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FOREWORD

This report describes the research effort of the Data
Systems Division of Litton Industries, Inc. under Supple-
mental Agreement 2 to Contract DAAGO0S-70-C-0328,
with the U.S. Army, Frankford Arsenal. The objective
was to provide additional analytic and simulation effort in
support of the parametric analysis of predicted fire air
defense weapon systems.

The report is presented in three volumes. Volume 1,
Analysis, by Herbert K. Weiss, reports the analysis effort
and the simuiation results. Volume II, Simulation Model,
by Martin P. Ginsberg, describes the Litton Air Defense

Simulation, designed by Mr. Ginsberg. The results of the
simulation are included in Volume Y. Volume 111, Effective-
ness, by Herbert K. Weiss, reports on methods of evaluating
overall system effectiveness.

In the present report, frequent reference is made to the
Final Report on the originul contract. The previous report,
titled Finai Report, A Parametric Study of Advanced
Forward Area Air Defense Weapon System (AFAADS)
(two volumes), dated 2 October 1970, Revised Edition 1971,
is referred to throughout this report as the “AFAADS-
Report.”
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SECTION 1
INTRODUCTION

During the period of performance, of the work
reported in this contractual effort, antiaircraft guns
and auomatic weapons continued to demonstrate their
effectiveness against modern aircraft and helicopters in
Vietnam. The continued cupability of predicted fire
weapons is difficult to maintain in proper perspective
against the ‘wizard war’ of missiles and for this reason
a brief summary, from unclassified sources, of air
losses 10 guns in Vietnam is provided in Appendix 1.

On the side of the attacker, a new capability
achieved operational maturity. This capability is pro-
vided by air to surface guided missiles which home on
laser designated targets. If press releases are even
partially accurate, it appears at the present time that

these, and other types of homing missiles, exhibit
delivery accuracies so high, that even considering the
increased cost of the mvnitions over iron bombs, they
constitute a least cost solution for tactical aircraft
attacks on small hard targets, even though the iargets
may be undefended.

Even this new capability of tactical air does not
cause ﬁredicted fire weapons to become obsolescent. It
does, however, introduce a new configuration of the
tactical situation which must be evaluated. The analyti-
cal methodologies, parametric base, and simulation
described in the present report can be applied to the
new tactical situations, as well as those evaluated in
detail in the report.
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SECTION 2
SUMMARY

The purpose of the reported supplemental effort, is
to extend and further detail the analyses and simula-
tion modeling pecformed under the original contract.
Major emphasis has been placed on providing an
augmented data base and battery of methodologies for
overall system evaluation. This has included more
detailed attention to the initial processes of target
acquisition, to the system implications of multiple
attackers versus multiple defense units and to the
consideration of weapons of all calibers, in addition to
the 37-mm weapon on which the original effort was
centered.

The Litton simulation has been expanded to allow
the evaluation of many additional tactical parameters
and modes of defense system operation.

The conclusions of the AFAADS-I report are un-
changed by the present effort. The following brief
summary of additional, or augmented conclusions de-
rives from the currently reported effort.

2.1 CONCLUSIONS

A summary of the principal conclusions is presented
in the following paragraphs.

2.9.1 Qenersl

a. The principal determinants of notential effec-
tiveness, of predicied fire systems, are the predic-
tion and data smoothing algorithms.

b. The principal determinants of operational effec-
tiveness, are tracking accuracy, and the ability to
eliminate system errors of boresighting and cali-
bration,

2.1.2 Target Acquisition

a. Visual detection and identification of high speed
aircraft targeis are inadequate for all defensive
weapons, with the possible exception of light
machine guns.

b. Even in clear weather, cloud cover represents a
frequent difficulty for the attacking aircraft.
With radar sensors the defense unit gains a
1actical advantage in opening the engagement
additional to that associated with the more rapid
acquisition possible with radar.

¢. Experimental data indicates that aural detection
of low flying targets, especially helicopters, can
often be accomplished at greater ranges than
visual detection. For light weapons with elemen-
tary fire control systems, it is potsible that aural
sensings may be used to aid initial acquisition.

4

2.1.3 Target Tracking

a. The variance and power spectral densities of
tracking sensors must be determined in advance
of final choice of data filter and prediction algo-
rithms, in order to obtain a preferred match.
Since these quantifiers depend on the cngage-
ment geometry, theory must be validated by
experiment. The current data base appears to be
good for radar sensors, marginal for human
tracking with advanced aids (regeneration) and
still in process of development for infra-red and
laser sensors.

b. A current, continuously updated, library of attack
aircraft paths is a necessity for best choice of
filter and prediction algorithms. This effort could
not be initiated in the present period because the
basic data was not available.

c. Although essential, a simple library of paths
would be incomplete without a statistical analysis
and summary of the probability density func-
tions of predictable path segments.

2.1.4 Dats Filtering and Prediction Algorithms

a. To realize the maximum capability of predicted
fire systems of efficient exterior ballistic design,
the data smoothing time should be an increasing
function of range.

b. There is a strong indication that tangential pre-
diction (i.e., an intermediate position between
linear and full quadratic prediction) provides a
‘robust solution’ against moderate, intentional
target ‘jinking’ without suffering unacceptable
degradation against unaccelerated targets.

¢. Prediction systems, incorporating corrections
based on observation of projectile miss distance,
appear to have an interesting potential. The sta-
bility of the correction algorithms can alzrarently
be enhanced, and the solution irnproved by the
use of a computer generated ‘synthetic trajec-
tory’. against which to reference the observed
miss distances.

d. The time span over which a system can continue
to deliver effective fire un regencratcd data, after
loss of a sensor, is a sensitive function cf data
smoothing time. For this reason and reasons of
accuracy with continuous inputs, the smoothing
time should be as large as possible, consistent
with target path irregularities. This places a ma-
jor emphasis on a realistic assessment of proba-
ble target paths.

¢. A current, continuously updated, library of air-
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craft paths on attack paths is a necessity for
sound development of filter and prediction algo-
rithms.

2.1.5 Weapon Characteristios

a. Increasing weapon muzzle velocity has a high
payoff in all situations. Shortening time of flight
to a given range reduces the amplification of
tracking noise, and has an even greater effect in
reducing the aim errors associated with target
maneuvers.

b. Major emphasis should be placed on designing
the projectile envelope for low drag, to retain the
advantage of high muzzle velocity.

¢. Increased high explosive content of the projectile,
in a given caliter, improves the effectiveness of
contact fuzed projectiles, and increases the prob-
ability of obtaining an immediately observable
kili. Rapid kill recognition conserves ammuni-
tion, and frees the weapon 10 engage a new
target. However, HE capacity is limited by the
stresses of firing and interacts with the desire for
high muzzle velocity.

d. Even with, contact fuzed, HE projectiles, it is
believed that most of the target damage is in-
flicted by the transfer of the HE energy to the
shell fragments, and then to the target. This
energy transfer suggests that design for maxi-
mum fragmentation effect should be a considera-
tion, even for PD HE ammunition, for use
against aircraft.

¢. The above considerations suggest that ammuni-
tion development for predicted fire weapons is, at
least, as important as gun development and may
have received relatively inadequate funding in
the past.

f. Reload times for many current antiaircraft guns
appear Lo be excessively long. in proportion to
the rate of fire. The system effectiveness, under
heavy sustained attack, tends to be limited by
reload time rather than by rate of fire. The
reload time includes the time to replenish the,
on-mount, ammunition load, and to change gun
barreis.

g. The predicted fire system will normally operate
as a part of an integrated defense, under a cover
provided by susface 10 air missiles. If the cover is
relatively low, the ‘optimum caliber’ of the de-
fense weapon tends 1o lie at that caliber which is
the best compromise between terminal effective-
ness, and rounds per second which can be fired
with a defense installation of a given cost. The
recult is then quite sensitive to the rise of termi-
nal effectivenss with caliber in the 15-25 mm
region, and is uncertain o the degree of uncer-

tainty of the estimates of threat vulnerability.
Prudence suggests biasing the solution to larger
than the computationally determined ‘optimum
caliber’.

2.1.8 Cost Considerations

a. The escalation for procurement costs for Army
ordnance items has been remarkably moderate
over past years, when compared with the cost
escalation of Air Force aircraft, for example.

b. Predicted fire air defense systems have a place in
the air defense complex and can be justified on a
cost, and effectiveness basis. The current defi-
ciencies of U.S. systems have more to do with
effectiveness than with cost and can probably be
eliminated in a new svstem, without cost penalty,
by provision of a j: - :rly designed fire control
data processing comp.  °nt.

¢. Developmert cost economies might be achieved
in the long run by identifying components with
multiple system applications and insuring that
development programs contain the proper struc-
ture, to allow the end products to be applied o0
multiple uses, this must be done with care. How-
ever, the US. Army and foreign governments
have been successful in developing basic vehicles
with a variety of applications. In the fire control
field a similar policy might be exiended for the
following items:

(1} Sensors: Radar, infrared, and laser.
(2) Stabilized sights.
(3) Digital computers for fire control.

Since one application will usually dominate a devel-
opment program, depending upon priorities of the
moment, a burden is imposed on other potential users
to continually fight for significant consideration of
their application in the program. The pay-off for this
effort however, if successful, is greater overall effec-
tiveness of Army weapons within tight development
budgets.

The smalier the number of diverse applications con-
sidered, the greater the likelihood of success in a
program of this type. All Army guns have a predicted
fire problem with varying degrees of difficulty. The
ability of weapons to fire on the move is desired for a
widening spectrum of armament; therefore, a develop-
ment program integrating the requirements of sensors,
sights, and computers for ground based weapons may
be more feasible than one including helicopter arma-
ment as well.

2.1.7 Development Considerations

A development program for a new predicted fire
weapon system should preferably follow the following
guide lines:

»
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a. Develop a preferred systcm concept including
preliminary design, without regard for compo-
nent availability.

b. Modify the original design to employ as many
cff-the-shelf components as possible. In each
case, log the influence on system effectiveness
and determine that no unacceptable degradation
1s incurred.

¢. Identify those required components which in-
volve new development, because of high payoff
in terms of cost, and allocate the major portion
of the available development budget to those
components.

This method approach is preferable to the alternate
‘quick fix’ method, of assembling data on available
components and determining the best system than can
be fabricated, by selecting from this limited set of data
and components.

2.2 OVERVIEW OF THE REPORT
2.2.1 Detection, Acquisition and Tracking

To engage an aircraft target, the defending pre-
dicted fire system must have an unobstructed geometric
line of sight to the target, the sensor must be able to
acquire the target regardless of light level or weather,
and the tracking system must provide accurate target
data from which gun orders can be generated. These
topics are developed and quantified in Sections 3
and 4.

Methods are provided for determining the probabil-
ity density function describing the probabiiity that a
clear geometric line of sight exists, as a function of
terrain type, target altitude, and defense site altitude.
Conditional probabilities of detection, given exposure
are then developed in parametric form for visual
observation as a functicn of eteorological visibility.
Weather as it affects both visual and infrared sensings
is reviewed, from the viewpoint of the attacker and the
defense.

An improved radar tracking model is presented,
based upon limited experimental data on the charac-
teristics of radar ‘glint’. Desirable characteristics of
tracking devices controlled by a human operator are
reviewed, reinforcing the conclusions of the prior
report on this contractual effort.

Improved simulation modules are developed for
cvaluating regenerative tracking, for radar glint noise,
and a method of incorporating target ‘flight roughness’
in the simulation is described.

The possibie utility of acoustic detection for simple
defense fire units is discussed.

2-3

2.2.2 Dats Processing and Prediction

Given valid tracking data, the effectiveness of the
defense system is critically dependent on the charac-
teristics of the data processing for tracking noise
reduction, and the prediction algorithms. These topics
are developed in Sections 5 and 6. Fixed memory
filters designed as a compromise between settling time
and variance reduction are analysed, and rccursive
filters are discussed. The ability of recursive filters to
vary the amount of smoothing wiith engagement pa-
rameters such as time of fligh. or range is emphasized.
Later analyses, including simulation runs, indicate the
necessity of varying smoothing time with range to
maximize the overall effectiveness of all predicted fire
weapons. with the gain over that achievable with a
fixed memory filter increasing with caliber.

A number of prediction algorithms are analysed.
The advantage of prediction modes using a ‘synthetic
trajectory’ in combination with a sensor capable of
observing projectile miss distance is pointed up. Sev-
eral of these modes are recommended for future evalu-
ation analytically and by means of the simulation. A
basic model for evaluating ‘barrage fire' is developed.
to indicate the very large comparative advantage of
aimed fire.

2.2.3 Parametric Description of Threat and
Defense Systems

The threat and defense weapon systems characteris-
tics are developed in Sections 7 and 8 with the object
of providing parametric relationships that will be of
assistance in developing trade-offs in sysiem
evaluation.

The threat assessment of the prior report is updated
from unclassified sources. Some effectiveness charac-
teristics of the threat versus ground targets are
sumrarized

A simple functional form is developed for aircraft
vulnerability to impacting high explosive ammunition,
as a function of caliber and HE content. This develop-
ment is based on declassified antiaircraft gun act.on
reports and aircraft damage and loss reports of mature
vintage but the functional form has been programmed
into the sirmulation with a safficient number of defin-
ing coefficients so that it zan be adjusted by choice of
parameter to fit modern classified vulnerability data.

An improved terminal effectiveness module which
has been programmed into the simulation is described
in detail. The module incorporates ellipsvidal target
wing and fuselage representations, orients them prop-
erly on the flight path. and automatically programs
bank angle for zero-sideslip turns. The module in-
cludes the correct direction of approach of projectile
relative to the target, and *he effect of trajectory curva-
ture. It allows the specification of round to round
immunition dispersion, separately designated in lateral
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and vertical angle, and in muzzle velocity. In addition,
constant azimuth, elevation, and muzzle velocity biases
can be specified.

Finally, the interrelationships among rate of fire,
caliber, muzzle velocity, projectile weight, and all-up
fire unit weight are summarized for zeto-order trade-
off estimates of defense system options, to be used as a
preliminary 1o deuwiled system design studies.

2.2.4 \nteraction of Attack snd Defense Options

The objective of a predicted fire defense system is to
raise the cost of destroying its defended vital area to a
level that is unacceptable 1o an enemy. At the lowest
level of defense, this means denying the enemy the
option of using his simplest, most reliable, lowest cost
attack weapons and modes. Section 9 develops methods
for analyzing some of these interactions.

It is shown that the interaction between defensive
fire doctrine and atiacker’s release ranges in dive
bombing can be expressed in game theoretic terms. A
number of cases are worked to display the methods,
and the results are then extended to demonstrate how
the defense parametric trade-offs may be introduced to
the analysis. As is the case in most evaluations of the
present study effort, the accuracy of the defense system
turns out to be the most sensitive parameter. Compar-
ing a full caliber ammunition type with a sub-caliber
type fired ai very high muzzle velocity, the gain in hit
probability from the increased muzzle velocity slightly
outweighs the loss in terminal effect from the smaller
projectile weight, for the conditions considered.

The concept of ‘effective stand-off range’ is intro-
duced as a measure of defense effectiveness, all tactical
options considered. This is a range such that if the
attacker released his munitions in dive bombing with
iron bombs, he would have the same probability of
destroying the defended vital area that he would have
using ‘game optlimal’ tactics against the active defense,
where the game optimal tactics depend on the relative
value of the aircraft and the target it is attacking.

For the simple cases used as examples, the effective
standoff range and the optimum caliber of the defense
fire units increase with the aggregate weight of the
defending fire units, and inversely with the aim error
of defensive fire.

A mode! is developed for multiple attackers versus
multiple defense units (M versus N). The vital ele-
ments of the assessment are the judgemental estimates
of the pattern and duration of the attack, and their
interaction with the reload time of the defense weap-
ons. In heavy, sustained attacks, almost all of the
current designs of high rate of fire defense weapons
suffer severe degradation from the fact that it takes
much longer to reload the mount than it does to fire a
complete load of ammunition. This problem is some-
what mitigated if the weapon caliber is large enough

so that a hit produces an immediately observable kill.
This allows fire to be immediately terminated with
ammunition savings, and postponement of the reload
event.

Some analysis is provided for the possibility of using
automatic firing cues or control. It is determined that
the effect of tracking error on aim error can be re-
duced, at the probable expense of number of rounds
fired, if the operator fires only when the tracking
reticle is on target. On the other hand, if the operator
is only required 1o track without deciding when 1o fire,
his tracking may be more accurate. Automatic fire
algorithms are described, but experimental data on
operator performance as a function of the number of
tasks he must perform and the decisions he is responsi-
ble for, are critical to the final selection.

Optimum dispersion is reviewed, both analytically,
and in the light of simulation results. It is concluded
that some round to round dispersion is better than
none, but the optimum value never exceeds about 5
mils except in those cases where bias errors are so large
that burst kill probability, is very low, even with
optimum dispersion. In general it is more profitable 0
attempt to reduce prediction error directly than to
attempt to cover large prediction errors with a large
shot patiern.

2.2.8 Simulstion Results

The capability and flexibility of the simulation has
been greatly improved over that used in AFAADS.-I.
The price paid 15 additional complexity, the difficulty
in locating programming errors, and a higher proba-
bility of making errors in introducing parameters fors
new runs. A check-out package of programs is there-
fore recommended to counter these possibilities, but it
was not implemented during the present effort.

The many parametric variations which can be ex-
plored with the simulation are listed in the Simulation
report and examples are given in Section 10 of this

report.

It seems clear that all of the systems simulated suffer
at long range from the use of finite memory data
smoothing filters with constant smoothing time. To
maintain effectiveness at longer ranges, without suffer-
ing seutling time penalties when targets are acquired at
short ranges, filters should be emploved with smooth-
ing time increasing with range. Such filters are de-
scribed analytically, but time did not aliov: their
simulation.

The smoothing time also determines the length of
time after loss of a sensor ‘;?ut that the system can
firc effectively on regenerated data, and the rate of
degradation with the 1.8 second filters used in these
simulation runs is demonstrated.
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Increasing muzzle velocity yields a substantial im-
provement in effectiveness in all cases in which this
parameter was studied. As expected, the gain is most
when the target is ‘jinking’.

Some rather remarkable possibilities have been dis-
covered for the concise representation and summariza-
tion of large numbers of simulation runs in terms of
combinations of parameters. In addition ta providing a
simple means for presenting a great deal of simulation
data in concise form, these results lead to parallel
simplc analytic models which can replace the need for
simulation in the simpler tactical situations.

The unique advantage of the simulation is its ability
to verify proposed sysiem algorithms and to obtain
effectiveness results against arbitrary and irregular
target paths which would be difficult to handle analyti-
cally in a reasonable length of time. The unique disad-
vantage of this, or any other good simulation, is its
ability to dissimulate. The proposed check-out program
package is intended to constrain the Litton simula-
tion’s propensity for creative fabrication. Considering
the much grester complexity of other simulations used
by the military services for weapons evaluauon and
selection, there is cause for concern on this behalf in
the case of all simulations.

2.2.6 Supporting Analysss

Some of the simpler analytic models 1o support the
simulation work are described in Section 11. Also
discussed is the problem of representing specified noise
sequences digitally, when the system represented is a
continuous system. A brief introduction to a general
formulation of the predicted fire problem along lines
which might allow a deterministic computation rather
than a Monte Carlo solution is provided, but this effort
has not been carried to the point of obtaining results
suitable for computation.

2.2.7 Cost Considerstions

In view of the fact that there does not seem to be a
convenient unclassified reference handbook of the costs
of Army equipment, Section 12 assembles cost data
from & wide range of unclassified sources. The limited
inforration of predicted fire systems is supplemented
by data on other items of Army material which are
related, to various degrees, including the common use
of some components such as vehicles. On the whole,
this panoramic view of Army ordnance costs indicates

e e <

that unlike airborne equipment, the cost escalation of
Army ordnance has been moderate, and in the case of
some equipment types has been less than that attribut-
able to the shrinking ability of the dollar to purchase
manufacturing effort.

The rapid rise in the cost directly associated with the
average man in service (i.c., pay and allowances rather
than equipment) is noted, and it suggested that this
places increased emphasis on reduction of maintenance
and logisic manpower support in the design of new
systems.

The data summary of Section 12 cannot he consid-
ered definitive, in view of its unofficial sources. How-
ever, it may be helpful to a systems analyst in laying
out the cost tasks which he desires to have performed
by one of the many competent and professional cost
analysis groups within the Army.

2.2.8 Additionsl Deta, Test and Evalustion
Requirements

It is pointed out in Section 13 that in the absence of
a sufficient quantity of data on actual target paths on
aircraft performing real or simulated attack missions,
additional analytical and simulation effort is of mar-
ginal value. The problem ceniers on the predictability
of the aircraft flight path. It is ecasily shown that a
freely maneuvering aircraft is extremely difficult 1o hit
with a predicted fire weapon. On the other hand it is
known that an aircraft on an attack pass has limited
freedom to maneuver. It is believed that even with
‘free mancuver’ bomb sights the permissible maneu-
vers {all within the ability of predicted fire systems to
engage, but this can be determined only by the use of
actual data.

The problem of acquiring data both for assessing
prototype systemns and to build a data base to establish
requirements for new systems, and means for perform-
ing real time data processing are addressed in
Section 4.

2.2.9 Recommended Programs

The final section of the report observes that a major
deficiency in the Army's low altitude defense effort is
the absence of a prototype predicied fire system devel-
opment program. A number of recommended analyti-
cal and simulation tasks in support of, or in parallel to,
but not as a substitute for such an effort, are described.
In addition two component programs are suggested for
brassboard implementation.
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SECTION 3
DETECTION AND ACQUISITION

in order to detect a target, an unobstructed line of
sight must exist from the sensor to the target, in the
case of almost all sensors. Exceptions include acoustic
detection, which may be important in the case of
relative slow aircraft, such as helicopters and light
spotting aircraft, or when the sensors can be placed
remotely.

Given a line of sight. 1he ability of the sensor to
detect the target depends on the transmission of the
intervening atmosphere, hence illumination and
weather affect sensor performance.

Identification of the target as friend or foe depends
on the mode of IFF used. In the case of non-coopera-
tive identification the resotution required of the sensor
is, in general, much higher than for simple detection.

These considerations are developed in the following
paragraphs.

3.1 EFFECT OF TERRAIN CHARACTERISTICS
AND THEIR QUANTIFICATION

Terrain affects and interacts with the performance of
ground based air defense systems in many ways. Some
of these are displayed in Figure 3-1, and all, as well as
others not yet defined, must be considered to varying
degrees in the evaluation of air defense sysitem
potential.

For any particular tactical situation, terrain can be
quantified to a level of detail limited only by time.
However an analysis based on a particular sample of
terrain is not necessarily definitive of system perform-
ance when associated with a different terrain sample.
Since it is difficult to say precisely what one means by
‘different’, the problem of how to include terrain ef-
fects and their variability across situations is an impor-
tan( clement in the evaluation of defense systems.

Although the detailed simulation of a specific terrain
sample tends to lend plausibility to the analysis, the
uncertainty as to how far the results can be extrapo-
lated to other situations tends o reduce the value of
such detailed analysis of only a few situations.

Since one must ultimately generalize in making
overall conclusions regarding system effectiveness, it ic
probably at least as effective to try 10 represent terrain
statistically with a few parameters, and then 1o deter-
mine the range of variation of those parameters world-
wide.

3.1.1 The Line of Sight Problem

In order 10 track a target for antiaircraft fire direc-
tion there must be a clear line of sight from the
tracking station to the aircraft. With the exception of
sound, all other sensors (there may be a few unex-

ploited exotics still however) likewise require a line of
sight for initial detection and acquisition. Given the
unobstructed line to the target the sensor may still not
acquire because of darkness, weather, ECM.,...; the line
of ‘sight’ is nevertheless necessary, if not sufficient.

Two of the basic problems to be solved are shown in
Figures 3-2 and 3-3. In Figure 3.2, the target ap-
proaches at constant ahitude. Once a clear line of sight
exists, it continues to exist, until the target passes over
the observer. As the target recedes, once it is obscured
1t is gone for good (or until its next pass).

The aircraft of Figure 3-3 on the other hand, is
terrain following (or ‘contour chasing’). Its path is a
smoothed (low pass filter) version of the terrain con-
tour. The aircraft as viewed from the observing station
may be exposed and then obscured several times dur-
ing a pass.

In general. ‘elegant’ solutions can be expected to be
difficuit to come by, since the first case described above
can be interpreted as motion of a particle described as
a stochastic process with a moving, absorbing bound-
ary. and only simple cases have been solved in the
literature. The second case appears to be somewhat
more complex. in later sections, known, simple solu-
tions for cerigin parameter sets will be summarized.

Since, in general, an aircraft may approach a sensor
from any direction, the cases described above general-
ize to the problem of area ‘coverage’ about a sensor
location, and the way in which the probability of
having a clear line of sight 1o a target varies with
azimuth angle as well as with range.

An additional consideration associated with the line
of sight problem is that of multiple path returns in
radar tracking when the tracking beam is low and
illuminates terrain which is not quite high enough to
interrupt the geometric line to the target, or is behind,
but relatively close to the target. The fatter probiem
can be mitigated by range gate width and doppler
radar, but the multipie path problem can be an impor-
tant source of tracking error. The methods of analysis
to follow can be applied to the problem of determining
the multiple path error, but it will not be dealt with
explicitly in this section.

Two of the simplifying concepts which have been
used in analytical studies are those of ‘mask angle’ and
‘visibility angle’. These are discussed below.

3.1.2 Mask Angles

The simplest concept of a mask angle is that it
defines a conical surface about a sensor, apex of the
cone down, and axis vertical. A target is assumed to be
visible 10 the sensor (i.e., unobstructed line of sight)

aa
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only within the cone. If n = mask angle and H;, =
aircraft height, then the aircraft is visible at a ground
range {rom the sensor

R = H,/tan m. (AN

A somewhat more sophisticated use can be made o
mask angle when its distribution function is given, as a
funciion of horizontal range. Stein has published a
number of these distributions and referenced sources
for others. Stein shows the ‘probability’ that mask
angle is less than m for range R, as a function of m,
for specified values of R, and typical cuives from his
report were reproduced in the AFAADS-I report, (Vol.
1, p 4-40).

Designating

F(mIR) = probability that mask angle is less than m at
range R computed for a sensor height H above
the ground.

S(RIm) = probability of having an unobstructed line of
sight at least to range R at an angle m

S(R/m) = F(m |R) 3.2)

and P(R,H,) the probability of having an unobstructed
line of sight to an airplane flying at an altitude differ-
ence H, above the sensor altitude

PRMH,) = F(m, IR);tanm, = H/R  (33)

An estimate of the distribution function of line of
sight ranges to a target at given altitude can thus be
obtained.

Note that the use of a constant mask angle cut-off m,
for a site is equivalent to writing

SR |m) = 1.0,m>m; for all R

S(RIm) = 0 ;m<mg;for all R (3.4)

In obtaining F(mIR) the computation must be done

3.3

each time the height of the sensor above the ground is
changed. Implicit in the computation is the method for
locating sensor sites in the sample. They might, for
examnle be located at random, or chosen as the best
within each equal subdivision of the area studied, etc.

Nevertheless mask angle has the advantage of ex-
treme simplicity and is certainly adequate for prelimi-
nary computations.

3.1.3 Visibility Angle

Caywood, Schiiier & Co. found the simple mask
angle concept inadequate in some studies of air de-
fense systems. In their analyses,' they used computer
stored terrain data as a basis for comparison, and
found in gensral that use of a constant mask angle
underestimated target exposure distance for low alti-
tude 1argets, and thus led to an underestimate of
probability of target kill.

In their report (author not designated), an improved
mask concept was developed by a combination of
theoretical and empirical techniques. The technique
leads 10 a mczasure designated as ‘visibility angle’. In
use it can be employed to define a surface of inverted
bell shape to replace the cone of the simplest ‘mask
angle’ concept. The shapes of the mask cone and the
visibility surface are compared in Figure 3-4.

Visibility cngle is an explicit function of target
altitude above the ground level directly under it
(AGL), sensor height above mean terrain level, stan-
dard deviation of terrain variation about the mean
level, and the terrain correlation cocefficient.

These are exactly the parameters one would use in
attempting to obtain a solution of the prcblem from a
model defining variations of ground level as a stochas-
tic process. As noted later, elegant solutions of the
stochastic formulation are hard to come by. and so the
Caywood-Schiller solution is something of a wur de
force.

The method of deriving visibility angle is based on
first determining the area about a sensor sight in which
a target is visible (such areas are usually very irregular
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and resemble the Torrance, California city boundaries) 80 <20 smooth terrain
then expressing the area as a circle of equal area. This
accounts for the form of the expression, which follows 20 <o <35 rolling terrain
giving the effective radius (Ry) of the equivalent circle.
fo &35 rough terrain.
In the CS&Co report, visibility angle is defined as 20871600

tana = H/Ryep

287 eO42(n+l.3m) /2
Ry = 1000 YR (meters)
o)™
35
where (25
H, -u
ms NS e
o o
H, » target altitude above ground level vertically
below it (terrain following flight) (meters)
H, = height of site above mean terrain altitude
(meters)
4 = mean terrain altitude (meters)
o = standard devistion of terrain altitude (meters)
B = teirain correlation coefficient (km')

The report describes a simple manual method of
obtaining the statistical parameters quickly from sam-

le maps, with empirical conversion curves. Since the
interest in the present report is to indicate representa-
tive terrain sighting parameters for evaluations, the set
of parameters obtained by CS&Co is extracted (Table
t1l-1), and Figures 3-5, 3-6 and 3-7 are replots of data
from the referenced report for specific sites.

CS&Co suggest the following classification system
for terrain.

3-4

The reader is referred to the repory for further
details on how to obtain the statistical descriptive
parameters from maps, Equation (3.5) can be written
as

where R, is a constant for each terrain selection. R, is
given in Table IiI-1. It depends only on So

Note also that there is a maximum value of visibility
angle associated with each terrain selection. This is
obtained by differentiating Equation (3.6) with respect
to H,, and it is found that the maximum angle occurs
when target height H, = ¢ /0.21, i.e,, about Sor.

In addition to the expressions above for R, Cay-
wood-Schiller”? (R. Rose) have given an expression for
the probability of having a line of sight to R,P(R), as

P(R) = min{l, (RC)¥)
where

C = 0.25(m+n)-0.75

. 1-exm. fo
k=1-exp [---——l 0(n+4m)]

3.1.4 Stochastic Models of Terrair

It is a natural impulse to ammrt to take advantage
of modern developments in modelling and analysis of
stochastic processes to construct mathematical models
of terrain from which one can develop solutions to the
many interesting siting and sighting problems de-
scribed earlier. As will be shown, this is a promising
line of approach. The analysis becomes quite intricate,
and solutions in closed form are difficult to achieve.

3.62)
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Table (I1-1. Terrain Parameters

Tenain fo K o <) Rg (meters)

Wetzlar, Germany 13 260 32 1 0.40 2800

Tongjin, Korea 16 44 30 ] 0.52 2700
Majon-ni, Korea 19 115 37 1082 2550
Wonju, Korea 20 227 61 |0.32 2500
Ipo-ri, Korea 28 198 %2 10.30 2300

Sanyang-ni, Korea | 45 S it [0.39 1850
Bad Tolz, Germany | 98 | 1259 L65 0.59 1450

20871-500
The intrinsic interest of the topic, however, and the
activity of the field promise new findings in the future.
Like many of the problem areas associated with fire
control problems stochasiic modelling of terrain can
serve as the subject of numerous PhD theses.

The problem can be discussed in two steps, 1) the
stochastic description of terrain along a line transect, a
two dimensional problem, and 2) the more general
problem of describing terrain stochastically in three
dimensions.

In the first case, a difference between terrain varia-
lions along a line transect and noise amplitude fluctu-
ations with time in a classical ‘noise’ problem is at
once apparent. In the case of an electrical signal vary-
ing with time, the signal is not affected by its future. In
the case of terrain variations, the height at a point
along a line is certainly affected by heights to either
side of the point. Fortunately, Whittle* has shown that
the two problems can be reduced to identical form, and
so results obtained in the analysis of signals varying
stochastically with time can be applied to the line
transect terrain problem.

3.1.5 Terrain Variations Along a Line Transeot

The methodology to be used derives from the classic
works of Markov, and Kolmogorov, and the modern
applications by Stratonovich and others. Theory and
conditions under which it applies are given in the cited
references 442104114

Relationships required for the present discussion are
abstracted in the following paragraphs.

The field is iong on theory and short on solutions.
Relevant solutions from the literature are given, as well
as a few previousy unpublished by Weiss.

For this class of problems it is, in Krinciplc, possible
to obtain exact solutions, even though nonlinear func-
tions are involved. Following Pervozvanskii® we as-
sume that the equations of the process can be written
in the form

3.5

dx./d‘ = fi(xi,...,xn,vl,...vn);i = l,2....n

(3.7)

where the v, are random function of time described by
the means and correlation functions

<VJ> =0

Ry(T) = <(m(4T)>= D 6(T)  (38)

In attempting to develop solutions to the terrain
problems discussed earlier in this section, we will
rarely have enough data to go beyond the examination
of distributions of terrain height from a mean, and
terrain slope. In addition, there is no advantage in first
investigations to allowing non-linear relationships of
the x to the v. Hence we use the simpler, and more
limited form

dx;/dt = f(x),...x,) + v 39

If all of the x, are continuous functions of t, we can
write Kolmogorov's equation (also known as the Fok-
ker-Planck equation) for the evolution of the probabii-
ity density function, w(x,,....Xa.!)

W, 3 %W
I }: e Ew) + (1/2)25?0,, 0w

(3.10)

For the cases we shall examine, the x, can, in fact, be
shown 1o be continuous functions of t. For these cases
also there is no advantage in writing, for example

dx; = f;dt + v;dt (EXT))

which is necessary in the case of some processes.

In the problem of a line transect of terrain, the
X%, .. represent the terrain height measured from its
mean, the terrain slope, rate of change of slope, etc.,
and t corresponds to horizontal distance from the
observation point. Then a line of sight w0 a specified
range at specified elevation angle exasts if the -caliza-
tion of the process originating from the sensor position
does not cross the line at any intervening point. One
therefore wishes to solve the partial differential equa-
tions for w, given the x, at t = 0, with the line of sight
defining an absorbing boundary b + 0t, wherc § =
tan a; a = the elevation angle, b = sensor height
above terrain mean.

O
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lutely simple.
Uhlenbeck-Ornstein Process w(xp, 1) = 0,x, = b +0t
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dx/dt = -fx+v
<> e p; <> =0 (3.12)
The Kolmogorov forward equation is The initial condition is
EAL RN (D2) 91"— (3.13) w(x5,0) = §(x -x,)
ot x 8!2
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In the absence of the absorbing boundary, the solution Solutions for B = 0

, U/x_) is easy to obtain and is well known to
&rsy(x f*o) i When B is verv small, the initial evolution of the
process is determined by D. This suggests first solving
for the case of B = [ corresponding to a Wiener-
(x- p°x°)2 Levy process (for whic!, the variance is *nbounded).

1 o 20200 -p%) Defining

w(x,t lxo) s
am'/2 (1 -2 I(tf) = the probability that the process continues to t

(3.14) without reaching the absorbing boundary b
where + o

i

p =0 and solving the partial differential equation with 8 =
2 0, the resuits are obtained that, settinga = b - x, =
20 = (D/B) height of the sensor above ground level,

3.7
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1(L0) = 1-(172) A2 {e"‘"’ Erfe [(1/2) + (Az/4))

ve A2 g ((112) - (Azm)l] (3.15)

where
A = 20/D;z = (20031

4 [ 2
Erfely) = 2/(m}/* [ ex’dx
Yy

1(1,0) = Erf (1/2); Ecf(y) = 1 - Erfe(y)

[(o28) = 1. e 238/D.5 50  (This is the probability
=0 .0 <0 of beit'l‘g able to “see
forer.t”)

(3.16)

and the mean time to first attainment of the boundary
is determined to be

IRV
1(9) (T)-w—l-).ﬂ <0

= oo o 20 317

Although relatively easy to obtain, these results have
apparerily not been previously published.

Since solutions for 8 » 0 will be more complex, we
digress 10 see how well the above expressions represent
real terrain statistics. For this pu we use Stein's
curves of the probability distribution of mask angle

Stein's curves, previously cited, were developed by
computer processing of about 1200 points read from a
map of a 144 x 72 mile area of Pennsylvania. From
Stein’s Figure 6, I(, a) was read and has been replot-
ted as | - I(®, a). For the small values of a involved,
a = 8. As shown in Figure 3-8, the exponential
relationship of Equation (3.16) fits the map-generated
points incredibly well. The inferred value of D/2a
from the fitted line is 0.044, i.c., tan 2.5°.

Next solving Equation (3.15) fora = -2.5, 0 and
2.5 degrees, it is determined by tria} and error that
1(1,0) fits the corresponding map derived data fairly
well, if 'a’ is chosen to be || meters. Figure 3-9 shows
the agreement between the I(ta) curve computed from
Equation (3.16) with D/2a = 0.044 and a = 1)
meters, and the points derived from the map data.

For zero and positive a, the agreement is much
better than the accuracy to which the published map
curves can be read. For negative a the agreement is
poor. This is not surprising, since for the Wiener
process, there is no regression to the mean by the
process.

Whether the observed agreement between the data
points and the two-parameter fit of the model is fortui-
tous or will hold up over other terrain samples remains
to be investigated. Figure 3-9 provides substantially
encouragement for this method of approach.

Although the corresponding computations have not
been done, brief examination of the variation of the
mask angle distribution functions with sampling inter-
val as given in Stein’s report indicates some depend-
ancy. This suggests the interesting possibility of deter-
mining this effect theoretically from the stochastic
model.

Solutions for B v 0

For small 8, solutions of the partial differential
equation have been obtained by Weiss in some unpub-
lished work, as a Taylor's series in 8. To indicate the
interesting functions which appear in attempting to
find a closed form solution of the general case, we note
that for@ = 0, one obuains for 1(t§)

D.gj ('X)
B’j laD.,j('B)/ad

(- -
t.0) = (X2-BHu Y
=1
x(ea'i'- 1) X « xyfo
B = bjo (3.18)

where the terms of the sum are evaluated for values of
3 determined by the zeroes of

Dy (-B) = 0 (3.19)
and

Dy(y) is the parabolic cylinder function.

Tables of the zeroes and the partial derivatives with
respect to the index have been computed by Weiss, in
some unpublished papers'' The above expression was
first obtained by Siegert in 1951 in connection with a
different problem "

The mean value T(®) for a horizontal boundary has
been obtained by Weiss as"
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dlog, D [-x,/(a)] dLog, D |-b/(0)]
1(0)=(|/a)[ “a‘s’ - g”a:’ ]
(3.20)

and for sinali bx,
afa+2xq
1(0) = (n/2)! 2 g— - LEJ) +...5a = bex,
[ Ba

(3.21)

3.1.6 Non-Gaussian Probability Density
Functions

An intriguing characteristic of Equation (3.7) is that
the formulation is not limited to linear relationships. It
is thus possible to describe processes for which the
steady state probhability density function is not
Gaussian.

Peterson® has pointed out that in studies of terrain
statistics it has been found that the distribution of
slopes, for example, is not Gaussian, but exponential,
ie.,

1 . I} (2)”2/0

(3.22)

f(x) =

A number of studies do indicate that the probability
density funtion of terrain elevation deviations about
the mean is often Gaussian."”?

A minor modification of Equation (3.12) allows the
eneration of exponential probability density
unctions.

For a simplified example, consider the following form
of Equation (3.12)

dx/dt = -Bsgn(x) +v ; sgn =sign of
(3.23)

then

dw/dt = Bsgn (x) (Qw/dx) + (D/2) (3%w/3x?)
(3.24)

The steady state grobabmty density function is found to
be (on setting dw/dt = 0 in Equation (3.24) and solving),

w(x,%0) = (§/D) o (28/D)Ixl (3.25)

This simgliﬁcd case has been given by
Stratonovich.

A comparison of some characteristics of the Gauss-
ian and Laplace distribution functions (also known to
the French as Laplace distributions Types { and 1I) is
given in Tabie III-2.

For a terrain model one step more sophisticated
than Equation (3.25) we may write

dx2/dl = (xl) + f2 (Xq) ¥ v (3.26)

where
x; = deviation of terrain height about its mean
x, = terrain slope

If the stochastic process is assumed to be stationary,
then the probability density functions of height and
slope are indeper.dent of each other.

If fl (xl) = .k X) fz(xz) = -0Xy (3.27)

the problem is linear, and the probability density
functions are Gaussian. If either (or both) of the f is of
the form

X;

j .

Y= ok, —= = k. ) osgn = sign of
f (xl) kJ |ij kJ sgn (XJ) g g

(3.28)

then the corresponding steady state probability density
function is Laplacian.

In this case the Kolmogorov partial differential
equations are still linear in each quadrani of the (x),
xz) plane, with continuity of x,,x; across the axes. dx,/
dt, 1s discontinuous. Hence a solution can be obtained
in each quadrant, and coefficients matched at the axes
by the continuity conditions.

The simple type of non-linearity described above is
of particular interest because of the frequency with
which Laplacian probability density functions turn up
in analysis of physical problems. It k1s been observed
in measurements of the deviations in altitude of an
aircraft atempting to fly a constant sltitude path as
shown in Figure 3-10. In the terrain problem, Peterson
has determined by computation on terrain semples,
that the probability density function of slopes is
Laplacian.

Weiss has obtained the Laplace-Markov expression
corresponding to the Gauss-Markov expression given
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i l in Equation (3.14) in an unpublished paper. It is Heine’ has generalized Whittle's formulation to a
: moderately but not excessively more complex. number of non-isotropic cases.
) ! 3.1.7 Stationsry Processes in s Plane
p The line transect mode! discussed 1o this point has Since siting problems in air defense are really prob-
é‘ one obvious deviation from correspondence with the lems in the variation of a function over a plane, this
physical process and that is that terrain points along  general line of investigation has some practical inier-
g the transect are certainly correlated with those on esi. However, only one reference has bsen located
i adjacent and parailel lines, as well as those on the line. . ) . 24 .
g which makes this application® It is clearly an impor-

The consequences have been pointed out by Whittle,
Peterson, and others.

One of the difficulties is that it is difficult and
perhaps impossible, to describe a stationary stochastic
process in a plane which will yield a simple exponen-
tial correlation along a transect.

Whitile suggests as the simplest second order scheme

(@807 + @3y - k2] 2(xy) = v(xy) (3.29)
where w(x.y) is the two-dimensional equivalent of a
Wiener process. Then the autocorrelation betwaen two
points spaced r apart in the plane is

p(r) = krK, (ki) (3.30)

This Bessel function is very close to the simple
exponential in shape, and perhaps explains why one
can get useful approximations along a line transec
with processes having a simple exponential correlation.

3-11

tant area for applied mathematical research.

3.1.8 Approximations by the Conocept of
Bandwidth

In considering a stationary stochastic process, the
concept of bandwidth is related to the minimum inter-
val of time across which samples may be considered 10
be independent. Bandwidth is usually defined in terms
of power spectral density, but it is directly related to
the 2ero crossing rate of the process. The relationship.
are developed below and summarized in Table 1153,

The assumption of a stationary process allows the
level crossing rate to be exprecsed very simply as




Table 111-2. Comparison of Probability Density Functions
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N(b) = p(b) <[x|> (3.31)

where

N (b) = the average crossing rate of levelx = b

<Ix|> = the expected value of the absolute
rate cf change of deviation x

p (x) = the probability density function of x

The term <iX1> is related to the standard deviation of
dx/dt by the probability density function of dx/dt and
since we consider the possibility that x may be a non-
Gaussian variable, we should allow the same possibil-
ity for dx/dt.

If the autocorrelation of position deviations p(s) is
known, the variance of dx/dt, i.e., o7 is related 10 the
vuriance of position, o, by

0,2 = 0,2 [-4%p (0)/ds?] (3.32)

The ‘effective bandwidth’ of a stationary process is
often dafined as

o0

wert® = f w? 6 (v dw (3.33)

- 00

where ¢ (w?) is the Fourier transform of the autocorre-
lation and vice versa. The time, T,, between indepen-
dent samples is the inverse of the effective bandwidth.
As a result of the above relationships

Waff = Ov/ax (3.39)

T, = ax/av (3.35)

We now apply some of these ideas to the terrain
problem.

First consider those problems which are associated
with the use of a line transect. The ‘bandwidth’ con-
cept, which is very useful in servomechanism analysis,
is that one can define a distance along the line, L, such
that two samples of elevation taken a distance L apart,
may be considered to be independent. Defining x as
distance along the transect from the sensor and y as
altitude, consider the probability that an unobstructed
Iine‘ ot sight exists to horizontal range x, at an angle
tan' 0.

There are n samples to x,

X, = ni (3.36)

At the j'th sample, the sight line has a height at step
midpoint

y(i) = y(O)+jL¢ (3.37)

If terrain height about its mean is described by the
probability density function f(y), the probability that
the sight line is not obstructed in the j’th interval is

a= [

o0

y©@+jL¢
f(y)dy (3.38)

and so the probability of a clear line of sight at least to X, is

h
q(x) = [‘! q() (3.39)
)=

A bandwidth analog to the area problem can be
devised by assuming that the terrain is divided into a
number of hex~gons of equal size, with dimensions
such that the terrain elevation across hexagons can be
assumed o be uncorrelated.

The problem then reduces to one of either comput-
ing S(j) in the linear problem or finding good approxi-
mations to the product, with simpler operations to find
the prodability of specified arcs of clear sight about the
sensor at specified range in the area problem.

To obwain the mean sighting distance at an angle
tan’ 8, x set p(j) = 1 - q(j).

Then for the line transect case,

xL=p()+2q()p Q)+ ...

= 1 +qI)+q(DNq()+ ... (3.40;

and for the area problem, the mean clear area about
the site is
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AlApe, = p(1)+6q()p(2)+12q(1)q(2)p(3) + ...

= 1-q(1)+6[{q(l)+q(1)q()+...]

(3.41)
For a level line of sight, § = 0 and
x/L = 1/p
(3.42)

AfApex = P+a(a/p)

One method of approximating the sums indicated
above is the following,

Let 1() = (x/L) summed to the j'th term only

Then 1(G+1)-1G) = [1G)-1G-1)] q(+1) (3.43)

Expand in a Taylor’s series in j and retain only the
first three terms

1-q G+l
a21/3j2 + 2 (31/3j) [’ﬁ{%w_n)i] =0 (3.44)

Depending on the form of q, this expression may be
integrable.

3.1.9 Level Crossing Methods

The problem of determining the average crossing
rate of a specified level by .. stochastic process is
simpler by an order of magni-ude than the problem of
determining the probability of a first crossing at a
specified distance given an initial position for the
process realization.

In addition, thanks to work by Cramer and Leadbet-
ter,'*"¥!* only a slight increase in dificuity is incurred
in determining the average number of crozsings of an
arbitrariy specified curve (with continuous first deriva-
tive) over a given interval.

When the expected number of crossings is small, this
number is a good approximation to the probability of
at least one crossin?. When the expected number of
crossings is not small, we have the familiar problem of
correlation of successive bullets in kill probability
computations, namely that one cannot get the probabil-
ity of at least one crossing on a specified sample
precisely from the expected number of crossings.

3.14

Because the crossing rate approach is computatio-
nally simple. however, it is worth investigating to use
as a guide for obtaining possible empirical functions to
fit real terrain data.

At this point we note simply the expression devel-
oped by Cramer-Leadbetter for the expected number
of crossings of the line a + bt (the sighting pioblem)
of a stochastic process with normal probability density
function (the method is applicable to other pdf°s as
well, and to other curves). The expected number of
crossings in the interval (0,T) is

C = [2(a3/b) ¢ (b/og) + 2@ (b/oy)-1]

x[q, (,m) e (_)]
[/ o
1
e -x2 L X -12/2
6= /2a exlz;d’(X)-fLe de
2n

(3.45)

where
o 1s the standard deviation of position.

o, is the standard deviation of velocity and can
be obtained from the autocorrelation function
by twice differentiating.

Note: The method does not apply to the case
of simple exponential correlation.

The expression for C can alco be rewritten in terms
of bandwidth which allows a comparison for this
computation with the bandwidth approximation given
carlier.

Note the three dimensionless ratios which define C

(b/0,); (a/0); (bT /o)
20871-601

These can be related to similar dimencionless ratios
in the other approximation schemes.

If we ask for the expected number of crossings of a
positively inclined line of sight extending to infinity,
we observe that C is finite, and is the product of two
terms, one of which compares the slope of the sight
line with the rms velocity of the process, and the other
of which compares the initial height of the sight line
with the position standard deviation of the process.
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3.2 WEATHER AND ILLUMINATION

Given a geometric line of sight o a target, the actual
detection of the target depends on the sensor charac-
teristics and the characteristics of the intervening
atmosphere.

Weather has such an important effect on military
operations that its interaction with military systems
capabilities and requirements deserves far more effort
than is usually devoted to it in systems evaluations.
The following sections are far from definitive, but
attempt to outline the effect of weather on system
operation, and the kinds of information and its usage
required for a comprehensive analysis.

Both attacker and defender have the simplest prob-
lem in day, clear weather operations. In the absence of
a defense, the autacking aircraft can use relatively
inexpensive fire control, iron bombs, and close to a
release range that insures a high probability of target
destruction. Provision of an effective day, clcar weather
defense forces the attacker to more costly options, such
as standoff missiles, or night operations. Both attacker
and defender suffer equipment performance degrada-
tion in inclement weather.

3.2.1 Night Operations

A rough indication of the cost of providing a night
attack capability for tactical aircraft is provided by an
Aviation Week estimate of $285,000 initial cost for a
package to be installed in the A-7D including FLIR, a
laser designated target tracker, a modified nead up
display and the interface with the IBM computer® The
provision of flexibility of attack mode (level, glide,
toss, loft and over the shoulder) and some freedom of
maneuver during an attack pass in the A.7 fire control
system is reflected in open source estimates of the
increase in A-7 flyaway costs through successive mod-
els, given in Table 111.4*

There are various options for providing a nighttime
capability for the defense, including radar, infra-red
and light amplification sensors. Historically, the first
response of the attacker to an effective day defense has
been to develop a capability for night operations. It
seems conservative to establish and maintain a require-
ment for night capability for defense against air at-
tack.

3.2.2 Effect of Weathar on the Attacker

Tactical air has developed and is improving its
capability tor effective night operation. The limitations
of unfavorable weather, however, are still severe in
spite of modern technology. These limitations are
clearly indicated by the following reports on air opera-
tions in Vietnam.

*Shielded from the counterattacks of the U.S. fighter-
bombers by low-lying monsoon clouds, the Commu-
nists advanced with virtual immunity.®

‘Last week, whenever the cloud cover lifted. the
flyers coufd sight the enemy on the ground .. Last
week's bad weather compelled the flyers to take even
more risks than usual. Fighter-bombers had to slice
below the overcast to ‘unload their ordnance’ at heights
of only 500 ft. or so. At that low aititude even a rifle
buliet can bring down a jet if it strikes a vulnerable
point.’

‘A lot of 23 mm and 37 mm antiaircraft artillery
have been moved south since the offensive began,’ said
Pekkola, (a forward air controller flying a Cessna).
‘Usually they aim at any break in the clouds because
they know that's where we’ll be.®

‘In the first days of the North Vietnamese drive,
poor weather kept most allied strike aircraft grounded,
and Saigon’s forces reeled in retreat. But once the skies
cleared, U.S. and South Vietnamese attack pian.s went
to work catching enemy troops, supply trains and
armor out in the open in conventional formations.*®

‘As low clouds and drizzle kept U.S. Phantoms on
the ground, South Vietnam's own 700-plane Air Force
took on an important role in the fighting; its ancient
but effective Skyraiders, flown with daring by South




Table 1Ii-3. Comparison of Autocorrelation Functions

Autocorrelation of
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Table 1l1-4. Comparison of A-7 Aircraft Costs
Model Aircraft Flyaway Cost Electronics Costs Electronics % of Total Cost
A-TA $1,400,000 $210,000 15%
A-TB $1,440,000 $260,000 18%
A-TE $2,500,000 $620,000 4%
20871-501

Vietnamese pilots at treetop level, have accounted for a
large portion of the more than 100 Communist tanks
knocked out in the fighting so far.®

‘North Vietnamese troops .. tightened the grip on
nearby Quang Tri and bombarded the provincial capi-
tal during a rainstorm that all buu)recluded air strikes
in support of the city’s defenders.

Even in the case of lesser (and more frequen.)
weather problems of ceiling and visibility, it has been
reported that, ‘Experience has fairly well established
that the weather-caused degradation of accuracy is
virtually zero if the cloud ceiling is above 12,000 fi.
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and visibility is about 7 miles or more, and that the
degradation is close to 100 percent with a ceiling
Lelow 3,000 ft. or visibility is less than 2 miles.™

Figure 3-11, reproduced from the report by
Huschke™ shows these bounds by season and time of
day for Sinuiju, North Korea. The probability c~ntours
indicate that only in January through Apri! will there
be a better than 80% chance of no degradation in dive
bombingebg day. It will be noted that the probabilities
tend to igher by night.

A similar study by Greenfield® describes a diurnal
variation year round at Luang Prabang, Laos, where
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the ground in the Mekong river valley region is ob-
scured by ground fog in the morning with 50.75%
probability the year round, but the afternoons are
relatively clear over 90% of the time.

With fairly complete low level cloud cover, but geod
low level visibility, the attacker would be less likely to
undertake dive bombing attacks as ogposed to low
level shallow dive or level attacks, if he depends on
visual or IR sensors. On the other hand, if the attacker
has a bombing radar system and the defense has no
radar, the attacker is at a considerable advantage in a
dive bombing attack through the cloud layer.

In addition to sensor problems created for the at-
tacker by weather, high wind velocities and associated
low level turbulence will limit his ability o fly nap of
the earth.

3.2.3 Eftect of Weather on the Defense

Tne relative effect of weather on attacker and de-
fender depends on the sensors with which each is
equipped. How much all-weather capability to provide
for the defense depends on intelligence estimates of
grobable all weather capabilities of potential enemies.

pecific effects on the defender’s sensors are discussed
in later paragraphs.

However, unfavorable weather can also degrade the
defender’s ability to move, 1o operate and maintain
equipment, and la?e deviations in meteorological con-
ditions may degrade performance if the sysiem is not
designed to compensate for meteorological changes.

3.2.4 Degradstion of Sensor Performance by
Westher

Table 111-5, from Huschke® lists a number of de-
scriptors of weather and sensors subject to degradation
by each. With increasing usage of cptical and infra-red
sensors by the defense, it is clear that supporting
studies are required to determine, as a function of the
probable theaters of operations, with what frequency
they will be degraded or made inoperative.

Two descriptors associated with optical sighting
range are the degree and height of cloud cover, an
the horizontal (meteorological) visibility. One can of-
ten have low cloud cover, but good low angle visibility.
Figure 3-12 shows these characteristics for a Finnish
airficld. Substantially lower horizontal visibility ranges
are experienced, for example. in West Germany, as
indicated in Figure 3-13.

Some worldwide averages on cloud cover” shown in
Figure 3-14 indicate that less than half the time can
one see blue sky siraight up, and also that on the
average the densest cloud layers center at about 5000 f't
aliitude.

Minimum requirements for an evaluation of defense
system effectiveness for a specified operational theater

3-18

would include joint probability density functions of
ceiling and meteorological visibility, and of duration
and amount of precipitation.

3.3 SENSORS

The principal current sensors for surveillance and
initial target detection are the human observer and
radar. The man can detect both visually and aurally.
Under conditions of limited visibility the man will
hear fast targets before he can see them, and even in
day, clear weather, he may be able to hear nap of the
earth flying helicopters long before he sights them.

Radar surveillance sets may have the future disad-
vantage of attracting radas-homing missiles. Increasing
usage of distributed acoustic sensors on the battlefield
may provide an alternate, or supplemental low cost
means of providing surveillance information for local
air defense.

Other ible sensors for surveillance which are not
examined in this section are infra-red and various light
intensification devices in the visual range. Although
these are used for tracking, no current system is known
which employs them for surveillance and initial detec-
tion.

3.3.1 Visual Detection

Among the factors that determine whether a human
observer can detect a target visually are the target
brightness, size, shape, color, range, background
brightness and color and the angle of incidence of the
sun’s rays on the target and the observer's eye.**

Intensive experimental studies carried on during
World War 1l indicated that in visual search for
aircraft color and shape had minor effects on probabil-
ity of seeing, compared with the other parameters, and
could be neglected for most practical purposes.

For detection at low light levels, target and back-
ground brightness must be considered rately, but
for daylight sighting these combine iu a single param-
eter describing the target contrast against its
bacxground.

There is sufficient information on the complete
process of target detection by the human eye to de-
velop rather detailed models, however, considering the
variety of tactical and environmental psrameters
which affect ‘Yrobability of sighting, some relatively
simple approximations are considered in this section.

Early and classical experiments by Craik indicate
that the threshold contrast above which a target can be
detected can be representod as
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(3.46)
a

where C, is contrast in percent, the numerical coeffi-
cients are given for foveal vision, @ is the angle of the
target off the center of the fovea (central part of the
retina) in degrees, and a is the angle subtended by the
target (represented as an equivalent circle) at the eye in
minutes. A similar expression with different coefficients
applies for other retinal regions.

This expression gives the minimum contrast as 2
function of angle-off of a target; to obtain the absolute
minimum contrast for an on-axis target, set@ = 0.8°.

For a target with contrast C,, detection is not certain
and C, is computed as the point at which probability of
detection is 57%. For other ratios C/C, the ‘glimpse’
probability of detection can be approximated as a
cumulative normal curve, so that the glimpse probabil-

iy g is

g = £(C/C,) (3.47)

The “intrinsic”" contrast of a target against its back-
ground is defined as

C, = (B,-By)/B, (3.48)

B, = intrinsic brightness of the target
B. = intrinsic brightness of the background
B, = brightness of the sky

There is sufficient information on target reflectance,
background reflectance and sky brightness of develop
expressions for C, explicitly in terms of sun angle,
target and observer position. However, for present
purposes, we use the following values for daylight
viewing,

C. = 30% if the target background is sky

C, = 20% if the target background is terrain

The presence of haze in the atmosphere between the
observer and the target seduces the apparent contrast

as seen by an observer and is customarily approxi-
mated as

3-19

C=Co ¢ ARV | whetep = 3.44-3912
(3.49)

where
R = range to the target

V. = meteorological range (loosely defined as the
maximum range at which large objects such
as mountains can be seen against the sky. The
lack of precision in the definition accounts
for the range in the coefficient)

The effect of increasing contrast and/or target sub-
tended angle is to increase the angle off the foveal axis
at which a target car be detected. This angle increases
very rapidly as target range decreases, once the target
has come within the maximum range of detectability.

The effect of rain can be expressed by using

v, * ka2 (3.50)
where a is the mean radius of the droplets and z is the
rate of rainfall in cm/sec. However, this expression is
pessimistic for very large drops as in a heavy thunder-
storm, which for the same rainfall rate may be less
opaque than a drizzle. Appropriate values for the
coefficient and range of applicability will be found in
Middleton.*®

The maximum range of sighting at the 50% proba-
bility level for the complete spectrum of target size,
contrast, meteorological range and background lumi-
nance, from clear high noon to overcast starlight by
night can be obtained when desired, from a set of
nomographs in Middleton.*

Cumuiative Detection Probability

The function of the principal interest in system
evaluation is the cumulative probability of target de-
tection over a number of glimpses, each of which may
be directed at a different part of she sky as the observer
searches for a target.

A common method of estimating cumulative detec-
tion probability versus search time is to assume that
the search process can be described as a sequence of
‘scans’ during each of which the probability of detect-
ing a target is independent of the probability o dctec-
tion in any other scan. The method can be extended to
processes in which successive glimpse probabilities are
;orre‘l‘aled. but the simplest formulation is appropriate

ere.

Definc

r) = single scan propw-..'s / of detecting a target at
fanger \ .

i




Table 111-5. A Sampis of Sensors and Weather Parameters That Degrade Performanc:

-
Sensor
Factor Causing Degradation LLLTV IR TVGuidance Laser Eye Radar
1. Prec.pitation b . . ¢ . d
- haze . . . . .
2. Visibility ((og . i . * .
mu L [ ] L] L 4 [
3_ Clo‘,d' [ L L L ] . L]
)
4. Humidity . . ~
$. Tempemature * . .
6. Wind .
1' l“ ® - * ] L
8. Turbulence .
9. Sunsngle . . . . .
20871-502

P(R) robability that the target has been detected

y range R

Assuming that successive scans are independent
PRy = 11 (1< p(r)

2 tog, [1- ) @3.:51)

Approximate the sum by an integral. If the scan rate is v,

v / Log, [1 - p (1} (d1/dr) dr

PR)ms1-¢ F (3.52)

plr,) may vary with target aspeci on s passing course,
and with other parameters. Fo.' the simplest case of 8
directly incoming target p(r) o only on 1, snd
dr/dt =V = target velocity. If p(r)<<1.0 the simpli-
fication Log,(1-p) = -p can be used, and this is often
acceptable in computing cumulative detection probabil-
ity even to very close ranges.
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A man searching for a target ‘scans’ by intermittant
eye movements, or jumps. Vision is not effective during
eye motion, and detection can take place only durin
each ‘fixation’ which may have a duration of from 0.
to 0.6 seconds. The search process is iftegular, as
compared with the search of a radar, for example.
There is experimental information on the probability
densitics of fix duration and angular motion between
fixes, but for present purposes we assume that there is
some mean fixstion rate which can be inferred from
sighting data.

For a given target size and contrast, there is some
threshold value of 0, which can be obtained from
Equation (3.46), and which defines the solid angle
within which a target may be detected with 57% prob-
ability in a single fixation. This solid angle mult,;lied
by the fixation rate and divided by the solid angle
scanned is closely proportional 4o the rate of target
detection p. Fos area scan, the grobabllity of detecting
a target at constant range would then be, as a function
of time

Pg=1- P (3.53)

Because of the inefficiency of the human scanning

rocess, this expression is good only for smali ¢, for

arge t the increase with time is less rapid than indi-
cated by the expression.
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Figure 3-12. Ceiling and Vigibility st Kriununkyls Airport (Autumn)

By a process equivalent to the well known ‘lethal
area’ computation, the probability density function for
glimpse probability for an off axis target can be re-
placed by a step function, such that within a'. angle 6,
8 target will always be detected, and outside 8, it will
not. If 8, is the threshold angle from Ecumion (3.46)
for specified contrast and target size, then

3-21

for line scan, 0, = k| 85; 2.16 <k1 K256

for avea scan, 8, = ky 8, ; 4.07 <kz <5.08

20871-602
where the smailer k values are the asymptotes for very
small target subtended angles, and the large values are
for very large targets.
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Then for line scan

P = kqb, 19, : 85 = angular sector scanned (3.54)
and for area scan

p= ksao 2/9 ; 1 s solid angle scanned (3.55)
Consider the expression

C = a8, /2 + b8,

where C is target contrast as seen by the observer at
some specified range. For small target size the expres-
sion is dominated by b%,. Hence, we can write

8, = (CD)
= (Cal/19)

- gr? oY (3.56)

The target detection rate then might be expected to
vary with range about as
-K4R/V
puKyR ¢ @57
where the exponent a depends on the amount to which
the observer scans vertically as well as horizontally (in
searching for low altitude targets he may approximate
line scan).

Even with unlimited meteorological visibility one
might expect a value in the e** term accounting for the
threshold detection probability density function.

The expression Equation (3.57) was propoused by
Glanzmann® with a = 2.0 and was developed from
theoretical considerations not available at the time of
writing the present report. He determined the coeffi-
cients experimentally and found that he could make an
excellent fit to cumulative probability of detection data,
also obtained experimentally.

The foregoing expressions are intended 1o give some
plaasibility to Equation (3.57), which will be compared
against experimental sighting data. With some addi-
tional expenditure of effort a more rigorous develop-
ment of an approximate {orm for r, including sighting
at low light levels is possible. Currently there appears
to be no intermediate set of expressions in the litera-
ture between the simplest expressions for sighting rate,
and the rather complex computer simulation modules.

Using Equation (3.57), the cumulative probability of
detecting a directly incoming target by range R is

® 2 KRV

-Kq/V -4 m
P(R;oo) = |- ¢ 3/ j; R e dR

- 1. cER:) (3.58)

Experimental Data

From sighting data®***** taken under conditions of
essentially unlimited visibility, the cumulative proba-
bility of target detection is available for four vajues of
search angle. These are also shown in AFAADS-I,
(page 4-68). Figure 3-15 shows -Log,(1-P) plotted
versus range on log-log paper. Approximate computa-
tions of the derivative with respect 10 R, which we
identify with the function

KRV
dE/dR = Ky/V RPe 4 M (3.59)
are shown in Figure 3-16.

Finally, plotting R? dE/dR versus R on semi-log

zper, we find that for the wide scan data this function
is proportional to ¢**, and for the limited scan data the
exponential relations hoids above about 3000 yards, as
shown in Figure 3-17.

The peak in the limited scan curve requires further
study. It is possible that it results from the plan of the
experiment, in which a 360° coverage was always
achieved by assigning sectors to multiple observers.
For example, there were four observers for 90° sector
assignments. It is possible that targets crossing a scan
boundary ‘fell between the chairs’ in academic terms,
and this would be most likely to happen at short
ranges.

In this experimental data meteorological visibility
was essentially unlimited, and so we identify the resid-
ual exponential with the variation of glimpse probabil-
ity with apparent target size, for constant target con-
trast. We then obtain the expressions

R,/

R, /4
45,90%scan, f(R)) = 90R;2 ¢ V"R, = R/1000

-R, /4
2 Ry

180-360° scan, f(Ry) » 3.5 R, (3.60)

For limited visibility, multiply f(R) by e344 RV

Generalized Approximation for Cumulative Detection
Probability

323
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Using the form
' f(R) = KRZ MR (3.61)
7P(R;°°) s |. c'F‘(R)

on
E(R) = K f R2 eMRgR = KR"[e"*R
R

+)R Ei(-)‘R)] (3.62)

where E;(-AR) is the exponential integral function.

For large AR,
ER) = eMR/aR?) [1 - 20R)”!
+6(A\R)2-.. ]

For smail AR,
E(R) = R} {1 + ARXC-1 +1og, AR)

-(\R)2/2+...)C = 0577
(3.63)

The function [e'x + X El(-X)] is plotted in Figure 3-18 as
g(AR).

Using the above relations, the original cumulative
sighting data under desert conditions of unlimited
visibility has been adjusted to lesser conditions of
meteorological visibility” and is shown in Figure 3-19.

The curves are based on the 45-90° scan data, ignor-
ing the maximum of Figure 3-17. Hence, they slightly
over-estimate the cumulative detection probability as
this probability approaches unity. However, they do
show a marked reduction in detection probability ver-
sus ran?e vnder atmospheric conditions less ideal than
those of the desert experiments.

Using hindsight, we note that the very simple ap-
proximation to g(R)

§(R) = 0.5 ¢<AR (3.64)

would be equally valid at long ranges, and would
reduce the amount of overestimation at short ranges.

Modification of Cumulative Detection Function for
Other Exposure Ranges and Targe! Speeds

In the experimental data represented by Figure 3-15,
the targets were initially exposed to an uno
geometric line of sight at very long, essentially infinite
range. We now indicate how this data can be adjusted
to represent initial target exposure at shorter ranges, as
may be obtained from the terrsin models of Section
3.1, This is a simple compuiation as a result of the

form of Equation (3.52). For the same reason the
adjustment for other target velocities is simple.

For a direct incoming course, where the target is first
exposed at range R,, define

P(R; R,) = the cumulative probability of detec-
tion by range R.

From Equation (3.52)

PRR,) = |- o HRR) (3.65)
where Re Re
E(RR,) = (v/V) p(r)dr = f(r) dr
oo f v s [
(3.66)
Define: Q(R;R') = l-P(R;Re) (3.67)

Now assume that we have data on cumulative detec-
tion probability on paths on which the target was
initially exposed at very long ranges, - essentially
infinite. It follows from the above expressions that

Q(R; >

368
AR, 368

QRR;) =

and so, from the single Q(R; «) curve we can obtain
the cumulative detection probability subsequent to any
initial exposure range. :

We should also expect that changes in target speed
will affect the cumulative detection probability as
QR:%) = [QR;ea} VIVD  (369)
where the data was taken a1 V, and it is desired to
convert it to a target speed V,.
The averaging over the probability density function

of exposure range is also simple, although it may have
to be done numerically. It is accomplished as follows.

Combination with Line of Sight Data

If f(R)) dR, is the probability that a target is first
exposed at 2 range R,, we may obtain the probability
that it will be detected by the ime it reaches a range R
as

PR) = 1-QR)
® ((R,MR,
- ). R' — ———
« °°’[R xR,

(3.70)
3.3.2 Redar Detection

A table of a few characteristics of current surveil-
lance radars for antisircraft gun fire control is con-
wsined in the Effectiveneis Model volume of this re-
port. X, 8, C and L band radars are all available. The
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Figure 3-15. Cumulstive Glimpse Rate versus Range

elevation beam pattern is typically cosecant from 20-
35° maximum, the scan rate is 45-60 rpm, the higher
value typifying the latest models and detection ranges
with 80% probability on a | m’ target are 15-20 km.
All of the radars listed in the table are of the coherent
pulse doppler type, with radial velocity bands of about
10:1 above about 30-50 km/sec.

For present purposes the important characteristic is
the maximum detection range, which, for an aircraft
target greatly exceeds the effective range of the gun.
Hence it seems reasonable to assume that, except in an
effective ECM environment, or very heavy rain, high
flying targets will be detected with ample time to
acquire them for tracking and firing, and very low
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Figure 3-18. Glimpse Rate versus Range

flying targets, first exposed at short ranges, will be
detected on the first scan, i.e., within one second.

The Mirador radar offers an automatic target alarm,
track while scan on multiple targets, and automatic
threat assessment. The surveillance-tracking radar set
on the Skyguard fire control system provides automatic
tracking radar put-on from surveillance radar detec-
tion. An estimate for the Swedish Ecstra system indi
cates 4 seconds from detection to development of
smooth tracking radar data.

Assuming proper functioning of the equipment,
therefore, one might estimate no more than 4 seconds
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Figure 3-17. Residusl Function in Glimpse Rate versus Range

from target exposure to tracker lock-on against the
more difficult short range targets.

For less sophisticated systems, the corresponding
delay times might be expected to d almost en-
tirely on the human actions required to detect a blip,
and transfer the dats to the tracking sensor. These
would depend on the system configuration and could
be considerably in excess of 4 seconds.

Doppler Blind Zones

The minimum radial velocity of current coherent
pulse doppler surveillance radars ranges from 30 m/s
(Domino) 1o 50 m/s (Oeil Noir). The rate of change of
target slant range is

3-26

dD/dt = -Vcos Q 3.1M)

and these radars have a blind zone about path mid-
point which is narrow for fast targets and wide for
slow targets. The blind zones for a 30 m/s minimum
window are sketched in Figure 3-20 for a 100 knot
target and a 400 knot target. The lower velocity Larget
might correspond to a helicopter, however a sepaiate
analysis would be required to estimate whether usefui
doppler signails might be extracted from the return
from the rotating blades regardiess of target velocity.

In addition to surveillance information the Oeil Noir
provides range information for fire control between
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1500 and 3800 meters, but beiween 500 and 1500
meters range is generated from ‘memory’.

3.3.3 Acoustic Detection

Experiments versus high speed bombers and fighters
in a desert environment indicate that the range of
acoustic detection is not greatly different from that of
visual detection under conditions of maximum visibil-
ity® Against slow flying aircraft such as helicopters
the range at which the aircraft can be heard may
greatly exceed that at which it can be seen. Figure 3-21
shows the comparative distances along the flight path
of helicopters over a variety of terrain types at Fort
OrJ, and Figure 3-22 shows the corresponding times.

3-27

A comprehensive set of experiments and analyses
based on operations in Southeast Asia confirm the
importance of aural detection of helicopters.” 5

Plans to use distributed acoustic sensors in large
numbers for general battlefield surveillance sugges: the
possibility of using these sensors as part of an carly
warning net against low flying aircraft of all types.

The resulis of the field experiments on acoustic
determination of direction of sound arrival by an
unaided human listener suggests the following possible
method of acoustic target acquisition.

It has been determined experimentally* that over the
range 2000 - 4500 meters, an observer can track the
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Figure 3-18. Cumulative Visual Detection Probability versus Target Range snd Meteoroiogical Visibility

sound of an aircraft (in these experiments a B-52) with
a standard deviation of about 1/2 of the acoustic lag
angle. This suggests that in attempting to a03uire a
target at night, or in limited visibility by a defense
system without a surveillance and acquisition sensor, it
may be possible to use the operator’s sensing of the
sound direction. It has also been determined that
auditory detection of low flying helicopters can be
accomplished at substantially greater ranges than vi-
sual detection even by day.

TARGET The acoustic lag angle is the largest part of the error
o FLIGHT in determining target position. It is suggested that it

DIRECTION may be possible to use the fire control system to correct
for acoustic lag. A method is as follows.

The acoustic lag angle is approximately
Ay = (V/V,}sin Q; V = target velocity

400 KNOT
TARGET

100 KNOT
TARGEY

V, = velocity of sound

Figure 3-20. Doppler Rader Blind Zones for 30 m/s

L = target angle of approach
AACAR (372)
The fire control system computes approximately
AT WDV w = target angular velocity

20071 119 Do = target slant range

VP = gverage projectile velocity
(3.7
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I a constant slant range D, is set in the fire control
system, the lead computed is

4 T(VVYsinQDy/D)  (3.79)

Suppose that it is desired to acquire the target at a
range D,. Then il

D; = D(Vp/Vy) ¥ 25D, (3.75)

and the sound source is tracked, when the :argei closes
to D, it should appear over the gun barrel. The mea-
sured standard deviation of error in tracking a sound
source was about 10° at 2800 meters whereas the
acoustic lag angle was about 40°.

A simple experiment with the Vulcan system would
quickly determine whether the above method of acous-
tic acquisition has any validity.

severe limitations of the human observer in identifying
an aircraft target as determined by experiment were
also noted.

The most useful method of identification with re-
spect to maximizing defense effectiveness is electro-
magnetic IFF, which has some limitations associated
with inter-Service confidence in mutual reliable usage
of the equipment and the sensings from it.

Passive methods of target identification, other than
the human eye appear to have some potential. Modern
data processing ailows much more information to be
extracted from the radar return than is utilized in
detecion and tracking. lt is possible that advanced
data processing of infra-red signals and laser returns
can also provide identification clues. The same may be
true of acoustic signals.

Whether any of these non-cooperative identification
techniques can be made to yield identification at a high

— & . &

i -4 TARGET 10ENTIFICATION P
: 3 ¢ i ‘ ] enough confidence level to allow shooting is unknown.
. The AFAADS-1 report contained a discussion of However the importance of identification to both the
- [ target identification by ‘doctrine’, i... non-conformity defense and to friendly air suggests non-cooperative
to friendly air corridors, overt hostile act, etc. The identification as a useful area for research.
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SECTION 4
TRACKING

This section extends the analysis of the tracking
function. A detailed model of radar glint is developed
and used as the basis for a simulation module. Only
limited analysis of the human operator is presented
here because it has not been possible to perform exten-
sive analysis of actual tracking data.

An extended analysis of the regeneration function
has been made and an improved simulation module
developed which allows the determination of the ef-
fects of interruption of tracking data from one or
more of the tracking sensors to be evaluated.

A simulation module to introduce the effects of flight
roughness has been developed, but has not been pro-
grammed under the present task effort.

Although time has not permitted the modeling of
infra-red or TV imaging tracking sensors, the radar
tracking module has been designed so that it is “be-
lieved that with minor changes, it can be used to
represent these sensors when performance data on
them becomes available.

4.1 RADAR

Errors of a tracking radar may be categorized and
estimated in a number of categories. The principal
error sources of a monopulse tracking radar at short
ranges are probably 1) those associated with ‘glint’,
2) those resulting from servo lags at higher angular
tracking derivatives, and 3) errors resulting from mul-
tipath returns at low elevations. In this section we
consider a simple model of errors resulting from
‘glint’, i.e., phase interactions among returns from
separate parts of the target, so that the apparent target
direction, measured from the phase front of the return
signal, may often lic off the target.

4.1.1 Radar Glint Analysis

The basis for this analysis is some recently published
data taken by Mensa' on two aircraft models in a
microwave anechoic chamber. The models were illumi-
nated with a CW signal, and the amplitude and phase
of returned signals were measured as the models were
slowly rotated. From the records the glint error angle
was computed and converted to linear displacement at
the target.

The report indicates that:

a. Thz probability density function of the glint
error could be adequately represented by a nor-
mal distribution.

b. The mean of the distribution varied with aspect,
but only 10 about 0.10 of the targel dimension.

c. The standard deviation varied slightly with as-

pect but was very close 10 1/2 the target dimen-
sion in each aspect.

Additional computations given in the reference,
show the result of processing the computed glint error
through a simulated sensor servo system (second order
with 0.707 damping ratio) in terms of the servo out-
put. Standard deviation of glint error after processing
by the servo was determined as averaged over 360°
target rotation, for a range of values of servo band-
width and constant angular velocity of target rotation.
Only rotation in azimuth at zero elevation angle was
studied.

For additional details, one may refe: 1o the refer-
enced report.

For the present analysis, the data cited above was
examined along the following lines:

a. The curves of servo error were cross-plotted to
show standard deviation against servo bandwidth
for constant ratio of servo bandwidth 10 target
angular velocity. Within the accuracy of curve
reading. the error resulting from glint measured
at the servo output depended only on the ratio of
bandwidth to target angular velocity. This is the
usual assumption, and is thus confirmed by the
experiment.

b. The functional relationship thus indicated, and
plotted in Figure 4-1, was used as a basis for
developing a simple glint model. The model is
described below.

It was assumed that the autocovariance of glint error
as a function of target azimuth angle could be written
as the sum of two exponentials

4 9/
R(@) = agzl)\] P01 ) e %03
@1

where

1

o, = variance of glint error befor. servo
processing.

00 8o, = ‘characteristic angle’ of each glint
component; these are roughly the
angular intervals across which two
samples may be considered
independent.
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Two components were chosen because initial compu-
tations indicated that a satisfactory representation
could not be obtained with a single component.

Note that for each component, the autocorrelation

016

¢ O 4.2)
has the Fourier transform, on the interval - @ < Koo
.1 :
(r)y* 6, dQ2
HQ) da = 2 > @3)
(1 +(8,)°]

If the airplane i3 rotating at a rate w,, the power
spectral density of the glint error in terms of angular
frequency is obtained by substituting the rate at which
the ‘static’ spectrum is being sampled, ie.,

w * w,fl 4.4)

The resulting power spectral density of the glint
error before servo processing is

dw/wo

W, ® w0
1 *(w/wo)zj ° °

Hw)dw = (082/1!) [

4.5)
and the cortesponding autocovariance is

] W, 88
R(s) = agz [x, ¢ “st01 +(1-2pe “a °2]
(4.6)
The A, 8, could have been computed from the basic
data if it were available; since it was not, it was

necessary to infer these values from the servo output
data which was given.

The servo transfer function used was

)
N+2%wTy+GwTy?

Ty ® Vwjpiwg = “half deer band width”

£2 = 050 @n

Combining Equations (4.5) and (4.7) and perform-
ing the integraiion over w, the result is obtained that
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2 + (wgyfwp)
2 [1 +2k(wp)/wg) * (wm/w,,)zl
2% + (wqy/w,)
(- )‘1) 02'*n .
2% {1 + 2% (wpp/wp) Hwga/wp)*)
4.8)

A few trial computations indicate that the two glint
components are widely separated in frequency, hence
Equation (4.8) can be fitted to the asymptotic slopes of
Figure 4-1 by fitting one component at low frequency
and the other at high frequency. After a bit of trial
and error, the following values for the glint parameters
were obtained, as shown in Table [V-1.

Since the parameters were determined by fitting the
two terms of Equation (4.8) separately at the two
asymptotes, the comparison of the data and computed
value at a mid range point above indicates a satisfac-
tory fit over thc whole range.

Note the large difference between the two 8, values.
For any given target angular velocity, the larger zom-
ponent has a wide bandwidih (8,,"). Hence it can be
more readily reduced by filtering. The smaller compo-

Table IV-1. Glint Parameters

Target
Parsmeter A B
N 0.71 0.80
(1Ap) 029 020
0 o
8y, 0093°  0.074
0
852 103 a7
ooy’ | 03 02 duta st Yo, = 0.5
s
©Joy? | 038 025  Computed from sbove
s parametets
20871-503A

4.3

nent (about 25% of the total variance) has & very
narrow bandwidth (8,,') and will be difficult to reduce
in a filier except at very high angular velocities of the
target.

4.1.1.1 Sosling

The parameters of Table [V-1 are for the model and
microwave frequency used in the referenced experi-
ment. To convert to other frequencies and target sizes,
the scaling relationship is

oA = 067 8, (A\A/LL) (4.9)
where
8. = ‘characteristic angle’ of glint for fuli scale
aircraft.
O = ‘characteristic angle’ of glint for model

(Table IV-1).
A, = wavelength in centimelers of radar.

L, = full scale aircraft dimension perpendicular
to sight line (for example, fuselage length
side on) in meteis.

Using the above relations, Figure 4-1 is replotted for
Target ‘B’ in Figure 4-2 for an S band and a K, band
tracking radar.

4.1.1.2 Angular Velocities of Airorstt

The airplzne changes aspect, as seen by the tracking
radar for two reasons,

a. Angular velocity caused by the changing position
of the aircraft relative to the tracking point.

b. Angular velocity of the aircraft about axes fixed
in the aircraft caused by maneuvers and air
turbulence.

A brief survey has been made of the angular veloci-
ties caused by air turbulence and normal flight wander
about a mean path**

Dunn and Howard® show some graphs of aircraft
yaw data for a fighter and a bomber attlempting to fly
a straight course in clear medium-turbulence aimo-
sphere, with the following rough indications.

Bomber: Maximum excursion (spread) 6°

in 17 sec
rms angular velocity 1.3°/sec

Fighter: Maximum excursion, (snread),

5° in three 20 sec traces

rms angular velocity 1.5 -
3.1°/sec

NOTE: For the three traces, rms angular veloc-
ity increased roughly as the max' mum spread in
angle.
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Figure 4-2. Efect of Redar Frequency on Glint Eiror at Servo Output as Function of Ratio of Target Angular
Velocity (*/sec) to Servo Bandwidth (rad/sec)

An NACA? report gives the power spectral density
of several hypothetical aircraft in yaw and roll, when
subjected to air turbulence, as a function of vatiance of
gust velocity, and for a mean length of turbulence of
1000 feet. From this data some rough computations
were made assuming pilot intervention to reduce devi-
ations below about 0.2 Hz. In addition a 3 f/s rms gust
velocity wus assumed. The results are given in Table
v-2.

These values would be reduced somewhat if the pilot
(human or robot) opereted with a wider bandwidth.
For example, for Aircraft B, even the human pilot
might be expected to work harder to minimize the
noted deviations, and he could widen his bandwidth

from the 0.2 Hz assumed to perhaps 0.8 for short
periods of time.

Comparing the angular velocities noted above

- against Figure 4-2, it will be observed that they are

4-4

high enough to produce a bandwidth of the larger
glint component which can be reduced somewhat by
the fltering of the tracking servo. The smalle: glint
component would be relatively unatienuated under the
same conditions.

Note that the above sn ular motions, having a
sinusoidal type of variatii'n (generally a spectrum
centered on the ‘dutch roll’ mode of the aircraft),
require a more complex model for exact representation
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Table IV-2. Estimated Angular Response of Aircrsft 10 Turbulence

Standard Deviations
Yaw Roll
Wing

NACA Weight Losding Velocity Altitude Angular Angular
Aiscraft (1bg) /0l /) () Angle Velocity Angle  Velocity

A 12.600 0 696 30,000 1.3° 1.6%/s 31°  5.5%

B 28,000 52 318 4,000 4.8° $.1% 62°  11.1%

c 125.000 87 100 35.000 1.1° 1.3%s 26°  46°n
20871-504

of the interaction with the radar and servos than we
have assumed. Only if the excursions arc large com-
ared with 8, is the model a fair approximation.
owever, in view of the limited glint data on hand, an
increase in model complexity does not seem appropri-
ate at this time.

A radar glint module for the simulation based on
the above analysis is given in the section of this report
devoted to simulation.

4.1.2 Eftect of Glint on Prediction Errors

As the radar frequency is increased, the glint band-
width increases, and so, although the glint variance is
assumed to remain constant, the variance of tracking
error after Eroceuing by a low-pass servo decreases as
shown in Figure 4-2. However, the increased high
frequency content of the noise can resull in increased

rediction error because of the differentiating process
in prediction. The increase, il any, depends on the
bandwidth of the velocity filter and the acceleration
filter, if acceleration prediction is employed.

Since the bandwidth of the differentiating filters will
normally be much smaller than that of the tracking
servos, the effect can be demonstrated without includ-
ing the servo transfer function.

To show the effect assume a simple prediction algo-
rithm including a velocity term, but not an acceleration
term. The tranafer function is

1 +3(t +nT)
W) = —E2 2 (4.10)

(1+ sTs)"

where

L = time of flight,

T, = filter time constant.

When n = 1, the filter does not attenuat~ high
frequency errors. For n = 2, the high frequency
attenuation is proportional t0 w?.

Consider a single glint component with characteris-
tic time T,. Then the variance of prediction error is
obtained from

B
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Both curves are asymptotic to 1.0 for narrow-band
noise. In this case the glint error varies so slowly that
there is essentially no velocity error, and what remains
is the position error, which because of its narrow band
is essentially unsmoothed.

“.11)

. . . . The n = 2 filter demonstrates a characteristic which
' Bvaluation of the integral yields is typical even of ‘optimum’ filters with constant mem-
g 2 ofry time, as can be determined by using the expres-
& n = 1;(00)% = _’.gl_ﬂ = TyfTyia = /T, sions from Blackman’ for optimum filters. instead of
i Pe 14y n 'p the n = 2 algorithm. The characteristic is that for a
& 4.12) given target angular velocity, and smoothing time,
' there is a ‘worst' radar frequency which develops a
- maximum prediction variance for constant input
ne 2;(°PI°8)2 fl%_ui)%)_ A=G ”‘”"2)/2 variance. P P
N (4.13) To take advantage of high frequency radar in the
simple model for glint developed here, one should
» ] o attempt to maintain T,/ T, small, which is equivalent 10
;-: These functions are plotted in Figure 4-3 for ¢/ setting
£ T, = .1.0. For a given target angular velocity, decreas- 414
ing the radar wavelength widens the glint spectrum, (T, (@L) > 0.1 for example ( )
f but the input variance which is determined by target It then a
: ‘ O F : oo e, ppears that the shorter the wavelength, the
¥ :::;:l::z"u:: :?;:‘?fe?‘;gge:::;;"?nzo’;'fe":'cl“”l‘ shorter the smoothing time can be for the same predic-
£ filter is unable 10 do more than limit the f th tion variance, and this is of course desirable for many
] growthof the  ;iher reasons.
i prediction error variance. The n = 2 flter, on the
" other hand works effectively against the wide noise The analysis of the above section was prompted by
i band, so that prediction variance for very wide band initial runs on the simulation, reported later, which
& noise of constant input variance approaches zero. indicated that the large apparent gains in tracking
? 0 Y T T -
H
b
| o} N
g * Ne10
f wyruy? 20} 1
N=20
4
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Figure 4-3. Effect of Glint Bandwidth on Prediction Variance for Two Simple Prediction-Filter Algorithms
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precision suggested by Figure 4-2 were not realized in
target kill probability, and the effect was not under-
stood until the interaction of the noise bandwidth with
the differentiation process was recalled.

-4.1.3 Simuistion Module for Rader Glint

Following the previous analysis, a glint module for
the radar tracking mode of the simulation has been
developed. The rationaie, which recapituiates the con-
clusions of the previous paragraphs, and the algo-
rithms are given below. Only angular glint has been
simulated in this version, since range error has a

-smaller effect on prediction error (via average projec-

tile velocity).

Based on the extremely limited glint data it is as-
sumed that glint error can be considered independently
in elevation and azimuth. More accurately, the ‘azi-
muth’ computation of error is developed as ‘lateral’
error across the line of sight.

In each coordinate there are two components of
glint. The larger may be thought of as associated with
phase interference of the signal, and it has a small
correlation angle. The smailer component may be con-
sidered as associated with the center of gravity of the
signal as it would appear in purely specular reflection.
It has a large correlation angle. For a given angular
velocity of the target relative to the line of sight, the
larger component has a wide bandwidth and the
smaller component has a small bandwidth.

Thus the angular velocity of the aircraft caused by
the combination of gust-induced angular velocity and
tracking angular velocity causes a rapid attenuation of
variance of tracking error associated with the larger
glint component, but only a slow attenuation of the
smalier component.

The total glint variance as angular velocity ap-
proaches zero is asymptotic to (L/2) where L = total
target extent in meters in the relevant coordinate. Since
L in azimuth and elevation depends on target aspect it
must be computed for each point and this is done by a
module described in Section 7 of this report.

The bandwidth of.each glint compenent is propor-
tional to

SILAN (4.15)

where 2 is the absolute value of angular velocity, and R is
the radar wavelength.

4.7

The expressions used for glint are the following

Larger Smaller
component(l) component(2)
Fraction of 0.70 030
Variance
841,2 Angular 0.001 (\/L)rad 0.10(A/Lyad
bandwidth
(radians)

where L is in meters, and A is in centimeters
20871603

To get glint bandwidth in radians/second compute

w) o $1/0 (rad/sec) 4.16)

where Q is the absolute angular velocity of the airplane in
radians per second and is the sum of the absolute value
of the angular velocity of tracking in each coordinate
and the absolute value of the angular velocity caused
by air turbulence

Q= gl + [y @.17)

{1y is taken as 0.03 rad/sec = {.72°/sec for all com-
putations. To convert azimuth rate to traverse rate

QT A ‘l(dAol dt)cose, | radians/second
(4.18)

Elevation rate is already at the sight line so

Q1. = |de,/dt| radians/second (4.19)

and so the bandwidths of the two glint components are

wya" (1000) S2(L/N) 5 (10) 2 (L)) rad/sec
4.1.3.1 Servo Approximation

The transfer function of the servo is approximated
as

(4.20)

|

HG) = ——t——
(1 +1T)2

(4.21)

for simplicity; this approximation is considered ade-
quate in view of the uncertainty in the glint charac-
teristics. In addition, T is taken as 1/B where B is the
servo bandwidth and is approximated as

B~2n (KSIZ.S)‘ 12 rad/sec where K, = md/lec2
(4.22)
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where K, is the acceieration lag constant, rad/sec’.

The result of processing one component of glint
error through the servo is the variance

14(M,/2)
(1 +M|)2

2 . 4.23)

02/Osl

where
M] - (IH/B

The two glint components are considered indepen-
dent and since the servo is linear, the variances add, to
result in

1+ (M,/2) 1+(My/2)
2= (/2% 0.7 M +0.3 —mz/‘i
(14 M) (1 +My)

(4.24)

This variance is computed at each sampling intervai
and is used to construct the tracking noise sequences.

4.1.3.2 Autncorrelation of Tracking Error

A separate section of this report shows how 1o
compute a noise sequence that will have the same
autocorrelation as sampling the continuous process
described above. The complexity of the computations is
considerably in excess of that justified by the knowl-
edge of the basic glint characteristics.

There are three time constants involved, correspond-
ing to the bandwidths of the two glint components and
the servo. Each of these appears in exponential form in
the complete expression and th2 simplifying approxi-
mation is adopted (which is asymptotically correct)
that the correlation across two adjacent sampling
roims is dominated by the time constant which is
argest at that point (i.., the smallest bandwidth). This
excludes w,, which is aiways 100 ;. The bandwidth
S(j) at j is therefore sclecied for each point as

8G) = min [B, wy! (4.25)

No attempt is made to correct for changes in the
parameters between sampling points and the tracking
error series is generated as a one-stage Markov process.

A further justification for this simplification is that
tracking noise goes into the smoothing filiers, which
induce their own correlations, of about 1/2 the
smoothing time. The effect of the above process is
therefore 10 provide tracking noise which is not white
(as in the real life case), has about the right correlation
across sample points, and is operated on by fiters
which reduce the imperfections in representation of

Crer R et ——— e ae e B L ..
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noise correlation to a subordinate role. At the same
time, for short smoothing times, the process prevents
the simulation from erroneously overemphasizing the
gain obtained from close sampling intervals: a gein
which is limited by serial correlation of noise.

The computation of the correlated sequences is then
performed according to

x(+1) = a(i+1) x() + b+ u+)
a(+l) = eSG*DA

bG+1) = oG+n 1 .e-28G+1)a) 112
(4.26)

where the S(j) and o(j) are computed for each point. If they

were independent of j, and constant the variance of the

gencrated sequence would, of couse be o?.

These sequences must be converted to mils since they
are in meters. For azimuth, the mil tracking error is

EA() = 1020 x,(i)/ [D() cos e(j)}mils
(4.27)
For elevation

Ee(j) = 1020 x,(3)/D(j) mils (4.28)

For errors in radians omit the multiplying factor of
6200/27 = 1020

If the simulation were to operate to very long
ranges, an additional noise term for ‘instrumental
error’ representing gear backlash, and similar mechan-
ical imperfections. This has been omitted since it
should be possible to hold this factor to less than 0.25
mils for a well designed radar and servo system, and so
its effect at short ranges would be submerged in the
other errors developed by the algorithms given. To
include it, it might be added to the correlated noise
sequence, possibly as white noise of constant angular
standard deviation.

4.1.4 Simulstion Studies of the Effect of Glint

A series of simulation runs was executed, using the
glint module described in Section 4.1.3. The foilowing
engagemen! parameters were used:

Weapon: 25-mm
Radar 0.50 t0 10.0 cm
wavelength:
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and are given elsewhere in this report.

in Figure 4-4.

Target vulnerability and dimensions were ‘standard’

Two prediction algorithms were used. One employed
position and velocity smoothing. The other employed
position and velocity smoothing, but each was updated
by an acceleration component so that on a curved path
the prediction vector would be tangential to present
position. This is ‘partial acceleration correction.’

The probatility of kill curves as a function of radar
wavelength were identical in shape for the three firing
rates, but of different probability levels, and are shown

Figure 4-5 shows burst kill probability versus radar
wavelength for three points on the flight path for the

Two tracking experiments are reported. In one set it
was shown that for two-axis tracking, tracking error
was reduced by about 40% for aided tracking over
simple rate tracking without a position element.

The second set showed that given the position ele-
ment of tracking, the addition of as many as four
integrators in series was helpful when the input has
principally low frequency rather than high frequency
content, and that the integration ‘aid’ became inferior
only when most of the input had frequency component
so high, that both position and assisted tracking per-
formed poorly.

The general conclusion is that operator tracking for
AA must have a position element in the tracking loop.

: Target 300 meters/second analyze sets of tracking data taken with human opera- :
L velocity: tors in the process of tracking real aircraft. However, 3
H the data was not available in the extent anticipated, *
' é; hence this analysis is more limited in scope. :
X Target path: straight fly-by at 300 meters al- i
5 titude and 600 meters crossing 4.2.1 Desirable Control Dynamics S
: . - range . Additional experimental data was located on labora- !
Probability of killing the target with a one-second  (ory experiments of human trackings with a variety of :
- burst was computed at points on the flight path 300,  control dynamics. These experiments are summarized .
H 600 and 900 meters before path midpoint. Three rates  below. The findings support the conclusions and rec- ¥
£ of fire were used, resulting in 16, 32, and 64 rounds ommendations of the AFAADS-I report. 3
£ per burst, respectively.

Given this element, the low frequency integration

uniform improvement in kill probability as wavelength involved in the regenerative process will not degrade
is decreased, but it is small. Figure 4-6 shows the same the operator’s high frequency response, and will im-
information for the filter with partial acceleration Efo"e overall performance by unburdening him of the
correction. The probabilities are lower, because of the high and mid range frequency contents of the tracking
increased noise amplification, and at the longer ranges Input spectrum.

where the velocity and acceleration components are . s ) .
multiplied by larger times of flight, the cuPrSes show a af;"f&ﬂ:igz "I;ost’ compared ‘rate’ tracking with
‘worst’ wavelength. nop :

position and velocity smoothing algorithm. There is a

BRI T T O A i LA

4.1.5 Conclusions For rate tracking the control function is

N B L

The number of parametric variations in the simula-
tion runs are too few to draw detailed conclusions. In 0,/6;
particular, as shown in Figure 4-4, with 3 mils angular
round to round dispersion, there is not much room for
additional improvement by reducing tracking error.
The ‘zero tracking error’ asymptotes shown in Figure

= K/s (4.29)

The “Optimum" function used was

: 4-4 were hand computed for the assumed target, and 3 (T, 3+1)2
mils dispersion. 6,06, = (K/s) ———— (4.30)
The analysis indicates the importance of smoothing Tyl

time, and the interactions among smoothing time,
prediction mode, and the tracking noise autocovari-
ance. These interrelationships and their effect on burst
kill probability can, of course, be examined by means
of the simulation, at the expense of additional runs.

4.2 HUMAN OPERATOR

In the AFAADS-I Report, an extensive survey of the
literature on human performance in the tracking func-
tion was made. It was hoped in the present contract to

and the Bode plots are shown in Figures 4-7 and 4-8.

QRS M AT R AN . e > S M

For a single axis control against a mix of sinc waves,
the two control laws yielded the same tracking error
averages.

It was suggested that this may have been too simple
a task for the operator. he was then given two axis
tracking of a CRT spot displaced by sine wave mixes
in both coordinates.

4-9
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Figure 4-4. Effect of Radar Wavelength and Number of Rounds Fired on One-Second Burst Kill Probability
from Simulstion Position and Velocity Smoothing Only

The ‘optimum’ control function then yielded about
0.60 the mean absolute errors in each coordinate com-
pared with that obtained with the rate laws.

Observing the Bode plots it can be seen that the
principal characteristic of the ‘optimum function' is
that it eliminates the 90° phase lag of the integrator at
frequencies above 2 Hz, and the phase lag improve-
ment begins at about 0.20 Hz. In fact, the Bode plots
are about the same as those of simple aided (rate +
position) tracking with a time constant of about 0.13
sec.

The function designated as ‘optimum’ was developed
on a theoretical basis from a survey of earlier tracking

4-10

data with a varicty of transfer functions; it was not
determined ¢o be optimum in the reported experiments
(by possibly varying KT, and T, for example), but it
was significantly superior to rate tracking.

The conclusion is that the important element of this
experiment was that the addition of the position com-
ponent to rate tracking in » difficult two-axis tracking
task provided significant reduction of tracking error in
both coordinates.

Experiments by Chernikoff et aP compared with the
control function
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80, = (17/40°) [0S s + 0453+ 20572

.
+40s *10] (431)

with

8,08, = (1°/40°)

and showed that the former law was superior against
mixes of sine waves until the average input frequency
approached about 1/2 Hz. For lower frequencies the
more complex law was preferable, for higher frequen-
cies both were bad, but the simple position law was
slightly better.

The complex control law has two real and two
complex roots. The shortest time constant present is
about (3.45)' sec, the other real root corresponds to
about 0.34' sec, and the complex roots huve frequen-
cies which are low compared with the man’s
bandwidth.

It thus appears that the system should appear to the
man as simple aided tracking with a 0.3 second time
constant, the increasing gain at the low frequencies
tending to unburden him beneficially when the input
has most of its content at low frequencies.

System gain versus frequency and error performance
for the two modes are shown in Figures 4-9 and 4-10.

The general conclusion is that the low frequency
characteristics of the control atfect the operator’s
workioad, but not his accuracy, as long as the position
col;\;;{onent is present at the high frequencies: above
1/2 Hz.

In summary:

a. In wwo-axis tracking the position component in
the tracking control is necessary for high accu-
racy.

b. Given the position component and a stable set of
control dynamics, phase lags at low frequencies
do not degrade the operator’s performance and if
the lags are associated with climination of some
of the operator’s loading, the overall effect will
be beneficial.

The conclusions for regenerative tracking design are
as follows:

a. Provide a position component.

b. Above about 1.0 rad/second the control should
behave like rate pius position aided tracking.

c. Below 1.0 rad/sec there is considerable freedom
in system design in introducing the regenerated
aid.

The subject experiments were not run against inputs

simulating antiaircraft tracking. However, once the

4-11

medium and high frequencies of the AA problem have
been subtracted out by regeneration, the residue to be
handled by the operator may not be unrealistically
different from the inputs in the referenced experi-
ments.

4.2.2 Approximste Estimation of Human Bend-
width from Limited Tracking Dats

A proper analysis of human error in tracking air-
craft targets would require a large batch of tracking
data showing error versus time, with concomitant
records of relevant paramcters such as target speed,
heading, range, and the trackings angles and deriva-
tives all as a function of time. From these one might
hope to develop a useful ‘model’ of the human opera-
tor which could be used in simulations and analysis.

Uniless taken with the above objective in mind, most
tracking error summaries tend to list only mean track-
ing error (bias) on each path and the standard devia-
tion about the mean.

An interesting question is whether from sach ab-
stracted summaries estimates can be made of the oper-
ator bandwidth, or equivalently the approximate corre-
lation time of the error. The following paragraphs
indicate that inferences of this type can sometimes be
made.

For very short records the standard deviation about
the mean will probably be small, and the mean itself
will vary widely across records. For very long records
it is conceivable that the mean will tend to be smali,
with most of the error falling into the standard
deviation.

Using Tapper’s method, as described in AFAADS-|
we can make estimates about the noise bandwidth.

Two very limited sets of early Vulcan tracking data
are at hand. For one set the method does not work.
For the other it dees, and gives reasonable results. The
latier set is described below.

Readers with accurate computations of the same
paramcters may find it interesting to compare them
with these very sketchy estimates.

Some limited tracking data taken early in the Vulcan
program on the XM-167 mount gives measurements of
mean error and standard deviation about the mean for
a small number of courses. Dividing these into even
smaller sets according to length of tracking tirie, the
variances of the mean within each subset and the
average variance was computed for azimuih and
elevation.

In AFAADS-1 (p. 5-61) it was indicated that if
correlated noise is put through an averaging filter with
the same characteristics as the above data reduction
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Figure 4-6. Effect of Radar Wavelength o0 One-Second Burst Kill Probability from Simulstion Position and

Velocity Smoothing Only ‘
process, the variance of the mean across many samples X108 x)lxz . e.,‘21 12 (4.33) l
will be .
Assume that the noise power spectral density i of
© [l ) the form !
2. falalt luw?) dw 2 K l :
[ -
" L ‘.- (WTm) W) T TR ,
(4.32) ‘ ':
2 ;
- ke‘(“’Tn ). where k is a normalizing ‘
where Tn is the measurement interval, and @ is the  ngant (4.34) t
er spectral density of the noise. o’ is the variance ' ;
of the mean.
Approximale the bracketed lerm a8 The exponential approximations 8ré considered ade- B
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Figure 4-6. Effect of Radar Wavelength on One-Second Burst Kill Probability from Simulation Filter with
Partial Acceleration Correction

quate in view of the limited data 1o which they will be
applied. There is no problem (but more algebra) in
evaluating the integrals exactly.

Performing the integration, and applying the appro-
priate value of k,

) T2 |12
ol = |1t —
Om'o 121,

(4.35)

where o2 is the variance of error about the mean.
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Figure 4-11 shows o’ + &’ as a function of record
length for the small sample of records available, and
Figure 4-12 shows the ratio o'/(oa’ + a,7) vs. record
length. As hoped, the variance about the mean as a
fraction of the summed variance increases uniformly
as record length increases. for both :he azimuth and
elevation coordinates.

The curves of Figure 4-12 are consistent with Equa-
tion (4.35), and the corresponding value of T, is

T, = 0.75 seconds

This is not unreasonable for a human operator
employing a rate control. The corresponding band-
width is about 0.2 Hz, and this is also reasonable, since
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a human operator rarely performs with an equivalent
bandwidth exceeding 1.0 Hz under optimum condi-
tions with a position control and an ‘casy’ target.

The tracking records analyzed can then be simply
represented as an exponentially correlated process with
characteristic time 0.75 seconds and standard deviation
of about 4.5 mils.

4.2.2.1 Conversion to Prediction Error
The data was taken on the Vulcan mount using a

lead computing sight. The transfer function of the
sight is approximately

208711304
oy
() l+sa tp

where s = d/dt, t, = time of flighy, and 2 = a
constant (here taken as 0.20).

The variance of tracking error, and probably T, as
well will vary with the target path paramecters. If we
assume, however, that the derived parameters of track-
ing error can be used as average values, we can com-
pute the autocovariance of prediction error resulting
from tracking error. Without reproducing the algebra,
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we find that the autocovariance consists of the sum of
\wo terms, each multiplied by a simple exponential
conuaining the lag interval. The characteristic times of
the two exponentials are T,, and ay,. Out to about 3.5
seconds time of flight T, will dominate the autocorrela-
tion, hence we would expect the prediction error to be
significantly correlated 1n time over about 0.75 sec-
onds, and hence significant in computing | second
burst kill probabilities.

The corresponding standard deviation of prediction
error as a function of time of flight is shown in Figure
4-13.

It should be emphasized that the above computations
are not an assessment of the Vulcan sysiem because of
the limited data employed. The purpose is simply to
show a method of estimating bandwidth of the human
operator.

4.2.3 Humean Operator Simuistion in the
Tracking Function

This section examines the considerations in provid-
ing a more explicit representation of the hur an opera-
tor transfer function 1n the Litton simulation, with the
object of eventually replacing the module now used for
this function, as described in AFAADS-I.

Only the question of sampling rate is addressed. It is
assumed that analysis of real tracking data would yield

a representation generally similar to that customarily
used, and described in AFAADS-I, although such anal-
ysis might, for example, indicate that some of the
human parameters should be a function of the target
path parameters.

In the present paper the compatibility of a 0.10 or
0.20 sec. sampling interval with the explicit representa-
tion of a human operator having a transfer function
(K/s) e’ is examined. It is generally agreed that the
man sets his value of K close to the stability bound of
the control loop, and this maximum is limited by the
constant delay Ts which is about 0.20 sec. 1t is con-
cluded that a 0.10 sec sampling interval will provide
an adequate representation of the man’s operation in
his loop.

Consider a servo with transfer function Y(s).

Ervor/input is given by (s = d/dt)

e(3)/x(s) = 1/ (1 +Y(s)] (4.37)
Output/input is given by
y(3)/x(s) = Y(s)/ [ +Y(s)] (4.38)

Next introduce a transfer function Y(s) correspond-
ing to a man operating a rate control
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Y(s) = (K/s) e0-208 =(|</s)eﬂm (4.39)

whe-e we have included the 0.20 second constant lag
of the man.

Approximate the system for digital representation as
suggested by Blackman’ using the Pade’ approximation
for

q=etd

Q=(1-68/2) /[ +(4/2))

whence

s = (2/8)(19)/(1+q) (4.40)

and A is the sampling interval.

Iu the following, we compare a differential equation
approximation such as might be used in an analog
simulation againss a difference equation which would
be used in a digital simulation. Ia the former case the
constant delay time is approximated by the Pade’
algorithm, in the latter case the integration operation.

The differential equation approximating the continu-
ous solution is

20871134

y{(sz’TTmIZ)'F s[T-(Tm/2)] +'l'- x [1-8(T,/2))

(4.41)
where T = 1/K

The response to a step can be (1) unstable in the
form of increasing oscillations, (2) stable in the form
of damped oscillations, (3) stable aperiodic (critically
damped), (4) stable, underdamped.

From the differential equation, stability requires that
T > Ta/2, ie., that the man use a gain no larger than
K = 2/T.. The damping ratio of his response is

t2 = (118) ((2T/T )2 1) 4.42)

from which
for stability 2T/Ty >1.0

bui for aperiodic response  2T/Tp, = 3.0

We check these criteria against the discrete model.

Letting T, be a multiplev of 4, 50 that¢*™ = g,
we obtain for the difference equatiot. withv = T./A.

=0
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yO -yt D +ry(t-v) +ry(t-v- D=ax(t-v) +mxit-v-1)
(4.43)

The form of the response is defined by the location
of the roots of

+]

Y v =0 (4.49)

and for stability they must lie within the unit circle z
= |0

This clearly fails if r = 0. and so. as we would
expect, such wide sampling is unacceptable. If we
sample at¥ = 1.0 and consider the effect of variations
in T via r, the root locations are

215 = (02 4Q0%a-012 g4

Consider the values of the roots. They are equal
when the term under the radical is zero (aperiodic
response) for which

r = 0.41; 2T/a = 2.45 which may be compared
with 3.0 for the continuous case.

The radial location, when they are compliex is
|Z| 2 Ld ZI 22 270

If iz%l = 1,1t = 1.00; and since we worked this case for
Ty = A 2TT,, = 1.00 which may be compared with

1.0 for the continuous case.

If welet v = 2, we have

z3 ~12 +2z+1r 30 (4.46)

The system, when it becomes unstable with the
allowable values of r will have one real and (wo
complex conjugate roots. Call these z,, 2. z;. ' We know
that

-(Zl *22*23) s .|
Zl22+2113 *2213 -r
tllzl3 s -7
20871-604

from the z equation, using the well known relations for
coefficients in terms of roots.

If the two complex ronts lie on the unit circle, their
product is unity, i.e.,

4-19

22y = 1.0

This is sufficient information 10 solve the three root
equations for r and this is found to be

r2+2r~l = 0;r = 0414

2T 1
—_—= — = ]2 @47
T, ™

Since 1.22 is somewhat larger than the ;00 of the
approximate analog solution, we now solve for the
stability point exactly. The requirement is that phase
margin of Y(s) over 7 bLe positive when Yl = 1.0.
First determine the frequency at which (Yl = 1.0

Y = (or)-l 1@ Tm

12 = (WT)2 (4.48)

setting this equal to 1.0, the gain crossover occurs at

we =T (4.49)
Expanding
Y= (wT)'] f-jcos WT, -sin me]
(4.50)
from which the phase is easily seen to be
¢=(n)-wT, a.51)

the 90° phase lag comes from the integration, the next
term results from the constant delay. Setting ¢' = -,

wch = /2

T/Tm = 2in
2T/Tn = 4/ = 127
20871-605

which may be compared with 1.22 for the discrete simu-
lation. This is rather good; in fact it is better than sinu-
lating this Y by the analog approximation given earlier.

4.2.3.7 Conclusion
If the transfer function of the servo loop is
ST
Kf)e ™ (4.52)
and T, = 0.20 sec; an excellent digital simulation can

be obtained with sampling interval 0.10 sec. This is
consistent with the sampling intervals used in current
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simulation operation, and suggests that even when
better representations of the human operator are avail-
able, they can be explicitly included at 0.10 second
sampling. In an extended simulation of the human
operator, Paskin'® used a sample interval of 0.10 sec-
ond, ‘to provide power spectral density plots up to 10
rad/sec. All data of interest in manual control tasks
fall weil below this value.’

4.2.4 Range Estimation by the Human Operstor

The simplest form of computing sight is the ‘course
and speed’ sight. which requires only estimates of
target path and speed to generate leads. This sight can
have a range input. but range errors affect the solution
only through average shell velocity and superelevation,
and these minor errors are lost in the primary errors
resulting from errors in setting course and speed. This
point is mentioned here because of a prevalent belief
that course and speed sights require range input.

The simplest form of complicated computing sight is
the ‘rate x time’ sight, of which the well known dis-
turbed reticle lead computing sight is typical. A small
package containing one or more gyroscopes measures
angular velocities obtained by the tracking process, and
these can be multiplied by time of flight develo
from range information to give the lead angles. How
good the computation is depends on how well the
design accounts for secondary corrections resulting
from the higher derivatives.

The fact that something is being dynamically com-
puted, however, makes the rate x time sight attractive
10 many people ever. when continuous measurements
of range are not available. The British Falcon system
uses a rate x time solution with estimated range. A
concept is to set rauge short in one or more steps and
allow the target to ‘fly through’ the range bracket
during which time the lead is briefly correct. Some
simulation runs of this concept are provided later in
this report,

Range estimation of aircraft targets by the unaided
eye is difficult to theorize about because it is not clear
what cues are available to the man. The most recent set
of experiments on range estimation suggest that
against Jow altitude targets the observer obtains useful
clues from his sensing of target position relative to
terrain features to which he knows the range.

In these experiments the target aircraft were low
flying bombers and fighters > ¥

Roughly speaking, although there tended to be sig-
nificant biases in range estimation in these experiments
(substantial underéstimation of the range on directly
incoming targets), the standard deviations about the
mean were somewhat larger than the means. Jets were
estimated to be closer than they were and helicopters to
be at a greater than actual range. The mean absolute
error in range estimation tended to vary with distance

of the aircraft along its flight path from midpoint
rather than with range and was about 20% of this
distance, hence a somewhat smaller percentage of
range, on the average, perhaps about 15%. Figure 4-14
is a skewch of the experimental data which suggests
more validity than the small sample justifies, but does
illustrate the magnitudes involved.

A reasonable conclusion may be that one can use
siep-range estimation with a rate by time sight as a
back-up mode but the numter of fly-throughs that one
can safely assume per attack is small, and the system
effectiveness will depend on ths number of rounds
fired during the brief interval that lead is approxi-
mately correct at each fly-through.

Whether this is a preferable operational solution
compared with the far simpler course and speed sight
is unlikely to be settled by experiment or analysis, but
the availability of simple low cost laser range finders
should relegate range estimation to a strictly back-up
mode.

4.3 REGENERATIVE ASS8ISTANCE TO
TRACKING

As target speeds increase the high angular velocities
and accelerations required of the tracking unit at short
ranges create moderate problems for an automatic
tracking system, and severe problems for a human
operator who has, at best, only about a | Hz band-
width in the tracking function. Even in the case of
automatic radar tracking, it is in this region that the
glint spectrum is widest so that one would like a
narrow servo bandwidth to attenuate the glint error,
yet a narrow bandwidth with a conventional servo
design creates the even more undesirable penalty of
angular lags.

These problems are, in a sense, an artifact of the
tracking algorithms and as has been known for a long
time, one can take advantage of the fact that the target
velocity in inertial space changes at a relatively low
rate, to generate the required tracking data from past
measurements. The process is designated ‘regenerative
tracking’. It has long been used in Naval fire control,

. was employed in the Vigilante fire control system, and
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is apparcntly used in the Oerlikon Fledermaus and
Skyguard fire control systems.

The concept is based cn the getermination of ‘course
invariants’ which are computed from initial tracking
data, uscd 10 generate tracking rates, with the whole
rrooeu looped 3o that it functions continuously. Vigi-
ante used algorithms working in polar coordinates;
Fledermaus aJaParently uses algorithms based on rec-
tangular coordinates.
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Figure 4-14. Footprint of Mean Absolute Range Estimation Error (meters)

4.3.1 Design Objectives human response dynamics. The complete sys-
tem should feel like good ‘aided tracking’.
The regeneration module of the fire control system is
intended to peiform the following functions: (3) Not preempt the tracking function from the
man when the target is accelerating.
a. Human Operator Assistance
b. Automatic Tracking Assistance. Provide a means

(1) Generate the principal portion of the time for reducing servo lags in th: high tracking f
varying components of angular tracking de- derivative regions without the necessity for wid-
rivatives and drive the unit correspondingly, ening the effective servo bandwidth.
leaving only minor corrections for the human
operator. c. Tracking Exitrapolation Through Sensor Inter-
rupts. Drive the sensors and provide extrapolated
(2) Respond 1o tracking corrections made by the tracking data in all three coordinates during
human operator with dynamics compatible to intervals of target obscuration, ECM interference
4-21




with sensor operation, doppler radar blind zones,
and other causes of intermittent sensor inputs.

d. Fail Safe. If the regenerative element fails the
system should retain the tracking capability. The
human operator’s control should degrade 1o no
worse than normal aided tracking.

Rapid setlling of the regenerative loop is desirable
after initial target acquisition, on the other hand to be
useful the module must attenuate the tracking errors in
cstimating the course invariants. How well these invar-
iants are separated from normal tracking noise deter-
mines both the system effectiveness in continuous oper-
ation, and the rate of error divergence during intervals
of sensor interruption. Hence there is a compromise to
be found between smoothing time and noise reduction,
as in the case of the conventional prediction algo-
rithms.

4.3.2 Preliminsry Anslysis

A generic schematic is shown in Figure 4-15. All of
the variables (x,y....) are vectors and the transfer func-

tions ar sed by matrices. The following notation
is used:
x =~ arget coordinate vector
y = coordinatz vector of the point defined
by tracker output
¢ = errof in target position as defined by
tracker output
e= x-y
2, = drive input signal generated from the
tracking error
z; = drive input signal generated by the
regeneration unit
™= 2
+ Z = 10wl input signal io the drive servo-
mechanism expressed as the desired
velocity vector
z, = actual velocity vector generated
e, = drive error
& = -4
2z, = dy/dt
z o= Ys)e
Yi(s.t) = tranafer function of the drive servo. It
may vary with time if, for example,
the loop gain is made a function of
slant range or some other parameter.
Y.(st) = transfer function of the regenerative

unit. It will vary with time because of
the changing geometry and other
causes.
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Then

zl'Ye

2y = Yry

y = Ygeq (4.53)

In the diagram the dashed line indicates how, in the
ingenious Vigilante design, the position component of
the operator’s correction is applied disectly to the sight,
without intervening servomechanisms. In the case of
Vigilante

Yo = ¢ *+cyfs (4.54)

When there is a human operator in the system we
divide the error processor into two parts: the first
represents the perception of error by the man and his
consequent movement of his control; the second repre-
sents the generation of the command signal to the
drive controller as a function of control movement.
Then

operator response as applied at the control
transfer function of the operator

Ye

transfer function of the control

u = Ym

If the man and his control are both represented as a
unit

Y.=Y

A RANBARRE (4.55)

Note that if the target is manecuvering, flying a
course not conforming to the regenerated ra.es, the
difference between target velocity and regenerated ve-
locity (integrated) is e, and this must be provided by
the man. Hence he responds in this case to e/x.

From the diagram and the preceding definitions, the
response of the drive servo alone is
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y=eY

(z-s) Y,

ylz = Y/ (1+5Y)) (4.56)

and for a very tight servo, in this formulation, (i.e., Y is
very large)

ylz = 1fs “4.5N

and the drive operates as a simple integrator on its
input signal.

Considering the system as a whole, we are interested
in
y/x = system output/input
¢/x = system error/input

y/m = system output/control input or: system dy-
namics as they appear to a human operator il
there is one.

7,/sx = generated rates/true target rates: This is a
measure of how rapidly the solution will de-
grade if the target is lost.

These quantities are summarized in Table [V-3.

It is assumed that the regenerative module serves
iwo purposes: 1) to provide regenerated rates, from
which, with a ‘tight’ servo, regenerated position is
obuained by integration, and 2) to provide ‘feed
forward’ signals to the servo which compensate for at
least the velocity and acceleration lags of a servo
system for which these quantities are of significant
magnitude.

To determine the lag correcting components, the
expression for e/x is expanded as a series in s, using
the best estimate of the servo transfer function. Y,(s) is
then designed to make e/x = 0 to terms in &. This is
a small correction, and is not likely to cause stability
problems, but the usual stability tests can be applied to
the system, with adjustment of the high frequency
response of Y, and Y, il necessary, to obtain satisfac-
tory stability.

As described above, the complete sysiem is non-
linear, because of the time varying coordinate transfor-
mations. A preliminary analysis of the transient per-
formance. which depends on the high frequency por-
tion of the transfer functions, can be made along the
following lines.
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Consider the operations shown in the regeneration
block of Figure 4-16. y and z are vectors. Let v = the
vector of invariants on which the smoothing operation
is to be performed, and let R be the matrix describing
the coordinate transformation from y to v. Then

v(t) = R(t) (1) (4.58)
TS
= [ oW ds: (4.59)
0

W(s) is the weighting function of the filter, and ‘l‘s is the
smoothing interval

1) = RO W) (4.60)

Hence

~

Tl
2 = Ry f R(La)y(t-9)W(s)ds  (4.61)
0
If we expand

R(t-s) = R(1) - sdR(t)/ds + -~ (4.62)
and we assume that R(t), which contains the trigonometric

conversions, is changing slowly, then to a first approximation

T
«t) = j * y(ts)W(s) ds - - (4.63)
(+]

and we can consider the regeneration function as if it
were performed in each coordinate represented in z, y
separately.

We consider two cases 1) automatic tracking,
2) manual tracking.

In the case of automatic tracking, the servo band-
width will normally be much wider than the band-
width of the filters in the regenerative module. Ther. in
continuous system operation, the transient response of
y/x will be essentially that of the servo. The regener-
ated rates will display transient response dete:mined
almost entirely by the filter smoothing time. The servo
and regenerative module components can be designed
separately with only a minimum interface in the lag
correction function.

The best filters for the regenerative unit will have
similar requirements to those of the prediction module,
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Figure 4-15. Generic Flow Diagram of Regenerative and Tracking Elements

and in fact there seems to be no reason why the same
filters should not be used.

In the case of manual tracking, first consider the
‘fail-safe’ mode in which there is no regenerative aid.
If the servo operates as an ideal integrator, we must
specify

Ye(8) = cos t ¢ (4.64)
if the operator is to have ‘rate-aided tracking’. The
ratio c,/¢, has the dimensions of time and should be in
the range 0.20 to 1.0 second.

- If the drive servo has a significant lag, it is best to
by-pass the servo to apply the position component to
the sight, as was done i1n Vigilante, and 10 provide a
phase advance signal to ‘quicken’ the velocity response
of the servo.

Next consider the more general case with servo la
and the regenerative unit operating. From Table IV-
the transfer function defining the dynamic relationship
between the man’s movement of the control, and the
response he observes in his sight is

Y,Yc

y/m = TEATEA Yoy (4.65)
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Referring to Section 4.2.1 we require that above 1
Hz the amplitude ratio be essentiaily constant, with a
phase lag no more than 45° at | Hz decreasing to less
than 10° at 2 Hz. In the region 0.10 to 1.0 Hz the
control should have a ‘rate’ characteristic, i.e., the
amplitude ratio should decrease with frequency as -2,
and the phase lag should not exceed 90°. Below 0.10
Hz the Y. network should be designed to ensure non-
oscilla:ory response to a step function movement of the
control.

A rypical form for Y, in an analog system could be
Blackman'’s velocity filter

1+4T,/2) +$XT 210)

Y(s) (4.66)

Y, is the servo transfer function, and can be used in
complete form when a known servo is to be used. If
the servo loop has negligible lag, Y, = 1/s.

For large s it is desired that

yim = ¢, +(c,/s) (4.67)

where & and ¢, are chosen 10 match the ‘ideal’ func-
tions described above. Then Equation 4.15 can be
solved for Y. as a series in s' 10 obuain the required
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Table IV-3. Summary of Transfer Functions

response. a. Make a preliminary control design according to
the above ground rules, and ve:ify its operation
on the simulation, using the simplest operator
Some preliminary analyses indicate that a suitable model, i.e., Ke*™/s.
form for Y. is simply A + B/s, in sequence with a
lead-lag network to compensate for serve lag if neces-

Lk TR Ve bt Brviicrsn

sary. The effective value of the integral term B/s is b. Construct a breadboard of the tracking unit
reduced by a term of opposite sign from Y,, and so B which can be operated by a human tracker, and
would be chosen larger than if the regenerative module perform a final verification of ease of control and
were not in the sysiem. satisfactory tracking accuracy.

Mk

! . Expfession =

N

Function Generalized Drive Servo “Tight” Drive Servo 2

' Y, Y, Y, :
System output/input y/x :

- Lo Yo [s+Y Y ] $*Y - Y, §
: 2
l 1+Y, (sY)) - Y, ’é
System errot/input e/x v -

1+Y, [s+Y Y] s+Y,-Y, 2

) £

Yy, Y. $ 4

System output/control — “

: ' input y/m 1+ Y (Y s- Y, :
i YYY Y, Y .
N Regencrated rates/target L1 e &
¥ rates zq/m S{1+Y, (s+Y, - YD) (stY,-Y) 3
: l 4
20871-S05A g
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\ Figure 4-16. Elements of Regeneration Module 20871117 ;
) ' high frequency characteristic. Y, can then be developed To carry out an actual system design the following 3
as a network with this high frequency asymptote and a procedure could be followed: i
. low frequency characteristic to provide an overall 3
' satisfactory (i.c., smooth and non-oscillatory) transient i




4.3.3 Iimproved Tracking and Regenerstion
Module for Simulation

In the AFAADS-I simulation the lag correcting
module exhibited a very slowly damped ripple (Figures
5-24 and 5.25 of the AFAADS-| report). Further
analysis revealed that this resulted from the fact that
the acceleration lag correction was computed from a
measure of acceleration obtained by differencing the
regenerated angular velocities. This was an expedient
intended to simplify the simulation. In fact the angular
accelerations can be computed directly from the
smoothed linear velocity components by algorithms
given in AFAADS-I. The effect of the differencing
process, however, in the closed loop discrete computa-
tion with the shoniest smoothing time (5-points, 0.4
second smoothing) was to locate the largest characteris-
tic root in the complex z plane close to the unit circle,
from which the poorly damped response resulted.

Replacement of the differencing operation by direct
calculation of the regencrated acceleration at each
sample point eliminated the problem completely. The
corrected algorithm is applicable to any fire control
system design.

The revised tracking ani regeneration module now
incorporated in the simulation has the following char-
actenistics:

a. The lag regeneration correction has been revised
to eliminate the objectionable ripple noted in
AFAADS-L

b. A better representation of radar glint is pro-
vided.

¢. The major improvement is the provision of a
capability to have the solution switch to regener-
ated data when tracking loss is simulated, run on
regenerated data until tracking is assumed to be
resumed, and switch back to tracking data incur-
ring only the transients resulting from the dif-
ference between regenerated data and tracking
data at the point of resumed normal tracking.

d. This option is provided separately in range and
angle. q‘his allows the effect of doppler nulls in
either or both 10 be determined. It also allows the
effect of ECM denying range only to be deter-
mined.

e. The firing mode of Vigilante can also be simu-
lated by this mode (switch to regenerated rates,
fire on regenerated raies, resume tracking).

f. Retention of the lag computation and correction
allows future investigation of the interaction
between glint and servo bandwidth. Glint error is
reduced by narrow servo bandwidth, lag error is
increased by narrow servo bandwidth.

g The module allows options of both non-recursive

smoothing and recursive smoothing with param-
eters depending on target path characteristics.

4.3.4 Disoussion
Data flow is shown in Figure 4-17.
4.3.4.1 Servo Lag Computation

There is no change from AFAADS-I, except that
range lag is omitted on the grounds that 1) lag is a
minor problem with ranging systems as compared with
angle tracking systems and 2) as shown in AFAADS-I
small range errors have a negligible effect on predic-
uon errors.

Azimuth and elevation lag are computed as
LA = AQYK, + [AQ) - At - 4)) (K ,4)
Le(t) = &()/K, + [e(t) - &(t - )] (K,8)  (4.68)

4.3.4.2 Servo Lag Correction

The AFAADS-I problem resulted from the fact that
regenerated accelerations were obtained by differenc-
ing regenerated angular rates. In the present module
the lag correction is computed as

Lea(® = AO/K, + A (1/K,

Lee(t) = GK, +E (0K, (469)

These are obtained from smoothed linear positions
and velocities. Smoothed position is updated one inter-
val to present position in each coordinate using
smoothed velocities, as before. Then angular velocities
and accelerations are computed from rectangular posi-
tions and velocities only as was done for the gun
module (except for the time of flight terms) in
AFAADS-1.

4.3.4.3 Regeneratad Functions

The regenerated position elements in rectangulas
coordinates are

X(0) = X(t-2)+ Vxo
Y'(t) = !(t M A) + !YA

zr(,) = E (t-4)+ YZA (4.70)

Angular velocities and accelerations are obtained
from the set of expressions (5.57)-(5.64), p. 5-21 of
AFAADS-1, namely

4-26
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R7A, = YV, - XV,

D%, = RV, -ZR,

R,R, = YV, + XV,

D,D, = RR, +2V, (a.71)
RiA = '2RrAr
D%, = -20,De, -R(A))%Z (4.72)

where the subscript () refers 10 the regenerated quanti-
ties.

4.3.4.4 Interrupt and Recover

At predetermined points the process switches from
inputs derived from the target to regenerated data,
runs on regenerated data, then switches back to target
path data.

The inierrupt can be applied either in range or both
angles, or all three together. There does not seem to be
any peint at this time in providing for interrupt in
azimuth or elevation separately.

From the X.(1), Y.(1), Z(t) given by Equation (4.70),
A(t), (1), and D(t) are obtained by the CTOP conver-
sion. At interrupt these A, e, D replace the A, ¢, D
from tracking, and the system runs with its tail in its
mouth like The Worm Ouroboros (Eddison). 1t has
been’ verified by simulation operation that this mode
functions successfully and the solution does not swal-
low itself and vanish. This mode has the advaniage
that all of the filters remain loaded, and vhen normal
tracking resumes, it has only to adjust for the differ-
ence between the new data and the data it has regener-
ated.

4.4 SIMULATION MODULE TO INCLUDE
‘FLIGHT ROUGHNESS’

In AFAADS-| it was decided on the basis of analysis
not to include flight roughness in the simulation, since
it was concluded that flight roughness would be a smali
source of error compared with other sources, at the
relatively short times of flight of the AFAADS
weapon.

Flight roughness is defined as that stochastic motion
of the aircraft caused by air tutbulence, etc., which
appears as a deviation from the smooth path com-
manded by the pilot.

Frankford has included flight roughness in in-house
fire control evaluations in the past and it is desirable t0
include this capability as an option ip the simulation if

it can be provided without excessive complication.
After some reflection, it has become apparent that
flight roughness can, in fact, be included in the Gins-
berg simulation without extensive reprogramming. The
actual programming is beyond the scope of the present
contracted effort, but the purpose of this note is to
record the approach for possible later inclusion.

4.4.1 Approach

First note that when the target is deliberately per-
forming an evasive maneuver, even very low accelera-
tion maneuvers, the deviation from a predictable path
is so large that it will dominate whatever contribution
to error might result from flight roughness.

On the other hand when the pilot is deliberately
trying to fly an unaccelerated path, flight roughness
will have a measurable effect which may be worth
determining. On a straight line attack path for exam-
ple, the combination of the effects of air turbulence at
low altitude and the pilot’s attempt to keep his sight on
target may generate stochastic perturbations about the
mean flight path that would be of interest to view on
the simulaiion.

Flight roughness, as a perturbation about the mean
flight path enters the system evaluation at two points.

a. It is a perturbation on the trackinz data and
therefore goes through the smoothing and pre-
diction elements and affects the predicted point
via that route.

b. It perturbs the flight path during time of fight
and thus affects the actual position of the aircraft
at the instant the shell reaches it.

These two effects are correlated. If flight roughness
deviations were completely uncorrelated across time of
flight, they could be included as two separate entries:
one at the tracker, one in the hit computation. In fact
we must consider the correlation across short times of
flight. Note that for very high correlation across time
of flight, the effect vanishes, since the same quantity
entered at the tracker is removed at the predicted
point. The result in general is that the effect of flight
roughness cannot J,roperly be inseried at either the
tracker or the predicted position alone, although one
could estimate the proper correction approximately at
cither point for a given system by analyses external to
the simulation.

The current Monte Carlo mode of the simulation is
so well adapted to a good treatment of flight rough-
ness, however, that a direct inclusion without approxi-
malion seems 10 be preferable.

4.4.2 Cheracteristios of Flight Roughness

The first step is to generate the deviations from the
mean flight path as caused by flight roughness. Availa-
ble data indicates that deviations along the flight path

Lo b i
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Figure 4-17. Rader Tracking, Noise, Smoothing and Regeneration Flow Disgram

can be neglected (although the following method al-
lows their conclusion) and that deviations in a lateral
horizontal plane and in a vertical plane can each be
described by a variance and an autocorrelation consist-
ing of a damped sinusoid.

These deviations are computed as a stochastic series
in a manner similar 1o that now used to generate
tracking noise, but with a different form of autocorre-
lation (not one-step Markov).

A gaussian random number distribution with unit
variance is sampled as is done in present noise genera-
tion, at the same intervals. The deviation in each one
of the three coordinates is then computed as

y(t) = a,y(1-4) + a5y(t-24) + a3n(t)

where n(t) is the sampled random number, and a,, a,
a, are chosen to generate the right autocorrelation and
variance. (See the later section on, ‘digital generation
of colored noise’.)

(4.73)

The three deviations at each point are resolved from
target heading coordinates to tracker coordinates and
ndged to the presently generated noise values repre-

4-28

senting tracking error. The sysiem then operates as at
present and processes the summed inputs as at present.

The deviations from the mean flight path represent
a stochastic series defining the aircrafi's deviation
from its mean path in aircraft coordinates at each
point in time. Knowing the time of a particular point
the deviation triad can be extracted without reference
1o the target position at that point.

There is no need to store past deviations after they
have gone into the prediction computation. However,
the generation of the flight roughness series continues.
At the predicted point, when the time of closest ap-
proach is determined, the flight roughness series is
queried for the values at that time (interpolating if
necessary) and the values converted to appropriate
coordinates are subtracted from the miss distances
computed on the mean flight path.

‘This gives the right answer.

The flow diagram of the computation is shown in
Figure 4-18 and the geometric representation is shown
in Figure 4-19.
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SECTION §
DATA SMOOTHING

The filters used in the AFAADS-I simulation were
optimized for maximum variance reduction of white
noise with a constant smoothing interval, i.e., memory
time.

The present analysis examines the consequences in
terms of filter design of imposing an additional con-
straint on the optimization, namely the integrated
mean square variance of the error during the initial
settling of the filter. An attempt is made to compro-
mise between this transicnt penaity function and the

reduction of variance or error resulting from tracking

error in the steady siate.

The effect is to change the filter coefficients to place
greater weight on the most recent data. The fixed
memory disciete filier then resembles closely the recur-
sive filters generally known asa - 8 - v filters.

A tentative conclusion is that the finite memory
filters have no fundamental advantage over thea - 8 -
v algorithms when settling time is important. Since the
recursive fil'~ algorithms are well suited to continuous
parametric variation with target rath parameters such
as range, target velocity and acceleration, etc., whereas
parametric variations of the same kind can be applied
to fixed memory filiers only at the expense of computer
capacity, it is concluded that the most profitable direc-
nion for additional filter analysis is the investigation of
situation-varying recursive filters.

5.1 FIXED MEMORY FILTERS

Tkis section develops expression for discrete, fixed
length memory filters on the assumption that it is
desirable to seek a compromise between variance re-
duction aad rapid seitling. For a discrete filter with
specified interval Setween sample points, the fastest
eettling is obtained by using the minimum number of
points, one for position, two for velocity, and three for
acceleration. These filters provide no smoothing. On
the other hand. as long as the targes conforms to a
specified ornaiant derivative course, variance reduction
increases with the number of points and herce with
the total smoothing time. For « fixed smoothing time,
as more points are added, with proportionately short-
ened interval, there is increased variance reduction
until the sampling interval approacnes the correlation
time of the noise,

If smoothing time is held constant, both the seuling
time and the varisnce reduction for a given number of
sample points can be changed, each at the expen:e of
the other, by cnanging the values of the filter
coefficicnts.

In atempting to find a best comprumic: between
settling time and variance reductior,, ons ~.usi choose a

. measure of effectiveness. A

referred measure would

" be derived from the probability of killing the target

during the available firing interval. Although this mea-
sure can be quantified in terms of Markov processes,
somewhat along the lines indicated in Section 3.1,
analysis along these lines requires more effort than
could be devoted here. It would, however, allow in one
optimization, consideration of correlation of prediction
error with time, gun dispersion, and the distribution of
expecied firing time.

The method used in this section is o follow an
app " developed by Benedict and Border' and by
Sim " Briefly, one establishes two demerit func-
tion, a5 1ollows:

Measure time t from the instant of target acquisi-
tion. Define

et = system error at ime t.

Initially e(t) consists principally of the initial tran-
sients, during the initial settling of the system. I1 then
reduces to errors caused by tracking ‘noise.’ Let

D, = Variance of steady-state filter output for unit
mean square noise input. D, is the ‘noise
demerit’

D”fo (M fe,(1) 2 dt (5.1)

where e(1) is the transient error in the absence of
tracking noise.

By increasing the value of the exponent ‘m’ the filter
can be increasingly penalized for slow seuling.

The measure of effeciiveness of the filter is then

defined as
J =D+ AD, (5.2)

where A makes the dimensions conformable, and ex-
presses the relative importance to be applied to D,
versus D,.

For this analysis we take m = 0. The effert of
making m very large would be to de-emphasize the
contributions of the oldest filter points, and is roughly
similar o setting A very small.

We consider the optimization of J for each deriva-
tive class of filler separately. [t appesrs that if we
atiezapt a best ~ompromise prediction unit as a whole,
the derived filter coefficients will depend explicitly on
time of flight. This is» contrary to the case of simple
variance reduction, where the optimum prediction unit
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is composed of separately optimized filters, and the
best coeflicients do not depend on time of flight, as
long as one does not introduce the variation of track-
ing noise variance with range.

Since in each prediction module, the performance
will be dominated by the highest derivative used, we
develop the coefficients for each set in terms of the best
compromise point for the highest derivative filter of
the set.

Although the following development is for discrete
filters, an analogous process could be employed to
determine the weighting functions according to the
same criteria for continuous filters.

For constant sampling interval A, and n+1 data
points, the filter aigorithm is in general (for any
derivative),

y e X §xOD ¢
0

where x(N) is input at data point N and y(N) is the
developed output.

This expression can be conveniently written in terms
of the z-transform as

n
y() = x(z) 20: 5 2 (5.4)
For all filters x(N) is taken as the position input. ‘
Constraints
For a position filter
n
(5.9)

§ g =10

For a velocity filter

%cj-o

n
A ; jej = +1.0; & i the sampling interval (5.6)
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For an acceleration filter

1N

5.1.1 Settling Time Demerit

In the following development, the fiiter coefficients
are first optimized for unit sampling interval, and then
the correction to arbitrary sampling (constant) interval
is applied.

' A forcing function is applied 1o a filter hiitialy at
rest,at t = 0. For a position filter it is a unit step; for
a velocity filter it is a ramp with unit slope; Yor an
acceleration filter it is a parabola with unit second
derivative and 2ero intial position and slope.

The expression for the fllter error,- the transient,- is
computed. Designate this

e(k)

The settling time demerit function is taken as
[

D, * X, (w2 (5.8)
k=0
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It is shown later that for non-recursive filters, D,
can be written as

D, = X (5.9)
j

where the a, are functions of the filter ¢; they are in
fact the coetticients of z' in the z-transform of the
€rror expression.

An increased penalty for slow settling can be im-
posed by basing D, on k™e(k). The corresponding
z-transforms are (for E(k) = k"e(k))

m=0, E(z) = Zajz'j Se(2)
i

ms= |; El(Z) *Zjajl'j
i

me 2,

Ex@) * L jzajz.j (5.10)
i
However, in the present study we examine only the
caseof m = 0.
To obtain D, we make use of the following’:

a. Cauchy Theorem for inversion of a particular
z-transform

If the integral 1 is defined by

P Y (5.11)
2‘"’ r

and if ' is a closed contour that encloses the origin of
the z plane then | will have values given by

I1=0;, k>-1
|®); k».]
1=0; k< (5.12)

b. Application 10 Sum of Squares of Sample

Sequence

Given a sum

2 {f(n T} 2 (5.13)

n=Q

where f(nT) is the n'th sample in a sequence
whose transform is F(z), the sum can be obtained
from

s« -2-; fF(z)F(z yz'l 4z (5.14)

We wish to obtain

[~ -]

D= 2. [e(k)? (5.15)

nsQ

where the 2-transform of e(k) is

n-| .
o)=Y a2} (5.16)
0

This is obtained as

SR

(517)

If the term under the integral is expanded as a series
in 7, and the Cauchy theorem is applied term by term,
the only surviving terms will be those within the
brackets with product associated with 2. The result
therefore is

D= Y njz (5.18)

8.1.2 Noise Varianoce Demerit .

Fo: white noise of unit rms value, it is well known
that the mean square error in Altey output is
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&, Let 2' = x; multiply both sides of the above by 1-x
D, = 'Zo g .19 and equate coefficients of x'. J
’-
If, now we specify a funcaipn 8, * 1-¢4
a) = l-cy-¢
J = D+AD, (5.20)

127 1-c¢1 5y

where A is the relative value of noise reduction com-

pared with scitling time, we cam oblain a best campro- i

mise filter sy choosing the ¢, o minimise J. 2':, n
ﬂ] = ]. Ck

8.1.3 Position Filer

k=) jtl
Apply a step function at ¢ » 0. It has the
2-transform
z
- (5.21) n-l n
=1 =l x=1- Z°k+”n
The z-transform of the filter response is k=0 k=0
0 sc, (5.24)
£ 2 (5.22)
Z- j-o
with And as determined earlier
n n-1
Z Cj-I.O D.' %.'2
& i
j=0 j=
Th 1]
" Dy = 3g° (5.25)
0

n
e2) = 'z'z-n [' ’zq"j]' 8+ + gy 701 exacuy
0

; It is convenient to continue from this point using
! (5.23)  matrix notation.
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We have We wish to minimize :
n
J=D_+AD 532
8 = z o (5.26) § n ( )
IAg
whence and to do this we apply the operator
lag - apg) = ey eyl (100 -]
110
111 ’
) (5.27) v = [ a1¢]
i
d/dc ‘
AT = ¢TR o¢3 ;
Now
n-1 5 .
Ds = aj a/acn ’
0 P :
S0 20871606
D, = ATa = cTRRTC (5.28)
The constraint on the 5 is
n Set VCJ = 0 and obtain '
Z Cj =10 g
T T :
0 (RRT +auU* +21)C.U=0 (5.33) !
50 that LT
T T n+uuT+xIRRTjc.Uus0  (534) 5
GQtC'U=10;U" = {1 1 --1] (5.29) ‘
n terms c= i+uuT+xIRRT)IU | (539) 1
i
since §
n X
Dl‘\ = % Cj !
|
!
D, = ¢,2+CTC (5.30) i
i

substituting for <:02

n

p. = 1-2cTu+cTuuTe +cTe (5.31)

5-8

This is the desired result.

If A = « the solution should reduce to the known

least squares solution. Observe that



: UTU =n

and
n+wT)! = .ol e uuT ot
.UUTUUTUUT_ .

=1.uUT (1 +n)!
Then
c=(+wNlu
c=U-uTu( +ny!
= U{1-n/(1+m}

1
n+l

C=U

which is the known least squares solution.

5.1.4 Velocity Filter

The constraints for a velocity algorithm are

n

%cj =0
n
%,acj-.l.o

transform

- UT (. nen2.. )

al-UUT +nuUT-n2uuT+ -

(5.36)

(5.37)

(5.38)

Apfly 2 unit step in velocity at j = 0. This has the

(5.39)

o~
™~
—

et

The input 1o the filter, however, is a ramp input in
position, also zero atj = 0, with the transform

[4

—_— (5.40)
z-1)

The z-transform of the filter error in measuring
velocity is therefore
z
e(z) D emm— .

n
z .
— 2 2! 5.41
@z-1) (z-1) %: ) >4)
Designate x = 2! and expand Equation (5.41)

1-x(1 +co)-x2c| .. xtl ¢p

e(x) =
(1x)?
(5.42)

In view of the constraints and the limit conditions
for the z-transform we know that the numerator of
this expression will be exactly divisible by the denomi-
nator. Hence

e(x) = agtayx+- - +a xn-d (5.43)

Equating Equations (5.42) and (5.43)

cg ™ e (13)? %ajxl

1-(1 #co)x-clxz-c2x3 .

(5.44)
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¥ Equating coefficients . ";'gf
& Now since i
, :
5 n- ¥
o710 o 3 5
;i a; = 1-c j=0 f
w ° . i;
. ag = 1-2¢,-¢ we can write 2
S T
z - s ]+ 3
i a3 = l'3Co'2Cl -€9 Ds 1+CTBC E
* j-1 n where B = MM! 5
3 = n.'z GKxey = - 2 (kidey 2
N 0 k=] Now g
: n-2 n ;
: 8. = I-E(n-l-k)ck D, = Z cj2 &
' Y =0 3
,, a]. i(ml-k)ﬁ +[(n-1)-n]c, + [n-1 - (n-1))c and the velocity filter has the constraints, for unit sampling _‘
5 k " n-l interval Z
= .c, (5.45) n :
f 2 G = 0 z
=0 g
: We obtain, therefore

. n N
i n = (5.49) s
: 3 = -3 (ke (5.46) .
k= We can handle the constraints by adjoining terms K

with Lagrangian multipliers, however the computa- -

and 3, = 1.0 tions seem to be more concise if we use the constraints

L e

. . . . 1o eliminate ¢ and c? in the expression for D,.
We can write, therefore, in matrix notation G ! P "

The constraints can be expressed as

% AT’[31"‘3".1]"[52"'%] 1000 - g
¥ 2100 - coteytClU=o T =111 --] (530 :
! 3210 g
4321 e, +CTD+U) » 10, DT=(123---] (551 4
i (5.47) and these can ve inserted in the D expression to yield ii
¥ D, = CTNC+2+2cT[(2D+U)  (5.52) :
: :
: AT = cTm (5.48) ;
§ N = DDT + D+U] (D+U) T +1 %
. Note * R?, where R is the triangular matrix Then as before i
g; with ments used in the position filter %
= express J =D, +AD, (5.53) j
! i
i /|
F ;
3

B 5.7
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Apply the operutor

v. = 'a/? c-ﬂ

|90c, |

set Vc.l = O and obtain
C=-[B+AN]" [2D+U)A (5.54)

which is the desired result.
6.1.5 Acocelerstion Filter

Apply a unit step function in acceleration at t = 0.
It has a z-transform

Z
o (5.55)
The input is in position, however, which for unit

acceleration grows at 1/2 €. The position z-transform
is

1y 2 (5.56)

-1
so that the z-transform of the filter transient error is

z z(z+1) L I
_— - (12) —= 2 ¢z} (5.57)
z-1 (Z' |)3 ’.0 )

The filter constaints for unit sampling interval are

n
2 cj'O
0
n

n
Y %= 20 (5.58)
0

Because of the constraints we can write the z-trans-
form of the filter transient error as a polynominal in
2'. Write X = z' as a convenience, whence

n
(1-0? - x1+0 (11D Y ¢
0

(-x)>

=a tax+-oo+a x"! (5.59)

Performing the long division and equating
coefficients

=
aol

al l'(l/z)co
ay = 1- (1/2)(4cy +c))

ag =1 - (1/2)(16c0+9c| +4c2+c3)
(5.60)
so that in general

j-1
8 =1-(1/2) kt;) 02 ¢ j21 (561)

and using the three constraints this can be written

n
=D Y k- e 21
k=)

3, = (1/2)c, (5.62)

We can write, therefore in matrix notation

P2 %) = Y23 <) C1 000
4100 .
9410 .
16 9 41
AT = /2¢TE (5.63)
Now
n-1 5
D"Z Ij
j=0
w1+(l-c)?+ATA (5.64)
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D, = 2 g
i=0
= ¢ 2+¢ 2 vey2+cle (5.65)
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The three constraints provide the values of &, ¢, ¢
They are

Wap-1
pl =(123-.]

Ty =
c0+cl+c2+CU 0
¢ +2¢,+CT[2U4D] = 0
¢ +dcy+CTiswaDral] =2 ST = (14916

(5.66)
From these,
¢ = 1 - (1/2T[S+ D]
¢, = -2+CT[s+20)
¢y = 1 - (1/2CT[S +2U +3D) (5.67)

Substituting into D,
D, = 1 +(1/4)CT[s+D}(s+D) Tc + (1/4)cTEETC
= 1+(1/4)CT [[sm] (s+D)T + eeT|c
= 1+(1/4)cTce (5.68)

Substituting into D,
D, = 6-CT [6S+12D+2U) +(1/4)CTFC
F = [s+D] [s+D])T +4 [s+ 2D} [S+ 2D} T
+[S+2U+3D)[s+2U+3D)T+a1

Designate the function

J = Dg+AD
and apply the operator
% = | %03
9/dc,,
Ved =0 (5.69)

The result is

(G+AF)C = 4x [35+6D + U]
C =4\ [G+\F]'![(35+6D +U)

(5.70)
in the limit as A = oo the expression becomes
¢ = 4F1[3s+6D + U] (5.71)
which is the least squares solution for zero setiling
time demerit.
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5.1.6 Correction of Coefficients for Non-Unit
Sampling Intervel

Let ¢, be the computed coefficients for a unit sam-
pling interval and let b be the corresponding coeffi-
cients for a sampling interval A. Then for the three
filter types we have the following correspondence.

Position Filter: b. . = ¢, _;invariant with
P P sampling
interval
i i . ® C. -1
Velocity Filter: bjy v P
Acceleration Filter: bja = 2 a2 (5.72)

5.1.7 Modification of Optimizstion Function for
Non-Unit interve!

If we reworked the optimizations of the preceding
paragraphs using filters with non-unit sampling inter-
val, we should find, on substituting the b, for ¢ that in
the case of D,, the a, values are unchanged, the inclu-
sion of A in the input function just cancelling the A
modifying the . This is 1o be expected, the system
response to a step input is changed only by scaling the
time scale and not the amplitude. However, since D, is
effectively the integrated mean square error in settling
over time, it will be proportional to A. Hence we have
the following conversions. Dy, Du are the values for
unit sampling interval; D,, D, are the values for sam-
pling interval as shown in Table V-1.

Table V/-1. Sampling Interval Corrections

Filter
Position Velocity Accolerstion
L, D, D, /8 D,,/a*
Ds AD; | AD;I ADl |
20871-506

8.1.8 Effect of Varying the Sempling Intervel

The sampling interval is a disposable variable which
may be adjusted for optimization. For the three filters,
with sampling interval A, we may write

5-10

Position /) = (A/x)[ns, +(uA)nn,]
0 = @A og + oo, |
Acceleration (Ja/)\lls) = (/3 E)sl + ()‘/AS)Dnil

(5.73)

Velocity

The expressions in brackets are identical with those
previously used to obtain the best compromise coeffi-
cients as a function of A, except that now, after
obtaining the D,, D, we replace A by A/A*, and
optimize the full term on the right. There will be an
optimum in each ase, except for position, for which
J/A increases uniformly as A is reduced. In practice
this increase is limited by the serial correlation of noise
which limits the size of the interval allowing the white
noise approximation to be used.

It turns out that for the velocity and the acceleration
filters the optimum set of coefficients is close to the set
obuained if the settling time demerit is ignored, i.e., A
is very large. We can obtain an estimate of (A\/A")* in
each case, which is close to the optimum, by assuming
that D,/D. is constant in the region of the oplimum
and equal to their values for A = . The values are

Velocity (/&%) = 1/2Lm  (D,)/D, )y
A\~ o0
Acceleration  (WAS)* = 1/aLim (Dy)/D,)),

A‘ o0

(5.74)

Having performed the second optimization over 4
one obtains a set of coefficients which is uniquely
preferred for the specific filter function, and the only
effect of varying A, for a given number of sample
points, is 1o vary the sampling interval.

5.1.9 Comparing Filters for Different N

To put filters with different numbers of points on a
common basis they should be referrec to the same
memory time, or smoothing time,

T = (n-1)A, where there are n .ample points.

A comparison of J,/A'? for several velocity f'ters on
this basis is given in Figure S-1.

For the optimum set of filier coefficients in each case
for the velocity filter. a comparison has been made by
normalizing them to the same smoothing time, and
adjusting the magnitudes in each case, according to
Equation (5.196) of the AFAADS-] report, 30 that for
the case of zero settling time demerit, all coefficients
would lie on the same straight line. The comparison is
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Figure 6-1. Comparison of Velocity Filter Performance Criteria

shown in Figure 5-2. For the two point filter, no
optimization is possible and its two points li¢ at the
ends of the reference line. The muluple point filters
show a8 common pattern, with increased weighting of
the more recent points, at the expense of the oldest

points.
8.1.10 Example of Cosefficient Varistion with )\

The computation of the filter cocflicients was done
by a computer program. For a 4-point filter the com-
putation can be done by hand, and before program-
ming the algorithms, the following results, shown in
Table V-2 were obtained by slide rule computation.

Note that when A = 0, and we place very gr:at
importance on setding, for constant A, the method
discards all poinws except the twe most recent, as would
be expected.

Taole V-3 shows the optimization with (A 74%).
8.1.11 Lag Corrections

The position filter, as defined by the coefficients
previously obtained, develops a lag whew subjected 0 a
constant velocity and/of constant acceleration input.
The velocity filier develops a lag when subjected 1o »
constant acceleration input. These lags are corrected by
adding to ~ach set of filter coefficients, a set of coeffi-
cients proportional to those of the next higher derivu-
tive filter. The correction is developed as follows.

5.1.12 Position Filter Lag to Constent Velocity

The correction has the dimensions of time, and is
designated Ty,

Apply a ramp input, which has the z-transform
azl(z- 1) (5.75)

The z-transform of the response efror of a position
filter is -

ﬂ o
o(z) = Az/(z-1)? [I -y cjz'ﬂ (5.76)
0

and the steady-state error when the filter has settled is

E(w) = Lim (z-1)E(2)

z-1.0
- um 22 I-Zn:c)z'j .M
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but we have already obtained this z function as the
polynominal

afogr st 2] (5.78)
and so the lag error is simply obtained from
n-1 T
T y=aATu=clru=co (579
0
whence )
n
- ; 5.80
Totv P iby (5.80)

j=)

5.1.13 Velocity Filter Lag to Constant
Acosleration

The steps are identical with those followed in deter-
mining the lag of the position filter to velocity, but the
algebra is more lengthy and will be abbreviated here.

Apply a step acceleration of unit magnitude. It
generates the following z-transform in posiuon input

2z+1)

(112 a? :
(z-1)

(5.81)

The steady-state error of the filter is designated T,,
Tyja = Lim(z-1)

and is given by
[ Az
2
=] @-1)

Ly o2 XD i b-z‘j] (5.82)
@1y )

This reduces, after some algebra, to

n
Ty, = 6% L iy
j=1
5.1.14 Position Filter Lag to Constant
Aooslerstion

The lag has the dimensions of (time). and is desig-
nated (T,,). Since the lag increases indefinitely with
time the limiting expression for the z-transform cannot
be applied directly. If the correction for velocity lag is
applied, however, the residual error to acceleration
does reach a constant value. The algebraic reductions
then yield

(5.83)

5-12

n
(To)? = A% X0 iy, (5.84)

=

where it must be remembered that the correction for
velocity is separately applied.
5.1.15 Prediction Algorithm
The prediction Algorithm is
Xy = Xg ¥ Volp * (11D 1) (5.89)
where 3, = a = smoothed estimate of acceleration.

Now

= x4y Tp, +aTy, Ty, +1~P/32) (5 86)

and the complete prediction algorithm is
xp = l(’.‘ + y TP/V) +! tp] *3[(tp2/2)

+ l|>Tv/a + Tv/an/v + Tp/az] (5.87)

where the first bracket contains the terms us=d in
constant velocity prediction, and the second bracket
contains the terms used in constant acceleration
prediction.

If thers is no acceleration component in prediction,
the prediction expression is

= X *v tp (5.88)

*p
predicted position
time of flight
smoothed present position corrected for lag

smoothed velocity

X =
"-
X ™
vV, m
and if

smoothed present position without lag correc-
tion
smoothed velocity

Yo * Y X -l’!TP/V (5.89)
and the velocity lag correction can be made an integral
part of the smoothed position computation by
(bpj)c = bP) + TP/V bV)

vV =

(5.90)

1 anBh oA ¢
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figure 5-2. Comparison of Coefficients for Best Compromise Velocity Filter

where the by, b, are the coefficients of the uncorrected
position and the velocity filter, respectively.

8.1.18 Coefficient for Lesst Squares Filiers

As a check on the previous expressinns. the lag
coefficients are computed for the least squares filters
(& +") for which the results are known and were given
in AFAADS-1.

5-13

Position Filter:
TP/V = n A/2 = T‘/Z

szl. - '(A2/12) n(2n+l) = 'T‘Z/G
(Note that this term is negative)
Velocity Filter

Ty = NA/2 = 1,12
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The prediction algorithm is
xp mx+y [lp +(TS/2] +(1/2)a [tP2

1Ty ¢ (T,zlb)]

20871-607

as given in AFAADS-I (Vol. II, p. 4-3).
8.1.17 Anslog Filter

Consider the simple velocity filter with transfer
function

S

—(l T +s.1.2);s = d/dt

W(s) = (5.91)

The variance reduction for white noise input is

1
D, * m————
0t E AT (5.92)

and the setiling time demerit is

2 2
L AL LIS L
s 2T, + T9)

(5.93)

The value function
J = D,+AD,

is minimized when

Ty +Tp? = 21T, (594)

and the corresponding transfer function is

W*(s) = —————a——s,
¢ 1+ As + (A2/2)s2

A=T)+T, (5.95)

For all values of A, this filter has a slight overshoot
in its response corresponding to a damping ratio

{ = (112))? = 0.707

Hence, as one varies A, the shape of the filter re-
sponse to a transient is unchanged, but the time scale
depends on A. If one desired to vary the filter value
parameter J with slant range, for example, one would
make A a function of range, but preserve the relation-
ship, Equation (5.94). This is the same conclusion
reached by Benedict and Bordner.

5.1.18 Generalization

Instead of beginning with a specified filer structure,
cuch as Equation (5.91), the problem can be formu-
lated in more general terms, with the weighting func-
tion of the best compromise filter determined as an
output. It appears that the problem can be solved by
the Marshall-Yovits?methods (and no doubt others as
well), and the approach is sketched below.

5-14
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If x(1) is a function satisfying conditions inherent in J = Dg+\Dy,
stable filter design, the integral
® . 2
) 11 - F(jw) |
.00 i
+ w2 Nw?) 1FGw) 12 | do
can be obtained by Parseval's theorem from
"ao (5.102)
1= 1/(21) [ X(jw) X (jw) dw This can be done by applying calculus of variations
= and utilizing the additional conditions that F(jw) must
be physically realizable.
oo 5 Note that the settling demerit can be given higher
= 1/(2m) [x(Gw) ¢ dw 5.97) penalties for slow seitling by multiplying e(t) by (7,
-00 and that this does not appear to complicate the prob-

where x (jw) is the Fourier transform of x(t).

If for x(1) we take the transient error of a filter in
response to a step input, zero for 1<0, we can utilize
this integral.

Consider a velocity flter, with transfer function
Y(s). For small s this must reduce 10 s so we can wrilte,
in terms of a new function F(s).

Y(s) = 8 F(s) (5.98)

Apply a step function in velocity (transform 1/s) as
a ramp function in position (transform 1/5) 10 the
filter. The transform of the error is

I/s-(1/s2) s F(s) = @

(5.99)

The mean squate integrated error (transient) is then

<]

D, = 1/zn[
-0

2
dw  (5.100)

I-F!!'w)
jw

Let position noise have the power spectral densit
N(w?). Then the noise output of the I’ilterl:'izc y

-+
D, = 1/2n[ Nw?) w2 [FGw)I 2 dw (S.101)
-

We wish to minimize

5-15

lem, which can be solved in terms of ‘'m.’

In addition, the usual problem with filters uncon-
strained as to the length of their memory (one gets
very long memory times if there is no penalty for
them) is avoided by the settling time penalty.

Assuming that the solution turns out to be relatively
concise it provides a standard against which to design
both discrete and-analog filters.

However, for present purposes, it is not anticipated
that additional insight over that obtained by analysis
of the discrete filters would be sufficient to justify
further investigation at this time.

6.2 RECURSIVE FILTERS

Recursive filters have the advantage ov:r fixed mem-
ory filters in that they require less memory for compu-
tation. For example, the simple algorithm

x() = ax(@)+(1-e)x(1) (5.103)

requires that only the most recent value of x be stored.
This algorithm weights past data exponentally, i.c., as
a,

Inciusion of a few additional terms in the algorithm
(possibly only one or two) allows improved shaping of
the weighting coeflicients so that the effect of the older
points on the current estimate 15 reduced over that
resulting from the simple algorithm.

Recursive filters are particularly well suited 10 varia-
tion of the effective smoothing with other parameters
such as range. In Equation (5.103) for example. 10
previde increased smoothing at long ranges, only a
need be varied with range.
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Table V-2. Effect of A on Coefficients for 4-Point Filter

A 0 0.8 0.707 1.0 2.0 3.0 40 5.0 ®
% 10 0.8 0.53 0.48 041 0.38 0.36 0.35 0.30
¢ 10 0.25 0.18 012 0.03 0.01 0.03 0.04 0.10
¢ 0.0 0.25 0.23 021 017 015 014 013 0.10
¢ 00 0.08 012 015 0.2 0.24 0.25 0.26 0.30
D, 2.0 0.48 0.37 0.31 0.2¢ 0.22 0.21 021 0.20
D, 1.0 118 1.23 1.29 1.39 145 147 1.49 1.58
20871-507
Table V-3. Optimization of Filter with (\/A%)
x/al 0 0s 0.707 1.0 2.0 3.0 40 5.0 8.0 o
a3 ® 179 1.68 1.60 1.48 1.46 146 147 1.59 ®
20871-508

Time has not permitted a2 comprehensive analysis of
recursive filters, however the characteristics of the
‘alpha-beta’ algorithms developed for radar tracking
are reviewed in the following paragraph.

These algorithms were designed for use with track-
while-scan radars, hence incorporate a one-point pre-
diction which allows them to track through missed
data points. They can therefore be used in regenerative
2lzorithm designs. The coefficient shaping is optimum
for iracking; .l has not been verified that the same
des.gns would be optimum for prediction to many
times the sample interval as is required in predicted
fire. Conversely, there is no a priori reason to doubt
their applicability.

Unlike Equation (5.103) the z-transforms have two
poles, and so there is another degree of freedom in
coefficient optimization.

The basic references are Benedict and Bordner'.
Simpson®, and Neal’.

The following material describes the position and
velocity algorithms of the alpha-beta filters.

Let

x(j) = position measurement at the j'th time instant
(input)

A = sampling interval

%()) = one step prediction of x(j) based on past
smoothed position and velocity

% (j) = smoothed position at j

y (j) = smoothed velocity at

aff = constants

The ‘aB’ algorithms are
x0) = x,0) + @ {x() - x,() ]
v@ = y G-+ (B/8) [xG) - x50
x,(+1) = x () +1()a (5.104)

Taking z-transforms and solving separately for x
and y, we obtain

i
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1ty = -—z_ - ZA
Y@ = x@ l o+ (B-a)! Velocity: ey(z) = = e [y @)/x(2)]
. 1-2l(2-e-B)+22( -0)
z2(z-1+ea)

-1
v(@a = xg) ——LL2)
1ozl @ a- )+ 22(1-0)
(5.105)
x(@) = x(g) ot @-al

22.2(2-a-B)+(1 -a)

z B(z])
22.2(2-a-B)+(l -a)

v(z2)a = x(2)

(5.106)

5.2.1 Transient Errors

Now apply a ramp input in position with unit slope.
It has the z-transform

Az
x(z) = —5
(z1?

20871.608

In the steady-state the position element of the filter
should equal the input; the velocity element should
output a unit velocity. The error transforms are
therefore

az |, . _2 [za+ (B-a)]
(z-1)2 2.22.a-B)+(l-a)

Position ep(z) =

Azl -a)
12-1(2-0- By+(l-a)

(5.107)
The error at t ——e @ is obtained as

ep(w) = lz.n_n.r I(2-1) ep(Z)

and this is seen to be zero as long as the denominator
is non-zero at z = | (The roots of the denominator
must, of course, lie within the unit circle in the com-
plex plane for stability.)

zz-z(z-a. Y+ -0a)

and it is clear that (5.108)

Lim (z-1)e z) = 0
2—]

subject to the stability requirement, so that the steady-
state velocity error for constant velocity input is zero.

§.2.2 Noise Variance Demerit
From Jury's tables®, for white noise of unit variance

_ 2a%+28-3a8

iti e 5.109
Position Dy, VTN ( )
2
2
Velocity D, = 3 £ (5.110)
A°a(d4-2a-3)

5.2.3 Settling Time Demerit

We would like t0 minimize the integrated mean
square error of the system during its initial iransient,
subject to a requirement for variance reduction. In
position, for example, we could invert the e,(2) func-
tion and obtain the ¢,(j). Then

@®

T L, 00’
0

20871-609
would sum the mean square error at the sample points.
However the system is operating in real time, and for
the same value of the sum above, a large value of A

will be less advantageous than a small value. What we
want is the discrete analog of

[ tew? a
0

20871-610




The settling time demerit is therefore taken as

D, = 8% e, i? (5110

j=0

This differs by the factor A from the B&B settling
demerit. In the present note we are considering A as
an adjusiable parameter as well asa, 8.

The D, can be obtained from the e(z) by Jury’s
tables. They are

(2-a)(1-a)? 5
Position D, = a3 Hi-al (5.112)

5p ag(4-2a-p)

al(2-a)+23(1-a)
w4 ap(4-2a-p)

(5.113)
§.2.4 Effectivea Waeighting by Aperiodic Filter

Except for the explicit inciusion of the sampling
interval the above expression are identical with those
of Benedict and Bordner, who find for a unit sampling
interval that the best compromise filters are obtained
with a relation between 8 and a.

g = a/2-a) (5.114)

This corresponds 1o a slightly oscillatory transient
response of the filter. There has not been time in the
present study (o confirm the optimum or to investigate
the effect of changing A.

The filter wouid be aperiodic ii

f = (2-a) + 2(1-a)!2

a= 2812, (5.115)
and the two roots in the z-transform would be
21 5= (a2 =, (5.116)

The response to a unit impulse gives us the equiva-
ient weighting coefficients applied by the filter, and for
ihe aperiodic filter, inverting Equation (5.106).

wai = 8 [Ufl)aj-jaj'l) for the velocity filter
wpﬁ) =a (j+l)aAj + ([B-a)jaj'l for the position filter

é.1un

These have been plotted in Figure 5-3 for& = |
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a = 3/4; 8 = 5/4;a = /2 and the velocity coef-
ficients may be compared with those in Figure 5-2 for
the finite memory filter.

6.2.5 Recursive Filter for Acceleration

Extensions of the Benedict and Berdner work to
filters including an acceleration component have been
made by Simpson® and Neal. With the inclusion of
the acceleration element, the filters are described by
three parameters and the sampling interval. The work
of Simpson and Neal leads to two functional relation-
ships among the parameters for a best compromise
filter. The remaining parameter can be adjusted ac-
cording to the desired equivalent smoothing time.

As noted carlier, these analyses are concerned with
filters for tracking systems, and the maximum predic-
tion required is only one sampling interval. This allows
the tracker to carry through missed data points. For
the anti-aircraft problem much greater predicion in-
tervals are required, and the problem and the optimi-
zations need to be reviewed from that point of view.

5.3 RECURSIVE FILTERS WITH TIME VARYING
COEFFICIENTS

As has been noted, for a high performance tracking
radar at the anti-aircraft gun ranges of current inter-
est, the tracking accuracy tends to be limited by glint,
which in turn has a standard deviation proportional to
the target dimension. As a result, the standard devia-
tion of tracking error in meters is expecled to be
relatively constant with range, provided that servo
problems caused by high angular derivatives at short
range are circumvented.

A similar situation is believed to exist with human
operator tracking. Conventional approximations make
the mil error proportional to angular velocity, so that
the linear error changes slowly with range.

For a fixed smoothing time, the measured linear
velocity used for prediction is therefore expected (o
vary only slowly with range, and is proportional 10 o,/
T, where T, is smoothing time. A rough approximation
10 the variance of the predicton error resulting from
tracking error is, consequently (for velocity smoothing
only)

: 2
052 = 0o% [142ty/Ty) ¢ Aty/TY*]
(5.118)

which increases with time of flight and therefore with
slant range. A constant T, is a compromise which can
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Figure 5-3. Equivalent Coefficients of Recursive Aperiodic Filters

be too large at very short range and too small at long
range.

It is therefore considered desirable to make T, an
increasing function of slant range. With good informa-
tion on actual target attack paths one could also con-
sider varying T, with other path parameters, but for
Crcscm purposes the approach is adequately described

y conndcrmg a variation with range.

This is not a rnew concept. The well known gy-

‘ rosights compute lead according to the expression

at dljdt + L = wt
P P (5.119)

where L = lead angle, @ = angular velocity, and (, =
time of flight. The smoothing time constant is at ,, and
a = 0.20 - 0.50 depending on the design, hence
smoothing increased with time of flight.

The M-4, M-7 director family computed icad in
X.Y,Z coordinates as

at de/dt +Xp = (dX,/dt) tp;a = i/13

(5.120)

However, the above algorithms suffer trom a system-
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atir error proportional to the rate of change ot time of
flight. Sor example, to terms in dt./dt, the M-?7
computed

XL = @Xo/duty[l +adt far)!
(s.121)

This error was first discovered in dynamic tester
runs with the M-7. Even against World War II targets
it was of significint megnitude on the receding leg of
*he target path.

The above lag problem is completely by-passed by
petforming the smoothing operation and the lead
computation in two steps. For example, if, in the M-7
the algori‘nms had been

at dV, /de+ 3, = dX /dt

- (5.122)
XL !x lp

V., would have settled without lag to dX./dt on an
unaccslerated target and lead would have been prop-
erly computed.

For reference we note the state space formulation of
the Hlter differential equations for analogue filters with
time varying coefficients. Write the system matrix
differential equation as

dx/dt = A(1) x(1) + B()u(1)
(5.123)

where x(t) is the system state vectorm and A(t) is the
‘system matrix.' u(t) is the input function.

The solution of (1) is

t
x(1) = L{t) x(0) + L(1) } L (s) B(s) u(s) ds
0 (5.124)
where L(t) is a solution of

dL/de = AL;L(0) = | (5.125)

and L'l(l) is a solution of the adjoint equation

alljgt = carlrl o =1 (5.126)

and A*(1) is the conjugate transpose of A(t)

The solution of
dy/dt = Ay can be written

y(©) = ¢(t, t5) y(0) (5.127)

where ¢(1. t_) is designated the state transition matrix of the
system

#(1,0) = L(1) (5.128)

It is the solution of

d/de [o(t, t5)] = A(t) o(t, 1) 8(t5.t,) = |

(5.129)

The state transition matrix has the following properties
$(to. 1)) 00 t5) = 8(15, t5)
oty tg) = ¢" (to ty)

(g, to) = LOOL (1) (5.130)

Then

t
X0 = 60t toMlto) + [ 61t b9 o) s

lo

(5.131)

[
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If we designate y:t) = B(t)u(t) #- the system input,
sett, = 0,and letS w t-s

t
xX{t) = o(t, 0)x(0) + j y(t-8)e(t, 1-8) dS
(s)

(5.132)

The first term represents the initial transient of the
system. ¢ is the weig';ing function which is applied to
y(t).

If we consider only the system response to noise, and
u(s) is an appropriitely defined ‘white’ noise vector,
the variance matrix as a function of time is obtained
by solving

dp/dt = AP + PAT + BQBT  (5.133)

where Q = | in the present application.

A similar set of expressions can be written for a
discrete system.

For the simple case of a one-dimensional analog
filter with time varying coefficient

f(t) dy/dx + y = x
y(t) = filter output

(5.134)

x(t) = variable to be smoothed

x(1) is assumed to be a variable such as a measure-
ment of a rectangular coordinate component
of target velocity which has a constant mean
but is perturbed by noise which has zcro
mean

The solution of Equation (5.134) is

{
fo [f(s)] ! ds

y(t) = y(0)e (5.135)

t l/“ y
”.fo (]! dsf' ol du sy

[0}

(o)

We note two simple cases: (1) f(1) = a+1 and
(2) f(t1) = kD where D is slant range. The former
case had some popularity in World War 1IY for appli-
cation to very long range anti-aircraft systems when
very long non-maneuvering target paths were expected.

The latter case it of interest in the present application
of making smoot.iing time proportional to slant range.

When f(t) = a + t,
a N 1 ! d
y(t) = y(0) e i x(s) ds

(5.136)

The operational concept was t™at after target acqui-
sition, f(t) would be allowed to vary as a+1. a could be
very small, and the initial transient would decay as ||
+ (1/a]'. The weighting function over 1 is very <lose to
a uniform averaging, which is optimum for white
noise.

To display the solutica for f(t) = kD, consider a
direct incoming targe' flying down the line of sigh*. at
velocity V £ that dD/dt = -V. Change the variable of
integration to D.

Consider a target acquired at D, and tracked 10 D,.
Since K has the dimensions of velocity, define K = V, '

D,/D,
y;) = y(D) (Dy/D6)Vs/Y - fl P @ a@ VsV,
z = D/D,

(5.137)

For a numerical example, let v, = 1000 meters/
second so that the smoothing time constant is 2.0
seconds at 2000 meters. Consider a target acquired at
2000 meters and tracked to 1000 meters, and a target
velocity of 250 meters/second. At 1000 meters the
iniual transient will have decayed to

(1/2) = 0.0625 of its original value

whereas with constant smoothing time constant T =
2.0 seconds, it would have decayed to 0.136.

As a point of departure for the development of
recursive filters with parameters varying with range or
other engagement parameters it is proposed that ihe
applicability of a-8-v to the predicted fire problem be
confirmed, with a determination of best compromise
filter shape, defining all of the disposable parumeters
in terms of a single parameter. This last parameter
would then be made a function of the appropriate
tactical variable, such as slant range.
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SECTION 6
PREDICTION

This section represents the analyses of a number of
prediction algorithms. These range from a sophisti-
cated system using comrections based on actual mea-
surements of projectile miss distance to barrage fire.
The types analyzed by no means exhsust the lis of
possible algorithms, nor are the analyses carried to
completion in all cases. It had beea hoped to flel
the analyses with computer simulations but this has not
been possible within the resources available in the
present effort.

8.1 CATEGORIES OF FIRE CONTROL SYSTEMS

in the following paragraphs fire control systems for
predicted fire weapons are categorized, from the sim-
plest to the most sophisticated. The list is incomplete,
and since there are 30 many descriptors needed to
completely describe a fire control system, the emphasis
is on the method of prediction. Examples of each
category are given. The categories are:

a. Barrage Fire
(1) ‘Umbreila’ Remagen Defense.

(2) ‘Box Barrage’ Malta Defense. Guns are laid
on predetermined orders and the target flies
into the barrage.

b. Simple Tracker Control. The weapon fires tracer
ammunition and the gunner attempts 10 pass the
tracer stream through the target.

¢. Ring Sight (or speed ring reticle projected in
reflex sight). Gunner attempts to track with the
target on a specified speed ring, target axis
pointed at sight center.

d. Course and Speed Type Sights

(1) Stiffkey Stick, Peca Sight. A sight operator

aligns a bar to the target apparent angle and

sels in ‘speed click’ increments for lead.

Course and Speed Sight, M-38. A sight opera-

tor sets estimated target s and aligns a

miniature target indicator with the real target
heading and dive angle.

e. Rate by Time with Estimated Range
(1) The original Kerrison predictor.

(2) Fire control on current British Falcon. Angu-
lar velocities are obtained by tracking. These
are multiplied by time of flight obtained from
estimated range to obtain leads.

f. Rate by Time with Range Finder

(1) Kerrison predicior with optical range finder
built as the US. MSA-series.

2)

6-1

(2) Disturbed Reticle Lead Computing Gyro
Sights

(a) Without empirical corrections.

(b) With empirical corrections (Vulcan XM-
61)

g. Complete Solutions for Unaccelerated Targets

(1) Almost all World War 11 heavy gun fire con-
trol systems, including the M-4 and M-9,
M-10 series (US.).

(2) Vigilante fire control system.

h. Complete Solutions with Corrections for Target
Acceleration

(1) US. M-33 system for heavy antiaircraft guns.

(2) Current Superfledermaus (correction for tar-
get acceleration in dive, or 3-D curvature
options).

i. Solutions Using Corrections Based On Projectile
Miss Distance Measurements

(1) US. Navy Phalanx.

j- Solutions Using Internally Generated ‘Synthetic
Tracers’

(1) US. Air Force ‘Snap-Shoot’ Concept.

Although not a prediction function, the provision of
regenerative tracking is considered to be essential for
high performance short r.. 2¢ weapons. Regenerative
tracking has bern used in US. Navy fire control sys-
tems for about SO years, beginning with the Mk |
computer. It was employed in the US. Army Vigilante
system, and is currently used in the Superfledermaus.

0.2 PREDICTION USING CORRECTIONS FROM
PROJECTILE TRACKING

One of the most irteresting contributions of modern
techrology to the predicted fire problem is the poten-
tial of tracking the projectiles, measuring their miss
distances at the target, and applying appropriate cor-
reciions to the fire control system.

To some de this kind of observation has aiways
becn possible g;e:imal observation of tracer rounds or
by visual observation of the burst of time fuzed projec-
tiles. The usefulness of the methnd in the past has been
limited by the man’s inability to sense the moinent at
which a tracer reaches target range, or even with
stereoscopic range finder observation of bursts, hy the
Jarge dispersion in time of burst of time fuzes.

It now seems possible by radar, infra-red, or laser
means 10 oblain measurements of projectile miss dis-
tance st the target. Since no range sensing appears to
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be possible with infra-red alone, assistance from the
fire control computer appears to be required to deter-
mine when to observe with an infra-red sensor.

The Navy's Phalanx predicted fire system is reported
1o use radar measurements of projectile miss distance.
No details on the implementation are available for the
present study.

The following analysis is preliminary, and incom-
plete. However, the probiem is structured and a meth-
odology for performing a complete analysis is devel-
oped. In addition, system criteria are developed for the
algorithms suggested to convert the miss distance mea-
surements to corrections to be applied 1o the fire
control system.

8.2.1 Historical Perspective i

Early fire control systems for use with time fuzed
ammunition were operated with a doctrine ror observ-
ing bursts through a stereoscopic height finder, sensing
burst positions relative to the target, and applying
vertical. lateral and altitude ‘spot corrections’ to the
computer. This system was used with the M-2, M-3,
and M-4 directors, was included in the M-9, and in
general was used principally for battery ‘calibration’
(fire at a specified point in the sky) rather than correc-
tions during combat.

Tracer control of fire of machine guns and auto-
matic weapons has been extensively used in the past.
The usefulness of tracer observation has been a subject
of continuous controversy, which has some basis in the
fact that the gunner's depth perception at normal
target ranges is nil, and so he cannot tell when the
bullets are at about target range. On the other hand,
tracer observation can assist the gunner in getting the
trajectories into the slant plane defined by the gun and
target heading, even if tracers are of little assistance in
setting lead within that plane.

An additional complicating factor in simple tracer
control is that even if errors can be observed at the
target, the error observed was made one time of flight
previous, and this delay added to the man’s response
time makes the control loop incompatible with rapidly
changing lead angles. ,

On the other hand, tracer observation has been used
successfully when combined with rudimentary predic-
tion systems, so that adjustments could be made to
‘course invariants' rather than to rapidly changing
variables.

With the Keirison predictor for the 40-mm gun,
(simple rate x time) vertical adjustments o the com-
puter prediction were made on the basis of tracer
observation, until the tracer ‘crossed’ the target. A
range correction was then made depending on whether
the tracer passed between the target and the tracker or
whether it was momentarily obscured by the target.

6-2

The same principle was used with the Computing
Sight M-7 (Weissight) for which there were two in-
puts, aircraft heading, and speed. Heading was ad-
justed unti! the tracer stream ‘crossed’ the target, and
speed adjustments were then made depending on

whether the tracers passed across the face of the target '

or were obscured by it.

These systems worked well in proving ground tests.
Whether it was possible to use tracer adjusted fire in
combat, especially with many other weapons firing at
the same target, is unknown.

A US. modification of the Kerrison predictor
(M5A3) added a short base (about 3 ft) coincidence
optical range finder with red and green filters. One
operator tracked in range, which was input to the
prediction computation. A second operator observed
the tracer stream through the same optics. He saw two
intersecling streams, one red, and one green, with the
point of intersection white, and occurring at the range
setting of the range finder. He could then apply lateral
and vertical corrections to move the whitc spot to the
target as seen in the same view. Subject to the time of
flight lag he was thus able in principle to correct for
the system’s slowly varying or constant errors. Applied
to the 40-mm gun this predictor gave excellent proving
ground results. How much could be credited to the
adjustment feature was never evaluated, and the reluc-
tance in the field to carry an off-carriage predictor for
each 40-mm gun when on-carriage course and speed or
‘Stiffkey Stick’ mechanical computers generated results
almost as good. caused the off-carriage line of develop-
n:ent to be terminated.

8.2.2 Automatic Projectile Tracking

Projectiles can be observed by radar, IR sensors, and
possibly by other sensors. Automatic tracking admits
the possibility of providing an additional control loop
closure for the fire control system. It is probable that
the correction based on measurements of the trajecto-
ries relative to the target must be used to correct a base
prediction algorithm, use of the time of flight lag.

Because the errors are referenced to the target, the
system has the unique capability of being able to
correct for constant angular errors of the system (such
as boresight and orientation) and for slowly varying
errors such as may result from imperfections in the
base prediction algorithm, ballistics, non-standard
niuzzle velocity and meteorological conditions, etc.

Since the measured error includes the random round
to round dispersion of the projectiles, it seems piobable
that corrections must be based on weighted averages of
mcasured miss distances or angles. The weishting
should probably be a function of time and some cf the
engagement parameters such as range.

If it were not for round to ron~ ! dispersion, there
would be little gain in measuring error more often
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Figure 6-1. Tracer Path Relstive to Target
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Figure 6-2. Measurable Angles

than once each time of flight. However, because of the
random round to round errots, the inferred systematic
errors will be progressively better abstracted as the
number of observed rounds is increased.

Note that for aimost all of the systems discussed it is
necessary to determine the point at which the projectile
reaches the target range (measured from the tracker).
IR observations must therefore probably be supple-
mented by computer indications of when to observe.
Without the range measurement, however, adjustments
can be made to get the prediction into the right ‘slant
plane’, but not to correct within that plane. But even
this partial correction may be helpful.

6.2.3 Error Sansing with Radar

Without attempting to design the radar, assume a
pulse doppler, monopulse radar capable of getting a
measureable signal from the projectile. The radar
tracks the target normally. A velocity gate is set by the
computer to include projectile velocity at target range,
and this separates the projectile return from all other
signals. One could have a separate radar to track the
projectiles, or it might be possible to calibrate the
signals off-axis obtained by the tracking radar on the
projectile as isolated by the velocity gate. The signal is
only desired at the target range, the computer identifies
the time instant (bracket) at which to read the error

Figure 6-3. Resolution of Angles

components. Alternately the projectile error signal is
read in a range gale established by the target range
measurement, without computer assistance.

6.2.4 Error Sensing with an Imaging Tracker

Assume an imaging sensor (IR or TV) with auto-
matic tracking. It 15 presumed that this is done by a
line-scanning system, and target bracketing. The view
on the image screen as a projectile passes the target is
as shown in Figure 6-1. The scan rate and the number
of projectile sensings are related. It 1s assumed that the
projectiie is tracer, which registers on TV or IR, or
non-tracer which may be observed on IR.

With no other information, one obtains two angles
from Figure 6-1 as shown, in Figure 6-2, and these
must be relaied to the desired system correction. The
vector miss can be resolved as in Figure 6-3.

Motion of the projectile in the field of view of the
imaging device, if the latter is tracking the target, is
caused principally by the iarget angular velocity. The
vertical angular velocity caused by projectile drop is
only of the order of 10 mils/second. Tracking angular
velocities can be as high as 1600 mils per second. The
observed vertical angular velocity component caused
by gravity drop is approximately

de/dt=-gt_cose/D; = time of flight

p
e = elevation angle of sight

D = slant range

(0.1)

If the sensor has a circular field of radius M acgrees,
and the miss distance is m degrees, the observabic
tracer path segment in degrees has a length

T=2 [(M/2)2-m2]l/2 6.2)

The trace sweeps through the field of view at the
angular velocity of tracking. For a 2° miss, Table VI-1
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shows approximate observation times for two sensor
fields and two angular velocities of tracking.

If one only has the angular miss picture (Figure 6-1)
the best one can do is apply corrections to try to make
the relative bullet trace projected in the sight plane
pass through the target. This will put the bullet in the
right slant plane, but it will not necessarily hit the
target. For example, it will not correct for a systematic
error in bullet velocity.

If it is possible to range on the bullet with the radar
or laser, as well as on the target, then the problem is
simplified: read the lateral and vertical errors when
both are at the same range and resolve into corrections.

A possibility for use with an IR sensor may be to use
the imaging device with range gated laser illumination.
If the laser illuminated projectile can be seen, it will be
seen only when it is in the same range gate as the
target. Hence angular error measurements are properly
made at target range.

Another possibility, which is more complicated, and
can possibly be used only at low rates of fire is to
obtain time of flight from the computer at the instant
of firing, and use this to determine the time at which
to measure miss distance. This mode might be used in
periodic system calibration, if not for correction dur-
ing a combat firing pass.

In the remaining paragraphs of this section, it is
assumed that a method has been implemented which
allows measurement of the projectile miss distances at
the target range, and algorithms for extracting correc-
tions are developed and analyzed.

8.2.5 System Dstas Flow

The system is assumed to be described by the Flow
Diagram of Figure 6-4. The target is tracked and this
process provides information to the fire control system
which generates gun orders. The gun fires, and it is
assumed that projectile miss distances are measured at
the targel range. These measurements of miss distance
are processed (averaged, coordinate corrections made,

Table VI-1. Available Observation Times

Sensor tvcld 309 3°
Angular Veloody ol
Travking
CITREN 0.3 sec 0.03 we
HI% 30w 0.3 sce
20871-509

etc.) and a correction is applied to the fire control
system.

Somu of the sources of error causing projectile miss
are:

a. Bore sight and alignment errors.

b. Solution errors (imperfect solution, instrumental
errors, lags).

o

Solution noise (resulting from tracking noise).

a

Target maneuver and flight path irregularity.

e. Round to round ballistic and muzzle velority
dispersion.

{. Non-standard ballistic conditions.

In general, these error lypes may be grouped into
three categories:

a. Relatively constant (in some coordinate system)
over the engagement. An azimuth boresight error
is typical.

b. Random round to round (for example, ballistic
dispersion).

c. Varying during the engagement.
The object of the miss distance processing unit is to:

a. Correct for the relatively constant errors as far as
possible.

b. Provide some compensation if possible for the
varying errors which persist for longer than time
of flight.

How well it does this depends on how large the
constant and slowly varying errors are compared with
the rapidly varying and random round to round errofss.

6.2.6 Operstions!l Modes Considered

In the following paragraphs, three system concepts
are described and subjected to preliminary analysis.
Two of these are based on straightforward measure-
ment and processing of the projectile miss distances. In
one mode, the correction is applied to the system in
advance of the normal data smoothing and prediction
algorithms. There are practical objections to this mode
which is, however, included because of some analytic
interest. In the second mode, the correction is applied
to the gun orders. This mode is both practical and
likely to operate successfully.

The third mode is, to the best of the writer’s knowl-
edge. a new concept, and involves internal system
computation of the expected error in point of aim
(synthetic trajectory) against which the observed miss
distances are compared. There are a number of advan-
tages to this concept including the following:

a. The reference estimate of expected error is con-
tinuously available after one time of flight,

<28
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Figure 6-4. Top Level Flow Diagram of System Using Corrections Based on Measuremenis of Projectile Miss
Distance

whereas the times at which the measurements of
actual error are available may vary widely.

b. The refer. ce estimate contains the error compo-
nents ca' . oy target mancuver and approxima-
tion er .s of the basic prediction algorithm.
Hence these can be included or excluded from
the correction as desired.

c. The reference estimate can be used by itself as a
correction device for simple prediction algo-
rithms (for example a course and speed sight),
and as a method of recording errors in the hasic
fire control system, exclusive of misorientations,
in real time.

d. The system dynamics are greatly simplified by
this algorithm.

The generation of the reference expected error is
igentical in concept with that of the Air Force Snap-
Shoot gun sight where it is the sole prediction device.
Its application to the present concept follows a sugges-
tion by Dr. Danicl Willard that one need not wait time
of flight to get a preliminary estimate of where the gun
was aimed, although the implementation may not be
that visualized by Dr. Willarcr

6.2.7 Preliminary Anslysis

For present purposes a simplified system is assumed
which, however, retains the essential characteristics of
the complete system. The analysis is worked in a single
coordinate, and trigonometric conversions are omitted.
As in the case of the regenerative module, (Section 4.3)
we could obtain an equivalent simplified system as a
zero order approximation, starting with the full system
algorithms. The system equations are originally written
in a form which can then be developed for an analog
or discrete implementation. However. since the projec-
tile measurements are discrete events, and the time of
flight lag is most easily handled in the discrete formu-
lation, the analysis is done for a discrete system.

The following notation is employed, and is refaied to
the data flow shown in Figure 6-5.

X(t) = target position at time t

n(t) = sensor error at time t {tracking sen-
sor)

Xim(t) = sensed target position at time t

H(sx) = data smoothing and prediction
transfer function; s = dsdt, a =
time of flight

Xo(1) = prediction of target position at t +
a, made at ume ¢

w(l) = system bias, misorientation, etc., at
time (. This will be taken as a con-
stant v(t) = w,

X¢(1) =~ gun orientation at time t in target
coordinates

v,(t) = ammunition dispersion at target of
round fired at t - a

E(t) = error in aim point measured at the
target for a bullet arriving at the
target at time t

En(t) = megsured projectile miss distance
attimet

G(s.t) = miss distance processing algorithm

C(t) = correction applied at time 1, based
on processed measurements of miss
distance

Note that two alternate points of insertior of the
correction C(1) are shown in Figure 6-5, one in ad.
vance of the filter and prediction algorithms, and one
at their output. The second mode is preferable because
of the intermittent character of the miss distance
measurements, but the former is shown becausc of an
interesting characteristic of the resulting algorithms.

For this analysis time of flight is assumed constant.

For Mode 1: Correction inserted prior to prediction,




Xo(t) = His, @) [X(®) + n(1) + C(1)]

Xg(t) = Xp(t) + w(t)

E(1) = %X (0)- X

E (1) = E(1) +vy(1)

C(t) = G(s.) E() (6.3)

Solving for Els)
sy, -as
£ - x, [L2H ]m e “%H
1+e@SHG 1 +e @ H
e IS HG e s
.\/a +w
1+¢ 9SH 1 +¢ ¥SHG

Note that for a linear prediction algorithm

(64)

e 9SH(os) = 1 +termsinsh;j =2 6.5)

Hence i1n evaluating the low {requency, and steady
state performance of this set of algorithms, this pair of
terms can be replaced by unity.

This mode may be of interest in detailed analysis in
conjunction with internal generation of a reference
synthetic trajectory (Mode III), but it will not be
investigated in the present study. It may be noted that
studies of Kalman filters for systems with constant
‘process’ lag in observation time have found optimal
solutions incorporating prediction elements operating

on the best estimates of the delayed observations.**’

For Mode II: Correction inserted after prediction
Xp(1) = His,a) [Xy(t) + n()]
X () = X () +CO)+ w(t)
E(t) = e Xg(t) - X(t)
E (1) = E(t)+v,(1)

C(t) = -GG EL®) (6.6)

Solving for E(s),
-0 -
E(s) = xt(s) .ﬂ +n(s) __ew_
1 +e 25 G(s) 1 +e ¥5G(s

.v‘(s)[e'a’qs) ’]W(,)l‘ e s ]

1+e 98 G(s 1 +¢"%% G(s)

(6.7)

The four terms in the above expression define four
requircments on system performance to which a best
compromise set of algorithms is 10 be designed. The
problem can be solved in some generality by assigning
on overall quadratic penalty function and applying
Kalman-Bucy filter theory, however considerable in-
sight can be obtained by simpler means.

The first term in Equation (6.7) defines the predic-
tion function. The system must correctly predict for a
polynomial of assigned degree, and must have a satis-
factory settling time.

The second term defines the effect on prediction
error of sensor noise and must have a satisfactory
variance reduction.

The third term defines the ability of the miss dis-
tance processing clement to average out round to
round dispersion, and other errors in miss distance
measurement, and must show a satisfactory reduction
of this error source.

The fourth term defines the ability of the system to
eliminate bias. misorientations and similar errors, and
is the principal term of interest since this function is
the purpose of the miss-distance measurement and
correction process.

We therefore consider the requirement on the forn
of G in order that w be eliminated with time. Assume
that a constant w, is applied at t = 0, and that the
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Figure 6-5. Flow Diagram for System Correction Based on Measurements of Projectile Miss Distances

system is expressed in discrete form with unit sampling .

interval. Then if E.(z) is the 2-transform of the error 4
component ¢corresponding to w,, Lim E(t) = Lim (2-1) £(z) :
t—ec z~l
1
@ = w, (69)
Ey@) = W, & | —— 68) +G(m)
1 +G(z2r”

We therefore require a form of G(z) which becomes é

. To determine the value of E.(t) for large t, use the  infinite as z + 1. This is obtained by computing C by 1
’ relation the algorithm i
6-7 F
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CG) »CGD+ G, Epy (6.10)
from which
e = 6, (;5) ©11)

This satisfies the requirement for steady state elimi-
nation of w,.

However we also need to average successive miss
distance measurements 10 reduce the effects of round 1o
round dispersion.

As shown later, in the discussion of Mode IlI, we
would probably prefer in practice to vary the coeffi-
cients of the averaging function with the index of the
miss measurement. However for the present discussion,
to keep the algebra simple, we use the simplest form of
smoothing.

The correction algorithm is, to this point,

C2) = - A= G2 Ep(@)

Let the smoothed value of E., be designated E... and
use the simplest recursive smoothing algorithm

gm(’) = a§m0'1)+(l '3) Em(.')

we could, of course, easily write algorithms for
smoothing functions for more than one pole. From the
above we have

(6.12)

(6.13)

(1-a)z

gm(-") - Em(j) = (6.14)

and we can allow additional flexibility in design by
applying a fraction K of this correction at each sample
point. Then

22(1-2)

) = EqK Gy (619)

For the present section we have assumed that a miss
sample is available at each unit sample interval. The
extension to the more general case of less frec}:‘em
measurements, including occasional missed samples is
straightforward.

The form of G(z) is now

22(1 -a)

) (6.16)

G=K

This function can be inserted in the expiession for
E.(2) and the form of the transient response examined
as a function of K and a.

A more important point, however, is the stability of
ths complete set of algorithms. All four terms of
Equation (6.7) have the same denominator, and so we
may consider the question of siability with regard to
any one term. We therefore focus for the moment on
the v, term.

Substituting G, and expanding,

Kz2(@z- 1)(1 -9) ]

E (2)/v(z) =
B 2 [Za (z-1)z-2)] +Kz2(1-a)

6.17)

and the denominator must have no poles outside the
unit circle in the complex z plane in order that the
complete sysiem be stable.

Locating the positions of the poles is tedious for
large values of «. As an illustration, consider the
simpler case of a = 2. Then one may solve for the
location of the poles or use Jury's tables' of stability
criteria. We find that the system is stable if K < 1.0.
Also from Jury's tables for discrete systems excited by
‘white’ noise, we find that fora = 2

2(1 -8)
(1-K) [21 +3)+K(1 - 2)}

("'g:_‘,/"’,,)2 =

= 0.06ifK = 0.1,3a = 0.9

(6.18)

These are not optimum values, but they serve o
indicate a pedestrian ap’Proach to system design as a
greliminary 10 possible future analyses using Kalman-

ucy methods of optimization.

As noted earlier, we should probably prefer to make
K a function of the index of the miss measurement,
K(), so that the amount of correction applied is large
on the first measurement, and decreases with time. One
may thus have rapid reduction of w, yet maintain
systein stability.
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An interesting characteristic of the above set of
algorithms is that they cannot distinguish between
misses caused by target maneuvers and misses caused
by system misorientations. Hence if a constant velocity
prediction algorithm is used in the basic predictor, and
the target flies a constant acceleration path for at least
one time of flight, the system will apply a correction
for the acceleration. This may or may not be advanta-
geous: aim errors caused by target maneuver can be
very large, a8 maneuvering target is not likely to main-
tain a constan! acceleration, and the set of algorithms
described above nay as a result perform poorly against
mancuvering targets.

These difficulties are completely avoided in the
Mode I11 algorithms 1o be described next.

Mode III: Use of a Synthetic Reference Trajectory

This mode takes advantage of the fact that errors
resulting in misses can be divided into two categories,
(1) those errors resulting from target manecuvers, and
system dynamics which could have been computed a
priori from a knowledge of system algorithms and
parameters and path inputs, and (2) those unknown
errors caused by system misalignment which can be
determined only by referencing the misses against the
targel. The idea is to determine what the aim error
should have been from gun orders given time of flight
earlier, and use this as a reference against which to
compare the observed misses. The observed misses are,
of course still contaminated by round to round
dispersion.

The data flow is shown in Figure 6-6. A module has
been added to the system of Figure 6-S, and this is
termed the ‘Synthetic Trajectory Module’. It performs
the following functions:

a. li stores the orders believed to have been given
the gun for at least one time of flight. If the gun
is misoricnted the amount of misorientation will,
of course, not appear in the stored data.

b. From sensor measurements of target position, it
computes time of flight and superelevation. Both
of these computed quantities will be in error as a
result of sensor error in measuring target posi-
tion. With a good sensor the errors will be small,
compared with the errors in aim point from slil
causes.

c. Using the computed time of flight, the module

recovers gun orders from memory time of flight
earlier, and subtracts superelevation. If the sys-
tem had no ersor, and the target conformed to
the predictior. algorithm assumptions, the result-
ing angles would be identical with the target
angular coordinates measured by the sensor. The
observed difference is termed the ‘expected error
in aim’.

d. The ‘expected error in aim' computed by this
process contains all of the errors resulting from
target maneuver, and system dynamics, but will
not include the errors in boresighting the sensor
and the gun, or those resulting from ballistic
biases and dispersions. Hence it may be used as a
reference against which to compare the measured
projectile miss distances.

e. Even without the actual measurements of projec-
tile miss distance this computed ‘expected error
in aim’ might be used to correct imperfect pre-
diction systems with slowly varying errors; for
example it might be used to correct conrse and
speed setting on a simple course and speed sight.
The disadvantage, or course, is that like actual
measurements of projectile misses at the target,
the data is always one time of flight old.

To provide a preliminary analysis, the following
notation is used in addition to that defined for Modes 1
and IL

E,(t) = expected ervor in aim at time t
E(t) = measured projectile miss distance at time t

AE = E_ -E, (6.19)

As noted above, a correction element might be based
on E,; for the present section we concentrate solely on
the correction of misorientation errors and use

C = -GAE (6.20)
We now have
Em(®) = (X +C+w)e @8- X +v
Ey(1) = (X5 +C) 9% (X +n)
AE = we'®4nsy 6.21)

The measured error, referenced against the cxpected
aim error thus has components depending only on the
misorientation w, sensor error n, and round to round
dispersion v.

.
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Solving for E(s)
EGs) = X (He'?* 1)+ ne ¥ (H-G)

+ we s a- Ge'OS) - vGe @3

6.22)

Consider the term involving w(s). A constant initial
value w, will be eliminated with time if G(1) = 1.

A possible algorithm for G(z) is obtained by com-
puting C(j) from

CG) = [1-KG)) €G- 1)+ KGIEG) (6.23)

whence, for constant (£())

K
G(z) = zT—ZK)  G(1)= 10 (6.24)

Note that in Equation 6.22 there is no problem with
system stability provided that G itsell has no poles
outside the unit circle.

For the problem as now formulated, it is known that
the ‘best’ sequential correction algorithm for w with
white measurement noise (resulting from both v and n,
which are statistically independent) 1s

KG) T’
i}y = ———————————————— 6.25
52+ 02sj02 625

where the several o’ are the a priori estimates of the
respective variances.

As the number of observations and corrections in-
creases, the variance of the residual bias w, approaches

Oyl == 0,2 (6.26)
8.2.8 Muzzle Velocity Biss ve. Boreaight Error

Using only measurements of miss distance at the
target, an additional processing algorithm is required
1o separate the corrections (0 be applied to gun angle
and to muzzle velocity. This separation has not been
shown in the one-coordinate system discussed in the
previous paragraphs. The idea is that since muzzle
velocily bias causes a systematic error in the direction
of target motion, it will be a small fraction of the
observed mean miss on incoming targets and a larger
portion near midpoint, whereas angular errors will not
vary with target approach angle.

[t seems unlikely that both error sources can be
essentially eliminated on a single firing pass. although

a good compromise reduction may be achieved. How-
ever by periodic calibration firings using ‘canned’
internally generated target paths and several standard
courses, the component errors can be identified and
coriected.

The general topic of projectile tracking in conjunc-
tion with ‘canned’ courses for calibration firing de-
serves detailed analysis beyond that which can be
given here.

6.2.9 Conclusions Regarding Algorithms

In spite of the increased amount of data processing
required, Mode [ll. using a synthetic reference trajec-
tory concept appears 1o be by far the most promising
and likely to work in practice. It allows the errors in
system orientation to be corrected by an inherently
stable data processing algorithmic set, it is not de-
graded by target maneuvers, and it easily a“cepts
measurements of miss distance whenever ihey are
available.

8.2.10 Expected Numbar of Independent
Corrections

Although the maximum number of projectile obser-
vations is desirabi to smooth out the effect of ammu-
nition dispersion, the first observation is not available
until time of flight after firing the first round, and the
effect of making a correction based on that observation
is not seen for an additional time of flight.

An important question is, therefore; on a given
target path, how many points spaced time of fiight
apart lie within open and close fire range. An approxi-
mate answer, including the effect of varying time of
flight, is obtained as follows:

If we count only corrections spaced by one time of
flight, the average rate of making these corrections will
be 1/4; & = time of flight. Hence over a path of time
duration T, the average number of corrections will be
approximately

T
N = { du/t,, (6.27)

Making the additional approximaticn of a constant
projectile velocity v, with open fire at an epproach
angle 3, and last round fired at midpoint, against a
1arget flying a pass course at velocity v, some trigono-
melric analysis yields

N = -log, {sin £2 (tan QIZ)V'IV ] (6.28)

whence for v,/v = 3.0, the following values of N are
obtained, as shown in Table VI-2.
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Table VI-2. Average Number of independent

Corrections, N
hY OQpen bare Angle N
3 112
w Y0
' 27
T 39
s S

20871-510

For a given opening range, the closer the target is to
direct incoming, the more independent corrections can
be applied before midpoint.

N increases with v,/v. A more accurate computation
would include the effect of projectile slowdown, but
the above estimate: indicate that except for distant
passing courses, a useful number of corrections can be
applied.

6.2.11 Simulstion Module for Projectile Miss
Measurement and Correction

Although there has not been sufficient time in the
present contractual effort to program a simulation
niodule for the algorithms just described, this section
outlines the data flow for such a module as a point of
departure for possible future programming.

The round to round ammunition dispersion is simu-
lated based on three independent, normal, unit vari-
ance sequences. The sampling interval can be as small
as that of the simulation to simulate a high data rate,
or wider sample intervals can be used to determine the
effect of data rate.

The angular miss caused by angular dispersion at
cach sample is obtained by multiplying two of the
random sequences by the vertical and lateral standard
deviations now programmed as inputs to the simula-
tion. The simulation now has a module which resolves
muzzie velocity dispersion into lateral and vertical
components at the target. These components are ex-
tracted and both are multiplied by the third random
sequence to give vertical and lateral miss of the projec-
tile caused by muzzle velocity dispersion. These are
converted to angular measure.

The vertical and lateral miss components from the
angular and muzzle velocity sources are respectively
added (o give the total miss from both ammunition
round to round error sources.

From the present simulation program, vertical and
lateral errors in aim (center of the bullet patiern) are
obtainable at the position of closest approach of the

6-12

mean trajectory to the target. This is not exactly what
would be seen from a ground sensor but the difference
is negligible for present purposes. These errors are
corrected to angular measure.

These measurements of aim error are added to the
respective random rcund to round samples to give the
observed miss distance for each sample in Mode 11
operation (see prior sections). The measurements thus
computed are processed through a new module which
averages them, and generates correction terms. If no
attempt is made in processing to identify muzzle veloc-
ity as a separatc bias, the algorithm will generate
corrections in azimuth and elevation to be applied to
gun orders in the simulation. If the algorithm cxtracts
a separate estimate of muzzle velocity bias, this is
applied as a correction to the muzile velocity bias
originally programmed as an input to the simulation.

This data fliow should effectively simulate the Mode
11 corrective algorithm (see Figure 6-7).

Simulation of Mode Il assumes that the synthetic
trajectory module is capable of extracting all ‘non-bias’
miss distance components from the miss observation.
The lateral and vertical components of miss per sample
from random round to round sources are computed as
before. To them are added the azimuth (corrected to
the slant plane) and elevation biases separately pro-
grammed into the simulation. The lateral and vertical
components of muzzle velocity bias also separately

rogrammed as input, and available in resolved form
in the present simulation are also added.

Since the synthetic trajectory is referenced against
the sensor estimate of target position, rather than true
target position, the sensor vertical and lateral angle
errors at cach sample instant are added to the build up
of observed misses.

The lateral and vertical error sums are then put
through a Mode Il processing module, which extracts
corrections 10 gun azimuth, elevation, and possibly to
muzzle velocity bias

This data flow should adequately simulate Mode III
operation.

The discussion has not considered errors in the miss-
distance measuring equipment. If these can be consid-
cred uncorrelated across measurements, they can be
included 1) by separate generation of random se-
gucnces, 2) by increasing the angular dispersion stan-

ard deviation inputs.

A general observation is that non-simulation systems
analysis should be carried out in some depth in ad-
vance of simulation programming o facilitate early
recognition and correction of possible programming
errors, in view of the complexity of the complete
simulation program.
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Figure 6-7. Flow Diasgram for Simulstion Module for Projectile Miss Distance Measurement and Correction

6.3 PREDICTION USING TERRAIN
INFORMATION

One of the methods of evading detection is for an
aircraft to fly very low, following the contours of the
terrain. Many systems exist or are undes development
1o assist the pilot in terrain following of to perform the
function automatically.  Since terrain information in
the vicinity of a defense is known 1o the defender, it is
of some interest to examine how this information may
be used in fire control. In AFAADS-I (Vol. I, p. 4-32) a
stochastic type of prediction using local terrain statis-
tics was described. In the present section a determinis-
tic prediction mode is described.

The simplest model describing the interaction of
terrain variatione and aircraft and pilot dynamics is
used here. It was presented in AFAADS-I and shown
to agree qualitatively with some limited data on nap
of the earth flying by helicopters.

First consider a flight path lying in a veriical plane.
The aircraft does not maneuver lateraily, and changes
altitude in response to terrain variations.

Define

H o aircraft altitude above the terrain mean at

timet

H, = terrain height fiom its mean directly below
the aircraft

H, = the mean altitude above terrain desired by the
© pilot

Then the simple model developed in AFAADS-I
yields the following differential equation for H

T.dH/dt+H = H +H, (1 (6-29)

where T, is a characteristic response time of the air-
craft and pilot and may be about 0.50 sec.

Solving this equation for an initial value H(0),

4T t ]
H(O) = Heox " T¢ + JIEREAS Teaqsity)
o]

(6.30)

AT /T ! -
H(t) = H(o)e T + Ho(l-e Y °)+f K, (t-s)e T d(s/T)
[e]
6.31)

The terms outside the integral represent initial tran-
sients of the aircraft in settling to the terrain following
mode. If it has been in this mode for several minutes
the exponentials will have vanished, and
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H@) = Hy+ f H, (ts)e T d(s/T,) (632)
v}

The defense observes H(t) and knows Hi(t) from
stored terrain data. Hence H,, the mean clearance
altitude above terrain desired by the pilot can be
interred. The integral converges rapidly with increas-
ing's’.

The predicted aircraft altitude at time t + a is,
correspondingly,

@ ST
Hit+a) = H, +f H, (t+a-s)es/ ¢ d(s/T;)
o (6.33)

and substituting the inferred value of H

- m -
H(t+a) = H(l)-(l -e a/T‘:)f H, (tv)e VT d(v/T,..)
[s]

o4
. T
+e afTe f H, (tw)ev/ €dv/T,)
° (6.34)

This is the desired expression. Although shown in
analog form, it is easy tc obtain a discrete approxima-
tion. The terrain sampling interval need be no closer
than that corresponding to the aircraft response time
T., since the prediction is based on the terrain spec-
trum as modified by the aircraf: dynamics. For fairly
smooth, or rolling terrain the samping interval may be
even wider.

The amount of correction generated by this algo-
rithm depends on the terrain variance, bandwidth and
the aircraft response time. Some rough computations
based on the data .n AFAADS-I on terrain indicaie
that at 3 seconds time of flight the standard deviation
of the correction might be from 20 to 35 meters. Since
the residual error after making the correction would be
expecied to be much smaller than this, and since
simple linear prediction was indicated to generai¢ a
standard deviation of prediction error of 30 w0 60
meters, the concept continues 10 have interest.

Note that one is not restricted to the simple approxi-
mation to aircraft response represented by Equation
(6.29), and with real aircraft tracking data one may
choose a better transfer function.

The algorithm can be programmed and demon-
strated by simulation. This would be interesting, but
not as definitive as testing it against actual recorded

aircraft flight paths, with terrain following over known
terrain.

A possible method of implementiag the algorithm in
a fire control system is the following: Within the
coverage region of the tracking sensor the terrain could
be subdivided into squares of equal size. The size of a
square would depend on the variability of terrain
heights and what kinds of targets are expected: for fire
against helicopters more terrain samples per square
mile would be required than against near sonic air-
craft. With each square would be associated a n.ean
terrain height and this would be stored in memory as a
triad with the coordinates of the center of the square.

Once a target is acquired its ground track is recorded
and also projected forward. From the past track, each
sample point is associated with the altitude of the
square in which it lies. This aliows the first integral of
Equation (6.34) to be computed approximately as a
sum. It may be necessary to project back beyond the
acquisition point to get a good value for the integral.
However once obtained for a given lime, it can be
computed recursively for additional points without the
need tor storing all past computations in memory.

The predicted point in the ground plane is computed
assuming constant target altitude. The second integral
of Equation (6.34) is then computed as a sum, working
forward to the predicted point. This gives the complete
expression for predicted altitude and gun orders can
now be computed.

In practice it is anticipated that the number of
terrain points which must be stored in the computer
will be relatively small, i.e., less than one hundred.
Rough terrain is associated with short sensor sighting
ranges. Smooth terrain is associated with large sighting
distances, but requires fewer sample points to represent
a given »rea. Hence the data storage require.nents may
be about the same regardless of terrain type, and the
number of sample points to make a good prediction
may be relatively insensitive (o target speed.

6.3.1 Lateral Aircraft Maneuvers

Depending on the sophistication of its terrain fo!-
lowing sensors, the aircraft may maneuver laterally to
reduce the amount of required vertical acceleration, or
to avoid terrain prominances. The flight path might be
laid >ut in advance from maps, for example, with the
horizontal track established and programmed, leaving
vertical motion to acvtomatic clearance control
equipment.

More operational information is required to definc
prediction algorithms in detail for this case, however
the following approach might be considered. As a
function of time, three values of H(t+a) must be
computed, one an extrapolation of the current ground
track, and one each for a moderate turn to right or
left. The predicied altitude in each case would be
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compared with present altitude, and the required accel-
eration in each case compared. If the no-turn case
indicated a very high acceleration requirement, but one
of the turn options did not, the prediction would be
biased to the turn with lowest acceleration require-
ment.

6.4 UNAIDED TRACKER CONTROL: ‘GUNNER’'S
DELIGHY’

The question of whether a gunner, using a machine
gun without a fire control system, does better with or
without tracer ammunition is controversial, and is
unlikely to be resolved in the near future. Single
caliber 0.5¢ machine guns using only tracer control
shot down many aircraft in World War 11, and the
Quad 0.50 mount with a fixed reucle sight had an
excellent record.

The time of flight delay between observation and
correction makes it unlikely that simple tracer control
would be much assistance against crossing targets,
however the possibility exists that tracer observation
did help the sight setters of the course and speec sights
{M7). and the angle setters of the Siifikey Stick and
Peca Sights to get the lead into the right slant plane.
This capability was demonstrated in proving ground
firings.

Since fire with a fixed reticle type sight with or
without tracer is always a back-up mode of operation
for antiaircraft guns, we note, without attempting to
resolve the tracer controversy, some early results with
tracer fire by machine guns against slow targets some
forty-five years ago.! The resulis may be compared
against modern firings against helicopters.

Figure ¢-8 shows percent hits against a sleeve target
plotied versus range for cal 0.30 and 0.50 machine
guns in proving ground firings. Note that the percent
hits varies inversely as the square of range, hence can
be reduced 10 an equivalent constant mil vazlue. The
sleeve size is unknown at this time, but assuming a 6 x
30 ft sleeve, ihe results are cquivalent to an angular
standard deviaiion of 16 mils.

It is probable that the aim errors associated with
successive round: were highly correlated; unfortunately
there is insufficient data to infer the correlation.

Normalizing the individual points to equivalent val-
ues at 1000 yards, and plotting against target speed, an
indication is obtained in Figure 6-9 that the percent
hits varies roughly as the inverse of target velocity
squared.

Because of the operational limitations on firing at a
sleeve without hiting the tow aircraft, it is probable
that the recorded datz was taken during the central

rtions of crossing courses. Hence the velocity can be
interpreted as velocity perpendicular to the line of
sight.
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Figure 6-8. Percent Hits versus Range with Machine
Guns using Tracer Control: 1926-1928
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Figure 6-9. Machine Gun Fire with Tracer Control:
1926-1929
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The straight line approximation in Figure 6-9 corre-
sponds lo an estimate of equivalent standard c'eviation

0= 225 (V/lOO)2 mils ; where V = velocit 7 in mph.

(6.35)

This must have some minimum value as V becomes
very small, but there is insufficient daia to infer the
minimum.

Since the above estimates work out to about 7 mils
at 1000 meters for a 50 knot target, there is a strong
inference (validated by Vietnamese experience) that
machine guns with only rudimentary fire control (at
the most a fixed sight) and possibly using tracer am-
munition have an important air defense role.

However this should not prevent an evaluation of
the possibility of providing a very simple computing
sight with laser range finder ror use of Bushmaster in
air defense, for example. Digital computers are now so
inexpensive that it is believed a good solution could be
developed in a fire control package costing less than
the basic weapon. Since the principal use would be in
self defense, the weapon couid be manually pointed,
anc the absence of the lag associated with rate control
should make a simple gyroscopic computing sight
dynamically acceptable.

6.5 THE SNAP-SHOOT GUNSIGHT: SYNTHETIC
TRACER CONTROL WITHOUT TRACERS

A new concept of fire control computation has heen
proposed by Gilbert, Preyess and Willes of the USAF
Academy for air to air gunnery’* An implementation
of the concept is as follows:

The human operator aims the gun and views the
target through a sight which displays a computer
generated reticle (such as a small circle). To generate
the reticle position the computer records the gun posi-
tion continuously, or at close sample intervals, stores
the gun angles versus time.

Range to 1arget is continuously measured by a range
finder. The reticle position is generated by the com-
puter to represent the position relative to the target of
a hypothetical round fired time of flight previously.
Time of flight is continuously computed from the
target range, Gun angles are stored in memory as
measured by the system at closely spaced sample inter-
vals, and the reticle position is computed by extracting
gun angles time of flight previous from memory and
providing the appropriate angular corrections to refer-
ence them to current gun posilion. Superelevation
correction is included appropriately.

It will be seen that the effect of this procedure, which
is done relatively casily with a digital computer, is to
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rovide the gunner with a synthetic tracer round which

Eas the unique characteristic that it lights up only
when it reaches 1arget range. In addition the density of
synthetic fire can be so high that it is essentially
continuous, like water from a hose visible only at
target range. The reticle then moves continuously
rather than in steps.

The concept is attractive from the point of view of a
‘practical’ man, since the problem of lead computation
is reduced to one of training the operator’s ‘gunner’s
eye’. If in fact the man can make use of more cues
than can be measured by an automatic system, good
performance could result.

On the other hand, the delay time between a control
motion and the operator’s observation of the result of
that motion has now increased from about 0.20 times
time of flight for a disturbed reticle sight to the full
time of flight. The increased difficulty in operation has
been noted in simulator tests of the Snapshot principle.

The air to air problem has characteristics not present
in the ground to air problem; for example the interac-
tion of maneuver and countermaneuver between com-
batting fighter pilots.

For ground to air fire control the principle of storing
gun orders and comparing them with sensed target
position time of flight later has a number of possible
applications.

a. The comparison can be done automatically, with
automatic introduction of the correction to a
basic conventional prediction algorithm. In thit
mode the system is a special case of the pro-
jectile miss distance measuring system of Section
6.2. It can correct to some extent for target
maneuvers, lags and solution imperfections in
the basic prediction and computation algorithms,
but it cannot correct for errors in orienting and
aligning the system. Thus, added to Vulcan, it
could correct for lead errors resulting from the
approximate algorithms used but it could not
correct for boresight errors. Similarly, if added to
Duster, it could correct initial course and speed
estimates set on the mechanical lead computing
sight.

b. The correction could be applied as a ‘track-off
reticle on an existing fire control system. The
operator would track the standard reticle for one
time of flight after which the synthetic tracer
spot would appear and could be used as a new
tracking reference. The potential of doing some
smoothing on the difference now exists, since the
difference should be slowly varying.

c. The apparent miss distances computed by the
above procedure can be used in the system em-
ploying actual measurement of projectile miss
distances as a reference against which to com-
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pare those measurements. Since the apparent
miss distances contain the errors resulting from
tracking noise, target maneuver, and solution
approximations, the difference between them and
the recorded miss distances should be composed
only of system misalignment errors and round to
round dispersion. Use of both sets of data greatly
expands the options for design of an effective
overall system.

6.6 RATE BY TIME PREDICTION

Gyrosights are still used for antiaircraft fire control,
some, like Vulcan, with complex error correction algo-
rithms, and some foreign systems, it is believed, use
smoothed angular velocities simply multiplied by time
of flight for an approximate computation.

In this section a brief analysis is made 10 indjcate
the magnitude of error involved in the simple rate by
time prediction. This is not intended as an evaluation
of any existing system, since as has been indicated, the
degree to which the indicated error is corrected out by
various means in specific sysiems is not known to the
present writer.

Consider a gyrosight computing lead in the slant
plane containinyg the tracking point and the target
velocity vector, according to the prediction algorithm

| +s(l+a)tp
= —_—_— 36
6, =0 — T (6.36)

and for simplicity assume a constant velocity projectile.

Confining attention to the error in the slant plane,
this may be computed by expanding

E = 85¢¥p-0, 6.37)
and 10 terms in s2 this is

E = 6 tp 2(a+0.5) (6.38)

For a first order approximation ignore the difference
betwecn present and predicted slant range, whence

E= (‘r'/"‘)2 (XDm/DZ)(HZa) ; D = slant range
D, = midpoint range
X = distance to midpoint

(6.39)

and E is in angular measure, (radians). To convert to linear
miss distance

Ep = (/%)% (XD /D) (1+2a)

(6.40)

For v/v, = 0.3, contours of constant E,, are shown
in Figute 6-10, for typical values of a = 0.20 and
0.50. It is clear that the errors are unacceptebly large,
except for directly head on targets, and for a brief
interval at midpoint.

6.7 COURSE AND SPEED SIGHTS

Duster uses a mechanical course and speed sight
which develops angular leads based on estimates of
target heading and speed which are set into the sight.
A mechanical drive maintains the heading setting as
the gun traverses, so that once correct it remains
correct until the target changes course. Heading is set
as a combination of angle of dive and horizontal
heading. The sight computes for an average projectile
velocity and superelevation, so that even with correct
course and speed setting, leads will be in error except
at the range to which projectile velocity and gravity
drop are set. In general the errors from these approxi-
mations are small compared with those resulting from
the course and speed estimates.

At one time a doctrine was developed for making
course adjustments based on tracer observation, but it
is doubtful that this has survived over the years, al-
though it was demonstrated to work in proving ground
firings.

To get a rough impression of the errors resulting
from erroneous course and speed settings, assume a
level low altitude target path, and error E; and E, in
course and speed settings. For a target speed v, and an
average projectile velocity v,, the miss distance at ihe
target will be approximately

Em = (V) (E,/MD, +E _X] ; X = distance from
midpoint

Dm = crossing range

6.41)
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Figure 6-10. Contours of Constant Aim Error in Sisnt Plane with Rats x Time Computation

It is doubtful that course can be estimated to better
than about 10° or speed to better than about 15%.
Then E,, works out to about 0.05 D where D is slant
range, for v/v, = 0.30. Surprisingly, this is about the
same order of magnitude as the lag error of the rate by
time predictor over most of the firing region, and if
one allows for some ability to correct course by tracer
observation on direct incoming targets at least, the two
systems are competitive, but neither is very good. The
value for E,, corresponds to about a 50 mil bias over
the whole firing pass.

During World War I, NDRC personne! ran experi-
ments to determine the ability of human observers to
estimate target speed and heading. Unfortunately the
reports are deep in the historical archives, if, indeed
they still exist.

These skeichy analyses do justice to neither the rate
x time nor the course and speed sight. Classified data
on Duster firings do exist from which one can infer
errofs in course and speed setting. Noting that the bias
estimated above is proportional to the ratio of target
speed to projectile velocity one might expect fair per-
formance of the simple course and speed sight against
helicopters, using a high velocity gun, and in general,
for light automatic weapons having antiaircraft de-
fense as a secondary mission the course and speed
sight should be given some consideration. However,
since it does nol use gyroscopes, digital computers,
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laser or radar range finders, its protagonists would
have to support the recommendation with firing re-
sults.

6.8 BARRAGE FIRE

Reports of enemy antiaircraft fire seem to be reluc.
tant to credit the enemy with the abi'ity to conduct
accurate aimed fire, unless it is observed that he is
using radar, which is somehow endowed with a mysti-
cal ability to predict that is not credited to optical
tracking. A heavy and effective antiaircraft gun de-
fense is ofien reported as using ‘barrage fire”. Reports
from friendly antiaircraft units on the other hand are
unanimous in commenting on the comparative ineffec-
tivenxss of barrage fire unless associated with ex-
tremely large ammunition expenditures and large
numbers of guns.

For this reason, and because ‘barrage’ fire is a back
up modc of defense when fire control fails and tie
guns are still operative, it scems deeirable to make
some computations of the effectiveness of barrage fire.

In World War II, barrage fire was used effectively by
the Allies in the defense of Malta and in the defenre
of the Remagen Bridgehead in 1945. No daua is at
hand on the dsesign of the ‘box barrage’ used at Mala,
but the Remagen defense is well documented! The
defense at Remagen employed 1100 cal 0.50 machine
guns and 240 37-mm and 40-mm weapons, and on its
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best day inflicted 59% kills on attacking aircraft, in-
cluding a number of jess.

8.8.1 The Remsagen Defense

The Allied advance had succeeded in capturing the
Remagen railroad bridge intact; this bridge was essen-
tial to rapid continuation of the advance, and a total of
64 90-mm guns, 24 37-mm and 216 40-mm automatic
weapons and 1100 Caliber 0.50 machine guns was
emplaced to protect the bridge and assocated Bailey,
Treadway and Pontoon bridges. :

The defense doctrine is described in the referenced

Army history’ The defense was supplemented with
balloons, many of which were victims of the defense
itself.

The principal defense was a barrage set up with the
machine guns and the automatic weapons. On the
approach of enemy aircraft, the barrage was ac'ivated
for a period of 10 seconds, and the 9850 rounds per
second (most or all with tracer ammunition) must have
been an impressive sight to the attacking aircraft.

The guns were divided into two geographical
groups, and each group put an umbrella of fire over an
assigned bridge.

Each weapon was laid on the azimuth of the bridge
it was assigned to defend, and fired at a specified
quadrant elevation with a few degrees manual ‘scan-
ning’ about this angle during firing. Presumably this
minor change in angle provided a more uniform aver-
age coverage.

Both piston engined and jet aircraft attacked. The
record of the defense is shown in the following table.
The reduction in percent kills with time in part reflects
the increasing fraction of jets, and in part the probable
increasing reluctance of attackers to attempt to pene-
trate the umbrellas.

A total of 442 enemy aircraft was active over the
crossings and bridgehead area during the period 7-21
March 1945, Of these 142 were destroyed by antiair-
craft and 59 probably destroyed. None of the bridges
were damaged or destroyed. Results by date are sum-
marized in Table VI-3.

6.8.2 Model of Defense

A vertical section through the defense is shown in
Figure 6-11. For simplicity, it is assumed that all
weapons are aimed at the azimuth of the defended
point, and at the same quadrant elevation. In addition,
the trajectories are assumed to be straight lines, since
even for the most remote weapon, gravity drop over
the defended point is only a few degrees.

The greatest densily of fire is, of course, greatest
directly over the target.

Since some assumption must be made about the
horizontal deployment of the weapons, it is assumed
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that the deployment is such that the linear density of
trajectory intercepts with the vertical sxis through the
target is a constant over the height baad specified for
maximum capability. It is also assimed that the
ground distribution of weapons has circular symmetry.

If there are N tubes and the apex of the defense
cone is at a height H, then there are N/H trajectory
intercepts per foot.

Next consider a target flying through the defense on
a horizontal path. It can be seen from Figure 6-11 that
by flying at one half the altitude of the apex of the
cone it accomplishes the closest approach before enter-
ing the firing volume.

We now obtain the density of fire after penetration
o1 the firing volume. If H is the altitude of the apex of
the cone, and the target flies at H/2, it i1s exposed to
fire when it enters a disc of radius R./2.

Within this disc, a ring of radius r and width dr
contains those trajectories that cross the vertical axis in
two segments of length dh = dr tan ¢, equally spaced
above and below the intersection of the horizontal
plane with the vertical azes. The ring of radius r
contains

2(N/H)tan odr trajectory intercepts  (6.42)

It ic assumed that these are distributed uniformly at
random around the ring, so that the density of inter-
cEpts per unit area 1s

PXY) = [Ntan ¢/ (om Hr)

= Ni(pn Rmr)r2

2o x24y2 (6.43)

If the target comes in at other than the half cone
apex altitude, below the cone apex it penetrates a
‘single coverage ring’ from r; to r; then a double
coverage ring fromr, to 0.




n s H tan ¢;r2-R"rHtano (6.44)
In the si..gle coverage zone
p(X.Y ) = NiQ2pnRpyr) (6.45)
In the double coverage zone
(6.46)

n‘(X.Y) = Ni(onR_ 1)

For altitudes above the cone apex there is only a
single coverage zone extending from r, = H tan ¢ -
R~ to r; = H tan ¢ and in a circular disc segment
over the target there is no coverage.

Here we develop the solution only for penetration at
the half cone apex altitude.

The harrage is not necessarily fired for the whole
time that the aircraft is within the barrage volume. We
assume for generality that the barrage is activated for
a target path of length R,, passing directly over the
targel, R./2 before and R,/2 after crossing the target.

In the horizontal plane containing the target, con-
sider that projectile intersecting the plane at XY, when
the target is at x, flying along the x axis. The probabil-
ity that the target is hit is

A 2/ 2
XYx) = e 3(A + 2109
P(X.Yx) A+ 2110z

647)

where A = target presented area to compute hits, or
vulnerable area to compute kills. ¢ = round to round
bullet dispersion and

2= (X-x)2+ Y2 (6.48)

Assume that all guns fire at the same rate », and
designate V as target velocity. Then the expected num-
ber of target hits (kills) is

E = (v/V) j j’ [p,(x,v) P(X.Y, x) dX dY dz
Xy
(6.49)

Recognizing the rapid decay of ihe exponential in
Equation (6.47) with s, and integrating successively
over x, X and Y, it is found that the multiple integral
can be approximated as

vNA
e (2%/2[1 + Log, (R /C!/2)

C= A+2n02

Ro <R

(6.50)

If more than one weapon type is present, E is
summed over all weapons. Then the kill probability
against an aircraft P, is given by

Po=1-¢E (6.51)

This expression can be better understoo’ y compar-
ing it with a much simplicr case in  .«ch fire is
uniformly distributed over a disc of rad' = Rn/2. The
target crosses a diameter of the disc in  ./V seconds
during which N R../V rounds are firc,. The target
covers a fraction A/(m R.,’/4) of the disc, hence it will
receive

£ = <N ainyhit 6.52
VRm 7) hits . (6.52)

The more complex form of Equation (6.50) accounts
for the fact that fire is not uniformly distributed over
the disc, but is concentrated more heavily at the center.

6.8.3 Effectivensss Computstion for Remagen
Defense

The following weapon characteristics are assumed,
as shown in Table VI-4.

For all weapons, it was assumed that the target
presented area was 250 ft and the linear standard
deviation of round to round dispersion was 20 ft,, so
that C = 2750 f¢.

The comﬁlem defense could fire 9850 rounds per
seconds with all weapons firing. Assuming all tracered
ammunition the display must have been spectacular,
especially from the cockpit of the attacking aircraft.

The probability of killing a target with the full
Remagen defense covering a single ground point is
shown in Figure 6-12 versus. target speed, bariage
duration, and tons of projectiles expenaed per barrage.

Figures 6-13 and 6-14 show the contributions of the
machine guns and the automatic weapons separately.
Rounds per kill is higher by a factor of about ten over
that reported for aimed fire.

The barrage would have been equal to aimed fire on
a rounds per kill basis if ten aircraft entered the
defense simultaneously.
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Table VI-3. Remagen Dsfense Effectiveness
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Table VI-4. Assumed Equivalent Remagen Defense

Probability of Kill
Weapon Ratc of Fire Given u Hit Numbcr of Weapons
Cal 0.50 500 rpm 0.04 1100
37/40 mm 120 rpm 0.60 240
20871-512
10 T r - ——— + - T -r T
FULL REMAGEN AUTOMATIC WEAPON ANO MG
i BARRAGE OVER ONE DEFENDED POINT 1
L 250 MPH TARGET ]
24.2 SEC]
’,
#ROB OF DESTROYING —O
]
AIRCRAFT 20 SEC ]
\——soo MPH TARGET 1
18€C
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fONS OF PROJECTILES
PER BARRAGE 20871156

figure 8-12. Full Remagen Automstic Wespon snd MG Barrage Over One Defended Point Probebility of
Killing Aircraft versus Tons of Projectiles per Barrage

Figure 6-15 shows the effectiveness of the automatic
weapons component of the defense if the number of
guns were varied. Also shown are the tons of ammuni-
tion (complete rounds) per barrage activation, and tons
of weapons (towed mounts) involved.

6.8.4 Conclusions

Assuming the availability of a sufficient number of

uns and rounds of ammunition, a barrage defense can

highly effective. It has the following advantages and
disadvantages:

Advantages:
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It is independent of weather and
encmy countermeasures

It cannot be saturated by aear
simultaneous sirikes by many air-
craft

It can be employed without fire con-
trol

The great volume of tracers in the
air at one time louks like an impen-
etrable curtain to the attacker
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Figure B-14, Effectiveness of Defense with Cal. 0.60 Machine Guns Alone (1100 Barrels)
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. , . . with these, the approximations involved in using the
In the AFAADS-I simulation projectile ballistics simple power hl"vP of Equation (6.53) are cntsirely

were simulated as straight line trajectories without
ravity drop and with projectile deceleration described acceptable.
the simple power law However if one is given ballistic tables for a specific

projectile it is a tedious separate problem to determine
dv/dt = - KV® ; K2 = constants (6.53) appropriste values of K and a to approximately match

WeEDE . .o el L T Y
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Figure 8-15. Barrage Effectivensss versus No. of 37/40 mm Guns Showing Totsl Wt. of Towed Mounts end ' )
Tons of Ammo (Complete Rounds)
Disadvantage: The barrage requires a greater am- This expression can be integrated and closed form I -
- munition expenditure per target kill relations obtained between time of flight and slant :
than simed fire by a very large range.
factor . . . .
The major sources of error in a predicted fire system ' 2
; are target mancuver, tracking noise and its amphfica- 3
{ :':‘:"g:.oo‘:"o BALLISTIC MODULE FOR tion in J,nediction. and angular and muzzle velncity %
bias and round to round dispersion, and corapared ' )
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the given table. Moreover, the power law does not
project well to subsonic velocities.

It was therefore decided that time would be saved in
the long run by replacing the power law approxima-
tion in the simulation by Siacci tables.

6.9.1 Siacci Approximation

It must be remembered that the object is to generate
ballistic data in the simulation which will be adequate
for probability of hit and kill computations. This does
not require ballistic data of comparable accuracy to
that required in the fire control system being simu-
lated. A brief review of the simulation volume will
make it clear why this is the case.

Siacci functions are out of fashion in compulting
firing tables since more accurate methods can be em-
ployed with modern computers. However they are
entirely adequate for present purposes, and provide a
satisfaclory approximation to specific firing tables for
the simulation.

The simplest form of Siacci methodology is used.
For computing projectile velocity and time of flight the
trajectory is assumed to be a straight line.

Then ume of flight ¢, and siant range D, are ob-
tained as

tp = CIT(V)- T(Vo)} (6.54)
Dy = CIS(V)-S(V,)] (6.55)
where:
C = projectile ballistic coefficient
C = wyiD?
w, = projectile weight in pounds
D = projectile diameter in inches

i = aform factor, and is close to unity
V=
V., = projectile initial velocity
T(V), S(V) are tabulated functions. There are a

number of Siacci functions for various projectile types,
and although one avoids argument by loading the
computer with Siacci functions most closely describing
the projectile being simulated, (a simple process). for
almost all cases any available Siacci table can be used.
The simulation has been programmed to accept several
values of (y,D,) for given V, and derive the value of C
which makes a best fit to specific firing table data when
that is available.

The simulation runs reported in the ﬁresem effort
used the old Gavre function and a few check analyses

projectile remaining velocity at D,
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indicated excellent fits to firing table data on several
antiaircraft projectiles which were generated for the
purposes of the simulation.

The curvature of the trajectory caused by gravity
drop affects simulation results principally via the direc-
tion of approach to the two-ellipsoid target model, and
as described in Section 7.5, gravity drop is computed
for that purpose simply as 1/2 gt

6.9.2 Computing Power Law Approximations

Although the power law method has been replaced
by the Siacci method in the current simulation, sc
much difficulty was experienced in obtaining suitable
constants to approximate firing table data that we
record here first order solutions which can be iterated
and converge rapidly to the desired values.

The assumed deceleration law is
dv/dt = .KV3

It is desired 10 determine K and a to fit three points
along the trajectory, which is assumed to be a straight
line. Let (V,,Dy), (V..D;) be the remaining velocity and
slant range pairs at these points.

(6.56)

Define x| = V;/Vp ixy = V,/V, iR = Dy/D,
From Equation (6.56)
Vo2?.v2% 2 (22)K D

6.57)

Expanding the solution abouta = 2,0

(6.58)
Expanding the solution abouta = 1.0

R{ - x;) - (1x5)

a= 10+ (6.59)

szogexz -Rx bogexl

In most cases 1.0 < a < 2.0 and the two values
obtained above will bracket the correct value. The
above method can be used to develop an iterative
program for compuier solution. Once ‘a’ is obtained,
‘K’ is easily computed. As an example consider a
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trajectory with the following three points for (V,D),
including the initial point (3400,0),(2000,2000),(1000,

4000); the two initial values of 'a’ obtained are 1.44
and 1.66.
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SECTION 7
THREAT CHARACTERISTICS

7.1 GENERAL CHARACTERISTICS OF THREAT

This section supplements and up-dates the discussion
of the threat contained in the AFAADS-I report.

7.1.1 Numbers of Types of Aircraft

One of the best open source assessments of tactical
air capability of all of the nations of the world will be
found in the annual publications of the Institute for
Strategic Studies, *The Military Balance’, and ‘Strategic
Survey''? Aircraft and tactical air to surface missile
characteristics are found in Jane's annual Weapon
Systems’ and Aircraft volumes, and in the monthly
International Defense Review.

Tactical air force levels in Europe are compared in
Table VII-! from ‘The Military Balance, 1971-1972",
Numbers and types of aircraft from the same source
are listed in Table VII-2 and specific aircraft charac-
teristics are shown in Table VII-3.

Emphasis in the source material was on nuclear
delivery capability, but the identification and numbers
on strike aircraft are applicable 1o both nuclear and
non-nuclear situations.

The report ‘“The Military Balance’ provides detailed
force structure for all of the nations of the world from
which force levels which may be involved in local
conflicts may be estimated.!

A principal observation from Tables VII-1, VIil-2,
and VII-3 is that in Europe, the NATO forces are
confronted by a tactical air force numerically excced-
ing the NATO aircraft in each of the four listed
categories of Table VII-1.

Under these circumstances, air defense acquires an
importance far greater than it had for the United
States and allies in Korea and Vietnam. In Europe,
NATO ground forces wouid be under heavy air attack

while the air superiority baitle was being waged, and
antiaircraft ground defenses would be heavily stressed.

7.1.2 Air to Surface Missile Characteristics: The
New Ball Game

If the defense inflicts unacceptable loss rates on
aircraft using simple fire control and unguided muni-
tions, the attacker may utilize various options employ-
:ng §n‘nded weapons. These are summarized as fol-
ows:>

a. Line of sight established and held by attack
aircraft, missile slaved to line of sight, or steered
all the way. Short range missiles with wire com-
mand link include TOW, AS-11, AS-12. Longer
range missiles with radio command link include
AS-20, AS-30, Bullpup A and B and Hellcat.

b. Target viewed by TV-hecad on missile. Control
modes include:

(1) Operator control all the way via TV view
repeated back to launch aircraft. Free aircraft
maneuver as lung as data transmission path is
maintained. Systems include Martel (UK)
and Condor.

(2) TV head locks on target and missile homes.
Once lock-on is achieved, launch aircraft is
free to leave. Systems include Maverick and
Walleye bomb.

¢. Missile homes on target radiations. Radiation
sources include:

(1) Radar. Missiles for anti-radar homing include
Shrike, Standard ARM, Martel (France),
Kormoran. -

(2) Infrared. Kosmoran is reported 10 have this
capability.

d. Active radar homing head in missile. The princi-

Table VII-1. Numerical Strength of Tactical Air Forces in Europe

Notrthern and Central
Europe Southern Europe
(of (of
Warmw which Warsaw which
Cstegories NATO Pact USSR) NATO Pact USSR)
[T Tactical sircraft in operationsi D
service
- light bombers .. 150 280 200 - 30 30
- fightet/ground attack 1,150 1.400 1,100 450 150 50
— interceptors .. 300 2.100 1,100 278 900 450
- reccnnalssance . . 400 400 300 128 100 40
20871-813A
7-1
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Table Vii-2. Comparative Numbers and Types of Bomber and Strike Aircraft

— ———— Sa—

United States Soviet Union
Category Type Number Type Number
Long-range B-S2C-¥ 150 Mya<4 Bison 40
bombers B-52G/H 210 Tu-20 Bear 100
Medium-range FB-111 70 Tu-16 Badger 500
bombers
| Strike aircraft F-105D TU-22 Blinder
‘% | (land-based) F<4 (1.200) Yak-28 Brewer (1,500)
s F-111 AJE Su-7 Fitter
«< A-70 MiG-21 Fishbed)
11-28 Beagle
Stnke aircraft A4
(carner-based) A6A (900)
A-TA
RA-5C

OTHER NATO AND WARSAW PACT COUNTRIES

NATO Countries Warsaw Pact Countries
Category Type Number Type Number
Medium-range bombers Vulcan (8Britain) 56
Canberra B(1)8 (Britain) 24
Strike aircesft (incl. Mirsge VA (France) 36 11-28 Beagle (150)
short-tange bombers) Buccuneer S2 (Britain) 80 Su-7 Fitter (200)
4 (60}
+-104 (400)
20871-514A

pal target would probably be ships. Missiles in-
clude Kormoran and O:omat.

e. Missiles homing on laser designated target. The
laser may be laid on target by a ground operator,
by an operator in another aircraft (for example a
light artillery spotting aircraft), or by the launch
aircraft. Whatever the laser location, the target
must remain illuminated during the missile
flight. Systems include the Helifire missile, and
laser homing heads for iron bombs.

The cost of the more sophisticated options is consid-
eruble, although the added equipment apparently, still
costs less than the flyaway cost of the delivery aircraft

7-2

with simpler fire control. Aviation Week states with
regard to ‘Pave Knife’ AVQ-10.

‘Pave Knife’ AVQ-10. This is a ‘completely scif-
contained pod-mounted weapon del'very system for
the F-4D". It combines LLLTV with a laser tracker and
designator for a laser guided bomb, and according to
the reference the cost is $550,000 per system

Recent reports indicate high effectiveness of the laser
guided bombs. The following costs are given in Avia-
tion Week for TV and laser heads for installation on
iron bombs (see Table V1I-4)."
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Table VI1-3. Characteristics of Bomber and Strike Aircraft

AIRCRAFT (USA)

Max. range Max, speed Max.
(Statute {(Mach. weapons ASM In
Category Type miles) no.} load (b} carried service

Long-range B-52C-F 11,500 095 60.000 Hound Dog 195§
bomoet B-S2G/H 12,500 0.95 75.000 2 x Hound Dog

Medium-
range
bomber FB-111 3,800 22 37,500 - 1970

E Strike A4 2,300 09 10,000 2 x Bullpup 1956
aircraft A-6A 3,200 09 18,000 2 x Bulipup 1963
A-7A/D 3,400 0.9 15,000 4 x Bullpup 1966 i
‘ RA-5C 3,000 20 13,500 2 x Bullpup 1964 ’
F-104C/G 1.300 12 4,000 2 x Bulipun 1958
F-105D 2,106 228 16,500 4 ¥ Bullpup 1960
F-111A/E 3,800 2°12.5 25,000 4 x Bullpup 1967
g F-4 1.600 24 16,000 4 x Bullpup 1962

AIRCRAFT (USSR)

Max. range Max. speed Max.
(Statute (Mach. weapons ASM In
Category Type miles) no.) load (b)) carried service
Long-tange Tu-20
bomber Bear 7.800 076 40,000 ! x Kangaroo 1956
Mya-4
Bison 6,050 0.87 20.000 - 1956
Medium- Tu-16
range Badger 4,000 08 20,000 2 x Kelt 1955
bomber
Strike Tu-22
aircraft Blinder 3,000 1.5 12,000 1 x Kitchen 1962 3
. (incl 11-28 4
shott- Beagle 2,500 0.81 6,000 - 1950
range Yak-28
. bomber) Brewer 1.750 1.1 4,400 - 1962
Su-7 Fitter 1.250 1.7 4,500 - 1959
MiG-2
' Fishbed 900 2.2 2,000 - 1970 .
AIRCRAFT (OTHER COUNTRIES)
Max. range Max. speed Max.
(Statute (Mach. weapons ASM in
Country Type miles) no.) load (ib.) carried service )
BRITAIN Vulcan 82 4,000 0.9 21,000 1 x Blue Steel 1969 P
l Cenberra B(1)8 3,800 0.83 8,000 — 1955 2
Buccaneer 82 2.000 095 8.000 1965 i
K ' FRANCE Mirage IVA 2,000 22 8.000 - 1964 '_&
20871-515A 2
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Tabie VII-4. Smart Munition Cons‘”

Component Cost
Basic 3000 1b GP bomb $:.800
TV Guidance Package $15.000
Laser Gudance $3,100
20871-516

The road to improved systems is Paved with at least
seven variations on the Pave system, and some 1§
system development programs are outlined in Aviation
Week?

7.1.3 Implications for Local Air Defense

The simplest ‘smart” munition, and probably the
option of lowest cost is the guided bomb. If the laser
designator is airborne, howeves, it must be at sufficient
altitude to have a lire of sight to the target, and the
designator standoff range is limited by accuracy of
holding the laser aim. This may expose the designating
vehicle to surface to air missile fire,

In the case of stand-off missiles with enough range
1o remain outside the missile defense zone, the air to
surface missiles themselves become quite large, and it
may be possible 1o engage them with the local defense.

The reported effectiveness of laser target designa-
tions suggests a need to provide the defense with a
detector which can sense laser illumination and deter-
mine the line of sight to the illuminator. If it is on the
ground at short range it may be engaged directly by
the air defense weapon; at longer range it can be
attacked by artillery if response time of artillery can be
made acceptable.

These counteractions are not necessarily feasible.
However the problem for the defense is now suffi-
ciently well defined so that analyses of air defense
effectiveness should include the concept and analysis of
defensive systems and operational modes against air 1o
surface munitions as well as against their delivery
aircraft.

7.2 ATTACK AIRCRAFT TACTICS

A detailed discussion of attack modes and wezpons
was given in AFAADS-I. This section supplements the
former discussion with extracts from U.S. Marine
doctrine, which provides additional descriptive mate-
rial of use in generaung tactical situations for evalua-
tion of defense systems.

Effective execution of close air support missions
requires the following:

a. Air Superiority. Air superiorily is an essential
prerequisite for effective close air support opera-
tions. Close air support flights must be provided
warning and security against enemy fighter at-
tacks to a degree commensurate with the local
situation.

b. Suppression of Hostile Air Defense. The vulnera-
bility of close support aircraft to ground fire
makes enemy capabilities in this field a major
consideration. When possible, known antiaircraft
weapons should be rendered ineffective before
close air support is attempted.

c. Favorable Weather. Favorable weather and obser-
vation at the target is necessary for effective
visual close air support. The type of attack em-
ployed is inﬂucnceﬁy the ceiling and the visi-
bility. Close air support in marginal or unfavor-
able weather conditions may be conducted by
visual attack aircraft utilizing a ground radar
control system found in the air support radar
team of the Marine air support squadron. All
weather attack aircraft may conduct close air
support during unfavorable conditions indepen-
dently or in conjunction with the air support
radar team. Unfavorable weather conditions at
the carrier or land base from which the aircraft
operate will decrease the on-stauon time of the
close air support aircraft.

7.2.1 Delivery Maneuvers

A variety of delivery maneuvers have been devel-
oped for the various types of air-to-surface weapons.
The manecuvers were developed after careful considera-
tion of such factors as weapon ballistic and fragmenta-
tion characteristics, various types of terrain, weather,
enemy defenses, and accuracy requirements. Each de-
livery maneuver is designed for a particular set of
circumstances. Generally speaking, the delivery maneu-
vers are divided into four categories -- level, glide,
dive, and loft. Weapon release angles up to and includ-
ing 45 degrees are referred to as glide deliveries. Dive
deliveries are weapon release angles which are in
excess of 45 degrees. Loft deliveries consist of a level
run-in followed by a programmed pullup with the
weapon release occurring at some predetermined angle
during the pullup. The delivery mane:vers discussed in
this section pertain only io the maneuvers used for the
delivery of weapons which are most {requenty used
for close air support; guns, fire bombs, retarded and
unretarded bombs, and rockets.

8. Level Delivery. The level delivery was designed
for situations where low cloud ceilings prevent
the use of glide deliveries. For close air support,
the weapons most frequently used wonld be the
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fire bomb and the retarded snakeye general -
pose bombs. The release height would rai. e
from 75 feet for the fire bombs to 200 feet for
the 500-pound snakeye while the release airspeed
may range from 150 to 560 knots depending on
the type aircraft and ordnance limitations. The
level deliveries are generally less accurate in
range than glide deliveries. Also the target must
be well marked or have a vertical profile and the
terrain must be relatively flat. The level delivery
may also be used for smoke laying operations
and for battleficld illumination.

. Glide delivery. The standard glide delivery ma-

neuvers include 10, 20, 30. and 45 degree release
angle. However, the 10, 20, and 30 degree release
maneuvers are most frequently used for close air
support as they generally provide the best ex-
pected accuracy. Since each of these four release
maneuvers has slightly different purposes and
offer different capabilities, they will be discussed
separately.

(1) Ten-Degree Delivery. This is optimum deliv-
ery for fire bombs for accuracy and is fre-
quently used for the delivery of the retarded
snakeye bombs and sirafing. The release/fir-
ing height is approximately 350 to 400 feet
for all the above weapons.

(2) Twenty-Degree Delivery. This mancuver is
used for strafing, delivery of retarded bombs,
retarded snakeye bombs, and rockets. The
release/firing heights vary from 800/900 feet
for strafing and the retarded snakeye bombs
to 1,500/2,000 feet for rockets and unre-
tarded bombs. The 20-degree maneuver is a
very accurate and effective mancuver for
strafing and retarded bombs because of the
low release heights. Unretarded bombs and
rockets are released/fired from this maneuver
when weather conditions will not permit use
of the 30-degree delivery mancuver.

(3) Thirty-Degree Delivery. This maneuver is con-
sidered the most accurate and effective deliv-
ery for rockets and free-fall bombs, particu-
larly from high speed jet aircraft. The re-
lease/firing heights vary from 2,500 to 3,000
feet depending on the type rocket or bomb
being released. The release airspeeds may be
as high as 500 knots. Accuracy results from
the lower release point (lower puilout) not
available in the 45-degree delivery.

(4) Forty-five Degree Delivery. The 45-degree de-
livery may be used for the delivery of rockets
and unretarded bombs. However, except for
situations where maximum bomb penetration
1s required, this maneuver is seldom used on
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close air support missions as il is generally
less accurate than the 30-degree delivery.

7.2.2 Ordnance Selection

The type, size. and delivery method of the ordnance
is selected based upon the nature of the target and the
desired degree of damage. The total number of aircraft
sorties required is determined by dividing the total
amount of ordnance required by the total each aircraft
can carry. In selecting aircraft ordnance for the attack
of specific targets, the tollowing steps are ntilized:

a. The vulnerability of a target to auack is consid-
ered based upon target intelligence.

b. The method of delivery will usually be a compro-
mise between the optimum delivery technique
which could be used if no active enemy defense
were to be encountered and the requirement for
survival of delivery pilots and equipment. Fac-
tors that are considered in determining the deliv-
ery method are as follows:

(1) Standoff Capability. Enemy weapons in the
area thai could affect the success of the mis-
sion; e.g., antiaircraft guns and missiles, en-
emy interceptors, etc.

(2) Weather in the Target Area. The weather in
the target area affects the ab:lity to hit the
target. The weather also affects the control
and number of aircraft that can be effectively
utilized against a target because of cloud
coverage and restricted visibility.

(3) Ordnance Available. The selection of ord-
nance that can achieve the desired results of
damage to the target.

(4) Aircraft Available. The type, numbers, and
carrying capacity of each craft to accomplish
the mission.

c. The type of aviation ordnance is compared with
the accuracy and CEP cf the delivery squadron
in order to determine the degree of damage that
can be expected against a target. The Joint Muni-
tions Effectiveness Manuals list afl conventional
weapons and the damage effect that can be ex-
pected against a variety of targets.

7.2.3 Relstive Delivery Accuracy

The expected accuracy of air to surface weapous is
dependent on several factors, such as the degree of
individual pilot proficiency and level of training, the
visibility, and the pilot’s ability to see the target or aim
point. The expected accuracy is also affecied by the
type of delivery mareuver and the release height of the
particular weapon. Normally, the delivery maneuvers
used in a close air support situation would range from
a level delivery to glide angles up to 30 degrees. The
release heights will vary approximately 75 feet 1o
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3,000 feet above the surface. Specific expected accura-
cies for the various weapons and delivery combina-
tions can be found in the Joint Munitions Effectiveness
Manuals (FMFM 5-2 series -- to be issued). Generally
speaking, the normal order of expected accuracy for
air delivered weapons is as follows:

a. Strafing.
b. Retarded snakeye bombs and fire bombs.
c. Rockets.
d. Free fall (unretarded) bombs.
7.2.4 Nuclear Weaspons Delivery Modes

Nuclear weapons delivery can be accomplished by
heavy attack/bombers or fighter/atitack jet aircraft.
The various tactics are high alitude level release,
laydown, loft (low. medium, and high), and high
altitude dive bombing.

a. High Altitude Level Release Systems. These re-
leases normally are radar controlled from heavy
attack/bomber aircraft but utilize visual release
as a backup 1actic. Both systems are relatively
inaccurate.

b. Ground-Controlled Radar Systems. These systems
can be utilized to direct aircraft to the target and
can automatically releasc the weapon. Ground-
controlled radar systems provide some indepen-
dence from weather limitations but are short-
range systems. Delivery errors vary with range
but are generally less than those of high altitude
systems.

c. Laydown Tactic. This tacuc is a minimum alt-
tude, horizontal bombing maneuver. The target is
approached at low altitude. The weapon is re-
leased, retarded by parachute to provide greater
accuracy and increased distance between the air-
craft and target. This tactic provides a high
degree of accuracy.

d. Loft Tactic. The loft tactic of delivery is accom-
plished by the delivery plane approaching the
target at a very low altitude, making a definite
pullup at a given point, releasing the weapon at a
predetermined point during the pullup and toss-
ing the weapon onto the target.

c. High Altitude Dive Bombing Tactic. High altitude
dive bombing tactic is accomplished by rolling
into a steep dive angle at a high altitude with a
recovery (rom the dive at altitudes commensurate
with the size and burst altitude of the weapon.
This delivery is the least accurate of the methods
of aerial nuclear weapon delivery.
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7.2.8 Flak-Suppreasion Techniques

Flak-suppression techniques are closely related to
counterbatiery fires and are employed in support of
close air support aircraft. Flak-suppression fires are
directed against hostile antiaircraft weapons that can
bear on close air support aircraft during the execution
of their missions. Flak-suppression fires are primarily
delivered by artillery units; however, naval gunfire and
other support aircraft have the capability and also are
employed to deliver these fires. Because of the detailed
and close coordination required, flak-suppression fires
are planned, coordinated, and controlled by the appro-
priate fire support coordination center (FSCC). The
aviation representative in the FSCC plays a most
important part in the planning of these missions. He is
responsible for the preparation and use of flak-sup-
pression templates that represent the area and ume
cach type of aircraft will be vuinerable to antiaircraft
fires during certain types of attacks. Approach and
recovery distances vary somewhat with the type of
attack -- bombing, strafing, napalm, eic,, as well as
with the type aircraft, speed, and special flight charac-
teristics. A flak-suppression template and overlay is
itlustrated in Figure 7-1. This illustration shows a
typical broad arrow template representing the area
required by a particular type of aircraft for approach
and recovery while executing a close air support mis-
sion. Hostile antiaircraft positions and other pertinent
information required for flak-suppression missions are
usually plotted on the overlay. The techniques em-
ployed in the execution of flak-suppression missions in
support of close air support aircraft are illustrated in
Figure 7-1. The key to a successful flak-suppression
mission lies in thorough planning and positive conirol
of its execution. The flak-suppression mission is con-
trolled directly by the forward zir controller (FAC),
forward observer (FO), and/cr when naval gunfire is
utilized, by the shore fire control party (SFCP). These
controlling agencies can be located side by side in an
observation post or tied in with ‘hot lines’ to ensure
instant reaction.

7.2.6 General Discussion of Air to Surfece
Delivery Tactics

Marriot in a survey paper observes' that stand-off
missiles can cost $150,000 10 $300,000 per round
which, compared with the $85 per round cost of 68
mm rockets is a consideration in the use of stand-off
missiles. On the other hand against a 300d defense not
using the missiles is more likely 10 cost the $3.5 million
(and up) aircraft.

With regard to attack modes it is stated ‘the time
taken by an aircraft, such as the F10S, from the
moment the dive is started until bomb release is 6 10 9
seconds and in poor visibility may be even less. During
this time the pilot has not only to fly to aircraft so a3
to place his optical aiming mark in the right position
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relative to the target, but has to estimate and allow for
the wind, adjust his speed, and waich out for atacking
aircrafy.”

Low level bombing is cited as havin% been danger-
cus to the bomber in Vietnam, and the British view on
dive and toss bombing is given as that ‘both methods
-are ico dangerous for use in Europe as any aircraft
that gains any height at all will almost certainly be
shot down. Their policy for a Eurpoean war is there-
fore to0 use the lay down method wherever possible.™

Rockets are reported to be released at 3000 ft. slant
range from a steady dive from a height of 4000 ft.
The Israeli's are quoted as saying that the 68mm
rocket immcbilize< 3 tank (salvos of 6-7 were enough
at Isracli versus Arab release ranges), but the tank can
be repaired.

US. pilots in Vietnam are said to prefer guns to
rockets for air to ground atiack because the rockets are
mounted in external pods that reduce aircraft speed.
Also they report that they obtained more effectiveness
with bombs than rockets against fixed targets.

Some idea of the load factors whick can be sustained
by strike aircraft can be gained from the following
brief summary of characteristics of the F-105 aircraft.
The F-105 has a safe load factor of 8.67 g and a break
load factor of 13.1 g. Max sea level Mach is 1.25, Max
Mach at 36,000 f1.is 2.15. Weight empty is 27,500 lbs.
and the aircraft can be loaded to 35,200-48,400 1bs.
Max thrust with afterburner is 26,500 1bs.

11,000 1bs. of ordnance can be hung on wing pylons.
A possible configuration carries four 1000 Ib. bombs,
plus a 450 gallon belly tank.

The 1960 bomb sight had a radar mode in which the
pilot kept the target image on a vertical cross hair until
it crossed a pre-se! range cursor. At that point he
activated the automatic bomb system which included a
doppler radar correction for wind (range and cross).
The system automalically delivered via the half-loop
mode.

F-10$ unit production costs were given as down to
$1.4 million.

7.2.7 Set Up Table for s Bombing Run

In view of the 6 to 9 second set up time for dive
bombing (for the F105). we can make some conjec-
tures on how this might relate to CEP.

Assuming a simple computing bomb sight we can
estimate the following times during which the attack-
ing aircraft flies a fairly predictable course.

Time (sec) Elapsed Time
Roll in to dive 0 0

Obtain range to target
to target or

equivalent measure 1-5 1.5
Computer obtains

solution 1+ 2-6
Settle tracking 2-10 4-16
Start pullup +

release i-2 5-18

The total time on a fairly straight path is from 5 to
20 seconds, in round numbers. One ma, guess that the
longer the path the greater the accuracy. The gain is
unlikely 1o be a factor of 4 but is guessed to vary as
indicated in Figure 7-2.

7.3 BOMBING ACCURACY AND MUNITIONS
EFFECTIVENESS IN THE OLD BALL GAME

7.3.1 Performance Summaries

The accuracy with which iron bombs can be deliv-
ered depends on release range, among other parame-
ters. An effective defense forces the attacker either to
release his munitions at a greater range or to use some
other, and possibly more costly air to surface weapon
such as a missile. Ip this section some information on
the accuracy of bombing with iron bombs is summa-
rized for later use in defense evaluation. All of the
data is from unclassified open sources, and has nof
been compared against classified estimates.

Additional open source data will be found in
AFAADS-|, Table IV-7.

With regard to release altitudes, according to Avia-
tion Week,® USAF ‘tactical aircraft were limited to a
minimum of 3,000 fi. altitude in making weapons
delivery runs in South Vietnam. The move was de-
signed to reduce the effectiveness of the smaller caliber
anti-aircraft guns being used by the North Vietnam-
ese.’ (in May 1972)

Tables V1i-5 and VII-6 summarize CEP estimates
from various sources, and Table VII-7 summarizes
some estimates of effectiveness per pass and per bomb
against vehicles and bridges.

It is clear from the tables that an air defense of only
moderate effectiveness could make tactical air attack
with Korean vintage aircralt munitions and fire con-
trol cost-ineffective. The ‘smart bombs' now opeara-
tional make it a whole new ball game.

The tabulated data on CEP and effectiveness of iron
bombs and sirafing should therefore be considered as
obsolescing capabilities of unsophisticated, relatively
low cost tactical air systems. An object of local air
defense is to deny the enemy the use of these low cort
solutions and force him to use more costly options.
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Figure 7-2. Hypotheticel Variation of Glide Bombing CEP With Durstion of 8ombing Aun

7.3.2 SAAB Bomb Sight Characterlistics

To evaluate the effectiveness of a ‘point defense’
antiaircraft system one needs to know how the effec-
tiveness of the attacking aircraft is degraded as a
function of increased standoff range, or in the case of
dive or glide bombing, as a function of the bomb
release range. Performance figures for the SAAB BT9
bombsight have appeared in company advertisements
and these are analysed for possible use in evaluations
of defense systems.

The BT9 is considered to represent good modern
technology for ihe delivery of unguided bombs under
visual conditions. It is unlikely to permit maneuver

during the bomb run, but the next level of sophistica-
tion, allowing non-visual delivery and evasion during
the attack path would also represent a substantial cost
increment.

Svenska Aerplan AB (SAAB) was building a semi-
automatic toss-bomb computer in 1939. A fully auto-
matic BT9D (mechanical) was developed, folloved by
an ¢lectronic model (BT9E).

In 19 A 'vertisements of the Svenska Aecroplan
Aktieb'sgce 4% in [nteravia described the SAAB BT-
9 Toss \Ri.r 2 Computer and indicated that it was in
service Wit the Royal Swedish Air Force, the US. Air
Force, and was in production for Aeronavale Fran-
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Table VII-5. Delivery Accuracy of Aircratt Munitions from Unclass ied Sources

CEP
Conditions (feet) Reference
Combat Initiatior: of bombing in Vietnam 150 Aviation Week
F-108 vs. undefended targets 365 (7.5
moderate defense 540
heavy defense §78
“Cureent” in Victnam 250
Training F-105 at Nellis 125
Compctition  Visual, 45 dive  A7TE 1+t pass 150 Aviation Week
2nd pass 100 -6
ATA, B 11t pass 300
2nd pass 200
“Blind"" (radar) altitude over 1500 ft, speed over “‘most of bombs within
300 knots TAS 1000 ft of target”
Unspucified Defense Interavia
F-108 Shallow Dive 500 a1
Low altitude approach and
release in haif loop 1100
High altitude, horizontal, drop
from 40-50,000 ft 2000
20871-517A
Table VIi-8. Delivery Accurscy of Aircraft Munitions in Kores from Unclassified Sources
CEP
Conditions (feet) Reference
Dive bombing with rccovery tltitude minimum oi 3000 ft *“U.S. Ab Force in Korea™
Dec 1952 340
Jan 1983 s14
B-26 aircraft 1951.82
Level bombing, 7000 t alt 378 QAO Memo No. 66
Glide, 30°, 100-1500 (¢ 178 a8

caise. In 1962 the advertisement carried a graph of

dispersion versus altitude and dive angle for a true air
;peed of 250 m/s, and this is reproduced as Figure
-3.

In 1967 the BTIR version with & laser range finder
was announced, bui performance has not yet been
published in the open literature.

According to the advertisements:

‘The 8T9 functions in principle as an analog com-
puter. In a dive, it automatically registers altitude,
dive angle, and other variables, from which it de-
rives the correct release point. The pilot only has to

20871-518

direct his plane towards the target and press a pickle
switch. Bomb release is automatic. With an auxiliary
device, the BT9 is also suitable for firing air-to-
ground rockets.’

From a published system schematic diagram, and
associated descriptive material, the following turther
details are available:"

In operation, the pilot dives along a straight line at
the target then pulls up. The computer relesses the
?omb’:hen the pull-up angle is computed 1o be correct

or & hit.
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Table VII-7. Munitions Effectiveness in Korea

Conditions Target Measure Effectiveness Reference
Undesignated, 1952-53 Bridges Hits/pass Day 0.09 USAF in Koreau
Night 0.04
B-26 1951-1952
Bombing Vehicles Claims/pass 0.22-0.76 OAO Memo,1952
Strafing Vehicles Claims/pass 0.12-0.43 (1.9
Fighter-bombers 1951-53 OAQO Memos. 1952
Glide Bombing (night) Vehicles Chaims/bomb (7.8,7.9)
Per pass:  1-1000 1b GP 0.197
1-500 1b GP 0.189
2-1000 b GP 0.115
2-500 16 GP 0.110
Glide Bombing (night) Bridges Hits/bomb
$00 1b GP average 0.037
1000 1b GP average 0.038
Glide Bomoing (day) Bridges Hits/bomb
$00 1b GP average 0.08
1000 Ib GP aversge 0.10
8-26 Level Bombing (night) Vehicies Claims/bombd
$00 Ib GP average
1951.1952 0.103
1952. 0.089
Fighter-bomber (2 bombs) Vehicles Claims/rortie 0.262 OAO Memo.1953
B-26 (full 1oad of 500 Ib) 0.89 (1.9

The BTIE consists of a computer (36.4 1bs.), an
oreraling box (3.1 1bs.) and a quick erecting gyro unit
(10.5 1bs.). The gyro axis parallels the line of flight and
allows 360° freedom in roll.

Preset factors are slope of the aircraft lift curve and
anFle of zero lift. Manually set factors are weapon
ballistic coefficient, target pressure altitude, aircraft
gross weight and wind speed (apparently in direction
of flight only). Continuously measured and computed
factors are gyro angles, static pressure, dynamic pres-
sure, acceleration, time, dive angle, ideal angle of
divergence (loft angle) paratiax aliowance, angle of
attack and wind correction to angle.

7-11

20871-519

The pilot seitles his sight on target (fixed reticle),
holds it sicady, presses the pickle switch and does a
straight pullup. The bomb is released at the computed
‘correct’ angle of loft.

Operating ranges are given as
Altitude 0-20,C00 ft.

Speed Mach 0.5-1.0

Dive angle 10-50°
Acceleration in puliout 3-7g

Maximum slant range 3300-50,000 ft, depending on
speed dive angle and bomb resistance.
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Figure 7-3. Dispersion of Bomb Delivery With SAAB BT-9 Bombsight

For this sight dive angles between 30-45° are recom-
mended as optimum.

A replot of Figure 7-3, showing contours of constant
linear CEP in the vertical plane containing the atack
path is shown in Figure 7-4. For this design, CEP in
meters appears 1o depend principally on the horizontal
range from release point to target, and to be relatively
insensitive to dive angle. A few trigonometric exercises
on source errors and their effect on CEP indicate that
the shape of the functions in Figure 7-4 may result
from the fact that the sight computes range to target
from pressure-altitude and angle of dive. It is conjec-
tured that the use of a laser range finder in the latest
version will tend to make the dispersion at a given

range independent of the angle of dive, and the angu-
lar dispersion in mils almost independent of range as
well.

These errors are probably estimated exclusive of
pilot aiming errors and hence are considerably smaller
than those noted in Table VII-5 and VIi-6.

7.4 AIRCRAPT VULNERABILITY

The probability that an aircraft will be lost, given a
hit by a round of sntiaircraft fire (or by fragments)
depends so specifically on design details that it is
difficult to make simple generalizations. On the other
hand, one feels intuitively that it should be possible to
develop relatively simple parametric expressions relat-
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Figure 7-4. Contours of Constant Dispersion in Meters for SAAB BT9 Bombsight

ing caliber, for example, to kill probability for a
generic type aircraft and homologous projectifes.

Rather than attempt to utilize the extensive classified
literature on aircraft vulnerability in order to minimize
the classification of the present report, the approach in
the present study has been to derive vuinerability
functions from unclassified combat histories and lim-
ited open source vulnerability estimates. Combat data,
where available, is an inherent averaging device over
all of the variations in tactical parameters.

The resulting expressions are cqnsidered to be rea-
sonable, but have not been compared with classified
estimates. :
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7.4.1 Interpretation of Combet Loss snd
Oamage Statistios

One usually can find estimates of the loss rate per
sortie, sometimes with estimates of cause of lcss: air-
ctaft or ground fire. This informatica tclls one only
whether the threat was important. The next mosi likely
information to find is the number of aircraft damaged
and the number of aircraft lost, preferable by cause.
The ratio:

P, = LI(L+D) .0

B W B o mmpinas = bem a s e h e o




is more informative, and depending on the assum
tions one is willing to make about correlations 1n
hitting and vulnerability, it may be used as a rough
estimate of the upper limit to single shot probability
that a hit causes a kill.

If by good fortune, one also finds recorded the
average number Of hits on aircraft returning with hits,
the single shot probability can be impfroved by
computing:

p = p,/H (2.2)

where
H = the average number of hits per aircraft

Some rare reports provide information on the num-
ber of aircraft returning with 1.2...m hits. This allows
one o do a better job of including correlations in
hitting and killing in the analysis.

When a mix of weapons has attacked the ai-craft,
the problem becomes more difficult. Some reports iden-
tify weapon type causing damage. Even better, some
reports identify the components that cause aircraft
vulnerability.

Note that general reports on aircraft damaged will
vary as (0 whether the damage was repaired by a patch
(likely not to be reported) or by replacement of a
major component (probably reported because of the
requirement for a new component).

But hpwever variable the combat data it has the
advantage that it contains all of the environmental
variables; many of which are likely to be omitted in an
armchair analysis.

How far one can go in developing the vulnerability
model depends on the amount of detail available in the
combat data. In the following paragraphs we indicate
some of the considerations in infersing the single shot
probability that a hit causes an aircraft kill, based on
the assumptions:

a. Successive hits are independent.
b. The target is ‘singly vulnerable’.

Both of these assumptions may be relaxed if one has
information on the number of aircraft returning with
0.1.... hits.

Define:
p = single shot probability that a hit causes a kill
E = expected number of hits

g = | -p = probability that the aircraft survives
a single hit

T e

Then
Probability of loss
L=1.cEp (7.3)
Probability of
return with hits
D=cEP.E (1.4)
Average number of
hits on survivors
HS = EqeEP €1.5)
Average number of
hits on survivors
with hits
Eq
H=— ' (7.6)
I cEq
Probability of loss
or damage
L+D = l'e'E .7

The object is to infer p from available damage and
loss statistics.

Define:
P, = LI(L+D)iqy = 1-Py (7.8)

Po is the ratio of lost aircraft to the sum of lost and
damaged aircraft and is the statistic most usually
available.

The preceding expressions assume a fairly uniform
exposure E of the sample aircraft, This assumption can
be relaxed a good deal by a different derivation, as
long as one does not use loss rate L. If one does not
have H, however, then defining f = L+D:

f=1. Q'E (79)

La(l -fpy)
P Taih = Poll-(112)(fq,))
telt-0 (7.10)

and the correction 10 p, from this expression can be
very sensitive to the fact that not all aircraft in the
sample wcre equally exposed to enemy weapons.

7-14
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The above expression does use the loss rate only in
the correction term. If we believe that L is well known
we can change the approximation form by using

L=1-. e’pE
(1-L) = ¢PE
¢dE & (1. )P = olalP L << 0
since
He —3E
= 1..Eq

W = 4P LaCi-1)
= 1.g-LeP 7.1y

((QL)/2p]) = LogH = Log [(H-1)+1]

= (H-1)-(1/2XB-1)%+. .. p/q
L
=
TTogH 7.12)

and for L small and H- 1 small
lq = -
PR T3 (7.13)

which can be seen to be very sensitive oL and H

Then
o = {.cEp
° |.¢E (7.14)
Hence,
¢EP 1. p ey = o (1.15)
e9E « | (EQMH (7.16)
Then

[PE-)/pE) = (b JadapI/) (14D
Expanding the left side, for small pE
1+(1/2)pE = (py/q Xa/pX1/H)  (7.18)

The loss rate will usually be very small

L~ pE (1.19)

and so

Po 1
p/q oH ("_"1 ”_/2) (7.20)
Since L/2 is usually << 1.0

= Po
p= E'Po(ﬂ‘l) (.21

If the average number of hits on hit aircraft surviving
is very close to 1.0 then p ~ p,. However, if the
airplane is relatively invulnerable to hits, p~ p,/H and
the loss/damage ratio gives a poor estimate of the
single shot vulnerability.

When the number of aircraft returning with j hits, §
= 0,1,... is available, one can make more sophisticated
inferences. For an example based on a large sample of
B-17 and B-24 data on hits by antiaircraft shell frag-
ments, reference is made 10 a paper by Weiss®

7.4.2 Inferences from Aircraft Damage and Loss
Reports

A declassified report on US. aircraft damage and
losses to ground fire in Korea allows some inferences
regarding the variation of vulnerability with caliber of
the defense weapon.'*

For Navy and USMC aircraft (two piston engined
types and one jet), the number of aircraft hit and the
number of aircraft lost are given with estimates of the
iype of defense weapon. These were categorized as
fragments (including own bomb fragments), 7.52 mm,
12.7 mm and 20-mm weapons.

The result of a hit on the aircraft was categorized as
1} aircraft lost, 2) replacement of major component
required, 3) replacement of minor component re-
quired, 4) pawh only required. There was an average
of 1.25 hits per aircraft hit, so in accordance with the
analysis of the previous section, the ratio of aircraft
lost/(aircraft lost + aircraft damaged) is ex d to
be a fair estimate of the probability that a kill, would
result from a hit.

For details of the data, including a great deal of
information on component vulnerability, the refer-
enced report should be obtained.

The aircraft were in about the 20,000 ib class, and
there was a 3/1 variation in loss/hit ratio across the
three types.

For the aggregated daia on the three types, it was
found that the single shot probability of each calegory
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of damage (except patches) given a hit could be ap-
proximated by a function of the form

p=1-ekC (1.22)

where C = caliber in mm, and k and a are constants
for each damage type.

The same form of function fits the probabilities
derived on the assumption that each damage class is
independent of the others, i.e., the probability of an
aircraft returning with damage requiring major com-
ponent replacement is the probability that it receives
major component damage, times the probability that it
does not receive a lethal hit.

Figure 7-5 shows the damage functions plotted
against caliber and compares them with loss probabili-
ties to air-to-air fire in the Pacific theater in World
War-11 (Navy and Marine aircraft)."”

The resulting inferred variation of damage probabil-
ity given a hit then varies with caliber as follows

Loss of Aircraft c
Replace Major Component 7
Replace Minor Component (o

For the three aircraft types, the average ratio of
aircraft lost to aircraft hit and lost over all weapons
was 0.09.

Fuutrell gives some damage and loss rates for Air
Force Thuderjets in Korea in 1951.. Over a four
month interval during which 115 aircraft were lost, the
ratio of aircraft lost to aircraft lost plus aircraft hit
was 0.11 which is consistent with the Navy data.

World War 1l

Looking back 10 World War Il, we find the follow-
ing estimates derived principally from German prov-
ing ground data and camera records of combat with
regard 1o B-17 vulnerability, and summarized by Weyl
in 1950.® The estimates are shown in Table VII-8.

The second column in the table was based on experi-
ments by Burgsmueller at the Rechlin establishment on
captured 4-engined bombers. Jt was estimated that
from 15-18 oz (420-500grammes) of Hexogen-Alumi-
num filler was required 10 assure a kill with one hit®

The experiments led to the development of very high
capacity HE projectiles known as *‘Mine’ rounds. The
one hit/one kill objective was pursued both by 55-mm
gun developments and by development of the R4M air
to air rocket.

Weyl also gives the following estimates for larﬁe
caliber fragmenting projectiles intended to destroy the
aircraft by near bursts.

7-16

Projectile Lethal Radius
German 88 mm 15 ft.
with time fuze
UK 3.7 (94mm) 25 - 30 fu.

In attempting to infer single shot vulnerability from
air to air kill and damage data, information on the
average number of hits per aircraft hit is essential,
because in air to air combat this number is usually
considerably greater than unity. Gun camera data, of
course, provides all the information needed to make
good estimates of both aircraft and component
vulnerability.

World War Il dawa on Navy and USMC aircraft
damaged and lost to both air to air and antiaircraft
shows a trend with caliber similar to that obtained
from the Korean data, but the loss/hit ratio is substan-
tially higher.'* It is believed that at least a part of the
difference is accounted for by multiple hits per aircraft
hit in the WW II data.

Other Vuinerability Estimates

Brandli provides a curve of kill probability, given a
hit, in his book. It was reproduced in AFAADS-I.
Chuyev® summarizes some US. and French aircraft
vuinerability data, including a curve of probability
versus HE filler weight.

7.4.3 Inferences from Antisircraft Gun
Engagement Records

Antiaircraft artillery action reports from World War
1l provide the number of aircraft destroyed (confirmed
kills) and estimates of probable destruction and/or
damage, the definition of which apparenily varied with
the theatre. How good the damage estimates were is
difficult to estimate, but it is clear by comparison with
the complementary data on returning damaged
friendly aircraft that minor damage was not likely to
be observable by the gun bateery.

Only secondary sources were available for the pre-
sent study; there may be more information in the
original after action reports.

For the European theater the reporting categories
were

Category I: aircraft destroyed
Category I1: aircraft probably destroyed

Also available were the rounds per kill in each cate-
gory (RPB). Across all aircraft types *he ratio I/(I +
i) was between 0.69 and 0.72. Most of the data was
on the Mel09, FW 190, and JU 88. An #xception was
the Me 262 jet for which the ratio was 0.08 suggesting
that its speed was such that it did not fall close enough
to the battery for a kill to be confirmed.

Table VII-9 summarizes results by weapon, over all
tar%et types.” The principal point of interest in this
table is that fewer targets with observable hits escaped
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Figure 7-6. Dsmage Functions versus Weapon Caliber
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Table VII-8. WW I Aircraft Vulnerability Data

Caliber of Projectile

Minimum Number of
Hits Required per
Kill (Test Rewults)

Hits Actually
Requited vs.
B-17 (Combat Statistics)

0.30" (Lewis MG)* 850 na.
0.50” (12.7 mm) na. 5060
20 mm 20 20
30 mm 4 7
5S mm ] n.a.

“This was a RAF assessment of 1939, AA fire, target unspecified.

the 40-mm than the 37-mm. The rates of fire were not
greatly different, across these weapons. The caliber
0.50 ratio is explainable if one believes that when on-
target, it usually secured multiple hits.

In the Pacific Theater the kill categories were more
specific and applicable to the present study. They were

Category A: Mid-air destruction
Category B: Destruction by crashing

Table VII-10 summarizes the data categorized by
weapon.”. Since the cal 0.50 never secured an in-air
kill, the RPB by weaﬁon is derived by assuming that in
the joint use with the 0.50 the air kills were accom-
plished by the larger weapon, and 3 x this number of
the crashes were assigned to the large weapon. The
remainder of crashes was assigned to the 0.50. The
sample size for the 37-mm is too smail to be of
significance, unfortunately.

Note that 31% of the aircraft observed to be hit by
the 40-mm were destroyed in the air.

Of all aircralt engaged, 15.85% were category I kills,
and 7.16% category II for a total of 23.01% destroyed
or probably destroyed. This breaks down by weapon as
shown in Table VII-11.

Since this 1able reflects the number of weapons
present as well as individual effectiveness the principal

20871-520A
observation is that most of the targets were engaged in
ground attack and hence came within range of the 40-
mm as well as the 90-mm.

From another reference™, over the period 6 June
through ! August, 1249 aircraft appeared over the Ist
Army, 408 by day and 841 by night, and of these 170
were destroyed. The Rounds per Bird by caliber were
as shown in Table VII-12.

Some additional data on antiaircraft gun eflective-
ness in specific actions in the Pacific Theater is summa.
rized in Table VII-13® In the defense of Corregidor
ammunition was severely limited. The troops trained
in peacetime were highly skilled. Fire control em-
ployed the Sperry mechanical M-4 dircctor and the
stereoscopic height finder. The attacking aircraft
bombed from 15,000 ft. Initially the rounds per air-
craft destroyed was about 500 ard by April it had been
reduced to slighll;; below 100 rounds per kill.

At Morotai the 90-mm guns were directed by the
SCR-584 radar and the M-9 electrical director.

For purposes of the present report we are interc.ted
rincipally in the 37-mm and 40-mm lethality. Observ-
ing the European and Pacific datwa it appears reason-
able to infer that for the targets of that vintage, 30%

of aircraft hit by the 40-mm were destroyed in the air,

and 72% fell within sight of the battery. For the 37-

Table Vil-9. Antisircraft Effectiveness in European Thester

. Number of Alrcraft
Gur Destroyed by Category Rounds per Kill
l ) Ratio [/(1+1D) RPB1 | RPBI+II
90 mm 89.§ 119.5 0.7% 238 176
90 mm with VT 20 28 0.80 178 142
40 mm p7 1) 340 0.72 33 239
17 mm 60 108 0.57 590 337
0.50 73 11K 0.62 32,360 20,190
20871-S21A
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Taole VIi-10. Antisircraft Effectiveness in Pacific Theater

Number of Aircraft Total Number of
Gun Destroyed by Category Ratio Rounds Expended RPB
A A+B A/lA+B)
90 mm n ISy 0.31 4.610 118
90 mm + 0.50 | 6 0.17
40 mm 2 6v: 0.31 12.580 325
40 mm + 0.50 10 32 0.31
37 mm 0 1 0.00 20
0.50 0 8 0.00 165,260 12,700
20871-522
Table VII-11. Allacation of Kills to Weapon Type Table VII-12. Rounds per Bird by Wespon Type
Weapon 7% in Category
2 : Dest Damaged
! 1+l
90 mm 546 288
90 mm 291 3.89
90 mm + VT 0.65 0.81 40 mm 409 260
40 mm 198 11.07 37 mm 400 223
37 mm 1.96 142 v
0.50 238 3.81 0.50 46.544 23,
Total 15.85 23.01 20871-524

20871-523
mm a more tenuous inference suggests that 57% fell
within sight of the baittery.

A 40-mm round weighed about 5 pounds (compleze
round) and probably cost about $5.00. Hence the cost
in 40-mm ammunition per aircraft destroyed (con-
firmed kill) was about $1500. This seems 1o be an
excellent cost exchange.

Naval Defense Against Kamikaze Attacks

Table VII-14 summarizes antiaircraft effectiveness in
defending ships against Kamikaze attacks? For details
the original report should be consulted. In defending
against a kamikaze autack it is probable that all guns
fired for the maximum time possible, s0 that an in-

7-19

crease in rounds expended per kill, as compared with
the Army situation, is not unreasonable. Since the data
does not include damage to Kamikaze aircraft not
destroyed before impact it is not possible to estimate
comparative weapon lethality per hit.

7.4.4 Development of Approximate Vuinerability
Functions

The object of this section is to develop some simple
functional relations describing the probability that a
hit on an aircraft causes a kill. These will, of course,
fall far short of the authoritative vulnerability data
generated b{ BRL and AMSAA and similar agencies.
However, they will contain a sufficient number of
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Teble Vil-13. Antiaircraft

Effectiveness in Specific Actions Pacific Theater

Pacific Theater
Results as Fraction of Number Hit
Number of Number of Rounds per
Atrcraft Alrcraft Probably Atrcraft
Action Weapon Engaged Destroyed Destroyed Destroyed Damaged Destroyed
Corregidor 52 120
3" (1941
Morotai 90 mm 179 (82 raids) 18 0.50 0.17 033
(1944)
Leyte All wpms 1.278 251
(1944)
90 mm 61 0.49 0.32 0.19 12§
40 mm 133 048 0.22 0.30 249
0.50" 57 3.845
20871-525A
Table VII-14. Nevsl Antiaircraft Gun Effectivoness Agsinst Kamikaze Anscks
October 1944 ~ Japuary 1945
Planes destroyed Rounds expended
Gun and ammunition No. Percent Total Per kill
$** common 22.0 89 26,302 1,196
§" proximity - fuze (VD) 17.0 6.9 7,083 417
3" common 55" 2.2 4,667 849
3" pronimpty - fuze 0.5 0.2 544 1,088
40 mm 115.5 46.8 287,556 2490
[ 0.5 0.2 2,698 5,390
20 mm 7858 318 645,318 8.2:1
50 cat §.5 2.2 119,232 21,678
.30 cul 2.0 08 14,381 1.191
Totals 2470 100.0 1,107,778 4,480
per kill
*Mcuns that 2 or mote difTerent caliber guns uppeared to be sespansible for the same kill.
20871-526
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parameters so that they can be adjusted to correspond
1o more exact (and classified) data. The simulation in
which they are to be used, in addition, has the capabil-
ity of utilizing more detailed vulnerability data when
this is desired.

For purposes of AFAADS analysis we limit our
interest to two classes of ‘kills’, those immediately
observable (the Pacific theater Category A of mid air
destruction) and those resulting in target crashes
within observable range of the battery (Pacific theater
Category B). These will be designed ‘l-kills’ and ‘K-
kills'.

Only impacting rounds are considered at this time,
and loss of aircraft from fire is excluded on the
grounds that 1) aircraft protection against fire is im-
proving and can be highly effective if properly imple-
mented, 2) loss of the aircraft from fire when 1t occurs
is expected to occur too long after projectile impact to
interfere with completion of the attack.

It is also estimated that I-kills would result from
structural damage to tthe aircraft, but K-kills could
result from component -damage from fragments of HE
shells bursting within the aircraft, or {rom impacting
bali or AP ammunition in small calibers.

Scaling Relations

It is. assumed that the probability of a K-kill by a
non-explosive projectile can be approximated by the
function

] -kcavb)
Pk = (l - € PO

(7.23)
where
k = aconstant for a given aircraft type
C = projectile caliber
V = siriking velocity

There is certainly a minimum threshold for kC'V®
but this is omitted on the assuription that we will
usually be interested in impacts well above the thresh-
old* Similarly, for extremely large kC'V® P, will
approach unity (collision with a mountain peak for
example), but rather than add another term allowing
slow growth beyond the point at which component
vulnerability is almost completely exploited, we prefer
the simpler expression which accounts for most of the
effect.

Reviewing the combat data on the Cal 0.30 and 0.50
it appears that ‘a’ should have a value of about 3.0.
However, assuming similar exposure it is probable that
the 0.30 rounds struck at lower velocities because of
more rapid slowdown. The relative vaiues of a and b
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depend on whether penetration, energ; of s. me other
characteristic is most representative of the damage. It
appears that reasonable ranges are 1.0 < a < 3.0 and
0.5 < b < 2.0. For present purposes weuse &8 = 3/2, b
= 10, P, = 0.10, so that

KC3%y)
Pk = PO (l e ]

. no(l e"‘zgm) (1.24)

where E = kinetic energy of impact of the projectile.
It is not intended to apply this function above 20-mm.

HE Ammunition

A reprise of some ancient proving ground data’' on
structrual kills from HE rounds and HE charges
against four WW Il aircraft indicates that over the
caliber range 20-mm to 75-mm and weight of HE
charge 0.01 to 1.5 Ibs, the probability of a structural
kill (which we here identify with an I-kill) can be
expressed remarkably well by

P = 1-ckWhe (7.25)

where

W.. = the weight of the explosive change,
or projectile filler

k = 6x10° (WV) (7.26)
W = aircraft gross weight in pounds.
V = aircraft maximum speed in knots.

For the four aircraft WV x 10° ranged from 3.8 to
7.9.

The gust loading of an aircraft is proportional to its
velocity, One might expect that for a given weight
aircraft, the design stress would be higher for higher
speed aircraft. One might also expect that for the same
design stress, the probability of structural damage
from an internal burst would be inversely proportional
0. the volume containing the burst and hence to aicraft
weight. It would be interesting to see to what degree
modern vulnerability data can be scaled across aircraft
types in terms of the WV of the aircraft.

If one looks at the division of energy between blast
and fragments of a bursting HE projectile, on= finds
that for the low % filler weights possible with antiair-
craft gun projectiles (under 30%) almost all of the
energy is transmitted to the fragments, leaving very
littde in the blast wave. These relations are shown in
Figures 7-6 and 7-7, computed from ‘Gurney’s Law'.
This suggests that the structural damage caused by
impacting antiaircraft HE projectiles results from the




aggregated impact of the fragments on the structure
and not from the blast pressure or impulse.

It may also be inferred that the principal cause of
damage to components from impacting HE projectiles
is fragment damage. Hence the projectiles should be
designed to maximize fragment damage.

To obtain a functional form for K-kill probability
from an impacting HE projectile, assume that the
probability of a component kill, given a fragment hit
on that component is for the j’th’ potentially vulnera-

ble component
pon =1.e k wiv®
pj=1-¢
In general, depending on whether the component is

the pilot. an engine, a munition, etc., the k,a.b will be
specific to the component.

The projectiie bursts into n fragments, which for a
conventional design of projectile have a wide range of
individual weights, but all of which are ejected at
about the same initial velocity. which according to
Gurney's law is proportional to (for AA projectile

design ranges).
112
fy = (whc/wp) /

(1.27)

(7.28)

where
wy = wcight of high explosive filler

w, = weight of filler plus metal case

The number of fragments impacting a component is
inversely l;:roponional to the distance from the burst
point to the component. Since with proper fuzing, the
burst is always within the aircraft, the projectile is in a
uniquely favorable position to inflict fragment dam-
age, and the average distance from a component is
roughly lEroporlional to A'?, where A, is the presented
area of the aircraft envelope normal to the trajectory.

Thus the expected number of strikes on a component
of presented area A, is proportional 10 A,/ A..

To obtain the expected number of lethal hits per
burst, one would integrate the damage function over
the weight distribution of the fragments average over
burst positions inside the aircraft, and sum over all
vulnerable components. This would be essential in
optimizing the projectile design for maximum frag-
ment effect.

For present purposes we assume that all of the
golemially vulnerable components can be represented
y a single equivalent component, that p, for this
componeni is small, and that its vulnerability is ex-
pressed in terms of the average fragment weight

Wi ™ (wp- whe)/“ = wP/n (7.29)

Then the expected number of lethal hits per burst is
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Figure 7-6. Fraction of shell weight in HE Energy Division Between Blast and Fragments
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Figure 7-7. Fragment Velocity versus Fraction of Projectile Weight in High Explosive

E = c3(a,/Apn! 2wt /2 (1.30)

If HE projectiles are simply scaled homologously, the
number of fragments produced is relatively indepen-
dent of the caliber, but the average fragment wei;ﬁf is
proportional to caliber cubed. Hence we assume that n
1s independent of caliber. This would not be true is
some type of fragmentation control were exercised, in
which case the effectiveness of large caliber projectiles
could be substantially improved.

The A,/A, terms is also taken as constant. However,
its inclusion was explicit to suggest thai there may be a
scale effect for internal fragment damage with target
size.

We choose a and b 1o have the same values as for an
impacting, non bursting projectile' 2 = 1/2, b = 0.
Then

Wyl 202wy 12 (131)

and the final expression for K-kills given a hit with an
impacting HE projectile (excluding structural damage)

18
12
pw1.c3"he (7.32)

Combining the expressions for structural and com-
ponent damage
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1/2
p =l . ¥1¥he "K3¥pe /

7.4.4.1 Summary

The resulting expressions for the probability of a kill
given a hit, are summarized in the Table VII-15. The K
kill contains I kills as well.

(7.33)

There are a sufficient number of coefficients in the
above expressions to permit some adjustment to good
vulnerability data. To show what the expressions look
like the following coefficient values have geen chosen

k] = 10
ke » 10
k; = 10

k; = [(10)** (4000)]"; for C in mm, v in
ft/sec

f = 10%

Figure 7-8 shows the resulting functional form with
points from the combat data and other references
previously cited superimposed. There is reasonabls
general agreement.

For the same parameters, but two % filler ratios,
Figures 7-9 and 7-10 shows probability versus caliber,
and Figure 7-11 shows probability versus projectile
weight.
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Teble ViI-15. Vulnerability Relations

Target Component Hit

Voo
JTvpe of kill and projectile ' ! Fuselage Wing
| T *1%he *4%he
1-kill, HE ) l‘l = 1l-¢ PI = ].¢
!
1/2
K Wy KW -k w
K-ill, HE P = d-c 1 e dhe P = loe 4P
« Cslzv - :
K-kill, non-HI Pk =P \l-c 1 | NIL
impacting proj.

7.4.6 Computer Target Vuinerability Module

The expressions for the HE projectiles in Table VII-
15 have heen programmed into the Litton simulation.
The k, are input parameters which can be chosen to fit
whatever valid vulnerability dats is available.

7.8 SIMULATION MODULE FOR TERMINAL
EFFECTIVENESS COMPUTATION

This section develops the methodology for improved
detailing of the target model and for the inclusion of
round to round dispersion in angle and muzzle veloc-
ity. The target used in the simulation for AFAADS-!
was a diffuse circle. The present model consists of two
diffuse ellipsoids representing the target fuselage and
wing.

The di}penion segment of the simulation which
accounts for round to round dispersion of the shot
pattern has also been improved to allow the use of
different values of lateral and vertical dispersion and
also to include the effect of muzzle velocity dispersion,
and bias,

Since the target vulnerable area can now vary sig-
nificantly with aspect, it becomes desirable to account
properly for the relative direction of approach of the
projectile (resulting from the vector sum of target and
pm‘iectile velocity) and this effect has been included,
nc

uding gravity drop.

Principal emphasis in the AFAADS study effort is
on the characieristics of the fire control system. A good
overall evaluation of system effectiveness is desired and
$0 an objective is 1o describe the target vulnerability
characteristics in sufficient detail to provide an accepta-
ble evaiuation.

On the other hand, the description of target vulnera-
bility 1o a degree which includes all of the meticulous
detail with which target vuinerability analyses of spe-
cific targets is known would result in the simulation
being dominated by the target model rather than the
fire control model, with excessive running time. Our
object therefore is to strike a reasonable compromise
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between complexity of the simulation and target .

representation.

For small caliber rounds vuinerable components
tend to lie within the target fuselage and an ellipsoid
seems (o be a reasonable representation.

Since we want to investigate a very wide range of
projectile calibers it was felt desirable to include the
wing, of which the inner two thirds should be vulnera-
ble to very large rounds.

The fuselage vulnerable area head on is usually
much smaller than the area side on. On the other hand
the vuinerable area directly from the side is not greatly
different from the vulnerable area from directly below.
This would suggest an ellipsoid with circular cross
section about a longitudinal axis. The wing is very
thin, and might be represented as a flat plate. It turns
out to be more efficient Lo use a generalized ellipsoid so
that the same program can be used for both the
fuselage and the wing but with different values of the
semi-axes.

Given the two basic ellipsoids, they must be pro-
jected into a plane perpendicular to the direction of
approach of the projectiles. ‘Diffuse’ targews are then
constructed from the projected ellipses.

The diffuse target representation has several advan-
tages as indicated in AFAADS-I. It is asymptotically
correct for very small and very large kill probabilities.
The kill computation is much simpler. It also allows a
very simple computation of the probability of & hit on
either the wing or the fuselage in the presence of
‘shielding’ which is indicated to be sufficiently accurate

for present purposes.

Target bank angle is introduced as a function of the
radial acceleration of the target. Roll about the flight
direction wi.nout change in direction is not included
automaticzlly, and if it were desired to include this (as
when the pilot rolls on his back a1 the 1op of a climb,
pushes over, then rolls upright for his firing lput) it
would have to be included as a special event. It is not
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considered that this type of event would occupy a
significant portion of the firing time.

The following section develops the algorithms for
the projected area of an arbitrary ellipsoid on a plane
perpendicular 1o a specified direction relative to the
principal axes of the ellipsoid.

7.8.1 Determinstion of Projected Area of an
Ellipsold

Write the equation of the ellipsoid in canonical
matrix form

Where X'HX = 1.0 (7.34)
X'= [xy 2] (7.35)

12 0 0
He]l 0 102 0 (1.36)

0 0 1/

By a series of rotations, obtain the equation of the
ellipsoid in U’ = {u v w] coordinates. The rotation
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matrix is 3x3 square and skew symmetric. Designate it
as R

X'=UR’ (7.37)

The equation of the ellipsoid in rotated coordinates
is

URHRU=U'MU=10 (7.38)

where M is a 3x3 symmetric matrix.

Assume that the rotation has been carried out in
such a way that the w axis is paraliel to the bullet
trajectory In the vicinity of the target, i.c. the bullet
trajectory relative to the moving target, corrected for
both target and bullet velocities. If we are dealing with
impact projectiles, we require the equation of ihe
cllipse which is generated by the projection of the
ellipsoid in a plane perpendicular to the bullet trajec-
tory, i.c. to the w axis.

Equation (7.38) defines the u v w relationship of
points on the surface of the ellipsoid. Consider a planc
containing the w axis and cuttin{vthe ellipsoid at u, Au.
As u is varied, observe du/dw. When du/dw = ( we
have reached the edge of the projected ellipse. This
defines w* in terms of u,. Substitute w* thus derived
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back into Equation (7.38) to eliminate w. The result is
the expression in u,v for the desired projected ellipse.

Manipulation of the expressions is simplified by
partitioning the matrices

my My :msn -
: M M
M= |mg M2 M33| = , J
------- :. - = M2 M3
M3 M32 +M33
L o (7.39)

where the subscripts have been chosen to express the
fact that M is symmetric.

U = [Ua ) ': W] an ‘= [u Vl (7‘40)
The equation of the ellipse is
M, My U
(U, wl =10 (741)
My” M3l |¥
Ua'Man + WM2 Ua + UaMzw + WM3\V = 1.0
(7.42)

In Equation (7.41) write

Uy = u[lA) (7.43)

Differentiate with respect to w and set du/dw = 0.

Designate w*® as the value of w determined by this

process. It is the value of w for which a line paralle! 10
the bullet trajectory is tangent to the ellipsoid. Then

M, Uy
[Ux' we} + [M2 Ma] =0
M3 w*

(7.44)

Examining the clements of the two terms of Equa-
tion (7.44) note that they are equal to each c:her and
hence each equal to zero. Replace U; by U,, and
substituie back into Equation (7.41), eliminating w*
and obtaining as the equation of the projected ellipse

* ol r =
U M) - MpMgt Myl Uy =10 (745)

This is the desired expression for the projected
ellipse.

Given Equation (7.45) the area of the projected
ellipse can be derived. If the shot pattern is large
compared with target size, this is all one needs to know
about the target; in our case the shot pattern will
sometimes be small with respect to target vulnerable
area, but in any case the area is an interesting point of
reference.

Begin by determining the orientation of the ellipse

in the u,v plane, and its maximum and minimum radii.
Define:

v=osiny;u=rcosy (7 46)

Write the equation of the ellipse as

B
U'[: ] U= 10;UPU=10
C

(747)

Substitute Equation (7.46) in Equation (7.47), dif-
ferentiate and set dr/dy = 0

Then the inclination of the ellipse is found to be
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tan 2 y* = 2B/(AC) (7.48)
Solving for the major and minor axes
v) 2
%)y = (749)
127 (a+B) £ 12B)? + (A} 12
The area of the ellipse is:
A, " wrl‘tz‘ (7.50)
n
A, 3 ————— (7.51)
¢ ac) - 8312
Referring to Equation (7.45)
P M -MMy T My (152)
and so
A, =o' (753)
But in terms of the M matrix, (Equation (7.39)):
Pl = (M| / IMsl (7.54)
and
IM| = (s2b2c2y! (7.55)
g0 that:
12
A, = mabc [Msl ! (1.56)

where it will be remembered that M, was scalar.

Equation (7.55) follows from the fact that the deter-
minant of any rotation matrix is unity and

Mi = IR’] |HI IRl = |H| (7.57)

The same result can be obuined from the integral
defining the equivalent ares of a diffuse target. We
have

(7.58)

m L}
Ae-ffe'UPU du
-

= /P12 (1.59)

from which Equation (7.56) follows as before. In terms
of elements ot the rotation matrix R

M3l = (r326) + (623202) + G332 (7.60)

whence,
A= [,132b2C2 + r23232c2 + r33232b2] 172
(7.61)
7.8.2 Coordinate Systems and Rotstion Matrices

The basic coordinate system is (X Y Z} fixed in
space. A coordinate system [x y 2z] is fixed in the
aircraft. A third coordinate system {u v w] is centered
on the airplane, but rotated so that the w axis is
parallel to the relative direction of approach of the
projectile 1o the aircraft, with the u axis horizontal. A
fourth coordinate system [x, y, 2] is fixed to the gun
tube with the x, axis horizontal. These coordinate
systems are shown in Figures 7-12 through 7-15.

All four coordinate systems are rectangular and
right handed. Angular rotations are positive clockwise
looking out along an axis from the onigin.

The aircraft’s direction of flight is assumed to be
along its y axis. We do not consider changes in angle
of attack, or sideslip angle in this model.

The following angles are defined:

8 = bank angle, positive in a right turn.

8 = climb angle, positive for climb, negative
for dive.

A = target azimuth measured from the Y axis.

e = target elevation angle measured from the
horizontal plane.

relative direction of projectile approach in
azimuth.

¢, = relative direction of approach of the pro-
jectile in elevation, measured from the

horizontal.

H = heading of the aircraft in the horizontal
plane relative to the Y axis.

a = angle between the projections of the target

velocity vector V and the line of sight to
the target in the horizontal plane.

(7.62)
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a = A-H+nfcom Figure 7-16. (7.63)

a,= angle between the projections of the target
velocity vector and the relative direction
of approach of the projectile in the hori-
zontal plane. (7.64)

a = A -Htn (7.65)

The rotation matrices are defined in the following
paragraphs,

cogfOanill 0 O csHsnH O
[XY2Z] = (xyz]]O 10 Ocos &sin0] |-snHcosHO
-3 0 cosd} L0 -sin 8 cos 6] |0 0 1] (7.66)

This set of operations is sbbreviated

20871173
xIT= w7 @7 o7 T (.67

Inverting the operations
(X] = (H] (8] 13} [x] (1.68)

The [X Y Z] vectors are next rotated to the [u v w)
coordinate system. The set of rotations is chosen to
cause the w vector to lic in a direction paraliel to the
relative velocity of the projectile to target near the
target. This requires an additional & /2 rotation in &.
The operations are

i Wi e R
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cos A sinA O]t10 0 100
fuvw] = [XY2Z]]sinA cosA OffOcose aine | 100
0 2 1}{osine, cose I 1 O] (7.69)
Or
WIT = 1T Aile, + (/2] (7.70)
Hence.

Wit « T T 0T, » (vl = ) TIRYT 07

This defines

R}
It follows at once that:

(x}T = ) TRIT (7.72)
and

ixl = (R)TQu] (7.73)
Fot reference

IRIT = le, + 2N TIA)TIM) 18] 18] (7.74)

(RIT = @1 Tie T (HITIA M le, + (ar2n] (2.75)

The equaticn of the rotated ellipsoid is UaTRTH RU, =10 (776
Refernng 10 Figure 7-16, note that
A,*He+ag o (1.173

The H and A, matrices can be combined if a i known.

(AJTIH] = (H-A) = In-a) = fa,-n]" (7.78)
sumilsriy

[H)T[A'] = -la,-n] |n-a,]’ (7.71%)

The R matrix has been multiplied out for reference:
R= (€, €3G
where
[condcona, ¢ wndan0 sing,

(l o a0 un a

I:md cosa, ¢ conlanduna,

[econd 3in a, sne, -3y sin 0cara, mn €+ liostame;
Cy® JemmOcusg une * sndcuse,

s sing, sine - codsin 0 cosa cote, ¢ coml ot 0 cos e,
L

st ane

' f

T KUk g, cobeg - Sin 00 cos @ cos e, - wnd cos 0 un e,
('_‘ =] cnduma <ose

L snduna, cose - oo d cosa oo €, - suli os 0 un e, (7.80)
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7.6.2.1 Some Special Cases
These are useful in checking the simulation
programming.
LetA=0,H=1/2,a,=1/2,6=0
Then

0 -1 1]
Rs= sinyY 0 cosY
~cosY 0 sinY

(7.81)

whereY = (8- )

and
A, = b [c2 cos? (B-e )+ aZ sin? (B-er)]”2

(7.82)
Let A=0.H=0.ar=n,3=0
Then
| 0 0
R= 10 sin(e,-8) <cos(e,-0)] (7.83)
0 cos (er -0) sin (er -8)
and
A = 1a[c? cos? (e, - 0) + b2 sin2 (¢, - 6))
(7.84)
Llet=0,06=0
Then
o3 a, -sin a, sin e -4in a, cose,
R = | 3in a, cos a, sin e, <tosa cose,
0 cose, sin ¢,
(7.8%)
and
A, = [bzc2 sin? a, cos? e+ a%b2 sin? e
+ azcz cos2 a, c012 e,]”2
(7.86)

If a = ¢ (circular cross section perpendicular to the
flight direction)
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A, = ma [b2 sin® Q + a2 cos? Q) 1/2 (7.87)
where

cos {1 = cosa cose, (7.88)

For this last case the vulnerability function to be
combined with the shot pattern is

e w2 [(sin2 lez) + cos? Q/az)] -v2/c2 (7.89)

Let c = 0 (flat plate wing)

Then from Equation (7.61):

AC = mb ll'33|
= mab|sin fsina cose, - cos Bsinfcosa cose,
-cosfcos b sine, (7.90)
and if
g=6=20 a9
A, = mbsine, (7.92)

7.5.3 Relative Direction of Approsch of
Projectile to Target

LetV, = ﬁtojecnle remaining velocity along its
trajectory in the vicinity of the target. Its components
in [X Y Z) are ViV, V2. These are obtained from the
ballistic module of the simulation. Gravity drop is
approximated as gt,.

va = V_cosesin A

P
va = Vp cose cos A (7.93)
va = Vp sin e ',stP

The components of target velocity in X Y Z are
Vi.Vy.V; and using Equation (7.93) the components of
relative projectile velocity are

B Lk VRS e T A SIS I P

Vix * VpcoscsinA-Vx
Viv ® Vp cosecos A-Vy (7.94)

Vz'v

' sine-VZ-gtp

P

From these components compute

2 2 2 2 (square of the relative
Vi s Vix*Yiy*Viz vector velocity)
(square of the relative
V?H = Vr2X + VrzY vector velocity in the
horizontal plane)

Then
sin A, = Vix/Viy
Cos AL = er/VrH
sine, = VrZ/Vr

cose, = Viy/Vy (195)

These terms are inputs for the A, matrices in
Equations (7.74) and (7.75).

7.6.3.1 An Obsgervation on the Direction of Rela-
tive Approach of Projectile to Target

It can be shown that if projectile velocity is constant
and the target path is unaccelerated, and gravity drop
is neglected,

. =
A = Agiap = a,

e, = ¢, (7.96)

where A, are the target azimuth and elevation (line
of sight) at the instant the round is fired.

This is intuitively evident if we consider that for this
case the projectile, if it hits the targct, must fly what
the missileers call a ‘constant bearing’ path; i.e., a path
in which there is no rotation in space of the line
between the bullet and the target.

For this zero-order approximation therefore, the
difference between the relative direction of approach
and the gun-target line at the instant the bullet reaches
the target will be equal 10 the angular lead computed
by the predictor. If the target is broadside at this
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Figure 7-16. Angular Reiations in the Horizontal Plane

instant, and lead was 30°, the projectile will approach
the target at an angle 60° off the nose.

7.6.3.2 Determinstion of Bank Angle

The program is designed to input bank angle auto-
matically as a function of radial acceleration. If n, is
the radial acceleration in ‘g’s’ in a steady turn bank
angle is given by

% %
sinf = n A1 +nl2) ;cosfm1/(1 +nr2)

(197

As noted earlier, rolling of the aircraft without a
change in flight direction would have 10 be inserted as
a special ‘event’.

7.5.4 Random Round to Round Dispersion in
Angle and Muzzie Veloeity

The simulation is programmed to accommodate
three elements of random round to round dispersion.

a. Constant angular dispersion in a vertical glane
through the gun tube, with a normal probability
density function and zero mean about the tube
axis. Its variance iso,’.

b. Constant lateral angular dispersion in a plane

through the gun tube, nerpendicular to the verti-
cal plane, normally distributed with zero mean at
the tube axis. Its variance is o ,%.

c. Constant muzzle velocity dispersion in meters per
second. It is assumed to have a normal distribu-
tion. with zero mean and variance ov’. Bias is
handled separately as shown in a later section.
Muzzle velocity affects hit probability via time of
flight and the relation is worked out below.

In general, therefore, we have three components of
random round to round dispersion, one vertical, one
lateral, and one which lies closely in the plane contain-
ing the gun and the target path (i.e., the tangent plane
when the projectile is near the target).

To the degree that other, presently unidentified,
sources of dispersion can be resolved into these three
clements they can be handled in this simulation pro-
gram as input parameters.

7.8.8 Angular Dispersion

Begin with gun coordinates [x, y, z} and let the
elements represent the lincar effects at the target of
angular deviations at the sun. Since y is along the
trajectory and we are considering only angular disper-
sion set y, = 0. The dispersion matrix is, in gun
coordinates
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2
x8 % 00
TS =
<lxg [x,)"> =<0 [ ©%)>=10 00
g 0 0 o?
(7.98)

To convert to the direction of relative approach of
the projectile rotate through angle ¢ and A into the X
Y Z coordinate system and then back through angles
Aande + (m/2).

In the u v w coordinate system, after the above
rotations have been performed

uT =  JFctiv= [C](xg] 099

where C is the rotation matrix. Then the dispersion
matrix in the u v w system is

<11 UIT>= (CI< ) B T>ET (.100)

-l 1
2
Ty Py PuwTu¥w
= 6.0, 0.2 PO T,
PuwSyv 9y vwov7w
. 2

PuwIw?v Pvwvow

w

(7.101)

Only the four elements in the upper left hand corner
of this matrix are retained. Call this submatrix [oy’]

2

5 Ty PyvyOy
(w1~ )
Py Oy (7.102)

The rotation matrix

(1T = (T (AL (A] [e,+ (/D) (7.103)

Muluplying thit out for reference
cos b -undune, ankcone,
|(|T « [undcute <ortdcotenne tunecne cosd conecon e -unemne {7104)

undune cotd pneune tcorecure, cosbunecme -une Coic

where

5« (AA,)

10 we wrne

N TERIP IS
I’ - €y <2 €y

AT PR3 3)

The variance matrix jos’} becomes

2.2 2.2 2 2
TR TS 16120 Y €316329,

(%)= (1.10%)

2 2 .22 2 .2
T L T P LA MO AT T 0

In the above process either the anguiar variances can
be converted to linear variances by multiplying by D
before beginning the computation, or the s’ matrix
can be computed in mils’ and then converted to lirear
measures by multiplying each element by D,.

7.6.86 Muzzle Velocity Dispersion

The effect of an error in muzzle velocity is (0 cause
the projectile to arrive at the predicted point at a
different time from that computed in the predictor. We
consider this as a perturbation about the target posi-
tion.

If 8, = error in time of flight resulting from
an error §v, in muzzle velocity

V = arget velocity along its flight path

E, = target travel during the interval 8y,

then

Ey = V 5t (7.106)

The subscript y indicates that the error is olLserved
along the y body axis of the target.

For this computation it will certainly be adequate to
use the ‘3/2 law’ expression for projectile velocity.

For this ballistic function, if v, is average projectile
velocity
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v, = Dty = V,-aD, (7.107)

where

Moy

DP is slant range, V, is muzzle velocity and “a” isa
constant.

Then

Log,t, = Log,D, - Log, (vo . aDp) (7.108)
Differentiate, holding Dp constant, and obtain

Bty = SVo/(Ve-aDp) = SV fv, (7.109)

Hence,
= /
Ey = BV, Vi,/Y,) (7.110)
Divide both side-. by Dp
a 2
E,/Dp = 5V (VIv,%) (7.111)
Now for the drag law assumed,
2
V0. VOVP (7.112)

where V, is the projectile remaining velocity at D,.
This is convenient since it is used elsewhere in this
program module.

The ratio E,/D, can be treated as an angular devia-
tion, and after compuiation and angular rotation it can
be restored ic linear miss at the target by multiplying

by D,.
Alternately, it can be inserted in linear measure.

The variance of E, in terms of the variance in
muzzle velocity oy, is

2, 2 2p 2
96’ = (OvolV o) (vvp)r Dt (.13)
We now need to rotate this into the u v plane.

From the earlier expressions

[uvw] = {xyz} R (7.119)

and so the matrix of variances resulting from muzzle
velocity dispersion projected into the u v plane is
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Poyoy Oy 0 0 O
(7.119)

and only the four elemenis in the upper left corner are
retained.

7.5.7 Angutar and Muzzle Velocity Bisases
(Rystematic Errors)

Define Voo = sysiematic enor, or ‘bias’ in muzzle
velocity. This is assumed to be constant over a firing
path. From the expressions in the preceding section,
the resulting miss distance along the target path is

B, =" (VoB/Vo) (V/V p) Dp (7.116)

This miss distance is rotated into the u,v,w coordi-
naie system by the operation

.17

Mg MpM,p] = [08,0][R]

The M.s term which is along the direction of rela-
tive approach of the target is dropped and the remain-
ing two lerms are added to the u v miss distances
obtained from the prediction module of the simula-
tion. The resulting sums g» into the computation of
single shot probability.

The simulation is also programmed to accept con-
stant angular bias errors in azimuth and elevation.

7.5.8 Discussion of the ‘Diffuse Target’
Representation

Before presenting the single shot kill algorithms, we
digress briefly to discuss the diffuse target representa-
tion which was presented without discussion in
AFAADS-I. We consider the basis for the diiTuse
larget mmodel, the approximation invoived in the sim-

lest method of accounting for wing/target area over-
a"p. and the ‘shoebox’ representation versus the
(11}

ipsoid.

Suppose that we have an arbitrary pdf of shots
about the target in 2-dimensions given by f(xy). The
target area is irregular and equal to A,. Then the
probability of a hit 1s
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p=J[ finyaxey (1.118)
At
and this can be written
e o]
P '/]m t(x,y)f(x,y)dxdy  (7.119)
where
(x.y)

= 1.0 over the target
= 0 elsewhere

Usually f(x,y) can be written as a bivariate normal
distribution with non-zero mean. We would like to
replace 1(x,y) by a function that allows a closed for of
(1) to be obtained, and so we would like an expression
that integrates when multiplied by the bivariate
normal.

The simplest expression to use is one which also has
the form of a bivariate normal. In this case the target
is represented by an ellipse, but a ‘diffuse’ one, in that
the probability that a round passing within the target
area hits the target is not unity, except at the exact
center as shown in Figure 7-17.

We require that

[ED t(x,y)dxdy = A,

Now if the probability that a hit kills the target is
uniformly p. over A, we can write the probability of a
kill as

(7.120)

P " Pchm t(x, y) f (x,y) dx dy
(1.121)

In fact, the probability that a hit on the 1arget will

kill it is also a function of xy and so we should write
Equation (7.121) as

Pk =fmec(x.y)t(X.y)f(x.y)dxdy (7122)

[P n ey axay (1123)

If the shot pattern is uniform over the target (not
necessarily centered on the target)

Py r(o,O)//""zv(x,y)Av dy = £(0,0) A,
oo

(7.124)

where

A, =//w°° t, (x, y) dx dy (7.125)

A, is designated as the ‘vulnerable area’ and may be
coasidercd as the sum of the areas presented to the
shot pattern of all comdponents which are ‘singly vul-
nerable’ each multiplied by the probability that a hit
on the summed area will kill the target.

Then an alternate form for obtaining kill probability
is obtained by writing t(x,y) in the form of a bivariate
normal distribution with appropriate multiplying con-
stant to satisfy Equation (7.128).

Whether to use Equation (7.121) or (7.123) depends
on the degree 1o which the vulnerable components of
the target tend to cluster near the center of mass. The
difference in algorithms is greatest for small caliber
projectiles, in which case (7.123) is probably a closer
approximation, and this is the expression now pro-
grammed in the simulation.

With the benefit of hindsight, it appears that the use
of Equation (7.121) in the Litton simulation would
have provided cqually uscful results, and in addition
would have the significant advantage of showing
smaller variance of computed kill probability across

1 (X, Y)

OPAQUE TARGET
\\ | VE €

.\( OIFFUSE TARQET
-~
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XY — 20871.178

Figure 7-17. Diffuse Terget Approximation
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replications. This would reduce computer operadng
costs.

If the target is ‘multiply vulnerable’, e.g., one must
kill tvo out of two engines to kill it, the duplicated or
multiplicated components are to be treated separately
and the effects of killing various numbers of them
combined by the usual iaws of probability.

The difference between a diffuse target and an
opaque target can be seen by considering a worst
case, - an opaque disc fired at which a circular normal
shot pattern centered on the disc. For the ‘exact’
computation,

-A/(2m)2)

P = 1.¢ (7.126)
For the "diffuse” representation
py = A/lA +(2m0d)) (7.127)

and the two representations are asymgtotically the
same for very large and very small probabilities.

Single shot probability will normaliy be low. A value
of 0.10 (ten rounds per kill) would be a high value.
The two expressions are compared in Table VII-16.

7.5.8.1 8Shosbox versus Ellipsoid

In the evaluation of most current predicled fire
systems it is adequate to assume that the shot pattern is
large compared witk: the presented area of the target
and to compute

P ™ 10,0) A, (7.128)

In the AFAADS study effort we are attempting (0
obtain better system performance, and so we require a
computational procedure that does not allow p, to
exceed 1.0 on those relatively infrequent occasions
when ((0,0) is larger than A,'.

Table VII-168. Comparison of Algorithms

Al 21!02) 9, Py
(1} 0 0
0.0 L0488 na7s
010 095 .090
1.0 632 .500
pX1} 864 667
d 1.0 1.0
20871-528A
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The shoebox does not merge nicely with the normal
distribution of the shot pattern, as does an ellipse, but
in those cases where Equavion (7.128) is adequate, it
can be compared with an ellipsoid.

If the target is viewed at an angle @ from head on,
the presented area of the ellipsoid is

o]
A, = nbe [ag sin2 8+ bz cos2 0] (7.129)
and for the shoebox

A, = 4bg[agsin 0 + b cos 6] (7.130)

Choose the a,b so that the areas of the two shapes
are identical head on and side on. Then the ratio of
areas at angle @ is

sin 20
sin2 8 + 22 cos? 8

(AJA)? = i+ i\ = bja

This is easily determined to have a maximum at

tanf@ = A
where

(AfAdmax = % = 1a14... (7131

Considering the other uncertainties in the complete
simulation, a maximum difference of 41% between two
representations, both of which are approximations, is
of moderate, but not critical concern.

7.8.8.2 Combinstion of Wing and Fuselsge

‘The wing and (uselage will in general have different
projecied orientations and these orientations will
change as the target moves along its path. We now
consider the effect of overlap of the areas, and the
shielding of one by the other.

First consider Aft probabilities. Both wing and fuse-
lafe are represented by diffusc ellipsoids, with proba-
bilities t.4(u,v) that a round passing at u,v from the
target center will hit the respective component.

If we assume that these probabilities are indepun-
dent (of course their values depend on u.v) the proba-
bility that a round passing u,v hits neither is (I-4}{1-¢)
and the probability of hitting either or both is

la - tf*tw-l'{w ‘7l32)
We can obtain the same result from the following

argument. Su‘Pﬁose the wing shields the fusclage. The
probability of hitting the wing is . If the wing is hit,
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the fuselage cannot be hit. The probability missing the
wing and hitting the fuselage is (I-.)t and the sum of
these probabilities is the probability of hitting the
aircraft, or

t, = ty (1 -t )t = tytte-toyy  (7.133)

Note that 1,(0,0) = 1.0 as it should be.

Consider a worst (and extremely unrealistic) case in
which the target consists of two saucers stacked one on
the other; the top one is the fuselage, the bottom is the
wing, and we are firing directly from below. There is
complete overlap, since the top saucer is completely
shielded by the bottom saucer. For both elements the
diffuse target representation is

8 (7.134)

and if we integrate

L 2e1°82 el

over all r we obtain
A= 1Snalinneadof 1.0m2  (7.135)

In fact, if we complete the probability of hitting
either of the two saucers for this case, we find that the
.5 ratio for small p decreases rapidly with increasing p.
This is shown in Table VII-17.

More realistically, consider a planform for which the

- target projection is two identical cllipses, with major

axes perpendicular. The area of each is A. The ratio of
minor to major axis is u. Some minor calculus reveals
that the area of overlap, is

Table VII-17. Comparison of Hit Probability on Two

A, = (4A/muan! (7.136)

Az > 1.0 the ellipses become circles and forp =
10, A, = A.

For this case, the diffuse target model when worked
through, gives the overlap area as

A, = pl(1 +u) (1137

The projected area of the wing, fuselage combina-
tion is

Ay = 2A-A, (7.138)

The exact computation is compared with the diffuse
targel approximation as a function of u in Table VII-
18.

Since p < 0.50 in general, the representation is
considered adequate in this case.

Now consider kill probabilities. If the projectile has
a large enough caliber so that a hit on the wing
inboard section (say the inner half of the wing) has a
high probability of killing the aircraft, and the fuse-
lage has a similarly high vulnerability, then the above
comments with regard to overlap apply to the case
where wing and fuselage are both vulnerable, and their
projections in the u v plane are replaced by ellipses of
dimensions corresponding to vuinerable rather than
presented area.

However, if the projectile caliber is so small, that the
wing is invulnerable to a hit and the projectile has a
fuze which causes it 10 burst on the first component it
hits, then the wing can shield a part of the fuselage
from some aspects and we néed to consider the ap-
proximation more carefully.

In this case, if the wing is a perfect shield, and is
mounted on the bottom of the fuselage, then the wing
will shield against projectiles approaching from below,
but if the bank angle is such that projectiles approach
from ‘above’ in Body axes, there will be no shi¢lding.

Table VIi-18. Compsrison of Hit Probsbility on Two

Stacked Saucers Stacked Ellipses
" <
Al(2m0%) Pexuct Pditfuse Aa/A

0 0 0 7] exact diffuse model

€2 18 .24 0 2 2

0.5 .39 47 01 1.87 - 19
0.2 1.78 .84

1.0 .63 67
0.5 1.51 1.67

®

1o 10 1.0 1.0 1.50
20871-529 20871-530
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This consideration would require the shield effect to be
changed with direction of approach of the projectile.
On the other hand, if the aircraft has a midwing
configuration, so that half the fuselage vulnerable area
is above and half below the wing, haif of the overlap
area will always act as a shield,

For this case of an invulnerable wing acting as a
shield, Table VII-19 shows the comparison of 1) exact
computation of exposed fuselage vulnerable area for a
low wing, projectile approaching from below, 2) mid
wing, 3) a ‘diffuse’ shield, and 4) no shield, as a
function of ..

It is understood that in this comparison the ellipse
representing the fuselage is the ellipse representing the
vulnerable area.

The ‘diffuse” shield is assumed always to protect the
overlap area regardless of direction of bullet approach.

The diffuse wing is considered an acceptable approx-
imately, for the casc where the wing is invulnerable
and has a shielding effect.

Since aircraft designers apparently like to place
vulnerable components other than the pilot low in the
fuselage where they are easily accessibie to mainte-
nance, and wings tend to be shoulder-placed or mid,
but rarely below the fuselage (even in this case the
wing section at the fuselage tends to contain vulnerable
components), the problem of wing shielding is consid-
ered to be adequately solved for present purposes by
the diffuse wing approximation.

The general case where detailed vulnerability infor-
mation is provided, considering projectile impact ve-
focity and obliquity, detailed target configuration, in-
ternal shielding, etc., all as a ‘unction of dirsction of
projectile impact is discussed in the following section.

The t function for the case of a projectile that bursts
it" it hits the wing but cannot damage the wing is -

where \ is chosen to represent the wing area, but t,
represents the vulnerable area of the fuselage.

7.6.8.3 On the General Applicability of this Pro-
gram to Precise Vuinerability Data

Suppose that a case of imporiance arises in the
evaluation of a specific weapon system against a spe-
cific target, and suppose that the vulnerability experts
have developed precise computations of vulnerable
area as a function of the striking velocity of the
projectile and its direction of approach with respect to
axes fixed in the target. The computations might also
include the effect of *obliquity’ in projectile impact.

Can the present program be applied to such a spe-
cific problem?

The answer appears to be clearly ‘yes’, with some
modification of the program elements.

It is assumed that the target vulnerability can be
presented in tabular form as a function of projectile
striking velocity, two angles for relative direction of
approach, and a third angle for projectile obliquity at
impact. The projectile velocity is available in the pre-
sent program, and the three angles are attainable by
appropriate rotations similar to those now in the
program.

The process would be as lollows: The vulnerability
data would be stored in the computer in abular form.
The four inputs would be computed as done in the
present program. The vulnerable area would be ex-
tracted from the tabulated data (suitably interpolated)
and passed on to the kill probability computation.

ding on the precision of shooting it might be
desirable to insert not vulnerable area, but the proba-
bility that a hit at x,y causes a kill in the tabulation.
This would increase the amount of stored area, but
would fit nicely into the kill probability computation.

Why would one want to use this dewil? A major
reason is that at present target vulnerability informa-
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: G = (L-tyyy =ty - tytgy (7.139)  (jon is developed in much greater detail than is used in
Table VII-19. Fraction of Fuselage Vuinersble Ares Exposed ‘ j
1
Opaque Opaque *Diffuse” % ti
H No Shield Low Wing Mid Wing Wing '
i
i
i} 1.0 1.0 1.0 1.0 ' }
0.1 1.0 0.87 093 091
0.2 1.0 0.78 0.87 0.84 i
0.5 1.0 0.51 0.62 0.67 I
20871-531
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most sysiem evaluations. The system evaluator usually
works with a few ‘average’ vulnerable areas which
have been so averaged that much of the original fine
detail (which considers shielding, depth of penectration
to reach vulnerable components, etc...) is lost.

This is consistent with the objectives of system eval-
uation, but is not very informative if one has the
objective of reducing the vulnerability of friendly
aircraft to enemy fire.

By expanding the target vulnerability module in the
Litton simulation as described above, and inserting the
fire control system parameters 10 correspond 10 those
of enemy weapons, it should be possible to use the
simulation as a tool in vulnerability analysis.

In this case the characteristics of the antiaircraft
defense system would be held constant, and the effects
of changes in aircralt design and protection to reduce
friendly aircraft and helicopter vulnerability could be
assessed.

We now return to the algorithms for computing kill
probability based on the preceding developments.

7.5.9 Computation of Single Shot Kill
Probability

From AFAADS-I, p. 5-57, Equation (5.251), the
single shot kill probability is given by the expression

134 (oMT[3es) ' M,
—_—

(7.140)
13 +8%

Pys

where [S] is the covariance matrix of round to round
dispersion of the shots

(S] = (7.141)
pa,o, 0‘2,
for reference
ISl = aﬁovz(l -p%)
2
oy -plloy0y)
1
(81! = —
I 2
-plloyo, 1oy
(7.142)

{8] is obtained by adding the matrix derived from
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angular dispersion to the matrix derived from muzzle
velocity dispersion.

5 [<&) [-3]

The J matrix is the inverse of the matrix describing
the diffuse ellipse, which is designated V

(7.143)

ylavy (7.144)

V is derived from Equation (7.45) with one small
change in the¢ H matrix (the elements are doubled)

Ve [M, -M2M3"M27] (7.145)

where M,;,M;M; are partitioned matrices of M and
M has been computed as

M] = (RT}{H] [R] (7.146)
but [H] is now
212 0 0
0 202 0 (7.147)
0 0 22

To be consistent with the fact that [(J+S8]' is multi-
lied by 1/2 in the p,, expression, each of the elements
1s multiplied by 2.

The M,’ matrix (not to be confused with the previ.
ous M’s) is the vector of displacement of the aim point
from the target center. It is obtained by summing the
miss distances from the prediction computation and
the miss distances resulting from muzzle velocity sys-
tematic error.

(M T = (MM, = M M)+ (MypMyp]
prediction  muzzle velocity
(7.148)

7.6.8.1 Probability of Single Shot Kill on Either
Fuselage or Wing

The wing and fuselage will have different orienta-
tions, varying with aspect and so within the limitations
of the approximation for accounting for overlap given

. el
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carlier, three probabilities are computed, then
combined.

The probability of hitting the fuselage is computed,
using V, for the fuselage. This is designated p,

The probability of hiuing the wing is computed,
using V,, for the wing. This is designated p,

The probability of hitting both is computed using

S ™ Ve + V) (7.149)

This is designated p,.

The probability of hitting either wing or fuselage is
then computed as

pa pffpw-pfw (7]50)

Note that pg,, # pr Py, in general.

If both wing and fuselage are vulnerable, the V
matrices in the above algorithms are for the vulnerable
areas.

If the wing is invulnerable and can shield the fuse-
lage, the V matrices are for the wing area and the
fuselage v- 1erable area, and

P *Pr- Pfy » Since p, =0 (7.151)
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If the bullet can penetrate the wing and go on to the
fuselage, such as an API round, the V, term is rmitted
and only the fuselage ellipsoid is retained.

If the wing is invulnerable, but is considered to only
very rarely provide significant shielding, the V, term is
omitted and only the fuselage ellipsoid is retained.

The data flow diagram in the terminal effects mod-
ule of the simulation is shown in Figure 7-18.

7.5.10 Simplified Expressions for Tracking
Module

Automatic tracking with radar, gated imaging sen-
sors, and probably manual tracking with visual obser-
vation all depend on the aircraft dimensions projected
in a plane normal to the line of sight. Since these vary
with the aircraft aspect, it was felt desirable 10 modify
the tracking module of the simulation accordingly. In
the AFAADS-I simulation, tracking errors in azimuth,
elevation, and slant range were generated in 8 manner
independent of target aspect, and this was felt to be
incompatible in the improved simulation with the
improved 1arget representation.

The input parameters to the tracking error module
were chosen to be the dimensions of the rectanguiar
parallelopiped enclosing the projected target image,
with one side of the rectangle horizontal, and a sccond
side vertical. Two sets of algorithms were developed,
one using the target ellipsoids, and a simpler set,
developed by J. Jatczynski using simply the orthogonal
vectors comprised of the target span, fuselage length,
and fuselage height. The latter set was considered
adequate, and was the mode programmed.
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SECTION 8
WEAPON CHARACTERISTICS

The most obvious descriptors of an antiaircraft gun
installation are

Number of guns on mount

Caliber

Muzzle Velocity

Rate of Fire

Type of Mount (Self-propelled or towed)
All-up Weight

In the accompanying Effectiveness Volume. tables
are given of the characteristics of modern antiaircraft
gun systems. In this section some of the possible trade-
offs in choosing weapon parameters are discussed.

It is considerably beyond the scope of the present
effort to consider weapon design in depth, hence the
discussion is limited to a level consistent with the
sketching of parametric ranges of interest in effective-
ness evaluations.

8.1 SCALING RELATIONSHIPS

If an automatic weapon were scaled homologously in
caliber, using the same materials and firing mecha-
nism, and holding maximum pressure and muzzle
velocity constant, one would expect that weapon weight
would be proportional to caliber cubed, and rate of fire
to the inverse of caliber.

Although data on actual weapons shows considerable
scatter because of the different design details, one finds
that there is an apparent economy of scale as caliber is
increased, so that weapon weight increases less rapidly
than caliber cubed. This is most evident when one
examines the all-up weights of both towed and self-
propelled weapons. :

This effect is probably to be expected, since not all of
the tystem components increase in weight as the gun
weight increases. and in the case of the gun iuself, there
is more emphasis on weight reduction for the larger
calibers.

The result is that for single tube weapons, all-up
weight tends 10 increase about as caliber squared.

An additional economy results from multiple gun
mounting on the same chassis. The weight increases
about as the number of guns to the 2/3 power.

These effects can be combined by expressing all-up
weight for both towed and self-propelled mounts in
terms of the total muzzle energy of the installation: the
weight increases very roughly as the 2/3 power of this
value.

If the muzzle energy is multiplied by rate of fire one
obtains the horsepower generated by the installation:
there does not appear to be a significant trend over the
data on available designs between all-up weight and
horsepower and the scatter of the data is very large. A
contributing cause to this scatter is probably the pres-
ence in the available data sample of a number of
sysiems whose maximum rate of fire is considerably
less than the best that could be obtained in that caliber
at the present state of the an.

One would not expect simple overall scaling relation-
ships to hold well, in estimating all-up weight, because
of at least three major determinants of this value in
addition to the weapon. These are:

a. Whether the mount carries sensors such as radar.
b. The weight of armor.

c. In the case of towed mounts, whether there is a
power drive with on-mount engine-generator.

To obtain good estimates of weight one therefore
must go through a simple preliminary design type of
analysis, with a weight build up by individual
components.

In the case of towed mounts, one does observe that
current mounts weigh somzwhat more in the firing

sition than World War i% designs of the same cali-

r. However the dificr-nze in weight beiween the two
vintages in thz travel position is not as great. It may be
that this results from the modern emphasis on mobility
and rapid time to convert from the travel to firing
position and back. Hence fewer components are
demounted.

Figure 8-1 shows a few points for the weight of
current self-propelled and towed systems as a function
of total muzzle energy of the mount.

The scaling of rate of fire inversely with caliber is
approximately followed by the most advanced current
designs, as shown in Figure 8-2. Note that in a given
caliber, the Gatling guns with 6 tubes have about 6
times the maximum rate of fire of single tube weapons.

As discussed in the Effectiveness volume, a high rate
of fire may not be fully utilized during heavy attack
waves with short intervals between attackers unless it is
also associated with a short reload time. There are very
wide differences in reload time among current systems,
especially in the self-propelied versions.

Aerodynamic considerations limit the possible range
of shape and weight of spin stabilized projectiles in a
given caliber. The design is a compromise between

stability and drag objectives. As a result the weight of
spin stabilized projectiles is very closely proportional to
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Figure 8-1. Weight of Antisircraft Gun Systems versus Muzzle Energy

the cube of caliber. in fact, a US. Navy text once
contained the flat statement: ‘The weight of Navy
projectiles is D*/2, where D = diameter in inches and
weight is in pounds.’

As noted in the vu'nerability section, a high frac-
tional content of projcctile weight devoted to high
explosive is desirable for terminal effort. Since high
explosive has a much lower density than stee), as the
HE content is increased, the projectile weight de-
creases. An additional limit appears when the shell
walls become 100 thin to withstand the firing stresses,

Figure 8-3 shows how the overall projectile densit
varies with fraction of HE conteat for a number of H

projectiles. As a rough average one may estimate that
projectile weight is given by

wp-(C/100)3 39 -1.60; <030
6.1)
where
W’ -

f =

projectile weight in pounds

fraction of weight devoted to high explo-
sive
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C = caliber in miilimeters

The ballistic coefficient of a projectile is proportional
o w,/C* and if caliber and shape are held constant
while weight is changed, the range to which a given
muzzle velocity will have decayed to a specific value is
approximately proportional to w,/C'. However in a
given gun, a lighter projectile will have a higher
muzzle velocity. The change in muzzle velocity with
projectile weight, for small changes is*

AMV/MV =n Awplwp (8.2)

where ‘n is approximately -0.3 for a rifled gun with
multiperforated grains, -0.4 for a rifled gun with
single-perforated grains, -0.47 for a smooth bore mor-
tar with flake propellant, and -0.65 for a recoilless rifie
with multiperforated grains.” If muzzle energy were
constant, n would be -0.50.

8.2 MUZZLE VELOCITY RELATIONSHIPS

Firing a gun releases the energy contained in the
propellant charge. Only a portion of this energy is
communicated to the projectile, another portion re-
mains with the propellant gases, and the remainder is
lost in various ways, including heating of the tube, the

—r
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Figure 8-3. Projectile Ciansity versus Fraction of Weight in High Explosive
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projectile, work done in engraving the rotating band,
etc.

The kinetic energy of the projectile at the muzzle is

Eq = (4Xwpfen? 8.3)

where
w, = projectile weight
v, = muzzle velocity
g = acceleration of gravity

If it is assumed that the velocity of the propellant
gases increases linearly from zero in the chamber to v,
at the muzzle, at the moment the projectile exits, they
will contain a kinetic energy

Eg = (1/6)w,y /eyl (8.4)
where

Wy =

weight of propellant charge

Schwarz® suggests replacing the 176 coefficient by
1/4 10 betier approximate losses to friction, heat, etc.
as well as kinetic gascous energy.

The available energy is proportional to the propel-
lant weight, and equating the available and expended
energies

kg, = [wpl2 +wch/6]vg/g ®.5)

As projectile weight w, becomes very small, muzzle
velocity approaches a limiting value

v2, = 6kg (8.6)

One can estimate k by plotting total muzzle energy
E. = E, + E; versus w,, for a number of guns to
observe consistency over a variety of gun designs. This
was done by Weiss’ in 1948 and an estimate of k for
automatic weapons was obtained as

k = 045010)°% ft 8.7

This led to an estimate of v, = 9350 {/s. However a
better fit to a plot of muzzle velocity versus w,/we for
a large number of 1940-1950 vintage weapons, using a
coefficient of 174 and v, = 8000 /s.

From these simple relations, one obtains:

ve
o
Men/Vp = Ko\ 57 ) K2
'm " Vo

=20 ¥m = 8,000 f/s

(8.8)

A comparison of this simple relation with a carefully
computed curve of muzzle velocity versus propetlant
charge to projeciile weight ratio for a smail arms
family with specified expansion ratio and maximum
pressure’ is shown in Figure 8-4. The small arms curve
was computed for an expansion ratio of 5.0; if it had
been computed for an expansion ratio of about 8.0 the
two curves would be essentially identical. To show that
gun design has become more efficient over the years,
curves are also shown for Civil War field artillery.

A substantial amount of research and development
effort has been devoted to lightening the weight of
cartridge of fixed ammunition, for example, by using
aluminum rather than brass cartridge cases. In addi-
tion the development of combustible cartridge cases is
directed to eliminating the problem of what to do with
ejected cases, especially for air to air weapons. In
general, one might expect the weight of the case to be
proportional to the weight of propellant, so that weight
of complete round w, is

Wer ® wp +kywop

or

W2
=1+k -2_——
“ep/¥p a\ 2.

(8.9)
2
m Yo

For current French and German automatic weapons
in the 20-mm to 30-mm class, and muzzle velocities in
the range 3300-3550 f/s, w../w, lies in the range 2.2 to
2.6. To this must be added the link weight and con-
tainer weight, depending on the design, to build up the
total ammunition weight.

8.3 METHODS OF OBTAINING VERY HIGH MUZ-
#:.LE sVEI.O(:I‘I’Y USING SUB-CALIBER PROJEC-
g

The simplest method of obtaining & very high muz-
zle velocity is to fire a light projectile. The possible
ain is indicated in Figure 8-4. There is a limit,
owever, to the amount by which one can lighten a
conventional projectile of full gun caliber, and sill

retain a good ballistic shape.
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Figure 8-4. Munzle Velocity versus Propellant/Projectile Weight Ratio

As noted in Section 8.1, the projectile weight for a
given shape and caliber decreases as thc % of HE filler
1s increased. High filler capacity is desirable for termi-
nal effect, but the amount by which the projectile wall
can be thinned is limited by the pressures exerted on
the projectile during firing. In World War 11 German
development produced ‘Mine’ projectiles which could
be fired at 3000 /s with 30% HE content by weight.
This development was apparently never fully explcited
in the United States and it is doubtful that any current
USS. antiaircraft Szojectilea approach the % filler con-
tent of the Swiss Oerlikon 15-mm projectile.

The muzzle velocity anainable is also increased by
increasing the maximum pressure .. the gun and there

8-6

has been a moderate increase in maximum pressure by
use of improved materials and méthods of fabrication.
A moderate additional increase is possible by increas-

ing the gun’s expansion ratio; this has the advantage.

of reducing muzzle velocity dispersion. It also leads io
long tubes, with associated design prohtems.

Very high muzzle velocities can be obtained by firing
sub-caliber projectiles. Two designs for tank giuns are
shown in Figure 8-5, one fof a spin stabilized und one
for a fin stabilized round.' A sabot is required in each
case; the pieces of the sabot fall in friendly areas and
are a nuisance even when they do not cause friendly
casualities. However this seems to be the only proven
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current method of attaining very high velocities with
gun fired projectiles.

The velocities obtained, however, can be quite high,
in spite of the fact that the sabot is essenually dead
weight, and its acceleration s another cause of lost
energy. The Bofors 40-mm L/70 antiaircraft gun fires
HE ammuniiion at 3280 f/s but can also fire APDS
(armor pie-cing discarding sabot) ammunition against
armor at 3950 f/s. At the expense of tube life, the 105-
mm gun employed on the US. M60 tank can fire a 13
1b. APDS round at 4850 f/s compared with a 21 Ib.
HEAT projectile at 3850 f/s (muzzle energy in both
cases is about the same).'

For a given diameter of the sub-caliber round, ...
fin stabilized type can be designed to have a higher
cross sectional density so that it will fose its initial
velocity less rapidly. The disadvaniage is the greater
length of the round and a possible reduction in rate of
fire. Both German and British development effort dur-
ing World War Il yiclded ‘arrow’ projectiles fcr heavy
antiaircraft guns. Effort along these lines in the United
States was terminated in favor of surface to air guided
missiles.

Making rough estimates from Figure 8-4, to obiain
a muzzle velocity of 5000 f/s one would require a
charge to projectile weight ratio of about ;.3/1. The
complete round would weigh about 7.0 times the

AAMOUR PIEACING DISCARDING SABOT (APDS)

SUBLALIBRE FINSTAR LIZED OVEALONG APOS
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weight of the projectile. If one began with a 37-mm
gun firing a full caliber projectile at 3600 f/s with a
complete round weight about 2.2 times the projectile
weight. one could obtain 3000 f/s with a projectile
weighing 38% of the full caliber weight. This allows
10% for sabot weight. The sub-caliber projectile would
be about 26 mm in diameter for conventional rotating
design. For this type of design the complete round
weight and dimensions might be kept approximately
the same as those of the original (ull caliber projectile.
Of course this estimate does not consider the very real
problems of interior ballistics to provide matched
propeilant burning rates and maximum pressure, but
this approach to high muzzle velocity may be feasible.

8.4 OTHER METHODS OF OBTAINING
INCREASED MUZZLE VELOCITY

Losses in accelerating the projectile gases can be
reduced by autaching the propellant to the base of the
projectile. Problems associated with this type of design
have not been solved.

Liquid propellant and ‘light gas’ guns have been
considered but no design-has been completed to opera-
tional feasibility, although the ‘light gas’ guns have
been developed as research tools.

Gun fired rockets have been demonstrated to be
feasiblc but for reasons which may not be associated

2471181

figure B-5. Typicsi Sub-Csliber Projectite Designs
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with design feasibility, have not been accepied for
operational use.

Periodically, unguided rocket launchers are re-exam-
ined as substitutes for guns. Very high burnt velocities
can be antained., but angular and velocity dispersions
have never approached gun accuracies. The current
contender from this type of design is the Thomson-
CSF Javelot, which associates a sophisticated fire con-
trol system with a multitube launcher firing 40-mm
rockets,

In the case of a rocket, the velocity at the end of
burning, v. if losses to drag during burning are ne-
glected, is. for a single stage rocket,

viv, = Log, |1 *(wprop/“’e” (8.10)

where v is a characleristic velocity of the propellant,
Weo is the propellant weight, and w, is the weight of
the payload and case after propellant is burnt. The
maximum attainable velozity is, for very small payload
ratios, limited only by the case weight, and burnt
velocities of over 5000 f/s can be auained. In fact, as
is now well known with multi-stage rockets, enough
velocity can be developed to escape the earih's gravita-
tional feld.

German high velocity projectile development during
World War Il included:

a. Discarding sabot projectiles as discussed above,
of which one design was 128/105-mm. in a spin
stabilized design.

b. Ram jet powered projectiles. which obtained oxy-
gen from the air rather tan embodying it in the
propellant as in a conventional solid rocket. This
was tested in a 105-mm version.

c. Squeezebore projectiles, fired from a large cham-
bered gun through a tapering barrel which
‘squeezed-down’ an over-diameter base plate and
rotating band. One design was in 105/88-mm
size.

d. Fin stabilized projectiles of various types, of
which some were full caliber and some were
subcaliber with discarding sabots. Designs tested
ranged from 40-mm to 150-mm.

¢. Rocket propelled spin siabilized, gun fired pro-
Jectiles, one of which was tested in 280-mm size.

f. Bundici of zub caliber fin stabilized projectiles
fired as a single round. This approach has been
revived recently’

Pictures of these designs will be found in a current
putdication® The Gerrnan technicsl data was secured
afier the war, and may still exist somewhere in the
military archives.

8-3

Antiaircraft gun designs have been proposed re-
cently, the details of which are proprietary, and which
are believed to offer up to 6000 f/s muzzle velocity,

very high rates of fire, low installed weight, and other

advantages. Some of these options as considered by
TRW Inc. armament designers have been rcvicwed in
the literature’ and include fiechetie-packed projectiles:
‘trounds’, and an open chamber gun for which ‘the
theoretical firing rate possibie using the open chamber
revolving c¢ylinder feed combined with a 15-barrel
gatling gun is 60,000 rounds per minute’.

8.6 WEIGHT PARAMETERS OF SELF-
PROPELLED AIR DEFENSE SYSTEMS

Characteristics of both towed and self propclled
predicted fire air defense systems are given in the
Effectiveness Volume. In the case of a self-propelied
version, the object is to give the fire unit mobility equal
to that of the force it is designed to accompany. The
vehicle on which the antiaircraft turrer is mounted 1s
almost always one developed for other purposes as
well. Such vehicles used for air defense mounts include
the German Leopard, the French AMX, the US.
M 113 series, the British Abbot and the Soviet PT-76.

The basic vehicle ‘can be loaded up to the point
where iis ground pressure is no greater than that of
other vehicles of the force 1o which it is organic

J. Williams of the U.S. Army Tank-Automotive
Command has given 4 simple formula which indicates
the constraints on conventional tracked vehicle design
which cause ground pressure to be very closely deter-
mined by all-up weight” The expression is

W= (LI)P(we-vd)2 (8.11)
where:

maximum vehicle weight (Ibs)

-
]

whee!l base (length of track in con-
tact with grourd) (inches)

track tread (inches)

vehicle width across outer track
edges (inches)

inner track span, established by
chassis width limitations (inches)

P = ground pressure in pound: per

squaie inch

The ratio L/t cannot exceed about 1.65 for good
steering. The factor w is ..cld 10 124" for Europear.
transport. The factor k is held to about 80" for useful
hull volume betweer. tracks. This defines P in terms of
W (o fairly close limits.

Given the basic vehicle and a maximum ground
pressure objective, the object is to fit the most effective
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antiaircraft system into the available space and re-
maining weight margin.

Some current surface to air short range missile
systems employ separate fire control and faunch vehi-
cles, but it is doubtful that this expedient will be
accepted for future gun systems. Armor protection
subtracts severely from the available armament weight
budget. It is remarkable that technological improve-
ments in radar, servo drives and power sources, and
fire control have made it possible to build tracked,
armored antiaircraft vehicles with both surveillance
and tracking radars in the 25-35 won all-up weight
range.

8.6 EXTERIOR BALLISTIC TRADEOFFS

In making preliminary estimates of the effect of
arametric changes on system performance the follow-
ing ballistic characteristics are sometimes useful.

If one ignores gravity drop and variation of air
density with altitude, and considers a family of homol-
ogous projectiles, i.e. projectiles of the same shape, but

different calibers and weights, all fired at the same
muzzle velocity, the range at which the projectile
velocity has decayed to a specified value, such as sonic
velocity is given by

D(v) = x(wp/cz) (8.12)

A rule of thumb is that the ‘effective range’ of a
projectile defihed as sonic range in meters is, for an
average antj@ircraft weapon, equal to 100 times the
caliber in plillimeters, i.e.

D, = 100C ;C = caliber in millimeters  (8.13)

Another rule of thumb, which has only empirical
validity, but may be observed from firing tables to be
remarkably good is that the sonic velocity range of a
given projectile is closely proportional to the muzzle

. velocity, hence

D(V. vg) * kowgv/C?) (8.14)
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SECTION 9
INTERACTION OF ATTACK AND DEFENSE OPTIONS

The object of a local defense is to raise the cost to an
atlacker of destroying a defended target to a level at
which he feels that it is unprofitable to attack. In the
absence of a defense, the attacker can use relatively
inexpensive munitions and aircrafl fire control. In the
presence of a light to moderate defense, the attacker
can use the same weapons, but release them at greater
ranges from which they have less effectiveness. This
requires a greater mumber of passes tco destroy the
defended twarget, and at some level of defense the
cumulative losses become unacceptable (o the attacker,
and his only alternative to abandoning the attack is to
employ more expensive stand-off weapons, call in
ECM support or use other, comparatively costly means.

For a given tactical situation, with the simpler sys-
tems, such as conventional dive bombing, both the
attacker and defense have tactical options with regard
to bomb release range, and fire distribution doctrine of
the defense. These interrelationships are examined in a
game theoretic context, in the one attacker, one de-
fender situation.

The more general situation of a number of defend-
ing fire unils subjected to repeated attack waves by
multiple attackers is next considered. Solutions are
presented for a number of simple, idealized cases.

Components of the problem are then examined in
some detail. namely the problems of what doctrinal or
automatic fire procedures can be employed to improve
the fire unit effectiveness in any situation, and finally,
the determination of optimum dispersion for a fire
unit.

In general, the expansion of the situation from the
one on one engagement introduces a large number of
additional parametess which tend to dominate the
result. These include assumptions regarding the dura-
tion of a multi-pass attack. the number of attackers
assigned, the defense commander’s judgement regard-
ing the relative importance of auackers sighted, and
attackers expected, aed the relative value which the
attack commander places on destroying the ground
target, as compared with the expecied number of his
aircraft lost in the process.

In attempting to develop preferred defense perform-
ance characteristice, the object is 10 find a set of
characteristics which performs well over a wide range
of likely tactical parameters. It is believed thai the
contents of this sectior. develop a genera! analytical
structure within which this objective can be pursued.

9.1 DEFENSE VERSUS DIVE BOMBING TYPES
OF ATTACK

This section addresses the problem of the interaction
of offense and defense taclics in a one-versus-one
engagement under the following conditions.

a. The attacker attempts to destroy a defended tar-
get by releasing a munitions load at a release
range of the attacker’s choosing. His munitions
have the characteristic that the greater the release
range, the lower the probability of destroying the
defended target in that pass. To shorten the
verbiage, the defended target is called a *bridge’
and the munitions are called ‘bombs’.

b. The defender antempts 10 protect the bridge by
destroying the attacker before he can release his
bombs. The defender’s weapon system is charac-
terized by a specified maximum rate of fire, and
a specified allocation of number of rounds avail-
able to be fired against cach attack pass. The
defender has the option of choosing when to
open fire, and how to distribute his available
ammunition subsequently, subject to the maxi-
mum rate of fire limitation.

c¢. Both the attacker and the defender have a rule of
thumb (or ‘gut feeling’) estimate of the relative
value of the bridge and the atiacking aircraft.
This may be a different estimate for the two
sides. In all of the subsequent analysis we assume
that it is the same. This estimate leads to an
expres:ion for a ‘payoff function™ the relative
value of the attack, cousidering the probability
that the bridge will be destroyed, and the proba-
bility that the aircraft will be desiroyed. The
payoff is expressed in terms of the net return to
the attacker; because of the above assumpiion,
the payoff to the defender is the negative of the
payoff 1o the attacker, and in game theoretic
terins, the game is ‘zero-sum’.

Then the attacker’s object is to maximize the payoft
function; the defender’s object is to minimize it. It
turns out that for a wide range of useful and fairly
realistic situations, there is a minmax =  maxmin
solution, which can be obtained by game theory
methodology.

In order 10 demonstraie the method of analysis the
problem is developed in a form which allows previ-
ously determined solutions to be abstracted from ¢
literature.'** The results are sufficiently interestine .
indicate that additional analysis to expand the scop .
available solutions would be desirable.
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9.1.1 Payoft Functions Note that K./Kg is the aircraft/bridge exchange

[

O Il

Define:
- o o . If the attacker’s objective is to destroy the bridge as
K prc::mblluy that the bridge is destroyed in one fast as possible, i.c, in the minimum number of at- .
pa tacks, regardless of the cost in aircraft, from Equation %
K, = probability that the aircraft is destroyed be- 9.1), withV, = 0, °

fore it can release its munitions

P= grobability that the aircraft destroys the
ridge in one pass if it survives to release its

ratio in a single attack pass.

P=VKy ©6)

munitions and using this form is equivalent to using the number
Q = IK of passes to destroy the bridge as a payoff function.
L]
-] When the aircraft has significant value relative to
9 Pe the bridge, the single pass payoff function, and the
V. = ‘value’ of the aircraft aircraft fost/bridge desiroyed payoff functions may be

compared by writing them in the forms as follows:

V, = ‘vajue’ of the bridge
Then for a single pass, a payofl function can be '
written as follows: PVg=K4ll- (VaKa/Vde)I 6.7
= Qa [Va +Vdpd] - va ©.n

This is the ‘classical’ payoff function for this
problem.

Next consider the relationships if the bridge is sub-
jected to repeated attacks unul it is destroyed. The
attack/defense tactics are assumed identical in each
attack pass.

The Probability that the bridge is destroyed in tx-
actly ‘n’ passes is as follows:

n .
Kgp = Kg ;‘: (Kg) ¥ ©.2)

and the expected number of passes to destroy the
bridge is as follows:

Ng= 1Ky ©3)

The average number of aircraft lost to destroy the
bridge is as follows:

L, =K, /Ky )

It is not obvious that one of these functions is 10 be
preferred to the other. In planning a series of missions,
the air commander does not necessarily attack each
target selected until it is destroyed. It may be possible,
by an examination of the history of tactical air opera-
tions to obtain a betier judgement of how commanders
vieight targets destroyed versus aircraft lost. Experi-
ence does appear to indicate that a commander with an
available sortie rate attempts to maximize number of
targets destroyed without exceeding some level of loss
rate that depends, among other things, on the rate at
which he can receive replacement aircraft.

The following examples use the payoff function
given by Equation (9.1) and its simpler form, Equation
(9.6); however, the method is not necessarily limited to
these functions.

It should also be noted that the cost to the attacker is
increased above that discussed above, by the aircraft
which reccive damage, and are lost after they have
released their munitions, and by the cost of repairing
surviving damaged aircraft, and by the hospitalization
of wounded, surviving personnel. These additional
costs can be introduced in a straightforward manner.

9.1.2 Game Theoretic Solutions

The following solution is found in the literature. The
details zand proof are given in the most useful detail in
Karlin.

wabge

i Since the bridge is destroyed, the payoff function is Let:

as follows: ’

5 ps(t) = probability that the attacker destroys
- V. (K./K ©.5) the defended target if he releases his
z Py=Vg-Vy (Ky/Kg) ' munitions at time t
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ps(t) = single shot probability that a round
fired by the defender kills the auacker
attime t

v(1) = defender’s rate of fire at time {

v, = maximum rate of fire which the de-
fender can achieve

N = maximum number of rounds which
can be fired by the defender

Vo = value of the defended target
V, = value of the autacking aircraft

P = ‘payoff function’ for the attacker. It is
assumed that the game is zero sum, so
this is the negative of the payoff func-
tion for the defender

Ks = probability that the defended target is
destroyed

K. = probability that the attacking aircraft
1s destroyed before it can release its

weapon
P=Vde -—VaKa (99)
P¢. v) = value of P if the attacker releases at £,
and the defender uses a firing rate
tactic »(1).
€. v) =

robability that the attacker survives to
g, if the defender uses a firing rate
tactic v (t)

It is assumed that ¢ can be represented as

3
/ v(t)p, () dt
¢(£,V)=C’ (910)

This is a good first order approximation which
allows existing solutions to be employed as examples.
The analysis becomes somewhat more complex if there
is significant correlation between rounds, but it is still
possible to obtain a game theoretic solution in the
general case.

Then:
P(E V)= [Vgpg B+ V) 65 0)-V, (911)

As Karlin shows, a minmax/maxmin soluticn exists
if the defender cmrloys a ‘pure’ strategy, i.e. for a
given set of tactical parameters the cefender always
uses the same ¥(1), and if the attacker uses a ‘mixed’
strategy, i.e. he releases his weapon at a different range
on each attack, choosing from a probability distribu-
tion df(1).

The expected payoff is then:

i
P(f,v) T/- P& wdf(d) 9.12)

o]

The problem is to determine f(§) and w(1).

Using Karlin's results, with a minor change in
notation,

define:

=_.qA.:(—t-)—-' = Vv 9.13
b(1) A(t)pa(t)‘A(t) Vgpa +V,  (9.13)

The simplest solutions, and the ones given by Karlin,
result when b(t) is a strictly decreasing function of
time. In this case the defender fires continuously over
cne segment of the attack path. If b(t) is not strictly
decreasing with time, the defender’s optimum firing
rate tactic may consist of several disjunct segments.
The solution can still be obtained, but there are more
details to consider.

b(1) defines the rate of fire required by the defense
as a function of time. The defender fires ut a rate
(when he fires):

w (1) = Min [vm. b(t)} (9.14)
Next define
w(d) =y, (9.15)

I

w(d) < v, everywhere in (0,T), define d =0: the
maximum rate of fire is never required

w(d) > vn cverywhere in (0.T), define d =T: the
maximum rate of fire is required over
the whole path.

However, the system may not be able to achieve the
above rates of fire over the specified segments, because
of limited ammunition.

Define:

T
/ w()dteNg (9.16)
o]
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This is the ammunition requirement to fire the opti-
mum rate of fire schedule over the whole path. If the
available ammunition N <N,,

T
w()dt=N 9.17)

<

define:

This defines the time ¢ at which the weapon opens
fire. Because of the assumption that b(1) is stricily
decreasing, once fire is opened it continues for the
remainder of the path.

The form of the solution depends on whether the
defender is ammunition limited or rate of fire limited.
Results are summarized in Table IX-1.

9.1.3 Example of Application

A reasonable form for the defender’s single shot
probability is as follows:

A,
Pa’ A, +270,2D? + 210, [l + 2Atp/Ty + 2(tp/T,)2]
(9.18)

where
A, = aircraft vulnerable arca
D = slantrange

o, = random round to round ammunition dis-
persion

o, = siandard deviation of wracking error
t, = timeof flight
T, = fire control data smoothing time

.
-

The denominator can be exparded as a series in D,
and by introducing the target, velocity v, the variable
of integration in the game solutions can be changed to
slant range D.

For a relatively simple example, we assume that

m - of the action will take place at a range where the

:xm in the denominator dominates p,, that the

-t is flying down the line of sight, and is first
sired at a very long range. We then approximate:

py® by/D? [1 -(D/Dm)2] (9.19)

9-4

where:

b, = A/2rc? o? = an equivalent angular vari-
ance of the defense,

D. = maximum firing range of the defense, limited
for example, by some minimum projectile
velocity.

It would be preferable 10 use Equation (9.18) in its
complete form for comparative evaluations, but the
simpler form Equation (9.19) allows simple analytic
solutions to demonstrate the kind of results one can
obtain from the game solution. The fact that p, can
exceed unity at very short ranges does not impair the
solution.

The attacker’s munition effectiveness is assumed to
be expressed as

Py= Avd 703 (5.20)
Avd +2n 94 D
and for this example, pq is approximated as
Pq = 85/D? ©21)

We also assume that the only limitation on the range
10 which the attacker will approach is that resulting
from his desire to maximize the payoff function, which
includes consideration of the attacker’s survivability.
The consequences of arbitrary limits on minimum
range are discussed later.

As a worst case for the defense, it is also assumed
that V, = 0; the attacker considers his own survivabil-
ity only to the degree that he must survive to release
his weapons.

Then the game solution can be obtained in closed
form as a set of rather lengthy expressions which can
be plotied simply in terms of threc aggregates of
parameters, K, A, and B,

where:

2
A=Nb/D,

2 2
B =y, “by/(4v°N)

K = (Dg/D,)? (A*)! (9:22)

D, is defined as the ‘effective standoff range capabil-
ity’ of the defense. It is that range at which an unop-
d attacker would have the same probability of
illing the defended target as he has considering the
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combination of his survival probability and distribu-
tion of release ranges against the specified defense.

D, therefore is an overall measure of effectiveness
which includes both the effectiveness of the defense
and the attack capability of the attacker. The larger D,
the better the defense.

In computing D, from K, if the point (A, B) lies
above the tactical ammunition boundary, D, is com-
puted using the value of A* obtained by projecting
back along a line of constant K from (A, B) to the
boundary.

Solutions are shown in Figure 9-1. Note that the A,
B plane is divided into four regions corresponding to
1) rate of fire limitation of the defense,
2) ammunition limitation of the defense, 3) tactical
ammunition surplus of the defense: the defense has
more ammunition than is required for the game solu-
tion, 4) absolute ammunition surplus: the defense has
more ammunition than it can fire at its maximum rate
of fire in a time Da/v.

To make the example more specific, four defense
weapon systems have been compared. Their charac-
teristics are shown in Tables 1X-2 and 1X-3. The total
weights of the four systems are roughly comparable.
This example should not be considered an accurate
cvaluation of the weapons assumed, because of the
approximate form of p, used for Figure 9-1, but rather

the example shows how this kind of summary chart
may be developed and used.

\

The ‘rate limited’ region is also ammunition limited:
but in this region the maximum rate of fire of the gun
is utilized. Effectiveness can be improved either by
increasing rate of fire until the ammunition limit
boundary is reached or by increasing ammunition load
until the tactical ammunition boundary is attained. In
general, if the system is in the ‘rate limited’ region,
effectiveness is increased more by a given percent
increase in rate of fire than by the same percent
increase in ammunition load.

It 1s interesting that for the assumptions of the
above analysis, the defender’s firing rate 1actics are
independent of the bombing accuracy of the attacker,
but depend only on the way in which that accuracy
varies with range. This would not be the case if the full
forms of Equations (9.18) and (9.20) were used.

9.1.4 Example of Parametric Variations

Since it is easier 1o increase the ammunition load on
the mount than to change caliber, maximum rate of
fire, etc., Figure 9-1 can be simplified by abstracting
the tactical ammunition contour, and making a new
chart which assumes that the defense system is always
provided with at least enough ammunition to reach the
‘tactical ammunition requirement’ on a pass. This is
shown in Figure 9-2.
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Table IX-2. Assumed Defense Systems Characteristics

Manimum Rate Fquivalent
of bre per Angular Mavimum
Number of Armament/ -ire Unit Rounds of Ammo Dispersion Range
System tire Units I-ire Unit (rpm) pet lirc Umit (mils) (>onK) i metery)
A i} 1 X 20 mm Gathing 3000 1000 10 2000
B | 2X 35S mm 2000 350 S 4000
¢ 1 1 X 37 mm Gatling 3000 300 S 4000
)] 1 2 X 40 mum Bofors 650 250 ? 3900
20871-536
Table 1X-3. Example of Effectiveness Comparison
Effective Standoff Range
D g4 (meters)
Target Vulnerable With Specified With Unlt_rn_iu.d
System Afea (metersd) Ammunition Ammunition Comments
A 18 1300 1300 Ammunition surplus, rate limited
B 4.0 2410 2600 Rate Limited
C 4.5 2590 3440 Rate Limijted
D 48 920 920 Ammunition Surplus, rate limited
All cases: Target velocity = 200 meters/second

Using the relationship of Figure 9-2, a few examples
of system design parameter tradeoffs may be provided.
Assume a constant total weight of the defense system,
and vary the caliber, keeping total weight constant. It
is assumed that (based on Section 8)

a. The number of guns varies as 1/C’ for constant
total weight.

b. Rate of fire varies as 1/C.
¢. Maximum range varies as C.

where C = caliber. The vulnerability function devel-
oped in Section 7.4.4 is used. Target speed is kept
constant. If W, = total defense system weight, the
remaining parameter is W,/o”. Figure 9-3 shows how
D, varies with o for a constant value of W,, and also
with W,/a?.

It was next assumed that the full caliber round in
each case was replaced by a subcaliber spin stabilized
discarding sabot round with characteristics as esti-
mated in Section 8. Since the complete round weight
was not expecied 1o change, the gun’s characteristics
were not changed. However, the subcaliber round has a
higher muzzle velocity. Maximum range was estimated
assuming D, ~ Cv,; and there was little change in D,
since the subcaliber round lost velocity more rapidly.

9.7

20871-537A
o was assumed inversely proportional to v,. The
subcaliber round also had a lower terminal effective-
ness. Figure 9-4 shows the comparison. It was then
assumed that it was possible to increase the % HE filler
of the projectile from 10% to 20%. This lightened the
round. so that it had a higher muzzle velocity, in-
creased the terminal effect, and its lighter weight
caused it to slow down o sonic velocily at about the
same range as the 10% filler round. Figure 9-5 shows
the comparison. The tetal improvement for the ‘best’
caliber was about equally derived from the terminal
effect and the increased velocity.

The 20% filler projectile, subcaliber projectile and
the 10% projectile are compared for the larger aim
error reference in Figure 9-6.

Because of the rather gross approximations used in
the expression for single shot kill probability on which
these results are based and the assumption that for
these cases, the value of the attacking aircraft is zero,
one should not place too much confidence in the indi-
cations of the above comparisons, other than as illus-
trations of a method for evalusting the interaction
between offense and defense options.

The observations, however, that the best caliber of
weapon for a defense installation increases with as-
signed total installation weight and inversely with
standard deviation of the shot pattern are reasonable,
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Figure 9-2. Simplified Solution Chart Far Tacticsl Ammunition Maximum

as is the observation that the maximum standoff range
which the defense achieves seems to be more sensitive
to system accuracy than to any other parameter.

9.1.8 Etfect of Non-Zero Airoraft Yalue

To obtain a rough idea of the effect of non-zero
aircraft value on the game solution, a simpler case was
solved, for which D, =“, and the gun was assumed 10
have unlimited rate of fire. The later might corre-
spond to a rocket battery, for example.

The characteristics of the solution then change in the
following ways:

2. The gun opens fire ai a range which increases

9-8

rapidiy as the ratio V,/V, increases. If the air-
craft is worth twice the ground target, the gun’s
opening range is increased almost by a factor of
4.0.

b The maximum rate of fire required of the gun is
reduced about inversely as the opening range.
Hence the gun is less likely to be rate of fire
limited.

¢. The probability that either the aircraft or the
ground target will be destroyed in the engage-
ment both decrease. The numerical exchange
ratio ground/air decreases, but the value ex-
change ratio increases, approaching unity. These
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Figure 9-3. Effect of Caliber and Accuracy on Stand-Off Range

values are shown in Figure 9-7 and 9-8 for a
particular set of parameters.

9.1.6 Effect of Minimum Release Range

The easiest tactical constraint to apply to the atiack
aircraft, and one which is apparently used operatio-
aally is the specification of a minimum release range
of, equivalentiy, altitude. The parameters cf Figure
9-1, based on zero aircraft value, lead to very high
aircraft loss rates, approaching 50%. This would be
unacceptable except against extremely important
ground targets (such as nuclear stores, for example),
although it represents a ‘worst case’ for the defense.

The payoff function may be rephrased as follows:
An ‘acceptable’ lcss rate per attack is established, such
as 5%. Tgc game solution is obtained as a function of
release range, and that solution is chosen which yields
a 5% aircraft loss rate. This problem has not been
worked completely, but a preliminary examination
indicates that over a useful range of parameters the
solution reduces to a very simple form, which has the
following characteristics:

a. The gun always fires at its maximum rate and
opens fire at that range that will produce the
specified aircraft attrition rate by expenditure of
the available number of rounds of ammunition.

-

>. The aircraft always releases its weapons at the

9.9

same range, i.c., that corresponding to the speci-
fied attrition rate.

This solution does not appear to have strong ‘game
stability’ and more analysis of its characteristics is
required.

9.1.7 Repeated Attacks

One of the deficiencies of the available solutions 10
this ‘game’ as utilized abcve, is that it is assumed that
the gun always uses ils available ammunition, even
though the aircraft may be destroyed early in the
engagement. Depending on the ability of the defense
to recognize a kill and stop firing, the solutions may be
conservative from this point of view.

A second consideration has tc do with the expecta-
tion of additional attacks, the number of rounds on the
mount, and the reload time. The gunner may prefer to
fire less than this available ammunition at an attacker
to avoid having 1o reload after each attack. The analy-
sis then should include consideration of the relative
weight given by the gunner to the need to destroy an
attacker in sight as opposed 1o others expecied, but not
yet within range.

Similarly with multiple fire units, the defense must

decide whether all fire units fre against each attacker,’

or attack echelon, or whether no more than one fire
unit is assigned to each atwacker.
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Figure 9-4. Comparison of Conventional and Sub-Caliber High Velocity Rounds

These considerations are amenable to analysis. The
principal unknown is the relative importance to assign
to the bird in the hand since it is largely a matter of
the commander’s judgement whether there are other
birds in the bush.

9.1.8 Discussion

In addition 10 the constraints already noted in the
above derivations, one additional extension may be
noted, namely the dpouibility of using a mix of defense
weapons Lo provide a defense in depth. Current doc-
trine envisions the use of surface to air missiles for
area defense, including Hercules for very long range
and high altitude coverage, Hawk for medium zone

coverage, and Chaparrel in conjunction with Vulcan.
These cuter defenses establish a loosely defined maxi-
mumn ‘standoff range’ which might be required of the
predicied fire weapons. The object in overall system
design would therefore be to provide the least cust
standoff system which pushes the attacver back into the
missile region.

The methodulogy developed fits this definition of the
problem also.

In general, the game theorctic formulation appears
to describe the interaction between defense firing doc-
trine, and attacker weapon release range for iran bomb
dive and glide attacks sufficiently well to justify more
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analysis with more accurately defined probability func-
tions thar. it has been possible to provide in the present
effort

9.2 MULTIPLE DEFENSE UNITS AND MULTIPLE
ATTACKERS

In the one on one engagement computations the
analysis emphasizes characteristics of the single fire
unit such as rate of fire. initial acquisition time, hit
probability as dependent on range. targel speed and
path, ind lethality of the projectiles given a hit.

Expanding the problem to include multiple targets
and multiple defense units emphasizes time to recog-
nize a kill and time w switch to a new target, coordina-

9-11

tion of fire, defense deployment, coordination of en-
emy attacks, fire unit reload time and time to change
gun barrels, elc.

The problem can be worked at various levels of
detail. One might, for example, incorporate existing
one on one engagement simulation models in a higher
level simulation which traces the history of each of a
large number of attackers on specified attack paths and
the survival history of the defended vital area.

For present purposes a simpler formulation is uti-
lized 10 develop the interactions.
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9.2.1 Defense Configuration and Attack Patterns

The g=neral principles of deployment of predicted
fire uni; about a defended ‘vital area’ are developed in
FM-4.1-3 and will not be repeated here. Individual
defense configurations depend on the number of fire
units available, the size and shape of the defended
area, local 12rrain configurations, the presence of other
air defense weapons, and the expected directions of
enemy air attack.

In general, the objective is to provide a defense
configuration whick s equally effective against all of
the attack optiors available to the enemy.

Figure 9-9 shows an idealized balanced defense -
using four Yulcan fire units, and Figure 9-10 shows an
idealized defense in depth using twelve fire units.

The pattern of enemy attacks depends on the num-
ber of aircraft assigned to the attack, the type of
munitions employed, and the size of the defended vital
area. If the vital area is small, only one attacker at a
time can run an attack pass. although one could imag-
ine a tactic in which two or three aircraft at a time
begin the run, to diffuse the defense, with oniy one
aircraft releasing munitions. Successive attack echelons
would be as closely spaced as possible, to take advan-
tage of the time lost by the defense in acquiring new ) . ) ‘ )
targets, and in reloading the firc units. A model of this Figure 9-9. Idealized Defense with Four Fire Units
type of attack is given in the Effectivencss volume.

MAX EFFECTIVE
RANGE OF WEAPON

20871198
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Figure 9-10. ldealired Defense with Twelve Fire
Units

If the vital area is large, many aircraft can attack at
once, each with an assigned aim point, or using pattern
bombing. Tke only limit on the number of aircraft in
the attack formation would be that fixed by individual
aircraft station keeping.

For predicted fire weapons with a maximum effec-
tive range of a few thousand meters, it is believed that
an attack pattern consisting of successive closely spaced
echelons of from one to four aircraft per echelon is
most likely. This is, however, subject to validation by
persons with tactical air experience.

Considerable use is made in the Effectiveness Vol-
ume of a model based on descriptions of heavy air
attacks on Malta in World War 11, briefly described as
follows:

‘On an average there were 170 bombers over every
day, Ju88s and JuB7s coming in waves of iwelve to
fifteen at a few minutes’ inierval from a variety of
directions, sometimes making for a single objective,
somelime for several. . .’

In the case of a light defense (Figure 9-9) no more
than two fire units will be able to engage an atlacker
before he has released his munitions, in most cases. If
one adds the expected number of kills vs. range, the
pattern is roughly circular with approach direction and
corresponds roughly to that of a single weapon in the
vertical plane of the approach path. Ir. this sense the

defense is ‘balanced’. From an analysis point of view,
defense effectiveness up to munitions release may be
simplified by assuming that only one weapon fires at
an attacker and that the attacker’s ground track passes
through the weapon. The fine details of effectiveness of
the defense vs. direction of attack can ptobably be
reserved for later studies of how far the weapons
should be placed from the center of the vital area.

In the case of the heavy defense (Figure 9-10) a
similar single direction of attack may be used for a
first order analysis, with the defense kill rate vs. range
based on the sum of the kill rates of the in-line fire
units, both related to target range from the vital area.

Referring to the stand-off range measure of Section
9-1, the effect of placing the weapons of Figure 9-9 at
an average of 0.5 10 0.7 times an ‘effeciive range’ from
the center of the vital area is to impose an additional
handicap on a dive bomb atiacker. This factor can be
included in the equations of Section 9.1 by a minor
modification to degrade the attacker’s munitions effec-
tiveness bv the additional distance that they must
travel from release at a specified point of defense
effectiveness. Similar considerations apply to the heavy
defense of Figure 9-10.

9.2.2 Allocation and Ourstion of Fire

Inherent in the determination of how long to fire at
a target that has been acquired is the defense estimate
of the relative value of the defended target, and the
value of the attacking aircraft. Once the auacker's
munitions have been released, additional firing does
not contribute to the protection of the defended area
against that pass, and the effectiveness of subsequent
rounds probably drops off rapidly as the aircraft goes
into his escape maneuver. However kills in the post-
release phase prevent that aircraft from reattacking,
and increase the cost to the enemy of the operation.
On the other hand, if other attackers are sighted, or
confidently expected, it would probably be preferabie
to save ammunition for defense against them. These
qualitative judgements tend to dominate the decision.

Another consideration, directly related to the choice
of caliber, is the question of whether hits on the
attacking aircraft can be observed, and their effects
quickly determined. To explore this problem, the foi-
lowing sequence of probabilities might be evaluated.

a. Probability of getting a hit (or more than one).
b. Probability of observing that a hit was obtained.

¢. Probability of stopping the attack with rounds on
the way or already fired if no hits were observed.

a. Probability of stopping the attack given that hits
have already been observed and only those on
the way remain.
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e. Probability of observing interruption - abort, - of
the atiack.

In the case of each event noted, one must make
estimates of the time from the to an observable effect.

The ability 10 observe a killing strike on an atacking
aircraft is important for two reasons:

a. It conserves azamunition, and since most modern
predicted fire weapons have a greatly higher
firing rate than reload rate, tnis increases the
number of targets that can be engaged in a heavy
sus:ained attack before the fire unit goes out of
action to be reloaded.

b. it frees the weapon for assignment (0 a new
1arget. The more advanced of the current local
air defense systems have the capability of track-
ing several attackers simultaneously in the sur-
veillance unit. This greatly shortens the time
required for a newly freed fire unit to acquire
and open fire on a new target, based on informa-
tion and assignment from the commander at the
surveillance unit. Hence early kill recognition
allows more targets to be engaged in a heavy
attack.

The observability of kills requires more analysis in
conjunction with sensor characteristics. They may be
more difficuit 10 observe with radar than by visual
observation. It may be possible 10 process tracking data
from the radar, however, to indicate a kill when the
target acceleration or velocity become inconsistent with
controlled flight. If the system employs a means of
projectile tracking, it may be possible to observe hits,
and possibly kills.

Since the result of thi.e considerations must lead to
simple rules which can be easily implemented in opera-
tion, a possible set of rules migit be the following:

a. Doctrine that a target is always dropped when it
has released its ordnance. provided that another
target is available.

b. Doctrine that ‘X' rounds will be fired at each
target. One of the SAM systems has a doctrine of
firing X rounds then switching to a new target
without awaiting the outcome.

c.*Cease fire at target on observing target kill. Kills
with Ca' 0.50 are often slow to produce observ-
able effects. Kills with contact fuzed S7Tmm HE
rounds wili usually be easier to identify.

9.2.3 Simple Stochastic Model of System
Loading

In order to obtain an initial appreciation for the
interaction of parameters, a simple stochastic model 1s
defined as follows:

a. A 'Volume of interest’ is arbitrarily defined. It

may, for example the volume of space bounded
by the surface on which targets are first exposed
10 the defense sensors.

b. The probability that an aircraft enters in volume
in a smail interval of time dt is A dt. The proba-
bility that it leaves in a small interval of time is
u du

Note that the realism of this model can be improved
by nesting a set of volumes, to define target exposure
and initial maneuvering for position, the attack pass,
and the space of weapon release points. Entry and exit
of each can be defined as in the simple case, but with
different coefficients for each volume. The defense
parameters of acquisition, kill probability, etc., can be
assigned appropriate values for each volume. This
approach is developed in more detail in the Effective-
ness volume.

In this expository model, the details of variation of
kill probability with target range and flight path are
suppressed and replaced by an average kill rate for the
defense, when it is firing. Once the problem has been
structured, these details can be incorporated to any
level desired, but they tend to obscure the overall
relationships which it 1s desired to illuminate in this
section.

The fire/reload cycle of the fire units is approxi-
mated by assuming a statistical model of the process,
described in greater detail in the effectiveness report.
Briefly, if a fire unit fires at a rawe v,, and has N
rounds of ammuniuon on board, it is assumed that the
probability that it exhausts its ammunition in a short
time interval dt is v dt, where v = y/N. Similarly i
it is in a reload siate, with a capability of loading p,
rounds per minute, the probability that reloading is
completed in dt is assumed to be p dt, wherep = p,/

We first consider the implications of the °ove
simple model on the number of aircraft in ihe defense
volume as a function of time, ignoring observed de-
structions for the moment.

Define:

P(m,t) = probability that there are m targets within
the defense firing zone at time t
Then:

de?“'Q = AP(m-11) + 4 (m+1)P(m+1 1)

- (XN + um)P(m,t) (9.23)
9—'1%‘) = AP(0.1) + uP(1 1) (9.24)
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Solve for the initial condition:
P1,0)=21.0
Am0)=0;m%1.0 (9.25)

and obtain:
P(OJ,:[] .e.m][e .(Ny‘)(l - ‘yt)] (9'26)

P(mt)=¢ M {(l -e’ "“)(ME)

m!
+e i (%)} (9.27)
where
M = (V) (1 (9.28)

When t becomes very large:

P (0, =) = ¢ "NH (9.29)

P(m, =) =[M“], - (N1 (9.30)

m!

Summing {m P(m,t)] over m to get the mean number
of aircraft within the defense zone at time t, we
obtain:

m=e B Np(1-e B (9:31)

The first term represents the departure of the first
aircraft (or wave) which initiated the combat phase.
The second term represents the arrival of subsequent
aircraft,

The mean spacing in time of arrivals is 1/h. The
mean stay of an individual aircraft in the defense is
Ve

The probability of no aircraft in the defense at time
t plots up as shown in Figure 9-11.

If the attacker allocates a totai of M aircraft to the
complete attack, both the build up and decay of the
attack can be defived from a formulation following the
above.

We now consider the interaction of this target model
with the reload probiem of a single fire unit, omitting
considerations of observable kills and acquisition time.

Asswining that the gunnes fires as long as there is at
least one airplane in the defense zone, his opportunity
to reload without penalty occurs when the state P(0,1)
otcurs.

In the steady state, the no-target state reoccurs on
the average every:

LM 932

Its mean duration is 1/A.

For example, assume that the attackers are spaced on
the average 10 seconds apart, and each remains in the
defense zone for 20 seconds. In the steady state there
will be an average of 2 aircraft in the defense zone.
The zero target state will reoccur every 158 seconds on
the average and will last on the average for 10 seconds.
If, however, the attackers are spaced 20 seconds apart,
there will be an average of one aircraft in the defense
zone, the zero state will reoccur every 54 seconds, and,
will persist on the average for 20 seconds.

Continuing now to the consideration of multiple
largets and multiple fire units, the following mutually
exclusive states can be defined.

Each Fire Unit:

Ready, uncommitted

Assigned target, attempting to acquire
Firing

Unavailable, being reloaded
Unavailable, malfunction. under repair

Each Target:
States Relative to Defense

Undetected

Detected, Unassigned

Detecied, Assigned to Fire Unit
Engaged

States Relative 1o Attack Phase

Approach
On Antack Pass, weapons on board
Weapons Released, Evading

States Relative to Survivability

In Range, Surviving
Destroyed
Out of Range, Departing

The aumber of possible combinations of these states
constitutes a formidable obstacle to ccatinued develop-
ment of the stochastic model, even in the simplest
formulation.

Noting however, that the expected value expression,
Equation (9.31) is easily obtained from a simpre dif-
ferential equation using expected values only, the anal-
ysis is simplified to a deterministic formulation in
terms of differential equations, and this turns out to be
tractable.
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Figure 9-11. Probability of No Aircraft in the Defense Zone versus Time from First Arrival

8.2.4 Simple Deterministic Modst

First consider the case where all guns attempt 1o fire
as long as there is at least one target within the
defensive volume. The (act that a target is being
engaged already does not prevent a newly available fire
unit from attempting tc acquire it and fire on it.
Targets are chosen at random.

Define:

n=-

n =
N(-

number of fire units attempting to acquire a
target at time t

numbee of fire units being reloaded
number of fire units firing

-

PO EIR apT e v

average rate of ammunition consumption
while firing per fire unit

average reload rate per fire unit
target arrival rate
target departure rate

rate of inflicting observable kills by a single
fire unit

rate of inflicting delayed kills

number of targets within the defense volume
at time t

total number of gui ‘n the defense

e
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Figure 9-12. State Transition Flow of Defending Guns

a = target acquisition rate o one gun
Figure 9-12 shows the flow >f guns among the
firing, reload and acquisition states.

A gun firing leaves that state if it exhausts its ammu-
nitton, if its target leaves the defense zone, or if its
target is ohserved to be destroyed. It enters the firing
state when 1l acquires a target.

If there are n, guns finng, and m targets, each target
is fired at by n/m guns. The departure rate of m
targets is u m, hence guns are released by target depar-
tures at a rzte wm(n,/m). Similarly the kill rate on each
target is k n,/m and so obse,vable kills free guns at a
rate k,n,.

The differential ecuations describing the states are as
follows:

r.‘r = ng- g
np = a(N-n, -ng) - (U+ H¥ ky) T

ﬁ»\:k.m-klnf (9‘33)

The term kin, represents kills observed to have been
obtained durirg the engagement. In the case of de-
layed kills, the guns ‘waste’ ammunition, since they fire
at an acquired target until it leaves.

Against a single target, fired at by n/m guns, the
probability of obtaining a delayed Kkill is
approximately:

RGO ©34)

since the mean firing time is u '. Since targets leave the
system at an average rate wm, the average rate of
obtaining both observed and delayed kills is
approximately:

9-18

The steady state solutions are easily obtained by
setting the derivatives equal to zero. Then one can
determine the average number of guns firing, and the
average rate of target kill. However, the steady state
solution is useful only if one envisions a series of
attacks continuing for a very long time. It .s of equal
interest to observe the system response from t = 0.
Since Equation (9.33) defines the number of guns
firing without regard for the number of targets in the
system, it is easily solved to show the number of guns
firing as a function of time froi» the initiation of the
acuon.

This has been done, and the results are plotied in
Figure 9-13 for the case of

10 seconds, = average target stay in the
defense volume

/p =

y =
N, =

3000 rpm = rate of fire of one fire unit

500 = number of rounds on each mount
when fully loaded

p = 120 rpm = reload rate of one fire unit

1/a = 5 seconds, = average target acquisition time.

Figure 9-13 shows the fraction of fire units in the
firing, acquisition and reload states as a function of
time, for these numerical values. Inin:2lly all guns are
attempting to acquire a targelt, then as they begir. firing

some exhaust their ammunition and enter the reload .

state. In the steady state, each fire unit spends only
3.7% of its time firing, but during most of the ‘nitial
20 seconds of the action, more than 20% of the de-
fense is firing.

The importance of the judgement as 10 probable
duravion of the complete action is obvious.

(9.35)
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Figure 9-13. Defense System Activity States with System Saturstion

Given the number of guns firing vs. time, the num-
ber of targets in the defense from Equation (9.33) and
the target kill rate from Equation (9.35) one can go on
to compute the expected number of targets killed vs.
ume.

9.2.5 Alternste Model

Instead of assuming that all guns attempt 10 fire at
all targets within the defense volume, one may con-
sider an alternaie, and possibly more realistic doctrine
of fire in which no more than one fire unit is ever
assigned to one targot.

The differential equations then become as follows:

9-19

'.‘rsz‘p"‘r

ng=a(mng)-(V+u+ k) npiNnm
f\f= a(N-nrnr) et kyng; N-nr m
m=\-pum - Kkyng

m = n'-[kl +u (l e -kglﬂ)]

Depending cu the values of the parameters, the
transient solution may have to be obtained in two
parts, one for each side of ihe boundary N-n, = m.

(9.36)
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This is easilv done. and only limited time prevents a
comparative numerical example here.

9.2.6 Conclusions

The relative simplicity of the Jdeterministic model
allows a moderate amount of additional detail 1o be
incorporated before it becomes unwieldy. By its use a
rapid preliminary investigation can be made of the
relative effects of acquisition time, reload time, rate of
fire, observable vs. delayed kills, etc. Considering the
Judgemental factors involved in laying out probable
enemy attack details, they may be entirely adequate. In
any case, the results obtained by their use may be used
as first order approximations which may be used to
indicate parametric sets for more intensive analysis in

_greater analytic detail, or by simulation.

9.3 DEFENSE FIRING DOCTRINE
IMPLEMENTATION

This section considers some of the aspects of imple-
menting a firing doctrine, once it has been chosen. It
also addresses a problem that may not have previously
subjected to analysis, namely if a target is being
tracked continuously, and tracking has fairly well
settled, how much of un advaniage is gained if the
weapon is fired only when the tracking error is within
some specified value. For example, a gunner employing
visual tracking might be instructed to fire anly when
his reticle is on the target.

9.3.1 Operator Choice of When to Fire

It seems reasonable to suppose that if the gunner of
a_man-controlled mount fires only when his reticle is
on the targel. he should have a higher probability of
hitting than if his choice of firing time is unrelated to
the tracking error at the firing time. However in a
system with lead computation, the lead at any instant
depends on the past history of iracking, with rates and
possibly position averaged over the smoothing intervai.
Thus the prediction error at any instant depends not
only on the observed error al that instant, but also on a
weighted average of past errors.

In the foliowing paragraphs we determine how
much the variance of prediction error associated with a
short burst is reduced if the burst is fired when the
tracking error as observed is close to zero. The follow-
ing assumptions are made:

a. Only the prediction error resulting from tracking
error is considered.

b. It is assumed that the statistics of tracking error
are the same, regardless of which firing mode the
gunner uses. In fact, as noted elsewhere, he may
track more accurately if he does not have the
additional task of trying 1o decide when to fire.
But this is an open que-tion: he may try harder
if he knows that he is more likely to get hits if he
can get the reticle on target.

¢. For simplicity, the analysis is donc in a single
coordinate.

Clearly. the result will depend on the amount of
correlation between the tracking error and the predic-
tion error measured ai the same time instant.

‘Define:

x(1) = prediction error at ‘t' resulting from
tracking error history

X(t)

o = variance of prediction error resulting

from trackiug error

tracking error at ime ‘t’

o = variance of tracking error

R, = covariance of prediction error and
tracking error

p = correlation of prediction error and
tracking error

R, = pow, = <xx>

The marginal probability density function of x,,
given x, is as follows:

1
f(xplxo) = n
RELIED)

[¥p - (0p/0 0}’

201.02
20p (1-p7)

exp - (9.37)

Since in reality the operator is tracking in two
dimensions, it would be more realistic 1o write the
corresponding expression for a two dimensional proba-
bility density function, and this might te worth doing
in a complete analysis. since the results could then be
expressed in terms of burst kili probability. However,
as will be seen the ons-dimensional case is quite
illuminating.

Next we may recognize that even in a one-dimen-
sional problem, the operator could not respond quickly
enough to fire when x, is exactly zero. Hence it would
be more realistic to integrate f(x,| x,) over a pdf of x
(small compared with o). Likzwise in the two dimen-
sional case one would establish a ring ‘vithin which the
operator whould fire since he would never have both
coordinate tracking errors zero at the same time.

To show the maximum possible gain, nowsver, in
the one-dimensional case we assume that it is possible
to fire when x, = 0, and so we need only determine
o(1-p?) and compare it with o, 10 observe the im-
provement in aim variance with the firing doctrine
described.
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The simplest statistical description of the tracking
error is assumed. namely a covariance:

T
R =g 2" ¢ (9.38)

o L]

and we shail determine the effect of varying T, on the
systemn performance with and without choice of firing
instant,

Any linear prediction function can be described by
the following:

xp(t) i[ xg (t-u)A(u) du (9.39)
(s}

where A(u) is the response of the system to a unit

Then:
Rp = <xp(t)x0(t)>

= f“ xo(t)xo(t-u)A(u) du >
o

= [ R ()A(u) du (9.40)
o

For the covariance given by Equation (9.38) R, is
therefore simply proportional to the Laplace transform
of A(u),

R,= 0,2 A(1/T,) (9.41)
The Laplace transform of Equation (9.39) is:
xp(s) = xo(s) A(s) (9.42)

and A(s) is the well known ‘transfer-funclion’ of the
smoother-predictor circuits.

The prediction variance op2 is:
3 f
0,7 = -2-0;:-’— | |+::2°TC3 |AGw)|® dw  (9.43)
which we abbreviate:
Upz = 002 u (9.44)
and we also abbreviate:
R, = 05"\ (9.45)

We are interested in the variance resulting with the
designated fire doctrine

2,2 2
ol =0, a-p*) (9.46)
and

o2 =07 (1- O/

=002 Ry (9.47)
0.3.1.1 Numerical Examples

As examples, we choose 1) a predictor transfer func-
tion identical with that used in a gyroscopic lead
computing sight, such as Vulcan. This function has the
characteristic that it does not attenuate high frequency
noise. For comparison, 2) a predictor transfer func-
tion with second order smoothing is assumed. This
function does attenuate high frequency noise.

The 1ransfer functions and the other expressions
needed to compute o, and o, are compared in Table
IX-4. In order to make the two transfer functions
directly comparable, the second function is assumed to
have a smoothing time coefficient proportional to time
of flight, as is the case with the gyro sight function. in
both cases the ‘a’ coefficient is taken to be 0.20: this
makes the characteristic smoothing time proportional
10 0.20 x time of flight.

Results are shown in Figure 9-14 for the gyro-sight
type of prediction function. An arrow indicates the
point on the abscissa corresponding to typical good
manual tracking, for 1.0 and 2.0 seconds time of flight.

The improvement obtained in aim variance for the
gyrosight type of system by firing when aim error is
zero is significant.

The results for the second transfer function are
shown in Figure 9-15. It is interesting to observe that
this system performs almost exactly as well without
choice of firing point, as the gyrosight type system
does with choice of firing point.
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Table IX-4. Comparison of Systems

System Gyrosight Type Second Order Smoothing
1+ (1 'a)lp 1 ‘s(tp’2Ts)
Transter Function — ——— ;Ts = alp
l#sa\p (l.315)2
2 - -
Tracking Lrror e u/T, oozc “lTL-
Autovarisnce
Vatunee of ! + 2l On),alzl AR +4a¢532)/(232)|
:rqzdlclinn Lrror i) —T’ % T
P
Covananee of b3 AR (LR LE] 3 )1 +a[(1 + 2a)/a)
Prediction and %\ e~ i L
Tracking Leror (1+v)
R
P
Noie \ = alp,lTc

However, even in the case of the second system, the
choice of firing ime provides a substantial improve-
ment.

9.3.1.2 Discussion

It seems clear that in a manually tracked system,
with choice of firing time under the gunner's contral, it
is preferable 1o iire when the reticle is on or very close
10 the target. If one automates the firing control this
choice will not be possible, but tracking may be im-
proved. If one provides an automatic tracking error
measuring device, (for example in conjunction with an
imaging sight) this can be used to control the firing
instant. But the measurements of tracking error could
equally well be used to close the tracking loop and
provide automatic tracking. With automatic tracking
the loop would be much ‘tighter’ than with manual
tracking. the noise would have higher frequency con-
tent, and with good error filters, the additional im-
provement obtained by automatically choosing the
firing instant in addition would be marginal, as shown
by the right hand segment of the curves of Figure
9-15.

Consider the two-dimensional case. If we have a
system with automatic tracking, and if we believe that
the tracking error is a major source of efror in gun
orders, we might take the error signals from the sensor
servos and process them so that firing wouid take place

20871-538A

automatically only when the vector error has become
smaller than some threshold value, and in addition has
remained below this level for a short interval (say 0.50
second). This should provide a much larger improve-
ment in prediction error due to tracking for the subse-
quent busst than is indicated in Figures 9-14 and 9-15.
However one would need to investigate the frequency
with which these intervals of low error occuried to
determine whether an acceptable number of bursts
could be fired againsi a typical target.

With a system that carried enough ammunition to
fire continuously over the whole available firing time
there is no anticipaled advantage in firing only at
selected intervals. For very high rate of fire systems,

and in general for systems with relatively long reload -

times, there could be a substantial overall payoff, how-
ever. in firing fewer rounds and firing those when the
tracking is very good.

9.3.2 Automatic Firing Algorithms

The more sophisticated fire control systems will have
within the computer enough information to oarallel
the decisions that a human operator makes in deciding
when to open fire, how long to fire, when to cease fire,
etc. It is conceivable that the computer might in fact
make better decisions. This section reviews some of the
considerations in developing an automated fire system.
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9.3.2.1 Historicel Perspective

The gunner on Vulcan and similar mounts s a busy
man. He must acquire the target, track, and decide
when to fire. The tracking process takes place in two
coordinates, and this is somewhat more difficult for the
operator than tracking in a single coordinate (as was
possibie in World War [l 40 mm mounts which had
two trackers). 1t probably takes longer for two men to
get on target, although experimental data seems to be
lacking, and the trend of development has been to
single operator mounts.

The Vulcan operator does have the advantage of not
having to range in addition to tracking. World War Il
aircraft turrets were controlled by a single gunner who
had the additional task of keeping the target bracketed
in a stadiametric-type reticle. This problem was studied
by engincering psychologists of the National Defense
Research Committee, and their findings are sufficiently
pertinent to current one-man monts to justify reprint-
ing the fellowing summary of their work.?

Gunners on a B-29 have three jobs to do. They
track an enemy fighter with the sight. At the
same time they must continuously readjust the
range reading of the auacking fighter plane by
keeping its image accurately framed in an adjust-
able set of marks in the sight. The range infor-
mation and the data on the enemy’s course which
comes from tracking are fed into an automatic
computer which points the gun, not at the at-
1acker, but at the point in space where he will be,
provided he continues on the same course, when
the bullet gets there. That is, the computer does
this if the gunner tracks smoothly and on target,
and frames accurately. In addition to these tasks,
which are difficult. the gunner is supposed (0
squeeze the trigger.

For many gunners this last responsibility is
Just too much. They find it impossible to perform
all three vasks (tracking. framing, and triggering)
properly with only two hands and one brain.
Consequently, as the prcject psychologists discov-
ered, the gunners develop a regular rhythm of
triggering which has nothing to do do with the
accuracy of tracking and framing. They squeeze
the trigger, and let 1t go. squeeze it and let ii go,
in bursts of fire whick are just as likely to come
when they are off target as on; just as likely when
they are framing poorly as when they are fram-
ing properly. The gunners are not to blame. The
task is too difficult for them. It may not be too
difficult for the enginecers who designed the
sights. But it was for the average G1 who became
a B-29 gunner.

In order to simplify the task to a level where
the ordinary gunncr could master it, the psychol-
ogists working on this problem did two things:
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they modified the controls, inaking them easier to
operate, and they built an automatic triggering
device which would allow the gunner to ccncen-
trate on tracking and framing. An experimental
test demonstrated that men could track and
frame better with the modified controls than they
could with the standard ores. The men were ‘on
larget’ about 25 per cent more of the time with
the modified controls than with the standard
ones.

The Army tried out the second suggestion - the
automatic triggering device. Gunners used up
twice as much ammunition since they fired stead-
ily during an attack instead of in bursts. But, with
Iwice as much ammunition, they got three times as
many hits. Japan surrendered before the auto-
matic triggering device could be tried in combat,
Eut its value had been proved on aerial targets.

9.3.2.2 Rationale for Computer Salection or Assist-
ance in Selection of Firing Points

1t had been hoped that time would permit a number
of automatic firing doctrines to be _ﬁ:ogrammed and
evaluated on the Litton simulation. This has not been
possible. The following discussion develops a rationale
for formulating such doctrines.

The determination of when 1o fire is considered in
three phases: 1) Determination of System Readiness,
2) Threat Evaluation, and 3) Command of Individual
Bursts. If the fire unit has more than one burst or rate
of fire option, these would be selected in threat evalua-
tion and commanded in the final phase.

The separate phases arc developed as follows:

a. Phase I. Determination of System Readiness
Criteria are:

(1) Sensors tracking target.
(2) Computer settled.
(3) Target within a specified ‘effeciive’ range.

This determination is already made automati-
cally in some current systems, and the operator is
given a signal to indicate that he can open fire
when he desires. The determination of compuicr
settling could be made from a mezsurement of
elapsed time from target lock-on, or from the
fact that a smoothed measure of target accelera-
tion has dropped below a threshold. A determi-
nation of system readiness is fundamental to all
systems, whether it is done automaticaily, or by
the operator.

b. Phase II; Threat Evaluation. The following threat
characteristics are observed by the operator, in-
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ferred by the computer from tracking data, or
developed in part by each.

(1) Aircraft Attack Mode
a) Laydown Attack
b) Strafing Attack
¢) Dive/Glide Bomb Attack
dy Release of Standoff Weapons

(2) Aircraft Heading: Degrees off a direct attack
path to defended target.

(3) Aircraft Velocity.

From this information the computer determines
the expected time 10 aircraflt weapon release or 1o
minimum range, depending on the attack mode.
From the expected available firing time and its
status record of on-mount ammunition, the com-
puter selects firing rate, burst length, and number
of bursts 1o be fired. The burst command points
are selected according to algorithm which com-
promise between the desirability of obtaining
kills at long range is possible, and the higher
probabilities of obtaining kills at short range.
This might result in firing bursts of decreasing
duration as the 1arget closes.

c. Phase IlI; Burst Command. In an automatic
mode, the system might consider both target
acceleration and sensor tracking error as modifi-
ers on the preselected firing points. A com-
manded burst might be delayed until either tar-
get acceleration or tracking error, or both were
within selected limits. How much delay to allow
could be the subject of analysis. These limits
would be overridden when expected remaining
firing time equalled the time to fire the allocated
ammunition at maximum rate.

How much complerity to put into an automatic fire
control computer module would depend on the payoff.
Some initial cstimates can be made analytically, and if
these were verified on the Litton simulation, (which is
notoriously difficult to convince of the desirability of
any sophisticated program) some confidence might be
had in specific recommendations for implementation.

9.4 OPTIMUM DISPERSION

The idea of increasing the size of the shot pattern of
a high rate of fire weapon to cover up deficiencies in
the lead prediction, errors in boresighting and calibrat-
ing the equipment, and unpredictable maneuvers of
the target is an unfortunate one. It is unfortunate
because it dilutes the effort vhich should be devoted to
improvi.g the prediction algorithms, improving track-
ing, eliminating boresight and calioratinn errors. Re-
peated analyses indicate that for predicted fire weap-
ons some small, non-zero round to round random

’
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dispersion is better than none, but large values are
rarely helpful, and then only in cases where the bias
errors are so large that even the best random disper-
sion is insufficient to raise the kill probability to usefu!
levels.

This section does not exhaust the argument, but
provides some additional analytical methodology and
commentary based on the simulation results.

It may be noted that one of the reasons that analysts
(including the present writer) tend 1o be fascinated
with the idea of artificial dispersion is that it is an
interesting analytical problem. Duck hunters have their
own bias in favor of the shotgun approach, even
though a simple analysis of the parameters of their
problem indicates that it does not scale at all 0 the
antiaircraft gun problem.

9.4.1 Anslytic Determination of Optimum
Dispersion

Consider the problem of computing the probability
of killing a target with a burst of n rounds, when the
shot pattern has a constant bias (such as boresight
error) which is constant over all bursts, and a bias
constant during a burst and randomly distributed
across bursts. In addition individual rounds have a
random round to round dispersion. Closed form solu-
tions, even for the simpler cases of circular symmetry,
tend to involve the Incomplete Gamma or Beta func-
tions and/or series expansions. To determine whether
increased (artificia'y dispersion is desirable most past
analyses have had to resort to numerical computations.
This is no great problem if a computer is available,
and in fact with the Litton simulation one can allow
many of the tactical parameters to vary during a long
burst for a realistic evaluation of the effect of changing
dispersion.

An analytic base is always helpful for reference,
however, and the foliowing method, suggested by some
little known work of Gubler.! turus out to be tractable.
By its use, an exact solution to a very old problem has
apparently been obtained, for which only graphical
solutions were previously available, to the best of the
writer's knowledge.

For brevity of presentation, the method is described
for a problem in which all of the probability density
functions have circular symmetry. This is not an inher-
ent limitation of the method, which allows considera-
ble generalization.

The expression for the survival probability of the
target is written, conventionally as
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- X +
¢ Yo T dxdyy, (9.48)
where:

E, = nat/(a®+2 0%, (9.49)

al= target vulnerable area

o
0y~ = variance of aim wander, constant during a burst,

random across bursts

02 = variance of “reference™ round to round

dispersion
(‘JZ2 = inctemental variance of artificial dispersion
A= 20,2/a% + 207 (9.50)
Z=(a?+20%)a%+20 +20,2)  (951)

X oY o 3% systematic errors constant over all bursts.

2<1.0

Take the derivative 3¢(Z)/9Z.

If
a¢(1)/8Z < 0, dispersion should be increased

3¢(1)/0Z > 0, dispersion should be reduced
3¢(1)/3Z = 0, the reference dispersion is “optimum.”

9.52)
Abbreviating the notation for ¢
el -EoZe'TM
¢= e f(T) dT 9.53)
£- ]
o0 NZT
EZ
2 ¢(Z)/dZ = -EJ (-2 eMT 707 iy g4
e (9.54)

Note that we can write:

EeNT
a«l )/BEO { .. AT e 0e f(T) a7 (955)

= JE o AT
3¢(|)/3)«=//‘- Eo'l'e'xre Ege "M [(T) dt

(9.56)
But:
aal)/az{/ (1-AT) e AT
Ege AT
e f(TYdT=0 9.57)
Hence:
ad(1)/9 Eo + (NEO) d¢(1)/0A=-0 (9.58)
090(1)/(3log,E) + 39/(3 log, Ny = 0 (9.59)
whence:
E,*A*=C (9.60)

where the asterisks indicate the relation between E,
and for optimum dispersion. If Equation (9.57) can be
evaluated for any pair (E,A) for which the paramesers
are other than 0, °, the constant C can be determined.
The desired solution is then obtained.

For the case x, = y, = 0 (no constant bias across all
bursts) the solution is easily obtained. We have simply

® EZe MW
“2) -f ¢ oCF d(e™) 9.61)
[s]

Then:

1
og(1)/dz = 'Eolkf (1 + Log,w) wi/hewEg 4,
0
=0 (9.62)

Soive this for the special case of A = 1.0. Then &, is
the solution of the transcendental equation:

201 - (1 +Eo/20eBo] Ei(Ey)-05773 .. Log B, =0
19.63)
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Where Ei is the expontial integral and is a tabulated
function. Solving this equation numerically, we find
E. = 3.56...

Hence the optimum dispersion is using Equation
(9.60) obtained from:

E A= 3.56 (9.64)

or

(na?)(2 0,%)= 3.56 (a2 + 2072 (9.65)
Suppose that we could reduce the random round to
round dispersion to zero. Then we should have:

n=356 a%/26,2 (9.66)

Hence unless n exceeds this value, the optimum round
to round dispersion is zero. Now ma’ = target vulner-
able area, and a’/20,7 will usually be very small. For
the problem as formulated. therefore, we would always
expect some round to round dispersion 10 be desirable.
Solving for this value

202 = [a oy, (n/1.78)!/2] - a2 (9.67)

And so as n increases, the standard deviation of
optimum dispersion increases about as the fourth root
of the number of rounds and as the square root of the
round to round bias standard deviation.

Equation (9.64) is an exact solution. An approximate
solution based on graphical analysis was given in
AFAADS-1, .5-71, Equation (5.347).

The above approach may be generalized 10 a time-
varying problem. if dispersion can be controlled easily.
as by using servo dither, or a scanning motion of the
gun tube, it is clear that on opening fire one wants the
first rounds to be fired with the minimum dispersion.
As firing continues, it may be desirable 1 open up the
pattern. For example, the gun tube might follow an
expanding spiral about the predicted point. From the
preceding method one can determine how many
rounds should be fired before it is desirable to open up
the pattern, and how rapidly the pattern should be
expanded with n.

9.4.2 Disoussion of Simulstion Results

A number of simulation runs have been made under
a wide variety of tactical parameiric variations to
observe the effect on burst kill probability of varying
the random round to round dispersion of the ammuni-
tion. The optimum dispersion rarely is larger than $
mils, and in those rare cases where larger values were
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indicated, they were associated with burst kill probabil-
ities that were very low, even when optimum disper-
sion was used.

This observation is supported by the analysis of the
previous section. Consider a burst of n rounds fired at
a target with vulnerable area A,. Assume that the
system has a constant error of aim during a burst, and
that this error is randomly varying across bursts and
described by a circular normal distribution with a
variance of oy’. Defining an area of uacertainty associ-
ated with the bias as:

Ay = 20,2 (9.68)
this area could be covered 10 a density nA,/A, if n
rounds could be accurately placed.

Working through the equations for optimum disper-
sion, using expressions from AFAADS-I (pp 5-70,
Equation 5.342), the probability of killing the target in
a burst of n rounds with optimum dispersion can be
plotied against nA,/A,, as can the ratio of optimum
round to round dispersion to standard deviation of
bias, o, /0. This has been done in Figure 9-16.

Now taking a specific example of a target with i
square meter vulverable area, and a burst of 100
rounds fired at 1000 meters range, and plotting both
burst kill probability with optimum dispersion and the
value of the optimum dispersion against the standard
deviation of bias, the results of Figure 9-17 are ob-
tained. As expected from the previous section, the
optimum dispersion increases stlowly with bias, and is
only about 6.5 mils when the standard deviation of
bias is 20 mils. This occurs when burst kill probability
has dropped below 4%.

Since the aim wander resulting from tracking noise
can be represented in terms of a bias and a random
component, not all of this optimum dispersion need be
provided artificially.

The effect of aim biases resulting from target ma-
neuver are expected to work out in about the same
way. Tine unpredictable components will vary from
burst to burst. If they are very large, on the average,
burst kill probability will be small, and improved to
only a small degree by adjusting dispersion. If they are
small, some dispersion is better than none, but the
optimum amount is still only $ mils or so.

Conclusions

This discussion is not intended to leave the impres-
sion that one should not attempt to determine and
employ the ogtimum dispersion pattern. Rather, the
conclusion is that this is an expedient of limited payoff.
The proper approach is to attempt to minimize predic-
tion errors by a good choice of prediction and smooth-
ing algorithms, to minimize system boresight and
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calibration errors by a sound calibration doctrine, to varying with path paramcters if possible, to cover the 1
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SECTION 10
SIMULATION RESULTS

10.1 INTRODUCTION

This section presents a wide variety of results to
demonstrate the flexibility and scope of the Litton
simulation, as developed under the present contractual
effort.

The simulation is now relatively complex, as com-
pared with the simpler version used in AFAADS-I, but
is considerably more realistic, and allows a much
larger variety of tactical and defense system parame-
ters to be examined.

The price paid for the added capability has been the
difficulty in idenlifying and eliminating all program-
ming errofs in the basic simulation, and those intro-
duced by new operators inputting parameters for new
series of runs.

It is now clear that to obtain satisfactory assurance
of the validity of simulation results, a check-out pro-
gram package must be put together which validates the
existing program, and which can be run in conjunction
with each new set of experiments. The results pre-
sented in this section appear in almost all cases to be
reasonable and probably correct, but in a few cases
noted in the text there are anomalies suggesting a
residue of one or more minor program imperfections.

In a sense the simulation is a realistic representation
of a real fire control system, which will operate ap-
proximately correctly, even though some components
may be slightly out of adjustment. One danger signal
noted in simulation operation has been occasional
results which show very large dispersions to maximize
kill probability. When traced down, these led to the
discovery of programming errors.

The results presented should be interpreted by the
reader in this sense: 1) They demonstrate the wide
range of capabilily available on the simulation, 2) The
results are probabiy correct, or very close to correct,
and 3) They can be completely validated by the check-
out package described in Section 10.17.

10.2 COMMON PARAMETERS AND REFERENCE
DATA

The simulation results presented were based on a
number of input parameters, some of which were
systematically varied.

Table X-1 lists the ‘standard’ 1arget dimensions used
in all runs. Table X-2 lists the ‘design point’ charac-
teristics of four gun systems ranging in caliber from
20 mm to S0 mm.

Three types of targei paths were employed. These
were
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a. Simple constant altitude, constant speed ‘fly-by’
paths. These were all low altitude, 300 to 400
meters, and families of results were generated for
the same altitude by systematically changing the
minimum horizontal range.

b. Crossing, jinking paths. These were intended to
be somewhai representative of low-level terrain
following. The aircraft performed a regular
weaving motion in the vertical and horizontal
planes, with the two components differing in
phase by 90°. The acceleration pattern is shown
in Figure 10-1.

¢. Dive bombing paths. These paths are described
in Section 10.16.

In all cases the data filters used had a finite memory
time of 1.8 seconds. The coefficients were chosen as a
compromise between smoothing and rapid settling;
this weighted the early points somewhat more heavily
than would be the case with least squares filters.

For most of the runs, two prediction modes were
compared. One was conventional ‘lincar’ prediction,
based on smoothed position and velocity. For the
second mode, the prediction was partially corrected by
smoothed acceleration, so that on a constant curvature
path the prediction vector would be tangential to the
target path at present position. A few runs were made
with full quadratic prediction, which would have zero
bias of prediction error against a path of constant
curvature. These three modes are termed ‘lincar’, ‘tan-
gential’ and ‘quadratic’.

The exterior ballistics used were based on the ‘best’
37 mm round used in AFAADS-I. The same form
factor was assumed for the other caliber rounds, and
the ballistics were scaled with caliber according to the
Siacci expressions.

Unless explicitly mentioned, angular dispersion was
taken as 3 mils lateral and vertical, muzzle velocity
dispersion was zero, and there were no angular or
muzzle velocity biases.

10.3 EFFECTY OF RATE OF FIRE AND CALIBER

A series of runs was made on the simulation, in
which the rate of fire was systematically varied for
each of the four reference weapon calibers. Both linear
and tangential prediction modes were run. Resuits
were obtained on a straight line, constant altitude (300
meters) fly-by path with an aircraft velocity of 300
meters/second. The following three pairs of firing
poinis were employed (crossing range, distance before
midpoint in meters): (600, 1500), (600, 500), (1200,
500). A typical set of results is shown in Table X-3.

oot L




Table X-1. Standard Target Dimensions and Aress

Dimensions (meters) Arcas (square meters)

Fuselage Length 15.0 Top 16.49
Height 23 Front 2.83

Width 1.4 Side 27.10

Wing Span 10.0 Top 47.12
Chord 6.0 Front 2.83

Thickness 0.36 Side 1.70

Note: Areas are not corrected for overlap in this table.

The entries are the probability of kill with a one-
second burst. These values are plotted in Figure 10-2,
for tangential prediction.

The regular form of the curves led M. Ginsberg to
suggest that a simple scaling relationship could be
developed to describe them. It was found that if the
target survival probability to n rounds was plotted
against the target survival probability to n/2 rounds,
all of the corresponding data pairs for all four calibers
and the three sets of firing points fell on the same
curve for a specified prediction mode. The correspond-
ing plots are shown in Figures 10-3 and 10-4 for the
two prediction modes. The deviations of individual
points from a mean curve is well within the scatter
resulting from the Monte Carlo operation of the
simulation.

This remarkable result suggested that the results of
the simulation computation at the specified tactical
parameters could be represented by the simplest possi-
ble expressions for burst kill probability, specifically,
Equation 5.342 on page 5-70 of the AFAADS-I report.

One may then develop the form of the mean curve
of Figures 10-3 and 10-4 as follows:

Define:
2

As — (10.1)

a2 + 202
20b2

B = (10.2)

32 + Za2
where

n = number of rounds fired
#° = qargel vulnerable area

o’ = random round to round error compo-
nent variance

: 10-2
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o) = errof component variance constant
over burst, Jom across bursts
For small A define E = /(1 +B), then survival
probability to a bu.st is

Q) = ¢F
Q(n/2) = B2
Q) = (Qn/2)}2
2 Log, Q(n/2) = Log, Q(n) (10.3)

For large A, from Equation 5.342 in AFAADS-I

Qny = B’l(ay!/B
Q) = Blcar2y!/B = (1/2y1/Bon)

If 20° >> &°, as will usuaily be the case, B will be
essentially independent of &*.

If straight line asymptotes are fitted to the two ends of
the Q(n) versus Q(n/2) curve, they will intersect at:

Q(n/2) = 21/B (10.5)

Making a rough estimate of the equivalent value of
B in the two cases, it appears that in the case of the
tangential predictor, the variance of bias error about
equalled the variance of round to round error. For the
linear case the variance of bias error was only about
1/4 the variance of the round (0 round error.

One would also expect the target survival probability
to depend, to a first approximation on the product of
number of rounds fired by the target vulnerable area.
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Table X-2. Reterence-Point Weapon Characteristica

Caliber 20 mm 25 mm 37 mm S0 mm
Maximum Rate of Fire 6000 3840 3000 1920
(rpm)

Number of Rounds in 100 64 50 n
1-sec burst
Number of Rounds on Mount 600 500 400 300
Muzzle Velocity (ft/sec) 3600 3600 3600 3600

. Range 1o Sonic Velocity 2720 3403 5036 6806
(meters)
Time of Flight 4.7 59 8.7 11.8
Sonk Velocity (sec)
% HE Filler 10 10 10 10
Probability of Kill, 0.17 0.24 0.44 0.65
Given s Hit (p.) on
Fusclage
Maximum Kills pes Second = 17.1 15.5 218 20.8
Rate x p.on Fuselage
Probability of Kill, 0.025 0.042 0.150 0.280
Given a Hit (pcw) on
Wing
Maximum Kills per Second = 15 2.7 1.5 12.2
Rate x Py ©1 Wing

This relationship is shown in Figure 10-5 for a single
point on the flight path 500 meters before midpoint,
and for the two predictors. Note that for the linear
case where the bias component of error is relatively
small, the curves for the four weapons show little
difference. For the 1angential predictor the large cali-
ber weapons do somewhai better than the small caliber
weapons. This would be expected, since serial correla-
tion reduces the marginal gain of additional rounds,
and for a given product of vulnerable area x number
of rounds, the small weapons fire more rounds.

‘The difference among weapons with the linear pre-
dictor may result from the fact that the larger weapons

10-3
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also have some effect against the target wing. In addi-
tion, the larger caliber weapons have a small time of
flight advantage, which improves their relative
cflectiveness.

These experimental results from the simulation lead
to significant inferences regarding the need for the
Monte Carlo mode, which is responsible for most of
the cost of simulation operation.

For the noise characteristics generated by the radar
model and linear prediction the fact that target sur-
vival probability versus number of rounds is very close
to a sirngle exponential, as shown in Figure 10-$
implies that one would obtain essentially the same
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result by a deterministic computation assuming inde-
pendence of successive rounds.

In the case of the tangential predictor, this would be
true only for burst kill probabilities below about 0.50.
However, the fact that a single curve fits all of the
samples for four calibers of weapons, a wide range of
number of rounds fired. and three points on the target
path with different geometries implies that one can use
the sumplest form of the deterministic algorithm for
computing burst kill with bias varying across bursts,
and by that means obtain the same results. All that is
needed is a method of estimating the ratio of the
variance of the random and bias components, and this
can be done by ‘Tappert’s method' described in the
AFAADS-I report.

To what degree the observed empirical refationships
will hold for other noise models and filters is unknown.
As a minimum,. the results observed rrovidc a simple
method of converting simulation results to other paru-
metric sets.

10.4 FOOTPRINTS

The simulation can be operaicd 1o generate a pattern
of data points from which a ‘footprint’ can be
sketched. A footprint is a set of contours of constant
kill probabitity for a burst of specified duration.

10-4

As a demonstration, footprint data have been gener-
ated for families of pass courses of two types:
1) constant altitude, constant velocity paths. and
2) ‘jinking’ paths in which the aircraft weaves verti-
cally and horizontally about a mean, level, straight
line.

Each data point is for a I-second burst with a
specified number of rounds fired at constant specified
rate of fire. The data point is defined by the minimum
horizontal range of the path and the distance of the
aircraft from midpoint at the instant the burst is fired.
For the weaving path these points are referenced to the
mean line through the path.

The data printout for the 25 mm gun on the fly-by
path with the tangential predictor is shown in Table
X-4, and a rough sketch of the corresponding burst kill
‘footprint’ contours is shown in Figure 10-6. The
parabolic lines in Figure 10-6 are lines of constant
distance from midpoint at the instant the projectiles
reach the target. Of this set the solid line represents
impacts at midpoint when time of flight is least.

Data print-outs for the 25 «am gun against a jinking
path, and for the 50 Tum gun against a fly-by, both
with the tangential predictor, are given as Tables X-$
and X-6. Runs with linear prediction and the 25 mm
gun indicated inferior performance in general on the
Jinking path. Against the fly-by however, maximum
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Table X-3. Burst Kiil Probabilities tor the Point 500m
Before Crossover on 8 600 m Fly-By Path

Tangential Prediction Lincar Prediction
Caliber Caliber
Rate of Fue

(Rounds/Sec) [ 20 25 37 50 20 25 37 S0

128 78 B6 94 96197 99 10 1.0

12 5 84 93 9619 99 10 1.0

56 72 8l 92 95 |95 98 1.0 10

80 67 17 %0 95 )92 97 10 1.0

64 62 71} 87 9389 95 99 1.0
48 54 65 82 90 )82 90 98 99
n 42 53 72 84 .70 8 94 98
16 26 34 52 €6 | 47 59 18 88
20871-541

probabilities were higher, but the simulation indicated
poorer performance at long range. These results are
shown in Tables X-7 and X-8. This anomalous result is
not understood and there was insufficient time to inves-
tigate its cause. There are two possible explanations,
1) the band width of tracking error at fong range is so
narrow that the resulting aim wander requires addi-
tional dispersion to cover it. This would be provided
by the tangential prediction. The other explanation
2) could be that a minor error remains in the fiiter
programming.

At the long ranges, the large caliber guns show a
moderately higher burst kill probability than the
smaller calibers.

This results from 1) the shorter time of flight, and
2) the higher product of rate of fire times the proba-
bility that a hit causes a kill. For a particular data
point at (R, X) = (2400,2500) on the fly-by path with
the tangential filter, the burst kill probabilities for the
four calibers were compared, and an approximate
correction for the rate of fire and target vulnerability
made to estimate the contribution of time of flight
alone. Figure 10-7 shows the comparison referenced 1o
the 20mm gun.

At this range and the low target altitude, the fuse-
lage presents a much larger area than the wing, hence

10-5

the normalization was based on fuselage vulnerability
only.

Antiaircraft gun footprints previously published
from other programs show zones of zero probability
about the gun corresponding to maximum tracking
rates and accelerations. These could be programmed
into the Litton simulation. The present program is
based on the assumption however, that the system does
not lose the target at high tracking derivatives. Instead,
it lags by an amount depending on the derivatives. The
footprints shown were based on the inciusion of a
regenerative tracking assist for the servos which pro-
vided compensation for the first two derivatives. Since
the compensation is not perfect, the simulation does
show zero kill probability when the target passes al-
most directly overhead.

10.5 PREDICTION MODES

A brief comparison was made of predictor modes,
on unaccelerated ‘fly-by’ paths and passing jinking
paths with the 25mm gun. The predictors were
1) linear (i.e., no correction for acceleration),
2) tangential (i.e., updated for acceleration only to
present position), and 3) quadratic (i.e., complete pre-
diction for constant acceleration).

Figure i0-8 compares the linear and tangential pre-
dictors on an unaccelerated path. As expected, the
tangential predictor, with higher tracking noise ampli-
fications, is inferior. Figure 10-9 compares the same
two predictors against the jinking path. The tangential
predictor shows a more uniform performance, and is
superior over much of the path. Apparently it provides
a good compromise between reduction in bias caused
by nmvaneuver, and increase in dispersion to cover the
residual bias. This is consistent with the analytic con-
clusions of Section 5.7.6 of the AFAADS-I report.

A comparison of linear, tangential, and quadratic
prediction on the jinking path is shown in Figure i0-
10. The full quadratic prediction is apparently too
much of a good thing: it generates increased amplifi-
cation of tracking noise out of proportion to the
reduction in bias caused by maneuver.

Note that when the 1arget’s mean crossing range was
moved out from 600 meters (Figure 10-9) 1o 1000
meters (Figure 10-10) the tangential prediction im-
proved relative to the linear prediction.

For this set of runs it appears that against a mildly
maneuvering target a form of prediction intermediate
between linear and full quadratic is preferred.
Whether the good performance shown in these runs
resulted from the partial correction for path curvature
or from the increased dispersion generated by the
tangential filter would require additional runs and
analysis to determine.
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Figure 10-2. One Second Burst Kill Probability Versus Rate of Fire and Caliber

10.6 EFFECT OF AIRCRAFT '‘BREAKAWAY'
MANEUVER

To examine the question of how long to fire after an
aircraft has completed its attack run and has entered a
high-acceleration breakaway maneuver, simulation
runs were made in which ar aircraft approached on a
straight fly-by path at 300 m/s, then pulled away in a
climbing turn, 3g to the right and 2g vertical begin-
ning 600 meters from midpoint, from a straight level
path with a 600 meters projected crossing range. Re-
sults are shown in Figure 10-11 for the linear and
tangential predictors. For the first second of its pull up
the aircraft does not gunerate enough path change to
affect the burst kill probability with either predictor.
The linear predictor degrades more rapidly than the
tangential predictor, which appears to retain some
capability for at least the first three or four seccnds off
the breakaway maneuver.

10.7 EFFECT OF MUZZLE VELOCITY

The effect of increasing muzzle velocity was deter-
mined by a series of simulation runs against the jink-
ing path for a crossing range of 1000 meters. Kill
probabilities with one second burst were determined.
Results are shown in Table X-9, and the data points
for the 20mm gun, which showed the largest percent
improvement are plotted in Figure 10-12.

10-6

To get a visual impression of how the performance
is improved by increased muzzle velocity, the 1-second
burst kill probabilities for each weapon-fire point com-
bination at 3600 and 5000 /s muzzle velocity are
plotied in Figure 10-13.

The gain is highest in the case of those weapons and
data points where the lower velocity probability is
small.

Note from the table that the 20 mm weapon at 5000
f/s muzzle velocity is uniformly superior 1o the 37 mm
weapon at 3600 f/s within the 2500 meter fire point.

In the above computations the number of rounds per
burst for the three calibers were 100, 64 and 50,
respectively. If the high velocities were attained by
subcalibering as suggested in Section 8.2 it seems
unlikely that these rates could be maintained although
they would probably remain the same proportion,
across calibers.

An overall conclusion with regara to the relative
importance of muzzle velocity, rate of fire and caliber
cannot, therefore, be drawn from the muzzle velocity
results alone.

10.8 EFFECT OF INCREASED TERMINAL
EFFECTIVENESS

A brief set of runs was made 1o compare the 25 mm
projectile with 10% and 20% high explosive filler. The
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Figure 10-3. Rate of Fire Relationship from Simulation: Tangential Prediction

only change was in the vulnerability function. In fact,
if it could be fired from the same gun, with the same
drag coefficient, the 20% fill projectile would emerge at
a substantially higher muazle velocity because of its
lower weight, and then would decelerate more rapidly,
for a net improvement in time of flight over the ranges
investigated.

The path used was a jinking pass at an altitude of
300 meters, 2 minimum crossing range of 1000 meters,
and an average target speed of 300 meters/second, and
kill probabilities with I-second bursts were compared.

The effect of doubling the filler is to increase the kil
probability, given a hit, from 0.24 to 0.31. From the

10-7

findings of Section .0.3, one would then =xpect burst
kill probabilities to increase about in the ratio 1.3/1
for probabilities under 50%. As Figure 10-14 shows
this 1s in fact the result generated by the simulation.

If the expected higher muazle velocity with the
lighter projectile had also been included, pius the
change in ballistic coefficient, it is believed that a
somewhat greater increase in effectiveness would have
been shown by the 20% projectile.

10.9 EFFECT OF AIRCRAFT VELOCITY

If one computes 1-second burst kill probabilities
with the simulation operating in the radar tracking
mode, one would not expect to find that the kill proba-
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Figure 10-4. Rate of Fire Relationship

bilities are very sensitive to aircraft velocity. Velocity
enters this computation, 1) by changing the band-
width of the glint error, which at a given point in
space is wider for higher velocities, 2) by causing the
burst kill computaticn to be performed over a path
segment which increases in length with velocity.

A large apparent effect is generated by the fact that
the simulation prints out results referred to the point
of initiation of firing, whereas kill probabilities appear
to be principally related to the geometry at the time
the projectiles reach the target.

A series of simulation runs confirmed the above
expectations. Mr. M. Ginsberg determined that the

10-8

' ) o 20871.207A
from Simulation: Linear Prediction

best abscissa to use, for clarity, was the aircraft time
from midpoint at the open fire insiant, and Figures 10-
15 and 10-16 show the effect of aircraft velocity with
the two filters.

Since the highest single shot probability occurs close
to midpoint, the longer the segment of path included
in a 1-second burst near midpoint, the larger will be
the fraction of lower probability points. Hence, in both
figures the probabilities for the high speed target are
uniformly below those of the low speed targets.

The major effect of target speed is, of course, one
total available firing time, and this is not shown by the
burst comparison.
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Table X-4. Foot Print Data for 26

mm Gun With Tangential Predictor on Fly-By Path

Crossing Range

Fire Point (m)

tm) 3000 2500 2000 1500 1200 900 600 300 0 =300
0 037 082 124 198 277 361 550 469 00 00
100 034 084 122 195 2 a8s 3 185 037 362
200 018 09 134 216 292 422 702 483 382 428
300 042 107 152 247 333 488 834 n7 580 524
400 046 123 172 280 m 560 853 791 703 602
500 051 138 192 310 415 617 845 816 681 579
600 036 152 211 KRy 448 638 B26 800 681 554
700 061 166 227 358 473 635 793 760 672 521
800 066 177 241 375 477 620 755 703 643 516
1000 076 194 260 8t 446 568 6350 573 S48 381
1200 086 204 268 339 399 490 533 436 435 306

1400
1600 095 204 224 285 282 329 N 237 242 176
2000 089 187 165 176 180 199 190 126 mn 086
2400 063 112 114 HE 11 104 096 065 045 026

20871-542
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Figure 10-6. Footprint in Ground Plane of Constant Contours of Kill Probability with 1-Second Surst
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Table X-5. Foot Print Data For 26 mm Gun With Tangential Predictor on Jinking Path

Crossing Range

FFire Point (m)

im) 3000 2500 2000 1500 1200 900 600 300 0 -300
0 o 030 0s2 124 178 353 474 s 003 116
100 ol 031 061 142 200 356 501 229 087 261
200 012 034 078 177 248 408 606 327 270 3
300 012 037 089 211 298 492 663 651 559 418
400 013 040 103 240 338 5§52 672 688 603 440
500 (U] 044 1S 261 368 579 649 6558 625 412
600 014 046 12§ 275 383 $66 618 610 559 n
700 014 048 133 182 3719 534 579 £71 $38 352
800 018 049 139 m 358 499 5§33 534 49 360
1000 018 049 144 240 300 40 425 436 405 227
1200 ots 045 134 197 247 319 33 330 320 173
1400 014 038 17 157 199 245 243 236 251 13§
1600 (1) 028 160 122 157 185 189 159 192 110
2006 o1l 0ts 071 067 993 107 103 069 102 039
2400 010 009 046 029 050 062 065 033 630 010
20871-%43
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Table X-6. Foot Print Data For 50 mm Gun With Tangential Predictor on Fly-By Path

Crossing Range

—

Fire Point (m)

(m) 3000 2500 2000 1500 1200 900 600 300 0 -300
0 047 169 24 346 444 693 684
100 .059 148 230 .383 517 .598 3 454 103 48
200 083 165 .282 456 522 .694 880 695 Slé 59
300 .074 167 .263 417 499 670 822 .189 147 .68
400 086 -198 341 481 550 750 857 888 83s 158
500 .080 209 291 526 571 2 885 916 823 68
600 104 181 .346 531 .644 .804 .897 896 846 158
700 082 .249 3718 583 690 821 864 866 194 69
800 .088 .261 an 578 .683 733 814 810 .189 709
1000 .088 274 376 .$90 640 686 663 168 .598 .59
1200 108 .26 407 .507 627 .590 593 592 .547 .50
1400
1600 A 301 383 .386 402 436 488 444 373 33
2000 .108 243 276 .296 .354 328 362 374 .288 .257
2400 136 194 179 282 307 22 190 .207 199 A4
20871-544
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Table X~7. Foot Print Deta For 26 mm Gun With Linear Prediction on Fly-By Path

Crissing Range

Fire Point (m)

tm) 3000 2500 2000 1500 1200 900 600 300 0 -300
0 02 08 16 34 50 59 76 00 00 00
100 02 09 1 » 53 69 83 29 ol 42
200 03 10 20 a 49 8 85 43 26 67
00 03 1 23 4 66 8s 91 8 86 90
400 03 12 27 52 " 70 90 95 91 93 92
500 03 13 29 5 13 92 96 95 94 91
600 04 14 3 $6 14 93 95 95 95 87
700 04 14 n $7 74 91 94 94 23 19
800 04 14 k}) 56 72 89 92 92 20 68
1000 04 13 0 sl 63 81 83 82 74 46
1200 02 10 28 40 49 67 66 63 46 19

1400

1600 o1 03 09 14 17 25 19 13 03 00
2000 00 00 ol ol 02 00 00 00 00 00
2400 00 00 00 00 00 00 00 00 00 00

20871.545
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i Table X-8. Foot Print Data For 25 mm Gun With Linesr Prediction on Jinking Path
E Crossing Range I'ire Point (m) '
{m) 3000 2500 2000 1500 1200 900 600 300 0 -30 2
i 0 00 06 10 06 10 37 60 49 04 04
100 00 07 " 07 12 43 80 50 14 45 .
l 200 00 08 13 08 14 48 84 st 60 62 :
300 00 09 is 09 18 a7 7 16 85 10 R
400 00 10 17 09 13 42 67 83 85 62 ?
i 500 00 12 18 09 1| 13 56 82 80 58
600 00 13 18 o7 09 24 a“ 77 74 76 1
i 700 00 s 18 06 06 17 30 68 64 36 '
800 00 16 16 04 04 1 18 s6 55 21 .
1000 00 8 12 02 o1 04 04 2 30 09
! 1200 00 19 08 00 00 0l o1 08 09 03
1400 90 18 04 00 00 00 00 0 ol 00
I 1600 00 00 00 00 00 00 00 ol 14 00
. 2000 00 00 00 00 00 00 00 00 04 00 *
Y 2400 00 00 00 00 00 00 00 00 00 00 B
' 20871-546
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Table X-9. EHfect of Muzzle Velocity and Burst Kill Probability
20 MM 215 MM 37T MM
fure
Point
(M) VM = 3600 VM = 5000 VM = 3600 VM = 5000 VM = 3600 VM = S000
3000 .00 .00 .00 .00 .00 .00
2506 16 22 .18 .20 .29 24
2000 .03 .28 12 32 .29 47
1500 .00 A3 .02 18 .07 35
1200 .00 A1 .01 15 .08 .28
900 .02 .21 .04 .24 11 .39
600 .02 .29 .04 .32 18 51
300 .21 57 27 58 A8 72
(i} 23 .53 .30 52 48 63
- .300 .06 .25 .09 .24 .24 X
20871-547
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Figure 10-12. Effect of Muzzie Velocity on Burst Kill Probability with 20 mm Gun
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Figure 10-13. Effect of Muzzle Velocity on Burst Kill Probatility for Three Calibers
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Figure 10-16. Effect of Aircraft Velocity on Burst Kill Probability with Tangentisl Prediction
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Figure 10-16. Effect of Aircraft Velocity on Burst Kill Probability with Linear Prediction

10.10 OPERATION OF SYSTEM WITH SENSOR surements at sensor joss and increasing time of flight

INTERRUPTION by adding the elapsed time since sensor loss. Hence,
) . ) . one would expect the prediction error variances to
One of the most interesting modes of simulation grow roughly as:

operation allows tracking data from a sensor to be

interrupted. The system then continues operation on

internally regenerated data, which replaces the missing

sensor data until the sensor is again assumed operable. 0l = 02[| +2t +T)T + 2ty + T)ZIT,Z]

This is a true simulation of a predicted fire system with p 0 P ?

a regenerative element, and allows the determination (10.6)
of how rapidly the solution deteriorates depending on v
which sensor is lost, and for how long.

T et Y ot ¢t A 1% el | 5 B a2l 8 1 Gt

There is a rough similarity between operating on where ¢, = time of flight. :, a data smoother mem-
regenerated data, and predicting with the data mea- ory, and T is elapsed time€zc. | :nsor failure.

\
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In fact the real situation is worse than this, since the
prediction literally goes off at a tangent with mean
slope determined by the stored rates. This generates an
increasing sysiematic error. The regeneration mode
used in the simulation probably ameliorates the bias
growth slightly. since the recirculation of data points
superimposes a small dispersion as the stored points
step through the filter coefficient set,

However, one would expect the length of time for
which goud shooting could be done on regenerated
rates with all sensors blind, to be roughly comparable
to the data smoothing memory time, at short times of
flight, and decreasing with increasing time of flight.

Hence, with the 1.8 second filters, the only set used
in these runs, one would not expect the regenerated
solution to hold up well after about 1.5 seconds.

Simulation runs were made to demonstrate sensor
interrupt against a 300 meter/second target at a con-
stant altitude of 300 meters and a straight fly-by path.
Figure 10-17 shows range error, and rms miss distance
versus time for 500 meters crossing range. ‘Sensor
interrupt’ designates failure of both angle and range
sensors. ‘Range interrupt’ designaies loss of range
only. Path midpoint is at 8.0 seconds. Figure 10-18
shows the same data for 1000 meters crossing range.
The gun was 25mm.

On the incoming leg the system performs well
within complete sensor loss for two seconds, and the
loss of range for two seconds at midpoint is almost
undetectable. On the outgoing leg, where time of flight
has become large, a good solution is rapidly lost with-
out sensor data.

To show the effect of sensor interruption on kill
probability, a 37mm gun with a 1200 rpm rate of fire
was chosen, for a 1000 meter crossing range fly-by
path and a 300 ms target velocity. It was assumed that
1) range only was lost a1 a point 1500 meters along
the path from midpoint, and 2) all sensors were lost.
Both 1-second burst kills probabilities, and the cumula-
tive kill probability from 3300 meters before to 300
meters afier midpoint, were obuained.

Figure 10-19 compares the burst kill probabilities
against the values with no sensor loss. It is remarkable
that the simulation shows slightly higher probabilities
with all sensors lost than with only range lost. Cumula-
tive kill probabilities over the engagement were 0.84
without sensor failures. 0.61 with range only lost ai
1500 meters, and 0.64 with al! sensors lost at 1500
meters.

A comparison of burst kiil probabilities was then
made with the 25mm gun, a crossing range of 1000
meters, and various sensor failures at 1200 meters
before midpoint. Results are shown in Figure 10-20,
for one-second bursts. Since the target speed was 300
meters/second, and in each case sensor failure occur-

red at 1500 meters, the points at 1200 meters represent
the degradation from one second of regenc -ative oper-
ation to that point and the average loss during the
subsequent one-second burst. As expected with a 1.8
second smoothing time, the degradation at 1200 me-
ters firing point is not great. However, the solution
rapidly degrades thereafter. In these runs range loss
was less serious initially, but the solution decayed less
rapidly at small values when angles were lost and
range was retained. The reason is unknown.

10.11 SIMULATION OF ‘FLY-THROUGH' MODE

Many past fire control systems, and at ieast one
current system (Falcon) compute leads using angular
rates and an estimated range. Range is set short so that
the target ‘flies through’ it, and it is hoped that at the
time of fly-through tracking will be good enough so
that hits are obtained during the brief interval that
lead is approximately correct.

A somewhat better fly-through system was simulated
in which it was assumed that rectangular target veloci-
ties proportional to real target velocities could be
generated without range data. That is, in theory at any
rate, feasible. System performance was then examined
with a constant range setting.

To perform the experiment, a special modified
model deck was put together. The deck did not use the
time of flight module. Instead, whenever time of flight
was required, a constant value (which was input in the
data deck) was used. Three runs were made with fixed
time of flights corresponding to ranges of 1600, 1400
and 1200 m with the special deck. The system was
tested against an aircraft executing a jinking path with
a minimum ground crossing range of 1000m against
the 25mm gun.

It is remarkable that higher burst kill probabilities
(see Figure 10-21) were generated by the simulation
over an extended path segment with constant range
seiting than with continuous range input. The reason
for this mysterious result is unknown.

The simulation also has the capability of reproduc-
ing the performance of rate x time predictors with
constant range setling, but time did not permit this
mode to be explored.

10.12 THE EFFECT OF BIAS ERRORS

The effect of angular and muzzle velocity bias on
burst kill probability was determined for a series of
points on ¢ constant speed constant altitutde fly-by
path at 300 meters altitude and 300 meters/second.
Crossing range was 1000 meters and the 25mm gun
system with linear prediction was employed.

Table X-10 shows the simulation results. Figure 10-
22 graphs the effect of azimuth bias, Figure 10-23
graphs the effect of elevation bias, and Figure 10-24
graphs the effect of muzzle velocity bias.
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Figure 10-17. Aim Errors with Sensor Intsrrupt on 8 500 Meter Fiy-By Path

The results are somewhat m;mir ing. Elevation bias
is much more serious than azimuth bias, as would be
expected, since the target has on the average, a larger
lateral extent than a vertical dimension. However, a
negative muzzle velocity bias of about 36 ft/sec is
indicated to be beneficial. One would ex muzzle
velocity bias 10 behave about as azimuth bias near
midpoint, and unfortunately only positive azimuth bias
was run, 80 it cannot be determined whether one could
get an improvement with negative azimuth bias also.

There are no obvious characteristics of the intended
simulation program to explain the advantageous effect
of muzzie velocity bias. Too low a muzzle velocity
causes an incresse in lead which would compensate for

servo lag, bul 2t 1000 meters crossover, lag is not
expected to be significant.

To compare the expected relative effects of angular
and muzzle velocity bias: from Equation (7.113) of
Section 7, the angular error at the target caused by
muzzle velocity bias V, is:

E = {Vp/V XV,/V,)sin {10.7)

where V, = target velocity, V, = muzzle velocity,
V. = remaining projectile velocity and {3 = ap-
proach angle in slant plane. For the present case, this
works out as approximately (near midpoint):
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E(mils) = 0.1 Vy(ft/sec) (10.8)

Hence, a 26 (t/sec muzzle velocity bias should have
about the same cffect near midpoint as a 36 mil
azimuth bias. The cosinc of elevation angle is close to
unity on these low leve! paths.

10.13 FIRING DOCTRINE AND ANGULAR
OISPERSION

By ‘firing doctrine’ is meant the specification of the
open fire points and duration of fire of one or more
firing segments. The simulation has the capability of
accepling a designated set of these firing segments, and
computing the target kill probability over the set, and
then averaging across replications.
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A set of runs was made to demonstrate this capabil-
ity. A 25 mm gun system with 256 rounds on the
mount was used. Fire rates of 64, 32 and 16 rounds
per second were used against aa aircraft executing a
fiy-by with a minimum ground crossing range of
1000m, a constant altitude of 300m, and a constant
velocity of 300m/sec. Ten fire doctrines were used.
They ate presented in Table X-11 and in graphical
form in Figure 10-25. In addition to studying the fire
doctrines, each firc doctrine was combined with five
sets of dispersion parameters. Table X-12 presents the
values of dispersion used. Table X-13 summarizes the
resuits for the cases run as a function of angular
dispersion.
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All of these results were obtained using linear
prediction.

Since single shot probability is highest at midpoint,
the kill probabilities are highest in the case of those
firing doctrines which include midpoint, other consid-
erations being equal. However, in comparing Doctrines
5 and 7, both of which terminate at midpoint it will be
noted that Doctrine 7, employing continuous fire, is
superior. This would also be expected from an analytic
solution: in the presence of aim wander it is better to
fire a given number of rounds continuously over a
specified range band, rather than firing the same num-
ber in a series of bursts over the same range band.

For this set of data, the best value of dispersion
turns out to be about 4 to 5 mils. Although not investi-
gated, it would be expected that still beiter results
might be obtained by an elliptical dispersion pattern.

10.14 EFFECT OF MUZZLE VELOCITY
DISPERSION

The effect of muzzle velocity dispersion was also
investigated for the target/path situation of the previ-
ous section, and the 25 mm gun. The linear prediction
mode was used. A set of values of muzzie velocity
dispersion was examined in conjunction with two val-
ues of angular dispersion. The results are given in
Table X-14 and the one-second burst kill probabilities
are plotted in Figure 10-26. For this parameter set the

20871 224

simulation generates the highest burst kill probabilities
with 3 mils angular dispersion and zero muzzle veloc-
ity dispersion.

10.16 AN IMPRESSIONISTIC MODEL OF
MANUAL TRACKING

In the absence of real tracking data with manual
tracking systems against aircraft on which to build a
realistic simulation, the simplistic model used in
AFAADS-I was again employed, using the sadar glint
model as a basic noise source. The model functions by
generating a lag which is a function of angular veloc-
ity and acceleration, and the coefficients are those
consistent with human operator tracking experiments
on low bandwidth signals. The noise variance from the
glint module is multiplied by a coefficient proportional
to the angular lag. The result is that the variance of
tracking error probably varies about as in the case of a
human operator, but the bandwidth is too wide. The
bandwidth could have been adjusted by choosing an
appropriate combination of A and &, in the glint
module, but this was not done because of the general
imperfections of this representation. For a better ag-
proach see Section 4.2.3, for which there was insuffi-
cient time to implement.

The results turn out to be interesting, however, Table
X-15, shows the input parameters, and Table X-16
shows the 1-second burst kill probabilities for the
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Table X-11. Firing Doctrines Used

Open VFire ' g
Number Distance Continuous/ Fire
Rate of Fire of Time* from Midpoint Noncontinuous Duration
(Ruunds/Sec) Bursts (sec) (m) (CorN) (sec) a
! 64 4 6 1800 c 4 !
2 64 4 4 1200 C 4
3 64 4 2 600 C 4
4 64 4 6 1800 N 7 l
S 64 4 7 2100 N 7
6 32 8 10 3000 C 8 i
? 32 8 12 3600 C 8
8 32 8 16 4800 N 15
9 16 16 16 4800 C 16 g
10 16 16 ¢ 2400 C 16 .
A

*Relstive Time: 0 = Crossover; + Before Crossover

20871-549 a
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Figure 10-25. Graphical Representation of Fire Doctrines
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Figure 10-26. Comparison of Burst Xill Probability with Specified Angular and Muzzle Velocity Dispersions

25mm gun against a 300 meter/second target at a
crossing range of 1000 meters. As expected the lags of
the simplistic ‘manual’ system drastically reduce effec-
tiveness. When, however, the tracking loop is closed
with regenerative aid, the ‘manual’ system performs
better than the reference ‘radar’ system. A similar
effect was noted in the AFAADS-I simulation which
was much simpler.

A possible explanation is thet the algorithms make the
noise variance of the glint model an increasing function of
K., as is the bandwidth. For relatively low K, the gener-

ated tracking noise is of small magnitude and smooth. The
large lag associated with small K, is removed by the regen-
eration, for a net overall improvement. This may not be tho
unrealistic a representation of a human operator with regen-
erative tracking, even though it is a makeshift at this time.

10.16 DIVE BOMBING TARGET

A series of simulation runs was made with a target
path representing a ‘pop-up* and dive on a target near
the gun. Two dive angles, 45° and 30° were employed.
For the 45° case, the 1arget pops up to an altitude of
3000 meters, makes an approach pass of 8 seconds
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Table X-12. Dispersion Vaiues Used

Muzzle
Angular Dispersion Velocity
Dispersion Set teral Vertical Dispersion

No. (mils) (mils) (m/sec)
1 H 1 0
2 2 2 0
3 3 3 0
4 4 4 1]
5 1) S 1]
6 6 6 I 0

20871-550

duration, then breaks away at 5g. In detail, the
breakaway consisted of a Sg vertical acceleration for
one second, then a combined 3g right turn with 4g
vertical acceleration for a vector Sg total acceleration.
Paths lab, were for 45° dives with minimum aircraft
altitude of 1000,2000 meters. Paths 2a,2b were corre-

sponding 30° dives. On these paths the aircraft was
assumed to have a ‘free-maneuver’ bomb sight so that
it could come ‘down the chute’ jinking untii the mo-
ment of weapon release, when it was pointed at the
ground target. For reference Path 2c was a repeat of
2a without jinking. Table X-17 summarizes these cases.

These wrn out to be interesting paths for system
comparison because they are difficult for the defender.
The attach path segment lies beyond about 1600 me-
ters and begins at greater than 3000 meters. Typical
variations of aircraft range and velocity with time are
shown in Figures 10-27, 28, 29 and 30.

The first result, as shown by Tables X-18 and X-19
and Figures 10-31, 32 and 33, is that high muzzle
velocity helps a great deal. A second result, shown by
Table X-20 is that lincar and quadratic are inferior to
tangeniial and ‘defense of a known point’ modes
against the jinking target. A third result, shown by
Table X-21 is that jinking is of considerable berefit to
the attacking aircraft.

Table X-13. One-Second Burst Kill Probability as a Function of Angular Dispersion

Angul: : Dispersion (mils)
Fire Doctrine
Number 1 2 3 4 5
| .21 71 87 90 .87
2 .52 .87 96 97 97
3 .58 .89 96 97 97
4 49 .85 94 95 94
s 42 19 90 92 91
6 .22 66 81 .84 81
7 .50 .84 93 95 93
8 .30 62 17 .80 17
9 .37 68 .19 81 .78
10 .37 .68 80 81 19
20871-851
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Table X-14. One Second Burst Kill Probability as a Function of Firing Point and Dispersion

Angular Dispersion .5 Mils Angular Dispersion 3 Mils
v, (M/Sec) O'VO (M/Sec)
‘ ~ Fire
Range
M) 0 s 10 18 30 0 s 10 15 30
3000 0 0 0 0 0 03 03 03 03 03
2500 0 0 0 0 0 A3 A3 A3 12 A0
2000 0 0 0 0 .01 .28 .28 27 26 20
1500 .01 0l .01 .01 01 51 Sl 49 417 37
1200 .10 11 B 1 10 .65 64 62 58 46
900 .26 .27 .28 .28 .24 n 2 I. .70 67 56
600 s .38 41 41 .37 n 1 .76 .74 63
300 .50 .52 .54 .53 48 83 .82 81 .78 67
0 A4 46 46 48 .39 .83 82 .79 78 61
-300 17 18 19 18 RE .58 56 .52 47 34
20871-552
Table X-16. Simulgtion Paramaeters for Manual Tracking Modes
Rate Regenerative Control
Parsmeters Rate Alded Alded Case
Tracking Tracking Tracking Radsr
Kv 50 100 10.0 $00.0
Ka 999999 no 10.0 90.0
B 25.0 28 28 .00
oR 20 20 20 10
)N 3.0 3.0 30 30
Regeneration No No Yeos Yes
+0871-583
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Table X-16. One-Second Burst Kili Probabilities With Simulsted Manual Tracking

Rate Regenerative Control
Fire Point Rate Aided Aided Case
M) Tracking “pabing Tracking Radar
3000 .00 07 04
2500 00 B .19 A3
2000 01 02 39 30
1500 00 0l 63 .51
1200 00 02 6 63
900 02 12 48 81
600 .03 10 89 83
300 06 19 .86 .82
0 12 .20 80 74
-300 10 3 60 46
20871-554A
simulation, as compared with the simpler AFAADS-I
Table X-17. Major Path Parameters simulation was not appreciated until late in the con-
tract effort when it became apparent that individual
rogram module verifications at selected points were
Minimum insufficient to validate the complete simulation.
Dive Ground Clearance Jinking
Path Angle ™M) Included A rreliminary outline of the check-out procedures is
P as follows:
1a as 1000 Yes
1b 4 2000 Yes a. With zero wracking error, zero servo lag and no
L 330 1000 Yes regeneration lag correction as inputs, operate
b 3 1% N simulation against level constant velocity target
% j ! ° path. Print out miss distance. Miss distance
20871-85$ should be zero 1o several decimal places at each

Although the individual one-second burst kill proba-
bilities shown in these tables are low, they cumulate to

effective values if the wea

tion on board to fire over the whole attack pass.

This set of target paihs, the last examined in the

ns have enough ammuni-

resent effort, turned out 10 be the most discriminating

in terms of defense system characteristics.

10.17 PROPOSED CHECK-OUT PROGARAM
PACKAGE FOR SIMULATION

The following check-out program procedures for the
simulation should have been implemented ab initio,
but their absolute necessity for the present complex

point. Verify all prediction aigorithms in this
mode.

b. Repeat on straight line dive path with accelera-
tion along ﬂif t path equal to g sin 8. Miss
distance should be zero because of the dive-

- scceleration algorithm.

¢. Repeat on level path with constant horizontal
rate of turn. Miss distance should print out zero
with quadratic algorithm.

d. Repeat on straight line dive path through de-
fended point with accels ation along path g sin
0. Miss distance should | rint out zero for defense
of known point algorithm.
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Figure 10-27. Velocity Profile of Path 1s

NOTE: These four tests validate both the filter
coefficients, and the prediction algorithms,
which, together involve time constants o up-
date smoothed derivatives and position as func-
tions of smoothing time. These terms have been
a repeated problem as new programmers move
on and off the project. Continuing with zero
tracking error,

e. With level, constant velocity mret path, set track
error zero and activate sensor lag and regenera-
tive correction modules. Miss distance should
print out very close to zero except at very short

ranges,

10-40

f. Input spherical target with | meter radius. Set in
target path as horizontal circle concentric to gun.
Using 1uadmic rrediction print out }-second
burst kill probability for specified set of lateral
and vertical angular dispersions and muzzle ve-
locity dispersion. The exaci result is easy to
compute hand and the simulation result is
compared with it.

8- Repeat (6) with specified angular dispersion and

sel specified lateral, vertical and muzzle velocit
biases. Print out onc-second burst kill probabil-
ity. This result is easy to hand compute and
check.
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Figure 10-28. Range Profile of Path 1a !
f h. Repeat (6) with ellipsoidal target, fuselage alone, tively easy to hand- compute and can be devel- i
. wing alone, and both fuselage and wing. This oped as additional verifications; for example the :
case is aiso easy to hand compute. By re-running burst kill probabilities with linear and tangen- :
al the same radius and doubled velocity the tial Jarediction in test (6) are relatively easy to :
l target bank angle is changed, and the result can hand compute. :
be validated by hand computation. A more subtle test, 10 uncover undesired noise am- !
plification in the many computational loops in the H 4
' simulation is to input sampled sine wave noise instead
NOTE: The above set of validation runs should of random noise, and determine the overall system
eliminate almost all of the problems that have noise amplification as a function of the frequency of
- been experienced with the simulation in the past the sampled input noise. This test is valid for real
‘ contractual period. Other situations are rela- systeme as well as the simulatior, of course.




seconds used in all results presented. A signifi-
cant extension of effective range can be expected,
if smoothing time is made an increasing function
of siant range. The increase need not be direcily
propostional, and the functional form can be

The present Litton simulation provides an extremely
versatile tool for supporting the analysis of predicted
fire systems. Its major drawback is ihe lack of a pro-
gram check-out package, as previously described.

e e i - — o — e 0 )

Allowing for the possibility of a few minor residual estimated by a combination of analysis and
programming imperfections, which may have affected simulation.
some of the resuls presented in this section, some . . . )
general conclusions regarding systems, based on these In order to necom‘ﬁlnh this functional variation,
results, can be developed as follows: the preferable method is probably to use a recur-

sive rather than finite memory set of data

300 - Y =T 3
280 | ' - ;
9 . . ° oe ]
» 3 .o.. ¢ ;
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8 L o® [ X X ] :
;l' o® §
> -
) ° l
b °
[ J .
eee’ .
180 - b l
N . . l 1
o L] 10 A1) 20
TIME (SEC) l ;
20871.232A l t
Figure 10-29. Velocity Profile of Psth 2b o
!
10.18 GENERAL CONCLUSIONS by the short, constant smoothing time of 1.8 ' 3
i
a. The performance of all systems simulated was smoothing flters. ‘ i
indicated to drop off rapidly with incressing time
of flight. The time of flight effect is compounded b. Increasing weapon muzzle velocity has a high n
10-42 .
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Figure 10-30. Range Profile of Path 2b

payofl against even moderately maneuvering tar-
gets. However this interrelates with rate of fire
and caliber and all design tradeoffs must be
considered in choosing the preferred set of
weapon design parameters.

. At short ranges, the weapons rank in the order of

rate of fire x probability of a targe: kill, given a
hit, if muzzle velocity is held constant.

. No simulation results were obtained indicating

that anfular dispersions in excess of 5 mils were
desirable. In those cases where programming
errors caused faulty prediction, angular disper-

10-43

sion optimized at much higher values, but were
always associated with low kill probabilities.

e. In order for a system to maintain effectiveness
after loss of one or more sensors, the data
smoothing time must be about equal to the time
of desired blind or partially disabled operation.
Variable smoothing time is expected to improve
the effectiveness of this alternate mode.

Regarding the simulation results, it appears that
much can be accomplished to develop scaling relations,
which allow a given set of results 10 be extended to
other sets of parameters. This can economize computer
running costs, and more important, it allows a large
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Table X-18. Burst Kill Probabilities With Linear Predictor and 3600 F/S Muzzle Velocity

25MM IMM
Path 1 Path 2 Path } Path 2
Time 4 b a b a b a b
5.0 00 00 00 00 00 00 .00 00
6.0 00 00 00 .00 .00 00 .00 00
7.0 .00 .00 02 00 .0t 00 07 00
8.0 01 .00 00 .00 04 00 02 00
9.0 .01 -00 02 00 02 00 09 01
100 02 .00 0 .00 .09 00 .24 0s
i1.0 .00 .02 10 .00 00 0 17 .00
120 .16 02 00 .00 .22 07 01 .00
13.0 .06 .00 00 .00 13 .00 00 .00
14.0 .00 .00 .00 .00 .00 .00 00 .00
20871-556
Tabie X-19. Burst Kill Probabilities With Linesr Predictor and 5000 F/S Muzzle Velocity
25MM 37MM
Path | Path 2 Path t Path 2
Time ] b 3 b a b 2 b
5.0 .00 .00 0l .00 00 .00 01 00
6.0 .00 .00 .01 .00 01 00 08 .00
7.0 .01 .00 06 00 08 00 08 00
8.0 04 .00 04 .00 .08 02 13 00
9.0 .03 00 40 .00 07 00 19 02
10.0 10 .00 .28 .00 A2 .03 44 .03
11.0 .01 02 14 .00 04 04 .20 .00
12.0 10 .07 02 .00 .20 13 03 00
13.0 12 .00 .00 .00 16 00 .00 00
14.0 00 00 00 00 00 00 00 00
20871-557
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Table X-20. Effect of Prediction Mode on Burst Kill Probability l
Defense of
Time Tangential Linear Quadratic Known Point l '
5.0 .03 .00 .00 .06 l )
6.0 o 00 00 06 :
7.0 01 02 00 06 "
8.0 05 . .00 .01 .03 ]
9.0 .04 02 02 .03 *2
10.0 10 01 04 05 ' E
11.0 02 .10 01 03 ,
12.0 .01 .00 .00 .00
13.0 .00 .00 .00 .00 !
14.0 .00 .00 .00 00 .
L PATH 25,25 mm GUN, Vo = 3,600 /S ! .
20871.558A
i
'
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Table X-21. Jink Effects on Burst Kill Probability
. ! Prediction Modes
E T Tial Linear Defense of
‘ angentia ' Known Point
: Fire Path Path Path Path Path Path
; Time 2 2% 2 2c 2a 2
) l 5.0 03 01 00 00 06 05
6.0 01 08 .00 00 06 07
’ 1.0 0 .06 02 .00 06 10
8.0 08 .08 .00 00 03 14
! 9.0 04 08 02 00 03 12
10.0 10 09 0} 02 08 15
: 1.0 02 08 .10 18 03 09
l 120 o .00 00 0 00 .00
‘ 13.0 00 .00 .00 00 00 .00
- ‘ 14.0 .00 .00 00 .00 00 00
r
' 20871-559
number of simulation resuits to be concisely summa- This is a middle ground between simple analytic
rized in terms of combinations of parameters for approximations and rather detailed simrlation results,
easier comprehension. and it can be developed to provide a tool which is
superior to cither analysis or simulation alone.
M
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SECTION 11
SUPPORTING ANALYTIC TECHNIQUES

This section reports some of the analyses done to
complement the simulation effort. An object of a part
of this effort was to develop a deterministic mode for
the simulation as opposed 1o the present Monte Carlo
mode. Limited time did not allow this objective to be
achieved. It seems probable that uniess drastic simpli-
fications are made in the model, such a mode would
require ahout the same amount of computer time as
the present formulation. On the other hand, there
seems to be considerable potential in devising simple
analytic models which match the simulation results
over a limited range of situations. N

11.1 ANALYTIC EXPRESSIONS FOR BURST
AND ENGAGEMENT KiLL PROBASBILITY

It has been found helpful to have simple approxi-
mate analytic expressions for kill probabilities on some
of the simpler target paths employed in simulation
runs. This provides insight as to how the generated kill
probabilities are likely to change with parametric vari-
ations, and serves as a gross check on the simulation
program.

Some cf these results are developed in this section.
They are presented for unacceleraied target paths, but
can be extended in a straightforward fashion to con-
stant acceleration paths.

Referring to Figures 10-3, 10-4, and 10-$ of Section
10, it will be observed that in spite of the many
parameters and functions processed in the simulation,
the results can be summarized in simple form over a
wide range of parameter variation. This suggests that a
few parameters dominate the results, and give some
advance confidence in the feasibility of obtaining ade-
quate analytic approximations for the simpler situa-
tions.

11.1.1 Genersl Formulstion

On a specific course, su:rposc that single shot proba-
bility has been determined as a function of time. There
is no restriction at this point on whether successive
rounds are cor are not correlated. If firing is conducted
at a constant rate » over a time T, the expected number
of hits is

T
E= vf p(t) dt ((IR))
(8]
and the probability that the target susvives is
¢ =¢E (11.2)

In the most general case, one would average ¢ over a

large number of samples of path, which properly
accounts for serial correlation of aim, provided that
‘aim wander’ is correctly expressed and averaged.

Single shot probability can also be expressed as a
function of slant range instead of time, in which case

E=vf

D

Dp2

[p(Dp)/Dp] dDy, 11.3)

pl

and we are performing the integration in terms of
‘target time’ rather than ‘trigger time’ so that the
doppler effect of projectile arrival at the target is
properly included.

If range passes through a minimum and then in-
creases, the above integral is divided into two parts, up
to midpoint (D) and past midpoint.

11.1.2 Straight Line Path Expressions

Suppose that the path is a straight line, 5o that we

can change the variable of integration to distance

along the flight path measured from midpoint. This
distance, x, is

2 2 2
xp° ® Dy°-Ppy (11.4)
Now
dxp/dt = -Vl +(dtp/dt)] (11.5)
where
V = target velocity and tP = time of flight.
Also
dlp/d‘ = (de/dl)/vr (11.6)
where
v, = projectile velocity at Dp' Then
] - . - -1
(D, = -Dy/(x,V) - (v) (11.7)
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and the expression for E becomes Performing the integration .
112
DI:’l E= w’ unt {x ——-ﬁz—-— ;
Efv = [ Dyl oV HPR)MD, vi2o?a?e 207D 2 "2 Pla?vadtp 2 '
m 1
(t11.12)
or V)] (D )4D 1
] yfxgvil DD,
dmn
and il the target vulnerable area is very small com-
Doy pared with the dispersion pattern at closest approach
+f 7 HDYiv] ¢ (118)  sotha 1
Dp2 3

a? <<202D 2 (11.13)

The third term accounts for the doppier =flfect on
projectile arrival time at the target. If the system fires
through midpoint and the first 'nd last rounds reach E = (val 8)/(VD, 02):0 = tan"! x

/D

the target at D, = D,,, the doppler term vanishes, and pm |
(11.14)
Dpl 19
E =@V L (Dyix) PD) Dy (11.9) ‘
m The angle @ is the angle swept out by the gun while
firing up to midpoint. It has a maximum value of (w/
2).
11.1.3 Some Specisl Cases in Closed Forn: 1
The integral can be evaluated in closed form Jor a '
number of special, but interesting cases. For example. This expression can be used to obtain the measure of
ascume that the system has a constant angular variance ‘Kill-seconds’ used in AFAADS-I. ‘Kill-seconds’ was
of prediction error. o and that successive rounds can there defined as the simple summation of single shot
be considered to be uncorrelated. Then kill probability taken at unit intervals, over a long : {

firing pass. One of the simulation results was for zero
tracking error and the following numerical parameters

p(D,) * a2/@2+2 08 DPZ) (11.10) a = 1.0 meter
V = 310 meters/sec
where H = 250 meters altitude

A, " nat R. = 200 meters

o = 4mils

1

In terms of x,, Setting v = 1.0 in Equation (11.12) and computing

E. one obtains (on a six-inch slide rule)
Xpi E = 0.85 (kill-scconds)
E= @MV plpDy -ty (1111
[

The simulation results was
E = 0.8632 (kill-seconds)

11-2
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11.1.4 Eflipsoidal Target

We can extend the above computallon 10 the case of
an elhpsondal target, with area A, = m a’ head on, and
A, = w a} side on. Then:

= (a2 2/p 2 2p 2p?
= (3¢ Xp IDP )+(as Drn /Dp ) (1.198)
Assuming that the target is small compared with the

shot pattern to keep the algebra within bounds, and
performing the integration. we find that

E = {3 -afz) sin 6 cos 6 +(as2#af2) 0]

2V02D
(11.16)

anc so if we fire the whole course we get the same
result as before if we replace the ellipsoidal target by a
circular target with area equal 1o the mean of the front
and side areas of the ellipsoidal target.

11.1.5 Hits on the Wing

The integral can also be evaluated to include the
wing, assuming that the projected wing dimensions are
small compared with the shot pattern. Represem the
wing as a horizontal flat plate of area A, = a.”. The
projection of the wing onto a plane perpendicular to
the trajectory will have a projected area

ALHID, (1.17)

where:

H = target altitude, assumed constant. The result

of the integration for the wing alone is
E = (va,2Hsin0)/(Vo?D, 2 (11.18)

11.1.68 Improved Function for Single Shot
Probability

The single shot probability function can be further
detailed by considering the component of prediction
error resuling from tracking noise and allowing both
the target and the error probability density functions
to be elliptical. Using a coordinate system along and
rerpendiculnr to the target path in a plane perpendicu-
ar to the trajectory (which is assumed straight in this
approximation):

 }
II.V
=

P
» 3 1712

2
!

12
ts,2 + 20,00 + 20,2 10,20 o010 20,

(11.19)

11-3

The variances of prediction error can be partitioned
into components which are constant during a burst, but
random across bursts, and components which can be
considered random between rounds. From the indica-
tions of Figure 10-4, one would not go far wrong in
assuming that for bursts of more than one second
duration and linear prediction, the bizs component is
negligible.

The prediction error variances can be approximately
detailed as

2 .

% %2 *%2 lt,,‘r(T,/l)l2 (11.20)

Where o, is the variance of present position error,
and o, is the resulting variance of velocity error. o,
can be obtained from o, and T, from the filter coeffi-
cients, or graphs such as those presented for least
squares finite memory filters in AFAADS-I.

The resulting expression does not integrate easily,
but a workablke expedient is to expand p,, as a series in
X,. As an example, consider the case of a circular
target, ‘circular’ round to round dispersion, but track-
ing error variances which differ in the two coordinates.
Then the denominator of p,, can be expanded as a
series in y, where y = x,/Dn.. One then obtains,
retaining terms up to

E =M ——dL—z- (1.21)
A + By +Cy
and for a long pass course
£ = 2M/Q'/2 an! (Q!/?/B) (11.22)

where M,A,B,C contain various combinations of pa-
rameters as determined by the expansion, and
Q = 4AC-B? (11.23)

For one of the AFAADS-I simulation runs, the
previously gwen numerical values were used, and in

addition, o’ = 25 meters’ and o’ = 0.36 meters,
with T, = 0.40 suconds.

A slide rule computation for E withy = 1.0 gave
E= 008

and the simulation result gave
E = 009t001l]

The slide rule computation was done using a con-
stant average projectile velocity. However the variation
of time of flight with range could have been included
in the series development, and might have improved
the agreement.
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Time has not permitted the comparison of this
approximate mcthod against the more complex model-
ling of the present simulation, but useful agreement is
expected.

11.1.7 Computation of Burst Kill Probability
including Aim Wander

The remarkable simulation resuits displayed in Fig-
ures 10-3 and 10-4 suggest that for the system and
noise parameters and algorithms represented in those
results, single shot probability at any point in the
defense volume can be written simply as:

Py = f(D.X) e AY (11.24)

where f(D.x) is a term depending on the target posi-
tion at the instant the projectile reaches it, A is a
constant over the whole defense volume and depends
only on the prediction algorithm, and 'y’ is a variable
which is constant during a burst, and randomly distrib-
uted across bursts, with a circular, normal probability
density function and unit linear variance.

Then at least for the case of a one-second burst, the
target survival probability is, averaged over y,

o
o= f e'E’-)‘y &KeY);E = nf;n = number of rounds
()

(11.25)

If this computation, f(Dx.x) would be computed from
an expression such as Equation (11.19).

Equation (11.25) can be expressed in terms of the
Incomplete Gamma Function. However, for integer
values of w4 ~ /A, it assumes a much simpler form, as
shown by Table XI-1.

These results only apply (o unaccelerated target
paths, and the Jdegree to which the observed constant A
can be assumed to hold if ammunition dispersion, for
example, is varied from the 3 mils used in the refer-
enced simulation set, is not yet known. However, by
comparing E, computed from an expression such as
Equation (11.19) against the value which fits the
curves of Figure 10-5, one can determine how much of
the complexity of the simulation contributes only sec.
ond order effects.

One can also compute an estimate of A directly from
the noise autocorrelation and the prediction algorithms
using Tappert’s method. If this agrees with the value
obtained from the simulation, the analytic method can
be used to estimate the effect of parametric variations
in advance of simulation runs, including various bias
errors und other dispersion values.

Table XiI-1. Solutions for Burst Kill Probability

Patameter
Case A I ¢
Acbitrary g | A xt uEH y@.p
B
-1 Y |~;’/11e'E
Integer 4 A g
M

<
-tek) et
2] 2 SRALLAZL AN
[ %12 ]
v ] et
t

<< A !

2432
chen, 17
21402 (1420

|

20871-560

Il agreement with the simulation is still obtained at
this level, the effect of those target mancuvers which
can be expressed as a constant target acceleration
during the smoothing time and the burst length, can be
handled analytically.

In the case of an unaccelerated target, one would
expect the effecive value of A, as observed on the
simulation to reduce to zero as the burst length is
increased to several seconds, and this should be deter-
mined by additional simulation runs.

11.1.8 Summesry

Once it has been debugged, the simulation provides
a fairly authoritative representation of the interactive
effects of all of the time varying parameters of the
antiaircralt predicted fire problem. It has the unique
advantage of operating with irregular target paths
which are impossible to work in a reasonable amount
of time analytically. However, there are many advan-
tages in having an independent analytic confirmation
of the simulation results against simple target paths,
not the least of which is that the parametnic interac-
tions are more iransparent in an analylic formulation.

It should also be noted that the relatively minor
effect of aim wander in the simulation results was the
result of the excellent radar tracking characteristics
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assumed. One would expect qualitatively different re-
sults with an accurate simulaticn of manual tracking.

11.2 COMPUTER GENERATION OF NOISE
SEQUENCE WITH SPECIFIED
AUTOCOVARIANCE

The general problem is that of reJ:reseming a con-
tinuous system (linear) with both- deterministic and
stochastic inputs by a discrete model. Satisfactory
representation can usually be obtained by taking the
sampling interval small enough; here we consider what
is involved in using a large sampling interval (com-
pared with some of the system time constants) and
atlempting 10 obtain an accurale representation of
system performance only at the sample points.

The low frequency response of the system as it
responds (o the deterministic pact of the inpu: is
obtained in terms of the derivatives of the input,
which for the present problems are known und will
not be discussed here.

In the case of the stochastic component, input noise
is preferably represented as the output of a linear
system with time varying coefficients excited by an
uncotrelated random sequence (normal) with unit vari-
ance. The state space differential equations are then to
be replaced by difference equations and the original
noise sequence by a modified noise sequence such that
the system variance matrix at the sampled intervals for
the discrete model is identicai with the result obtained
by sampling the variance matrix of the continuous
system.

Except for a singie output variable with simple
exponential correlation the exact result is complex, and
probably requires more computations than simply re-
ducing the sampling interval. Probaoly for this reason
the methodology i not prominent in the literature. It is
nevertheless outlined in the following paragraphs.

11.2.1 Problem Formulstion

The ?roblcm was probably first defined by M.S.
Bartlett, who was considering the problem of specifi-
cation of continuous time series by their autocorrela-
tion functions, when the autocorrelation functions are
computed (as is usual) from samples of the basic
process.

The special case he examined was that of a system
with autocorrelation

My liaS
Hae l'l-lle 2

p(s) = (11.26)

Ha -1y

and its differential equation form, resulting from the
Langevin equation

X+ax+bx = I,

Bartlett posed the problem of specifying : difference
equation and its differential equation form, resulting from
the Langevin equation

x(1+2h) + Ax(t+h) + Bx(t) = J(t,h) (11.27)

which would have the same autocorrelation, and he
showed how 10 obtain the coefficients and J.

Further comments on Bartleu’s paper are given in
Jenkins and Watts? Krut'ko® discusses the general
problem but it is not clear to this writer that his
method is correct (i.e., exact) except for the simplest
case.

Both Mehra’ and Jazwinski® provide a straightfor-
ward method of obtaining the desired result, and it is
their method which is outlined in this paper. Their
method allows the computation to be performed for
time varying sysiems; for simplicity only linear non-
time varying systems are considered here.

We note, en passant, an ingenious and different way
of generating an error sequence with a specified auto-
correlation, by Dziwak.?

11.2.2 General Solution
The continuous process is defined by

dX s FXdt+Gdg (11.28)

where X is an n vector, F is an n x n matrix, G is an n
x r matrix and 8 is an r-veclor Brownian motion
process with:

<dpdpT> = Qs (11.29)

The general solution allows F, G and Q to be time
varying., here we assume that they are constant for
simplicity.

If X(v) is sampled at intervals A, the sample se-
quence can be described as generated by the difference
equations

X(+1) = @ (j#1 ) XG)+ w(i+)  (11.30)
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where the state transition matrix ® (j+ 1)) is obtained
as the soluton of

do/dt = FO :4(0) = | (11.31)
and®is ¢ (5).
Then the sequence w(j+1) is obtained from
A
w(jt1) =/ & (s)G(s) dB (11.32)
°
and

A
<wijrly w(+)T> = f D (s)G()Q(s)G T(s) #T(s) ds
Q

(11.33)

11.2.3 Example
The transfer function of the system of interest is:

xo(t)
xa(t) = (a +ﬁ)(l +1T5)

(11.34)

Where xo(1) is loosely specified as ‘white noise’ with
bandwidth greatly exceeding that of the system, and
specified intensity N°.

This expression can be rewritten in the stai2 space
form.

Tlxl +Xl = Xo

T2X2 + Xz b Xl (11.3%
Xl ﬂl 0 xl dl 0 Xo
= +
X tiy a5{1x, 0 01 {0
(1i.36)

where
al L4 l/Tl. 82 < I/Tz

Solving
o0 %2 | O {|% 9

= 'w0)=|
%1 %21 122 oy %21 922

(11.37)

0 11.38
apl 199

ed)8
o) [e” 1388

1 0
In the general expressions take Q = 1,G = Na, [ ]

0 0
(11.39)
Write: .
A(s) 0
$(s) = (11.40)
A(s)-B(s) B(s)
Then:

v s -3 (A]? Ais)[Atsr Bisl)
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< [wl(j + l)]2 > = Nzal2 s

<wi+ 1) wali + D> = N2a2 (g, - qup)

N2 2 (g, - 2q5p + ap)

< fwyli+ D)% >
(11.42)
To shorten the notation set

NZa, = o2 (11.43)

Since <wi(j+ Dw(G+l+m> = 0. m=# 0, we
can gencrate w; as

W!U’ l) Cll Clz nl(j* l)

vt D] Lea <

nyi + 1)
(11.44)

where n.(j) are zero mean, unit variance, uncorrelated
sequences and the preceding expressions allow the ¢, 1o
be solved in termns of the q. Since there are only three
constraints, any one of the ¢, can be taken as zero; it is
convenient to set¢,, = 0.

The desired discrete algorithm is then

x1G+1) A(4) 0 x, ()

xali + 1) A(8) - B(a) B(3) x5()

Wl(j +1)
+ (11.45)
waolj + 1)

This generstes both x; and x, at the sample points.

We are really only interested in x,. Eliminating x, from
the above expressions, i.e.,

)G+ 1) = A X G)+w G+ 1)
xoi+ 1) = [A@ -B@)] x()
+B(A) x9() + w4 + 1)
(11.46)
we obtain:
%2+ 2)-(A+B)xo(+ 1) + ABx5() = wa(j+2)
“Aws(jt1)
+(A-B)w G+1)

(11.47)

The noise sequence on the right, as long as we are
only interested in x,, can be simplified. As developed, it
depends on two independent unit random sequences n,
and n;. Let it be replaced by

() =bnG+D+bnG+ 1) (1148)

and match the autocovariance of the v sequence to that
derived from the w sequence.

The values of b, and b, have been worked through
but the process is tedious. The final expressions are
complex, compared with the easy case of a single
exponential term in the autocorrelation, on the other
hand they have, as might be expected, a considerable
amount of symmetry which somewhat ameliorates
their complexity.

11.2.4 Comments

In general, we will be interested in more complex
systems than that defined by the above example, which
is only one sicp above the simple exponential in com-
plexity. The closed form solution then becomes unman-
ageable, unless one makes a hobby of it. For a time
varying system the state transition matrix is less likely
1o be obtainable in closed form.




The point of Mehra's paper, however, is that if one
is using a computer, one may as well use the computer
to cvaluate the various integrals numerically, and if
one does this the algebra vanishes and one is only
concerned with the computer time. It is an open ques-
tion whether this is more economical of computer time
than simply obtaining a good approximation to the
continuous process by closing the sampling interval.

At any rate, the simulation designer may remain
aware of e fact that he may consider the Mehra-
Jazwinski (Kalman) method as an option to small
sampling interval in designing his simulation.

11.3 INTEGRATION OF KiLL PROSABILITY WITH
STATE SPACE FORMULATICN OF SYSTEM DY-
NAMICS

Almost all of the published work on optimum flters,
including Kalman filters is based on minimizing the
variance of system error, or some other quadratic
function. The criterion: probability of killing a target
with 2 *  ° »f n rounds distributed over a time T,
canno astructec Sy linear operations on the
variance .he system, and minimizing the variance
of prediction 2rror does not necessarily maximize the
probability of killing the target.

The state space formulation of the system dynamics
does allow the computation of the probability density
function of system prediction error as it evolves with
time. In most filter work only the mean and variance
as a function of time are required, hence, the fact that
the probability density function is also available is
rarely used.

The missing step, therefore, is the combination of
the probability density function of prediction error
with probability of killing the target given prediction
error, and the computation of target kill (or survival)
probability as a function of the number of rounds
fired.

This note provides an introduction to the formula-
tion of the problem, explicitly including the target kill
probability.

11.3.1 Approsch

For this note we begin with the assumption that we
have obtained a satisfactory discrete representation of
the system dynamics, and that the representation is, in
conventional state space notation, as indicated in
Equation (11.49). The system can be time-varying, and
the amount of detail in the representation, including
both internal and externs! error sources is limited only
by the size of the matrices we are willing to
manipulate.

How 1o get from a particular system description to
Equation (11.49) is well covered 1n the literawre and

will not be discussed here. Of particular interest is the
fact that the state space formulation allows the joint
probability density function for the aim points of n
rounds to be computed simply.

In the following development, which is for the pur-
pose of structuring the analysis, it is assumed that the
sysiem difference equations are based on an interval
between points exactly equal to the interval between
rounds. The extension to other firing rates is a minor
problem.

11.3.2 Deterministic Solution

Write the difference equations for the system as used
on the simulation in the state space as:’

x(k + 1) = &(k)x(k) + ['(k) w(k) (11.49)

where the x(k) are column vectors. ®(k) describes the
system dynamics and T'(k) describes the way in which
white noise enters the system. If noise at any point of
entry is non-white an additional expression is adjoined
to the system equations to generate the desired
autocorrelation.

This discussion concerns only the ‘non-deterministic’

errors, hence:

<wk)> = 0 (11.50)

Noise variances at the various poimﬁ of system entry
are defined by

<w(k) w(i)T > = N(K);k = j
= 0 ;k #*¥)

(11.51)

Define:

M = (k) Nk T(k) (11.52)

Then the transition density function pix(k+1)(x(x)] is 7
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where
x(k+1) = @ (k)x(k) + xs(k+l) ; (11.54)

where x_ is the deterministic part of the systematic error
obtained elsewhere in the simulation.

Let:

q(x(k)} = the target survival probability if a round
is fired at the k’th instant, with x(k) given

Then the survival probability if n equally spaced
rounds are fired

is, given the x(k)
n
m qx(k)] (11.55)
k=

We need to average this over all x(k) to obtain Q the
average probability that the target survives all rounds.

Because tt‘:e siate space formulation has structured
the problem as a Markov process, the joint probability
density of the x(k) is

plstob st b xtn-28 = pltnbinin- b pisto-10ixin-2)] - - plxtnf
(11 .56)
Jlld\l!
30[ n
Q -f J 1 GIxGHeIxGHRG I I pistI ) 11 dutk)
‘o a2 ko)
(1157

This is the desired survival probability. The probiecm
now is to arrange an efficient method of computing Q.

There are two obvious difficulties to circumvent:
(1) we want to avoid requiring the computer 10 per-
form n integrations between infinite limits, and (2) as
will be seen later, a slrai§htforward integration of Q
for n rounds would have n‘ terms.

The computation can be put into a recursive form by
defining’

11-9

fix(k+1)] = [ PIx(k+1)Ix(K)] T[x(K)] q[x(k)] dx,
(11.58)
where
fx(1)] = p[x(1))
Then
QW = [ ixlalx() dxk)  (1159)
or, alternately
Q(k) =/ f{x(k+1)] dx(k+1) (11.60)

This simplifies the notation. but does not appear to
reduce either of the two difficulties noted above. For
example. since

o0

f pIx(k+1)|x(k)] dx(k+1) = 1.0 (11.61)

-0

o0
QM = QD) - ixclp, x00] dxo
Pglx(k)} = 1-q[xk)) (11.62)

but we must still determine the {x(k)}.

One obvious line of approach is 1o take the Fourier
transform of both sides of Equation (11.58). It may be
preferable to multiply both sides by q{x(k + 1)} before
doing this. This line has not been completely worked
through to determine whether it simplifies the required
computations.

Another possibility is to return to Equation (11.57),
insert the complete joint pdf for the n rounds and see
what can be done about expressing the result of the
integration as a convergent series. The fact that the
inverse of the moment matrix will have terms only on
the principal and two adjacent diagonals may simplify
this process.

It may be noted that Darling' abandoned the dif-
ference equation approach in 1949 upon reaching the
equivalent of Equation (11.58) and converted his ex-
pressions to partial differential equations. This may
still be the bes: way 10 get at a computable solution.
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3 11.3.3 Comments

The principal interest of this approach is that it joins
the state space system formulation with the value

- function representing target kill probability in a man-

® ner which allows the problem to be integrated with the
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rapidly developing techniques of state space analysis.
From a practical point of view, the theoretical develop-
ment is not required, since one can always resort to
simulation. However, the problem is one of long stand-
ing, and deserves a place in the field of research
mathematics.

11-10
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SECTION 12
COST CONSIDERATIONS

This section provides an overview of costs for anti-
aircraft gun systems and related equipment, based on
open source information.

12.1 INTRODUCTION

If antiaircraft guns have a place in the defense
arsenal, one of the reasons must be that throughout an
important defense volume they provide effectiveness

" equal 10 that which can be furnished by guided mis-

siles, but at substantially lower cost.

In theory. at any rate, a missile system can do
anything a gun system can do if one is willing to pay
the price. However, guns have certain intrinsic advan-
tages over missiles with regard to reliability, ease of
maintenance, ammunition cost and overall logistic
support costs. These advantages tend to become sub-
merged in the cost of the surveillance and tracking
sensors which are common to both types of systems,
but can be capitalized on by careful design.

In the area of development costs, a new antiaircraft
gun defense system can be realized at a fraction of the
development cost of a new air defense missile system.

It is not the purpose of this report to compare
guided missile and antiaircraft gun systems other than
to note that a single missile may cost from about
$6000 (Redeye) to $8500 (Chaparrel) to $10,000 (Ra-
pier). The Hawk, which does a job that can probably
not be matched by guns, costs about $40,000 per
missile. For $5000 to $10,000 one can purchase several
thousands of rounds of gun ammunition, and with
good fire control a gun system might achieve a kill
with several hundred rounds on the average.

12.2 COST DATA ‘BANK'

It is the purpose of this section of the report to
provide background information from which a non-
cost-specialist may obtain an appreciation of the costs
of anmtiaircraft gun systems and their components.
Since information on gun systems is somewhat limited,
the data base has been broadened to include related
items of Army materiel.

The object is simply to give a rough idea of what
things cost. The present writer knows of no convenient,
unclassified handbook serving this purpose for Army
materiel, and it was felt that it would be useful 10
collect in one piace much of the Army cost data that
has appeared in the open literature. Because of limited
time, the data presented has been limited to equipment
unit costs, with a few examples of development cost,
and no information is developed on maintenance and
operational costs.

12-1

The sources of individual entries in the cost tables
are so numerous that they will not be cited individu-
ally. They were given in 1n-process working papers. It
is probable that regardless of the publication or news-
paper clipping in which the present writer found the
data, the original source in almost all cases was the
Army budget and associated Congressional hearings.

Without details of where in a production program
costs are noted, or what spares, test unit, or engineer-
ing change costs are included, the data cannot be
considered to be accurate. The few indications given of
quantity are particularly unreliable. In spite of these
deficiencies, a reasonable amount of consistency wiil be
noted in the price pattern for a particular type of
equipment, particularly in trends across successive
years.

The Army has many extremely compeient profes-
siona) cost analysis groups, who have the advantage of
the official data base, and records. It is suggested that
the data collected here might be of some assistance to a
systems analyst in laying out a request for cost support
from a professional cost analysis group.

12.3 COST ESCALATION

Over many years since World War 11, dollar expend-
itures for research and development in the United
States have increased at a much faster rate than the
rate of increase in the numbers of new graduates in
engineering and related physical sciences.

The consequences in terms of the cost of one techni-
cal man year in research and development are shown
in Figure 12-1 where an index of this parameter is
compared against the Consumer Price Index.'*'*'*
Some of the cost rise is, of course, associated with
more sophisticated technology and the problems in
fielding advanced weapon systems. But it is 2{so possi-
ble that some of the increase is associated with the fact
that the deeper one reaches into the technical man-
power barrel, the lower the average productivity per
man becomes.

If there is more work which must be done than there
are skilled and experienced people, these problems are
probably inevitable. The current slowdown in growth
of R&D expenditures might reasonably be expected to
improve the efficiency of those technical personnel
employed, and reduce the cost escalation rate. It is
noted, however, that the starting salaries of new engi-
neering graduates who obtain employment continue to
increase, and might be expected at least to parallel the
price index growth.

There is no reason to believe that the rate of infla-
tion will ever become zero regardless of which of the
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Figure 12-1. Comparison of Indices of R&D Cost and Consumer Prices

present schools of economists influence government
policy. Ever since Keynes discovered that one can
transform a ‘hunting’ closed loop economic system to
one that does not oscillate as badly but diverges ex
nentially as it runs ‘open loop’, no economist has
succeeded in demonsiraling how to obtain siability
without divergence.

In the data presented later, no correction has been
made to a ‘constant dollar’: that most mythical of all
concepts.

12.2

12.4 UNIT COSTS8 AND DEVELOPMENT COSTS
OF ANTIAIRCRAFT GUN SYSTEMS

Ordnance costs have not escalated by any means as
rapidly as the costs of military aircraft. In World War
II, 38 heavy antiaircraft batteries and 73 searchiight
companies cost the British 3.5 million pounds (about
8.4 million dollars). Assuming four guns to a hattery
this works out as about $55,000 per gun with fire
control and searchlight support.

It was reported in 1958 that the US. World War 11
90-mm antiaircraft battalion, including fire control
and installation, cost about $7.2 million and that to
replace it with the Nike Ajax missile battalion would
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cost $17 million. No Ffurther breakout of costs was
provided, but the total probably included support vehi-
cles and all other equipment.

Available cost estimates for a few more modern
antiaircraf* gun fire units are listed in Table XII-1 for
towed weapons, and for self propelled weapons. Since
vehicles cost less per pound than armament systems,
the self-propelled fire units show a lower cost per
pound than do the towed versions. This is also appar-
ent in the field artillery weapons tables given later.

With regard to development costs, it was reporied in
a presentation to the Congress on projects terminated
without production, that the Sperry Gyroscope Co.
received $26.6 million through 1961 for the develop-
ment of the 37-mm Gatling Gun Vigilante, including
delivery of several prototypes.

The Vulcan program, including weapon, and the two
antiaircraft fire unit types had received about $18.5
million for RDT&E through 1970. Fire control devel-
opment in this program was small compared with that
involved in Vigilante.

The Navy Close-in Weapon System (CIWS, PHA-
LANX) is a gun system which may use a Vulcan gun,
and incorporates a fire control system emrloying cor-
rections based on projectile tracking, and alleged to use
two radars. From budget reports RDT&E planned

through FY 1973 totals about $35 million. With no
other information, and noting that the FY 73 estimate
was lower than that for FY 72, an uninformed esti-
mate might be made of about $50 million RDT&E for
this program.

Comparing the reported planned procurement dollar
and quantity estimates by year, a very rough estimate
of cost per system works out at $800,000 to $900,000.
Considering that the system will be bolted to the ship's
deck, saving mobility costs, but employs sophisticated
radars and fire control, this estimate seems consistent
with the indications of the systems costs in Table XII-
1.

12.5 AUTOMATIC WEAPONS AND MACHINE
GUNS

A rough idea of development costs currently associ-
ated with new automatic weapons can be obtained
from Table XlI-2 which shows some of the reported
funding for improved aircraft gun systems, and for
Bushmaster. Note that about $20 million is associated
with caseless ammunition development for the GAU-
1/A.

Co:zt data for Gatling-type guns from various
sources are assembled in Table XII-3. The cost history
of the AN-M2 World War II' automatic weapon for

" aircraft is summarized in Table XII-4 10 show how

Table Xil-1. Cost of Antiaircratt Gun Systems

Weight ' Cost Cost/Pound
Calibes Model (b) (dollars) Quantity Year ($/1b)
75-mm Skysweeper 20,000 313,000 1954 15.50
«0-mm Vulcan XM167 3,150 $2.000 78 1968 16.50
90,000 120 1968 25.50
'§ 190,000 N 1972 61.50
o
= 2x20 mm Rheinmetall 3,200 (fising) 67.000 1,670 1972 21.00
4,600 (travel) for
1974
delivery
20 mm Vulcan XM167 26,000
Armament system 97.000 90! 1968
209,000 32 1972
% XM-741 Vehicle 56,000 11 1968
E 81,250 32 1972
o Yire Unit 26,000 153,000 I 1968 15.90
] 290.000 3 1972 11.00
2x 35 mm Oerlikon/Contraves | 80,000 1,100,000 500- 1972 13.80
PF2-B to 1,400,000 600 fot to
1974 17.50
delivery
20871-56)
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Table XlIi-2. Automatic Weapons Development Program Costs

Improved Awrcraft Gun Systems (1AGS)

Estimatod Costs
Caliber Modgel Application (mullion dollars)
25 mm GAU-7/A 18 40 (devclopment)
3s mm GAU-8/A AX 35 (total program. 1000 guns)
Notes: (1) About halt of the GAU-7/A program cost will be devoted to ammunition development and test. Cascless

ammunijtion weighing onc half as much as conventional cased cartnidges will be employed. A shool-out

between GL and Philco-tord is underway.

(2)  GAU-BA will fire aluminum cased ammunition with projectile weight about one pound.

Twn contractors received firm-fined-price contracts for 3 guns cach for a shoot-out at the O K Test Range.

They were

Gt $9.500.000

Philco-l-ord $10.000,000

Vehicte Rapid Fite Wegpon System — Successor (VRI'WS-S): Bushmaster

Caliber Weight Application Estimated Unit Cost Quantity
.20-30 mm 1501bs E ARSY 7.000-15,000 10,000-12,000
MICV-70
Notes: (1)  Thr=e ¢contrzciots 10 deliver two guns 8,800 rounds cach for shoot out.
GE 27 mm)  $1.9 million
AAL(2S mm) $2.1 million
Philco-Ford (23 mm) $1.7 million
(2) Estimated total RDT&L cost $ 40 mihion
Estimgted Initiul Procurement Cost $180 million
20871-562

much cost reduction is achieved in very large quantity
production.

To broaden the data base, Table XII-5 summarizes
unit costs on machine guns ranging from World War 1
weapons to current designs. The relatively high cost of
the M73 may be associated with a variable rate
capability.

Note that in 1931 one could buy a whole Darne
machine gun for $28.”7

12-4

12.6 RIFLES, CARBINES AND MUSKETS

Rifles have an antiaircraft role, but the principal
observation to be made with regard to Tables XIl-6
and XII-7 is the relatively small increase in rifle cost
over & very long time base, even before an atlempt is
made to normalize prices for the changing value of the
dollar. A factor of less than 3.0 from the Civil War
sirgle shot Sharps to the modern M 16 is remarkable.

Note the effect of technology on cost of Civi: War
weapons.'*!! There was an increase in cost by a factor
of four in the transition from smoothbore muzzle
loaders 10 rifled breechloaders. The obstinacy of the
Union Ordnance Chief in resisting the transition has

'
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Tsble Xil-3. Cost ot Gatling Guns

Weight Cost Co:t/Pound
Caliber Model (1bs) (dollars) Quantity Year ($/1b) -
20 mm 6-bbl Vulcan M61 268 18,460 65 1968 100 =
Mé1A1 258 9.900 498 1968 390
yearly average 10,000 200 1968-72 390 )
Barrels for M61A1 18 96 1458 1968 5.30 N
SUU-23 pods for M61A1 1500 26,500 117 1968 18 -
including all components
except gun
XM-35 Helicopter 27,000 351 1968
Installation
7.62 mm Minigun Pod 35/gun 20,400 1966
22 GAU-2B/A guns
058" Original Gatling Gun 1863
General Benjamin F Butler bought 12 Gatling guns complcte
with 12.000 rounds of ammunition for $12.000 and personally
duected theit use in the siege of Petersburg. Visginia. !

been repeatedly detailed in historical accounts which,
however, do not mention that the new weapons would
quadruple the cost of small arms procurement. Possibly
the Chief was influenced by his budget analysts.

12.7 FIELD ARTILLERY

The relevance of data on field artillery is that these
weapons come in towed and self-propelled versions, as
do antiaircraft guns. Making a weapon seif-propelled
substantially increases the unit cost, but the cost per
pound of the vehicle is substantially lower than the
cost per pound of the weapon it carries, so that the cost
per pound of the complete fire unit is lower for self
propelled than for towed weapons. These costs are
shown in Tables X1i-8 10 XII-10.

The cost of field artillery, unlike that of rifies, has
increased substantially with time, and is continuing to
rise. Of course a more interesting comparison would be
to compare the effectiveness growth against the cost
growth, and these would place cost in a proper per-
spective.

12.8 TANKS

20871-563

maintenance and spares stockpiling. The French AMX
series and the German Leopard series are typical.

Since a tank has been the most costly single piece of
materiel in the Army inventory until the advent of the
helicopter, tank costs have been prominent in budget
hearings for half a century.

Tables XII-11 through XII-15 provide more infor-
mation on tank costs than the reader will want, unless
he is a history buff. However the full panorama of tank
cost per pound as sketched in Figure 12-2 as a scatter
diagram indicates only a modest cost growth even
without correcting to constant dollars. From 1950 to
1970, the trend exactly matches that of the consumer
price index in Figure 11-1. The exception is the MBT-
70 which would have represented an economic break-
through, although by the time it came off the produc-
tion line it would not be as great a departure from the
trend.

Scatter of the points in Figure 12-2 would probably
be reduced by correcting for number produced, and
possibly technical differences could be used to explain
some of the residual scatter.

? Present practice is to use a tank chassis as a carrier

iré for a self-propelled antiaircraft fire unit. The more Comparing the cost of a tank with the cost of a self-
applications that can be served by 8 common chassis, propelled antiaircraft gun system, such as the Oerlikon,

- the larger the production run will be, the lower the the incremental cost associated with the antiaircraft

4 unit cost, and the simpler will be the field problem of sensors and fire control becomes clearly apparent.




Table XiI-4. Cost History of the AN-M2 20-mm Cannon

Date Lvents
1937 Hispano Suiza oftered 1ts Birkigt Typc 404 20 mm gun tor $3500 cach, including mount,
magazine. and tools.
1937 The United States bought one gun with 2000 rounds of emmunition. tool kit. magazine.
and mount tor $8.000
1939 Hispano Suiza orfered the gun at $3490 each in a batch of 33.
The United States secured production rights to the weapon. and 1t was produced as the
AN-A2 with the following production cost histony .
1940 1943 Manufacturer Cos« Quantity
First Lot Last Lot
Bendin 1120 458 22,642
Oldsmobile 910 si0 17.010
Int. Harvester 840 465 24.526
Int. Bus. Machines 90S 565 10.500
Note: The gun weighed 110 pounds
20871-S€64A

12.9 ARMORED PERSONNEL CARRIERS

Tracked, armored personnel carriers give the troops
moebility equal to that-of the tanks and seif-propeiled
artillery. In addition, the basic vehicles can be used for
the lighter antiaircraft weapons. Thus the M113 basic
vehicle 13 used both for Vulcan and for Chaparrel.
Table Xi1-16 shows the cost history of Armored Per-
sonnel Carriers, and Table XII-17 lists M113 deriva-
tive vehicles. Note that on a per pound basis these
vehicles are comparable to tanks in cost.

12.10 ARMORED RECONNAISSANCE STOUT
OR AS8AUVLT VEHICLES

The current M114 Armored Scout Vehicle is to be
replaced by the XM800 for which weight and cost
ovjectivcs have been set in an cusicrity plan. There is a
substantial anticipated cost growth, over the M114 but
with greater capability. The M551 Armored Recon-
naissance Airbcrne Assault Vehicle is shov.n in the
same (able, although it has a different missior.. The
Shz;idan has the weapc. effectiveness of a tank. hut
lacks the tank’< armor, in order to achieve airborne
capability. But in spite of sophisticated armement it
works out to about the same cost per pound a; the
projected XMB800. Costs are summarized in Ta Jle %il-
18.

The cost build-up of the Sheridan is shown in Table
X11-19. Note that the basic vehicle constitutes only
about 37% of the total unit cost.

12.11 TRUCKS

Trucks serve as tow vehicles for some towed weap-
ons in an antiaircralt batalion, in addition to being
present in quantity ior general tactical mobility sup-
port. Throughout the sixties, a fair estimate of the cost
of a truck was about $0.50 to $0.75 per pound of
weight empty. The cost per pound has about doubled
for current conventional wheeled vehicles and a some-
what greater increase has been experienced in the casc
of the articulated Gama Goat design. These costs are
summarized in Table XI1-20.

12.92 AMMUNITION COSTS -

In 1898, the Maxim 37-mm Pom-pom fired at 400
rounds per minute, and its ammunition cost six shil-
lings sixpence per round. When shown the gun, the
King of Denmaik said that at thai rate it would
bankrupt nis kingdom in two hours. The Englis! press
multiplied out the rate of fire by cost per round to get
an estimate of £90/minute and said that use of this

weapon would make the cost of war prohibitive. The .

8ritish Government bought the gun.”

In 1939, the German antisircraft gunners fired 4940
rounds of light antiarcraft ammunition per target

12-6
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Table Xi1-5. Cost of Machine Guns

destroyed a1 7.5 Marks per round, or 37,100 Marks per
kill. They fired an average of 3343 rounds of 88-mm
per kill at 80 Marks per round. These costs work out 10
roughly $15,000 per target with hght fiak, and $107.-
000 per target with hem:y flak. A post-war German
writer used these figures'® 1o cite lhc relmve ineffec-
tiveness of antiaircraft, but considering that a B-17
bomber of that era cost $200,000 10 build, one must
conclude that the German Marksmanship was rather
good.

When the war ended, the Germans were still devel-
oping more complicaied designs of sn.iaircraft projec-
tiles which would have greatly increased the cost of

12-7

Weight Cost Cost/Pound
Caliber Model (1bs) (3) Quantity Year (3/)
6.5 mm S.1A. for aircraft 258 320 10,000 1914 12.50
(1talian) in¢! 1S magazines
792 mm Gast (incl spares & 10 drums) 60.0 1.620 3,000 1917 21.00
7.5 mm Darne for aircraft 18.5 28 11,000 1931 1.50
(French)
0.30” MI1919A6 328 188 1945 5.80
0.30" Unident. (may be 0.50) 445 1945
7.62 mm M60 23 1.700 1958 74.00
1.500 4.000 1962 61.00
500 1963 22.00
544 2887 1965 24.0C
495 15,760 1966 21.00
560 31478 1967 24.00
577 15.031 1968 25.00
550 12,056 1970 24.00
670 6.000 197 29.00
Navy buy 850 178 1972 37.00
7.62 mm M73 coax 2.300 1969
3400 882 1970
3400 975 1971
0.50" Unident 80 (7 249 1948 3.10
720 1950
0.50" M38$ §.000 300 1970/71
4,700 1.266 Y0/M
0.223" Mk 23(U. S. Navy) 33(Y) 1.050 ©20 1972
20871-56$

individual rounds, but were hoped to increase their
effectiveness by a greaier proportion.

tive of ammunition costs is provided by
Tablcs X -21 through XI1I-26. Note that for a given
type of ammunition, the cost per pound cdecreases as
caliber increases. Cost per round increases about as
caliber squared.

Very large increases in cost per round ir. a given
caliber are incurred as the complexity of the projectile
design is increased. Thus there is 3 pregressive and
substantial cost increase in going from Ball o HE
APDS to ICM, and, apparently applying rocket assist
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Table XI1-6. Cost of Rifles and Carbines

(RAP) 10 a conventional projectile involves a signifi-
cant cost increase.

In each case, the increase in cost is associated with
an increased capability, of course. The cost of guided
artillery rounds will be much higher, and will probably
enter the domain of missile costs.

Ammunition costs have been noimalized by dividing
in each case by the projectile weight. In the case of
cartridge ammunition and fixed artillery ammunition
it would be preferable to divide by the complete round
weight. This would probably reduce the apl!‘)arem ano-
moly of the M139 ammunition which has a high
muzzle velocity, and probably a proportionately higher
complete round weight.

Costs associated with fuzes of complexity increasing
from simple contact fuzes to proximity types are indi-
cated in Table XI1-27. The cost of a fuze for a guided
missile is many times higher, as might be expected.

12.13 SENSORS

it has not been possible 1o make an extemi& sum-
mary of sensor costs. In this field published or inferred
costs are more likely 1o be widely in error than in the
case of simple items such as trucks, for example.

With this caveat lector, we note some pubiished costs
for infrared and image intensification sights in Table

Weight Cost Cost/Pound
Caliber Model (1bs) % Quantity Year ($/1b)
0.30 Carbine M1AL. 2 5.20 35.50 1945 6.80
64.00 1950 12.30
0.30 Ritle M1 (Gurand) 9.50 35.00 1945 3.70
41.20 1945 4.30
64.00 1950 6.70
94.30 1957 9.90
7.62 mm Rifle M14 8.70 133.00 60.000 1959 15.40
115.00 120.000 1960 13.20
112.00 1963 13.00
120.00 1969 1380
0.30 Browning Awtomatic 19.40 134.00 1945 6.90
Rifle (BAR) M 1918A2 358.00 1950 18.40
$.56 mm Rifle M16 7.4 106.00 600.000 1970 14.00
MI16E! 7.6 107.00 254,000 1971 14.00
(Ais Force buy) 116.00 65.000 1971 14.00
Program Average 128.00 3.200.000 17.00
Final Unit Cost 94.00 1971 12.40
20871-566

X11-28. In Table X1I-29 is shown the published cost
history of the range-only radar for Vulcan.

Available data on laser range finders is summarized
in Table X11-30. The apparent anomaly represented by
the inferred unit cost of the Sheridan range finder is
typical of the uncertainties in this level of data for this
tvpe of equipment.

In a given AN category, radar costs vary widely with
the specific characteristics of each piece of equipment,
and this is scen in Table XI1-31 for shipborne search
radars, and Table X11-32 for land based transporiable
search radcrs. To attempt to normalize the costs
against radar characieristics such as power, /requency,
scan rate, etc., would require the inclusion of classified
information. The obvious difference in the difficulty of
the task assigned the HIPAR as compared with the
FAAR is clearly reflected in the relative costs.

It is noted that the Army Electronics Command has
a comprehensive program on the costing of electronic
equipment which has developed excellent, classified,
cost estimating relationships.”

A rough idea of how radar cost varies with average
wer, and with weight, can be obtained from Figures
12-3 and 12-4, which was developed from published
prices of airborne weather radan for commercial air-

12-8
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Table Xi1-7. Cost of Rifles, Muskets and Carbines

Caliver Weight Cost Cost/Pound

tinches) Model (o) () Quantity Year {$/1b)
5 § 0.69 Prussian 6.80 81652 1862 0.70
i E 0.69 American 10.00 2.181 1862 1.00
- 0.58 Hurpers Ferry 811855 9.50 18.20 22,793 1862 1.90

2
é 2 i 0.58 Springfield 9.90 19.50 671.000 1862 2.00
0.57 Fnfield 8.91 18.40 428.292 1862 2.08
'i 0.52 Sharps (single shot) 8.75 36.00 9.141 1862 4.10

-
é = 052 Spencer (7-shot) 10.00 37.20 124N 1862 3.70
g 0.44 Henry (12-shot} 9.25 36.50 1.731 1862 4.00

20871-567

craft. For this class of equipment, cost increases less
rapidly than average power.

Provision of IFF equipment is a non-negligible cost
component, as is indicated by Table XI11-33.

The cost of simple ‘hot-spot’ infrared tracking de-
vices might be inferred from missile costs. Current
interest in applying FLIR type sensors to antiaircraft
fire units makes the initial cost estimates of the air-
borne FLIR in Tabie X1I-34 of some relevance.

A comprehensive analysis of the cost of military
radio communications equipment was made in 1960
by D. C. Ports et al’ It was indicated that for a set of
that vintage, cost was about proportional to weight (at
an average of about $100 per pound) but that weight,
except for man-portable units, increased only as about
the 1/3 er of transmitted power. The latter rela-
tionship included vehicular radios.

12.14 PRODUCIBILITY VERSUS COST

As noted earlicr, the fact that the ‘value of the
dollar’, or the pound or the mark, or the yen, is an
increasingly free-floating index suggests that some
other measure of the effort required to devzlop and
manufacture weapon systems would be more heiplul is
estimating across a moderate time Lase.

A more stable reference may be the number of man-
hours of effort involved in each case. Manufacturing

12-9

man-hours in particular would seem to be fundamental
in estimating the production rates that could be
achieved with finite national manpower when a rapid
build-up is required.

A piece of equipment that can be economically
manufactured in small quantities at a low rate in times
of low tension may be extremely difficult to produce at
a high rate with fow skill personnel, and this could
result from the inherent characterisitcs of the design.
The experience of the Army in World War Il in
attempting to have the M-4 antiaircraft director manu-
factured by fender-benders at the Ford Motor Com-
pany rather than by a small number of craftsmen at
the Sperry Gyroscope Company is a case in point.

The object of ‘Value ‘Engjneering’ is 0 avoid this
kind of situation, but whether the value engineers have
the leverage to affect the basic design concept is not
known.

A few examples of man-hours to produce o:dnance
equipment from British experience are given below."

In World War 11, the British Admiralty employed
the Oerlikon 20-mm gun which was considered ‘very

(laborate’. The British-designed Polsten was intended

to replace the Gerlikon with a weapon that would be
easier 1o produce. Tabie XII-35 demonstrates the im-
provement achieved.
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Table Xi1-8. Fiold Artillery Costs (Towed. Weapons)

Approximate Cost Cost/Pound
Caliber Model Weight (Ibs) (dollars) Yeat ($/1b)
105 mm M2Al 5000 8,260 1945 1.70
MIOIAL 5300 13,670 1950 2.60
M102 '
v XM204
g
H
= 15 mm Mi 12,800 15,640 1945 1.20
Mi:4Al 12,700 26,410 1950 2.10
XMi9¢
203 mm(8") Ml1S 30.000
é 280 mm 170,000 437,000 1957 2.60
20871-568

Table X1I-36 indicates the number of manufacturing
man-hours required to produce sclected items of Brit-
ish WW-II ordnance, indicating in a few cases, the
reduction achieved over long production runs.

12.18 PERSONNEL COSTS IN MAINTENANCE
AND OPERATIONS

The discussion of maintenance and operations costs
will be limited to the observation, illustrated in Figure
12-5, that the averafe expenditure per man by the
Army for pay and allowances is escalating at least as
rapidly as other cost components, and currently seems
o be achieving a major new breakthrough to hi
levels. The curve was derived simply by dividing the
dollars for pay and allowances in the budget by the
number of military personnel and does not include

12-10

many additional cost elements associated wiih the man
but not with his equipment.

The cost risz i; not expected to slacken until the
Volurteer Army has stabilized.

The effect on weapon system design is to increase the
relative value, on a ‘life cycle’ basis of reducing the
number of men required to operate, service, maintain,
and support a weapon structure, including ali the
personnel in the weapon's slice of the Army from the
operator back to the Pentagon.

High reliability and ease of maintenance are obvious
objectives. but the reduction in number of men to
maintain a given effectiveness level is an Army-wide
problem.
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Table XiI-9. Field Artillery Costs (Self Propelled Weapons)

Approximate Cost Cost/Pound
Caliber Model Weapon Weight (1bs) (dollars) Quantity Year (3/1b)

16 gmidhe

105 mm M7 M2A2 52,000 50,400 1945 1.00

FR

M37 Md¢ 40,000

MS2 §3.000

PEETLECS L SINTIN

TI19S 103,000 275 1959 2.00

115,000 1963 2.30

iy e

M108 50.000

Howitzers
b

158 mm M4 Mi 44,000
T196 62,000 500 1959 1.20

M10% 54,000 115,150 1970/71 2.10

203 mm(8") | M4 M2 83,000

M110 56.000 128,100 1970/71 230

R

Vo e . L . . V. e N .
s m G Wb UAN GER GNE Wb Gub W NN O BeR  PER AR A o
IRV

Vehicle 41,415
only

e

155 mm M40 M2 83,000 3

Unident 140,000 1967 1.70

Guns

178 mm M107 64,000 146,000 115 1960 2.30

Il

Vehicle 41,000
only

Lo

20871-569
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Table XIi-10. Cost of Civil War Artillery

Caliber Gun Waight Cont Gun Cost/ld Carrisge
(inches) Model (lbs) ()] Quantity ($/1b) Cost ($) Quantity
35] 367 6-pounder 884 400 152 0.45 312 1551
g" .62 12-pounder 1787 $70 127 0.32
g
2.
‘g 3| 462 12-pounder 188 385 73 0.49 348 686
w§ $.82 24-pounder 1318 428 S8 0.32
6-pounder 440 28
(bronie)
. e 12-pounder 875 689 10 0.78
g {ronze)
5 2.6 6-pounder 600 a0 25 0.73
Wiard (steel)
10 10-pounder 790 720 20 091
Wiard (steel)
3.0 10-pounder 890 208 587 0.23
E 3.67 20-pounder 1150 39 138 0.22
;{ 420 | 30pounder 4200 587 192 0.13
% | 640 | 100-pounder 9700 1304 237 0.13 670 248
E 800 | 200-poundes 16,300 2244 90 0.14 794 88
10.00 | 300-pounder 26,500 4937 40 0.19 1656 1
20871-570
12-12
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Table XII-11

. Cost of U.S. Tenks (Under 50,000 Ibs)

Py _.ﬁMJ

Weight Cost Cost/Pound R |
Model (Ibs) (3) Year (3/1b) i
£ 1
M24 38,000 39.640 1945 1.00 !
T4 26.000 () 126.030 1950 4.90 ;
MG 46,000 94.420 1959 2.08 B
20871-571 B
o
Table XHi-12. Cost of U.S. Tanks {Over 50,000 Ibs) oy
Weight Cost Cost/Pound :
Model (1bs) ) Quantity Year ($/1b) 4
M4 67.300 54.836 1945 0.80
M26 86,000 81,324 1945 0.95 |
Mé6 98.000 197.427 1950 2.08 |
M47 88,000 240,000 1952 2.70
Mas 100.000 120,000 600 1956 1.20
133.000 1957/59 1.33
109,142 1959 1.24 ?
M48A1,2 115,038 1959 L1s
XM60 102,000 138,000 180 1959 1.30 3
M60 108,000 162.400 1963 1.50 i
203,780 507 1967 1.90 % ‘
M60A 1 225,330 300 1970 210 i
M6OA1E2 275,000 1970 2.45 %
MBT 80,000 $00,000 1967 6.20 4
(est) a
MBT-70 880,000 1970 11.00 €
(est) ¥
XM803 620,600 3000 1970 1.80 !
(est) 2
649,000 1971 8.00 ;
(est)
20871-872 i
12-13
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Table XI1-13. Cost of British World War || Tanks
Weight Basic Cost Year of Cost per Ton Cost/Pound
Model (tons) @ Virst Order (&£/ton) ($Nb)
Infantry Mk 1 11 6,000 1937 5§50 1.35
Cruiser MK | 13 12,110 1937 970 240
Matilda 28.75 18,000 1938 700 1.70
Cruiser Mk {I 14 12,950 1938 930 2.25
Cruiser Mk 111 14.25 12,000 1938 840 205
Cruiser Mk IV 14.75 13.800 1939 940 2.10
Covenanter 15.85 12,000 1939 755 1.85
Crusader 17.83 13,700 1939 780 .75
Valentine 15.6 14,900 1939 960 2.10
Churchitl 38.5 11,150 1940 290 0.60
Cromwell 28 10.000 1242 360 0.70
NOTES:
(1)  The value of the Pound (el between 1937 and 1942,
(2) A grestdealof rework was required on the Churchill because of defective manufacture. This cost
is not included.
(3)  The basic cost quoted is based on contracts. and probabdly does not include ‘‘stores of free issue™ (GFE).
20871-573
Table XH-14. Cost of Current Foreign Tenks
Weight Cost Cost/Pound
Model Country (Ibs) (%3] Quantity Year ($N1b)
Leopard Germany 88,704 232,000 1967 260
252,000 1870 2.5
328,000 3588 1970 3.70
AMX-30 France 79,000 312,000 1967/70 4.00
Chieftain England 117,000 308,000 1967 265
Mk § 244,300 1970 210
STRV 103 Sweden 43,000 unde: 1970 3.50(0)
(8 Tank) 350,000
20871-874
12-14
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Table XI1-15. Cost of Tanks from 1914 to 1957 '
B ! Weight Cost 3;‘
. Model Country (tons) £ H Year Cost/Pound z
: l Mk IV Lngland 28 5.000 24.350 1918 0.43 X
: Renault France 7 2,250 10,950 1914 0.78 *
t E.T.17 :

X &
it l =
; Mk VIl England 37 18.000 86.400 1920 117 A
1,350 35,300 0.48 b
l Carden-Lloyd England 1.3 500 2,400 1928 0.92
M | England " 1,500 7,400 1935 0.34 €
i Renault R3S Feance 1 2,200 10.800 1935 0.50
: Churchill England 38.5 15,000 60.450 1941/44 0.78 z
H M4 u.s. 34 10,300 45,500 1944 0.61 :
: 16.600 67.006 113 :
M4l u.s. 2 27,200 76,200 1953 1.47 :
’ M48 us. 49 47,000 132,000 1957 1.35
13 Centution England 50 40.000 112,500 1957 12
r
: l 20871-575
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" Figure 12-2. Tank Costs Per Pound Versus Time ?
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E- Table Xii-16. Cost of Armored Personne! Carriers (AP}
&
E Gross Empty
£ Model Weight Cost Quantity Year Cost/Pound
&
¥ M3 19.000 12,294 1944 0.67
B M75 36,000 100,000 1740 1952 2.80
B 15.000 1954 2.10
Ms9 38,000 41,000 1800 1958 1.10
35,000 1959 0.90
- 29,602 600 1959 0.80
T 31,000 600 1959 1.54
M113 20,000 28,000 1963 1.40
20- 22,000 1962-72 1.10
M113Al 22-25,000 1969-72 1.18
19,955 1125 1971 1.00
i M113 40,000 Average 3000 2.00
: Total Program (all costs)
. $120 Million
: XM723 35-38000 100,000 2500~ 1972 2.70
' (MICV-10) Goal 5000 E
(Mechanized
Infantry Com-
; bat Vehicle)
i 20871-576A
; Table Xli-17. Cost of M113 Derivaiive Vehicles
Vehicle Cost Quantity Yeas
" MSe: 25,000 120 1971
t 6T Cargo Carrier (basic)
XM7130 29,200 116 1971
MS48 modified as
Chaparrel carrier
20871-877A
12-16
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Table X11-18. Cost of Armored Reconnaissence Scout of Assault Vehicles

Model Weight Cont Quantity Year Cost/Pound
Mli4 15,000 38,000 1971 2.50
3 .
§ XMB00 17.000 116,200 Objective SO000 E Est. as 6.90-10.20
(ARSV) 175.000 Possible of 1972
= MsS1
§ Sheridan 33,500 213,600 1662 1970 6.40 :
< (ARAAY) :
20871-578

skl

Teble Xit-19. Sheridan Cost Build-Up

Major Component Unit Cost
Vehicle 80.400
Engineering change orders 8.800
Government-furnished equipment (GFE): :
Engine 4,300 :
Transmission 9,000 ;
* Gun launcher 12,300 3
Fire control 12,500
Guidance and control 25,200 i
Machine gun 4,400 3
Searchlight 2,500 i
Communications 2,700 ;
Night vision sight 2,400
On equipment maintenance (OEM) 1,600 ’;
Engineering support and guality sssurance 45,200 f
All Other (1) 2,300 :
Avetage unit price 213,600 i
(1)  Includes documentation, and initisl care and preservation performed st depots. i

20871-579
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Table Xi1-20. Cost of Trucks l
Weight
Type Model Empty Cost Quantity Year $ Cost/Pound l
1/4 Ton Jesp 2,400 1,087 1944 0.45
4x ¢4
M38A1 2,800 2,000 1953 0.72 I
M151 2,250 3,300 3.400 1959 1.46
MISIAL, 2 2.400 3,180 1968 1.32 i
3,242 1969 1.34
1,476 1970 1.44 :
3.504 1971 1.46 ’
3/4 Ton M37 5,700 3,790 196667 0.67 -
4x4éd 3
I 1/4 Ton M1 $.500 4,720 196667 0.85
XM-708 5,400 18,000 1970 1.00 I
8.337 3452 197 1.50
M35 13.500 3,352 1959 0.25 !
21/2Ton M109 15,000 6.375 1953 0.42 !
6x6
6,650 1955 0.44
7131 1957 0.48
8,363 0.56 !
Ms4 40,000 13,200 3,600 1958 067 H
$ Ton XM 809 17,434 1969 0.85 l
6x6
17,196 1970 0.8$
17,381 1971 0.85 l
11/4Ton MS61 6,550 13,281 18,274 1970 2.08 2
6x6 I )
Gams Gost 1,722 1971 1.80 %
1/2 Ton M274 900 2,150 2.000 1959 240 ! §
axd :
X Mech Mulo 1 A
20871-580 B
i
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Table Xii-21. Cost of Rifle and Machine Gun Cartridges

Weight Cost Cost/Pound

Caliber Mode} grains/Ibs (s Year $/lb
§.96 mm All types 0.060 1971

N Ball 5$5/.0079 0.060 197} 7.60
0.30" Tracer 0.11 1959

Bai M2 152/.0217 0.09 1959 3.70

Tracer (Carbine) 107/.0183 0.06 197} 3.90

Bail (Carbine) 110/.0157 0.07 1971 445
7.62 mm Q.11 1959

Ball 150/ 0214 0.087 197 4.05
Linked 0.10 1971
‘ NATO 0.095 1970
L M13 Linked (USAF) 0.10 1972

0.50" Ball 7000.10 0.325 1957 3.25
0.28 1959

4 Ball/1 Tracer mix 0.30 1970 3.00

0.38 1971 3.80

N 0.39 1972 3.90

: 20871.581

Table XI1-22. Cost of Civil War Rifle Cartridges

Caliber Proy Wt Cost Quantity Cost/Pound
(inches) Weapon grains (Ib) (}}] (millions) ($/1b)
0.58 Springfield Muzzle Loader 550 (.078) oLs 46.4 _ 0.19
052 Sharps Breech Loader 475 ( 068) 021 16.2 0.31
: 0.52 Spencer Breech Losder 385 (.055) 024 58.2 0.43
f 0.44 Henry 3reech Loader 216 (.031) 023 46 0.74
. 20871.582
3
i
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Table Xi1-23. Cost of 20-mm Ammunition Cartridges
Weght Cost Quantity Cost/Pound
Weapon Type Projectite (v) % (thousands) Yeat ($/1b)
Hispano Suiza 404 inert (Ball) 2.00 19V7 7.20
HE 0.28 4.00 1937 14.40
Min 238 59.5 1939 8.50
Vulcan/Cobrs All Types 0.22 1.30 1950 5.90
1.58 1971 7.20
1.83 1972 8.30
Vulcan (USAF) Training 0.22 0.93 1972 4.20
Combat 0.22 211 1972 9.60
M139 (Hispano Suiza 820) TPT M206 340 1970
.90 197
HEIT M599/APT M60! 3/2 mix 0.25 7.10 1970 28.40
590 1972 23.60
20£71.583
Table Xi1-24. Cost of Howizer Ammunition
Projectile Weight Cost Cost/Pound
Culiber Type Madel (1b) (%) Year ($/1b°
10S mm HE 33 26.00 1951 0.80
HE w/o fuze Mi 21.50 1972
HE with fuze 33 28.00 1972 0.85
Iluminating with fuze MIL4A3 $3.00 1972
WP M60 $3.00 1972
158 mm HE 9s 40.00 1951 0.42
HE M107 95 30.50 1970-72 0.32
Illuminating M485SA2 75.00 1971-72
ICM XM483 310.00 1971
Charge
Green Bag M3Al 13.50 197¢-72
White Bag M4A2 29.50 1970-72
8 (203 mm) HE M106 200 60.00 1970-72 0.30
iICM M404 265.00 1970
Charge
Green Bag M 20.00 1970-72
White Bag M2 19.00 1970-72
20871-584
12-20
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Table X1§-25. Cost of Gun Ammunition

Projectile Cost Cost/Pound
Caliber Type Model Weight (1b) ($) Year (3/1b)
90 mm HE (Fixed) M71 234 33.00 1953-57 140
Unident. 94.00 1960
175 mm HE M437A2 68.00 1970-72
w/o fuze
Charge M86A2 78.00 1970-72
$/38 Navy RAP 385.00 1968
5"/54 Navy RAP 350.00 1970
20871-585
Table Xi1-26. Cost of Ammunition for Tank Guns
Projectile Cost Cost/Pound
Caliber Type Model Weight (Ib) (s) Year (8/1b)
76 mm HE 21.30 1989
wP 23.90 1959
TP-T 19.20 1959
Blank 8.30 1959
9C mn HE 32.20 1959
WP 39.50 1959
TP-T 25.90 1959
HEAT 94.00 1959
108 mm HEAT-T M456A2 21 15.00 1970-72 3.30
HEP-T M393A3 24 $3.00 197172 2.20
APDS M3I93A2 13 155.00 1970-72 11.60
TP-T M490 49.00 1970-72
152 mm TP-T XM411E4 106.00 1971-72
20871-586
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Table X11-27. Typical Fuze Costs (Current)

Type Model Application Cost (dollars)
PD (Point Detonating) All types Hand grenade, 0.50
Practice
VADS Ammo 3.00 D)
MS24 81 mm Mortar 8.00
Ms572 Howitzers, Guns 5.50
MT (Mechanical Time) MS6s Howitzers 16.00
MTSQ (Mechanical
MS64 Howitzers t7 00
Time, Superquick)
Proximity MSI14AIE] Howitzers, Guns 45.00

Note: The World War If Proximity (VT) Fuze for Antisucralt Guns had an initial cost of $732.00 each in 1942 at the
beginning of production. By 1945 the cost per fuze wasdown to $18.00. The total program cost was $1.01

billion, and over 22 million fuzes were produced.

20871-587A
Table XNH-28. Cost of Sights (Infrared and Image Intensification)
Model Type Cost Quantity Year
AN/PAS-§ Binoculars 350 6300
AN/PAS-6 Rifle Sight 2000 1967
AN/TVYS-2 380 3200 1970
AN/TVS4 NODMR 1000 1748 1971
20871-588
Teble Xi1-29. Cost of Range Only Reder
Model Price Quantity Date
AN/VPS-2 26,000 228 to 1968
25,000 60 1969 (inc), install, kits)
36.000 267 1970
55,000 48 1971 (incl. 4 test sots)
20871-589
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Table Xi1-30. Cost of Lassr Range Finders

Cost
Model Application (%) Quantity Year Remarks

AN/GVS-1 Development Models 110,000 10

AN/GVS-) Tripod Mount $3,000 200 incl. 40 test sets
S600E $00 1972 incl. 40 test sets

6100 F 1000 1973 incl 134 test sets

AN/VVS-1 M60A1E2 Tanks 462,000 1967 prototype
11,000 243 1969
14,600 178 1969

3.300 300 1970

MS$51 Sheridan 47429 176 1971

[P

Table Xi1-31. Cost of Shipborne Search Rader

4
Mode) Cost Year ,

SC 18,000 1945
AN/SPS-39A 1,000,000 1963 !
AN/SPS40 190,000 1965
AN/SPS48 500,000 1972
AN/SPS-52 (FRESCAN) 4,000,000 1972
AN/SPS-$8 610,000 (4 proto) 1970
L 295.000 (6 prod) 1971

[PV N

20871-591
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Figure 12-3. Cost of Airborne Weather Radsr Versus Power Output
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Tablo XI1-32. Cost of Transportable Radars for Air Surveillance and Control
Type Cost Year
Unident. 384,000 1945
Unident. 2.500.000 1963
AN/TPS-32 For MTDS with 2,700,000 1972
3-shelte s und
spare computer
AN/TPS-34 For MTDS 1,100,000 1969
AN/TPS43 For407L 1.030.000 1970
AN/MPQ-43 (HIPAR) for 1,200,000 1967-70
Nike Hercules
AN/MPQ-49 (FAAR) 75,000 1971
20871-59°
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Figure 12-4 . Cost of Airborne Weather Radar Versus Weight 20871-1232
Table XII-33. Cost of Army IFF Equipment
Cost
Model Application () Quantity
AN/TPX46 General Purpose Interrogator 100,000 109
Set
AN/TPX-50 Interrogator Set for use with 21,500 23
MPQ-49 and TPQ-32 FAAR Radars 22,500 156
20871-593
Table XI1-34. Cost of Airborne Infrared Surveillance Systems
Type Cost (3)
AN/AAD-4 USAF (FLIR) 550,000
AN/AAS-24 Army 550,000
20871-554
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Table XII-368. Comparison of WW-Il 20-mm Waeapons

Cost Number of
Number of Machining Weight Cost/Pound
L A Components Operations (ib) ($/1b)
Weapon
Oerlikon N0 1800 250 3000 136 10.50
“MPisien 6u-70 300 119 900 121 50
20871-565A

Table X11-36. Comparison of Manufacturing Man-

Hours
Manufacturing
Weapon Man-Hours
Sten Machine Gun Mkl 11 qearly)
S (late)
MkV 12
Bofors 40 mnm AA Gun 2420 (eatly)
1500 (iate)
I"teld Artiliery 25 pdr Joss
Anti-tank 2 pdr 2683 (prewar)
6 pdr 1293
17 pdr 2726 (1942)

20871.596
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SECTION 13
ADDITIONAL DATA REQUIREMENTS

There are two principal determinants of the effec-
liveness of a predicted fire weapon system. These are

a. The ability of the system to track its target
accurately.

b. The ability of the system to predict the target
position one time of flight in the future.

Additional experimental data is required on bath of
these topics. Of the two, target path data is most
urgently needed.

13.1 TARGET PATH ANALYSIS

The variety of paths which a freely mancuvering
aircraft can fly is unlimited. However, the class of
target paths which an aircraft car. fly in performing its
mission, especially during its munition delivery phase,
is limited. It is believed that this limitation is much
more severe than is generally assumed for defense
system evauluation. but no definitive analyses of such
limitations were located in the present contractual
effort.

The following program of analysis is suggested

a. Obtain records of target paths in which aircraft
performed 1actical missions. Combat records
would nave the greatest validity, but proving
ground results are more likely to be available.

b. Perfonn a stalistical analysis of the picdictability
of these paths. A possible analytic approach is
suggested below.

c. Determine those prediciion algorithms and de-
fense system characteristics most likely o be
effective against the set of available attack paths.

d. Validate the defense system characteristics by
running them against a set of the recorded paths
on the Litton simulation.

The statistical analysis of the recorded flight paths
might develop as follows:

a. Plot up the data for visual inspection. Preferably
this would be done with a computer and auto-
matic plotter.

b. Compute target velocity, heading and dive angle
as a function of time.

c. Compute target ‘total energy’ (V¢ +2gh) as a
function of time to determine whether this index
remains fairly constant during altitude changes.

d. Compute rate of change of velocity, heading and
dive angle versus time.

e. Perform an analysis of ‘runs’ on the three target
parameters and their rates of change, separately

13-1

and in combination to obtain probability density
functions for the probability that each combina-
tion remains within specified limits as a function
of the duration of the ‘run’. These rasults allow
estimates of the duration of predictable path
segments.

f. Relate the predictable path segments to the posi-
tion of the aircraft relative to the target it is
attacking, and to the phase of its attack (run-up,
down the chute, breakaway).

To get such a program underway quickly, it will be
necessary to take whatever data is available. However,
once the analytical techniques have been developed,
the Army should maintain a continuous in-house pro-
gram in conjunction with the Air Force to maintain an
up to date library of target path data on the more
advanced aircraft delivery systems.

13.2 ANALYSIS OF TRACKING DATA

As in the case of target path data, conjecture regard-
ing the characteristics of target data is not a valid
substitute for experimental data. There is not much
profit in simulating a predicted fire system in detail if
the stochastic and deterministic descriptors of the
sensors must be guessed.

Ideally, one would like sufficient data to derive a
state space model of sensor operation, in which the
sensor is described by a set of differential equations
driven by white noise (or equivalent) of constant inten-
sity. The coefficients of the equations would be at least
time varying and situation dependent, and the equa-
tions could be non-linear Development of this kind of
model is within the state of the art of ‘system identifi-
cation’ analytical tools.

In the present report, a simple mode! describing
radar glint noise was developed somewhat along these
lines.

At least the following sensors should be operated
againsc a variety of target paths and types and the

-experimental data reduced in a manner leading to

useful analyticai and simulation representations.
a. Radar
(1) Normal operation.
(2) Track-on-jam mode.

(3) Operation under various types and levels of
jamming.

b. Automatic Tracking with Imaging Sights
(1) TV or imaging intensification.
(2) Infra-red imaging.
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c. Laser
(1) Range only.
(2) Angular tracking.
d. Manual tracking (optical)
(1) Conventional aided tracking.
(2) Regenerative tracking.

In addition 1o fixed wing aircraft, targets on which
data should be acquired include

a. Helicopters.

b. VTOL aircraft at very low velocities (10 deter-
reine the limitations of pulse-doppler radars).

c. Air to surface missiles (some information on the
ability of radar to track very small targets can be
obtained from counterbattery radar data).

13.3 HISTORICAL SUMMARY OF PREDICTED
FIRE SYSTEM PERFORMANCE

In the present report and the accompanying Efec-
tiveness report, the writer has tried to collect and
summ.rize records of antiaircraft effectiveness, and
fire control accuracy. The reason has been to attempt to

counter the always prevalent general opinion that pre-
dicted fire weapons are inhcrently inaccurate.

In fact, even since World War I, the accuracy of
predicted fire antiaircraft weapons has been remark-
able. It has, moreover increased sieadily with time in
the case of those systems which have been well de-
signed and engineered.

It is believed that the air defense effort now and in
the future would be well served by about a one man-
year effort devoted to recovering the test data on past
predicted fire systems from the archives and presenting
a concise summary, showing what was achieved.

If the files of test results at the Air Defense Board
and School have not been purged, they would consti-
tute a gold mine of historical data. Frankford un-
doubtedly has a great deal of information. The Navy
has excellent data, if it can be made available.

A simple set of curves of predicted fire accuracy vs.
time with a long time tase would do a great deal 10
place predicted fire in the proper perspective, establish
references against which o write new requirements,
and assist in obtaining the best overall air defense
system for given cost. It would also support the case of
the sharpshooters against the multitude of proponents
who want to ride shotgun on each new outgoing stage
of air defense system development.

13.2
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SECTION 14
TEST AND EVALUATION REQUIREMENTS

It is 100 late to begin a test program when the first
prototype has been completed. The following brief
outline sketches some of the considerations to be in-
cluded in test planning. The plan should be completed
at least in preliminary form when system development
is initiated.

14.1 OBJECTIVES AND TEST PLAN CONTENT

The test and evaluation plan should be developed to
ensure a comprehensive set of tests in parallel with the
development activity to complement, improve. and
expedite the development process. It should serve as a
means for obtaining progressively more valid informa-
tion of components and system feasibility, reliability
and maintainability, and to facilitate early identifica-
tion and correction of deficiencies.

As components become available for testing, initial
estimates of reliability and maintainability can be
replaced by real data.

Human factors checkout and validation should be-
come progressively more definitive as actual system
elements are availabie for man-machine testing.

The plan should provide for progressively more
realistic man-machine performance validation by

Siatic and dynamic test of components.

b. Static and dynamic test of the system with simu-
lated inputs.

Parallel improvement of a system simulation.

d. Non-firing tests of a complete system against
realistic targets.

¢. Firing tests against simulated targets.
f. Firing tests against live targets (such as drones).

Testing and engineering should be closely integrated
throughout development to expedite correction of ob-
served deficiencies.

The test and evaluation plan should not be limited in
its final phase to definition of system acceptance tests
requirements which must be met by the contractor. The
final evaluation should be sufficiently comprehensive to
provide a good basis for estimating probable system
effectiveness in combat, and the limits on effectiveness.

With a good test plan and sufficient foresight, the
test procedures will not only indicate the capabilities of
the system under test, but will provide a basis for
writing the requirements of the next generation sys-
tem. This involves rather careful logging of the target
path characteristics and other parameters during tests,
and identification of the sources of system error, and
their relative magnitudes.

Time and cost limits on testing will prevent the test
and evaluation manager from acquiring data beyond
immediate requirements unless these longer term re.
quirements for data are specifically written into his
assignment. This is a major problem in all military
testing. Automated data processing can help to satisly
everyone concerned, if plans for the kind of data
reduction desired are made early enough, and if the
data reduction software is completed before testing
begins.

14.2 DATA ACQUISITION ON COMPLETE
SYSTEM PERFORMANCE

The principal shortcoming of almost all military
field experimentation programs is the limited analysis
of data which is carried out. The usual cause of this
shortcoming is that a deadline is established for the
final report, and slippages in the experimental portion
of the program compress the time available for data
reduction and analysis. Once the report is delivered
there is no incenlive and little opportunily to continue
the analysis to fully exploit the data which has been
taken. The problem is further compounded by the fact
that not many people are really interested in data
analysis.

A partial remedy is to provide instrumentation and
associated data computational capability that will ana-
lyze the experimental data in real time, with a print-
out and summary available after each experimental
run. This approach is limited by the foresight of the
experiment planner in deciding beforehand what data
should be taken and how it should be analysed. How-
ever this is an easier task in the case of predicted fire
air defense systems than in most of the more complex
field experiments with troop units and mixed weapons.

The following paragraphs outline a system for real
time assessment of antiaircraft gun systems. The Army
already has under development a *Vulcan target selec-
tor' for which details are not available at the time of
writing, but which it is believed will perform some or
all of the functions to be described, and perhaps others
as well. However the present material is offered to
illustrate a concept.

The problem is to determine the effectiveness of a
predicted fire system in a field experiment in real time,
without actually shooting down droned aircraft.

The basic element of this approach is the generation
by digital computer of a ‘synthetic trajectory’ in real
time. It has been noted in Section 6.0 that the use of a
synthetic trajectory appears to be highly desirable in
conjunction with prediction algorithms for use with
systems employing projectile tracking, and its reap-
pearance here suggests that the Army might usefully
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activate a development program with the specific ob-
ject of producing an operational module to be attached
10 any predicted fire system for this purpose.

As described in Section 10, the idea of a ‘synthetic
trajectory’ is to store gun orders in memory at a
sampling rate of about 10/second. From a ranging
device time of flight 1o target present position can be
obtained continuously, gun orders time of flight previ-
ous can be retrieved. stripped of superclevation and
other ballistic corrections other than time of flight. and
used to generate a spot on a tracking display. or reticle
showing where the prediction function would have put
the center of aim with respect to the target.

The computational process is outlined in Figure 14-
. Symbols used are as foliows:

a. A, = gun azimuth.

b. ¢ = gun quadrant ~levation.
¢. ¢, = gunsuperel  ‘on

d. 4 = ume of flign..

e. D = slant range 1o target.

f. 1t = ume.

g & =6-b.

For a test device, this module can be utilized in a
number of ways. Two are described below, one for

continuous recording of prediction errors, and one for
automatic scoring with cooperative sensors in a real
aircraft. Both descriptions are described in conjunction
with engagement of a real target (either non-firing or
firing blank ammunition), but it will be clear tha: one
could also use a synthetically generated target for an
indoors test operation.

In both cases, a pointing device is mounted on the
gun mount, and this is turned back [rom gun position
by deflection angles which are computer gencrated so
that the axis of the pointing device is continuously
directed at the angular position of the center of the
shot pattern at the computed time that the projectiles
would be at target range.

If the pointing device mounts a TV or IR imaging
device. the target image appears off axis by the amount
of error in the center of the shot pattern (i.e.. error in
prediction exclusive of round to found ammunition
dispersion). An observer can then view the wander of
the aim error over a path continuously. and the errors
can be electronically extracted from the imaging device
for a continuous record.

If the pointing device mounts a laser, sensors on the
aircraft can record when the laser is on target. Some-
what similar scoring systems are now operational at
Fort Ord but do not allow prediction error to be
assessed. By choosing the laser beamwidth 10 corre-
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Figure 14-1. Data Flow in Synthetic Trajectory Computation
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spond to the size of the ammunition dispersion pat-
tern, a record can be relayed to the ground instrumen-
tation of hits on the target versus time. It is possible to
mount a number of sensors on the target, so that the
weighting of hits according to target aspect and vul-
nerablity car be done in real time in the data process-
ing. Similarly, one can use the recorded data to com-
pute the probablity of target kills with bursts of vari-
ous lengths, and have this data available in reai time.

The advantage of this general approach over simply
recording tracking error is that it includes all of the
dynamic errors of the fire control process, including
the effect of target maneuvers, solution errors, and the
amplification of tracking noise.

If it is desired to simultaneously record tracking
error for immediate, or post engagement correlation
against prediction error, it would probably be neces-
sary 10 add a sccond imaging device slaved to the
tracking sensor, to record the target position relative 1o
the axis of the tracksr, i.e., the reticle, in the case of
disturbed reticle sights. 1t is also cunceivable that the
tracking axis position could be injected to the same
display as the prediction error display but this might
be more complex than adding a tracking imaging
sensor.

Computation of prediction error statistics can be
done during or immediately subsequent 10 each pass
for a summary printout before the next engagement is
initiated. However, since errors are sensitive (o the
time varying engagement geometrv and dynamics,
whatever software is provided for this processing
should be capable of being modified as experience is
gained in the best way to subdivide the data. Since
both the magnitude and spectral density of error will

be time varying as non-stationary processes, determi-
nation of the best way to develop summary descrip-
tions requires careful preliminary analysis.

It is, of course, vital to record the target path data, as
determined from the tracking data corrected for re-
corded tracking errors, or from a separate tracking
unit of higher precision. This data also should be
reduced and statistically analysed in real time fot
including in the engagement summary printout.

If the above objectives are realized, the Army will
have not only an effective device for assessing the
performance of predicted fire systems, but a means for
systematically building a base of information which
can be used to establish requirements for, and to
design, improved predicted fire systems.

14.3 ANALYSIS OF COMBAT DATA

Quantitative analysis of the combat effectiveness of
weapon systems is an art which almost vanishes in
peace time, and is revived only after a conflict has
been under way for many months. In any wart in which
air defense weapons are employed, however, early
measurement of enemy attack tactics will allow a
major improvement in defense weapon system doctrine
and effectiveness.

It is suggested that all except the most primitive of
air defense systems should incorporate, or have means
for attaching, a recording device that will store the
target paths of enemy aircraft as tracked by the de-
fense systein. With modern technology, such a device
can be simple, small, and inexpensive. In World War
1L, only the British recorded target tracks but the great
demand in the US, antiaircraft design community for
tracings of the tracks recorded by the British indicated
the recognition of the value of this viual data class in
that era.
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SECTION 15
RECOMMENDED PROGRAMS

16.1 GENERAL

The most important short term objective in short
range air defense should be the construction of a
prototype gun system costing less than $500,000 per
fire unit, in a self-propelled version, with excelient fire
control and growth capability. This statement is the
opinion of the writer, based on the survey of air
defense rcquirements under the present and related
study effort.

It is believed by the writer that the demonstration of
a reliable gun system effective to about 3000 meters
will do more to strengthen the immediate program for
the defense of the Field Army against air autack at
acceptable cost, than any number of additional studies,
simulations, or component experimentation. It is also
believed that a gun system will be more cost-effective,
all factors considered, than a missile system within this
range band.

There is more than enough information available to
the Army 10 write reasonable design specifications for
such a system. The important considerations would
appear to be

a. Design the fire unit so that nighy, all weather, or
special purpose sensors can be added as the
enemy threat changes.

b. Design the fire control system so that the predic-
tion algorithms can be easily changed as threat
tactics change.

The Army should avoid being locked into a rela-
tively inflexible design concept such as Vulcan.

18.2 SUPPORTING EFFORT

Given that the above prototype effort is underway,
continued development of advanced predicted fire
technology should be continued at a sustained but
moderate level. Some recommended areas for this
supporting effort are described below. The effost has
the objective of providing growth improvement of the
basic system, of defining requirements for follow-on
systems and of providing air defense capability for
weapons having air defense as a secondary role.

18.3 SYSTEMS CONCEPT ANALYSIS
15.3.1 Projectile Tracking Systems

The availability of sensors capable of measuring the
proiectile miss distance relative to a target creates the
potential of’ fire control aigorithms using ths capability
to eliminate system bias and boresight errors, and
substantially improve combat effectiveness. Since many
possible implementations of the concept are possible, a
comprehensive program of analysis and simulation
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validation is recommended, including at least the fol-
lowing elements:

a. Determine the probable magnitudes, spectral
characteristics and sources of errors affecting
system performance.

b. Determine the preferred algorithms for system
utilization of miss distance measurements, in-
cluding data processing parameters. This effort
should include as a minimum, consideration of
the probably irregular sampling rate of miss
distances, errors in the measurement process, the
effect on the computation of round to round
ammunition dispersion, the point of injection of
the correction to the basic prediction algorithm,
and the effects of pre and post data processing
about the injection point. It seems probable that
the preferred algorithms for processing the miss
measurements on each path will be time-varying.

\

c. Evaluate the comparative effectiveness of a sys-
tem utilizing projectile miss measurements
against that of a conventional system including
considerations of continuous versus burst fire,
and 1arget path irregularities, including deliber-
ate target jinking and evasion.

15.3.2 Systems Using Predicted Fire, Baam
Riding Projectiles

It may be possible to retain much of the cost advan-
tage of conventional predicted fire systems, while se-
curing a single shot kill probability at least equivalent
to that of a guided missile by providing projectile in-
flight control to follow a beam directed at the target
predicted position. As the projectile nears the target,
the prediction interval converges 1o zero. This system is
somewhat similar to that used by Nike Ajax and
Hercules, but the present possibility of using a laser
beam for projectile direction suggests the possibility of
achieving a compact, relatively low cost system with an
extended range capability to match the release ranges
of aircraft firing most stand-off weapons. The effort
would include as a minimum

a. Systematically outline a set of concepts of alter-
nate approaches for system configuration. This
would include considerations of effective system
rate of fire, the ibility of controlling multiple
in-flight projectiles, and weather limitations.

b. Develnp filtering and prediction algorith:ns, con-
sidering the interactions among stability (i.c.,
spectral content of aim deviation) of the direct-
ing beam, required missile response time, direct-
ing data sampling rate, and target maneuver.
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c. Compare the expected effectiveness of a system
using predicted fire, beam directed projectiles
against that of a conventional concegl. indicating
system components for which possibly increased
cost over that of a conventional system must be
evaluated against the expected increased system
effectiveness.

15.3.3 Systems Uring Rockets and Rocket-
Assisted Projectiles

The question of whether a predicted fire system
should employ a high rate of fire gun, or a battery of
rockets reoccurs so often that a rocket firing system
should be included in any overall comparison of con-
cept options. Also involved in this consideration is the
option of using rocket-assisied gun-fired projectiles for
extended range. A current development of considerable
interest is the Frenca Javelot system. which fires 40
mm unguided rockets. An operational mode has been
suggested for selecting the rockets to be fired according
to pre-set deviations from the mean aim axis of indi-
vidual rockets.

It is suggested that a concept evaluation should
include analysis of

a. The usefulness of the preselected deviation con-
cept against mancuvering or jinking targets.

b. The utility of having an effectively infinite rate
of fire, by firing rockets in salvo.

c. The greater variety of warhead concepts possible
if large caliber rockets are used. For example, the
warhead of each might break into a number of
smaller missiles as it approaches the target, with
each sub-missile having a high probability of
target kill. ‘

d. System effectiveness compared with a system
otherwise similar, but employing one or more
high performance guns.

16.3.4 Summary Conoept Compsrison

The above set of concepiual approaches should then
be placed in proper perspective with respect 1o conven-
tional systems on an overall effectiveness basis, in
addition indicating possible sources of major cost
differences, and components likely to require consider-
able developmental effort and/or incurring significant
technical uncertainties.

15.4 EVAULATION OF DEFENSE AGAINST
STAND-OFF WEAPONS

The reportied operational effectiveness of air to sur-
face munitions which home on laser designated targets,
employ TV heads. or contrast imaging homing devices
is s0 high that it seems likely that such weapons will be
the most cost-effective mode of attack even against
undefended targets. Their imgiications on the per-

formance requirements of air defense weapons there-
fore needs to be assessed in detail.

An analysis is therefore recommended to

a. Determine the probable delivery tactics of strike
aircraft using ‘smart’ munitions, and the ability
of the defense to counter the delivery aircraft
and to engage and destroy the munition.

b. Determine appropriate prediction algorithms and
requirements on senso; and weapon perform-
ance, for predicted fire defense.

A possible conclusion is that the presence of high
level SAM defense will limit attacking aircraft to only
those delivery modes which can be executed from very
low level, terrain following paths. Hence the analysis
should include these modes and constraints.

16.6 EFFECT OF ENEMY USE OF ELECTRONIC
AND OPTICAL COUNTERMEASURES

An analysis should be performed of the effect of
enemy countermeasures on predicted fire sysiems, as a
function of the system configuration and the type ol
countermeasure.

Predicted fire, antiaircraft gun systems can be de-
signed to have a good resistance to enemy countermea-
sures. if this is made a design objective. In particular,
the provision of alternate tracking modes. (combina-
tions of radar, laser, visual, etc.) is probably easier to
implement than in the case of missile systems.

Although actual system design would require the use
of highly classified EW information. it is believed thai
a useful conceptual analysis could be performed with-
out the use of sensitive information. Emphasis would
be on the determination of what options might be
designed into the defense system on the assumption of
an enemy capabilily to deny some or all of the sensor
information.

Onc possible concept for investigation is sharing
tracking data among fire units in a defense complex by
means of a data-sharing communications link. With
software in each mount to correct for parallax, all or
any fire unit would be able to fire on data generated by
any single fire unit. This would

a. Allow ranging by triangulation on an aircraft
using an on-board, self screening jammer against
radar.

b. Make it extremely difficult for an attacker to
employ electro-optical countermeasures :gainst
visual, TV or IR tracking since he would have 1o
continuously point his countermeasures beams
simultaneously, accurately and continuously at all
fire unit trackers as he made his pass.

The resistance of the ‘round robin' data link to
jamming would need to be investigated. However,
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unlike high altitude missile defense fire units, the fire
units of a gun defense would normally be placed
sufficiently close together, so that a back-up wire link
could be quickly installed once communication link
jamming was experienced.

15.6 DATA ACQUISITION AND ANALYSIS

In conjunction with Army personnel. acquisition and
reliminary analysis of real target path data should be
initiated. The object of this effort is to eliminate as far
as possible, the subjective judgements now necessary in
generating hypothetical paths for simulation runs, and
10 provide a betier basis for all analytical work on air
defense systems.

Details of what might be done in an effort of this
type were developed in Section 13.).

18.7 SIMULATION CHECK-OUT PACKAGE AND
ADDITIONAL SIMULATION RUNS

The Litton simulation now has a comprehensive and
fiexible capability for the evaluation of predicted fire
systems concepts. However to fully exploit this capabil-
ity a check-out package is essential to minimize pro-
gramming errors, and increase the confidence associ-
ated with results. In addition, some module modifica-
tions would allow the simulation to support the other
recommended analyses. These are listed below

a. Program Check-out and Validation Package. 1t is
essential that a check-out package of programs
be provided for the simulauon to eliminate possi-
ble existing minor programming errors and min-
imize the introduction of errors in new program-
ming or operational runs.

b. Module Development for Prediction Algorithms
Based on Observation of Projectile Miss Distance.
The interest in this type of prediction algorithm
makes it important to validate the dynamics of
various possible solutions by simulation.

¢. Time-varying Recursive Smoothing Algorithms. 1t
seems cicar from ali results this ar obtained that
weapon effectiveness cannot be fully exploited
unless ‘smoothing time' is made an increasing
function of range. A simulation module with this
capability would allow the expected advantages
10 be demonstrated and assessed.

d. Modification to Accept Actual Target Path Rec-
ords. The best way to use real target path data
may be by sepurately processing it, before intro-
ducing it to the simulation. The best means of
utilization should be determined, and simulation
input modification performed, if necessary.

16.8 RECOMMENDATIONS FOR EXPLORATORY
DEVELOPMENT

The following component development is recom-
mended to support the general predicted fire effort.

No amount of analysis is as convincing as an operat-
ing prototype, even in brassboard form. It is suggested
that two components of predicted fire control systems
are of sufficiently general application to justify con-
struction of brassboard demonstration models. These
are:

a. Synthetic trajectory computational module.
b. General purpose regenerative tracking module.

These modules are discussed in the following para-
graphs.
156.8.1 Synthetic Trajectory Module

The concept of the ‘synthetic trajectory’ has been
discussed in detail in Sections 6.2 and 14.2. It is
suggested that a brassboard model using an available
minicomputer might be constructed and demonstrated
by fitting it to a Vulcan or Duster fire unit. In the case
of Vulcan, the synthetic spot could be introduced to the
tracker’s oplics and used to give him an indication of
how much to ‘track off" to correct for imperfections of
the lead computation. At the expense of some added
complexity, an error measurement might be generated
(by comparing the synthetic trajectory lead with that
generated by the sight and the correction might be
applied automatically by optical deflection of the sight
line.

There are two possibly useful results of this installa-
tion, (1) since errors measured with respect to the
synthetic trajectory arc somewhat similar to those
obtained by projectile tracking, the brassboard would
allow some experimentation with correction algorithms
prior to the availability of projectile tracking sensors,
with which the synthetic trajectory module would ulti-
mately be combined, and (2) it is a means for field
observation of Vulcan system errors, with a potential
for their reduction even with the present fire control.

Mounted on Duster, with a laser range finder, the
module would allow course, speed, and angle of dive
seitings on the sight to be corrected after one time of
flight. Since the mechanical course and speed sight on
Duster is relatively inexpensive, but accurate with the
correct inputs, the combination might represent an
effective, low cost solution to fire control for light
antiaircraft automatic weapons. Note that the system
does not have the characteristics of a disturbed reticle
sight, and the adjustment of the input parameters can
be made at a rate that will not throw the tracker off
target.

16.8.2 Genersl Purpose Regenerstive Tracking
Module

The pu of this module is to provide a device
which can be attached to Vulcan, Duster, or any other
available antisircraft tracking mount to provide a
regenerative feedback 10 the human operator’s control.
In a complete fire control system, such a module would
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be an integral part of the design, however, its early
availability for demonstration and experimentation
would provide additional validation of the conccpt
which was first demonstrated on Army systems by the
Vigilante prototypes.

16.9 FIRE CONTROL FOR SUPPORTING
WEAPONS

Experience in Southeast Asia has demonstrated the
effeciveness of a doctrine in which all weapons fire at
autacking aircraft. The Field Army has a number of
automatic weapons which can be fired against aircraft,
although this is not their primary role. An example is
Bushmaster.

It is possible that the advantages of a simple fire
control system which would allow fire on the move

capability for MICV-70 and the ARSV against ground
targets and for self-defense against aircraft and heli-
copters might be sufficient to justify such a develop-
ment if the cost can be kept within bounds. Consider-
ing that the VRFWS-S weapon for these vehicles (20-
30 mm) may have a unit cost of $7000 10 $15,000,
provision of an effective fire control system capable of
engaging both ground and air threats to the vehicle
would seem to be prudent.

An adequate solution might be simply tracer fire, but
analysis could determine whether a substantial advan-
tage could be secured with a simple computer and laser
range finder. It is believed that a satisfaciory solution
might be achisved without recourse 15 puwer drive
and/or a disturbed reticle sight.
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APPENDIX A
AIRCRAFT AND HELICOPTER LOSSES TO GROUND FIRE IN VIETNAM
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' This Appendix summarizes aircraft and helicopter Most of the cumulative loss data are from newspa-
losses to ground fire in Vietnam through 1971, based per reports. References containing more than simple
on unclassified sources only. The purpose is to support totals are referenced. All sources have been logged in
: the contention that the predicted fire antiaircraft de- working papers.
i fenses continue to be effective against modern aircraft.
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SUMMARY

Figure A-1 shows the cumulative losses of both fixed
wing and helicopter aircraft 10 all causes, and to
enemy action, versus time. Figure A-2 shows a similar
chart for helicopter losses alone. Figure A-3 shows a
similar chary for fixed wing aircraft losses, with an
additional plot of aircraft lost over North Vietnam.

Almost all of the helicopter losses occurred in South
Vietnam, and almost all of the fixed wing losses to
enemy action occurred over North Vietnam.

Figure A-4 shows the build up of the North Viet-
namese air defense system, except for Migs, which
never totalled more than about 75 aircraft in this
period. Almost all US. losses to enemy action have
been to ground fire, with a total of 50 aircraft lost to
Migs, through 1971.

The SAMS were relatively ineffective in shooting
down US. aircraft directly in this period (by the end
of 1966 of about 450 aircraft lost over North Vietnam,
30 had been lost to SAMS, 10 10 MIGs and the rest 10
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Figure A-1. Cumulative Air Losses in Vietnam
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: guns and automatic weapons), but they probably con- The principal conclusion is that predicted fire anti- i i
4 tributed 1o gun effectiveness by causing aircraft to fly aircraft guns continue to be effective against the most
H paths more accessible to guns. modern aircraft, as they were in Korea, in WW 11 and
¥ Tables A-1 and A-2 are given for exchange ratios of w‘&“ l‘h‘ first Gothas appeared over London in
g SAM missiles per aircraft destroyed, and the MIG/ :
E US. exchange ratio. The fighter exchange ratio is not
; as favorable to the U.S. as in the Korean war.
; |

B I A-4 3 )
L8




~— v ~y Y T T e a4 — - -

Rt Kt A AT N T b L S e e 0 S QRIS P e W]

|
[
. "
T T v T T N L T T ﬂ
) m m
» ~
L T
o 2
f g g g
"] a4 IQ
- s o b
s & °
- 3
O e
ﬁv L]
™~
g |
! - 3 |
3 m W
»
- ,
- T = i
o L-¢ |
z ° W
< 3 j
e o {
- EH 8 — g |
Q w 4 m w V
Q2 50 um ® < W
, < 3c - > |
; - 32 1+ : |
' - |
| : 3 |
! i - < |
| T < |
. --— suvovy 2 m ,,
s - 2 ,
\, f -— SILIS NVS 44— i f
- ;
§ g g 8 H
1 1 1 i 1 4 i L \
g g g g g ° |
e .
* 3SN3 130 UIV NAN NI SNAD ¥V 30 ON
"
!

F , i A R e et e o8 S ShrrbrS fe  m SAR X st o w2 t%tﬁ?%g
&

PRI : . BTN Sl
S TEF 2 S = :l..wt L m - - .. ‘s - f e A R ey "’I’[



3 |
S
%
: |
: Table A-1. Exchange Ratios (Reference A.1) :
]
i SAMS ve. U'. S Aiccralt |
& -
; SAM missiles
H Year sighted Missiles/aircratt tost AClost .
2 1965 110 13 8
i 1966 990 33 30 i
H 1967 3500 55 64 I
mid 1968 67 162

[ P
P - .

MIGs vs. U. S, Aurcraft

: U. . sircraft Migs NVN Mg j

: Year lost lost Migs/U. S. loss strength
1965 2 6 3.0 75 }
1966 1 29 26 70

. 1967 25 15 30 20 in NVN

. mid 1968 9 8 1.1 20- 25

t

! Curh t0 1972 (fan) 50 i 50 40in Jan 72
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Table A-2. Cumulstive U.S. Aircraft Losses in Vietnam since Jan. 1860 as of 5/23/67 (Reference A.2)

Helicopters

Fixed Wing all types Total
Lost to hostile action 565 6 N
over NVN including
Laotian border
Lost to hostile action 182 KX)| 513
over SVN
Total Loss 1o hostile action 147 kXY 1084
Non-hostile open losses and 646 S44 1190
to enemy ground attacks,
mortars, etc.
Total fosses, all causes 1393 881 2274

Notes:

“Current™ aircraft loss rate estimated at 500/year, (1967) 115 Migs, and large numbets of mobile 85, 57, 37 mm guns,

constitute defenses. Through May 23 the Mig ratio was 71/20 in favor of the U. S.
46 aircraft were lost to SAMS with sbout 2450 missiles fired.

11% of losses over NVN were caused by missiles and Migs.
All Josses in SVN were caused by small arms and flak.
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APPENDIX B
TABLE OF DEFINITE INTEGRALS

The following definite integrals have been used so

often in the analysis that they are collected here for 2 / ® dw (, )(2,, -3 ®6)
convenience. T ) Gewitip | \Tamoan X
2 (% aw 1 (B.1)
n 0 l+w2T2 T
3]“’ WM @moDNCn2m DN o
2 [ dw 1 " Jo (1 +wiTHn T2m* 1 (90 . 91
= = (B.2)
To 1wl B +ulryy) Ti*T
2—[@ ) where
w
7 73 53 5 @n+ ! = (1K3)...(2n+ 1)
I 1+
o (1w T+ Wi Ty + wiTy?) (2n)! = (2X4) ...(2n) (B.8)
NIy T34 Ty 83)
T +TZ)(TI +T3NT+ T3) 2 cos(aw)dw | T
5 2z 1° 69
Jo 1 +weT
2/‘@ wldw
i 20 2 2 27.2 ) ;
o (1+w2T 200+ w2T o200 + wlTy?) 3[“’ cos (aw) dw . Tn_ea/Tl Tye?/T2
"o +wzl‘|2)(l +w2T22) 712.1-22
i
T T T AT, +ToKT, + Ty) (B.4) (8.10)
[ -]
2 44
7!’/ S 7 W2 T,e?Ty - 1,e /Ty
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