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This is the final report of a No-Drop Weapon Scoring (NDWS) study
performed by Litton Guidance and Control Systems for the U.S. Navy
under Contract No. N0O0173-76-C@247. The report contains a de-
scription of the impact prediction process and its accuracy in
terms of sensitivities to measurement errors. Setting the re-
sulting impact prediction errors equal to the expected ballistic
dispersion of the simulated weapons yields a set of acceptable
measurement error tolerances. !

SUMMARY | /]

The study then addresses the question of mechanizing an NDWS to
obtain these measurement accuracies. In particular, the general
process of combining ground-based position tracking data with
airborne-sensed acceleration data is studied. A summary de-
scription of an Airborne Range Instrumentation System (ARIS) is
included, along with flight test results, as a real-world example
of that which can be and has been done with a DME-inertial no-
drop bomb scoring mechanization. A later section of the study

is devoted to a comparison of relative costs between a radar-
inertial and a DME-inertial no-drop weapon scoring range.

The major conclusions to be drawn from this study are summarized
below:

1. Measurements of aircraft states at the release point for
no-drop weapon scoring should be at least as accurate as
the following:

Pogztion = . + . & = 5 200tcet (horizontal)
30 feet (vertical)

Velocity . v i o s o e o 2 Et/sec (horizontal)
3 ft/sec (vertical)

Headlifige « « o & s » » s 043 degrees
Roll Rate. . . « . . « . 6 degrees/second |

True Airspeed. . . . . . 5 feet/second

T,

Air Pressure and
Temperature. . -« . « « 1l percent

2. To incorporate strafe scoring into NDWS would require
position measurements accurate to 3 feet and pitch and
heading measurements accurate to 0.1 degree.
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An NDWS implemented with airborne inertial platform data
combined with either DME or radar position tracking data
can satisfy the above bomb scoring requirements comfort -
ably, and may even satisfy the strafe scoring require-
ments.

ARIS, an existing DME-inertial no-drop bomb scoring
system, has demonstrated that it possesses the accuracy,
mobility, and operational versatility to score properly
all-weather no-drop bombing runs which employ realistic
tactics against unfamiliar (off range) targets.

A DME-inertial NDWS range will be less costly to acquire,
maintain., and operate than will a radar-inertial NDWS
of equivalent accuracy.
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SECTION I
INTRODUCTION

No Drop Weapon Scoring (NDWS) is the process of measuring the
state vector (especially position, velocity, and attitude) of an
aircraft at the instant of simulated weapon release and then
using these data as initial conditions in solving the ballistic
equations of motion to calculate the point at which the weapon
would have impacted had one actually been released. Among the
numerous factors which have combined in recent years to stimu-
late interest in such systems are:

a. Obsolescence of the tracking and scoring radars cur-
rently employed on training ranges.

b. Improved accuracy of modern digital airborne weapon
delivery systems, which now are more accurate than the
obsolete scoring systems.

c. Land,use, ecology, and public safety objections to bomb
dropping ranges.

d. Desire among operational tactical air squadrons for
more realistic (off range) training exercises.

e. Increased operational costs which place a premium on
efficient use of available training time.

As a result of this surge of interest, CNO tasked NAVAIR in

June 1975 to develop a program to modernize the NDWS systems
deployed on Navy training ranges. To implement this task, the
Navy contracted with Litton (1in June 1976) to apply its experi-
ence to the NDWS problem. Litton had developed a modern no-drop
bomb scoring system known as ARIS (Airborne Range Instrumentation
System) in 1973-74 (Reference 1) as the primary instrumentation
system for the DDR&E radar bombing evaluation (RABVAL) program.
This program was concluded successfully in 1975.

This final report documents the effort by Litton on the Navy
contract. The report contains, initially, a description of the
method employed by ARIS to calculate weapon impact points. This
discussion details the exact quantities which must be known or
measured in order to carry out the impact prediction calculation.
A subsequent section presents derivations of the impact error
sensitivities to each of these measurements, and converts these
sensitivities into a set of measurement tolerances.




Having developed a set of rational measurement error tolerance
specifications, the question of implementing or mechanizing a
system to achieve these specifications is addressed, using vari-
ous levels of accuracy of combined position tracking and
airborne-sensed acceleration data. Of these generic types, the
distance measuring equipment (DME) position sensor combined with
an inertial acceleration sensor represents the most accurate all-
weather system. The ARIS is such a system. For ready reference,
Section IV includes a short description of ARIS and its flight
test results, as obtained during the RABVAL program.

The final section of this report presents criteria for evaluating
the relative cost of alteriative NDWS system configurations. An
illustrative example of the use of this method indicates that the
advanced ARIS-type system is not only more accurate but is less
expensive than an augmented radar-type system.

s iR




SECTION 1I
IMPACT PREDICTION

2.1 GENERAL

Figure 1 diagrams the overall impact prediction procedure, as
employed on the ARIS no-drop bomb scoring system. It smooths

aircraft position and velocity as measured both before and after
k the release point in order to obtain the most accurate estimate
of the aircraft state vector at release. Bomb lever arm and
ejection velocity corrections then modify the release point air-
craft state vector to obtain the initial conditions of the bomb
at the start of its ballistic trajectory. The horizontal compo-
nents of this initial state vector enter the impact equation
computation directly. The vertical components and true airspeed
become inputs to the ballistic trajectory computation which
calculates time-of-fall and trail for the impact point compu-
tation. Coriolis corrections complete the computation of the
impact point. 5

A useful piece of auxilliary information is the accuracy (i.e.,
expected standard deviation) of the computed impact point. ARIS
computes the standard deviation of the downrange and crossrange
impact point coordinates based on the self-calculated covariance
of the release point state vector and the impact sensitivities
to initial condition errors.

2.2 IMPACT PREDICTION EQUATIONS

Figure 2 is a vector diagram illustrating the classical air/wind/
ground velocity vector triangle. 1In this figure, however, the
time-of-fall (tf) multiplier converts each leg of the triangle

from a velocity vector into a distance vector. 1In particular,

the Vgtf vector represents the distance traveled by the aircraft

(if it continued in unaccelerated flight after releasing the
bomb) during the free fall flight time of the bomb.

If the bomb had zero drag, it would impact directly beneath the
aircraft at the end of the Vgtf vector. Because of air drag,

however, the bomb actually lands behind the aircraft by an amount
Th' the bomb trail. Bomb drag acts in direct opposition to the
air velocity vector Va and causes the trail vector to be parallel
to the negative of the Vat vector. From the release point

f
(XR, YR), the impact point (XI’ YI) can be computed by
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multiplying ground velocity (Vg) by time-of-fall (tf) and then

subtracting trail (TR) along the direction of the air velocity

which, except for side slip angle,
heading. Figure 3 describes this
mathematical terms.

is equivalent to aircraft
computational procedure in

The basic vector equation (release position

plus ground velocity times time-of-fall minus trail along air-
craft heading) is the same as that presented in figure 2.

ok DI e S LAY T T e

| X' e XR | *0 VXRItf | } TR | SINy

l [ | I Foiv | !

I - | I f | I I

Voo 1e e by iy gl iy e hiang g

[ | "R | "YR[f | Rl |

Lf—l L L/__l__l l_‘i_l___‘_\:

IMPACT RELEASE  GROUND BOMB AIRSPEED VECTOR

POINT POINT  VELOCITY TRAIL DIRECTION
TIME-OF -FALL

7

% & TR ARE FUNCTIONS OF

ALTITUDE ABOVE TARGET
VERTICAL VELOCITY

< TRUE AIR SPEED

BOMB DRAG CHARACTERISTICS
AIR DENSITY

Figure 3.

In mechanizing this equation,
and heading at release.
modified slightly to account for bomb lever
release delay time,

position, velocity,

tude rate,

[ GRAVITY

Basic Impact Prediction Equations

the NDWS must measure aircraft
These are then
arm, aircraft atti-

and ejection velocity effects to

determine the position and velocity of the bomb at release.
Bomb time-of-fall and trail are then computed by integrating the

ballistic equations of motion.

The subsequent sections discuss

these steps in more detail.

243

INITIAL CONDITIONS

Table I lists the relevant aircraft state vector data measured

by ARIS and the corresponding iteration rates.
the iteration rates may,

than ARIS,

For systems other

of course, differ from the

L1




values listed in table I. In general, however, the position and
velocity tracking data need to be available at a higher rate than
that of the attitude and air data measurements. The reason for
this will become apparent later in a discussion of the relative
impact sensitivities to errors or changes in the various

measured quantities.

TABLE I. RELEASE POINT DATA

Fast Loop (1/16-Second) Slow Loop (1/2-Second)
Position (X, Y, 2Z) Gimbal Angles (Pitch, Roll, Yaw)
Velocity (Vx, Vy’ Vz) Air Density

True Airspeed

Side-Slip Angle

The data listed in table I all have to be interpolated with
respect to the release time in order to determine the aircraft
state vector at release. As indicated in figure 4, "release
time" 1is typically about 12 milliseconds after the weapon release
signal reaches the weapon release rack. This 12 milliseconds is
the nominal time delay necessary to fire the ejection cartridge
and actuate the hook release mechanism at which time the bomb

can begin to move away from the aircraft.

The foregoing procedure establishes the state vector of the
aircraft at the instant of release, but what is actually needed
is the state vector of the bomb at this time. Figures 5, 6, and
7 describe the corrections which ARIS makes to the aircraft state
vector in order to derive the state vector of the bomb.

As indicated in figure 5, ejection velocity, expressed in
aircraft coordinates, is transformed into the horizontal and
vertical coordinate system. These ejection velocity components
are added to the aircraft velocity components in order to calcu-
late bomb velocity.

Similarly, the position vector of the bomb with respect to the
tracking point on the aircraft is transformed from aircraft
coordinates into the horizontal/vertical computational coordinate
set. These lever arm corrections convert aircraft position to
bomb position (see figure 6). By repeating this lever arm
transformation a half second later in time, differencing the two

|
i
|
|
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1

FAST LOOP WEAPON
CYCLE TIME RELEASE ) NOMINAL (0.012 SEC) RACK DELAY
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L 1 | Ji K § [
/ : )
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UPON RECEIPT DATA DATA
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RELEASE
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DATA DATA
5. INTERPOLATE
TO RELEASE TIME
Figure 4. Interpolating to Release Point Conditions
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PRIOR TO RELEASE

' PRIOR OFFSETS \ LEEVER ARM
(X Y Z COORDINATES) _\P X, aY, az] 05 SEC ol b
AIRCRAFT
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TRANSFORMATION
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TOXYZ
TRANSFORMATION
POST OFFSETS ;ES/SEF”%ZM
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GIMBAL ANGLES CORRECTION
AFTER RELEASE
Figure 6. Bomb Lever Arm and Attitude Rate Corrections

lever arm corrections, and dividing the difference by 0.5
seconds, a measure is obtained of the effective additional
velocity imparted to the bomb by attitude rates (especially
rolling) at release. Thus, bomb lever arm effects give rise to
a velocity correction as well as a position correction.

Figure 7 depicts another mechanism which can cause the effective
initial velocity of the bomb to deviate from the release velocity
of the aircraft. Separation disturbances can cause the bomb to
oscillate about its pitch and yaw axes. Such oscillations create
additional induced drag and give rise to 1lift forces normal to
the bomb velocity vector, which cause it to deflect away from its
predicted ballistic trajectory. Reference 2 provides an in-depth
treatment of this phenomenon and points out that this is the real
cause of so-called "bomb dispersion". "Bomb dispersion" is a
misnomer because it implies a relationship to physical differ-
ences between bombs. Whereas, in reality, it is not a function
of the bombs at all, but rather the way in which they are ejected
through the disturbed airflow surrounding the aircraft. There-~
fore, the more accurate terminology '"separation disturbances" is
used in this report instead of "bomb dispersion".

14 a
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Figure 7. Separation Disturbance (Jump Velocity)

According to Reference 2, separation disturbances can be charac-
terized by a random component superimposed on a systematic,
repeatable component. The systematic, repeatable portion can be
compensated for by treating it as a constant predetermined
ejection-like velocity vector known as "jump velocity”.

2.4 BALLISTIC TRAJECTORY SOLUTION

Having determined the initial conditions or state vector of the
weapon at the start of its free fall, attention is directed to
the problem of calculating the free fall trajectory of the
weapon to impact. The general procedure is to solve the bal-
listic equations of motion by piece-by-piece integration of the
differential equations which describe the motion of a point mass
acted upon only by the forces of gravity and drag.

ARIS uses the so called "China Lake Trajectory Algorithm"
(Reference 3) to perform this integration. It is a computa-
tionally efficient algorithm specifically designed for mechani-
zation in airborne digital weapon delivery computers. As
indicated in figure 8, it performs 10 piece-by-piece integration
steps to calculate the trajectory of the bomb from release to
impact. Table II lists some additional features of the algo-
rithm, while figure 9 displays its accuracy with respect to a

LS
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CHINA LAKE TRAJECTORY ALCORITHM COMPUTES:
(1) TIME-OF-FALL

VERTI CAL (2) BOMB RANGE (OR TRAIL)
GROUND SPEED

-

RELEASE
ALTITUDE
ABOVE
TARGET

v

) SRR S LY L BY INTEGRATING:
o—* ~—~—e

Z o e, 57

ACCELERATION = 2RAG . coaviTy

\.7 MASS
b

\,
\ 10

= BALLISTIC RANGE Ry) ote—— TRIAL ——o

@———————— (HORIZONTAL AIRSPEED) X (TIME-OF-FALL)

Figure 8. Vertical Plane Ballistic Trajectory Problem

TABLE II. FEATURES OF CHINA LAKE TRAJECTORY ALGORITHM

Models bomb drag vs mach as Mk-84 or Garve characteristics
a. 3-Region, 2nd order polynomial curve fits
b. Scaled and offset for different size bombs

Models air density variations with altitude as 2nd order
polynomial

Models gravity as linear function of altitude
a. ARIS modification to China Lake constant gravity model

Assumes flat, nonrotating earth

Uses

dimensional equations of motion

a. Trajectory divided into 10 increments for piece-by-
piece integration

b. Short time increments during high acceleration

c. Long time increments during low acceleration

2nd order Runge-~Kutta formula to integrate two-
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i &
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Figure 9. China Lake Ballistic Trajectory Algorithm Error

more elaborate mcdel and integration algorithm (Reference 4).

As seen therein, the errors of the algorithm for dive deliveries
of low drag weapons are less than 5 feet, even for releases from
as high as 15,000 feet above ground level.

One of the characteristics of the China Lake Algorithm is that it
uses a flat, nonrotating earth model. This implies the need for
Coriolis corrections. Because these Coriolis corrections are
significant only for high bomb velocities, they need be computed
only for low drag weapons. For such weapons, the analytic vacuum
trajectory solution represents a sufficiently good approximation
for the purpose of calculating the Coriolis corrections.

2.5 IMPACT PREDICIION SUMMARY

Figure 10 summarizes the overall impact prediction technique as
mechanized in ARIS. The release point position is established by
interpolating aircraft position to the time of bomb first motion
and correcting for the bomb lever arm. Similarly, ground veloc-
ity of the aircraft is interpolated to bomb first motion time and

&7




corrected for ejection velocity, attitude rate effects, and
separation disturbances in order to determine bomb release
velocity.

Time-of-fall and trail are then calculated by means of the China
Lake trajectory algorithm. These guantities are combined with
release position, velocity, and airspeed direction (determined
from aircraft heading angle and side slip) as shown in figure 10
and corrected for Coriolis accelerations on the basis of
analytical vacuum trajectory solutions.
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FOR BOMB LEVER ARM I:HEADING ANGLE + SIDESUP]
GROUND VELOCITY
CORIOLIS CORRECTIONS
INTERPOLATED TO BOMB FIRST
MOTION TIME & CORRECTED FOR BASED ON VACUUM TRAJECTORY
EJECTION VELOCITY, ATTITUDE RATES, ANALYTIC SOLUTIONS

& SEPARATION DISTURBANCES

Figure 10. Impact Point Prediction Summary
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SECTION III
NO-DROP WEAPON SCORING MEASUREMENTS AND ERROR SENSITIVITIES

3.1 GENERAL

3.1.1 Release Conditions

In order to conduct numerical evaluations of measurement error
sensitivities, the weapon and conditions under which it is
released must first be selected. Five sets of delivery condi-
tions are considered, each of which represents typical release
conditions in one of five different attack modes.

a. Dive release from 4500 feet altitude in a 35-degree
dive at 550 knots. This is typical of a bomb release
after visual acquisition of the target, and could
represent either a dive-glide or dive-toss release
(after earlier pickle in a steeper dive). Typical
munitions employed in this type of attack are low-drag
bombs and cluster bomblet (CBU) weapons.

b. Laydown release at 1000 feet altitude in level flight
at 550 knots. The laydown release is typical of either
a low-level visual bombing attack or a radar bombing
attack. Normally, this mode employs a high-drag
weapon.

c. Loft release at 3000 feet altitude in a 45-degree climb
at 550 knots. The loft release is designed to provide
the attacking aircraft with a long standoff range and,
therefore, employs a low-drag bomb. This mode is
useful in attacking high-threat targets (e.g.., SAM
sites) &: known locations.

d. High-level release at 15,000 feet altitude in level
flight at 450 knots. The high-level delivery mode is
typical of ground-directed bombing attacks. The USMC
flies this type of profile when performing blind
bombing runs under TPQ-10 or TPQ-27 control. The low-
drag bomb would be the typical weapon for these
missions.

e. Strafing gunfire at 550 feet altitude in a 1l5-degree
dive at 400 knots. While this may seem, on cursory
examination, to be outside the scope of NDWS, it
actually differs little from the problem of simulating
bomb drops. Bullets are merely ballistic weapons with
very high ejection velocity.
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3.1.2 Weapon Type Selection

The type of weapon delivered plays an important role in the
determination of error sensitivities., Herein are considered
three bomb types and the 20-millimeter gun. For each of the
three bomb types, the ejection velocity is assumed to be 7.5
feet per second. The muzzle velocity of the 20-mm gun is 3300
feet per second.

a. Low-drag (LD) bomb. In particular, the low~drag bomb
class 1s represented by a Mk 82 500-pound bomb with
conical fins and electric fuse.

b. Cluster bomblet (CBU) weapon. The CBU weapon is
represented by a cannister which opens to disperse its
bomblets five seconds after release. 1In this instance,
the trajectory algorithm calculates the path and impact
of a typical bomblet in the center of the pattern.

c. The Mk 82 Snakeye (retarded) represents the high-drag
class of bombs.

3.1.3 Trajectory Solutions and Sensitivities

With the preceding definitions of delivery modes, weapons, and
ejection velocities, the ballistic trajectory for each of the
six cases listed in table III can be calculated. These solu-
tions yield time-of-fall, trail, and ballistic range values as
recorded in the table. The particular trajectory program used
to obtain these solutions was the NSWC, Dahlgren program
(Reference 4). This is the same program used to generate bal-
listic tables for all ballistic weapons in the U.S. Navy inven-
tory. Table III also shows the sensitivities in ballistic range
to changes in initial altitude (2), initial horizontal velocity
(v,), initial vertical velocity (Vz), and air density (»p).

These ballistic range sensitivities are used in Section 1V to
compute the impact point sensitivities.
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TABLE [11. BALLISTIC TRAJECTORY SOLUTIONS AND SENSITIVITIES

t TR Ry ARy ARy ARy LRy
Delivery Weapon Time-of-Fall Trail Range N7 AV, AV, Aplp
(Seconds) (Feet) (Feet) (Seconds) | (Seconds) | (Feet)
Dive Low-drag 7.089 102 5,288 0.994 6.935 6.932 22
Dive CBU 9.504 2,107 5,120 0.709 6.553 4.943 -682
Laydown High-drag 10.124 5,838 3559 0.867 1.774 3.353 -5,274
Loft Low-drag 43.895 2,025 26,836 0.756 37457 27514 2518
High-level Low-drag 31.256 1,254 22,500 0.716 28.450 21.180 -732
P o — - —— — —— e — — —— — — ———— —— —— ——— b ———— | —— ——— o
Strate Gun T o661 | s08 | 2030 | 3637 | 0526 (923 | 9

3.2 IMPACT SENSITIVITIES

A straightforward differentiation of the basic impact prediction
equation given in figure 10 will yield the impact point sensi-
tivities to errors in the various independent variables in the
impact prediction equation. For sensitivity analyses, downrange
and crossrange errors are of interest. By defining the Y and X
directions to be downrange and crossrangé, respectively this
transformation can be written

D = SOy e P lcos 6+ Wc

I N g F TR D

€y = @ bV oot (1)

1 R gcf-r’TRsn.nf>+wC

&
where

D represent crossrange and downrange impact coordi-
nates, respectively

D represent crossrange and downrange release coordi-
nates, respectively

V.: V represent, respectively, the downrange and cross-

g gc range components of bomb ground velocity at
release
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t is the time of fall

f
7 is the bomb trail
R
wcC’ ch represent, respectively, the crossrange and down-

range components of Coriolis effects

5 1s the drift angle or direction of the air speed
vector relative to the downrange axis

Taking differentials of equation (1);

ADI = ADR + tf AVg + Vg Atf - ATR cos 6
+ (TR sin &) Ad + chD
ACI = ACR + tf Avgc + VgC Atf + ATR sin &
a5
+ (T cos &) 46 + bW (2)

For sensitivity analysis purposes, equation (2) can be simplified
by neglecting the variations, aW_, and chC’ in the small

Coriolis correction terms, and by assuming the nominal wind
(but not the errors in computing the wind) to be zero, so that

6 and Vgc are both zero. With these simplifications,

equation (2) becomes

ADI = ADR o5 tf AVg + Vg Atf = ATR

ACI = ACR + tf AVgc + TR Ab (3)

Because the differential of ballistic range is somewhat more
meaningful than ATL . introduce the ballistic range, Ry,
defined as

R, =% £ = & (4)

where Va is the horizontal component of airspeed at release.

The differential of equation (4) is

ARB = tf

AV, + V_ At. - AT, 59
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Substituting equation (5) into equation (3) to eliminate ATR,

and using the zero nominal wind assumption (Vg = Va), yields

AD AD, + AR

i R

1]

B + tf (Avg - AVa)

AC

Il

. ACp + tg AVgC + TRA6 (6)

As indicated in figure 3, t; and Tj [and hence R, by virtue of

B
equation (4)] are functions of release altitude (2), release
vertical velocity (VZ), true air speed (Va), bom<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>