e L N vt e
o of Lilwib e O O i o Tl 0 .
[} R ZZ H TOI s~
« L WO 0 8 e e e (DI
L ITWZ XTI ITuC C a0

w1 DCO:CCCUCBCBC&H::(FéCU

ZI i T i I ) il ] = Wz
C NI FTrEmDOUOCOOoOREToCUOOU R
TN O A T el L = D)
F N t=tn e TN X X O O Ze0
OLOOWLOOULLLOOOIDOCO IO C CWE
O ZZTHHZOCHHROOUOOULOLOTIL OO0 W

N - M [TalTs)



86

x
-
Q.
-t
< o~ -
- i 4
(4] N [72178]
- oo aQ
) [7g] ] o
- * % * %
~ i i
< T Tr
- (o9 s oc
b [ Pl Py [7a)7s}
T + | o ¥
o [l =i
[ %2175} v
0 <t ao [+ s W
I wn (&) -
Ca * % N ¥ o
[ P ==y (=&t 4 -
[l b b e <
- = Wk Wil oo c
aq - Ti TXI i ~N
- - = W »
Oy %2172k = V<o a
Qv = * ¥ - * o Llutl =
ot s WY =t Ll PR L=
- V) I3 11TITZZZ o
O e« [als I g QG =i —
| S ] o0 OOOnW o+
oW e hadhagk B R Y aa
£ ey * # i % ¥ I T = =
Nl e ST NN AT S>> * Q
o E I 00 I Tk N
— > OO QALONGD o>
Cal » SR N —t d ¥ NN -
Gt ol ol ol pibd <L <l el ed o e + 0.
N0 VIVIT I T QO >
-~ (L IO +4+0+¢+ a <
O ] [ LT Pl An T L s S PPy =0
O e - Nt + 0T s o *» >
C.<x J QO UVibtrd O 0O (O >+
»>0 OV Iy TS+ 1nn oo
—_ e e IO D O * ¥ QN0 b
Ch ) <t —emlel b (0 =l LMl + O
>0k = Lol g o S THE O N e . Lt >0
b o] PR TRY P T I T el W T AV v I 4
EXTOLITT o~ ACTITrHpR - =-I1I-0C0 =1
DN O~k i e e 3 e U L e OO O % O
L0 L0000 Wbl IO T T TXTEOR & % 5 > NEEP
NN O T X g b cTh =% % T 2TXTT OO
Wi U ZUVLAOA TG T UHNOGAII S>> >0
ZOJ-Z Q== = OT LA % %% TIX0% & % 4 v b =X N
HOCSVCUOIWITEVIOR A k=L G e - b -0 0 G
FYNSSHE OO B ) I T T I XX OO -2
DETZENSAViONCOaEquaQLAN Sdnaa<COEQn i &
COOOZT N 1t B )l TTOO L LA 1 e v 5 e P O o e [
CEEI Wi NS 0GR NEeammD

OETTFITITNITT of d v AV et O M0 v OV 3 e NS 3 I e |} ot e g [
POCOHFFAALA AKX X=>>NNNIIIAALAADOOOLZ
OO O OOV OO 0L I < <L < L L €1 T 30 5o Sr =0 = 2 50 e - 2 L)



87

SUBPOUTINE TABTNT (XY 3 Z,XT YTy 274 MN)

XTIMY ,YT(H) L, 2T (M H)

DIMENSION
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