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FOREWORD

This report describes the research effort of the Data
Systems Division of Litton Industries, .Inc., under Con-
tract NO.WQ_}E, with the US. Depait:
ment of the Army, Frankford Arsenal. The objective
was to perform a parametric study of the fire control

. system to be associated with the Advanced Forward
i Area Air Defense (AFAADS) Weapon System.

The original RFP, to which this contractual effort is

. responsive, was titled “Parametric Study, Advanced
: Forward Area Air Defense Weapons System
s (AFAADS),” and called for studies specific to an anti-
aircraft gun system based on a weapon having the
same general characteristics as the 37mm Gatling Gun.

.i In the intervening time, since the 3 May 1968 date
of issue of the RFP, the Army generalized the use of
. the acronym ‘AFAADS’ 10 include all elements of the
i forward area air defense of the Army, including mis-
o siles. At the present time, it appears that the effort
contracted for could more properly be called

- ‘LOFADS.’ Low Altitude Forward Area Air Defense.

‘
,
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However, in order 1¢ maintain consistency with the
wording of the contract, the term AFAADS has been
used uniformly in the presen: report. The reader
should remain aware of the fact that we are dealing
here only with the antiaircraft gun system. which in
turn is an element of the complete system for the
forward air defense of the Army.

“The report is inciuded in two volumes., Volume ¢
comprises the analyses and conclusions derived from
an in-depth study. by Mr. Herbert K. Weiss. Also
provided therein are descriptions of the AFAADS
System Concept as well as characteristics of AFAADS
and its environment.:

Volume Il describes a computer simulation model
used to provide the capability of predicting the per-
formance of proposed (or existing) antiaircraft gun
systems against an aircraft in a one-to-one combat
situation. Results of this effort by Mr. Martin P. Gins-
berg were used to derive recommended configurations
and conclusions as presented in Volume 1.
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SECTION 1
INTRODUCTION

In spite of the advent of surface to air missiles, the
antiaircraft gun has maintained an important position
in air defense operations.

In Korea the US. Air Force lost 550 aircraft to
enemy antiaircraft guns and only 140 to enemy air-
craft. In Vietnam, according to newspaper reports,’ by
August 1970 the United States had lost 1736 helicop-
ters to enemy action while in flight, and 1388 fixed-
wing aircraft were brought down by enemy action
while in flight. Only a very small number of these
losses was to enemy surface to air missiles and aircraft.

The helicopter, because of the nature of its opera-
tions, is often exposed to enemy small arms fire, and
many of the helicopter losses were probably to small
arms. The fixed-wing aircraft, however, were shot
down by enemy automatic weapons and antiaircraft
guns, in spite of their high speeds and probable use of
countermeasures.

Looking at the record of antiaircraft guns and auto-
matic weapons since 1915, as shown in Table I-1, the
remarkable way in which the guns have kept pace with
aircraft development will be noted. The table does not
show the tremendous repair burden imposed by anti-
aircraft, since for every aircraft destroyed by frag-
menting projectiles about 20 were damaged and for
every aircraft destroyed by an impacting projectile, 3

to 5 were seriously damaged.

Since the gun must aim ahead of the aircraft at a
predicted position, the competition between gun and
aircraft can be displayed in simplified form as a com-
petition between aircraft speed and projectile velocity.
The growth in aircraft speed at sea level. and of gun
velocity with time is shown in Figure I-1. The ratio of
the two velocities represents the lead angle which must
be generated by the fire control computer, and this has
in fact increased steadily with time, but much more
slowly than the increase in target velocity at sea level.

In spite of the demonstrated effectiveness of antiair-
craft guns, and the continued improvement and poten-
tial of antiaircraft gun systems, their development
suffered a hiatus in the United States with the advent
of the surface to air guided missile. The usual limited
funds, coupled with the apparent very high potential
of missile systems, caused the development of im-
proved gun systems to be almost dormant for the
period from 1950 to 1970.

During this period, development of gun systems
continued in France, Russia, Sweden, Switzerland, and
West Germany. This development resulted from an
early appreciation of the problems the missile systems
would have against very low flying aircraft, and the
likelihood that effective SAMs would drive aircraft to

Table 1-1. Aircraft Losses to Flak and Fighters

Losses to Number of Defending
Date Losses by AlC Flak Joint Opns AA L/MAA AAMG IFighters
1915-16 Zeppelins 7 3 - ) ———— 110
1917-18 Gothas 10 11 9 33 ————— 48— 384
1915-18 German A/F 2000 400 1340
1916-18 Allied A/F 4842 1590 - 2576 ———- 900 1530
1940 Luftwalfe 986 357 390 1,280 695 2.930 700
1944-45 V-1 1847 1878 3004 800 1800 300
1942-45 USAAT E, MTO 6800 7821 3797 12,170 46R0 14,710 2000
1044-45 B-29 58 48 29 79 1.250 550
1950-53 USAF 140 550 68 810 750 1500 1100

00678-101
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Figure 1-1. Increase in Target and Gun Velocity with Time

very low altitudes. Although missile systems can be
built 1o meet the low altitude threat, rerrain limitations
require very large numbers of fire units to cover the
Army’'s forward area, and the required proliferation of
missile systems can be mote costly than gun systems,
yet provide no better coverage of a zone where the gun
is effective.

The Army’s recognition of the renewed potential of
the guns compared with low altitude missile defense,
once the medium and high altitude missile defense has
driven aircraft to very low altitudes, led to the
AFAADS program, and in particular, to the present
contract, the objective of which is ‘to make a prelimi-
nary determination of the parametric characteristics of
the fire control system to be associated with . . . an
Advanced Forward Area Air Defense (AFAADS)
Weapon System.’

The present effort, emphasizing the fire control sys-
tem aspects of AFAADS. suppofts a much larger pro-
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gram of the Army Weapons Command, in which a
large number of candidate gun systems were compared
on an overall cost-effectiveness basis. Contractual sup-
port on the overall model was provided by the Univer-
sity of Michigan. The sensor, weapons, and cost char-
acteristics developed in the Weapons Command pro-
gram were not made available to Litton. However, a
description of the University of Michigan air defense
simulation was made available. and many of the con-
cepts developed in it were adapted for the simulation
used in the present contract.

Tne present study explores the design options and
parameters of the fire control system in greater detail
than was possible in the AFAADS top level, system
comparisons. Although the weapon used for reference
in the present study was the 37mm Vigilante Gatling
Gun, the analysis, methodology, and the computer
simulation are completely general, and can be applied
to any predicted fire weapon.
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WHAT'S NEW?
Before presenting the findings of this study. a few of
the principal changes in the antiaircraft probiem and
the technology for its solution that have occurred over

the past 20 years will establish a context. Some of these
are listed as follows:

Faster Aircraft

Helicopters

Terrain Following
Stand-Off ASMs
‘Free-Maneuver' Bombsights
Depressing SAM Cover
Sensors

Computer Capability

Gun Performance

Targets are faster, the helicopter has become opera-
tional in large numbers, aircraft can follow the con-
tours of the terrain at night and in bad weather, air 0
ground guided munitions exist, and air to ground fire
control systems have been reported which do not re-
quire the aircraft to fly a straight line path segment.

Target

AAA Systems

Favoring the antaircraft gun is the appearance of
-surface -t¢ air missiles, which drive targets to low
altitude within range of the gun. better sensors. and
the extremely versatile digital computer. Sensors in-
clude K-band radars which are small, compact. and
emit narrow beams with small reflectors; and by using
frequency agility, track more accurately and to lower
angles and are resistant to ECM. Night tracking in fair
weather can be accomplished by conventional ‘hot-
spot’ infrared trackers, and by modern imaging track-
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‘efs in both the optical and infrared bands. Automatic

tracking is possible with all of these devices. The laser
provides accurate range under all conditions and has
applications to imaging trackers as well.

The greatest breakthrough has been in the develop-
ment of military-qualified digital computers which can
provide a computing capability in very small volume
that is so great that is is not an exaggeralion to say
that any prediction algorithm that can be conceived
and demonstrated to be desirable, can be implemented
in a digital computer. within available space limita-
tions on the gun mount. This capability is associated
with reliability expressed as several thousands of hours
between (ailures, and mean times to repair of the order
of minutes.

Servomechanisms for positioning sensors and gun
have improved steadily in response time. and high
precision ‘gearless drives’ are operational.

The rate of fire achievable with the Gatling Gun has
always been high. and weapon performance benefits
from the progressive improvement associated with
increasing muzzle velocity.

The only component of the system that has not
improved with time has been the man. who still has
the same visual acuity and response time that he had
in World War I antiaircraft operations. Consequently,
a principal concern in realizing the advaniages of
improved technology in an air defense system is the
design of the system so that it is not constrained by the
limitations of the man.
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_ SECTION 2
SUMMARY

The report contains a large number of conclusions
and recommendations, associated with each topic
treated. In particular some 44 options with regard to
fire control algorithms, tracking modes, and hardware
design trade-offs are presented and discussed in Sec-
tion 6. Recommended Configurations.

In the present section we summarize some of the
principa! conclusions and provide a brief overview of
the contents of the report. The conclusions are stated
in absolute form, for clarity, rather than hedging them
with conditions. Their basis, and appropriate reserva-
tions will be found in the report.

2.1 CONCLUSIONS

A summary of the principal corclusions are pre-
sented in the following paragraphs.

2.1.1 Genaral

a. Modern antiaircraft guns have the potential of
delivering highly effective fire against low flying
targets which is relatively unexploited by existing
fire control systems.

b. This potential can be realized in guns of Vigi-
lante caliber only by providing satisfactory target
detection and acquisition means, accurate track-
ing and ranging information, a precise solution
to the prediction problem, and by effective sys-
tem calibration and alignment in the field. The
AFAADS system should be designed to deliver
precisicn fire, rather than as a shot gun.

2.1.2 Automation

The principal effect of increased target speed is 10
reduce target exposure time. This requires that the
time, from target detection to firing, be reduced to0 a
degree only attainable by automation. Once the target
has been detected, the tracking sensors should be put
on target automatically.

2.1.3 Human Operator

a. The man cannot perform effectively in the track-
ing function unless he is assisted by regenerative
tracking. With optical magnification in his sight
he has the potential, still to be demonstrated, of
tracking as well as the best automatic tracking
sensors.

b. The man cannot adequately perform the initial
detection and target acquisition function, even
with improved RAID information.

¢. The man cannot identiiy targets visually until
they have approached to such a close range that

most of the effective firing envelope of the Vigi-
lante gun is lost.

d. ldeally, the human operator would have only
decision functions, consisting of veto power on
the automatic operation of the sysiem.

2.1.4 Fire Control System

a. A number of alternate prediction options have
been identified. each of which is preferred for a
particular category of target flight path.

b. The ability of a computer 10 automatically select
a preferred algorithm and deliver appropriate
gun orders without requiring additional settling
time has been demonstrated. This algoiithmic
switching may take place several times during a
targei pass.

¢. Among the new prediction algorithms which
have been developed and demonstrated on the
simulation are:

(1) Correction for target acccleration in a dive
based on a ‘constant total energy’ concept.

(2) Algorithm for defense of a known point, in
which the prediction makes use of the known
position of a small. vital ground target that is
being defended.

d. The ability of the computer to use an algorithm
correcting for target rate of turn. without degrad-
ing performance against non-turning targets, has
heen demonstrated.

¢. The ubility of the computer to switch automati-
cally between quadratic and linear prediction
against a 1arget path composed of both jinking
and straight line segments has been demon-
strated, with resulting effectiveness greater than
with either mode used alone.

f. The feasibility. stability. and effectiveness of a
regenerative tracking algorithm has been demon-
strated.

g Highly effective performance over a wide range
of assumed tracking errors was demonstrated
with 1.8 second data smoothing time. Wiih the
best radar tracking considered 1o be reasonably
attainable, effective performance was demon-
strated with 0.4 second smoothing.

h. Smoothing time should preferably be a function
of time of flight. This is probably most easily
achieved by a recursive algorithm.

i. Design of the regenerative tracking circuits and
the filters for the prediction function should be

i acaneit e




carried out as an integrated operation. The re-
sulting opimum weights apphed for regenera-
tion and prediction may, however, not be identi-
cal.

J- The regeneration algorithms should provide the
capability of maintaining a continuous solution
based on intermittent, irregular, inputs of actual
or esumated range. Algorithms to do this are
described in the report.

k. A rectangular coordinate sysiem appears to pro-
vide the smallest total number of required coor-
dinate transformations in implementing the ar-
ray of prediction algorithms considered to be
desirable.

2.1.5 System Error Budget

The dynamic instrumental errors of the AFAADS
system should not exceed root mean square values of 2
meters out to 2000 meters slant range, nor 2 mils
beyond 2000 meters start range. Dynamic instrumental
errors are defined as overall errors against a 600-knot
unaccelerated target, with zero tracking errors, and
excluding gun and ammunition dispersion.

2.1.8 Dynamic Calibration

To achieve the maximum operational effectiveness,
the system must have integral means for both static
and dynamic calibration in the field by methods simple
enough so that the system can be checked out by its
crew without special equipment. A method for dy-
namic calibration is described in the report.

2.1.7 Artificisl Dispersion

With the instrumental errors indicated above, and
dynamic calibration, ‘optimum’ dispersion under nor-
mal operating conditions will be only 2 or 3 mils. For
those infrequent cases where increased dispersion is
desired, such as operation in a degraded system mode,
it should be produced by dithering the gun servos.

2.1.8 Ballistic Solution

4. A correction for the effect of wind on the trajec-
tory should be incorporated.

b. Time of flight should be computed to 9.005
second.

¢. The allowable systematic error in muzzle velocity
15 1.5 meters per second. It may be necessary to
provide automatic muzzle velocity measurement
on the mount, if this tolerance cannot be held by
ammunition quality control.

2.1.9 Wespon snd Ammunition

a. The 37mm Vigilante Gatling Gun should incor-
porate an additional. intermediate rate of fire
capability between 3000 rpm and 120 rpm. 1200
rpm appears appropriate.

b. Muzzie velocity should be increased and projec-
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tile drag coefficient reduced. Continued improve-
ment in effectiveness is anticipated as these val-
ues are improved above the best values consid-
ered in this study. The interaction with projectile
terminal effectiveness must be considered.

¢. With improved muzzle velocity and ballistics, it
will be possible to deliver effecti: fire against air
targets beyond 4000 meters range.

2.1.10 Hardware Considerations

a. The desired flexibility in utilization of prediction
options can be attained with current state of the
art in digital computers. The high reliability and
low maintenance costs of a digital computer are
expected to result in lower life cycle costs and
higher availability than an analog solution of
equal capability.

b. The problems of the effects of gun shock and
vibration on the tracking process while the
mount is stationary, and the effects of rolling and
pitching of the mount and vehicle when firing on
the move, can be solved by a stabilized line of
sight. Complete stabilization of the system, in-
cluding the guns, is probably not necessary.

¢. Radar tracking is required for all-weather opera-
tion. Considerations of dish size and beam width
indicate a K-band radar. The provision of fre-
quency agility will reduce the angle and range
tracking errors caused by glint and multipath
effects and increase resistance to countermea-
sures.!

d. If radars are used on the AFAADS mount, they
may have the shortest mean time between fail-
ures, lorgest times to repair, and highest support
costs of all the system hardware components, in
part because of the severe vibration and shock
environment, unless they are designed to over-
come the environmental problems. Radar devel-
opments for AFAADS should include special
funding for high reliability, low maintenance
design.

e. For non-radar tracking, imaging sights with au-
tomatic tracking should be investigated as offer-
ing the potential of more accurate tracking under
fair weather, day/night conditions than can be
achieved with manual tracking.

f. The tactical usefulness of employing the laser
range finder both as a range finder against aerial
targets, and as a target designator for the deliv-
ery of remotely fired homing missiles against
ground targets, should be considered as a means
for augmenting the ground support capability of
AFAADS at small incremental cost.
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2.1.11 Cost-Effectiveness Trades

Given a reference design configuration, a design
option that adds 10 percent to overall system effec-
tiveness is cost effective if it adds no more than 300,-
000 dollars to the total 10-year life cycle cost of a fire
unit, considering all direct and overhead costs allocated
against the fire unit on a battalion basis.

2.1.12 Improvement of Combat Effectiveness

All historical records show a very rapid improve-
ment of the effectiveness of antiaircraft gun systems
during the course of a conflict. AFAADS should incor-
porate an element for recording the attack paths of
enemy aircraft as they are encountered so that predic-
tion modes can be modified, decision thresholds
changed, and the overall system capability periodically
modified in the field to best match the changing tactics
of enemy aircraft.

2.1.13 Further Applications of the Results of the
Present Study

In the course of this study a computer simulation of
the predicted-fire air defense problem has been devel-
oped which is of great generality and has applicability
to all predicted-fire weapon systems. It is modular in
construction, so that the program modules defining the
prediction algorithms, for example, can be changed as
desired without rewriting the complete program. The
same flexibility exists in the target path program, the
tracking program, the ballistics program, the termi:: 1l
effects program, and the program for analyzing ..ad
printing out detailed point by point analyses of indi-
vidual runs, or statistical summaries of large numbers
of replications. This is a tool that can be applied
effectively in all future analysis and development activ-
ity concerned with predicted-fire air defense systems.

2.2 OVERVIEW OF THE REPORT

This section discusses briefly the content of the
major section of the report.

2.2.1 AFAADS System Concept and
Characteristics

The AFAADS concept is initially defined by its
mission, the organizational structure in which it will
function, and the targets against which it must operate.
The- fire control system emphasized in the present
study is additionally constrained by the characteristics
of the sensors and the capability of human operators,
and by the performance of the weapon. These topics
are taken up in Sections 3 and 4.

The environmental context in which AFAADS will
operate is developed in Section 3. This section defines
missions, typical organizations, information flow, and
functions performed by AFAADS at the top level of
system definition. It provides a basis for assessing the
quality of alerting information that will be provided
AFAADS from external sources. The organizational
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structures provide a basis for later estimates of overall
system cost for use in cost-effectiveness trades.

The characteristics of targets and target flight paths
are developed in Section 4.1. This section serves as a
basis for selection of typical flight paths for analysis,
and for the selection of prediction algorithms. It in-
cludes an evaluation of the maneuver capabilities of
targets, typical attack paths, flight paths in terrain
following, and the effects of air turbulence in produc-
ing ‘flight roughness.” Estimates are made of the range
at which targets will first be exposed to AFAADS as a
function of altitude, and of the total exposure time.

A brief survey of sensor characteristics with empha-
sis on the magnitude and power spectral densities of
tracking errors is provided in Section 4.2. The essence
of the tracking problem is indicated by Figure 2-1
which shows the angle subtended by typical targets’ at
1000 meters. Unless the sensor can track to a small
fraction of the angle subtended by the target, wander
of the tracking point over the target area will cause
large errors in predicted position. With accurate track-
ing the large subtended angle makes the target easier
to hit. -

The characteristics and capabilities of the human
operator are summarized in Section 4.3 as they apply
to the AFAADS problem. The human operator is
deficient in ability to detect targets at satisfactory
ranges and in the tracking function has, at best, a 1 Hz
equivalent bandwidth.

Gun and ammunition characteristics are summa-
rized in Section 4.4. Some rough estimates are made of
terminal ballistics, including target vulnerability to
37mm projectives for use in subsequent system effec-
tiveness computations.

2.2.2 Analysis of AFAADS System Requirements

Within the constraints of mission, target, organiza-
tional employment, sensor, and weapon capabilities, a
comprehensive analysis by both analytical means and
computer simulation is carried out to define the fire
control system. Since the fire control system cannot be
considered properly without considering its interaction
with all other system elements, the approach is that of
an overall systems analysis.

Sections 5.1 through 5.5 are specifically concerned
with defining the coordinate system and prediction. as
well as the smoothing and regeneration algorithms of
the fire control system.

System configurations for uncoupling the sight from
the gun motion are described. Coordinate systems are
compared and typical prediction algorithms in polar
and rectangular coordinates are compared.

Methods for accomplishing regenerative tracking in
both rectangular and polar coordinate systems are
presented. and the additional use of the regenerated
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Figure 2-1. Angle Subtended by Typical Tergets at 1000-Meter Range

information to reduce servomechanism lags at the
sensor and gun is described. Algorithms for degraded
mode operation are presented.

A number of prediction algorithms arc developed,
including at least two which are new. An analysis of
weighting functions for smoothing measured target
data is presented.

A brief analysis is presented of the effect of inaccu-
racies in the ballistic solution on system performance,
and the effects of variations in muzzle velocity, drag
coefficient and other parameters are derived. The de-
flection of the trajectory by wind is estimated.

Having developed a number of candidate solutions
to the fire control problem. the study continues with
the development of the imethodology for obtaining hit
and kill probabilities. This includes a consideration of
aim wander and a method for resolving it into system-
atic and random components. Analyucal evaluations of
the interactions among prediction mode, tracking
noise, target maneuver and artificial dispersion are
carried out as a prelude to more realistic evaluation of
these ~ffects on the simulation. An analysis of the
expecied characteristics of operation of a switching
algorithm to chrose automatically between linear and
quadratic prediction is described. Its purpose is to
anticipate performance of similar algorithms on the

24

simulation and estimate the probable effects of track-
ing noise on desirable threshold settings.

Additional supporting studies reported in this sec-
tion include a description of a method of dynamic
calibration of the system, an analysis of the effects of
firing on the vystem and its operator, fire on the move,
ground fire, and firing doctrine. There is a discussion
of the methodology for incorporating system reliability
into overall configuration analysis.

2.2.3 Simulation Results

Perhaps the most imporiant, and certainly the most
interesting, material in this section is the report of
simulation results in Section 5.13. This section reports
the results of comparisons of six basic prediction
algorithms, three sets of ballistics, and three smoothing
times, with simulated radar and manual tracking
against a half dozen different target path types. Not all
combinations of system options were run against all
target path types, but a progressive resolution of pre-
ferred options was accomplished using three indices of
effectiveness. The effectiveness of the automatic predic-
tion mode selection was demonstrated. Among the
system characteristics explored, in addition to those
named above, were the effects of varying gun disper-
sion, sensitivity to noise variance in each of the input
parameters, effect of boresight error, effects of lag in
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the sensor and gun servos, and the stability and effec-
tiveness of regeneration algorithms. Additional conclu-
sions regarding firing doctrine and rate of fire of the
gun were drawn from analytical manipulation of some
of the simulation outputs.

2.2.4 Oversll System Effectivensas

The section concludes with a review and summary of
all of the material reported in this section from the
point of view of overall system effectiveness in both
normal and degraded operating modes. The candidate
prediction options and modes are ranked in order of
preference, and a tentatie instrumental error objective
for system development is proposed.

2.2.5 Recommended Configurations

About 44 algorithmic, hardware. and configuration
options identified in the course of the study are pre-
sented in Section 6.0 and grouped according lo ex-
pected contribution to system effectiveness, and cost.
Each is discussed.

In order to provide a basis for selecting among
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options on the basis of both effectiveness and cost,
some estimates are made of AFAADS life cycle costs.
It is shown that a useful guide for system element
selection can be derived in spite of large uncertainties
in complete system life cycle costs. Because of the long
service life of air defense gun systems, the importance
of low maintenance costs is emphasized.

Finally. to put the whole effort in perspective, three
complete system configurations are described: (1) for
day/fair weather, (2) day and night/fair weather, and
(3) all-weather. An example is given of how these can
be compared on an overall cost-effectiveness basis.

2.2.6 Recommended Programs

The final section of the report presents and discusses
areas in which exploratory and advanced development
effort in hardware, data collection and experimenta-
tion, and analysis will significantly advance the capa-
bilities of future predicted-fire air defense sysiems.
Included is an identification of those areas of recom-
mended activity that represent natural continuations of
the effort completed under the present contract.
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SECTION 3
AFAADS SYSTEM CONCEPT

In order to place AFAADS in an appropriate sys-
tems context. it is assumed that this gun system will fit
into the complete air defense system in a manner
which is an extension of, but roughly comparable with,
that currently defined for Vulcan and Chaparral. and
within a generally similar organizational structure.
Within this structure, the following paragraphs discuss
mission, organization, and the implications of these
factors on the operational concept.

3.1 MISSIONS

The overall air defense mission is 1o destroy hostile
aircraft and missiles, or to nullify or reduce their
effectiveness. In forward area air defense. the air
defense forces have the objective of imiting the cffec-
tiveness of enemy air efforts 10 a level permitting
freedom of action of friendly forces of all types. The
overall air defense system is composed of a mix of
manned interceptors and ground-based air defense
artillery (ADA) weapons, including surface-to-air mis-
siles, to permit the advantages of one type of weapon
to offset the limitations of the other, and to ensure a
defense in depth. The ground-based ADA weapons
add depth to the defense and offset weakness in the
defense provided by the interceptors.

A typical field army ADA defense is a composite of
several weapon system types. Area coverage over all or
most of the field army area is provided by Nike
Hercules type missiles. This is complemented by Hawk
type missiles for medium and low altitude defense. The
effectiveness of these missile systems is presumed great
enough to force enemy aircraft to very low altitudes to
penetrate below their coverage volume, taking advan-
tage of terrain. The self-propelled Hawk, automatic
wezpons, and the Chaparral are positioned forward to
complement the coverage provided by the longer range
weapons, and protect the high-value forward area
targets and subareas against low altitude air attack.

Currently. Chaparral and Vulcan provide onily a
fair-weather capability. It may be expected that any
enemy using modern tactical aircraft will be able to
operate, acquire ground targets, and atiack them under
all-weather conditions at low altitude.

Automatic weapons (including AFAADS) allocated
to a field army. corps. or division. would normally be
used to provide a low altitude defense for: priority
nuclear delivery means, march columns, assembly ar-
eas, critical base installations, and selected units. Their
deployment would be influenced by the coverage of-
fered by the longer-range area defense ADA weapons.
Currerii'y. automatic-weapons fire units are normally
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allocated and deployed in increments of two fire units,
with four weapons constituting a minimum defense.

In addition 1o air defense, automatic weapons may
perform a secondary mission of ground support.

The missions of air defensc automatic weapons are
further detailed as follows:

a. Limited area defense. The extended area coverage
of AFAADS. as compared with the present Vul-
can, allows it to be considered for a limited,
weighted-area defense within the division area as
now contemplated for Chaparral.

b. Vital area defense. This would be the normal use
2f AFAADS in a non-mobile role. It would com-
plement the area defense provided by the longer
range missiles; or when this coverage is not
available, or limited, protect the vital areas to a
degree appropriate to their value.

c. Small unit defense. A local-area defense capabil-
ity is provided responsive to the requirements of
a small unit. This might include a column on the
move. If the route of the march column is secure
from ground attack. a leap-frogging deployment
of the air defense is preferred to permut better
siting of the fire unit. Otherwise the ADA units
wouid move with the column. Whether AFAADS
would stop 1o meet an air attack. or fire on the
move, would depend on its capability to deliver
accurate fire while moving. In this role, AFAADS
might augment the ground security fires of the
defended unit in addition to providing air de-
fense.

d. Ground support. When ADA automatic weapons
are specifically emploved for ground support. fire
support plans are expanded to include ADA
automatic weapons fires. Weapon positions are
selected by the supported unit commander. The
high-velocity. flat trajectory of antiaircraft auto-
malic weapons fire makes direct fire the usual
mode of operation: although indirect fire may be
called for infrequently.

3.2 ORGANIZATIONS

The organizational structure of the Army. like that
of industry, is continually changing. The organizations
currently described may, however, be used as guides to
the way that the AFAADS gun system could be inte-
grated into the Army.

Air defense fire units would normally be organized
into air defense batialions. The composition of the
battalion would depend on its assignment: i.e.. whether

B
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It was to be organic 1o a division, with mobility con-
sistent with that of the division; or allocated at corps
or brigade level. Fire units might include: AFAADS
gun systems, Chaparral or a later follow-on, and in
some configurations. Hawk, or a later surface-to-air
missile. Hypothetical organizations incorporating
AFAADS include the following:

a. Aur Defense Artillery Banalion (Self-Propelled).

(1) Organic to armored, infantry, and mecha-
nized infantry divisions.

b. :allredl)tgf“ense Artillery Batalion (Towed), allo- ing information received at the AFAADS fire unit. 1
. : In configuring a battalion organization to inciude i
(1) Corps Air Defense Artillery Groups. AFAADS, various changes from the current Vulcan/ ;
(2) Field Army Air Defense Artillery Brigades. Chaparral organization may be anticipated. If
- . . AFAADS mounts a surveillance radar (one per fire
3 (C)omm‘umgauons Zone Air Defense Artillery  ypj; or one per platoon), the information it acquires -
rganizations. will supplement and may replace that gathered by the .
¢. Air Defense Artillery Battalion (STRABAD) present FAARs. Fu}'the;more. it may be desirable to ]
(Towed). inject this information into the forward area defense - i ]
. - command and communications net in the same man- o
(D) Allocated to U.S. Strike Command for world- ner as employed for the FAAR information. d

wide deployment on a contingency basis.

The principal differences across organizational types
are: (1) those associated with mobility requirements of
the Air Defense Artillery Battalion (ADAB) which are
organic to divisions. This assignment favors self-pro-
pelled fire units, (2) the lesser mobility requirement of

ADABs assigned at higher levels which allows less The integrated air defense system for the field army =
expensive towed mounts. and (3) those with emphasis will change from the current practice as just described, ]
3" Im.mmum qughst for ADABs for rapid worldwide with the advent of improved digital communications,
eployment by air (STRABAD). integration with the Army’s air traffic regulation sys- o
Considering the composition of a self-propelled tem, rgalization of an Army-wi.d.e.aircraﬂ position and ) ]
ADAB. one might find the organizational structure and reporting system, and the acquisition of TQS and AN/
numbers of fire units 1o be as follows: TSQ-73. The aircraft position determination and re-
. porting system, in particular. will simphfy the IFF -
Personnel: 760 per Bautalion problem. A forward area command post (FACP) may 1
Two Batteries per Battalion be implemented ‘o <ouliect, correlate. display, and dis- - 1
seminate information collected by the FAARs and .
o

Two Firing Platoons per Battery

Two Firing Sections per Platoon

Four Fire Units per Firing Section
One AFAADS per Fire Unit (SQUAD)

32 AFAADS Fire Units per Air Defense Baualion
576 AFAADS Fire Units per Field Army

The organization of a current air defense artillery
battalion includes a Forward Area Acquisition Radar
Platoon (FAAR) with 12 radars per batalion. Infor-
mation acquired by these radars is disseminated
throughout the battalion by Aigital data link. and is
displayed on Rapid Alerting ldentification Display
devices (RAID) which are allocated one per ADA
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Platoon plus one per squad. The use of RAID informa-
tion by AFAADS is discussed later.

The aggregate numbers are based on the assumption
of a field army with 3 corps and 4 divisions per corps.
Assignment of ADA Battalions at the various levels of
the field army, and typical areas covered by each
organization, are indicated in Table [fl-1.

Communication nets in which the air defense battal-
ion may typically operate or monitor, are shown ¢
Table 11I-2. These are considered in a following section
with regard to their effect on alerting and early warn-

The balance between AFAADS and Chaparral, or its
successor in terms of numbers of fire units, may be
modified depending on the AFAADS effectiveness and
all weather coverage.

3.2.1 Future Trends

other sources. The FACP may be located intermediate
to the AN/TSQ-73 and AFAADS/Chaparral/Redeye
Battalions or Batteries. Battery Entry Track and Stor-
age Equipment (BETSE) may provide more accurate
and comprehensive information on enemy air activity
at the battery level and below. than is presented by
RAID.

None of these developments will relieve the funda-
mental requirement for aulonomous operation of
AFAADS. However, while the overall system is func-
tioning, the information it provides can substantually
improve AFAADS effectiveness.

3.3 FUNCTIONAL DESCRIPTION

The functional flow of activities on the AFAADS
system is shown at the top level in Figure 3-1. The
principal system elements are shown in Figure 3-2.
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Table Ifi-1. Assignment of ADA Battalions Within Field Army

Hattalions of ADA Assigned
(Total Ficld Army)
Organizational Level Arca Front Hercules SP Hawk Towed /\‘l".‘\/\l)S/
(sq mi) (mi) Type Type Hawk Chaparral
Type Type
Iicld Army 20,000 125 6 - 4 3
Corps (3) 2200 (ca) 40 - 9 3 3
Division (12) 60-240 (ca) 6-12 - - - 12
Total number of battalions 6 9 7 18
Total number of batteries* 24 27 28 72
Total number of fire units* 24 81 56 576 Chaparral
576 AFAADS

*Computed from data presented
in Army Ficld Manual, FM 44-1

00678-310

Table H1-2. Battalion Communications Networks

External Radio Nets

Division Command Net (I'M)

Bivision Warning Broadcast Net (AM-VOICE). ............... . AFAADS Batteries Monitor:
Air Alerts
CBR Warnings
Nuclear Events

Division Opcrations/Intelligence Net (RATT Net No.
Division General Purpose Net (RATT Net No. 3)
Supported Unit's Command Net (FM) ............. i AFAADS Batteries Operate In and Monitor,

Intcrnal Radio Nets

Battalion Command Net (FM) ... ... i ennnnn. AFAADS Battery Commanders Operate In.
Air Defense Liaison Net (S$B-VOICE)
Operations/Intefligence Net (SSB-VOICE) . .................. AFAADS Battery Monitors:

Early Warning, Operations, Intelhgence Information Between
Battalion HQ and FFAAR Teams

Battery Command Net (MY, ... ... .. . o L L.., e AFAADS Battery Commander and Platoon Leaders
Platoon Operational Command Net (FM) ... ... o ... AFAADS Platoon Leader, Platoon Sergeant and Fire Units Operate
In.
Rapid Alerting ldentification Display (RAID) Data Link . ... ..., Platoon Rudar Teams (FAAR) to AFAADS Sections and IFire Units;
One-Way Digital Data Link Coarse Direction

Tentative Fdentification
Early Warning

DR TR-3 1
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Figure 3-1. AFAADS Sy_.tem Functional Flow Diagram
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Figure 3-2. AFAADS System Elements
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The functions will now be discussed in the context o.
mission and organization as developed in the two
sections preceding.

US. antiaircraft weapons have not been employed
in warfare since World War il. In many ways. the
AFAADS operational problems are similar to those of
WW 11 automatic weapons for air defense. Figure 3-3
shows the results of a survey of the operational prob-
lems of automatic weapons in WW ]I

The findings of Figure 3-3 were based on a survey
of 1925 targets, of which it was found that only 27
percent were engaged fully and without difficulty. and
35 percent were not engaged at all. Clearance problems
were the major causes of not firing at all, and acquisi-
tion problems were the major causes of not firing for
the maximum available time.

Acquisition can be improved by providing AFAADS
with early warning and target position data from the
battalion surveillance system. and by the use of on-
carriage surveillance devices. Clearance problems may
be reduced by improved target identification devices.
and doctrine.

3.3.1 Alerting Information

The tire unit operates in the Platoon Operational
Command Net (Voice, FM), and receives coarse direc-
tion, tentative identification, and eariy warning of alert

from the Forward Area Acquisition Radar Platoon
(FAAR) via digital data link. The latter information is
displayed on the Rapid Alerting Identification Display
Device (RAID). In addition. the platoon leader may
operate in the command net of any divisional unit
supported by the platoon. The flow of information to
the fire unit is shown in Figure 3-4.

The RAID device is a box 12 in. by 9-374 in. by
5-1/2 in. with a 7 in. by 7 in. display containing 49
squares, each transparent, backed by light bulbs, and
representing 4 km per side of each square. Color of the
light indicates hostile, friendly. or unknown. Depend-
ing on the range from the fire unit at which a target is
first displayed on RAID. the required search angle may
be as large as 90 degrees, but probably averages less
than 45 degrees.

Since information is transmitted digitally. the infor-
mation now displayed by RAID might be introduced
to and shown on the display of an on-carriage surveil-
lance device. if one is incorporated in AFAADS. Data
allowing higher resolution and essentially continuous
track could be accepted. The possibility. also exists of
passing information back from AFAADS in digital
form to a Forward Areca Air Defense Command Post
for integration with FAAR and other data (o build up
a complete air defense situation display.
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Figure 3-4. Fiow of Command and Alerting Information to Fire Units

3.3.2 Surveillance, Search, Detection, and
Acquisition

Normally the fire unit would perform surveillance
consistent with the situation status. Depending on alert
and RAID information, search would t¢ narrowed to a
more restricted region. Once detected, a target would
be tracked while the identification process was zccom-
plished in order to minimize reaction time.

The details of this process could be as simple as
visual search, detection, acquisition, and identification
by the gunner, if no survaillance system were available
on the mount. it could include use of a nonvisual
tracking sensor in a search mode: or it could include
surveillance by one sensor and transfe, of information
to another for tracking.

Figure 3-5 shows the simplest mode in which all
operations are performed visually by the gunner.

Figure 3-6 shows the functional flow of activities
when search is performed by a radar or IR tracker
which converts to a track mode when a target has been
detected

Figure 3-7 shows a more versatile system in which
surveillance and tracking are performed by separate
sensors {as in the European formula) Figure 3-7 has
been developed to show a multitarget mode in which a
surveillance radar may operate continuously so that

new targets appearing while the tracker is engaged
may be monitored until the tracker has disposed of its
current target. A capability is also suggested for the
surveillance radar of Track-While-Scan (TWS) track
keeping and generating preliminary rate measurements
which may be transferred to the computer with a new
target assignment to reduce solution time.

Such a system might have two operators. Data trans-
fer to the tracking sensors would preferably be auto-
matic, with nonautomatic secondary modes as shown
in the figure.

The surveillance system might be installed on one
AFAADS vehicle out of four. and serve ail four. This
is consistent with deployment distances between fire
units in antiaircraft gun defenses.

3.3.3 Identification

A target may be identified to the AFAADS fire unit
by command communications link, by the RAID dis-
play. or by local identification at the fire unit.

Identification at the fire unit may be by positive IFF
return if AFAADS utilizes a surveillance and/or track-
ing radar. It may be by visual identification, which
requires that the target be allowed to approach much
closer than detection range before opening fire. It may
be by established doctrine, which bases the decision 10
engage on the state of alert and a set of rules which
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Figure 3-6. Search/Track Functional Flow Diagram

consider departures from established air corridors.
altitude, speed. and hostile action. A flow diagram for
engagement decision by doctrine is shown in Figure
3-8.

Future identification methods may. depending on
the success of research, be based on signature analysis
of the reflected radar or laser signal from the target. or
by infra-red or acoustic signature analysis. Acoustic
signature analysis would be too slow (except possibly
for helicopter targets) if performed at the fire unit for
the fire unit, however. the large number of acoustic
sensors contemplated in the Integrated Battlefield
Command System concept suggests that their sensings
may be utilizable on a battlefield-wide basis.

The above aliernatives for identification at the fire
unit are shown in Figure 3-9.

3.3.4 Tracking

The options for tracking modes will be covered in
Section 4.2, Sensor Characteristics. We note at this
point, however. that consideration must be given 1o
operation in various degraded modes as well as opera-
tion with all components function. Modes include:

a. Normal operation. 3-D inputs.

b. Range informution denied. angular information
available. computer operational.
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Figure 3-7. Surveillance Radar Functional Flow Diagram

c. Range and angle information available. com-
puter inoperative.

d. Angle information only. computer inoperative.
3.3.5 Lead Computation

Determination of preferred algorithms for lead com-
putation is a central task of this study effort, and is
dealt with in depth in Section 5. Analysis of AFAADS
System Requirements.

3.3.6 Firing Doctrine

With a finite ammunition load on the mount. and
the very high rate of fire of the Vigilante, it is not

possible to fire continuously for more than a few
seconds without exhausting the ammunition and re-
quiring reloading. Some of the considerations in estab-
lishing a firing doctrine are presented in Table II1-3.

Any useful doctrine must be very simple. Some of
the decision elements. such as: whether the computer
has settlec: whether the target is within effective range;
how long it will he within range; and others, can be
evaluated by the computer to give the gunner at least
an open fire, and cease fire indication. Much more can
undoubtedly be done in automating the firing doctrine,
and this is a subject for analysis.
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Table Hil-3. Consideration in Selecting Firing Doctrine

Viring Doctrine AFAADS System Target
Options Considerations Tracking Modes Target Types Path
Rate of I'ire Ammunition Load Automatic Hclicopter Ducction
Rounds per Burst Solution Time Visual Angle/Auto, Range Slow Piston Engine A/C Range
Open lire Range Prediction Options f'ast Piston Enginc A;C Altitude
Interval Between Bursts Dispersion System Degraded Jets Speed
(Range and/or
Cease Fue Range Lead Computation Ground Targets Mission
Inoperative)
00678-309
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SECTION 4
CHARACTERISTICS OF AFAADS

4.1 TARGET CHARACTERISTICS

The purpose of this section is to define the charac-
teristics of the air targets against which AFAADS may
be used and to emphasize those parameters which will
affect the performance of the AFAADS System most
critically. Since AFAADS will be operational in the
future when many of its targets may consist of air
vehicle types not yet operational, the identification and
projection of target parameters. most likely to affect
AFAADS capabiiities, are considered to be of much
greater interest than the precise description of details
of existing potential enemy threat vehicles. Present
vehicles and forces do, however, serve as base points to
assist projection.

AFAADS is concerned with a very restricted region
of operation of threat vehicles, namely that lying from
about 10,000 ft altitude to ground level. A moderately
higher altitude band is of interest in defining the
acquisition ranges desired of AFAADS sensors.

Flight at low altitudes may involve terrain following,
in which case an irregular flight trajectory will be
generated which causes problems in prediction. Maxi-
mum speed of multiple-Mach aircraft at low altitude is
not likely to be much in excess of Mach 1. As a result,
the maximum speed to be handled by AFAADS is
somewhat limited, but the interaction of the flight path
with terrain, both in sighting and prediction phases of
an engagement, is critical.

As a short range weapon, AFAADS will often be
used in the close defense of an important point or
small area targets. It will thus be engaging enemy
threat vehicles during the terminal phase of their
attack on ground targets. It is necessary to understand
the constraints placed on the attacking aircraft by its
own fire control system and munitions load in order to
understand what kinds of target trajectories AFAADS
must atiempt to predict. Currently the attack paths of
aircraft delivering iron bombs, rocket fire, and gunfire
on small targets include short straight segments on
which predicted fire may be highly effective. Aircraft
fire control systems under development may cause such
straight segments to be of negligible length in the
future.

Air-to-surface missiles allow the autacking aircraft to
release its weapons at greater distances from the
ground target, thereby reducing its exposure to local
defenses, while providing greater accuracy in warhead
delivery. However they weigh more and cost more than
the simpler weapons they replace and, depending on
their effectiveness, may impose an additional cost on
the enemy which, in itself, justifies AFAADS.

The following paragraphs develop the preceding
considerations in greater detail.

The following base line operational limits for
AFAADS have been provided by the Army for air
targets.

a. Target speed 0-600 knots (1013 {/s).

b. Maximum altitude 3000 meters (9840 f1).

c. Maximum slant range 3000 meters (9840 f1).
d. Maximum target acceleration 5g.

As will be shown later, the defense envelope defined
above is relatively small when compared with the
release ranges of many of the likely air-to-surface
munitions. In the analysis, therefore, it will not be
considered an absolute barrier, but rather, the varia-
tion in system effectiveness with maximum range will
be developed.

4.1.1 The Threat

The development of taclical air capability by all of
the major powers is proceeding along roughly compa-
rable lines. The following brief description of Soviet
air, with emphasis on tactical and logistic aircraft and
helicopters, provides a general background on Soviet
current force structure as well as an indication of the
support that can be provided by the Soviets to small
countries aligned with the communist bloc.

Soviet air forces include the following five main
categories: (1) the Long Range Air Force (long- and
medium-range strategic bombers). (2) the Tactical (or
front-line) Air Force. which includes fighters and light
bombers: (3) the air element of the Air Defense Com-
mand (fighter-interceptors): (4) the Naval Air Force:
and (5) the Air Transport Force (including an inde-
pendent force for the airborne divisions). There are
about 9.800 combat aircraft in all. and the total per-
sonnel strength of the five categories listed above is
about 505.000.

Tactical Air Force. The strength of the Soviet Tacu-
cal Air Force has remained fairly constant for the last
nine years. Altogether there are nearly 4.000 aircraft.
These include light bombers. ground-attack and inter-
ceptor fighters. transport aircraft, helicopters and re-
connaissance units.

The aircraft in service still contain a significant
proportion of obsolescent types such as the MiG-17
Fresco, MiG-19 Farmer, and the 11-28 Beagle. The
most notable high performance aircraft in service are
the fighter-interceptor Fishbed (MiG-21). the ground-
attack Fitter (Su-7). the supersonic light bomber Brewer
(Yak-28) which is gradually replacing the Beagle. and




— -the twin-engined reconnaissance aircraft Mandrake. - -the target and -weapons delivery. Later -paragraphs -

Ground-attack aircraft may now be equipped with
tactical air-to-surface missiles, similar to NATO's Bull-
pup and Martel. O[ several new fighter and fighter-

develop relevant characteristics in greater detail.

Targer Vehicles. The target vehicles, that were con-

é bomber types, including a variable-geometry aircraft  Sidered for this report, include:

3 resembling the American F-111, displayed at the Mos- ; ; '
é cow Air Show in July 1967, the supersonic strike a. Fighters in ground support. =
R vers@on of the Foxbat is reporied to be coming into b. Fighter/Bombers.
service. H
£ ¢. Bombers. .
c Air Transport Force. About 1500 short- and . o
: medium-range transport aircraft, including twin-en- d. Helicopters. i

gined [1-14s (Crate) and An-24s (Coke), some 600 ,

E four-engined An-12s (Cub) and 11-18s (Coot). A few e. V/STOL Aircraft. -
E An-22 (Cock) heavy transports are now also in service. f. Logistic Aircraft. — E

o

b iarilog)

There are in addition civil airliners belonging to Aero-
flot, some of which could be adapted to military use in
time of war; these include about 150 long-range air-
craft of the Tu-104 (Camel), Tu-114 (Cleat), Tu-124
(Cookpot), and Tu-134 (Crusty) classes.

Helicopters in use with the ground forces include the

lar to those of the United States and other Western
countries: i.e., low altitude approach to the vicinity of
a target. pop up to acquire the target. and then an
attack pass appropriate to the munition type being
delivered. Like most other countries, the Soviets have
been observed experimenting with helicopter-launched
missiles for the attack of ground targets.

Missiles. Tactical missiles in use by the ground forces
include those of the Frog and Scud series, which are
carried on modified tank chassis and wheeled launch-
ers, and have ranges of up to 150 miles according to
model and the type of warhead carried (high-explosive,
chemical or nuclear). There are also two larger cruise
missiles - Shaddock, with a range of up to 250 miles,
and the shorter range Salish. A new missile system
associated with Scaleboard, first seen in November
1967, may have a range of 450 miles.

These missiles and follow-on designs are unlikely to
be profitable targets for AFAADS. If, however, SAM
defenses drive the cruise missiles to very low altitudes
and with the incorporation of terrain following equip-
ment, the missiles may penetrate the derensive enve-
lope of AFAADS.

4.1.1.1 Categories of Targets., Munitions, snd
Tactics

In this section categories are established for target
vehicles, their munitions, and tactics for approach to

g Cruise Missiles.

The distinction among fighters, fighter/bombers, and
bombers for AFAADS may be expanded according to:

a. Size (detection, tracking accuracy, hit probability,

Helicopters may be further subcategorized according
to type and mission such as:

a. Reconnaissance.
b. Gunship.
¢. Logistic.

V/STOL aircraft are operatioral. The British VTOL
Harrier fighter is being procured by the U.S. Marine
Corps and tactics for its use are being developed.

Logistic aircraft will be targets for AFAADS princi-
pally in defense against an air assault operation. They
are unlikely to impose any requirements additional to
those established by the more maneuverable attack
aircraft and helicopters.

The existence of cruise raissiles, 2nd the possibility
that effective SAM defen<es will drive them to altitudes
penetrating the AFAAIDS defense envelope suggests
that they should b« considered in a complete threat
evaluation.

Air to Surface Mun-tions. These include:
a. Guns.
b. Unguided Rockets.

c. Iron Bombs
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1 troop-carrying Hook (Mi-6) and Hip (Mi-8), the heavy payload). :
f load-carrier Harke (Mi-10), and the smaller Hare (Mi- b. Speed -
] 3) and Hound (Mi-4). The Homer (Mi-12), a very ) ) -
heavy load-carricr may shortly be entering service. The c. G-limit (evasive action, terrain following capa- ‘
1otal helicopter inventory is probably around 1,500. bility). d
f Observations of Soviet tactical air operations in field d. Tactics resulting from the preceding 3
3 exercises in East Germany have indicated tactics simi- characteristics.



A v g o

O AT Tu

SETTMAE TN e e

a

NI T L

g

d. Guided Bombs.
. Air to Surface Missiles.
Air to Surface Weapon Guidance. A partial catego-

rization of air to surface guided weapons by type of
guidance is as follows:

a. Visual control all the way (8S-11).

b. Automatic following of manually controlled sight
line (TOW).

¢. TV head with control from launch aircraft.

d. Semi-active homing: Radar homing: Laser Tar-
get designation.

e. Passive homing: Optical contrast: Infrared.

Tactics. Approach-to-the-target and attack-of-the-
target are the two consecutive phases of an attack on a
ground target, and are discussed in detail later. Tactics
for attack of a ground target depend on the type of
munition being delivered and the type of fire control
system, or missile guidance system used by the attack-
ing aircraft. The following table subcategorizes attack
tactics.

4.1.1.2 Aircraft Characteristics

A convenient way of summarizing military aircraft
performance capabulities is by means of altitude-speed

Table IV-1. Tactics for Munition Delivery

Munition Type of Attack
Guns Strafe
Unguided Rockets
Iron Bombs Level
Glide
Dive
Dive-toss
LABS

LABS (over the shouider)
Laydown

Standoff

Guided Munitions Guided 4!l the way
Launch and leave

Pop-up

00678-40!
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envelopes, with “excess-power’ overlays. Figure 4-1
shows such énvelopes for the F-104G, F-4 and MiG-
23 aircraft. These envelopes bound the region within
which the aircraft can maintain steady flight. Note that
the maximum Mach number at sea level is much lower
than that at altitude for the aircraft shown. The con-
tours are for the aircraft in ‘clean’ configuration.

As thrust/weight ratios increase with time, maxi-
mum speed at sea level will increase slowly. However
external stores drastically reduce maximum speed. The
Dassault Milan, for example, has a capability of Mach
1.2 at sea level, clean, but only Mach 0.87 with full
external stores of 14 bombs. Its high altitude speed is
given as Mach 1.8. Even in the clean configuration.
maximum Mach is achieved only in non-maneuvering
flight (dives excluded). An aircraft which has delivered
its munitions will be of lesser interest to AFAADS
than one which is on its way 10 target. The thrust/
weight ratio of light bombers i1s much less than that of
fighter-bombers with a corresponding reduction in the
performance envelope. This is illustrated by the follow-
ing table.

Within the performance envelope of Figure 4-1,
contours can be drawn to show the excess power avail-
able to the pilot by applying maximum throttle or
afterburner. Figure 4-2 shows such contours for the
F-104G and a proposed Lockheed design (CL-981).
Specific excess power (P,) is defined as the excess of
maximum thrust over drag, multiplied by speed, per
pound or aircraft weight, i.e.,

P, = (TDW/W

It may be interpreted as the maximum steady rate of
climb which can be sustained at each point within the per-
formance envelope, or divided by (v), as the maximum
horizontal acceleration (in g) which can be generated at
that point in level flight.

From Figure 4-2 one can determine that the F-104G
flying at Mach 0.6 at sea level can develop an accele.ation
along the flight path of 0.8g.

This acceleration is small comnpared with that which the
airplane can generate by turning, pull-up, or push-over. The
maximum acceleration which the airplanc can generate is
limited only by structural or pilot g-tclerance limits. Limits
are higher for fighter than for bomber aircraft, and for
positive (eycball-in) than negative (eyeball-out) accelera-
tions. For this reason, tactical mancuvers involving a series
of high-g arcs to place the aircraft in an attack position
are likely to involve aircraft rolls so that the pilot ex-
periences only eyeball-in acceleration.

As a point of reference, the Dassauit Milan is stated to
have the following capability of sustained acccleration in
a stabilized turn at low altitude.
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Figure 4-1. Comparative Speed - Altitude Envelopes
Specd Acceleration Turning Raduus periods of time, as in terrain following, the maximum
accelerations are set principally by pilot tolerance for
S10 mph: "z 25001t continuous ‘g’ fluctuations. rather than by aircraft
limits. Terrain following is discussed at length in a
340 meh 47 1720 ft

Table IV-2. A Comparison of the Thrust/Weight
Ratio of Various Aircraft

Ainvratt Type Thrust Weight Ratwo
L 104G tdean) 0.88
Digssgult Mitan (clean) 074
Dasagult Maidan cimav storen n.s2
11-2M4 1Heagled 027
TU 16 Badgeny 022

00678-402

Lateral accelerations required to degrade a predicted
fire system by jinking are relatively small, compared
with the maximum acceleration capability of any of
the target aircraft. and are set by tactics rather than by
aircralt performance maxima.

When maneuvering flight is sustained for extended

e T
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following section.

The information presented above has been taken
from unclassified sources. Energy-maneuverability
charts for a large number of current US. and foreign
military aircraft can be found in classified literature.

4.1.1.3 Hoelicopter Characteristics

Helicopters may have lower maximum g-structural
limits than fixed wing aircraft, From the point of view
of AFAADS, however, their principal difference is in
their capability to fly slow and to conform very closely
to terrain contours in ‘nape-of-the-earth’ flying. They
may, in addition, ‘pop-up’ briefly from behind a hill.
release their weapons. and then drop out of sight with
very short exposure time.

4.1.1.4 Air-to-Surface Guided Weapon
Characteristics

While the characteristics of a large number of cur-
rent Free World air to surface guided weapons is
known, little information is available in the open
literature on small Soviet tactical air-to-surface mis-
siles. There is. however, no reason to believe that the
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Figure 4-2. Specific Excess Power Overlays

Soviets will follow different lines of development of
small tactical missiles from those of the Free World.

As an indication of the price that an aircraft pays in
terms of weight for carrying missiles, Figure 4-3 sum-
marizes the missile launch weight versus range. Also
shown, where available, are the warhead weight in
parenthesis and the guidance type. Note that weight
increases approximately as the range squared, up to the
ten nmi range.

Wire guided missiles have a maximum range of 2
mi, and in alinost all cases are intended for launch
from helicopters. Increased range requires that the
wire be replaced by radio or other link. The most
primitive systems require the operator to steer the
missile to the target by observing both the target and a
flare in the 1ail of the missile. More advanced systems
track the flare automatically and slave the missile to a
sight line directed by the operator. Sight stabilization
assists the operator in keeping his sight on target while
the launch aircrafi takes evasive action.

More advanced systems for longer range utilize TV
homing, with the picture transmitted back to the oper-
ator who controls the missile. This system may be
combined with optical contrast homing, which allows
the missile to home on a target designated by the
operator via the TV link. Once locked on, the missile
homes. and the launch aircraft can leave the area. IR

S
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homing may also be used. There are several antiradia-
tion missiles. These systems and inertial guidance
increase launch range, allow the carrier aircraft to
leave after launch, and minimize exposure of the
aircraft to defensive fire.

A current hybrid system with promising reports
involves missile homing on a laser spot placed on
target by a ground observer, or by an observer in
another aircraft.

4.1.2 Threat Tactics

As previously stated, it is necessary to understand
the constraints placed on the attacking aircraft by its
own fire control system and munitions load in order to
understand what kinds of target trajectories AFAADS
must attempt to predict. In addition, the ability of the
enemy to attack at night or in inclement weather is
important to the choice of sensors for AFAADS.

In the following paragraphs night operations are
reviewed from a historical point of view, then some
problems associated with weather are discussed, and,
finally tactics are described in detail.

4.1.2.1 Night Capabilities

An important consideration of AFAADS design is
the need for the capability of acquiring targets at
night. A good example of the tactics employed in the
acquisition of targets at night in the past is provided
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Figure 2-3. Airr-10-Surface Missile Waight versus Range

by Korean Wir onerations. Once the USAF gained air
superionty in Korea. the enemy took immediate coun-
termeasures by moving supphes and men at night.
Since the Air Force had few planes capable of night
attack against moving targets, it became a ma‘ter of
developing rpecial tactics to cope with the problem.
Since the B-26 was the principal tactical bomber of the
LAl 1n Korea. the tactics ¢employed were influenced
bv 1) the capabilities of these aircraft, (2) the rough
and mountainous terrain of North Xorea. (3) changes
in weather which made posicive identification of land-
marks ditficu't. and i4) the avadabiiity of natural or
artificial sllumination. In the early stages of might
aperatiens, acquisitton of the target duning moeniit
raghts was made by fiving low On the darker nights

4-6
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the search for targets was made at altitudes of about
2000 feet above the terrain which meant that the
searches were conducted at from 3000 o 4000 feet in
the western half of Korea and from 5000 to 6000 feet
in the mountainous regions of eastern Korea. From
these altitudes. pilots seldom had difficulty spotting
enemy convoys by virtue of their illuminated head-
lights. Once the convoy was spotied, the B-26 wouid
drop a flare a1 about 3500 feet upwind of the target
and begin strafing passes with figure-eight turns down
as low as 200 feet in order t0 make 1wo or (iree passes
before the flare burned out.

In western Korea. pilots began firing from altitudes
of 2000 to 1500 feet; and in eastern Korea. pilots
started their strafing passes from 6000 1o 5000 feet

e kel
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_and'p'tilled up at a height of from 2000 -t0 1500 feet. Another tactic employed was one in which. the ;;ilbt

Because of the hazardous terrain and uncertainty of cruised with reduced power at about 15,000 feet until
< the aerial charts, the B-26 crews usually pulled up from he spotted a string of truck lights. He then entered a
T strafing attacks at altitudes of not less than 1000 feet shallow glide and released his bombs from 6000 to
I higher than the highest published height of terrain 4000 feet. Because the aircraft approached suddenly
’ features in the vicinity of a target. While bombing and quietly. Red convoys usually did not have time to

attacks were used against enemy convoys, it was felt extinguish their hights before the B-26 laid his bombs

that low-level strafing runs were more damaging to the on them. As a result the B-26 seldom drew any ground

enemy. However, as the war progressed and better fire,

tactics were devised, the evidence indicated that bomb-

) ; During the periods of inclement weather which
. ing was much more effective than strafing over a \ .
s period of time and under all conditions. It was found "Mofr,gg‘ya ng;o:ﬁnsdg.il rgg:‘;i: aé‘iingér'?: d:lajri“:g L:::‘:
that bombing tactics worked best on the darkest nights, l b noIng b e
when the crews scouted far lights of enemy convoys. fgz‘)e-ssu[:pon] ,(;mbs ggam;l -di'el}l);y enlt)l'e?c ¢ et'l‘:my
Upon locating an enemy convoy, they analyzed the nrlonll)h‘ :Sgd) 0:::133(‘)0%" bodrt; rry‘s w:;;"'i aade ;ie‘j
convoy's size and direction of movement. Once the 5p : mb run ' €
analysis was completed, the bomber's crew took an over 5000 tons of bombs that were dropped. using
attack heading. usuall one which aralleled the road three tactical air-direction posts to control the aircraft.
g y R An Air Force evaluation had indicated that the circuiar

or intersected it at a slight angle. When the aircraft .
was commitied to the attack, the bombardier synchro- probable error of ground-radar direcied B-26s was

; ' nized on either the first available light or the portion 1177 feet.

' of the road containing the largest number of vehicles. To provide local defense of their instailations in
Bombing from 7000 feet, a crew achieved success North Korea. the Communists increased their flak
which varied with its successful analysis of the bomb- order of battle 1o reach peak totals of approximately
ing problem. 786 antiaircraft artillery guns and 1672 automatic

weapons in the winter of 1952-53 (see Figure 4-5).
The principal heavy gun was the Soviet 85mm M-1939

Figure 4-4 plots B-26 sorties per month over the piece, the effective ceiling of which was about 25,000
duration of the war. After mid-1951 almost all sorties feet. The principal automatic wecapon was the Soviet
were at night. 37mm M-1939, which could fire approximately 160
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Figure 4-5. Approximate Number of Antiaircraft Weapons in North Korea

rounds a minute up to an effective ceiling of about
4500 feet. Concurrent with the increased availability
of Red guns was the increased defense of specific
targets as shown in Figure 4-6. Lacking enough gun-
laying radars and forced to use day-fighters in a night-
fighter role. the Reds made extensive use of search-
lights. On clear nights the searchlight beams ranged up
10 30.000 feet, and those which were paired with
radars or sound control mechanisms could locate and
track an aircraft until other visually directed lights
could switch on and provide additional illumination of
the plane.

Figure 4-7 is a composite drawing showing over the
same period of time: (1) the percent of USAF sorties
by night. (2) the number of B-26 aircraft lost to
antiaircraft guns by quarter. (3) the number of Red
weapons, and (4) the number of fire contro} radars.

Conclusion. 1t is evident from Figure 4-4 that radar
control at night of all North Korean weapons could
have made the B-26 strikes sustain unacceptable losses.
(The maximum number of B-26s in the theater was
232, and the production line had been stopped scveral
years previously.)

4.1.2.2 All-Weather Capabilities

Since one of the considerations in AFAADS is the
need for all-weather sensors, a brief survey has been
made of the probability that an aircraft may be ob-

4-8

scured from the ground by clouds in good weather.

The probabilities of a clear line-of-sight, based on
real observations covering much of the Northern Hem-
isphere. as limited by cloud cover, are described in a
report’ by .. A. Bertoni. The author states that these
estimates should be considered as a first approximation
since: (1) the observations were taken in a subjective
manner, (2) the estimates were based only on about
one year of data, and (3) cloud variability may be
quite large within some of the 10° sectors sampled. In
order 10 reduce the subjectivity of the observer and
because a great many of the observers would probably
lack meteorological training, the type of observation
was limited 10 a ‘Yes’ or *No’ (check-of) answer.

A check of statistics of clear days, as summarized
from standard surface observations, reveals that they
provide a much more optimistic picture than that
provided by observations of the ground by an aircraft
observer as indicated by the 72,000 observations on
which the report was based. It appears that what is
defined as a clear day by a ground observer is not a
clear day to an airborne observer.

However, although this discussion is based on air-
borne observations, it has been assumed that if the
airplane can't see the ground. then it cannot be seen
from the ground. Two angles were selected for discus-
sion. They are -90° and -30° from the horizon as

T e P TR



200
Qsuimo
r— DPVANG YANG /Q
i _Q /
e
- — /
—
o L/
W ~ /
— -

L - / auns

- ot
[—

1980 1981 l 1952 J 1983

YEAR

00678-408A

figure 4-6. Defense of Specific Targets
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recorded by an airborne observer flving at the follow-
ing altitudes: below 1800 ft. 1801 to 3600 ft, 3601 1o
7400 M, 7401 10 14,999 ft, 15.000 to 24,999 f1, 25,000
10 34,999 ft, 35,000 to 44.999 ft. and above 45,000 f1.
Although observations were recorded as high as 45,000
ft. AFAADS is only concerned with those observations
below 15,000 feet. The observations were further
grouped into seasons: the winter season being Decem-
ber, January, and February, the spring season being
March. April and May: the summer season being June,
July. and August; and the fall season consisting of
September, October, and November.

Tables 1V-3 through IV-6. representing the four
scasons, tabulate the probability of seeing an aircraft
from the ground. The probability is designated as low.
mean, or kigh. The low probability represents the
lowest estimate of probability of seeing an aircraft for
all sectors considered at a particular altitude and a
particular season; the high probability represents the
highest estimate of probability of seeing an aircraft for
all sectors considered at a particular altitude and a
particular season. The mean probability is the mean of
all these estimated probabilities. It should be noted that
each probability in any particular sector is based on no
less than ten obsérvations. These figures were derived
from a random sampling of observations obtained all
over the Northern Hemisphere from 20°E westward
through 0° to 110°E longitude and from the equator to
20°N latitude. Graphs of the 1ables are shown in

Figures 4-8 through 4-11. It is interesting to note that
in all four graphs the aircraft can be seen a greater
percentage of the time at higher altitudes at -30° than
directly overhead. On the average there is about a 50
percent probability that an aircraft at 5000-ft altitude
will not be obscured by clouds.

A comparison was made in the report between air-
craft observations and surface cloud and sunshine
observations by McCabe? The differences were sub-
stantial. Some of this difference may be explained by
Lund® who states: “Since the sunshine recorder does
not detect ‘thin’ clouds, the probability of a clear line-
of-sight, as defined in this paper, exceeds the probabil-
ity of a cloud-free line-of-sight by an amount equal to
the probability of ‘thin' clouds, roughly 6 to 20 percent
at the stations under study.” More may be explained
by the fact that smoke, haze, and ground fog are not
detected by the sunshine recorder, yet their presence
can be a serious obstruction to seeing the aircraft from
the ground.

If the small sample of aircraft observations is repre-
sentative of the true relationship between probabilities
deduced from standard surface weather observations
and the actual probability that air crews can see the
ground, estimates of clear lines-of-sight from the air,
based upon standard surface weather observations, are
very greatly inflated. Moreover. these observations
disclose that the aircraft can be seen less than 62
percent of the time.

Table 1IV-3. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of March,

April and May
Angle of Sight Altitude Probability of Sight No. of
Timwe of Year trom Honzontal (feet) (pereent) Obscrvations
low mean high
Spring -90 1.800 29 76 100 393
Spring -30 1.800 0 71 160 393
Spring 90 1.801 - 40 85 100 3Nl
3.600
Spring -30 1.801 - 40 77 100 373
3.600
Spring 90 3.601- 0 70 100 373
7,400
Snring -30 3.601 - 0 64 100 373
7.400
Spring 90 7.401 - 17 51 K9 2.509
15.000
Spring -30 7.401 - 9 48 100 2,509
15.000
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Teble IV-4. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of June,
July and August

Angle of Sight Altitude Probability of Sight No. of
Time of Yeat from Horizontal (feet) (pereent) Observations
mean
lowest aver highest
sectof N.ltem sector

Summer ~90 1.800 50 8 100 720

Summer -30 1.800 25 71 100 720

Summer -$0 1.801 - 1} 59 100 768
3.600

Summer -30 1,801 - 0 52 100 768
3.600

Summer -90 3,601 - 0 49 36 1.180
7.400

Summer -30 3,601 - 0 41 96 1.180
7.400

Summer -90 7,401} - 13 16 100 2.258
15.000

Summer -30 7.401 - 0 40 100 2.255
15.000

on678-411

Table IV-5. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of
September, October and November

e R

Angle of Sight Altitude Probebility of Sight No of
Time of Year from Horizontal (feet) (percent) Observations
low mean high
Fall -90 1,800 30 81 100 1.107
Fall -30 1.800 30 76 100 1107
Tall -90 1.801 - 25 73 100 920
3,600
I"all -30 1.801 - 38 72 100 920
3.600
Fall -90 3.601 - 13 56 94 1.338
7.400
Fall -30 3,601 - 13 52 100 1.348
7,400
Fall 90 7.401 - 13 44 9s 337N
15.000
TFall -30 7.401 - 0 37 84
15.000
0067K-412
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Table 1V-8. Estimates of the Probability of Seeing the Ground from an Aircraft During the Months of

December, January and February

Angle ol Sight Altitude Probabiiity of Sight No. ol
Time o Year from Honzontal (fect) (percent) Qbservations
ow mean high
Wintet -90 1,800 58 93 100 1.358
Winter -30 1.800 45 82 100 1,358
Winter -90 1.801- 0 6S 89 1,190
3.600
Winter -30 1.801 - 27 65 89 1,190
.600
Winter -90 3,601 - 20 50 80 2,330
7.400
Winter -30 3,601 - 14 46 80 2,330
7.400
Winter -90 7,401 - 0 39 100 7.7119
15,000
Vinter -30 7,401 - 0 42 109 7.719
15,000
00678-413
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figure 4-8. Mean Probability of Seeing an Aircraft from the Ground During the Months of March, April and
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Figure 4-9. Mean Probability of Seeing an Aircraft from the Ground During the Months of June, July and
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This position is further substantiated by an assess.
ment of the visual tracking problem in the weather
environment of West Germany', which is as follows:
"Visual control requires clear optical target sighting
and tracking, in which obviously the metcorological
visibility factor will have a definite influence In West
Germany, for example, the meteorological visibility in
only 50 percent of all cases is 6 miles or more, in about
25 percent of all cases it is 4-6 miles and in about 15
percent, under 4 miles. The optical ground-to-air sight-
ing probability is even less and without prior warning
by forward observers is a maximum of 50 percent of
the meteorological visibility, and with prior warning it
can reach 70 percent. The absolute limit of optical
perception of aircraft with the naked eye is physically
limited and in the optimum case is about 8 miles.
These factors therefore influence the capabilities and
limitations of AA systems using visual tracking.'

4.1.2.3 Multiple Aircraft Attack

Although this study is primarily concerned with the
‘one-on-one’ problem, multiple aircraft attacks are a
consideration in overall system design, especially in the
surveillance and target assignment activities.

One way of degrading a defense is 10 saturate it. The
more aircraft that are within the defense boundary at a
given time. the higher the probability that at least one
will succeed in destroying the defended target. Fighter

bombers may atiack simultaneously (or nearly so) from
different directions. Some aircraft may deliver suppres-
sive fire while others attack a deéfended vital area.
Attack helicopters may be likewise used in an orga-
nized attack in which gun ships lay down suppressive
fire on the antiaircraft units, while others launch
missiles.

AFAADS can only shoot at one target at a time.
However, rapidly switching from one target to another,
as the first is destroyed or passes its weapon release
point, will improve overall AFAADS system
effectiveness.

At the fire unit level, this is accomplished by the fire
unit commander’s decision to engage a new target, and
its effectiveness is governed by the speed with which he
can cause the weapon to acquire the newly designated
target. He might do this by observing the plan position
indicator of the AFAADS surveillence radar, if one is
provided. Another option is to give the surveillance
radar a muitiple track maintenance capability, so that
when a new target is designated by the commander, it
can immediately provide the fire control computer with
initial position and rates, thereby drastically reducing
the time to generate firing data against the new target.

4.1.2.4 Approach to the Target

If the target aircraft has been driven to low altitude
by the possibility of encountering a SAM defense, the
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Figure 4-12. Low-Altitude Approach Techniques

height above ground level that can be maintained
depends on the terrain following equipment carried,
the speed of the aircraft, and the ground roughness.
Ground ‘roughness’ can be characterized by the stan-
dard deviation of terrain variations from a mean
value, and the power spectral density (or slope changes
per mile, etc.) which describes how rapidly terrain
height varies.

The slower the airplane flies, the more exactly 1t is
able to conform to terrain variauons. At very high
speeds it is limited by the pilot (human or automatic)
plus airplane response, and the g-tolerance of the pilot
and crew.

Figure 4-12 shows three types of low level approach.
At very high speeds the aircraft path is distorted only
hy major terrain prominences. At intermediate speeds
closer conformity to terrain is possible. At very slow
speeds terrain can be followed very closely. and in
addition the aircraft can move freely in a horizontal
plane to take advantage of terrain cover.

A very simple model presented later in the report
suggests that the mean height of an aircraf1 attempting
to follow terrain contours can be estimated by the
expression:

b =36t (4.0)
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where:

G v a number (dimensions in feet) characterizing
the terrain

v s aircraft speed in ft/sec
T s the aircraft/pilot response ime in seconds
h is expressed in feet.

Typical values of (G) may be as follows:

DTerrain G
Smooth 0-25nN
Moderate 2.5-10 N
Rough 10-25 ft
Very rough 25 f

(T) may be in the range 0.5 10 1.0 second. Helicopter
data from Fort Ord shows that the v''? relation is
actually found by experiment (see Figure 4-13). A
more accurate expression for very high speeds is given
later in the report.

4.1.2.8 Pop-up Maneuver

When approaching the target ai very low altitude, at
some predetermined distance from the target area, the
pilot may climb in preparation for his terminal attack
maneuver. Typically, this may involve a pull-up at
moderate acceleration (2g), with a climb attitude of
30°. and then a slow pushover into level flight as speed
drops. A more violent and abrupt pop-up might consist
of a (3-5g) climb and roll. and then an inverted
pushover at the top. also at a high-g acceleration.

In any case. the throttle may be advanced in the
climb. to augment the kinetic energy traded for poten-
tial energy. The end points of such a mancuver are
related by the equation:

la
hay-hy = (vl:-vzz)/(.’.g)*‘f Ps dt 4.1
3|
where:
h = alutude
v = velocity

P, = specific excess energy.
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4.1.2.6 Bombing Tactics

The following bombing tactics are representative of
the tactics against which AFAADS must defend.

4.1.2.6.1 Horizontal Bombing

The loci of bomb release points for level bombing at
various altitudes and speeds is shown in Figure 4-14. A
simple empirical expression which fits the curves of the
figure is:

Ry = ¢h3(v+cy) 4.2)

It is readily seen from the figure. where the 10.000-
ft range envelope of AFAADS is sketched in, that if
AFAADS is at the defended point. the target can be
attacked by level bombing without the necessity of the
bomber penetrating the AFAADS envelope. Disposi-
tion of AFAADS in an area defense makes this more
difficult. However it is presumed that SAM defenses
have driven the bomber to under 3000 meters.
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Figure 4-14. Gravity Bomb Release Distance Graph

Subject 10 target acquisition problems. bombs can be
delivered in level flight at very low altitude by ‘lay-
down’ techniques. Flights may be as low as 300 ft at
speeds of 400 to 900 knoss. Fall of the bomb is then
retarded by drogue chutes or retarding fins 1o allow the
aircraft to escape its own bomb pattern.

When the target position is accurately known, it may
be attacked by level bombing with the aircraft under
the control of equipment such as the AN/TPQ-10.
This relieves the pilot of the target acquisition prob-
lern, allows attack at night or in bad weather; and
depending on terrain characteristics, allows low level
run-in.

4.1.2.6.2 Glide and Dive Bombing

The distinction between using a glide or dive bomb-
ing approach. depends on whether the auack path is
less than or greater than 45°. Typically an approach
may be at very low altitude to the vicinity of the target.
then a pop-up manuver could be executed (possibly in
a climbing turn if the target is first sighted at low
altitude), then circling out of range of the target
defenses keeping the target in sight, then rolling in
and diving along a straight attack segment, and finally.
breaking away at maximum g’ after bomb release.

A possible sheafl of attack segments is shown in
Figure 4-15. The length of a segment depends on the

time the pilot requires to set up his bomb computer
and establish a stable sight line. The bomb release
points can be moved radially away from the warget to
reduce aircraft vulnerability. but at the expense of
bomb circular probable error (CEP). The segments
shown in the figure represent time intervals of about
15 seconds, of which less than half is within the
sketched AFAADS defensive envelope.

Speed is not constant along the segment. since the
airplane accelerates depending on the throttle setting
and the angle of dive. For an 0.5g acceleration, a
linear predictor would. if directly to the side of the
dive plane, develop an along-course error. depending
on smoothing time. of at least:

19 ft a1 1.5 sec ume of flight
76 fi at 3.0 sec time of flight

If the bomb is released at slant range (D.) and dive
angle (8), the slant range of the closest approach to the
larget by the attacking aircraft, assuming a constant-g
pullup of radius (p). s

= (.2 2042
Diin = (/7 +D ) =P (4.3)

and if the airplane must pullup with a minimum
ground clearance (H-.). then:

4-17




W00 — = - - oo

ALTIT_OE
FEETY
i
$000r - - em -
LGCUS OF BOME |
QELEASE PIUNTS !
\. ~ ENTAY
VELOCITY
3 - _MELEASE VELOCITY >400 KNOTS <400 KNOTS
TARGET 5000 7 000 o
FEET
00878422
FiQure 4.1 5. Stfaigh!-Line Sagmenn of D'VQ/GlldQ
Bomb Paths
H,, = H - p(1-cos8)
= D,sin 6 - p(1 ~cos 8) (4.4

{H.) and (p) thus fix release range (D.) as a function
of angle of dive (8) for the minimum feasible (D,). As
noted earlier, larger (D).) may be required because of
aircraft vulnerability. The expressions are only approx-
1mate. since the bomb trajectory is not straight, and the
airplane’s trajectory deviates slightly from a straight
line because of the sight angle to correci fou bumb
ballistics.

4.1.2.6.3 Use of Advanced Bombsight

The straight line path segment described above may
be drastically shortened with future air-to-ground avi-
onics. An unclassified description of the bombsight
installed in the A-7 aircraft states:

‘The bombing techniques possible with the A-7 in-
clude the dive toss, used to train pilots. and others such
as level, loft and over-the-shoulder. Steep angle bomb-
ing 1s viewed as the primary means and is the one
practiced mos: frequently.

4-18

In bombing. strafing and firing rockets. pilots use the
attack symbology on the head-up display for aiming
and tracking while in the dive. The pilot first places the
aiming reticle on the target and depresses the designate
button. He then is fiee to maneuver in the dive,
although at the release point he must have the target in
tine with a bombfall line (a vertically oriented line of
predicted impact points) displayed on the head-up
display. Symbology also indicates wher 10 pull out of
the dive. During the dive. sensors feed the computer
information on dive, angle, airspeed, wind drift, alti-
tude and range to the targel and the computer calcu-
lates the right time for release based on previously
entered weapons ballistics.

The central computer is assisted in its job of keeping
track of ordnance information by an armament station
control unit located in the left side of the fuselage and
accessible to ground crewmen. This unit helps to econ-
omize the computer workload and provides a conve-
nient location for the ordnance crews to enter informa-
tion about the stores carried.

The A-7E, like the early A-7 models, has the same
airframe and carries a variety of weapons including
the Texas Instruments Shrike anti-radiation missile, the
Walleye television glide bomb. Rockeve. Sadeye.
Weteye, Snakeye and Sidewinder missiles for defense.

There are no plans at present to use the A-7 for
carrying Condor, Navy's large TV-guided standoff
missile.

Latest electronic countermeasures gear. both passive
and active are built into the A-7E 1o assist in penetrat-
ing areas protected by radar networks. surface to air
missiles and anti-aircraft guns.’

4.1.2.6.4 Low Altitude Bombing System (LABS)

As the aircraflt approaches the target at low altitude,
the pilot choos.s his path 10 fly over a pred teriringd
check point. He flies a prespecified distance beyond
this point directly at the target, and then pulls up at
about 45 deprees. After the bomb is automatically
released. the pilot continues his pullup through a loop
and reversal of direction of flight.

A rough idea of the distance of approach of the
aircraft to the target can be obtained by considering a
vacuum trajectory for the bomb. The ground distance
travelled by the bomb from release to impact is
approximately:
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R ~ (vZ/g)+h, (4.5)

where:

R

\4

h,

The radius of curvature of the aircraft in the loop is:

ground distance

release velocity

release altitude (small)

p = viing (4.6)

where: ng is the radial acceleration.

If n = 5, then the closest approach of the airplane
to the target is about 0.8R. For a release velocity of
400 knots, (R) is over 10,000 ft, and thus it is seen that
the exposure of the aircraft to local defenses at the
target is minimal.

A variation of the LABS delivery termed, ‘over-the-
shoulder,’ can be used when the pilot does not acquire
the target until he passes over it. He may then loop
with the bomb released automatically at 90-120 de-
grees. The aircraft rolls and leaves before the bomb
completes its fall.

These maneuvers are illustrated in Figures 4-16 and
4-17.

Large unguided rockets may also be lofted by this
method. In a typical pass, the airplane may pull up
from about 200 feet, release at 800 feet, and continue
through its loop, while the rocket travels 36,000 feet to
target.

4.1.2.7 Direct Fire Weapons Tactics

The following tactics are descriptive of the type of
tactics that may be encountered in the AFAADS envi-
ronment.

4.1.2.7.1 Unguided Rockst Run

The tactical elements discussed for use in glide and
dive bombing apply in general to the delivery of
unguided rockets. Rocket dispersion is a function of
aircraft velocity at release (decrease with increasing
velocity), but may-be of the order of 10 mils.

Figure 4-18 shows an attack profile including an
approach at low level; pop-up to 5000-7000 feet;
pushover to a 30-degree dive: straight run to rocket
release at 5000 feet slant range from target, and
pullout. For a 5000-foot release, rocket CEP will be
about 50 feet.

4-19

00678-423

Figure 4-16. Low-Altitude Bombing System

00678-424

Figure 4-17. The LABS Over-the-Shoulder Delivery

4.1.2.7.2 Stratfing (Guns)

Strafing may be conducted at rather shallow glide
angles of 5-6 degrees (about 100 mils). If the firing
segment begins at an altitude of 500-800 feet, the
initial range to target will be 5000-8000 feet, and with
a constant throttle setting, acceleration along the flight
path will be only about 0.10g. Figure 4-19 shows a
possible attack profile.

In strafing a troop column, the pattern shown could
be initiated aiming first at the nearest end of the
column. A slow pullup, initiated early would cause the
buliets to strafe the whole column.

An entirely different attack pattern could be fol-
lowed by an aircraft with guns depressed for ground
strafing. Attack on a column could then be made by a
level pass as low as 50 feet. firing continuously. A
strafing attack might be made at supersonic speed,
limited only by the pilot’s ability to see the target.

4.1.2.7.3 Air to Surface Missile (Guided All the
Way)

In the case of short range missiles (up to 2 nautical
miles) the launch vehicle (helicopter) may come within
range of AFAADS. Figure 4-20 illustrates a possible
‘pop-up’ maneuver whereby the helicopter rises above
a terrain prominence, acquires its target, launches its
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Figure 4-20. Tow-Type Missile Launch from a
Helicopter

missile. and rcmains in sight while maneuvering. but
holding a line of sight to target until missile impact.
Exposure time would not exceed: time to acquire the
target plus flight ime of the missile.

4.1.2.8 Threat Effectiveness

As a rough indication of the effectiveness of aircraft
with some of the weapons discussed. circular probable
errors (CEP) mentioned in unclassified literature have
been collected in Tabie TV-7. No check of validity of
these values has been made.

4.1.3 The Flight Trajectory

In this section the characteristics of the target air-
craft’s flight trajectory are developed for use later in
the tracking. filtering, and prediction phases of the
study. It is convenient to develop the trajectory charac-
teristics under the general headings of turbulence.
terrain following, free maneuver. and attack on ground
targets. as indicated in Figure 4-21.

The influence of air turbulence on the aircraft mo-
tion is best described statistically. It causes flight path
deviations from the mean which may be sufficiently
large to require consideration in both the tracking and
prediction problem. It also causes aircraft accelerations
at low altitude which limit the ability of the pilot to do
close terrain foliowing.

i~ . s i e s A e

Terrain fallowing aircralt will be imporiant targets
for the AFAADS system. The object of terrain follow-
ing is to delay deteciion by ground radars and observ-
ers, and to remain, if possible, under the low altitude
coverage iimits of SAMS. This brings the aircraft
within the altitude limits of AFAADS. However. ter-
rain following complicates the gun prediction problem.
since the airplane follows an irregular flight path
conforming to some degree to ground contours. The
flight path of terrain following aiccraft has both deter-
ministic and stochastic elements. If the fire control
computer stored local terrain data. this could be used
in improving prediction. On the other hand. the actual
flight path. although driven by the terrain contour,
varies depending on the dynamics of the terrain fol-
lowing control (automatic or numan). the errors of the
control system, and random deviations from the de-
sired path produced by air turbulence.

The category of free maneuver includes evasive
action commanded by the pilot which is constrained
only by the dynamics of the aircraft and the pilot’s
desire to minimize exposure time to fire. Rather than
fly straight and level over defended areas en route to
target. the pilot may, if he is not contour flying. make
small course and aliitude changes at frequent intervals.
Since relauively smali accelerations can produce predic-
tion errors much larger than gun dispersion, sucn

jinking” will degrade the fire control system and must
be evaluated.

The most important phase of the target aircraft’s
trajectory from the point of view of AFAADS is the
‘end game.’ 1.e. the auttack on a ground target. Most
U.S. aircraft fosses in Korea and Vietnam to ground
fire ure believed to have occurred in this phase. De-
pending on the type of weapon carried by the aircraft
and the characteristics of its fire control svstem, the
atrcraft’s freedom 0 maneuver, during weapon deliv-
ery. 1s restricted and therefore accurate weapon deliv-
erv may require that the aircraft fly a straight line path
for 5-10 seconds or longer. Maneuvers prior to this
flight segment may also be limited by the pilot’s need
to acquire the t1arget and keep it in sight while he
positions himself for his attack run. After weapon
release. the pilot mayv pull maximum g’ in breakaway
but his attack path may have brought him to within
very close range of the AFAADS defending the target.

4.1.3.1 Air Turbulence

In the analysis of fire contrel svstems for heavy
antiaircraft during World War II and shortly thereaf-
ter. 1t was recognized that a principal component of
prediction error resulted from what was called ‘rough-
ness of flight” Since projectile umes of flight were as
long as 30 seconds. the deviation of the airpiane from
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2 straight hne, caused simply by air turbulence, could
amount to a component equal to the other errors of the
system. even when the aircraft was not deliverately
evading.

The effect is expected to be much iess for the short
times of flight of AFAADS. however. 10 determine
this. a brief review of the effect of air turbulence on
the aircraft is appropriate.

Air turbulence may affect AFAADS system perform-
ance in the following ways:

a. It prevents the aircraft from flying an unacceler-
ated course, even though the pilot may be trving
to fly ‘straight and level.’

b. The resulting aircraft perturbations will affect the
tracking process, and to the degree that they are
unpredictable, they will contribute to the predic-
tion error.

¢. The angular aircraft motions resulting from tur-
bulence will affect the ‘glint’ component of radar
tracking error.

d. The accelerations produced by turbulent air will
limit the capabihity of the target 1o do terrain
contour flying in rough air.

4.1.3.1.1 Characteristics of Turbulence

Air turbulence may be accurately represented over
very long flight segments as a stationary random
process. It is remarkable that the form of the power
speciral density function is essentially constant for all
altitudes and meteorological conditions. and moreover.
corresponds to that determined originally by von Kar-
man from theoretical considerations.

Turbulence may be considered in three orthogonal
components. one along the flight path (longitudinal).
one vertical. and the horizonuwal perpendicular to both
(lateral).

Measurcments confirm that the lateral and vertical
power spectral density functions are essentially identi-
cal. and that they differ from that for the lengitudinal
component. The longitudinal component has the least
effect on aircraft displacements und will not be consid-
ered here.

4.1.3.1.2 Spectral Density Functions

We first define the characteristics of atmospheric
turbulence independentiy of the aircraft, then intro-
duce the dynamics of the aircraft.

4-23

Definc:

b8 = spectral dcnsniy fuucln;n of vertical or lateral
turbulence (ft5 rad-sec =)
1 = fiequency. rad?ft
(L) = normalized spectral density function (rad’f1)~!
Uy = Tms gust velocity along vertiwal. lateral axis
R(s) = normahzed autocovariance
c = lag ()
I = “Scale” of Turbulence (f1)

The normalization is taken to result in:

B () = 0T 4.7)

20

/ D = 1.0
(s}

The power spectral density and the autocovariance are
related by:

(4.8)

o0

R(s) = / P2 cos £1s 42 (4.9)
"0
PR
™0y = f/ R(s) cos Qs ds (4.10)
"0

Some of the closely equivalent forms which have
been used to describe the power spectral density, and.
in the simpler cases. their corresponding autocovari-
ances are as follows:

\ 1408 3)1.339LQ)"
d. Von Karman: Q) = l:'_ (8 3)1.33 . )
T 1 +339Le)) 1o

(.11
3077
b. Dnidei My = % L-—L? (4.12)
T+ QeL)s
- s \.-sL
R(s) = (I - :-L)‘ s (4.13)
L
<. Lappe: M) = < (4.14)
1+ QL)
5 Sy N
Rist = 1 - -l-lrl(t) st (E)

.‘g,(f).{-]cm(f)‘ (415
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4 M 9 al, (1-a)L,
. Modified: b)) = = + - d
Lappe TlreL 2Rl 1sLde?
(4.16)
'S/Ll 'S/L‘)
R(s) = ae +(1-a) ~
(4.17)

In all cases except the von Karman function, ($)
drops off as 17 for a large @ . For the von Karman
function, the asymptote is 0"'"® . As instrumentation
has improved, the 11/6 power has been determined to
be a better representation. The difference is negligible
for present purposes and so we use the simpler forms.

At the low frcquency end of the spectrum, the
Dryden and von Karman functions are asymptotically
equal, but the Lappe function has an asymptote almost
three times as large. Lappe proposed his function
based entirely on experimental data, including that
taken in low level flight with the B-66. A recent
analysis of additional experimental data disagrees with
Lappe’s finding, and the question of which form is
best for low frequencies seems to be still unresolved.

The relevance to the present problem is that the low
frequency end of the spectrum contributes most to
airplane displacement, which is our central concern.
Comparison of the autocovariance functions illustrates

a further reason for interesi. The Dryden autocovari-
ance has a positive and negative segment, as shown in
Figure 4-22; so that its value is\close to zero beyond
S/L = 2.0. The Lappe function, on the other hand,
decays much more slowly and suggests that the result-
ing displacements of the airplane may .be substantially
higher than if the Dryden function held..

The disagreeable form of the Lappe autocovariance,
involving sine and cosine integrals, can be avoided, by
approximating R(s) as the sum of two exponentials.
This creates what we call the Modified Lappe function.
It is equivalent to the Lappe and more tractable for
analysis.

Figure 4-23 shows typical ranges of (o-,) experienced
in B-66 tests.

4.1.3.1.3 Parameters

Once the mathematica! form has been chosen, the
power spectral density is completely defined by two °
parameters; the rms gust velocity, and the scale of
turbulence (L).

Both the rms gust velocity and 3cale length (L)
depend on surface roughness (terrain type), height
above the surface, wind conditions (both velocity and
shear), and atmospheric stability.

Atv/Ll

10 40 50

rla
B

00678429

Figure 4-22. Comparison of Lappe and Dryden Autocovariance Functions
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Figure 4-23. Relative Frequency Distributions of rms Gust Velocity from B-66 Programs.

Bases for estimating (o) and (L) for particular sets
of terrain-altitude-meteorolo&ical conditions are given
in the reference literature”” ®®% In this program we
are interested primarily in low altitude turbulence.
where the terrain effect is importan:.

In general, the rougher the terrain (mountains com-
pared with farmland), the larger the value of (L). (L)
increases rapidly with aititude to about 1000 feet and
more slov.ly thereafter. At all altitudes. (L) increases
with increasing instability of the atmosphere. It seems
reasonable to consider (L) in the range S00-1500 feet
in the present analysis.

The rms gust velocity increases with mean wind
velocity at flight alutude, with terrain roughness, and
with atmospheric instability. Since the ratio of mean
wind velocity at altitude to surface wind increases with
altitude because of boundary laver effect. rms gust
velocity for a given surface wind velocity increases
with aititude. Values in the range of 3-7 feet/second
seem reasonable for present purposes.

Convective storm turbulence 1s much more severe
than non-storm turbulence and will not be considered
here.




L !grw“mm

LTRSS

G

e,

I

T TIOT  Te-  we

o S W

4.1.3.1.4 Sampling of the Gust Spectrum by the
Airplane

The power spectral density lunctions have been
defined 1n terms of linear extent As the airplane flies
through the gust structure, the power spectral density
of gust magnitudes, which 1t expeniences. scales with
the velocity The foraing function on the airphine s
then:

Dw) = \'—l(‘\i) (4.18)

whoie w o= g

Figure 4-24 shows the normalized Dryden spectrum
for L = 1000 feet as experienced by airplanes at three
different velocities. The abscissa is shown in cylces per
second. (f). where:

f=wln

Consequently, the faster the airplane the larger the
kigh frequency content of the gust spectrum which it
experiences.

4.1.3.1.5 Vertical Response of the Airplane

The vertical displacement of the airplane caused by
gusts may be discussed in terms of the low. medium.
and high portions of the gust spectrum. At the low
‘requency end. the pilot (either human or autopilot)

will act to prevent excessive deviauons from the de-
sired alutude. 1n the mid-portion of the spectrum, the
disturbance 1s too rapid for the pilot’s response. and
the airplane moves in accordance with relative angle of
altack changes caused by the gust velocity. At the very
high end of the spectrum, hift changes (which require
aircraft travel of about 6-10 chord lengths to reach a
steady state) cannot follow the gust fluctuations. and
there is additionally reduced airplane displacement.

Consider the mid-range first. Assurung that the
airplane remains level its vertical displacement in
response to a gust is given by:

Tai +2 =u (1.19)
where:
z = vertical displacement
u = gust velocity
T, = “_‘_‘VSC—L.; (4.20)
W:S = wing loading
g = acceleration of gravity
p = air density (slugs:’ft3)
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Figure 4-24. Normalized Dryden Spectrum for L 1000 feet
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I the transfer lunction of the response of the
airplane, (M), (displacement. velocity. or acceleration,
etc.) to gust veloaty (u) 1s T, (iw). then the mean

square value of the airplane’s response to the gust
speclrum i8N’

oc

imy3=,%7'¢uu;Tmnv>Fd9 (4.21)
A i

where: w = QV

The values of T (iw) ? corresponding 1o (4.19) are:

Displacement: ‘%‘3 = —— (4.22)
ST
F
Velocity: l'.‘ <= ___]__‘_._‘_. (4.23)
u (l + w'T-)
a
‘e hl
Acceleration: |£U— 22 nd

A (434)
(I + w'T;i

We see at once that we cannot use (4.22) over the
whole gust spectrum since the integral is unbound:d.
Of more direct interest, however. is the mean square
deviation of the airplane from an observed position in
some time (). If the deviation is (A). the transfer

function is:

’plo 1
A= S L p = didt (3.25)
oo
and:
i RN
A a - < COS w(o
I-u- F —_—— {4.26)

For the Dryden spectrum:

AN R

2 - +3x- - )
ol B ;(V) [ (, \.', ws, x‘) dx (3.27)

u Yo XT(IH XSl £ AmxT)
where:

X = LQ

v,
b=

P =
s

w =i
and for the moditied Lappe specirum:

EY N
0 _ 4(1._),}1: 0.)]
ot A
1 0 |f'\’l-\-
-enia ]y ocanbx
. - DRk 42K

A A ~ a N
IRt Sl A S ISt
Although these expressions can be eastly integrated.
we note simply that for small (b).

For the Dryden spectiun.

SN D 2
= - | = {4.20)

% R PYTES

and for the modined Lappe spectrum:
04\ s ady  {l-akds

—_—t ——
=07y *Jl N+ 3a (4 30)

Some tvpical values of (T,) for a variety of aircraft
are shown in Table TV-8.

Using the Dryden spectrum for an example, we note
that for a turbulence scale length of 1000 feet. an
airplane flving 1600 feet/second with a (T,) of 0.3%8
second will have a rms displacement, caused by a 3
feet/second gust structure. of about 5.5 feet in 3
seconds. Since A is independent of airplane velocity, we
would not expect the deviaudon to change with velocity.

The very small value of 5.5 feet suggests that, to .he
degree the above assessment is correct, we need not
consider wrbulence as a sigrificant error <ource for
AFAADS.

The assumption of a level airplane is probably not
sufficient. however. to explain the effects of turbulence
on vertical motion, for reasons discussed in the follow-
ing paragraphs.
4.1.3.1.6 Comparison with Experimental Data

One of the best experimental and anlytical studies of
the ‘roughness of flight’ of aircraft was carried out by
Dr. Glanville Harnies” He obtained power spectral
densities (PSD) of the lateral and vertical motion
which are replotied in Figure 4-235.

These PSDs peak at about 0.020 and 0.032 cps.
corresponding 1o lightly damped oscillations with peri-
ods of about 50 and 30 seconds. 1t 1s suggested that the
gust spectrum. which is uniform over this frequency
range. is exciting the phugoid plus pilot mode in
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Table tV-8. Typical Vaiues of T,

Veloaty
Altifude

Arrcratt (1) Mach (107 ity Ta (se) o
fon \thitude t-1066 1004 0.90 0 038 )
High Speed

1.94C 960 0.86 0 0.34

B-82 678 060 0 0.91
High Altitude r-1068 1936 20 40 1.27 A
Crunwe B

b 93C s 0.73 R 1.34

AY

B-52 1417 0.77 50 550
Low Alnwde F-6A(F4D-1) 202 0.18 0 a2
Landing \pproach

F-106H 222 0.20 v 1.27 :

1 -94C 238 021 n 1.45

RA-SC 211 0.19 0 1.78 b

B-S2 333 0.30 M 218 e
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Figure 4-25. Power Spectral Density of Aircraft Motion Caused by Air Turbulence
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vertical motion, and the Dutch-roll plus pilot mode in
lateral motion. The major source of damping of these
modes is provided (for airplanes without yaw dampers
or more complex autopilots) by acrodynamic drag.
Since this source is proportionately less for high speed
airplanes. this may explain why Harries® data show an
increase in the ‘flight roughness’ effect across airplane
types of increasing design speeds. We remain uncon-
vinced that the flight roughness magnitude will in-
crease for a given airplane as its speed is increased.

It is of course easy to determine that accelerations
experienced in a given gust structure increase rapidly
as airplane speed is increased.

Harries found. for the Vampire aircraft (350 mph),
that a S-second smoothing time with least squares
linear extrapolation, gave a flight roughness prediction
error of about 6 feet in each coordina.: normal to the
flight direction. per second of prediction. This is a
rather larger value than the estimate obtained assum-
ing a level airplane, and consequently indicates that
the level airplane model is insufficient. Harries also
showed. for vertical motion, a direct correlation of this
fact~r with the quantity we have called T,'.

Further investigation of the correlation between the
gust structure and the displacement of the airplane
would be of considerable interest. For the present

study, we use values based on Harries' experimental
results,

We also note that the autocorrelations obtained by
Harries were:

Vertical R (s) = ¢"' cos 0.2s
Latera) R (s) = e°™* cos 0.12s

The exponential terms decay so slowly that the
effect of flight roughness falls into that category
of disturbances which are essentially constant in
magnitude during the prediction period. and
randomly distributed across widely separated
intervals.

Although Harries does not give the variances
associated with the above autocorrelations, some
rough calculation indicates that a standard devia-
tion of 20 feet, associated with the autocorrelation
functions, would give a prediction error of 6 feet
per second of time of flight between S and 10
seconds (tp), for 5 second smoothing.

The fact that aircraft deviations from a mean
flight path is caused by air turbulence are rather
small is indicated by a study of altitude deviations
in general aviation which indicate, for example,
that an F-27 aircraft flving at below 5000 feet
showed a 56-feet standard deviation from refer-
ence altitude under manual control. and 13.0 feet

429

under autopilot. Above S000 feet for the same
aircraft, the deviations was 18 feet for autopilot;
but the sample for manual control was too small
for fair comparison, The general observation was
made that an autopilot with altitude hold main-
tained the deviations to about half the value
achieved by the man. and an autopilot without
altitude hold was intermediate between the two.

4.1.3.1.7 Summary

Flight roughness will have only a small effect on
AFAADS effectiveness when the target is not deliber-
ately evading. The slow decay of the autocorrelation
with time requires that the effect be considered as
cssentially constant during a one-second firing se-
quence, but randomly distributed across widely spaced
sequences. A better analytical model relating flight
roughness. the airplane plus pilot dynamics, and the
gust structure would be very helpful.

4.1.3.2 Terrain Following

To place ‘terrain following® in a historical perspec-
tive, we czn hardly do better than to quote from the
autobiography®® of Major James McCudden. British
Ace of WWI:

‘Xmas, 1913 came. and with it cold and frosty
weather and also a good deal of flying. On Boxing
Day ... we got the old Bleriot No. 292 out and went
‘contour chasing’ over the Plain... . For the benefit of
the uninitiated one may explain that ‘contour chasing’
means flying close to the ground. following its contours
down into valleys and up hill-sides. It is a dangerous
form of sport as there is no chance of picking a
landing place if the engine stops. but it is quite amus-
ing. and it is a form of flying worth practicing because
of its value in war.’

The reasons for *contour chasing’ have not changed.
i.e. to deny the enemy early vaarning. and avoid
ground fire. McCudden's memoirs also contain de-
tailed descriptions, absent in most pilot reminiscences.
of the effectiveness of ground fire of all calibers
against military aviation even in the earliest days of
the use of aircraft in warfare.

In addition to creating problems in detection and
acquisition, an airplane auempting fo fly as low as
possible by following terrain contours generates an
irregular flight path which may create problems in
flight path prediction for AFAADS. In this section,
some of the resulting flight path characieristics are
described and the effect of this input variation on the
prediction problem is assessed.

While recognizing tnat helicopters and ‘slow’ air-
craft will weave in direction around terrain promi-
nences, of greater inportance are altitude variations,
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and the path changes in a horizontal plane that princi-
pally affect exposure time. As will be seen, altitude
variations in themselves ose a major prediction
problem.

First note that AFAADS might consider terrain
effects in twn ways. One is 10 put local terrain explicitly
into the computer. There may be some advantage (and
there 1s certainly increased system cost) in this ap-
proach since any local terrain configuration will proba-
bly differ substantially from the average terrain char-
acteristics of the general region surrounding the site.
This approach mav be cut to leasible dimensions by
recognizing that only a gross representation would be
necessary 1o adequately describe the local terrain re-
strictions on low altitude flight.

The second approach. and one which is used in this
section to size the problem is to consider a statistical
description of terrain, and to determine how large the
flight path deviations are likely to be for an airplane
doing terrain following.

Terrain can be described in statistical terms similar
to those used to discuss the effects of air turbulence. A
number of measurements have been made of the
power spectral densities (PSD) of terrain irregularities.
From measurements of ground elevation from a hori-
zontal straight line, power spectral densities can be
computed. and these. together with the rms variation
of elevation from the mean terrain height over the
measured segment. provide similar inputs for analysis
to those which were used for air turbulence. It is
interesting that the distribution of such deviations has
been determined in several analyses 10 be adequately
represented by a normal distribution.

One of the problems in using the PSDs, availabie in
the literature. is the usual one of estimating the PSD of
a process from records of limited length. Persons
interested in terrain microstructure(e.g.. for cross-coun-
try vehicle movements) tend to consider large terrain
variations as trends to be subtracted out before com-
puting PSD. On the other hand, computations of PSD
for macrostructure including hills and mountains,
properly omit the fine detail of short wavelength. The
result is that the measured variances tend to be sensi-
tive 10 the objective of the analysis, and in the case of
macrostructure PSD. the slope of the PSD for high
frequencies is steeper than would be compatable with
that obtained in microstructure PSDs.

In the following analysis, we choose 10 represent the
terrain PSD by the function:

22 LdQ
. = g = = 431
bI(Q' U( b 1 *QZL' (

Figure 4-26 shows some PSi s used in an Air Force
paper®. and apparently those were derived from a
Cornell paper’’ which pioneered this type of analysis.
Another useful study by Ling Temco Vought”’ is com-
patible over the frequency range of interest to us. but
shows a second break frequency at wavelengths shorter
than about 600 feet which appears to be inconsistent
with the PSDs computed for microstructure and
charted in Bekker's compendium.®

The above relationship allows us to describe a ter-
rain sample by the standard deviation (o,) and a
characteristic length L. Table V-9 collects some sam-
ples of these parameters from several references which
appear compatible with our present objectives.

4.1.3.2.1 Upper Limit to Flight Path Deviation

To obtain an upper limit on flight path deviation
caused by terrain following, assume that the airplane
follows the terrain contour perfectly at some constant
height above the terrain. This is, of course, not possible
and will be later modified. However, it does give a first
approximation tu the desired result. Assume that the
airplane is observed at (1) and determine its mean
square deviation from the observed height at time (1 +
). This is obtained as:

“

2 ~ /’ (l-cosbx)dx
9 1 +x2

=21-¢P) i b=l (432)

For small b:

(0+4j0,)% =2t /L) (4.33)
AT (s}

0y = G (2v1) (4.34)

(G.) is defined as the terrain roughness measure. It
collects in one term. the two descriptive parameters
() and (L). It corresponds to the terrain roughness
factor (F) used by LTV.” but has the simple dimension
of feet. The correspondence is shown in Table IV-10.

For a moderate terrain roughness (G, = 9 feet) and
a time of flight of 3.0 seconds, we findo = 230 1 for
a 1000 f/s aircraft. and 160 feet for a 500 (/s aircraft.
Clearly the potential effect on AFAADS prediction
error is very large.

4-30




Table IV-9. Terrain Standerd Deviation and Characteristic Length Data

Standard Characteristic
Deviation Length
Arca Sousce ot Lo
Tunguska Plateau, USSR v P 341 12,500
tModerate)
Korea Highlands, Korea LTv? g g 6%3 9.990
tRough)
. e
Lawrence, Kansas Hay re and Moore~ RGR) 5300
(Para. 8 )
- . 29 M
Tees Nos, Anizona Hayre and Moore*® 49 750
(Para. 8.2)
29 - 5
Turtle Mountain, Hayre and Moore~ 3.2 1.420
North Dakota (Para. 8.2)
Gila River, Arizona Hayre and .\loorelg 136 1080
(Para. 8.2)
I,
Wiute River, Arizona Hayre and .\loorc" 5.18 Ta0
(Para. 8.2)
29 N
Mountamn Park, Havre and Moore” 1,030 3.650
New Mevico {Para. 8.2)
Sandia Park, Hayre and Moore 22 250 1.010
New Mevico (Para. 8.2)
Mcadow Springs Canyon Enckson™"' 290 9.350
(Fairly Smooth) (Para. 8 3
Meadow Springs Canyon Frickson 30 230 1.870
(Moderately Rough) (Para. £.
Meadow Spring Canyon Encksnn30 25 1.340
t Rough) (Para. K.3)
Meadow Springs Canyon Enck oY 310 1.360
(Very Rough) (Para 8.3)
00678433
Table 1V-10. Comparison ot Terrain Roughness Factors
Terrmn Roughness Factors
Terrain Type F(LTV) G,
Smooth 0-50 0-2.3
Moderate 50-100 2810
Rough 100-150 10-23
Very Rough > 150 >N
00678-426
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Figure 4-26. Power Spectre’ Densities

4.1.3.2.2 Contour Chasing Ability of Aircraft

The exact description of what goes on when an
airplane attempts to fly as low as possible for extended
periods of time is complex and involves not only the
characteristics of the terrain, but the airplane sensors
and control system. pilot response. etc. We develop
here a very simple aggregated type of model. which is
consistent with a limited amount of experimental data,
and allows us to interpret terrain PSDs in terms of
inputs to AFAADS.

Assume that the pilot is attempting 10 maintain a
constant height (h,) above the terrain surface and
define the following quaniities on a vertical axis
through the airplane at time (t):

h, = terrain height above its miean
h = aircraft height abov~ the terrain mean

E = aircraft deviaticn freen the h, desired by the
pilot
Then:

E=h-lg-h (4.35)
Now make the simplest possible assumption regard-

ing the contrel law, namely that the rate of change of
aircraft titude is proportional to the error:

dh:dt = -E/T, (4.36)

where: T. = a um= constant aggregating pilot (human
or automatic’ and aircraft characteristics.

43
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Then:
Erhy = sTi(1 +5T) s = d/dt (437)
and: 2
v WVyde T (4.38)
(010} = —j

(U +({'—/— u)z 1+ (ch)z

= M(L+A) s A= VT /L

If we now assume that the pilot will tend to set (h,)

of sufficient magnitude that the probability of a devia-
tion (-E> h,) is very small, for example: h, = 30, we
find:

- v 2~
for A << 1.0:0, G, vT,

V1Y 439
ho ~3 (GVTe) 2 (439
and we expect mean height above terrain to increase as
the square root of aircraft speed.

The data, presented previously in Figure 4-13 for
CH-47 helicopters, confirm this trend. The data are
consistent with a value of (T }=0.5 sec.

Using the above relationships to determine the vari-
ance of the aircraft deviation from a straight line path
(o)), we find:

(as"cl)z =(1+ )\)'] (4.40)

and if A\) << 1.0. the variance is very nearly equal 10
the variance of the terrain itself.

With (T.) = 0.5 sec. the break frequency of the
control loop is at 2 rad/sec. This is generally higher
than the break frequency of the terrain PSD when
sampled at aircraft speeds up to sonic.

We therefore conclude that we can approximate the
PSD of aircraft vertical deviations in terrain following
by using the PSD of the terrain, converted to a func-
tion of rad/sec by introducing aircraft velocity. This
approximation is in the form:

- , d
2 (L'v)dw 441
n

- .. 3
1 4+ (L. V)*

Typical PSDs in this form are shown in Figure
4-27.
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Figure 4-27. Power Spectral Density of Vertical
Aircraft Motion in Terrain Following

4.1.3.2.3 Aircraft Acceleration

The simple model developed thus far may be ex-
tended 1o determine the implications in terms of the
mean square acceleration experienced by the aircraft in
terrain following. To obtain convergence of the inte-
gral it would be necessary to include at least one more

high-frequency attenuation term in the control model.
This has not yet been worked through.

For reference. Figure 4-28 shows the maximum
sustained accelerations which have been indicated for
human pilots*, with effects as listed in Table IV-11.

For random vertical accelerations. of the sort experi-
enced in contour flying, a reference for frequencies
below 1 Hz has not yet been located, but Figure 4-29
from Bekker summarizes some findings for frequen-
cies above | Hz. It seems unlikely that the pilot would
willingly experience a sustained rms acceleration of
random nature of more than 0.3 to 0.5g. Increasing
aircraft speed might therefore be associated with larger
effective (T;) for a given terrain profile.

As input functions the PSDs (shown in Figure 4-28)
have the following characteristics::

a. The break frequency is well below that of the
AFAADS tracker (man or automatic). so that the
tracking system should be able to track the mo-
tion.

b. The PSD corresponds to an autocovariance func-
tion of the form (e*"). It is well known that the
best prediction function for a stochastic variable
of this forin is an interpolation between the most
recent measurement and the mean of past mea-
surements.
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Figure 4-28. Effect of Maximum Sustained
Accelerations for Human Pilots

¢. The mean square deviation of the airplane from
the most recent measurement during a 3-second
time of flight can be 100 feet or more.

d. A prediction algorithm using altitude rate will be
relatively ineffecuve and may generate a predic-
tion error substantially greater than 100 feet.

It is therefore concluded that ‘contour chasing’ rep-
resents a unique problem for the development of
alutude prediction algorithms. The report section on
prediction will examine this problem in greater detail.
It may be that the best solution is to make no altitude
prediction below some minimum altitude. ie.. assume
that ‘future’ altitude equals "present’ altitude.

4.1.3.3 Energy Concept ot Maneuverability

The 1otal energy of an aircraft at any time is the
sum of its potential and kineuc energies. It can add to
this sum bv advancing the throttle. or lighting the
afterburner, or it can subtract from the total by drop-
ping drag flaps. or retarding the throttle and allowing
energy to be dissipated as drag. Increasing or decreas-
ing total energy is, however, a slow process compared
with the facility with which potential can be traded for
kinetic and vice versa, by manipulation of the controls.
It was observed many vears ago. when a large number
of evasive aircraft paths was analyzed”, that rather
large changes in alti':de and speed could take place
with very small associated changes in the sum of
kinetic and potential energies.

Recently. the ‘energy concept of maneuverabiliy’
has been applied to the evaluation of fighter aircraft
bv Major Boyd. and a great deal of basic information
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has been accumulated on the rate at which aircraflt can
change total energy.

Since we are interested in relatively short prediction
times (a few seconds) for AFAADS. we are interested
in determining whether it is teasible to capitalize on
the relative invariance of total energy in the prediction
algorithms. The most likely application is to apply a
correction (o the predicion vector along the flight path
to correct for acceleration in a dive, or deceleration in
a turn. Since the first order correction is denivable
from velocity measurements only. no additional noise
1s introduced in the predicuion process. The appropri-
ate algorithms are developed later in this report.

The following paragraphs review briefly the energy
relationships, when energy is increasing or decreasing,
to indicate the rates of change which can be attained.

4

4.1.3.3.1 Rate of Change of Energy
The total energy of an airplane at altitude (h) and
speed (V) is:
E=mhg+t?2 mv= (4.42)

where: m = W W = airplane weight,

The specific energy is defined as energy per pound, and
182

E = EW = h+(v-2g) (4.43)

s
The rate of change of specific energy is:
dE -dt = dh-dt +(vig) dv=dt (4.44)
and is denoted by the symbol (P,):
P, = dE dt (4.45)

P, can aiso be derived from the thrust-drag balance of
the airplane:

mdvidt = T-D-Wsind (4.46)

where: T = thrust. D = Drag. and § = angle of
climb. This expression can be written in the form:

(T-D)svW = ghidt+(vig)dvidt (4.47)
from which:
PS = (T-Dyv-W (4.48)

This quantity can be computed in the v-h plane for a
particular aircraft design in steady flight.*

The contour P, =0 bounds the region in which the
aircraft can maintain steady flight. At a particular
point in the region. the corresponding value of (P,)
indicates the range of dh/dt and dv/di which are
accessible to the aircraft. For example, if dh/dt = 0.
then:

max PS';V (4.49)

‘(dv,’d() ‘g

and it dv.-dt = O.

(dh/dt) = P (4.50)

s

For e F104G aircraft whose (P;) contours were
shown in Figure 42 as solid lines and reading the
contours at sea level, values were obtained for maxi-
muimn horizontal acceleration in ‘g’ (by lighting the
afterburner) and maximum rate of climb in feet/
seconds as shown in Table 1V-12. The F104G has a
maximum T/W of about 0.85.

Note in the table that at about Mach 0.7 the maxi-
mum acceleration approaches T/W. Fighter-bombers
and light bombers will have lower T/W and their
maximum positive acceleration along the flight path
will be less. These accelerations are, in any case, small
compared with that perpendicular to the flight path
which ate limited only by the pilot’s ‘g’ tolerance and
the aircraft structural strength.

The maximum dh/dt indicated corresponds to a
climb angle of about 40 degrees. The time to change
path angle by (4). at speed (v) and radial acceleration
(ng) is:

t = 6ving (4.51)

A 5g pullup, initiated at 1000 f/s, would require
about 5 seconds to reach a 40-degree climb angie.

If we conclude that the maximum acceleration along
the flight path which can be expected from a high
performance fighter in the clean configuration is about
0.8g (resulting from thrust alone). and that fighter-
bombers with stores and light tactical bombers may
develop a maximum of perhaps 0.4g. then we infer
that a correction to the prediction algorithm, based on
the gravity acceleration of flight path inclination. alone
will give us a useful improvement in prediction. This is

*Pg coniours change when the aircrafi is not «n steady fight. I'or exumple during
a pull-up. Stmuiar contours can be computed for a steady Sg turn. eic.
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Table IV-11. Effect of Short Duration Eyeballs in' Accelaration

B Effeets
25-7.0 Visual symptoms appear
3.5-8.0 Blackeut
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Figure 4-29. Tolerance to Vibrations based on

s . .ue  fter Bauer (1963) and Van Deuser (1965) as

prepas. o Sestr  969)

equivalent to assuming constant total energy, and
implemented simply by compuling rate of change oi
velocity (v) along the flight path as:

dvidt = -gsinf = -g(dh/di)/v (4.52)

4.1.3.4 Target Deceleration in Turn

As we have noted in the preceding section, the
principal means a pilot has for accelerating his air-
plane is to pull back the stick. He can generate as high
as 8g that way; more if he doesn’t worry about losing
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..> wings or blacking out. By lighting his afterburner,
or conversely. cutting the engine and opening drag
flaps he can generate less than 1g along the flight path,
to which he can add or subtract up to g in a climb or
dive. This suggests that accelerations greater than i-2g
along the flight path are unlikely. as compared with 8g
perpendicular to the flight path.

On second thought. however. one realizes that the 8g
lift doesn’t come free. Lift causes ‘induced’ drag. and
very large induced drag is produced by high lift coef-
ficients. We estimate this effect below.
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Drag coefficient (Cp) is for all airplanes fairly well
approximated:

-~ Al
Cp = Cpg * kCp° (4.53)

where: Cpo is the minimum drag coefficient for zero
lif

k is a constant depending among other things on
wing aspect ratio.

In cruising flight, an airplane has maximum range
(and nearly minimum endurance) for minimum Co/C,,
which we find upon differentiating (4.53) to occur at:

k) = oo (4.59)

Suppose the airplane is flying at this cruise speed in
level flight and the pilot pulls back on the stick thereby
generating lift (C.), then the ratio:

=n 4.5%

1s the number of g's of acceleration generated.

The drag ratio is:
Cpo * kn"CL "
0 <
D:D* = —D—-——,,- (4.56)
CDO +k CL =

=(1+ n:)./Z,on substituting (2} (4.57)

The engine was providing (T = D*) and for a lift
drag ratio of about 12/1 at cruise. D*/W = 0.08. The
acceleration along the flight path is then:

(D* - D)W = 0.08(1 -n2)2 = (1-n");24

If the pilot pulls 82 normal to the flight path. he
will decelerate along tl.e flight path at-2.7g.

+
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For an afterburner capability of T/W = 1.0, he still
slows down at -1.7g on ful} afterburner.

By using maneuver flaps he can obtain a beuer
relationship between (C,) and (C,) than that indicated
by (1). It is noted that the Mirage is reported to have a
steady 7g turn capability with a T/W of 0.74.

There is. however, the probability that large deceler-
ations along the flight path can be developed in high-g
turns.

We summa _e the acceleration capability of the
target very roughly in Figure 4-30. indicating that. in
general, the capability of producing acceleration per-
pendicular to the flight path is much greater than the
capability of accelerating along the flight path.

4.1.4 Target Exposure Time

As a target approaches AFAADS. we are interested
in estimating the range at which AFAADS first has an
unobstructed line of sight to the target. and the time
that the target remains exposed. Low flying aircraft
and, in particular, helicopters may appear, pass behind
an obstacle, appear again, and etc. In general. the
fasier the aircraft, the less likely the flight path is to be
thus segmented within the AFAADS volume of inter-
est. On the other hand. it it probable that helicopters
will be particularly adept at using local terrain for
concealment 1o close in on a target before briefly
exposing themselves to release their armament.

This section provides only an introductory review of
the problem to obtain rough estimates of the ranges
and exposure times within which AFAADS must suc-
cessfully operate.

4.1.4.1 Nape of the Earth Flying

Experiments with CH-47 helicopters performed at
Fort Ord have been referred to in prior sections of this
report. The trends. indicated by that data. have been
freely extrapolated to higher speeds. and are shown in
terms of target exposure time and initial exposure
range in Figures 4-31 and 4-32. These trends are
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Figure 4-30. Relative Acceleration Capability of a High Performance Fighter/Bomber Along and Perpendicular
to the Direction of Flight

represented by the curves marked ‘nape of the earth
flying.’

The curves of exposure time are for aircraft flying
essentially straight lines past the gun. It will be realized
that the curves aic wiry rough averages and actual
times and initial ranges will vary widely with particu-
lat situations. Where possible. the gun will be located
to have the widest possible field of view.

The curves do indicate that a very slow-flying heli-
copter can approach very close 1o the gun (which is
presumed located close to the defended target) before
exposing itself. Once exposed, however. its slow speed
in a fly-by gives the gun ample time to acquire and
fire, thereby suggesting that this is an unlikely aircraft
tactic.

As speed becomes very low, the initial exposure
range curves become asymptotic to those of a vehicle
moving on the surface of the terrain. and are therefore
directly related to the power spectral density (PSD) of
the terrain.

It should be noted that both experimentation with
helicopters flying the nape of the earth, and the devel-
opment of tactics are being pursued energeticaily. It is
expected that extensive data will be available shortly
which will allow more detailed analysis of this mode
of flight as it interacts with the air defense system.

One would expect that ‘rough’ terrain would be
associated with a shorter initial exposure range than
‘flat’ terrain. In the limited experimental data re-
viewed. the converse appeared to be the case: appar-
ently because in the small terrain sample available the
CH-47 could fly lower at a specified speed over ‘flat
terrain’ than over rough terrain. and thus delay expo-
sure. The differences. as indicated by the narrowness of
the band shown. may not be significant in view of the
small sample.

4.1.4.2 Terrain Mask

The concept of a ‘terrain mask’ is a convenient one
for estimating initial exposure range and time for
aircraft flying essentially level. The terrain mask angle
is that angle of elevation at a specified range which has
a clear line of sight from the observing poin‘ to the
specified range. Figure 4-33 shows typical mask an-
gles™ versus range (for some terrain in Pennsvlvania).
Mask angles for a wide variety of terrain samples are
given in Cornell reports.”’

Initial exposure ranges and exposure times for fly-by
targets are shown in Figures 4-31 and 4-32 for 500
and 1000 meter altitudes and 6 degree terrain masks.
Six degrees was chosen as a "worst casg’,
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Figure 4-31. Cffect of Speed and Flight Path on Target Exposure Time

The principal observation is that at all speeds. ter-
ramn following aircraft are more difficult targets than
aircraft fiving level.

4.1.4.3 Pop-up plus Weapon Delivery Time

The appropriate tactic for a helicopter 10 use o0
capitalize on the short initial exposure range in the
nape of the earth flying at low speed is to approach its
target to within air-to-surface munition range under
conceazlment of terrain, rise just enough to obtain a
iree line of sight to its ground target, fire its arma-
ment. and then retreat behind terrain cover. This
would reduce its exposure time to the time to acquire
s ground target. aim. and fire; and in the case of
guided-all-the-way weapons such as TOW, to guide the
weapon in. Exposure time could thus be as short as
§-20 seconds. The target path. even during weapon
guidance, may be quite irregular.

4.2 SENSOR CHARACTERISTICS

This section discusses the characteristics of candidate
sensors which may be used (o obtain tracking and
surveiliance information for AFAADS. Emphasis is on
providing a basis for estimates of inputs to the predic-
tion function, rather than on the design of the sensor,
which 1s beyond the scope of this study. This section
does not consider the man as a sensor. Human opera-
tor performance characteristics are developed in Sec-
tion 4.3
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4.2.1 Operational Considerations

The combination of sensors to be instalied on
AFAADS depends on two decisions. each of which is
only partially amenable to the analvtical solution.
These are as follows:

a. The capability desired for AFAADS at night
and/or in inclement weather.

b. The autonomous surveillance and target acquisi-
tion capability desired for AFAADS. This in
turn depends on the quality and timeliness of the
alerting information transmitted to the fire unit
from the FAAR radars and other sources of early
warning information.

If AFAADS is highly effective by day but limited in
effectiveness at night or in bad weather, the enemy will
shift the weight of his attacks. to the degree that his
equipment permits. to these times of reduced AFAADS
capability. The capabilities of both the LS. Air Force
and Army aircraft to operate. locate targets. and suc-
cessfully attack them regardiess of night or weather.
are increasing very rapidlv. There is no reason to
believe that a technologically sophisticated enemy will
confine his attacks to clear-daytime operations. This is
precisely the enemy against whom AFAADS will be
required to defend. since 1t 1s unlikely that a technolog-
ically unsophisticated enemy will be able to maintain

o
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Figure 4-32. Initial Exposure Range

any significant air surike capability against US. air
power,

If AFAADS is only effective under clear-day condi-
tions. it will force the enemy to employ more costly all-
weather strike aircraft even though these will be unop-
posed by AFAADS except in clear-day operations.
However. if AFAADS has an all weather capability. it
will degrade enemy effectiveness under all conditions,
but at an increased expense of equipment to both sides.
We return 1o this subject in discussing cost-effective-
ness in a later section of this report. It is clear that the
decision requires good military judgement as well as
analysis.

In the foliowing paragraphs a wide spectrum of
sensors is reviewed. At the possible expense of convinc-
ing detail. only unclassified information is presented.

The most important sensor. man. is discussed in
Section 4.3, Human Operator Characteristics.

4.2.2 Types of Sensors

The numbers of types and ranges of characteristics
of potential sensors for AFAADS are extremely large.
and increasing with continued research. As a point of
departure for organizing a discussion of sensors, Fig-
ure 4-34 illustrates the usage of the electromagnetic
spectrum, the nomenclature. and the atmospheric ob-
structions to radiation as a function of frequency.*
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The atmosphere is relatively opaque to ultraviolet
radiation. The bands of interest for AFAADS include
the following:

a. Visual: €.3 to 0.8S micron,

b. Near Infrared: 0.85 to 2.0 microns.
¢. Far Infrared: 2.0 1o 1600 microns
d. Microwaves gbove 1000 microns.

Sensor svstems may be categorized as active or
passive. Active sensor svstems illuminate the target and
detect the refiected radigtion. The source may be con-
linuous or intermittent, and its emitted radiation may
be coded to improve discrimination of the refiected
signal from background noise. Passive sysiems detect
radiation emitted bv the target (such as infrared) or
radiation from the general background reflected by or
interrupted by the target (such as in the case of ordi-
nary visual observation).

To detect the target. its signature must lie in a band
transmittable through the atmosphere. and 2 detector
sensitive to the wavelength transmitted must be
availuble.

AU the tracker. the received signal may be tracked
either as a point source, or as a formed image. For
AFAADS. available radars will probably not allow
image generation: consequently, the target will be
tracked as a complex source with the attendant error
characteristics as discussed in a following paragraph.
The simplest forms (and least expensive) of IR trackers
are non-imaging trackers.

The first use of infrared for anuaircraft fire control
was based on tracking the target as a point source. The
US. Army Signal Corps originally contemplated using
the SCR-268 Radar as a device to put a more __curate
infrared tracker on target. Rapid radar advances less-
ened Allied interest in IR trackers. However. German
equipment. emploved in WWII for tracking aircraft by
near IR trackers. was capable of tracking piston en-
gined bombers, passively. 10 5000 meters.

Point source tracking may be done by scanning or
by monopulse methods. Scanning may be mechanical
or electronic. Since a scanning device compares signals
received at shghtly different times and compares am-
plitudes. fluctuations in signal strength. not associated
with scanner axis position, cause tracking errors.

Image forming systems may produce an image di-
rectly, by electronic scanning. or by mechanical scan-
ning. The eye forms an image directly. An imaging
tube can provide an image in the visible range by a
cathode. which emiuts electrons in proporuon 1o the
amount of visible or infrared radiation from the origi-
nal images projected on 1ts surface by the optics, and a
phosphor screen which is then stimulated by the emit-
ted electrons to recreate the image in the visual range.
The first tube of this type by RCA in the 1930s
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stimulated German and Japanese developments which
led to their WWII systems. While modern direct view-
ing image intensification systems are far more efficient,
the concept of forming a complete image without
scanning is similar.

Electronic scanning is based on modulation of a
scanning electron beam by an image projected on a
suitable surface whose resistance at each point is pro-
portional to the intensity of the IR image at that point.
The modified scanning beam then goes on to illumi-
nate a fluorescent screen, thereby recreating the IR
image in the visual range.

Mechanical scanning may employ very large num-
bers of small detectors to build up an image on a
viewing screen.

The very large number of ways of producing an
image from an IR detection device is illustrated by
Figure 4-35 (adapted from Reference 60).

Once an image has been formed, it may be tracked
manually or automatically. Automatic tracking de-
pends on image contrast. However, since the image
will normally have a good contrast against its back-
ground, the tracker can average between edges (for
example, by closing gates on the image to enclose it in
a rectangular box) and thereby track the center of the
box. Consequently, an image trucker should be less

sensitive to signal strength fluctuations than a point
source tracker.

Clearly, an identical process could be performed
without the intermediate stage of forming an image.
However, since the image can be examined by the
human operator, some recognition may be possible of
target type: or if more than one target appears, the
operator may select one. In ground fire, the image will
be necessary for target recognition, selection, and
aiming.

Acoustic sensors represent an additional category.
The speed of sound is too low to make these of much
interest as trackers. However, experiments indicate that
helicopters flying low will often be heard before they
are seen. Consequently, there may be a place for
antiaircraft acoustic sensors in the battlefield surveil-
lance system, if not in AFAADS fire control.

Table IV-13 summarizes the sensors considered to be
of principal interest for AFAADS and the information
obtainable from them.

4.2.3 Radar

In the following paragraphs, radar is discussed to a
degrec appropriate to estimating the characteristics of
the data which radar sensors may provide to
AFAADS. Bzcause AFAADS must track low altitude
targets, and since precision tracking is necessary, we

consider principally monopulse doppler radar. As
points of reference, the AFAADS surveillanc~ radar
may be considered to be S-band with; CSC* antenna,
two stacked beams, or possibly with frequency diver-
sity. The tracking radar might be K,-band with fre-
quency diversity.

The discussion of errors follows Barton closely, us-
ing expressions given in his texts.*

The two principal problems in obtaining precise
radar tracking for AFAADS appear to be associated
with ‘glint’ at all elevation angles, and ‘multipath’ at
very low angles only. Glint refers to variations in the
apparent angle of arrival of reflected signals from the
target caused by interference phenomena among re-
flecting elements of the target. Multipath returns at
low angles present the tracker with multiple targets,
from which it has difficulty in resolving the true target.

The standard deviation of the angular deviations in
apparent target direction caused by glint is approxi-
mately proportional to the angle subtended by the
target. How much of the power spectral density of
glint appears as tracker error depends on the band-
width of the tracking servos. A wide servo bandwidth
is desirable at short ranges to hold acceleration lag
within acceptable values. The bandwidth of glint in-
creases very roughly with the rate of angular rotation
of the target relative to the tracking line, and, hence,
with angular velocity of tracking. These two interact-
ing characteristics determine the fraction of the glint
spectrum which appears in the radar output.

Research is underway on'techniques to reduce the
effects of both glint and multipath on radar tracking
accuracy, and these are discussed in later paragraphs.

4.2.3.1 Radar Angular Accuracy

Radar angular error may be discussed (following
Barton) in the following categories:

a. Thermal noise.

Clutter and interference.
Multipath reflections.

Target glint and scintillation.
Quantization and array error.
Dynamic Lag.

Atmospheric propagation.

THR - 0 & 0o T

Monopulse network error.

Servo and mechanical error.

—

Figurc 4-36 is a well known representation of the
combined effects of sources a, d. e, g. h, and i on
angular tracking accuracy as a function of range®

The curve for a monopulse radar may be considered
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to be the square root of the sum of the squares of three
components:

a. Thermal noise:

0TI 1. Radians for SN >1
[(28/N)(fr/Bn)}

(4.58)

b. ‘Instrumental Accuracy’: an aggregate of sources
e. h. and i, which are expiessed as:
(4.59)

0. = constant ~0.10 mils

1
If source g is included, this value may be about dou-
bled.

c. Target glint (assuming no reduction in servo
system):

o, = 0.3¢ L[!D Radians {4.60)

g
The coefficient *0.35’ depends on the distribution of
scatterers assumed for a theoretical model. and if
possible, it should be obtained experimentally.

where:
] = radar beamwidth (radians)
S/N = signal to noise power ratio
f. = repetition rate (pps)
B. = servo bandwidth (cps)
L, = arget dimension (meters)
D = 1argel range (meters)

Figure 4-37 shows a typical power spectral density
function for monopulse tracking error in angle.

The bias component will be discussed separately in
terms of dynamic lags in target following. Thermal
noise exrends uniformly over the whole spectrum. The
figure illustrates short range operation (normal
AFAADS operating range). where the glint component
is large because of the large angle subtended by the
larget. At very long ranges, glint is submerged in the
_thermal noise, and performance is dominated by the
ratio of signal power to noise.

Equation (4.60) assumed that the sensor servo band-
width was wide enough to pass the full glint spectrum.
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When this is not the case, the estimate may be modi-
fied as in the following paragraph.

4.2.3.1.1 Power Spectral Density of Glint

Very few measurements of the characteristics of
glint have appeared in the open literawre In the
absence of experimental data under the radar-target-
flight path conditions of interest. it is conventional o
represent the glint power spectral density as:

oG* !
oy = —— 3 (4.61)
e+ (fifo)”
where:
f = frequency (Hz) and (f}) is
given hy:
oy -
= ...(-uuL A (4.62)
where:

w, = the angular velocity of rotation
of the 1arget relative to the
line of sight.

L = the target dimension

A = wave length

Barton's examples” are for cases where the sensor
servo passes the complete glint spectrum. However, the
object of frequency diversity is to spread the glint
spectrum so that part is outside the servo bandpass.

Barton's examples are also for rather slow targets:
since w, is proportional to target speed. we would
expect the glint specirum to widen for fast targets at
close ranges.

To the degree that Equation (4.61) is acceplable, we
can write the variance of tracking error after the glint

spectrum  has bheen modified by the serve as
approximately: - )
4 - df
9,” =/ o 3
s 1401 8n)”
14.63)
- ,5"

"% Bntie
Servo bandpass may be made a function of range
for reasons cited earlier; such as, low bandpass at long
ranges to improve signal to noise. and wide bandpass
at short runges 1o keep lag within bounds. Since angu-
lar lag is approximately:

S

J 14.631)

| -~ "
LJ" e tn
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and

where: D = range v = target speed, 8, might reasonably be
‘nade inversely proportional te D within some maximum and
minimum limits).

Sin¢e:

(4.64)
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then:

002
T T*(kvL/A)
where k is a constant. We expect, as before, that the
variance of tracking error caused by glint will have a
constant linear. as opposed to angular, value with
range, also that its value will be reduced by short
wavelength and high target speed.

g, (4.65)

The points to be made from the above discussion are
that for high target speeds. the glint spectrum may
extend outside the servo passband. Frequency diversity
is intended to increase the fraction outside. Servo gain
should be a funciion of range. To place all of these
elements in proper context for system evaluation. ex-
perimental data on the glint spectrum is necessary.

It is worth reiterating that if “instrumental’ error can
be held to 0.1 - 0.2 mil, a target with dimensions 3
meters in elevation and 15 meters in length might be
expected to generate a glint-caused angular error of 1.0
mil in elevation and 5 mils in azimath. It is hoped to
do much better than this for AFAADS and so consid-
erable effort 1o finding out how is desirable.

4.2.3.1.2 Lag Errors

Dynamic lag (error source ). resulting from track-
ing servo characteristics, wiil be considered explicitly




in the evaluation, to maintain the distinction between
slowly varying errors (lag), and rapidly varying errors
(effect of glint). Lag is given conventionally by the
expression:

L = (dAMO/K, +(d2AidCIK, + o (4.66)

where: A is angle and K,. the acceleration lag constant.
is related approximately to tracking servo bandwidth
by:

K, ~ 2582

4 n {4.07)
The above expression holds only when no regenerative
aid is provided to the sensor servos. Regeneration is
discussed in a later section. It offers some promise in
permitting reduced 8. (equivalent), thus reducing
glint-caused errors, yet not incurring undesirabie lags.

One of the practical problems associated with wide
servo bandwidths in positioning devices with signifi-
cant inerhia is the torques generated in the system at
high frequencies. Since torque is proportional to the
product of inertia and angular acceleration, high fre-
quencies in the system will be associated with large
torques, gear wear, and power dissipation in following
noise.

4.2.3.1.3 Use of Frequency Diversity

One method of reducing angular errors caused bz
glint is the use of frequency agility or diversity.®
Since the apparent direction of signal arrival from the
target is a function of frequency. frequency agility
increases the effective number of independent measure-
ments of target position in a given time.

In addition, frequency agility increases the ECM
resistance of the radar by denying the enemy the
possibility of concentrating all of his jamming power
at a single carrier frequency (spot jamming).

Some theoretical computations of potential improve-
ment in tracking accuracy with frequency diversity
suggest a potential improvement of a factor of 2.5.

Another approach to ‘ncreasing the information rate
1o reduce the effect of glint is polarization agility.®
Polarization agility is being investigated as a part of
the Army MICOM, Phase Return Error Program. The
MICOM program is reported to include:

a. Polarization agility.

b. Frequency agility.

¢. Combined polarization and frequency agility.
d. Adaptive signal processing.

A factor of 2 improvement in angular accuracy with
a pulse doppler conical scan radar has been noted by
polarization agility alone and the program is to include
mcnopulse doppler.

In view of the active research and development
program directed to reducing the effect of glint on
tracking error, it seems likely that by the time
AFAADS enters engineering development it will be
possible to include techniques which will allow a stan-
dard deviation of tracking error considerably less than
the 0.35 of target linear extent indicated for currently
operational state of the art.

4.2.3.1.4 Multipath Errors

The angular error introduced by multipath returns is
of major importance to AFAADS because of its em-
phasis on nape of the earth flying targets. The stan-
dard deviation of elevation error o . (radians) from
this source may be estimated from:

I (4.68)

Om = {0p} (BAS) 2radmns

where:

0 = radar beamwidth (radians)

ground reflectivity (voliage ratio)

> ©
" it

sidelobe attenuation power ratio

This has a maximum at an elevation of about 0.8 times
the half power beamwidth. and is negligible at about
four times this value. The important point is that the
effect is minimized by a narrow beam. thereby empha-
sizing the desirability of short wavelength radar such
as K,. A 1.8 cm radar with a |-meter dish should have
a beamwidth of about | degree.

As in the case of glint, research is under way to
reduce multipath errors. An approach® which has
demonstrated potential is signal processing based on
the recognition that the problem is one of discriminat-
ing between two targets (the real and the multipath
image).

No record has been found of experiments to reduce
the effects of multipath by physicaily constraining the
servo so that it cannot track an ‘underground’ 1arget.
This might be done with relatively coarse local terrain
data stored in the computer.

Azimuth muliipath is a lesser problem than eleva-
tion, and multipath introduces negligible errors in
range measurements.

4.2.3.2 Radar Range Tracking Accuracy

As in the case of angular tracking. the error in
measuring range may be considered in three catego-
ries; ‘instrumental.” glint. and thermal. The standard
deviation of the ghnt spectrum may be approximated

as:
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where: L is target range dimension.

Range following and readout may be by mechanical
servo, or completely electronic. The power spectral
density of range glint is estimated as having the same
form as that of angular glint. It is probably preferable
ta have a tight servo and perform range ana range rate
smoothing (if the latter is not obtained from doppler)
in the computer. ;

P

When range rate is obtained by doppler measure-
ment. glint again is a major error source. Its magnitude
Is estimated as:

op = 0.35(2Lw, /M) Hz (4.70)

convertiing to meters/second:
o,(m/sec) = of(Hz)()\/;‘) 4.71)
o, = 0.35 (w,L) m/sec 4.72)

At crossover where w, may be | rad/sec, o, can be
quite large. However, the remarks, made previously
about the bandwidth of glint and the possibility of
improving the data rate of uncorrelated signal samples
by frequency and polarization diversity, apply to the
above estimates. The remarks, about the desirability of
obtaining comprehensive measurements of the glint
spectrum, Zlso apply.

N\
4.2.3.2.1 Choice of Frequency

For reasons discussed previously. a short wavelength
is desirable for the tracking radar: subject to the
availability of transmitting equipment generating satis-
factory power, and the atmospheric and weather atien-
uation. Figure 4-38 shows atmospheric attenuation of
microwaves from the S-band down into the millimeter
range® The K,- and K,-bands are in the windows to
the left and right of the 1.5 cm, H,O-absorption band.

Attenuation due to rainfall is shown in Figure 4-39
as a function of frequency® Although drawn as con-
tinuous lines, the curves should be considered to apply
only in the windows of Figure 4-38.

A complete radar selection study would include an
evaluation of the frequency and duration of rainfall of
varying magnitude in operational areas worldwide. At
this point we show only a rainfall density function for
Washington D.C.# (Figure 4-40). which indicates that
light rain (attenuation in K,-band for 0.2 dB/km) is
exceeded only 97 hours per year. or 1.1 percent of the
time.

There appears to be no problem in obtaining equip-
ment of adequate power to utilize K, for AFAADS
tracking. The whole field of millimeter microwave
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Figure 4-38. Atmospheric Artenuation Due to Water
Vapor and Oxygen Molecular Absorption

equipment is advancing rapidly, but a comprehensive
evaluation would be required 1o determine the poten-
tial and feasibility of still shorter wavelengths for
AFAADS.

4.2.3.3 ECM

We consider briefly some of the considerations in
possible noise jamming of the AFAADS radars. ¢
The target aircraft may carry noise jamming equip-
ment which, beyond burnthrough range. would deny
AFAADS range information. A monopulse radar
could track very accurately on the noise source, and by
sharing angular information, several AFAADS fire
units could obtain target position by triangnlation.
This would be a relatively simple computation for the
computer.

However, a stand-off jammer (SOJ) would experi-
ence a number of difficulties caused by the geometry of
the problem. To be eflective at long range it must
inject its signal into the main beam of the tracking
radar, which is only | degree or less. As the radar
tracks the close-in target, its beam has a high angular
velocity; and since the SOJ aircraft must also remain
in this beam. an extremely difficult problem of coordi-
nation between the two aircraft is presented when
angular velocities are low and an impossible one when
they are high. If the target aircraft flies straight in at
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Figure 4-39. Anenuation Due to Rainfall for Various
Rainfall Intensities

the radar so that angular velocity is zero, the SOJ
aircraft may follow it; but by tracking the SOJ sourcs,
the radar will be within a degree of the incoming
target, and on such a course, range information is not
essential for prediction. Coordination of paths between
SOJ and attack aircraft further deprives the attacker of
freedom to maneuver, which may be unacceptable in
the terminal phase.

To summarize, the SOJ aircraft has the advantages
of high emitted power, high antenna gain if a steerable
antenna is provided, and one-way transmission. The
AFAADS radar has the advantage that the target is
closer than the SOJ aircraft. ECCM techniques such as
sidelobe reduction and cancellation may make noise
jamming ineffective except when injecied into the main
beam, and a narrow beam creates the coordination
problems for the SOJ aircraft as noted previously. The
use of frequency agility widens the band over which
noise must be transmitted to be effective.

One additional difficulty for the jammer is created
by terrain. If the attacking aircraft flies high, the
tracking radar beam has a rapid sweep rate in eleva-
tion. If the attacker flies nape of the earth, it will be
extremely ditficult for both 8QJ and attacker to stay in
the tracking radar main beam because of intervening
terrain obstructions.

4.2.4 Infrared Sensors

Passive infrared sensors have the advanlage over
active sensors that the target is not aware that he is
being tracked until he is fired upon. The signal
strength decreases only as the square of range, instead
of the fourth power as with active systems. The power
and weight of the IR system can be low compared with
radar. Because of the very short wavelength, IR has the
potential of very high resolution with a small collector
diameter. There are no side lobes. and no low angle
tracking problems.

Passive systems are difficult to jam, countermeasure.
and decoy. They have the capability (shared by visual
spectrum light intensification sensors) of night
operation.

Infrared. like visual techniques however. has the
disadvantage of being unable to penetrate fog and
clouds, although it has a slight superiority in haze
penetration over the visual spectrum.

Figure 4 41 shows the atmospheric windows for
infrared®

4.2.4.1 Target Emitted Radiation

IR signatures of aircraft targets can be found in
classified literature. Here we cite only an unclassified
reference® Detection depends on the emission from
the heated skin, hot engine parts and by the radiation
from the plume of hot gases from the engine. For
aircraft detection, the radiation from the heated parts
of the skin is more important than that from the
plume, except at frequencies where the plume has high
emissivity. The emitted radiation is proportional 10
both the emissivity and the blackbody radiance of a
part.

The parts near the engines are heated by them and
are strong sources of radiation. The hot nacelles and
air intakes give a strong contribution to the total
radiation from the front aspect. From the rear the tail
pipe dominates the radianon. However. at 4.3x the
plume radiation is stronger than that from the tail pipe
because of the greater area of the plume and the
emission from hot CO, molecules in the plume. At
supersonic speeds the skin may become so hot that it
dominates the radiation.

4.2.4.2 Non-Imaging Trackers

Non-imaging infrared trackers have reached an ad-
vanced state of development for antiaircraft missile
homing heads. They are small. lightweight. and of
relatively low cost. For a ground installation it might
be expected that. over AFAADS ranges, the tracking
error would depend on the distribution and relative
intensities of heated areas on the airplane. and the way
in which these vary with aspect. Depending on
whether the tracker scans. or compares direction of
signal source by a multiple detector arrangement. the
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Figure 4-40. Cumulative Distribution Function for Rainfall Rates at Washington, D.C.

effect on tracking error would be similar to that of
glint and scintillation on radar tracking. However,
since phase interference is not involved, the wander of
the point tracked by the ground sensor should stay on
the surface of the target (assuming that the plume is
excluded by optical iillering). and therefore, tracking
accuracy should be better than that obtainable with a
radar.

A non-imaging device also has the potential of
operating in a surveillance mode. After a 1arget is
detected. the field of view could be closed in for precise
tracking, or the 1arget turned over to a tracking sensor.

4.2.4.3 Imaging Trackers

Figure 4-35 indicated the wide variety of techniques
that are conceivable for infrared image production.

An air-to-ground passive-imaging device. operating
in the 8- 10 13-micron window, has been reporied
under development for the UH-1 helicopter AAQ-5
armament and control system. The system is described
as having 375 mercury-doped germanium detectors
that are sequentially sampled for vertical scan. with
mechanical/optical horizontal scan. The resulting pic-
ture has 375 lines.

A ground-hased version of this system is conceiv-
able. It would have the advantage of providing the
AFAADS gunner with excellent fair weather. and
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ground-to-ground capability in addition to the capabil-
ity of seeing air targets at night.

4.2.5 Direct Viewing Image Intensification

The Army has currently available for use a family of
night-vision sights including the starlight scope. a
crew-served weapons sight. and a night observation
device. They use image-intensification in the visual
range. i.e.. using light reflected by objects from star-
light, starglow, etc. A device of this family could be
mounted on AFAADS for surface fire at night in good
weather. Cost is relatively low, and it is anticipated
that simifar sights will be mounted on the majority of
Army ground-to-ground weapons.

4.2.6 Lasers

Capabilities and applications of lasers are develop-
ing so rapidly that an assessment of current capability
will be out of date by the time this report is printed.
and any rationally based forecast is likelv to be con-
servative because of the rate of appearance of new
information.

Lasers are currently available to operate within the
visible spectrum, the near infrared. and the far infra-
red. In particular. an He-Ne gas laser is available to
operate at 3.39 microns in the 3-3 micron atmospheric
window, as well as a CO,-N,-He gas laser which is
available to operate at 10.6 microns in the 7-14 micron
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Figure 4-41. Absorption Spectrum of Water Vapor

window. For both these windows, detectors have been
available for a long time.

A Ruby laser at 6943 A% is on the upper edge of the
visible spectrum, and a solid-state Nd-zlass laser is
available to operate in the near infrared at 1.06
microns.

The first generation of laser range finders is opera-
tional, with the low pulse rate considered adequate for
use against ground targets. Pulse rates. consistent with
ranging requirements in the antiaircraft problem, are
state of the art.

A problem with laser ranging on an aircraft target is
the narrowness of the laser beam required to obtain

A U e gt pery e A TH TR

satisfactory range within available power. The preci-
sion required of tracking with present laser beams and
powers is incompatible with the accuracy of radar
tracking.

There are three solutions: One is to increase laser
power and use a wider beam. Figure 4-42. which
shows how rapidly the available power of gas lasers
has increased over 4 S-year period.”’ suggests that this
solution is only a matter of time The second solution
is to build a laser tracker®** This would allow
precision angular tracking consistent with a very nar-
row laser heam. Such ‘optical radars’ are under devel-
opment and some equipment is operational in experi-
mental installations. The third solution is 1o increase
detection sensitivity.
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Figure 4-42. Gas Laser Power Growth During 5
Years

Methods of performance analysis comparable to
those used for microwave radar are in the literature®
including estimates of the spectrum of target “scintilla-
tion." as well as methods for computing probability of
detection, etc.

As noted earlier. since a laser can be chosen to
operate in an infrared region which is alsa desirable
for passive viewing. the option of having a tracker
with optional active or passive tracking modes exists.
This would allow. in either casc. the option of auto-
matic tracking in angle. under operator surveillance.
with greater precision than that which could be
achieved by direct manual control. or by radar. It
would be subject 10 the usual weather limitations, but
would be a day or night system.

The cost of a laser range finder alone will probably
be relatively low. The cost of an imaging system and
automatic iracking loop will probably approximate
that of a radar.

4.2.6.1 Lasers for Target Designation

A whole family of guided weapons for air and
ground launch is being developed with the capability
of homing on a target designated by a laser spot.
AFAADS should probably have this capability in its
ground role so that the capability of its gun in direct
fire can be augmented by supporting fire delivered

from aircraft or surface launchers to its rear. An
AFAADS concept, somewhat bevond the scope of the
present study. might contemplate an optical radar for
tracking and illuminating an aerial target. so that
firepower could be delivered by man-portable missiles
homing on the illuminaled target. and thereby supple-
ment the gunfire.

4.3 OPERATOR PERFORMANCE
CHARACTERISTICS

In this section we consider the capabilities of the
human operator as a component of the AFAADS
system. The operator’s abilities 1o detect targets visu-
ally. to identify them. and to track them are reviewed.

In all three categories, it is found that the man's
capabilities are marginal when compared with
AFAADS operational requirements. [t is concluded
that he must have assistance in initial target acquisi-
tion, to narrow his field of search. Optical magnifica-
tion will assist him in extending his range of visual
target identification, but positive IFF would eliminate
a serious delay in opening fire. In the tracking funciion
he requires assistance (regenerative tracking) to narrow
the bandwidth of the signal he is attempting 10 follow.
As a servomechanism. the man has an effective band-
width of only about 1 Hz which is 100 narrow for
conventional tracking controls. His precision of track-
ing is also limited by his visual acuity. so that moder-
ate (3X) magnification seems desirable for tracking

Whether all three activiues are performed by one
man depends on the design configuration and trade oflf
analyses.

There may be more than one man on the AFAADS
fire unit. For example. on a self-propelled version there
may be a fire unit commander. a driver. and a gunner.
A normal distribution of responsibiiity would be: for
the commander to assume the surveillance, identifica-
tion, and target designation function. for the driver to
support the commander in monitoring the radio net.
and for the gunner to acquire and track the target. and
fire the guns. Reloading could be done by the gunner
and the driver.

On the most austere version, such as a cne-man
mount, all of these functions would be performed by
the gunner.

From the point of view of assessing AFAADS effec-
tiveness. the most difficult operation to evaluate is the
performance of the human operator in tracking. and
this function 1s therefore treated in some depth. It is
the first subject taken up in the following paragraphs.
Target detection and identification are reviewed in the
last paragraphs of the section.

4.3.1 Operator Dynamics in Tracking

A great deal of work has been done in the develop-
ment of analytical describing functions for the human
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operator performing a tracking function. Most of this
work since World War Il has been based on operator
performance in tracking stochastic. as opposed to de-
terministic inputs. As the bandwidth of the stochastic
input is narrowed, however, the signal begins to have
characteristics resembling those appropriate for the
angular tracking of an airplane which will always have
some pertutbations superimposed on the analytic com-
ponent of motion as a result of flight roughness and
maneuver. The principal difference is the extremely
large excursions in angular velocity and acceleration in
the aircraft tracking problem, when the target is at
short range. Keeping ir mind the differences and
similarities. we are able to draw what we consider 10
be significant conclusions from the available experi-
mental data.

We will find that from a frequency response point of
view. the man is not a very good servo. However,
human tracking is important because this mode also
has the potential of more precise tracking than auto-
matic radar tracking; since at the shorter ranges, where
the target subtends a large angle compared with the
desired precision of tracking. the operator can attempt
to track a designated point on the target. For example.
the operator can attempt 10 track the junction of the
wing and fuselage; whereas a radar may wander over
the presented area of the target (or an even larger
area).

To realize this precision of tracking, however, ex-
treme care must be given to the matching of the
operator’'s control dynamics to the operator’s charac-
teristics. The most precise tracking might be achieved
by having two operators; one to track in azimuth, and
one in elevation. This introduces the problem of get-
ting both men on target initially. and the short engage-
ment time. Limitations on space in the mount probably
preclude this approach. Ore man tracking in both
coordinates may not track as precisely as two men,
each with a single coordinate. but he probably will
acquire the target sooner.

However. the principal problem in tracking 1igh
speed, close-in targets is that associated with the high
angular accelerations required to stay on target. The
operator is busy in both coordinates at just the time
when the target is closest. and most likely to be hit if
tracking is good. This problem may be ameliorated if
regenerative tracking is provided and if the dynamics
of the regenerating control loop can be designed 10
assist on courses which are capable of being regener-
ated. and not interfere on courses which cannot be
regenerated. More specifically, if the target flies an
unaccelerated course, the regenerative loop should al-
low the operator to zero his control in a few seconds,
and thereafter make only small corrections. If the
target weaves or turns, the regenerative loop should
still aid, by compensating for the mean target motion,
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but not degrade the operator’s ability to track the
residual target motion.

One of the arguments for imaging sights (TV, IR,
etc.). with automauc tracking. under conditions when
an operator could track the target, is that the servo lag
can be less than the lag of a human operator. (The
man is a | Hz servo in a 6 Hz world.) Tracking
accuracy with a gated edge tracker may be equal to or
better than that of the man. and tolerances o1 the
automatic tracking system can be established in pro-
duction. whereas human operators come in a wide
range of capabilities and r.. stivations.

However. from a cost point ¢ view it is advisable to
determine the system characteristics that best utilize
operator capabilities. Visual human tracking may be a
principal operating mode; even in an automatic sys-
tem. it will be a back-up mode.

Unfortunately for the development of precise track-
ing devices operated by human operators. man is a
highly adaptive controller. He has been put in control
of systems that would never have been considered, had
a servo been required to close the tracking loop. And.
unfortunately, controllability and precise tracking are
not necessarily the same thing.

All of the experimental data on tracking devices
indicate that a man performs the tracking function
best when his job is extremely simple. He does the
most precise tracking with a system in which there is
no phase lag between the control motion (or applica-
tion of force 10 a force controller) and the motion of
the sight. Some of the more pertinent experimental
results are summarized in later paragraphs. It is signif-
Icant to rote at this point, however, that the rate
control. almost universally used in tracking systems,
has been shown to be inferior to a position control:
and early ‘classical’ experiments showing apparently
contrary results have recently been shown to be in
error by Poulton.'”

To drive a mount, however. one needs a rate compo-
nent. A betler solution is aided tracking. in which the
operator’s adjustment of the control adjusts position (a
correction he sees immediately) and rate (a correction
which has a 90-degree phase lag). Against a constant
angular velocity target this method works very well. If
the time constant, defining the rapidity with which the
rate component builds up. is large enough. the tracking
unit feels to the man as if it were a simple position
control.

Aided tracking worked extremely well against the
low angular velocity and acceleration :argets of WWII.
AFAADS has a more difficult problem because of the
high peaks in acceleration and higher derivatives. As
discussed in the radar section. this problem is not
unique to the man: a conventional servo using only
angular information has the same problem.




The object of “unburdening’ the man thus leads us to
the requirement for regenerative tracking. in which we
take advantage of the fact that we can generate the
required accelerations and higher derivauves from the
principal component of target motion, ie.. constant
linear velocity, and use these regenerated components
10 assist the tracker. The denvatives of angular motion
associated with the process of tracking an unacceler-
ated target may be considered an artifact of the track-
ing process. By changing the tracking process. we
eliminate them (after a short setting ume) from the
operator’s job, and consequently leave him only with
the task of coping with actual target accelerations.

With this objective in mind, we list briefly the
charactenistics of the target motion.

Once the operator has acquired the target and ma-
nipulated the controls to get the cross hairs con the
target, the subsequent activity required of him and his
resuliing errors, depend on the discrepancy between
the rates generated by his tracking system, and the
rates generated by target motion.

The target motion. considered as a forcing function
on the tracking system. may be considered in the
following categories of components:

a. Deterministic. The target flies a straight line, an
arc. or some other theoretically predictable curve
for an extended period of time. Even when the
target 18 unaccelerated, the angular rates and
accelerations required of the tracking device are

effects on the tracking process of the shock and vibra-
tion caused by a gun firing and being carried on the
mount.

In this section the mount is considered o be simply
a tracking mount with a fixed sight. The more complex
case of a lead-computing sight on a gun mount is not
considered appropriate as an AFAADS solution. The
effect of shock and vibration of the operator is treated
in Section S.

It is necessary at this point to digress briefly to
define the range of options of control dynamics that
are pertinent to AFAADS.

The simplest type of control is on¢ in which the
displacement of the controlled member ‘C’ is directly
proportional to the displacement of the operator’s
control ‘P’; this is sometimes called ‘direct’ tracking or
‘position control’ and is described by:

C=X\ Y, = A (4.73)

In another frequently used type of control. the rate
of the controlled member is proportional to the dis-
placement of the control. ‘Rate control® is described by:

C=pP Y, =ps (4.74)

It was found during World War Il that tracking
accuracy of antiaircraft tracking devices was improved
over both (4.73) (4.74) when control laws were com-
bined: this was called "rate-aided’ tracking.

difficult to cope with at close passing ranges. where:

b, Stachastic. The target path is disturbed by rough Y SR pt A 14.75)
air. The irregular flight path caused by terrain C=alPeal oy, 5 o
~following may be considered as a stochastic com- . . -
ponent for analysis of the tracking process. C=uwP+rPr 73 Xg (+.70)

¢. Quasi-stochastic. The pilot deliberately produces
an irregular flight path by manipulating the
controls. The resulting path may consist of a
series of straight segments joined by arcs. a
sinusoidal weave, etc. The frequency content is
likely 10 be lower than in case b.

In order to develop a quantitative assessment of the
operator's capabilities in tracking, we summarize what
is known about his performance and interaction with
control and target dynamics in the following
paragraphs.

The elements of a tracking loop are shown in Figure
4-41. An operator manipulates a control which governs
the motion of 4 mount. The operator looks through a
sight fastened to the mount and operates his control to
keep the cross hairs centered on the target. The inputs
shown as "noise’ represent disturbances mostly uncorre-
lated with the target motion such as the aperator’s
inability to sense error and error rates perfectly, his
muscular tremors in operating the contro!. and the

and 7 had a value in the range of 0.2 1o 1.0 second.
Figure 4-44 shows how average tracking error of a
particular device varied with time constant v for a
particular class of inputs.”

As a basis for comparing control dynamics by in-
spection, they may be represented by their traces in the
phase plane. 1e..

v

Y, = i‘-\lw\‘l e .77
¢ I !

These phase portraits for the simple controls just
discussed are shown in Figure 4-45.

For position control the controlled member has. of
course, zero phase difference from the control.

For rate control the controlled member lags the
control by 20 degrees. Rapid control movements (high

w) have little immediate effect on the controlled

member.
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Figure 4-44. Tracking Error as a Funcuon of Time Constant

For rate-aided control the controlled member lags
the control by less than 90 degrees. and the higher the
frequency, the less the lag. In simpler terms, the opera-
tor sees the effect of an abrupt control movement
immediately.

Figure 4-45 also shows a phase portrait for an
acceleration control for which there is a 180-degree lag
at all frequencies:

I , Ti 1.78
C=nP:Yp=—% (4.78)
$2
The French SS-10 wire-guided missile responds as an
acceleration controlled device; it is known to be con-
trollable. but only after considerable operator training.
A way of improving acceleration control is to combine
it with rate and position. i.e.,
5
o - Nt us +hs”
C=nP+uP+>P Y, = 3 (4.79)
<

thereby yielding the final phase portrait as shown in
Figure 4-45. A good deal of experimentation with this
type of control was done at the MIT Radiation Labo-
ratory during World War Il. The data are not currently
at hand. but the acceleration component in the Radia-
tion Labaoratory tests is believed to have degraded
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tracking accuracy somewhat over simple rate-plus-
position.

It was concluded from these early experiments that a
desirable control introduced no more than a 90-degree
phase lag beiween operator and controlled element,
that a zero phase lag for high w was desirable. and
that large phase lags should be allowed to occur only at
low w, if at all.

The improvement in tracking. possible by modifying
rate tracking with a phase iead network thereby ob-
taining the ecuivalent of rate-aided tracking. was
demonstrated in 1962 by Frost'' in a rather spectacu-
lar experiment. His optimum transfer funciion was:

Yo ® us 5Ty (1 +sTa) (4.50)

Of particular interest are the questions of whether
these early findings have been substantiated by the
experimental work performed since WWII and
wiether further quantification of the operator per-
formance 1s possible. We find that a positive answer
can be given to both questions as dJeveloped in the
following paragraphs.

As noted. most of the post-WWII work has been
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Figure 4-45. Phase Relationship of Various Types of Controls

done on non-deterministic input functions. Since origi-
nally the object was 1o prevent the operator from
learning the course. the input functions were composed
of several randomly phased sine waves. It was then
discovered that with a larger number of these sine
waves (such as ten), the analytical process cf deriving a
quasi-linear describing function for the operator’s
response was greatly simplified. Most work has been
done with this kind of input, as pioneered by Tustin,
Elkind. McRuer, and Krendel.

A good deal is now known about how to represent
the man as an equivalent linear system in the tracking
function. For the types of inputs described previously,
it has been found that when the input has liule high
frequency content and the control is either of the
position or rate types. almost all of the operator’s
response can be described by a linear describing func-
tion. The portion of his response which 1s not lincarly
correlated with the input, or ‘remnant’ (a term intro-
duced by Tustin), is very small.

The operator's response can be further rationalized
in servomechanism terminology. He must cope with an
inherent 1ime lag of about 0.2 second. He can adjust
his response as if he had an internal compensatory
lead-lug network with adjustable parameters. He ad-
justs his gain to maintain loop stability. In this termi-
nology. the man can function as a non-linear adaptive
servomechanism as the nature of the input signal
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changes. However, and fortunately for most of the
currently available analytical tools. most of the man’s
adaptive setting of his operational parameters is re-
lated 10 the dynamic characteristics of the sys’em he is
controlling and these settings are less sensitive 1o the
characteristics of the input function.

A direct attack was made on the non-linear aspect of
the man's performance in the antaircraft tracking
problem by Rosenberg and Siegel.

It is unfortunate that their study was constrained by
limited funding from reaching the uefinitive results
that would have been directly applicable to the
AFAADS problem.

4.3.1.1 interaction of Man and Control

The most illuminating exposition of the difference
among the three basic control types, position, rate, and
acceleration, is furnished by showing how an operator
responds to a step input with each type® This is
shown in Figure 4-46.

The operator’s delay of about 0.2 second is apparent
in all cases. The position control provides the most
rapid response. The acceleration control is not only
slow. but oscillatory.

Fisher was able 10 reproduce the results of Figure
4-46 with a computer simulation of the man. using the
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Figure 4-46. Comparison of Response to Step-
Function Manual Tracking; Three Control Laws

describing functions obtained by stochastic nput ex-
perimentation. A similar finding for a ramp input is
reported by Young'® This is the basis for the prior
statement that the operator’s describing function de-
pends more strongly on the control than on the input.

The quasi-linear describing functions obtained with
stochastic inputs, together with the performance of the
operator against such inputs with a wide variety of
control types. are shown in Figure 4-47 as phase
portraits, some of which include almost a 270-degree
phase lag in the control”*76%%

The input could be described by a reciangular spec-
trum defined by its cut-off frequency, supplemented by
a shelf of much lower amplitude. The shelf is extended
10 higher frequencies to facilitatc computation of the
operator’s describing function at higher frequencies
than those represented in the conspicuous portion of
the input.

This type of input has some reievance to the antair-
craft tracking problem because of the stochastic com-
ponents of airplane motion noted in earlier para-
graphs. In the experiments with the control dynamics
shown in Figure 4-47, the operator manipulated a
small control stick and observed a CRT display. The
experiment was designed to compare ‘pursuit’ tracking
(where the operator pursued a moving target over the

face of the CRT with a moving reticle) with ‘compen-
satory’ tracking (where he attempted to zero a simple
spot). Differences between these modes were, in gen-
eral, small compared with the effect of control
dynamics.

For the same nput spectrum (the function that the
operator attempted to follow or zere-out) the numbers
in the boxes in Figure 4-47 show comparative mean
square tracking errors. for compensatory tracking,
which corresponds to the antaircraft tracking
problem.

Control dynamics were as shown in Table [V-14*

The World War 11 generahization that "the greater
the phase lag in a control. the poorer the tracking' is
confirmed. For phase lags approaching 270 degrees,
the error variance is eighteen times as large as for
position tracking. thereby corresponding to a standz.d
deviation oi error over four times as large.

To see how the operator response adjusis to the
dynamics of the control he is operating, we now look
at the operator describing (unctions derived from these
experiments.”” °*** Since we are only interested in low
phase-lag controls for AFAADS. we confine our atten-
tion to position, rate, and acceleration controls.

Following servomechanism practice, it is now con-
ventional to depict the describing function in terms of
the open-loop gain and phase. Since it has been deter-
mined by experiment that the operator tends to adjust
his own gain in inverse proportion to the gain of the
control, so that the product is constant, most gain-
phase (Bode) plots present the operator describing
function Y, combined with the control transfer func-
tion Y.. as Y,Y..

Characteristic forms of Y,Y. are shown in Figure
4-48 in terms of absolute amplitude and phase as
functions of frequency. T'he input function from which
these functions were derived had a rectangular spec-
trum with cut-off frequency at 2.5 rad/sec. The forms
are shown for the three basic control types: ‘pure’
position. rate. and acceleration controls.

According to conventional feedback control theory,
system stability requires positive phase margin at gain
‘crossover,” i.e, where YY. = 1.0. It can be seen by
inspection that this is true in Figure 4-48. However,
phase margin at crossover is least for the acceleration
control.

In Figure 4-49 the control characteristics have been
removed to show operator phase and amplitude. Here
the fact that the operator provides phase lead in the
case cf acceleration control is obvious.

To a very close first approximation, it has been
found that. above a threshold of display gain. operator
rms errors are proportional to rms input and therefore.
performance can be normalized by taking the ratio of
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Figure 4-47. Effect of Control Dynamics on Tracking Error

rms errors 1o rms input. Table TV-15 shows the nor-
malized overall mean square errors (0%, /o). the com-
ponent associated with the linear portion of the opera-
tor's response (0°,/?). and the remaining component
or ‘remnant’ {o’./o?). These values™ are for rectangu-
lar input spectra with cut-off frequencies as noted, and
for four sets of control dynamics. The rapid increase in
error with high frequency component of input, as
defined by the cut-off frequency of the rectangular
input spectrum w., is evident. The most accurate track-
ing in Table IV-15 corresponds to 0.10 inch on the
tube, or a 3.4 miliradian angle subtended at the opera-
tor’s eye. This is not good enough for AFAADS, and
will be discussed later under ‘Display Gain.'

Now, what does all this mean in terms of the man's
performance in the tracking loop. Again following
servomechanism practice, we can convert the open loop
describing function to the closed loop response and
show output/input ? and error/input ? as a function
of frequency.'® This has been done for Figures 4-50
and 4-51.

It can be observed at once that position tracking has
a wider bandwidth {as expected). but rate and accelera-
tion tracking do a bertter job of reducing error at low
frequencies (as also expected). To attempt to obtain the
best of both worlds conclude that we should use the
equivalent of rate-aided tracking in the expectation
that such a control will perform like a position control
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at high frequencies and like a rate control at low
frequencies. Unfortunately only limited modern Bode
data on rate-aided tracking controls is available *

One more conclusion can be drawn from Figures
4-48 through 4-51: the widest bandwidth that can be
attributed to the man functioning as a servomechanism
is only slightly over | Hz (2m radians/second). We
know from our prior examination of angular tracking
lags in the case of radar (Secticn 5.3.1) that even 6 Hz
is marginal for this problem. And so we again come
back to the need to narrow the bandwidth of the
operator’s problem by providing regenerative tracking.

Why is the man limited to | Hz? The upper limit of
rapidity of his response is set by his biological delay
time of about 0.2 second. One might draw an analogy
with a mechanical servomechanism, whose upper limit
of frequency response is determined by the torque/
inertia value of the motor: a limit that can be ap-
proached but not exceeded by compensating networks
in the control.

The effective gain that the man can use depends on
the requirement to keep the tracking loop stable. If he
1s following an input signal with wide bandwidih, he
attempts to minimize the lag in his response (above the
irreducible minimum), but this limits the maximum
gain he can use and keep the loop stable. For a low
input bandwidth he can respond less rapidly. but use
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Table IV-14.

Comparative Mean-Square Tracking Errors for Compensatory Tracking

Conhguration

A L
i
B K.'s
-
5
C Ku(sOO.ZS);‘(s#S)'

K s
¢

V)

I- K. «s0.5
s
K. /s(s-1.0)

G K ists-1.5)

"
{rms Error)©
w = 1.5 Rad Sec Type
0.04 Pasition tracking
0 nss Rate tracking
0.08
018 Avceleralion
tracking
0.30
0.38
0.78

higher gain; and the higher gain results in reduced
error.

Elkind showed that with position tracking™* the
operator’s describing tion could be represented as:

Yp

Kpv (1+5Tp (4.81)

where 0.2 second. As input bandwidth was de-
creased, the operator increased gain K,, and lag T/, 1o
maintain loop stability in such a way that the ratio:

Kp/Tl ~ constant = Y rad/sec.

K, in turn increased about inversely as the square of
the effective bandwidth of input. In the limit, the man
functions as a rate controller operating on a position
control. This explains the apparent anomaly of how an
operator with the given transfer function <an eliminate
a sieady state position error after 2 step input, as we
k ‘ow ke does in practice.

For rule-of-thumb estimates of the lag of the opera-
tor as related to input velocity and acceleration, we can
use the slope methods of estimating K, and K, from
the open loop transfer function. For example, in Fig-
ure 4-48 we observe that the Y.Y, curve for a rate
control has a uniform slope of 20 db/octave and
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intersects the zero db axis at about 4.5 rad/sec, corre-
sponding to K, = 4.5 sec’. McRuer has determined
that the crossover frequency is almost independent of
forcing function bandwidth (Reference 75, Figure 75),
which is a helpful generalization for our problem. By a
similar graphical procedure one can obtain both K,
and K, for rate-aided tracking from Russell's experi-
mental data (Reference 75. p. 121) for which we find:

Aiding ratio

Time constant i K__a
1 sec 10 sec’! 9 sec'i
0.5 sec 10 sec" 9 sec’

Considering the stability in crossover frequency
noted by McRuer over wide changes in input band-
width, we are inclined to feel that the above values will
give us good estimates of the operator lag in the
AFAADS tracking problem, for the nonregenerative
tracking mode.

We have one final observation to make about the
AFAADS tracking problem. and that is based on a
display of its frequency content. Suppose that we
obtain the power spectral density of a pass course. and
multiply it by the transfer function of the control. so
that we obtain the power spectral density required of
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Figure 4-48. Comparison of Open-Loop Transfer
Function of Operator Plus Control for the Three
Control Laws

the operator’s contral motion, if he is to track per-
i fectly. A measure ot the difficulty of the problem will
E be the fraction of the PSD thar falls above about 1
! radian/second. We can obtain this as follows:

If a specified function of time f(t) is converted to a

] frequency function G(jw) by the Fourier transform:

: =

: Gljw) = j eIl f(ty dt (4.82)
¢ ‘s

and the input is applied to a linear system with trans-
fer funcuion Y(jw). the frequency function describing
the system output is:
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Figure 4-49. Amplitude and Phase of Operator's
Describing Function for the Three Control Laws

Go(jw) = G(jw) Y(jw) (4.83)

and the distribution of power across frequency is given
by:

- 3
IGytiw)l® = IGGWIlT VG (4.54)
Note that this has nor been normalized by dividing by

time.

Azimuth Tracking. Angular velocity in azimuth as a
function of time from the point of closest approach to
the tracking unit (unaccelerated target). is given by:

it e i e V- St
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Table IV-15. Error Variances for Various Control Laws

Wi
; 2,2 2,2 2,2
L Rad/Sec o./0; °p’°| gl
1.5 0.04 0.03 nol
KC 2.5 0.05 0.044 0.006
4.0 0.12 0.09 ©03
LS 0.085 0.035 0.020
K, X 0.08 0.06 0.02
s 4.0 0.25 0.16 0.04
K 1.5 0.18 0.08 010
- 25 0.23 0.16 0.0
s 40 0.80 0.58 0.2
K,(540.25) LS 0.08 0.08 0.03
-3 2.5 0.10 0.03 0.08
(5+39) 10 013 0.11 00
NOTES: a. Stick Control. 30-degree Range.
b. Oi = 1 2-inch.
¢. Eye to Scope Distance = 29 inches.
d. 0.10inch =3.4 mils.
N6I%-363
VR, where:
&= 3. 33 (4.83) s
l{I'l'l— AL Al RO -
ue =1 +(R—) (4.90)
A v m
2 A== (4.86) We are interested principally in cases for which g
7.9 R -
1+ At m >> 1.0. hence:

The tracker is unlikely to track beyond some maxi-
mum range. Let the probability of tracking at a range
R be:

1

1 +(R/RC)2

(RE= R 24V a8))

Then the Fourier transform of the time function of
azimuth rate 15:

E 1 Adt
G(jw) =_[ et
¢ Yo ,+(.Rﬁ>2+(f_’ﬂ>2)\zlz 1A%
RC RC
(4.88)
nga] | me
- H
B R W (4.89)

:mei
f——
G(jw)‘:*r:e' v (4.91)
and:
'Zme;
Gljw)? = 2e! v | (4.92)

Control position *C" is related to azimuth angle a, of
the tracking device by

(4.93)

a = Y.C

Table TV-16 gives ¥ and 1/Y. for a number of
control laws. The latter function. multiplied by
G(jw) ? gives the relative power in the spectral den-
sity of control rate as a function of frequency.

The spectral content of azimuth velocity for two pass
courses is shown in Figure 4-52. The value R./
v = 2/3 sec corresponds to the most difficult
AFAADS course. By comparing the frequency content
against Figures 4-50 and 4-51. we note that substantial
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Figure 4-50. Error Comparison. Linear Portion of Human Operator's Response

power is present at those frequencies where the human
performance is expected to deteriorate. Applying the
transfer funcuions for rate tracking, position tracking,
and aided tracking (Figure 4-53), we note that in terms
of the frequency content of the control motions re-
quired of the operator. rate tracking intensifies the
high frequency content. Both rate and rate-aided track-
ing eliminate the low frequency content, but that is the
easy end of the spectrum for the operator.

Again, we conclude that a direct attack must be
made on reducing the high frequency content of the
input function and this leads again to regenerative
tracking.

Discussions thus far, have been principally con-
cerned with the portion of the operator’s response that
can be linearly related to the input function by a linear
describing function. We have noted the experimental
findings that when the input is not too difficult and the
control is docile. the component of error not described
by this linear relationship is very small compared with
total error.

However. if we succeed in almost completely unbur-
dening the operator in the limit, this ‘remnant’ may be
the dominating determinant of our system perform-
ance. The following paragraphs review what is known
about it.

104195 relates it to the total

A recent study of remnant

variance of tracking error in the system as seen by the
operator. For position tracking, remnant is reliably
represented as white noise out to at least 20 rad/sec,
down 20 dB in density from the error variance (i.e..
the remnant PSD divided by ¢’ is 0.01 per rad/sec).
For rate tracking. the PSD starts at a shghtly higher
level, but breaks at about 3.3 rad/sec. so that:

Semni0e® = 00351 +.09w%)  (4.94)

i
rem’?

The model argues that the source of remnant is in
the operator’s perception of error and error rate, rather
than in his hand movements in operating the control.
Noise in neuromuscular dynamics is subsumed in these
error processes. and so the effect of control scale factor.
for example. does not appear explicitly.

Earlier experiments with less precise experimental
measuring equipment”®, as well as WWII experiments.
however, indicated that when tracking can be done
accurately, the scale factor of the control should be as
low as possible (ie.. large movement for given correc-
tion) to minimize errors resulting from sources in the
neuromuscular dynamic component. The effect appears
as a reduction in the fractuion of operator response,
which is explainable by the linear model. as control
sensitivity is increased. It has been noted that the
operator controls his own gain. so that the product
(operator gain) times (control gain) equal constant.
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Table IV-16. Transfer Functions of Control Motion Referenced to Input
12
Control Type Y . |f| w tor Peak Power
hl
Position K¢ VR 0
Rate K.'8 w* KL.: A
Avceleration KC-'Sz L"‘4 Klz 3
,‘ hj H hl Al
Rate-Aided Kc\l'r—]- €L |-‘«—l’~| AT
ST .3 3o~ ]
k;' l+w-T-~
M6TE-46K

The result is that the operator describing function is
hardly changed by control gain increase. but the rem-
nant is increased. (About as K’?. from some rough
estimates of the published data).

As tracking becomes more precise, it is also probable
that remnant approaches an asymptolic minimum
rather than retaining a constant proportionality to total
error, so that control scale factor is increasingly impor-
tant as tracking becomes more precise.

An apparently contradictory finding has been pre-
sented by Beare and Kahn'® who show error increas-
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ing with rate of control motion. However in their
experiments, control changes in input amplitude and
velocity changes are of much larger variation: so that
the single effect of conirol sensitivity appears only in
their analysis of variance. and not explicitly in their
figures.

If we can succeed in providing a precise tracking
instrument for AFAADS. with minimal bandwidth of
input. the tracking error may be expected to result
principally from the visual acuity of the operator, and

]
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the characteristics of his manipulator (scale factor,
spring centering. displacement versus force type, etc.)
as reflected in neuromuscular *noise.’

In following sections. the characteristics of manipu-
lators are reviewed as well as the effects of visual
acuity and magnification on the tracking process. How-
ever. before turning to these topics, we review briefly
some experimentally determined expressions. for man-
ual tracking error. based on data acquired by tracking
aircraft targets in real life. and comment on them in
the light of our review of operator characteristics to
this point.

4.3.1.2 Experimentally Determined Visuas!
Tracking Errors
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The following three expressions have been given for
manual tracking errors (Lockheed/Eglin)'®; where 8
= angular velocity in mils/second.

a. Local Director. optical sight, low inertia mount
(7.0 + 0.11 8 mils)

b. Gun tracked with iwo handwheels. (2 manj (3.5
+ 0.02586 mils)

¢. Remote control director with optical tracking
(0.5 + 0.025 @ mils)

The data base and conditions of experiment have
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Figure 4-53. Spectral Density of Angular Velocity of Control Motion

not been obtained, and so the explanation of the
functions can be only conjectural at this stage.

We suggest three hypotheses which should be exam-
ined when data are available:

a. The quasi-linear model of the man is satisfactory
with constant K., K,, etc. This is consistent with
the coefficient of @ equal to 0.10; but not with the
smaller values, unless the man introduces a lead
component in his tracking function.

same tracking region, the effect shown as velocity
might be an acceleration effect.

The man sets his tolerance on tracking precision
by the apparent target size. ie. as long as the
tracking cross hair is on the fuselage he feels that
he s tracking satisfactorily. We examine the
consequences of this assumption in the following
paragraphs.

Assume that angular tracking errer has a standard
b. The man is able to eliminate velocity lag by deviation proportional to target dimension in the rele-

introducing lead in his response. but he cannot
eliminate acceleration lag. Since high accelera-
tion and high angular velocity occur in about the
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vant coordinate. Let the effective value of this dimen-
sion be L. and consider azimuth tracking. The standard
deviation of the error is. in angular units:

Rl




Yty = 1000 (L D) sec ¢, {4.95)
Thus f L = § meters, and Deos ¢, = 200 meters, then
Tmils = 25 myls.
We may also consider that L, the longitudinal dunension
of the target, should be projected into the plane perpendic-
ular of the tracking line, in which case:

Omils = 1000 (L Disina cose, (4.96)
Now consider the expression for rate of change of an
muth angle, which is:

a, = daO dt = (v D)sin a,cose,

v = target speed (4.97)
Combining (4.96) and 4.97) we obtain:
Tmits = (Lvya, . where a, is m mils-second
(4.98)
It L = 5 meters, and v = 200 meters/sec, then:
Oty = 0023 a, (4.99)

This is the same coefficient obtained from the secon* and
third expressions for visual tracking data.

4.3.1.3 Maenipulator Types

The types of manipulators available for a human
operator tracking in two coordinates include: Handle-
bar, Suck. and Ball

The former two may be (ree-moving. spring-re-
strained. or a ‘force’ type. The “force’ tvpe generates an
output signal proportional to the force or pressure
exerted on (b

As noted earlier for movable controls. the experi-
mental evidence supports the objective of having the
largest possible manipulator deflection for a given
response signal. Since the total travel of a suck or
handlebar is limited. non-linear relationships bhetween
motion and response are often used. This allows pre-
cise tracking at jow velocities at the expense of high
velocities. ilowever. high angular velccities occur less
frequently. When the mount is slewed at maximum
velocity to get on target imitially, no precision is
required.

The ball control tinvented hy Frankford Arsenal)
can have any desired scale factor. Furthermore. it has
the distinct advantage 1n a two-dimensional tracking
problem that 1t reduces the problem 10 one 1n g single
dimension from the point of view of the operdtor so
that he simply moves the surface of the ball in the
direction he desires to make a correction. The Frank-
ford Arsenal ‘Duster’ fire control was intended to have
a stick control Tor imitial target acquisition and a ball
for precision tracking.

464

Experiments ' irdicate that the force control

provides at least equally accurate tracking to that of a
movable stick or handlebar. which is fortunate since its
desirability from an engineering point of view makes
it a design engineer’s choice. The operator’s describing
funcuon is nearly the same if the control output is
expressed 1n terms of pressure on the control for a
force controller: as compared with control movement
for a movable control manipulator

4.3.1.4 Effect of Magnification in the Optical
System on Tracking Error

This section addresses the effect of magnification in
the optics of the visual sight on operator tracking
accuracy. Tracking errors may be considered to arise
from two sources: the dynamics of the target motion
and the control. and the ability of the operator to
resolve small tracking errors. The latter is related to
visual acuity.

Many experiments in tracking an oscilloscope dis-
play indicate that display gain. which corresponds 1o
optical power, has a threshold type of effect on error.
Once gain is raised above some value, further increases
do not reduce tracking error. For high display gain
and stochastic inputs, variance of error is very closely
proportional to variance of the input signal.

Errors which arise from system dvnamics are consid-
ered in prior sections. This section considers the com-
ponent of error which varies with magnification

Relevant experiments vary widely in instrumentaticn
and method. Some of the more significant are summa-
rized. It appears that for optical tracking one mav
write for the standard deviation of tracking error:

9, = (0 60:".\1)+od mils (4.100)

where o is the standard deviation of error resulung
from dynamics.

If the system objective for tracking accuracy is of the
order of 0.50 mil. therefore. some magnification is
desirable in the optics. M = 3.0 appears to be a
reasonable value. The interaction between magnifica-
tion and mount vibration needs to be investigated.
since vibration may preven: the indicated gain from
being realized.

If o 1s the order of several mils. there is no point in
using any magnificaion other than M = 1.0: from
the point of view of tracking accuracy.

Oscilloscope tracking experiments indicate that mag-
nification. measured in terms of linear displacement on
the tube face per unit of input, affects the tracking
process as a threshold effect. Above the threshold, error
depends on the function being tracked and the control.
but not magnification. Below the threshold. the stan-
dard deviation of error approaches a constant linear
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value on the display, and hence is inversely propor-
tional to magnification when referenced to the input.

In an investigation by Seidenstin and Birmingham®
of the effect of display gain on accuracy of oscilloscope
tracking. both electronic gain (on the display) and
optical gain (by changing the distance of the operator’s
eye from the tube) were studied. It ‘vas found that both
gains had the same effect, and that the data could be
aggregated in terms of their products. The improve-
ment in accuracy was less than the inverse gain. A
replot of the results indicates that the error could be
expressed as:

o =a-b/G
where a,b are constants and G is gain.

(4.101)

A more recent experiment in which display gain was
varied is that of Baty.""® In this experiment a stochastic
input was used and referenced as a signal to noise ratio
(S/N) with respect to the assumption that visual noise
corresponds to visual acuity with a standard deviation
of 1 minute of arc (0.3 mil). Tracking was accom-
plished with a rate control. and the scope was 50 cm
(19.6 inches) from the operator’s eye. Figure 4-54
shows Baty’s results replotied for three bandwidths of
the forcing function. We note first that in Baty’s
experiment, the asymptotic minimum error on the tube
face was only 0.008 in. and secondly that magnifica-
tion reduced error until the signal had a 10 mil input
excursion at the operator’s eye. corresponding to a S/N
ratio of about 33.

If we suggest that the standard deviation of error.
can be expressed as:

0.2

. (4.102)

= -2 2
=0, +Ko‘-
or:

(4.103)

+ Ko,
0, = 05+ Ko,
we find that the latter expression fits Baty's data better.

and vields:

ae(mils) = 0.37+0.094 oi(mils) (4.104)
Consequently, we find an absolute minimum error at
the operator’s eye of about 0.40 mil; about the same as
the value usually given for visual acuity.

A WWH report'’® on tracking, through optical sys-
tems of magnifications 1, 6. and 20 for which the
target type is not at hand, gave the results shown in
Figure 4-55. These results indicate that error can be
expressed as:

E(mils) = (0.62/M) + 0.20 mils (4.105)

A recent Aberdeen experiment, ' intended to de-

velop maximum precision tracking for laser experi-
ments, used a 248-inch focal length optical system for
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Figure 4-54. Companson of Relative Error with
Observed Error versus Display Gain

tracking a 100-129 mph target at ranges at which
azimuth rate was about 0.50 degree/second. A target
painted on the side of the aircraft was tracked. Bore-
sight errors were a major problem. and systematic
errors over a run varied. between runs, from near zero
o as much as 0.29 mil. Standard deviations about
these means were in the range of 0.07 to 0.25 mil:
indicating that precision angular tracking can be ob-
tained operationally.

If we are seeking fractional-mil tracking accuracy
and succeed in ‘unburdening’ the operator by provision
of a good regenerative tracking syvstem. the limiting
accuracy seems likely to be a value which is closely
related to the visual acuity of the operator. It seems
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with the optics described previously determined the
angular thresholds for seeing small black matte targets
against terrain background and against an empty- field
background. This experiment provided the following
results:

Terrain Emprty Field

Optical Svstem Background Background
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Figure 4-55. Variation of Tracking Error with
Magnification

likely that some magnification will be required in the
system to reduce this error 10 a magnitude coasistent
with the overall error budget. A magnification of about
3.0 seems consistent with this objective. The effect of
vibratior as a function of magnification needs 10 be
investigated.

4.3.1.5 Detection and ldentification

Another aspect of magnification is the range at
which targets can be detected and identified. Many
factors affect these ranges. and the present discussion
will be limited to very good viewing conditions, which
should provide upper limits. Figure 4-56 shows the
ranges of detection and identification of an F-86 air-
craft flying at 250 knots and an alvitude of 3000 f1 at
Yuma Test Station, Arizona. The monocular viewing
devices were fixed, and the observers field of search
was the field of the fixed optical device. This is shown
in Figure 4-57. One would expect the range of both
identification and detection to increase as the square
rooi of magnification under these conditions. This
expectation is confirmed by Figure 4.57, with the
expection of the 3X optic. which was much better than
expected. No explanation for this was found.

Visual acuity was indicated to b a critical parameter
in the discussion of the effect of magnification on
tracking dccuracy and display gain. An experiment

2'y and 3 power 0.12~0.18mil | 0.11 -0.13 mil

1 power optics 0.47 mil 0.45 mil

Bare eyes 0.26 mil 0.22 mil

(binocular vision)

In a comparison of 6 x 30 binoculars with the
unaided eye in the observation of a variety of aircraft
types including both prop and jet aircraft, it was found
that mean dJetection ranges (under optimum Texas
sighting conditions) were from 8600 to 13.000 meters.
and that the detection ranges with binoculars were not
consistently different from those with the unaided eye.
In this experiment. the observers had about 5 minutes
warning and knew the approximate direction of ap-
proach to within about +15 degrees. Tentative recog-
nition was at 4 10 6000 meters with the unaided eye,
and 5 to 8000 meters with binoculars. Positive recogni-
tion was at 2 to 3000 meters with the unaided eye. and
3 10 5000 meters with binoculars.

When the sector assigned to the observer was further
widened, both detection and identification ranges de-
creased drastically for the unaided eye. Other experi-
ments were conducied over very flat terrain (near Gila
Bend. Arizona) under conditions of excellent (15 mile)
meteorofogical visibility. T-33, F-86, and F-100 air-
craft were run in at 400 knots, and ranges of detection
and identification (regardless of whether right or
wrong) were recorded. The sector assigned to an ob-
server for scanning was a parameter, and varied from
45 degrees to 360 degrees. Airplane altitudes were
either 500 or 1500 feet.

Figure 4-38 shows the cumulative distribution of
detection probability as a lunction of range. and Fig-
ure 4-39 shows the same information for identifica-
tion. Narrowing the sector scanned improved both
probabilities. but note that only about one-third of the
detections had occurred by the time the airplane closed
10 3000 yards, and that the 50 percent point on identi-
fications is well under 2000 yards.

The T-33 (straight wings) was correctly identified 97
percent of the time, but the F-86 and F-100 (swept
wings) only about 75 percent of the time.

Since the report gives some information on the effect
of minimum crossing distance. Figure 4-60 has been
provided to show the mean detection and recognition
contours in the horizontal plane. This figure suggests
that an airplane coming straight in at the observer may
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Figure 4-57. Variation of Fixed Optical Field with
Magnification

be very difficult to detect and identify. But this effect
was negligible when the direction of approach was
known more closely in advance'”. Figure 4-61 shows
mean detection range as a function of sector scanned.
Since the RAID device reduces the scanning area to
about 45 degrees. it should provide an improvement of
about 50 percent in average detection range under
optimum conditions.

The results suggest very strongly, however. that
visual target detection and identification will impose
very severe limitations on AFAADS effectiveness. It

has not been possible to make a thorough search for
experimental data in this field. and such a study should
be performed, to supplement the results noted above.

4.4 WEAPON CHARACTERISTICS

The weapon, the characteristics of which have been
used for reference in this AFAADS study, is the T250
Gatling-type gun designated as the Vigilante. In retro-
spect. Dr. Gatling’s gun has nad a long and distin-
guished career. The United States Navy and Army
adopted the original Gatling gun in 1862 and 1866
respectively'# By 1880 Gatling was demonstrating a
rate of fire of 1200 rounds per minute. and before the
turn of the century 3000 rounds per minute had been
attained with a gun driven by an electric motor. Gat-
ling guns of that era were built in calibers from 0.50 to
0.75 inches in 6- and 10-barrei models with muzzie
velocities of less than 1500 fps. The Union Army
bought 12 Gatling guns, complete with 12,000 rounds
of aramunition for 12,000 dollars. These guns were
used in the siege of Petersburg. Virginia. Costs have
increased somewhat since that time.

The following paragraphs present the modern gun
characteristics, some of the ammunition options under
consideration, and a brief discussion of target
vulnerability.

Characteristics of the modern T250 Gatling gun are
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shown in Table V-1? For comparison, the characteris-
tics of the 20-mm version used in the Vulcan air
defense system are shown in Table 1V-18.

4.4.1 Exterior Ballistics

Both F12ure 4-62 showing rematning velocity versus
range and Figure 4-63 showing time of flight versus
range. include the ‘present’ Vigilante round (T324E22)
and three proposed improved rounds. The rounds
plotted on these two figures have the following charac-
eristias

a. Designates the T324E22 at 3000 fps muzzle
velocity.

h. Designates the T324E22 round without rotating
band. at 3600 fps and weighing 1.6 Ib.

¢. Designates a boat-tailed round with rotating
hand at 3600 fps muzzle velocity.

d. Designates the preceding round without rotating
band.

The ballistics are believed to have been computed
for 107 Quadrant Elevation. Case (4) represents ballis-
tics about the same as those autributed to the Swiss-
made 35mm Qerlikon.

4.4.2 Terminal Ballistics

Data were not available on the effectiveness of the
37mm round against aircraft targets. However, since
estimales of target vulnerable area were desired for the
kill computations reported later in this study, some
very rough estimates were made. These are described
below.

First, estimates of typical target sizes and their
presented areas were desired. From the open literature,
dimensions of current fighters, fighter-bombers, and
tactical bombers, were abstracted. Approximate compu-
tations of aircraft side area. frontal area. and wing
area were then made from the published outline
drawings.

Figure 4-64 shows side area (including the fin)
plotied against normal takeoff weight. Figure 4-65
shows frontal area plotted against normal takeoff
weight for a fixed wing aircraft. Wing area if plotted
on the side-area chart would follow the same trend by
remaining within the same scatter pattern of points.
Figure 4-66 shows the aircraft length versus normal
takeoff weight.

Although the frontal area of the aircraft is related 10
the pilot's dimensions for small aircraft. as the aircraft
size increases. the engine intake area increases in size.
This relationship accounts in part for the trend with
gross weight.

Similar trends were obtained for helicopters.

It was concluded that to within a factor of 2.0 the
following approximate expressions could be used:

a. Frontal Area = 0.10 Side Area.
b. Wing Area = Side Area.

¢. Side Area Weight

d. Fuselage Length (Weight)' %

Some very gross estimates were made of the proba-
bility that a hit would produce a targer kill as a
function of aircraft gross weight. Considerably more,
work is required in this area, and only the Ballistic
Research Laboratories have the facilities to produce an
authoritative relationship. Critical considerations in-
clude: whether the pilot and copilot (if any) are pro-
tected by armor, what kind of protection 1s provided
against fuel fires, duplication of vulnerable compo-
nents. etc. Interpretation of the kill probabilities in
terms of mission kKills requires consideration of the
degree to which the aircraft is depending on automatic
equipment, its vulnerability, and where the target is on
its flight path.

Figure 4-67 has therefore been designated ‘hypo-
thetical’ xill probabilities in hope that it will stimulate
the experts in the field to replace it by a better repre-
sentation. It does give a very rough idea of how much

of the presented area of the target should be reduced
in the kill computations.

It is believed that the trend of kill probability with
the weight of the high explosive carried by the projec-
tile in the 37mm range is valid. The M54 37mm
projectile carried only 0.10 pound of high explosive,
the T-37 was designed for 0.25 pound. and the Ger-
man ‘Mine’ family of 30mm and 5Smm projectiles
carried 28 percent of their weight in high explosive.
For a 37mm projectile weighing 1.6 pounds, a 28
percent load would be 0.46 pound of high explosie.
However. since the German projectiles were designed
for a 2000 fps muzzle velociiy. there is a tradeof! for
the system designer between high explosive content
and muzzle velocity.

The curves of Figure 4-67 are consistent with Ger-
man combat data against the B-17 and so they are not
entirely hypothetical.’** '** For a constant high explo-
sive content, they have been drawn so that over the
linear range. probability is inversely proportional o
aircraft weight. This makes vulnerable area indepen-
dent of aircraft weight in this region. For a much
more conservalive estimate of target vulnerabihiy.
refer to Dr. Brandli's estimate. reproduced in Section
5.6.
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Table IV-17. Characteristics of the Vigilante, T250 Gatling Gun

Caliber
Number of Tubes
Diameter of Gun Cluster

Rate of Fire

Burst Size

Bursts pe- Load

Round Weight
Projectile Weight

Muzzle Velocity

Tube Cant
Dispersion
Time of Recharge

Drum Between Bursts
Magazine Reload Time
Elevation Limits
Moments of Inertia

of Armament Package

Power Requirements

37 MM

6

10.0 inches
High 3000 RPM

Low 120 RPM

48 rounds

Normal: 3 (144 Rounds)
Optionai: 4 (132 Rounds)
341hs

1.65 1bs

T4231°22 3000 fps
tmproved 3600 fps

45 minutes of arc

Adjustable by Changing Tube Cant

2 sec
2.5 minutes

-5 degtees to > 85 degrecs

Azimuth 6280 m-lb-\cg:
Flevation 5060 m-Ib-scc2
For Acceleration: 108 HP

For steady state 12 HP

471

00678-480




Table IV-18

Characteristics of the Vulcan, XM-163 Gatling Gun

Cahber
Nunmiber of Tubes

Rate of hire

Burst Size Options

Load

Elevation Limuts

Max Azimuth Rate

May Flevation Rate

Max Acveleration
(Az kD)

Maximum Lead Angle

Tube Life

Weght

20 MM

6

High (for Bursts); 3000 RPM
Continuous: 1000 RPM

10 Rounds per Burst
30 Rounds per Burst
60 Rounds per Burst
100 Rounds per Burst
1100 Rounds tlinkless feed)
300 Rounds (linked feed)
-3 degrees to 80 degrees
60 degrecs/sec

45 degrees/sec

160 dcgrcn'«'ccz

2§ degrees
2500 Roundsbbl
Towed 3000 Ib
Self-propelied 26.000 b
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Figure 4-62. Velocity versus Range Ballistics of the Vigilante T324E22 and Three-Propased Improved Rounds
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SECTION §
ANALYSIS OF AFAADS SYSTEM REQUIREMENTS

5.1 SYSTEM CONFIGURATIONS

The three basic components of the AFAADS
weapon system are the sensors. the computer, and the
weapon. The sensor acquires target present posttion
data, the computer predicts future position, and the
weapon fires at the predicted position. The process is.
for our purposes, continuous. Atr defense ‘ystems have
been built w0 fire only a single saivo at each target.
however, our interest is in a gun system that may fire
continuously. or in a series of bursts.

An objective is to have all components of the
AFAADS system mounted on the same vehicle (or
mount for a towed version). The following paragraphs
discuss some of the resulting options in arrangements.
in view of this objective.

An additional objective is that AFAADS have a firc
on the move capability. The implications of this will be
discussed.

Figure 3-1 shows the elements of the tracking loop
for angular tracking of the target. The discussion of
range tracking would be similar but simpler (since
vehicle motion does not affect range measurements
significantly), and so range tracking will not be dis-
cussed explicitly.

In Figure 5-1 and the rollowing figures, D represents
a unit vector aligned as indicated bv the following
subscripis:

t. along the tracker-target line.
s: along the axis of the sensor.
v: along an axis fixed in the vehicle or mount.

g: along the axis of the gun tube (we ignore trajec-
tory curvature in this discussion).

D¢ represents an error vector.

As indicated by Figure 5-1, the sensor (which may
be a man) observes the differcnce between sight and
target orientation, and generates a corrective signal
which is applied 10 a control and/or servo, which in
turn drives the sight relative to the vehicle to reduce
the observed error. Since the whole apparatus is on the
vehicle, vehicie motion 1s an extraneous input which
must be corrected oui in the tracking function.

If both sensor and gun are mounted on the same
vehicle. but indcpendently of each other. the addition
of the computer and gun to the system is straightfor-
ward (Figure 5-2). This may be difficult 10 accomplizh
from a design point of view. To achieve a compact
design it would be desirabie 1o mount the sensors on
the lower carriage of the gun (1.¢.. the portion of the

carriage that traverses in azimuth) Figures 5-3
through $-6 show tyvpical configurations of this type.’?
It is conceivable that the sensor complex might be
mounted on a ning concentric with and internal to the
training circle of the gun’s lower carriage with a
separate drive from the vehicle. While this would
effectively uncouple the sensor and gun motions. it
would require some design ingenuity as we!l as more
powerful servos 1o drive the sensor complex than some
of the alternate options discussed below.

A simple soiution. from a design point of view and
an often undesirable one from an operational point of
view, is to mount the sensor unit on the gun: computc
leads from appropriately delaved gun rates, and set the
sensor back from gun position by the lead angle.
Vulcan employs this approach. Figure 3-7 shows the
elements of this disturbed reticle lead-computing sight
solution. As shown. the operator controls the gun
movement directly. but observes the consequences of
his adjustment of the control only after it has filtered
through the gun servos and the computing sight. This
system can be made te work satisfactonly (within the
limits of accuracy of whatever lead computation is
provided) provided that certain precautions are taken
in the design of the control. These precautions are:
that the control have a significant position component.
and that the lag in the gun servos be very small. This
type of system has been unpopuiar when put on u
mount with rate control. The rate control introduces a
90-degree phase lag in the loop from operator’s hand
back to his eye. the sight adds another 45 degrees. and
the gun servos add additional lag. As discussed in the
section of human operator performance. phase lag in
the operator’s control loop of whatever mugnitude i<
undesirable and degrades tracking accuracy. The Navy
has been successful with disturhed reticle sights bhe-
cause they have been mounted on units that are
pointed directly by the operator. withoul rate drives.
The Mark 63 director, for example. consists of 2
pointing unit with a lead computing sight but without
power drive. The operator. by tracking. airms his direc-
tor zt the destred predicted posinon. which is transfer-
red by servos to an adjacent 40mm or 3 inch” 50 gun
mount.

It 1s possible. by putting phase advance components
in the control unit of the svstem shown in Figure 3-7
and by using very high performance gun servos. o
build @ systern that will be as easy 1o control as u
tracking system without 4 However. the problem of
manual tracking in high acceleration regions remains.,
The concept should not be discarded as 4 candidate Tor
minimum cost svstems bhecause of experiences with
some unfortunately proportioned past designs.
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The circulation of tracking errors through the com-
plete lead computation and gun positioming loop can
be essentially eliminated by the arrangement shown in
Figure S-8 Here the sensor is mounted on the gun
lower carriage, as in the configurations shown in Fig-
ures 5-3 through $-6. However. the same servo that
drives the gun 1n azimuth relative to the mount, rotates
the sensor pedestal in the opposite direction by an
equal angle. Thus the gun traverse has no effect on
sensor traverse (within the resilience and backlash
tolerances of the respective drives). The sensor elevates
independently of the gun on its own ped stal.

This seems to be the most straightforward and eco-
nomical solution for AFAADS.

The elements of sight stabilization against vehicle
motion are indicated in Figure £-9. An inertial refer-
ence is provided in the sight head. and servos maintain
the sight line in a prescribed relaticn to the reference
in spite of vehicle motion. The sight line 1s caused to
move in space, as indicated in Figure S-10, by apply-
ing a precessing torque to the gyros constituting the
inernal reference.

The complete svstem is shown in Figure 5-11. Angu-
lar velocities of the target in the inertial reference
system are obtained from the precessing torques in the
sight heud. These, together with azimuth and elevation
relative to the vehicle, are transmitted to the computer
which generates gun orders. A separate vertical refer-
ence unit may provide corrections for vehicle ult if
these are considered of significant magnitude. Since
the rates are obtained in inertial space, the orientation
ol the lead vector is independent of vehicle angular
motion except (o the degree that the motion is intro-
duced w0 the smoothing function through the angles.
This needs to be analyzed. but 1s considered to be a
small effect. This solution is considered preferable to a
stable clement on the vehicle to which all measure-
ments are related. because it avoids errors in data
transmussion. Stabilization of the sight line against the
effects of gun fire even when the vehicle is not moving
1s considered highly desirable, and this should be
achieved. The system as shown does not lend itself
easily to acceleration predictions in the computer algo-
rithms, but these can certainly be omitted for fire on
the move.

5.2 COORDINATE SYSTEMS

A ground station tracking an aircraft target most
naturally measures target azimuth in a horizontal
plane with respect to a reference direction such as
North. elevation angle with respect 1o the horizonial.
and slant range 1o the target. Such a tracking unit has
(wo axes; 1l rolates in azimuth about a vertical axis.
and clevates about a horizontal axis. Azimuth angle.

elevation angle, and slant range are the basic measure-
ments, however. a doppler radar allows the direct
measurement of rate-of-change of range as well.

Depending on the application. other coordinate sys-
tems have been used. particularly in cases where it is
desired 1o stabilize the tracking mount against motion
of the vehicle carrying it. Figure 5-12. reproduced
from Ewing'. shows nine types of tracking mounts.

An advantage of a three-axis mount. such as (g) in
the figure, is that the train and elevation axes can be
posiuoned so that the cross-elevation axis is perpendic-
ular to the slant plane containing the tracking station
and the target velocity vector. When this position has
been achieved. tracking of an unaccelerated target is
reduced 10 a one-dimensional problem. The target,
moreover, may be tracked continuously without exces-
sive angular velocities required of the mount, even
though it may pass directly overhead. A German track-
ing unt of this sort was built during WWIL Three-axis
mounts have been suggested for US. Army tracking
equipment from time to time”*

For AFAADS we will consider only the type of
2-axis mount shown in Figure 5-12(b). This limits
tracking above some elevation angle (such as 85 de-
grees). and this limit must be considered in conjunc-
tion with the maximum angular velocity and accelera-
tion capabilities provided for the mount. A small
conical *dead zone' above a fixed tracker is acceptable
because of the small volume of space it defines On a
rolling and pitching vehicle, such as a destroyer. the
influence of such a dead zone extends over a 1auch
larger volume because of vehicle motion. and this is a
reason for considering mounits with more than two
axes for Naval applications.

To go from measurements of target present position
1o estimates of target future position, it is necessary (o
make some assumptions about the target path. In
particular. in order to filter tracking errors from the
measured target position data. it is desirable to convert
the position data to functions whose derivatives vary
slowly with time in order to use an effective smoothing
interval.

The second and higher derivatives of the target
position measurements in the original pelar coordi-
nates are too large in certain regions of interest to
allow effective smoothing without introducing input
errors caused by the delaved rates which must be
corrected later in the computational process.

The most natural parameters on which to do data
smoothing are those describing target motion in target
centered coordinates. These are the magnitude and
direction of the target velocity vector. and possibly the
rates of change of these quantities.

If the prediction assumption s ssimply that the target
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is unaccelerated. then mvariant functions can be com-
puted to use in smoothing. These functions can be
imbedded in rectangular, polar. or mixed coordinate
systems. In rectangular coordinates the invariants are
simply the linear target velocity components along
each coordinate axis.

If one wishes 10 admit the assumpticn of a turning
target. or one that accelerates along its flight path
when it dives. the algorithms are considerably more
straightforward in a rectangular coordinate system.

The early antiaircraft fire control systems, and many
World War Il systems based their lead computations
simply on the product of azimuth and elevation angu-
lar velocity by time of flight. without any attempt to
smooth the angular velocity measurements (except by
instructing the human trackers to track smoothly and
accuratelv).

More sophisticated svstems. based on angular track-
ing velocities. applied the appropniate trigonometric
corrections so that the solution had no geometric errors
when the target path was unaccelerated.

The funcuional transformations involved in several
typical fire control solutions are outlined 1n the follow-
ing paragraphs to illustrate the effect of coordinate
system.
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5.2.7 Rectsngulsr Coordinate System

This coordinate system was used in the US. Army/
Sperry M-2.3.4 directors and the Bell Telephone Labo-
ratory's M-9. except that the first three types used
alutude rather than slant range as an input.

A geometric representation of the rectangular coor-

dinate svstem 1s shown in Figure 5-13. A flow diagram

of this system 1s shown in Figure §-14.

The tracking unit provides:

D. = slunt range

58

tion in a rectangular coordinate system. in which:

e. = elevation angle

A. = azimuth angle in the horizontal plane
from an arbitrary reference (such as North)

The first coordinate conversion obtains target posi-

X, = D cose,sin Ay (3.

f = - o~ 3
Y - D\‘ cos e, Cos Ao (3.2)

e Presase ok i = s o e e s s - -
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H =D sane (5.2)

0 QO 8] b

and 1t also denves range o target in the hornizontal
plane as’

R, = D jcose (4

0 u

The differenuating, smoothing, and predicuing unit
obtains smoothed measure of rates tand possibly accel-
erations) in each of the rectangular coordinates. For
simplicity at this stage. assume that only rates are
meusured, and designate a smoothed rate such as that
in the X coordinate as X,

A digital computer would obtain this quanuty as

n
Xot0 = X 1n-id) {

JFo

o
n

and an analog computer would obtain it as
o

«‘_-(o(l):[ W ()X, (t-7)dr (5.0)
)

From the smoothed rates, rates in the polar coordi-
nate system are regenerated and fed back 1o the tracker
according to the relations:

f)or = }0 sin Agcose, + i’o cos A cos e
1 Hosin €5 (3.7

e, Do - Xo sin Ag sin eg - io Cos A sin ¢,
+ Bu cus ey (5.8)

Ao R, = X, cos A, - Yisin A, (5.9}

or "

Predicted values of the rectangular coordinates for
time of flight t, are computed as:

Xp =Xpty, o (3.10)
Yp=Y0+XO ' (310
H. =H_ +H 1 (512

P 0 —u p

A coordinate conversion unit converts these to polar
coordinates according to the relations:

D= Hp Sin -:P + Xp sn -\P Cons “p + \'p cos A coye

p P P
(313

-1 ) . <

e Tt lllp (.\P \in .-\P +3) p o _-\p)l (NS

= gk . .

;\l‘ = tan (.'\p ‘(P) t5.15)

The guantues D..e; enter the ballisuc unite which
generates

t= Ipu)p‘cp"\l"\"' = tme of light (510}

P

5 = Cox D
u‘ C‘\(I)P.Lp. | : )
= superelevation tmavity drep. verucal jump. - MS1T)

By = AN e ALY L)

= azimuth correction for dnft. jump, wind. ete. (3.15)

and A uare parameters common to all trajectories such
as gun muzzle velocity. air density, wind. ammunition
lol. temperature. ete.

Time of flight 1s fed back o the prediction unit. The
elevition and azimuth corrections are added to A e, o
produce gun finng orders A.¢d. The gun servos drive
the gun to null gun position against A ¢.

5.2.2 Rectangular Coordinates: Rates Obtained
by Gyros on the Tracking Head

Suppose that the system has a stabihized line of sight
{possibly based on threc gyros with orthogonal spin
axes: one 1n the vertical plane and perpendicular to the
line of sight. one in the horizontdl pline and perpen-
dicular to the line of sight. and one along the line of
sight). Tracking 1s accomplished by torqueing the
gyvros, whence the precessional moment is 4 measure of
angular velocity and is avatlable for use in the compu-
tation. It is also assumed that rate of change of slant
range is obtained from & doppler rudar. The three
angular rates obtained are:

ciovation rate

N
[§]

‘o

traverse rate = .-\“ cos e

rate o rotation about the Ime of sight = A fsine

Yo

XSUBo.YSUBo.H. are obtained as belore. but the
rates in rectangular coordinstes tunsmoothed) may
now he obtained as:

. = T . Sy + - . ;
X, = (D cose -2 D osme b A T D e A

{319
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3
€
3

il

-
]

= (D cose -o Gane ) e s i
(D, cos e LODU sane heos A .QD0 s A
. . (5.20)
= mne o ~ Al
Hﬂ D0 sime, te, DU cose (5.21)

These rates may now be smoothed, and regenerated
rates fed back to the tracker after being derived from
the follow:ng relauionships:

Dor = (X, sin Ay tY  cos Aydcose + Ho sin e

I
. ] (5.22

o D0 =. (_)_(0 sin .-\0 +Y, cos Ag)sine, +_l:_{0 cos e

' ) ) (5.23)

Tor D0 = X, <0s AO -_Y0 sin AU (5.24)

The advantage of using rates obtained from a stabi-
lized sight 1s that they are independent of vehicle roll
and pitch. Further analysis may show that no addi-
uonal corrections are needed for fire from a moving
vehicle, since the corrections for the very small rota-
tions of the coordinate sysiem caused by vehicle roll
and pitch, when moving on a fairly smooth road, wili
be very small compared with the corrections which
would have to be introduced 1o compensate for the
corresponding rolling and pitching rates.

The ¢ . rate has not been used in the above relations.
This can be essential when rate regeneration and possi-
bly prediction are done tn polar, rather than rectangu-
lar, coordinates.

5.2.3 Polsr Coordinates

The first “exact’ solution in polar coordinates was
developed by Vichers in England. It had no geometric
error against a target flying a constant speed. constant
altitude. straight line. The Vickers solution is general-
1zed below to include diving targets. The notation is
identical with that used in the prior examples of
rectangular coordinates with the following additional
symbols:

a the angle in the horizontal planc between the target

velocity vector and the range vector. 1(1O =- Ao)
R = horizontal range
g = angle of climb of the target
» = lead angle in the horizonta! piane
0 = ¢ -¢

p ‘o

Geometric representations of the polar coordinates are
shown in Figures 5-15 through 5-17.

We note first that the azimuth, eievation. and slant
range rates are:

) vsino cos §
a= R {5.25)

O

v si ¢+ v i ’

. smOcos«.O v cos 8 sin g cosa,

e = ) _— (5.26)
0

D

veosfeosa cose + i ! 5.2
cosa cose vsmGsme0 3.27)

From Figures 5-15 through $-17 and preceding
relations:

Rpcosé = Ro-v cos 8 [Pcosao
= Ro-Rtp (5.28)
Rpsin5 = vcos()tpsindo
= Rga tp (5.29)
) . Djcose,
sind = at O e (5.30)
P
o =ey-¢ (5.31)
sin g = sin ep cose - cos ep sine, (5.32)
HR -RH
L9 peo (5.33)
D,D o
P
Hp = H,+ v, sin 0 (5.34)

R. = R (l-cos8)+R_-vt_cosa _cosl
> o
P P ¢ P (5.35)

t
sing = 52[\ sind cose  +vcosd cosa sin e,
p

s e cos cp(l -cos ) (5.36)
'p
sing = éDOD—p - sin cocosep(l -cosd)
15.37)

In the slant plane defined by D, and the target path
then:

DpcosA = DO+Dtp (5.38)

where A is lead angle in the slant plane. We wish 1o




vi,cos ¢

00678 514

Figure 5-15. Geometric Representation of Polar
Coordinate System

//
Figure 5-16. Polar Coordinate Projection in Slant
Plane

O0e™8 518

express A in terms of 8§ and . From the spherical
triangle of Figure 5-17:

cosd = cosocosdptsinosindpcosE (5 3

and from the spherical triangle of Figure 5-17:

. - . . e .
sin e, = cos BT sine sm&T cos tO\.OSE (3 10)

“ “
cosdy = sin“ e, +cos” e cos d (541N

_L[L:-;' - ‘]__IL

Figure 5-17. Spherical Triangles Showing Lead-
Angle Derivation

Eliminating 8. and E from the above three expressions;

cos 3 = coso -1 -cosdicose cose (5.42)

p
hence:
_ D, Dlp

P Cos g ~{1-cosdlcos e, fuse

(543
P

On examining Equations (3.30). (3.37), and (3.43). 1t
18 clear that the trigonometry is not simplified by using
polar coordinates. Even for this sitmple case of a target
fiying a constant-speed straight line. many sine. cosine
functions must be generated and manipuiated. We are
still left with the problem of smoothing the input rates.
since any atilempt to smooth A, ¢ and D directly will
impair the accuracy of the solution.

For full predictor solutions, polar coordinates had
the advantage in the days of mechanical predictors
that the :cale fuctors of the instrument could be ad-
justed to handle only the lead angles. which for targets
of that vintage were not large. Rectangular coordinate
solutions. on the other hand. required some elements
that had 2 range equal 10 the maxamum target range
expected to be encountered. Hence 1t was heheved that
instrumental errors could be minimized best by the




polar coordinate (or one-plus) type of <olution. This

argument probahlv  does not hold for modern ¢, = T, tane, {3.48)
computers.

One method of smoothing the data is to smooth the 2D, = vsinid, (.40
polar coordinate velocities directly. and correct for the
input fag errors (introduced by this process) by apply- D, =-veos (5.50)
ing additional correction terms in the solution. An-

other 15 to smooih the computed lead angles 8 and o,
since they vary less rapidly than the input angular
velocities, and then apply corrections 1o the <olution
This was done in an ingenious design by Frankford
Arsenal during WWIL

A flow diagram of the process of smoothing and
regeneration, using ihe above relations. is shown in
Figure 5-18. The complete solution of the prediction
process is not diagrammed. since it can be inferred
from the expressions given earlier.

It is also possible 10 smooth the input rates. without Although the rectangular coordinate svstem, as pre-
steady-state lag. by a regenerative unit operating in viously defined. is easiest to discuss, it is not neccssarily
polar coordinates, along the following lines: the best choice for the final AFAADS design. Wiat

design is chosen depends on the prediction algorithins

Define the three orthogonal angular velocities mea- the designer chooses to mechanize, and the hardware
sured at the sight head by: 7, e, ¢.. he has available. Design analysis might indicate, for
example, that il a stabilized sight head with internal
gyros is usec, rate regeneration and smoothing might
: = 4. cose (5.94) most efficiently be done in polar coordinates within the

v ° ° sight head, to minimize error accumulation in data

These are interrelated by the expression:

20 cosi (%.45) transfer. Having good. smoothed rates. one might then
o o & prefer to predict in polar coordinates. Corrections for
) . target acceleration could be developed in polar coordi-
€y = Q sin¥, (5.46) nates and applied within the computer. The elements
) of the problem. of course. do not change with the
:,’-0 = do sin e, (5.47) coordinale system.
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5.3 REGENERATIVE TRACKING

As previously developed in Sections 4.2, Sensor
Characteristics. and 4.3, Operator Performance Char-
acteristics. the angular velocities and accelerations.
developed by high velocity targets passing close to
AFAADS. and 10 a lesser degree. the slant range
accelerztion. create problems in providing contro!
loops which are tight enough 10 avoid undesirable lags.
The human operator performance is most seriously
impaired, if oniy a conventional rate. or a rate-aided
tracking control is provided him. This impaitment
results from the | Hz bandwidth equivalent of the man
performing a servomechanism funcuion. In the case of
radar. although a tight servo will reduce lag. it also
passes the whole ghnt spectrum which results in a
standard deviation of tracking error of comparable
magnitude to the linear dimensions of the airplane.
The ability of the gun to follow high angular velocities
and accelerations may also be limited by the torque-
inertia parameters feasible in the design.

In a sense, the high accelerations required of the
tracking unit to follow an unaccelerated target are an
artifact of the coordinate system. Regenerative track-
ing ic based on the assumption that some parameters
oi the target path arc constant, or vary slowly. so that
these can be measured and used to regenerate tracking
information. The regenerated data can then be fed
back to the tracker. The elements of the process are
identical with the lead prediction problem in aiming
the gun, which also assumes that some parameters of
targel motion are constant during projectile time of
flight.

In addition to assisting the sensors. and if necessary
the gun in normal operation of the system. regenera-
tive tracking can assist the system in tracking through
intervals where the target is obscured from the sensors.
Such obscuration may be caused by smcke at th2 gun
mount. or by terrain obstacles between the iracker and
the target. In the case of sensors which occasionally
miss a data point (such as current laser range finders).
the regenerative process allows the solution to carry
through the missing data.

In the early days of radar. when targets were slow. 1t
was possible 1o track for brief intervals of lost signal
by simply freezing the angular tracking rates at their
last values. This is not possible for most of the
AFAADS operational region because target angular
velocity measured al the tracker is usually changing
rapidly.

Some operational objectives for regenerative aidirg
are as follows:

a. The trazking dynamics must be conservalive. 1.¢..

the regenerative aid must provide a substantial
improvement in tracking accuracy against an

uraccelerated target, hut it must also provide
tracking at jeast as pood as conventional tracking
against an accelerated target.

b. When a human operatar is in the tracking loop.
the system must provide him with consistent and
unambiguous response. i.e. any specified control
movement must always result in the same dy-
namic 1esponse of the sight reticle. When the
man is tracking in two coordinates (elevation-
traverse), this consistency 1s especially important.
An clevanon adjustment must appedar only as an
elevation movement af the sight. etc.

It 15 desirable io have regeneration function as a
normal element of the tracking loop. rather than
cutting it in efter tracking has begun. This re-
quires careful design of the regeneration loop
with regard to stability and setthng time.

(o}

d. The svstem must degrade gracefully. It should
function with incomplete inputs: for example,
without range. and loss of the range input during
a course should noi cause loss of target.

e. The system should continue to penerate gun or-
ders and regenerated-sensor posiion based on
last measured rates even when all data from the
target is lost for a short interval, as when the
target passes behind a terrain obstruction or the
operator’s vision is obscured hy smoke.

f. Whether regeneration should be done. using
rates determired from the prediction process or
separately in a component specifically for this
purpose (possibly in the tracking head). i1s a
design trade-off to be resolved from overall sys-
tem considerations The opuimum rate smoothing
function for regencrative tracking is not neces-
sarily the optimum smoothing function for lead
prediction. and th: compromises involved in
merging the funciions require an in-depth
analysis.

The general concept of regenerating tracking rates
was sketched briefly in th: prior section on coordindte
svstems. In the present section we review briefly the
magnitude of the lags introduced by conventional
tracking !oops. and then develop in greater detail the
characterisiics of regenerative tracking systems.

5.3.1 Control Lags

In this paragraph we consider first servomechanism
lags. and then estimate the lags likely to be produced
by the human operator.

The AFAADS svstem will incorporite 4 number of
servo units to drive the sensors, the gun. and some of
the computer components. Because of the high angular
velocities and uaccelerations developed in tracking fast
close-in targets, senvo lag is an important considera-
tion. The principal problems are expected 1o be associ-
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ated wath the sensor and gun servos. Servos internal to
the system are not expected *o be 4 problem because of
the very low anerti of the  :mponents they drive.

It s assumed that the servo is linear in the range I :
being considered. :

The ‘Design Pc nt® course for AFAADS. which
stresses the target tollowing ability most severely. is
described by:

In the tollowing discussion 1t shouid be remembered.
however. that the state of the art of servomechanism

B A winietatd M

and associated drive design is sufficiently advanced so Target speed: 600 knots ¥
that. with the exception of loops including the man - B

functioning as a serva, both the sensor and gun loops Minimum horizontal crossing range: 200 meters 1

can be designed to have small and acceplable lags Altitude: 200 meters :

without regeneration, even against AFAADS courses. ) o

; _ 7 ) ‘ o For a specified minimum horizontal range. maxi-

! Thg Ipnce paid asdm higher maximum torque ‘inertia mum elevation acceleration against a level target is
cap ] e ‘e . S les : . . .

rept;irle:t:)én(l)ﬂl o[nh ca:l;eckl-nsi mhorre‘_ “nrnfiel'm ": :gg experienced when altitude equals minimum horizontal 3

3 9 § on gear hacklash, shalling resiience. an range. Maximum elevation angular velocity is experi- -

gegergl s:jructural r‘i”gidi(y. In the rca;e Orl. the radar, 3 enced against a slightly higher path. but the maximum
wide-band servo will pass more of the glint spectrum, . : . > only 4 '
especially with frequency diversity. For AFAADS, differs in magnitude by only 4 percent.

however, there is a system optimization trade-ofl be- For the given parameters the following maximum
tween data smoothing in the radar servo loop and data derivatives of input functions are obtained:

3 smoothing .n the prediction function. The sensor servo -
bandwidth would normally be made an inverse func-
tion of range to reduce the contaminating effect of
thermal noise on the signal to noise ratio at long
ranges. At short ranges, it may be better to pass the
whole glint spectrum and filter the error caused by
glint in the prediction anit.

Azimuth Elevation Slant Range

308 meters/sec

Velooiy 88 degsec 21 deg/sec

et s

Geurless drives have been developed for high per-

3 5 E
68 deg/scc™ | 472 metersfsec” i
. formance trackers.

Acceleration 838 ncg,'sccz

—

-

The U'S. Navy Mk 74 Gun and Guided Mussile Fire
Control System. for example. employs a gearless drive
motor, built by Generl Electric. The Mk 73 Director
cemponent of this system is driven by an amplidyne -
controlled. direct-drive motor The power drive is a
combination of a direct-drive dc motor and an ad-
vanced servo control. The stator of the train motor is a
part of the struciure of the dirzctor base. and the rotor
is an integral part of the rotating column. A similar
arrangement is used in elevation. This system elimi-
nates gear trains in the drive’.

The error signal is fed through an amplifier. into the
control field of an amplidvne generator The output of
the amplidyne generator is connected to the armature
of the direct-drive motor which positions the director
rotor. All structural members of the equipment have
resonances in excess of 20 Hz. This equipment has
been in service since 1960.

To estimate the magnitude of servo lag error as a
function of servo parameters, consider the conven-
uonal method for estimating seno lag, as expressed by
the formula:

L > 2 343 .
L =dv du K, +|d'U'dz'H\;I +dUAdC Kyt
(S.51)
where: 8 is the function which the servo is tryving 10
match. L is tag. and the K are coefficients determined
by analvsis of the servo transfer function.

The angle loops are assumed to be closed by first
order servos with 2:ro-position lag on constant-posi-
tion input.

The following table (V-1) lists the values of K, and
K,. which have been inicated to have been used in
various radar tracking servos in the past. Also included
are the associated lags on ti'e preceding course.

In all cases. acceleration lag dominates. It should be
noted that K, for the moderr conical scan radar was
set to reduce the effects of scir.tillation, and the set is
for long range tracking. A much larger K, would
reduce lag. but at the expense ¢f scinuliation-caused
error.

The value of K.. under the radai marked ‘X'. was
estimated from results of some extens‘ve field analyses
of the performance of a WWII type conical scan pulse
radar without MTI against very low flying targets.

At the point on the target path where acceleration
peaks, the I-degree lag corresponds to a lincar distance
of only 4 meters at the target. However. with a 1-de-
gree beam. a lag of several degrees would vause the
radar to lose the larget.

Even with large K,. the higher derivatives might
cause problems and would need to be investigated by a
complete servo analysis.
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Table V-1. Typical Radar-Sensor Servo Lag Coefficients and Lag Components

! ’ ] I iodern ‘ l Modern T I
) System l SCR-584 1 Radar | Monupulse Canical Scan ] AN
} { . IO —_— . {
| | | | | |
| Coefficient | 1 j I I ‘
! K, Io200sec! T ased! 00 ¢! Iosoneed! 12!
! ; . ; 22
! Ka 16 sec? ; 13sec™? : 90 sec : I 083scc’ ™ Unknown ]
- |
: Azimuth Lag ! .
1 . -
; Velocity 0.04 deg : .07 deg | 0.02 deg 002 deg deg i
i Acccleration 5.5 deyg | 6.8 deg I 1.0 deg 140 deg Unknown i
| | ) |
' llevation Lag | . .
I. Velocity 0.01 deg } 0.02 deg 1 0.004 deg | 0.004deg i 1.7 deg ,
Acccleration 4.2 deg | 5.2 deg ! 0.8 deg J 108 deg Unknowrn: I
1 l N
Note: 1 degiee = 17.7 mils
00678-5319
For an instrumentation servo, values of K, = 500 sufficiently fine-grained to show this detail.

sec’ and K, = 3330 sec’ have been reported. These
values should allow adequate following of the angular
information within the computer. Lags in the range
servo and the range-rate servos (in the case of doppler
range-rate measurements) are not considered to repre-
sent a problem because of the very light loads on the
iervos. In addition, a range error affects prediction
:rror principally through the computed average shell
velocity which is a second order effect. One estimate
for a range servo indicates K, = 2000 sec' and K, =
90 sec’. In all-electronic ranging systems, servos are
not required.

$.3.1.1 Simulation Runs

To indicate the effect of sensor lag. when the errors
propagate through the complete prediction function,
the Ginsberg simulation was run with zero noise input
and lag inserted by Equation 5.51 to two terms. For all
three coordinates. K, = 500 sec’ and K, = 90 sec’
were used. overemphasizing the probable range error.
Figures 5-19 and 5-20 show the results in terms of the
errors at the closest approach of shell to target using
Vigilante ballistics. The computation was printed out at
one second intervals of present time.

The magnitudes shown in the figures indicate that
errors at the target, caused by sensor lag are of compa-
rable magnitude to those estimated from Equation
(5.51). The error caused by azimuth lag changes sign
at midpoint. where the contributions of elevation and
range lag are maximum. The root mean square angular
miss curve and the curve of linear miss (distance of
closest approach of projectile to the target) may in fact
have cusps at the peak for this reason. but the one-
second printout of the data chosen for these runs is not

The simulation runs were then repeated with gun lag
in addition to sensor lag. Coefficients for the gun
servos were set at K, = 250 sec’ and K, = 50 sec’.
Results are shown in Figures $-21 and 5-22. The errors
with the previously noted coefficients are all unaccept-
ably jarge.

5.3.1.2 Estimated Lags Introduced by Human
Operator

As developed in Section 4.3 there is a limited basis
for approximating the lag of a human operator em-
ploying rate-aided tracking in terms of the coefficients
K. = 10 sec’ and K, = 9 sec?. More extensive data
on position tracking suggests that in this case one
might estimate K, as high as 30 and K. as high as 20
(Systems Technology. Inc.) or 40 (Elkind). For rate
tracking alone, extensive dala indicates 2 maximum
value of K. of only about 3 sec’. In view of the miss
distance developed on the simulation with much higher
performance servomechanisms in the tracking loop, a
human operator would not be expected o perform
satisfactorily on the chosen course without regenerative
aid. How badly the man can perform is indicated by
the experimental manual tracking data obtained 1n the
tracking experiment for which the radar coefficients
were designated "X'. For manual tracking, the effective
K. was 1/2 sec!

5.3.1.3 Reduction in Servo Lag

A servo loop with K. > 3000 sec’. K, > 500 sec?.
and appropriately higher coefficients will develop na
lag problems. It is behie ‘ed that these values are within
the state of the art. even for gun servos. If these values
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Figure 5-19. Angular Miss Caused by Sensor Servo Lag

are not attainable because of limited available torque/
inertia capahility. or for other reasons, various other
methods of lag compensation are possible. One
method. which has had some operational use, is to
correct the sensor outpat signal electronically by ad-
ding the error signal measured in the servo loop. This
does not reduce the physical pointing error of the
sensor. but it improves the accuracy of the output data.
Another method is to compute the expected sensor lag
(rom the smoothed rates in the computer. and then
inject a lag correction between the sensor output and
the computer input. This method depends on the con-
stancy of serva performance parameters and will fail if
the serva is out of adjustment. However, since it is easy
to test on the present level of simulation detail. a few

simulator runs, described in the following paragraphs.
were made of this mode to test stability. The method
also does not reduce actual sensor pointing error.

Sensor pointing errcr can also be reduced by inject-
ing a compensating signal into the sensor error mea-
surements, which in effect. *boosts’ the serve by giving
it advance warning of high velocity and acceleration
requirements. This is probably the preferred solution.

The latter two methods are described below. Al-
though they use some of the elements of a regenerative
tracking function, their objective is limited to reducing
sensor lag in continuous tracking.

System elements are shown in Figure £-23, which
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| Figure 5-21. Angular Miss Caused by Sensor and Gun Servo Lags Combined

defines the notation. In terms of the transfer function and solving for Y,':
Y..Y.: \ A o1 R
0,0, = !l vy -Yr]'l (5.3 L O e L N A

where Y. is the feed-forward transfer function for lag
compensation. K.. K, can be identified for the uncom-
pensated servo by expanding this ratio in general as a
serles in s, $0 that:

The servamechanism will have no veloenty or accel-
eration lag if. 1o terms in s

n
£l
ta

y = v-! {

T A

We therefore desire a feed-l'orward signal to inject
in the servo error input which 1s:
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Figure 5-22. Linear Miss Caused by Sensor and Gun Servo Lags Combined
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Figure 5-22. Elements of Lag Compensating System

o= -l , - -1 . .2 - -
By =8 K7 em (K]T-K] ) (550
where the subseript 'r' designates “regenerated’ velocity
and aceeleratton computed from the smoothed. and
hence delaved. velocities developed 1in the smonthing
unit.

Since even smocthed measurements of acceleration
are expected o be unacceptably noisy. it 1s considered
preferable to assume that the target 1s flying an unac-
celerated course. and compute the geometric accelera-
uons from wvelociues on this assumpuon. This 15 an

acceptable assumption even when the targ:t 1s acceler-
ated, as is shown 1n a later paragraph.

The particular algerithms used will depend on the
coordinate system emploved in regeneration. As an
example. algorithms are developed on the assumption
that a rectangular coordinate system 1s used, with
target velocities smoothed in rectangular coordinates.

From the rectangular coordinate svstem shown pre-
viously in Figure 5-14 with the notation there defined.
the polar coordinate rates are easily determined in
terms of the rectangular components of target velocity
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V.. V. and V, (symbol Z is used for H in the interest of
uniformity of notation) as:

REA = YV XV, (5.57)
D¢ = RV, - ZR (5.5%)
RR = YV)_ + XV (5.59)
DD = RR+ZV, = XV, +YV 42V, (5.60)

Next, on the assumption that the target path is
unaccelerated. the polar coordinate accelerations are
determined from the preceding relations as:

RA = -2RA (5.61)

R = R(A) (5.62)

D% = -2DDé - R(A)Z (5.63)
DD = (Dé) +(RA)? (5.64)

This is sufficient information to develop the desired
feed-forward lag correction signal.

Because of the way that accelerations are computed,
the system is inherently non-linear. An in-depth analy-
sis of response time and stability needs to be made to
ensure satisfactory performance.

It was possible to make a quick determination of the
probability of system stability by considering the recir-
culation of the corrective signal through the regenera-
tive Joop on the simulator. This is equivalent to impos-
ing the lag corrsction at the servo cutput.

Because of insufficient time, no attempt was made to
optimize the combination of smoothing function and
feed-forward function. In the available velocity
smoothing element of the simulation. velocities were
smoothed by least-squares weighting over a 0.4 sec
S-point memory. The initial transient was extremelv
large. The system response consisted of a rapidly
damped component, and a very lightly damped ripple.
the latter of which is a characteristic of improperly
compensated sampling feedback systems. However, the
system was stable. Figure 5-24 shows that the principal
error decayed in about 0.8 sec. Figure 5-25 shows that
the ripple persisted for § seconds. Both characteristics
are unsatisfactory. but correctable by better design.

When the feed-forward signal injection was delayed
until the rate measurements had settled (0.4 sec) nei-
ther the initial transient nor the ripple appeared. and
the simulation generated the proper lag correction over
the remainder of the course.

Since stability of this non-linear 3-dimensional sys-
tem has been demonstrated. 1t seems probable that

o
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Figure 5-24.  Settling Time of a Lag Correcting
Circunt.

further analysis. by applying conventional techniques
for designing sampled servo syvstems, will eliminate
ripple and allow substantial reduction and shortening
of the initial transient. However. the intimate interac-
tion with the velocity weighung function should be
noted.

5.3.1.4 Lag Compensation for Gun Servos

The method of injecting an anucipatory signal intw
the error signal of the servo loop can be used to reduce
the lag of the gun servos. if thev do not have suffi-
ciently large K,. K, . . . The gun can be considered to
be pointing (except for minor ballistic corrections) at a
point which leads the real target by: target velocity x
time of flight. If V is target velocity. this poim has a
velocity of ¥ (1 + t.). Gun angular velocities and
accelerations can be computed using the equations
developed earlier for the sensor. but using the velocity
of the predicted point.

Injection of this cerrection in the gun servo loop s
more straightforward, since the gun motion does not
feed back into the velocity measurements.

The necessary expressions are developed in the (ol-
lowing paragraphs.

The gun points at a target moving at a velocity 'V
(I + ). Then a method of computing velocities in




Figure 5-25. Undesired Ripple in a Lag Correcting Circuit

gun coordinates is 1o use the expressions given as
Fquations (5.57) through (5.60) but multiplied by
b+ ke

Ap = Apitt ) (5.65)
;-p =il +ip) (5.66)
Rp = RPI(I vi) (5.67
D, = Dyl +1p) (5.68)

where the subscript *1° indicates the values computed
without correction for rute of change of time of flight.

To obtain t. consider the expression for D,;

Dp = Dpl“ + tp) (5.69)
and simce
de de = 1de-dlp)(dtp'dU. (5.70)
then
Yy =t v 5
l)p tpw' (5.71)

n

¥ ]

5¢
TIME -SEC
067 &0
where:
v, = de/dl = Projeclile rematning velocity (5.77)
atD
P
tp = Dpl"(vr-Dpl) (5.73)

At midpoint where the lag correction is needed most.
 is very small, and hence can probably be taken as
zero.

T obtain accelerations, note that we can write:
o 2
Dp = vrtp + ar(tp} (5.74)
where:
hJ hl ) .
a = d"DP'dlp' (5.73)
The term 4. is »simply the deceleration of the shell
along its trajectory, and can bhe approximated as:

: 2= a
d Dp/dlp = -kv, (5.76)

where k. o. are projectile characteristics.
then:

. - . : ¢ L. q-"-’
A = A (1] e A, 1 (5.77)
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ep = epl(l +IP_) +cpi lp (5.78)

. S
D, = Dpl(l *ip)7+ Dy Ty (5.79)

To=0n vap VYo lde o )3 :

" lel v2- (D) Jrl (vDpi) 1520
If D, and hence t, are very small, so that their contri-
bution to the rate computation can be neglected. then:

Y N o~ 3 K
(p ~ Dyyivy ~ V3(yDy) (581)

5.3.2 Complete Regenerative Tracking

The tracking system with complete regenerative
tracking is shown schematically in Figure 5-26. For
completeness. the lag correction signal is shown explic-
uly, aithough it might not be needed, deper.sing on the
servo characteristics. In normal operation the tracker
servo reproduces the regenerated target position, but
superimposes on the regenerated data the corrections
responsive to the tracking error which is measured
directly by the sensor. If the target is obscured. this
error input Is interrupted and the tracker operates on
regenerated rates only. Also shown is the input from
an outside source such as the surveillance radar which
allows the tracking sensors to be put on target
automatically.

Implementation of the regenerative function is
straightforward when the loop is closed by a servo-
mechanism and follows the flow diagrams shown in
Section 5.2. When the error sensor in Figure 5-26 is a
man and angular tracking is considered. there is a
further consideration having 10 do with the objective
of providing a position component in the man’s
control.

As discussed in Section 4.3. one would like the
movement of the operator's sight 10 be related to the
movement of his control, 1n spite of intervening dy-
namics. according to the aided tracking relation:

A, = Ko_[i+sTyly (5.82)

(8]

This could be done in the circuit of Figure 3-26 by
making the error signal E (shown as emitting from the
sensor) proportional to the movement of the man’s
control. If his control is a Frankford Arsenal “ball’
there is no problem. because the ball has unlimited
rotation. However. with a handlebar or joystick con-
trol. the accumulated errors in integrating the regener-
ated rates would eventually require a position error
correction beyond the limits of movement of the con-
trol. This can be prevented by making the operator’s
control movement simultaneously a position input and
an input to the regenerated rate integrator. His control

[
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Figure 5-26. Elements of a Regenerative

Unit with Servo Lag Correction
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will then respond (except for delays in the tracker
SEIVO reSponse) Jas

= ke
I \‘

l*(\T])'i +(<T:)‘:I (3 %3)

This response. although less desirable than Kquation
{5.82). should permit more precise traching than that
possthle with a simple rate control. even when the
latter has a regenerative aid

It appears that the regenerative tracking system
provided on the present Vigilante system corresponds
o the operator control law:

0, = (K. 9)[1+ Ty 5.84)

ie., lagged rate tracking.

If the circuit has been correctly understocd, there is
no position component. It might be expected therefore
to provide tracking accuracy superior to rate tracking
without regeneration, but less precise than the same
system with a direct position component.

The clements of the regenerative unit with manual
control are shown in Figure 5-27. Only the horizontal
plane solution is shown for simplicity. An alternate
configuration. in which the regenerative unit develops
regenerated present position rather than velocities, is
shown in Figure 5-28. The smoothed values of X and
Y must be updated to present time by using smoothed
velocities. hence the overall dvnamics should be identi-
cal. However, the system of Figure 5-27 has the advan-
tage that it can operate as conventional aided tracking
if the regeneration elements fail.

5.3.2.1 Effect of Target Acceleration

[t 1s desired that regenerative tracking assist the
operator (man or machine) principally when the target
is unaccelerated and that it not degrade tracking per-
formance by providing conflicting information when
the target accelerates. It is easily shown that the re-
quirements on the tracker to follow the polar compo-
nents of target motion caused by target acceleration
are relatively light; so that regenerative tracking will
help in this case also.

Consider azimuth tracking. If the target is turning in
a horizontal plane at a rate of turn w,. there will be
two components of azimuth motion not provided by
the regencration. Onc is caused by the target accclera-
ton directly. The second is caused by the fact that the
regenerated rates are developed {rom smoothzd (hence
lagging) target velocities. so that the regenerated rates
will correspond to the target direction at the midpoint
of the smoothing interval.

A target rate of turn w, causes an azimuth accelera-
tion, from this source alone. of

u = Ve, vosal/R, (5.85)

and: d = ngoosalR; (5.50)
where n is number of g's acceleration.

This is at maximum when the target is headed directly
at the tracker. For example, a 5g turn at 200 meters
represents an azimuth acceleration of 250 mils/sec.
This ‘worsi case’ value is substantially less than the
maximum value of geometric acceleration.

During a time T,/2. where T, is smoothing time.
target heading changes by w,T,/2. corresponding to a
change in angular rate of:

Aa = (\’:Rm)sin acosa waTs (5.87)

T (i5Ty Ry sinacosa (5.88)

For 2-sec smoothing. a 5g wrn, and R~ = 200
meters, the angular velocity deficiency in the regenera-
tive tracking circuit will be 250 mils/sec. Again, this
value is substantially less than the maximum value of
the geometric component.

It is concluded that the assumption of an unacceler-
ated target for the regenerative tracking system is
satisfactory, and that such a system will provide sub-
stantial assistance, even against accelerated targets. kn
azimuth, the unregenerated angular velocity and accel-
eration components have maximum values only about
one-sixth of the respective total values.

5.3.2.2 Regeneration with Partial information

The algorithms, described in the preceding section,
have been based on the simultanecus use of range-,
azimuth-, and elevation-input information. A few ai-
gorithms employing information in fewer than three
coordinates are described in the following paragraphs.

Range can be regenerated from range information
only. This is possible because the second derivative of
the square v range is constant, when the target is
unaccelerated. This may be seen from the following
relationship:

B A -

D- =D _-+x~ (5.89)

where: m
D, = nunimum horizontal range
x = distance along the target path from the tar-
get to the point of minimum range
then:
"

d.dubD=) = -2vx (5.90)

where:

V' = target velocity

T g
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and finally:

d:fdlz(Dz) = 2\/2 = constant (591)

Figure 5-29 shows a regenerative unit when range-

only is available. Figure 5-30 shows a regenerative unit

for use when both range and range rate (from a
doppler radar or laser) are available.

The former loop can be closed by a man instead of a
servo. The integration of acceleration can be giver a
relatively long uime constant to minimize the effect o
the phase lag on the man.

system shown in Figure 5-30 may have relatively short
time constants. It should be useful in assisting the
doppler radar to track continuously through nulls in
the doppler signal.

It is interesting to note that both systems allow time
of flight to be computed with no additional informa-
tion, according to the relations:

D, = D02+lp[d_/dl<D02)

R + (121 [dzldtz(D()z)]

: , (3.92)
Doppler rates zre sufficiently precise so that the
Db
s
/ >,
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Figure 5-29. Eiements of a Range Regeneration System

Tiv.DeA

CIETa 5 Y

Figue 5-30. Elements of a Range Regeneration System with Doppler Rate Input

Y T T IR Sepe T

5-26

P

T O B o et

[T

NIy

v 4r

Sichiaestide -

b ki sk

TFAH LTSS RO T SRR LN WD IR S T rrergll



e T O . e

tp = tp(Dp) (5.93)

The effect of noise on the computation needs to be
investigated. However, it is probable that the system
incorporating Doppler rates would be entirely
satisfactory.

Both systems should be helpful in the laser servc
loop to assist in carrying through missed measure-
ments.

5.3.2.3 Azimuth Regeneration

It should be possible 10 regenerate azimuth on a
similar basis, using no more than two integrators. This
follows from the relations:

cota = x/Ry, (5.94)
d:dt(cota) = V/R = constant. (5.95)
d21di(cot a) = 0 (5.96)

Both a and the parameter V/R,, are initially un-
known. The rate of change of a is known a3:

dajdt = -dA_[dt (597
where: A, is the azimuth angle from an arbitrary
reference.

However, it has not been possible to develop an
appropriate regenerative circuit using azimuth alone in
the available time. For the reader who wishes to do
this we note two additional relations that may be
helpful:

2XA = 3(A)% 4y (5.98)
which can be put into the form:
A2 [A) ) = (A2 (5.99)

5.3.2.4 Solution with Estimated or Intermittent
Range inputs

A possible degraded mode of operation of the
AFAADS system 1s one in which range information is
denied (ECM or range finder incperative), or intermil-
tent (widely spaced laser returns). In either case we
would like the regeneration and prediction functions to
operate smoothly and as accurately as possible between
measured or estimated range inputs.

An applicable relation is:

. 5
12,D,° = VD (5.100)

m

where {1, is angular velocity of the sight line in the
slant plane and:

A [ ] . b
2,7 = ¢,° +(A, cose )" (5.101)

These relations may be used as shown in Figure
5-31. From the normal angular tracking process, {1, is
generated. An estimated value of the parameter VD,, is
set in and a resolving unit computes and displays D,
The operator need not know the vajue of VD, but
simply adjusts its input unul the D, reading agrees
with his estimate of range. On a one-man mount this is
a busy operation for the operator. However, once set.
D, will change smoothly and can be fed to the
computer.

If intermittent range measurements are obtained
from a laser, a servo can close the loop and refine the
setting of VD.. with each measurement so that the
generated D, matches the measured point.

In this scheme. range will be as noisy as the angular
velocities and the system requires further analysis in
detail supported by computer simulation

5.4 PREDICTION AND FILTERING

The most critical element of input data for the
design of an optimum AFAADS system is the quanti-
tative description of target paths. One would like to
know the relative frequency of occurrence. duration,
and relative imporiance of path segments of various
types. This information is lacking. It can be argued
that since the flight path is. to a considerable degree. a
matter of choice of the pilot, such a compendium could
not be produced. However, the pilot does not have
complete freedom of choice. since he has a mission 1o
accomplish within constraints imposed by aircraft ma-
neuverability, weapon type. and weapon fire control
system.

The purpose of the extended discussion of Target
Characteristics in Section 4.1 was to attempt to iden-
tify and quantify the types of target paths with which
AFAADS must cope. However. it is clear that to maxi-
mize the effectiveness of its anuaircraft effort in the
long run. the Army should maintain a continuous
effort to accumulate and analvze. on a systematic statis-
tical basis. records of real aircraft on actual military
missions within the range of antiaircraft fire.

From the current examination of target characteris-
tics, the following elements have been abstracted as a
basis for considering what kinds of prediction modes
should be considered for AFAADS.

The range of speed shouid be from zero 0 about
Mach 1.5, Although most attacks on ground targets
will be conducted at subsonic speeds. strafing attacks at
supersonic speeds are possible. It is believed that target
velocity will normally increase in a dive, and decrease
in a climb or high-g trn.

The largest values of target acceleration will occur in
a direction normal to the flight path.
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Figure 5-31. Elements ot a Range Regeneration from .ngular Velocity System

Current airborne fire control systems require that the
aircraft fly a line segment that i1s approximately
straight for a short period of time prior to the release
of iron bombs. Advanced fire control systems may
eliminate the straight segment. but their accuracy re-
mains to be proven. A strafing attack will normally
have a straight line trace in the ground plane.

The most ‘normal’ maneuver for an aircraft is a
constant rate of turn, which can be maintained with
the controls approximately centered. This includes a
straight line as a special case. A pilot who has reached
the target area and is visually searching for his target
may hold a relatively constant rate of turn as he
searches.

Since the tume to turn through a given angle is:
T V. (ng) (5.102y

where 8 = angle. V. = aircraft speed. and n is the
number of ‘g’ of radial acceleration. the time to turn
can be relauvely long at high speeds. Thus, a pilot
turning for a second pass on a iarget and flying at 250
meters/second wili require 40 seconds to turn 180
degrees at 2g and 16 seconds at 5g. At 75 knots, a
helicopter turning at 2g would require 4.8 seconds. The
turn, it performed totally within the AFAADS enve-
lope or even in part. would thus persist for longer than
the projectile time of flight. thus the aircraft might be
engaged with a curvilinear prediction. The radius of
turn of the helicopter would be onlv 280 meters:
however for an aircraft at 5g. it would be 1300 meters.
Figure 5-32 depicts the radius of a turn for an aircraft
flving at various speeds. Figure 5-33 graphically repre-
sents the time of an aircraft to turn 90 degrees for a
given speed.

The effect of flight roughness caused by air turbu-
lence has a small effect on prediction error as com-
pared with other causes of error. However, the irregu-
lanity of flight path produced by terrain following
creates a serious problem in prediction. and must be
dealt with explicitly.

Deliberate ‘jinking’ by pilot on a passing, but not
terrain-following path, can substantially degrade a
prediction scheme. A similar problem is created by the
evasive maneuvers of a helicopter after it has released
its air-to-ground armament.

We conclude. therefore. that it is necessary to exam-
ine a number of prediction options on plausible
courses. As long as the target aircraft has a straight
line segment in its repertoire of attack paths, this
should be the basic element of the AFAADS prediction
option, since the payoff in target kills is highest when
it occurs.

Additional options have the highest priority if they
widen the variety of attack paths that can be engaged
successfully without degrading the effectiveness against
a low-acceleration target. An option such as curved
flight prediction must be used with discretion because
of the time involved in switching back to straight line
prediction when the target stops turning. Even though
the predictor may make the transition in negligible
time, the effect at the target will be delayed by projec-
tile time of flight.

Whether option changes should be at the discretion
of the operator or the computer is to be determined. It
is probable that the computer should make decisions.
among those allowed it a priori by the operator with
operator override control.

The number of options to be included depends on
the cost in terms of computer complexity and their
effectiveness. Comparative effectiveness will be pre-
sented later from simulation runs.

The effectiveness of prediction depends on the qual-
ity of the input data as well as the prediction algo-
rithm. hence prediction and data filtering are comple-
mazntary parts of the same problem. In the following
paragraphs. prediction algorithms are discussed on the
assumption that data smoothing is done properly. In a
later section. methods of data smoothing are discussed.
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Figure 5-32. Radius of Turn e

6.4.1 Prediction Algorithms

The following discussion begins with the conven-
tional polynomial predictors and then continues to
more exotic types. This discussion will be phrased in
terms of a rectangular cocrdinate system, although it
will be recognized, as previously discussed in the sec-
tion on coordinate systems, that similar operations can
be performed in other coordinate systems. usually at
the expense of considerable additional trigonometry.

Beginning with the assumption thai target present
position has been transformed to rectangular coordi-
nates, it is desired to compute a predicied position.
Following Blackwell, the elements of a polynomial
predictor (up to and including acceleration) are shown
in Figure 5-34 in Blackwell's notation.

- Fanctior of Aircraft Speed

s are weighting functions applied to posi-

L 3 s ments. The outputs of the three weighting
wmt1 on  crations are. respectively. smoothed posi-
- -#tc v and acceleration. Both coefficients k;. k;

< output of the filier above it for lag caused

 .southing time (they update the smoothed estimate

1o present time), and extrapolate the smoothed polyno-
mial for ime of flighta.

Typical values of k, and k.. for the same equivalent
smoothing times T, in each derivative. are:

kl = o+(‘l'_\, | (5,103
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k= (1 2) °:+aTs+(T :‘6)1 (5.104) capacity limits) if desirable. to allow the option of
2 s V. ‘

The filters may be discrete or continuous.

5.4.1.1 Prediction for Unaccelsrated and for
Turning Flight

For reasons developed below, we prefer not io use
the acceleration measurement for AFAADS in the
same form as shown in Figure 5-32. However, the
principle of maintaining separate computations of
position. velocity, and acceleration allows flexibility in
constructing alternate prediction options on demand
within the computer. without incurring additional filter
settling times. Filters with different smoothing times
can also be run simultaneously (subject to computer

changing smoothing time without introducing tran-
sients in individual filters.

The simplest predictor utilizes only the upper two
elements of Figure 5-34. However. the curved flight
algorithm considered for AFAADS is based on the
following considerations. It is believed that the only
turns of sufficient constancy and duration to qualify as
predictable path segments will be those in a horizontal
plane. They can be superimposed on vertical motion of
the aircraft. such as climbing or descending turns. but
vertical accelcration is unlikely to be large for extended
periods of time, while a 3g turn may continue for over
25 seconds in the case of a high performance aircraft.
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Figure 5-34. Elements of a Polynomial Predictor

The use of an acceleration measurement in predic-
tion amplifies the effect of tracking noise. If an acceler-
ation algorithm is used in all three coordinates, the
amplified noise will be present in each. whether there
is a 1arget acceleration in that coordinate or not. By
using an acceleration element in only one dimension,
namely perpendicular to the flight direction and in a
horizontal plane, we minimize the effect of tracking
noise.

The algorithms are as follows:

Let the target velocity projected in the horizontal
plane be V.. and its heading relative to the Y-axis be 8.

Then: X = V; sing (5.105)
Y = V), cose (5.106)
X = V) cos By = w,Y (5.107)
Y = -V sinBu, = -w,X (5.108)

M&?”Ji“-‘-’:—?‘:‘ﬁ!?‘*ﬁm‘"ﬁ’x Y S AT T

where: w, = rute of turn of the aircraft.

Solving tor w

= IXY Y X (X2 Y

o

We compute w,. by the preceding algorithm, from the
smoothed rectangular coordinate rates and acceiera-
tions in X and Y. For short arcs typical of AFAADS
prediction and the sume smoothing time of all the
filters. we can then predict X and Y according to the
relations:

Xp = X+ X [o+(T 2]

P

) S
o +oT +(T,%6)| (5100

-y ":
+ (1 ..)\_..)a

S

Yo = Y4Y [0 +(T )]

-, ~ i ) -
-t 2)3_'«_waa-+oTs+(T\- (»)] (3.110)

where a = time of flight. and the bars represent values
smoothed over T,.

Prediction over large fractions of a circle would
require inclusion of trigonometric terms, but the above
approximations have been verified on the simulation as
satisfactory for AFAADS.

To compromise between the effect of noise on the
curvature correction and the bias in aim point caused
by the turn. it may be desirable to use some fraction
less than 1.0 of the curvature correction. This can best
be determined on the simulation.

The question of how to decide when to use the rate
of turn correction arises. It is clear that

a. It should not be used unless the target is turning.
hecause of the amplification of tracking noise in
measuring accelerations.

b. Because of this added noise in quadratic predic-
tion. the linear prediction will probably be betier
against very slight turn rates.

Implicit in the decision 10 use quadratic prediction is
the assumption that the target will hold a constant turn
rate long enough for AFAADS to predict and fire a
few rounds. There is also a penaliy in switching back
1o the linear mode; since, even if both are carried in
the computer. so that there is no delay in making the
linear prediction. a segment of the rew linear path
equal in length to time of fAight wili be fired with
quadratic prediction.

Since target acceleration will never be measured
perfectly. we want to bias our choice of mode in the
direction of linearity when measuied accelerations are
small. We can do this by the threshold criterion just
mentioned. or we can use 4 more sophisticated and




probabiy mare eflicient gradient ¢cnierion The two
cntena (where A 1s measured target acceleration) are:

A Threshold

(1 |,~\mis(‘ then use Lincar Mode.
M) I I:.-\m|>(‘ then use Quadratic Mode.

b.  Gradiem
(1) 11 jA 1 SCq then use Linear Mode.

[T Cu<|.~\.m|sCl then use a
fraction ( lAm!'CoHCl -C.) of the

quadratic correction.

3 Cl<l Ap| then use the full

quadratic correction.

The gradient criterion is most easily tested on the
simulator. We can do some analysis of the threshold
criterion. however, and the following paragraphs at-
tempt this,

5.4.1.2 Linear veraus Quadratic Switching
Criterion

In this section we discuss the process of deciding
which algorithm to use, i.e.. whether to use the linear
or quadratic prediction when the absolute value of the
measured acceleration exceeds some specified value C.

Since 1arget position measutements are contami-
nated with noise the measured value of acceleration A~
will differ from the true value A,. and the probability
density function of the difference is assumed to be:

("\m i Al)'
‘ s m— ¢ A7 aa
I(AmIA()dAm = :-!-;-a [ Am

(511h

where estimates of the variance in the error in measur-
ing A, are obtained from the filter analysis.

Let P(Q A,) be the probability that we use the
quadratic prediction when true acceleration is A,, and
P(L A,) be the probability that we use the linear
algorithm when true acceleration is A,.

Then:

T
PIQ:A = [t‘(AmiAlbdAm
¢

_ (5.112)
¢
+f A IAp A,
¢
PLag = [ T iAp da,
€
(5113)
= 1-PQAp
( :
N‘"\m ) "\t)
| N 2 .
PLAp = gre- Je "oa" dan G

-¢
When target acceleration is zero we want a very
high probability of using linear prediction.
“

. Am”
| : -'1 -
= -0y«
P(L 0) :[ﬁ_;— J' e A° dA (5.115)
-

This value can be obtained from tables. However a
convenient approximation to the integral is the Polya-
Williams approximation:

hl 3 I il
t- Zx”] -

X
I N hed
< [C - dts |l-¢
N T

X
with an error that never exceeds 0.0075 (5.116)

1f PC(L!10Y = 1.0-A. where A is small then:

P(LIOY = [I - c-%(é\—)-]l - ~ 1 ——Ie-‘_'?-(ﬁc%\):

L |
-

C-= a‘_\[- Iogc (3;)]

t ol

(S 118)

Then the probability of using linear or quadratic
prediction as a function of true target acceleration A, is
as shown in Figure 5-35

Obviously, the smaller the value of o,. the smaller
the value of C that we can set.

The function shown in the figure is:

P(QAp = 1 - P(LIA}) {3119
where: Vo
1 C‘At ) 20A:
P(LIA,) = —=— ¢ dv (5120
UoNemoa el

hhita
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Figure 5-35. Probability of Using Linear versus Quadratic Prediction Mode

For A= O
Nal 2
2C + Ap?
PLiap =10 7oA
i (5.121)

Al
_C - Ap-

208
bt 1 -¢ ‘or\—

to

where: the (+) sign is used for A<Cro AC

and (-) sign is used for A >C
also:
5 Aqt2
_.(C - At -
T0 42
PLIAD ~+ )12 ]1-e T7A- (5.122)

To decide where to set C. and in fact whether 10 use
quadratic prediction at all. we must consider:

a. If the target does not accelerate, how much better
1s linear than quadratic prediction (since the
latter is more strongly degraded by noise).

b. What is the probability that the 1arget will fly an
accelerated leg.

We can formalize the guesses involved in °b’. and to
a lesser extent in *a’ as follows:

For linear prediction against an accelerated targel.
we write a value function (the kill probability could be

used): VL(Ap {5123

A reasonable form is:

(3124

where V. and s can be reluted to terms in the kill
probability formula. For quadratic prediction against a
target of any A

\Q = V) = constant. (5.125)

These value functions are compared in Figure $-36.

Now we nced 1o guess the relauve frequency with
which we will encounter accelerations A. (this guess is
already imphcit in our choice of V- and V). Since this
1s pure conjeciure at this point. we write the probabil-
ity density funcuon in a form which will facilitate
integration:

Al

—————

N
POAIAA =,_¥_i?:c-0l‘ Y (5120
~ 27 0y

The value of our svstem. with the swiiching opuon
1s. then

Figure 5-36. Relative Values of Prediction Mode
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Rather than integraung at this pomnt, ditferentiste with
respect o C 10 obtain opumum C. The only terms
contaming Care P(L A)) and P(Q Al

After some rather tedious algebra we find that the
optumum value of C is given by:

\ n _.\4 /l + !
Ce=-= \~——\“ loge ('—0
S- H- N

|
- loge (l +u) (5.128)

One more expression is of interest. Once we have
determined C, the probability of using the linear op-
tion 1s:

-
3

C: 1:2
o> +0,~
PLYy={1-¢ (’A' 0")_‘ (5.129)

The above expressions are relatively opaque. The fol-
lowing two cases are simple examples to illusirate the
ratianale for determining the probability of using the
linear option:
Let

s =020ga, = 1.0g

The first expression states that an acceleration of 2”2(0.2)=
0.37g reduces the effectiveness of the linear algorithm to 37
percent of its zero ‘g’ value. The second expression indicates
that we expect almost all target accelerations to fall within
Ix1.0=3g

Assume that ¥Vo/V, = 100. This represents a very
high noise content of the quadratic mode.

Case I: Leta, =0

This assumes that we can measure accelerations
perfectly. For this case:

=4l loge (Vo V)

Cv=21.C=040¢ (5130

then: P(Ly = 0.34

We then use the linear prediction with a probability
of 0.34

Cuse Il: Leto, = 1.0g

This is rather poor acceleration measurement. Work-
ing through the numbers we find that:

P(Ly =074

Since the quadratic algorithm is so rarely used for
this set of parameters, we would probably not choose
to build 1t into the computer. Note that the low P(L)
results from the large error in measuring acceleration
T

A consideration in using the threshold criterion is
how rapidly the decision algorithm changes modes,
depending on noise. Some rough estimates, based on
zero crossing theory, indicate that when target acceler-
auon is at the threshold, option changes will occur at
about one rer second. This ‘chattering’ is undesirable.
and can be subdued by requiring several samples 1o
exceed C within a specified time to switch to the
quadratic option. The linear mode can be favored at
this point by requiring fewer confirmatory samples to
go from quadratic to linear than from linear to
quadratic.

It is likely. however, that exploration of the decision
algorithm on the computer will indicate that the gradi-
ent criterion is the preferred basis for computer selec-
tion of this prediction mode.

If it turns out that the prediction for target rate of
turn is both superior to linear prediction against turn-
ing targets, and above some acceptable threshold of
effectiveness as well, and that constant rate of turn arcs
are hikely to be experienced in real life often enough to
maintain interest in this algorithm, further thought
can be given to refining the decision algorithm. In
addition 10 the gradient ‘riterion, one might also
include consideration of the direction of approach of
the target. If 1t is turning preparatory to attack. one
might prefer not to use the turn prediction at all to
avoid degradation of the probable subsequent straight
line segment. However once the target has passed the
gun, the computer might be allowed the option of
including a turn, if detected. to catch the turning phase
of a reattack.

World War Il experience with curved flight predic-
tors indicated that for very long times of flight they
were not superior 1o straight line predictors. However
the question is still open for AFAADS. As shown later.
simulation results indicate that the quadratic mode is.
in fact. useful at short times of flight.

5.4.1.3 Constant Energy Prediction

A nrediction mode which corrects for target acceler-
ation in a dive. or deceleration in a climb, can be
implemented without a penalty for noise amplification.
It is based on the following considerations:
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The sum of kinetic and potential energy of an
airplane at a specified time can be writien:

V2+2p2Z2=E (5131
where V = velocity, Z = altitude, E = energy

Differentiating:

Va+ gV; = (dE'dt),2

where: a = acceleration along the flight path.

The pilot can thus, with zero change in E, trade
kinetic for potential energy. or vice versa. He can also
generate a positive dE/dt by advancing his throttle, or
a negative dE/dt by retarding it.

Clearly, what we would like to have are records of
dE/dt over a variety of flight maneuvers, with associ-
ated V, Z to determine reasonable ranges of dE/dtas a
function of situation. We may note. however, that the
maximum horizontal acceleration which the pilot can
generate by throttle is somewhat less than 1.0g. If we
are interested in short times of flight. we may derive
most of the benefit from the above relationship by
considering dE/dt to be zero over the prediction time.

This means that we will always associate an accelera-
tion with a vertical velocity. This has the advantage
that we need not perform an acceleration measurement
to get an acceleration correction. It has the disadvan-
1age that we will get an acceleration prediction after
the airplane has settled to a steady-state sink rate. To
determine which is the more important consideration
requires that real flight paths be analyzed.

Two alternate approaches that do require an acceler-
ation measurement are (a) to treat vertical acceleration
as motion along an arc. and measure pitch rate in a
manner analogous to turn rate in the curved horizontal
flight algorit (2) in a more sophisticated manner
measure dE/_ ... predict on that basis. These alter-
natives should be kept in mind when real data becomes
available. ’

For the present we assume a straight line segment.
and a rectangular coordinate system. Then:

A%
Av = 277 (513
Vs vz \?
Az = Av = 2Ty (5.13%
Vi VzVh

Ah = .'\v'\_,z -2 S (5]34)

Vy VzVx
Ax = AI'V;; =g T (5.135)
Vy VVy
_ Y _ Y
Ay = :\hVT— -g _—V: (5.136)

where: V,. V.. V. are the smoothed velocities in rectan-
gular coordinates, and the 4, are corresponding acceler-
aticns. Also:

Vil = Vil + vyl (5.137)

V2=Vt v;? (5.138)

The prediction algorithms. including the updating of
position and velacity for the lag incurred in smoothing
are:

Xp =X+ Vy [a + Ty 2] e 2uvavz V)

a3+aTs+(T,3'())‘ (5.139)

Yp =Y+ Vyja+ (Ted)]- (@ 20VyV v

a- +aTg+(T§:5(ﬂI (5.140)
Zp=Z + Vg fa+(Tg - (g 2V, V)l
a< +aTg + (T2 (»)] (5141

where a = time of fiight.

This concept is similar to one proposed bv H.W.
Bode many years ago. Unfortunately. Bode's imple-
mentation was imbedded in a curved flight predictor,
and was never tested separately. Bode also included a
limiter for long dives. so that diving velocity eventually
reached a constant value.

5.4.1.4 Pradictiun Algorithm for Defense Against
Attack on a Known Point

For a long time it has been conjectured that it might
be possible to make use of the known position of a
defended point (such as a bridge) in antatrcraft gun
prediction. Naval interceptor aircraft. for example.
routinely use inierception tactics which keep them
between the defended ships and approaching bombers,
in spite of evasive app raches by the bombers. Dr.
Tappert and his associates at Frankford Arsenal
worked on this problem before the availability of
digital computers. but the computing mechanisms then
available did not appear io allow a feasible solution.
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In the current study a fuasible algorithm has been
demonstrated on the simulation. lts description
follows:

For free fall weapons. s in level and dive bombing,
the lavnth aircralt must fly a track, the projected
horizont.d trace of which must at some point pass
through the target being hombed (except for wind
corrections. which can be included. but are not dis-
cussed here for simplicity). In dive bombing, the air-
craft path, when extrapolated. at some point passes
through the ground target (except for minor deviation
caused by sight angle).

Only sophisticated bombsights allow the launch air-
craft freedom of maneuver except for the instant of
weapon release. Most systems require that the launch
aircraft fly a straight-line course for as long as ten
seconds before bomb release. This is prime time for
antiaircraft fire.

Similar comments apply to air-to-surface missiles. if
the missile is considered as a possible target: although
some consideration must b given to whether the
missile is free fall, lift supported, or powered.

The following development is in terms of a dive
bomb attack. For level bombing the method is similar
and differs only in detail.

The target is tracked. and its heading H computed
with respect to the line connecting target position and
the point on the ground suspected of being a target for
the airplane. The ume to turn to a direct heading
toward the target is computed. based on aircraf't speed
and some ‘standard’ g-loading in a turn such as 3g. Let
this time be T.. The time of flight of a projectile to the
target 1s computed (either from the on-going conven-
tional prediction algorithm, from which it can be read
out. or simply as an approximation based on present
target position). Let this time he .

T, is computed approximately as:

Tr = AHV!(ngy (5.142)
where: ng = Vw, :and
w, = turnrate

where: V= target speed, AH = heading change
required. ng = standard turn acceleration. This is
compared with L.

If T.> . the fire control system continues to operate
with conventional extrapolation-prediction.

If T. < t. the fire control system predicis on the
assumption that the aircraft will in fact turn to an
attack path.

In the latter case prediction is made on the basis of:

a. A level wurn to head directly at the ground target.

b. Entry into 2 straight-line dive passing through
(extrapolated) the ground target.

c. Aircraft speed as measured by the computer and
corrected for acceleration depending on dive
angle.

The major advaniage of this system is that there is
no settling time in rate measurement after the target
aircraft has completed its turn. Depending on how
much the aircraft deviates from the ‘standard twrn’
programmed in the computer, the system may even be
highly effective during the turn to attack. (The effect of
different turn rate is wiped out completely. of course,
when the airplane has completed its wrn.)

The geometry of an attack on a known point is
shown in Figure 5-37. The target is at D, the defended
point is at the origin of the coordinate system at C.
The target has a heading angle H relative to the line of
length R, to it from the origin. The target wrning
radius is p. and a speed of V gives it a turning rate of

wa=V/p . (5.143).
p is given by:

p=V2ng) . (5.144)

We want to know the target position and time at
the instant it is heading directly at the origin. We
define the desired position in terms of the radial
distance R, and the angle A between R, and R,.
Beyond this point. prediction takes place on a straight-
line connecting present target position and the de-
fended point.

It wrns out that an economical method of getting
R,. A and T. is to compute them in that order. The
method follows:

R, is drawn from the defended point to the center of
the airplane’s radius of turn E. In the triangle BCE:

Ry =Rp= + 2 (5.145)
where: o is the radius of turn.
Ip the triangle CDE:
Ry= = Rgo+p2-2Rgp sin H (5.140)

Hence:

Rp= = Ra? - 22 Ry sin H (147

and all the quantities on the right side of the equation
are known.

From the same triangle:

Ry sin (A + Ay) (5.148)
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(Rg-psinH)-Rpp cos H
tan A=o—072° s

(5.15%)
RptRo-p sinHy+p2cos H

and again. having computed R,. we know all quantities
on the right.

With reference to the figure. the time to wrn T. is:
Ty=20 w4 (5150
But. from the hgure:
2 =A+H (5.157)
Hence:

Ter=(A+H) (') (5.15%)

and again we know all quanuties on the right.

Although the preceding relations can be program-
med in a few minutes it is of some interest to deter-
mine the approxima(e form by expanding sin. cos H 1o

terms in H only. As a result. we obtain:
Rp=Rg-pH-(1724pH)2Rg (5.159)
and:
A=(1 DpHI R, (5.160)
so that:
P pH2 ; N
Tr={pH+; }\ (3,161
2 Rp

CEFENDED POINT

To use (5.147), (5.155), (5.158). or their approxi-
mate forms in a computer operating 1n rectangular
00878 838 4 cordinates. they must be transformed to X. Y coordi-
nates. This coordinate svstem is particularly well suited
to seuting in the X. Y displacement of the gun. relative

Figure 5-37. Geometric Drawing of Attack on o the defended point.

Known Point

. _ The algorithm 1s intended. by means of the decision

Rx sin Ax = p cos H (3.150) function, not 10 go into action unless time to turn is
less than or equal to the time of flight. Tnitally,

cos Ay = Res - p sin H 5151 h_owcver._par} of the time of flight passes while the
Ry ¢ X 0-f ( ) airplane 1s sull turning. We therefore have the follow-

hence: ing two cases:
tan (A + Ay)=5.Rp {3150 Case ]: Where the time 1o wrn remaining T is
greater than 0. For this case the prediction algorithms
are:
tan Ay = (p cos H)/(Rg - p sin H) (5.153) . . L
.‘\|\=\[ I']T (5.162)
tan A = {tan (A + Ag) - tan Ay’ (

[T +1tan (A + Ag) tan Ay) (5.154
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(5.164)

L
Ip=2|i-=
P ‘(' l)(>

D(:=X[:+Y[:+Z(: (5.165)

where: L is distance along the straight segment and:

2
L=V -Tr»+§,<—t>(a~T,\3 (5.166)
2A\Dy
where:
a = uime of thght.
a=a(Xp.Yp. Zp) (5167

the second term being a ‘constant energy’ correction
for the fact that the airplane is expected to accelerate
in the dive. The updating correcuons {or smocthing
lag in present position and velocity are not shown.

Case Il: For T. s 0:

L
Xp=Xof! - =— 5168
P o< Ba ( )
Yp=Y I-L (5.169)
p Q DO : :
L
Zp=2Zoll - — (5.1700
Z
L=vVa+y{=2)a2 (5.171)
\Dg
DO:=XO:+YO:+202 (5.172)

On this leg, the computer uses the continuous
measurement of target present position (X.. Y. Z,) and
velocity V: and predicts exactly along the straight line
between present position and the point target on the
ground. Thus present position is always up to date,
there is cnly one velocity measurement V and this
affects only one coordinate; 1.e., along the flight path.

A number of alternate forms for the preceding
algorithms are possible. some of which may be better
adar.=d to economical computation. However. the pre-
ceding algorithms allow the method to be demon-
strated on the simulation.

To monitor the progress of the attack and determine
when to abandon the above aigorithm and revert to an
extrapolation based on rates. the following decision
process is suggested. The computer maintains an up-to-
date measurement of target heading H with respect to

the defended point on the ground. If the condition
R H <r, exists, then the computer will predict on the
assumption the attack will continue. If the condition
R H >, exists, then the computer will revert 1o a rate-
extrapolation algorithm.

where: r. 1s a constant

In addiiion. a lower limit can be placed on Z, in the
preceding algorithms; certainly Z, > 0. Experience
may indicate that dive bombing attacks always pull out
so that minimum altitude is above M,. In either case.
the Z, algorithm (5.170) can be modified as:

L
Do
or:
Zp=M; ifZp<M (5.174)

A standard arc for pullup could be used, but since
the aircraft is unloaded at that point and can puli up to
8g, it is not believed that such refinement would be
justifiable.

In programming this algorithm for the simulation. it
was found that an additional condition was necessary:
namely the determination of whether the airplane
could turn to an attack course at the specified accelera-
tion without overshooting the target. This conditon
requires that:

2psinH <Rg (5.175)

For the computer to get the target into (5.175) this
prediction algorithm and out again. a number of in-
equalities must be routinely queried. A flow diagram
showing the order found convenient for the simulation
is shown as Figure 5-38.

It 1s considered that the most important finding of
this portion of the study is not whether this aigorithm,
in its present form, is more effective than more con-
ventional extrapolations; but rather the demonstration
that 1t is possible with a digital computer to make it
work at all. Feasibility having been demonsirated.
further effort can substantially improve the efficiency
of the computation. and the effectiveness of the predic-
tion.

5.4.1.5 Stochastic Prediction

When the target aircraft or helicopter is doing ter-
rain following or nape of the earth Aving. its path will
be related to the terrain contours, In Section 4.3 it was
indicated that altitude changes under these circum-
stances might be described as a stochastic process.
Although not investigaied, the same conclusion might
be reached with regard 10 course changes in the hori-
zontal plane to go around obstacles.
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Figure 5-38. Flow Diagram of Decision Algorithm for Defense Against Anack of Known Point

It was also indicated that one might consider putting
some information about local terrain into the com-
puter, to introduce a deterministic element to the
prediction. This will be discussed briefly later. The
immediately following paragraphs consider the proba-
bilistic aspects of prediction when the aircraft is con-
tour chasing.

In Secuion 4.2 it was indicated that the power spec-
tral density of vertical motion of the aircraft in terrain
following might be approximated as:

2 T
T+ T +wT2)

This is the power spectral density (PSD) of aircraft
altitude about its mean,

ot (5.176)

where:
o, = standard deviation of terrain height
variation from a mean
Ty, =L/V

L = characteristic length of terrain
V= target velocity

T, = a time constant aggregating the pilot
plus aircraft response lag to terrain
variations.

Since T, << T.. the term containing T; in the above
PSD can be set to zero to a fi. st order approximation.

The autocovariance corresponding to the abeve PSD
is:
-I 7'T '
Riry=o¢-¢ (5.177)

The altitude prediction problem can now be de-
scribed as follows: The airplane altitude as a function
of time consists of a polynomial component plus a
stochastic component. The fire control device tracks
with an error which can be described in terms of the
error PSD. The tracking error is correlated with the

stochastic component of target motion, and the correla-
tion can be estimated from the tracker transfer
funcuon.

The -optimum’ predictor can be determined for
finite smoothing time, using the above assumptions
and the Zadeh-Ragazzini method of solution. which
yields the weighting function having the minimum
average square error of prediction. Limited time does
not permit the optimum solution to he derived in the
genera!l case. Therefore this discussion is limited 10
some estimates of the errors in special cases.

First. consider the error resulling from prediction
with a simple (wo-point discrete predictor. based on
the assumption that the polynomial content of target
motion 1s a + bt The prediction error resulting from
the stochastic component of target motion. ignoring
tracking noise, 1s:

T, )
Zolesa -1 -(a T +ta Toe (5.178%)

where:  a = time of fhight
TS

s = 4 dt

smoothing time

This expresston has a mean square value for input
frequency 1 of:

AL+ 3ul -covway+ 2l +5ul - cos T
- 2ai seov i +TO

3 =aT, (5.179)
and after multiplyving by the terrain PSD and integrat-
ing over 1. we obtain the variance of prediction error
as:
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-

Ty

-

a T
(0;\:7[\3': 2[|+,3)(|~L‘ )

+25 (1 + )(l . c'TS"T‘)

“a+TOT |
-mll-c s (5.180)
If the terrain PSD. as experienced by a 600-knot
aircraft, has a break frequency at about 0.08 rad/sec,
T, = 12.5secand T; >> a. T, so that:
wp;o“: ~ Qa/TP +(a/Ty)) (5.181)
Foro, = 50 meters,a = 3sec, T, = 1.5 sec, we
obtaino, = 60 meters,

For a 150-knot helicopter the same computaton
yieldso, = 30 meters.

These large errors will seriously degrade hit proba-
bility, especially since their autocorrelation characteris-
tic time is essentially that determined by the terrain;
namely, 12.5 sec for the 600-knot aircraft and 50 sec
for the helicopter. We therefore consider what can be
done to reduce them.

The simplest solution is to make no prediction in
altitude at all. In this case:

-a/T
(0p.0)7 = 2(\ -e I)

~2a'Ty
The variances are 34 meters and 17 meters respec-
tively. This is a significant improvement.

(5.182)

or.

Il we assume that the mean flight path is level, and
apply the Zadeh-Ragazzini method to obtain the best
minimum vanance prediction, we find for this case:

s -a'T]
(op’ot)-=3(l -e )

TS -a ,"T i u

e I-¢ (5.183)
Ts+'Tl

or:

~ 2a. Ty

So. for the short smoothing and prediction times
(compared with T,). "optimum" filtering is of no advan-
tage. Without going through the tedious aigebra to
obtain the minimum variance assuming a basic poly-
nomial a + bt. we may anticipate that its variance will
be larger than those shown for the constant altiiude
predictor.

If we disable the altitude prediction for low altitude
aircraft and in fact the aircraft has a mean vertical
rate V,, an additional bias of magnitude Va will be
introduced. For @ = 3 sec, this systematic error will
equal o, when V, = 1.3 meters/sec for th. aircraft
(2.2 degree angle of climb or dive); or when V, = 5.7
meters/sec for the helicopter (4.4 degree angle of
climb or dive).

A suggested solution, therefore, is to use a threshold-
(or gradient type) decision algorithm in the computer
which uses the normal altitude prediction varying in
amount from 0 10 1.0 depending on target altitude,
measured rate of change of velocity., and possibly
range. The algorithm can also include recognition of
the fact that a diving aircraft will usually pull out of
the dive before reaching ground level and make appro-
priate modification of the predicted altiude. Further
analysis and computer simulation will provide a feasi-
ble algorithm.

In summary, it appears that the best altitude predic-
tion to use against a terrain following aircraft may be
no prediction at all; predicted altitude is assumed to be
the same as present altitude. This should only be used
when the aircraft is below some minimum aititude, the
minimum itself being a function of target velocity.

5.4.1.5.1 Use of Digitized Terrain in the
Computer

The target ignores the high frequency content of
terrain. We may ask how many terrain points we need
store in the computer to make a semideterministic
prediction of a terrain-foliowing aircraft. The PSD of
terrain itself is down by a factor of more than 10°
beyond about | cycle per nautical mile. By the sam-
pling theorem, samples at S = 1/(2f) of a function
whose frequency spectrum does not extend beyond f
will permit perfect reconstruction of the function If
the terrain is stored at intervais of 1/2 mile, or about
1000 meters. the portion of the PSD which affects
aircrafi flight should be adequately represented. About
40 points should provide an excellent representation in
the AFAADS area of interest, and a smaller number
would also probably be effective. In view of the large
prediction errors expected by more conventional f.ie-
diction schemes against terrain-following aircrafl, the
concept of using a few dozen stored digitized terrain
points. together with an appropriate prediction algo-
rithm. appears attractive. More extended analysis is
required to determine its probable cost in computer
capability and its effectiveness. The possibility of using
this information 1o assist a tracking radar in resolving
multipath images at low angles as discussed in Section
4.2, SENSORS. should also be investigated.

6.4.2 Filtering Algorithms

The target position data provided to the AFAADS
computer by the tracker is contaminated by noise. The
object of the filtering or ‘smoothing’ algorithms is to
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recover the hest possible estimate of the signal from
the signal plus noise. Data smoothing and procedures
for doing it are centuries old (Karl Friedrich Gauss
used the ‘least-squares’ method in 1795)> Further-
more, the field, stimulated by the requirements of
satellite and re-entry vehicle tracking, has been highly
active in recent years. However. the AFAADS problem
has several aspects which are more prominent than in
other data smoothing applications. These are:

a. The desired smoothing time is so short that the
autocorrelation time of the input noise may be
comparable to, or of greater magnitude than. the
smoothing time. Hence the assumption of white
noise is unacceptable without careful scrutiny of
its limitations.

b. Regenerative tracking recirculates the noise
through the portion of the smoothing circuits
associated with the tracking process.

¢. The target path, unlike that of an orbiting satel-
lite. is not analytic. Discontinuities in accelera-
tion and high dervatives appear at the will of
the aircraft pilot. Hence, data weighting func-
tions with extended tails are undesirable.

d. The *optimum’ filter is not necessarily that which
minimizes the variance of prediction error. This
may be an acceptable working tool. but the im-
poriant portion of the miss-distance probability
density function is the portion comprised of
small miss distances; whereas all large misses
have equal, and zero, value.

In the following paragraphs. we discuss the interac-
tion between noise autecorrelation and the filter at
some length. The problem of recirculation of noise
through the regenerative tracking unit requires analy-
sis of the tracking loop to a greater level of detail than
time permits in this contract. However. we indicate the
method of approach and design criteria.

The concept we have developed with regard 1o vana-
bility in the target path follows from our discussion of
flight trajectories, and is exemplified by the discussion
of prediction algorithms. We argue that any flight path
can be considered as a series of segments of varying
length for each of which there is a preferred prediction
option. We develop decision algorithms for activating
the preferred prediction option against each segment
type. In fact, ve expect to find that only a few options
are worth implementing, and that some path segment
types are for all practical purposes unpredictable be-
cause of their short duration.

Our expected result. however. is excellent prediction
against the most important and probable path seg-
ments, rather than a single prediction zlgorithm giving
the best average (and probably very low) performance
against all possible target paths.

Chang'? has illustrated this point very neatly in the

LA =Wy

diagram reprodiwced as Figure 5-39a and b. A target is
shown ‘jinking’ in the direction of the y-axis. and the
results are shown for zero tracking noise. The predictor
having minimum variance of prediction error is shown
in 5-39a. It is never on target. although its mean-
square error averaged over time is a minimum. The
predictor shown in 5-39b is based on the polynominal
prediction a + bt with finite memory: and although its
average prediction variance is higher than that of the
minimum variance predictor. when the target segment
1s straight, the error is zero.

This brings us back to the measure of effectiveness
of a prediction algorithm. The subject has been clearly

:

b

Figure 5-39. Comparison of 2 System with Least-
Square Prediction (a) and a System with Errorless
Constraint for a Number of Deterministic Signals (b)
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discuzsed by Subutz' and others. Our approach is the
pragmatic one of: (1) basing each prediction mode on
a set of target dynamics, (2) using minimum variance
as a tool to proportion the filter, approximately, and
(3) make simulator runs, with gun dispersion and aim
wander included. 1o make final comparisons.

§.4.2.1 Filter Types

Depending on whether the AFAADS computer is
digital or analog, the weighting functions to be applied
1o input data are expressed in discrete or continuous
forms. There is no difference in principle; although
implementation may be simpler with analog or digital
computer, depending on the desired weighting func-
tion. Blackman® has described so well the correspon-
dence of the two types and the ways of implementing
each formulation in the algorithms of the other, that it
1s not felt necessary to carry through a parallel discus-
sion af both modes of implementation in the following
paragraphs. Since one of our objects has been the
digital simulation and demonstration of some of our
concepts, most of our development has been phrased in
terms of digital data processing

The filter can be characterized by the memory length
and the weighting function. In the case of digital
processing, the filtering may be done recursively or
nonrecursively.

Memory length may be finite and constant, finite but
expanding with time. or unlimited, but with past in-
puts successively discounted.

The weighting functions are related 1o the criterion
which is chosen for optimization.

Analytical procedures for developing nonlinear fil-
ters exist, and are progressively being extended in
capability. Time has not permitted the determination
of their applicability although they should be reviewed
in future studies.

5.4.2.1.1 Finite Memory, Filters

For fintte, constant smoothing time T, the weighting
function that minimizes the variance of the signal
measurement, when it is contaminated by stationary
noise, is symmetrical about the midpoint of the
smoothing interval. Depending on the form of the
autocorrelation of the noise. the weighting function
may have delta functions at the ends of the smoothing
interval. Blackman® presents a complete analysis of this
problem for hoth discrete and continuous smoothing.
when the noise is of the Markov type, or band limited
white noise. He also shows how to approximate the
minimum variance weighting function closely with
realizable physical circuit components in the case of
analog smoothing. It is assumed that signal and noise
are not correlated with each other.

The following material is based on Blackman's
book,’ to which the reader is referred for the detailed
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development. Emphasis in the present material is on
the discrete case; with the continuous case included as
the asympiote approached as the number of data
points, within smoothing time T, becomes very large.

In the discussion, we use the following definitions:

By ‘least squares’ we mean a filter than minimizes
the sum of the squares of the deviations of individu-
ally measured points from a fitted polynomial.

By ‘optimum’ we mean a filter that minimizes the
variance in the coefficients of the polynomial.

The two definitions are identical and yield the same
weighting functions, only when the successive data
points are uncorrelated. For an extended discussion of
this point see Morrison.” To realize the ‘optimum’
filter, it is necessary to know the autocorrelation func-
tion of the noise.

The simplest discrete velocity measuring algorithm is
based on only two data points, and the simplest accel-
eration algorithm uses three. These cases are included
in the following comparisons.

Tables V-2, V-3, and V-4 iabulate the weighting
functions, variance reduction ratios. and asymptotical
approximations to variance reduction for the 2-point,
3-point, least squares, and optimum filters for position,
velocity, and acceleration. In these tables, the noise
autocovariance is:

\
R(s) = 0,7 oM (5.184)

Smoothing timeis T, and a = AT.

These velocity and acceleration algorithms are com-
pared in dimensionless form in Figures 5-40 and 5-41.
The small differences across algorithms suggests that
for small AT, a small number of points in discrete data
processing will be satisfactory which is a desirable
conclusion from the point of view of data storage
capacity in the computer. This aspect is therefore
examined in greater detail.

Writing the general n-point smoothing algorithms
as:

n
x(j) = £ wOr X(j - 1) (5.185)
r=0
n
x(jy =X Wlr X(j - r) (5.180)
r=0
n
(j) = I W:r X(j-r) (5.187)
r=0

where: x(j - r) is the input data point at time j - r. and
there are n+ | points in the fixed smoothing interval T
spaced at constant intervals A, so that T = nd

(Insert Equation 5.188)
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Table V-2. Position Smoothing Algorithms

Algorithm

Weighting I‘'unction W 19

2-Point

Least Squares

16()+b (1-1))/2

T

Least Squares

Optimum [6(0 +8 (1-T) + /T /(2 +a)
i
Algorithm Variance Reduction (0/0g)~
2-Point (1+e¢)y2

(2/::2) (a-1+e)

Optimum 2/(2 +1)
Algorithm Asymptotic Approximations to Variance Reduction
Small AT Large AT
2-Point I+ (XT/2) 12
Least Squares 1- (XT3 2NT)
Optimum 1-(AT/D AT
Note: a= AT
00678-541
Letting < = ¢ for Markov noise, (5.188) and:
"
andk = (1-p)/(1 +p) (5.189) W, = 6k=(n-2r) :
. G . TI(1+kn) (2 +kn) +(1 - k)]
the optimum position weighting sequence is:
Wo, = [n+ 1) - (m-Dpltir =010 (5190) =12 e (5.193)
with variance reduction:
n
3 _ (n+1)-2p-(n+1p>+200*2
(olo,)" = —— (5.191) I
(n+1)=(1 - p) The velocity variance reduction is:
and the optimum velocity weighting sequence is: 3 12kn
" wy: +f " | (0,Tlog)~ = ' - (5.194)
Wip= Wy, = — ) [1 +k(n- D] (1+kn)(2+kn)+(1 -k2)
n . . .
Tl +kn)(2 +kn) +(1 - k2)] The variance reduction as a function of the number
(5.192) of points has been piotted in dimensionless form in
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Table V-3. Velocity Smoothing Algorithms

Algorithm

Algorithin Weighting FFunction W l(s)
. (-6

-p —

omnt T
Least Squares ..6_ (T-2s)

T3

_ GAXT - 20+ 6 (AT + 2) |6 (1) - 6 (1T)]|

Optimum

TAX2+ 62T +12)

-
Variance Reduction (0]/00)‘

. 2 -a
2-Point 5 (1-¢%
T

12 | 24-6a%+ 203 - ¢ (24 + 240 + 6ud)

Least Squares

72 K .
Ont 24 a }
ptimum - | -
2| 2
T la"+6a+12
Algorithm Asymptotic Approximations
Small AT Large AT
2 2 1.0 2
2-Point AT = AT (aSy ~ ——
T .r2
24A hX!
Least Squares A° (1282 1] ~ —— A2 (4N~ —
1 aT?
2\ ) 2
Optunum A2 Qa1 ~ = N 2daty ~ 3
L AT
NOTE:
I' = smoothing time
Markov noise, autocorrelation c'h: variance 002
4=\l
00678-542
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Table V-4. Acceleration Smoothing Algorithms

Algorithm

Weighting IFunction Wo(s)

3-Point

Least Squares

2-Point Plus

4[6(1) - 26(1- T/2) + bit - |
T2

80 (T2.6sT- 653
TS

—6- [6() +8(t-T)- 2]
T2

30 212+ 6a+a2)[6(1) + 8(1-T) - 2+ 2022 + a)| T2 - 65T - 657

Optimum
T3 120+ 60a + 12a2 + a3
Algorithm Variance Reduction (02/00)2
1 , .
3-Point 16 (6- 82+ 2¢7Y
T4

Lecust Squares

2-Point Plus

44 2 6 12 12 .
LT PPN P BPRE R

T4 a a 4 a2

7 2
i(1+3)[(1-3)+(1+-)c“l
1-4 @ a a

X 1440 M2+a)
Optimum —
T4 (1204602 + 12002 + 3
Algorithm - Asymptotic Approximations
Small AT Large AT
2 9 9
3.Point A (32 ~ 32 2~ 2
a T3 o 4
240 34A .4 144 1440
Lcast Squares M=) — Ay ! 0) = —
723 T3 a TS
24 24\ 72 72
2-Point Plus M) ~— M=) ~ =
a3 T3 ad T
24 24\ 1440 1440
Optimum M) ~ == M) ~ =
a3 T3 ad AT?
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Figure $-42. The dimensionless ratios have been cho-
sen differently from those of Figures 5-40 and 5-41 to
emphasize that as A——=0: variance =—= 0, and there
is a ‘worst’ A. One can obtain a small A with sluggish
sensor servos, but the penalties paid in lagging data
have been discussed earlier.

The asymptotic curve of acceleration variance reduc-
tion has been replotted in similar form in Figure 5-43
for comparison of the effect of A.

To be more specific with regard to AFAADS param-
eters, a value of A = 5.0 sec' has been chosen, and
velacity variance reduction has been plotted in Figure
5.44 versus smoothing time as a function of the num-
ber of data points. This value of A, corresponds to a
characteristic time of 0.20 seconds, and is considered
1o be about right for a high performance radar track-
ing loop.

We note from Figure 5-44, that for smoothing times
of abou 2 seconds. there is no justification for more
than 9-point smoothing, and that a smaller number
would probably be satisfactory.

If. as we believe is probable, the autocorrelation
characteristic time with manual tracking is at least 0.
second. or A = 2.0, a 4-point smoother should be
satisfactory.

Finally, in view of the small differences between the
optimum and least squares weighting sequences. it
would probably be satisfactory to use the latter, and
they are listed below for reference.

Wo, = (n+ iy (5.195)
6(n - 2r)
W, T cece— 5.196
Ir” T+ N(n+ D ! )
A
, 60 nfn(n - 1) - 6nr + 6r°] (5.197)

W =
x T2 [(n- D+ D+ (n+3)]

5.4.2.1.2 Variance of Prediction

If the optimum weighting sequences are used, Black-
man shows that the smoothed estimates of position.
velocity and acceleration are not correlated with each
other, so that if prediction is made as:

X, = x+kyK+kak (5.198)

p

where: ky = a+(T2iky = [a +aT +(T*6)]2
(5.199)

the variance of prediction error is, in terms of vari-
ances of position, velocity, and acceleration:

5.48

2 2 ) )
op = a'+k|"ol“+k~."012

(5.200)
Figure 5-45 shows the variance ratio for position

and velocity smoothing for a 3-sec time of flight as a
function of smoothing time.

5.4.2.1.3 Expanding Memory

In its simplest form, a fixed memory system provides
no output until one memory time has elapsed. We
should prefer to have a less accurate output availabie
almost immediately (3 data points, for example) with
progressive improvement of the output until the full
memory length is utilized. Since Blackman provides
algorithms for this process, they will not be reproduced
here. These algorithms represent the initial loading
process of the filters in the system.

We might also consider allowing the memory to
expand indefinitely, i.e., at each moment making the
best estimate according to the totality of past data.
However, in the absence of actual target data, we are
inclined to give this type of algorithm a low priority
for investigation, because of the low probability that
any of the polynomial coefficients of the target signal
will remain usefully stable for more than a few sec-
onds.

5.4.2.1.4 Recursive Smoothing

The simplest form of discrete recursive smoothing of
successive position measurements with no trend is:

x() = ax()) +(1-ax(G- 1 (5.201)
where:
x(j) = smoothed value of x at the j'th point
x()) = measured valuc of x at
a = constant, 0 << a<1.0
@ .
x = a2 (1-afx(t-k) (5.202)

k=0

and is the digital equivalent of analog ‘exponential
smoothing,’ for which the Laplace transform is:

x(s) = x(s):(1 +sT) (5.203)

Since only one value, the most recently computed X.
must be stored between cocmputations: the method is
highly economical of computer storage.
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When both position and velocity are desired. the
algorithms can be written as:

X0) = xp() *alx@)-x,G)] (5.204)

gy = v( - H+(h‘T)[xU)-xp(j)l (5.205)
wheie:

xp(j +1) = x(N+Tv() (5.206)

T is the sampling interval. and b is a constant.

The preceding set of algorithms®, known as the
‘alpha-beta tracxer equations,” found a large market in
the carly days of track-while-scan radars when it was
desired to maintain hundreds of tracks within limits of
available computer capacity. The x, estimate was used
to assist in correlating new blips with past tracks; and
in the case of a missed blip. the computation could
proceed using %, in place of x. The maximum predic-
tion (if no blips were missed) was one unit.

An optimum value of b, considering setiling time
and variance reduction, was found to be b = a‘/(2-a)
for the radar application”

Corresponding algorithms have been published for a
third-order (alpha.beta,gama) tracker®

In the past eight years, radar track-while-scan
smoothing algorithms have become considerably more
sophisticated as computer capabilities have improved.
However, such systems rarely need to predict more
than one data interval forward.

Recursive algorithms for least squares weighting
have been developed by Blackman. These are more
economical of computer usage that the equations given
earlier, when the number of points used is very large.
Since we indicate that about 10 data points can be a
maximum for AFAADS, and only one track may be
developed. this consideration is of lesser importance.

One of the advantages of a recursive algorithm,
however, is that the weighting coefficients can be
changed fairly easily as a function of other parameters.
For example. in some TWS-radar algorithms it is
found desirable to vary the weights with range, to
account for changing radar accuracy; or with time, as
a new track becomes well established.

In the case of AFAADS we have conjectured that
tracking error in linear measure is not likely 10 vary
widely aver most of the AFAADS envelope. However,
as time of flight increases, the prediction error will
increase as velocity and acceleration variances are
multiplied by time of flight squared and 10 the fourth
power respectively. This suggests that smoothing time
should increase with time of flight.

Varying smoothing time with time of fiight is rather
awkward for a fixed memory time algorithm, but
relatively straightforward with a recursive algorithm.
One still desires a short tail for the weighting sequence
and efficient use of the data points within the effective
smoothing time. Therefore the recursion should be
based on a small number of stored data points of the
immediate past.

The development of appropriate efficient algorithms,
for recursive smoothing with effective smoocthing time
proportional to projectile time of flight, is a promising
area for further study.

5.4.2.1.5 Interaction with Regeneration

The best weighting sequence for prediction, and the
best weighting sequence for rapid settling and stable
functioning of the regenerative tracking unit, are un-
likely to be identical. Rather than compromise the
prediction function, it may be preferable 10 generate
two sets of rates; one for regeneration, and one for
prediction. Tne exponential smoothing of the simplest
recursive algorithm is prohably an essential component
(if not all) of the rate computation for regeneration.
However, exponential smocthing makes inefficient use
of available data for longer prediction intervals such as
projectile time of flight. A proper analysis will deter-
mine the algorithms to provide regenerated informa-
tion to the tracker guaranteeing stability and rapid
settling, and to the predictor (operating on the output
of the regenerated tracking loop) for a most accurate
prediction within a specified effective memory time.
Optimization of both functions might require separate
filters.

5.5 BALLISTICS

The ballistic computation provides time of flight for
the prediction algorithm, corrections for gravity drop
(superelevation), drift. and, if necessary, the effect of
wind on the trajectorv of the projectile. The parameters
defining the trajectory are the gun's quadrant eleva-
tion, muzzle velocity, and the structure of the
atmosphere.

How accurately ballistics should be computed de-
pends on other sources of prediction error, as well as
on how well the parameters defining the trajectory are
known.

These parameters may be discussed in two classes:
depending on whether they would exist in a vacuum.
or whether they depend on the projectile’s interaction
with the atmosphere. In the former case. the effect is
realized through variations in the muzzle velocity of
the gun. Figure 5-46 lists the parameters grouped
according to the two classes.

Muzzle velocity variations will occur because of the
following: variations in propellant characteristics
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Figure 5-46. Ballistic Parameters Affecting Miss Distance

within and across lots, variations in propellant temper-
ature and projectile weight, and as a function of tube
wear. Some of these variations from the expected value
will be systematic and vary slowly, if at all across
rounds; while others will vart from round to round. In
the case of the slowly chan - parameters, such as
tube wear or propellant lot, 1. .> possible to eliminate
them by measuring muzzle velocity by an on-mount
device. and applying a correction based on the average
over several rounds, as is done by Oerlikon.

The parameters, which affect the trajectory through
the action of the atmosphere on the projectile, tend to
be roughly proportional to the loss of velocity of the
projectile, as caused by drag. Their effect is reduced
over a given distance traveled. as time of flight is
shortened by increasing muzzle velocity. and/or reduc-
ing projectile drag.

Since the state of the art in designing computing
elements to match a given set of ballistics is well
advanced. an in-depth analysis of the most efficient
algorithms to use for AFAADS can be done with low
risk at the appropriate point in the development cycle.
The University of Michigan has developed second-
order corrections to the Siacci-Kent-Hitchcock ballistic
algorithms. These algorithms are easy to implement
and may be adequate. At the limits of extreme preci-
sion, the Litton-developed TACFIRE System has im-
plemented ballistic algorithms that are probably as

precise as the ballistic tables derived from proving
ground firings.

The emphasis in the following paragraphs is in
relating the principal errors in input parameters to
miss distances at the target. This relationship will
provide a basis for estimating whether, for example.
there should be a correction for wind. as well as what
control should be held on muzzle velocity varnation
within lots. For this purpose. the simglest Siacci repre-
sentation of the trajectorv is considered adequate.

5.5.1 3/2 Law Ballistics

It was observed by Dr. T.E. Sterne about 25 years
ago that. for a low drag projectile, the drag coefficient
at supersonic velocities could be well represented as
varying as the -1/2 power of velocity. so that the drag
itself varied as the 3/2 power of velocity. For trajecto-
ries with relatively small gravity drop, the equations of
motion can be integrated to vield the following first
order approximations:

tp = D[V, - 2DV, ! (5.207)
A2 2y 12 Ko P
vl =y bekno (5.208)
N .
v, = v ekev b (5.209)
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VvV, =V, (5.210)

where.
V,, = muzzle velogity
V = projcctile velocity at range D
'p = nme of fhight to range D
V, = average projectile velocity to range D

K = acoefficient in the deceleration expression:

dv:dt = .K V@ (5.211)

and for the *3/2 law', a = 3/2.

The University of Michigan has generalized this
approach to include arbitrary values of «. The compo-
sition of the coefficient K can be seen by writing the
deceleration relation in conventional form:

dVidt = .C4V? (pgi2) (A/W) (5.212)
where:
Cq = drag coeificient

P air density

cross sectional arca of the projectile

W = projectile weight

5.5.2 Projectile Gravity Drop

In a vacuum. projectile drop/Q. under the influence
of gravity, is given by:

Q= (I'D gt.-

§.213
p ( )

where: t, = time of flight. Kelly. et al. have shown
that within the validity of the Siacci approximation,

over a wide range of projectile drag laws:
Q= (l,'Z)gtp2 AVIV,) (5.214)

where: the value of f(V/V,) is very nearly the same for
given ratio of remaining to muzzle velocity, V/° o
spite of changes in the drag function.

For the 372 law™:

N
Q= (lil)gtp (1 -(2/3)(V0-Va)/V°] (5.215)
where:
Va = average projectile velocity over tp, and Va2 = VOV

The preceding expression can also be written:

Q = (16} (g, D) [t + 2AV,V,)] (5.216)

5.5.3 Effect of Parameter Variations

Differentiating the expressions for time of flight for
constant range, we find that:

axp/avo = {rp/vo)(vo +VI(2V,) (5.217)
atp./aK = (tp/!()(v0 -V IV, (5.218)
and from the expression for K:
dKip = K/p (5.219)
aK/awp = -K,"wp (5.220)

Variations in projectile weight also affect muzzle veloc-
ity approximately as:

Vlawy = {(1/2) Vyiw (5.221)

P

If the time of flight of the projectile to the target
differs from that used in the prediction by a small
quantity A, the miss distance from this source will be,
very closely:

M = V sin QPA (5.222)
where: {1, is the angle between the target path and the
correct trajectory, and V, is target velocity.

This expression has a maximum value at {};, = 90
degrees. at which point:

aM/at, =V, (5.223)

Combining the above expressions to obtain the miss
resulting from muzzle velocity deviations:

aM/aVv, = (V, lp,’VO) (Vo t VIRV (5.224)

For the Vigilante ballistic options presented earlier,
and considering the worst case of maximum range, at
which the projectile has almost dropped to sonic veloc-
ity, and assuming a 1arget speed of 300 meters/second.
this works out to about 2-3 meters of miss per meter/
sec error in muzzle velocity. However, at 3-sec time of
flight the ratio is from 0.38 to 0.45 meter of miss per
meter/sec error in muzzle velocity.

Similar computations can be done on the effects of
variation in air density and projectile drag coefficient,
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but a larger percentage variation will be allowable,
since the expression describing their effect on time of
flight depends on the difference between muzzle veloc-
ity and average velocity rather than the sum. Varia-
tions in projectile weight affect both muzzle velocity
and slowdown. A slightly underweight projectile
emerges at a higher velocity. but slows down more
rapidly.

Returning to the consideration of gravity drop. we
find for the variation of Q with V,:

5V = 2Dl (v > : Ny 2v 3
2Q:aV, = ¢D? (V2 +2V,v, + 3V, i(ev 2v,)
(5.225)

where: D is slant range.

For the four ballistic types described earlier for
Vigilante, gravity drop at that range where the projec-
tile approaches sonic velocity is about 100-200 meters,
depending on the projectile. The change in drop per
meter per second change in muzzie velocity is from 0.2
10 0.4 meter. This is a very small effect, compared with
the effect on lead.

Furthermore, since the effect varies with the square
of range. it wiil be completely negligible at short
ranges.

6.5.4 Wind

For a horizontal trajectory, using the Siacci-Kent-
Hitchcock method, we find the displacement of the
projectile caused by a cross wind to be:

Y = wtp (Vo - VIV, (5.226)

where: w cross wind velocity which, for the 3/2
drag law can be approximated as:

2 (g uz)
Y W(p (2K/0

The expression for the effect of a range wind is not

at compact. but it can be approximated as:
= wt 2 172

X = wty (3](V0 ) (5.228)

The projectile displacement caused by wind increases
as the square of time of flight. For a 3-sec time of
flight, we find about 6-10 meters of projectile deviation
per 10 knots of wind.

The Weather Bureau indicates an average wind
velocity of 7-12 knots over the United States (Maxima
range from over 200 knots on top of Mt. Washington
to 43 knots in San Diego).

An error budget for AFAADS is suggested later. At
this point we note that if we wish to hold the individ-
ual ballistic contributions of error 1o less than 3 meters
for a 3-sec time of flight. against a 600-knot 1arget, we
need to hold muzzle velocity to 7 meters/second, and

(5.227)

compute time of flight 10 within 0.01 sec. We alse need
to provide a wind correction.

5.6 HIT AND KILL PROBABILITY

In order 1o place the computations of kill probability
in perspective, some of the limited available historical
data on rounds per aircraft killed is summarized in
Figures 5-47 and 5-48. We have already presented
some overall summaries on numbers of aircraft lost o
anuaircraft guns in an early section of this report.
From Figure 5-47 we see that in World War 1. the
effectiveness of heavy antiaircraft guns improved by a
factor of over five in four years, as the result of
weapon and fire control improvements. and opera-
tional experience.

In World War II (Figure 5-48). British antiaircraft
guns, both heavy and light. began with a high level of
effectiveness against daylight attacks. When the Luft-
waffe switched to night atacks. antiaircraft guns. using
sound locators and searchlights, were relauvely inef-
fective; but successively better models of radar im-
proved the effectiveness of heavy antaircrat (HAA)
rapidly. By the end of the war. radar and fire control
developments, and the proximity fuze for HAA projec-
tiles had reduced the rounds per kill 0 a few hundred
for both guns and automatic weapons. The US. Cali-
ber 0.50 with no fire control and low probability of a
kill given a hit. remained at a very high RPB level.
German systems were improved mostly by increased
muzzle velocity, and increased calibers. They did not
utilize proximity fuzes. but. by the vast numbers of
guns, they were able 10 hit US. aircraft above 20.000
feet with high frequency as shown in Figure $-49. This
figure represents the number of aircraft damaged.
whereas Figures 5-47 and 5-48 are for the number of
aircraft killed.

Considering that the results shown were obtained in
combat with operational degradation of the syvstems
which may be estimated as factors of from § to 10, one
may conclude that a modern antiaircraft gun syvstem
should have a design objective of fewer than 10 rounds
per kill on a nonevading target. The US. M3A3 ver-
sion of the Kerrison predictor. with the Bofors 40-mm
gun, reliably obtained 30 percent hits on sleeve targets
in proving ground tests in 1945, and the instrumental
(i.e.. system exclusive of target evasion) objective of 4
new system should be at least as high.

The [ollowing material develops the methedology
for computation of hit and kill probability. It has two
objectives. (1) to provide a means for anticipating
simulation results by using simplified forms of the
resulting refationships. and (2) to develop the algo-
rithms for computer simulation. In the latter case. we
would like to have 2 means for using the simulation in
a deterministic mode. as opposed to a Monte-Carlo
mode. This object nas not ver been fullv realized
because of the difficulty of accounting for aim wander
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Figure 5-47. Heavy" Antiaircraft Rounds Per Aircraft Kill from 1915 to 1918

and cross-correlations in closed form. For the present
simulation, a compromise solution has been adopted:
the point of aim of the gun is determined by a Monte-
Carlo process: this is then combined with analytic
expressions for kill probability as a function of miss
distance, to obtain kill probability in simulation runs.
The result is that the variation in results across replica-
tions is reduced. and a smaller number of replications
are required to obtain significant differences.

The development begins with representations of the
target and proceeds through single-shot probability to
burst-kill probability.

5.6.1 Representstion of the Target

Although it is probable that the target size (and
especially its vulnerable area) will be small compared
with the shot pattern throughout most of the AFAADS
operational envelopes. there may be relatively large
changes in the area presented to the pattern as deter-
mined by the target aspect (e.g., head on, almost
directly overhead, et.). This paper presents a iarget
model which is consistent with the capabilities of the
Ginsberg simulation. Furthermore, the target model is
realistic. accounts for the size variations with target
aspect. and avoids the assumption that the target size is
necessarily small compared with the shot pattern.

We use the Von-Neumann/Carleton approximation
of a ‘diffuse’ target. This states (for a circular target for

5-54

simple exposition), that if a round passes the target at
a distance u, v from the center of area. the probability
that the target is hit is:

v = euvhal (5.229)

Here a< is defined by:

ffcoe‘(u2+vz)'lazdu dv = nal = A, (5.230)
~0

where: A, = the area of the target. normal to the
projectile trajectories.

For a circular, normal distribution of the probability
density function of bullets relative to the target with
standard deviation o, multiplying v by the power
density function and integrating, the probability of a
hit is:

a2/(a2+20%) (5:231)

If a target were a disc (flying saucer from directly

above), the probability of a hit would be:

292
] -ga /(20%) (5.232)

and the two expressions are to be identical for small
a°/20% and asymtotically correct for large a’/20?.
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Figure 5-48. Heavy and Light Antiaircraft Rounds Per Aircraft Kill from 1939 to 1945

The probability that the target is killed. is obtained
by multiplying the probability of a hit by the probabil-
ity that a hit causes a kill, p(K H). When the presented
area of the target i1s small compared with the shot
pattern, the diffuse target approximation can be used
by replacing target presented area A,. by target vulner-
able area A,, where:

A, = APIKIH) (5.233)

Simply using A, in the diffuse target representation
instead of A. may be close to the facts of vulnerability
even when the target presented area is not small com-
pared with the shot pattern, particularly since strikes
on the extremities of the target (wing tips. fuselage
remote from the crew station), are less likely to pro-
duce an immediate kill than strikes on the crew com-
partment, fuels cells, and armament bay.

Therefore. in the following development. the target
is represented in terms of ils vulnerable area only. If
more detailed vulnerability data is provided by the
vulnerability experts, the computation can be modified
appropriately in a straightforward manner.

An earlier section of the report presented some
estimates of p(K H) extrapolated from German WW
11 estimates. Because of the current European antiair-
craft system development. a very conservative eslimate

5-85

(Figure 5-50) of p{K H) by Dr. Hans Brandli."® Direc-
tor of Contraves, Zurich, is of considerable interest.

We represent the isoprobability contours of the
fuselage by an ellipsoid with its long axis along the
flight path. The projection of this ellipsoid is taken in
a plane perpendicular 1o the direction of refauve veloc-
ity of the projectile at the target. u axis horizontal. and
the v axis in a vertical plane Then for the fuselage:

Vi = et DX HX (5.233)
where:
X' = uv] (5.235)
1 "y
—_— -
2 af "tbl‘
Hiy = ——=~. (3.23m
(l-r'.’l i R 1
afbf hf a2
and
. ]
[ VidX = by = Ay (3.237)

NOTE: r, = 1.0 is a ‘line’ target. In integrating
V.dX. we have used the expression:

e 1a e
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from the information in the simulation when it is
desired to introduce this improved representation.
o Then to take account of overlap. we have for the whole
| | airplane:
I . . . . <
- !. Vo=V o+ Vs VeV, (5.239)
ifu. 0% JI—
GivES
At o= o .(l :)XHlx -(l:)XH“K
! 50 My Vo =¢ ¢
20 v I fahad R e
s 0% 1o ts 20 s .e'“ DX [H HulX (5.240)
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Figure 5-50. Probability that a3 Hit Destroys an
Awrcratt as a Function of Projectile Waeight*!

(5.238)

v MY M
/‘ c'(l 2)X'HX dX = ——t =
oo H:l2

A, is the projection of the fuselage vulnerable area
in the plane perpendicular to the direction of approach
of the bullets relative to the target, and r. a. b are
obtained by coordinate transformations from the ellip-
soid along the flight path. )

A similar expression is obtained for the wing (which
is a very ‘thin® ellipsoid). To use this we need to know
the bank angle of the aircraft, and this is obtainable

‘meynfa‘;:mﬁwréﬁﬂfﬂ«—;mf TR THERE S B TR T AT T R TR X ¢ I T

This 1s the desired result. The three terms are identi-
cal in form and go into the kill probability computa-
tion in the same way. The extension of the method to
include multiply vulnerable targets is straightforward.
tedious by hand, but could be easily done on the
simulation.

5.6.2 Single-Shot Hit Probability

The arithmetic of computing hit probability becomes
tedious even for single shot probability because the
random round-to-round errors are not necessarily cir-
cularly distributed and the izrget may not be circular.
The complexity increases when some components of
error are constant during a burst, but randomiy distrib-
uted across bursts. and are not drawn from a circular
normal distribution. The notation presented by R. C.
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Banash in SY-TN3-70® is a considerable assist and is
applied and extended in the following discussion:

a. The coordinate system 1y assumed to be rectangu-
lar in a plane normal 1o the direction defined by
the velocity of the projectile relative 10 the target.
This plane contains the target center of gravity.
The u axis is horizontal and the v axis is vertical.

b. The target is assumed 10 be diftuse, and is the
projection of an ellipsoid {or two if wings are
included) into the u, v plane.

Considering only one ellipsoid in the following (the
extension to the fuselage plus wing. including correc-
tion for overlap is straightforward). the probability
that a round passing at (u, v) kills the target is:

v o= e {1"2IX'HX (5.241)

The distribution of trajectory intercepts with the u. v
plane is defined by its characteristic function:

x(T) = M T (1 2)T'ST (5.242)
where;
T =[T) Ta] :Tjareindices
M= M, M) ;Mj ale mealls
5 = moment matrix = |74 POUIV[ (5243

pOYo,  Oy-

The characteristic function and the probability den-
sity function f(X) are related by:

OO
i(X) =(:z)~2[j AT Xy (T)dT  (5.244)
L
el
\m = ﬂ el Xg(x)dx (5.235)
Moo ..
The single shot hit probability is:
oo
Pss=ﬂm\/(xn"(x;dx (5.246)
We make use of the integral:
ﬂweiR'Y U2 YAY gy
L0
= 27 ~ e»(l.:z)R'.-\"] R (5.237)

A2

substitute f(X) is terms of its characteristic function in
Pss. then:

(5.248)

integrate over X and denote J = H':

vyil:2 in
by = HHZ [weﬂ-'-'ﬂ T (ndT  i5.249)

=4 /‘ﬁl.\n-n,:n'll+SlTuT
T
(5.250)

102 )
P =~ e o1 M 8] (5.231)
SRR

This is the desired result.

As an exampIE. the following conditions are
assumed:

The target is assumed to be elliptical. the shot pat-
tern is not centered on the target. and the random
errors have an elliptical normal distribution with ma-
jor axis differently inclined from the target’s major
axis:

Then:

! a® rab (5.252)

J=H']=.__—

20 .[2;)1'2 rab b=

NOTE: r = 1.0 would represent a line target
of zero depth.

and:
g2 (3.253)
e ab
._._"__1_1 + Gu: L < + 000y
2y -vm) T 200 -y 7
J+§) = ’ .
[ ] rab P b= + ol
T3 TS
1.2y T 21 -1-)
(3.254)

Rather than write out the complete expression for
Ps. We write the reduced form for small target area
from the preceeding:

-~ bl
Mot MMy M
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(R255)

which we could have written down by mspection ini-
tially. However. 1t checks the preceding algebra. ‘When
target size is not small. butr = p = 0. then:
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M- \,2
B ab at+ 20, ale ol
= <
s 2 a0 12
[fas + 20,°Ab + 20,2
(5.236)

Agdain this s a well known result. The principal
advantage of the more general solution is that it allows
r and p to be included.

5.6.3 Probability of at Least One Hit in a Burst

There are three categories of errors in the hit proba-
hility problem. They are: (1) errors which are random
round to round, (2) errors which are deterministic.
once the target path and fire control dvnamics are fixed
(for example. servo lags, linear predictor lags on a
curved course, bore sight errors, etc.). and (3) errors
which can be assumed constant during a burst, but are
chosen from a random distribution across many bursts.
For present purpases. we assume that the last class can
be described as stationary time series (functions) with
specified variance and autocovariance with time. This
assumption can be relaxed on the simulator.

§.6.3.1 Aim Wander

Class (3) errors are commonly called ‘aim wander’
and this is a convenient term. In fact. thev are not
generated by a stationary process. and properly, both
the variance and the autocovariance in time should be
expressed as funciions of time. We recognize this fact
and allege that the precision sought for the present
analysis allows a simpler description. However, the
magnitude of this component could be so large for
short smoothing times and especially with a quadratic
component of prediction. that we feel 1t must be
treated explicitly for burst umss which approach the
characteristic time (however defined) of the autocovar-
wnee functuon. For 2-sccond smoothing and a 1-sec-
ond burst. the interaction is intimate.

As previously developed. the single shot hit proba-
bility p,, 1s:

~ - - --
Po =po el DM AN (5357)

where.
p- 1s single shot hit probabtlity with zero “bias’
M ts the bilas matrix

A" is 4 2 by 2 matnx describing the random
round to round vanances, correlations (uv) in the
plane at a4 specified ume. projected target vulner-
abiity dimersions. and orientation

The matrix M has two components:

M=u+m 15.25%)

where:
# defines the ‘deterministic’ components and,

m defines the components which are constant
during a burst but random across bursts.

5.6.3.2 Burst Probabilities

Consider a burst with n rounds. For specified M. the
probability that the target survives is:

< L 1« Deci
6= n(l -pgg) =e T B “Psy)

< I 2
) Pssj - U1 255 Py (5.259)

and if ail the single shot probabilities are the zame:

o =e"Fss (5.260)
o0
(npgs)K
0= — (5.261)
=0

The expected value of ¢ averaged over all m is:

= o0
o= <o> = z(-n)k ,fk!f/ (pss)-k fm) dm (5.262)
L0
k=0

and since we have assumed that f(m) has an elliptically
normal density function with zero mean,

iim) = [Bi! 2i2mye(1 2m Bm (5.263)

Then substituting M = g + m in the p,, expression
(5.257y:

IBjl 2

b (-npo)"‘
ST k

- '
o0 e N
[/ ek Du +m]” Al +m) - (1. 2)m Bm dm
go

(5.264)
Expanding the terms in the exponent inside the inte-
gral. we obtain:

(k Zl{y’.-\"p smA g A tme mA! m}+ (1 2Im'Bm

(5.265)

Now A'm = m'A’ since both are scalars and A is

symmetric.

Denote C = kA*: K =B + C

R R R et a5 o
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Then:
o= 'Bz_*:z (’“i"!)k e-(‘/z)u'CM]j:;-R'm-(’x’;)medm
k=0 B
where: R"'= uC;R = Cy (5.260)
so that:
e (-np K
0= ";_Lﬁz (in‘!’) "']f HHTH A URKIR (g 500
k=0 K{™=
Expanding the exponent we obtain:
Qi curapcklion  (5.268)
Now:
K=B+C (5.269)
Postmuitiply by K'!
1=K +ck! (5.270)
Postmultiply by C’
c=BKlc ekl (5.271)
C is a symraetric matrix, C =’
hence the exponent reduces to:
(/uBB+Cllcp (5.272)
and finally:
o= 18112 (pgk 1j2, B (B +0) ICu

(5.273)

Thus is the desired result.
A simple special case of our general expression
which has been much studied is the following:

a. The target is circular, and diffuse. with an effec-
tive radius a.

b. Round to round dispersion has a circular normal
distribution with variance o in each coordinate.

T IR N TN T ST AT

Bias has a circular normal distribution with vari-
ance o.° in each coordinate, and a zero mean.

Although widely used, this is a dangeraus assumption
when the objective is o determine ‘optimum disper-
sion.” If the distribution of ‘bias’ is a very narrow
ellipse, the advantages of increased artificial dispersion
by means of a circular normal distribution appear io
vanish almost completely. We discuss this in the sec-
tion on Artificial Dispersion.

Writing ¢ directly:
s - e 2 2 ) hl
g=f e‘“Poer © o (20 )d(r:;'?.or:):c = a-+ 20"
[b]
(5.2749

Expanding the exponential and integrating term by
term:

o= (‘nPo)k al + 20° Po © al
& k! a2+202+ 2kar2 O a2 20,2

(5.275)

For comparison we apply the general formula of the
present paper and allow ‘bias’ to have, in addition. a
component that is constant over all bursts. The matri-
ces are:

2k

o= 20 5.276)
kA C 202 {
B =01 (5.277)
al+ 2024 2kc7|.2
B+C = 2jmeog—o——s—] | (5.278)
20,2(32+ 20-)
lBl].'z 32+302 (5.279)
|B+Cjl/2 a2 +20°+ 2l-<cyl.2
¢ = x (5.280)
BB+C]'!C = =
al+ 202+ ko~
and finally:
6 _f(-npo)k ac + g2
- - kl £) N 2 ‘\k :
léﬁ : a=+ 20~ + ko
) 2k
o ——
c ! u:+2U'*2k0r2 (5 281)
where: - . ven
“1’: = “u~+“‘.- . (5...8_)

This series converges since for large k an indivicual
term 1s:
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5.6.3.3 Rasolution of Aim Wander into
Components

By aim wander, we mean that component of error in
aiming the gun which can be represented by a stochas-
tic process. correlated in time, with a zero mean. It
may arise from ‘flight roughness’ of the target trajec-
tory, or correlation resulting from the processing of
tracking noise in the smoothing and prediction ele-
ments of the computer.

An ingenious method for dividing aim wander into
two components was developed by Dr. J. G. Tappert
some vears ago. It consists of resolving aim wander
into two components, one of which can be included
with the random round to round errors during a burst,
and the other of which is considered to be constans
during a single burst and randomly distributed across
more than one burst. For a given autocorrelation
function of aim wander, as the burst length increases
the proportion of aim warder variance which is con-
sidered to be random round to round increases.

The method, although approximate, is both conve-
nient 10 use and asymptotically correct for long and
short characteristic times of the correlation functions.

The ftollowing development is different from that
used by Tappert but the results are identical.

The method is described for a single coordinate. Let
x(t) be the component of aim error which we call "aim
wander.” It is described by its autocovariance R(s). or
alternately, but the power spectral density ¢(w’) which
is the Fourier transform of the autocovariance
function.

Assume that x(t) is passed through a filter which
simply averages x(t) over the length of burst T, so that
the filter output x(1) is:

Ty
xt) =rb-'f X(1-5) ds (5.284)
Q
The transfer function of the filter 1s:

Hrijw) = (1 9oy Ty (5.285)

and the squarc of the absolute magnitude of the filter’s
transfer function is:
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iHf(jw)i2 = 2(1 - cos w Tp)i(wTy)? (5.286)

Then the standard deviation of the average value of
x(t) over burst time T, is obtained from:

e -]
0m2=[ 6(wd) Hp(w)12 dw (5.287)
[s)

and this portion of the variance of aim wander is
treated as constant during a single burst and random
across more than one burst. The residue is treated as
random round to round.

If we confine our attention to relatively short seg-
ments of the target path, so that we need not deal
explicitly with the inherent nonlinearities of prediction
geometry, and still consider only one coordinate, we
may estimate the interrelationships among smoothing
time. burst length, and the prediction algorithm. The
concept has certain elements of similarity with those
descriped in the more general paper of Slook

Define:
S(wz) = power spectral density of target
roughness of flight

N(wz) = power spectral density of tracking noise
o(w?) = power spectral density of aim wander

Hp(jw) = transfer function of the smoothing and
predicting element of the computer.

Then:
o(w?) = N(c.)z)ll“lp(jo.))l2

+ ()1 - Hpf(ju)i? (5.288)

The first term represents the error produced because
the predictor treats the noise as target signal: the
second term represents the error produced because the
predictor cannot predict target motion perfectly. These
expressions can be computed in a straightforward
manner. For a simple example to show how the predic-
lion process correlates noise, we consider only the noise
component of the above relation and assume that
sensor noise is white,

For a predictor we assume exponential smoothing in
position. and double exponential smoothing in veloc-
ity: so that high frequency noise is filtered out. The
transfer function is:

o ot i
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Hp(s) = [t +sttp + 2D /(1 +5T)2 is =joo  (5.289)

and: T = effective smoothing time. {, = time of flight.

Note that T for this filter is not the same as T for a
finite memory filter.

We couid combine this expression directly with the
transfer function of the averaging filter and obtain
a.’, but we first perform the intermediate operation of
determining the autocorrelation of predictor output
error; as a result of its operation on white noise. It is,
normalized to unit variance:

laTeg)

- -——-—— T
PO = (2T+t)2+T2]’eT/ ¢20

This expression is very close to:
p(r) = (1 -%)e"'-’T (5.291)

and we will not be far wrong if we approximate it as:
plr) = e 21/T (5.292)

We infer the interesting conclusion that when we
include the differentiating function in the filter, the
characteristic time of the output error, expressed as an
approximately equivalent Markov process, is only half
the effective smoothing time of the filter.

If we put Markov noise with variance o?, and char-
acteristic time T, through the averaging filter, we find
that:

om2io?=200-1+eMA2 X = Ty/Ty,  (5.293)

and this can be approximated for small A as:

o io? = &N (5.294)

Our final approximation for the fraction of aim
wander variance that is to be considered constant
during a single burst and random across more than
one burst is:

op2o,2 = ¢ H3NTHTY) (5.295)

We conclude, subject to the limits of the various
approximations made previously that if the character-
istic time of correlation of sensor noise 1s small com-
pared with smoothing time, and burst length is roughly
equal to smoothing time, al! of the aim wander compo-
nent caused by tracking noise can be considered ran-
dom round to round. These relationships are character-
istic of a major set of our simulator runs. and the
above argument probably explains why we found no
advantage in artificial dispersion for these runs, in the
absence of target evasion.

On the other hand, if the characteristic time of noise
autocovariance is long relative to smoothing time, as it
may be with manual tracxing; or target flight rough-
ness is considered, most of the resulting component of
aim wander should be considered constant over a burst
as shown in Tappert’s analysis.

We note one additiona! characteristic of aim wan-
der. The miss distance is the rms value of the miss
distances in u and v. Il we assume as a limiting case
that the separate components are exponentially corre-
lated in time but have zero cross ccrrelation, we can
compute the autocorrelation function of the radial
miss. If both components are normally dxstnbuted with
a zero mean, and the same variance o’. and the same
autocorrelation p(s); then from results appearing in
the literature,® we find that the normalized autocorre-
lation of r is (all terms normalized to unit variance):

Fis)- (1)°
R(s) = ———— (5.296)
F(o)-(r)*

where:

E(s) = (1 +p) E{(4p)/(1 +p)?] : Eis the complete
elliptic function of the second kind

1
&
o

F(o)
12 =22 (5.297)

and to within 10 percent:
R(s) = [o(s)]2 (5.298)

The time correlation of radish error is thus substan-
tially less than the time correlation of ihe coriponent
errors for the preceding assumptions.

6.7 ARTIFICIAL DISPERSION

By artificial dispersion we mean the deliberate in-
crease of the round to round deviation of individual
projectile trajectories from the trajectories computed by
the fire control system. The effect could also be called
pattern fire. since it builds up over time a pattern of
shots about the expected target position like that of a
shotgun.

With the Gatling Gun an artificial dispersion pat-
tern can be developed by canting individual barrels
relative to the axis of roration. The distribution func-
tion of the pattern depends on the inherent dispersion
of individual barrels as well as on the amount of cant.
It may be desirable to cant only every other barrel o
develop a uniform coverage pattern.

An artificial dispersion pattern can also be developed
by ‘dithering’ the gun servos. How eflective this may
be depends on the attainable frequency-amplitude rela-
tionship. One would like several evcles of dither within

oy

s
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a given burst, and the burst length may be a second or
less

An important consideration is how the desired arti-
ficial dispersion, if any. should vary with range. It
would indeed be fortuitous if the constant angular
dispersion produced by barrel canting were opuimum
lor all ranges. Dithering does not have the disadvan-
tage of constant angular value, and its amplitude may
be controlled by the computer. The problem is one of
mechanical realization.

In 1he following sections we consider first the use of
artificial dispersion to maximize single-shot probability
against a maneuvering target, and then consider the
more general case of burst probability.

5.7.1 Polynomial Prediction Versus Noise and
Artificial Dispersion

As noted in Section 5.6, artificial dispersion is more
likely to be helpful in compensating for target maneu-
vers than for aim wander generated by tracking noise
correlated in the filteting unit, since the latter can be
kept low by proper design. We therefore consider
briefly the interaction among quadratic prediction,
tracking noise, and artificial dispersion. when the tar-
get generates a constant acceleration. This analysis
provides a basis for anticipating results likely to be
obtained on the simulation. To facilitate slide-rule
computations, the simplest two- and three-point pre-
dictors are used. It was shown earlier that these predic-
tors provide results consistent with the more sophisti-
cated predictors.

Algorithms are given for one coordinate. In comput-
ing kill probability it is first assumed that the same
prediction function is used in all coordinates: then the
consequences of using acceleration prediction in one
coordinate only are examined. Errors in compuling
time of flight are not included.

Considering a single coordinate. the target motion
182

X = A+Bt+12Ct (5.299)

The simplest prediction algorithms are used. namely:

a. Linear Prediction:
x{t+a)l = (o (l+3)H-xt.Tr3 (5.300)
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b. Quadratic Prediction:
x(t+a) = x(1) (1 +3p+ 287 x{' -aT-)(4ﬁ+4ﬁ2)

ax(t-T) (282 +9) (5.301)
where- 3 = a'T

T = smoothing time, or memory

a = time of flight.

If the target is accelerating. the bias of the linear
predictor (steady state, constant acceleration) is:

Ca*r2(1 +p)p (5.302)

Assume that position measurements are contaminated
by tracking errors which are defined by zero mean,
variance o.%, and autocorrelation zero over T/2. Then
the prediction error of the quadratic algorithm, against
a constant acceleration target, has a zero mear and a
variance o, given by:

(ap.'c:o)2 = 1+68+308%+ 480 + 24p%  (5.303)

and the linear algorithm yields a variance of:

(op"ao): = 14234250 (5.304)

with a mean (lag. bias):

b= Ca~2¢1+8)3 (5.305)

The variance ratios (o,/0,) arc plotted in Figure 5-
51,

65.7.2 Kill Probability

We assume that the autocovariance of filtered track-
ing error has a sufficiently short characteristic time that
we can obtain some understanding of the relationships
among noise, prediction algorithm, and target accelera-
tion can be achieved by examining single-shot proba-
bility alone. This is most likely to be acceptable when
the single-shot probability is small. In a later section
we consider burst kill probability in a more general
way. On the simulation. aim wander, resulting from
filtering of tracking error as well as target maneuvers,
is considered explicitly. Then single shot probability
can be assumed to be represented as:

)

2 a0 9
a o b+ 20%)

Ps, = (5.300)

) bl
a~+ 2o~

where: ma’ =targel vulnerable area. ¢’ = random

round to round variance
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Figure 5-51. Noise Amplification in Quac-.--. and Linear Prediction

Assume in addition that:

0% = op~+o, (5.307)

where o’ is the variance of all other sources of ran-
dom round to round error (including, for example. gun
dispersion), and for simplicity assume:

) o) )

ac+ 20" << 20" (5.308)
Again. this assumption can be removed without diffi-
culty when desired, at some expense in algebra.

5.7.3 Optimum Dispersion

In the presence of known bias, single-shot probabil-
ity may be improved by providing artificial dispersion.

The optimum incremental dispersion is readily deter-
mined to be that value o7 which makes:

s 4200 4 Zoa: = b° (£.309)

and so incremental artificial dispersion helps p,, when:

be >a” + 20° (5.310)
or. for our simplifica case. when:

2> " S.311

b >._op (5.31hH

To further simplify notation, we designate:
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= 42 2
Psso = @ ,’(200 ) (5.312)

which is the single-shor hut prebability with zero bias,
and prediction variance equa!l 1o tracking variance.

5.7.4 Criteris and Boundsries
Define:

My = 1720T? (5:313)
Then in the (A 8) plane, regions can be developed
showing where linear or quadratic prediction are pre-
ferred, and also the effect of incremental artificial
dispersion. Taking these in order, comparing quadratic
prediction with linear prediction without artificial dis-
persion. the decision boundary is defined by:
(Psshinear = (Pgs) quadraﬁc (5.319)
which, after some manipulation of the p,, expressions,
is determined to be:
2
(MT':oo)z = (I: 28+ 2.’3')
B (1 +3)-

X log, |t 685332 + 4833 + 245
¢ 1+28+ 262

(5.315)

W

Forsmallg: (My/a,)* ¥ 813 (5.316)

For large 3: (MTJUO)Z ¥ (35) (log, 1237)  (5.317)
Now consider when incremental artificial dispersion is

desirable with linear prediction and an accelerating
target. The boundary is readily determired to be:

Mrog) = X1+ BeBHEO AT (5318)
h “r

Forsmall g (Mg o)* = 23° (5.319)

Forlarge p: (My/0,)° = 4:8° (5.320)

Artificial dispersion. when used, improves p,, in a
region where quadratic prediction is preferabie to
linear prediction without artificial disnersion. In fact.
artificial dispersion exiends the region in which linear
prediction is preferred. We therefore determine the
boundary between linear prediction with the best aru-
ficiai dispersion and quadratic prediction. Single-shot
probability with optimum aruficial dispersion 1s read-
ily determined to be:

= e 2o, My} (8701 + ) (5.321)

pSS pSS\\

Setting this expression equal to p,, for the quadratic
prediction:

20! 1+ 68+ 3082 + 4883 + 24p%)

o )
(MT 0) B4 + 52 (5.322
and;
For small g (Myla)? = 26 (5.323)
For large 3: (.\1T/oo)2 = 48¢’! (5.324)

8.7.5 Partial Quadratic Predioction

As previously noted, when the target acceleration is
not high, a higher hit probability is obtained with
linear prediction and artificially increased dispersion
than with quadratic prediction. This is because the
quadratic prediction amplifies the tracking noise
greatly, even though it eliminates the bias. An obvious
compromise is to use only a portion of the quadratic
prediction term. This has the dual advantage of reduc-
ing bias and increasing dispersion, and if these are
optimally baianced, one would expect a better hit
probability than shown by the methods of the prior
paragraphs.

We write the quadratic algorithm in modified form
as:

x(t+a) = x(1) +B[x(0) - x(t - )] +23(1 + )
x [x(1) - 2x(t . I_)+ x(t-T)  (5323)

Then:

(ap/a())z =

D4 B2+40) + 52 (24 AN + 202

+amgd gt (5.326)
and the bias 1s:
Letda+8(1-0 (<.327)
Set. 1N = (o/0)° (5.328)
g\ = B +p(1-0]° (5.329)
Mye ]

Then: pgo'Pgs = Texp 3 (5.330)

which has a minimum when:
Mg = (gD - ((dg dN)(df/dn)] (5.331)

[t is possible for the optimum A to be negative, for low
target accelerations. This is because the algorithm is a
three-point predictor: and in fact. for zero target
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acceleration, a three-point minimum variance predictor
reduces the effect of noise best when:

=180 +9)! (5.332)
The algebra becomes increasingly tedious, and the
expressions will not be written out here. For computa.
tion it is most convenient to choose A 8 and solve for
M: and p,./p.. The expressions are rela” ely simple
forA = 0. They are:

2. 40+ 23+ 380

My (£.333)
HETRY YIRE S
261 +3)
PgoiPss = (1 +28+2p% e (172907 (5.334)

The comparative effectiveness and regions of preferred
use of the preceding prediction modes. as well as this
interrelationship with dispersion, have been developed
in the following figures:

Figure 5-52 shows the contours of the constant hit
probability in the M;,8 plane; for simple linear, two-
point prediction. Hit probability drops off very rapidly
as the acceleration-produced component of target dis-
placement approaches and exceeds the standard devia-
tion of tracking error.

Figure 5-53 shows how optimum incremental dis-
persion expands the region within which hit probabil-
1ty does not drop below some specified value (such as
the 0.0} contour). The effect is greatest for the low
probability contours.

Figure 5-54 compares the linear with the quadratic
prediction and shows the regions within which each is
preferable. There is still a reduction in hit probability
with target acceleration, within the linear prediction
region, but the reduction in probability is arrested
when the quadratic region is entered.

Figure 5-55 shows the preferred regions for linear,
linear with increased dispersion, and quadratic predic-
tion. The intermediate region is somewhat improved
by using lincar plus dispersion rather than quadratic.

Figure 5-56 shows the contours of the constant-hit
probability, when the optimum partial quadratic algo-
rithm is used. Below the y = 0 contour only a very
small improvement resuits, since the improvement
represents, essentially, a smoothing of present position.
Above the y = 0 contour substantial improvement is
indicated. The degree of improvement is easier to see
in Figure 5-%7, where the constani-hit probability
contours are overlaid for the simple linear predictor
and the optimum partial quadratic predictor. For ex-
ample, when «/T = 2.0 and the target acceleration
produced displacement in T is twice the standard
deviation of tracking error, the partial quadratic yields
ten times the hit probability of the linear predictor.
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In the foregoing figures, the effect of smoothing time
T is submerged in the parametric re?resemalion. In
fact, straight lines of constant slope T" represent con-
stant smoothing time. The effect is made visible in
Figure 5-58 for linear prediction and Figure 5-59 for
the partial quadratic prediction. It is interesting to
note, that in Figure 5-59, there is a region where the
predictor performance appears relatively insensitive to
smoothing time. This is further illuminated in Figure
5-60 which shows the effect of smoothing time on
linear versus full quadratic predictor.

5.7.6 Comparison of Pradiction Modes

As a specific example comparing prediction modes.
first consider the threshold target acceleration. above
which we obtain improvement from the quadratic
prediction. The following are assumed: two values of
a.. 10 meters and | meter respectively. a time of
flight = 3 seconds. and a smoothing time of T = 3
seconds. For the 10-meter tracking. there is no point in
correcting for larget accelerations less than 0.2g. For
the more precise tracking, the boundary is 0.02g. Now
consider the single-shot hit probability against a |
meter target. Various cases of interest are summarized
in Table V-§.

With poor tracking (10 meter), the optimum partial-
quadratic prediction allows shooting at a 0.5g target
with a degradation in hit probability of a factor of 6
compared with a factor of 17 for complete quadratic
prediction. thersby resulting in 17.200 rounds per
aircraft. With good (1 meter) tracking. a degradation
of a factor of 17 is realized (since hit probability was
originally so high). but rounds per aircraft against the
accelerated target is 500. There is no point in shooting
at the accelerated target at all without some form of
quadratic prediction.

The above figures should be accepted with reserva-
tions, of course. since they are based on the assumption
of no round to round correlation resulting from fils-
ered tracking noise.

As a result of the preceding exercise. which was
conducted early in the study. it was apparent that
acceleration prediction at best was not likely 10 be very
good if done in all three coordinates, because of the
associated amplification of tracking noise. It was there-
fore decided to use the acceleration measurement for
prediction in only one coordinate: with that coordinate
to be in a horizontal plane perpendicular to the flight
path. to correct for horizontal turns of the targer. It
was also decided 10 correct for target acceleration in a
climb, or deceleration in a dive. by assuming ‘constant
total energy’: i.e.. estimating vertical acceleration as -g
sin 8; where @ = angle of climb. The lauer correction
1s computed from the velocity measurements directly.
and therefore does not introduce additional noise
amplification.

Noting (from Figure 5-57 for example) that the
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Figure 5-52. Contours of Constant-Hit Probability with Linear Prediction

most rapid degradation of kill probability is with the
increasing time of flight for all prediction modes, and
that this degradation can be arrested by increasing
smoothing time with time of flight, it was also con-
cluded that the smoothing functions shouid smooth the
input data more heavily at the longer times of flight.
As noted in the section on filtering, this is rore ecasily
done in a recursive algorithm than with a fixed mem-
ory filter. Therefore, future effort should be concen-
trated on appropriate recursive algorithms with
weighting varying with time of flight (and possibly
other parameters determined 1o be significant in fur-
ther study).
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6.7.7 Interaction of Optimum Dispersion with
Acceleration Prediction Mode in Only One
Coordinate

If the target accelerates in only one coordinate, for
example in the direction of the v axis in the (u, v)
plane, then the single shot probability is:

a2

.(32 +2 au2) (af.,. D °v2>] 172
. e-bvz;’<a2 +2 avz)

and this reduces to our previous equation if we use the
same prediction mode in both coordinates, and a circu-
lar dispersion pattern. If, however, we are clever

Pys =

(5.339)
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Figure 5-53. Region for Employing Increased Dispersion

enough to introduce artificial dispersion only in the
direction of acceleration. the optimum dispersion
(when required) in the v direction is:
R ol R )
(a'+20'+20 '),. = b.~2

a v {2.330)

and the kill probability with optimum dispersion is,
using the same assumptions as before:

Py Psso =-C! (o(,'MT):'[a:n +$)7) (5.337)

Comparing this with the previously obtained expres-
sion, we see that we have doubled the kill probability
over the case where we apply artificial dispersion with
linear prediction in two dimensions.
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Next. comparing kill probability with linear predic-
tion in one coordinate and quadratic prediction in the
direction the target is accelerating with quadratic pre-
diction in both coordinates. we obtain the comparative
kill probabilities as a funcuon of «-T as shown in
Figure 5-61.

At a time of flipht equul ‘o smooathing ume. kill
probability is increased by a factor of five: if quadratic
prediction 1s made only in the coordinate i which the
target is accelerating. For 4 time of flight twice that of
smoothing time. an improvement factor of ten 1s real-
1zed.
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Figure 5-54 Linear Versus Quadratic Prediction Modes

5.7.8 Conclusions

We expect the findings obtained above to be valid
for other weightung functions than the simple 2- and
3-point predictors considered here. but with higher
probabilities 1n all cases, resulung from better smooth-
ing of the noise. It turning targets are to be considered.
the acceleration prediction should be only in one coor-
dinate. The amount of quadratic prediction made (full
or part correction) should be a4 compromise hetween
systematic error, caused by incomplete prediction, and
noise amplification in the acceleration measurement.
Further analysiv against realistic target paths should
preferably be done on the simulaton.

5.7.9 Artificial Dispersion When Target
Acceleration is Not Measured

The previous section considered the case where tar-
get acceleration was constant for a sufficiently long
time for the computer to measure the acceleration and
predict. and for the projectiles o reach the target. An
alternate possibility is that the larget weaves, jinks. etc.
so that a short burst will have a systematic error of
center of aim. However, the error of aim point can be
considered randomly distributed across bursts. This
assumption also applies when the cause of aim error is
slowly varving, 1.e.. "aim wander’.

If we assume that the probability density function of
point of aim is normally distributed in one or wo
dimensions, with zero mean. we will tend to prefer

TR BT

f S




: 1000 3 _J ) S 44l 4 i I ]7 e — ¥ Jﬁl —
i 1 1 1 < N . . B ! 1 —_— s
. T = " ~ +— T T
i 4 i i —_— - ! e
' N RS DR S SRR A " T
i NN SRR S AN A B A T L T B H i
T A 4 /-—co.\sum —
: 4 » t

: _l N T A “u Fun 4
: : ; . i | . - 1 X
i : L i

! =T i 1

213 [ 250
T v 1 T -
i‘ - 3
{ , i
B ) GuADSET L EREGIITON
0o >t_,$\'*_4_4_.._...._...4_ PRV S — e —— et
S — - - . —— .
o~ - — N CDE BILNDARY
A ' — /

! . e " i

. -
.2 \‘\\
v2¢C 0o L

LINEARPAEZICTION o]
VT~ 1 YVCAEASED ol
DISFEASION

L\ L NEAG PREZICT:CN

10
i
—— DISPERSICA ]
v BCUNCARY -
1 1 : 1
- - -
Lo
L N
o I B R Lo
010 12 W LR
00613 559
Figure §-55. Qptimum Prediction Modes
-
smaller artificial dispersion than if bias were constant 3 "
~ 5
a 5 judi ' a “+ lo- .
cross bursts. so as not to prejudlge the effectiveness of P = — _e 2 O = Gngle shothit
the bursts fired when aim error is small. In fact, for a~ + 2o~ probabitity (338
one round we would always fire at the most probable
target position. with zero dispersion. if possible. 0 8
N - v N = [ oYU L = sverae tareet survive
The relationships for oblaining optimum dispersion 0= / ¢ evdy = “““'h"i-f target survival
. . . . : b 339
in the general case are summarized in the following Y prababifity (2:359)
paragraphs.
s
. . . nae N N
'Flrst_conmder lhe case where bo{h aim error a'nd A= 2 ot = argetareato” = random
; dispersion have circular normal distributions, with a= + 2o~ tound e
variance o’ and o? respectively. round
. . viaranee
The basic expressions are well known:
(3340
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Al
2o . s T 'B\': S
B i > . =yl 2 AT e <
B 5 ——— 0,7 = vanance of aim error across ¢ - (T ¢ es dy (5.343)
4+ lo- bursts (3.341) A
then: and. unforiunately. this has not been related 10 a
l . ! | tabulated function.
fy = ! A B / eV By 15,3429 The integrdls can be expressed ds series.
S \ \
0
. e AV
CJ: -24 j'(|+Bi) (3.344)
I the bias 1s distributed 10 one dimension only: 1=0 i
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x .
- CAY
o) = = (5.345)
j=0 Jv 1+ Byt -
To obtain the optimum dispersion we set:
ac:90 =0 (5.340)

We can do this casily without extensive compula-
tions, onlv when A 1s sma!l. and remains small within
the region of optimizatio.a. This is true if na' o’ is
small.

For this region we obtain the following results:

For bias and dispersion hoth having circular. normal
distributions:

4. Optimum dispersion.

Y a0 lﬂ : -
207~ (tnatg~ 21 T-a (5.347)

”
[

b. Kill prohability.

~ -
- (

D~ ,
Py naT Zu

ra
Vs
-
x

For circular normal distribuuon of dispersion. but
bias normally distributed in one coordinate only:

a. Opumum dispersion.

.- LI - .
207 ~ (Znam 20 thaT (3349
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Figure 5-58. Probability Contours Versus Time of Flight using Linear Prediction

b. Kill probability.

* - ] hl i hl
Pk ~ |i=) Tnas 6o - (5.350)
Note that to this order of approximation. when bias
is distributed in one coordinate only. the optimum
dispersion depends only on the number of rounds and
the target size. This will be the normal case for a
passing target. In addition. the optimum dispersion in
meters is independent of range, and so cannot be
achieved by constant angular dispersion at the gun.
Assuming that the preceding algebra is correct. this is
another reason for expecting the optimum circular
dispersion pattern as derived on the simulaton tc be
very small, even against maneuvering targets.

If dispersion can be varied in one dimension only.

tn
.
~

()

and that in the direction of the one dimensional bias
distribution. the optimum dispersion is given by:

a;
" 4N 23
2nu=o~

e
P

(3.3

tay

N

-
1| —

bl - ll‘\
fav+ 207}~

o, is dispersion in the direction of bias.

and this does indeed increase with o..

Comparing these three cases and noting that 1f o,
results from a random target acceleration. it is there-
fore proportional to time of flight squared. we find
that in the first case, artificial dispersion in meters
should increase with range. corresponding roughly 1o
constant angular dispersion. In the second case it
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Figure 5-59. Probability Contours Versus Time of Flight using Optional Partiai-Quadratic Prediction

should be constant with range. corresponding to angu-
lar dispersion decreasing with increasing range. In the
third case it should increase more rapidly than range.
but should be very small for close ranges.

The conclusion from the preceding considerations is
that if constant angular dispersion is useful. it should
show the greatest value against incoming targets ma-
neuvering in two dimensions. We expect it to be of
lesser value against crossing targets. even when they
are jinking. It is hoped that time will permit the
experimental investigation of these conclusions on the
simulation.
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5.7.10 Power Required for Dither
If:

inertia of the gun + moving parts in azi-
muth.

A = peak amplitude of dither.

w = frequency of dither
6 = dither amplitude us o function of tume.
Then: ) o= oA (2.332)

The torque required o dither the inerta tignoring
fmiction) 1s:

i
7
"
7

T =1 (K
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o =p 2¢3-c¢ -4 < 2zm
And the power required is: =077 25 x 107 HP (5.357)

P =180 (5354
For Vigitante in azimuth:
[ = 6300 inch-1b-sed

Wriing w = 2wf. where [ is frequency in Hz. peak
power required to dither 1s:

»
s
n
n
-

S 1A% = 1A ea?
Prax = 1A7w? = 1471 (s,

Letting 6. = peak mil amplitude of dither in mils. and
inserting the numerical constants:

0 2
, - m 03200 F: T T
Prnas (1000) ((lznﬁim LA

e s 50 e

5.74

A S mil dither at 3 Hz would require about 0.2 HP
peak power. This seems feasible from the point of
view of power, but needs 1o be carefully studied with
regard to reactions on the mount, interference with the
stabilization loops. gunner annoyance. gear wear.
noise, and the general impression given an observer
that something is wrong with the system.

Dither might be explored experimentally with the
existing Vigilante by putting the gun servos out of
adjustment. to see what it looks and sounds like in real
life.
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Table V-5. Expected Number of Hits with 100 Rounds

Target acceleration Og l 0.5g

Tracking G 10 Meters 1 Meter 10 Meters t Meter

Linear prediction 0038 313 0 0000 0.0000

Quadratic prediction 0.002 0.2 0.002 020

Optimum part-quadratic 0.035 3.5 0.0058 0.20
00678-568

5.8 DYNAMIC CALIBRATION OF THE AFAADS
SYSTEM

Anyone who has used fire control systems in the field
is well aware of the problems involved in keeping
them in good adjustment. In this respect digital com-
ponents may have an advantage over analog compo-
nents. For example, the digital components either work
properly or not at all. whereas an analog component
can be badly out of adjustment and still operate after a
fashion. In reviewing the literature on fire control
system experimentation for this contract it was noted
that an important set of experimental firings produced
questionable results because ‘the exact cause for this
apparent bias in the radar data is not known." It is the
personal opinion of this writer that there is an ener-
getic group of technicians. who could be called “The
Adjusters’ and who are always represented in any
complex technological field operation. 'The Adjusters’
use their skills 1o adjust radars so that they track
smoothly, but with serious lag, analog computers so
that they pass standard check point problems, but fail
on operational courses, and air to ground rocket safety
devices so that the warheads will never arm acciden-
1ally in flight, or intentionally when they hit the target.
Probably the greatest coup of the ‘Adjusters’ resulted
from their participation in the Navy pre-World War Il
torpedo development program.

A year after the SCR-584 was introduced to combat
in the European theatre the Army found it necessary 1o
ser.d a special task force from the United States to
deactivate the field fixes the *Adjusters’ had put on the
sets in operation.

Boresighting and calibrating a complex fire control
system is a difficult task in itsell, aside from the
enthusiastic assistance of maladjusiing personnel. Mal-
adjustment is the principal reason for using large
artificial dispersion in AFAADS. If a simple. reliable
method of field calibration can be provided that will

allow daily cahbration. much of the normal opera-
tional degradation may be avoided and a verv high
equipment effectiveness will be realized.

The following paragraphs suggest an approach o
dynamic calibration. Tts detailed implementation re-
quires further study in conjunction with speafic de-
signs as AFAADS goes forward.

The basic idea is similar to that emploved by Col.
Kerrison in field adjustments of his Kerrison predictor
for the 40-mm Bofors gun. That application was as
follows: the predictor used a simple rale times time of
flight solution. Gun superelevation was set in as a fixed
value for a specific range. The time of flight corre-
sponding to that range was set into the predictor as a
constant value. and constant azimuth rate (arbitrary)
was set into the predictor aided tracking control. The
predictor traversed at the presel constant rate: and if
the system was in proper adjustment. the guns led the
line of sight by an amount equal 10 rate umes time of
flight. The gun was then fired. and the commander
observed the trajectory (tracer) through the tracking
telescope. It all was weli. the tracer would enter the
field of the moving telescope from above and pass
diagonally down through the intersection of the verti-
cal and horizontal cross hairs. Crossings of the hori-
zontal cross hair in advance or behind of the verucal
cross hair indicated faulty prediction and-or gun servo
functioning. A small tolerance in adjustment was al-
lowable because of bailistic dispersion. The method
allowed systematic errors to be recognized quickly and
simply. so that corrective action could be taken at once.

The same idea can be applied to AFAADS. It a
rectangular coordinate system is used. constant X, Y. Z
rates may be injected into the system so that the
tracker points at the corresponding present position
through the regenerative unit and the gun fires at the
appropriate predicied position. The gun commander.
waltching through the visual sight. should see the trac-
ers cross the intersection of the cross hairs, within the
tolerance of whatever artificial dispersion is set If
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Figure 5-61. Comparison of Quadratic Prediction in One Versus Two Coordinates

artificial dispersion is set at a constant miivalue, the
tracer pattern should form a symmetrical group within
ar anpropriate milring in the sight. If the group is not
symmetrical about the intersection of the cross hairs,
the system is out of adjustment. He will not see a
circular group. of course, but rather a pattern crossing
his sight diagonally from zbove with an angular width
equal to dispersion. See Figure 5-62.

This procedure does not test the sensor adjustment.
To test the sensor and all of the servos in ihe system.
including the gun servos. the ballistic element is set to
a mode in which it outputs zero time of flight, supere!-
evation. and other ballistic corrections. A real target is
then tracked. The gun commander looks through a
sight fastened to the gun tube. He will see the target

5-76

remaining on the cross hairs of this sight if the system,
with the possible exception of the ballistic unit, is in
proper adjustment. For this test any passing aircraft,
including friendly aircraft, will serve. The combination
of the two tests thus tests the complete system dynami-
cally.

5.9 MOUNT OSCILLATION AND VIBRATION
ISOLATION

In this seciion we discuss the problems of firing
while the AFAADS mount is in motion, as well as the
problems of shock and vibraticn of the mount. caused
by the gun firing, which are communicateé 1o the
human operator.
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Figure 5-62. View Through Sight Showing Out-of-
Adjusiment Condition of System

5.9.1 Fire on the Muve

It is desired that AFAADS have the (secondary)
capability of engaging an aircraft iarget, whiie the
AFAADS vehicle is in motion on 4 paved road. This
section develops some tentative spectra for vehicle
motions and their implications on tracking
requirements.

The approach is: (1) to establish power speciral
densities (PSD)Y of road unevenness. (2) detcrmine
transfer functions of the vehicle and its suspension. (3)
determine the power spectral density of resulting angu-
lar deflection at the sight head. This final PSD can bhe
compared with the man’s ability 1o track. and/or used
as a design objective for sight stabilization.

5.9.1.2 Ground Roughness

Many measurements have been made of the power
spectral densities of terrain, varying from very smooth
concrete runways 1o very rough cross country terrain.
Bekker® has presented extensive summaries of these
findings. For present purposes, it seems adequate to
summarize these measurements as follows:

a. The power spectral density can be approximated
as:

hl 3 )

B = 77 = ————
Ty e -
(8]
13 35%)
oo 20
2 ( 0 =10
YT RN

where {1 = ycles per foot and o i~ expressed in
feet,

Cornell’ . using the same data for very rough
lerrain, prefers to square the denominator of the
above expression. with appropriate change in the
coefficients. But for smooth terrain such as paved
roads. the preceding expression seems to give
better fit

b. The break frequency (1. tends to fall hetween 3 x
107 and 107 cveles-foot 1100-300 1 ¢eley on
Bekker's chart.

c. The principal difference across terrain samples s
in the value of o The zero frequency intercept:
hl 3 . -
o0y = = —_;”— (3.339)
[}
an vary over seven orders of magnitude (10),
from concrete roads to rough terruin. This. of
course. Is not surprising. What is surprising is the
relative invariance of the first-break frequency in
measurements made for application to ground
vehicles. and the identical shape of the PSDs
over wide variauions of terrain types (except. of
course far the microstructure).

d. The principal difference between the Cornell ap-
proximation and the one used here appears 10 be
at cvcles shorter than 10 feet. This would be
important for a jeep. but would be averaged by
the AFAADS suspension. Hence. present findings
can bhe extended. to some degree. o off-road
motion.

In Figure 3-63. three terrain power spectral densities
from Pradko™ are shown. These are for cross country
motion. Curve VI s for the Perryman Cross Country
course at Aberdeen. and Xil and XHI represent two
samples of ‘Cross Country Severe Roughness™ at For
Knox. Note that the break frequency appears to lie at
about 10 cycles per foot. Comparing these with Bek-
ker's curves for roads. we dgain contirm that the break
frequencics arc about the same. However. the zero
intercept is about 107 fr cvele 't for cross country,
whereas it is about 10~ for roads.

We note a discrepancy across PSD measurements for
ground vehicles and for terrain following aircraft. The
PSDs for both should be consistent. It they were, the
break frequencies tor ground vehicles would be about
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Figure 5-63. Power Spectral Density of Various Terrains
o orders of magnitude smaller. This is an area of Kiy-y) = W-m¥ (5.360) ;
terrain analysis that requires further study. ji
5.9.1.3 Vehicle Suspension The steady state spring deflection is:
The simiplest model of the vehicle and its suspension Y = Wk (5.361) 1

system 1s assumed. For simplicity we call the ‘vehicle’
all those eclements which are supporied by the suspen-
sion. A tracked or many-whecled vehicle is implied.
The weight of the vehicle W is supported by n springs.
cach having a spring rate of k, K = nk. The vehicle
mass m = W/g lIgnoring damping and summing
vertical forces. with v = vehicle, c.g., position in
mertial space. relative to a fixed reference: and
y. = gound height from the same reference on flat
ground then:

The natural frequency of the verucal oscillation is:

“)nv: = Km =gy (5.362)

If the suspension deflects one foot under the weight
of the vehicle then:

w., = 5.7 rad/sec = 0 9 cycles/sec

;
o
{
)
i
!
i
i

rrrr NN

i

L




.

YT~ 1

a0k g ot

2

R TRTROE T TICARRT Y T T T e re

T

——

—

As will be shown, this is about right for at least one
existing vehicle.

If a vertical sine wave excitation were applied uni-
formly across the base of the vehicle, the mean square
amplitude of the vehicle motion would be:

-

(5.363)

M 2

In real life. the suspension incorporates dampers.
However. dampers reduce the ability of a spring sus-
pension to perform vibration 1solation at high frequen-
cies. and to the degree that the suspension is supposed
10 achieve this end. damping should be kept as small as
possible. consistent with reducing the amplification of
motion at the resonant frequency.

Now consider the same simple model in pitch. Rep-
resenting the vehicle approximately as 4 block L long
and H high. its moment of inertia is:

v = om(Le+ /12 (5.304)

Further assuming that the suspension can be repre-
sented as a spring force uniformly distributed along L
at k (Ib/ft/deflection/ft). the restoring torque for a
rotation @ is:

I 3
T=2] “kxtode= kL
Jo 12
(5.36%)
L
] kdx = kL =K
Jo
'
and so the natural frequency in pitch 1s:
2 & Zny (3.360)

RIS
L . L=

which we therefore expect to be less than the natural
frequency of vertical motion.

If the vehicle is W wide. the same method gives a
natural frequency in roll of:

-
3 . 2 W=

W " oW, > Py

W+ H-

nr n (5.367)

again. probably higher than that in vertical motion.

The U.S. Army Tank and Automotive Command did
a very careful computer simulation of the M-56 vehicle
and its suspension system. Assuming that the vehicle

rested on a flat platform. which was oscillated veru-
cally and then 1n pitch, the response curves were
obtained as shown in Figure 5-64. These agree with
the predictions of our simple model.

5.9.1.4 Combining the Problem Elements

The terrain PSD contains all frequencies to varving
degrees. They are transformed from cyveles per foot to
cveles per second by ihe vehicle mouon. In addition,
the vehicle averages the very short wavelength compeo-
nents because of its own length. The averaging effect
of vehicle length can be approximated by the transfer
function whose mean square magnitude is:

2 e .
Ei‘l = 2% o= (5308

b M
A P 3

This function is independent of speed: it represents
the mean square value of pitch if the vehicle is simply
placed at random at any point on the terrain.

In Fipure 5-65 the preceding function. expressing
the effect of vehicle length. 1s shown for an arbitran
10-ft long vehicle.

In Figure $-66 the terrain function. approximated
by straight lines on log-log paper and the vehicle
response of Figure 5-65, are multiplied together and
plotted: using appropriate scales to convert to cycles
per second for vehicle speeds of 20 and 3 mph. The
slower speed 1s more likelv. and the overlup with the
dvnamic response peak of Figure 3-64 at this speed is
marginal. But at 20 mph there i1s complete overlap.

Note that if the terruin break frequency in fact has a
lower value. the horizontai portion of the response
curve in Figure 3-66 will extend to lower frequencies,
Noting. however. that the upper cutoff is at about |
Hz. and remembering that the man is at best a | Hz
servo. we mayv conclude that he will not track well
without sight stabilization while the vehicle 1s n
motion.

Integrating over the terrain PSD und the vehicle
length averaging funcuon but excluding the vehicle
dynamics. we obluin o mean square puching motion
of:

N 2 2 2
0, = (0P, )02 + 1 - ! )@+ )

{

wn
)
[N

O

where:
o
- {

TR | R

wn
(P

70)

The quanoty o {1 is the same “terrain roughness
parameter’ used in the study of contour flying. and
should be 1dentical. Differences are probably accounted
for by the difference in length of record. and the fact
that in computing PSD for ground vehicles. records
have been 100 short 10 represent the very long wave-
lengths accuratch.
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Figure 5-64 Computer Simulation of the M-56 Vehicle Suspension System

For a 10-ft long vehicle

0g= ~ 7060 mil? (5.371)

s that or 4 good road. the pitchirg mouon. including
vehicle dvnamigs, should be only a few mils. Off road.
of course. 1l can be many degrees. $ince:

093 ~ )t (5.372)

Reducing the break (requency will increase the mean
square piich, but the increase will occur at very low
frequencies.

The prinaipal vhservation 1v that at vehicle speeds
of S mph and abave. the PSD has signiticant power at

S T e A T P i ST e T S A0S A b e ot ST e e S S PR 2 B

the maximum frequencies that the man can track
effecuvelv. This strengthens the argument for a stabi-
lized sight.

5.9.2 Effect of Firing the Gun

Some simulator results on Vigilante firing. communi-
cated to us by Frankford Arsenal. indicates that for
Vigilante *A’ (Mount and Carriage). at a gun rate of
3000 rpm. the mount responds with a vertical motion
(bounce) of about !3 Hz and a double amplitude of
1/4 in. The angular response is at about 9 Hz with
9-mil double amplitude. In the case of Vigilante ‘B
{Mount and Chassis). angular motion is excited at
about 2 Hz with a double amplitude in side firing, with
the suspension unlocked. of 42 mils.

The latter frequency is consistent with our prior
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Figure 5-65. Vehicle

esitimates of the natural frequency associated with the
suspension. Clearly this frequency and amplitude will
be extremely difficult for the human operator o cope
with in fire on the move without a stabilized sight.
Furthermore it appears to be far more of a problem
than the pitching of the vehicle from movement when
the gun 1s not firing.

In the case of Vigilante A" the angular motion is
also beyond the capahility of the operator to track out.

The fundamental frequency of the gun at 3000 rpm.
or 50 Hz. will also be present 1o some degree. but is
less likely to excite component resonances.

5.9.3 Effect of Vibration on the Human Operator

The interaction between the type of manipulator
which the human operator performs the tracking func-
tion, and the effects of vibration. ha: been discussed in
Section 4.3. In this section it was indicated that force
controllers have been determined to he less adversely
affected by vibration than displacement controllers. In
the following paragraphs the effect of vibration on the
operator is reviewed in greater detail. particularly with
regard to visual problems.

The vibration of the mount, while partially dampled
when transraitted 1o human occupants, does produce
marked spatial displacement of the eye.

An outline of Coermann’s model” and results will

SR
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OOk 74 = 19

Pitch Response

serve 10 describe the vibrational effects upon. and the
mechanical impedance of the buman body. His model
consists of a single mass m. one spring with elasticity k
and one damper with the damping constant ¢ Instead
of using the complex equauons which describe the
motion of the mass. depending as it does in this system
upon the seat. he obuins a good insight into the
dvnamic properues of the svstem by a theory of me-
chanical impedance. In studies unhizing this mechani-
cal impedance paradigm. Coermann’s data disclosed
that in the sitting erect posture, man’s body has the
highest impedance pezk. the highest natural frequency,
and the lowest damping facior. Parameters for one
subject. for example, show the first resonani frequency
at 6.3 eps: and a damping factor equal to 0,57 While
phase angle was not given. Coermann states that gen-
eraily the motion of the mass 1s out of phase with the
seat.

These data are corroborated by Goldman and von
Gierke (1960). and Diechmann (19571 Moreoever.
Dieckmann’s studies demonstrated a resonant peak for
the hunvan head ot 3.5 ¢ps

An effect of vibration is that visual acuity suffers
Studies by Lange and Cosrmann™ established that
decrement of visual aceity of sedted subjects under
vertical sinusondal vibration v dependent on the mech-
anc-dynamic response af the human bedy. Generatly,
at frequencies below 12 ops. physiological stresses are
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Figure 5-66. Vehicle Response as a Function of Terrain and Vehicle Speed

produced which impair human body funciions. while
at frequencies above 12 cps. retinal image shift cannot
be analyzed by the brain because it is above the critical
flicker frequency. Physiologically, parallel insulated
nerve-fiber chains could translate these frequencies to
the cerebral cortex (occiput). However. temporal sum-
mation at the synapse is hindered by the extremely
brief stimulation of the nauronal soma. These imping-
ing discharges do not last. at some synapses. at a peak
value bevond the refractory period of the axon.

More specifically. data normalized to a4 one-g shake
table peak acceleration shows the first substantial visual
acuity decrement peak at 5 cps. with the smallest
standard deviation o of all tests.” The r.ext decrement
peak appears at 7 cps. again accompanied by a low o .

R e e

Experiments 1o determine the effect of vibration on
operator performance with imaging sights. indicate
again that the effect of vibration can be interpreted in
terms of reduction in visual acuity.® The effects can
therefore be expected to be most serious in those
tracking regimes where the operator is able, in the
absence of vibration. to track to fractional mil
accuracy.

With regard to the control manipulator, vibration
plavs as great a role toward error contribution as it
does at tie sight-eve interface. A handle secured firmly
1o the mount and vibrating at the same frequency and
amplitude could (and is some cases does) contribute
error (noise) even befcre it is gripped by the human.

Man’s unsupported arm and shoulder system. on the




other hand. is resonate at approximately 4 c¢ps when
the energy is transmitted via hip< thorax-abdomen,
and upper torso {Dieckman®). With the arm and hand
resting on a semi-rigid support, it is likely that they
will vibrate at frequencies closer to those which are
impressed. but with phase-dissonance. In this instance,
the vibrations of man and the control should be
damped: or less acceptably. matched with respect to
frequency, phase. and amplitude.

Isolation of the operator and the sight from very
high frequency vibration can be achieved by conven-
tional soft mounts. Figure 5-67 shows the Nord Vosper
mount for installation on a motor torpeda boat*’ Both
the sight (which is gyvro stabilized) and the operator.
are isolated from the hull by shock mountings.

The natural frequency of a shock mount ...

[, = 325,07 (5.373)

where: v, = static deflection :n inches.

Significant vibration isolation is not achieved below
about 3 f,.. A static deflection of 1/4 inch would only
isolate the sight from vibration zbove abe it 20 Hz.

5.9.4 Conclusions

The preceding findings may be interpreted in terms
of bz requirements for sight stabilization. and isola-
tion cf the operator in a tracking mode from vibration.

Disturbances of sufficient magnitude to create track-
ing problems were described covering the range of
frequencies from very low frequencies (fractions of a
Hz) to as high as 5C Hz. At the very low end (under
0.2 Hz) even the human operator can cope with them.

Since the human operator begins 1o degrade badly at
about | Hz. a stabilized sight is required to isolate the
sight motion from frequencies above about 0.5 Hz.
Even when the lod on the stabilization servos 1s light.
consisting of a mirror or prism. it may be difficult w
achieve mechanical stabilization above 5-8 Hz. A dual
servo system may be considered’’ in which the sight
pedestal is approximately stabilized by a low-bandpass
servo of moderate power. and the sight line is stabs-
lized by a very high performance servo positioning 4
mirror or prism. Ingenious approaches to reducing the
inertia of moving parts have been developed. such as
the Dynasciences fluid prism used in the XM76 stabi-
lized sight> If tracking is done by an imaging system.
open loop electronic stabilization of the image may be
considered. Published analyscs indicate that stabiliza-
tion of this type can be achieved with available gyros
up to 200-300 Hz®

In any case. the operator and the sight should be
isolated from very high frequency vibration such as
that caused by the vehicle engine. power motors. etc..
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Figure 5-67 The Nord Vosper Specially Desiyned
Aiming Turret

and the 30 Hz fundamenial (requency of the gun at
maximum firing rate. by conventional shock mounting.

A practica} system. within the cost constraints of
AFAADS. mayv have to accept some degradation in
manual tracking accuracy from vibration inputs at
about 10 Hz while the gun i~ firing. Field firings of the
Vigilante mount are now underway o obtain actual
measurements of gun-induced vibrauon at criteal iocy-
tions on the mount, and with these available. the
requirements on sight stabilization and vibraton isola-
tion can be more precisely detined. The very large
body of information now available on stabilized sights
in helicopters also need 1o be reviewed with AFAADS
objectives in mind.
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5.10 GROUND FIRE ROLE FOR AFAADS

It 15 desited that AFAADS be capable of engaging
ground targets oul 10 4000 meters, as a secondary
mission. This role may be discussed in terms of targe:
acquisition and tracking, ballistic computation. disper-
s1on, and terminal effectiveness.

Since the gun is a flat trajectory weapon, target
acquisition will be limited by the probability that a
clear line of sight exists to the target. As many terrain
studies have shown, the probability of seeing a target
on the ground 4000 meters from a ground mount
without intervening terrain obstruction is very small,
even when the gun position has been carefully chosen
10 maximize its coverage against ground targets. Occa-
sionally AFAADS may be called upon to deliver indi-
rect fire but antiaircraft performance should in no way
be prejudiced for this low-effectiveness mode.

The maximum range for target acquisition at might
by an infrared or other imaging sight is not considered
to exceed about 1000 meters in the immediate future,”
and 4000 meters may not be achieved within the next
decade.

Assuming, however, that by day targets may be
acquired occasionally at 4000 meters, the accuracy to
which ballistics need to be computed is strongly influ-
enced by the mininum dispersion which can be
achieved with the gun. Two and one-half mils at 4000
meters correspond to 10 meters in dispersion. on a
vertical plane. at the target. Because of the flat trajec-
tory, there is much greater dispersion in the range
pattern of ground impacts against a horizontal warget.

Pfeilsticker’ has indicated that against a ‘standard’
7-1/2 by 7-1/2 ft tank target, a dispersion of 10
meters would degrade performance. for a burst of 60
rounds. unless the systematic error during the burst
was considerably in excess of 10 meters. Systematic
error is alwavs bad, of course. but its effect can be
reduced by optimum dispersion.

Since we propose that AFAADS include corrections
for wind. muzzle velocity, and other ballistic parame-
ters, and since ground to ground firing would be done
with the assitance of the laser range finder, we would
expect that the principai contribution of the ballistic
solution to systematic error in miss distance in ground
to ground fire, would be in the computation of superel-
evation. There shouid be no problem in holding this
error 1o less than a mii in the ground to ground mode
a1 4900 meters.

It seems likely therefore, that the accuracy of bdallis-
uc computation for the surface to air role will satisfy
the ground to ground role, provided that the maximum
range of the computation extends at least to 4000
meters.

The limiting influence on the hit probability against
a small target at 4000 meters would then he the gun

dispersion. If artifical dispersion is put in by dither
which 1s easy (0 remove. the residue can be reduced to
perhaps 1 mil. If dispersion is put in by mechanical
adjustment. it can be reduced. provided that ihe air
threat no longer exists.

It is doubtful. however, that AFAADS would be
required to engage small targets. such as vehicles, at
4000 meters often enough to make a high-hit probabil-
ity on tnese rare occasions a reason for special design
provisions. A better way of engaging such targets is
suggested later.

With regard to terminal effectiveness. the high-
velocity 37mm round can have very good armor pene-
trating capability with AP ammuniuon. Other ammu-
nition options, possibly including squash head projec-
tiles should be investigated. The HE round. developed
for AA fire. should be effective against personnel and
unarmored and lightly armored vehicles. However. the
provision of a mix of ammunition types with selective
option needs to be considered in terms of the effect on
the gun loading and belting. In view of the limited on-
mount ammunition storage capability of any high rate
of fire weapon, it would probably be undesirable, from
an overall mission viewpoint, to load anything but HE
ammunition unless the antiaircraft role is completely
inactive because of the complete absence of enemy
aircraft.

The possible tactics for the employment of AFAADS
in a ground to ground role need to be developed* The
current two options (3000 rpm or 120 rpm with fixed
burst size of 48 rounds) may not provide sufficient
flexibility. A wider range of burst sizes. such as those
provided for the 20mm Vulcan weapon. would proba-
bly oe preferred. For example. a very small burst
option of six rounds or even single shot fire could
satisfy certain circumstances that do not require a large
expenditure of rounds. With its fire on the move
capability. AFAADS. while accompanying 4 column.
could provide effective suppressive fire, but the limited
on-board supply of ammunition would make this most
effective if fire could be maintained for longer time
periods with shorter bursts.

The development of ground-based laser target desig-
nators for accurate weapons delivered by aircraft.
helicopters. or remotely from launchers at the rear
suggests that a laser designator should be considered
for AFAADS. so that it could obtain effective support
when threatened by enemy armor. Although early laser
range finders for use against ground targets operated
typically at 0.2 pulses per second. the antiaircraft
application will require about [0 pulses per second.
This is consistent with the requirement of a target
designator for which the PPS requirement is set by the
sensor and control characteristics. It may be feasible
therefore, 10 combine the ranging and target designa-
tion features in the AFAADS laser.
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To engage ground targets out to 4000 meters, mag.
nification in the sight optics is probably required.

In peneral. however, no serious additional difficulties
are expecied te be imposed on the AFAADS design by
the requirement to engage grovnd targets

5.11 RELIABILITY
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System rehability as well as the rehabihity of 18
compornents are nputs to the overall eviluatiHn of
system effectiveness and life cycle cost. In the case of
effectiveness. reliability affects both the probability that
the system wili be in an operable condition when
required to engage an encrry. and the probability that
it will function properly during the engagement. In the
case of life cvcle costing. reliability affects the mainte-
‘. nance and spares requirements.

At this stage in AFAADS svstem definition. a de-
tailed numerical evaluation of the elements of the
effectiveness matrices would not be justified. since the
specific components to be eventually utilized are too 1ll-
defined to allow good estimates of probable reliability.
This section is therefore confined to outlining the
elements to be considered in the reliability evaluation
as the program goes forward.

: Reliability 15 often included 1n the effeciveness

i computaiion by the symbology developed by the

z Weapon Systems Effectiveness Advisory Committee
(WSEIAC).” in the ‘availability’ and ‘dependability’
matrices of the expression:

E= A"[D] [C}] (337
The clements of reliability are defined as follows:

a. System Effectiveness 1s 'a measure of the extent 1o

which a svstem may be expected 10 achieve a set

: of specific mission requirements and 1s a func-
| tion of availability, dependability and capability.’

T

Availability 1s *a measure of the system condition
at the start of a mission and is a function of the
relationships among hardware. personnel and
procedures.’

¢. Dependability is ‘a measure of the system at one
or more points during the mission. given the
system condition at the start oi' the mission.”

d. Capability is *a measure of the ability of a system
to achieve the mission objectives. given its state
during the mission.’

The elements: E A D C of Equation (5.374). are
defined as follows:

|

where

b= the ettectiveness veelor
A = the availability vector

1> = the dependability matrix

C = the capability matnx
¢ = the value ol the b th Nigure of ment.
4, = prebability iz system s inostate 1at the be

gining of a mission. A mission might be de-
fined as beginning with the appeatance ot an
cnenmyy aaralt e the sunvedlance volume of
AFAADS.

d” = probubility that the effective state of the sys-
tem during the mission 15 §. given that it began
o mssion wnostate 1

¢y = value of the K th Higure of ment. given that the
system s in state §.

State transition probabilities can be esuimated from
the reliability estimates of the components defining
each state. The distribution of maintenance times has
epeatedly been demonstrated to be log-normal. which
calls for computer simulation to solve the problem.
However. if as a first approximation all disiributions
are assumed to be Poisson. analvtic solutions are
possible.

As a4 very simple example of the availability compu-
tation under this assumption. consider availability af
AFAADS 1s either operational or non-operational. Let
the failure rate A be random with time. and the repair
rate (inverse of the mean time to repair) hbe u. Then
the system availability A at an arbitrarily chosen poim
in time 1s:

A= u (N (3.37%
or equivalentny
A= MITR (MTBF - MITRY {3.37m
where
MT3F = Mean time between malfunctions
MTTR = Mean time 10 restore (0 operating

condition

The availability. dependability. and effectiveness ma-
trices (inc¢luding a distribution function ror the engage-
men: of targets) can ail be combined 1n a simulaton.
However. the fact that the time occupled 1n engaging
targets will be very small. compared with towl time
during which the system s active in modes ranging
from shutdown to simple surveillance. suggests that no
loss in realism will be incurred by computing the
availabihty, dependability, and effecuveness matrices
separately. and then muluphing them out.
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oo o it approumation, sate ransitions n the
avathibitinn com- aion can he represented as a
Markov process. tea

dA e = (] (3377

where B v the matnix of state transition probabiiities.
We are usually interested in the steady state values
when aA-de = 0. and these are oblatned by ~olving:

[B] A = v suopect 1o z 5510

(5.37%)

The system. stares prior to target engagement. can be
categorized as follows:*’

a. System fully operational.

b. Systemn able to enpage targets in degraded mode.
¢. System inoperative. waiting for spares.

d. System inoperative. under repair.

e. System down for preventive maintenance.

Each of these categories can be further subdivided.
For example, since AFAADS will be able to operate in
a number of degraded modes (in fair weather without
radar tracking, with range estimation, or with all fire
control computations inoperative but with estimated
leads). a complete effectiveness computation would
include the detailed specification of the availability
matrix, in terms of the probability that each mode of
operation is available, when AFAADS is called upon
(0 engage a target.

Since the availability computation includes both
failure rates and repair rates. one needs to make
estimates of the kinds of maintenance that can be
performed at various organizational levels, what com-
ponents are repaired. and what components are dis-
carded and replaced. etc. This is required in order 10
determine the probabilities that the system will be
operational or down in each of its possible modes. The
techniques for doing this are all well known and can
be applied as concept definition proceed .

The life cycle cost implications of maintainabihity
and rehability are important in making design trade-
offs. For example; for some of the older radars. main-
tenance cost per vear equalled the procurement cost of
the equipment®' Since the mean time between failure
was onlyv about 250 hours, and the mean time to repair
was about § hours, an availability value of 0.98 was
yielded.

However. in the case of a radar (AN/TPS-39(V))
designed for high reliability. a mean time between
failure of 6000 hours was achieved® This set is admit-
tedly simpler than a precise tracking radar. however.
the MTTF is notable. It resulted from early attention
1o possible reliability problems, and the allocaton of 3
percent of the program cost specifically to improve
reliability.

Available reliability information on radats needs to
be reinterpreted in view of the environment created by
vehicle movement on rough roads. and the shock and
vibration caused by gunfire.

It is possible that the relatively small physical di-
mensions of K-band radars will aid in obtaining high
operational reliability of the mechanical components.

The effectiveness evaluation is expected io show a
considerable pavoff to AFAADS by the use of on-
carriage radar. Aside from questions of cost-effective-
ness, the system will be satisfactory in the field only if
it irposes a minimum maintenance burden on the
already excessive maintenance effort of a modern field
Army. This objective can be achieved only by high
intrinsic reliability

Reliability information on laser range finders is not
yet available, aithough some of the factors Jo be con-
sidered have been indicated in the literature.*

The reliability of field-qualified digital computers
has become so high that this type of computer is
expected to be a low failure rate item. However. this is
not necessarily true of the analog equipment which
couples the computer outputs to the gun.

Since engagements are short. the entries in the ‘de-
pendability’ matrix would be expected to be close to
unity. The principal factor, causing an abori during an
engagement, would probably be a gun malfunction.
Since this would ordinarily require a relatively short
time to clear, the gun would be ready almost at once
for the next engagement. The stoppage rate for the
Vulcan 20mm has been indicated to be oniy one in
25.000 rounds.

Because the capability matrix involves measures of
effectiveness of the system. it would mcre properly be
discussed under system effectiveness. However. it may
be noted here that the method allows several figures of
merit or measures of effectiveness to be carried
through simultaneously. For example. one might be
interested in beth the probability thar ihe targei air-
craft is destroyed before it can drop its bombs, and e
probability that the target aircrafl receives damage
that will prevent its retuin to base or cause it to go
down for extended repairs. If judgments can be made
as (o the relative values of these possible events on an
overall combat effectiveness basis. the effectiveness
matrix can be multiplied by the military value matrix
1o obtain an overall effectiveness number.

The figures of merit can be extended to describe
individually the effectiveness of the svstem under each
of a number of operational conditions, such as day.
night. bad weather. whether the enemy uses ECM. the
category of the enemy flight path. etc. Again using
judgment supporied by analysis. if the relalive proba-
bilities of the operational parameters are estimated, the
expected effectiveness of the overall svstem can be
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computed. Such an average should. however. be under-
taken with caution. since the relative probabilities of
some of these states are under the control of the
enemy I anuaircraft effectiveness by day is very hig!,
the enemy can be cxpected 1o shift the weight of his
attacks to night, for example. It 15 probably better 1o
list the system effectiveness for each set of environ-
mental und operational parameters. and make judg-
mental decisions at that point.

5.12 FIRING DOCTRINE

With the T250 37mm Gatling Gun 1n ity present
configuration. the gunner has only two options with
regard to rate of fire (3000 rpm and 120 rpm). and
apparently only one option as to burst size (48 rounds).
At the 3000 rpm rate of fire his ammunition load will
be expended in three one-second bursts, after which
the mount must be reloaded. At the low rate of 120
rpm. a ‘burst’ of 48 rounds would cxtend over 24
seconds. As noted earlier. considerably more flexibility
in choosing the number of rounds per burst has been
provided for the 20 mm Vulcan Gatling Gun. There is
no reason to suppose that this cannot be done with
Vigilante. if determined to be desirable.

To minimize lost time while the operator is deciding
what option to use, however. the number of options
should be kept as small as is consistent with the best
use of the weapon.

In addiuon. the operator must be provided with
some indication of when 1o fire. A perennial problem
with high rate of fire antiaircraft weapons has been the
tendency of the gunner to open fire (0o soon and
exhaust his ammunition before the target comes within
the effective range of the gun. A less obvious problem
is that of firing before the tracking has been *smooth’
for long enough to allow the computer to generate a
good prediction.

How much information can be provided the gunner
for guidance in when to fire depends on whether he is
actually tracking the target. or whether he is monitor-
ing the system while tracking is automatic via radar or
other sensor. In the former case he should be distracted
as little as possible from his tracking funcuon.

A minimum ‘open fire’ indicator could be a symbol
projected on the sight reticle which indicated that:
(1) the target was within effecuve range. and
(2) sensors were locked on. In the case of visual track-
ing. the only sensor involved would be the ranging
device. The sensor lock-on might be indicated by the
appearance of a cross: the in-range indication might
be by a circle enclosing the cross.

To indicate the state of the lead solution. the size of
the circle might be made proportional to the measured
target acceleration. This would be very large before the
computer settled, since the measurement would contain
transient errors.

387

Even with smooth tracking. a large circle would
indicate evauive action by the targel. reducing the
likelthood of a hit. The pulsing of carcle size as a
function of the tracking noise would he 4 sensitive
measure of how smoethly racking wa heinpg
accomplished.

Alternately. the wrget size might he made propor-
tional to measured target velocity. Again. pulsing aircle
size would indicdte tracking roughness. and a slow
change 1n size would indicate target acceleration.

Cease fire should probably be o positive indication,
when the target passes out of range. such as a large X
displaved across the indicator. rather than the simple
vanishing of the indicator.

What should be displaved. where 1n the sight field
the indication should appear. and in general. the hu-
man factors aspects of the process would need 10 be
worked out and tested 1n the laboratory.

Mr. S. Olson has suggested that the computer naght
be considered as a means for recommending or auto-
matically selecting firing points. rate of fire. and burst
duration. This possibility needs to be analyzed 10 a
greater depth than is possible here. Since target speed.
range. and heading with respect 1o the gun are closeh
related to the length of time the target is likely to
remain within the field of fire. they may be used in a
firing doctrine algorithm. Against a passing target. it is
probably desirable. and could be confirmed by simula-
ton runs, to fire all available rounds before the target
reaches the path midpoint. At the same time. (0 con-
serve ammunition for use against other targets which
mayv be involved in the same attack. burst spacing
sufficient to 1dentify possible kills between bursts
would be desirable.

The presence of "aim wander’ makes the concentra-
tion of fire in three spaced bursis less efficient. all ather
factors being equal. than the same number of rounds
equally spaced over the same total interval. This is
particularly true against terrain following aircraft
where :he slow deviatiors of atm errer. caused by the
contour following of the target. will be of substantial
magnitude.

These considerations suggest that the rate of fire
options of the gun need to be considered in more
detail with the aid of the simulation.

For an incoming target daircralt preparing for. or
engaged 1n an atlack on a ground target. additional
considerations are involved. Considening dive or glide
bombing. 10 be specific. the accuracy of bomb delivery
increases as the release range decreases. The higher the
accuracy. the fewer aircraft sorties need to be laid on
in order to destrov the ground target (1 the aircraft
survives). If the antiaircraft gun opens at a lonz range
it has a lower probability of hilling the target with
limited ammunition than 1f 1t holds fire 10 a sherter
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range  The airplane counter- thiv by releasing als
homhs atlonger range This iv o rather stratghtforward
problem 1n game theory Time has prevented a solu-
uon from being presented here. It 1s conjectured that
the ‘game’ solution will be lor the attacking aireralt to
choose 118 drop range from o probability distribution
(narmai pilot to prot variaton in performance may be
roughly equivalent), while the gun distributes its fire
over a range interval. The solution wall depend on the
relative values assumed Tor the wreraft and the target
1is attacking.

The realism of a solunon obtained by game theory
may be shght; but the inaght gained in considering
this interaction between tinng doctrine for the gun and
the ability of the aircraft 1o destroy the ground target
in conjunction with its own sunvival prebability, will
be important in understanding what firing doctrine to
recommend.

Basic to the recommendation of a firing doctrine is a
knowledge of the probable system effectiveness against
various target types, paths, and in various operational
modes. This knowledge can be obtained from more
extensive simulation runs than have been possible
within the duration of the present contract.

§.13 SIMULATION RESULTS

This section presents the results of simulation runs
to compare the effects of prediction modes. tracking
errors, ballistics, lags in the sensors and gun, disper-
sion, target paths. and maneuvers on system effective-
ness. A number of sensitivity runs were .nade to
determine the effect of changes in input parameters on
system effectiveness. Runs were also made to test and
demonstrate the functioning of the decision algorithms
for switching predicion modes. and to determine the
effects of varying the decision thresholds.

The design of the simulation 1s described tn Volume
1 Tie AFAADS cvsign was descrihed tooa lave! of
detatl which was considered to offer the best balance,
within the scope of the present contract. between
simulation complexity and the obtaining of useful
results regarding the most important sysiem
parameters.

The modular construction of the simulation program
allows progressive increments of realism to be added
in the future without complete reprogramming. As a
consequence of this modular construction. it was found
o he possibie, even within the course of the present
contract. to add capability and define elements of the
system to greater detail when these were found to be of
parucular interest.

The simulation can be run in a deterministic mode
to determine the miss distances resuling from servo
lags and target maneuvers: or in a Monte-Carle mode

10 account properly for noise autocorrelation and geo-
metric cross-correlations of tracking errors. Some re-
sults obtained in the deterministic mode are presented
fiest. and then the Monte-Carlo mode is discussed in
greater detail. and the results obtained with it are
presented

5.13.1 No-Noise Runs to Determine Systematic
Errors Caused by Target Manesuver

Iniual exploratory runs were made to compare the
systematic errors resulting from target maneuvers with
“ .e different prediction algorithms. Tracking noise and
wispersion were set al zero so that systematic error
could be observed directly.

The horizontal projection of the target path (Path
No. |). with time marks and a plot of altitude versus
time. are shown in Figure 5-68.

The aircraft approaches a target on the ground at
low altitude and about 450 knots. On sighting the
target it pulls up in a climbing turn, losing some
velocity in the climb. The aircraft, while still turning.
levels out at about 1500 meters, and then makes a
sharp diving turn which puts it on a straight line
attack pass at the target. It accelerates in the dive.
releases its weapons, and then makes a very high
g-pullup and turn, and departs.

Total path length is about 100 seconds. Very little of
the curved flight segments are at a constant turn rate,
so as not to bias the answer in favor of a quadratic
predictor.

The gun is on the vertical axis. 1500 meters from the
ground target.

The system elements that were simulated include the
following:

a. Tracking error was taken as zero.

b. Rates and accelerations were measured by 2- and
o olecrithags with an v 2o secend base.

¢. Predicuon modes were*

{1} Rate by time. Azimuth. elevation, and range
were simply computed by multiplying rate of
change by ume of flight and adding to pre-
sent position.

() Linear. A constant velocity extrapolation
from present position.

3) Linear plus energy. Acceleration along the
flight path was computed from exchange of
potenual for kinetic energy and vice versa.
This along-flight path correction was added
to the basic linear prediction.

(4) Quadratic. This was based on the assumption
of 4 constant turn rate. hence it is "quadratic’
in one dimension only. in order to minimize
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Figure 5-68. Simulation Flight - Path No. 1

the degradation from tracking noise when the
latter 1s included.

(8) Quadratic plus energy.

In accordance with the objective of emphasizing
those functions most likely to affect system perform-
ance and postponing the introduction of those which
would have a secondary effect but would increase
running time and complexity of the simulation. only
time of flight was generated in the simulator. but not
superelevation. Three sets of ballistics were used. and
these are shown in terms of time of flight (Figure
5-69) and remaining velocity (Figure 5-70). The most
recent ballistic information received from Frankford
Arsenal. indicates the possibihity of providing Vigilante
ballistics with 3600 fps muzzie velocity but with a

hetter  hallistie  voefRcient  than shown  here  as
Ballisues 3. the net effect being so close 1o Balhsties 3,
that no changes were made in 37 for the simulation
runs.

The simulation was also instructed o “cease fire’
when projectiles dropped 10 sonic velocity, so that the
sumple power-law approximanon to deceleration could
he used for nme of flight.

The rms miss distances (in meters) are compared
with Ballintes 1 for the various prediction modes in
Figure 3-71. The following conclusions are drawn:

a. The rate by ume solution is unacceptable.

b Lincar predicnion is relatively poor over the
whole course. except for the sraight hine dive
where it is impaired by the target acceleration
along the flight path.

¢. Lincar predichion plus encrgy is excellent on the
straight hine dive.

d. Quadratic plus energy 1s excellent over much of
the curved pattern as well as the straight line
dive.

A comparison of ballistics generates similarly shaped
curves. hut with a moderate reduction in systematic
error as the hallistics are improved. The principal effect
s that, with Ballisties 3, the range at which shell
velocity drops 1o sonic veloaity includes the whole
course. There is 1n act a4 3-second interval from 31-56
seconds where the svstematic error with the quadratic
algorithm drops to under 5 meters.

Figure .71 shows svstemauc error in meters. IT the
same plot were reproduced tn mils. 1t would be found
that the linear-prediction svstematic error. after the
6-second time point, has 4 minimum value during the
diving segment of about & mils.

As a quick summary o: the results obtained in these
runs. the total ume. that the error was less than 13
meters for each option. was summed and 1~ presented
in Table V.6.

The flight path is not a difficult one in te ms of
target accelerations. However. 1t 1s considered to be a
realistic one. It was concluded at this point. therefore.
that the rate-uimes-ime prediction option should be
dropped from further consideration. and the other
four prediction options retained.

5.13.2 Simulation with Tracking Noise

No ample analyvie <olution was found o the proh-
lem of accounting for the dutocorrelation in time of
aim wander error produced by correlated tracking
errors. additionally correlated by the smoothing opera-
ton. or for the cross correlations among coordinates
introduced by the geometry of the prediction problem.
Such a solution would have allowed the simulation to
be run in a deterministic mode.
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It was therefore decided to use a Monte Carlo mode.
in which tracking errors were generated with variance
and autocorrelation. appropriate to the sampling inter-
val. The probability density function of the generated
sequence has zero mean. To simulate radar tracking.
the variance in (meters)’ at the target was held con-
stant over cach set of runs in accordance with the
findings of Section 4.2. The servomechanism lag of the
sensor and gun were introduced explicitly as funcuons
of angular rates and accelerations. Considering the
uncertainties in how to represent manual tracking
errors as a function of range. angular velocity etc.. the
same madel with appropriate variances, autocorrela-
tions, and lag coefficients might be assumed to repre-
sent the man. However. the man in the tracking func-
tion was also explicitly simulated by a program used in
a separate series of runs. The explicit simulation of the
man assumed, in agreement with some of the findings
reported in Section 4.3, that the noise component of
the man's tracking error increases with the amount of
lag in his response. in addition to having a constant
base component.

For all runs, miss distances were obtained as a
function of ume. These miss distances were then con-
verted by the computer to single-shot kil probabiiiues.
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Figure 5-70. Remaining Velocity Ballistics Used on
Simulation

and probabilities of kill in bursts of a specified dura-
tion and number of rounds. Averages were taken over
a number of replications with different tracking noise
samples. A summary of the statistics was printed out
by the computer.

In the case of the single-shot probability. the com-
puted values were summed over cach course and multi-
plied by the interval between samples to obtain a
measure designated “kill-seconds.”’

The significance of these three measures is as
follows:

The distribution of miss distances is self explana-
tory. It is not affected by dispersion or vulnerability.
arJ shows at once how often the projectile passed
within specified distances of the target.

The kill-seconds computed over the course is essen-
unally a weighted average of the miss distances:
weighted tn the same way as the probability of kill
function. It has the physical significance that 1f a gun
fired at a constant rate over the fiight path. the kili-
seconds could be muliiplied by rate of fire. and the
target survival probability for that run obtained as:

5> = oxp [ trate of e x (killseo))
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Table V-6. Summary of the Time the Systematic Error was Less than

15 Meters

Ballistics
No. | No.?2 No., 3

Prediction Mode (sec) {see) (see)
Rate x Time 0
iancar 14 22 24
Lincar + knergy pL)
Quindratic 2R 48
Quadratic + Encrgy 32
NOTE: Symbol ¢ ) means no runs were made for that case,

00678-577
To average over replications, this value should be Assumptions:

averaged over the distribution of (kill-sec) obtained in
the replications. This takes account of aim-wander
properly.

The number of possible bursts with kills above some
specified index is intended to include the effect of aim
wander in specific bursts. It represents the number of
opportunities to get burst kill probabilities above the
specified levels.

Since at this stage we are interested in narrowing
down system options (prediction, smoothing,
ballistics . . ) we have not included firing doctrine.
The course with the most opportunities to fire bursts
with high kill probabilities should be the best for that
length of burst when combined with a firing doctrine.
Similar conclusions can be drawn from kill-seconds in
the case of continuous fire,

A flow diagram of how to get from the present
measures to system recommendations, including firing
doctrine  and system effectiveness, is shown in
Figure 5-72.

The algorithms for computing kill-seconds and prob-
ability of target kill with a burst are developed below.
Of the two approximations shown, the first assumes a
circular target and circular normal dispersion pattern.
The second approximation assumes an ellipsoidal tar-
get. and ellipsoidal dispersion pattern. It is relatively
casy to introduce the second approximation (and fur-
ther improvements beyond it) into the simulation, but
with limited time it was decided that the first approxi-
mation would be satisfactory to reveal the effects of
parametric variations of interest at this stage of system
detinition,

The first approximation includes the following:

Circular target
Circular normal shot pattern
Notation:
= target vulnerable radius (meters).
= target vulnerable area, = 7raz,(metcrs),2
slant range in meters/1000. i

a O >» o
n

= standard deviation of dispersion pattern (mils).

R.. = miss distance (closest approach) from simulation

E

(meters). (This is for the trajectory without dis-

persion, and is computed at intervals A))

T. = duration of firc,

3
"

number of simulation points in T.

Py = single shot probability.

where:
l
R
2 ) 2
a~ 4=+ 2 -
P = = Lo 472D (5 380)
) a~+2(oD)"
, ]
Then the average pg over m points = Pss = = Ps
5.
Let: (5.381)
n = .umber of shots in T, (assumed uniformly spaced).
E = cxpected number of killing hits in burst.
= probability target survives.
K = probability target is killed by a burst of n shots of
duration T,.
Then:

E = 1t pg (5.382)
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s =k (5.383)

K=1-» {5.384)

and finally kill seconds is computed as:

KS = Az Pss

(5.355)

The summation is over the whole flight path. Both
the average of KS and its standard deviation are
computed over the set of replications.

The second approximation (for future use) inc¢ludes:
Assumplions:

Ellipsoidal target

Ellipsoidal shot pattern

This is an improvement because the head-on area of
a target is 10 percent or less of the side on area. We
ignore the wings in this approximation because they
are less vulnerable to 37mm fire than the fuselage.
Muzzle velocity dispersion is approximated by the
spreading of the shot pauern along the direction of
flight.

It is necessary to resolve the miss distance of closest
approach into components along. and perpendicular 10,

the flight direction us projected on a plane. perpendic-
ular to the trajectory and containing the point of
closest approach.

In this plune. tuke axes u. vi where v is perpendicu-
iar 10 flight direction. R.. resolves into components L.
V.

The target velocity vector makes an ungle  with this
plane.

The target cllipsoid has dimensions S,.S...

Projected into the U. V plane. the ¢llipsoid has
dimensions (max and min radii):

a = SH 2 (5.386)
- A 9.2
4 =(1:2) [SH2 + (SL- 'SH:)GUS' J]
(5.387)
" =" (5.358)

The components of" gun-ammo dispersion are (in
mils):

bl l ~ Al
[ U""U“'CUS'.“

" (5.389)




o = constaat for all puints
v = larget velocity
Vo = muzzle velocity

<
N

m = @ parameter with dimensions of velocity,
constant over the course

then:

(vmv/v0 2)

o\ = (5.390)

Since ow is an approximation to the combined ef-
fects of all random noise sources affecting dispersion

in the direction of flight. it will be a constant for each
course at this level of approximation.

The expression for p,, is now:
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The statistical summaries with this approximation
would be identical with those used for the first-order
approximation.

A typical summary print out from the computer is
shown in Figure 5-73. The same statistics are also
printed out for each replication.

5.13.3 Simulstor Resuits on Psss Path (Path
No. 2)

This is the simplest path from the point of view of
prediction, since the target is unaccelerated. However,
the tuarget speed and path position were taken as those
specified by the Army 10 stress the system most se-
verely with regard 1o angular velocities and
accelerations.

Inputs were intended 1o be characteristic of radar
tracking. They are as follows:

a  Standard deviation.

azimuth: 5 meters

elevation: 0.6 meter

range: 5 meters

noise autocorrelation time: 0.2 sec

b. Target vulnerable radius: 1 meter.

c. Target speed: 310 meters/sec.

d. Targeut altitude: 250 meters.

e. Target minimum horizontal range: 200 meters.
Three sets of ballistics were used:

a. Present Vigilante (No. 1)

b. Improved Vigilante (No. 2)

c. 'Best’ Vigilante (No, 3).

Three smoothing times were used: 0.4. 1.8, and 3.6
seconds. Smoothing was accomplished by least squares
weighting in position, rate, and (where used) acceiera-
tion for the target turn prediction mode.

Although gun dispersion was normally 4 mils, a
sensitivity run was made varying dispersion.

A sensitivity run was also made with all input errors
multiplied by 0.4 (as estimated to be possible with a
frequency diverse radar).

Runs were also made with gun and sensor lag. and
with both corrected by a regeneration algorithm. Lag
coefficients were:

a. Sensor: K, = 500 sec’. K, = 90 sec’.
b. GunK, = 250 sec', K, = 50 sec’.

The three measures (kill-seconds, number of samples
within 2 meters, and number of bursts with
K GRKS8 0.20) are compared for combinations of
ballistics and smoothing times in Tables V-7, V-8. and
V-9.

On this course. which passes very close o the gun.
most of the effectiveness is gained at fractional-second
times of flight. With the longer smoothing times. the
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Table V-7. Comparison of Smoothing Times and Ballistics by ‘Kill-Seconds’ Measure

Ballistics
Smoothmg 1 2 K
0.4 o 0.2473 92729 12946
(0.0872) (00855 1 O89 1
1
1.8 sec 0.2866 13031 03113
10.0555) (0.0579) 10.060%)
3.6 04363 0.4390 : QERMN
|
:0.1989) 11967 . ) 1943
|
|
No tracking noisc: 08652 ' 11.%612
1
gun dispersion only (0) | n
*The numbers in parentheses are the standard deviations of ihe
kfl-sccond average across aine rephcations. I
67837y

Table V-8. Comparison of Smoothing Times and Ballistics by '‘Number of Samples Within 2 Meters’ Measure

Ballistics
Smoothing 1 2 3
0.4 sec 10 12 14
1.8 sec 19 22 24
3.6 sev 36 40 40
No tracking 115
error

noise is fairly well smoothed. so that only 1 small
improvement results from improving the ballistics.
This is also to be expected since there arz no target
maneuvers. When prediction is excellent, there is no
payoff in shortening the time of flight.

The distribution of miss distances for present Vigi-
lante ballistics is shown as a function of smoothing
time in Figure 5-74. To interpret these curves it is
interesting 1o look at the variance in the position
derivatives expected from the one-coordinale curves
presented earlier in this report.

NG T8 A8

Smoothing was done by least squares, finite memory.
whic! . as was shown in Section £.4 is ¢lese 10 opimum
for this case. For a noise autocorrelation of 0.20 sec.
Table V-10 shows the variance ratios for optimum
smoiang in each derivative for the three smoothing
times used on the simulation; ie. (oo, ¥. where o,
is the variance of input noise and o ° is the variance in
the measured derivative.

The short times of flight on this path and the rela-
tivelv large position errors assumed depress the effect




Table V-9. Companson of Smocthing Times and Ballistics by ‘Number of Bursts with K > 0.20' Measure

Bajlistic«
smoothing 1 2 1
0.4 sec 9 il 11
1.5 we 12 13 13
3.6 wee 16 16 16
No tracking 18
creor
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Figure 5-74. Effect oo Smoothing Time on Distribution of Miss Distances for Bellistics No. 1

of variance tn velocity in the case of the shortest
smoothing time shown in Table V-10.

The effect of varying gun dispersion was determined
for Smoothing No. 2 (1.8 sec) and for present Vigi-
lante beMistics. Trial runs with Smoothing No. 2 and
the 9 roplications indicated that the effect was fully
shown by I replications. hence this number was used.
Table V-11 shows the results. Both the kill-second and
burst measurcs degrade smoothly as dispersion is in-
creased from 2 mils. An optimum might have been
found for sull smaller dispersions, but it was felt that
it would e difficult to hold the random round to round

errors, in the complete AFAADS system, to less than 2
mils rms.

All of the runs to this point assumed that there is no
lag introduced by the sensor or gun servomechanisms.
Since this ¢ourse is intended to stress the angular
following ability of the system most severely, the lags
were introduced according to the K,. K, algorithms,
and then the approximale regeneration algorithm de-
scribed earlier was applied. The results. shown in Table
V-12. present a comparison between the lag and the
no-lag case. These runs were with Ballistics 3 and 1.8
second smoothing. For the K values assumed. lag
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Table V-10. Variance Ratios for Optimum Smoothing of Position, Valocity, and Acceleration

T R R TR T v RV AN (1T o

Smwoothing Tine
Quantity Smoothed 0.4 sec 1.5 s A
Position 0.50 0.8 0.0
Veloaty 10.8 a4 0.092
Avieleration 13200 SN 026
]

6 TN3 ]

Table V-11. Effect of Dispersion Based on: 2 Replications, Smoothing No. 2 (1.8 sec) and Ballistics No. 1
Number ot Number ol

4 Samples Bura.

tmily) Kilt-Seq < 2 Metens with K -1.2u
2 0.498% 20 19y
3 0.3693 20 17
4 0.1893 20 12
5 0.2334 20 1
6 0.1922 20 1
8 0.1364 20 b
10 0.1011 20 -
15 0.0550 0 4

*Thew entries independent of gun disperston.

HINT .58

degraded the kill-second and miss distance measures
badly. but not the index of number of 1-second bursts
with K > 0.20. The reason is probably that the inter-
val. over which lag error is large. occupies only 1-2
seconds ncar the midpoint of the course. Since the K
index is rounded to integers. fine detail is lost. The
regeneration algorithm recovered almost all of the lost
effectiveness; in fact K rounded to one integer higher
than without lag. If it were not for the advantages of
regenerative tracking in maintaining track when the
target is obscured, one might argue from the preceding

results that with radar tracking. tight servos of the best
design would obviate the need for regeneration.

As we show in later runs. the man with K. no better
than about 10 sec’ is another matter. and cannot be
expected to function sausfacierily without regenerative
aids

There is no expected advantage in using quadratic
prediction against an unaccelerated target but itis of
some interest to determine how buadly the additional
noise amplification would affect the ssstem perform-
ance if quadratic predichon were used continuously
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Table V-12 Effect of Lag and Regeneration Based on: 9 Replications, Smoothing No 2 (1.8 sec) and
Ballistics No. 3

Number of Number of
Sampley Bufaiy
Kall-Sec < 2 Meters with K >0.20
No tag Q3113 R} 13
(0.0608*
Wit lag 0.1849 15 12
(0.0351)
With lag und 02769 2} 4
fegeneration
(0.0507)
¢ The numbers in parentheses are the standard deviations
of the kill-second average avross seven replications
(067K-5RS

Table V-13 compares both the linear and the quadratic
predictions on this straight line course. Performance
degradation is significant, but not excessive, again.
probably because of the relatively short times of flight
associated with the most important segment of the
course.

Finally, to observe the effects of reduction of track-
ing noisc. the shortest smoothing time of 0.4 seconds
was run with two sets of ballistics and with each of the
input noise standard deviations multiplied by 0.40.
This reduction by a factor of 2.5 was considered
possibly attainable with a frequency diverse radar.

As shown in Table V-14, a very large improvement
in the effectiveness results was achieved by all mea-
sures used. In fact, with this accuracy of tracking. the
0.40-second smoothing was as good as the 3.6-second
smoothing with the larger ercors. The payoff from
improved trucking can thus be taken in high kill
probability when the system has settled. or in quicker
settling and increased firing time.

5.13.4 Simulstor Results on Attack Path (Path
No. 3)

Path No. 3 consists of a pop-up from 200 meters to
1700 meters. a turn, an accelerated dive at a ground
target. and a pullout. The horizontal projection of the
course is shown in Figure 8-75. The altitude as a

function of time is shown in Figure 5-76. The path
was constructed from the pop-up maneuver combined
with the attack segment of Path No. 1. Target speed
varied from a maximum of 234 meters/sec in the run-
up. 1o @ minimum of 150 meters/sec as the airplane
lost velocity in the climb. (See Figure 5-77.) The
airplane gained about 50 meters in the dive.

6.13.4.1 Comparison of Prediction Algorithms
and Ballistics

The prediction algorithms compared were:
Linear.

Linear and Energy Correction.

a

b

¢. Quadratic (horizontal turn).

d. Quadratic plus energy correction.
e

Defense against attack on a known point.

Since prior runs had shown Ballistics No. 2 10 be
always inlermediate between No. | and No. 3 (the
‘present’ and the "best’ Vigilante ballistics respectively),
only these two sets were relained. These runs were
made with Smoothing No. 2 (1.6 sec). Table V-1S5
shows results for 9 replications of each case. The
energy correction improved each algorithm with which
it was used. ht is incorporated in the defense of &
known point zlgorithm as well. The most effective
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Table V-13. Comparison of Linser and Quadratic Prediction Based on: 9 Replications and Smoothing No. 2 3
(1.8 sec) :
3
3 4
E— Number ot Number ot
L Prediction Samples Bursis
4 Mode Kill-Sec <02 Metens with K --0 20 3
( Lincar 0.2866 1y 12
(0.0555)*
Ballistivca No. 1 4 :
; Quadratic 0.2450 12 10 i
i 3
{ 10.0492) 1
i
i ¢ Lincar 0.3113 iX] 13 !
: . 2]
10.0608) : :
Ballistics No 3 ¢ f
i Quadratie 0.2800 16 I ;
f 3
\ 10.0593) ;
{
E
L *The numbers in parentheses are the standard deviations 1
H of the killssccond average across mine replications. i
'
(LU VS i
| Table V-14. Effect of Improved Tracking Based on: Smoothing No. 1 (1.8 sec) and a Gun Dispersion of 4
| mils
Stundard Deviation
of I'r.lckmg Lrrors (Metery) Number ot Neambet ol
Samples Hurats b
Ballistics Azimuth | Flevation Range Kill-See < 2 Meters with K -0 2o i
1 s 0.6 S 0.2473 o 9 4
(0.0872)° i
1
P 2 0.24 2 ! Coaan . pe i
l f 29y
b
! 3 h] e > ! B 16 14 1 ; ‘
i
' 491 1
!
2 U.24 2 | 0.58Y3 i 13
E
\ (00824 H :
i ;
*The pumbers i pagentheses are the standard deviations !
of the Kallsevond averape scross nire replications. 1
' THip TXLAN T i
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Figure 5-75. Horizontal Projection of Simulation Flight Path No. 3
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Figure 5-76. Altitude versus Time Projection of Simulation Flight Path No.
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Figure 5-77. Target Velocity along Flight Path versus Time for Simulation Fhght Path No. 3
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Table V-15 Companson of Prediction Algorithms and Ballistics Based on: 9 Replications, Path No. 3, and
Smoothing No. 2

Lincar Quuadrativ
Plus Plus Detended
Meawitre Ballistics Linear Encrgy Quadratiy Energy Pomt
: ball-Seconds TPrewnt T aNG D 00668 01144 [URUREN t0s06 01349
i
Clmproved TeNo 3 [UILE 01303 [UNURKE S vaTd? 4T
i
Number of “Present™ (N0 1y 6 10 2 4 11
Busts
with k>0 2n
! “lmproved T iNo. 1 K 10 N 6 Il
Number ot TPresent’ tNo 2 12 | 2 16
Samples
Within 2 Meters
“Improved™ 1No. 3) 4 14 1 3 18
) NOTE Gun Dispension =4 mils, 0 = Smeters, 0, = 5 meten.
0. 206 meters. '
oN6~k-391

algorithm 1s that for the defense of a known point. and
the next best 1s the linear plus energy correction. With
the two best prediction algorithms, there is no differ-
ence between the two sets of ballistics in terms of the
number of bursts above K = 0.20: but the more
sensitive measures of kill-seconds and miss distance
show a significant advantage to the better ballistics.
The distrtbution of miss distances is compared in
Figure 5-78.

5.13.4.2 Determination of Optimum Dispersion

By running a series of 2-replication sets, we find an
optimum gun dispersion of 2-3 mils as shown 1n
Figures $-79 through 5-82. Note that this 1s revealed
by the burst measure. and not by the kill-seconds
index. The burst measure was introduced for precisely
this reason. The kill-second index shows the expected
number of killing hits. without regard for whether
some targets get more than their share, while the burst
measure shows the probability that each target will
receive at least one killing hit.

5.13.4.3 Eftect of Tracking Noise Variance

Input noise variances were then varied individually
to determine the sensitivity of the system to each input
coordinate. Table V-16 shows the values used. and the

5-102

effectiveness indices. The system is far more sensitive
to azimuth and elevation errors than to range errors. A
brief analysis of the lead equations indicates that the
variation of miss distance with range error is roughlv
proportional to the ratio of iarget speed to average
projectile velocity. and. hence, always less than unity.
The variation of miss distance with azimuth or eleva-
ton error is roughly proportional to the ratio of time
of flight to smoothing time: with a multiplving coeffi-
cient such that the factor can exceed unity. Figures
5-83 and S5-84 show the resuits of varying range sigma
and elevation sigma separately.

5.13.4.4 Interaction Between Tracking Noise
and Smoothing Time

The advantages of accurate tracking and the interac-
tion with the smoothing time obtained on the pass
path were reconfirmed by runs on this course. the
results of which are shown in Table V-17.

5.13.4.5 Effects of Servomechanism Lag and
Regeneration

The angular rates and accelerations on this flight
path are not as severe as on the pass path. A rerun of
the lag and regeneration modes indicate lag to have a
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Table V-168. Effect of Noise Variance Using Linear plus Energy Prediction Based on: 2 Replications Each,
Smoothing No. 2 and Ballistics No. 3

In a \ g, Kill-Sec K >0.20 S22 Muters
A A3
0 3.0 0.6 0.1433 It 1s
20 20 024 0.1866 12 40 -
1o so 0.6 0.1392 i1 12
2.0 50 06 0.1455 11 16
0.0 5.0 0.6 0.1468 11 17 o
20 10.0 10.0 0.0521 4 2
. 2.0 5.0 5.0 0.1103 9 s - -
2.0 5.0 0.0 0.1463 11 1?7
2.0 0.0 0.6 0.198$ 13 61 i
00678-597
20
¢
18 —
Ta . ImETEAS
"4 - svETEns
12 T‘ -
SUMBER OF SAVPLES - 4TINS
[]
4
0
2 [} 18 1%

- AT-ON WETER
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Figure 5-84. EHtect of Varying Elevation Noise Variance
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Table V-17. Comparison of Smoothing Times plus Noise Using Linear plus Energy Prediction and Based on: 9

Replications, Ballistics No. 3 and Path No. 3

T T e e e ol b0 P L Mot s 3 i ot
s A S S S T

tandard Devistions of Tracking brrar
Kill-See K > 0.20 S < 2 Metens IR T g,
Smoothing | 0.1438 12 16 2 2 n.24
Smoothing 2 0.1810 12 34 2 2 noy
Smoothing 2 0.1208 10 14 3 3 0.6
0N6°R-5101

negligible effect for the K values used However, regen-
eration is effective in eliminating most of the small
adverse effects noted. Results are shown in Table V-18.

5.13.4.5 Effect of Switching Algorithm Threshold

This target path does not have a steady-turn segment
of sufficient duration to offer the quadratic prediction
algorithm an opportunity to perform. However. an
investigation was made in which the threshold for
switching from linear to quadratic was smoothly var-
ied from zero to very large rates of turn. Effectiveness
was shown to have a smooth increase as the threshold
was raised until full linear operation was obtained.

6.13.4.7 A Microscopic View of Details of Path
No. 3

For Path No. 3, Ballistic No. 3. Smoothing No. 2.
and the Linear plus Energy Prediction. a print-out of
interesting indicators was made at 0.20 second
intervals,

With the exception of very short path segments,
during the climb, and the level straight segment (prior
to turn at the top of the pop-up). miss distances
exceeded 20 meters. Some were as large as several
hundred meters. until the target enters the straight-line
accelerated dive. Since the print-out was for the linear
plus energy mode. the algorithm was not able 1o cope
with the turn at the top of the pop-up. The print-out

showed a one second opportunity to get a burst kill
with a probability of 0.30 in the climb.

Effectiveness of the system did not become signifi-
cant until the diving segment.

With two exceptions. a one-second burst fired any-
where from 28 (o 40 seconds would have a better than
a 0.30 chance of killing the warget.

5.13.4.8 Effect of Dispersion on Single-Shot
Probability

We can view the effects of dispersion through this
microscope by plotting single-shot kill probability ver-
sus time. This 1s done tn Figure 5-85 for the segment
from 28 to 41 seconds. Note that on this run, 2-mils
dispersion shows stngle-shot kill probabilities as high
as 0.07; whereas the highest with 4-mils dispersion is
only 0.02. However, the larger dispersion smooths out
the wide fluctuations in the single-shot kill probability.
thereby reducing the peaks. but raising the valleys.
This is what one would expect. If we showed 1- or
0-mils dispersion the peaks would be sull higher and
the valievs lower and wider.

Opumum dispersion s that dispersion that strikes
the best balance between the fluctuations 1n p,, and its
mean level. Since we don't know miss distance when a
burst is fired. dispersion mitigates the effect of possible
transient large errors during the burst.
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Table V-18. Compariso~ i Effect of Lags Using Linear plus Energy Prediction and Based on: 9 Replications,
Ballistics No. 3 and Smoothing No. 2

No lag 0.1308 10 14

Scnsor Lag 0.1298 10 14

Sensor and Gan Lae 0.1259 10 12

Sensor and Gan Lag 0.1295 10 13
plus

Regeneratior
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Figure 5-85. Effect of Dispersion on Path No. 3 Based on the Single-Shot Kill Probability Versus Time
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Figure 5-86. EHfect of Rate of Fire and Ammunition Load

The fluctuations in the single-shot kill probability
are the result of tracking noise. initially correlated at
input and further correlated by the smoothing func.
tions.

5.13.4.9 Effect of Varying Rate of Fire

We can rework the computation of kill probability
as printed out over the path in various ways. First,
suppose that the gun fires 3 bursts of 48 rounds each at
the beginning. midpoint, and toward the end of the
dive. The bursts are arbitrarily located a1 29.2-30.2 sec,
32.2-33.2 sec, and 35.2-36.2 sec. The probability that
the target survives all three is 0.11; the probability that
1t is killed 1s 0.89.

Next suppose that the gun fires at a low. constant
rate throughout the dive. The interval over which Pas B8
greater than zero is about 15 seconds. Figure 5-86
shows how the probability of killing the target in-
creases with rate of fire. At about 600 rpm. the gun
uses up its |48-round load. and has auained a kill
probability very close to thai obtained by the three
I-second burst at 3000 rpm. In fact, the probability is
slightly higher. because one of the three bursts fell in a
low probability interval.

Figure 5-87 compares the way that target survival
probability decreases versus the three bursts and the
continuous rate of fire at 600 rpm. The low rate of fire
produces a steady reduction of survival probability

whereas the bursts reduce it in three steps, one of
which is very small.

Although there is no strong argument for 3000 rpm
versus 600 rpm on this path segment. it is clear that
what determines effecuveness for a given ammunition
load is the ability 10 fire all of the ammunition while
the target is on a predictable leg, and not 10 waste
ammunition when it is not. The 3000 rpm oplion is
valuable if one has only 3 seconds of good shooting
time. and can identify those 3 seconds. as opposed 1o
the total time the target is within range. it is probable,
however, that Vigilante would beneft from 4 1200
rpm option.

6.13.4.10 The Effect of Boresight Errors

In our simulation runs we included the effect of
lrgel maneuvers as a cause of lurge slowly-varying
‘systematic’ errors, and the effect of “aim wunder'
generated hy correlated noise with zero mean. further
correlated by the filter. We have also included system-
atic errors resulting from servo lugs., by expressing
these as 4 Function of rates and accelerations. We feel
that this fairly well covers the wander of the point of
dim caused by sources that are difficult to design out of
the system.

In the field. errors will appear because the swstem i
not properly calibrated and horesighted In Section §.8
we proposed a method of dynamic calibration to get
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Figure 5-87. Effect 6f Rats of Fire on Target Survivability as & Function of Time

rid of these errors. However, 10 see what happens
when there is a constant angular misalignment error in
the system, we applied a constant angulur error lo
azimuth input und observed the results with the
simulator.

Boresight error was varied from zero 1o B mils in
steps of 2 mils. The flight path was Path No. 3, with
linear plus energy prediction. Also included ure the 5.0
meter azimuth, the 0.6-meter elevation and the 5.0-
meter range standard deviations of input error and
4-mils dispersion.

Results of two replications are shown in Figure 5.88
through $-90. All horesight error is bad, but on this
course with this set of parameters, we could accept
perhaps 2 mils of boresight error without serlous
degradation.

The inverse sistement is probably true; ie., the
amount of dispersion one uses should increase with the
expecied misulignment of the system. This degrudes
the antiaircraft system. Dynamic calibration should he
preferred.

Looking st the distribution of miss distunces, it is
interesting to note that we apparently chose the bore-
sight error in a direction (0 cancel  target maneuver
error over u very short path segment. This would
expluin the waves in the curves for the 2- and 4.mil
error cuses.

5.13.8 Simulator Resuite on Climbing Turn

The climbing turn segment of Path No. | was used
to compare linear plus energy versus quadratic plus
energy options. The larger radar errors were usec us
inpuis, gun dispersion was 2 mils and smoothing was
1.6 sec. As shown in Table V19, the quadratic mode
was effective whereus the linessr mode hud zero effec.
tiveness. The distribution of miss distunces is shown in
Figure $:91. Although the linear mode neve: cume
within 10 meters of the target, the quadrutic mode had
aimost 20 samples within 5 meters.

On this path, the targer was turning at sbout 0.03
rudians per second, As the uccelerution theshold (which
is currently programmed in terms of rate of turn) wus
incrensed from zero, the efMciency of the pre liction
collapred Ibrup(li when the threshold excluded the
turget turn rate. The decay is not u perfect step because
of noise which ulso triggers the ulgorithm. However,
for low thrasholds (up to 0.02), noise never knocked
the system back into the linear mode (or at lewst o
rurely that the effect on performance wus negligible).

The threshold operation thus functions properly on
this path scgment. It cun he set low and non-zero to
kesp the quudratic mode from heing invoked on non.
turning paths by noise; und still cupture turgets where
1urn rate is large enough to cause liresr prediction to
full.
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6.13.6 Simulator Results Against Jinking Target

Four aircraft paths were used to investigate the
effectiveness of candidate prediction modes against
aircraft employing a jinking maneuver. Each path was
composed of a mixture of two maneuver types. with
the same representative of a maneuver type being used
on each of 1ts occurances. Three maneuver types were
employed:

a. Straight flight.
b. 0.5g jinking
¢. 2 - 3gjinking.

Tables V-20 and V-2! present the exact course content
used for the 0.5g, and for the 2 - 3g jinking maneu-
vers respectively.

The four pathes used were:

a. Path 4 - This path started with a straight line-
segment of duration equal to the smoothing time
being used. The straight segment was followed
by the 2-3g jinking and the 0.5g jinking maneu-
ver. The jinking is around a basic fly-by course
which passes the gun at a distance of 500 meters.
The aircraft mainwins a constant altitude of 250
meters. The variation of the Y coordinate of path
4 with time is shown in Figure 5-92.

Table V-19. Comparison of Prediction Algorithms on

b. Path 4a - Path 4a is an exact copy of Path 4
except that the basic flv-by course has bheen
moved out to 1500 meters.

c. Path 5 - This path starts with & straight-line
segment of duration equal to the smoothing time
being used. The straight-line segment is followed
by the 2-3g maneuver. and another straight-line
segment starting at ‘cross over’ and lasting for 10
seconds. Flv-by is at $00 meters and a constant
aititude of 250 meters is maintained.

d. Path 3a - This path starts with a straight line-
segment of [0-second duration. The line ends at
‘cross over:” which is at a distance of 500 meters
from the gun. At that point 10 seconds of 2-3g
jinking occurs while constant altitude of 250
meters is maintained.

The simulation runs were made comparing the lin-
ear plus energy prediction with the guadratic plus
energy prediction. There is no advantage to the energy
add-on against this path. however it was left in be-
cause (1) it introduces no noise amplification (2) it is
desired for flight paths where the altitude changes, and
{3) it is not expected to influence these results and
comparisons. Smoothing No. 2 (1.6 second) and Ballis-
tics No. 3 were used with a 4-mil gun dispersion.

The results are shown in Tables V-22 through V-24.
When the jinking maneuver is performed close to the

Table V-21. Course Content of the 2 ~ 3g Jinking

a Climbing Turn Maneuver
Kiil-Se K >0 M- 2.0 Meters Radial
Lars Accelerstien
Linear + 0.0020 o 0 Scgment Iy Mrection vdegrees 3
Fnergy
) uirele night so0° 2u
Quudrati + U.086" 5 4 > Jrele lel't 80 s
Energy 3 arele nght 1014 30
4 circle lett 9y U
(U678-5109 S urele ler 80 )
6 carele nght 9.79 28
0G6"8-3112

Table V-20. Course Content of the 0.5g Jinking

Table V-22. Comparison of Prediction Modes on

Maneuver Jinking Path by ‘Kill-Sec’ Measure
Radial Path Sepment osect
Turn Avcelerat:on
. - ‘J \ : 2 N N
Scpment Type Direction wdegreesy g Predi tron Mode L-20 Uit Ho)
) cirele fght S0 0.3 Lincar + Encrgy WAEAE ] 0039 | v vede i
2 NIAN Lett kXL ns Pat: 4
K virele r:ehit 4.0 (U Quadrahe » kncrgy [UN LI INARTRE LA BV RURS R
4 NIKK leit 6.0 [UN
s arcle nght 3o u.s Linear + Foergy OUsTe
Patir da
D06 R-31110
6 Quuadratic + Lrergy HEU B
e s34
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Figure 5-92. Deviation with Time on

gun. the quadratc prediction 1s preferred. It probably
performs betier than the linear prediction because the
time of the turns extends beyond that of the smoothing
time plus time of flight. As a result the quadratic is
occasionally able to make an excellent prediction.
When the paih is moved out. this is no longer true, and
the quadratic degrades faster than the linear.

This finding emphasizes our earlier expectation that
the usefulness of the quadratic prediction would de-
pend on the duration of steady turns. Experimental
data on a large set of real attack paths would be very
helpful in this regard. Since we do show the quadratic
mode 1o be superior against close-in jinking targets,
and almost as good as the linear mode against jinking
farther out. we immediately come to the question of
whether the decision algorithm can function quickly
enough to revert to a linear mode effectively if the
target jinks before an atiack. then straightens out for
the attack.

We therefore investigated paths composed of jinking
and straight-line segments. Table V-25 shows results
for the two prediction algorithms without mode
switching. Only moderate differences were observed.

For the jinking course followed by the line segment,
we allowed the prediction-mode switch to operate. but
varied its threshold systematically. Results are shown
in Table V-26 and plotted in Figures 5-93 and 5-94.

TIME 15ECONDS)

00678-5113

Jinking Path Normal to Mean Flight Path

With the proper threshold setting. we obtain results.
for the two modes with switching. which are better
than either prediction mode by itself. The quadratic
mode is used only when the measured rate of turn
exceeds the threshold. If the threshold is set too low.
the system will be held in the quadratic mode by
iracking noise: if it is too high. the target turn rate will
never exceed it. The figures show that the threshold
can be set high enough so that it will not be vulnerable
to tracking noise and still function effectively against
turning targets, vet revert to !inear prediction when the
turn rate is very small or zero.

This is the desired mode of operation. and the
simulation has demonstrated the feasibility of the
automatic prediction mode switching.

5.13.7 Simulation of Manual Tracking

A first approximation to the system performance
with manual tracking might be obtained by estimating
standard deviations for manual tracking in azimuth
and elevation, and using the ‘radar’ mode with these
inputs. As discussed in Section 4.3 of this report. there
are both theoretical and experimental reasons for be-
lieving that the error in manual tracking will tend to
vary with range in such a way as to make its lirear
value essenually constant over the AFAADS range of
interest.

This would ignore the problem that the man has in
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Table V-23. Comparison of Prediction Modes on
Jinking Path by 'Mumber of Bursts with K > 0.20°

Table V-26. Effect of Threshold Setting on Jinking
Path Plus Straight-Line Segment

Measure
B Namber of Samples
Path Segment (vl : Threshuld Number of Bursiy with M §
Predhicuon Mode 20 =10 10:20 J (Rad-Seay | Kill-see with K >0.20 Meters
Langcar + - 4 4 | ai 016?71 9 24
| nerys |
Path 4 np? 01658 9 23
Quadiaie + Y] d N
I nergy e 0172 Yy 28
Ltear + 6 04 AR 10 A
Fnergy Patt 4 aps | nexn H 30
Quadratie « 4 - - . I .
I nergs UL 12 11 30
U0e78-5113 no° 02059 12 32
Table V-24. Comparison of Prediction Modes on 0.0% n1xps I A
Jinking Path by ‘Number of Samples with Miss <5 o 0108 N -
Meters' Measure ' o )
[IRR! 0nl1ss Y 26
Path Segmuent eseot
018 o. 1554 9 26
Prediction Mode G20 (3 ]V) 10-20 "
020 01539 Y 26
Langar + 19 6 14
tnergy
= Patn 4 -
D06"R-S1 1K
l Quadrahe + 2 9 14 o782
Lnergy b. The larger the lag (and the error s seen through
Liner « Ie . the sight). the more the man’s "noise’ component
b neres increases. The random component of the man’s
T Path 44 error 1s therefore computed from:
Quadratic + 12 - ) i p '
Energy L= MC +ub) (5.392)

0(678-5116

Table V-25. Comparison of Prediction Modes on
Jinking Path Plus Straight-Line Segments

Number ol Number of
Predicton Bursts witit | Samples with
Mode Kill-Sec | K 2020 | Miss <5 Meters
Lincar + 0.1554 9 16
Lneryy Path 5
Quadratic + | 0.1671 9 24
Loacryy
Lincar + 0 2906 1 36 i
bnerey Path %a
Quadratic = | 0.2477 10 29
Fnergy

00678-5117

coping with angular accelerations. and the lag he
produces as 4 result.

A manual tracking algorithm was therefore devel-
oped on the following assumptions:

a. The man's lag can be represented by K K, of
appropriate values. Section 4.3 indicated that
these should be very low compared with those
attainable with a servomechanism.

where ¢ 1s a constant value 1in meters, L ois lag
converted 1o melters at the targel range. n is 4
random number chosen from & normul distribu-
tion with unit variance, and g is taken as 0.25,

¢. Autocorrelation of the Markov tvpe is then intro-
duced by operating on successive E. samples. as
in the radar case with appropriate autocorrela:
tion ume for the man.

Table V-27 shows the parameters used for the simu-
lation runs. A radar run is included for comparison.
The parameters have the following basis:

For rate tracking it is assumed that the transfer
function of man plus control is:
Y |
Y=e(Kse M

where K = 5.0 7sec and T. = .20 s¢e. This is based
on the findings of Seciion 4.3 To gt the Jag coclhi-
cients expand:

13,303

Al

I)“ )] =1yl ey, (5.394)

as a series 1n s, To this level of approximation. the
coefficient of & turns out te be zero.
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Table V-27. Simulation Parameters for Manual-Tracking Mode

For rate aided tracking. the K, noted in Section 4.3
are used.

For regenerative tracking. it is assumed that the
operator only needs to supply the deficit between the
actual target rates and accelerations. and those regener-
ated from the smoothed, measured velocities on the
assumption of unaccelerated start target flight. It was
assumed that he would respond with the same K values
as for aided tracking. but that his task was now so
much simpler that he could reduce the random noise
content of his error and take advantage of magnifica-
tion in his optics to attempt to track a point on the
target, such as the intersection of wing and fuselage.
The proportional increment of random error. resulting
from his perception of residual lag. was retained.

We thus account for operator lag. random noise. and
the increase of random noise with lag. These conjec-
tures need to be tested against a reasonable body of
real tracking data. Tracking data with the present
Vigilante fire control system. which has a regenerative
mode. would be of particular interest, especially if
laken with and without the regenerative aid operating.

Results obtained with the present assumptions are
shown in Table V-28 for Path No.3. Rate-aided irack-
Ing is superior 1o rate tracking because of the more
favorabic K values used: but both are unaccepiable,
when compared with the radar. Under the optimistic
assumptions made regarding tracking precision with
regenerative aid. the man does betier in this mode than
the radar.

Rate Rate-Arded Regenerative-And Radas
-1 -2 -2 : -1
K S0 s 100w ™ [JURYES ST seq
v
22 2 e
) K Very Large 10.0 see™~ 10 wev a0 we
a
Autocorraahion 7 1w 0.5 we 0.5 w. I 0w !
Random Caompeneats ot Lag. (4 02s T T i
g, Metera 3o N 1n o
A
”k_l,\i':[l'l'\') 06 (U n2 6
OR 'Metersy 20 h) I 20
Gun Dispersion (Mils) 4.0 4.0 du 4.0
- 8.0
- fo.w -
- 12.0 |
l
HINTN-5] 21

Table V-28. Comparative Effectiveness of the
Vanous Tracking Modes

Grun
Disperaon M2
tmls) Kil-Ser | K .-0.200 | Moters
Manuul
Rate 4 U 0 ]
4 oaldy U [t
Ratc-Arded : 6 0019 o o
Regeneraive-And 4 [UNIREY b2 le
Radar 4 [TNERX] 1 N
00678-2122

To determine how much rate-aided tracking might
be improved by increasing gun dispersion. runs were
made with this as a variable. The results are plotied 1n
Figures 5-95 and 5-96. The optimum dispersion is
aboul 7 mils, but effectiveness 1s still very Jow.

The results are, of course. specific to this target path.
The poor performance ol the man results from his lags
on this crossing course. For very low target angular
velocities and accelerations the model would show
good effectiveness for manual tracking even without
regeneration. However 1t as believed that there s suf-
ficient doubt regarding the man’s ahility 1o track dif-
ficult and changing rates to exclude nonregenerative
manual tracking from further consideration for
AFAADS except in a4 back-up mode. as o degraded
mode of operation.
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EHfectiveness of Rate-Aided Manual Tracking for the
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§.13.8 Conclusions

The following conclusions are drawn from the simu-
lation runs.

If only one prediction mode could be chosen. it
should be linear prediction with the energy correction
for target acceleration under gravity in a dive of climb.

Reasonable and likeiy target path segments have
been identified where quadratic prediction plus the
energy correction is the preferred algorithm. The qua-
dratic prediction corrects solely for turns in a horizon-
tai plane and is applied only perpendicular to the flight
direction.

The switching algorithm. for automaucally choosing
between linear and quadratic modes, can be made to
function satisfactorily so that the best performance of
each mode can be realized. More study of the decision
criteria s desirable.
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The algorithm for defense of a known point works
extremely well on the path type for which it was
intended. The several-threshold decision algorithms,
for switching this algorithm in at the right time and
then reverting to normal prediction when it is not
needed, were demonstrated to be feasible and efficient.
This 1s an entirely new type of prediction mode and
warrants high priority for future attention.

There is a substantial payoff in high muzzle velocity
and low projectile drag. Further gains are likely be-
yond the values tested in these simulations.

Excellent performance is expected with single-fre-
quency radar and 1.6-second smocthing. A frequency-
diverse radar should permit even higher performance.
and the payoff can be taken either in effectiveness or in
smoothing times as short as 0.6 seconds.

~ The optimum angular dispersion with radar track-
ing. or manual tracking with regenerative aid, is no
more than about 2-3 mils.

Boresight errors and systematic errors in the solution
(instrumental errors) should be held to no more than |
mil.

Manuatl tracking without regenerative aiding is un-
likely 10 be even marginally adequate. The potential of
manual tracking with 1cgenerative aiding is excellent if
it can be realized.

The step thresholds on the decision algorithms
worked satisfactorily. Whether a gradiant threshold.
indicated 10 be possibly preferable in Section 5.4.
would provide further improvement remains to be
determined by possible future simulation runs.

It was not possible to simulate terrain-following
aircraf( because of limited time. Terrain following may
approximate. in a vertical plane. the jinking runs that
were made in a horizontal plane: bui explicit simula-
tion would permit better judgements as {0 system
performance.

6.14 SYSTEM EFFECTIVENESS

In the preceding sections of the report we have
developed a basis for comparing system effectiveness
under a wide range and variety of configuration op-
tions. A logical way of making overall comparisons. if
time permitted, would be by the WESIAC relationship
and with the procedures as outlined in the following
paragraphs.

The expression for effectiveness is:

E=ADC (5.395)

where, as described earlier, the availability matrix A
estimates the probability that the system will be opera-
tional in each of its possible operational modes when
the engagement begins, D represents the probability of
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changing from one mode to another during the en-
gagement. and C contains (as elements) the effective-
ness of the system in each made against each of the
tactical and environmental situations for which it is
desired to obtain an effectiveness measure.

Epvironmental states might be categorized as: day.
clear; night. clear; heavy rain or fog: enemy using
codntermeasures or no countermeasures: eic. Tactical
states might include high passing target, terrain-fol-
lowing passing target, attack paih. etc. For each of
these states. the matrices could be multiplied out and
the desired measures of effectiveness obtained.

For the present, it is necessary to limit the discussion
of system effectiveness lo less-detailed comparisons.
We discuss briefly some of the implications of the
target acquisition process on system configuration, and
then the relative ranking of some of the alternative
elements with regard to sensors and prediction algo-
rithms.

5.14.1 Detection and Acquisition of Fast Targets
on Low-Pass Flight Paths

The time and range relationships in target detection
and acquisition require analysis in greater depth than
was possible in the present study. However. from the
brief survey of target paths. and the man’s ability to

detect aircraft (as reported earlier), some preliminary
conclusions can be drawn.

Consider a ‘worsl case’ of a 600-knot target on a
passing course with short mid-range. and a rather
difficult terrain mask of 6 degrees. At this speed. the
airplane has a minimum altitude above ground in
terrain following (as estimated in Section 3.4) of about
150 meters. The boundaries. within which the aircraft
is exposed in terms of altitude and distance along
flight path. are shown in Figure 5-97.

For visual target detection and maunual tracking
assume that the man can do as weli against this 600-
knot target as it was indicated he was able to do
against a slower F-86 1vpe under extremely clear atmo-
spheric conditions; ie.. a 50 percent probebility of
detection by 3000 meters range and an 80 percent by
1500 meters. This also assumes that by RAID or some
similar aid he is able to narrow his field ol search to
under 45 degrees. Once the target has been detected.
we assume: (1) that the man requires 3 seconds to
acquire it and begin tracking. including activating the
ranging device, (2) that the computer requires 2 sec-
onds to settle, and (3) that time of flight is 1 second.
Time of flight variation with range has not been
considered in detail.

The resulting contours are shown in Figure 5-97.
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Figure 5-97. Effect of Target Acquisition Mode on Firing Envelope
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Regardless of altitude, the man has less than an 30
percent chance of getting the projectiles to the target
before midpoint. However. even against the terrain-
following mode he has about un even chance of getting
in 2-3 seconds of fire.

For radar acquisition we assume a 30 rpm antenna
rute with 3 bhips required for detection. Given detec-
tion. we assume that the man can be put on target by
automatic target designation in 3 seconds. or that a
tracking radar can be put on in 2 seconds. Three
additional seconds are again required by the computer
and ume of flight. These contours are also shown.

Finally. we assume automatic target detection and
tracker put-on. on the basis of 2 biips. This mode
would have to be investigated for false-alarm rate. It
could save | scan and 2 seconds. Its contour is also
shown in the figure.

For very low altitude targets under 300 meters, the
radar acquisition mode is hindered by the 30 rpm
antenna rotation rate, and the requirement that blips
be confirmed.

Since we have given the man the benefit of RAID
warning, the same advantage could be given the radar
by putting it in a sector scan mode. If it scanned only a
90-degree sector, the whole process might be shortened
sufficiently to allow the first projectiles against the
terrain following aircraft to reach it at midpoint.

The 2-second settling time of the computer can be
further shortened if smoothing time is made a func-
tion of time of flight. But for this *worst case’ it seems
difficult 10 achieve more than 6 seconds of effective
fire. This is an argument for retaining the 3000 round
per minute capability of Vigilante.

The above crude estimates suggest that the man’s
performance in target detection is marginal under the
best conditions. Radar target detection. however, will
provide satisfactory performance under all conditions
of light and weather. Any aids that can be given the
man to reduce his field of search will assist the radar as
well. and thereby shorten its tme to detect.

So few seconds are available, however. for the whole
process of detection, acquisition. tracking. computing,
and firing, that it is clear that all data transfer must be
automatic.

ldentification was not considered above. If visual
identification is required. system effectiveness against
the 1arget considered will degrade badly.

We conclude tentatively from the above brief survey
that:

a. The man’s ability to detect and acquire fast. low
targets 1s likely to be marginal under the best of
conditions.

b. The detection and acquisition process should be
automated to the maximum degree possible.

c¢. The 3000 rounds per minute firing rate of Vigi-
lante should be retained. However. consideration
of less transitory attack paths suggests the desif-
ability of an alternate lower raie to be used at the
discretion of the gunner (or the computer).

5.14.1.2 Radasr Multipath Error

In Section 4.2 it was indicate’] that the principal
radar multipath problem is in elevation. While the
error is maximum when the elevation angle is 0.8
times the half-power beam width, it is negligible at 4
times this elevation. If the terrain-following target (as
described previously) is flying at 150 meters above
ground level and if the radar beam width is | degree,
then the larget elevation is above 0.8 degree for all
ranges within 11.000 meters, and above 3.2 degrees for
all ranges within about 3000 meters. Local terrain
contours will influence multipath. but the above con-
siderations suggest that multipath may not be as dif-
ficult a problem for AFAADS as originally thought.
Within reasonable reflector diameters, the beam widih
may be further reduced; if K,-band radar is deter-
mined to be feasible for this application.

The possible utility of the computer in inhibiting the
radar from tracking ‘underground® targets also may be
of some value.

5.14.2 Detection and Acquisition of Targets on
Attack Paths

A target making a dive or glide bomb attack with
conventional iron bombs is expected to be easier (0
acquire than a high-speed passing target. This is be-
cause the aircraft must: (1) acquire its target on the
ground. (2) then go into an attack pass. (3) maintain
steady flight for 5-10 seconds while its computer set-
tles, and (4) then breakaway. The more the aircraft
compresses the time for these maneuvers in order 1o
reduce exposure time. the poorer its effectiveness is
likelv to be in terms of bombing accuracy. It can
reduce its vulnerability by releasing its munitions at
substantial stand-off ranges. but at higher altitudes it
should be detected more easily. The engagement then
becomes a trade-off between the effectiveness of
AFAADS at the outer limits of its effectiveness enve-
lope. and the accuracy of bombing from those ranges.
In the case of air 10 surface guided weapons. there is a
further trade-off on the part of the attacker between
the high cost of long-range standoff weapons. and the
greater exposure of the aircraft when releasing short
standoff weapons. The whole subject of interaction
between offense and defense can be explored with
facility on the present simulation. but time has not
permitted this to be done in this present contract.
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In formulating realistic paths for the simulation,
however. it was found difficult to set up realistic attack
paths in which the target exposure was only a few
seconds. For a given ammunition load on the mount,
and a given exposure time during which it 1s not
possible to identify ‘optimum’ firing points, the best
chance of killing the aircraft is secured by firing the
available rounds over a long rather than a short period
of time, in order to minirize the chances of missing
with all rounds. Although the subject requires further
analysis, it appears that the Vigilante would benefit
from an alternate rate of fire option of ahout 1200
rounds per minuie, in addition to the 3000 rpm option.
An increase in the ammunition load carried on mount
above 144 rounds also appears advantageous, but this
judgement needs to be supported by simulation and
analysis.

6.14.3 Comparison of Prediction, Ballistics, and
Tracking Options

In this section we summarize the gain factors associ-
ated with the options compared on the simulator, by
type of target path. The basis for comparison is the
kill-second index. This is considered to represent a
measure of the effectiveness which we have at our
disposal 1o utilize in terms of firing doctrine. The burst
index would be preferable except for the fact that our
choice of 0.20 as the highest value in the print-out
reduces its sensitivity. Had we chosen readouts for
number of bursts with kill probability greater than
0.50 and 0.80 for example. this index would have
shown the same discriminating ability as the kill-
second index. However, we use the burst index for
comparing the effect of dispersion.

In each case we compare the kill-second index for an
option against the index value for a standard configu.
ration. The standard is ic  “‘fied for each path type.

Pass « uurse

Reference: Linear prediction. Ballistics No. |, 1.8-
sec smoothing, and 4 mil gun dispersion.

Option Index Ratio

Eliminate gun and sensor lugs 1.7
Use Ballistics No.3 1.1
Use 0.4 sec smoothing 0.9
Use 3.0 sec smoothing 1.5
Reduce tracking errors to 0.4 of

standurd values 2.2
Reduce gun dispersion to 2 mily 1.1

On this course the major payoff options are: elimi-
nating gun and sensor lags. improving trucking. and
(since the targer is not maneuvering) increasing
smoothing time.

51

Attack Path

Reference; Linear + energy prediction, Ballistics
No. 3. 1.8-sec smoothing. and 4-mil gun dispersion.

Option Index Rotio

Eliminate gun and sensor lags 1.1
Use Ballistics No. 1 0.9
Use linear prediction 0.7
Use quadratic prediction 0.4
Use quadratic plus energy

prediction 0.6
Use defended point prediction

mode I.1
Use 0.4 sec smoothing 0x
Reduce tracking errors to 0.4 of

standard values 1.4
Reduee gun dispersion to 2 mils 1.2
Increase boresight error from O to

4 mils 0.%

In all simulation runs, the value of improving the
ballistics diminished as prediction improved. While on
the attack path and in the simple linear prediction
mode. going from Ballistics No. | 10 Ballistics No. 3
yielded a gain fuctor of 1.4; as compared with 1.1 lor
the superior linear plus energy ulgorithm.

On the above path, the higher gain-fuctor options
are: improving tracking accuracy. using oplimum gun
dispersion. and minor improvements resulting from
the defended point made. und eliminating servomecha-
nism lugs. The major gain was uchieved in the original
selection of lincar plus energy prediction as the refer-
ence case. This selection pravided a gain of 1.4 over
simple lincar prediction.

The penalty in allowing o d-mil horesight error
should be noted.

Climbing Turn Path

There wan anly one ¢comparison on this path seg-
ment. The index ratio for quadratic plus energy predic-
tion, compared with linear plus energy. wis 43.0. This
interesting result is sufficient o retan yuadratic plus
energy on the basis of this single path segment,

Jinkvig Path abl jinks, mised)

Comparing quadratic plus encrgy against linear
plus energy. the index ratio was 1.7 for 4 close-in path
and 0.9 for u farther out path. Quadratic prediction
again seems (o have a place in the coneept.

Jinking Path plus Line Segment (Cline in)
For u path on which the target jinked then sentled o

a straight tine segment. the index ratio for quadratic
plus energy (compared (o the hinear plus eneegy predic-
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tion mode) was |.[. When the decision option was
allowed 1o function so that the computer yutomatically
switched to whichever mode it preferred hased on its
measurement of target wrn rate, the index rose to 1.3,
This supporis the inclusion of the switching algorithm.

Muanual Tracking on Attack Path

All of the compurisons were run with linear plus
encrgy predicion, |8 seconds smoothing, and Ballis-
tics No. . The bavis for comparison was radar track-
ing of the sume course. On this basis the index ratio,
for the man with simulated rale racking, was 0.02,
For the man with rate-aided tracking und dispersion
adjunted to optimum ungular value, the index ratio wa.
0.12; and ror the man with regenerative tracking and
noise considered o be appropriate lo tracking with
optical magnification, the index ratio was 1.2.

We feel that the simulation of the man's perform-
ance in the rate and rute-uided modes wus realistic,
and that in the regenerative mode probably optimistic.
We conclude that the man should not truck unless he
has regenerative aiding, and that manual tracking
(even with regenerative aiding) should preferubly be a
back-up rather thun a prime mode of operution.

The relotive weighting of the path segment (ypes
compared on the simulator is u matter of judgement.
Each of the options i» associated wilh a cost und s
discussed on this basis in Section 6. Al this poini,
however, we order the options tested on the simulator
into three clusses: low, medium. und high cost, snd
within euch cluss is what appedrs (o be i reasonuble
order of priority.

. Relatively low-vost options
(1) Energy correction for lineur prediction.
{2) Improved baliistics.
(5 Minimal sensor and gun lugs.
{(4) Buresight erron under | mil.

(%) Smoothing time proportiond] 10 projectily
time of Aight.

(6) Vuriuble dispension by dither.
h. Medium-cont options
(1y Regenerative -rucking.

(21 Quudratic mode with automatic decivon al
porithm,

¢. High-cost options

(1) Reduced rudar tracking ereor (fraquency Ji-
versity).

(2) Automutic optical truching mode (TV or im-
aging IRy,

2

(3) Defended point algorithm in prediction.
8.14.4 System Error Budget

A review of the distribution of miss distances ob-
tsined on the simulation reveals a remarkable number
of samples within 2 meters. This is in spite of arget
maneuvers und (racking noise including u 3-meler
standard deviation in azimuth. With the exception of
sensor and gun servo lugs, we did not include estimates
of errors developed within the computer (instrumental
error); other than those associated with the amoothing
of target position, velocity, und rute of turn. Neither
did we include muzzle-velocity systematic error or
round to round dispersion explicitly except to the
degree their effects can be inferred rom the effects of
changing gun dispersion und boresight error. There i,
of course, no problem in adding these effectr to the
simulation. Their exclusion at this time was the result
of limitutions on resources within the prosent contract.

It {s reasonuble, however. (o require that the fre
control salution introduce no errors that will degrade
system performance below the level resulting from
1arget maneuvers and tracking accuracy. Since we
believe that the occusional straight-line segment, which
appenrs in most wttack puths, and non-jinkimg level
pussing targets Is u prime opporiunity ior AFAADS,
we foe) thut system effectivaness should not he im:
paired hy insirumental errors during these apporiun-
ties. The rasult will be either vary high kill rates, or the
denying 10 the enemy the attuck puths which wre most
effective for him, thereby requiring expenditures on his
part for costly Are control equipment und/or air to
sutface missiles. Both ahjectivas ure worth seeking.

On this busis, we ussume tentatively thut the instru-
mental arrar budget should be (uid out so that on ¥ sel
of mundurd. JiMcull puss courser with no turget Accel.
erution, the ovarall AFAADS insrumental grrors, ox.
pressed in sundurd deviations exclusive ot (racking
artory und their efects, should he lew than 2 meters
out 10 2000 maters alant rungs, und less than 3 mils
heyond that range The systematic erenr should he les
than hall thesy valugs. A reusonahle el of courses
might hegin with the design poini course furnished hy
the Army Tor this study (Path 2), with twn af three
coursgs atherwise identical, bui moved sut progroe:
sively (0 1000 und 2000 meters minimum horlzontul
runge.

10 v suggenied thut the instrumeninl errar suggeeied
ahove should he held out 10 the range wt which projes.
tile velocity deops 10 110 timen the spesd of sund
tstandard conditinney. With the impraved hallistios this
will by byl SO0H meters

Maore simulation runs ke needed (i explore wyaem
effectivences on (he Fringes of the effective defense
envelope in depth. In reviewing the histary of LN
dive hombing in Korea, laying out ressinahle attach
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paths for the simulator. and considering the implica-
tions of air to surface guided munitions, it appeared to
us that the original 3000-meter maximum effective
range suggesied by the Army was 100 short from both
a tactical effectiveness point of view. and from the
limitation it would impose on the polential effective
range of AFAADS with improved 37mm bullistics. It
did, however, represent a reasonahle maximum for the
original, rather ineflicient, Yigilante ballistics.

Interpreting the tentative instrumental errors in
terms of the ballistic solution. some rough computa-
tions (hased on the formulas in Section 5.5) indicate
that for 4 target speed of 300 meters/second. the time
of flight should he computed to within (1008 se¢, und
that th- allowable sysematic error in muzzle velocity is
1.5 meters/second, with a round (o round dispersion in
muzzle velocity of about 3 meters/second.

Since errors in time of flight und muz/le velocity
have their principal efect wlong the dircction of flight,
und the rudur and probably the man tend to develop
trucking errors proportiondl W turget dimensions und
thus ulong the direction of flight. the uhove estimates
muy be oo stringent by u luctor of perhaps 2.0, This
subject deserves Turther anulysis in depth on the
simulation,

We conclude that:

4, AFAADS instrumental errors (exclusive of those
causgd by trucking error and turget muneuver)
should be held 1o within uunSurd deviation,
abaut their mean. of 2 meters oul 1o 2000 melers

slunt runge. und 2 nillx heyond that.

h. AFAADS aystemutic efrors should pol show &
mean vitlue excegding one half the stundard devi-
wtion given uhave,

¢. The allowible systemativ error in muzzle velociy
an this haris i about 1.3 meterv/second, with
sundurd round to round deviution of about 3
maeter/seennd,

d. Time of Might should he computed v within
(1,005 ageonds,

e Furthur analysis is required 10 determine the
interuction amang imiramental errors, ballisiic
errors, aystem perfarmunve, und system cost.

. Automutic muzzie.velocity measurement and cor.
1ection, v devaloped by Oerlikon, is worth con.
sdening. $.14.5 Degraded Mades of Operation

The system should retuin some capability of deliver.

ing defensive fire as long as the gun can fire and the

mount can he aimed We therefore consider degraded
modes of aperation, beginning with this ultimate deg-
radation and working up to full functioning. 5.14.5.1
The Ultimate Degradation

All systems are down except for the power controls
associated with manual tracking. the man. and the gun.
The gunner uses the "Ay-through’ metirod of lead
estimation. He estimates target speed. and holds the
target on a peed ring in his optical sight so that the
target heading v adwass toward the center of the sight
tintersectin of crosshairs). In effect, he holds a con-
stant angulur lead, and in about the night slant plane.
Since required lead on a pass course starts small,
increases to a maximum and then decreases again, this
procedure should create at least one and possibly two

ositions on the course ut which the lead is correct.

he gun is fired ata low hut steady rate.

The angulur lead required is approximitely:

3 - (V vu) sin L) (5.390)

The Tead held is:
';L s constant {§.397)

The error in lead iy
Feag -3 {8.39K)

The angle subtended by the turget Tuselage along the
fhght puth v
T8 Ly (3,0 (§.300)

[S R

Fram the preceding relations, compute the rate of
change of lead error at the ume lead error s zero, and
divide this inte targel size o determine how long the
loud is within the trget dimension Asuning that the
guened lead it trm 1o happen at dhout 3 = 66
degrevs (e Fesil 1o notvery sensitive o b s dong as
#ois umder YO degrees),

then.

i o (2 v V)LV (5.400)

where

Ve et speed

by tanget length

v avenage proajectile speed

1y, = Jength of tme dead v conedt
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L, = 2 meters (vulnerable length)
V = 300 meters/sec
v, = 800 metersisec

then:

t}, = 0.035 sec

Now assume dispersion perpendicular to the flight
path of 4 mils at 1000 meters (4 meters). The probabil-
1ty that 4 round 1s on target vertically, for a 2-meter
vertical turget vulnerable dimension is:

po=0.10

Hence :he kill-seconds for this mode is:
KS = 0.,0035

It's interesting to note that this is about the result we
got on the simulation of the attack path with manual
tracking using rate control, and a sophisticated predic-
tion scheme. A pessimistic judgement at this point
might be that if you have a man tracking with a rate
control. there is no point in providing a good fire
control system. and conversely, if you have a good fire
control system. manual tracking should be avoided.

To ensure that there are some rounds in the air
when fly-through occurs in the constant-lead degraded
mode, the gun will have 10 fire at a reduced rate. At
1200 rpm with the present Vigilante ammunition load,
it could fire from 7-10 seconds which would be about
right. The probability of killing the target in this mode
would then be:

PK = 0.07

B
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$.14.5.2 Range Information Denied

If the system is all operative except for the range
finder, which is either down for repair or countermea-
sured. it would be necessary to operate on estimated-
range information. [t is suggested that the regenerative
mode include an algorithm for regenerating range
from angular velocities and occasional intermittent
range estimates. Algorithms for doing this were de-
scribed in Section 5.3. The simulation runs indicated
that solution accuracy was less affected by range errors
than by angular errors. Additional runs with the range
regeneration algorithm would determine the feasibility
and performance of this mode. Against on-board jam-
ming. the cost of getting position data by triangulating
across several AFAADS fire units should be investi-
gated.

5.14.5.3 Tracking Sensor Inoperative

The optical sight, although it may embody an imag-
ing device with automatic traching mode. should have
backup modes of aperation so that it can be used as:

a. A fixed sight with estimated lead as noted earlier.

b. A visual tracking sight with stabilization and
regeneration for manual control.

c. A visual tracking sight for manual control with
stabilization and conventional-aided tracking
(with position components) in case the regenera-
tive mode becomes inoperative.

5.14.5.4 Surveillance Sensor Inopsrative

The tracking sensor should have a limited search
capability. The man is the final fall-back mode.

6.14.5.5 Degradation by Weather

A careful statistical study needs to be done on the
probability that an AFAADS configuration without
radar would be limited to varying degrees by cloud
cover. haze, fog, rain. etc. The brief survey made for
this report indicates the possibility of frequent and
serious limitations.

$eem d
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SECTION 6
RECOMMENDED CONFIGURATIONS

In the body of this report we have attempted to
identify a large number of design options with regard
o system elements and system configurations on the
besis of potential improvement in system capability
and performance. We have also attempted to include
in this selection as many concepts as possible that had
potential, were realizable within the siate of the art.
and were new, in tlat they had not previously been
implementcd in antiaircraft predicted fire systems.
Which concepts should be considered for an early
system and which should be considered for the future
depend on time, money. and requirements.

In this section we attempt to consider the design
options in configuring a system in terms of potential
advantage in performance and cost. At this point a
considerable degree of judgement is used, partly be-
cause there was not time to analyze all items subject to
analysis and partly because some options will always
be beyond analysis. The reader will have his own ideas.
We attempt here to give him enough supporting back-
ground to assist him in forming his own judgements.

We feel that the development of AFAADS should be
time-phased with progressive improvement. The design
should be modular, so that as improvements in sensors
computers. and guns and ammunition become availa-
ble, the system can be upgraded without a complete
redesign.

As a caveat in this regard. it may be noted that it is
one of the unfortunate facts of development that
brassboard experimental models tend 1o become stan-
dardized, contrary 10 plan, whenever they demonstrate
significant improvement over existing equipment. or
because the demonstrated improvement reduces the
pressure on further expenditures for development.
Brassboard items are essential to orderly development,
but they should be conceived with the foresight that if
they are pulled out of the program and standardized.
the planned future growth is consistent with their
interim implementation.

6.1 OPTIONS FOR CONSIDERATION IN
SYSTEM CONFIGURATION

The various design and algorithmic options dis-
cussed in the body of the report have been assembled
in Table VI-1. and an attempt has been made to
categorize them according to payoff (high or medium)
and cost (low. medium. or high). These categorizations
are highly subjective at this stage. There has been no
attempt to rank options in erder of importance within
groups.

The cost categorization is particularly vuinerable to
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criticism at this stage since the life cycle costs must
include developmental costs, maintenance. and opera-
tion as well as procurement. An item with a high
procurement cost may prove more cost effective if 1t
exists and requires minor development cost. Con-
versely. a high maintenance cost item may be undesir-
able in spite of a low procurement cost.

For developmental items, in view of current pros-
pects for g drastically reduced military budget. consid-
erable wéight should be given to those developmenis
which have an essential place in the civilian economy.
Lasers and digital computers are typical. Industrial
funding of digital computer R&D in particular will
ensure the continued and accelerated growth of this
field of technology regardless of military funding. Gun
and ammunition development, on the other hand. is
not likely to be done except with military funding.

The entries in Table VI-1 are discussed in the fol-
lowing subsections.

6.1.1 Relatively Low Cost, High Payoff Items

Improved ballistics. The analysis and simulation runs
showed a significantly increased effectiveness as muzzle
velocity was increased. and projectile slowdown re-
duced: the better the prediction the smaller the im-
provement. However. short time of flight is always
insurance against unforeseen contingencies.

1200 round per minute gun rate option. The present
Vigilante apparently has only two options: 3000 rpm
and 120 rpm. The former exhausts the on-board am-
munition load in three I-second bursts (or with special
loading four bursts). and the three bursts could easily
be fired at unfavorable points on the course. The 120
rpm mode is too low for antiaircraft fire except possi-
bly against passing helicopters or light planes. The
1200 rpm is a reasonable alternate option. in addition
to the other two modes.

Laser range finder. This is essential on a mount
without radar ranging. It provides backup in case of
radar range jamming.

Linear plus energy correction prediction mode. This
really needs to be validated against real aircraft attack
paths although it showed excellent performance on the
simulator. It can be included in any prediction solu-
tion. whether analog or digital.

Low altitude, altitude prediction cutour. This is for
use against lerrain-following aircraft to reduce the
amplification of altitude prediction errors by the ran-
dom-like vertical mouion of the aircraft. It was sug-
gested by analysis and has not vet been validated on
the simulator. It should also be helpful when the radar
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Table VI-1. Optons for System Components and Functions

Payott

Modcerate

Relativels

Ininroved ballisiies

Increase HE content n projectile

Tracking raduar (K-bund. treg diverwe)

Gearless gun und sensor setvo drves

Lo 1200 rosds nvvio e gun tate opuaen Better RATD duta
Laset range tmder 3X oplics
Lingar + energy correcnion prediction mode Adjustable dimpeivion
Low adotude. altitude predicton cutout Present position simouthing
v Upen and ceaw ke mdicator Ammunivon status indicator
Increased on-muount ammunition load
Muoderale Repencrative tracking 2-man mount tvommander and gunner)
Drgital computer Automated Ninng doctriae
Quadratic prediction option IR hot spot trucker 4
Automalic prediction opuon selection Dithered disperaon
Automatic sy atem checkout Doppler runge raies
Stabihzed sipht Range extimate regeneratinve mode
Dy pamic sy stem calibration Combat record storage of enemy target paths
Intrated searcl wnsor
Automatie cnaging tracker
On-mount ceoperative 11T
Automahic muzzie selooty mcawurement
and comyputer adiustment
Nightaght ror ground o ground Nire
Laser tafget designator tor support fire )
ground o ground i
|
. . ] . -
Relatively Surveillance radar treq dnerae) Detended pront prediction option i
High ‘
|

Computer processing 10 reduce mulupath eftect

On-mount noncooperative ikl

Hy penveloaie projectides

Digrtized terrain storage to ad prediction against
vontour chadng aircratt and posably help reduce
multp th errors o radar

Cross-mount trungulation on areralt with on-heard
ECM ammers

Integrated forward ares an detense information net
Radar projectile tracking

Fully stabilized sy stemoncluding gun Tor fire on ihe

mosvye
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is having multipath trouble at low elevations if manual
tracking is not possible because of darkness or weather.

Increased on-mount ammunition load. This interacts
with rate of fire. It may not be needed with the 1200
rpm option, but should be considered especially if only
the 3000 rpm option is available for antiaircraft fire.

Open and cease-fire indicator. This is required to
ensure that the gunner fires only when the target is
within range. and a good solution is being generated
by the computer.

6.1.2 Relatively Low Cost, Moderate Payoff
Items

Increased HE content in projectile. There is a trade-
off among muzzle velocity, projectile ballistic coeffi-
cient, and HE content of the projectile. To select the
best combination of these characteristics in the context
of overall system performance, target vulnerability
data will be required from the Ballistic Research
Laboratories.

Better RAID data. The ability of man to detect
targets with his unaided eye appears to be critically
dependent on his field of search. RAID-type data can
reduce the search field. It can also allow sector scan
with an on-mount acquisition sensor and shorten ac-
quisition time.

3X optics. Magnificauion is required in the optics for
ground to ground fire. It will pay off in aircraft track-
ing when the man has effective regenerative tracking to
simplify his task. With conventional rate or rate-aided
manual tracking there is no payoff.

Adjustable dispersion. This allows gun dispersion to
be set to whatever value is determined to be the best
compromise after the system is in the field and experi-
mental data on its performance is obtained.

Present position smoothing. At short times of flight.
with good data smoothing, the error in present posi-
tion is almost as important as the error in measured
velocity. It is easy to accomplish with a digital
computer.

Ammunition status indicator. This is a low priority
item but would help to inhibit the gunner from empty-
ing his ammunitior drum before the target came
within effective range.

6.1.3 Moderate Cost, High Payoff Items

Regenerative tracking. Although the servo loops of a
sensor system incorporating automatic tracking might
be made tight enough to perform satisfactorily if the
target is not obscured, regenerative tracking is required
if the man is in the tracking loop. With only conven-
tional rate or rate-aided manual tracking, the potential
of a good fire control system is unlikely to be realized.
The regenerative algorithms also allow tracking when
the target is obscured, or when the laser misses a few
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blips, and can be used to assist and eliminate the lags
in the sensor and gun servo loops.

Digital computer. The digital computer atlows greatly
increased reliability, accuracy, conservation of space
and weight, and is obtainable at reasonable cost. Main-
tenance costs should be very low compared with an
analog computer. Continued rapid growth of the state
of the art will permit expanded capability by simple
replacement. The digital computer makes feasible the
use of alternate prediction algorithms without incur-
ring added settling times, automatic mode selection,
and automated firing doctrine, as well as automatic
system checkout.

Quadratic prediction option. When called up by the
computer, this will allow improved eflectiveness
against turning and some jinking targets. The digital
computer allows several prediction modes to be main-
1ained current. so that there is no additional settling
time in transmitting orders from one mode or another
10 the gun.

Automatic prediction option selection. This is casily
done by the computer. There can be a manual override.

Automatic systzm checkout. This is standard practice
with digital computers.

Dynamic system calibration. As described in Section
5.8, this is a method of using an internally generated
course to check the boresighting and computational
dynamics of the system on a firing course. An addi-
tional check of the sensors is made by tracking any
passing target with zero time of flight set in the
computer. Automatic confirmation of system function
might be done by a small sensor on the gun receiving
laser reflected pulses from the target.

Infrared search sensor. This is 1o assist man in
acquiring targets at night, but only in fair weather, A
radar is preferable.

Automatic imaging tracker. It remains to be seen
whether regenerative tracking will allow the man to
provide precision angular data. There are many types
of imaging trackers in existence, ranging from
trackers to IR imaging trackers. The contrasi-seekers
developed for air to ground homing missiles have a
frequency response with bandpass several times that of
the man. They may provide more accurate tracking
than hot-spot IR trackers. for example. Their capabili-
ties and costs need to be evaluated in depth.

On-mount cooperaiive JFF. AFAADS will have
greatly reduced effectiveness if firing must wait on
visual target identification. Conventional IFF may be
helpful. The problem may be solved when the Army
has its planned Army-wide vehicle location and posi-
tion determination and reporting system in operation.

Automatic muzzle velocity measurement and computer
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adps-ment: Qerlihon has a system of this type opera-
uonal. Whether the Oerlikon system could he adapted
to the Gatling gun s not known. s value depends on
quahity control of ammunition and empirical estimates
al the effects of gun tube wear. powder temperature,
ele, on muezzle velocity. Somewhat similar information
might be obtaned from the dynamic calibration
scheme suggested above, but not as precisely or
reliably.

Night sight for ground to ground fire. This will be
stundard Army equipment when AFAADS 1 huilt.

Laser target designator for support pire, ground 1o
ground. This capability will greatly augment AFAADS
ability to provide support fire. I the laser range finder
can do double-duty, the capability may be realized
economically.

6.1.4 Moderate Cost, Moderate Payoft ltems

Two-man mount. The self-propelled version of
AFAADS will certainly carry two and possibly three
men. This allows one man 10 conduct the surveillance
and target detection function continuously, while the
gunner disposes of targets already acquired.

Automared firing docirine. Further analysis is re-
quired. It may be that the computer can provide a
greater assist in indicating when 1o fire than the ear. °r
mentioned fire indicator which based 1ts indication
solely on range. sensor lockon, and computer settling.

IR hot spor tracker. This should be the least expen-
sive of the automatic trackers. {ts possible dccuracy has
not been evaluated tn this study. Ttas limited o fair
weather, but gives u night capability.

Dithered dispersion. Computer simulaiion indicates
that with good tracking and predicuon, the optimum
dispersion (angular) will be only 2 or 3 mils. If the
svstem must function in o degraded mode. it might be
dasirable 1o huve a quick means of increasing disper-
sion. This seems feasible with dither. Variation of
optimum dispersion with runge and other purameters
needs 10 be further evaluated and. if profitable. might
he implemented by dither,

Doppler range rates. The simulation indicated that
under normal operating conditions the .olution 1s not
A8 sensitive to range errors (and range rite errors) as lo
angubar zrrors. Farther analysis of regeneration may
mdicate advantages to he derived from precise range
rate. With such rites, a very geoad solution for time of
Tight cin he obtuned  without using  angular
nfoarmaton,

Range cstmarte regencration mode. 1 is desired to
preserve as much capabihty as possible even when
range infarmation is lost. This s o Crange-keeping’
sparthm which allows range to be geaerated continu-
atndy, hased an range readings or estimates et an
intermtiontly

Combat record storage of enemy target paths. If en-
emy attack paths are recorded in combat they can he
periodically analyzed and advantage taken of the flex-
ibility of the digital computer to adjust the prediciion
modes and decision algorithms to best counter enemy
tactcs.

6.1.5 Relatively High Cost, High Payoff items

Surveillance radar (frequency diverse). This fills the
greatest need of AFAADS under all operating condi-
tions: early detection and position determination of
targets. Even under good weather, daytime conditions,
the man without aids is not likely to detect targets at
sufficient ranges to realize the full potential of
AFAADS. Frequency diversity is a protection against
ECM.

Tracking radar ( K-band, frequency diverse). This
radar satisfies the requirement for accurate tracking under
all environmental conditions. K-band (preferably K;) allows
a pencil beam with reasonable size dish, Frequency diversi-
fication is a protection against ECM, reduces errors arising
in glint, and may reduce multipath errors.

Cemputer processing to reduce multipath effect. There
are some indications that the computer can be used to
assist the radar in separating the real target from its
multipath image.

On-mount noncooperative IFF. The potential. feasi-
bility, and complexity of implementation have not
been assessed. The concept is to use pattern identifica-
tion techniques based on computer analysis of the
radar signal. or the laser return from the target.

6.1.6 Relatively High Cost, Moderate Payoff
Items

Defended poirt prediction option. This is a new pre-
diction scheme. It worked well on the simulation. It
may be expensive in computer capacity and that aspect
needs to be analyzed. It should be tested against real
target attack paths. lis effectiveness and value may
increase as free-mancuver bombsights come into use
by an enemy.

Gearless gun and sensor servo drives. These need to
be investigated for cest, performance, and possible
application to AFAADS. They may allow higher servo
performance with reduced wear and make dithering
dispersion more altractive.

Digitized terrain storage. This can aid prediction
against terrain-following aircraft. and may help reduce
radar mulupath errors. It has not heen passible to
evaluate its potential and cost in depth in this report.

Cross mount triangulation on aircraft with on-bhoard
ECM jammers. I range information is denied by an
aircraft carrving an on-board jammer. range could be
oblained by exchanging angular information across
AFAADS mounts and triangulating.

Integrated forward area air defense information nel.
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This is expected to be the natural direction of growth
of the Army's air defense regardless of AFAADS.
However AFAADS will benefit from the improved
information on enemy targets.

Radar projectile tracking. This could be used in
dynamic system calibration, as well as constituting a
method far measuring muzzle velocity.

Fully stabilized system including the fun for fire on
the move. Although feasible, the payoft is expected to
be low with relation o0 the cost. Sight stabilization
alone is considered adequate and preferable.

6.2 COST CONSIDERATIONS

Cost enters the AFAADS concept formulation prob-
lem in two ways. The complete life cycle cost of the
AFAADS system determines, in conjunction: with its
effectiveness in a tactical context. how successfully
AFAADS can compete for funds against other possible
allocations of the Army’s always limited budget. This
determination involves many factors beyond those
susceptible to resolution by analysis.

Cost also enters concept formulation in the choices
among alternate ways of solving the problem; in this
more limited context it is the system designer’s tool.

For present purposes we need 10 consider both ways
of using cost estimates, but our principal interest is in
the cost implications of design options. We cannot,
within the scope of the present contract, attempt to
estimate the level of life cycle cost at which AFAADS
and missile systems become competitive, for example,
although the work done in the present effort will
certainly assist in such a resolution.

Total life cycle system costs. however, reflect down
into the design option comparison, as will be shown.
Fortunately, the effect of uncertainty in life cycle cost
is greatly reduced in its implications on design option
comparisons; so that at this stage in concept formula-
tion, one need not detail all elements of life cycle cost.
In this section the object is 1o develop a systematic
basis for making cost-effectiveness trades as the
AFAADS program goes forward. The cost estimates
should be considered as illustrative, rather than defini-
tive at this time,

8.2 1 Life Cycle Costs

We begin by making a base-point estimate of life
cycle costs of AFAADS assuming that AFAADS would
be integrated into the Army’s air defense in a roughly
similar way to that in which Vulcan and Chaparral are
incorporated.

Costs are considered in three major categories;
RDT&E. Acquisition and Activiation. and Annual
Operating Costs. A more detailed subdivision is indi-
cated in Figure 6-1.

Antiaircraft guns. historically. have a long service
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life. The Army still uses the World War 11 quad-0.50
and 40mm Duster. We therefore assume a 10-year life
for AFAADS. This assumption means that procure-
ment costs will be amortized over 10 years. and are
likely to be dominated by operating costs. which in-
clude personnel and maintenance.

We also assume procurement of enough AFAADS
fire units to equip one field army (12 divisions) with
about 576 AFAADS fire units. This means that
RDT&E costs will be spread over 576 fire units.

N = number of AFAADS fire units procured.
S = aservice life of 10 vears.
C, = acquisition and activation cost on a per fire unit basis.
€, = annual operating costs on a per unit basis.
C4 = development costs.
Ly = total life cycle cost of a single fire unit.
then: l’l" = (Cd/N)+C:+COT (6.1)
We now estimate the life cycle cost of an Air De-

fense Arillery Battalion which can be attributed to
AFAADS. It is assumed that the battalion may contain
both AFAADS and a missiie system such as Chaparral.
and that baualion costs and personnel are allocated
equally between the two systems. Two estimates are
made: (1) a high estimate for a self-propelled baual-
ion, with a rather sophisticated AFAADS. and (2) a
battalion using towed-AFAADS and a possibly re-
duced fire unit capability.

A rough estimate of AFAADS fire-unit costs bounds
is obtained by comparison with similar systems on the
basis of very limited available data. The sysiems com-
pared are: the obsolescent Skysweeper, Vulcan, and the
current Qerlikon system.

Skysweeper. a 75mm antiaircraft gun system with
on-carriage radar and fire con’ ol system cost about
313.000 dollars in a towed configuration abou: 15
years ago. This 1s equivalent to about 500.000 dollars
in 1970 dollars.

Vulcan is believed to cost about 280,000 dollars in a
self-propelled version. The current, modern Oerlikon
system with both surveillance and tracking radars. twin
30mm guns. and a self-propelled tracked mount is
believed to cost from 800,000 1o 1,000,000 dollars
each: of which about half is believed 10 represent
radars. computer, operator displavs and other fire
control accesscries and components.

Arranging this hmited. unofficial and unverified cost
information in tabular form. we obtain the values
shown tn Table VI-2. It should aiso be noted that the
cost of systemn elem:nts are also estimates.
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Figure 6-1. Factors Contributing to Total Cost of Ownership
Table VI-2. Very Rough Fire-Unit Procurement Cost Estimates of Air Defense Gun Systems
Weapon System
Skysweeper Vulcan Vulcan QOerlikon AFAADS AFAADS
Mobility Towed Towed Self- Self- Towed Self-Propelled
Propetled | Propelicd
Gross Weight (Ib) 20,000 3000 26,000 20,000 40,600
Cost (1970 doilars)
Gun - 18.000 18.000 - 30,000 30,000
Gun, Mount, and Scrvos ~ 120.000 120,000 300,000 175,000 175,000
Vehicle - - 100,000 200,000 - 150,000
Radars, fire control, 60.000 60,000 60,000 400,000 150,000 400,000
communication and
other electronics
and displays
Cost per fire unit, §500.000 $180.000 $280.000 | $900.000 §325.000 }%725,000
not including cost
of tow vehicle
for towed
configurations

The AFAADS fire unit costs have next been ex-
pended into total life cycle costs for the AFAADS slice
of a hypothesized ADA Baualion.

Development costs are not shown explicitly at this
time. The battalion 1s assumed to include 32 AFAADS
fire units. and from 400 o 450 personnel. Results are
shown in Table VI-3.

We observe that more than doubling the estimated
cost of an AFAADS fire unit only results in a 27
percent increase in life cvcle cost. Two conclusions
follow at once. The first is that the cost to operate any
complex military system in the field is so high that
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dollars spent for high effectiveness in a combat envi-

ronment will be well spent. We show later how o
assess this trade explicitly. The second conclusion is
that manpower and maintenance are iikely to be the
principal contributors to life cycle cost. Hence. a sig-
nificant fraction of the development effort should be
devoted to oblaining: high reliability. low-maintenance
features, and to the reduction in the numbers of re-
quired support personnel.

In this context we consider the costs associated with

the possible inclusion of radars in the AFAADS sys-
tem.
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Teble VI-3. Estimated Life Cycle Costs of 32 AFAADS Fire Units

Cost Low Esumate High Estimate
Acquisition and Activation Costs
Al-AADS fire units plus spatcs $10x10° $24 1 10°
Other battalion equips pius spares 6% 106 8\ 106
Other activation costs, training. ¢lc. 4\ 106 4 x 106
Total $20x 106 $36 106
Annual Operating Costs
Personnel (at $7500/year/man) $3x 106 $341 106
Maintenance 3% 106 3.4 x 106
POL, Ammo, etc. 1\_109 1% 106
Total $71 106 $7.8x 106
Annual Life Cycle Cost for
10-year life S90x 106 S1141 106

6.2.1.1 Radar Cost Estimates

Acqui-ing a radar is like acquiring a wife. the initial
cost is small compared with the upkeep. We therefore
review some of the limited data available in the open
literature on the cost of radar ownership.’

The published cost-estimating relationships were
obtained from an in-depth analysis of ten items in-
cluding: Navy radar, sonar, and communications
equipment. Since there were only four radars included,
only limited extrapolation can be done. The examples
serve 1wo purposes: they provide good insight into the
cost buildup of radar equipment in service in the
Navy, and the methodology serves as a model for
future Army analyses. This may already have been
done by ECOM., but results are not available at the
time of publication.

Table VI-4 shows mean time malfunction data and
mean time to repair for the four radars. The resulting
availability values range from 0.95 10 0.99. Il these
values cannot be raised for AFAADS. the radar or
radars will probably constitute the principal rcasons
for system downtime. Table VI-5 compares cost catego-
ries on an annualized basis. The high maintenance
costs relative to procurement costs should be noted. To
keep AFAADS operating costs down. particular atten-
tion must be given to the design for high reliability
and maintainability of any radars incorporated in the
system.
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The cost estimating relationships are given below.
The listed ‘coefficient of determination’ represenis the
fraction of cost that is explained by the CER formulas.

The frequency range covered by these formulas does
not extend down into the K-band (16,000-35.000
MHz). If, however. the CER for procurement cost were
valid down to the K-band. it would indicate. for con-
stant peak power output and number of active element
groups (AEGs). that a K -band radar would cost about
one-half as much as an X-band radar.

The importance of shock mounting and vibration
isolation on maintenance cost, as indicated by the first
CER for maintenance cost. is important in the
AFAADS context because of the shocks to which the
radar will be exposed while the vehicle is moving. and/
or the gun is firing.

The importance of equipment rehiability. and ex-
pressed in large mean time between malfunctions and
rapid repair. as expressed by smali mean time to repair
is emphasized for the CER for total annualized cost of
ownership. which indicates that for the three classes of
equipment these factors dominate ali other cost sources
to the degree that togeiher with the percent of utiliza-
tion, they can be used to explain 93 percent of the cost
of ownership.
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Table VI-4. Cost of Ownship and Operational Measures

Annual Cost of Owncrship
MTBM MART Intrinsic in Thousands of Dollars
Egquipment Utilization (Hours) (Hours) Availability for One Equipment
Radar A 66.0 236 21 0.99 371
Radar B 428 94 4.3 0.96 67.9*
Radar C 459 130 38 0.97 5.8
Radar D 44.7 118 56 0.95 79.2
Notes:  Projected equipment life is ten years.
MTBM = Mean time between malfunctions.
MART = Mean active-repair time.
*Cost includes speciel support equipment.
00678.605
Table VI-5. Breakdown of Cost of Ownership
Annual Cost 1n Thousands of Dollars for One Lgquipment
Man and
Lquipment Devclop Procure Installation Maintain Operate Technioian Modify Disposal
Radar A 0.04 1.52 1.83 368 29.32 0.1§ 0.02 N.43
Radat B 1.25 16.74 7.84 17.03 19.02 0.96 0129 476
Radar C . 17.28 677 729 2049 0.39 0.51 8
Radar D 387 19 37 9.69 19.38 19.87 1.43 0.07 548
*Unknown or not identifiable as a separate charge to the Government.
006 78-6006
Radar Cost Esumating Relationships (CER) Groups)
a. Procurement Cost (Dollars) per Unit Highest 224 10 9405 MHz
Frequency:
Log.(Cost)= 11.4509 + 0.0041436 (Num- 9 y
ber of AEGs) - 0.000282 Peak Power 250 to0 20,000 kw
(Highest Frequency) + Output:
bl - - .
0.000124 (Peak Power Out Coefficient of 0.99
put) Determination:
L'lm.ils on Range of 82 percent to
Variables: Estimates: 138 percent
Number of AEGs: 41 to 1643 tubes and b. Maintenance Cost (Dollars) per 1000 Calendar
{Active Flement transistors Hours per Unit (CER-1)
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Log.(Cost)=

Limits on
Variables:
Type of

Indicators:

Vibration
Isolation:

Number of AEGs:

Coefficient of
Determination:

Range of
Estimates:

¢. Maintenance Cost

5.654 + 1.121 (Indicator) -
1.449 {Vibration
[solation) + 0.00312 (Num-
ber of AEGs)

00 = No meters or CRTs
| = Meters only
2 = CRT»

0 = No shock mounts
| = Some form of shock
mounts :

Transistors or tubes 76 10
483

0.96

85 percent to
120 percent

(Dollars) per 1000 Calendar

Hours per Unit (CER-2)

Log.(Cost) =

Limits on
Variables:
Peak Output
Power:
Highest
Frequency:
Number of
Display Units:
Coefficient of
Determination:
Range of
Estimates:

d. Total Annual Cost

7.00 - 0.000210 (Highest
Frequency) +  0.0000623
(Peak  Power) + 0.128
(Number of Displays)

250 10 20,000 kw

224 10 5825 MHz

Oorl

0.74

71 percent to

175 percent
of Ownership of Radar, So-

nar. or Communications, per Unit for 1 Year,
Based on a 10-Year Projected Life

Log.(Cost)m

1.876 + 146.5 (MTBM)' +
0.0145 (Percent Use per
Year) + 0.0924 (MTTR)

Cost is expressed in thousands of dollars

Limits on
Variables:

MTBM:

Utilization
Rate:

MTTR:

94 (0 2014 hours
27 1o 66 percent

2.1 to 5.9 hours

NOTEF.: Onc equipment operator assumed. Co-
efficient of Determination: 0.93

Range of Estimates: 127 percent
e. Cost of Operation, All Equipment. per Unit

Cost= (Estimated operating hours
per year) x (number of opera-
tors) x (hourly raie for labor
class)

f. Disposal Cost. All Equipments, per Unit

Costm 0.8  (Installation Labor
Cost) - 0.1 (Procurement
Cost)

6.3 COST-EFFECTIVENESS COMPARISONS

In judging the effectiveness of AFAADS against its
cost, the most important consideration is heyond the
scope of this report. That is the question of whether air
defense, by air defense artillecy, will be required at all.
In Korea and Vietnam, the U.S. Air Force was able (o
deny the air over the battlefleld to the small enemy alr
forces so that there was no joh for US. air defense
artillery.

Aguinst an enemy with significant wirpower and
resources to replace lost aircraft, this fortunate situu-
tion will be difficult to achieve,

The Lufiwuffe was able to maintain significant air
effort against Aliied ground forces for the duration of
WWII in spite of heavy lossen inflicted hy massive
Allied uir power. and Allied antiaircralt guns filled «
critical need throughout the war,

The land battle in a future conflict is not likely to
wail out the ucquisition ol complete uir superiority.
The defense of the ground forces in-depth aguinst
enemy air during the initial und interim period will
require the hest possible ground-based air defense.

In Korea, Vieinam, and the Middle Eust, the Soviet
Union hus demonsirated that an effective means of
supporting a technologicully retarded country sgainst a
modern air force is by the provision of surfuve to air
weapons. This is a possible conmideration In LS. sup-
port of small nations of the Free Warld.

A sccond important  conmderation n judglnﬂ
AFAADS configuration optinns is the lrequency wit

which AFAADS will be required 10 operate ut night
and during unfavorsbhle weather. The fragquency of
rain, ¢loud cover, huze, fog, et in the probable
theatres of operation ¢in be determined by anulysis,
hut the technologicul capabllity of u potentisl enemy (o
conduct tactical wir operations effectively under such
conditions is i matier of intelligence estimites and
forecusts. 11 in cleur, neverthelens, that the thrust of
modern military technology s o achieve the capubility
of conducting militury operations 24 hours o day




regardless of weather, and tactical air operations in
Vietnam have acirlerated this development.

The yuestien of effectiveness measures for the
AFAADS sysient is not easily resolved. At a high level,
the effectiveness of AFAADS is judged in teems of it
contribution o overall force effectiveness, which in-
cludes “riendiy units suved from air attack and the cost
10 an esetn; «n terms of lost and damauged aircraft, An
evhludion at thit level would require u fuirly elahorate
‘wir gume’ lype of simulation,

The methad of comparison used in the following
paragraphs s more restricied. We compare an index of
efMectiveness against the system ife cycle cost 10 deter:
mine a threshold criterion for 4 justiiable increment in
cost in terms of the increment in effectivenem which {t
produces. A will be seen, the rough estimates of life
cycle cost previously obiained ure uccurate enough for
such u threshold criterion.

The question of an effectivensss index cannot be
answaered uniquely. The probability of killing u targel
on & specific courss is too limited. Average probability
of kill over u wide variety of courser would be beiter,
but the stutistics are not availsble. We use the kills
seconds index previously used on (he simulation as o
convenient scraening device on the grounds (hat it
represenis 4 capability of the potential of which can be
utilizad by s sultable fAring doctrine.

For 4 given budgel expenditure B, we are ublg (o huy
B/C AFAADS Nre units, whare C i the life cycle cont
per unit. The effectivenem of the huy s EB/C, where F
is the efMectivensss meusure. IF W iv convuni, we wish 1n
mavimize § /(.

One_might object that a4 spesific number of
AFAADK units would he required. A posible snawer
Is that targets of varying valug are defended b
APAADK, und u chunge 1n the number of AFAAD!
unite results in the targets of leunt value Meing unde.
fended, a0 that the varnution of ADA defense effyc:
tvenes with numhers of AFAADN v 4 smoathly
varying rathes thun u step funyiion,

Then. using the choven index of efectiveness, t, and
the life cycly cost aon w par-Are unit asis, ¢, we wish to
obiain the musimum value of E/(.

Comparing two apions, i differeni effeviiviness
aid cot, we prefur the second compared with the find,
"

":‘:(':)"ll"‘ (03

nr, vyuivalently. il
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Write CZ - ('| +AC (6.4)

where: AC is the [ncremental cost of adding &
component.

Then the addition is cost-eflective if its cost incre-
ment AC is:

aC <y {(EyEy i) 6%

From Table VI-3 in Section 6.2.1 the life cycle con
of & single fire unit over 10 ysars aperationa! life is
from 2.8 dollurs 10 3.8 dollars & *. From the ubove
xpression, an option unmum‘ 0 10 percent improve-
ment in sMectiveness is worth incorporating. if i
contribution to the life cycle cos per Are unii, is less
than 280,000 dollats 1w 350,000 dolin,

We can se8 a1 once that the initinl estimate of life
cycle cust provides us with » valuable reference point,
and thut rather large uncertainties in the elements of
the life cycle cost aitimate will not signifcantly change
the position of the cost boundary that we draw be-
twean ensi-offeciive und non cosi-sffeciive opiiens of
configuration el=ments

If the 300,000 dollar threshold appeans largs, von.
sider tha possidility of a 40,000 dolinr radar that coste
40,000 dollars u year to maintain, On & 10-year bash i
would add at least 440,000 doliars o 14 system life

ele vost and so would be encluded unless the effev.
tivenen index showed that |1 improved sysiem effec.
tiveness more thun about 15 percent. Far so lurge »
cost incrament, the voris would have 1 he done more
cutrafully,

Av another gxampls, vonsider (he develapment of
improved ammunition. The simulation rewlie showed
that ammunition with improved Ballistics improved
sysiam performance hy fagion of from 1.1 1 1.4 In
producilon the impraved ummunilisn wauld vmt uhaut
the aume wr provent ammuniiion, and epersiing vosis
would not be ufevied sinve i i presumed (hat there 1
Nt u large stockpile of prasen) smmunition 1o he
written u*. The improvement fudior of 11, or |0
pervent an euch of (he usvumed huy of 378 Are unils,
would muke the impraovement desirable if 1he revearvh
and development progrum could he avvomplished for
Tese thun S8 & J00D0 dollaes, or 178 dollare & 1P
The job van umml{ e done Tor w frstion of the
amount indivated. 1t Is clowr, thereinte, that the dovel-
DPMENt of IMProved dammunItion iy voster Toviive

Wa pow connder some ol the mare imporiam op-
tione listed in Nertion ) from w Judgmental und o
sonbofoctivanem point of view

6.3.1 Btabllised Sight

A mujor advantige of « sabibizad Line ol vght i
thut, within the Bimit o the stabilizution lonp, the
sght v (ree of disturhunces caused by normal gun

J
|
l
|
l
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motion, shock, and vibration produced hy firing,
mount flexure caused by firing. and vehicle pitch and
roll when in motion.

As a husic design principle it wis recommended that
the wight demﬂ even though it may be mounted on
the gun's lower carriage for design conven, ice, should
be buck-driven s that within the fimits of gear huck-
lush, shaft resilience, etc., the gun motion would not
affect the sight motion, Since mechanal diives are
imperlect, we would expect u small residue 10 the gun's
motion 1o nprm ut the sight pedestul cven when the
gun is not firing and the vehicle ix not maving. Stabitl.
zation should effectively eliminaie this remdug.

On u 10-yaur life cycle busis, we would not expet
the subilized right 10 contribute u con increment,
including muintenunce, of aver | $0,000 dollues, It will
thus he cast eRective I it adde only $ percent 1o overall
sysiem effeciiveness, us compured with un unsiabilized
sight. A judgment ui this paint is that » siubilized sight
will be cost-efective.

0.3.2 Regonerative Trasking

Rogonerative traching iv considered to provide «
puin Tactor of whout 10 percent when ussocinied with
sutomatic trucking semsors under unimpeded tracking
conditions, The !un servas gun he up-gruded s thet
they do not need the rageneruiive s, howaver the
dovign of hoth servo loops v comidered 10 b lon
siringent when ragensration iv employed. s that there
s 4 Iradeoff haiwosn servaomechanism devign and the
use o regenerution in this mide of oparation. Regen:
vralien may dlw reduce the solution ruie reguirement
on w dighal computer.

Regeneration in enentinl (o maintain high perform.
ance even with automutic sensor trucking when the
rget le occarionally ohscured by lerrain abiuclos, or
when the wenanr, as |s expeciod with surly luser range
findetr, igyanionally mives 4 Mip.

1T manual iruéhing v o Primary mode, 1here is po
point at alh 1 atlempiing (o provide an wcourale solu:
tlon of (he prediciion problem, unien the man iv given
H ragenorution widing. Minee the man will wlways repre-
Nl u primary bach-up mode of iraching, wnd mul
have 10 (uhe over Trom the tudur where mubiips
degrudue elevation travhing, 11 v concluded that the
relutively miner ¢ost iacremenl asvcinled with regen
IAlIve mcbm‘! n (ur ouiweighed by the gain in
ofectivanan under all modes nl operation

§.3.3 Burvelllanse Radar

Wo have no conhdenve in the abiliny o1 thy iman i
detevt wnd weynire mem At rungen that will wllow the
full potentinl of the Vigilune waapon tn by reulized
oven i clear, daylight operanon. The problem pas
compleiely buyond the capatility of thy man (o alve,
when (he witacking airceatl uses even relatively simple
sandaoft bt 1o swiluve gided muniiian Nince the

guin fuctor is at least 2.0 in clear, daylight operation,
und infinite ut night, or in bad weather. a surveillance
radar is considered to he com-effective.

Unless the radar is derigned from the beginning for
high reliability. low maintenance, and operation in the
difficult shock and vibration environment of onecar-
tinge mounting, the maintenance costs are likely 1o
esceed procurement costs by a Tactor of 10. A design
object should he vet on life cyele costs, 1o hold [0-year
maintenance ¢osis down to no more than 3-times
procurement costs,

6.3.4 Tracking Rader

Thore appears to be no alternutive 1o rudar (or the
tracking function under all weather vonditions. Even
when the man can (rack visually, we feel that the

uestion ol whether he cun outperform a lrequency

iverse radar. even with regenerative trucking, remuins
10 he unewered. Although we emphasize the absojute
need fof regendfutive truching for the man either in «
primary or huck-up mode, we feel thut bath radur
trucking and wutomutic traching in (uir weather with
imaging devices cannot he remnved from considera-
Hon, And 10 repent, rudar tracking is exsential for all
wanihet operution,

Kurelgn developments in trucking ridars now exiend
down (0 the K,-bund. A very compuct and mount-
vompatible vt should be poaible ut this frequency,
However, the development conie would huve to he
wmartizgd over the AFAADS program if a set were
developad solely for AFAADK. The vume requirements
on design Tur high reliaminy and low muintenunce
vinds indivated for the surveillunee rudar should be
impongd (rom the heginning of the program. As the
only methend of conducting effective Hire in bad
weaihet, it is our judgment thut detwiled cost und
effectivenens analysin would indicute development und
unihization o1 a eaching radar fur AFAATS 1o be cont
oflactive, oven i had wonther toquired ite use uguinal
anly 20 pereent of the targets exposed 10 AFAADS.
The imporiunt cond here is the cost increment hetwean
A DghL/Tair wouther c{.um such we un imauging tracker
andd the radur Wo believe ale that analyeis will indi-
cale o performance differential in Tavor of the rudar
v o TR hotapot teacher sutfivien: o Justify ils ¢iml
I A mghisfarr weather compurisan, but this conjecture
hewde 1o by 1esolved by iindlysis

§.3.8 Computer

This sndy s by dizection been ‘concerned more
with the nuahematical aspecin ol the syatem rather
than the twchmgues that will be utihized for it mecha-
Mzt ' 10w however, spevifically desiced that the
stdy conaider the vfleets of senson and processing data
raten on ovenall svelem ace iy
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_ For this reason, and because in our study of predic-
tion algorithms we indicated the desirability of per-
forming some apparently intricate operations within
the computer in maintaining several prediction modes
in parallel. automatically switching from one to the
other, etc., this section discusses in some detail some of
the aspects of computer operation. Unfortunately time
has not permitted a complete computer sizing and
costing study in the present contract.

We begin by noting that although a good solution to
the simplest, single algorithm prediction problem could
be obtained with an analog computer, growth in ana-
log state of the art is limited, accuracy is less than that
of a digital computer, and although we have not
carried out an appropriate life cycle cost comparison
we believe that whatever the level of solution complex-
ity a digital solution can be developed to provide
higher performance at lower cost. This statement, of
course, needs to be verified by comparative anaiyses in
depth if the analog is felt 10 be desirable, possibly
because of the existence of applicable components,

Our simulation runs, however, have indicated that a
rather substantial payoff in performance exists if the
computer can maintain several prediction modes in a
current state simultaneously, and switch the appropri-
ate mode to the gun based on suitable decision algo-
rithms. It is believed that this capability is attainable
by relatively amall modular increments to a digital
computer. whereas it would be more costly to imple-
ment with an analog.

Moreover, is noted earlier. 4 major argument for the
digital implementation of as much of the fire control
system as possible is the continued and explosive
growth of the state of the art in digital computers. Not
only ure nize, weight, power requirements, and cost to
do a given job shrinking rapidly; but reliability is
already very high, and automutic diagnomtic circuits
reduce meun time 1o repair to a few minutes. For an
AFAADS digital computer, a mean time beiween fail-
ure of aver 5000 hours and & mean time to repair of
less than 1(t minutes are consistent with current state
of the urt. This capability would have a healthy effect
on life cycle cost.

With regard 10 word size in the computer in Section
$.14.4 an overall system instrumental error of less than
2 mils or 2 meters (the lurger value controlling) was
suggested us an objective. This would be casily met
with uan |8.bit word, and fewer bits might be
aceeptable.

In the discussion of the effect of number of samples
on the data smoothing function, it was indicated that
an upper limit 1o the useful input data rate was set by
the autocorrelation in time of sensor errors. A fre-
quency diverse tracking radur would make the best use
of & high input data rate. hut even in this case there
sems 10 be Jitle advantage in an input rate of higher
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than 10 data points per second, while a value as low as
five may be satisfactory. With up to four coordinate
inputs (inctuding range rate from a doppler radar), the
input data rate would be only 720 bits per second.
Some consideration needs to be given to the possibility
of non-simultaneity in samples in the separate coordi-
nates which would introduce small errors because of
high rates of change in the separate coordinates.

The object of coordinate transformation is to do
smoothing in parameters which vary relatively slowly.
If, as is considered preferable, a basic rectangular
coordinate system is used, the requirement on data rate
lessens once X. Y. and Z have been computed. It rises
again when the conversion back to gun orders is
required.

For the linear prediction mode, with smoothing in
position and velocity, six functions are subjected to
data weighting operations. If done non-recursively
with a maximum of 10 points for each function, 60
data points would be held in memory. For the qua-
dratic mode, a maximum of 80 data points would be
held (Z is not used). This moderate number could be
reduced by a factor of 2 to 4 by the use of recursive
smoothing.

The possibility that regenerative tracking would
work best with a different set of weights would lead to
a larger number of data points at this stage. On the
other hand, the most likely mode to stabilize the
regenerative loop is simple exponential weighting
which has very small memory requirements.

A data rate of 10/second is believed to be satisfac-
tory for regenerative tracking. but this needs to be
validated by analysis and simulation.

The piediction riangle is solved iteratively, from the
smoothed positions, derivatives, and the ballistics. The
algorithm developed for the simulation (using a unique
convergence method) obtained a solution to within
0.001-sec time of flight on an average number of five
iterations, and never exceeded about 10. Solutions of
the prediction triangle were within 0.5 meter.

The solution rate of the prediction problem, how-
ever, must be considered in terms of the required data
rate 1o be applied 1o the gun. If the digital 1o analog
conversion is visualized in its simplest form as trans-
mitted via a zero-order hold, the associated lag error
caused by angular velocity is equal to the angular
velocity multiplied by half the interval between sam-
ples. For the most difficult course considered this
suggests a data rate to the gun of about 50 data points
per second. This may be relieved by using regeneration
in a feed-forward mode since the derivatives of gun
motion can be computed by methods given in the body
of the repori.

If five iterations are required for each data point, the
output rate of 50 per second would require 250 trial
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solutions per second. The five iterations can probably
be reduced by reducing the time of flight solution to an
incremental one working from each previously ob-
tained time of flight, and possibly taking advantage of
the rate of change of time-of-flight algorithm given
earlier in this report. This is only one of many pro-
gram design trades that can be applied 1o balance
algorithms against memory against computer speed.

If the quadratic prediction algorithm is carried in
parallel with the linear algorithm there are two possi-
bilities for implemeniation. One is to continuously
compute gun orders by both algorithms and switch in
accordance with the decision algorithm. A more eco-
nomicai method is to carry snly the acceleration and
target rate of turn computat.ons, and switch them into
the prediction triangle solution when the quadratic
option is called for. If the prediction triangle 1s being
solved at a rate of from 50 to 250 times per second,
the lag involved in the latter. and more economical
procedure would be negligible.

The defended point algorithm is somewhat more
complex. The several decision algorithms are carried
continuously. but the prediction relations need not be
solved until the algorithm is called up. The computa-
tion of decision measures and their comparison against
thresholds can be satisfactorily done without 1teration
at a rate of 10 per second. Once in use, the number of
solutions of the prediction problem per second would.
as in the case of the simpler algorithms. depend on the
data rates required by the gun servos.

The data rates indicated above are relatively trivial
in the present state of the art of military computer
technology. A typical central computer for a modern
fighter aircraft has an input/output rate of 10’-bits/
second. and a computational speed of 10° multplica-
tions per second.

Our judgment at this point is that a digital solution
will cost less to implement than an analog solution
(except for possibly the simplest, approximate, rate x
time solutions), and that its maintenance costs will be
negligible by comparison.

If we estimate annual maintenance cost of an analog
solution optimistically at one-third the procurement
cost, and annual maintenance cost of the digital solu-
tion at one-tenth procurement cost. a digital solution
having twice the procurement cost of an analog will
have the same life cycie cost. In fact. we expect the
procurement cost to be less. and the system effective-
ness to be higher by a factor of at least 2.0.

We therefore believe that further analysis wili show
a digital computer solution to be cost-effective.

Since the present discussion contains more judgment
than analysis. we prefer to terminate it at this point
having indicated a general method of approach to the
problein of cost-effectiveness trade-offs in component
selection as the AFAADS program goes forward. We
conclude by reverting to an itlustrative example of how
overall systems cost-effectiveness comparisons may be
done. This is contained in the following and final
section of this report.

6.4 SYSTEM CONFIGURATION

In Section 6.1 ahout 40 design options were offered
for consideration in system configuration. A basis for
selecting options was provided in Sections 6.2 and 6.3
in terms of cost-effectiveness. To place these in a more
coherent perspective. three tentative system configura-
tions are described in the following paragraphs. Al-
though it is believed that the components shown can be
justified by a thorough analysis of effectiveness and
cost, this section should be considered simply as an
outline of how alternate configurations may be com-
pared on an overall basis.

The three systems considered are: (1) a day. fair-
weather system. (2) a day or night. fair-weather sys-
tem. and (3) an all-weather system. Their elements are
listed in Table VI-6. Life cycle costs have not been
worked out in detail, but to make the illustration
concrete. guessed life cycle costs are listed. It is as-
sumed that the life cycle costs of a single fire unit over
a 10-vear period. exclusive of costs of the fire control
system. but including a proportional allocation of
overall batalion costs. is 2.3 dollars x 10°. To this
basic cost. an increment is added which increases with
the complexity of the fire control system.

Effectiveness is arbitrarily estimated against a base of 1.0
for the all-weather system. It is assumed that weather
would prevent the fair-weather system from functioning 20
percent of the time. The fraction of enemy attacks taking
place at night. regardless of weather, is assumed to be 50
percent. Tracking with the K-band radar is assumed to
generate at least a |0 percent higher effectiveness than
tracking with any of the non-radar modes. The day/fair
weather minimal system is further degraded SO percent
because of its lack of surveillance radar, Figure 6-2 shows
comparative costs and effectiveness of the three configura-
tions. As shown by the lines drawn from the origin, the
all-weather system in this illustration is preferred from a
cost-effectiveness point of view.

The comparison is, it must again be emphasized. not
significant in the results shown but as a method for
comparing more carefully done system configuration cost
and effectiveness analysis,
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Table VI-6. Hypothetical Comparison of Configurations Having Various Capabilities (Sheet 1 of 2)

T DT

Capabtity
Function Day ‘bair Weather l Day /Night Fair Weather All Weather
Surveillance and Detection Visual + RAID Radar or IR Radat

Angular Tracking

Ranging

Line of Sight
Stabihization

Prediction
Algorithms

Weapon and Ammo
Characteristics

Firing Doctrine Aids

Ballistics

Dynamic Calibration

Visual with Regenerative
Tracking and 3 x Magm-

fication

Laser or radar with

Regencrative Assistance

for Estimated,
Intermittent Range
Back-up Mode

Yes

Lineat + Energy

Quadratic + Energy

Altitudc Prediction
Cut-Out

Automatic Option
Selection

Digital Computer
with Automatic
System Checkout

Mavimum Muzzle
Velocity

Minimum Projectile.
Drag

High HE Content

120. 1200, 3000
rpm Options

Adjustabl or
Variable
Dispersion

Indicator- Target In
Range, Sensors
on,Quality Of
Solution

Wind Correction

Automatic Muzzle
Velocity
Mecasurement and
Correction

Yes

Imaging Sight with
Regenerative Tracking
and Automatic
Tracking Mode, Visual
Back-up

Laser or Radar with
Regenerative
Assistance for
E«timated, Inter-
mittent Range Back-
up Mode

Yes

Linear + Energy

Quadratic + Energy

Altitude Prediction
Cut-Qut

Automatic Option
Selection

Digital Computer
with Antomatic
System Checkout

Sante as Day tar
Weather

Samqe as Dav-Fawr
Weaiher

Same as Day T-air
Weather

K-band Radar

Imeging Sight Back-up mode

Visual, Second Back-up
Mode

Crosssmount Triangula-
tion vs On-Board
Jamming

Radar, Laser Back-up with
Regenerative Assistance
for Estimated, Intermittent
Range Back-up Modc

Yes

Linear + Energy

Quadratic + Encrgy

Altitude Prediction
Cut-Qut

Automatic Option
Selection

Digital Computer
with Automatic
System Checkout

Same as Day-Larr
Weather

Automatic baning
Doctnine

Same as Dav e
Weather
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Table V1-6. Hypotheucal Comparison of Configurations Having Various Capabilities (Shest 2 of 2)

Capability
Function Day ki Weather 1Yay -Night Tae Weather All Weather
10.Year Life Cyele Incre. $600.000 $1.200.000 $1.800,000
mental Cost ot Fare
Control per Fire Unit
Including RDT&E
Procurement and
Maintenance
10-Year Life CycleCost $2.900.000 $3.500.000) 4,100,000
Per Complete Fire
Unit Including
Allocated Share
ol Battalion
Costs
Comparative Effec- 0.1 0.7 1.0
fivencss Assuming
50 percent Night
Attacks and
20 percent Bad
Weather
N06IK-K07 (2 0f 1)
i0
, fu WEATHER
7
08 —_t
—
1%
7 % ﬁfonvmauv FAAWEATHER
08
/ e
COMPARATIVE EFFECTIVENESS / -
o4 /L \Z
v
s 7
VR
NOTE
Z / FIRE UNIT ALLOCATED COST
[¥] EXCLUSIVE OF FIAE CONTROL
/ AND SENSORS
/ / o OAy FARAWEATMER
S |
0 — A
1.0 20 30 a0 X1 [Y)
TOTAL 10YEAA LIFE CYCLE COST (MIy LIONS OF DOLLARS:
U e o

Figure 6-2. Comparison of Overall System Cost and EHectiveness
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SECTION 7
RECOMMENDED PROGRAMS

1t was desired that the study pinpoint areas in which
improvements in the state of the art over that pre-
dicted for the postulated time period weuld result in
significant improvement in the overall performance of
the fire control system. It was also desired that the
study list basic data that are required for adequately
conducting studies of the present type and are not
currently available. These topics are addressed in the
present section. In addition we list areas for further
analysis which are important 10 predicted-fire. air
defense system concept definition, for which limited
time has prevented adequate in-depth exploration in
the present study.

7.1 AREAS FOR FXPLORATORY AND
ADVANCED DEVELOPMENT EFFORT

The following paragraphs describe various areas
that merit further exploratory and advanced-develop-
ment efforts.

7.1.1 Radars

Increased effort should be devoted 10 frequency
diversity, polarization diversity, and computer process-
ing of radar data to improve countermeasures immu-
nity, reduce multipath errors, and increase tracking
accuracy by broadening the glint spectrum. This will
improve the cffectiveness of both surveillance and
tracking radars.

Development should be initiated on a K-band track-
ing radar, preferably K,-band. utilizing the above
improvements.

Radar development should incorporate special fund-
ing from the beginning of the program to obtain very
high reliability and low muintsinability requirements
in the difficult shock and vibration environment of the
AFAADS on-carriage mount.

7.1.2 Target Identification by Noncooperative
Means

All wir defense sysicms will henefit from o fast,
reliable method of identifying aeriul targets without
the use of conventional IFF interrogators and respond-
ers. Digital computer unulysis of the reflecied rudar
pulse, by Fast Fouricr Transform or more sophisti-
cated means, or analysis of the refiected laser pulses by
hologriaphic or other means may be eventually feusible.
Exploratory developmrnt progrums in this ares should
he expunded and nupinented

7.1.3 Human Operator Performance in the
Tracking Function

Fxisting dutw on the performance of the human
aperater in tracking aiecraft targets should he collecied

71

and analyzed in a systematic way to reveal the interac-
tionn among target flight-path characteristics, control
dynamics. and human performance. The existing Vigi-
lante mount. which incorperates regenerative tracking.
should be used to collect additional data on this mode.
Laboratory experiments incorporating a human opera-
tor, antiaircraft type forcing function, and appropri-
ately varied control dynamics including regenerative
maodes, should be used to define the desired dynamics
of an operational system; and the system thus defined
should be brassboarded and tested in the field.

7.1.4 Imaging Trackers

The tracking accuracy obtainable with imaging
trackers, both in the visible and in(rared regions, in an
automatic tracking mode agzinst aircraft targets
should be investigated. Performance of existing track-
ers, of which a variety exists, should be collected and
analyzed. Of particular interest are the ‘contrast seek-
ers’ developed for air to ground missiles. Experimenta)
brasshoards of the most promising trackers should be
assembled and tested against actual atrcraft targets.
This program should be run in parallel with the pro-
gram for improvement of human performance by
regenerative aids. Automatic-imaging trackers should
be able to track whenever the mar can track. as well as
at night or in clear weather when the man cannot track
without aids. Designing an automatic-tracking mode
into imaging trackers will avoid possible performance
degradation as 4 result of using the man to track the
image. It iv nowed that existing contrast seekers have
been opcrutcd experimentully with 4-Hz servo hand-
widths.” The possibility of extending trucking range by
laser illumination should he investigated.

7.1.6 Lavers

The normal development of lasers is expected to
proyvide satisfactory range and beamwidth when re-
quirgd for AFAADS. A more efficient way of provid-
ing the required capahility. preferable to the hrute
force method of increasing pawer. is to incresse the
sensitivity of the detector. Better delectors will allow
lusers to operate ut lower power, with longer life,
greater reliability, and lower maintenance costs, Effort
to improve detector seanitivity should be increased !

Lusers should also be conadered in comunction with
the imaging truckers, described carhier, us 4 means for
extending range and spectrum of operating conditions
hesond that attnable with passive imaging wlone

7.1.6 Digitsl Computer

This study has indicaed sigmiticant potential advin-
tuges in the use ol o hre control systemy having several




optional prediction algorithms, with automatic com-
puter selection of option, and automatic switching
among options even while an engagement is in process.
It is believed this flexibility can be attained at accepta-
ble cost, within reasonable size only by a digital com-
puter. The life cycle cost of digital solutions, moreover,
is believed to be lower, by a large factor than the
equivalent capability in an analog.

The maximum payoff from use of a digital computer
will be realized. however. only if digitalization is used
throughout the AFAADS system to the maximum
degree possible.

On a broader basis, even more economy will be
realized if a program is laid out for the systemalic
introduction of digital computation into all of the
Army’s gun fire control systems. Initiation of such a
program would require more detailed justification than
can be offered here, but the impressive continued
reduction in weight, cost, and power requirements of
digital computers and their very great increase in
reliability suggests that such justification would be
easy.

At the same time the Army does not want to load its
logistic, training. and maintenance systems with sup-
port requirements for a number of different special
purpose computers. An appropriate family of small
computers, adjustable to fit specific needs by modular
additions, would seem both feasible and economical.
With reasonable foresight, the modules could easily be
replaced when appropriate as each new generation of
computer technology allows an increase in system
capability at further reduced cost.

It is believed that the Army already has a program
of this type. but it is not known whether computers for
fire control systems of predicted fire weapons are
included in the plan. Clearly, they should be a part of
the overall program.

7.1.7 Weapon

Effort should be continued to increase muzzle veloc-
ity and reduce projectile drag. Continued payofl be-
yond the limits considered in the present study is
indicated. The interaction with projectile payload and
terminal effectiveness should be considered. Increased
muzzle velocity will introduce considerations of tube
life and barrel heating. Hyper-velocity projectiles, per-
haps fin stabilized, should be considered with regard to
compatibility with the gun loading mechanism, and in
terms of overall system effectiveness.

7.2 DATA COLLECTION PROGRAMS

The “data bank’ on the observed performance of
predicted-fire weapons is widely scattered, uncorre-
luted, and suffers rapid attrition with time as agencies
are dissolved. relocated. or have their files purged.

7-2

7.2.1 Combat Data

A great deal can be learned from combat data as the
British demonstrated in World War 11, but although
the Army has an excellent program to collect, analyze,
systematize, and apply vulnerability data from Viet-
nam, as a result of long continued efforts by the
Ballistic Research Laboratories, a comparable program
to evaluate the overall effectiveness of enemy antiair-
craft predicted fire weapons to obtain objective esti-
mates of the effects of range, speed, altitude, and
tactics on weapon performance under combat condi-
tions apparently does not exist. A program of analysis
of combat data from Vietnam could yield:

a. The paths flown by our aircraft in attacking both
undefended targets and defended targets for
each of a wide variety of munitions. These paths
would be of inestimable value as inputs to simu-
lations of proposed predicted-fire systems.

b. The combat effectiveness of enemy predicted-fire
systems. Since some information on the type of
fire control used by the enemy is probably availa-
ble, this could be used for check-point runs on
simulations to improve their validity. A program
of this type should be instituted and maintained,
even if at times it drops to a fractional man level.

7.2.2 Proving Ground Tests

The Army has been testing predicted-fire systems at
proving grounds and test ranges since 1921. There has
been no sustained effort to correlate this information
across tests o establish a reference basis for the evalu-
ation of new systems. Of more critical concern, there
has apparently becn no consistent program to feed the
results of each test program back into the development
program to guide the allocation of funds to the areas
most critically requiring improvement.

The present Vulcan and Vigilante programs could
serve as models for continued effort of this sort, and
the effort should be maintained even at a minimal level
after their completion.

7.2.3 Noncombat Information on Target Attack
Paths

The JCS experiments, Air Force experiments at Eg-
lin Field, CDCEC experiments, and many others have
generated a large body of information of aircraft and
heliccpter target paths under simulated combat condi-
tions. This information should be collected, abstracted,
summarized, and put into a form in which it could be
used by the designer of air defense weapons. At pre-
sent it is widely dispersed.

7.3 RECOMMENDED AREAS FOR
CONTINUATION OF THE PRESENT STUDY

The following areas of effort are recommended for
consideration. and review in conjunction with the
Army’s needs, as direct continuation of the effort
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: . reported in this report. The effort is categorized in the
subareas of: (1) simulation improvement, (2) data

y acquisition and analysis, and (3) air defense system
analysis and evaluation.

B 1o siatidTnbess

7.3.1 Simulation Improvement and Additional
Simulation Studies

B a. Improvement of Target Model. Because of limita-
! tions on time. the simulation runs described in
the present report were run with a circular vul-
nerable area representing the targei. All of the
computational elements exist in the present simu-
lation 10 allow the target to be represented by a
fuselage ellipsoid and a thin flat plate wing, with
I proper angle of bank. Only a small modification

to the target vulnerability program module is

required. It is also possible to separately count
I hits on the target and kills to provide estimates

I e R
-

of both damage and destruction.

b. Improvement of Gun Dispersion Pattern. Because
of limitations on time, a circular dispersion pat-
tern was used in the runs described in this report.

; A relatively simple modification of the appropri-

! ate program modules will allow dispersion result-
- ing from muzzie velocity dispersion to be intro-

IJ duced properly, and to examine the effect of

noncircular gun dispersion. This will allow the
value of noncircular dispersion. and dispersion

: l automatically varied with range, and other pa-

C rameters by means of gun dither to he assessed.

gy

¢. Improvement of Tracking Noise Simulation. If
betier information can be obtained on the way
that the standard deviation and power spectral
density of glint vary with target angular velocity
and aspect, these can be incorporated. The width
of the glint spectrum is expected to increase with
> increased target angular velacity.

: d. Siudy of Terrain Following Aircrafi. Time did not

' permit sircraft and helicopters flying nape of the

earth paths to be studied on the simulation, This

can be done in two ways: (1) by gencrating

approprinte paths consistent with the analyses

contdined in this report, und (2) using uctual

. uihs recorded in the fleld with real aircraft und
elicopters.

, . Increased Detail in Representation of Regenerarive
! . Tracking and Serva Loops of Senvors and Gun. In
f the simulution runs mude for the present study,
servomechaniam performance was included in
terms of lag as 4 function of the appropriule
derivativer. Regeneration wus upproximuted in o
semirealistic set of approximations. A ruther
careful sudy including both analysis und simulu-
tion needs 10 he done ui the next level of detail
of system representution (o delermine und opti-
mize the circult parameters und time constunts
r purticulurly in the vune of regencrution. This

"‘

overlaps with the further study of weighting
functions for data smoothing.

Study of Recursive Smoothing Algorithms. The
present study indicated that the smoothing func-
tions applied to measurements of target position
and derivatives should vary with time of flight,
and possibly with other parameters. It also indi-
cated that finite memory smoothing was likely 10
create compatibility problems if the resulting
rates were used for regeneration, particularly
with regard to quick settling. Recursive smooth-
ing needs 1o be investigated. with the possibility
that two sets of smoothed derivatives should be
generated, one for regeneration and one for
prediction. This topic requires both analysis and
simulator verification.

Interrupted Tracking. The simulation now incor-
porates the capability to periodically interrupt
tracking inputs and continue prediction based on
regenerated velacities. Time did not permit this
capability to be exercised in the present contract.
The divergence of the solution with time under
this mode should be investigated.

Operation in Degraded Modes The simulation
now incorporates the capability of switching on
command among the prediction algorithms in ity
repertoire during an engagement (as well as au-
tomatic switching in response 1o decision algo-
rithms). This can be used to study system per-
formance in degruded modes, us when range
informalion is suddenly denicd. Algorithms for
regencrating range based on intermitient and/or
estimated ranges are presented in this report and
they can be validated on the simulation.

Development of Firing Doctrine and  Algorithms
Jor Iis Automation. Firing doctrine was treated
only lightly in the present study becuuse of limi.
tations of time. It needs to he unulyzed in some
detwl parucufarly with regurd (or s amplica.
tions on the ammunition load that shauld he
carried on the mount. In uddition, the feanibifity
of, und appropriate algorithms for automated
firing doctrine, an suggested by Mr. 8. Olson
should be explored by unalysix und simulator
verification.

7.3.2 Dats Acquisition and Analysis

u.

Flight Path Data, The simulation cun casily he
evxepened Agiinst tutpet pullh recorded by truck-
ing read wireralt A large boady of this dutu exista
at various agencies. This should be reviewed ind
evitluuted 11y 10 check the ussumptions abou
flight puthe mude 10 generating the simulator
courses i the present sindy, und (2) 1o sglect
upproptinte ceul Might puths ugaineg which 1o e
the candidate prediction alporshms developed in
the present study Use ol sich real datin would he




a convincing argument that the algorithms and
the decision thresholds proposed in this report
will work in real life. Although every effort was
made to use “plausible’ target paths in the present
study, it is considered that the value of the over-
all effort would be greatly enhanced by tests on
the simalation against real flight paths.

Analvsis of Real Tracking Data (Manual, IR, and
Raduar). To obliin inputs representing manual
and radar tracking errors for the simulation, the
present study attempted to make realistic esti-
mates based on available information regarding
crror magnitude, autocorrelation, lags, etc., and
the way that these attributes varied with range,
angular velocity, ete. The result is an analytical
structure (or logical basis) for processing real
tracking data and expressing its characteristics in
terms of a small number of parameters so that it
can be used in future simulator runs, or analyti-
cal computations, It would be desirable to process
a representative body of real data with this objec-
tive. In addition, the unprocessed data could be
run on the simulation as recorded. as another
increment of realism. The characteristics of IR
and automatic optical trackers should also be
reviewed to determine how best to simulate them.

Analysis of Detection and Acquisition Ranges and
Times.-Only a cursory review could be made of
the existing experimental data on the ranges at
which targets can be detected, acquired, and
identified visually, or by sensor, as a function of
target type. speed. range. weather, etc. Since the
provision of a surveillance sensor on AFAADS is
critically dependent on this operation, it requires
a more comprehensive study.

7.3.3 Air Defense System Analysis and
Evaluation

a.

Expanded Scope of Armament Characteristics.
The present study was concentrated on the 37mm
Gatling Gun. Since all of the analytical method-
ology and simulation characteristics are com-
pletely general with regard to weapon charac-
teristics, the effects of varying caliber, muzzle
velocity. and ballistics over a much wider range
would be worth investigating. Gun, ammunition,
and target vulnerability inputs would be required
from the Army. A particularly interesting topic
would be the evaluation of a gun firing projec-
tiles. possibly subcaliber, at muzzle velocities in
excess of 5000 ft/sec. The methodology devel-
oped is also applicable to the evaluation of small
caliber, low cost. ‘proliferation’ type antiaircraft
weapons down to the man-portable size.

Analysis of Real Shock and Vibration Data. This
kind of data is now being collected by the Army
on the Vigilante in field experiments. The analy-
sis of the present report needs to be peviewed and
reinterpreted in terms of this experimental data.

Evaluation of New Proposed Systems, or Upgrad-
ing of Present Systems. The Army will probably
prefer to do this kind of evaluation in-house
because of the proprietary information involved.
However. additional supporting parametric
studies in particular areas of interest, and modi-
fications of the present simulation to match pro-
posed systems or system improvements can be
provided.

Use of Digitized Terrain Data in Computer. The
present study indicated that terrain. as it affects
terrain-following aircraft might be represented
in the computer by a relatively small number of
points. This possibility deserves further study.
both with regard to its use in a prediction algo-
rithm, and with regard to its use in assisting the
radar in coping with multipath probiems.
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APPENDIX A
DERIVATIVES OF TARGE™ MOTION IN POLAR COORDINATES

The derivatives of target azimuth. elevation angle, The expressions are for a target flying level. Tuble
and range are frequently referred to in the text as well A-I1 lists the derivatives of an elevation angle.
as used in computations. They are summarized here

for convenient reference. The expressions are taken The maximum values of the derivatives occur when

almost without change from Barton. in whose hook the X ~ 1.0, for a given value of A. More precisely for &,
| » functions will be found plotied. They are all for con- while holding A. a constant and varying X; maxim.. ..
i stant target velocity. ¢ is atiained when sina = X°. Next. maximizing over
Notation is *he same as that used in the present @. the absolute maximum of ¢ is found to be:
report, : .
P ¢ (A = constant) = 0.25 A (A3)

A.1.1 AZIMUTH o max

. A . where: ¢ = 43 degrees
The derivatives are functions of the parameter A, ¢ gree

and the angle a where: < -
g a = 435 degrees, 135 degrees
F A= iRy (A1)
' X= 2
| and: R
i ] ) also e, = 54.7 degrees. where tune,, = X (A%)
! v. = horizontal component of target velocity
R. = minimum horizontal range For a target diving at -0
! Table A-l lists the derivatives of the azimuth angle,
' e 1
é A.1.2 ELEVATION ¢ = = {sin0 +cosd xcosasina)l (A.S)
.. - 1 +X sin"a
An additional parameter X is introduced: . .
) The derivatives of slant range are presented in Table
! X = HR,: H = wrgetaltiude (A7) AlLL
Table A-l. Derivatives of Azimuth Angle
Angle atWhich
Functional Manamum Value Mav Value s Attained
Quantity | \pression iradians, sev) tdegreesd
a A \m: a A 0
h)
.. VED
a ‘2)\2 an’ @ cosa = :0,05,\: 60120
3 a IK} \|n4at4 ;o\:a -1y -2 )\3 90
| @ 23 ant avovacas 2a Tasnd TIUH0N
006 TR-BO1
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Tahle A-\i, Derivatives of Elavation Angle

—
| Azimuth a at
Maximum Value
Quantity Funcuonal Expression Maximum Vatue {degrees)
. “diova
¢ w2 +0 38AX 55125 (X << 1)
X 0
LrRm +0.24) 48 132X =D
X 0. 180 ¥ >> 1)
(2-3 n"a PR a)
.. - < . in
¢ )\zx \lnsa'-—)'——‘——’—\-— ~)\2A' SOX <K 1y
(A XTunta) 0.5A2 06X 1)
ATIX 90 (X 3> 1)
I .4 16- 15 sin*q- X" sin® a2+ 10sin?a+ 3X2 sind @) .y
3 M XdnYacosa = T3 3 - +1.96 \°X 70, 10X << 1)
RS 70710 87, 1134X = 1)
30.85 2% 63, 117 (X >> 1)
006" 8-B02
Table A-lil. Derivatives of Slant Range
— Angle at Which ]
Quantity Functional Expression Maxinm-um \ aiue Max.or Min.Occurs
D wvuos §2 +v 0, 180 degrees
- 2. 3 2
N v sin Qle v "Dm 90 degrees
i
: 3 and £ os N 3 -
) : W ——— +0.86 —— tan’’ = 2.0
Dm' Dm"
W aeosd O hand Q v
D } — 90 degrees
D 3 D 3
m m
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