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SUMMARY ,1 1 $
This is the final report of a No-Drop Weapon Scoring (~~D~~ T iE’udy
performed by Litton Guidance and Control Systems for the U.S. Navy
undei Contract No. N00l73—76—C’-0247. The report contains a de-
scription of the impact prediction process and its accuracy in
terms of sensitivities to measurement errors. Setting the re—
suiting impact prediction errors equal to the expected ballistic
dispersion of the simulated weapons yields a set of acceptable
measurement error tolerances.

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:

Position 20 feet (horizontal)
30 feet (vertical )

Velocity 2 ft/sec (horizontal)
3 ft/sec (vertical )

Heading 0.3 degrees

Roll Rate 6 degrees/second

True Airspeed 5 feet/second

Air Pressure and
Temperature 1 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 . 

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



3. 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.

4,, 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.

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

2
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SECTION I

INTRODUCTI ON

No Drop Weapon Scoring (NDWS) is the process of measuring the
state vector (especially position , velocity , and attitude) of an
Iirc raft 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 actuaily been released. Among the
r~umerous 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 triining ranges. To implement this task , the
Navy contracted with Litton (in 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 Instrunientatiori
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 descr iption of th e
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 secti3n presents derivations of the impact error
sensit ivit ies to each of these measurements , and converts these
sensitivities into a set of measurement tolerances.
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Having developed a set of rational measurement error tolerance
specifications , th e quest ion of implementing or mechaniz ing a
system to achieve these specifications is addressed , using van —
ous levels of accuracy of combined position tracking and
airborne-sensed acceleration data. Of these generic types , the
Ilistance 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 ,
3 ’-ct  ion IV includes a short description of ARIS and its flight
t.— st results, as obtained during the RABVAL program.

Thi final section of this report presents criteria for evaluating
the relative cost of alt’°i rative NDWS system configurations. An
illustrative example of the use of this method indicates that the
allvanced ARIS—type system is not only more accurate but is less
expe’isive than an augmented radar—type system.

1

S

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



— - —~~-~‘~~~~ -—- —-- ‘ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
.. . . - ,

~ 

-

~~ 
-
~ 

,,•
~~

SECTION I I
IMPACT PREDICTION

2.1 GENERAL

Figu~ e 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
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
c~ilculates time-of-fall and trail for the impact point compu-
tation. Coriolis corrections complete the computatior. of t~~r-
impact point. -

A osrful 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. In this figure, however , the
time-of-fall (tf

) multiplier converts each leg of the triangle
f r om a velocity vector into a distance vector . In par t icular ,
the V

g
tf vector represents the distance traveled by the air craft

( if it continued in unaccelerated flight a f t er rel easing 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 V

g
tf vector. Because of air drag ,

however , the bomb actually lands behind the aircraft by an amount
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 V

a
tf vector. From the release point

(X
R i 

~R~~’ 
the impact po int (X 1, Y1

) can be computed by

9
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multiplying ground velocity (V
g) by time-of-fall (tf ) and then

subtract ing trail (T R) along the direction of the air velocity
which , except for  side slip angle , is equivalent  to ai r c r a f t
heading . Figure 3 describes this computational procodurr~ in
mathematical terms. The basic vector equation (release r.~ositi~~r.plus ground velocity times time-of-fall minus trail along - I l l -

cra f t head in g ) is the same as that presented in f igure 2.

+ -I X 1 , 
. I X R I I V X R I I R I

I I I I I  I
I I I I I I I I I

LY IJ = LY RJ + L:~L~J I T R I C O S ~~~~J

/ \
IMPACT RELEASE GROUND \ BOMB AIRSPEED VECTOR
POINT POINT VELOCITY TRAIL DIRECTION

TIME-OF-FALL

ALTITUDE ABOVE TARGET

VERTICAL VELOCITY

tf & T R ARE FUNCTIONS OF TRUE AIR SPEED
BOMB DRAG CHARACTERISTICS

AIR DENSITY

GRAV ITY

Figure 3. Basic Impact Prediction Equations

In mechanizing this equation , the NDWS must measure aircraft
position , velocity, and heading at release. These are then
modified slightly to account f or bomb lever arm , aircraft atti-
tude rate , release delay t ime , 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.

2.3 INITIAL CONDITIONS

Table I lists the relevant aircraft st ate vector data measured
by ARIS and the corresponding iteration rates. For systems other
than ARIS , the iteration rates may , of course , d i f f e r  f rom the

11
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values listed in table I. In general, however , the position and
velocity tracking data need to be available at a higher rat e than
that of the attitude and air data measurements. The reason for
this will become apparent later in a discussion of the relative
impact sensitivit ies 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, Z) Gimbal Angles (Pitci” , Roll, Yaw )

Velocity (V , V , V ) Air Densityx y z

True Airspeed

Side-Slip Angle

The data listed in table I all have to be interpolated with
respect to the release t ime in order to determine the aircraft
state vector at release. As indicated in figure 4, “release
time ” is typ ically about 12 milliseconds after the weapon release
signal reaches the weapon release rack. This 12 milliseconds is
the nominal time dela” necessary to fire the ejection cartridge
and actuate the hook ielease mechanism at which time the bomb
can begin to move away from the aircraft .

The f oregoing procedure establ ishes 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 descr ibe the corrections which ARI S makes to the aircraf t 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 pos ition 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 t ime , differencir’ig the two

12
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S LOW LOOP CYCLE -TIME 10. 5 SEC)

FAST LOOP WEAPON 
-

CYCLE TIME RELEASE NOMINAL (0.012 SEC) RACK DELAY
SIGNAL 

~~~~—RELEASE

TIME —’~

/ 1. STORE PRIOR __________ — 3. STORE NEXT
FAST LOOP FAST LOOP

UPON RECEIPT DATA DATA
OF WEAPON -RE LEA SE
SIGNAL

2. STORE PRIOR 4. STORE NEXT
SLOW LOOP SLOW LOOP
DATA DATA

5. INTERPOLATE
TO RELEASE TIME

F igure 4. I nterpolating to Release Point Conditions

EJECTION VELOCIT Y
)AIRC RAFT

COORDINATES )

Al  RCRAFT
TO X V Z

TRANSFORMATI ON

EJECTION VELOCIT Y
IX , Y, Z COORDINATES) CORRECTION

GIMBAL’ ANGLE S
AFTER RELE ASE

NOTE: “EJECTION VELOCITY” DOES NOT INCLUDE EFFECT OF
G RAV ITATIONAL ACC ELERATI ON AC T ING OVER EJ ECTOR
FOOT EXTENSION TIME.

F igure 5. Eject ion Velocity Corrections
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GIMBAL ANGLES
PRIOR TO RELEASE

PRIOR OFFSET S 
~~~~~ 

LEV ER ARM

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ON

AIRCRAFT
TO X V Z

TRANSFORMATION

BOMB LEVER A RM
IA I RCRAFT

COORDINA TES)

AIRCRAFT
TO X V 7

TRANSFORMA T ION

POST OFFSETS LEV ER ARM
IX V Z COORDINATES I ‘ POSITION

GIMBAL ANGLES CORRECTION
AFTER RELEASE

Figure  1. Bomb Lever Arm and Attitude Rate Corrections

lever arm correc t ions,  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
osc ill ate about its pitch and yaw axes. Such oscillations create
add itional induced drag and give rise to l i f t  forces normal to
the bomb velocity vector , which cause it to def l ect 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 imp lies a relationship to physical differ-
ences between bombs. Whereas , in reality , it is not a funct ion
of the bombs at all , but rather the way in which they are ejected
through the disturbed airflow surrounding the aircraft. There-
for e , the more accurate terminology “separation disturbances ” is
used in this repor t instead of “bomb dispers ion ” .

14 J .
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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 port ion 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 in i t ia l  conditioi’is or state vector of the
weapon at the start  of its free f a l l ,  a t t en t ion  is directed to
the problem of calculating the free fall trajectory of the
weapon to impact. The general procedure is to solve the bal-
l ist ic equations of motion by piece-by-p iece in tegra t ion  of the
diff erential 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 coniputa-
t ionally efficient algorithm specifically designed for mechani-
zat ion in airborne digital weapon delivery computers. As
indicated in f i g u r e  8 , it performs 10 piece-by-piece in tegra t ion
steps to calculate  the t ra jec tory  of the bomb from release to
impact . Table II lists some addit ional fea tures  of the algo-
r i thm , while f igure  9 displays its accuracy with respect to a

15
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CHINA LAKE TRAJECTORY ALGORITH M COMPUTES:

(I I TIME-OF-FALL

GROUND SPEED 
, 

(2) BOMB RANGE (OR TRAIL )

2 ~ 4 BY INT EGRATING:5

ACC ELERA 1iON~ ~~~~~~~~~ GRAVITY

REL EASE
ALTI TUD E
ABOVE .

TARGET

±_ 
_ _ _

_
_BALLISTI C RANGE (R8

) — TRIAL

(HORIZONTA L AIRSPEED ) X (TIME-OF-FALL )

Figure 8. Vertical Plane Ballistic Trajectory Problem

TABLE I I .  FEATURES OF CHINA LAKE TRAJECTORY ALGORITHM

1. Models bomb drag vs mach as Mk—84 or Garve characterist ics

— a. 3-Region , 2nd order polynomial curve f i t s
b. Scaled and of f se t  for  d i f f e rent size bombs

2. Models air  density var iat ions with a l t i tude  as 2nd order
polynomial

3. Models gravity as linear function of altitude

a. ARTS modif ica t ion  to China Lake constant g rav i ty  model

4. Assumes f l a t,  nonrotat ing earth
5. Uses 2nd order Run ge-Kutta formula to integrate two-

dimensional equations of motion

a.  Trajectory divided into 10 increments for p iece-by-
p : ece integrat ion

b. Short time increments during high acceleration
c. Long t ime increments during low acceleration

4 -

16

----- -—~~~~~~~~~~~~-— .~~~~~- - -  -‘~~~~~~~ 5 ~~~~~~~~~~~~~~~~~~~~~~~ 
‘
~~~~~ ~~— --- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



— — - 
~~~~~~~~~ —.——---——- ‘ ‘  - 5

~~’f - ‘ ‘:.. -

RELEASE A L T I T U D E  I N  1O3 
FT ABOVE GROUND LEVEL

0 5 10 15
0- _________

J o 
~~~

RANGE
ERROR -5 — 

ec~,
IN- FT

SPEED: 450 KNOTS
WEAPON: MK82, LOW DRAG

-10 - __________________________________

~~

--- - - 

REFERENCE TRAJECTORIES PER NSWC, DAHLGREN

Figure  9 . China Lake Ballist ic Tra jec tory  Algorithm Error

more elaborate mc~del 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 fo r
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
tra jectory solution represent s a sufficiently good approximation
foi th purpose of calculating the Coriolis corrections.

2.5 IMPACT PREDICi’ION SUMMARY

Figure 10 summarizes thi 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 

.

5

and correcting for the bomb lever arm . Similarly , ground veloc-
.ity of the aircraft is interpolated to bomb first motion time and
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corrected for ejection velocity, attitude rate effects , and
separ ation disturbances in order to determine bomb release
velocity.

Time-of - fa l l  and t ra il  are then calculated by means of the China
Lake trajectory algorithm. These quantities are combined with
release position , velocity , and airspeed direction (det ermined
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.

~~~~~ r~~~~ r~~~ 
r- -i r — - —

~~~~
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I I I I I I  I I I~ I i I
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L _ J ~~~~~~~~~J L__ ~~~L

J
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_ _ _ J

RFLEA S E POINT ECHINA LAKE TRAJECTORY]

rINTERPOLATED TO 1
BOMB FIRS T MOTION 

A IRSPEED VECTOR DIRECTION

LFOR BOMB LEVER A RM] [HEADING ANGLE + SIDESLIPI

GROUND VELOCITY
CORIOLIS CORRECTION S

I INTERPOLATED TO BOMB FIRST I r— 1
MOT ION TIME & CORRECTE D FOR I I BASED ON VACUUM TRAJECTORY
EJECTION VELOCITY , AlTITUDE RATES, I LANALYTIC SOLUTIONS JSEPARATION DISTURBANCES J

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 typ ical 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 arid 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
use fu l  in a t t ack ing  high- threat  targets  ( e . g .,  SAM
s i tes )  ~ 

- known locations.

d. High-level release at 15,000 feet altitude in level
f l i g h t  at 450 knots.  The high-level delivery mode is
typ ical of ground-directed bombing attacks. The USMC
f l i e s  th i s type of profile when performing blind
bombing runs under TPQ-lO or TPQ-27 control . The low-
drag bomb would be the typ ical weapon for  these
missions .

e. Strafing gunfire at 550 feet alti’ude in a 15-degree
dive at 400 knots. While this may seem , on cursory
examination , to be outside the scope of NDWS , it
actual ly  d i f f e r s  l i t t l e  from the problem o~ s imu la t ing
bomb drops. Bullets are merely ballistic weapons with
very high eject ion veloci ty.

19
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3.1.2 ~~~pon Type Selection

The type of weapon delivered p lays an important role in the
determination of errol 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 is 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 f ive seconds af ter  release. In this instance ,
the tr a jectory 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 theso solutions was the NSWC , Dahigren 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 in i t ia l  a l t i tude ( Z ) ,  init ial  hor izontal veloci ty
(V ) ,  init ial vertical velocity (V

i). and 
air density (,o).

These ballistic range sensitivities are used in Section IV to
compute the impact point sensitivities.

20
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I \HI.I: III. BALLISTIC TRAiL (‘TORY SOLUTIONS ~\ NI) SI - USI l  I V I I I I - S

1 , T1~ R~ . .R 11 ~~R It ~~~I)cIi~ .,r~ ~~~~ipon Tiiiie-ut~1-aII Trail Range (\V~ hp/p
( Seco nds) (Feel) (Feel) - 

I S I d\ )  (Seconds) (I:ecI)

7.089 102 5,28% 0.994 tl .~) S 6 .932 -22
( H I  - 9 .504 2 ,107 5 ,120 0.709 ~S3 4.943 -682

1 ~s ~I ssit IIld - lI :ie 10. 124 5,838 3 .559 0.867 I.7~4 3.353 -5.274
I s I t  L, w-d ra~ 43 .895 2 ,025 26 ,836 0.756 3 7 4 5 7  27 .514 -2 ,5 1 %
h i gh-leve l Low-drai~ 3 1 .256  1.254 22 ,500 (J.7 lb 28 450 21.180 -732
SIr , i lc ( ;t t f l  0.66 1 508 2 ,030 3.637 0.526 1. 923 .()

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 crossrangë respectively this
t ransf ormation can be wri t ten

D = D + V  t - T  c o s ô + WI R g f R cD

C1 
= C

R + V gC tf + T R S
~
f l ô + WcC 

( 1)

where

C1
, D1 represent crossrange and downrar.je impact coordi-

nates, respectively -

CR . DR represent crossrarlge and downrange release coordi-
nates, respectively

V , V 
C 

represent , respectively , the downrange and cross-
g g range components of bomb ground velocity at

release

— - -rn-- —~~~~ — - - ~~~~ ~~~~~~ -.: 
— -j — -~-- ---- -- — -

.
~~~-- —i---- 5-_-55~~~

• _
-5 -



- _ ‘-.————‘~~‘~~~—— -  - — - — n. . . ~~ _ . . - —

t f is the time of fall

T is the bomb trail
R

~~~~ ~ ‘ 
~ 

represent , respectively, the crossrange and down—
c range components of Coriolis effects

6 is the drift angle or direction of the air speed
vector relative to the downrange axis

Taking differentials of equation (1);

= 
~
DR + t f AVg + Vg At f - ATR COS 15

+ (T sin 6) ~5 + AWR cD

AC1 
= ACR + t f AV gc + V

9c ~
tf + ATR sin 15

+ (TR cos 6’ ~ô ± AW c ( 2 )

FDr sensitivity analysis purposes , equat ion ( 2 )  can be simplif ied
by n qlrcting the variations , AW D and 

~~cC
’ in the small

C-~iiolis corr -ctiori terms , and by assuming the nominal wind
(but ic t th e eirors in computing the wind ) to be zero, so that

c~ a~. i V~~ are both zero. With these simplifications ,

equation (2) becomes

AD1 ADR + tf AV
g 
÷ Vg 

Litf 
- ATR

AC1 ACR + tf AVgC + TR ~~

Because the differential of ballistic range is somewhat more
meaning ful than ATR . introduce the ballistic range , R8,
defined as

RB = V t f
_ T

R ~4
’)

where V
a 

is the horizontal component of airspeed at ielease .

The differential of equation (4)  is

= t~ AV + V At f - ATR 
( 5 ’)
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Substituting equation (5) into equation (3) to eliminate ATRI
and using the zero nominal wind assumption (V

g 
= Va)~ 

yields

AD1 
= ADR + AR8 + tf (AV

g 
- AVa)

AC1 
= ACR + t f AV gC + TRAÔ (6)

As ir -,clicated in figure 3 , tf and TR [and hence RB by virtue ~f

- q~ ation (4)] are f u n c t i o n s  of release a l t i tude  ( z ) ,  release
veitical velocity (Va ), true air speed (V), bomb drag coef-

fini ~ -nt (C
D
). and air density ( P ) .  Any var i a t ions  or er rors  in

these quan t i t i e s  will cause a va r ia t ion  or error in R8. The

-~mo~~nt of v a r i a t i o n  in R8 per uni t  var ia t ion  in one of the

independent  var iab les  ( z , V~~, Va CD or p ) can be computed by
means of the NSWC , Dahlgren ballistic trajectory computer pro-
gram (Reference 4) by noting the change in ballistic range which
results after making a small change to one of the independent
var iab les  and recomputing the bal l is t ic  range.  Tabl e I I I  l i s ts
the corresponding sensitivities in R

B to changes in Z , V , V ,

and p for  each of the six t r a j ec to ry  solutions. The AR B sensi-
tivity to ACD/CD is not shown separately because it is numeri-

cally equal to the sensitivity to A p/p .

Equation (6), together with the numerical values for tf and TR
and the ARB sensit iv it ies tabulated in t able I I I , permit. calcu-

lation of the impact error sensitivities. The subsequent para-
graphs discuss each impact sensitivi ty  in detail.

3.2.1 Sens i t iv i ty  to Release Posit ion Er ro r s

Equat ion ( 6 )  shows that  a 1:1 relat ionship exists  between the
horizontal release position errors (

~~
D
R 

and iC
R) and tin- corre-

sponding impact errors ( AD
1 and AC1). The other differentials

(AR
B . AV

g~ 
AV
gC~ 

AV
a~ 

and A t 5 ) are all independent of and not
affected by the hor izontal release position errors.
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On the other h a n d ,  a ver t ical  position error , A Z ,  at release
does have an e f fec t  on AR 8 as shown in tabl e I I I .  In summary ,
the impact sensitivities to release position errors are:

ADI/ADR 
= 1

ACI/ACR 
= 1

AD 1/AZ = AR 8/AZ ( 7)

Numerical values for AR
8/AZ can be found in table III.

3.2.2 Sensitivity to Release Velocity Errors

The~~ are act ua l l y  th ree di f f e rent types of release velocity
errors , each of which propagates diff erently during the free
f a l l  pha se. The first is ground velocity , i.e., the velocity of
the bomb with respect to the ground. The second is air velocity
the velocity of the bomb with respect to the air mass. Ejection
velocity, the third type 1 is a combination of the first two in
that ejection velocity alters both the ground velocity and the
air velocity by the same amount.

5 3.2.2.1 Ground Velocity Sensitivity. According to equation (6),
the factor relating the horizontal components of ground velocity
at release (AV

g 
and AV

gc
) to their  respect ive impact errors

( A D 1 and AC 1) is t f~ the ti~n e — of - fa l l .  In other words , the
impact error caused by a horizontal ground velocity error is
equal to that error multiplied by the time-of-fall.
Mathemat ica l ly ,

AD 1/AVg — tf

ACI/AVgC — tf ( 8 )

Tabl e I I I  contains  numerical  values for  t , .

3.2.2.2 Air Velocity Sensitivity. The two horizontal components
of air velocity error are the downrange ccmponc’nt (AV ) and the

crossrange component ( A V c ) .  From equat ion ( i ) ,  it can be seen
t }r j t a AVa error affects the downrange impact error d i L - ~ - - t L y ,
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through the _t
f AV term , and indirectly through the AR8 t rm.

Hence , ~~~~ downr~ nqe error caused by a AV a 
error is

AR
AD 1 = ~ AV - tf AV (9)

The crossrange component of air velocity error ( AVaC) causes a
drift angle error of amount ho = _A V

aC/Va wh ich , from equation

( 6 )  causes an impact error of

AC 1 = T
R ~

‘aC’~
”a~ 

(10)

Summarizing the air v. 1ocity sensitivities indicated by equation
(i) and (10) yi~’lds

AD 1/AV = ( A R B/AV ) - t f

ACI/AV C ~Tp~/V (11)

Table III presents numerical values for tne terms on the right-
hand side of the above equations. A comparison of the numerical
values of tf and AR8/AV 

in this table reveals that t f is always

greater than ARB/~-5Ja 
which means that ADI/AV a is always nega-

tive. This behavior is consistent with the definition of AVa
as being an increase in air speed magnitude while holding the
ground velocity constant ( A V g = 0 ) .  Hence , AV a corresponds to

an increased head wind and should indeed cause the computed
impact point to move uprange.

3.2.2.3 True Air Speed Sensitivity. The horizontal air velocity
(V
a
) is computed from true air speed (Vt

) and vertical veloc ity
(V z)~ 

according to the relationship

v 
a 

=

I
25
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}l”r.c~~, errors hVt and hV in measuring t rue  air  speed and

v .i t i  -il velocity both cause air velocity errors. AV5.

V V
AV  t AV Z

hVa V  t V za a

AV AV
— 

t z (12 )
cos v ctn v

Whe n the hVt part of equation (12)  is substituted into
equation ( 11). the impact sensitivity to is found to be

AD

AV 
= cos V ~AV I — tf 

13)
t a,’

Table III contains the numerical values of the quantities
necessary to evaluate equation (13).

3.2.2.4 Vertical Velocity Sensitivity. Vertical velocity is
both a ground velocity and an air velocity , because the impact
prediction equation, equation (1), contains no provision for
updrafts or downdrafts. The presumption is that the air mass
has no vertinal component of motion. For this reason , vert ical
velocity is treated separately instead of t ry ing to classify it
under “ground velocity ” or under “air velocity .”

The impact sensitivity to vertical velocity error (AV g) at

release comes about for two reasons. First , AV is sens it ive to

as indicated in equation (12). Secondly , AR8 is also sensi-

tive to hV
~ 

both directly , as indicated in table III , and

indirectly th rough AVa and equation (12). Combining all of these

AV eff ects into equation (6 )  results in

JA R \ fAR \ I AV \ I AV
AD ~ 

B) AV + 
B~~ 1 ~~~~~~~ ~~

_ z
I 

— z \ A V J \ ctn v J  f ctn V

AR AR
= + (tf 

— t an  V AV
~ 

( 14 )
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Summarizing the above , the ver t ica l  veloci ty  sens i t iv i ty  becomes

AD1 AR8 I AR \
= + (~t f 

— -~y~~)
tan  V (15)

z z a

The terms on the r ight-hand side of the above equation can be
evaluated numerically from table III.

3 . 2 . 2.5  Ejection and/or Jump Veloci ty Sens i t iv i ty.  The vert ical
component of e jec t ion  or jump velocity er ror  ( A V EZ ) has the same

e f f e c t  as the foregoing ver t i ca l  velocity error . That is

AD 1 AD1
— 

AV 
( 1 )

Ez z

where Au
1/AV 

is given by equat ion (15). Ejection or jump

velocity can also have horizontal components, due either to a
nonver t ica l  or ienta t ion  of the ejection or separation disturb-
ance force relative to the aircraft or to a non—level attitude
o~ the aircraft at release. These horizontal components create
errors in both ground velocity and air velocity of equal amounts.
The impact sensitivity , therefore, is the sum of the sensitiv i-
ties to ground and air velocities. Accordingly, using equations
( 4 )  ( 8 ) ,  and ( 11) :

AD1 
AD
1 

AD1
=

AR 8 AR B
= tf +~~~~~~

_ t
f 

—

a a (17)

AC1 AC1 
AC1

AVEc 

tf 

~~ 

(18)
a a
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Equations (16), (17), and (18) express the impact sensitivities
to errors in eject ion velocity where the ejection velocity is
expr essed in downrange , crossrange, an d v e r t iLal  coordinates.
h owever , eject ion velocity is typical ly  specified in a i r c r a f t
coordinates and must be t ransformed into hor izonta l  and vert ical
components.  For example , in wings-level f l ight ( zero roll a n g l e) ,
a yaw axis  e ject ion veloc ity (V E~,

) has downrange and vert ical
components , respect ively ,  of amount

VED = _V
E~~ 

sin ~

VEZ 
= VE~, cos ~ ( 19)

Hence , the downrange impact error , AD 1, caused by an error
in the yaw axis component of the ejection or jump velocity is

AD
1 

= 

~
VED ~~ 

AVE~ 
sin 9) + 

~
VE 

(AV E~ 
cos &

AR AD
= sin 9 + cos AV~~~ ( 2 0 )

S imi la r ly ,  a roll axis ejection or j ump velocity VE~ has down-
range and vertical component s , respectively , of amount

VED = V
E~~ 

cos 9

VEZ = VEØ sin 9 (21)

The downrange impact error due to an error AV8~ in the roll ax is

component of ejection or jump velocity is

AD AD
AD1 

= 
AV (AV E~ ~ O5 ~~ + AV (AV

E0 sin 9)ED Ez

AR AD1
= cos 9 + -

~~~~~
— sin 9 AVEO (22)

a z
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For wings-level flight, the pitch axis cf the aircraft corre-
sponds to the crossrange axis, and equation (18) applies for
errors in the pitch axis component of ejection or jump velocity
(AVE8 

= AVEC).

In summary , the impact sensitivities to ejection and jump
velocity errors for wings—level flight , are as shown below :

AD 1 / A R B \
AV , 

= — 

k A y ) 
sin + 

~~7 )  Cos 8E~ a z

AD1 /AR8~ /AD 1\
= 

~‘~r) 
cos 6 + 

~~) sin ~Eø a z

AC1 R

AV = (23)
a

Table I I I  and equation ( 15) supply the necessa ry numerical
values and expressions needed to evaluate the above equations ,
once that 6 is known. For the sensitivity analysis evaluations
herein, the approximation 9 = V is made. In other words , the
p itch angle ( H )  is approximated by the f l ight path angle ( v ) .

3.2.3 Sensitivity to Aircraft Attitude Errors

A ircraft attitude error s cause an error in calculating the
direct ion of the eject ion velocity. For example, if the ejec-
tion velocity (y

E ) is directed downward along the negative yaw
axis of the aircraft (y

E 
= “E~~~’ 

then pitch and roll errors
( A n , h O ,  respect ively ) will cause ejection velocity component
errors  of amounts

AVEO = V
E

A #
~

AV EO = _V
E AO (24 )
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The resulting downrange and crossrange impact errors are

/AD
__

\
AD = ( ~ V AøI ~AV80, E

/AC~ \
AC = ‘AV 

( —  V~ A 0) ( 25)
\ E91

An error  A y  in measuring a i r c r a f t  heading causes an equal and
opposite error ( A 1 5  = -A~~) in determining d r i f t  angle. From
equation (6):

AC1 = TR A O = - TRA
~ 

(26)

Summar iz ing  equat ions ( 2 5 )  and ( 2 6 )  with the aid of equation
( 23) y ields

= v
E f ( ~\J )  cos 6 + (

~~
) Sin

AC1 RB
=

a

AC
= 

~
TR ( 2 7 )

Given values for VE and 6 , the above expressions can be evaluated

readi ly  using table III and equat ion ( 1 5 ) .  For the purpose of
th i s  ana lys i s, V8 was set equal to 7 .5  f ps ,  and 9 was set equal
to the flight path angle at release.

Theoretically, attitude measurement errors introduce an
additional impact error through incorrect computation of the
bomb lever orm components. In most cases , however, thr se lever
arms are all less than 20 feet , and a 20 -mil l i r ad ian  er ror  at
the end of a 20-foot lever arm is only 0.4 feet. This is a
negl igible cont r ibut ion  to the impact error and can sa fe ly  be
omit ted.

30 
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— 3.2.4 Sensit iv i t y  to A ircraf t  A t t i t u d e  Rate Erro rs

Although the position errors resulting from a rotation of the
bomb lever arm through the attitude errors are negligible , the
velocity errors resulting from attitude rate errors in this lever
arm compensation process, are riot . Assuming that the bomb lever
arm has a pi tch ax i s  ( L

88
) component but negligible roll and yaw

axis components (L
80 

= L8,, = 0)  the equivalent ejection velocity
error  can be calculated as

AV
EtI~ 

= _L
B ~~

AV
80 

= -L89 A~’ (28)

Using equation (28) to expand AD1 in equation (6) results in

AD1 AD1AD1 
= 

AV (~~L8~ A0) + AV 
(_ L

BO Ac ’)  (29)
Ec~ E0

~~i th  the aid of equation ( 2 3 ) ,  equation ( 2 9 ) can be used to
summar ize  the a t t i t u d e  rate sensi t ivi t ies  as follows :

= L
B9 [(X~~~)s

in6 _ (
~~~~)

coso 1

= _L
8~~

J
~
(
~~y~
) 
cos 9 + (-~vL) sin #9 ] ( 3 0 )

Usinq a value for L
89 equal to 10 feet and setting 6 equal to V ,

the  a t t i t u d e  ra te  sens i t iv i t ies  can be calculated from the above
equations , table III , and equation (15).

3.2.5 Sensitivity to Air Density Errors

A i r  den s i ty (p) is related to the static air temperature (T
s

) and
pressure (P

S
) according to the perfect gas law

P
~~~~= R T  ( 31)

c S

where R
~ 

is the qas constant for atmospheric air.
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As a consequence , an air temperature error (AT 5) causes a
~h#”r~sity error of

AT
hp = — p -;f-~~ 

(32)
S

Likewise , an air pressure measurement error (AP
s

) causes a
dens i ty  error of

AP
hp = p — ~ —~ (33)

S

From equation (6),

ADI 
= (~ ) I ~~~~ 1 ( 34 )

Table I I I  l ists  numerical values of AR 3/Ap/p  for  the var ious

release condit ions of interest herein.

Summarizing the air densi ty measurement errors from equations
( 3 2 )  and (34 ) and from equations ( 3 3 )  and ( 3 4 ) ,  y ields

AD
1 

— 

AR
B

(AT 5/T5) 
- - 

hp/p

AD1 
— 

AR
B

( A P 5IP s) — 

A p / p

Table III provides the necessary numerical values for the
quantity on the right-hand side of equation (35).

3.3 SUMMARY AND CONCLUSIONS

Table IV summarizes the numerical values of the impact sens i t iv i—
ties for the six typical trajectories listed in table I I I .  The
numerical values designate the ground pla ne miss in feet  per
un it change in the measurement quant i ty .  For example , the
f i gure 43.9 in the hor izonta l  velocity column for  the lof t
delivery means that each i~~ot per second change in horizontal
velocity at the release point causes a 43.9-foot change in the
ground plane impact point.
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If it is desired to make the NDWS as accurate as the weapon
di~ r,ersion , then it is perhaps more appropriate to express the
unpact sensitivities in terms of mils instead of ground plane
miss distances , because weapon dispersion is typ ical ly expressed
in mils. For this purpose

= 

AD 1 x l0~
+ Z 2 

~Jl + ( A R B /AZ ) 2

(36)

AC 1 X l0~
ACM = 2 2

~JR~~~+ Z

whe re AD M = downrange miss in mils

ACM = crossrange miss in m ils

Equation (36) computes mils as the angle in milliradians obtained
by dividing the minimum distance between the trajectory and the
target by the slant range at release point . The quantity

4R + Z 2 is the slant range at release. The factor
2 - - 1/2

(1  + ( A R B / A Z )  ] is the sine of the impact ang le and projects
a ground plane downrange miss into a plane norma l to the impact
t r a j e c t o r y .  The f ac to r  i03 

converts radians to milliradians.

Us ing the above defin ition of mils and assuming the scoring
accuracy criteria for weapon dispersion shown in table V . it
becomes possible to determine how large an error can be toler-
ated in each of the measurement quantities shown in table IV
befor e tha t error alone causes the scoring error to equal the
weapon dispersion. Table V presents these f igures for the six
typical delivery modes listed in tables III and IV.

Because each of the measurement tolerance values listed in
table V would , by itself, cause an error equal to the assumed
weapon dispersion , the final specification values for each
measurement error must be less than the values listed in the
table. However , table V presents a good comparison of the
relative importance of each of the various measurements in each
of the six delivery modes. The lowest value in each of the
Quantities Measured at Release columns of table V (excluding the
s t r a fe  mode which is considered separately)  is encircled to
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1’A BLE IV . IMPACT SENS I TIVITIES

Quantities Measured at Release

Position Ve locity Attitude
I )e I is~ i’, vs 

~- a l #  i t )  (Fp~ ) (I)egrees) Roll Air Data
______ ______ _______ Rate ______ _______

(1)egJSee) TASHurt,. V crt. hlorii. Vert. Pitch Roll Heading P 1
(F p~ ) (3 )  - #

Di sc I w-diuc I 0.9’) 7,1 6.8 0.2 0.9 1.8 1.7 0.2 0.2
( 13t1 1 0 .7 1 9 .5 . 2.9 0.5 0.9 36.8 1.1 3.6 6.8

I j~~lus~i i f li ch-dr ac I 0.87 10. 1 3.4 0.2 0. 1 10 1. 9 0.6 8 .4 52. 7
I t  I ~-d ,ic I 0.76 43 .9 34.0 6.6 3.8 35.3 0.4 9.1 25.2

I l i g li-lesel  1 w-drag 1 0.72 31 .3 21.2 3.7 339 21. 9 3.7 2.8 7.3
Si r a t e  (~uh# I 3M 0.66 I .9 113.0 — 29 .5 0.3 0.1 0.1

\ ( )  I I - . \ rii i ie i  eat valu es indicate ground plane impact sensitivity in feet per unit change in measured quant i ty.

TABLE V. REQUIRED MEASUREMENT ACCURACIES

S~~~, t i c ~ a~ olrac~ v r I l e i l a ( Inh l s I :  NOTES :
Hig h -drag bombs 9 I . Values represent minimum measurement
( lusici  h’nuhlct l(’Bl ) 6 accuracy needed to m eet the slated criteria.
I .‘ss-d ~~g houths 2. Circ led quantities are worst- case va lues .

1.5 excluding strafe mode

Quant ities Measured at Release

Positio n \ do _ i iS Altitude
— - ‘ R, Il Au Data

l k - t i ~ - . We.aj i#  
( F l )  (Fes ) (Degrees) Rate 

________ _________

(1kg/See) i- . s ~~
—I Ion, - Ve il - lion , - Ve nt .  Pitch Roll Heading

I ’

I ow - W a g  ~~~ ~~~~ 2. ’) 4 3  * 23 12 IM 15 5 *

Dive ( N t  41 7 1 4 3  17 .4 * 46 1.1 47 133) 7 , 4

I , isd ’ ’ s ~i i l liglr-la ~ 33 51 3.3 13 .1 * * 75

Li’tt Low-drag 81 21 2.3 235 ILl 4 .0
h igh-level I.ow-drag SI 139 2.6 4 .7 22 3 .7 35 I 1~

S i ra t e  Guii ~.2 3.3 4.8 6 .3 0 .11 * 0.11 147 85

* (ksu~~IIa les e l e a t e’  than 90 degrees or IOU percent.
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in di cat e  the maximum acceptable measuL ement tolerances for
scoling  bomb dLop s in all of the listed bombing modes. Scrutiny
of the circled values leads to the following conclusions:

~~. A “no—drop ” bomb scoring system can solve dive ,
laydown , l o f t , and high-level bombing problems to
accur~~cies commensurate with bomb dispersion provided
that  the following measurement accuracies are attained:

Hor izontal posit ion: 20 feet

Ver t ica l  pos i t ion:  30 feet

Hor izon ta l  velocity: 2 feet per second

Vert ical  velocity: 3 feet per second

Heading : 0 .3  degrees

Roll ra te:  6 degrees per second

True airspeed: 5 feet per second

Air  pressure and
tempera ture  1 percent

b. A s t r a f e  scoring system would require position
measurement  accuracy of 3 feet~ p itch and heading
measurement accuracy of 0.1 degrees.
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SECTION IV
NO-DROP WEAPON SCORING IMPLEMENTATION

4.1 GENERAL

The preceding section established which quantities the NDWS system
must measure and th  accuracy required of these measurements. Some
t. ’pr. .~sentative numerical examples to establish upper limits on the
measurement tolerances were also presented . This section directs
attention to the problem of implementation or mechanization of a
NDWS system which can achieve these measurement accuracies .

Onn question which arises is whether the sensors should be ground—
based or airborne. From an aircraft operations viewpoint, it is
desirable to avoid airborne sensors . However , from a realistic
training viewpoint, ground—based sensors should be avoided . In
all probability , the final configuration of NDWS will represent
a comp’cmise between these two conflicting viewpoints.

Table VI lists the various quantities which must be measured . It
should be noted that pitch and roll are omitted because it was
shown (in table v) that the allowable tolerance on these quanti-
ties for bomb scoring is sufficiently large to render measurement
unnecessary . This would not , of course, hold true for strafe
scoring . Table VI suggests several different methods for measur-
ing the various quantities needed for no—drop bomb scoring , and
categorizes these methods as totally airborne, totally ground—
based , or a combination of the two. It cart be seen from the
table that no entirely ground-based system can supply all of the
required measurements . Furthermore , no total ly airborne system
can perform the NDWS task because airborne inertial sensors can-
not provide the required position accuracy (better than 20 feet).
The inescapable conclusion is that the NDWS system must be an
admixture of these techniques.

4.2 COMBINING POSITION AND VELOCITY DATA

Since it becomes necessary to combine ground—based and airborne
sensor data, this is best accomplished in a mann er which ut ilizes
the most salient features of each sensor type. For example , the
primary advantage of radar or DME is long—term positional accuracy ,
while the best feature of airborne inertial sensing is its ability
to f ollow changes in ai rcra f t  posit ion , velocity , and accelera—
tion , essentially without dynamic lag. A general method for
combining position tracking (e.g., radar) and inertially—sensed
data and which does incorporate the best features of each , is
formulated below .
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TABLE VI. MEASUREMENT TECHNIQUES

Quanttt~ Location of Sensors

~s1easu red ( round Ground and Airborne Airborne

I ’ositio u Radar DM E Inert ial
____________________ ___________________ 

Beacon radar
\ .-lo~ it~ I)opple r radar Dopp ler DME Iner t ia l

Heading reference
I leading — — Inertial

Roll rate gyro
Roll rate — — Inertial
\irspeed , 

- 

Ground level
l’ r css ur L ’ - Wind , Pressure, Air data probe
‘Fe mper at  tire Teniperat ure 

— and com p u te r

Although radar is used in this exposi t ion as an example, the same
technique may be applied to any other type 3f position tracker
such as a laser t r acker ,  cinetheodolite network , or DME m u l t i —
lateration system . The following is a step—by—step description
of the process ~ f combining radar and inert ial  data.  Figure 11
illustrates this process graphically.

a. Record or telemeter inertial position and velocity
(approximately 10 times per second).

b. Record radar position (approximately 100 times per
second )

c. I~~terpolate radar position data to times of inertial
data recording .

d. Difference inertial and radar position data to obtain
n measure of inertial position error vs time.

e. Smooth and differentiate inertial position error vs
time to obtain inertial velocity eiror vs time .
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f. Interpolate raw inertial position ~ i cI velocity data to
release time.

g. Subtract inertial errors at release tim - f rom raw inertial
release data tj obtain corrected i~ -l~-as - position and
velocity .

The basic technique is to compare inertially-derived position with
radar—measured position a~ d to plot this difference against time.
The result is a band of dat-t points as shown in figure llc. Each
point represents the diff~—rence between inertial position and
radar position at that point in time. The width of the band of
data points is due to high—frequency radar noise because
inertially—derived position data are the result of a double in-
tegration process , and its error changes slowly with time . This
high-frequency noise can be filtered or ..~inoothed by fitting a
least—squares , “best fit” , low—order (e.g., second order) poly-
nomial curve through the data points. To the extent that this
best fit curve has smoothed out the radar noise , it now rep~ esents
the slowly varying error in inertial position as a func t ion of
time . Furthermore , since its slope is the time rate of change of
inertial position error , it is a measure of inertial velocity
error.

Because inertial velocity error in an inertial system changes
slowly with time , the smoothing time available fci determining
the slope of the best fit curve in figure llc is at least many
seconds and perhaps as long as several minutes, provided that
radar tracking data are available for that period of time. This
means that the inertial velocity error at release can be obtained
with great accuracy and used to correct the release velocity as
ieco rded by the raw inertial data at release. Similarly, the
value of the best fit inertial position error curve at the re-
lease time provides the amount of correction to be applied to
thE - raw inertial position data at release.

This discussion of combining inertial and radar data has con-
sidered only a single coordinate component of posi tion and
velocity. However , the process described above can be applied
individually to each of the three coordinate components of posi-
tion and velocity .
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Figure 11. Release State Vector f rom Combined R a d a r — I n e r t i a l  Data
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4.3 ERROR TRADE-OFFS

This method outlined in paragraph 4.2 provides dynamically correct
measurements of :

a. J~elease position which is as accurate as the accuracy of
the smoothed radar position , and

b. Release velocity which is approximately as accurate as
the ratio of the accuracy of the smoothed radar position
to the smoothing time.

The available smoothing time is a function of the acceleration
measurement error in the inertial system . If the smoothing time
is restricted (somewhat arbitrarily, but logically) to that time
within which the position error caused by acceleration error is
less than or equal to the standard deviation of the position
tracking data, the smoothing time can be estimated as follows:

1 20 0 t
p 2 A s

- 

2o
t =

~~

where

0~ = acceleration error ( l o )

a = position tracking error (10)

t5 = smoothing time

The result ing velocity error ( l o )  would be

0 to
o ~~~~~~ / A  p (~~9)v t ~ 2

Figure 12 is a plot of equation (39). It displays the velocity
accuracy (°v) attainable as a function of the position tracking
accuracy ( O p ) and the acceleration measurement accuracy ( o A ) .
On this chart, various levels of position accuracy ( O p ) wi th
various methods of tracking can be ident i f ied. For example, a
laser tracker can achieve position accuracy of 1 to 2 feet~ a
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cinetheodolite network , 2 to 5 feet; a DME multilateration system ,
5 to 10 feet ; and a radar , 10 to 20 feet as indicated in f igure
12.
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0.5 ~~~~~~~~~~~~~~~~~~~~~

‘~~~ — — — Acceleration Error , 
~A
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—

°v ~~~2(Laser) ‘ (Cine ) (DME) I (Radar)
o.t -  I

1 2 5 10 20 50 100

Position Accuracy. op ( Feet)

Figure 12. Position/Acceleration Accuracy Trade-Off

Simi la r ly ,  various levels of inertial sensing accurac~ can be
identified using the acceleration error parameter (shown by
brn ken lines in figure 12). For example , an inertial platform
can measure acceleration to an accuracy of l0 4 g or 0.03 f t /sec2 ,
w h i l - ’ a st rapdown iner t ial  system can measu re acceler ation to an
accuracy of 1 ft/sec 2. With no inertial sensing, the acceleration
error  is equal to a i r c r a f t  acceleration (which may be in the
n’~ighborhood of ig). The acceleration error accuracy for each of
th ’se measurement techn iques has been located on the graph ( f i gu r e
12) fo r  i l l u s t r a t i ve  purposes .
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Fi gur e 12 now shows the quality of the velocity measurement
achievable with various combinations of inertial and position
sensors. For example , it indicates that a DME in combination
with an inertial platform can determine velocity to an accuracy
of about 0.3 feet per second . The ARIS is this type of system
and does , in fact , achieve this degree of velocity accuracy as
can be seen by examination of the ARIS f l i g h t  test results in
Section V . Al t e rna t ive ly ,  according to f igure  12 , radar tracking
data combined with strapdown inertial data could achieve a

- -  velocity accuracy of approximately 3 feet per second . The
measurement accuracy tolerances shown in table V indicate this
approaches satisfaction of the NDWS requirement. In fact, if
attention is restricted to the DME and radar systems as the only
viable all—weather position sensors, it can be seen that the
strapdown inertial sensor, at best, achieves only ma rginally
acceptable velocity accuracy with either system . On the other
hand , the inertial platform satisfies the NDWS velocity measure-
ment requirement by a comfortable margin when combined with
either DME or radar.

4.4 CONCLUSIONS

This analysis of no—drop weapon scoring implementation results
in the following conclusions:

a. Proper implementation of the NDWS will necessarily con-
tain both ground—based and airborne sensing elements .

b. Strapdown inertial data combined with either DME or radar
position tracking da ta can , at best, achi eve onl y mar-
ginally acceptable velocity data for NDWS.

c. Inertial platform data combined with either DME or radar
position tracking data , can satisfy the NDWS accuracy
requi rement by a comfortable  ma rgin.

4 3/44
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SECTION V

ARIS

5.1 GENERAL

Because ARIS represents a relatively new approach to no—drop
weapon scoring , this section is devoted to a brief description
of ARIS and its flight test results. The nomenclature “ARI S” is
a Litton acronym for Airborne Range Instrumentation System . This
system was designed as a bomb scoring system in support of the
DDR &E program known as RABVA L, the object of which was to
evaluate the radar bombing capabilities of modern weapons systems
(Flll F and A6E ) under realistic operational conditions. As such ,
the ARIS was required to score simulated bombing attacks
accu rately and rapidly. These simulated attacks were made by
FlllF and A6E aircraft against unfamiliar targets while using
realistic tactics. The following are the more specific require-
ments which formed the basis for the design of ARIS. The 20-
foot CEP accuracy requirement was intended to provide a scoring
system which was much more accur ate than the weapon delivery
system being scored .

a. High accuracy: 20 feet CEP
b. Mobile target area equipment: man-portable

c. Unrestricted delivery modes: Dive, level , lof t , pull—up
and breakaway at all speeds ,
all al t i tudes , and using
all bomb types

d. No operational constraints: Any azimuth approach , all-
weather operation , no air-
craft modifications,
immediate data availability

The requirement for highly mobile target area equipment arose
from the test requirement to score simulated bombing against
realistic, off-range targets which were totally unfamiliar to
the aircrews. Typical targets  were darns , bridges , storage silos ,
and bui ldings. The target  ins t rumen ta t ion  could be set up daily
on a temporary basis and changed frequently.  This provided the
aircrews with a new set of targets which they had not previously
“ attacked” , and served to minimize complaints from the local
populace .
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The requirement  to score any possible delivery mode stems from
the general need to permit the “ a t tacking” ai r c r a f t  to employ
tealistic tactics. One such tactic is very low— level penet~~ —
tion and attack designed to avoid enemy radar. A radar bomb
scoring (R BS ) site experiences great d i f f i c u l t y  in scoring such
a tactic because , if it is per formed successfu l ly, the RBS
cannot  track the a i r c r a f t  to score it. ARIS , however , has
successfully scored simulated runs at altitudes above ground
level (AGL) as low as 200 feet  and as high as 24 , 000 fee t .

Perhaps the most restrictive of the requirements prohibiting
operational constraints is the disallowing of aircraft modifica-
tions. This virtually limits the airborne equipment to a pod
which must  mount on a standard weapon release rack and use only
the  electr ical  power and control signals (e.g., weapon release
signal ) already available at that station .

In the subsequent paragraphs, the system known as ARIS which
Li t ton  designed and built to satisfy these stiingent requirements
is descLibed.

5.2 DESCRIPTION OF ARIS

5.2.1 Ma jor Elements

Figure 13 illustrates the major elements of ARIS. Target area
instrumentation consists of an array of transponders , typically
fouL in number, arranged around the target. One transponder ,
designated the central transponder, is on or close to the
taLq t. The others are located approximately a mile distant
along radii separated from each other azimuthally by about 12u
degi~~es. The transponders are man—portable and easily moved
from one target site to another by automobile , truck , jeep , or
helicopter. The transponders provide a series of ground
reterence points for the airborne pod. As such , their positions
with respect to the target must be presurveyed precisely to an
accuracy of about one foot. However, it is not ni5cessary to
know the exact latitude and longitude coordinates of the target.

The airborne portion of ARIS fits into a pod which attaches to a

~tandard , unmodi f ied weapon pylon station on the attack aiLc”ld ft.
Groun d handl ing  and loading of the pod is accomplished by the
ground crew in essentially the same manner as handling and
loading of a bomb.
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Figure 13. Major  Elements of ARIS

A data terminal is located at the air base from which the attack
a i r c r a f t  operates . This data terminal reads the data from a
magnetic tape which was recorded in the pod during the bomb
scoring mission . The data terminal then formats and prints out
the data to provide a permanent hard copy record of each mission.

Figure 14 shows the relative locations of the various units con-
tained in the airborne pod. The ARIS pod is 22 inches in diam-

~- te r ,  16 f eet in length , and weighs 800 pounds. It attaches to
a standard a i r c ra f t  weapon pylon station with 30-inch spacing
between the two mounting lugs.

The size of the ARIS pod used on the RABVA L program was governed
by the size of the subsystems which were readily available in
1)73. Using current state-of—the—art subsystems , pod size can
be reduced to the size of a MX 82 bomb . In fact , some types of
a i r c r a f t  (A6E and A7D , for example) need not carry a pod at all ,
provided that iner t ia l  and air data informat ion is already
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accessible in digital form. This would hold especially true of
future aircraft , the avionics of which could be designed to
rsn~ rate with the NDWS ranges .

AIR DATA / OME INTERR OGATOR / POWER SUPP~
,
~~, 

MAGNETIC
PROBES TRANSDUCER TAPE

DME

- 
COOLING

~~~~~

92 ANCU

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
WmU(DIGITAL COMPUTER) 

NE~~~~~
9
~~~~~FORM

POWER & CONTROL UNIT

Figure 14. ARIS Airborne Pod

5 . 2 . 2  Operational Usage

To ins t rument  a target for  the ARIS, the t ransponders are
located in the target area approximately as shown in figure 15.
The central transponder should be located as close to the target
as possible. All transponders should be placed to provide the
clearest possible line e ’ sight to the aircraft. The outer
transponder positions must be surveyed accurately (to 1 foot)
with respect to the central transponder (target). The approxi-
mate latitude and longitude coordinates of the centra l
transponder are also required .

The pod operator composes the initialization data on the data
terminal , records these data on the magnetic tape unit, and
inserts this unit into the pod. The ground crew then transports 
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the pod to the a i r c ra f t  and loads it onto the pylon station as
they would handle and load a bomb. When the aircraft electrical
power systems are energized ( ei ther by umbilical f rom the
ground or by a i r c r a f t  generated power ) ,  powe r appears at the
weapon pylon station , automatically activating the pod subsystems
and beginning inertial platform alignment. A flashing strobe
light on top of the pod informs the aircrew that alignment is in
progress. After about six minutes, alignment is complete and
the strobe light goes out , signaling the pilot that the pod is
in readiness for flight. -

1 Mile Radius Circle

Outer OuterTranspon d ~~,~,
/ 

Tran sponder

~ (
~
) /‘~~ No. 2

4

Target

Central

/ Transponder

~~~ I
- ~~~ / I

‘N /~~‘- / Approach
Heading

/ Outer
T ransponder
No, 1

Fic )uL’ - 15. Standard ARIS Transponder Configuration

As the aircraft takes off and proceeds to the target area, the
inertial navigation system (INS) in the pod monitors aircraft
position. When the aircraft approaches within 10 miles of the
target , the INS automatically commands the interrogator to
commence interrogation of the transponder array . The interroga-
tion data (range and range rate measurements ) update inertial
system position and velocity so that , when the aircraft reaches
the simulated release point and transmits a release pulse to the
pod , t n ’ - pod can record aircraft position and velocity at
n -l i -as , ’ time accu t ately. These release conditions are refined
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further or smoothed through tnE .r~~ponder updates occurring after
rel -aSe in or d~ - L  to d~ -t ’  -rminr’ the release point to the greatest
possible precision . This smoothing process continues until the
aircraft is two miles beyond the target, when transponder
updating ceases. The digital computer uses the smoothed release
point data as initial conditions to solve the bomb trajectory
‘-quations and d~’t ’- rmine the impact point of the simulated bomb.
The impact data are stored in computer memory as well as on
magnetic tap - for recovery by the pod operator after the mission.

A ft -i t h -  aircraft returns to base and lands , the ground crew
downloads t h -  pod , and the pod operator removes the access door
to t h-- -~p- n ator ’ s station and removes the magnetic tape cartridge
unit. H~’ then tak’~-s the magnetic tape to the data terminal  fo r
p rint out. of a hard copy record of each release recorded in
flight. i i gure 16 is an example of such a release record.

5.2.3 Release Record

FL ~~~-JL” lb is transcribed from a printout as obtained from a

~;im-ll~~t- - (1 bombing sortie. The release number (as indicated by
IL - heading of the printout) shows that this was the second
simulat -d release on the particular mission . Table VII gives
t he  interpretation of the various data printed out.

5.3 FLIGHT TEST RESULTS

5 .3 .1  Gen eral
This subsection summarizes the results of d series of tests
conducted in 1974 at Eglin Air Force Base , Florida t o  verify
tim ’ performance of ARIS. From April to July of l~~~4, a joint
Au Force/Navy team conducted an extensive s e r ies  01 f 1 i~ Th t
tes ts  to di -te rmine  whether ARIS was suitable for s-Jsi-quent use
as the bomb scoring instrumentation system for- U RABVAL
program . The primary reference instrumentation 1~~ these t -sts
was the Eglin AFB cinetheodolite range . Because , wim-n at, its
best, ARIS achieves accuracies comparable to cinetli,-udolite
accuracies , some missions employed a triad of xtremely d C C r r  ~t-
ballistic cameras as the instrumentation system . Finally,
actual bomb drops were made as an overall test of the ability of
ARI S to predict actual impacts accurately.

5.3.2 Cinetheodolite-Referenced Tests

Figures 17 and 18 summarize the results of 337 separ ate
simulated bombing runs conducted with ARIS being carried by
e i t n e r  FillE or A6E a i r c r a f t .  D u r i n g  these r u n s , the aircraft
was being tracked by one of the cinetheodolit~- ranges at Eglin
AFB. These figures display the CEP of the (lifferenc (” in impact
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R E L EASE - - N UMBER 2

COMP TIME AT RELEASE (SEC) 4558.635
326.75

DOW N RANGE MISS ERROR (FT) 268.2344
63.65625

DOWNRANGE ESTIMATING ERROR (FT) 6.140625
CROSSRA N GE 4
X TARGET COORDINATE (FT) 0
Y 0
z 0
X IMPACT COORD INATE (Fl) —234.9844
V 144 .1875
SLANT RANGE TO IMPACT (FT) 6)22.313
BOMB TRAIL (FT) 42.46875
TIME OF FALL (SEC) 6.546799
ALT. ERROR RANGE SENSITIVITY (FT/FT) 1.170039
VZ ERROR RANGE SENSITIVITY ( FT/FT/SEC ) 7.609375
X RELEASE COORDINATE (FT) 4635.591
V — 1 4 5 8 . 8 2 8

Z 3345 .266
X VELOCITY AT RELEASE (FPS) —7 54 .5371
V 246.531
Z —4036128
X REL POS STD DEV (FT) 2.680951
V 3.6023
Z 4.295028

RELVEL STD DEV (FT/ SEC) .1525333
y .2757298
BAROMETRIC ALTITUDE (FT ) 6866.531
TRUE AIRSPEED (KTS ) 496.6156
AIR TEMP (DEG K) 278.3881
A IR DENSITY (SLUGS/CU FT) L952494E-- 3
ANGLE—OF—ATTACK (DEG) —3 .823189
SIDESLIP (DEG) .8456495
PITCH—ANGLE (DEG) —28 .94099
ROLL —8.951197
HEADING —73 .85812
PITCH RATE (DEG/SEC ) .3896499
ROLL 1. 487145
HEADING — .4065156
PITCH AXIS LEVER ARM (RIGHT FT) 0
YAW (UP) 0
ROLL (FORWARD ) 0
PITCH AXIS EJECTION VEL (RIGHT FT/SEC) 0
YAW (UP)

(FORWARD ) 0
EAST WIND VELOCITY —48 .12476
NORTH —1.32373

Figure 16. Simulated Release Data Printout
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TA BLE VII. PRINTOUT INTERPRI-1 ATION

1-u try interpretat ion

~~\lI~ I I’sII -VU RI- LL-~SF (S I -C )  Time of release in seconds plus microseconds from
iL SI ( )  computer turn-on prior to take-off: 4558. 635327

seconds in this example

Bomb score in terms of downrange and crossrange
I ) O W \ R - \ \ (  ~F MISS E RROR ( i - F )  miss distances as measured on a flat , horizontal

R ( ) S S R \ N (  1 plane through the target: 268 feet long; 64 feet
to right of targe t in this example 

-

The pod estimates its accuracy in computing the
impact point , based on frequency and qual i ty  of
transponder up dates. These “esti mating err ors”

UOW\ l~ -‘ \ ( 
~l 1 S FIM.-\ II ~~; represent the standard deviation of the miss errors:

E R R O R  t i l t  ( R O SSR - \ \ ( , l  6. 1 feet and 4 feet in this examp le. The proper
interpretation of the bomb scores and estimating
errors is: “The downrange miss distance is 268 feet
within a standard deviation of 6.1 feet; the cross-
range miss distance is 64 feet within a standard

- -________ deviation of 4 feet

\ T-\ R( ;I I ( ( ) O R I ) i \ - \ T I  i i  The X , Y, and Z target coordinates are the northerly,
easte rly,  and vertical offset distances of ’ the target

/ from the central transponder. In this example , the
central  transponder is on the target and the offsets
are zero
The X and V impact coordinates are the northerl y
and easterly coordinates of the simulated bomb

\ I \1 I ’ -\( - I ( (  ) ORI ) l  N , -\ I I - . I ET) impact point with respect to the central transponder.
Y They convey the same information as the downran ge

and crossrange miss errors , but  in north-oriented
rather than ground track-oriented coordinates

S L A N t  RA\(~l TO l\IPA ( F (FT
BOMB T R AI  L lET ) A summary of the results of the ballistic trajectory
‘UI~ 1f OF F ALL (SF( ) solution , including sian tr ange to impact ( 61  22 feet ) .

-~ i i I - R R O R  R - \ N ( ; l -  SEN S I T IV bomb trail (42.5 feet ),  time-of-fall ( 6 .~ 5 seconds ),
ITY i~i 1- ‘It and the sensitivities of downrange impact errors to

v /  l - R R O R  R .~N (; I :  SENSITIVITY release altitude errors ( 1 . 17  ft/ft ) and release
IF T/ F T ,’S! ( vertical velocity errors 7 .61 f t / f t / second )

\ RI - 1, 1- -\ Sl ( OORDIN AT E (FT )  - -
y Release position and ground velocity and the standard
/ deviation of these release conditions as estimated by
X \ l LO(ITY AT RI:LI :AS I (EPS) t he pod . based on ti le qua l i t y  of ’ t ransponder

updating during the simulated bombin g r un. The
/ standard deviation of the vertical (Z) component of
N RI- L POS STI) DLV (F’[ ) release velocity is not listed since it is assumed , in

the pod error model , to he a constant (0.3 16 feet
7 per second)
N RI- I V I- L STI) DLV ( I T  S I - ( ’ )
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TABLE VI I .  PRINTOUT INT E RPRETATION (cont )

l - n t r y  Interpretat ion

BA RUM F T R  I(  
- A L ’FITU D1 - lE T)

I R I l  - \ I RS PI : i : I ) ( KTS )  Air data as computed at the release point. These
\ I R TI - MP I l)K ; K ) are barometric altit u de , true airspeed , air temperature ,
A I R  1) 1 \S I  I Y ) S L u ( ; S— c u  FT) air density, angle of attack , and sidesl ip angle
\ \(  ~LI OF -\T1’A(’K ( DEG)
SI 1) 1- SLIP I DEG _____________________________________________________________________________

The aircraft a t t i tude  is recorded in terms of the pi tch ,
P11 (11 \\(~I I -  (DEG ) roll , and true heading angles. This examp le shows
ROLL the aircraft to have been in a 29-degree dive , with
III Al )ING - a 9-degree left roll , on a true heading of 286 degrees

at release
Attitude rate of the aircraft at release. In this

P1 1(11 R-\ I I -  ( I ) LG SE( j example , the pitc h ra t e was 0.4 degrees per second
(pulling up), the roll rate was 1.5 degrees per second
(rolling to the right), and the heading rate was 0.4
degrees per second (turning le ft)

PI T( ’FI A \ I S  L I- :VER ARM The three entries for lever arm (pitch , roll , and y a w )

~R l ( ; l lT  FT) indicate the location of the bomb rack releasing

~ Aw U P )  the simulated bomb in relation to the bomb rack
ROLL (FORWARD )  carrying the ARt S pod. in this example , t h e lever

arms are zero, indicating that the bomb was released
from the same pylon station which carried the pod.

PITCh AXIS Ii lz (TION VEL The ejection velocity components simulated in the
(RIGHT FT-Si- ( ballistic trajectory solution. This example shows a

Y.-~W (UP) simulated bomb ejection velocity of — 7 . 5 feet per
ROLL (FORWARD ) second in a downward direction relative to the aircra t ’t

Wind components, in feet per second , as meas u red
L AST WI N I) VELOCITY by the pod at aircraft a l t i tude  at release. In this
NORTH example , the wind was primarily f rom t he west at

48 feet per second

peints as determined by differencing the aircraft release point
state vectors measured by ARIS and by cinetheodolites , and
propag at ing this d i f f erence theoretically into a ground plan e
impact er:or. In figure 17, these release point differences ai’e
propagated as if the simulated weapon were a low—drag (specifi-
cally a MX 84), 2000—pound bomb. In figure 18, the simulated
weapon is a MX 82, 500-pound Snakeye retarded bomb. The
demonstrated CEP for the simulated low—drag bomb releases
(figure 17) was less than 15 feet in all cases except the high-
speed (600—knot ) runs, for which the CEP degraded to about 35
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t eet .  The 15-foot accuracy figure held for all altitudes tested
(500 to 10,000 feet), all speeds between 400 and 480 kno t s ,  and
all delivery tac tics employed (level , toss, pull—up , and b i - ak-
away). For the high-drag simulated bomb releases (figure 18),
the demonstrated CEP was less than 12 feet except for the
extremely low altitude runs (200 feet above ground level ) Whi t.-
500-foot or greater o f f s et of the a i r c ra f t  t ra j ectory from tb-
cen tia l  transponder was used .

CEP (tee ? )

0 5 10 15 20 25 30 35 40

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

600 Ku

,/ /-5/ 7 / / / / / /  I
/ Level (33 Runs( 1I
//,,‘ // / // //

500 Ft ‘ 115 Runs)~~~~~~
____________ 

- 400 K? Notes

~17Pull ; ip 
— (1 ) 500-loot offset on all

,-~~(2o RUn runs eucept brea kawa y s
— which were 0 offset

~Br ea kaw ay1 ~Altitude ( 20 Runs) ~
Above Target: -~ 

— —I

eqen -

1000 Fl  ~~26 Runs) ~~ 4811 Kt Pod Vs Cune t he ado lil e
Pod Est imate

i 500 Ft

5000 Ft 
~~~~~~ Runt) ~ 

4 00 Kt

10 , 000 Fl

0 5 10 15 20 25 30 35 40
CEP (Feet)

Figure 17. Simulated Low—Drag Bomb Release Test Results

Even the degraded accuracy figures indicate effective scoring
because the a i r- r a f t  has missed the target (central transponder)
by at least 500 feet and ARIS scores that large miss to an
accu racy an order of magni tude better than the actual mi ss
distance. When the aircraft makes an accurate bombing run (i.e.,
z”-ro offset), ARIS scor es that run accurately as evidenced by
the length of the topmost bar in figure 18.
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CFP (Feet)
0 10 20 30 40 50 60 70 80

S 
I I I

~~‘0 Oftset ~~~1

200 Ft 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 400K?

_______________________________________

A~~ ude 

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
1600 Ku

( 
~~~~~~~~~ l 4 0 0 K t ( l 8 R,,ns )

SOO F t -) ‘

525 Kt (22 Runs) Legend
500 Ft Offset Pod Vs Ci ne ihe o do l,? e

Pod Estimate

1500 Ft 400 Kt (22 Runt )

10 20 30 5
1
0 60 70 80

CEP (Feel)

Figure 18. Simulated High—Drag Bomb Release Test Results

Each of the bars in the graphs of figures 17 and 18 is actually
two bars~ one (terminated by a solid line) i epresenting the
accuracy of ARIS as measured by the cinetheodolite range~ the
second (terminated by a broken line) representing the accuracy of
ARIS as se l f—dete rmined  through its covariancc’ matrix and impact
error sensitivities. In most of the instances shown in these
f i g u r e s , the ARI S self—evaluation is in reasonably close agree-
ment with the cinetheodolite—measured accuracy. Possible
exceptions are the high—speed (600-knot) runs where the ARIS-
estimated accuracy was optimistic by 15 or 20 feet for the low-
drag resul ts  and pessimistic by the same amount in the h igh-
drag case.

5 .3 .3  Ba l l i s t i c  Camera Referenced Tests

A few simulated bombing passes during the series of ARIS tes ts  at
Eglin AFB were instrumented with a triad of ballistic cameras.
A total  of 19 such passes y ielded valid da ta .  Of tese , 13 w et e
at 400 knot s~ the remaining  six , at 600 knots .  Figure  1-) shows
the  accuracy which ARIS achieved on these passes as determined
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by the ballistic camera network (hor iz ontal  posi t ion er rors of
1 to 3 f eet and ver tical position errors of 3 to 5 fr ~et). The
velocity accuracy of ARIS , as determined by the ballistic camera
complex , was 0.2 to 0.4 feet per second on all axes for the 400—
knot runs. The vertical velocity accuracy degraded to approxi-
mately 1.8 feet per second on the 600—knot runs. The reason for
this d~-giadation of vertical velocity accuracy at 600 knots was
tLaced to excessive static pressure noise caused by shock waves
sweeping across the static pressure ports on the nose boom of
the ARIS pod . The ARIS uses stat ic pressure to calculate baro—
met r i c  a l t i t ude  which , in turn , is used to stabilize the vertical
inertial channel. Litton has since redesigned the ARIS vertical
channel software to reduce the vertical velocity sensitivity to
static pressure noise.

Position Accuracy in Ft

O 2 4 6
_____________________________ I I I I I I I I

Downrange

Ccossrange

Vertical ~~~~~~~~~~~~~~~~~~~~~~~~~

Velocity Accuracy in F PS
O 1 2

I I I I I

D ownrange

Cro usran ge 2)~22~ Legend

Vertic al 1 
600 Ku 

________

Figure 19. Ballistic Camera Measurements of ARIS Accuracy

5 . 3.4  Bomb Impact Tests
As f i n a l  proof of the abi l i ty  of ARIS to predict bomb impacts
accurately, twenty-two MX 84, 2000-pound , 1ow-d~ ag bombs were
actually released from Flu E and A6E a i r c r a f t  d u r i n g  the ARIS
series of tests at Eglin AFB. Figure 20 shows the actual impacts
(dots) with relation to the impact point (0,0) predicted by ARIS.

56 

-‘~~~~ ._~~~~_~~~.~~~~~~~ .. --—--— —~—~--- ‘ - .~~~~~~~~~~ . ~~~~~- ~~~~~~~~~~~~~~



-
~~~ 

_

~~~~~ 
~~~~~~~~~~~~~ ~~‘ ~‘~~~~~‘ ‘w r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘1II~~

These drops demonstrated that ARI S could pr edict actual bomb
impacts to an accuracy (CEP) of 21 feet. For the release condi-
tions of these bomb drops , the prediction accu racy capability
of ARIS , based on release position and velocity errors  alone , is
about 10 feet (CEP) as shown in f igure  17. The growth in CEP
from 10 to 21 feet  is due to the accumulative e f f ec t s  of addi-
tional uncer ta in t ies  in ejection velocity , separation disturbances
(ballistic dispersion), and ballistic drag, as well as additional
errors in measuring attitude , at t i tude rate , true airspeed , yaw
sideslip angle , and air density.

Down Range

5oiFt Release Conditions:
Altitudes 1500 to 5000 Ft AGI
Speed 400 to 500 Kt

• Flight Path Ang le Level

•
• ~.—

.W 
~~~~~ ,2l Ft

7 ~~~~~~ CEP

• Cross
H— - ( ‘ • — —  I — 

Range ~
50 Ft 

~~~~~~ 
_ //

/ 50 Ft

•

•

SO Ft

Figure 20. MX 84 Impacts vs ARIS Predictions

5.4 CONCLUSIONS

Based on the results of the ARI S f l igh t  tests conduc ted at Eglin
Air  Force Base in 1974 , the fol lowing conclusions may be drawn: ‘

a. The bomb scoring accuracy of ARIS ( based on the
accuracy of measur ing  the a i r c r a f t  state vector at
release ) is better than 15 f eet CEP wi th two exceptions:
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( 1)  Extremely low al t i tude (200 f e e t )  deliveries with
large of f s ets ( 5 00 fe et or more ) of aircraf t ground
track re~~ative  to the central transponder.

( 2 )  Very high sp’~ed deliveries (600 knots).

b. The ARIS predicted actual MK 84 bomb impacts , including
uncertainties in ejection velocity , separation dis-
turbances , and ballistics (as well as attitude and air
data measurement errors) to an accuracy of 21 feet CEP.

c. The ARIS self-evaluation of its own accuracy is valid
under all delivery conditions except 600 knots.

d . The ARIS satisf ies all of the mobility , delivery mode,
and operational versatility requirements necessary to
score all—weather simulated attacks properly , employing
realistic tactics against unfamiliar (off—range)
ta rgets .
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SECTION VI

NDWS COST CONSIDERATIONS

~.l GENERAL

Attempts to quantify the beneficial aspects of a scoring system
in terms of cost savings necessarily involve some subjec tive
judgements. Weapon delivery training is certainly essential.

- on ly quest ion is whether the qual i ty  of the t ra ining achieved
justifies its expense. The compromises between the desired
quality of ttaining, the affordable cost, and tie technological
feasibility compel a careful consideration of the benefits
d eL i ved , as well as the costs of the new equipments , in order to
select a particular NDWS configuration judiciously.

Theore t ica l ly ,  it is possible to compare the e f fec t iveness  of
NDWS systems having different accuracies: (1) by calculating the
training cost differentials necessary to achieve a uniform level
of training with all systems , or (2) by calculating the combat
cost differentials implied by different levels of training. This
type of cost effectiveness analysis , however , is beyond the scope
of the present study . Instead an attempt will be made to
compare the relative costs of two different NDWS configurations
of equivalent or nearly equivalent capabilities.

6.2 NDWS COST MODELS

The acquisition and operating costs associated with NDWS depend
upon the number of range areas , the number of squadrons using
a range , and the number of training sorties flown by each
squadron . The following discussion defines a baseline scenario
or model of ranges and sortie rates and other factors contri-
buting to acquisition and operating costs.

A total of ten NDWS ranges world-wide will probably fulfill all
c u r r e n t ly envisioned Navy t r a in ing  requirements .  Five of these
would be in the CONUS (F allon , Yuma , Boardm an , Dare County, and
Pinecastle): three would be in the Pacific (hawaii , and two in
the western Pacific): and two would be in the Medit’- rranean (one
east and one west). Each of these range areas defines a general
location around which many target s would be defined. The
primary scoring facilities would be moved occasionally to main-
tain f resh , unfamiliar targets for each squadron as it rotates
th rough that training area.
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Based on opetational experience gained at Oceana NAS while using
ARI S t e  sc c l e  A6E simulated bombing sorties , three airborne
S C o L i t t ( J  pods ~~ie  su f f i c ie n t  to support a squadron of 12 ai r c r a f t .
T he tet or c ’ , 120 scoring pods are the most which would be needed
to score all 40 squadrons of Navy attack a i r c r a f t  on all t ra in ing
t anges .  An even dispersal of these pods throughout  the 10
ta:e~- -s would result  in an average provisioning of 12 pods per
range . This 12 pod per range f igure  represents a world—wide
average . Bec ause each of the CONU S ranges might  handle more
than the average of f o u r  squadrons per day , these ranges may
requite more than 12 pods. Similarly , the oversea ranges may
need less than  the 12 pod per range average . Never theless ,  the
tollowing acquisition cost comparisons are developed based on
the average rarge requirement of 12 pods per range.

6.3 NDWS ACQUISITION COST COMPARISONS

This subsection contains a comparison of the relative costs of
two iiffeierit NDWS system concepts (radar-inertial and DME—
inerLial), each of which may be in two di f f erent configu rations
(pod—mounted ot inboard). The inboard versiuns are presumed to
interface digitally with existing ai rcr af t  iner tial navigation
and air data systems to provide th~ necessary airborne measure—ments .  The pod-mounted versions would be applicable for  those
a i r c r a f t  that  either contain no inert ial  navigation system or
have no space internally in which to mount the addit ional  air-
borne NDWS elements. In either case, whether the airborne NDWS
elements are pod—mounted or internally—mounted , it is assumed
that they are readily r emovable. The airborne NDWS elements are
installed on or in the a i r c r a f t  preparatory to that aircraft be-
ginning an NDWS sortie, and are removed at the end of the sortie.

Table VIII lists the cost breakdowns for both the radar-inertial
and the DME-iner t ial  NDWS systems. Table IX presents the cost
of outfitting a single NDWS range. These acquisition costs per
range are based on the average range needs of 12 airborne units.
They also include 20 percent spares .

Figure 21 shows the effect on the bottom line figures in table
IX if there are more or less than 12 airborne sets per range .
In par ticular , it revea l s  that for the inboard configurations ,
the DME—inertial NDWS system is less costly than the radar-
iner t ia l  NDWS system for  any number of airborne sets per range
less than 27. Similarly, the DME—inertial NDWS pod system is
less expensive than the corresponding radar—inertial system for
any number of pods per range less than 45. Figure 21 is
especially relevant to a test and evaluation range. In that case ,
only one or two airborne instrumentation sets are needed , and the
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TABLE VIII. N1)WS EQUIPMENT (‘OST ESTIMATES

Equipment Radar-Inertial DM E-l nertial

(;round-Based
Radar 51500K
Digital (‘omputer 30K $ 20K
Da ta  Link Terminal 20K - - -
DM1- Transponders (4) - - -  180K

Sub Total 51550K 5200K

Airborne ( Pod )
Pod S t r u c t u r e . (‘oo li ng , Power 5 15K S 15K
AI r Data l’rohe and Transducers 25K 25K
Digital ( omputer 30K 40K
Inert ial Platform 60K 60K
Data LInk 20K - - -

Radar Beacon 20K -

l)~slI- Interrogator - - - 60K

Sub Total $ 170K $200K

.\i rhernc’ (Inboard )

Interlace Adapter $ 20K S 20K
Da ta  Lit t k 20K - - -

Radar Beacon 20K - — —

I )igit .il ( omputer — — — 30K
I )\ I I I tuterr ogator — — — 60K

Sub Total $ 60K S 110K

TABL E IX.  A(’QUISITION (‘OST PER NDWS RANGE

f -q ut iprn en t Radar -Inertial DME- lti er t ial

( i ro utu d-Based
I Se t 51550K S 200K
Spares 3 10K 40K

Sub Total S 1860K S 240K

Airborne (P )d )
12 Sets 52040K 52400K
Spares 408K 480K

Sub Total $2448K 52880K
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TABL F IX A(’QUJSITION COST PER NDWS RANGE ( cont)

Eq u ipme n t  Radar-inertial DM h-Inertial

Airhorne (Inboard )
12 Sets S 720K S1320K
Spares 144K 264K

Sot, Total $ 864K $ 1584K
l ota l NDWS (‘ost Per Range

( Pod ) 54 ,308 K S3~I 20K
(Inboard ) $2,724K 51 ,824K

DME systems are markedly superior to the radar systems in terms
of acquisition costs.

6.4 OTHER COST CONSIDERATIONS

The foregoing cost analysis does not include other cost factors
which contribute to system life cycle cost. Other such costs
which should be considered , but merit more careful treatment
than the scope of this study permits , are development costs , land
and base facility acquisition or rental cos ts , training costs
for operating and maintenance personnel , aircraf t modification
and installation cos ts , and annual costs for operation and
maintenance personnel as well as for replacement parts. A
cursory qualitative discussion of these items as they a f f e c t  the
d i f f e r e n t  NDWS con f igu ra t ions  is still appropriate herein , even
though a quantitative treatment is avoided .

Development costs will probably be roughly the same for all
concepts. If anything , the radar approaches may tend to have
th~’ higher development costs in view of the high accuracy of the
position data required . Land and base facility costs will un-
doubtedly be highet for the radar than for the DfrIE because the
radar equipment is much larger and less mobile.

Training costs tend to be proportional to the number of operating
and maintenance personnel required. The personnel needed to —

operate and main ta in  the a i rborne elements will be the same fo r
both the radar - ine r t i a l  and Dt~~- ine r t i a l .  The majo r di f f erence
is in the number of ground equipment operators . The radar
L equires manning around the clock for 24-hour NDWS opetations,
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while the DME transponders are virtually unattended . This cost
advantage of the DME approach becomes ampl i f i ed  ev . -n  f u r t her
when the annual operating costs for personnel dre included .

Aitcraft modification and installation costs will tend to be
independent of the basic positioning device , whether radar or
DME . The most significant difference here is between t,ie in-
board configuration and the pod configuration , an~i will
obviously favor the pod approach.

Annual operating personnel costs were mentioned as especially
impacting the radar approaches. Annual maintenance costs, inse-
far as they tend to be proportional to the initial cost of the
equipment , will also tend to favor the DME.

The forego~ ng discussions reveal that , in every cost category ,
the radar-inertial NDWS is at least as expensive as is the DME- —

inertial NDWS and , in most of the categories , it is more
expensive. The obvious conclusion is that an NDWS range based
on DME-inertial will be less costly to acquire and to operate
than will one based on radar—inertial . —
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SECTION VI I
CONCLU SI ONS

The major conclusions from each of the foregoing sections are
summaii~~’ -d below.

a. Measurements  of the a i r c r a f t  states at the release point for
no-drop bomb scoring should be at least as accurate  as the
fo l l owing :

Position 20 f t  ( ho r i z o n t a l )
30 f t  ( v e r t i c a l )

Velocity 2 fps (horizontal )
3 fps (v ertical )

Heading 0.3 deg

Roll Rate 6 deg/sec

True Air Speed 5 fps

Air Pressure and Temperature . 1 percent

b. To incorpora te  s t r a f e  scoring into NDWS , position measure—
rrient accuracy to wi th in  3 feet and pitch and heading
measuremen t accuracy to 0.1 degree would be required.

c. An NDWS implemented with airborne inertial platform data
combined with either radar or DME position tracking data can
comfortably satisf y the bomb scoring requirements and may
even sa t i s f y the strafe scoring requirements.

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

e . A DME-inertial NDWS range will be less ccstly to acquire ,
maintain , and operate than will a radar-inertial NDWS of
equivalent accuracy.
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