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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 DAAG0S5-70-C-0328,
with the US. Army, Frankford Arsenal. The objective
was to provide additional analytic and simu'ation effort in

support of the parametric analysis of predicted fire air
defense weapon systems.

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

Simulation, designed by Mr. Ginsberg. The results of the
simulation are included in Volume I. Volume I11, Effective-
ness, by Herbert K. Weiss, reports on methods of evaluating
overall systom effectiveness,

In the present report, frequent reference is made to the
Final Report on the original contract. The previous report,
titled Final Report, A Parametric Study of Advanced
Forward Area Air Defonse Weapon System (AFAADS)
(two volumus), dated 2 October 1970, Revised Edition 1971,
is referred to throughout this report as the “AFAADS:|
Report.”
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SECTION 1
INTRCDUCTION

1.1 AFAADS SYSTEM EFFECTIVENESS MODEL

This report is concerned with the estimation of the
effectiveness of systems for defense against low alti.
tude air attack. The estimation and evaluation process
involves many factors, of which only a part are amena-
ble to modelling, mathematical analysis and computer
simulation. The factors which must be evaluated by
military judgement are at least us important as those
which may be compared analytically.

The object of system modelling is to provide a
means for analyzing those system characteristics
which, within reasonable expenditures of time and
effort, may be compared analytically, thus reducing the
number of factors which must be evaluated by judge-
ment in making decisions. In the last several decades
the ability of system modellinF to thus sup{;ort the
decision maker has progressively improved. However

as models become more complex they reach a point
(often exceeded in practice) beyond which the mar-
ginal improvement in validity of representation is
am&:’lllcompared with the increase in complexity of the
model.

Modelling does have the unique advantage that if
the analyst does his Ijob well, he is forced to accumulate
a great deal of relevant real life information from
which to derive his model parameters. This informa-
tion, the identification of significant system parame-
ters, and the general structuring of the problem can be
as helpful to the decision maker as the model results
themselves,

Although this report is directed to effectiveness mod-
elling of predicted fire (unguided weapon) systems for
defense against low altitude attack, most of the con-
cepts and methodology apply to guided missile systems
for operation in the same altitude region, as well.

1.1/1.2
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SECTION 2
SUMMARY

The effectiveness model for evaluation of predicted
fire air defense systems, as developed in this report,
consists of a series of sub-models, each of which can be
worked through analytically. Neither the time nor the
resources allocated to this effort allowed consideration
of development of a computer simulation at this time,
although the sub-models can be computerized and
probably improved thereby.

2.1 PRINCIPAL SUBMODELS

There are four principal submodels which perform
the following functions:

8. Battlefield Day Model. From this model one ob-
tains the availability/dependability (RAM) esti-
mates ¢ a system under evaluation.

b. Raid Model. From this model one obtains the
effict of enemy extended strike patterns and
tactics on the fire versus relond cycle of the
weapon system.

¢. Engagement Model. From this model (which may
be used in conjunction with the Litton engage-
ment simulation) one obtains estimates of de-
sired weapon firing time to enter model (2) und
estimutes of damage and destruction 1o the at-
tucking aircraft and defended target to enter
model (4).

d. Overall Effectiveness Model. The results of a, b,
und ¢ ure combined into an overall effectiveness
estimate. It is argued however, that ruther than
attempt to obtain u sinple effectiveness number
over all possible enemy attack optipns, the evalu-
ation should recognize that enemy options will be
influenced hy defensc effectiveness, und so a set
of results should be displuyed showing delense
effectiveness and cost to the enemy for enemy
gplinns areunged in order of increasing cost to

im.

The Erocedurul flow of an analysis is outlined in
Figure 2-1.

The present study does not undertake to develop
costing methods. It is suggested however, that RAM
objectives for a system should be set independently of
overall effectiveness objectives, on the grounds that 4
system with low availability will never be a good
military choice, even though its effectiveness when
working is so high that its availability x effectiveness is
superior to thut of a competitive system with high
avallability and lower effectivenexs. On this busis, it is
suggested that in the complete cost and effectiveness
evaluation of a system, it should be assigned the costs
of whatever maintenance sugfort is required to attain
some specified (high) availability level. The compara-

tive effectiveness of two systems will then be in the -
ratio of ‘all up’ effectiveness, but the cost of ownership
will vary with the difficulty of attaining the specified
availability level.

In this report, numerical values have been used to
illustrate the use of the models, and parameter values
have been chosen to be roughly representative. How-
ever, no great effort has been made to choose most
probuble values, and those associated with particular
equipment types are subject to errors of source or
interpretation. In addition no attempt has been made
to use the same parameters across all examples,

The numerical exercises snould therefore be consid-
ered as illustrative of how the models can be used,
ruther than as definitive comparisons of system types,

2.2 OVERVIEW OF THE REPORT

The functions and missions of air defense systems
are described as a preliminary to model development
in Sections 3 through 6. It is pointed out in Section §
that uny system development should be paralleled
throughout its life cycle by model development both to
provide a4 concise, up to date, representation of ex-
pected or uctual system capability, and to provide the
data on which to buse evaluations of new systems,

A comprehensive summary and review of the design
and performance characteristics of predicted fire air
defense systems is provided in Section 7. This has the
purpose of indicating trends in system characteristics,
and indicating what range of parameters may be in-
c¢luded in model development.

Section 8 identifies the description of a typical ‘Bat.
tletleld Duy' as un essential stcg in system evaluation.
The Buattlefield Day provides a basis for relating avail-
ability and dependability estimates to tactical and
operational conditions, and in particular, identifies
tuctical system states.

Subdivision of 4 complete system into subsystems
for further unalysis is described in Section 9. This
subdivision assists in designating system operational
states, und the alternate operational modes which may
be considered.

Methods for computing system availability and de-
pendubility are developed in Section 10. It is shown
that by combining the tactical states of the Batilefield
Day and the operational states in which the system
muy have various levels of capability, the product of
the availability/dependability matrices of the WSEAIC
scheme is obtained. That is, for the combat substate, a
vector is derived, defining the Erobnbillty that the
system will be in each of its possible operational states

uring combat.
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Figurs 2-1. Procedural Flow of Effectivencss Analysis

In this section the argument is presented that the
analysis can be ﬁreatly simplified on the assumption
that no system will be ucceptable for combat use unless
it has a high availability. If it has a high availability,
multiple fuilure modes will have a low probability,
compared with single failure modes. If only single
fuilure modes need be considered the ann?'sis simpli-
fles by several orders of magnitude, and relatively
simple methods of cumputation are adequate.

Reload times for most modern predicted fire systems
are long compared with the timc required to exhaust
the ammunition load at the weapon's maximum rate of
fire. How important reload time is depends on the
enemy attack puttérn and time sequencing. The state
space models of Seccdon 9 and 10 are extended in
Section 11 to include reloud rate versus rate of fire and
a few engagement parameters in order to examine
these fuctors. The result is an estimate of the probabil-
ity that the weapon will be in an ammunition availa.
hility state during an engagement. However this sub-
model is too crude in the form presented for detailed
engagement analysis,

Engagement analysis is developed as a separate sub-
model in Section 12. A number of simple graphs and
nomograms are provided for initial estimates of wrget
exposure range. visual detection range, and for projec-
tile exterior and terminal ballistics. Two simple ana-
Iytic engagement models are developed, one for evalu-

ation of the defense fire unit against a dive bombing
target, and one for its effectiveness against a passing
Jinking target. It is pointed out that the Litton simula-
tion for predicted fire systems has a comprehensive
capability for engnfemem analysis allowing evaluation
of a wide variety of prediction algorithms, weapon and
projectile characteristics, target types and paths. Some
simulation results are introduced to show consistency
with the simple but more limited analytic models.

There {s no reason that the analytic madels of this
repost cannot be included in a computer simulation,
and it would be interesting, and probably desirable to
do this. However predicted fire systeins development
leading to prototype demonstration, in the opinion of
the present writer, should not be delayed pending the
cornpletion of additional studies, analyses, and simula-
tion developments.

Combination of the sub-model results to obtain an
overall measure of effectiveness if developed in Section
13. It is emphasized that enemy attack options wiil
vary with defense capability, so that analyses must
consider the defense capability against a range of
attarker's options. A defense can be effective if it
denies un enemy the utilization of his most numerous
and least expensive aircraft, and munitions types, even
il by its presence It prevents attack and so destroys no
aircraft, or if is relatively ineffective against a smuller

2-2




number of much more expensive enemy aircraft with
costly sophisticated weapons.

Section 13 argues that instead of averaging defense
effectiveness over all possible attack modes and condi-
tions, the presentation of results should show effectiv-
enss against u set of enemy attack options of progres-
sively increased cost. At each level the damage inflicted
by the enemy and to the enemy would be compared.

The use of ait defense weapons against ground
targets is discussed in Section 14, It is argued that
although this capability should be provided as far as

possible, it should not be allowed to prejudice the
defense capability against air targets, and should be a
consideration, but not a decisive factor in system
selection,

A deficiency in the modeis presented, as in the case
of most weapons evaluation models is that it has not
been possible to compare them against real data to
determine whether they capture the essential paramet-
ric interrelationships of the systems they purport 10
represent, The deficiency will not be eliminated by
computer simulation. The lack of data for verification
will, however, be remedied If' the sug estions of Sec-
tion 3 on ‘Life Cycle Modelling' are fol owed.

23/2-4
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. SECTION 3
FUNCTIONS OF LOW ALTITUDE AIR DEFENSE SYSTEM

The functions performed by the predicted fire sys-
tems considered in this report are relatively simple.
They are shown in Figure 3-1. The systems must
acquire and fire effectively at enemy aircraft, When
assigned to the protection of other combat units on the
move they must have mobility equal to that of the
supported units. Their capability at night or in inclem.
ent weather must bear some correspondence to the
enemy capability to attack effectively nndor the same
conditions, They must have satisfactory reliability,
resistance to enemy countermeasures, and the mainte-
nance burden associated with them must be ucceptable.
On occasion they may be required to engage enemy
ground targets.

It is assumed that the predicted fire systems here
considered operate as a part of a larger air defense
system complex which includes manned interceptor
aircraft and area defense surface to air miasile artillery

ALK MY
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SEARCH
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capable of reaching to very high aititudes. The opera-
tion of the low altitude defensc systems is an inte-
grated ‘part of the complete air defense complex, with
which 1t is coordinated, with which it must communi-
cate, and from which it receives command, control,
and alerting instructions, The low level coverage of the
atén missile defense is an important. factor in deter-
mining the altitude and range coverage desired of the
predicted fire weapona.

At the time of wrmnf. however, the Information
recelved from the air defense net by short range fire
units s limited, and the early warning infurmation
received by Vulcan and Chaparrel type weapons from

FAAR radars and displayed on TADD devices is
relatively coarse grain. Once a target appears within
range of the low eltitude defense firing section, the
section operates autonomously within the established
doctrine of fire.
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Figure 3-1. Functions Performed by Predicted Fire Air Defense System
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SECTION 4
GENERAL APPROACH TO MODEL DEVELOPMENT

For anﬁomilitary system to come into being, there
must be both a mission which it is required to g.er-
form, and a means for performin? the mission. The
means may be a ‘system’ consisting of equipment,
manpower, and operational procedures. The modellin
therefore begins with the definition of the mission an
the alternate means of accomplishing it,

The description of the system includes the functional
relationships among system elements and characteristic

rformance parameters. At this stage the parameters
mply effectiveness, but are not yet interrelated to
explicate how they contribute indlvidually and together
to overall system effectiveness. Such parameters may
include fire unit weight and dimensions, gun rate of
fire, muzzie velocity and caliber, pro‘jectlle type, fuzing
and filler, vehicle power/weight ratio, etc, More com-
plex but critical descriptors include the prediction
algorithms of the fire control system, the transfer
functions of the gun and tracker servos,-and the inter-
relationship of the operator capability” with the func.
tions he s required to perform.

The most important phase of model development is
the attempt to integrate these performance parameters
into a measure of system ability to perform its mission.
This measure has, by convention, come to be called
‘capability’.

Capability, however, is not achieved unless the .ys-
tem works when it is needed. The major achievement
of the WSEAIC line of model development to date has
been the systematization of considerations of system
reliability, maintainability and availability, (RAM), in

1 a generic form in which they cun be quantified and

combined with capability measures to provide overall
estimates of system effectiveness,

When the RAM elements are used to estimate the
probability that the system will be operable when
required to petform a mission, at a random point in
time, the result is called ‘availability’. When they are
used to estimate the probability that the system will
function successfully during a mission the estimates
are called ‘dependability’.

The distinction between ‘availability’ and ‘depend-
ability’ is sharpest when a system such as an aircraft is
under evaluation, Then ‘avallability’ refers to the state
between missions, when the system ls relativelv un.
stressed, and repairs and maintenance can be carried
out. ‘Dependability’ then refers to the state during a
mission, which may be of extended length, compared
with system component failure rates, and during which
only limited repairs may be performed.

In the case of a ground based air defense system,
‘missions’ occur at the enemy's option, and are charac-
terized b{ indlvidually brief durations of combat,
during which the system is highly stressed, and by
varying intervals between combats, or engagements,
during which there may or may not be time to perform
repair and maintenance. These interactions tend to
cause the distinction between ‘availability’ and ‘de-
pendability’ to be less well defined.

In the present report, an attempt has been made to
include both combat and non-combat states in a sto-
chastic model, the solution of which gives the probabil-
ity of state availabilities during combat and during
non-combat directly.

41/4.2
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SECTION § |
LIFE CYCLE OF THE DEFENSE SYSTEM_AND LIFE CYCLE OF THE MODELLING

T T PROCESS: - it

The information available for ?n_em moggll_l_nf, and
the amount of detail which should reasonably be incor-
porated in the model depend on the life cycle phase of
the system or systems under consideration, The use for
w‘?ic the model is intended will also depend on the
p au. ’

'The relationship of model elements to phase of
system life is indicated in Table V.1,

It would seem useful to maintain & continuous mod-
elling activity associated with each system throughout
the system life cycle. This is apparently being done
more frequently with time, as opposed to past efforts
consisting of ad hoc systems analysis with little conti-
nuity, activated by crises and terminai.d when the fire
was put out,

51

_Aside from the advantages indicated in the table, of
assisting in program management, such a sustained
effort, coordinated among parallel system develop-
ments, provides a continuously improving body of data
which facilitates and improves the validity of analyses
of new systems,

The parallel development of system and model is
indicated in Figure S-1. The process forces the model
to progressively conform more closely tc an accurate
description of the real system performance. This inter-
action may be valuable insurance against the retention
of erroneous model concepts and their propagation
into evaluations of new systems,




Table V-1. Tasks Required to Evaluate System Effectiveness and Application by Phase of System Life

Task

Phase of System Life

Conceptual

Definition

Acquisition

Operational

Mission
Definition

System
Description

Specification of
Figures of Merit

Identification of
Accountable
Factors

Moaodel
Construction

Data
Acquisition

Parameter
Lstimates

Model
Ixercise

Applications

Derived from cstab-
lished need or
requirement. Broad
range of threat,
descriptive
environment.

Block diagram with
major system cle-
ments, simplificd
mission deseription.

Overall figure(s) of
merit for complete
system.

Define to system
functional block
diagram lever. Initial
rough estimates.

Comparatively simple
model.

« Generic data,

« Roesults from simi-
lar systems.

» Basic physical laws.

Predicted

Sufficient exercise to

determine probability

of major improvement

over alternate oper-

ations (or not).

« Decision to proceed
to definition phase.

Added detail to assist
system design, speci-
fic threcat and
cnvironment,

To major hardware
end items: modces of
operation: mission
time line (geodesic).

A, D.C elements de-
fined at lcast at system
levels with conditions
and units of
measurement .

Define to principal end
items: skill levels of
personnel, mainte-
nance policies,
cenvironment.

Detail to principal
system hardware cle-
ments: submodels for
subsystems. submodels
for matrix and vector
clements.
« Morc intensive ex-
ploitation of sources
in prior phase.

Predicted

Lively exercise in
configuration optimi-
zation and myjor
clement choice.

« Choice of major
system clements,

« Choice of
configuration.

« Optimization of
configuration.

Change only for untore-
seen technical or threat
changes.

Complete detail to picce
part identification
available: operations
plan and maintenance
task analysis available.

A.D. C elcments defined
at systems, subsystems,
cquipment, module,
picce part levels.

Detine to module or
part level, detail support
and operating environ-
ments, identify new
factors based on experi-

ence during development.

Increased detail to level
required for program

control, design changes
management decisions.

« Proofing and category
tests at system and
cquipment levels,

« Extensive in-process
tests of assemblies and
parts.

Refincd from incoming

data.

Exhausting exercise to

maintain effcctiveness

assurance control over
system design and
production.

« Subsystem tradeoffs’

« Componentand part
tradcoffs

« Suboptimizations

« Mecasure achievement
of specified overall
effectiveness

« Porm basis for pro-
gram manpgement
action.

Change only for unfore-
seen technical or threat
changes.

Compilete descriptive
information on all hard-
ware, procedures. opera-
tion and maintenance
schedules, logistics plans
available,

No change except to
eviluate system in new
environment or against
new threat.

Identify changes in
accountable factor list
based on operating
experience.

Detail relaxed and/or
aggregated to match
information from Army
and other service
supporting systems.

o Actual operating,
failure and mainte-
nance data.

From actual system
data.

Intermittent exercisc to
monitor status, support
product improvement
studies.

« Decsign changes

« Product improvement

« Modification of
support/logistics

« Force structure
decisions

« Dectermination of
obsolescence against
changing threat.
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208711236

Figure 5-1. Comparison of Model to Operational Data
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o - SECTION 6 |
MISSIONS OF AIR DEFENSE SYSTEMS

6.1 OVERALL AIR DEFENSE MISSION

The overall air defense mission is to destroy hostile
aircraft and missiles, or to nullify or reduce their
effectiveness, In forward area air defense, the air
defense forces have the objective of limiting the effec-
tiveness of enemy air efforts to a level permitting
freedom of action of friendly forces of all types.

The overall air defense system is composed of & mix
of manned interceptors and ground-based air defense
artillery weapons.

The ground-based air defense mn{ be composed of
several weapon system types including ground to air
missiles and predicted fire systems (guns or unguided
rockets).

6.2 MISSIONS OF LOW ALTITUDE AIR
DEFENSE SYSTEMS

Low altitude alr defense systems may include both
guided missiles (such as Chaparral) and automatic
weapons (such as Vulcan). These may be -ategorized as
‘guided missile systems' and ‘predicted fire systems’.

he latter category then includes predicted fire un.
guided rocket systems such as Javelot,

The missions of predicted fire systems may be fur-
ther detsiled as:

a. Limited area defense.
b. Vital area defanse.

. Small unit clefense, This includes defense in posi-
tion and on the move,

d. Ground support, Use of predicted fire air defense
weia%om against ground targets is a secondary
mission,

8.3 INTERRELATIONSHIPS AMONG AIR
DEPENSE SYSTEM COMPONENTS

The function of manned interceptors and area de-
fense surface to air missiles is to project the air defense
to high altitude and over enemy dominated terrain.

Terrain variations limit the area coverage of a long
range surface to air missile fire unit against very low
ﬂyinf aircraft, and low altitude air defense systems
provide a complementary capability to complete the
defense coverage economically. In addition they allow
augmentation of the overall defense effectiveness in the
immediate vicinity of vital areas and ground units
exposed to enemy air attack while in motion.

6.4 ORGANIZATION

Organizations of t!plcnl alr defense orgunizations as
well us more detailed discussion of missions and inter-
actions with threat characteristics were presented in the
AFAADS-I report, to which reference is made,
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SECTION 7 -
GENERAL CHARACTERISTICS OF PREDICTED FIRE AIR DEFENSE SYSTEMS

To provide a context for system evaluation a brief
review of trends in threat characteristics, and predicted
fire unit characteristics is informative in defining the
range of conditions and relevant parameters for con-
sideration in the evaluation,

The discussion of defense system trends is based on
a comrpariuon against threat changes. It provides a
basis for a judgemental unswer to the question, ‘Has
the defense capability kept up with the increase in
thredt capability?’

7.1 CHANGES IN THE THREAT

Some of the changes in the threat presented to low
altitude air defense systems over the years are the
following! '

a. Targe: speed. Aircraft speed hus increused stead-
ily with time, although the increase ut low alti-
tude hat been less rapid than the increase at high
altitude. Some targets flying in excess of Mach |
can be reasonably expected.

b. Terrain following. ‘Contour chasing' has always
been a tactic for postponing detection by the
defense until the defen:® reaction time exceeds
the target exposure time. As speed increases,
terra:n following requires uutomatic equipment
in the alrcraft, but In addition to shortening the
exposure time, conformity to terrain causes the
aircraft to fly an {rregular und less predictable
flight path.

¢. 'Free maneuver' bombsights, Fire control for un.
guided air launched munitions is available which
allows the alrcraft to maneuver moderately dur.
ing the approach, with a very short interval of
constrained flight to match the sight index at
weapon releuse.

d. Night and all-weather attack capability. Sensors
are available to allow the aircraft to locate and
attack ts target at night and in bad weather
when the target cannot be acquired visually. In
addition, bombing under remote control of &

rourl\;i radar has been available since World
ar 11,

¢. Stand-off Weapons. Air to surface weapons with
various forms of terminal guidance are available,
which allow the aircraft to launch outside the
effective defense zone of local defenses, or, at
most, to make a minimal penetration of the
defense. In recent months, air to surface weapons
with terminal guidance have demonstrated accu-
rucles in combat operations in Southeast Asiu
which suggen that they may represent the lowest
cost method of destroying small, hard targets

7.1

such as bridges by air attack, even in the absence
of air defense.

f. Use 3/‘ Helicopiers and VTOL Alrcraft. The low
speed of the helicopter allows it to approach
using maximum terrain cover, hover for release
of weapon and withdraw quickly, with minimum
exposiire, The difficulty of detecting its approach
from a ground site approaches the difficulty of
detecting the approach of a ground vehicle. The
VTOL type of aircraft may introduce similar
problems for the defense.

8. Reduction in aircraft vuinerability to hits. Very
high speed aircraft are dosipned for higher
stresses than low speed aireraft. Although it s
known that even the fastest modern aircraft have
(rarely) been brought down by rifle fire, it is
conjectured that on the average the probability
that a hit of u specified caliber will bring down
an alrcraft has decreased slowiy over the years. It
could be reduced even more drastically bf' special

attention in the design stage to vulnerability.

Note that all of the ‘improvements' which make the
threat more difficult to deal with tend to increase the
cost of the aircraft and its munitions. [n the absence of
alr defense the enemy can use relatively inexpensive
delivery vehicles and munitions. Since It is unlikely
thut his full force will have all-weather and other
expensive capabilities, a locul alr defense can restrict
his attack options.

7.2 TRENDS IN PERFORMANCE OF PREDICTED
FIRE SYSTEMS

Some of the most conspicuous descriptors of antiair-
craft gun systems are:

4. Caliber.

b. Rate of fire,

¢. Number of guns on mount.
d. Muzzle velocity.

¢. Time of flight to specified range (or range to
sonle projectile velocity).

f. Angular tracking error,
8- Range tracking error,

h. Maximum angular velocity of tracking/gun lay-
ing.

i. Maximum angular ucceleration of tracking/gun
laying.

J. Tracking sensor types and characteristics.
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k. Prediction error ugainst ‘typical target’ (a ve
ili-defined index). ¥ P e ¢ K4

L 'Type of mount (towed, self-propelled).
m. Principal tracking mode (manual or automatic).
n. Fire Control Computation
(1) Inputs used,

(2) Data smoothing, prediction and other compu-
tational algorithms.

0. hidethod of surveillance, and initial target detec-
tion.

p- Type of IFF.

q. Fire unit weight (in firing position, in travel
position),

r. Transport or tow vehicle (wheels or tracks).
8. Stabilization.

The way in which some of these descriptors have
varied with time in mronu to the changing threat s
sketched below. In uddition, the interrelationship with
threut capabllity is indicated. A simple combat situa-
tion is used for reference.

To avoid dealing in generalities, duata on specific

redicted fire systems is presented where it is available.

he data is put in tabular form so that the reader can
fill in missing entries, or correct those which may have
beeln erroneously given in sources available to the
writer,

7.2.1 Tactioal Situation

Consider the idealized situation of Figure 7-1, which
depicts an aircraft flying a low level puss over u
defended target using a ‘laydown', or retro-fired
weapon, or conducting a strafing attack. This type of
attuck Is considered by one analyst to be the only one
possible for u manned aircraft in a European combat
environment where

“The British view on both dive and toss hombing Is
that both methods ure too dangerous for use in Europe
as any alrcruft thut gains any height at all will almost
certainly be shot down. Their policy for & Furopean
war is therefore to use the laydown method whenever
possible.”

The objective of the defense is to destroy the aircraft
before it reaches the point of munitions releane.

We consider this generic type of engagement in a
historicul context, with the maximum aircraft speed
increasing progressively over the years.

7.2.2 Angular Velocity and Acceleration
Requiremants

To maintain its capubliity against ever laster targets,
the ability of the defending fire unit to track and aim

7-2

for maximum -angulat velocity and. acde

requirements
ération. If the
minimum crossing range is kept constant, the maxi-
mum angular valocity is proportional to target velocity,
and the maximum at_aﬁ:llnr acceleration is proportional
to velocity squared. The torque required to rotate the
mount Is proportional to angular acceleration (inertia)
and angular velocity squared (friction), hence to target
velocity squared. The power 1o drive the mount is
groponioml to torque mult‘i’plied by angular velocity,
ence to target velocity cubed,

The power required by the aircraft to achieve a
piven sea level velooity increases about as its velocity
cubed at least to about Mach 0.9, Over the years
reduction in aircraft drag coefficient has tended to
counterbalunce the effect of drag rise at sonic speeds,
so that in fact as maximum sea level velocity has
increased, aircraft power has increased as about the
cube of velocity.

It is interesting that the antiaircraft fire unit must
therefore have a peak power capability for tracking
directly related to the propulsive power of its target.

The ability of manually powered mounts to provide
this power haa long been passed. Table VII-1 provides
a briel comparison of some obsolescent and current
power driven antlaircralt gun mounts!® Note in par-
ticular the 120°/second maximum angular traverse
velocity of the modern Oerlikon twin-35 mm turret.

7.2.3 Reaction Time

Referring to the situation figure, it is assumed that
the target exposure distance X,, and the distance from
first exposure to weapon release are terrain dependent,
It is also ussumed that the provision of terrain follow-
ing radar and control equipment in the aircraft have
allowed it to ﬂr at increasing speed without increasing
its minimum ultitude above terrain.

Any extension of the detection, identification and
acquisition interval will shorten the firing interval.
However, human reaction times have not shortened
over the years. The shortening of this phase of system
reaction time has beer approached by:

4. Provision of a separate surveillance radar and a
device on the fire unit designating target azimuth
and runge to the human operator (US. Vulcan/
FAAR radar with TADD).

b. Surveillance radar on the fire unit with automatic
target detection, threat evaluation and turret fo
sitioning In azimuth with subsequent acquisition
and tracking visually bx the gunner. (French
twin 30-mm turret on AMX chassis with OQell
Noir radar.)

¢, Provision of a surveillance radar on the mount
with automatic detection (il desired) and alarm,
IFF, and automatic acquisition of the target by

Its weapons is assoclated with incrmin?
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Figure 7-1. Event Sequence in Defense Against Laydown or Retro Weapon Delivery

an on-mount tracking radar. (Swiss Oerlikon/
Contraves SPFZ systems.)

d. Off carriage vehicle or vehicles with search and
track radars fire control to direct several guns at
the same target. (Netherlands: Signall L4/5 sys.
tem; French: Eldorado-Mirador system; Swiss:
Skyguard, successor to Superfladermaus.)

¢. Separate vehicle with surveillance radar, track
while scan capability on 12 targets, IFF, auto-
matic track initiation option, automatic threat
evaluation and assignment to best sited fire unit,
and automatic target acquisition by radar on
assigned fire unit (automatic/manual modes in
all cases). (French Crotale. This surveillance unit
is intended for use with missile fire units but the
problem is identical for predicted fire weapon
target acquisition.)

Reaction time from target appearance to acquisition
by the tracker of the fire unit should shorten generally
as one movys down this lis:, However, many current
systems such as the British Falcon and the light Rhein-
metal! twin 20-mm, and some of the light Hispano
Suiza mounts perform the detection, dentification and
acquisition provess with the Mk | eyeball and the
relatively invariant time required will cause the acqui-
sition interval to seriously encroach on the firing inter-
val for these weapons.

7.2.4 Volume of PFire

For a given firing distance, the maximum number of
rounds that can be fired depends on the ratio of rate of
fire to target speed. To a limited degree an additional
increase in rate of fire will compensate for a shorten-
ing of the firing distance caused by insufficient reduc-
tion in target acquisition time.

Figure 7.2 compares rate of fire on antlaircraft
automatic weapons and guns plotted against caliber,
with two bands identifying World War II designs and
current designs. For single tube weapons available rate
of fire in a given culiber has increased at about the
ITmG Fate as maximum sea level speed of fixed wing
aiceraft,

In addition, the Gatling design allows a compact
installation with weight and space savings over a
multiple gun installation of the same caliber and total
rate of fire. The Mauser revolver mechanism (not
plotted) delivers with two tubes n performance between
that shown for the o barrel Gatlings and the single
tuhe weapons, At present it Is used only in aircraft
inutallations.

In general, increase in available rate of fire in any
given culiber has at least matched the increase in
muximum aircraft velocity at low altitude,
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Figure 7-2. Rate of Fire Versus Caliber for Antisiroraft Guns
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A problem generated by high rate of fire, however,
is that of reload time for the ammunition feed system.
This Is discussed at Ienﬁth later in tha report. Under
sustained, multiple attacks with shert intervals between
attackers, reload time substantially reduces the ﬂring
rate averaged over many attacks. It aﬁpenrs that muc
of the gain in maximum rate of fire has been negated
Py a less than proportionate increase in rate of reload-
ng.

7.2.8 Aoccuracy of Fire

The weapon characteristic with the highest payoff in
terms of effectiveness is ulmost invarlably accuracy. It
is dificult to observe trends in accuracy because of the
classification usuully associated with this purameter
and the consequent difficuity in locating and collecting
data, Using this as an excuse we begin with informa.
tion from the distant (and unclassified past) to observe
that the antiaircraft predicted fire systems huve in lact,
over the years, been able to maintain and improve
their accuracy with time ugainst ever faster targets,
provided only that in each era they used the bhest
available technology.

Predicted fAre requires present position duta to begin
with, Optical tracking has always been a meuns (in the
early days the only meuns) of getting ungular data,
und subject to visibility limitations it hus been good 10
excellent, except in those regions where high ungular
velocities and accelerations exceed the operator's abil-
ity. Range was obtained from multistation angular
tracking in the beginning' (Figure 7.3) then from
stereoscopic or coincidence optical range finders' (Fig-
ure 7-4) and in World War 1l h{ rudar (Flgures 7-5,
7-6), which ulso provided angular information that
qulckly hecame satisfactory as a fire control input,

With time fuzed ammunition, runge errors were
much more important than with impact or VT fuzes.
The optical range finders developed runge measure-
ment errors of from | to 2% of runge. Using this
information however, aguinst 100 mph targets in
1930, the predicted fire systems of that era developed
vector errors of burst locatlon of from 1.1 to 3.6% of
range us shown in Table VIL.2", The adequacy of the
fire control computation itself is indicated by the fact
thut azimuth etror uveraged from 4 to 10 mils.

In the sume era, U8, tests summarized in Table VII.
) indicated a mean absolute angular error of about 7
mils against 100 mph targets. The Aberdeen estimutes
were originally derived by tabulating absolute errots in
Aring nzimuth and elevation aguinst angular velocity
and fitting a lineur relatlon'. The maximum recorded
ungular velocity was about 32 mils per second. Turget
speed {a believed to huve been ubout 50 yards/sec, (100
mph). For an nvmﬁe shell speed of about 2000 f/s,
muximum lead would have been about 75 mils, and so
the above rate errors correspond roughly to 7 mils at
midpoint. and less at angles off midpoint,

By Warld War 11, both proving ground and combat
data indicated that predicted fire systems could achieve
‘standard angular errors’ of about 6 mils at S000 yards
increasing both below and above that range as -hown
in Figure 7-7°. British data taken against the V-1 flying
bomb indicated performance at the same :ange of
from 9 to 14 mils, Errors at very long ranges against
freely maneuvering targets were, of course, very large.

Figure 7-7 shows the ‘standard angular error’ in
mils versus range of some of the best World War 11
medium antlaircraft gun systems. The data for the
Army 90-mm and 120-mm weapons were derived
from Artillery Schoo! firings at Fort Bliss at the close
of the war, and the Navy data is estimated from
‘splash’ records of firings in combut in defense against
Kamikaze aircraft,

Figure 7-8 shows duta in comparable form for Brit-
ish systems. Firings against the V.1 'Flying Bomb'
were with SCR-584 radar tracking, the No. 10 Predic.
tor, and the British 3.7 inch Gun. The estimated curves
were developed by an operational research group for
defense planning with the 3.7 inch gun aginst conven-
tional bombers. Note the very lurge errors recorded
from ground plan plots of errors observed in firings
with the $5.25-inch gun, GL-IIB radar and No. 10
Predictor ugainst freely maneuvering ‘tip and run’
ruiders ufter the Buttle of Brituin,

In most of the plotied curves there is a tendency for
the mil error to vary inversely with slant range at short
ranges, so that the error in linear meusure (such as
yurdy) tends to be independent of range.

This uppears to be u characteristic of the problem.
When the target is close, both mun and radar tend to
wander over an area proportional to the target size.
The error will increase at u far greater rute at short
ranges 11" {t is ulso ussoclated with high angular deriva.
tives of tracking. However, this source of degradation
(minimal i  the WW-II curves) cun he minimized by
regenerative tracking systems. Although plunned for
Vigilante, such regenerative assist Is not now included
in any URB, Army design but s indicated to be used in
the Super-Fledermaus, and possibly the Eldorado/
Mirador equipment,

The convergence of optical tracking error to a linear
magnitude at extremely short range and low angular
tracking derivatives is demonsirated in Figure 7.9
developed from gun camera data on fighters in tail
attucks on WW-1I'bombers®, The ordinate s the radius
of the circle containing 50% of the meuasurements,

An impression of the improvement of ungular track.
ing capabiilty with time more Indicative of short range
capabllity is displuyed in Figure 7-10. These are esti-
mated for a target dimension of 20 meters perpendicu-
lar to the line of sight, und imply some data process-
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Figure 7-3. Errors of Multistation Optical Range Finding Systems (1937)

ing, the efficiency of which depends on the band width
of the sensor error spectrum.

Operational accuracies of current systems can prob-
ably be found in the classified literature and will not be
listed here. However, it may be noted that for antiair-
craft fire, Vulean has intentional artificial dispersion
with a pattern 18 mils by 6 mils,

The Published accuracy of the Swiss Super-Fleder-
maus is

‘S0% aiming error in tactical operation against
last flying jet aircraft less than 3 mils' (Complete
sysiem)

A report on the ARGO NA9 Fire Control system®
for the Italian Navy states ‘with a target approaching
at speeds up to 1340 mph and an angular velocity of
6°/sec the average miss distance at ranges between
1000 and 4500 meters is of the order of 8 meters.’
This corresponds to about 4 mils.

It seems reasonable to infer that using the best
current technology a predicted fire system can be de-
signed to perform against a target which is not deliber.
ately evading with a CEP of no more than 3 mils at
long ranges, or 3 yards at short ranges (i.e., better than
J mils or 3 yards, whichever is least, range), and that,
in fact, some current systems may alteady have this
capability.
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Figure 7-4. Errors of Stereoscopic/Optical Range Finders (1037)

With current digital computer and servomechanism
technology, it should be possible to build a predicted
fire system which is limited only by the predictability
of the lar?et path. For targets attempting to carry out
tactical missions (as opposed to the hi ﬁ altitude ‘tip
and run’ nuisance raids over London in World War
i), this predictability is usefully high. Unfortunately
no statistical duta on targets on attack paths is at hand
for displuy at this point.

An attempt has besn made in Flgure 7-11 to com-
pare the growth in accuracy of predicted fire systems
against targets which ace neither intentionally Yjinking'
nor attempting o fly a precise unaccelerated path. The
curve represented by the ‘best 1972 technology' would

require precise system boresighting and calibration,
and effcctiveness would be limited by the target expo-
sure time and the duration of predictable path seg-
ments.

7.2.6 Muzzle Velooity

Improvement in weapon muzzle velocity is a high
ayoff area for rredlcted fire weapons, provided that it
s ussociated with excellent present position tracking
information.

An approximate expression relatlnf the variance of
prediction error resulting from tracking error to vari-
ance of tracking error Is

= P o o p . : e, -~ s i B
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where

tp ™ time of flight

T, = data smoothing time. (7.1)

This is an upper limit. It should always be possible
to do better than this,

Referring again ty the situation representation of
Figure 7.1, to keep the solution setiling distance X,
from expanding as target speed increases, settling time
must be reduced in inverse proportion to target veloc-
ity. From the above equation, this can be accomplished
without degradation of prediction error only if time of
flight is shortened in the same proportion.

Ailthough available muzzle velocity has increased
steadily with time, its growth has not been propor-
tional to target velocity, The trends are shown in
Figure 7-12, Antlaircraft guns had muzzle velocities of
about 2600 /s as early a8 WW 1. The highest current
muzzle velocity is that of the Oerlikon 35-mm gun
which is 3870 f/s

The possibility of firing sub-caliber ro{ectiles at
hypervelocities was explored intensively for large cali-
ber antiaircralt guns during and subsequent to WW I
but the development was terminated with the advent of
the guided missile.

The maximum lead angle required of a predicted
fire system occurs near minimum slant range and is
Biven by

ihd = viv, (7.2)

where v is target velocity, and v, is average projectile
velocity. The maximum lead angle required has in-
creased steadily with time.

Since prediction error apalnn a maneuvering n\rget
can increase with time of flight much more rapidly
than the linear function indicated above for u non-
maneuvering target, the payoff against even mild ma-
neuvers for increased muzzle velocity s expected to be
significant, as shown later in this report. The continued
imptovement of fire control systems in the aircraft
itself will allow progressive freedom of maneuver even
in delivering ungulded munitions and this can best be
countered by increased muzzle velocity, in the case of
predicted firc weapons,

Consequently, it appeats that a principal deficienc
in improvement of antialrcraft gun capability wit
time has been the relatively slow increase in avallable
muzzie velocity.

7.2.7 Exterior Ballistics

' _Thg-;ipimt‘y«gf—ﬁféjé‘@ijne'_dqgfmﬁ*to develop projec-

tiles with excellent exterior hallistics has improved over
the years, although this achievement is more dificult to
display simply than in the cas¢ of maximum rate of
fire, for example. Nevertheless this section attempts to
summarize this improvement.

The design region in which the projectile designer
can operate is limited, in the case of spinning projec-
tiles, br the interactions of requirements that the
projectile be stable, yet orient itself properlly along a
curving trajectory, with the projectile mass distribution
and shape.

Rather undesirable exterior ballistic characteristics
are sometime obtained when a projectile originally
designed for some other application is used in an
antiaircraft role to save ammunition development
costs,

Exterior ballistic data from a number of sources*?
have been assembled in Table VII-4 to show time of
flight versus slant range where available. The func-
tional relationship between these quantities and quad-
rant elevation is not displayed. For a first order ap-
proximation, for most antiaircraft trajectories the re-
duction of air density with altitude and the projectile
acceleration caused by gravity partly compensate for
euch other, so that except for very long ranges the
elevation effect is second order.

For a given muazle velocity, ml!‘ectory data tends to
scale with the function w,/iC'; where w, = projectile
weight, C = projectile caliber, and i = a form factor
depending on shape. Hence, to allow data for a wide
range of projectile calibers to be compared on a simple
chart, time of flight and slant range have been divided
by w,/IC®.

If projectiles were geometrically scaled with caliber,
this term would be proportional to caliber. The degree
to which projectiles depart from homologous scaling is
indicated by the ratio w,/C', and this index varies
principnllz with the fraction of projectile weight de-
voted to high explosive or incendiary filler, and to a
lesser degree with projectile shape. A rule of thumb
estimate can be obtained from

Pu (wp/c3)(1o4) + Wy In pounds, C In millimeters
(7.3)

P x039(1.16f) ;= fraction of weight devoted to

filler 14)

Since the supersonic drag coefficient decreases with
increasing Mach number, the percent loss in projectile

bl
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Figure 7-5. Reduction in Radar Angular Tracking Error with Time

velocity to a given range Is slightly less for high

muzzle velocities than for low. In the following com- k, DI(PC)

arison, the f:fhl are not normalized for this effect, Ky Vot (PC) = ¢ 1 ol (7.6)
ut it should be kept in mind. op

Normalization of the tbuluted data is done In &
form suggested by the simple expressions for square
law deag, for which

Where V, = projectile remaining velocity, t, = time of
X, DIPC) flight, D = slant range, and k, is a numerical constant,
VVy 0 ! (1.5)  and V, = muzzle velocity.

L e

Figure 7-13 comrure remaining velocity as a [frac-
tion of initial velocity for several projectiles. This data
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Bigure 7-8. Reduction in Rader Range Error with Time

was nrlotted from graphs furnished by Frankford
Arsenal. A portion of the very large difference between
the Hispano Suiza and the M61 20-mm rounds in the
original graphs is explained by the lighter weight of
the M61. A small part of the remaining difterence in
FIFuu 7:13 may be explained by the higher muzzle
velocity of the HS round, but the remainder lua?em
orer than average shape, and possibly stability of the
61

The very large difference between the original Vigi-
lunte round and that estimated in a design study of a
new round is almost completely attributable to better
shape (boat-tail) and omission of the rotating band.

The 35-mm Oerlikon round appears to have the best
ballistics of any past or current antlaircraft projectile.

Time of flight and range are compared for those
grojmilu for which data s given in Table VII-4, in

igure 7-14. It {s clear that for well designed projec-
tiles, the time of flight/slant range relationship is
almost completely determined by muzzie velocity, cali-
bar and projectile weight, but that careful attention to
drag m? yield an additional 10 to 20% reduction in
time of flight to ranges given approximately by

Range (kllometers) » Caliber (mm)/10
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Table Vil-2, Antisircraft Firing Test Results st Toulon, France, 2-3' February 1932

Fire Control Gamma - Juhasz Schneider
Range Band
(meten) Vectot Etror Vector Error Veotor Errot Vuctor Ersor Azimuth Error
of mean (meters) (% of tunge) (meters) (% of range) (Mils) -
1500-4300 1} 2.6 53
1870 90 36
3800-4600 63 1.5 9.5
4200 95 23
4200-4800 112 Y] 4.2
4300 50 11
$000-8600 133 2.8 83
3400 B0 1.8
NOTES: Turget speed was “up to 30 metors/sec” (110 mph),
Target altitude was “‘up to 3000 metens*,
20871599

Table Vii-3. Antialrcratt Fire Control Equipment Test
Resuits at Aberdeen Proving Ground, 1933

Direvtor
(Computer)

Mean Fractional
Error in Angulur Velocity

R. A, Corrector
T8 (Sperty)
M1 (Vickers)
M1AL (Vickers)
M2 (Sperty)

0.097
0.099
0.101
0.123
0.166

20871-600
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Table VIi-4. Exterior Ballistic Data

Mk

Waepon or * Munale Valocity | Projestiis | Praj Wiicar - | Time of Fiight Range

Culiber Pro), Model (metery/sec) Welght (1bs) (Lb/mm? % 10) ) (metars)
30 mm AML 621 1030 023 0275 1.45 1000
RH 202 1070 0.268 0338 14 1300
14 2000

HS 820 1070 0.268 0338

Ml 1020 0.218 0273 ,
30 mm HS 831 1070 0.93 0.348 1.07 1000
48l 3048

3 mm Ourlikon L/90 1178 1,20 0.280
37 mm Vigilante 910 1.68 0327 4.00 14
6.00 3109
8.00 3604
1090 1.60 0317 2.00 1792
4.00 om
6.00 402
8.00 4788
WOmm M2Al 878 1.96 0.307 2.0 1380
L/70 Bofors 1008 18 0.338 24 2000
8.0 4670
$7mm L/70 Bofors 1028 L] 0.287 k¥ | 3000
76 mm L/80 Bofors 828 13.0 0.298 13.0 6000
88 mm Gormun WWH| 820 19.8 0.290 6.52 4000
11.62 6000
18.22 8000
26.22 10,000
Yo mm M, Wwl! [L}] 234 0320 39 2740
7.2 4560
30.2 9140
28.0 11,000
120 mm M1A3, WW-I 948 50,0 0.289 3.8 1740
6.0 4360
12.8 8200
16.8 10,100
2.1 11,900
26.8 13,700
29.8 14,600
L/46 Bofors 800 4.3 0,268 .7 10,000
L/S0 Bofon 500 48.3 0.268 19.0 10,000
20871-601
7419
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Figure 7-13, Fraction of Initisl Velocity Varsus Range Index

The filler weight of the Oerlikon grojecllle is not on
hand, but the value of w,/C* for this round suggests
that it may carry over 20% of high explosive by
weight, This would produce a higher terminal effec.
tiveness than that of the Vigilunte round, und the fact
that the Oerlikon projeciile 1s fired at & muzzle velocity
of 1160 meters per second (from an L/90 gun) sug-
gests careful attention to the joint gun/projectile inte-
tior ballistics and stresses.

7.2.8 Antlairorait Gun System Development in
the United States

The thin record of development of' antiuircraft gun
systems in the United States is sketched in Figure 7-18,
for the period subsequent to World War Il Funding
hus been minimal probably because surfuce to air
missiles seemed to glve promise of greutly exceeding

un performance. During this period, US. grounds
orces were not exposed to significant air threats in
Kored or Southeast Aisa and so there has been no
combat verification of the effectiveness of US. surfuce
to air missiles. In both wars, however, enemy antlair-
crafl guns inflicted significant attrition on U.S, high
performunce alrcraft, and over North Vietnam losses
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Figure 7-14, Comparison of Time of Flight Versus Slant Range Characteristics
of U.S. aircraft to antiaircraft predicted fire weapons In order to provide some realism for the analyses
have greatly exceeded losses to both enemy fighters and developed in the present report, characteristics of cur-
surface to air missiles. The record has been presented rent US, and foreign predicted-fire air defense systems
in other reports in this series. have been extracted from unclassified sources™ and
Field Manuals, and are presented in Table VII-S for
7.2.9 Characteristics of Current Predioted Fire towed fire uniis, and in Tabls VII-6 for self-propelled
Air Defanse Systems fire units.
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Vuluan Rhvinmotalt Hispano Suizs | Hispano Sulaa | Hispano Suisa
Designation M3 XM-167 RH-I03Mk 2 “"HE8 689 (Gindéva) | HYS 820/665
Weapon Quad 0,50 6-bbl 20 mm Gatling Twin 20 mm Single 20 mm | Twin 34 mm | Thres 20 mm
(40 mm)
Rate of Fire (1pm) 4 %550 3000 2x 1000 1000 2x 300 3x 1000
Muzzle Velogity ti/m 2800 3400 3540 3480 3280 3480
Ammo on Mount 280/gun 300 on mount 270/gun 78 (box) $0/gun 3 drums
3700 on prime movar 80 (drum) (30 each)
10 (clipn) Link/box on
outes guns
(130 each)
Time to Reload 7 min (1 min/100 nds)
Tube Life 2500 mds/ubl 1
Time to Changs Tubes 6 tubes in § min i
Proj. Weight (Ib) 0.i0 0.218 0.268 0.268 0.168 093 -
Carriage (tow) M20; 4-wheol 2-whes! 2-wheel 2-whesl awhet
Waight (travel (1) 2980 3180 4600 7930 (8380)
Weight (firing) (Ib) 2400 3100
Crew 4 3
Prime Mover 2:-1/2 ton 6x6 truck | 1-1/4 ton truck Truck with $300 lb, Truck
(tow ot transport) MS61,M71S tow oapaoity
Max. Speed Tow: 10 mph road Limited by tow
$ mph cross country | vehicls: up to 45 mph
Transport: Prime
mover limit
Time to Convert
Travel to Flre Mode
Gun Drive Eloctrie/Vsbuit Electrie Hydrostatle Two hand- Eleotzie Hydtulie Hydm
whesls
Power Source On mount On mount 1.8 KW, On mount air cooled Ol curriage On mount On me
gwoline engine 24 volt garoline engitie | gasoline sngine Wankel engine | Wanke
genemator gencrator
Power Requirement 0.8 KW
Back-up Mode Battoties Batteries Hundwhesls
o min/max (0) «10/+90 §5/+80 -§/+83 «10/+80 §/+8) 4/+83
AJe max (0/sec) 60/60 60/48 100/88 100/50
A/6 max (0/wo?) 160/160
D (meters) 200.8000
D (meters/sec) 10-320




Table VIi-8, Characteristics of Towad Weapons (Sheet 1 of 2)

Hispeno Suiza | Hispano Suiza | Hispano Sulea | HispandSutss |- - -1 owmlken/ | - - - - - - BKyswesper
HES 669 (Genava) HE8 840/665 | NIS 661 Hispano Sulas Buhrls Bofors Vigiants M38
Single 20mm | Twin34mm | Thres 20 mm | Singls 30mm | Quad 30mm | Twin 38 mm Single L/70 61 37 mm Single 73mm

(40 mm) : 40 mm Gatling
1000 2% 500 3x 1000 630 4 x 630 Ax 850 300 3000 43
3480 3280 3480 asso 3845 3sso 3280 (3900 3000/(3600 2828
: with APDS) Improved)
78 (box) $0/pun 3 drums Box of 8 ¢lips | 360 ] 144 (192 max)
50 (drum) (50 each) $ rounds/clip '
10 (olips) Link/box on
outor guns
(120 sach)
2.8 min/
magaxine
0,268 0.268 093 093 1.20 18 1.65 13.0
2.whee! 2:wheel 4.whesl 4-whea! S:wheel d-wheol
7930 (8380) 11,100 11,600
10,120 9300 10,100 10,000
I )
Truck Cargo Tractor
ant
1:1/2 min S min
Two hand- Eleotric Hydraullo Hydnaulle Hydraulle Hydrmulic RHydmulie
whesls
O(f carriage On mount On mount { motot On mount
Wankel engine | Wankel engine gonerator gasoline angine
par mount sonsrator
108 hp (max)
42 hp (avernge)
Handwheels
+10/480 -5/+83 «5/483 <5/490 «§/+88 +6/+88
100/80 88/48
138127
13,000
208716024
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Rholnmetall

Hispano Sults .

Hispano Sulzs

Hispano Suln- ¥

i’ruluin
Dusignution MS§$ XM:167 RH 202 Mk 2 HYS 669 (Geneva) HS8 820/668
Primary 1ire Control On varriage On carrlage On varrlage ‘On varriage Off carridge On carriage
{Ait Targets)
Type M18 Optival tixed Optloal disturbed Opticsl computing | Optieal Optical
retiele rotlox aight rotily load computing sight tanalop) HS88 Kern 722 Galliso P36

gyrosight (mux, leud

angly 289
Angular duts Optical Optical Optical Optical Optical
Range Dats None Radwr Estimated and

Regenarated

Bavkup On-curriuge Nong
Fire Control
Fire Control 6X Telescope Telesoope $X Telsssope

(Qround Targots)

Gunners Control Type

Alorting Info Display

Rats, Handlobar

None

Night vison sighs

Rate, Handlebur

TADD

Joystick with
computer regen.
ratos




) Table Vil-6. Characteristics of Towed Weapons (Sheet 2 of 2)

hetall Hispano Suize | Hispano Suiza | Hispano Suiza | Hispano Suita om“ on/ Skyswespor

} MK 2 HSS 669 (Geneva) H8S 820/668 HSS 661 Hispano Suiza Bliirle Bofors Vigilante M38

¢ On carriage OIT earriage Qn carrlage On carrlage off ni"jlm 1 Off carrlage On catrings On carriage

taputing Optical Optical Galilwo P-36 Superfleders | LA/S Dutch ar Sperry Electro- Sperry Electros
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Table Vii-6. Self

Swins Awin ]
us. Britiah (Gotman) (Nethettands) .
Vuican Swin French Faloon Osrlikon/Contraves |  Outliken/ Contra
Designation XM:163 Ostilkon AMX D.CA, 30 Vickers-Hispano S PFL:B $ P2
Weapon 30 mm 6 tube Quad 20mm | Twin 30 mm Twin 30 mm Twin 38 mm Twin 3§ mm
Catling gun M61AI HS8 831L ass 83iL Oetlikon L/90 KDA | KDA
Rate of Fire 3000 2x 650 2 x 650 2x 850 1x 580
Muzzle Velocity (F/8) 3280 3550 3540 3880 HG 3850 HG
) 3950 AP 3950 AP
Ammo on Mount 1000 in drum 300 rounds/gun 310 rounds/gun 330/gun 330/gun
8§00 stored linked
linklews feed
Time to Reload 3 min plus 200 rpm 30 min 20 min
Tube Lite 20,000/burrel
144,000/gun
Time to Chengo Tubes § min for 6 tubm
Curringe (Self Propelied) Tracked Tracked Tracked Tracked Tracked Tracked
XM 741 (Mod (AMX AMX 13 AMX )0| (Abbot) (Leopard chausls) (Leopard chamsls)
MI13A1 chunsls) chassls)
Weight tibs) 26,000 31,000 38,000 80,000 (1) 80,000 ()
Crew 4 3 k] 2 2
Horsepower M2 700 11313
Ground Premure (P8I) 11,6 pai
Runge (miley) 300 240 (roads)
Mux Speed (MPH) 40 36 40 30 (roads)
Turret Woight (1bs) 2900 SAMM 34014,
Turret 13,200
Gun Drive Eleetriv Eleotro-hydraulic Eleatric metadyne
Auxiliary Power None Separate diesel Separate dissel
engine and gencrator | engine and generatoy
Powur Requirement 0.5 KW
Back-up Mode Butterios Nons
o min/max «3/+80 -§/+84 =10/+88 -8/487 «B/+87
Alv min (°fwe) 60/48 80 slow 90/80 90/30
45 track
Ale'max (°foed) 160/160 120/120
D (meters) 200:500 1500-3800 Estimuted
(Regen: 5001500
D (meters/se) 10-320 $0-320 Not applicable
Artiticial Dispersion 6x 18 mils




Table VII-6. Self Propellsd Weapon System Characteristics (Sheet 1 of 2)

Swin Swin
Reitilh {German) {(Netherlands) us. French
1 alvon Oerlikon/Contraves | Osrlikon/ Contraves M42 Sweden Thomson-LSF Soviet Soviet
f\*‘ktm-mlpnnn s Pre-8 3§ PFZC Duster Bofors Javeiot 28U.23+4 Z5U-87
in 10 mm Twin 34 mm Twin 38 mm Twin 40 mm Twin 4)-mm Unguided 40 mm | Quad 23 min | Twin 87 mm
S RAL Oetlikon L/90 KDA | KDA MaA1 L/60 Lo tockets
2% 850 2x 850 2x 120 2x 32§ 4 x 1000 2120
3880 HG 3380 HG 870 3280 . 2950 3280
3950 AP 3950 AP
0 roundigun 330/gun 330/gun 240 roundsfgun | 428
in 4 round olips
20 min 20 min Not Applicable
12,000
3 min (afior 64
nd are fhed by
cause of hnatig)
Tracked Tracked Tracked Tracked Tracked Tracked Tracked
(Leopard chamsiy) (Leopard chamiy) (PT-76 tank
chamnts)
80,000 (") 80,000 (7) 49,500 70,000 33,600 67,200
2 3 5 3
800 240 gatoline T34 tank
330 gas turbine sagine
 (roads) 100
rouds) 28 crom country | 37
45 ruads
M4EL: 6900
fe metadyne Hydrmulic
Sepatite diesel Sepurate diosel One cylinder
engine and generator | engine and gensrator | engine-gonerator
Manusl )
-8/+87 ~8/+87 Powsr  Manual | -8/+85 0/+88 +2/+87
=3/+88 -8/+87
90/50 90/50 40/25 44 85/48
" 140
T Not applicable 20,000
phliceble Not applicable
20871-603A
1.27/7.28




Swise
us. British (German) {Nuths
Vulcan Swins French Falcon Oenlikon/Contrane | Qetlikon
Designation XM-163 Osrlikon AMX DC.A, 30 Vickers-Hispano 7 $ PFZB LRy
Surveillance Sensor Visua! Visual Osll Noir radar Visuat Slemens MPDR-12 | Signual K¢
RD VC-IA TCSF Ka Band
Automatio Throat Evaluation | No You
Alurting tnle (Remote) TADD(RAID) Via digital radio link | Via digital:
and display on PPl | and dlupug
Tracking Sensor :’:::‘mmwm H
Angls Visual Visual Vi Pomooslc visual Alblswerk Ks pulss | Sighasl dui
1 % 50° fleid doppler visua! visual alter]
altarnate ‘
Range Radar (Lockhesd) Rudar Radar Estimated Radwr Radar
Reg range
(800:1500 meters)
Computer Mé1 load Sagem sight, Computing sight
vomputing sight analog
max lead 25 computer
Backup Alternate Alternate
“smaetgency’ “emergenc
camputer on mount | computer
IFF Siemens MSR 400 | Siemers M
Gunnet's Control Rate Joystick
Fire Control Versus 6X telescope ‘Two APX M250 Petiwopn 6X;
Ground Targets night vision sight petiwople 10° fiold
binovular sights
Muezle Velocity On mount On mount
Measurgment
Stabllization None Turret Optical sight Optical i




Table ViI-6. Self Propelled Weapon System Characteristics (Sheet 2 of 2)

fwin

' . Swin
British (German) {Netherlunds) '8 8 ; French
Falcon Osrlikon/Contrane | Ourlikon/Contrane M42 Swaden ThomsonCSF Soviet Soviet
VickersHispano 3 PFZ.B § PFLC Dustar Holon Javalot 25U-234 258u.87
' Visual Slemens MPDR:12 | Signaa! Ka Band Visual Radar
Ka Band
E No
: Via digital radio link | Via digital radio link
¢ and display on PPl | and display on PPl
" Porizcupie visual Albiswerk Ka pulss | Signaal dopplerKa | Visual Rudar
“1n 509 rield doppler viwal visual alternate
alternate
- Estimated Radar Radar Not applicable
“Cumputing sight M38 computing Digital cemputer
é sight, Coutse and
spead astimated
Alternate Alternate Ring ight
“smergency"”’ “smargency"
computer on mount | computer on mount
Slemens MSR 400 Siemens MSR 400
Rate
On mount On imount
Optical sight Optionl sight None
20471-1603

1.29/7:30




SECTION 8 ‘
MISSION DESCRIPTION: THE BATTLEFIELD DAY

To provide a structure in which to bring together the
system performance characteristics for evaluation, it is
helpful to have a systematic arrangement of the proba-
ble activity states of the system.

A useful approach is via the specification of a ‘Bat-
tlefield Day’. A Battlefield Day, which may in fact
include several 24 hour consecutive intervals, is a
skeletonized scenario which has the objective of insur-
ing that the system under evaluation is considered and
assessed with respect to each of a number of functions
that it must perform when it becomes operational.

8.1 DEVELOPMENT OF ELEMENTS OF
BATTLEFIELD DAY

A definitive Batilefield Day must be developed by
experienced military personnel, however a hypothetical
description is provided at this point for illustration.

Tne time span includes both day and night. The
movement schedule includes cross country movements,
movement on roads, and periods in fixed position. The
system activity stater include alert status, engagement
of enemy aircraft and enemy ground targets, and
periods of no activity (passive).

In each activity state the system components which
are activated must be specified. This specification is
used to determine failure rates. It may be expected that
failure rates for a given component will vary depend-
ing on whether the component is being subjected to
shock and vibration associated with vehicle movement,
whether it is activated in an alert condition in a
position state, or whether it is subjected to shock and
vibration of gun firing during an engagement.

It appears possible in the interests of simplification
of the analysis to use the Battlefield Day primariiy for
generating the system ‘availability’ estimates and to
perform the ‘capability’ analyses of combat engage-
ments separately. That is, the system fires during the
Battlefield Day, but only the effects of the firing on
availability, and possibly ‘dependability’ are assessed at
this point of the analysis.

Availability and dependability thus obtained are
then used in the overall effectiveness computation
including engagement details as presented later.

This procedure allows most of the effects of weather
on the fire control system to be treated in the engage-
ment model. It may however be desired to include
weather in the Battlefield Day to assess its effect on
vehicle movement and fail and repair rates.

Figure 8-1 shows elements of a Battlefield Day
graphically.

8-1

There are two approaches to using a Battlefield Day.
One is to take a deterministic specification of when
events occur, as implied by Figure 8-1, assume that the
system begins the day with all components operating,
and determine its survival probability at the end of the
‘day’. The second approach, which leads directly to
availability estimates is to assume that the days are
repeated over and over until the system reaches a
steady state from which the state probabilities can be
determined. In the latter case it is helpful to specify the
mean duration of each tactical activity state and its
recurrence rate in statistical terms. This may require
taking liberties with the deterministic nature of day
and night, when it is felt that these are critical
parameters.

In general, if one performs the analysis by computer
simulation, the approximations needed for a manage-
able manual computation can be avoided. The follow-
ing developments assume however, that a first sizing of
the problem without use of a computer is more desir-
able than the avoidance of simplifying approxima-
tions.

8.2 SYSTEM MOVEMENT AND TACTICAL
ACTIVITY STATES

Beginning with the Battlefield Day, we may arrange
the system activity and operational states in mutually
exclusive sets and sub sets. The movement and posi-
tional phases are separated, since they impose different
stresses on the system. This set of states is shown in
Figure 8-2.

Next we subdivide the movement and position states
into three identical subsets each as follows, as shown in
Figure 8-3.

a. Combat: Enemy targets have been detected by
the defense and one or more of the fire units in
operational condition is attempting to acquire a
target and open fire, or is actually firing.

b. Alert: Enemy targets are expected, all operational
fire units are in a ready state with power on.
Surveillance modes are operational.

¢. Passive: No enemy targets are expected, and
scheduled system maintenance and repairs can be
carried out.

The complete system is stressed most highly in the
combat mode, moderately in the alert mode, and is
under minimal stress in the passive mode. Only in the
passive state is there complete freedom to repair mal-
functions. In the combat state repair would probably
be limited to actions requiring very short time to
complete, such as relieving a gun jam. In the alert



Figure 8-2. System Movemant States
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Figure 8-1. Elements of & Battiefield Day
mode malfunction repair might be limited by the
desire to keep the system ready for combat In at loast
the highest mode avallable at the inltiation of alert,
—b| In some situations the s?nem may be under enemy
MOV EMENT IN POBITION artillery fire which would limit the repair activity that
PHABE PHARE could be carried out in any of the above states.
] Experience indicates that the combat state will con.
stitute @ small fraction of the Batilefield Day, and
. within the combut state an even smaller fraction will
20871 28

be represented by actual Airing,

For example, in the defonse of the Remugen Bridges
in World War Il 4 massive barrage type of defense
wis set up, On the three nights of heaviest action, the
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Figure B-3. Tactical Activity Statea

barrage was fired three times on each night, each time
for 10 seconds, The corresponding firing ume lor exch
40-mm Bofors weapon in the defense was 3(' seconds,
or 60 rounds per gun.

The Island of Malts was subjected to repeated at-
tacks over a period of months’, during whichh some
14,000 tons of bombs were dropped on the 143 square
mile areas of Malta and Gozo. Antlaircraft destroyed
236 of the attacking aircraft, In the month of Aprli
1942 alone, 6728 tons of bombs were dropped. *On an
average there were 170 bombers over every dar. com-
ing in waves of 12 to 1S at a few minutes Interval
from a variety of directions..there were usually three
ruids a day..each raid lasted for about one hour, The
total time spent under raids during the month came to
twelve dain ten hours and twenty minutes'. In the
month antiaircraft destroyed 102 enemy aireraft, thirty
in one week.

But ‘In the course of that week they achieved their
record of ammunition expenditure, In one day an
average of sixty-nine rounds were fired for every heavy
antl-: reraft gun and fifty-six rounds for every Bofors
gun. :

This works out to an uverage firing time for each
houvg pun over ubout seven minutes per gun per day,
and for the 40-mm Bofors, about 1/2 minute of firing
time per gun per day,

8.3

Of course some guns must have substantially ex-
ceeded the average. But It seems reasonable to base the
analysis on the assumption that firing time will he a
very small fraction of total time, and ‘red alert’ only a
moderate fraction, ,

Within each of the sub-states shown in Figure 8.3,
the transition rates between states vartically will differ
in the movement phase from those In the position
ghm. For example, the towed Twin 35-mm Qerlikon

re unit requires | 1/2 minutes to convert from travel-
ling to firing mode, but the Vulcan, and other self-
propelled fire units can fire on the move.

8.3 SYSTEM OPERATIONAL STATES

Each sub-sat of atates in Figure 8.3 is next further
subdivided according to the operational modes, or
statos of the system. Considering a single fire unit, for
example, thcae states in which the system has some
capability to petform its mission are determined and
identified as operational statos. These include the ‘all-
up’ state with all subsystems functioning properly, and
the set of ‘fail' states, in which the system has no
capability for performing its misslon. These are indi-
cated in Figure 8-4, The possible transitions und their
probabllities depend on which activity state the system
as & whole is in. For example failure of the servo drive
for the gun in the combat stats may not be repaired

until the system us u whole transitions to an alert or
pussive stats.
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g o SECTION 9, ,
SYSTEM COMPONENTS AND STATES

Emphasis in this report is on the defense 'aynem
consisting of a number of fire units, their imniediately
supporting equipment, such as a common alerting
radar, and the organic communications wi.ch control
and coordinate the defense, These elements are shown
in Figures 9-! and 9-2,

Principal emphasis is on the fire units as opgosed to
organic but separately located radars, and other gen-
eral support equipment,

A natural initial subdivision of fire unit clements is
into ‘mobility’ and ‘firepower’ subsystems. In the case
of a nll‘-ipropellcd fire unit, the mobility subsystem
consists of the vchicle exclusive of the armament and
fire power gackage. In the case of a towed mount the
mobility subsystem consists of the wheel carriage struc-
ture and the prime mover vehicle, Some of the smaller
Automatic weapons fire units may be transported by a
;ehiclc and manvally unloaded and emplaced for

ring.

The firepower subsystern includes the weipon, am-
munition, tracking sensors, computer, sensor and gun
servos and related components.

SUPFORTED
UNIT

A few components may be common to both the
mobility and firepower subsystems. depending in the
fire unit design, These may include power and electri-
oal components, crew functions, and communications
and other components to be identified in the case of
specific fire unit evaluations.

These two primary subsystems are illustrated in
Figure 9-3,

9.1 MOBILITY SUBSYSTEM

The mobility subsystem may be further subdivided
into components. A representative list is given in Table
IX-1. This list is essentinlly the categorization used in
the Army Maintenance Management System
(TAMMS) which maintains a record of Army equip-
ment rclilbllilt{ and maintenance data under the Army
Equinmsnt Recard Procedures System (TAERS),
TAERS records will be « major source of data in
estimating availubllity of the mobility subsystems asso-
ciated with an air defense system evaluation.

During the movement phase, the mobility subsystem
may be in one of a set of sub state. as shown in Figure
9-4,

PLATOON
BATTENY COR LEADER

FIRE UNIT

e ]

vRC.41
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Figure 8-1. Flow of Command and Alerting Information to Fire Units
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Figure 9-3. Primary Subsystems

No extensive analysis of the mobility subsystem Is
contemplated for this report since its evaluation Is
relutively stralghtforward ar compured with the fire-
power subsy..em.

However, we note briefly the availability Agures for
i few vehicle types.

Trucks huve averuged about 0.40 maintenunce mun-
hours per hour of operation, with % of time uvailable
80-90%. Under proving ground conditions, (all supply
fachities on hand) the ratio might be about 0.2 mainte-
nunce manhours per hour, with an avallubility for
continuous test of uhout 85%.

For trucked APC and tunks, TAERS indicated about
1.5-2.0 maintenance manhours per hour of opération
with the vehicles avallable about 80% of the time. A
proving ground test of an early APC indicated only 0.2
maintenance manhours per hour, again with an availa
bility for test of about 83%.

0.2 FIREPOWER SUBSYSTEM

The functions performed by the firepower subsystem
are reluted to alternate modes of operation, und to the
sub-subsystems or components providing each func-
tion. For simplicity we continue to refer (o sub-subsys-
tems us simply subxystems. The relationships among
functions and subsystems are indicated in Figure 9-5,

9.2.1 Alternate Operational Modes

One step in the availability computation is the deter-
minatian of those system modes which allow engage-
ment of the enemy. These Include the completely
operational state (all-up) und various levels of de-
graded operatlon, and alternate modes of operations in
the all-up state.

The system may operate in 4 degruded mode if

4. The combat Fhuse occurs with a subsystem essen-
tial to the all-up mode malfunctioned, but with a
back-up mode available. For example a fire unit
may operate with estimated range il the ranging
device is inoperative. If the computer hus mal-

s St %

A B i S
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Teble IX-1. Probebility of Opersting Vehicular Components Without a Failure Requiring Support Maintenance

Tracked - 2,000 miios Wheeled — 10,000 miles
M60 M4842 MI13 T M3
ftem Nomenclature % * % % %
Fngine 97 99 96 99 99
Clutch NA NA NA 99 100
Fuel system 100 98 98 100 . 100
Exhaust system 100 99 98 100 100
Cooling system 100 99 97 99 100
Electrical system 97 96 97 99 100
Transmission 97 99 98 99 99
Transfer case NA NA 99 100 99
Propeller shaft ' NA NA NA 100 100
Front sxle or final drive 100 9% 99 98 100
Rear axle NA NA NA 100 100
Brakes 100 100 100 100 100
Wheel and tracks 100 98 98 99 100
Controls 97 97 98 100 100
Frame, brackets . 100 100 100 100 100
Springs, shock absorbers 100 9% 100 100 100
Hood, sheet meta! NA NA NaA 100 100
Cab, body ot hull 100 96 99 100 100
Turret 63 tk NA NA NA
Winch NA NA NA NA 100
Bumper guards NA NA NA 100 100 i
Miwcelianeous accessories 100 100 100 100 100
Fite extinguisher xystem 100 100 100 NA NA
Armament 93 91 9 NA NA |
Sighting & fire control 88 91 NA NA NA
Auniliaty penerator NA 99 NA NA NA 1
i 208714604
9.3
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Figure 9-5. System Functions, Modes and Subsystems
functioned the gunner may fire ‘with estimated ¢. Weuather may negate the auvailable trucking sen-
lead or by tracer observation. The Mutador sys- sors. With ull tracking and computing data de-
tem is plunned to huve a primary digital com- nied the system, u vital area defense can still be
uter und a backup analog computer. Consider. performed by barrage fire,
ng the defense system as u whole, malfunction-
‘;8 o u comman survelllnce “‘Idarf may id"P”V‘ In generul, if the system Is properly designed for
'h" fire units o '-""'l{‘ warning ““fl‘m“ on, but  reliubllity und maintalnability, the occurrence of de-
l‘ey may operate with local surveillance (such as fraded modes because of component failure will be
visual). ulrequent.

b. Enemy countermeasures may neutrallze one or Degradation caused by enemy countermeasures is
more of the sensors, but a backup mode may be dificult to anticipate because not all technical options
uvailuble, For example if' the radar range unit s open to the enemy can be foreseen (or the operational
jammed out, range may be estimated. life of the defense system.
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Degradation caused by night or bad weather can be
computed, but the evaluation of its importance is
directly dependent ont the assumed enemy capability to
attack effectively under the same conditions. Hence
judgement of future enemy capability is a dominating
factor in this amessment.

The system may operate in one of several available
alternate modes, in an all-up state depending on the
tactical situation parameters, For example, if the radar
is unable to cope with multipath eirors it very low
el:vn;ton angles, clevation angular data may be ob-
taine
continuing to provide range and azimuth,

92,2 Qualitetive Comparisen of Two Fire Unite

To further illustrate the kinds of alternate opera-
tional modes that may be considered, the characteris-
ties of two towed fire units, Vilcan, and the Rheinma-
tall twin 20-mm have been abstracted from the sum-
mary Table VI1-8 and are repeated in Table IX-2.

Il the engine generator set is inoperative, Vulcan can
operate with full capability on its storage batteries for
4 limited period. The Rheinmetall mount can be laid
by handwhaels, with some, but markedly lessaned ca-
pability, The eatimation of the probability that Vulean
will become completely inert because of battery drain
before the generator can be repaired Is an interesting
sub-problem.

The Rhelnmetull mount uses estimated range input,
The fire contro| algorithms are unknown at this time to
this writer, Vulcan can operate if the radar is inopera-
tive, with range estimuted by the gunner or by another
operator off-mount,

Both systema can fire by estimated lead or by tracer
observation if the computers are Inoperative.

The Rheinmetall mount can probubly continue to
fire with one gun if the other jams,

For fixed aiin in surface fire, Vulcan s positioned by
the drive controller, then the dpowur is turned off. The
Rheinmetall mount can be laid by the handwhesls,

9.3 DEFINITION OF SYGTEM STATES

A general procedure for defining the system stutes
for analysis is as follows:

It is assumed that a level of orgunization has been
chosen, below which the analysis is to be performed.
This may be, for example, an Air Defense Artillery
Battallon, It is also ussumed that emphasis Is to be on
the effectiveness evaluation of the predicted-fire units,

From the point of view of the fire units, there are.

lunctions performed within the battalion which sup-
port and affect the performance of the individual fire
units. These include:

4. Tacticul Functions

by human operator tracking, with the radar -

8.5

(1) Warning.
(2) Survelildnce.
(3) Communications, command and control,

4) Eiﬂ‘m of minile fire units on the threat tac-
tics,

b. Support Functions
(1) Maintenance.
(2) Supply.

The warning and alerting information affects the
combat performance of the fire units, The maintenance
and supply function affect the avallability and depend-
ability of the Are units. The command and control

function improves the effectiveness of the defense by
coordinating the action of the individual fire units.

9.3.1 States of Supporting Funections

These are developed as inputs to the fire unit state
analysis, and by methods similar to those to be dis-
cussed for the fire units. For example, of the battalion
uses a number of FAAR radar, the availability and
dependability computations would be similar to those
of radars on the fAire units, Maintenance support is an
input to the fire unit maintainability estimates,

9.3.2 Fire Unit State Definition

From the functional flow diagrams of the fire unit,
and the system description, identify the subsystems
which perform each function. Begin with the highest
level of function and subsystem which can be devel-
oped in the following categories.

a. Functions with alternate modes of performance.

Primary modes (for example radar or visual
tracking).

Degraded Modes (for example range estimation).

Note that the mode designated as ‘primurﬁ" mn(
vary with the environment, A system ma{ alle
up’ yet use only the preferred option of its pri.
mary modes. A degraded mode Is defined as one
which is inferior to a primary mode, but pro.
vides some capability, but would not be used if
the primary mode were available,

b. Functions without alternate modes of perform.
ance, whose loss Incapacitates the system, (for
example, power supply or gun drive servomecha.
nisms for a mount which cannot be laid
manually).

Next identify a set of operational states which are
mutually exclusive and complete, described in each
case by the set of subsystems which must be operative
for the system to be operative in that state. Examples
are given later.
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Table IX-2. Characteristics of 20-mm Towed Mounts

Backup mode

1.8 KW, 28V gasoline
engine generator st

Storage batteries

Designation Vulean XM-167 Rheinmetall
Weupon 6:bbl 20«mm Gatling Twin 20-mm
Rate of flre 1000, 3000 tpm 2000 tpm (2 guns)
- Muztle velocity 3400 /s 3540 10/s
i On mount ammo 300 rounds 270 rounds/gun (ammao box)
Ammo types HEIT/SD {AA) HEIT
1 HE  (Sutface) APIT
i_ Crew 4 3
5 Carringe (tow) 2-wheel dwhesl
Weight in tow 3180 1bs 4600 Ibs
position
Primo Mover J«1/4 ton truck MS61 Truck
Gun Laying Drive Elactric Hydrostatic
Powaer for Gun Lay Storage Battaries and Alt-cooled gasoline angine

Manusl handwhesls

Fire Control On carringe On carriage
Antiniroraft Gyroscopic Lead Electromechanical Lead
Computing Sight Computing Sight
Ground fire
Direct 6x telsscope Telescops
Night vision sight
Fixed reticle in LSC
with gyto caged
,! Indirect Azimuth and elevation lay
Ranging information Radar Estimated (and rogenerated?)
Backup modes Cunnet estimate
Remote estimate
Gunner's Tracking Ald Rate drive vontroller Joyutick with computer
rogenerated rates
Disparuion
AA 6 x 18 mils Small. No artiflciul
Ground $x 5 mil dispersion.
Other aids TADDS
Communications Wire
Radlo
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Identify a set of ‘down’ states in which the system is
non-operable. Each is initially defined by the subsys-
tem of component whose malfunctioning identifies the
state. In the analysis an attempt is made to aggregate
these states where possible to simplify the analysis.

Develop a flow diagram showing possible transitions
among the states defined above. How one defines the
state transition probabilities with time depends on
whether a computer simulation is intended, or whether
an analytical solution is tc be attempted. In the case of
a computer simulation more freedom in incorporating
a variety of probability density functions appropriate
to each state transition {a possible. For analytic pur
ﬁom. with even moderately complex systems, one can

ardly do more than describe the state transitions as a
set of linear differential equations with constant
coefficients.

In the present report the view is taken that the state
transition probabilities (in this case mean rate of fall
and mean rate of repair) for u specific subsystem will,
in many cases, vary significantly depending on whether
the fire unit is in a movement phase and opposed to a
position phase, and within these phases, whether it is
engaging a target or whether it is simply on alert.
Movement across rough terrain may cause failures
even of inoperative subsystems. In addition, the repair

possibilities will be much more limited in a movement
phase as compared with a position phase.

A method is indicated in the report for including
these ‘tactical state’ transitions in the general state
transition description.

Having developed the complete state transition dia-
ram, the necessary fail and repair coefficients are
nserted, and the differential equations are solved for
the st)endy state solution (fixed point probability

VCC!OI' 0 N

The elements of the fixed point probability vector
are the desired availability and dependability estimates
for each operational state and are extracted for combi.
nation with the system capability matrix for the effec-
tiveness computation.

For each system evaluated it is probably desirable to
duvelog the state transition diagram in considerable
detail before attempting simplifications, to insure that
all essential states and transitions are included.

Having made initial estimates at the subsystem level
of lﬁgregltlon described above, those subsystems prin-
cipally responsible for loss of availability and depend.
ability may be identified, and a more detailed develor-
ment of the subsystems to component level would
follow, to further identify scurces of difficulty.

9.7/9-8
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SECTION 10 7
DEVELOPMENT OF AVAILABILITY AND DEPENDABILITY MATRICES

10.1 OATA ELEMENT REQUIREMENTS

Data requirements to follow the WSEAIC type of
analytical structure up to the determinution’ of the
5:&' ility vector are listed in Table X-1 as given in a

EAIC report”

The identification of system, subsystem and compo-
nent elements has been described in a prior section,
The time information as it is related to operational
and tactical activity states {s derived, as discussed

earlier from the ‘Battlefleld Day'. A more detailed
definition of event sequencing is required for the
cap?billty vector and will be developed in a later
section.

The levels to which reliability and maintainability
data are developed depends on the position of the
system under analysis in lta life cycle, and is outlined

in Table V.i.

Table X=1. Typiesl Data Element Requirements

W, Qeneral identification information (nomenclature, ete.)

b. Time intormution (chronologieal time und seguence of events),

(1) Operating Times
() misston time und phuses
(b} nun misdon time
1) cheekout und test time
2) full on stundby
1) partial on stundby
() Non=uperuting Timos
() off, ho demand
1) moruge
2) free time
() dowsntime (when in demund
1) topuir time

1) logistic tima (spares, transportation, queuing,
other support-otiented items)

3) administeative timo (training, other vause of
personnel non-avallability)

4) coffect of emergency procedures
¢. Eventinformation
(1) Fullure events
) identification of fuilure
(b)  effect un misslon capubliity
1) eritigal
3) nonw«critical
(¢) repairuble during mission
{d) how detosred
(¢)  fuilure classificution
1) primury
2) seconduty

n

cuuse clansification
1) design
2) operutionul environment
u) controlled
b) uncantrolied
3) personnel induced
u) supplier
b) umset
4) timedependent

(2) Maintenanco svents

(a)

(b)

clanses of maintenance (Includen monitoring und
system exercising)

1) corrective maintonance
@) whaduled
b) unscheduled

event information
1) type of action
u) replacoment
b) adjustment
¢) repiien
1. inplace
2. other focation

2) munhours expended (minlmum number of
personnel required)

3) level of personnel

4) adequacy of squipment und toals
$) availability and quality of spures

6) udeguacy of fuciitios

7) udequacy of technionl datu

8) udequucy of maintenance uotion

10-)

10871-606A




In general, in the concepiuul stage the simplest
possible approximations to the failure and repair
process would be used. As the system progresses to
development, more detailed information becomes
available and more accurate analyses are required. In
the concept stage adequate estimates of availability
and dependability may be made analytically. When the
system is detailed in depth and accurate representa-
tions of the probability density funntions are desired, it
is probubly most economical and feasibie to use com-
puter simulation.

Some of the levels of approximation and their valid-
ity are discussed in the following paragraphs,

10.2 GENERRAL APPROACH

The presentation of the methodology for determin-
ing the availubilhy-derendubllhy parameters for a
system is arranged us follows:

& The discussion is initlully limited to ‘inherent’
avallability (to be defined) without regard for
tactical states, Methods of simplir{ing the com-
putation for complex aystema are liluatrated by a
serles of exurnples.

k. The unalysis is then extended to Include tactical
stutes of the system. It {s indicated that this
provides an additionul measure of realism, and
that tlie extension is feasible. Approximation
methods are {llustrated by examples,

Most of the literature on relinbility, maintainability
und avallubilltr theory describes how to solve exuctly‘
relatively simple cases, The solution of complex cases |s
eusily written concisely but with the implied inversion
of large matrices for the determination of the fixed
point probability vector, and the solution by eigenval-
ues and eigenvectors of the transient solution, These
methods are time-consuming for the analyst, and so at
the expense of spuce, und perhups, the reader's pu-
tience. u number of devices for obtaining useful ap-
rroxlmuliom are developed with examples in the (ol
owing sections,

10.3 DEFINITION OF AVAILABILITY

Consider u system or subsystem which has only two
stutes, (1) fully operationa) and available for use, and
(2) inoperative. ‘The system may be inoperative be-
cuuse of u faflure which has not yet been repaired or
because it Is down for preventive maintenance, In the
field the down time would include not only the uctive
repuir time when the aystem Is being worked on, but
also the time waiting for spares, for maintenance
personnel, etc,

Over u very long peried of time, the fraction of time
that the system Is in un operational state is defined us
‘availability'. The computation of this value does not
usually require identification of the probability density
functions of the time durations of the operative state

or of each separate contributing action to the down
state.

Insight into what factors contribute most 1o reduc-
tion in availabllity is provided by computing availabil-
ily under several assumptions of support and environ-
mental conditions, and standard definitions of availa-
bility recognize several cutegories depending on how
many of the elements constituting total downtime are
included in the measure. The standard definitions are
reproduced in a following paragraph.

The highest value is that of ‘inherent’ nvailabilltr.
which is measured by running the system continuously
to failure, then repairing promptly with all required
resources on hand, then running to the next failure,
etc.

‘Achieved’ availability is a similar computation, in
an ‘idenl’ support environment, but includes downtime
frolm both preventive und corrective maintenance
actions,

‘Operutional’ availability includes lost time because
of delays in supply and administrative action.

TAERS data from 1963" showing the Imcenu;a of
downtime in direct support maintenance In the catego-
ries of (1) In transit, (2) awaiting repalr, (3) shop
time and (4) MWO, indicates shop time s only about
27% for the M113 vehicle, 32% for radio set AN/
GRC-19 and $5% for the UH-1B helicopter, as fruc-
tions of total downtime.

II' the support system is not improved, one might
reasonably upply a multiplyinP factor of 2 to 5 on the
medn active repair time assoclated with uny particular
subsystem of AFAADS, for exumple,

10.3.1 Standard Categories of Avallability
Estimates™

avuilability (achieved).® The probability that a sys-
tem or equipment when used under stated conditiona
in un ideal support environment (l.e., uvailable tools,
parts, manpower, manuals, etc.) shall operate satisfac.
torily at uny given time. A, excludes supply downtime
and waliting or udministrative downtime. It may be
expressed as:

__MTBM
Au " NTEM + M
20871-800

where
MTBM = Mean-time-between-maintenance.

M = Mean active maintenance downtime re-

*Termy identiped By an arierisk (aken from MIL-NTD. 278, Mumtainabiuy
Tearmy und Depnitions.
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sulting from both preventive and corrective
maintenance actions,

availability (inherent).® The probability that a sys-
tern or equipment when used under stated conditions,
without comaideration for any scheduled or preventive
maintenance, in an ideal support environment (i,
available tools, parts, manpower, manuals, etc.), shall
operate satisfactorily at any given time. A, excludes
ready time, preventive maintenance downtims, luppl[y
downtime, and waiting or administrative downtime, It
may be expressed as!

MTBF
A TR e B
3 MTBF + MTTR
20871-801A
where
MTBF = Maun-time-between lailure,

MTTR = Maeun-timestostepair,

avallubility (operational).* The probability that a
system or equipment when used under stated condi-
tions und in an actual supply environment shall oper-
ate sutisfactorily at any given time. It muy be expressed
as!

MTBM

Ao " STBM + MDT

20871.802
where

MTBM = Mean-time-between-malintenance  and
reudy time during the same time interval,
and

Mean downtime including supply down.
time and administrative downtime during
the same time Interval. When preventive
maintenance downtime is zero or not con-
sidered, MTBM becomes MTBF.

MDT =

YTermy (deniified By an avierisk taken from MIL-STD.778, Maintainability
Terms dnd Definitions.
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10.4 INHERENT AND ACHIRVED AVAILABILITY

To illustrate the approach and the kind of mumg-
tions we propose to make in this report, consider the
simple case of the system which has only two states
(1) all up, and (2) inoperative,

Let:

Xi(t) = the probability that the system is ‘up’ at

time t

the probability that the system is inopera-
tive at time t,

Xy(t) =

X (1)+ Xy (1) 1.0 (10.1)

The transition rates ucross the two states may be
written in general form as

dX; (t)/dt =y [Xg, Xg M pt] (10.2)

dx: (/dt = fz [x,. x:. TR (10.3)

where
A(t) Is @ failure related function of time
#(T) Is u repair related function of time

and the general formulation admits consideration of
the fact that the |{mm may be more !lkely to fail as it
gets older, the likelihood of fallure depends on the
elapsed time since the last repair, ete,

In & computer simulution we would have a good deal
?f‘ freedom in defining these relationships in complex
orm.

However for 4 first approximation we make the
following simplification:



4. The probability that a failure occurs in dt given
that the system is operating, is independent of t,
and is equal to Adt.

b, The probability that u repair action is completed
in dt, given that the system is down for repalr. s
independent of t and s equal to udt,

Then
X, " -7\)(, "'HXz

Xg ® AX «uXs (104)

Assume that at an initial time t = 0O the system is
operating. Then solving the differential equations

D gt
Xj (1) # gl st et

LS S A
P TURE vl wb i (10.9)
The system upproaches u ‘steudy sate’ us defined by
the exponential

LRI (10.6)

and (f either the rall rate A or the repair rute g. or
both ure large. the steady stute is quickly achleved.

The steady state solution for X,

X) (=) ® 55 (10.7)

This is the probability that the system will be In un
operable state if it is observed at an urbltrar{ time
af'ter It has been operating for u long time. It s also,
the fraction of the total time that it s operable, for
very long observation times,

X (@) is defined us avallability.

The steady state solutions could have been obtained
directly by semn? the derivatives equal ta zero in the
c’l(lﬂ‘crel;élul eq|uat ons and solving for X, und X, using

Ry m 0,

If there in no repuir, and the system begins operation
at t=0 In an operable state

Xy = oM (10.8)

and this expression {s a definition of ‘dependability’
during u no-repair interval,

Notation can be simplified when the number of
system modes becomes large by using matrix notation,
The differential equations can be written

X=AX

I
Kok, A h (10.10)

The mean time between recurrence of 4 state when
X = 0, Is the inverse of the state probability multi-
plied by uverage rate of departure from the state, For
this simple model, the mean time betweer fallures
MTBF and the mean time between repairs M IRR (the
system cycle time) are equal

(10.9)

where

MTBF = MTBR = (I/\)[(A + kK]

= (/1) [N+ WA (10.11)

The mean up time (MUT) is the mean time that the
system remains in an operational state und is the
inverse of the rate of leaving the state

MUT = |/\ (10.12)
Similurly the mean down time (MDT) s
MDT = | /K (10.13)

und
MTBF » MTBR = (MUT) +(MDT)

These separate measures allow one to discriminate
between a aystem that fails frequently but can he
repaired quickly, and a system that falls rarely, but
tukes a Iong time to repair both systems having the
same avallability,

The ussumptions of constant transition rates with
time Is easier to justify us an adequate upproximation
in the fail mode than in the repalr mode. Probability
density functions of maintenance times (especially in
computing achieved avallability) are not simple expo-
nentlals, and most malntenance analysts prefer to
describe them by lognormal functions. We show how
to handle this apparent difficulty In a later section, but
note at this time that the effect appears principally in
the trunsient solution of Equation (10.9). Its effect on
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the steady state solution, which is basic to the availabil-
ity concept, is much smaller.

‘ 1.0 10.17
10.4.1 Multiple Fallure Modes E'Lb xj - ( )

When there are many components to be considered,
solution along the above lines can be tedious, Usually,

l however, we ate interested only in determining the

tional states ai.. have no interest in the relative proba-
bilities of the down states,

In many cases tue following u%gronoh can be used,
or imbedded in a larger problem to reduce its |

complexity. Xo® . ) X ™ Ay = avallability
Consider a system which has n components, all of l*% E(M/Pj)
which must be operable for the system to be in an -

operable state. Assume that component failures occur

only when the system is operating, that repair begins (10.19)
immediately, that the fail and repair actions are ‘Pols-

son’ et;emmu ohr events, wlthLA. ;2 the “"b.gﬂl np‘:lr

rates of the j'th component. Let X, = probability that W

the system f's 0 ut?onul and X, the probability it i mml: ?;m“l expression could have been written in
down because of lailure of the j'th componeat,

The differential equations are

n :
steady state probabilities of a small number of opera- Xo * E X =10 (10.18)
-

T P BT AN s (SR SN w7 7o

R et e o O

, n ,
Xo ﬂ \Xo +F kX (10.14) X=AX 10.20)
=l =l ' -
gl
2N\ B Mot v
X = ho kK (1015 YR
N B 00
These expressions ure easily solved for the steady As ) 0 ‘Page o 0
state . . A
X ® OyXo S L2on o (1016) : : e
bkn 0 0. '“n—

and since

(10.21)




MTBF = — (10.22)

X 2 y
=i

1
1+ 3 Oy
]

1]

ZM

J=1

MUT = A, (MTBF) = X, (MTBF)  (10.24)

MUT » - (10.28)
3 A
J=i j
MDT = (1+AMTHF = MTBF -MUT
(10.26)

t (Kjluj)

MDT = s (10.27)

]

|
2N

J=l

To be more specific, surpoue that we have ten com-
ponents with identical fall und repair rates, Then

| ]
MTBF oR +I-T

!
MUT = ox

|
MDT = =
o " AT 0 ) (10.28)

10-6

10.4.2 Approximate Computation

For the case of this system with n components, all of
which must be operational in_order that the system
operate, and with the repair action on each component
independent of that on ail others, we now consider
what error would be introduced by computing the
system availability as the product of the availabilities
of the n components. This Is equivalent to the assump-
tion that the fallure probability of each component is
independent of whether the aystem us a whole is
operating.

For the j'th component, the steady state probability
of operation is

R
Y| YO (10.29)

and for the system we upproximate

n n
xu = |} YJ n [

|
i Ty O (1030

. expunding the product

)
A

Xo ™ |
'*F(M/#J)*E t ! (M/NJ)(?\R/Hk)*"'
" ) kw
J#*

(1031)

and if all the A;/w, << 1.0 the two methods give the
sume rosults, \

10.4.3 Bystem with Alternate Operationa! Modes

The complexity of the full analysls increases rapidly
us the number of ulternate operational modes is in-
creused. We illustrate this by a simple example, and
s:mwl how 1o obtain an udequate approximate solution
simply.

The a{mm states and trunsitions are shown in Fig-:

ure 10-1. The system Is ussumed to have a primary
o'peruuonul mode depending on an Infra.red tracker,
If the IR sensor is inoperative, the system cun be
employed with visual trucking, In addition, u set of
elements (here uggregated into one und called ‘servo’)

s n b e e " . . :
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Figurs 10-1. State Transition Diagram tor System
with Two Qperational Modes

is ensentinl to operution In either mode, The states are
defined by the probabilities (all at time 1),

probability the system is ‘all up®,

probubllity that the system is operable in the
vls,ua;l mode with the IR unit down and under
repair.

probabllity that the system is inoperative with
the IR unit up, servos down and under repuir.

X = Erobubilhy that the system is inoperative with
othl IR unit and servos down and under
repalr,

Note thal some assumption must be made as to
repair doctrine when both the IR unit and the servos
are down, Depending on muintenunce support und the
type of malfunction, they may be repaired in sequence,
or simultaneously. We use the latter assumption, with
different repair rutes for the two units,

10:7

The state transitions are developed in Figure 10-1,

In matrix form, the differential equations for state
transition rates are given by

SR —
Xor| =" +hgp ¥y Hy 0 Xo1
Xoa ATRREL FREY L I Xoa)
X P 0 gt M X3
%l L o 0ty rug 34_

(10.32)

To determine the steady state solution (the corre-
sponding set of X, Is known as the ‘fixed point proba.
bility vector'), set the dX,/dt = 0,

Since the sum of the X, must egual unity one line of
the resulting expression is redundant and we choose to
replace the top row by (1,..,,1) whence

B 1 t ] el =
Xy WAy 0y Xaa 0
Ayt 0 gy Xy ]

L0 A 0 cwyvuld X Lo

(10.33)

This equation may be solved 1) by inverting the
matrix of transition probabilities, 2) expanding and
solving the resulting set of equations.

The process is tedious, even for this simple example,
but following It through we obtain




Nor = U +RaS/D

Nox = Ry/D
AN - ~
3 TR+ RS)I+R, (1-9)]/D
Ny = R|R,S/D
(10.34)
where

Ri =M Ry = Mol i S = g +ay)
D = (1+R) +Ry+R|Ry) +SRy(1+R,)

(1035)

10.4.4 Approximate Solution

~In the case of any real system we shall be interested
only in systems with high availability (perhaps over
0.80) in the primary all-up state. Systems with low
availability need not be evaluated closely, since a rough
indication of low availability at this point in the
analysis is enough to send the designers back to the
drawing board.

This suggests that we expand the availability fixed
point probability vector as a Taylor’s series in terms of
the A,. For almost all (perhaps all) practical purposes,
the series need only be carried to terms in A,

In matrix form, the fixed point probability vector is
defined by

A X (10.36)

Take parual derivatives with respect to each A, and
then set all of the A, = 0 in the resulting expression.
The resuling matrices are greatly simplified. are usu-
allv casily invertable. oftem by inspection, and in
many cases the solution can be written by inspection
wathout resorting to matrix inversion.

Froe nnenation s symbaohically.

10-8

AN XA =0 (1037)

| aA(O)lai\i) | X(0) + A(0) [BX(O)/akj }=60

(10.38)
and the solution desired to two terms is
X0 = X(0)+22%; X0\,
]
(10.39)

For the previous example, we obtain from this
operation

1 I 1 } axm:ax] (LR RS}
¢ - ) IR D) P ) § A
! 02 1
no- dan,
v 0 da ! ax‘faxj x>
0 U o g tus) ax,,ax, 0 030

The matrix is triangular and relatively easy to invert,
but in this case we can obtain the soluton by inspec-
tion. Since

Xg10) =1 0 0 0T (1041)
we have
Xo1 = 1"Ry-R,
Xo2 = Ry
X3 = Rz
X, =0 (10.42)

For this first order approximation, statc X, drops out
since it involves two subsystems inoperative at the
same time.

Referring back to the exact solution. it is apparent
that when R,.R,; << 1.0, the exact solution reduces to
the simple approximation.

10.4.5 Generalization end Example

If. as alleged earlier, we are interested in going
forward wich the analysis of only systems having high
availabilities, it follows that failure states resulting
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Table X-2. Subsystem

Fail end Repair Parameters

Failure Rate Repair Rato
Subsystem Data Elements N H N/H;
Radar Range, Angle 0.02 1.0 0.02
Infrared Tracker Angle 0.018 1.0 0.01$
Laser Trackor Range, Angle 0.01 1.0 0.01
Supporting Subsystem 0.02 10 0.02

from more than one subsystem or component being
simultaneously inoperative will have a very low proba-
bility of occurrence compared with those involving
only one lailure. Hence we should be able, almost
always, to neglect them in systems of interest,

This rationale can be employed at the ievel of the
state transition diagram, where multiple failure mode
stutes can be eliminated by inspection, or by the series
expunsion method described ubove. Infrequently, one
may be interested in double fuilure modes. In this case
the Taylor series expansion can be extended one term,
at the expense of complexity.

For an example of the vulidity of the single compo-
nent fallure assumption we use a system unalysed in a
puaper by Ebenfelt and Holmqvist? In their paper, the
authors carefully worked out the availability by mode,
of un antiaircralft defense system which had twenty-
two possible states, of which eight were operational
stutes,

In the referenced puper, u fire control system s
ussumed huving the following characteristics (Tuble
X-2).

The fire control system Is operationa! if any set of
sensors is cperational which provides both angle and
range. The system is non-operational (I either range or
angle is not avallable, or If the supporting subsystem is
down.

The ‘all-up’ availability of the system computed
exuctly in the referenced puper is 0.9363. Our approxi-
mute method gives

20871607

g = 1Tk w0935 (10.43)

more exactly

oy = —_— 09367 (10.44)

1+ & (\yfly)

However the ‘all-up’ case is the simplest to compute
in uny event,

There ure eight possible operational states according
to the definition given ubove of an operational state.
We compare two levels of upproximation againat the
exuct figures computed in the reference, These are

a. When only one subsystem is down, the availabil-
ity in the corresponding state equals the ratio A,/
i, Tor the down system. If the state has two
subsystems down, its probability is zero.

b. Same as the above, but for the two subsystem
down case, the availability is the product of the
A/, of the twn down subsystems,

As in the reference, the state is identified by indicat-
Ing the down subsystems after the state number in the
order of their fallure (Table X-3). (The reference gives
an order-of-repair doctrine which is needed to work
out the exact solution.)

Since the exact solution has some 64 elements in the
state transition matrix, it is clear that the simple
approximation suggeated above has much to recom-
mend it for the initial evaluation of any system.

10.5 OPERATIONAL AVAILABILITY AND
DEPENDABILITY

We now superimpose the considerations of tactical
states on the availability models developed in the
preceding section. A moderate amount of algebra is

-
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Table X-3. Comparison of Computational Methods

. Availahility
Operational States Exuct Apptoximation | Approximation 2

I Allup 0.9363 0.938 0.938

2. Radar down 0.0140 0.02 0,02

3. Rudur, IR, down 0.0002 0 0.0003

4. IR down 0.0168 0.01$ 0.013

S. IR Rudur down 0.0003 0 0.0003

6 IR, Luser down 0.0002 0 0.0002

7. Luser duwn 0.0112 0.01 0.01

8. Luser, IR, down 0.0002 0 0.0002

involved, but as will be seen, this needs to be gone
through only once lor u specified stochastic ‘battlefeld
duy' after which the determination of availubility-
dependability for specific systems is relatively simple.
The method ulso hus the advantage that it gives the
probubilities of state availability in the combat states
directly.

10.8.1 Method of Analysis

Referring buck to the description of the battletield
day, it will be noted that two movement states were
identified, und three tacticul activity states were identi-
fled within each movement state. {n the following, to
conserve space, we delete the ‘passive’ stete in each
movement state, However, separate analysis indicates
thmithere is only moderate additional work in includ-
Ing it.

The method is to work down from ‘top level® state
aggregates by matrix partitioning until the system
operational stutes are reached, This has the advantage
that state transition rates which are common to subsets
of states cun be manipulated economically.

The procedures are hest described b{ exumple, The
process is outlined in Figure (0-2, Beginning with the
top level states, the system is progressively detailed o
lower levels. At each level, the steady state solution is
‘normalized’ by matrix manipulation, so that by the
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time one has worked down through the second level,
the resulting matrix to be inverted, or otherwise solved,
is only n x n, if the system has n ‘operational’ states,
where ‘operational' states are distinguished from
movement and tactical activity states.

The top level expression is

AX =0 (1045)

Expand the matrix und vector to describe transitions
between the movement and non-movement states.

ul Nz‘bl X2 (10.46)

where N\.N, describe transitions that occur only within
XXz respectively.

The fructions of time spent in X,,X, (designated us
Fi. Fay Fy + F, = 1) are obtained by setting N;,N, =
0 and solving the ahove expressions, obtaining

RTT08

P

© G oo

E&.I ~ _,,,g

B




A

.f; MOVEMENT POSITION
; a
b TOP LEVEL X4 g
1:
3
l l MOVEMENT POSITION -
3 l a COMBAT
, - X
X 3]
4 ﬁ 18T LEVEL ’ 8 a,
3 b ALEAT
¥ -
R
1 ! MOVEMENT POBITION
_ i r- — - A e— ‘1 l- P N e o -1
! pums SENSTER ek Ssseweee ——
: : COMBAT | r coMBAT . ) |
; ) ur ue ,
- 1L HI | A H A l
- BOWN 3 Dow |
i & :H N
L — -
v + aND LEVEL ﬂ, T | a, j I
v ALERT _-' ALERAT -l
I up l 1' up l
K I Tx I M A l

I DOWN l

] | L
R | L —_— —_ A

20871282 A

| ¢—u
|
|
|
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F, = % L Ey n ;-:—- (1047)
normalize the matrix equation as follows
Fy Nyl Fybl X, /E
» 0
Fpal FoNgebl}| | Xq/Fy
(10.48)

Substitute the values for F within the matrix and
write Y w X/F

Nlu.l l Yl
=0
b Nyl Y2 (10.49)
where
NI .
Npg = 0 Ny i Ny = 07Ny (10.50)

Since the normalization makes all elements of Y, sum

to unity and all elements of Y, sum to unity, the
roblem can be sepurated into two purts by solving for
1Yz fron. the ubove expression,

INj * Nopy - NopNy, 1Y) = 0
(1051)

INjy* Ny - Ny Napl Yo = 0
(10.52)

Next exrand the malrices und vectors to identify the
separate alert und combat stutes within each movement

stute. We need work only with Y, since the expressions
are symmetrical und we can write each by inspection
from the solution to the other,

The transition rates between combat and alert need
not be the same in the movement and position states.
At this level we also explicity show the system opera-
tional state transition matrix M. M will be different in
each of the four substates. The N;,N, matrices ex-
panded before normalization are, where the a, 8 are
transitions between combat and alert,

po -
Ml -a.ll ﬁll

Nl L] (]0.53)

L a1l Mz'ﬂll

FM - aql B4l
N2 a 3 2 (10.54)
Gzl M4 '62[

L.

These ure divided hy a, b respectively

My -agl By T
Ny, = (10.55)
B Mau - B1al]

P
My, -agp! Ay
(10.56)

dgp! Myp - Bap!

Substituting these expressions into the relution for Y,
and expanding,

By -yl Bygteql] Yy .o
Byyteyl  Byy-cal] Yy,
(10.57)
where
¢ ®agytay, (I +agy, +8y)
Cy = Bap By, (1 tagy tigy) (10.58)
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and
Byp = Myt Mgy Mg My t My a9, t Mgy 0,
Byp = My, + My - Mgy Mgy *+ Mag B, + Mgy 81
Big = -MaypBap-M3phyy
Bay = My a9p-Mgp oy,

(10.59)

As before, we can determine the way in which the time
spent in Y, divides between Yy, and Y), by setting the
= 0 and solving to obtain

02 <

Fitove  fetgrs, 1060
Again normalizing, with Z = Y/F
Ci-t Gt 2y
Cytl Cyp-iffzp|”0 1O
where
Cip = Byye 5 Cpp = Bygle
Cat = Byyfe i Cyp ™ Bygle (1062)

On solving for Z,,Z; In matrix form we now find
that we must invert at least one of the matrices includ-
ing a Cy. Now each of the C, turns out to be Mark-
ovian, however, for the most general form of the
constituent M (ngstem operational matrix) the inver-
sion is tedious, but possible. There are two ways of
circumventing this problem.

a. Choose a ‘worst case’ and allow no repairs dur.
ing movement, and no repairs during the combat
substate of the position state. This leaves only M,
as the matrix with both fail and repair states,
and inversion of the other matrices s simple.

b. Apply the Taylor's series expunsion described
eurﬂer. in which case all of the required matrices
are casy to invert,

For reference we show the matrix inversion for
matrices containing only failure transition probabilities
or only repalir transition probabilities,

First consider

(-1} (10.63)

where L is a matrix containing only failure transition
probabilitius.

= e ™ “
Ly
L 1 0 mﬁ 1 0
1.y |
oy - |
-Lz 0 1 l_‘T‘-ij 0 1
L- — e l —'
(10.64)
30 that
-1 = et +zLj)"[L1 (10.69)
Next consider
(1. M)} (10.66)

where M Is a matrix containing only repalr transition
probabilities,

[ T 0 M m T
1o, may ) r;;‘—l r;n-rz ]
|
0 |+m' 0 [ [¢] r:;\—] 0
IRTR .
|
o 0 lémy 0 o ‘_*_';‘.2-
e - - -
(10.67)




whenee
™1 0 0 =
1
| 0 mHm, 0 '
{1-M]"! = 1 +(M]
|
0 0 l+nl2

L| o ’ et
(10.68)

Note, however, thut if one wishes to compare a
variety of systems for a specified tet of movement and
tactical activity states, the progression of anulysis
through the second level needs to be done only once.
since only the M matrices will differ across systems,

10.8.2 Explicit Solution of Partioular Case

To relute the loregoing algebra to reality, we choose
an ubbreviated example, in which there are only two

tactical states, with fall and repair possible in each

state, but at different rutes, In accordance with our
prior conclusion regurding multiple simultaneous fail-
ure modes, we consmider only single fuil modes for the
system.

The matrix equution for one of the tacticul states is

lNlH+N2b-N2bN|3]Y| = () (10.69)
where the N are now the system operational state transition

mutrices which we expand as follows, in terms of fail and
repair rates.

"mul Hal Hy2
Nl0 o Hy

- _

“ZAp1  KBpl  Hp2
Aoy - 0

NZb L] bl Kbl (10.71)

M2 O cHpa

L . . .

Although we could multiply the matrices and solve
the resulling expression for the Y, the algebry becomes
tedious, Instead we use the ruse of expunding Y, in &
series in the A,

Writing the originul expression as

AY =0 (10.72)
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take ine opanial derivative with respect to A, then set
allA =

Ag [0Y/8),1] + [0AG/0N, ] Yo = O (10.73)

whers the subscript (o) indicates that the A = 0. Also, if
there are no fallures

vyT=(100.) (10.74)
Performing the operuations

O Wy *Byp tRp My Hp2 R tRpa Ry [0V 1002
O mpp My *Ppr iy 0 ASTLELY
o 0 My k2 * Hpg Ky ASTILLN

1 +uy

N EAR Y NY
0 (10.78)

The solution of the sbove is easily obtained by
inspection and it can at once be gencralized to all of
the other A,.

It is
Wy -0 +uy)
Ogj Hoj ¥y * My by
vy avy,
Nj Oy
oY
gx;’ * 0 i k#0,

(10.76)

Repeating the above operations, but differentiating
with respect to the uy, we obtain

!
Mo aY/aHbl = I.]
0

(10.77

where M, is the same ¢ matrix previously derived
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We can now write the full solution as

Y, = M}ﬂ (10.78)
U bty gy
(10.79)

Yio® "ZPYU

The solution for the complementary state Y; and its
sub-states is obtained by simply interchanging the a,b
subscripts in the above expression,

We can now make the effect of relative system time
in the 1,2 top level states explicit by remembering that
the mean time in state 1 in T, = |/a and the mean
stay in state 2 is T, = 1/b, In the first normalization
operation each A and u wus divided by a or b us
appropriate. Writing L,, = fuilure rate beforc divid-
ing by a. so that :

Lﬂj = HAHj
and
Muj " By (10.80)
with similar expressions for b,
- Lana(l + Mbj'l‘b) + Lbij
I MyTy + My Ty + (My T, XMy Ty)
(10.81)
(10.82)

Yo ® "fj:"u

To clarify the meaning of the expression consider a
case in which failures occur only in swte (1), and
repairs only are made in state (2). For the j'th state
(component j down),

(10.83)

The iirst term represents Milures which occur during
state (1) when no repair is allowed. The second term
represents the recycling of prior failures for which
repair was not completed in stute (2).

11 we observe component j in stute 2 we find

1015

]

Yy T (10.84)

which represents the residue of uncorrected failures in
state (2).

Next, to be even more explicit, we consider the
application of the methodology to a specific system
configuration.

10.5.3 Evalustion of Specific Fire Unit
Contiguration

Consider a fire unit with the following characteris-
tlcsawhlch display a multitude of possible operational
modes:

The fire unit mounts both a survelilunce and a
trackln§ radar, Each radar has its own servo system
and is independently driven. An optical sight is nor-
mallr slaved to the tracking radar, but can be indepen-
dently controlled by a human operator with a drive
controller.

In the human operator tracking mode the angular
tracking data is normally processed by the fire control
computer but if the computer is out, it can be by-
passed, in which case the operator lays the gun directly
and estimates lead on a fixed reticle in his sight.

With the computer functioning the gun is iaid auto-
matically to the computer generated firing data.

If either the surveillance radar or the IFF unit is out,
the corresponding function is performed visually.

If all system power ir off the gun can still be laid
manually by handwheels, but the possible trucking
rates are so low that this mode can be used only
against fixed targets or for barrage fire.

The various operational modes are indicated in the
diagram of Figure 10-3. Considering a!l combinations
yielding a possible operational state one finds 25 oper-
ational states, Even without considering the many
down states that must be considered, this makes for an
Impressive matrix of state transition probuabilities.

If, however, one assumes that no system will be
acceptable in which any single subsystem has less than
about 0.R0 availability, it is possible to ignore all
operational states containing more than one failed
subsystem.

For the hypothetical system the number of opera-
tional states to be considerad then reduces from 25 to
6, as follows

4. System all up.
b. Surveillance radar only down.
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Figure 10-3. Operational Modes of a Hypothetical Fire Unit

¢. IFF unlt only down.
d. Tracking rudar only down.

e. Computer und assoclated input-output devices
only down,

f. Gun servos or power supply only down.
This is u manageable number.

The subsystems identified above are next developed
in Table X-4 showing the mean time to failure from
an operationa! state and the mean time to repalir, for
each component.

The table shows these parameters for euch move-
ment phuse, and each tactical activity siate within u
movement phuse.

All of the fuil and repalir rates listed in the tuble ure
fictitious. They are intended to indicate the following
ussumptions.

u. During movement any subsystem may fail even
though it is not activated. This Is the result of
shock and vibration of travel,

h. In the alert state components requiring warm-up
have powes applied, but only the surveillunce
radar is fully uctive. However an occasional false
‘red alert’ will result in full system uctivation,
although the guns may not be fired.

1016

¢. In the combat state the system is fully uctivated,
but only u smull fraction of the time represents
actlve firing,

Other decisions are required us to the amount of
repuir permitted in each state. A worst case s to
ussume no repair during @ movement phase, and no
repuir during a combut state of a position phase. An
alert state of a position phase allows repairs, but the
system will of course be down during repairs,

We now absiract the parumeters for the position
phase, ussuming that there is no movement phase, omit
the pasmsive phuse, und determine how the system
availability-dependability depends on the interaction
of the tactical and operational states.

We make the following explicit assumptions
4. Only a position phuse is involved.

b. Alert is continuous unless interrupted by a com-
but state,

¢. There are no repalrs during u combut state,

d. Attacks occur at a mean rate of 0.10 per hour
and each corresponding combat state hus @ mean
duration of 1.0 hour. The corresponding mean
:urallon of an alert, non-combat state Is 10

ours,

d
i
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Table X-4. Assumed Pallure and Repair Parameters

Movament Phas B Position Phase )
Mean Time to Fall (Hrs) Muan Time to Fall (Hry) Mean
_ Adlive
Titne to
Mean Time Ropalr
Combat | Alert | Pamslve | toRepair | Combat | Alert | Passive | (Non Combat)
Survelilance )
Radst Subsystem 60 | %00 $00 100 | 00 - 30
Tracking Radar
Subsyatem 0 | 100 800 40 | 200 - 40
Iy 80 18 000 | 100 1.0
Equipment 0 l ! 00 - -
Computer and l
Input-Output Unita 40 800 1500 ! s0  [tas0 - 30
Cun Luying !
Sorvo System 60 400 800 3 ! 100 | 800 - 4.0
Powur Supply 500 1600 3000 1000 2000 - 1.0
Al Other '
Exential k1] 160 1000 50 $00 - 3.0
Subsystems and Componenis
20071:609

From the previously developed Bquallon 10.81, the
grobubllllty that the system Is 'all up’ during the com.
At state is

A
YOC = | -JZ’F?U + AQJTC“ * (“MTP).‘] (10.8!)

The first term within the braces represents the unre.
paired failures thut occurred during the alert stute, The
second term hus two elements: the first represents new
faflures during the combat phase; the second repre-
sents fallures thut occurred during prior combat phases
n: which repair wus not completed during prior alert
phses.

The corresponding expression for the probability
that the system ix ‘all-up' during the alert phase is

B L
You '§{“uj*“uj1‘u (10.86)

The probability that the system Is not ‘all up’ but is
in & state defined hy non-operability of the j'th subsys-

tem Is simply the corresponding j'th term in each of
the respective braces,

The state probabilities huve been worked out numer-
feally for the fail and r?alr rates given in Table X-4
und are shown in Tuble X.8§,

The probabllities given for the combat state in the
table ure the equivalent of the availabllity x depend.
ubllity operation in the WSEAIC format”

The degrudation from unity for the allup probabil-
ity in the combat state has the following components

Unrepaired fuilures from

the alert state 0,045
New failures during the

combat state 0.096
Unrepaired uilures from

prior combat states 0,030

—
0.126

The degradation from unlty for the alleup probabil-
ity in the alert stute has the following components

Unrepulired failures from

prior combat states 0.030

Unrepulired fullures In the 0.048

nlert state a——
0.078
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Table X-5. System State Probabilities

Tactical Sty

The foregoing computations required only a few
minutes with a slide rule. It seems evident that If one
admits the ussumptions und approximations involved,
the more general cuse of two movement states with
three tacticul substates in euch, and any number of
single Mailure modes und alternate operational states of
the system being evaluated can be worked with un
accoptable umount of effort,

The possibility should not be excluded that the
approximations may have reduced the problem to one
for which u simpler path to the solution can be found
by going back to first principles, und introducing the
approximations ab initlo,

10.6 RELIABILITY ESTIMATES

Estimation, measurement, and verificution of the
reliability of a military system conatitute u specialized
area of actlvity which is usually defined explicitly in
m‘ummenu ocuments and contractural agreements.
Reliability analysis is uwnllf carried out by specialists
using duta banks of reliability daty on pust and exis-
ing systems, subsaystems, components and elements. It
is Tur beyond the scops of the present report to cover
this fle!d adequutely. Here we note only brisfly the
nature of the uctivity us & system proceeds from con-
cepl 1o use.

10«18

OP;::::M" Combat Alent Qomukl
& All Up 0,829 0,928 Fully Operational
Surveillanee 0.019 0.009
Radar
Tracking Radar 0.058 0,030
IFF Equipt 0.016 0.006
; Operation Possible
Computer and 0.029 1,009 in an alternate ot
Ancillaties dogiaded mode
' Cun-laying 0.019 0.009
. Sorvos
Powor Supply 0.001 0.000
All other No Opuration Possible
subsystems and 0.032 0.012 without repait
Components
20871.610
10.8.1 Retimasion and Aoqguisition of Reliability

Data

When the system is in the conceptunl stage, reliabil-
ity estimates are made by first determining those sys-
tem elements which are similar to elements already in
use and those which are new. Reliability of the former
is estimated on existing data, reliability of the latter
requires estimates based on a study of the design, and
4 general knowledge ol ‘reliability Fh{llﬂ.' As the
concept moves into design, special relinbility tests may
be made on a continuing basis of new components for
which no data exists, Records kept on operating and
repair performance of subsystems of a prototype us
they ure ussembled provide progressive iraprovement
of the original reliability estimates. During acceptance
tests, & formal rellability validation effort determines
whether the system meets requirements. Once it s in
the fleld, TAERS records provide a pool of informa-
tion which cun be applied to new systems. '

There ure numerous officlal documents which estab-
lish design standards to help to avoid some of the
known causes of unreliability that have been encoun-
tered in the past. However achievement ol excellent
reliabllity always hegins with the equipment designer:
ci:l' iil designed into the equipment, not added after

eslgn.

Lt - i daik

s

;._:-I_:, £ nerh s E




L i e

~ i R L"r':?.."‘.:"‘:“‘"""‘.A",« AT T A ot T R B L i " uuw';‘.v o -~ = ke - N - .
NPT ] - S e e

A survey of published US., and some Soviet reliabil-
ity data are included in the text by Polovko.” This and
other rellabllity texts will not make the reader a relic
Ability expert, but they do illustrate how reliability
measurements on generic parts types vary with the
source and differences in measurement techniques and
conditions. Polovko cites a method for applying a set
of component reliubility estimates taken under one
consistent set of conditions to a new environment, in
:hich the reliability of only one member of the set is

nown.

A surve‘y‘ and comparison of methods predicting
reliability has been given bf' Dworkin.'* This includes
methods which correlate rellability against many other
component cheracteristics in addition to the original
active element and plece count methods,

The opinion of a non-expert in reliability is that as
in all systems analysis problems, estimates of reliabilit
of the same equipment by separate skilled groups will
differ, sometimes widely. The rellability assurance

rocess then consists of initial estimates, refined and
mproved by continued and progressive part, compo-
nent, subsystem and system testing as a new system is
assembled and produced.

10.8.2 Validity of the Exponential Fallure
Assumption

For the models used in this report the dependability,
the probability that a system will operate without
failure for a time t, is assumed to be

1
{

Xy(t) = o ! (10.87)

How closely does this approximate real life?

Many studies indicate that it is nn excellent approxi-
mation for systems dominated by electronic compo-
nents, such as radars, We digress briefly to cite some
measurements taken on u fire control system and re-
ported by Bredemann’® The meusurements were taken
eurly in the system life, between the assembly line and
delivery 10 the user. The system ltself was an uctive tail
defense system for a strateglc bomber.

The system under examination, exclusive of the
armament (guns) consisted of u radar transmitter und
receiver, stabilized platform, computer, radar signal
processing circuh?. weapon control circults and radar
antenna control circuits. Primary electric power was
supplied from the aircraft electrical system. Hydraulle
power, specia! electric power and regulation of pri.
mary power was provided by the defense system. The
system had ‘simultaneous search and track capability,
using dual radar and antenna systems,

The data was taken on 11,168 hours of system
operation (33 systems) between assembly and installa-
tion in aircraft,

The mean operating time between failures (MUT)
;‘vas 4.87 hours with a standard deviation of 3.90
ours.

Defining R(t) = probability of operating without
failure for t hours, it was found that R(t) could be
expressod as

Rty » (VO (Weibull distribution)  (10.88)

witha = 3.36;c = 0,822
For “exponential’ failure,¢ = 1.0
For the Weibull distribution
MUT = (1 +e/]ay!/e = Tt + cyiedal /e

(10.89)

The following Weibull Parameters were found for
fallure cause sub-populations (Table X-6).

The report states, "The Weibull shape parameter ¢, is
less than one for each fallure cause. These results

Table X-8. Weibull Paramaters For Fallure Cause
Sub-Populations

Wolbull Parametors
Fallure Caume
Subspopulation 1 ¢
{*ubrication 158 180
Defucts
Marginal Equipment 213 148
Design
Part Dosign 42.1 437
Deficiencies
Potentiometers 312 118
Rulays LB 919
Semiconductors 65.4 947
Transformors, 49.9 28
Chukes, and Motors
Tubes 2.1 803
20871611
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emphasize the strong effect that turn-on transients have
in inducing faitures.’

It is interesting that failures attributable to the
maintenance activity were so frequent that when they
were removed from the data the mean time to failure
for other causes was about doubled.

It may be concluded that ;

a. The simple exponential model (¢ = 1.0) is a fair
approximation for initiul system reliabllity esti-
mates until test data on actual components be-
comes available.

b. As the system development moves forward, the
evaluation model can be improved by more accu-
rate representation of the failure probability,
such as by use of the Welbull distribution, This
will complicate the analysis.

¢. Beware of maintenance.

10.7 MAINTENANCE AND REPAIR
CONBIDERATIONS

Table X-7 from AMCP 706.134" describes catego-
ries of maintenance. Organizational mainienance and
repair is limited to relatively simple activities, however,
by proper equipment design the scope of the repair
activity can be increased by simple means for malfunc-
tion location und component removal and replacement.

Direct support maintenance has greater capability, it
is in the same organization as the units supported, and
although time delays will be greater than for organiza-
tional repairs (when possible) they are less than those
associated with general NFROH maintenance. There
may be delays associated with competition for support
services and limited crews.

Capability and time delays are still greater for gen-
eral support maintenance. Depot maintenance essen-
tially removes the e ulrmcm from the tactical environ.
rent, involves much larger delays, and should prob.
ably be paired with the zrobabllity that a replucement
piece of cqu}pmem will be supplied the user while his
equipment after repair goes into the supply pool.

These activities as defining maintenance and repaiv
states for the system are configured in Figure 10-4,

Like reliability, maintainability analysis is a special-
ized field in lrself, and is properly done by groups
skilled in the fleld. Numerous trade-offs can be made
involving manpower skills available at each echelun of
maintenance, automatic checkout and fault location,
repair versus discard options at each subsystem and
component level, the number of spare parts carried at
each orgunizational level, the number o’ maintenance
personnel assigned and the numbers and types of
systems they service, und so on. Since the cost of
maintenance usually exceeds the initial cost of complex

Tuble X-7. Categories of Maintenance in & Theater of Operations

Organizational Direct Support |General Support
Cutegory Maintenance Maintenance | Maintenance Depot Maintensnce
Formet
Echelon Firnt Sovond Third Fourth Filth
Wherever the ' KT
Done Whete Equipment is In Unit In Mobile and/or Sem|-Fixed Shops in Base Depot Shop
Done by Theater Commander
Whom Operator Using Unit Division/Corps/Army Zone and/ot 2/
On Whose . '
Equipment Own Equipment Other Peaple's Equipment
Basia Repair and Keap it Repair and Return to User Repalr for Stoock
Typo of Inspection Inspection Inspection
Wotk Done
Moit Complicated
Servicing Complicated Adjustment Adjustmenis
Repaira and Replace:
Major Repairs and Modification m::t l:\cludln:';.‘:)ct:\-
Adjustment plete Overhaul and
Major Replavement Rebulld
Minor Repairs snd Ovetrload from
Modlification Overload from Lower Echslons Lower Echelons
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Figure 10-4. Qperstional and Maintenance States

military equipment over its life cycle, these und many
other options are fertile topics for cost reduction und
overall system optimization,

From o military operations point of view, however,
neither reliability nor maintainability is & proper
trade-off against system performance (i.e.. effectiveness
in its proper operational state), A symem that has high
effectiveness when |t is working, but Is often |nopera-
ble is not a good military choice over a system of
moderate effectiveness that is almost always opera.
tonal even though hoth have the same ‘uverage' effec-
tiveness. To this writer, the proper attitude to take on
relighility and maintainabil tr s to set levels of the
tnad. reliability, maintainability and availability that

are consistent with the simple fact that the military
requires materiel that will work when it is needed und
can be maintained in the field. For 4 particular system,
the lif cycle cost of meeting these requirements is then
comparéd with the systeni performance estimates to
determine whether the system should be procured. -

This in no way reduces the critical importance of
reliability and maintainability, but it excludes from
consideration system configurations with low availabil
ity, regardless ol their effectiveness when they are
working.

10.7.1 Sources of Maintainability Data

Most of the comments made with regard to rellabil-
ity data apply to maintuinability deta. For & new
system the estimation of the maintainability parame.
ters is a comnbination of extrapclation from data on
existing systems and estimation for new components
and subsystems, As in the cuse of reliability, there are
groups of speclulists in maintainability, usually as &
purt of the same organization; or the same group.

Since malntainability ax an analytical fleld is some-
what more recent than rellability, the data bank is not
an large. However it is growing, A review of maintain-
ability unalysis is given by Slattery.'*

Just s in the case of rellability, maintainability
begins with the system designer. Muintainabilit
guldes for design will be found on AMCP 706-134
nnd‘reluted handbooks of the Army und the other
Aervices,

The need to measure maintulnubility euely in system
prototype development whery changes can be most
eusily made is perhaps less recognized than in the case
of reliability. It is common knowledge that mainte-

- nance actions can introduce new fallures (as all autos
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mobile owners know), A partial cure Is eusy accessibils
ity of components with the higher fail rates,

On the whole, since reliabllitr cun be designed into a
system at the manufacturer's plant and maintainability
must be done in the field by available personnel of
varying skills und experience, it s best to uchieve high
availability by high reliubility und simple maintenance,

10.7.2 Validity of tha Exponential Repalr
Assumption

The unalytical methods for combining reliubility and
maintainability thus far have used a simple exponen-
tial approximation for the holding time of the system
in the repair und maintenance state. Although this is
usually sutisfuctory as long as one works with expected
values, the approximation deviates greutly from reality
in many cases I one s interested in probubility density
functions For various state durations,

Muny analyses of probability density functions of
repair operations have indicated that the time to re-
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Figure 10.5. Sequential Substate Repair Model

store to service tends to have a log-normal distribution,
and there are¢ some a-priori grounds based on sequen-
tial selection among alternatives that lead to such
distribution. The log-normal function docs not fit eas-
ily, if at all. into the state space formulation. Howcver,
the Erlang distribution, which is compounded of a
number of simple exponential delays has nearly the
same shape und does fit the state space model. We
review briefly how this comes about,

A simple method for replucing the simple exponen-
tial holding time in a state (maintenance and repair,
for example) by a probability density function approx-
imating the lognormal, yet still retaining the linear
constant coefticient form ol the state differential equa-
tions is the following:"’

Consider the simple system configuration of Figure
10-5. The repair state has been subdivided into 4
number cf sequential substates, For this example the
mean stay in each stute () is assumed to be the same
for each substate, but different stay times could be
used

The marix equation is

\ -

X Ao 0L X

)R': 0O K = 0f]Xs
0

[

(10.90}

I we salve for the sieady state solution by setting
the denivatives equal to zero we find that availability is

QXTI RV T R M 17 VTG TR
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i

R V)

TN+ (/)
and so the repair state subdivision has no effect on the
steady state availability, and we could as well have
assumed a single state with mean stay in the state (n/

B,

However, il we examine the probability density
function for the duration of stay in the repair state we
find that it is no longer a simple exponential. To
observe this assume that at t = 0, the system enters
the repair state, o that X,(0) = 1.0. We determine the
probability that it emerges from repair as a function of
time, by solving {or X(t), assuming no new reentries
to the repair state. By Laplace transforms

{(10.01)

Xo(8) = Vs [wfstu)] " (10.92)
dX (1)/dt = (-E-EI-)_‘ WO (10.93)

The meun stay in repair, T., may be obtained from
the Luplace Transform as

T = i".'l‘b"a/a”l’ X, ®)] (10.94)
und the varlance of the holding time elis
o2 = Lim 82 Xe) 12 (10.95)
=0 850 '
Then
T, = hip
ol w njul (10.96)

I we hold T, constant, varying the numbsr of sub-
states n 0 = n/T,

o2 a2 (10.97)

For constant T,, Figure 10-6 shows How the proba-
hility of remaining in the repair state us a function of
time vuries with n. When n becumes very large, we
apptoach u constant holding time. Figure 10.7 shows
the corresponding probability density function of hold-
tng times, Clearly, one can obtain u prohability density
function closely approximating o log-norial function,
usually us close s the uvailable duta jusiifies.
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10.7 3 Extended Models of Maintenance

The model previously developed for availability as it
is uffected by the various tactical states may be ex.
tended by introducing the maintenance sub-states indi-
cated in Figure 10-4, after which the analysis proceeds
as before, In addition, by further partitioning each
maintenance sub-state to lower levels of detail one can
account for transit time, administrative delay, delays
waiting for spares, as well as active repair time. For
initial rough estimates the average time in all of these
states for each identified failure type may be estimated
and the simpler model used. Down time for scheduled
maintenance to that level of approximation might be
included as an equivalent failure type, even though it
is scheduled. Since ‘scheduled’ maintenance allows
some latitude in when it is done, it could be located as
u ‘failure’ to oceur only during a ‘passive’ tactical state
in the simple model.

10.8 AVAILABILITY WITH MULTIPLE FIRE
UNITS8 AND MAINTENANCE CREWS

The relationships among the number of fire units
serviced and the number of maintenance crews availa-
ble is discussed briefly in this section.

It is assumed that the aystem contains N fire units
and in maintenance crews, Each fire nnit is either
operable o1 inoperable and being repaired. Failure
rates and repair rates urs assumed to be ‘Poisson
streams’ ol events.

The ‘steady state’ probability that n out of N units
are operational is determined. The problem und its
solution ure classical, and this paper simply reproduces
well known results,

Extensions are required of the analysis when the fire
units huve more than one operational state each, of
differing effectiveness, und when distinctions must be
made umons failures according to the maintenance
skill required for repair and the availability of each
skill.

Let

P, = probability that n units are operational ut
time 1,

The probubility that a fire unit fails in dt is taken to
be A, dt, that is the failures occur as a ‘Poisson stream’.
The subscript of A, allows A to be 4 function of the
number of systems operaling.

The probability thut u repair is completed In dt is
ulso described by 4 Poisson stream with u mean rate

Mo

The following differential equations can be written
at once:

10-25

PN = - ANPN * HN1PNeL
Py = -+ pg)Py Myt Prrt + g Pl
Py = <Py t AP
(10.98)

If, as is usual, we are only interested in the steady
state solution, set P, = 0,

The solution is easily obtained, following
Gnedenko' by defining
2, = BpPy Fhpg Poy (1099)

substituting into the original equations and observing
that

2,2 0
-2, =0 (10.100)
hence
2, = Oforalln.
Hence
PII'H - Pn(“"/)vn.q.l) (10.101)
whence |
Bl
PoePy | | A (10.102)
n=j
und since
N
2, P10 (10.103)

P, can be determined.

There is & priorl no reason to assume that the fire
units will fail individually at different rates. Hence

A, = A= constant

n

20871-803
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1t 15 assumed that only one crew works on a down
fire unit. Hence as long as crews are available,

-”1‘. =y (N . n);
(10.104)
since N« n units are down and all are
b ting worked on.
If there are more fire units than crews
My ® B(N-n); Nengm
By ™ wm i Nnzm (10.105)

in which case the Pn are ubtained rom

N (N p L gN.
Py ® i RVR G 18Nnsm

(10.106)
NI

m™m! n!

P =

) r(N-0) P, s ms NnsN

{10.107)

N Nem- |
N! N!
P 2: e RUNW1) 2: J
¢ [N-m ni(Nen)! 0 m'min!

MNﬂj-lo

(10.108)
10.8.1 Example

Assume that there is one maintenance crew which
cun only work on one down fire unit at a time. Then

My = W, (10.109)
Then
P, =P, R'nt @ R = y/\, (10.110)
Po & Rt = 10 (10.111)
n
St (10.112)

P =
" i?aﬁm

Let R = 10, ie if there were only one fire unit, the
crew could keep it operable 91% of the time. Assume
that there are 4 fire units. Then

10-26

P, = 0.65
P, = 026
P, = 007
P, = 0.02
P, = 0.00

If there were one maintenance crew on each fire
unit,

Py = (91 = 0,66

20871.804

and so for this case there is no appreciable degradation
in having one crew service four units, This results of
course from the fact that R is assumed to be 10,

However this is a poor showing for the 4-unit de-
fense, since the expected number of fire units opera-
tional is only 3.54 or 88% of the total. Adding crews
does not raise this percentage, the availability of the
individual fire units must be increased.

10.8.2 Approximate Bolution

It is doubtful that any system will be acceptable in
which Py for the set of fire units comprising it is not
above 80%. Then Py, will be very small, and other P,
negligible. In this case only one crew is required, and

P, = u/(NA+u) (10.113)
|

I_TN—(W (10.114)

TN (10.115)

since the availability of a single fire unit serviced by a
sinple crew s |

- 10,116
T+ ) (1o-116)
the above expression is equivalent to
Py = AN {0.117)

and the average number of fire units available is

E = NA (10.118)
which furnishes un easy transition from the avalilubil-
ity computations of individual fire units to the ex-
ected number operable for combination with capabil-
ty estimates in determining system effectiveness.
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10.9 CONCLUSION AND RECOMMENDATIONS

Beginning with the premise that a military system
must work reliably in its operational environment,
high levels of reliability, maintainability and availabil-
ity should be set as objectives and must be met by
candidate systems to survive the evaluation,

Availability and its component elements should not
be considered as unconstrained trade-offs against capa-
bility (performance in full operational state). Instead
the cost of keeping the system at the specified levels
should be determined and included in life cycle costs
for the full cost versus effectiveness comparison. A
system which cannot reach the specified 'RAM' levels,
regardless of the amount of support should be dropped
from consideration,

For a system with high availability, multiple compo-
nent failure modes will have very low probabilit
compared with single component failure modes. This
greatly simplifies the availability analysis.

For a defense system comprised of a number of fire
units each with very high availability, the analysis of
maintenance crew and logistics requirements is also
simplified.

To insure high availability a great deal of analysis,
testing, and attention to good design procedures is
required,

Although not discussed in this paper the difficulty of
maintenance under combat conditions emphasizes the
achievement of high availability by high reliability and
minimal maintenance far more than vould be revealed
in paper studies.
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SECTION 11
RELATIONSHIP OF RATE OF FIRE, AMMUNITION LOAD, RELOAD TIME AND THE
TACTICAL SITUATION

As the tabulated data on weapon characteristics
indicates, very high maximum rates of fire are possible
with modern automatic weapons. This characteristic
interacts with the number of rounds of ammunition
charged in the automatic loadlnF system, the time to
recharge the loader, the available firing time against
euch target, and the time interval between targets.

These (nterrelationships may be analyzed by meth.
ads similar to those discussed in the previous secrion
on Availability. It was noted there that to compute
operational availability, one must include causes of
system down time in addition 1o immediate repair of
failures under ideal conditions, and on the other hund,
changes in the tactical situation offer opportunities to
repair in non-combat states those failures which occur-
red in combat states,

One may similarly define an ‘inherent’ rate of fire of
the gun/ammunition system assuming a requirement
for continuous turget engagement over very long peri-
ods of time. This provides maximum exposure of the
reload time, but is a poor indicator of the average
firing rate attainable in a long series of engagementa
broken by non-combut intervals between turgets. On
this basis, if the gun hus a muximum on-mount load of
N rounds, and fires at u rate vo, it can fire for T, =
N/vy, minutes, then is down for a reload time T, Over
a long period of time it is firing for a fraction of time

Ty

Am m: (llnl)

How the time to reload varies with the number of
rounds loaded is u function of the particular mechani-
cdl design of the ummunition feeding system. For a
first upproximation, we can define 4 ‘reload rate’ po us

Py = N/Tr (11.2)
Then
Po
Aw m (11.3)

and the average rate of fire is

Voo

Voff ™

(11.4)
Yo*Po

But this is a poor estimate because it assumes contin-
uous combat, We now develop an improved model.

11.1 STOCHASTIC APPROXIMATION TO FIRING
AND RELOAD 8TATES

In order to combine the firing and reload states with
the tactical states we introduce a stochastic representa-
tion of the fire and reload process along the following
lines:

As the gun engages successive targets the number of
rounds fired against each will vary from none to very
large numbers, depending on variations in acquisition
range, target breakaway range, and individual gunner
differences. Depending on whether there has been time
to reloud before u prior target, the available ammuni-
tion to enguge a new targét may vary from a few
rounds to the maximum N. In complete ignorance of
what the real probability density functions are of the
variables involved, we choose the simplest assumption,
which we state as foliows:

Let
X, = probability that the gun Is in a firing state
X. = probability that the gun is in a reload state.

1
xn = -ux, + X,

X, = v¥, pX, (11.5)

vay/Nip= p,N

IF we solve these equations for the simple case of a
%un beginning to fire fully loaded, with no reload, we
ind thint the probability that it is still able to fire at
time t 15

vot/N

X,(1) = e¥ w o (11.6)

whereus il we computed the deterministic solution we
would find
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and so the stochastic approximation is not unrealistic.

We are now able to combine the stochastic represen-
tation with u description of the defense agninst sequen-
tial targets with tactical state transitions,

11,2 STATE TRANSITION RELATIONS FOR
DEPENSE V8 SEQUENTIAL ATTACKS

The tactical situation is defined in extended terms
using us a basis the description of Luftwaffe attacks on
Malta during the month of heaviest attacks, This
situation has enough generality so that by changing
parameters, one may represent most tactical situations
to the sume level of realism. It might, for ¢..ample, be
greferuble to adjust the model to descrihe US, Air

orce tactical operations in Vietnam, given the availa-
bility ‘of the appropriate descriptive and quantitative
materiul,

The situation considered is the following: There ure
three ‘ruids’ per day on the average. Each raid has a
meun duration of about one hcur.

Each ‘raid* is carried out on the averuge by 60
aireruft, which execute the attack in a series of waves
of 12 aircraft per wave. On the uverage there are S
waves per raid. The raid breaks down inte waves to
provide control und coordination of the attacking
aircralt during the attack, Each wave Is further subdi-
vided into attack elements (section, fights) of 3 air-
craft each; each attack element of 3 aircraft makes a
firing pass us & unit. The attack elements atiack se-
qurntially with close spacing.

For u general comparison with Vietham, u newspa-
per report stated, ‘American aircraft flew 426 strikes in
Quang Tri Province in the 24 hours caded at noon
toduy. It was the heaviest in a single province in four
years."® Of course these strikes were distributed over
many targets.

Depending on the distribution of defended vital
areas and the distribution of the low ultitude defense
fire units, each defensive fire unit may not be uhle to
fire at each attack element before bomb release, be-
cause of limitations in the range ut which the fire units
can deliver effective fire,

For u standurd defense of & small vital area by four
fiee units, for example, the fire unit on the target side
away from the attack may be able to open fire only
after the attucker has dropped his bombs. In a ‘clover-
leal” attack pattern by successive attack elements, the
defense uni.s will on the average, all be able to engage
largets.

For simplicity in the present analysis, and without
detailing the geometry, we assume that against each
attack element of three aircraft, three fire units will be
in u position to engage, and each will fire ul one
aircraft. Repeated attacks are assumed to be from the
same direction, so that the reload rates of the three
active fire units are more highly stressed than if attacks
came from different quandrants in successive strikes.

For the present section, we do not consider the effect
of immecdiately observable kills by the defense on
ammunition expenditure,

The state transitions are developed in Figure 111,
where the tactical states are related to the fire/reload
stutes of a single fire unit, The definition of each
symbol is appurent from the Figure.

To conserve space here we work the solution omit-
ting the X, state (which has a minimal ‘effect on the
results) but give the results for the complete set of
states us well. The methods in both cases are identical.

Initially, the time to acquire targets is not mude
explicit. The model is then expanded to include detec-
tion and acquisition.

It will be observed that for simplicity the model
assumes that reloading does not take place until the
full load on the mount has been exhausted, and that
reloud then continues until a full load is on board. A
real system might obtain better performance than
indicated by the modei if the operators take advantage
of togfing off purll( depleted ammunition loads when
possible, or engaging with pnnlg reloadled mounts
when enough ammunition is on board to make this
effective. To include these options would requize estub-
lishment of a doctrine, and more detail in the tnodel,

Following the transitions of Figure 11-1, write the
stute transition matrix in uggrogated form us

X | [w+n1+6 w a 1x)

)’(n = Al Ul + R 0 xlz

X4 bl 0 awl+R]|X,
(11.8)

Set the derivatives equal to zero, Then the steady
state solution (fixed point probubility vector) can be
determined® However, the process of determining the
solution can be simplified us follows:

First determine the fraction of time that the system
;{mndn in each of the aggreguted stutes by setting G =

= 0. These matrices are the gun ammunition con-
sumption und reload matrices
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Writing F for the fraction of time spent in each of
the three stutes we easily determine that

Fig = (Vu)/D
Fy ® (5u)/D

whete D = | + (b/u) + (Mw)

(1110

Then normalize the matrix equation by setting Y =
X/F, The expressions simplify to

(b+A)+G Al bl Y“
Al A+ (MR 0 le w0
bl 0 bl + (bja)R Y:

(11.11)

We ure only interested in Y. Its components sum to
1.0 a8 o result of the normalization,

Solving for Y, we easily ubtain

{l-(h +0)1+0] + ARy +bll-u"Rl"}Yn =0
(11.12)

The inverse matricos ure easily determined to be

(IR w 1o @epyiR (11.13)

(-0lR)! = 1+@+o)IR (11.14)
So that
A b
[GHR]Y“ =0, m*m
(11.18)
Expanding Yy und solving for Yy 1
Py
Ylll L] m- (11.16)
.
where
b
Dy * AL +1) = p[l +;ﬁ—p-+m] (17

Identical procedures, with u bit more algebru, yleld
the result for the complete elght state system of Figure
Piel ax

)

sommongece 11.18
Y““l u+p° ( )

whero

P N l+-l—+r%:ﬂ—s]
e utp watp)tplatptp

(11.19)

Y. s the ‘availability’ of the gun in the firing mode
d'ur:ng an uttuck pass, and the effective or averuge rute
of fire

Ve = VY1 (11.20)

The meun duration of an attack pass, from the flow
diugrum ls



(.2n

Tp =540

And 50 the average numbcer of rounds fired per
firing pass is
Nyp * % Tp (11.22

Note that if A = b = 0, the mode! degenerates to a
;ingle firing puss of unbounded duration and v, re-
uces to

Ry

b m P s (11,23)
¢ v Potha

We note for reference that the fruction of time that
the system spends in the lour tactical states In the
average, is

F: = (h/n)/V)
Fy = (blu)(B/a)iD
whiere

D = U4 (A )+ (b/w|! +(pla)] (11.24)

11.3 DETERMINATION OF COEFFICIENTS

To determine the necessary coefficients of the tacticul
stute trunsitions from the description of the situation,
we recall the following characteristics of a system with
Murkov type transitions between states:?

4. The meun duration of a specified state is 1/3 a,
where the a, are the departure rates from that
state to other stutes. b. The mean recurrence rate
of u state Is F X a, where F is the fixed point
probability (steady state, average f'raction of time
spent in the state) of that state.

From the duscription of the Malw attacks we specify

Fi o= 78
Ey = 116
g+ Fpao= 1o (11.25)

We specilly only the sum of the F), states at this time
1o allow purametric variation of the fraction of time
that an uttuck element is within the defensive fire zone

11-4

during each pass, This will vary to some degree with
the weapon capability as well as with the utiacker's
tactics.

We also assume that on the average there are 3 raids
per day, S waves per raid, or 15 waves per day, and 4
attack passes (of 3-element units) per wave, or 60
attack passes per day, Then

Fia = 3 a w 24/7 per day
F3/Fy = (8/a)i § = 48 por duy
Fyln #8) = 18 -

n = 192 por duy

_F”(‘b'.'h)' 60 (11.26)

The mean duration of an attack pass is (b+A)"; if
we wish to muke @ purumetric study of the effect of
duration of the attack pass, on system performance, we
compute for  runge of (b+A)', For the present exam-
ple. we choose the duration of an attack puss as 24
seconds, so that

(h+A) = 3600 per day.

Then
Fy) = 1/60
But
Fyj+Fa = llo
L1}
Fia ™ 11240
Now
bla = F2/F“ o [$/4
b = 720/duy
and
A = 2880/duy
Finally,
Fiy+Fyp = Fp D+ V)] = 116
whenee

uo= (/DN (11.27)

The coefficients ure summarized in Table XI-1.
11.4 EXAMPLE FOR SPECIFIC WEAPONS

To see what the above relations mean, in terms of
the effect of maximum rate of fire, reload rate, number
of rounds on mount and the tacticul descriptors on the
average number of rounds that u fire unit gets off
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Figure 11-1, Engagemant and Relced Substetes

Table Xi-1. Tactical State Transition Rates

Coefficiont Value (per hour)
a n
i )
[l 8
b 30
A 120
M 480/11

20871613

aguinst euch attack pass over a long series of rulds,
some computations have been made bused on limited
duta on hund on specific weapons. The data and ussoci-
ated descriptive materlal extracted from Fleld Munuals
and various issues of the International Defense Review
and lanes Weapons Systems, are given below.

In this example, the time to acquire and generute
firing datu is not subtracted from the duration ol the
attack pass. The computation therefore stresses the
weapon reloud cupability excessively, but not us heavily
as the simple Equation (11.3).

-5

11.4.1 Fire Unit Charnoteristics
Vulean

Vulcan can be fired ut 3000 or 1000 rpm. In the
high rate of fire mode rounds are fired in bursts with
options of* 10,30,60 and 100 rounds per burst, Burst
duration in the slow mode is gunner's choice,

The towed version uses linked ammunition with a
cipucity of 300 rounds per load. The busic load is
4,000 rounds; 300 are carrled on the mount, 3,700 on
the towing vehicle und battery ammunition carriers,

Reload time s ubout | minute per 100 rounds of
ammunition.

The SP version uses linkless feed with a capacity of
1200 rounds per load. The basic load of ammunition ls
6000 rounds per weapon of which 1800 rounds are
carried on the weapon carrler, the remainder on bat-
tery ammunition vehicles, Each weapon also carries
200 rounds which remain in the feed system to prevent
malfunctioning.

The linkless feed system consists of a drum and
conveyor. There are 1000 rounds in the drum. 800
rounds ure stored In the carrier.

800 rounds can be loaded In the drum In about 7
minutes. The estimated time to reload the drum is 3
lmin‘u;;w plus one hall minute for each 100 rounds
ouded.
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The PFZ (8P) mounts twin 3Smm guns with rate of
fire of 550 rpm each. Either anti-aircraft or anti-tank
ammunition, beited, can be fired with changeover by
remnote control from within the turret. Ammunition
carried on the vehicle totals 660 rounds of AA and 40
rounds of AP. AA ammunition is stored in the turret
cage. ‘Replenishment of the ammunition containers

can be carried out by the crew in about 20 minutes, the

linked ammunition belts being fed in from the exterior
via the feeder channel and into the ammunition con-
tainer'. Twenty minutes to reload, if true, would penal-
ize this weapon system rather heavily in an evaluation
based on un extended series of attacks with short
intervals between attack passes.

Vigilant#®

The Vigilante was designed for two rates of fire,
3000 rpm and 120 rpm. In the high rate of fAre, Aring
wis in bursts of 48 rounds each. There was a 2 second
delay hetween bursts to recharge the drum. Normal
maguzine load was 144 rounds (3 bursts) with optional
192 rounds (4 bursis) by hund louding. The magazine
reload time was 2.5 minutes,

Falcon

Falcon (SP) mounts two HSS 831L 30mm guns with
650 rpm each, Ammunition is fed to the guns from
two 310 round ammunition hoxes in the buse of the
turret, Reloading is uchieved by replacing the ammuni-
tion boxes viu u rear louding door with the turret
reversed. The last few rounds rom the empty boxes
are automatically held in the ummunition chutes and
the linked beits of fresh ammunition ure cli red di-
rectly onto there. Time to reload is unuvullag + {but
muy be us short us 30 seconds),

An jllustration of the operation is provided us Fig:
ure 112,

Duster

Duster (M42 SP) mounts two WW I vintage 40mm
guns. Rate of fire is only 120 rpm for each gun, hut
the guns ure munually clip-louded in 4 round clips

which are easily manhandled and inserted sequentially,
without interrupting the firing, Hence reload time may
be assumed to be zero, Barrel heating under continuous
fire can interrupt the firing. After 60 rounds of contin.
uous fire the barrels must be changed, requiring 3
minutes each. 240 rounds are carried on the mount.
Additional stowage for another 240 rounds is provided
in compartments on the vehicle fenders.

11.4.2 Resuits of Computations

A pgeneral observation is that for light, towed
mounts, reloading is simple und should take very little
time. For the self-propelied installations, considerable
d;slgn ingenuity is required to keep reloading time
short, :

Tuble XI-2 compares the weapons described in the
context of the ussumed tactical situation. Since the
source daty may be erroneous or erroneously inter-
preted, the comparisons should be considered illustra-
tive only.

It hus been assumed that ammunition at the battery
level is unlimited, hence the only parameters affecting
the comparison are rate of fire, reload time, rounds per
reloud, and the tactical parumeters. Since Vigilunte is
indicated to be uble to fire only one second out of
three, its base rate of fire in the high mode is taken as
1000 rpm, It is not known whether Vulcun hus
similar delay hetween bursts, hence none is ussumed.

~ It must be remembered that the tactical situation
assumed represents an intense attuck, and that it was
ussumed that euch gun must attempt to fire ut each
sectinn of three aircraft as it carries out its attack puss.

However, the inhibiting effect of reloud time is
clearly indicated, and under the ussumptions used, the
elderly Duster makes u fine showing in averuge num-
ber of rounds fired per rpasn. However this simple
model does not uccount for gun heating limits, und
according to the Field Manual Duster could not be
fired continuously for more thun 60 rounds per barrel
without changing tubes,

Aplogding of the guns is achievad hy
replaging the ammunition boxes in
tho base of tha turret via the resr
loudding door with the turrat reversed
The last few rounds trom the smpty
boxes are automatigally held in the
ammunition chutes and the linked

. baeits of fresh ammunition are cliped
airgctly onto thase,

20871%.269A

Figure 11-2. Falcon System Reload Method
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Table X|-2. Comparison of Average Firing Rates and Rounds per Pasa
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11.8 PARAMETRIC STUDY

A brief set of computations wus performed for the
assumed tactical suuation, but with the duration of
each firing ﬁass a variable purameter, all other tactical
parameters held constant except those derived tom the
duration of the firing pass. The results are shown in
Figures 11-3 through 11-6. They are not exactly com.
parable to the weapons table since the tactical parame-
ters differed slightly,

For short durations of attack pusses, with attuck rate
held constunt, the uverage rate of fire uchieved ap-
proaches the muximum rate of fire. For medium dura.
tion of attack passes, the average rate of fire and the
average number of rounds fired per puss are more
sensitive to reload rute than to number of rounds per
load, over the purametric ranges considered. All other
factors held constant, increasing the rate ol fire is
advantageous but the gain is less than proportional to
the increase in rate of fire,

It may he noted that the results shown are onl
slightly affected by the presence of state X,, nnd for il
practical purposes in additional computations the sim-
pler solution resulting by settinga w 3 = 0 can be
used.

As developed in luter sections, the potential firin
time per pass depends on the target exposure time, un

1.7

Per Gun ) ~ Complete Fire Unit
Rute Assumed Rate Effective Average No,
of Rounds Reload of {Average) of rounds
Iire per Rate Fire Rate of Vire fired per
Weapon {epm) load (rpm) Availubility (rpm) pass
Vulcan (towed) 3000 300 100 0.41 330 132
20-mm
Yulean (SP) 3000 800 116 0.17 510 203
20:mm
t‘alcon {SP) 650 3o 30 0.8 720 290
Twin 30-mm
Qerlikon (SP) 550 330 1 0.26 285 114
Twin 38.-mm
Vigilante (High) 1000 144 58 0.18 180 172
37.mm
(Low) 120 144 58 0.68 8 32
Duster
Twin 40-mm 120 (Continuous manual 1.00 240 9%
loding assumed)
20871-614A

the time to detect, identify, acquire, and generate firing
data, As their ‘reaction times' encroach on available
firing time, the value of high maximum rate of fire
increases.

In considering the implications of Figures 11-3
through 11-6, the term ‘attack pass’ can be ec’uany well
interpreted us ‘potential firing time per pass’ in which
case it would represent exposure time less the time to
detect, acquire, identify, generate firing data and open
fire.

11.6 SIMPLE APPROXIMATE CASE

A simple solution, intermediate between the forms
developed in preceding paragraphs and Ecluation
(11.3) can be obtained by making the following us-
sumptions:

a. Attack passes continue indefinitely at n rugular
rate,

b. Each puass is of duration T,, and the interval
between passes is T,

¢. T, is small compared with the reload time of the
fire unit, and it is small compared with T,.

Then on the average, the gun will be able 1o fire for
d time




The last round is fired at
T . P
T. = ---—-—-—--—-a, - (11.28) ty = (n1), and meusuring time from t,
W L) (T, /Ty ¥
tl = {. ln 3.’4

‘ against each attack pass, and the average number of er [ 1-em AT i
: rounds fired per pass will be 0ty) = 6 el !
P p ( l) (4] [} [ I -e'A/T ] (“.33) 3
L T (11.29) }
I+ wp) (Ty/Ty) e
: & ng, et/ [(l-e'"A/T)/(nA/T)] (1134)
" Model for Gun Barrel Heating
- There hus been insufficient time in the present con- o ng ol)/T /2T (11.35)
- tractual effort to complete u model of gun barrel o

heating, However un approach to such a model is
sketched helow.

Define

6(1) = temperature of the gun tube ut ¢ time t
after u single round is fired

In terms of the above parumeters, we can also write
4 Stute space expression for the temperature

Tdo/dt+0 = 6,v8 (11.36)
where

R Y I CTET Tin e 1

P bz e ) el

v = rute of fire when the gun {8 firing
8 is measured above umbient temperature,

§ = 1.0 when the gun is in o firing “state™ (11.37) ©
Cooling is ussumed to occur as 4 simple exponential = 0 when the qun is not firing 3
decay, with a time constunt T which Is 'lons compared ]
with the time ol heat input of a single round.

Il @ reaches u value 8y, there is an additional
Then the temperature ut time t caused by single constraint: the state 8 = 0 {s entered and maintained
round fired ut time zero is upproximately ut least until lemreruture has dropped to some value 8,
or the gun barrel has been changed. Both these condi-

tions can be Included as a constant delay time of
§ O(t) = 0, ¢ T (11.30) :vullability to fire iImposed subsequent to attainment of

! If rounds ure fired at time t,,..4, the temperature at The remaining problem is 10 combine these consid- i

3 time L & 4, is erations with the state trunsitions between firing und :
nonfiring stutes obtained from the tactical engagement
models.

s o

o

o {tt)/T We note for further analysis that Equation (11.36)
3 oty = 0, PIRR (ran cun ge solved to obtain the probability density function
i=1 for 8, by the Feller-Kolmogorov partiul differentlal
equations, but that the introduction of the 6y, bound.

Let n rounds be fired in a burst, with uniform ury complicates the analysis.

3 spacing in time A, and & << T. The first round is An empirical/heuristic approach is 16 compute the

fired ut t = 0. Then the temperature at time t is temperature rise during the firing interval determined
from the tactical model without consideration of tem-
erature. If the temperuture exceeds 8., the average

i el

ring time is reduced, arbitrarily, so that the probabil-

el AT ) (1143 Ity of uttaining 6., is substantially less thun unity. The
ot Y0 e averuge firing und nonfiring times are then analysed to
determine whether udditional reduction in firing time

is necessary, so that the heat/cool cycle does not lead to
progressively increasing maximum temper:ures.
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Figure 11.3. Effect of Number of Rounds per Load and Reload Rate on Average Rate of Fire

Note that the same kind of analysis is required to
evaluate the probability that the battery-operated mode
of Vulean will not fail during periods of generator
inoperability.

11.7 FURTHER DEFINITION OF ENGAGEMENT
DETAILS

The simple model described in Section 11.2 for a
preliminary examination of the interactions of rate of
fire and loading time with the attack characteristics can
be extended us fur as one wishes to include a more
detailed description of the details of the engagement.
A moderate expansion is described below, which now

separates the combat (engagement) state into three
sequential activities consisting of

a. Target detection and identification,

b. Acquisition and computation of firing data.
¢. Firing.

The load/reload elements are retained. Since we had
grcviously concluded that the interval between raids

ud only a minor effect on the load/reload results, the
interval between raids is omitted from the subset of
attack states, in the following model but the descrip-
tion of the attack as a series of waves, each wave
subdivided into firing passes, is retained.

e T A TSR T R i
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11.7.1 Model Development T - {
The flow diagram Is shown in Figure 117, At this 3‘_1 - '(m)“i_l A___l _b'f__ X
goim we still consider only one fire unit per target. R ="
ote that the fire unit can run out of ammunition only xz . B _l al + _l 0 X,
as a transition from the firing substate, and if reload- - — — — | jn
ing is completed during an attack pass, the fire unit X2l =
must go back through the detection and acquisition 3] i L 0 ' ui+R _X
substates before it can open fire again.
(11.38)
h
Targets enter the fire unit set of substates only via vhere
the detection substate, but they can leave the defense Fd 0 0 p]
zone from any of the fire unit states, The departure 12
rate could be chosen to have a different value at each
fire unit substate leve! but for this example we use the 413 "9 0 0 %
same coefficlents, G (11.39) ¥
0 a4 v 0
Proceeding as before, we write the matrix expression
of state transitions in aggregated form as L0 0 v g

111




B = (11.40)

We solve for the steady state (fixed point probability
vector) by setting the derivatives equal to zero. As
before we normalize to expressions in terms of the
fraction of total time that the target spends in the three
sets of states. F\,Fy.Fq. To find these values set GR =
0 (this Is not really necessary, since the method causes
them to drop out), und solve for X, ...

Typically

1x4] = ({/p) L[X,] (1141
Since

F4 Is the sum of the substate probabilities in X4,

Fo » 1 1] (X, (11.42)
and carrying through the operation
Fq = (1 1JLIX,) (11.43)

we obtuin

Fg = MW F,
Fy » (b/a) F;
since
F+EytFy = 1.0
Fy = I/D
Fy = (b/a)/D
Fq = (Mu)/D

where D = | + (u/b) + (\uw)

As before, we normulize the matrix equation by

setting Y = X/F.

We then have

(btN 1+ G (biwa  vuM Y,
B b+ (bR 0 Y, 0
L 0 AHVRI Y,
(11.46)

and s a result of the normalization, all of the subsct
probubilities within each Y sums to unity. Since we are
only interested in Y,, we solve the above s¢t of matrix
equations by expanding and eliminating all .Y except
Y. As in the load/reload model, all matrix inversions
involved are simple.

The result is the following matrix equation for Y,

1-12

(11.44)

(11.45)

PR - % P SR - N 8 g
x - e e i
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[1110]
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No doubt one could postpone the final extraction of
the four subsets of probabilities within Y, by addi-
tional matrix manipulation, but the solution is simple,
when Equation (11.47) is expanded directly. It is

Yy = /D

le = kI/D
ch - klk2/D
Y]l’ = k]k2k3/D

(1147)

where

where

kl = Glz/(b + 7\+a2c)

ky = ay,/(b+A+v)

RN ISNTY,

In the above expressions, if «); a; are very large,
corresponding to no delay in detection, identification
and acquisition, the cxgression for Yy, the fraction of
the attack puss over which firing is conducted on the
average, reduces to

Yy = Ul +ky) (11.40)

and this is the expression obtained earlier.

Since v is defined by v = w,/N, where v, is the
maximum rate of fire on the gun, and N is the number
of rounds per load, if we set v = 0 in the above
expressions, we obtain the meun firing time per attack
pass, without the load/reload limitation, as it depends
on the tuctical parameters, and the mean time to
detect, identify, acquire, etc.

11.7.2 Example of Weapon Evaluation

To observe the implications of the relations devel-
oped in the previous section, we congider a sustained
attack consisting of a series of waves, each wave
consisting of a number of attack passes, Attacks are
assumed to be at low level, with the targets exposed at
about 7500 meters, with target speed about 300 m/s,
so that the average time to weapon release is 24
seconds.

The evaluation is conducted from the point of view
of the loading experienced by a single fire unit, on the
assumption that all available fire units fire at the
3-plane element of each attack pass.

We assume
Fp = |/2
(Fl + Fg) - /2

Each wave has an average duration of 6 minutes, the
average Interval between waves is 6 minutes, and there are
4 attack passes per wavs, each duration 040 minutes.
Then

Fua = /12 per minute
u = |/6 per minute

On the average there ure 4 attack passes per cycle, or
4/12 per minute

Fi(b + A) = 1/3 per minute
Fi(b = A) = 2.5 per minute
F, = 2/15

b/a = Fy/F, = |5/4

b w 5/8 per minute
= |5/8
b/a m | + (A\/p)

w |5/22 per minute
The tactical coefficient set is shown in Tahle XI-3,

For a hypothetical weapon comparison, we use three
eneric weapons roughly similar to existing weapons,
hese are

a. ‘Duster-type”: visual detection, identification and
acqaisition,

b. ‘Vulcan type': visual detection and acquisition,
electronic IFF,

¢. ‘Oerlikon-t Ee‘: radar detection and tracking,
electronic IFF, automatic track radar put on.

The coefficients describing these characteristics are

(x3)' = mean time for detection and identi-
fication

(@a:)' = mean time for acquisition and fir-
ing data computation
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Figure 11-7. Flow Diagram for Attack and Engagement

In a resl weapon evaluation these coefficients would
be determined by separate analyses. Here we assume
values for illustration. The maximum rate of fire,
rounds on mount and reload rate are those listed in
Table XI-2. The set of weapon parameters is then as
shown in Tuble XI-4,

On working through Equation (11.48), we obtain the
following results, shown in Table XI.5.

The assumed attack pattern with its frequent waves
and passes within waves stresses the reload capubility
of the weapons.

Ruther than drop the example ut this point, we
anticipate later considerations and introduce 4 rough

1114

cowparison of effectiveness including terminal effect
and probability of hitting.

Duster has 4 simple course and speed sight, requir-
ing human estimates of target course and speed. Vul-
can has a computing sight, manual tracking, radar
range, (and 6 x |2 mils artificial dispersion). The
Oerlikon system hus radar tracking and a ‘complete’
fire control solution. We ¢stimate for the example
(again, simulation and/or separate analysis are re-
quired to properly evaluate real systems) that the
equivalent standard deviation of projectile miss dis-
tunce for the three systems Is in the ratio 15 mils, 10
mils, 3 mils. Then the expected number of lethal hits
per firing pass is as given in Table XI-6.
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Table X|-3. Tactical Stute Transition Rates for
Engagement Analysis

Coefficient Value (per minute)
a 1/6
b 5/8
A 15/8
W 15/22

20871615

The last column hus been normalized to unity for
the Duster-type weapon,

Fire control performance dominates this hypntheti-
cal comparison, and it is clear that evaluation of fire
control system performance will be the critical (as well
us the most difficult) element of an evaluation.

11.8 MODEI. EXTENSIONS

The model developed in Section 11.8 may be ex-
tended und further detailed along the following lines.

11.8.1 8imuitanecus Presence of Several Attack
Elements in Defense Envelope

As developed thus far, the model does not recognize
the number of attack elements which muy be simulta-
neously present within the defense envelope. In effect,
it bases the engagement computation on the ussump-
tion that only one clement (of n closely spaced uir-
craft) is present on each activation of u ‘toinbat state’,
Since successive attack elements may be spuced by
about 2 kilometers in reality, so that each element is
not exposed to bomb fragments from the preceding
e¢lement, this is probably an acceptable assumption,
and in fact, the probability that two elements are
simultaneously present is negligibly small for the tacti-
cal arrival and departure rates ussumed in the
examples.

There is no difficulty in extending the flow diagram
by adding states and substates in which two attack
e(emems are within the defense envelope. It is doubtful
that more than two eiements need ever be considered
for short range weapons, However the total number of
substates to be considered is more than doubled, and
the increased complication is not considered advanta-

eous in view of the other approximations in describ-
ing the situation.

11.8.2 Advantage of Early Kill Recognition

The mudel does not explicitly recognize the ammuni-
tion savings possible if a fire unit can stop firing when
it obtains a recognizable kill, This effect can be easily
included by augmenting the target departure rate from
the defense envelope by an average kiil rate.

11.8.3 Variation of Coefficients During an
Attack Pass

The detection rate, identification rate, kill rate and
other purameters change as the target range decreuses,
pusses through u minimum, and aguin incteases. The
g;obabilny that the target will drop its munitions and

gin evasive breakawa{ varies with range. There are
:erleral approaches to Including these variations, as
ollows

a. Computer Simulation, If the Army maintains an
evaluation effort devoted to short range air de-
fense systems, a computer simulation containing
all of the sub-models of this report and others as
well will no doubt come into being.

b. Division of Attack Pass into Substates. The attact
state can be subdivided into several sequential
sub-states, during each of which euch of the state
transition coefficients is assumed constant, al-
though they may differ across states. This ap-
proach is feasible, does not require 4 computer,
and the matrix algebra is feasible, but tedious.
However it needs to be done only once, after
which the resulting expressions can be worked on
a slide rule for system evaluation, or program-
med on a desk size minicomputer.

¢. State Space Solution with Time Varying Coeffi-
cients. The differential equations of state can be
written either in linear form, with time varyin
cocflicients, of in non-linear form. One woul
then attempt to find reasonable forms for the
equations which would admit relstively simple
determination of the steady stute values., This
approuch requires us much art und ingenuity as
mathematical skill.

d. Separate Sub-model Analysis of the Engagement.
Engagements may be separately modelled and
analyse:, and from these analyses average coef-
ficients may be determined to use in the model of
Section 11.9. This is probably the best way to
obtain good estimates of fire unit effectiveness
per engagement, and to understand how each of
the performance parameters iriuences effece
tiveness. Fewer Procrustean approximations are
required to describe system performance, and
cuuses and effects can be better resolved han at
the macroscopic level of overall system perform-
arce. It is this approach which s developed in
subsequent sections of this report,
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Tabis Xi-4, Weapon Parameters

Per Gun Meun Time (sec) for g
Assuried ;
Mux rate of Rounds on Reloud rute Detoction and Acquisition and g i
Weapon tire (rpm) mount (rpm) IFF Computing §
Duster-type (two guns) 120 Not applicable 18 8 ;
Vulvansty pe (Gatling) Jooc 800 . 16 8 7 g ‘
Outlikontype (tWo guns) 550 320 3 4 5 3
20871616 ﬁ
Table Xi-5. Comparison of Potential Firing Time and Average Numbar. of Rounds Fired per Pass g
B
B Meun Firing Timu (see) a ﬁ:
H I Average Numbet %
Y Without Retoud With Reload of Rounds por Pam y
Wuupon Constraint Constraint with Reload Constraint ! IS
‘:. Dustertype 1 1" a4 Ty
3 Vuleun-type L 3 133 1
':’. Ocrlikun-type 17 5.2 96 : i
: :

20871-617

Tabie X|-8. Expected Number of Lethal Hits per Firing Pass

Probability Relative Number fj
Number of of Kili, Given . of Lathal Hits '
Weupon Rounds (N) allitipy) Np, NP Py 3
o+
Dustertype 44 0.48 2 10
Vuleundype 158 0.18 2} 1.4
Oerlikon-type 96 0.50 48 20,0
20871618A
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SECTION 12
ANALYSIS OF THE ENGAGEMENT

The most critical ;laart of a system evaluation of a
predicted fire system is the analysis of possible engage-
ments, [t is this element of the evaluation that is most
likely to be averaged over in top level defense simula-
tions, but only at the engagement level can one deter-
mine the best values of the many trade-offs possible in
system design which cumulate to make a difference of
1071 in overall effectiveness between excellent systems
and good systems,

To fully define the system capability, one requires

* engagement computations for a large number of com-

binations of
4. lllumination (day/night).
b. Weather.
¢. System operational modes.
d. Threat magnitude and attack scheduling.
e. Target type, munition, and attack mode.
12,1 ENGAGEMENT SUBSTATES

The principal substates into which the engagement
may be subdivided are shown in Figure [2-1 for an
engagement with prior target identification, and in
Figure 12-2 for an engagement without prior target
identification.

The transition rates between states depend on the
target position relative to the defense site, and hence
on time, as well as on environmental parameters, target
tuctics und system design characteristics,

Su%ject to the availability of the information re-
uired to quantify the model, the event sequences of

igures 12-1 and 12-2 can be developed in a simula.
tion. In the present section, however, sub-models are
developed which allow preliminary anal{sis and com-
parisons of systems, prior to the availability of u
complete engagement simulation,

The Litton simulution allows the portion of the
engagement beginning with target dcquisition and
continuing through kill or departure of the turget to be
evaluated quickly. This simulation has an extremely
versatile capability for evaluating 4 wide range of
sensor characteristics, weapon characteristics, predic-
tion and smoothing algorithms, and target path types.

To complete the present section, however, some
simple analytical models of the firing state are pre-
sented. The approximations used have been deter-
mined, by compurison with more exact results from the
simulation, to be adequate for rough estimates. They
permit an initial sizing of the problem prior to laying
out simulation runs.

One is not necessarily limited to simulation for a
complete engagement analysis. Given the rrobablllty
distributions required in any case to properly design a
simulation for this non-linear, time varying set of
event transitions, it is possible to work through the
successive convolutions of probability density functions
to obtain the desired probabilities of aircraft destruc-
tion and destruction of the defended target. This
requires some skill in choosing integrable forms to
approximate the individual functions, and if a com-
puter is available, and continued analyses of this kind
are planned, it may be more economical ‘5 use
simulation,

Target tactics are a principal determinant of the
outcomes, Note from the flow diagrams that the target
cun exit from each event state by releasing its muni.
tions and breaking awa{. The time at which this
occurs, or, more generally, the probability density
function of release ranges, is an option open to the
attacker. By delaying munitions release, he improves
his chances of destroying the defended target, in gen-
eral, but lessens his own survival probability.

The delender, on the other hand, would prefer to do
most of his shooting at relatively short ranges to
conserve ummunition for given effect, provided that he
is clever enough to get in his shooting before the
aircraft releases its munitions,

A proper engagement analysis should therefore con-
sider the interaction between attacker’s weapon release
doctrine, and defender’s firing doctrine,

In the following sections a series of sub-models is
presented which allow a preliminary exploration of
each state of the engagement.

12.2 INITIAL EXPOBURE RANGE OF TARGET

The range at which a target is first exposed to
possible detection depends on its altitude, terrain char-
acteristics, and on whether the target is flying level or
following terrain contours.

The varlability with terrain, for low flying aircraft,
is very large, and the initial ex‘Posure range will vary
widely for different directions of approach to a defense
site in most cases, since few sites have uniform 360°
coveruge,

One may use digitized terrain to examine a particu-
lar site in detail. However, a substantial am~unt of
effort is involved in doing this for a wide set of
representative terrain types and site locations in a
specific terrain class. For initial estimates it may be
preferable to use a simpler method which employs the
grlncipal parameters defining exposure range. A possi-

le approach, which is not yet completely satisfactory
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Figure 12-1. Engagement Sequence With Prior |dentification
for reasons developed below, is to employ an excellent m = height of the site avove the mean terrain
terrain mode! developed by Cuywood-Schiller, and elevation in units of standard deviation of
validated against computerized terrain. terrain
The Caywood-Schiller model expresses the average R, is developed us a function of the parameter (8o )
runge at which u low flying target can be sighted us where
B = u meusure of terrain correlation (units of km')
Rm R0¢0.21n+0.27m (12.1) ‘
b o = standard deviation of tetrain about the mean
where .
. Terrain ‘roughness’ is defined in terms of the value
R, = churacteristic range for a terrain type of (8o).
n = target height above terrain contours in units This expression has heen laid out in the form of a
of standard deviation of terrain nomogram in Figure 12-3. In uddition, two curves
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Figure 12-2. Engagament Sequence Without Prior Identification

have been sketched in to relute target velotity to aver-
age height above terrain (In units of standard devia-
tion of terrain).

If one uses the Caywood-Schiller formula directly,
one finds that the exposure ranges ure high by 4 fuctor
of about 2.5 over those obtained in helicopter detection
experiments. This difference might be explained on the
basis that the helicopters used approach paths which
concealed them from the sight ax long us possible, but
the difference requires detailed anulysla for u full
explanation. However, 4 ‘best upproach’ scale has been
added in Figure 12-3 to reduce exposure range by a
factor of 2.5,

In Figure 124 the experimental data on helicopter
sighting ranges has been plotted as a function of target
velocity and terrain roughness, Since terrain roughness
wus not measured in the experiments, the assumption
is mude thut the qualitative designations can be related
to ‘:‘If qualitative designations suggested by Caywood-
Schiler.

It will be noted from Figure 12-4 that increasing
terrain roughness increuses exposure range. As terrain
becomes increasingly flat, exposure range must increase
aguin, as sketched via the dashed lines, but this was not
observed in the experiments.
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The actual measurement in the experiments was
‘exposure time’ during which the observers could see
the helicopters, and to construct Figure 12-4 this was
multiplicd by velocity and divided by a factor of 2.0,
to obtain a rough estimate of initial exposure range.
The experiment included the detection process, but
even if one adds two or three seconds for the observer
to detect the helicopter after it has been exposed (in
almost all cases he had already heard the engines and
was alerted to the approximate direction of approach),
the difference between the model and the experiment is
still not resolved.

Another complicating factor, difficult to include
Eropcrly in map studies is the effect of vegetation,
uildings, etc. in shielding low flying aircraft against
exposure and this may help to explain the difference.

The relationship between target height above ground
and speed in Figure 12-3 assumes that height/standard
deviation is a simple function of velocity, In fact it is
probuble that for a given velocity, target height above
ground increuses as a higher power of standard devia-
tion, and this may also help to explain the increase in
sighting runge with terrain ‘roughness’.

The variation of the experimental data with even
small displacements in observer position is much
grculer than the indicated effect of terrain roughness in

igure 12-4,

It is therefore sugﬁested that Figure 12-3 muy be
acceptuble for rough estimuates of target expusure
range, und that the usefulness of a simple churt of this
type may be sufficient to encourage its improvement
based on more extensive experimental data and com-
puter analysis of terrain data.

An example of the use of the nomogram is shown by
the dotted lines. A target flying at 400 knots under
manual control is estimated to follow contours at about
2.2 times terruin standard deviation. For u site at the
terrain mean clevation in rolling terrain, the averaﬁe
initiul exposure runge is about 3.8 kilometers, and the
exposure range for a ‘best’ approach is 1.5 kilometers,
The e¢xposure time to midpoint is therefore about 19
seconds for an average approach and about 8 seconds
for a ‘best’ approuch.

In estimating sighting distunces, one might expect
that as the velocity of a helicopter is reduced in nape
of the earth flying, und the height above ground
approaches zero, the distribution of exposure ranges
might approach that ulready worked for tanks in tank
versus lank combat, Some data on tank sighting ranges
hus been published in an unclassified {ournal" and
appeurs to he based on an exponential distribution, so
that the probability thut a tank is exposed heyond D
kilometers is

p=ePPy (12.2)

where the reference indicates a values of D, = 1.3
kilometers for a mid-European zone, and 1.65 kilome-
ters for northwest Germany,

An extensive set of references on the effect of terrain
on target exposure range is given in the accomﬁan ing
Analysis Report on this contract, including the Cay-
wood-Schiller analyses.

12,3 VISBUAL DETECTION PROBABILITY

Befote going into detailed computations of visual
detection probability it may be helpful to have a
simple method of making initial rough estimates. The
nomogram ol Figure 12-5 makes this possible. A
detailed discussion of the factors entering the estima-
tion of detection probabilitﬁ by a human observer is
provided in Section 3.0 of the Analysis Report. Figure
12-5 is based on the following rationale:

a. The search rate of a human observer can be
represented by u ‘glimpse rate' multiplied by a
function of range which depends on target rela-
tive contrast at the observer and the ungle sub-
tended by the target at the observer's eye. The
relative contrast of u target against 4 sky back-
ground is approximated as a simple exponential
function of meteorological visibility range V.

b. The probability that u target approaching the
observer hus heen detected by range R, if it is
first exposed at runge R, is approximated hy

R
k4R
k[ O red e RV

PRR,) = 1-¢ R (12.3)

where

v = tirget velocity

R = slant range
Vn = meterological visibility (meters)
k; = a numerical constant

k = & coefficient depending on the solid angle
scanned by the observer.

¢. The function
Q(R,o¢) = | -P(R,) (12.4)

has been computed, using Hummro and Human
Engineering luborutory experiments under con-
ditions of excellent visibility, as a point of depur-
ture. From the curves of detection probability
versus range for 45/90° search, curves for other
values of V,, have been estimated,
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Figure 12-5. Nomogram for Estimating Cumulative Visusl Detection Probability

d. From the form of Equation (12.3)

QURR,) = Q(R,=)/QRy=) (12.8)

and conversion to other target velocities v is
accomplished by

QRR,¥) = QURR,400407 (1256

To use Figure 12-5 enter with the initial target
exposure range R, and the range R at which the
cumulative detection probability Is desired. Draw a
line from the higher intercept on the vertical axis to

int C. This is line A. Draw line B parallel to A.

nter the target velocity section of the nomogram with
the intercept of line B on the axis OC and read
cumulative detection probability on the horizontal axis.

The busic data was taken against low level targets
with uncbstructed line to sight to very long ranges. The
question of whether the basic data has been properly
interpreted and extended in Figure 12-5 certainly
needs to be examined very carefully. If the data have
been imerﬁreted properly, one would not consider
seriously the design of a low altitude air defense
system to operate beyond 2000 meters and depending
on visual target detection by & human operator.

12-7

Figure 12-5 is limited to estimates of detection
robability of aircraft approaching the observer on a
ow altitude path the ground track of which passes
through the observer’s position. It should not be used
for paths with more than a few hundred meters cross-
ing range, or for high altitude paths. It also does not
allow for sun angle, which should be included in an
accurate computation. Since the aircraft always flies
over the observer at low altitude it is always detected
eventually. For offset, or high altitude paths, one might

~ perform the integration of Equation (12.3) over the
corresponding range segments, in which case, final
detection Fro ability would not be unity. In this case
one should probably also introduce the change in
projected target area with aspect.

As an example of how one might combine the
probrbility density functions of successive states, con-
sider the convolution of the exposure range function
withi that for visual detection.

Over the range

500 < V,,, < 10,000 meters (127

the range at which a cumulative detection probability
gI‘ 50% is attained, for the conditions of Figure 12-5
y




(Rgq, 1000) = 15|<(400/v)(vm/1ooo)‘_/2 (12.8)

where Ry, Vo are measured in meters, v = target
velocity in knots, and

K = 0.5 for 180 - 360° scan
= 1.0 for 45 - 90° scan
= 2,0 for less than 100 scan

The probability that the target has not heen detected
by a range R, given initial exposure ut very long range
can be approximated as

. 2
Ry = ¢S Rso/R)

and the probability that the target has not been de-
tected by R, given initial exposure at R, is then

(12.10)

«693(Ren?) (R™2.R "2
QRR) = ¢ 693(R507) o), R&R,
= 1.0 y R R,
(12.11)

We now wish to combine this with the probubility
density function for initial exposure range. For this
exumple, we ignore the probubility that the target may
drop its bombs und depurt before the detection process
has been completed.

To perform the convolution of the probability densi-
ties in closed form we require un approximate form

for the exposure function that will integrute with |

Equation (12.11). The function given by Caywood-
Schiller is rather complex, and we replace it by one of
about the right shupe, which hus not, however, been
checked through for accuracy of representation.

We assume that the probubility that the target has
not heen exposed by range R, can be approximated by
the function

/R 2

F(R,) ® ¢ (12.12)

The averuee exposure range (which would be ob-
talned from Figure 12-3) defines the coefficient a, as

(Rylgy = (ru)}/2 (12.13)

Then the Jarohability that the target will not have
been detected by range R, averaged over the distribu-
tion of exposure ranges, works out to

(129)

o R
a®) = [ QRA) IFR) + [ dF(R,)
R o
med/RZ ., m/R
. s (12.14)
where
m = 693 Rgo?
8" (Rylgy 2/ (1215)

For an evaluation, one needs informi ion on the
probability of having visibility ranges V. under the
operational conditions heing considered in the evalua-
tion. This data exists in Iuri_e quantities for all opera-
tional theaters of interest. Figure 12-6 shows typical
distribution functions for Germany, for two months of
the year, :

The function seems to be representable in the form

- e-k(vm.)a "

Prob(Vy > Vi) (12.16)

Equally important in assessing tactical limits on the
engagement is the umount und level of cloud cover. In
general visibility at low angles ol sight is greater than
visibility range at high angles, since cloud cover tends
to lie at about 5000 ft. With extensive low cloud cover,
an attacker using visual bombing is unable to acquire
targets for dive bomb attacks, although he may be
engaged through cloud cover by a radar direcied fire
unit, Data on cloud cover and its frequency of occur-
rence is also available from sources of meteorological
statistics.

12.4 VISUAL IDENTIFICATION

A chart similar to that of Figure 12-5 could be
developed for visual identification, but unfortunately
time has not ﬁermlued this. Range for visual identifi-
cation is much shorter than that for detection. Refer-
ences to experimental duta are given in the Analysis
report, und some sketches of identification contours,
compared with detection contours, were provided in
the AFAADS-I report.

In general, rellance on visual identification will be
even more severely limiting on a defense system than
reliance on visual detection, and there is hardly any
point in attempting to develop a system with extended
effective range if it cunnot be cleared to fire until the
target is within a few hundred meters.
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Figure 12-8, Visibllity Range Distributions in Germany

12,8 TARGET DETECTION BY RADAR

Characteristics of a number of current radars in-
tended for surveillunce in air defense systems are listed
in Table XIl-1. The Indicated detection ranges are all
considerably in excess of those required for a predicted
fire system to operate at its maximum effective range,
which for a gun is not likely to exceed

Dipax (km) = Caliber mm)/S  (12.17)

with the best fire control currently possible.

Radar rotation speeds are about | second, and if two
scuns ure required to confirm detection, targets emerg-

ing from terrain masks should be reliably detectable in
no more than 2 seconds,

In the cuse of the Crotale short runge surface to air
missile system, which employs a surveillance and a
tracking radar, an elapsed time of 5 seconds has been
estimated from first mget sensing by the surveillance
radar to lock-on by the tracking radar. Of the §
seconds, 2 seconds are allotted 1o slewing of the track-
ing radar to the direction designated by the surveil-
lance radar.
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12,8 ELAPSED TIME TO ENGAGEMENT OF
TARGET

As a rough indication of a minimum elapsed time
from target exposure to first possible projectile impact,
Table XII-2 has been developed bused on the Crotale
estimates. The times indicated are for a completely
automatic system. Elapsed times can, of course, be very
much longer with a manual system, depending on
whether the operators are aleried and at their operat-
ing stations, They might even be shortened by Further
improvements in automatic system design.

In the present study, ne data has been acquired on
the actual elapsed times of the component purts of the
engagement process rom which one may estimate
limits and possiblities of improvement. No doubt this
data exists in records of artiaircraft system tests, and it
should be organized in a form suitable for use in
analysis and simulation.

12,7 EXTERIOR AND TERMINAL BALLISTICS

Before discussing the evaluation of the prediction
algorithms, I}:grox mate methods for estimating pro-
jectile time of flight and lethality are a useful prelimi-
naty, since these factors are employed in the overall
engagement kill probability estimates.

Table Xi1-2. Event Sequence in Engaging Target

Elapsod Time
Event (wconds)
Tatgot Exposed 0
Tuarget Dotecied 1
(60 rpm scan)
Target Designatod to Tracker 2
Tracker Slews 4
Tracker Lock-on 5
Firing Data Availably 7
{2s0¢ smoothing)
Flrst Round Arrives at Target 7 + time of flight
10811590

12-11

12,7.1 Eetimating Time of Flight

The computation of exterior ballistic data is a highly
sophisticated science. However, it is helpful to have a
quick means of estimating time of flight to a lﬁjp«:lﬂed
range without searching through firing tables. Drawing
some confidence from Figure 7-14 which inc -ates that
simple normalizatic .1 of projectile data allc . time of
flight to be plotted against slant range with only small
scatier about a mean curve, a nomogram has been
developed and is presented as Figure 12-7,

The family of curves is based on the esimated time
of flight versus range relationship developed in a
design study for an improved 37.mm projectile, with
boattail and without rotating band. The curves for
other calibers are obtained aimrly by scaling ordinate
and abscissa in proportion to caliber.

The curves are computed for a muzzle velocity of
1100 metera/second. Again, relying on Figure 7-14, if
not on theory, time of flight 10 a specified range is
computed as a ratio to time of fight for 1100 meters
per second, and the left hand portion of the nomogram
allows correction to other muzzle velocities,

The dushed lines show an example. A 20-mm round
et 1100 meters per second with excellent drag coeffi-
cient has a time of flight of about 5.5 seconds to 3000
meters, und at a muzzle velocity of 1000 meters per
second the time of flight is determined to be approxi-
mately 6.0 seconds.

The nomogram Is constructed for a projectile density

p= (wp/C3)x 104 = 0317 (12.18)

where w, = projectile weight in pounds, and C =
caliber in millimeters. -

It cun be used for other values of p and less than
optimum ballistics by entering with a value of caliber
(f computed us

C, = Ce/0.317) K (1219)

Where
Cm
P -
K=

the caliber of the round being estimated
its computed density

1.0 for ‘excellent’ ballistics

0.8 for ‘good’ ballistics

0.6 for ‘fair* ballistics (Typical of most WW
11 projectiles)

value of caliber used to enter the nomogram
instead of' C.

The two curves of Figure 7.14 differ by a value of
K = 0.6 as can be seen by sliding one along the zero
drag line until they coincide.

CQ-
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Figure 12-7. Nomogram for Estimating Time of Flight versus Slant Rangs With Excelient Ballistics

The nomogrum might also be used inversely by
entering with given time of flight versus range points
for a specifie pro{ectlle. reu lng1 out an equivalent
caliber, and computing K to provide a basis for discus-
sion with the ballisticians as to whether the ballistic
design might be improved.

12.7.2 Astimation of Terminal Effectivensss

Determination of the probability that an impact on
a specific target type by u specific projectile type will
cause dumage or destruction of the target in various
categories Is un advanced and sophisticated science.
Such estimates for modern weapons and targets ure
classified and in any actual system evaluation, should
be done by experts.

For initial rough estimates, howevaer, the nomogram
of Figure 12-8 ma¥ be helpful. The nomogram allows
# quick estimute of the probability that a high explo-
sive, contact fuzed projectile striking a fighter-bomber
will cause destruction of the target in each of two
categories (1) immediately observable, mid-air de-
struction, and (2) a delayed crash within observable
range of the defense site. In the cuse of observed, mid-
uir destruction, the defending fire unit cun cease fire at
once, and atiempt to engage a new target. In the cuse
of delayed destruction, the fire unit will 'fire the course’
and have a lower uvailability rute against a new target.
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The user may improve Figure 12-8 by replacing the
kill probability curves by data from classified analyses
which may, or may not reveal similar functional
relationships.

A similar nomogram could be devised for AP or APl
rojectiles, as opposed to HE, but since these projectiles
ave an effectiveness which varies significantly with

impact velocity, an additional parameter would be
required.

It appears that all modern antiaircraft guns are
intended to employ high explosive projectiles against
aircraft targets. Evaluation of automatic weapons of
less than 20 mm caliber would require considerution of
other types of projectiles.

In addition, the possibilily that some ground support
aircraft may be heavily armored could make the ‘ob-
served crash’ curve too high.

The flollowing comments are extracted from a sum-
&ary'feport on German antiaircraft artillery in World
CYRIE

*The 20 mm fluk gun was too light and lacked
penetrating power. The 37 mm 1“ was good and
should have been set up on multiple (three or four
sun) mounts, Efforts should also huve been made to

evelop a somewhat heavier gun, with a caliber of 40
to 50 mm, especially since tests carried out with 50
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mm guns had produced such excellent results, The 8.8-
cm and the 12.8-cm guns, which were sometimes used
in defense of stutic installatlons, also proved to be
satisfactory in every respect in 1943, Because of the
frequent appearunce of urmored Soviet ground-uttack
afreraft it was found to be advisuble to issue ummuni-
tion in mixed lots, containing both urmor-piercing
(shaped-charge) und rc%ulnr high-explosive fluk am-
munition in & ratio of 1:1J or 1:4.°

‘As early as the autumn of 1941 the first IL.2
(llyushin) ‘Stormovik' ground-attack plane uppeared at
the front, This type, which soon became available in
lurge numbers, was ideally suited, by virtue of its
rugged construction und excellent armor protection, for
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air support missions. Frequently formations of Me-
109y and even Fw-190s expended their entire alloca-
tions of ammunition firing at them without bringin

them down. German untiaircraft commanders note

that the ‘Stormoviks' could be shot down by light and
medium antiaircraft artillery only if direct hits were
scored and soon began to make greater use of the
heavy (8.8 cm) gun against Soviet aircraft. IL-2 planes
were most vulnerable when fired upon from above or
from the rear by explosive ammunition, The tail und
control surfuces disintegrated readily if struck by gun-
fire. At ranges of 900 to 1,200 feet, light antialrcraft
guns had little effect upon them, although successful
hits were scored by medium or larger calibre guns




which happened to strike the engines, tail assemblies,
or control surfaces of these planes, The ‘Stormovik’
was somowhat sluggish in performancé; it might have
heen more maneuverable except for its wenk power
unit,’

12,8 FIRE CONTROL EVALUATION

As indicated at several points in the earlier sections
of this report, the Frlnclpul factor determining the
effectiveness of predicted fire systems is the accuracy
with which the predicted target position can be com-
puted, The diffeicace between a *hest’ set of prediction
algorithms and a set of approximations justified on the
busis of euse of implementation is too lurge to be
rectified by high rate of' fire und artificlal dispersion,

12,8,1 Limiting Constraints on Wall Designed
Syatems

With the current state of the art of digital comput.
ers, high performance servomechanisms, sensors, pood
mechanical design of' the gun mount, excellent projec-
tile ballistic characteristics, und cffective system culi-
bration procedures it should be possible to reduce ull
sources of srstem error 1o u level where performance
can be described in terms of

. lrregulurities of the turget path,

b. Sensor dynamics (error and power spectral den-
sity).

¢. Prediction algorithms,

d. Ammunition dispersion,

¢e. Projectile terminal effectiveness.
f. Rute of Fire.

At the relatively short runges of predicted fre sys-
tems, & pulse-doppler trucking radar is expected to be
limited in accuracy principally b¥ ‘glint', with a linear
stundard deviation constant with slunt runge, and
ubout equal to half the projected target dimension
before duta processing. Visual trucking by u human
operator with regenerative aiding, and well designed
control, and, roulbly up to 3x magnification in optics
should do at least as well. The provision of regenera-
tive assistance should muke this capability independent
of target angular velocity and ucceleration,

However, this performance cun be improved by data
amoothlnP. and the amount of the reduction depends
on the glint, or human tracking error band width, and
the corresponding filtering which Is possible in data
processing,

Since prediction involves differentiution, very nar-
row sensor error bandwidth may be us advantageous s
very wide bundwidth, if nesociuted angular lag prob-
lems can be circumvented by regenerative alds,

The sensor tracking datu Is processed in fire control
system by various coordinate trunsformations, smooth-

ing operations, differentiation and prediction, With
modern computers and servomechanisms it should be
possible .to ‘hold  errors resulting from thé computa.
tional elements to very small valués, compared With the
errors resulting from sensor errors, -

‘The prediction error multin? from sensor trackin
errors increases ‘with pr?ocue time of flight an
decreases with increasing data smoothing time. It also
increases with the number of derivatives used in pre-
diction. Thus sensor noise is amplified more in a
quadratic predictor than in & linear predictor.

Short smoothing time is desirable for rapid initial
generation of firing data, and to minimize lag when
the target chunges direction ot velocity, For a specified
effective smoothing time, some shaping of the weight-
ing lunction is possible to improve the effectiveness of
smoothing, It s usually better to have a weighting
function upprouching a patabolic shape rather than a
simple exponential, becuuse the long tall of the expo-
nentiul delays the rate ut which old data disappears
from the system, The best shape depends on the power
spectral density of the sensor error, and some compro-
mising between curly avalilability of good data, and
minimization of the effect of old data.

Some uveraging times of past fire control systems
are given in Table XII-3. The M9 computer wus for
use with the 90 mm and 120 mm guns out to time of
flight t, = 30 seconda,

It seems probable, from experiments on the Litton
simulation that smoothing time should be an increas-
ing function of time of flight, to retain short settling
time aguinat turgets exposed at short ranges and effec.
tiveness ut the longer ranges against targets using pop-

up tactics to deliver stand-off weapons,

To show how performance may vary with target
path und the prediction algorithms used in the fire
control system, Figures 12-9 and 12:10 have heen
obtained from runs on the Litton simulation. The

simulation was for a 25 mm gun with excellent ballis-

tics, 1100 meters/second muzzle velocity, and the tar-
get flew ut an average altitude of about 400 meters at
00 meters per second.

The index shown in for probubility of destroying the
target with a one second butst which, for this weapon,
contained 58 rounds,

The curves correspond to computations along a line
of constant ungle from path midpoint on paths of
progressively increasing crossing range. The projected
area of the target was therefors approximately con-
stant, and the curves show the effects of range, time of
flight, Kradictlon algorithm and targst maneuver. In ull
cases the weapon was assumed to have 3 mils angular
round to round ammunition dispersion.
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Teble Xii-3. Daia Smoothing Functions

Time Conatunt
Weighting of Memoty
Year System Fungtion Time
1930 Wilson-Spersy | Constant 3 sec
T4
1935.40 Md, M7 Exponential tpll 3
Mochanical
1940- Gyroscople Exponentiul \p/s
current Leud Com-
puting Sight
1942-50 M9 Appraximately 10 1¢¢/20 sov
Paruboliv options
1960 Vigilunte Approxinitely Ime
Blexponential

20871-621

At short ranges the probabilities drop bacause of the
very high rates of change of acceleration and the lact
that the assumed regeneration algorithm was only
effective in correcting the first two derivatives.

The systems have not been optimized. The linear
rediction system would do better at the lonﬁer ranges
[ smoothing time had been increased with time of
flight. Note that the preference order of the prediction
algorithms changes across the two cases,

System opllmlzntion would project the effective
range in both cases considerubly beyond 3000 meters,

12.8.2 Posible Deficiencies of Existing Systems

Unfortunately, many fire control systems offered us
candidates for selection do in fact contribute addi-
tionul errors to the generation of gun data resulting
from

¢, Computational algorithms which are imperfect
even against unucceleruted targets,

b. ‘Instrumentation (mechanization) errors’, result.
ing from scale factor limitations, gear bucklush,
shaflt torsion, transducer errors, internal servo
lags, ete.

¢. Imperfect computation of projectile ballistic duta.

and other cuuses. In addition, gun mounts may have an
undesirable degree of flexibility, drive servos lug, and
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the comptational process and the system operation as
a whole may be degraded in various ways by the shock
of firing.

Most important, all predicted fire systems are highly
vuinerable to errors of boresighting and day to day
‘calibration’.

12.8,3 Nead for Comparative Tests and Analyses

Some of these error components may be estimated
by paper studies. One may, for example, compute the
magnitude of aim error resulting from approximations
in various computational algorithms.

Experience indicates, however, that the performance
of an existing system can only be determined with
acceptable validity by actual testing, The testing must
be done in a way that separates the inherent system
errors from those resulting from target path irregulari-
ties. This suggests the following sequence of tests.

. Static, or semi-dynamic test of computational
accuracy with fixed position inputs, and possibly
constant velocities injected at the differentiating
units,

b. Dynamic test with synthetic target path lnruu
injected at the sensor inputs. This may include
firing.

¢. Dynamic test tracking a synthetic target on a
specified set of paths with sensors operating.

d. Tests ugainst real targets on simple (unacceler-
ated) paths, possibly firing blank ammunition,

e Re;;enl of (4) with the target flying typical attack
paths.

f. F;‘irings against drone targets, with live ammuni-
tion,

12.9 COMPUTATION OF ENGAGEMENT KILL
PROBABILITIES

The Litton simulation allows rapld computation of
engagement kill probabilities for a wide variety of
prediction modes, algorithms, target path types and
system parameters. Considerable insight can be gained,
nevertheless, on why results on the simulation turn out
the way they do, by simple analytic models. These
models use approximations which have been deter-
mined to be acceptable by comparison with simulation
runs,

12.9.1 Bummary of Probability Relations

This section summarizes briefly, the rrobablln rela-
tions used in computing engagement kill probabiflty.
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Single shot hit probability is approximated as

p“ ™ a—ﬁ:——. Q'rzl(“z + 202)

12.20
n2 + 20 ( )

where the projected area of the target normal to the
bullet trajectory is

A v na (12.21)

and

o = stundard deviation of the probability density
function of the shot pattern (linear) measured
from the center of the pattern.

7 = ‘bias', or deviation of the center of the shot
pattern from the target center,

Single shot probubility will usually be very small, in
which cuse the relative shapes of the target and the
shot pattern ure irrelevant. If' the bius occurs princi-
pally in one dimension, u simple and obvious modifi-
cation of Fquation (12.20) is required. For details, see
the AFAADS-I report.

To convert hit probability to kill probability either
multiply p, by p.. the probubility that a hit causes u
kill, or repluce the term ' by p?. The former assump-
tion is equivalent to assuming uniform vulnerability of
the target over its surface; the latter assumes thut
vulnerable components are collected ubout the geomet-
ric center of the twrget. When p,, is smull, both ap-
proaches give the same result, for all practical
purposes.

All of the terms of Equation (12.20) will vary with
time, but for a short burst of say one second, they can
he ussumed to be constant.

The term o contains two components: 1) the run-
dom round to round ammunition dispersion, und 2) a
component of ‘aim wander’ of the error in aiming the
weapon, For very short bursts the component resulting
from aim wander tends to be constant during a burst
and randoml{ distributed across bursts; for very long
bursts, u portion of aim wander may be included in the
random round to round dispersion,

The blus 'r* also includes boresight, calibration, and
systematic solution errors of' the fire control system. In
this section, we ussume an excellent fire control system,
so that the only sources of ‘bias’ are the effect of sensor
error us umplified in the prediction process, and target
deviations from a predictable path.

For & short burst of n rounds, the probability that
the lurget survives |s

b= j P O oy gy (12.22)

0

where f(y) is the probability density function of bias
across bursts. Ii" [(y) Is assumed to be representable as
a circular normal distribution with varlance o', 0 can
be evaluated in terms of the Incomplete Gamma
Function,

Figure 12-11 shows burat kill prohability p, com-
puted from Equation (12,22) where

Pp=1-9¢ (12.23)
In Figure 12-11
E = pxpected number of lethal hits
E i
L WP, er——— (12.24)
Cats 202 + 2ub2
and
A = 20,22 + 202) (12.28)

Aramunition dispersion may be considered a dispos-
able purametet, at least in tgc sgmm concept stage.
und the dashed lines show how burst kil probabllft
varies, for a constant value of na’p,/20ry’, a8 ammuni-
tion dispersion is varied.

When E is small, P is essentially independent of A,
and is a function only of E. For large E, an adequute
approximation to p, with optimum dispersion, is ob-
tained by taking A = |, and for this case, Equation
(12.22) yields the very simple solution

| - em2E

Pp * | =g (12.26)

Another simple solution is available, i the shot
pattern s assumed to be udjustable to optimum shape
(not necessarily Guuasiun). In this case

!2
np,a’ 12 .[;ﬂ‘;';_]
Py ™ 1;1[—-3-] PR LS BPPYS

Ox Oy

where the form has been generalized to ailow o, @, to
assume different values,
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Figure 12-8. Burst Kill Probability versus Unaccelerated Target with 26 MM Gun

The variance of prediction error caused by sensor

error can be written approximately, for a linear predic. of flight caused b{
¢

tor, us

(9507 = ¢+ Ug/Ty) +e5 (1/T)? (12.28)

where the coefficients depend on the band width of the

sensor noise and

o

0'|’

= variance of prediction error
= varlance of sensor error
t, = timeofl flight

effects of geometr

than

T, = smoothing time discussion.
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The function is usym
sensor error band widt
constant value) and to zero for very wide
It should always be possible to do somewhat better

This ignores the second order effect of errors in time
sensor errors, and the second order
transformations,

otic to unity for very narrow
(e, the error agproaches (]

and width.

(9p/a)? = 1+ 20,/T+ 2ty /TP (1229)

however this function will be used in the present
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Figure 12-10. Burst Kill Probsbility versus Linking Target with 28 MM Gun

If 1uudralic prediction is used, Equation (12.28) will
contain terms up to t' Intermediate modes beiween
linear and quadratic include ‘tangential' prediction In
which the prediction is updated by un acceleration
correction (o correct for velocity lag caused by acceler-
atlon, but not for deviations caused by target uccelera-
tion during time of flight.

Computation of the appropriate voefficients for
Equation (12.28) for linear predictors and for quu-
dratic and partlal quadratic predictors is developed in
detall in the AFAADS-I report.

For u very long firing interval, it is necessary to
account for the fact that all of the terms in Equation

(12,22) will be time vurying. Some remarkable simula-
tion results indicate that over a wide variation of path
parameters, with simulated radur tracking, the coef-
clent A may be assumed to be u comstant, le., by a
judicious choice of ungulur dispersion, the dispersion
pattern and the alm wander pattern remain in about
the sume ratlo,

One may then compute E from Equation (12.24) by
numerlcal integration over the firing ssgment, or in
closed form by analytical approximations, and finally
compute engagement kill probability from Equation
(12.26). Note that this process does account for serial
correlution ol miss distances.
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Figure 12-11. Burst Kill Probability with Aim Wander

For systems with large, slowly varying systematic
errors caused by solution imperfections one needs to
know how these errors vary with the engagement
eometry and dynamics, and the computation is more
involved. However, the difficult step is obtaining esii-
mutes of the errors. Once obtained, they car: be intro-
duced to either the simple analysis or the simulation.
The simulation already contains a sub-routine for
computing ecffectiveness of predictors using simple
angular velocity times time of flight algorithms, and
other approximation algorithms can be similarly
programmed.

The very large aim errors possible when the target
flies accelerated or jinking paths of various types are

easily evaluated on the simulation, where any type of
target path can be programmed. In a following section,
a simple analytical model for estimating fire unit
effectiveness against a ‘jinking target is developed and
compared against simulation results,

12.9.2 Varistion of Target Projected Area with
Aspect

For quick reference, Figure 12-12 shows how the
projected area of an ellipsoidal target varies with its
position along a straight line flight path relative to a
tracking sensor or fire unit. The dimensions are ap-

roximatuly those of the fuselage of a fighter-bomber.
n engagement kill computations, this area must be
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multiplied by the probability that a hit causes a kill,
which in turn is a function of the weapon caliber and
projectile characteristics,

12.9.3 Limiting =ffect of Ammunition and Gun
Dispersion

The angular dispersion of a weapon and its ammu-
nition, considered as an error which is random across
successive rounds, places an upper limit to weapon
effectiveness which cannot be exceeded b{ fire control
improvements. This limil, although trivial to compute,
is shown for reference in Figures 12-13 and 1214,
The turget is ussumed to be ellipsoidal, and the variu-
tion of its presented area with position along a passing

raight line path is as depicted in Figute 12-14. The
head-on area of the target Is two square meters, the
side-on area is 20 square melers,

Figure 12-13 shows the single shot probability of
hitting the target in the head-on aspect, as a tunction
of slant range and standard deviation of an?ular dis-
persior,, and Figure 12-14 shows the probabilities for
the side-on aspect. . - :

As an example consider the § x 18 mil dispersion
pattern which may be used with Vulcan. In the head-
on target aspect the elliptioal pattern shape can be
rerpreunted dt an equivalent circular dispersion pattern
of about 10 mils. At 1000 meters, about 300 rounds
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per hit are required, and if the probability that a hit
produces a kill is about 0.20, the weapon would exhibit
about 1500 rounds per kill, with no other sources of
error present.

In the side on aspect, the elliptical shapes of the
dispersion pattern and the target interact, so that the
Vuican pattern is equivalent to a 6 mil circular patiern
at short ranges, approaching a 10 mil circular pattern
at very long ranges. A few computations are indicated
as circles to indicate this effect, At 1000 meters in this
asrect only about 30 rounds per hit, or 150 rounds per
kill are required, with the Vulcan pattern.

To re-emphasize, sowever, Figures 12413 and 1214
represent upper limits of effectiveness, depending only
on angular dispersion, and effectiveness will always be
below these values in the presence of errors in the
center of alm caused by prediction errors, and other
error sources,

The design objectivs, of course, is to match angular
round to round dispersion of a system to the other
errors resulting from the computation of gun orders, so
that system effectiveness is optimized. Hence in concep-
tual analysis, dispersion should be considered initially
as & disposable, rather than a limiting parameter.

On the other hand, when the dispersion is known
for an existing system it can be used for quick esti-
mates of performance limits which cannot be exceeded
by the system. In most cases performance will be
substantially below these limits,

12.0.4 Engagement of a Dive Bombing Aircraft

This section applies the simple expressions devel-
oped in Section 12,9.3 1o the evaluation of the defense
against an aircraft rerf‘orming a dive or glide bombing
attack, The aircralt is assumed to approach at low
level, then to ‘pop up' to an altitude from which it can
acquire the defended ground target, and then to make
an attack pass which contains a short straight segment
during which the attacker lines up his bomb sight, and
develops u solution to his bombing problem.,

A simple model is employed in which it is ussumed
that

4. The lur%et path during its firlng pass is a straight
line which can be approximated us a radial line
through the defense site,

b. The defense has a significant probability of hite
ting the aircraft only while it is on the straight
line segment.

¢. The computer uses an algorithm which corrects
for the target acceleration along the straight line
segment,

d. The attucker’s munition effectiveness depends on
the munition release range. This may be approxi-
mately us the inverse of releuse range squared.

Under these assumptions, there will be some release
range beyond which none of the tounds fired by the
defense will be éffective, since seitling time of the
computer glus time of flight of the first effective round
will ‘exceed the duration of the straight line segment.
This range is an inverse function of the average pro-
jectile velocity.

A simple analz!ical model quantifying these rela-
tionships is now developed.

The sequence of evenus is shown in Figure 12-15.
The aircraft, after preliminary maneuvers to get into

sition for an attack pass, reaches a point A, at which
t begins & straight line ‘down the chute’ run, which
requires T, seconds, It is assumed that the defense
sensor has acquired the target, by this time, hence good
firing data is available after settling time T, at which
point the defense opens fire. The first round arrives
af'ter a time of Aight t,.

The target releases its munitions at time T, from the
beginning of its run at point B, and begins its
breakaway maneuver. It is assumed that the breakaway
Is at high enough acceleration so that hit probahilit
after this point is negll;ible. The last effective round,
therefore is the one that reaches the target at T,, at a
range Dy, und this was fired at a time T,-t,,. Table XII-
4 summurizes these events,

It can be observed at once that the effective firing
time of the defense is
Td - T. - T’ -t

b (12.30)

Consider the boundary condition, which according
to the assumptions states .1t to deliver effective fire, at
least one round must arrive at the target based on
firing data computed after the target has settled to a
straight line path,

The requirement is that time of flight be less than
To-T.. If the airplane s able to perform its firing run in
six seconds, und the computer requires two seconds to
settle, the maximum time of flight will be four seconds,
That is, if the aircraft begins its breakaway beyond a
range corresponding to 4 scconds time of flight, accu.
rate aimed fire will not be possible.

More sophisticated prediction modes are possible,
For example, the algorithm for ‘defense of a known
point® developed in the AFAADS-I report requires zero
settling time.

Simulation runs also indicate that at the expense of
accuracy on the straight line segment, effective fire can
be delivered during the last ssgment of the turn in to
attack, and the initial portion of the breakaway.

However, for the straight line segment only, Figure
12-16 shows the ‘safe’ breakaway range for the air-
craft as a function of weapon muzzle velocity and
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Figure 12-15. Geometry of Dive Bombing Attack

caliber. These ranges are all so large so that the air-
craft will have difficulty in locating its target in the
first place, und will be unable to secure satisfactory
accuracy with unguided bombs. It seems probable
therefore, that except when the attacker uses smart
munitions of one sort or another, he will In fact have
to penetrate the defense to 4 release range such that
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effective fire can be delivered only a portion of the
straight attack segment,

To obtain an estimate of defense effectiveness when
breakaway s within the limit defined by Equation (12.30)
?lsumn that single shot probability can be written in the
orm
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(1231)

where
& = target effective radius

¢ = angular round to round ammunition standard
deviation

9, ™ standard deviation of tracking error
Pg ® probability that a hit produces a kill

For excellent radar or optical tracking one can hope to attain

0, ™8 (12.32)

Next take advanta%e of Equation (12.24) and
(12.26) and estimate E by

E = f Pyy (1) dt (12.33)

It is convenient to change the variable of integration
to slant range D, using

dD/dt = «y[I +(dtp/dt)] i v = target velogity
(12.34)

Then expund the integrand as a series in D), using
the following approximate expressions as a basis for
obtaining seties in D’ for the time of flight and projec-
tile velocity terms

dD/dty = voe"*1P (12.39)

t, * (DNy) o102 (12.36)

\lv:hg,n; the coefficient k, may be estimated from Section

It is not necessary to retain terms in the expansion
beyond D?, or pomsibly D', and the integral is then
readily obtained in closed form.

Having E, one obtains the kill probability over the
engagement from Equation (12.26).

For a simple case to indicate the form of the result,
assume that the engagement occurs at a range where

the D? terms dominate Pw» and assume a constant shell
velocity during the engagement, Then

21iwm) [v, T,-1)-D,
E = (4/D,) TR AL
W40 24202212 V(h RN

(12.37)

Some observations on the optimum value of T, for
this case can be made by inspection. Il the ammunition
dispersion is small, the optimum value of T, will be
approximately

T, ® (23T, - (D)) (12.38)

that is, reduction of error resulting from tracking error
is so important in this case, that 2/3 of the possible
firing time Is allocated to data averaging, and 1/3 to
shooting, However, this is an upper limit; i the opti-
mum T, is computed from the full form of Equation
(12.31) the best smoothing time will always be found
to be less than that given by Equation (12.37).

The value of average shell velocity is seen to lie
between the first and second power of velocltr. If
angular dispersion of the ammunition is small, E
increases about as v, squared.

This simple model indicates therefore, as would be
expected, that system effectiveness at the longer ranges
with a well designed system against a non-jinking
targel increases as about the square of average projec-
tile speed, all other parameters held constant.

As a further example of what one can do with these
simple relations, assume a dive bomb attack in which
the attacker has a 6 second straight line segment just
grior to weapon release. Assume that the defending

re unit requires 2 seconds to comrute accurate firing
data. Assume that the defender will accept 20% attrl-
tion, and that he chooses his weapons release range
accordingly. Then compute this weapons release range,
which s designated 'standoff’ range’.

A serles of fire unit characteristics is abstracted from
Table VII-6. 1t is assumed that the fire control systems
in each case have been replaced by a fire control
system of modern design, for which the single shot
probability can be described by Equation (12.31). The
variance of ammunition dispersion is ussumed to have
been adjusted to equal that of the amplification of
sensor noise, and to be conservitive, some serial corre-
lation of success.ve rounds is assumed, such that the
variance of burst to burst aim error equals the variance
of round to round error.

The total firing time cannot exceed 4-t,, where t,, is
the time of flight of the last round to reach the target.
Some rough computations indicate that an average
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Table Xil-4, Sequence of Events in Defense Against
Dive Bombing

Event Elupsed Time Range to Target
Begin Attuck 0 D,
Pats
Computer T, D, - vT,
Sottlvd, Fire
Firsl Round
First Round Tu * ‘pl Dpl "N, vT’ . "pl
Ruacheys
Turgot
Lust Effective Tu . 'pn Du * “pn
Round Fired
Last Effective Tu Du . Do- vT"
Round
Reaches Turget

20871-04

time of Aight over the firing interval will be about 1.5
L., The variunce of sensor error is assumed to equal
one half the target linear extent in each dimension,
Then the expected number of lethal hits is given by

(4 * tpa) .‘

ke vpc[ Tj (1239)
(8 46ty + 45ty %)

where

rate of fire of the fire unit (which muay mount
several guns)

y =

p = probability that u hit causes a kill.
Burst kill probability is computed from

(12.40)

Setting po = .20, these relutions allow t,, to be
computed. Then ussuming excellent ballistics for each
weupon, lime of Hight cun be converted to slant range.
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Results are shown in Table XII-5. One weapon wus
added to those abstracted [rom Table VII-6, a hypo-
thetical 37 mm weapon having the same rate of fire as
Vigilante, but firing a sub-caliber 25 mm round at
about 5000 f/s muzzle velocity. Rough computations
indicate that this combination might be achieved at a
complete round weight (projectile plus discarding sabot
plus propellant plus case) about eguul to that of the
3600 [/s full caliber Vigilante round.

This hyper-velocity weapon shows the best perform-
ance in the comparison, followed by the full caliber
'lgilante. A weapon with ‘Duster’ muzzle velocity and
rate of fire cannot attain 20% kill probability at all in
this situation,

The provision of this excellent fire control in all
cases except the low performance 40 mm gun, forces
the attucker to release his munitions at ranges from
which iron bombing will he relatively ineffective. If,
instend of 20% altrition, the attacker will accept only
5% attrition he is forced out to still greater ranges,
approuching those of* Figure 12.18,

The fire control system assumed is still not the
optimum that can he conceived. More efficient sensor
noise filtering is possible, and this brief analysis did
not consider the trade between firing time und seullnﬁ
time. A full 2.seconds of firing time againat this attac
path may possibly be inlned by the algorithm desig-
nu:ed in the AFAADS-I report us ‘defense of a known
point',

It seems to be a reasonable conclusion that a modern
rredicted fire defense system with well concelved und
mplemented fire control algorithms cun inflict losses
on dive/glide bombing aircraft delivering iron bombs
that will cause him to abandon this type of attack.

The standoff ranges of Table X1I-5 are most sensi-
tive to weapon exterior ballistics. For example, if' one
ussumes not one, but four 20 mm fire units, and
arproximates their effect by multiplying the rate of fire
gven in the table by 4.0, the standoff range ugainst a

0 mm defense of four fire units is only increased to
2020 Tetm. us compuared with 1620 meters for one
fire unit.

This suggests that the weapon caliber and muzzle
velocity Jxrefcrred for the defense ure determined by
the standofl’ range which it is desired to achieve, and
the number of fire units comprising the defense should
then be chosen to match the maximum number of
aircraft sxpected to be simultaneously within the de-
fense envelope.

12.9.8 Engagement of Passing, Jinking Aircratt

Muneuvering at the maximum acceleration of which
it is capable, a target is unlikely to be hit by predicted
fire weapons. However, uny real flight path is 4 com-
promise between the need to execute u tactical mission,
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Figure 12-168. Safe Breakawsy Range versus Caliber and Muxzle Velosity
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Ta};le XlI1-5. Comparison of Fire Units Against Dive Bombing Attack

Cahiber Rate of Fire Muzzle Velosity Assumad Teeminal Effect Stundoff Range'!)
{mm) {epm) {meters/sec) py {meton)
20 3000 990 0.1% 1620
23 4000 900 0.20 1720
30 1300 1080 0.28 1870
k1] 1100 1178 0.50 2140
37 3000 1100 0.50 2650
40 240 878 0.80 6762
40 630 1000 0.50 1910
87 240 1000 0.68 1545
377289 3000 1828 022 2910
Notes: (1) Stundoff range is the range at which the defense hus 20% probability of destroying the target
{2) This weapon cunnot achieve 20%, the valua is for 1 S%
(3) Thinis a 37-mm gun firing u 35-mm subcaliber projectilo
20871.623
the desire of the pilot to minimize the time he spends o () = Ao™ [e%p. F (5, T 1) 12.43
within u defense envelope, und the possible degrada- P of " [P Fpln Ty tp)] - (1243)

tion of uim of predicted fire weapons by deliberate
Jinking,

A terrain following aircraft will jink® becuuse of the
varlation In terrain contours, and some irregularities of
flight will be caused by air turbulence.

This section develops u simple model for computing
engagement outcome uagainst a passing, jinking, air
cralt, und compares the model results with more accu-
rate simulution results,

Consider a target Alnking in u ditection J:orpendicu-
lar to its average flight direction according to the
expression

y)y = At L ow e (1241)

The transfer Tunction of the prediction und smooth-
ing algorithm is

F.(s, T'. tp)

p (1242)

Then the prediction error will be

That s, it will vary sinusoidally as

ep(g) » Aouo.](wl-¢) (12.44)

where

2. % 2
Wda e PRy Tt (1248)

For a simple example, consider noiseless tracking
and prediction according to
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Fp ™ | #aty+(k2) |2tp2

P (12.46)

whera

k = 0; corresponds to linear prediction

k = 1; corresponds to quadratic prediction
Now the maximum target acceleration s

Vmax ™ Aqw® ® ng (1247)
where

n = the number of gravities of acceleration,
We have

ul eon8 -1+ (k2672 +(g - ang)?

0= wtp (12.48)
The defondor wishes to minimize this expression, which he
can do for u given value of 8 by setting

k = (1-cos0)(0%/2) (12.49)

The squure of the maximum amplitude of the sine
wave representing the prediction error i

12w A2 » aGdjpd (12,50)

whore

G = (1/2) nntpz (2.51)

The attucker wishes to maximize this value, by
choosing 6, recognizing that the defender will then
choose 2 minimizing value of k. That is, the attucker
chooses 0 to maximize (for given maximum ng),

32 = 4G [g-1ing) Yo (12.82)
und this occurs at 6 = 7, 5o that
s(mux) = (2mGC (12.53)

If the period of weave of the aircraft is T,

Ty * @QmMiw = Q n)tp/e (12.54)
and 10 the best period of weave for the aircraft is
Ty ® 2tp (12.55)

Figure 12-17 shows the maximum error amplitude
in terma of G us a function of /T, for several values
of k, and for the best k for each value of t,/T,.

Since the aircraft Is unlikely to be able to match its

eriod of weave to time of flight, one can ses from

igure 12.17 that for the case considered, the predictor
should use un increasing proportion of quadratic pre-
diction us range shortens, For very short ranges, how-
ever, the effect of target maneuver is small, and there s
litle advantage in attempting to correct for it,

It would therefore appear that there is a time of
flight interval within which significant advantage in
hit probability can be obtained by using a correction
based on target acceleration, but this correction should
not be used at long ranges, and need not be used at
short ranges,

In any real system, F, will be more complicated than
Equation (12.46) because of the inclusion of the terms
to express he datu smoothing process, For example,
one might consider

. l+|(tE+T,)
P ety 2))?
2 2
£ (k) + kot +Kqt )
R I Ml ISP

1 +xT/2)

One can then go through the same process as dem-
onstrated for Equation (12.46), but optimizing k,.ka.k,.
One would expect that the end result would work out
in about the same way, but with time of flight in-
creased by half' the smoothing time, since the effect of
smoothing is to delay all measurements by about this
amount,

In faet, some advantageous optimization is possible, since
for the simpler case of no uTnothinu. the error amplitude s’
does not increase with tp indefinitely, but approaches a
mean value
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8= nutp/w (12.57) Pes ™ pc-“—z— ,-rz/(n2+202) 12.58 g :
. u;" +20° (12.58)
for very large t, and this value can be further reduced % :
by smoothing which would average uguinst high rre-
quency weaves. where l »
To obtin 4 mu‘?h idea of how system effectiveness 4 = averuge target rudius £
may be degraded by a weaving target, o simple analy- .
sis fa worked through below, und then compared with a P = probublllty that u hit produces u kill 4 8
few simulution results, . r = radial error in alm
The single shot probability is expressed as o = linear stundard deviation of random error.
;. 12-30 o §




For a burst of about one second, the error in aim
caused by a weaving target can be assumed to be
constant during the burst, The error in aim caused by
tracking error can be described statistically in terms of
two components, one which can be associated with the
random round to round dispersion of the weapon, and
one which can be assumed to be constant during a
burst and random across bursts.

Simulation runs with radar tracking and linear pre-
diction indicate that for all practical purposes, one can
treat this component in 4 one second burst as random
round to round. A particular prediction algorithm run
on the simulation with acceleration correction to up-
date the velocity measurement to present time in the
presence of acceleration indicated that the two compo-
nents of error were about equal. In the present analy-
sis, however, it |s intended to consider cases where the
error caused by target acceleration i relatively large,
and then to add artificial random round to round
dispersion for optimum kill probability, In this case,
the systematic component of prediction error caused by
sensor error (excellent tracking) will be submerged in
the added artificial dispersion.

It Is next ussumed that the target acceleration results
from a weave in a vertical plune through the flight
path, so that

r» Ggeosedt = GRcond 10 = Wt {(12.59)

YRR e w3

where

G = 1/2(ng) [ty + Ty (12.60)

and

e o st

B Is obtained trom Figure 12.19,

If n, rounds are fired, the average survival probabil
ity of the target, since the burst muy be fired at any
point during the weave, is

i

L3

IR

n/2 . 2
" _3-/' o E ¢ A cos odo

oo

EUTTT AT e w3
NG 3 S e vy

nJy (1261
where
‘ E w np A /(A + 2m0%)
A = nflG2/(A, + 2n02)
A @ mal (12.62)

Note that if the weapon fired not a one-second burst,
but comlnuouslr for exactly one quarter cycle of target
weave, we should have

|
t
13
i
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/2
.E *.f O'A ¢0|20 do
[+]

o= u g Be AT (A12)

(12.63)

and for the same number of rounds, effectiveness
would be much higher. Hence Equation (12.61) is
conservative,

For a direcily incoming target with vertical and
lateral weave a more complicated expression results,
since the effectiveness depends on the phasing of the
two components. This can be worked, but will not be
analysed here.

To evaluate ¢ we now obtain an exact solution, then
an approximation which is asymptotically correct for
small and large A, but the errors of which have not yet
been determined.

Consider the integral

¢ = (2/n) _/I
(M
This cun be expressed as the series

12 '%f
e

(]
(:£) A cog
o= (2/”) -j!- L e jA Cos 0do

12

2
Jig Acostd
¢ "0 b (1264

= iy ‘
o _2 LJL') e ‘UMD (a2) (12.65) *
0 1

However the evaluation of the serics ia tedious.

An alternate approach is to approximate 1 as
follows:

72 2
¢-(:/")f e Mo el 90 MeEcA
)

/2
¢ (.’./vr)j e MU+ABY) 4
4]

Lo 2AM 1/2
bR TN

Probability of killing the target with the burst of n
rounds s py

(12.66)

Pp = 10 (1267)

and p, has been plotted in Figure 12-18, using Equa- !
tion (12.66), and the parameters E and R = E/A, It ,"
will be remembered that 3
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Figure 12-18. Burst Kill Probability versus Jinking Target

P I\pcA|/(A' + ,’_na:)
A = mp2GAA, + 2n0?)
und so

R = npcAl/(rrpzﬁz) (13.68)

For constunt R, A Is the only parameter varying with
dispersion, hence the maximum of the constant R
curves correspond to burst kill probabilities for optie
mum dispersion, in the cuse where the dispersion
pattern is circulur.

The maxima of Figure 12-18 can be observed to
oceur at approximately

A* = EwR = ()}/° (12.09)

This cun also be obtained from Equation (12.26) via
the ussumption, justified by Figure 12-18 that except
for p, close to unity, the maxima occur for values of
AM small enough so that Equation (12.26) can be
approximated by
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differentiating with respect to A, the optimum A* for
constant R is found to be

A+ = (2) 112 (12.71)
Then kill probubility for optimum dispersion, py,* is
pp* = l-e 0,587 R (12.72)

If the target is jinking in one dimension, it is -la-
tively inefficient to increase the dispersion pattern
equally in two dimensions. The results already ob-
tained can be used to obtain an estimate of the best
dispersion in the direction of the jinking and the
resulting burst kill probability.

Assuming the target to be circular (the shape is
irrelevant when single shot probability is small),
Ay

= np, [(A\ + 27’°x2)(A‘ * 2"03?)]”2(“-’ 13)

E

and assuming that the target jinks in the x direction
only

A= Atf;’"’xz .Gy =G (1274)
Define
R, = np, (A/GN 2 [AA * 200, 12
(12.75)
Then
E=RAl2 (12.76)
Using the approximation of Eq. (12.70)
0w eRAEADIEA (0
The optimum A* ia
A* = 0618 (12.78)
wnd
p* w 1.e 0S53R, (12.79)

Comparing the two cases, we see that with optimum
dispersion, for a circular dispersion ‘pattern the burst
probability falls off as G* but if dispersion is opti-
mized in the direction of a one-dimensional jinking,
burst probability falls off only as G'. The potential
gain is therefore seen to be very large.

Equation (12.72) is compared with simulation results
in Figure 12-19. The simulation used a ‘tangentlal’
prediction algorithm, which together with three mils
round to round ammunition dispersion appears to
have developed a fortuitously good maich of random
and bias errors against this jinking target. The jinking
path simulated was more complex than that used in the
analysis: the aircraft executed a +0.5g lateral weave,
out of phase with a +0.4g, -0.2g vertical weave, The
analytical computation assumed a maximum 0.3g ac-
celeration in one dimension, The computation is for a
one-second burst of 64 rounds, target presented area of
4.0 square meters, and conditional probability that a
hit causes a kill of 0.24.

Having obtained some cunfidence in the simple ex-
pression of Equation (12.72) by this means, it has been
;ﬂ)lied to the weapons set already emgloyed in Table

11-5; with results shown in Table XIi-6.

Again, the assumption is that the fire control systems
actually associated with each weapon were replaced by
an ‘excellent’ system using tanPential prediction, and a
good match of dispersion against alm error caused by
target maneuver.

It was also assumed that each weapon had ‘excellent’
exterior ballistic characteristics.

In this comparison an ‘eifective range’ was defined
as that range at which, for this target aspect, the
defense could secure a 5% kill probability with a one-
second burst. For a passing course of this type, the
weapons would probably be able to fire for much
longer than one second ger pass, and in fact effective-
ness might be expected to rise more rapidly with
duration of fire than given by Equation (12.72), tend-
ing to be better represented by Equation (12.63).

The oscillatory nature of kill probability against a
Jinking target is shown by the simulation results of
Figure 12-20, which shows one-second burst kill prob-
abilities along a specific path for two muzzle velocities,
and a 20 mm weapon at 6000 rpm.

The resuits of the one-second burst computations
using Equation (12.72) are given in Table XII-6. Note
that the order of preference of weapons is almost
identical with that of Table X1I.5.

The comparison against a jinking target tends to
weight time ot’ flight as the fourth power, whereas the
comparison against the dive bombing target tends to
weight time of flight as the square,
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Figure 12-19. Comparison of Analyticai and Simulation Estimations of Burat Kill Probability versus Jinking
Target

It will, of course, be obvious that the two simple
models can be written in parametric form, including
simple trade-off lunctions for weapon characteristics so
that some preliminary and approximate weapon design
optimization can be done before making extensive
overall systems comparisons,

12.6.8 Graphical Estimates of Bystem
Performance Limits

The essential elements of the two simple engagement
models cun be shown approximately but simply in
graphical form in the following way:

I the weapon hires n rounds ugainst a target with
projected drea Ay, and radius u, it may be considered to

have a useful coverage area nA,, or radius n'”? a. For
the moment we consider hit probability rather than kiil
probability.

For an unaccelerated target, considering only the
aim error resulting from prediction error, the aim
puint may be considered to lie in a circle of area 2 o2,
or radius 2'? &, Now the simple expression Equation
(12.28) makes o, a function of time of flight only.

For about 4 20% probability that the coverage area
will overlap the urea of uncertainty of the aimn error,

- we may plot 2'? o, against time of flight, and on the

same graph, plot [(5n)'? a] as a horizontal line and
observe the time of flight at which they intersect.

12-34
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Table Xi1-8. Comparison of Fire Units Against
Jinking Target With ‘Optimum’ Fire Control

Muzzle Velocity

Caliber | Rate of Fire (meters par Etfective Range

(mm) {(rpm) ucond) (meters)
10 3000 990 1800
23 4000 900 2000
30 1300 1080 3200
18 1100 1178 2600
3 3000 1100 3000
40 20 878 1000
40 630 1000 2200
$7 240 1000 1900
37/28 3000 1828 3200

Maximum targot accelerution: 0.3 g

Target projected area: 4.8 squars meten
Effoctive Range is defined as that range at which the fire

unit obtaine % kill probability with a one-second bumt,

20871-624

This has been done for n = 50 in Figure 12-21, for
a one meter radius target, two-seconds smoothing, and
simple, nonoptimum forms of the expressions for o,
for linear and tangentlal prediction.

We observe that we might expect to attain 20% burst
hit probability out to about four sec time of flight with
tangential prediction and to about 1§ seconds time of
flight with linear prediction, For a particuiar weapon,
burst hit probability is converted to kill probability by
multiplying by the arprorrlate terminal effect proba-
bility, and time of flight ls converted to range by the
appropriate exterior ballistic relation.

One can easily sketch in other curves for other
smoothing times and prediction algorithms.

The same process can be followed for 4 jinking
target, as shown in Figure 12.22. We now have dn
additional curve! the set of three includes (1) the
target coverage radius {($n)'"* &}, (2) the nolse ampli-
fication error radius caused by the prediction algorithm
operating on sensor noise, and (3) the prediction error
caused by the target acceleration (shown for 0.3g
maximum).

With linear prediction (effect of sensot noise not
shown, but identical with that of Figure 12.21), the
prediction error caused by target acceleration is slightly

12.35

increased by the lag introduced by smoothing time.
With quadratic prediction, the effect of target maneu-
ver is essentially zero at less than three seconds time of
flight, but the noise amplification is so great that it
ca:m an even eurlier intersection of the coverage
radius,

- The use of tangential prediction produces a slight
reduction in the error caused by target acceleration,
and the sensor noise amplification radius is slightly
smaller than that of the target acceleration error.
Hence this prediction mode appears as a good match
to the requirements of the problem, whick could be
further improved by. using a small portion of addi.
tional acceleration correction so that all three curves
would interasct at about the same time of flight point.

For this magnitude of target maneuver, the curves
sketched indicate that 20% hit dprobablllt with 50
rounds could anlr be maintained out to about three
seconds time of flight,

These sketches cannot be used to substitute for more
accurate computations, but they do serve to indicate
whut is involved In atiempting to extend system effec-
tive range. In the presence of target jinking the domi-
nunt role of time of flight is clear.

Varying the weapon dispersion only allows the indi-
cations of these curves to be upproached, but not
exceeded.

12,10 NEED FOR VALIDATION OF MODELS BY
EXPERIMENT AND COMBAT DATA

Complex and useful simulations are available for
evaluating predicted fire systems, in addition to the
simple models presented in previous sections. The
major deficiency of the evaluation process appears to
be in the absence of valid data with which to load
them, Data requirements include the following:

12.10.1 Target Path Btatistioa

Even the simple analytic models of this report indi-
cute how sensitive the evaluation of system perform-
ance is to assumptions about how long an attack
alrcraft is likely to ﬂ{ a straight line path in weapons
delive?«. and what kind of irregular flight paths may
reault from terrain following, deliberate ?ink ng, weap-
ons release with ‘free-maneuver’ bomb sights, etc. This
information is a basic requirement for any definitive
weapons evaluation and compurison.

12.10.2 Engegement Statistica

In addition to target path dats, experimental infor.
mation is required on the times required to perform
the many functions assoclated with target detections,
acquisition, and system operation. These can be esti-
mated, but estimates have low validity until they are
confirmed by operational measurements, with pariicu-
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Figure 12-20. Simulation Demonatration of Effect of Muzzie Velocity on Burst Kill Probability versus .inking
Target

lur uttention given to probuble degradation in a com.
bat environment,

12.10.8 Ovarall Performance Validation

It has been noted frequently in this report that
estimates of the effectiveness of the prediction algo-
rithms of a predicted fire air defense systern tend to
dominate the comparison. A number of different sets
of algorithms are used in existing gredicted fire sys-
tems, several of these systems have been tested in the
United Stutes and NATO, and presumably overall
effectiveness duta exists which could, with some effori,
be put into a common form to observe whether in real
lie there is any observable difference resulting from
the process of computation, or whether the effective-

12-36

ness of ull systems is dominated by the characteristics
of the target path,

A partial list of current predicted fire systems Is
given in Table XI1I-7. It is recognized that test condi-
tions will vary widely. The possibility that direct,com.
purison will not be possible should not, however, pre-
vent an effort to assemble the data and compare it. Ons
will gt least obtain some idea of parametric ranges and
capabilities to be exceeded in new systems.

The off-carriage systems are included, not because it
is recommended that the U.S. consider off-carriuge
solutions, but because a wider variety of prediction
algorithms and methodologies for their realization can
be sampled by their inclusion.
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Figure 12-21. Graphical Estimation of Performance Limit Againat Unaccelerated Target




ROUNDS (METERS)

190

PREDICTION

EMAOM CAURED PATTERN RADIUS
BY TARGEY MEBULTING FAOM
ACCELENATION BENBOR NOIBE WITH

20% COVERAGE WITH 80 ROUNDB

SENSOR NOIBE
PATTEAN

QUADRATIC
PRECICTION

LINRAR
PREDICTION

| L 1 N . |

TANGENT!AL PREDICTION

1.0 2.0 30 40 b0
TIME OF FLIGHT (BEC)

Figure 12-22. Graphical Estimation of Performance Limitation Against Jinking Target

20871.208

S

ry ey g s

i

G Gl R

|
d
1

b

w

T

N T




Tabie XI1-7. Partial List of Suggested Fire Control
Systems for Comparativa Analysis and Evaluation

On-Carriage Systems Oft-Carriage Systems
Vulean Gyrosight Ostlikon Skyguard
Vigilante French TPC Type 40 and
lates versions
Owrlikon
French SAMM on AMX 30 Netherlunds L4/$
Galilso P36 and P86 Itallan NA9
' 20871638
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SECTION 13
ESTIMATION OF SYSTEM EFFECTIVENESS

In comparing predicted fire air defense systems on
an overal) systems basis, two considerations deserve special
attention, These are:

a. The predicted fire system operates as a part of a
larger air defense system. The complete air de-
fense system includes surface to air missiles, each
fire unit of which provides defense over a lurge
area, The purpose of the short range predicted
fire systems is to fill in low altitude gaps in the
defense and to strengthen the overall defense of
vital areas, Hence the maximum altitude cover-
age required of the predicted fire defense is
roughly defined by the minimum vltitude capa-
bility of the aren missile defense. Is maximum
effective range objective is relatec 1o the intersec-
tion of the local terrain mask anjle projected,
\shith the low altitude coverage limit of the mis-
siies.

b. There is a strong (first order effect) interaction
between defense effectiveness and tactics and
munitions used by the attacker. A monf local
defense forces the attacker to compromlise be-
tween his desire to close with his target for high
delivery accuracy, and the aircraft loss rate that
he is willing to accept.

We next consider the measures of mission success in
view of this second factor,

13.1 MEABURES OF MIGSION SUCCESS

In its air defense role the measure of success of an
air defense system is the degree of protection it pro-
vides lor the vital areas and friendly units under its
protection. There are many historical exemples of
antiaircraft gun defenses having sufficient effectiveness
s0 that enemy attacks were he!d off to ranges at which
enemy weuapons were relatively ineffective, and cases
were antluircraft defenses causcd the termination of
enemy attacks on the defended targets.

In World War Il British merciant vessels in the
Mediterrunean were armed with antiaircraft guns, The

uns shot down only 4% of the avtacking aircraft.

owever, in terms of merchant vessels subjected to low
level attacks, antiaircraft fire had the ¢fect shown in
Table XIII-1.

The payofl was in survival of the defended target.

In Korea, the anti-rail interdiction campaian of the
UN was curtailed by antiaircraft guns placed along the
track. Although losses rates per sorties were low by
WW-II standards they exceeded the capability of the
UN forces to maintain the campaign with the liniited
number of available tactical bombers.

In World War-Il operations of the 9th Air Force it
was found that in B«26 attacks on bridges, only 2% of
the bridges attacked were destroyed when defended by
flak, compared with 20% when flak was not present.
Moreover 28% of all bridges attacked were missed com-
pletely when defended by flak, compared with 3% being
completely missed in the absence of flak. Ahout 25%
of the aircraft exposed to flak were damagsd by ii
and 70 to 90% of the damage occurred in the target
area.

An effective air defense against day dive or glide
bombing may be countered b, night attacks or by the
use of stand-off' missiles. Both of' these enemy re-
sponses are more costly to him. Even though the
immediate defense effectiveness measured in aiicraft
destroyed may have been reduced, the reduction in
enemy force capability (not all tactical bombers and
ﬂfhter-bombm will have night and all weather capa-
bility; the payload in terms of warhead weight is less
for two standoff missiles than for an equal weight of
iron bombs) may be comparable to that whic: would
have been achieved in terms of destroyed eircraft if
the enemy had not resorted to the more expensive
option.

These considerations are difficult to introduce with-
out complicating the analysis, They must, however be
included in the measures of mission success,

One method of exposing the relationship between
the effectiveness of the defense in protecting the de-
fended target and the losses inflicted on the attacker is
to include terms in the capability vector which extract
these measures separately. They can then be compared
and a judgement made. lterations of the computation
can be made, changing tactics of attacker and defender
to observe the degree to which the comparison may
vary with such tactical options as the number and
sequence of enemy attacks, the munitions release

Table Xili-1. Etfect of Antisircrait Defanse of Ships

Outcomes Situution
AA Guny AA Guns
Fired not Fired
% of bombs dropped 8% 13%
which hit ship
% of ships sunk of 10% 25%
thom uttucked

20871626
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vanges, ele. and the number of fire units and rounds
mﬁ at varying ranges by the defense.

In the case of low level fly-by enemy passes with
laydown or retro weapon delivery, the attucker's op-
tons may be more limited than in the case of dive
bombing (where release range is optional, as are the
approach tactics pricr to weapon release).

To obtain a rough idea of what attrition rates may
cause an enemy to change his mode of attack, we
consider some historical data,

13.2 ACCEPTABLE LOSS RATES"

Materiel, tactical, and psychological considerations
affect the sustained attrition rates that a tactical air
force commander is willing to accept, One considera-
tion is the rate at which lost aircraft are being re-
placed. In World War 11, the 8th Air Force accepted a
sustained loss rate of bombers of 5-7% per sortie for
month after month when the resupply rate of new
aircraft was 1.7 times the loss rate. zlowever when
losses exceeded ubout (0% per sortie, missions were
curtailed unti} fighter escort could be provided.

The Luftwaffe attacks on England in the Battle of
Brituin were hulted by u loss rate of less thun 5%, with
] resugrly/lou rate ratio of less thun 1.0, but the RAF
was able to muintain its defense with a loss rate of
ubout 4% per sortie, and a resupply/loss ratio of
slightly over 1.0. The British Bomber Command cur-
taﬁed operutions against Germuny when it experienced
u loss rate of about 9% per sortie with a resupply/loss
ratio of slightly over 1.0

In the Korean War, a short term loss rate of 2.6%
experienced by the B-26 aircraft with negligible re-
placement prospect (the production line had been
phased out) caused this aircraft to be taken off opera-
tions until new tactics could be devised.

It wus desermined by the British that high sustained
loss rates had severely degrading effects on crew mo-
rale and combat effectiveness, regardless of repluce-
ment rates. At 10% losses per sortie, the missing places
at the Squadron mess have an understandable effect on
the survivous.

Aside from morale. for a force with F aircraft, a
sortie rate of S sorties per aircraft per day, a loss rate
of A alrcraft per sortie, and a replacement rate of u
aircralt per aircraft lost, the force size changes at 4
rate

dF/di = F8A(u-1) (13.1)

When uw< 1.0 the communder is forced to consider
how long he can sustain operations. He is more likely
to project his current loss and rerlacemenl rates lin-
early than to integrate Equation (13.1), and so he can
look forward 1o a total of about

13-2

scum w [A(u- ‘I)J" surties per aircraft (13.2)

In Figure 13-1 a boundary hus been drawn for S,
= 200 sorties, a second boundary has been sketched
estimating performance degradation resulting from the
psychologicul effect of losses, and the est{mated data
poindts for combat operations cited have \been indi-
cated.

13.3 SOME COST CONSIDERATIONS OF
TACTICAL ' AIR OPERATIONS

At one time U.S. defense planning was popularly
credited with attemgling to get ‘more bang per buck’.
Pre;umeabl( the other side is attempting to produce
‘more rubble per ruble' and this involves a considera-
tion of’ what tactics to use to obtuin a favorable trade
of resource consumption against military effectiveness,

It hay been noted that almost all means for overcom-
ing an air defense system, or reducing its effectiveness
impose udditional costs on the attacker, One might
work out u set of states describlnf the condition of the
enem{ air force as indicated in Figure 13-2, and
combine it with the complementary states of the air
defense system to achieve an overall defense/a:tack
analysis. This is beyond the scope of the present study,
especially since to be done properly, it would require
that all components of the air defense system be
included.

We note, however, a few measures of cost to the
attucker, us a basis of reference. Costs are expressed in
U.S. dollars and drawn from U.S. experience for obvi-
ous reasons.

Consider alrcraft lost und damage to alrcraft which
survive, Given a hit on an aircraft, damage or loss ma
oceur in various categories, as sketched in Figure 13-3,
which indicates roughly how these might vary with the
caliber of the impacting weapon.

The two loss categories are important to the defense
analysis, since immediately observed kills allow conser-
vation of ammunition. Considering the damage cate-
gory ‘replacement of u major component', one might
estimate that on this averuge the associated cost would
not exceed about 0.3 times the cost of u new aircraft,
Lesser degrees ol damage would incur relatively small
cost increments. The cost of a lost aircraft might
therefore be multiplied by about 1.5 for an upper limit
to the total cost associated with a hit, The reduction in
force effectiveness caused by time lost in damage re-
pair depends on the resupply rate of new aircraft, and
replacement parts for damuged aircraft, In general, it
Is doubtful that this is of first order significance.

Similarly, the non-availability of personnel because
of injuries probably is probably a second order effect,
compired with the personnel losses in crashed aircraft,
Figure 13-4 shows the time lost from duty by Air
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Figure 13-1, Loss Rates in Sustained Operations

Force bomber personnel in World War-11, as a result
of strikes by antiaircraft shell fragments.

Operational costs of U.S. alrcraft per sortle in
Southeuast Asla, derived lrom unclussified sources, are
indicated in Table X124

For fighter-hombers (averaged over all types), the
munitions cost (iron bombs) works out at about 50
cents per pound und is a small part of the sortie cost.
However, in Table X111.3 an attempt has been made to
guess how this cost might increase with the provision
of more sophisticated munitions. With more time, this
comparison could be done accurately, but the present
purpose I to suggest that sortie costs could escalate by

u fuctor of 1071 over iron bombes, if only sophisticated
alr to surface miasiles were carried,

It is doubtful that an intermediate range standoff
missile can be built for as little as $1S per pound,
However, the delivery aircraft would presumeably
carry less total payload in missiles than if It were
carrying iron bombs, '

The AX alrcraft, for example (A-9A version) s
reported* to huve the capability of carrying 18 Mk82
500 1b bombs or 6 to 8 Maverick missiles. The cost of
the simple Bullpup missile has been worked down
from $4,000 each to about $2,000 each over many
years of production,” but at the other exireme of
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Figure 13-2. Aircraft and Crew Operational States

sophisticution®®, open sources have indicated a price of
over $200,000 per missile in early production for the
long range Condor air to surfuce missile,

13.4 COMBINING S8UB-MODEL ESTIMATES

Most of the components of the complete system
effectiveness estimation huve now been developed in
ptior sections. The methods of Section 10 lead to
estimates of the avuilubillty/depcndabllit¥ product of
the WSEAIC structure, ie., the probability that the
system will be in one of its possible operational, or
non-operational states ut and during the brief combat
sates,

From Section 11, one can obtain an estimate of the
fraction of avalluble targets that each fire unit will be
able to engage as limited by its rate of ammunition
expenditure and its reloud rate,

From Section 12, one cun develop the probability
that each fire unit will destroy a target, once it engages
it, provided that the environmental parameters are
defined, and the target tactics made apecific.

The number of conibinations of environmental and
tactical parameters that can be laid out as importunt
for evaluation is extremely large, and results are so
critically dependent on {udgemental assumptions that it
seems to be unnecessarily misleading to attempt to tuke
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Figure 13-3. Relative Damage and Destruction From Projectile Impact

some kind of weighted average of system effectiveness
over all sets of parameters.

It is suggested that & more reasonable procedure is
the following:

a. Estimate the most likely and effective modes of
enemy attack If there were no AFAADS defense.

b. Estimate AFAADS effectiveness against these
modes of attuck, and attempt to raise the defense
effectiveness to a level where the enemy must
resort to # more costly attack mode,

¢ Estimate AFAADS effectiveness against this next
level of enemy options and attempt to force him
to a still more comtly attack means, still maintain-
lngdthe capability against the least expensive
mode.

In fact, once one has gone through the availability
(RAM) estimation, ussessed the interaction of reloud
rate and rate of fire against plausible strike patterns,
and computed a set of engagement results for a repre.
sentative set of combinations of enemy attack modes
and visibility/weather conditions, the set of candidate
sgstenu will have been mirkedly reduced, and perhaps
the preferred system cholce will already be evident,

It remains, however, to arrange the results in an
orderly fashlon, and this is faciiliated by combining
the results ol the sub-moadel computations.

Before oulllnlnP how this might be done, we first
digress to deal with the matrix computation of effec-
tiveness by the WSEAIC model (for each tactical
situation), and Indicate why further matrix multiplica-
tion of avallability and dependability across a capabil-
ity vector is probably an unnecessary refinement.

13,6 SIMPLIFICATION OF COMPUTATION

The WSEAIC scheme suggests that one may com-
pute effectiveness E as

E = ADC (13.3)

where AD is the probability vector that the system will

be available and continue to operate in each of its

possible operational modes, including modes of de-

5raded operation, in the combat atate and C is a vector
escribing system capability in each mode.

As an example of how this works out, the probabili-
ties of various operational und inoperative states for
the combat phase of an operation heve been extracted
from Table X-5, and are listed in Table XIll.4. Also
shown are some estimated capability figures. These
might be considered to be, for examJ:le, ‘probability of
destroying an alrcraft in a specified attack mode und
operationdl environment’ in each of the system opera-
tional modes.
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Figure 13-4. Casuaities and Time Lost From Duty Due to Flak Injuries

These two columns ure the AD und C vectors of the
WSEIAC type of effectiveness computation, and one
obtains un overall effectiveness estimate by multiplying
corresponding terms and summing.

The fArst thing to note is that one gets almost all of
the finul result from the ‘all-up state’. The other possi-
ble degruded modes contribute a total of only .03 out
of a totul *effectiveness’ of 44, In view of the many
uncertainties und unknowns in estimating both avalla.
hility and capubility, it hardly seems worth while to
devote time to computing the contribution to average
effectiveness of performance in degraded modes of
operation.

e

13-6

This conclusion would be different if' the all-up
mode had a lower probability of occurrence than one
or more of the degraded operational modes. But this
would be an unsatisfactory system from a military
point of view and should probubly not be accepted
regardless of lts effectiveness when operational, If, in
fuct, the system developed most of its effectiveness
from degraded mode operation. and its acquisition was
required because there was no alternative, one might
be better off to remove the high fallure rate subsystem
entirely and plun on making the previous secondary
mode a primary mode. In World War 1, 40-mm
antinircraft gun units left thelr off-carriage fire control
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Table Xili-2. Estimated Costs per U.8. Sortie in
Vietnam

Alrenft Type
B-52 Fighter-Bomber
Munitivns $24.000 $3.200
Cost per Sortie
Tons per 2K 32
Suttiv
Munitions $H80 81,000
Cost per
Ton
Other Costy $20.000 $8.400
per Sortie
Total Cosly $44,000 $11.600
per Surtiv
Averuge A/C $1.000,000.
Unit Cost
10871-627

systems at the docks und went into action with simpie
on-carriuge open sights.

A second observution from Table X1I-4 is that
capability is not assumed to degrade more than 25%
on loss of the surveillance rudar, on the assuaption
that the tracking radar can partly fill in for it If tlese
numbers were obtained from analysls instead of aa-
sumption, one would then have to inquire very care-
fully into the question of whether the cost of the
surveillance radar justified the 25% increase in cupubil-
ity associated with it,

It is suggested that the availability/dependability
analysis should he done with some care to insure thut o
system being evaluated does in fact have a hiﬁh probu-
bility of operauny in an ‘all-up’ state. In addition, the
ability to operate in degruded modes should be de-
signed into the system {o a reasonable extent. Once
these requirements have been met, however, systems
may reasonably be compared aguinst euach other in
terms of the single elements of the ADC matrices
corresponding to the fully operutional mode,

We next consider what combinations of tactical/
operational parameters should he evaluated,

13-7

13.6 DISCUSSION OF TACTICAL/OPERATIONAL
PARAMETERS

This section discusses some of the tactical and envi-
ronmental parameters and variables which should
properly be considered in a system evaluation. Any
analytical or simulation model which includes all of
these considerations is likely, in the present state of the
art of simulation fabrication, to cost almost as much to
develop as the construction of a prototype fire unit,
Hence the object of the initial survey is to aitempt to
devise a judgemental basis for ordering situations in

rlority of consideration, and to indlicute, if possible,

ow much of the evaluation can be usefully performed
by economical simulations and analyses, and how
much by common sense,

13.8.1 Nature's Options

Visihility state spuce transitions between day and
night oceur with predictable reliubility. A brief surve
of the unclassified descriptions of Soviel and US,
tacticul aircraft cupabllities indicates that Soviet
fighter<bombers and possibly light bombers as well,
Kmaes.\ nnly limited night attack capability at present,

ut thut U.S. aircraft (and helicopters) have sophisti-
cated and expensive fire control systems for acquiring
und attacking targets ut night, The US. development
hus ol course heen ucceleruted by con.bat requirements
in Korea und Vietnam, Soviet acquisition of un equiva-
lent operational capability is @ matter of priorities
rather than technology, however the immediute threat
from Communist Bloc strike aircraft is of major mag-
nitude by duy, und currently, may be of uubslumiulf
reduced magnitude in tuctical operations vy night.

This probable disparity in effectiveness of equipment
of US. und communist tuctical aircraft extends into
udverse weather operations hoth by duy and night
Even with the sophlsticated equipment on board US,
aireraft, the Trequent references to weather problems
noted in press reports, and cited in the uccompanying
Analysis volume on this contract indicutes that weather
{s « major problem for the U.S. as well,

Tuole XI1I-5 indicates combinations of viaibility and
weathe: which might be considured in an nnalysis, in
four cateporles of priority A,B,C,D, with A represent.
ing lrighem priority,

Duy/Clear Weather represents the highest priority,
and the provisiun of an effective defense for this state
denies un ¢nemy the use of his most numerous, least
expensive, und mont effective (In the absence of air
defense) aircraft,

13.0.2 Enemy Options: Aircratt, Munitions, and
Delivery Tacties

Tuble X1l1-6 indicates some of the enemy options
with regard to alrcraft, munitions types, and delivery
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meuans. Only ron-nuclear munitiuns are considered in
the present study.

All of the munitions types and delivery mndes can
be employed by either day fighter/bombers or all
wedther airccaft. However, the comments regarding the
comparative numbers and costs of the two aircraft
i’ypes made in the prior section apply here. The major

ifference in evaluation is in the requirement for night
and uall weather capability of the defense sensors to
deal with the ‘ull weather' aircraft, and aircraft with
night operational cupability.

Priorities for analysis are based on the assumption
thut the first objective is to deny the enemy the use of
his lowest cost munitions and most accurate delivery
meians. Until the last few months, stand-off missiles
were u second priority on n costeeffectiveness argu-
ment. but it now appears that laser directed and
image-homing missiles have attained an operational
capability against small, vital targets which make them
a first priority attack mode even against undefended
targets.

There has been no opportunity to observe « Commu-
nist block capability with stand-off missiles in actual
combat, und the assessment of the Intelligence commu-
nity regarding existence or c'rvelopment of such a
capability must be relied upon to establish a time-
phasing of this threat,

L =
f— Custy Munitions Types
Intermedinte
Short Runge Long Range
lron Bombs Smart Bomby Missiles Misstles
Munitions $0.50 §1.50 $5.00 $15.00
Cost per
Pound
Munitions $3,200 $9,600 $32,000 $96,000
Cost per
Surtie
Other Costs $8,400 $8.400 $4,400 $4.400
per Surtle
Total Cost $11,600 $18,000 $40,400 $104,400
pet Sortic
20871-628

It appears theretore, that each of the first priority
options in iable XIII-6 must be considered in a de-
fense unalysis, with the ground rule that the attacker
will use whatever munitions and delivery mode will
give him the highest probability of destroying the
targets he attacks at acceptable cost to him.

13.56.3 Enemy Taoctios snd Strike Size

One way of penetratiug a defense effectively Is to
saturate it. The Eight Air Force was able to carry out
daylight bombing over Germany by putting so many
hbombers in a raid that percent losses were acceptable
even though German fighters shot down the same
number of hombers whenever weather permitted them
to intercegt a raid. Even though antiaircraft guns
inflicted about & constant percent attrition regardless
of raid size, it was possible to bomb trom sich a high
altitude that losses to antiaircraft were acceptable.

Air defense missiles may counter high altitude
bombing, but the effect of saturation attacks against
low altitude defenses can still be significant. The sensi-
tive interaction between low aliitude defense effec-
tiveness and fire unit reload time has already been
noted. It may be expected that enemy raids will be
sized and spaced in time and spuce to minimize the
ability of the low altitude defenses to recover and
reload between attack passes of raid elements.
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Table Xili-4. Computation of System Effectiveness

Availabllitys Assumed
Dependability Capabllity ADC
System State AD Cc Element
All up 0.829 0.50 0418
Surveillance 0.01% 0.40 ) 0.008
Radar
g Tracking Radur 0.058 0.30 0.016
IFF Equipment 0.016 0.10 0.002
i Computer und 0.029 0.04 0.001
g‘ Ancillariva
Gun-luying 0.01% 0.01 0.000
Servos
Power Supply 0.00! 0.0l 0.000
System 0.032 0 0.000
Inoperative
Sim 0.442
20871629
of aircraft ussigned to a raid is limited only by availa-
Tabie X|li-b. Nature's Options bility of aircraft and the attacker's estimate of the
value of the target under attack.
Low A proper evaluation of defense effectiveness there-
Cloud fore requires a fairly extensive determination of how
Crear | Cover | Hawe | log Precipltution the effectiveness varies with the number of aircraft
thrown against the defense, und their time and space

Day A A H ] ¢ sequencing.

Nuht | A H ¢ n D It is suggested that the relatively limited size of the
locul defense ¢nvelope will make it unlikely that more
than one attack element will be in it at a given time,

3087 1.6 30 although each element may consist of several aircraft

A related consideration is the size of the defended
vital area, the disposition of the defending fire units,
and the number of fire units comprising the defense,
and the effective range ol the defending weapons.

A raid may consist of a series of elements, ¢ach
element consisting of two or three aircraft, with ele-
ments closely spaced in time. Considering the attack-
er's problem of maintaining a reasonably safe spacing
of aircraft in each awack element to avoid collisions
during the pass and breukaway, there is some limit to
the number of aircraft which can attack simulta-
neously, and this limit depends somewhat on the size
ol the area heing attacked. However, the total number
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unacking simultaneously. This simplifies the ‘M on N
problem’ of analysis. It is also suggested that since the
radius of the defense envelope is more sensitive to time
of flight than to rate of fire, individual fire units
should be sized to match the lower altitude boundary
of the area missile defeuse, at lowest individual cost,
and then employed in numbers allowing a one on one
match of the defense ugainst the most probable size of
attack element,

13.8.8 Enemy Countermensurus

To minimize his losses, it can be expected that an
enemy will use countermeasures of varlous kinds
against an effective defunse. These can include elec-
tronic und optical countermeasures, and direct uttuck




Table Xill-8. Enemy Munitions/Attack Mode.Options

Attack

Mode Bombing Misslls Delivery
Atrcraft/ 2 m ujdeq or adiation
Weather Strafing | Lovel® | Glide/Dive Laydown | Tos Imags Homing | Homing
I-'@ter Bombers
Day, Cleur Weather A o A A D A A
Night, Cicar Weather A B A B D A A
Inclement Weather A A A B D B A
Helicoptors
Duy. Clear Weathet A - - A -
Night, Clear Weather A - . A
Notes: (1) Toss Bombing is given a low priority because of Its relatively low effectiveness.

(2) Level Bombing is given a relatively low priority for local defonso bacause the airoraft is vulnerable to the ares missile

dofonses.

on the defense by artillery fire and aircraft launched
weapons. All foreign antialrcraft, se'f-propelled vehi-
cles employ some degree of armoring against artiller
fragments and small arms fire, By comparison, bot
Vuican and Chaparrel would appear to require modi-

fications to allow them to accompany troops to forward -

areas of the battlefield, and to perform their air de-
fense function under enemy artillery fire,

Electronic and optical countermeasures have not
been anulyzed in the present effort, but these factors
must be considered in sysiem evaluation. It would
uppear from brief examination of the problem that
countermeasure resistance can be more easily provided
for predicted fire systems than for surface to air mis-
sile systems, but possible system degradation and
means for avoiding it must be determined by analysis,
The ECM evaluations should be considered as a sepa-
rate set of results, and not averaged with non-ECM
results via a probability estimate of how often the
attacker will employ ECM,

13.8 DEVELOPMENT OF EFFECTIVENESRS
RESULTS

It is suggested that the basic defense situation might
he 4 one-on-one crigagement. in which an attack ele-
ment of N aircraft attacks a vital area defended by F
fire units, with F = N, If N > F, N-F aircraft are
unopposed; i N < F, one could ussume that on the
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average each aircraft receives fire from F/N fire units,
or one could assume a one-on-one engagement with
the fire units taking the advantage in the fire-reload
cycle. Excursions about one-on-one can thus be done as
sub-studies.

Define:
A = the availabllity of a fire unit in the combat atate.

R = the averuge rate of fire availability, from the
fire/relond model. This is the probability that

@ fire unit will be loaded and ready in the
steady state, , '

the probability that the attacking airoraft is
dostroyed before it can relwase its munitions,

& multiplying fastor on Ky to aceount for cost
to the enemy of aircraft lost from delayed
damage, and for the cost to repair damage to
returning aircraft,

the probubility that the defended vital area sus-
taing some specified level of damage if the
attack is not defeated,
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For some types of attack, such a dive bombing, both
K. and Ko will depend on the attacker's choice of
weapon release range, and the variation of outcome
with this and similar attack options should be consid-
ered. With iron bombs, K, probably decreases at least
as the inverse of release range squared,

Then the aircraft destroyed in each attack element
before munitions release is

L. = NARK

Ults

and the effective cost 1o the attacker is (in equivalent
sircraft numbers) ‘

C. = NARK .o

The damage sustuined by the defender is
Ds = NK 4 (I - ARK,).

The result of working through a set of munitions
relcase ranges might appear us shown in Figure 13-8,
for 4 particular tactical/environmentul set of parame-
ters. Il one assumes some maximum acceptable attri-
tion rate for the attacker, the effect of the defense in
saving ground targets is at once obtained.

Since attack modes depend on weather, it is possible
to work out C, and D, for a rapge of weather and
visibility conditions, and then average over their fre-
quency of occurrence. However, this reduces the visi-
bility ol the results and impiies that one can estimate
how the attacker will weight his attack distribution
with environmental conditions,

It is probably better to work out a number of curves
of the type of Figure 13-5, und then exercise judge-
ment in muking a consoliduted estimate. Presentation
of the results might be simplified by extracting the

round target damuge estimates for some specified
evel of enemy attrition. A brief outline of how major
categories of outcomes might be orgunized is sketched
in the following section.

13.7 INTERACTION OF ENEMY OPTIONS
VERSUS DEFENSE CAPABILITIES

Ruther thun attempt to model a portion of the
evaluation which depends entirely on the judgemental
estimates that are mude to define the tactical situation,
we outline & form in which these judgemental esti-
mutes may be arranged for comparison,

We assume for this example that the attacker em-
plogs weuapons, the effectiveness of which decrouses
with an increase in the range from which they are
releused. This would include iron bombs, and the
simpler types of alr to surface missiles. From enguge-
ment anulyses, one could develop a curve of trade-off’s
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of the probability that an aircraft is destroyed in
attacking a defended site versus the probability that it
will succeed in destroying the defended tarfet. This
curve might take the form shown in Figure 13-5,

Next we assume for this example that the attacker is
willing to accept 5 percent attrition, and that if he
releases his weapons [rom a corresponding range anal-
ysis indicates that they have 1/5 the capability against
the ground target that they would have if he could
make an unopposed attack.

The attacker is assumed to have a mixed force,
consisting of aircraft depending on visual sighting,
with only limited night attack capability, a smaller
number of aircralt which can carry out attacks b
night, und a still smaller number of expensive aircraft
which can attack under all conditions of weather and
visibility. It is ussumed that each aircraft makes one
sortie per day.

Table X1I1-7 shows the assumed strike capabilities of
the aircraft and Table XIII-8 shows the assumed costs
nnd numbers,

When the defense has a night capability, it is as-
sumed that this is as good us that of the day defense,
:nd the same assumption is made for the all weather

efense.

The assumed 5 percent attrition Is, of course high,
since not ull targets can be defended. Similarly the
attuck alrcraft target destruction rate is high, since not
all attaua aircraft will be able to find targets. However,
the numbers can be considered in a relative sense, and
could be replaced by good estimates after some
analysis.

Results of an analysis may be arranged as in Tuble
X119,

The provision of a day defense only, according to
these assumptions, suves 2/3 of the defended targets,
even though the defense is never fired. The provision
of a day/night defense saves 80 percent of the de-
fended targets, und costs the attacker 75 aircraft, As
Tuble XIII-10 indicates, the atiacker might prefer to
uccept still lower effectiveness, and risk only his least
expensive aircraf't,

If the attacker restricts his operations to unfavorable
weather, with greatly reduced capability, he experi-
ences an even more unfavorable cost/effectiveness pen-
alty If the defense alio has un all weather capability,

The total number of aircraft assumed is about the
sume order of magnitude us the number of Soviet
tuctical fighter-bombers and light bombers. If only iron
bombs were delivered, the munitions cost per day
might be the equivalent of about $10%x 10°. However,
if" the attacker used standoff missiles to avoid the
defenses, the munitions cost might approach
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$100 x 10* per day, roughly the indicated cost of lost Table XIH-7. Assumed Attsck Effectivensss in Kills/ 0]
uireraft, Sortle §
l'.

Obviously, one cun change the results obtained from
this example widely by changing the assumptions of

Operational Environment

nur;\hers and tl?: lestlmaéu of cupabg'lm;s. Two obser- Alrenft
vations seem likely to be supportable however, even Capability by | N e " g
with wide changes in the assumptions, These are: upubilit w foht. | Plncloment Weuther :
8. A defense can be effective, even though the en- DuyeLud/Night ) 0.3 ol 0 ‘
;:i'r‘iy finds 4 way of avoiding it at reduced capa- Night 0.8 0.3 0 g '
ity. g
All Weather 0.5 03 02

b. A defense can inflict an increased cost on un
cnemy, if he cun uvold it only by using more 40871-632
costly weapons.

Table Xili-8. Assumed Force

2087163

i Anumed

Alreraft Type Approx Unit Cost Number Assumed Sorties/Day l
Duy+Ltd Night $1 x 108 1000 1000 g
6 q
Night 2x10 400 400 4 3
Al Weather 5x 108 100 100 T
t ;:',
‘J‘

13:12




Teble Xill-9. Interaction of Defenss/OQffense Options

Dufense None Day Detenw Day und Night Detonw All Weather Defense
Enemy Tuctivs | g1 hay Attavk by Attuck by Attack Only In Attack Only In

Outeones Attacky Night Only Day ot Nlnht( h Inelemont Weather Inclement Weather
Day Atreralt

Targots Dustroyed 500 100 100 0 0

A/C Lost 0 ] 50 0 0
Night Awrerarlt

Targets Destroyed 200 120 40 0 0

A/C Lom 0 0 20 0 0
All Woather Alreralt

Turgets Destroyud 50 3o 10 20 20

AIC Lomt 0 0 ] 0 L]
Totals

Targets Destroyed 750 250 150 20 20

A/C Lost 0 7 0 s

rost uf A/C Lost 0 $118x 10 0 $28 x 108

(1) Since attrition v tho same by day or night, day attacks are assumed because of highor enemy weapons effsctiveness.

208716
Teble Xill-10, Enemy Options Veraus Day/Night Defense
Option Use Duy und Use Whole
Outeomes Use Only Duyfighters Night Fightera Foree
Ground Targets 100 140 150
Destroyed
Alreralt Lost 50 70 18
Cost of Atreratt $50 v 10° $90 x 10° $118 5 10°
Losst .
20871635
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SECTION 14
USE OF PREDICTED FIRE WEAPONS AGAINST GROUND TARGETS

Air defense weapons have a secondary role in the
engagement of ground targets, However, the require-
ments of the air defense role are so stringent that the
design for air defense should not be compromised in
favor of the ground role.

Once the design has been laid out for air defense,
however, the requirements for ground fire may be
examined, and provision made for use of the weapon
in this role,

Since yuns tend to have a good inherent capability
against 'pround targets, these provisions consist princi-
rnlly of the provislon of appropriate sighting and
aying means for the weapon.

No effectiveness models are provided for ground fire
in this report, since it is felt that the air defense role
should be the primary determinant in weapon selec-
tion. Instead, to illustrate the kinds of situations In
which the employment of antiaircraft weapons against
ground targets have been important, extracts from a
summary report on the operations of German flak
artillery on the Russian front are provided below, Two
conclusions of this summary are noteworthy: 1) the
observation that air defense was weakened i diver-
sion of fluk to the ground role, and 2) the emphasis on
the need to truin fluk troops in self defense against
ground forces.

14,1 GERMAN EXPERIENCE ON THE EASTERN
FRONTY!

‘During 1943, the main emphusis of the fluk artil-
lery mission in the Eastern Theater constantly fluctu-
ated between air defense and ground operations. In
1941 and 1942, when there was little Soviet air active
ity, German flak units were often employed with out.
standing success in direct-fire ground support, mainly
against tanks. In fact, the results achleved against
armored units by the flak artillery equalied, and in
many cases exceeded, its achievements in air defense
missions.’

‘According to General Pickert, the 9th Flak Division
hud destroyed 600 aircraft and 826 tanks by 1 January
1943, In the Kuban bridgehead and in the Crimea this
division reported 165 aircraft shot down and 189
tanks destroyed between 8 April and 10 May 1943,

‘Owing to the steadily lncreanin? Soviet armored
strength, and the corresponding decline in the number
of armor-piercing weupons available to the German
round forces, the Army demanded more and more

uk artillery to make up for the shortage and to stave
off powerful enemy attacks. But, this employment of
antiaireraft artiliery was really the policy of ‘the poor
man.' since fluk batteries were taken away from their

natural mission (air defense) at the very time when
increasing grotection against Soviet air attacks was
needed by the ground forces because of the resurgence
of enemy airpower, Moreover, increased protection
became necessary for many vital installations not
theretofore endangered which were exposed to aerial
attack, especially airfields and supply depots, supply
routes, bridges, and rail junctions.

‘Until the winter of 1942-43 Soviet air activities had
still been relatively light. Thus, astonishing as it seems,
the Russian air units did nothing to interfere with
traffic on the Don River at Rostov and on the only
available main hlghway from Bataysk to Rostovy dur-
ing January 1943 when the German First Panzer
Army and the Fourth Army were threading their way
to the west from the Caucasus and the Kalmyk plains.
This was @ serious omission on the part of the Soviet
Command.

‘From the summer of 1943 on, however, the air
situation changed radically, Soviet air units then began
for the first time with sizeable units to attack airfields,
important rail junctions in the German rear areas, and
concentration areas, Flak forces in the front then tried
to fulfill both their air defense mission and the direct-
fire ground support mission. The main enemy was the
Soviet air forces, especially the ever-dangerous ground
attack units, This mission was all the more important
because Soviet air units had become cver bolder in
their support of the Red Army as a result of the
continual decline in German fighter strength. With the
decline in fighter strength the need for protection by
flak units was greatly increased.

‘Light and medium flak units were committed near
the front, from the foremost lines back as far us
artillery firing ureas, while heavy flak batteries, also
mobile, were pluced in artillery firing areas and farther
to the rear, The heavy batteries actually had a triple
mission: 1) air defense, 2) supporting and augment.
ing regular urtillery and providing air defense for it,
and 3) direct-fire ground support against tanks which
might break through the forward defenses. This illus-
trates the German efforts to compensate for their
numerical weaknesses in antiaircralt artillery in the
vast Soviet regions by achieving enough flexibility to
make {t possible to develop main areas of fire in
critical defense sectors.

‘Maneuverability was not absolutely essential for the
performance of the second mission, which included
ﬁrotecting targets in the rear areas against air attack.

ere it was sufficient to move flak batteries in by
means of flak transport batteries,




These were units in which prime movers were con-
solidated specifically for the movement of artillér
pieces, However, it was impossible to activate enoug
of these transport batteries, and because of insufficient
advance knowledge about the development of situa-
tions, or in case of sudden enemy breakthroughs, the
time was frequently too short to include the antiair.
craft pieces in the hasty withdrawals. It was then
necessary to demolish the guns and all fire control
instruments and devices to grevem thelr capture intact.
Because of inadequate available transportation spuce,
much valuable materiel had been lost during retro-
grade movements, most o which had to be carried out
under heavy Soviet pressure.

*The inadequate output of motor vehicles by Ger-
man industry compelled u separation of the flak forces
into motorized, and truck-drawn units in order to
insure at least some degree of mobility, thereby also
enhancing the chances for u quick concentration of
forces in the front areas. As a rule, motorized units
were committed in the front areas and truck-drawn
units in the rear areas for the protection of static
targets,

‘One busic requirement for motorized flak units was
all-terrain mobility. For the light and medium guns,
self-propelled mounts with proteciive armor similar to
armored personnel curriers had proven to be the most

ractical, for which reason they were in great demand.

or the heavy (8.8-:cm.) guns, the prime movers de-
signed from them continued to be satisfuctory,

‘Luck of forces were the one factor which made it
difficult to develop power concentrations in th air, and
the necessity for a wide distribution of German air
units, brought about by the increasing frequency and
size of Soviet attacks against installations in rear areus,
resulted in an even wider distribution ol avallable fluk
butteries. In the past the rule had been to have at least
one heavy flak baitalion assigned for the protection of
important static targets, In 1943 the number of instal-
lutions requiring protection made this impossible. Thus,
truck-drawn batteries in the East wers reinforced with
udditional guns and organized into what were called
twin or oversize batterles,

‘Flak units lacked udeguute signal facilities, which,

in the course of time, hud made it necessary to situate
dll command posts interested in the air defense of

airfields in close proximity. Often it was even necessary

to combinn a command post.

‘Heavy (motorized) flak batteries should have been
issued special radio instruments so that they could have
maintained tontact between the battery firing peiitions
and the artillery observers in order to keep them. ready
for ﬂrin? at all times. An urgent need for all batteries
was the issue of close-defense weapons, such as Panzer-
faust antitank rockets.

‘Flak trains should also have been created in order
to permit a speedier shift of main emphasis in air
defense. The individual air fleets did what they could
to provide for this missing element by improvising flak
trains with the means at their disposal. These were
committed not only in the defense of static targets, but
also frequently with great success in action against
large partisan groups. In this connection it should be
mentioned that it became absolutely essential to give
flak units special training in close combat and ground
defense in order to avoid heavy losses.

‘By September 1943 the armies of the southern front
in Russia were being withdrawn and established in
their new main line of resistancee behind the Dnepr
River. Strong flak and fighter forces were assigned to
protect the new positions, while ground force units
reorganized and reestablished their forces.

*The evacuation of airfields were particularly difficult
because of the dual requirement that airfields were to
be destroyed as thoroughly us possible but would be
kept in operational use up to the last possible momeat,
For this reason, sheds, billets, shelers, signal commu.
nication and command post installations, and similar
structures were demolished first. The airfields were

lowed up and mined, und only one take-off and
andin% runway was maintained until the moment
when the plunes took off to transfer to another feld,
Fret}uemly this last runway was not blasted until after
the last aircraft had taken off und the first shells from
Soviet tanks or artillery had begun to fall in the urea.

‘Often rhese last-minute demolition tasks were only
possible because of defensive action by flak units
which were committed to protect the airfields. After
the fying units had evacuated the fleld, these flak units
assumed a ground.defense (direct-fire) role, and main-
tained effective fire to halt the Russians until all demo-
litions were completed.’
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