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FOREWORD

This report describes the research effort of the Data Simulation, designed by Mr. Ginsberg. The results of the
Systems Division of Litton Industries, Inc. under Supple. simulation are included in Volume I. Volume Ill, Effective-
mental Agreement 2 to Contract DAAGOS.70.C.0328, ness, by Herbert K, Weiss, reports on methods of evaluating
with the U.S. Army, Frsnkford Arsenal. The' Objective overall system effectiveness.
was to provide additional analytic and simu!ation effort in
support of the parametric analysis of predicted fire air In the present report, freqtent reference is made to the
defense weapon systems. Final Report on the original contract. The previous report,

titled Final Report, A Parametric Study of Advanced
The report is presented in three volumes, Volume I, Forward Area Air Defense Weapon System (AFAADS)

Analysis, by Herbert K. Weiss, reports the analysis effort (twovolumus),dated2October 1970, Revised Edition 1971,
and the simulation results. Volume II, Simulation Model, is referred to throughout this report as the "AFAADS-I
by Martin P. Ginsberg, describes the Litton Air Defense Report."
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SECTION I
INTRODUCTION

1,1 AFAAD8 SYSTEM EFFECTIVENESS MODEL as modcls become more complex they reach a point
(often exceeded in practice) beyond which the mar-

This report is concerned with the estimation of the ginal improvement in validity of representation is
effectiveness of systems for defense against low alti. small compared with th.e increase in complexity of the
tude air attack, The estimation and %,valuation process model.
involves many factors, of which only a part are amena- Modelling does have the unique advantage that if
ble to modelling, mathematical analysis and computer the analyst does his job well, he is forced to accumulate
simulation. The factors which must be evaluated by a great deal of relevant real life information from
military judgement are at least as important as those which to derive his model parameters, This informa-which may be compared analytically. tion, the identification of significant system parame-

The object of system modelling is to provide a ters, and the general structuring of the problem can be
means for analyzing those system characteristics as helpful to the decision maker as the model results
which, within reasonable expenditures of time and themselves.
effort, may be compared analytically, thus reducing the Although this report is directed to effectiveness mod-
number of factors which must be evaluated by judge- elling of predicted fire (unguided weapon) systems for
ment in making decisions. In the last several decades defense against low altitude attack, most of the con-
the ability of system modelling to thus support the cepts and methodology apply to 3uided missile systems
decision maker has progressively improved, However for operation in the same altitude region, as well.
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( SECTION 2
SUMMARY

The effectiveness model for evaluation of predicted live effectiveneS3 of two systems will then be in the
fire air defense systems, as developed in this report, ratio of 'all up' effectiveness, but the cost of ownership
consists of a series of sub-models, each of which can be will vary with the difficulty of attaining the specified
worked through analytically. Neither the time nor the availability level.
resources allocated to this effort allowed consideration In this report, numerical values have been used to
of development of a computer simulation at this time, illustrate the use of the models, and parameter values
although the sub-models can be computerized and have been chosen to he roughly representative. How.
probably improved thereby. ever, no great effort has been made to choose most
2.1 PRINCIPAL SUBMODELS probable values, and those asiociated with particular

There are four principal submodels which perform equipment types are subject to errors of source orThereare fl ow f inctiols: winterpretation, In addition no attempt has been madethe following functions: to use the same parameters across all examples.a. Batlefield Daal Model. From this model one oh- The numerical exercises snould therefore be consid-
tains the avalsbility /depenr'ability (RAM) esti- ered as illustrative of how the models can be used,

asystem rather than as definitive comparisons of system types,
b, Raid Model, From this model one obtains the 2.2 ORVIEW OF THE REPORT

effict or enemy extended strike patterns and
tactics on tl,, fire versus reload cycle of the The functions and missions of air defense systems
weapon system. are described as a preliminary to model development

c, Engagement Model. From this model (which may in Sections 3 through 6. It is pointed out in Section S
be used in conjunction with the Litton engage- that any system development should be paralleledment simulation)non e obtains estimates o de- throughout its life cycle by model development both tosired weapon firing time to enter model (2) and provide a concise, up to date, representation of ex-estimres weponirig da ma e n desterui todel () ad pected or actual system capability, and to provide theestimates or damage and destruction to the at- data on which to base evaluations of new systems,tacking aircraft and defended target to enter
model (4). A comprehensive summary and review of the design

d. Overall Effecliveness Model, The results of a, h, and performance characteristics of predieted fire air
and c are combined into an overall effectieness defense systems is provided in Section 7 This has theeate Iti ar gucombied hntoweovertatl ractherthan purpose of indicating trends in system characteristics,
estimate, It is argued however, that rather than and indicating what range of parameters may be in-attempt to obtain u single effectivenes number cluded in model development.
over all possible enemy attack optipns, the evalu.
ation should recognize that enemy options will be Section 8 identifies the description of a typical 'Bat-
influenced by defensc effectiveness, and so a set tlefield Day' as an essential step in system evaluation,
or results should be displayed showing defense The Battlefield Day provides a basis for relating avail-
effectiveness and cost to the enemy for enemy ability and dependability estimates to tactical and
options arranged in order of increasing cost to operational conditions, and in particular, identifies
him, tactical system states.

The rocedural flow of an analysis is outlined in Subdivision of a complete system into subsystems
Figure ý2-. for further analysis is described in Section 9. This

The present study does not undertake to develop subdivision assists in designating system operational
costino methods. It is suggested however, that RAM states, and the alternate operational modes which may
objectives for a system should be set independently of he considered,

overall effectiveness objectives, on the grounds that a Methods for computing* system availability and de-
system with low availability will never be a good pendability are developed in Section 10. It is shown
military choice, even though its effectiveness when that by combining the tactical states of the Battlefield
working is so high that its availability x effectiveness is Day and the operational states in which the system
superior to that of a competitive system with high may have various levels of capability, the product of
availability and lower effectiveness, On this basis, it is the availability/dependability matrices of the WSEAICsuggested that In the complete cost and effectiveness scheme is obtained, That is, for the combat substate, a
evaluation of a system, it should be assigned the costs vector is derived, defining the probability that the
of whatever maintenance support is required to attain sy stem will be in each of its possible operational states
some specified (high) availability level, The compara- during combat.

w 2-1
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Figure 2-1, Procedural Flow of Effectivns Analysis ~SI24

In this section the argument is presented that the ation of the defense fire unit agamnst a dive bombing
analysis can be greatly simplified on the assumption target, and one for its effectiveness against a passing IT
that no system willI be acceptable for combat use unless jinking target. It is pointed out that the Litton simula-
multiple failure modes will have a low probability, capability for etigagement analysis allowing evaluation
compared with single failure modes, If only single of a wide variety of prediction algorithms, weapon and

• failure modes need be considered the analysis simpli- projectile characteristics, target types and paths. Some
flea by several orders of magnitude, and relatively simulation results are introduced to show consistency
simple methods or •.•mputation are adequate. with the simple but more limited analytic models.,I L

.'Reload times for most modern predicted fire systems Thr sn esn htteaayicmdl ftiare long compared with the tim required to exhaustt es s

the ammunition load at the weapon's maximum rate of' report cannot be included in a computer simulation,
fire. How important reload time is depends on the and it would be interesting, and probably desirable to•
enemy attack pattern and time sequencing. The state do this. However predicted fire systeir~s development ,.

space models of Section 9 and 10 are extended in leading to prototype demonstration, in the opinion of
Section I I to include reload rate versus rate of fire and the present writer, should not be delayed pending the I..
a few engagement parameters in order to examine completion of additional studies, analyses, and simula-
these factors. The result is an estimate of the probabil-. ton developments.

.- ~itS. that the weapon will be in an ammunition avails-
bility state durnn an engagement. However this sub.. Combination of the sub-model results to obtain an
model is too crude in the form presented oro detailed overall measure of effectiveness if' developed in Section z
engagement analysis. 13. It is emphasized that enemy attack options will

vary with defense capability, so that analyses must
Engagement analysis is developed as a separate s'ib. consider the defense capability against a range or I

monde¶ i nSection 12. A number of simple graphs and attacker's options. A defense can be effective if It
nomograms are provided for initial estimates of target denies an enemy the utilization of his most numerous
exposure range, visual detection range, and for projec, and least expensive aircraft, and munitions types, even
tile exterior and terminal ballistics. Two simple ana- if by its presence it prevents attack and so destroys no "

: ~lyric engagement models are developed, one ror evalu, aircraft, or if is relatively ineffective against a smaller

DA . ..... T M........BIL
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number of much more expensive enemy aircraft with possible, it should not be allowed to prejudice the
costly sophisticated weapons. defens cpability against air targets, and should be a

consideration, but not a decisive factor in system

Section 13 argues that instead of averaging defense Selection
effectiveness over all possible attack modes and condi- A deficiency in the mode&3 presented, as in the case

tions, the presentation of results should show effectiv- of most weapons evaluation models is that it has not

enss against a set of enemy attack options of progres- been possible to compare them against real data to

sively increased cost. At each level the damage inflicted determine whether they capture the essential paramet-

by the enemy and to the enemy would be compared. ric interrelationships of the systems they purport to

represent, The deficiency will not be eliminated by

The use of air defense weapons against ground computer simulation, The lack of data for verification

targets is discussed in Section 14. It is argued that will, however, be remedied if the suggestions of See-

although this capability should be provided as far as tion 3 on 'Life Cycle Modelling' are followed.
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I
SECTION 3

FUNCTIONS OF LOW ALTITUDE AIR DEFENSE SYSTEM

The functions performed by the predicted fire sys- capable of reaching to very high altitudes, The opera-
tems oonsidered in this report are relatively simple. tion of the low altitude defense systems is an Into-
They are bhown in Figure 3.1, The systems must $rated part of the complete air defense complex, with
acquire and fire effectively at enemy aircraft, When which it Is coordinated, with which it must communi-
assigned to the protection of other combat units on the cate, and from which it receives command, control,
move they must have mobility equal to that of the and alerting instructions. The low level coverage of the
supported units. Theii capability at night or in inclem. area missile defense is an important factor in deter-
ent weather must bear some correspondence to the mining the altitude and range coverage desired of the
enemy capability to attack effectively undor the same predicted fire weapons.
conditions, They must have satisfactory reliability,r~esistance to enemy countet measuret, and the mainte. A h ieo rtnhwvr h nomtoAt the time of writing, however, the Information
rtance burden associated with them must be acceptable- received from the air deense not by short range fireOanceburden o as soionedwith they mt be ro engagle , eunits is limited, and the early warning informationOn occasion they may be required to engage enemy received by Vulcan and Chaparrel type weap)ns fromground targets, FAAR radars and displayed on TADD devices is

It is assumed that the predicted fire systems here relatively coarse grain. Once a target appears within
considered operate as a part of a larger air defense range of the low altitude defense firing section, the
system complex which includes manned interceptor section operates autonomously within the established
aircraft and area defense surface to air missile artillery doctrine of fire,

DE TErCT

ANDI COMPUTU RCKN

:1 ... I

Figure 3-1, Functions Performed by Predicted Fire Air Defense System
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SECTION 4
GENERAL APPROACH TO MODEL DEVELOPMENT

For any military system to come into being, there combined with capability measures to provide overall
must be both a mission which it is required to per. estimates of system effectiveness.
form, and a means for performino the mission. The When the RAM elements are used to estimate the
means may be a 'system' consisting of equipment, probability that the system will be operable when
manpower, and operational procedures, The mo'dellin required to perform a mission, at a random point intherefore begins with the deflnition of the mission ani time, the result is called 'availability'. When they are
the alternate means of accomplishing it, used to estimate the probability that the system will

The description of the system includes :he Functional function successfully during a mission the estimates
relationships among system elements and characteristic are called 'dependability'.
performance parameters. At this stage the parameters The distinction between 'availability' and 'depend.
imply effectiveness, but are not yet interrelated to ability' is sharpest when a system such as an aircraft is
explicate how they contribute individually and together under evaluation. Then 'availability' refers to the state
to overall system effectiveness. Such parameters may between missions, when the system is relatively un-
include fire unit weight and dimensions, gun rate of stressed, and repairs and maintenance can be carried
fire, muzzle velocity and caliber, projectile type, fuzing out, 'Dependability' then refers to the state during aand filler, vehicle power/weiiht ratio, etc, more com- mission, which may be of extended length, compared
plex but critical descriptors include the prediction with system component Failure rates, and during which
algorithms of the fire control system, the transfer only limited repairs may be performed,
functions of the gun and tracker servos,!and the inter.
relationship of the operator capability"with the func- In the case ofr a ground based air defense system,
tions he is required to perform, 'missions' occur at the enemy's option, and are charac-

terized by individually brief durations of combat,
The most important phase of model development is during which the system is highly stressed, and by

the attempt to integrate these performance parameters varying itztervala between combats, or engagements,
into a measure of system ability to perform its mission. during which there may or may not be time to perform

U This measure has, by convention, come to be called repair and maintenance, These interactions tend to
'capability'. cause the distinction between 'availability' and 'de-

Capability, however, is not achieved unless the ýys- pendability' to be less well defined.
tem works when it is needed. The major achievement In the present report, an attempt has been made toI of the WSEAIC line of model development to date has include both combat and non-combat states in a sto-
been the systematization of considerations of system chastic model, the solution of which gives the probabil-

- reliability, maintainability and availability, (RAM), in ity or state availabilities during combat and during
i a generic form in which they c.n be quantified and non-combat directly.

I
I
I
i
I
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3 SECTION 5
LIFE CYCLE OF THE DEFENSE SYSTEM AND LIFE CYCLE OF THE MODELLING

h...... deail ,• "" I-WS-

The information available otr system modelling, and Aside from the advantages indicated in the table, of
the amount of detail which shouldreasonably be uncor- assisting in Program management, such a sustained

W porated in the model depend on the life cycle phase of effort, coordinated among parallel system develop-
the system or systems under consideration. The use for ments, provides a continuously improving body of datawhich the model is intended will also depend on the which facilitates and Improves the validity of analysesphase. o new systems

The relationship of model elements to phase of
system life is indicated in Table V-I.

It would seem useful to maintain a continuous mod. The parallel devolopmert or system and model is
elling activity associated with each system throughout indicated in Figure S- I. The process forces the model
the system life cycle. This Is apparently belps done to progressively conform more closely to an accurate
more frequently with time, as opposed to past efforts description of the real system performance. This inter-
consisting of ad hoc systems analysis with little contl, action may be valuable insurance against the retention
nuity, activated by crises and terminad when the fire of erroneous model concepts and their propagation
was put out. into evaluations of new systems,

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

Phase of System Life
Task Conceptual Definition Acquisition Operational

.Ms,%ion Derived from cstab- Added detail to assist Change only for unfore- Change only for unfore-
Definition lishcd need or system design, spcci- seen technical or threat seen technical or threat

requirement. Broad fic thrcat and changes. changes.
range of threat, environment.
descriptive
environment.

System Block diagram with To major hardware Complete detail to piece Complete descriptive
Description major system tic- end items: modes of part identification information on all hard-

mrents. simplified operation: mission available: operations ware. procedures. opera-

mission description. time line (geodesic). plan and maintenance tion and maintenance
task analysis available, schedules, logistics plans

available.

Specification of Overall figure(s) of A. D. C elements de- A.D. C elements defined No change except to
Figures of Merit merit for complete fined at least at system at systems, subsystems, evaluate system in new

system. levels with conditions equipment, module, environment or against
and units of piece part levels, new threat.
measurement.

Identification of Define to system Define to principal end Define to module or Identify changes in
Accountable functional block items: skill levels of part level, detail support accountable factor list
Factors diagram levei. Initial personnel, mainte- and operating environ- based on operating

rough estimates. nance policies, ments, identify new experience.
environment. factorF based on experi-

ence during development.
Model Comparatively simple Detail to principal Increased detail to level Detail relaxed and/or

Construction model. system hardware ele- required for program aggregated to match
ments: submodels for control, design changes information from Army
subsystems. submodels management decisions. and other service
for matrix and vector supporting systems.
elements.

Data . Generic data. * More intensive ex- . Proofing and category * Actual operating,
Acquisition * Results from simi- ploitation of sources tests at system and failure and mainte-

lar systems. in prior phase. equipment levels. nance data.
. Basic physical laws. . Extensive in-process

tests of assemblies and
parts.

Parameter Predicted Predicted Refined from incoming From actual system
Estimates data. data.

Model Sufficient exercise to Lively exercise in Exhausting exercise to Intermittent exercise to
Exercise determine probability configuration optimi- maintain effectiveness monitor status, support

of major improvement zation and major assurance control over product improvement
over alternate oper- element choice. system design and studies.
ations (or not). production.

Applications * Decision to proceed . Choice of major . Subsystem tradeoffs . Design changes
to definition phase. system elements. 0 Component and part . Product improvement

. Choice of tradeoffs . Modification of
configuration. . Suboptimizations support/logistics

. Optimization of . Measure achievement . Force structure
configuration. of specified overall decisions

effectiveness . Determination ef
. Form basis for pro- obsolescence against

gram management changing threat.
action.

2087 1-597A
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MODEL OPERATIONAL TEST

4 PERFORM OR SIMULATE MISSIONS.
DEFINE MISSION COMPARE RECORD INDIVIDUAL MISSIONPROFILES OR OTHER DESCRIPTIVE

CHARACTERISTICS

DESCRIBE ________RECORD SYTM AND SUBSYSTEM

SYSTEM PERFORMANCE PARAMETERS

I IF
[CHOOSE FIGURES COMPARE RECORD PARAMETERS INDICATIVE

OF MERIT OF OVERALL EFFECTIVENESS

IDENTIFY ____________ I
ACCOUNTABLE COMPARE IDENTIFY CRITICAL EVENTS
FACTORS

ESTIMATE MODEL

PARAMETERS

EXERCISE MODEL

A PRIORI COMPUTED
EFFECTIVENESS ON
MISSIONS DEFINED
FOR MODEL

S COMPUTE ESTIMATED SYSTEM

COMPARE EFFECTIVENESS WITH

SCONFIDENCE LIMITS

MODEL GENERATED •
EFFECTIVENESS ON
MISSIONS ACTUALLY
PERFORMED

20871 1236

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

I 61 OVERALL AIR DEFENSE MISSION a. Limited area defense.

The overall air defense mission is to destroy hostile b. Vital area defense.
aircraft and missiles, or to nullify or reduce their c. Small unit defense. This includes defense in posi-
effectiveness. In forward area air defense, the air tion and on the move,
defense forces have the objective of limiting the effec.
tiveress or enemy air efforts to a level permitting d w eround support Use of predicted fire air defense
freedom of action of friendly forces of all types weapons against ground targets is a secondary

mission.
The overall air defense system is composed of a mix 6.3 INTIRAILATIOhIPHIPS AMONG AIR

of manned interceptors and ground-based air defense DEFENSE SYSTEM OOMPONINTS
artillery weapons, The function of manned interceptors and area de-

The ground.basod air defense may be composed of fense surface to air missiles is to project the air defense
several weapon system types including ground to air to high altitude and over enemy dominated terrain.
missiles and predicted fire systems (suns or unguided Terrain variations limit the area coverage of a long
rockets). range surface to air missile fire unit against very low

6.2 MISSIONS OF LOW ALTITUDE AIR flying aircraft, and low altitude air defense systems
DEFENSE SYSTEMS provide a complementary capability to complete the

defense coverage economically. In addition they allow
Low altitude air defense systems may include both augmentation of the overall defense efrectiveness in the

guided missiles (such as Chaparral) and automatic immediate vicinity of vital areas and groupd units
weapons (such as Vulcan), These may be -ategorized as exposed to enemy air attack while in motion,
'guided missile systems' and 'predicted fire systems', 6.4 ORGANIZATION
The latter category then includes predicted fire un-guided rocket systems such as Javelot, Organizations of typical air defense organizations as

well as more detailed discussion of missions and inter.

The missions of predicted fire systems may be fur- actions with threat characteristics were presented in the
ther det itled as' AFAADS.I report, to which reference is made,

II
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SECTION 7
GENERAL CHARACTERISTICS O PIREDICTED FiRE AIR DEFINSE SYSTEMS

To provide a context for system evaluation a brief such as bridges by air attack, even in the absencereview, r trends in threat characteristics, andpredicted of air defense.
fire unit characteristics is informative in defining the Use of Heicopters and FTOL Aircraft. The low
range or conditions and relevant parameters for con- f speede the helicopter allows it to approachsideration in the evaluation,seeortehlcpralositoarac using maximum terrain cover, hover -for release

The discussion of defense system trends is based on of woapon and withdraw quickly, with minimum
a comparison against threat changes, It provides a expolure. The difficulty of detecting its approach
basis for a judgemental answer to the question, 'Has from a ground site approaches the difficulty it
the defense capability kept up with the increase in detecting the approach of a ground vehicle. The
threat capability?' VTOL type of aircraft may Introduce similar

7.1 CHANGE8 IN THE THREAT problems for the defense.

Some of the changes in the threat presented to low S. Reduction In aircraft vulnerabiliiy to hits. Very
altitude air defense systems over the years are the high speed aircraft are desilned for highaer
following: stresses than low speed aircraft, Although it is

known that even the fastest modern aircraft have
a. Target speed, Aircraft speed has Increased stead. (rarely) been brought down by rifle fire, it is

ily with time, although the increase at low alti- conjectured that on the average the probability
tude hat been less rapid than the increase at high that a hit of a specified caliber will bring downaltitude, Some targets flying in excess of Mach I an aircraft has decreased slowly over the years, Itcan be reasonably expected. could be reduced even more drastically by special

b. Terrain following, 'Contour chasing' has always attention in the design stage to vulnerability.
been a tactic for postponing detection by the Note that all of the 'improvements' which make the
defeanse until the defen:, reaction time exceeds threat more difficult to deal with tend to increase the
the target exposure time, As speed increases, cost of the aircraft and its munitions. In the absence of
terrain following requires automatic equipment air defense the enemy can use relatively inexpensive
in the aircraft, but in addition to shortening the delivery vehicles and munitions, Since It is unlikely
exposure time, conformity to terrain causes the that his full force will have all-weather and other
aircraft to fly an Irregular and less predictable expensive capabilities, a local air defense can restrict
flight path. his attack options,

c. 'Free maneuver' bombsights. Fire control for un
guided air launched munitions is available which 7F2 TREND IN PERFORMANCE OP PREDICTID
allows the aircraft to maneuver moderately dur.
Ing the approach, with a very short interval of Some of the most conspicuous descriptors of antiair-
constrained flight to match the sight index at craft gun systems are:
weapon release. a. Caliber,

d. Night and all-weather attack capability. Sensors
are available to allow the aircraft to locate and bK Rate of fire.
attack its target at night and in bad weather c, Number of guns on mount,
when the target cannot be acquired visually, In
addition, bombing under remote control or a d. Muzzle velocity,
round radar has been available since World e. Time of flight to specified range (or range to

sonic projectile velocity),
I e, Stand-off Weapons. Air to surface weapons with

various forms of terminal guidance are available, , Angular tracking error.
which allow the aircraft to launch outside the S. Range tracking error,
effective defense zone of local defenseN, or, at
most, to make a minimal penetration of the h, Maximum angular velocity of tracking/gun lay-
defense, In recent months, air to surface weapons ing,
with terminal guidance have demonstrated accu- . Maximum angular acceleration of tracking/gun
racies in combat operations in Southeast Asia laxi ng,
which suggest that they may represent the lowest laying.
cost method of destroying small, hard targets J. Tracking sensor types and characteristics.

7.1
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k. Prediction error against 'typical target' (a very its weapons is associated with increasing requirements
ill-defined index). for maximum .angulat velocity aod. acceleration, If the

1. Type of mount (towed, self-propelled), minimum crossing range is kept constant, the maxi-
mum angular velocity is proportional to target velocity,

m, Principal tracking mode (manual or automatic), and the maximum angular acceleration is proportional
n, Fire Control Computation to velocity squared, The torque required to rotate the

mount Is proportional to angular acceleration (inertia)
(I) Inputs used, and angular velocity squared (friction), hence to target

(2) Data smoothing, prediction and other compu. velocity squared. The power to drive the mount is
tational algorith m. nroportional to torque multiplied by angular velocity.

hence to target velocity cubed,
o, Method or surveillance, and initial target detec. The power required by the aircraft to achieve a

tion, given sea level velocity increases about as its velocity
p. Type of 1FF. cubed at least to about Mach 0,9, Over the years j

r w n p ireduction in aircraft drag coefficient has tended toq. Fire unit weight (in firing position, in travel counterbalance the efrect of drag rise at sonic speeds,poiio) so that in fact as maximum sea level velocity has

r. Transport or tow vehicle (wheels or tracks). increased, aircraft power has increased as about the
s. Stabilization, cube of velocity, 1
The way in which some or these descriptors have It is interesting that the antiaircraft fire unit must L

varied with time in response to the changing threat Is therefore have a te p i power capability iot tracking
sketched below, In addition, the interrelationship with directly related to the propulsive power or its target.
threat capability is indicated, A simple combat situa- The ability of manually powered mounts to provide
tion is used for reference, this power has long been passed, Table VI1. I provides I

a brier comparison or some obsolescent and current
To avoid dealing in generalities, data on specific aobr driven antiaircraft gun mounts." Note in par-

predicted fire systems is presented where it is available, power dhe antiaircond Sun angular traver.e
The data is put in tabular form so that the reader can ticular the 120o/second maximum angular traverse
fill in missing entries, or correct those which may have velocity of the modern Oarlikon twin-35 mm turret,
been erroneously given in sources available to the 7,2.3 Rueatlon Time -

writer, Referring to the situation figure, it is assumed that
7.2.1 Taetlul Situation the target exposure distance X., and the distance from 3

first exposure to weapon release are terrain dependent. WConsider the idealized situation or Figure 7-1, which It sas sue httepoiino eri olw
* depicts an aircraft flying a low level pass over a It is also assumed that the provision of terrain follow

depended target using a 'laydown', or retro-fored ing radar and control equipment in the aircraft have a
allowed it to fly at increasing speed without increasing 5weapon, or conducting a strafing attack, This type or its minimum altitude above terrain,

attack is considered by one analyst to be the only one
possible for a manned aircraft in a European combat Any extension of the detection, identification and
environment where acquisition interval will shorten the firing interval, I

'The British view on both dive and toss bombing is However, human reaction times have not shortened

that both methods are too dangerous for use in Europe over the years. The shortening or this phase or system
as any aircraft that gains any -height at all will almost reaction time has beer approached by:
certainly be shot down, Their policy for a European a. Provision of a separate surveillance radar and a
war is therefore to use the laydown method whenever device on the fire unit designating target azimuth
possible." and range to the human operator (US. Vulcan/

The objective or the defense Is to destroy the aircraft FAAR radar with TADD), I
before it reaches the point of munitions release, b, Surveillance radar on the fire unit with automatic

rthis generic type of engagement in a target detection, threat evaluation and turret po-
We consider th the ofxengaiement spee sitioning in azimuth with subsequent acquisition

i historical context, with the maximum aircraft speed and tracking visually by the gunner. (French
increasing progressively over the years. twin 30-mm turret on AMX chassis with Oeil

7.2,2 Angular Velocity and Aeeeleratlon Noir radar,)
Requirements c. Provision of a surveillance radar on the mount

To maintain its capability against ever faster targets, with automatic detection (if desired) and alarm,
the ability of the defending Rre unit to track and aim IFF, and automatic acquisition of the target by
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Figure 7-1, Event Sequence In Defense Against Loydlown or Retro Waspon Delivery

an on-mount takiSradar. (Swiss Oerlikon/ 7.2.4 Volume of Fire

C ont aves5PFZ syst ms,)For it $Iv an firing distance .th e m axim um num ber o r
d. Off carriage vehicle or vehicles with search and rounds that cpn be fired depends on the ratio or rate or'!

•,track radars flre control to direct several guns at fire to target spaee, To a limited degree an additional
the same target, (Netherlands': Slonall L4/5 sys- i~ncrease In rate or' fire will compensate for a shorten.

: tern; French: Eldorado-Mirador system-, Swiss', in$ of' the firing distance caused by Insufficient reduc-
e!Skyguard, successor to Superfledermaus,) tion in target acquisition time,

e, Separate vehicle with surveillance radar, track Fiue72cmasrteoAeOnniicafwhile scan capability on 12 targets, IFF, auto- Fgr .copesrta feonntirrf
mai rc ntainotoatmtctra automatic weapons and Suns plotted against caliber

matl trck iititio optonautmati thoat with two bands identifying World War 11 designs and•
evaluation and assignment to best sited Aire unit,and uto ati tagetacq isiion by ada on current designs, For single tube weapons available rate
assigned fire unit taoutoma tic/ manual modes in or" fire In a liven caliber has Increased at about the

all cases). (French Crotale, This Surveillance unit same rate as maximum sea level speed of' fixed win$
is intended for use with missile fire units but the aircrafrt,

Sproblem is identical for predicted fire weapon In addition, the Oatlinj design Allows A Compact
target acquisition.) Installation with weight and space savings over a

SReaction time f~rom target appearance to acquisition multiple un installation ofr the same caliber and total
• by the tracker of' the fire unit should shorten generally rate or' true,. The Mouser revolver mechanism (not

as one movets down this lII,, However, many current plotted) delivers with two tubes a perf~ormance between
systems such as the British Falcon and the light Rhein- that shown for the 6• barrel Gatlinis and the single
metall twin 20-rm,. and some or' the lItht Hispano tithe weapons, At present It Is used only in aircraf~t
Suiza mounts perf'orm the detection, identiffication and int~tallations,

I acquisition process with the Mk I eyeball and the

relatively invariant time required will cause the acqui- In general, Increase In available rate ofr fire In any
sition interval to seriouslyv encroach on the firing Inter. &Ivan ca'liber has at least matched the increase in
Val for these weapons. maximum aircraf't velocity at low altitude,
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A problem generated by high rate of fire, however, By World War 11, both proving ground and combat
is that or reload time for the ammunition feed system. data indicated that predicted fire systems could achieve
This is discussed at length later in the report. Under 'standard angular errors' of about 6 mils at 5000 yards
sustained, multiple attacks with short intervals between increasing both below and above that range as ,.hown .
attackers, reload time substantially reduces the firing in Figure 7.7P, British data taken against the V. I flying
rate averaged over many attacks, It appears that much bomb indicated performance at the same -ange of
of the gain in maximum rate of fire Nas been negated from 9 to 14 mils, Errors at very long ranges against
by a less than proportionate increase in rate of reload- freely maneuvering targets were, or course, very large.
ing,

2 5Figure 7-7 shows the 'standard angular error' in
7,,16 Accuracy of Pire mmils versus range of some or the best World Wart 1

The weapon characteristic with the highest payoff in medium antiaircraft Sun systems. The data ror the
terms of efrectiveness is almost invariably accuracy, It Army 90-mm and 120-mm weapons were derived
is difficult to observe trends in accuracy because or the from Artillery School firings at Fort Bliss at the close
classification usually associated with this parameter or the war, and the Navy data is estimated from
and the consequent difficulty in locating and collecting 'splash' records of firings in combat In defense against
data, Usingthis as an excuse we begin with informa. Kamikaze aircraft,
tion from the distant (and unclassified past) to observe

Figure 7.8 shows data in comparable form for Brit-that the antiaircrart predicted fire systems hove in ract, ish systems,, Firings against the V-1 'Flying Bomb. -
over the years, been able to maintain and improve eih Sy ri r traga inst the V oI Fy Bomb'
their accuracy with time against ever faster targets,
provided only that in each era they used the best tor, and the Biltish 3.7 inch Gun, The estimated curves

available technology, were developed by an operational research group for
defense planning with the 3,7 inch gun aginst conven-

Predicted fire requires present position data to begin tional bombers, Note the very large errors recorded
with. Optical tracking has always been a means (in the from ground plan plots of errors observed in firings
early days the only means) of getting angular data, with the 5,25-inch gun, CL-11IB radar and No, 10
and subject to visibility limitations it has been good to Predictor against freely maneuvering 'tip and run' .
excellent, except in those regions where high angular raiders after the Battle of Britain.
velocities and accelerations exceed the operator's abil-
ity, Range was obtained From multistution angular In most of the plotted curves there is a tendency rorA
tracking in the beginning' (Figure 7.3) then from the mil error to vary inversely with slant range at short
stereoscopic or coincidence optical range finders' (Fig- ranges, so that the error in linear measure (such as
ure 7.4) and in World War il by radar (Figures 7-5, yardm) tends to be independent of range.
7-6), which also provided angular Information that This appears to be a characteristic of the problem.
quickly became satisfactory as a fire control input, When the target is close, both man and radar tend to

With time fuzed ammunition, range errors were wander over an area proportional to the target size. ,
much more important than with impact or VT fuzes, The error will increase at a far greater rate at short
The optical range finders developed range measure- ranges iF it is also associated with high angular derivw-
mg-nt errors of from' I to 2% or range. Using this tives of tracking, However, this source of degradation
information however, against 100 mph targets in (minimal i the WW.Il curves) can be minimized by
1930, the predicted fire systems of that era developed regenerative tracking systems. Although planned Forj
vector errors or burst location of from 11. to 3,6% of Vigilante, such regenerative assist Is not now included
range as shown in Table VII..2". The adequacy of the in any U1,, Army design but is indicated to be used in
fire control computation itself Is indicated by the fact the Su per.Fledermaus, and possibly the Eldorado/
that azimuth error averaged from d to I0 mils. Mirador equipment.

In the same era, U.S. tests summarized in Table VII. The convergence of optical tracking error to a linear
3 indicated a mean absolute angular error of about 7 magnitude at extremely short range and low angular
milt 4gainst 100 mph targets, The Aberdeen estimates tracking derivatives is demonstrated in Figure 7.9
were originally derived by tabulating absolute errors in developed from Sun camera data on fighters in tail
firing ailmuth and elevation against angular velocity attacks on WW-lr bombers' The ordinate Is the radius
and fitting a linear relation. The maximum recorded of the circle containing 5o% or the measurements,
angular velocity was about 32 mils per second, Target
speed is believed to have been about SO yards/see, (100 An impression of the improvement of angular track.
mph). For an average shell speed o' about 2000 rfs, ing capabtilty with time more indicative of short range
maximum lead would have been about 75 mils, and so capability is displayed in Figure 7.10. These are esti-
the above rate errors correspond roughly to 7 mils at mated for a target dimension of 20 meters perpendicu.
midpoint, and less at angles off midpoint, lar to the line of sight, and imply some data process.
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Figure 7-3, Errors of Multistation Optical Range Finding Systems (1937) 20471-239

in, heeficenyof which depends on the band width A report on the ARGO NA9 Fire Control system'~
or the sensor error spectrum, curnra or the Italian Navy states 'with a target approaching

at speed&spt 14 p and an angular velocity or
Operational accuracies orcretssescnpo- 6/sec the average miss distance at ranges between

ably be found in the classified literature and will not be 1000 and 4500 meters is or the order of 8 meters,'
lsted here. However, it may be noted that for antiair- This corresponds to about 4 mils,

craft fire, Vulcan has intentional artificial dispersion I em esnbet ne htuigtebs
with a pattern IS mils by 6 mils.Itsesraoaltoifrht in hebt

current technology a predicted fire system !an be de-
The rublished accuracy or the Swiss Super.Fleder- signed to perform agais atrget which is not deliber.

Maus ISately evading with a CEP of no more than 3 mils at
long ranges, or 3 yards at short ranges (i.e., better than

150% aiming error in tactical operation against 3 mils or 3 yards, whichever is least, range), and that,
rast flying jet aircraft less than 3 mils' (Complete in fact, some current systems may already have this
%ystem) capability.
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Figure 7.4. Errors of Stereoscopic/Optlcial Range Finders (1937)
With current digital computer and servomechanism require precise system boresighting and calibration,

technology, it should be possible to build a predicted and eIrcctiveness would be limited by the target expo-
fire system which is limited only by the predictability sure time and the duration of predictable path seg-
or the target path, For targets attempting to carry out ments,
tactical missions (as opposed to the high altitude 'tip 3
and run' nuisance raids over London in World War 7.2.6 Muule Velocity
il), this predictability is usefully high. Unfortunately
no statistical data on targets on attack paths is at hand Improvement in weapon muzzle velocity is a high
for display at this point. pnayoff area for predicted fire weapons, provided that it

associated with excellent present position tracking
An attempt has beten made in Figure 7-11 to corn- Information.

pare the growth in acuracy or predicted fire systems
against targets which ame neither intentionally 'Jinking' An approximate expression relatini the variance or
nor attempting o fly a precise unaccelerated path. The prediction error resulting from track ng error to vari.
curve represented by the 'best 1972 technology' would ance of tracking error is
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I t2 [1 + 2tp/T, + 2(tp/T) 2 ] 7.2.7 Exterior Bellistlos
The abilit- o- pf-_WOe ddi"todevelop proec.

tiles with excellent exterior ballistics has improved overIwhere the years, althou h this achievement is more difficult to
display simply than in the cask of maximum rate of

tp a time of fight fire, for example. Nevertheless this section attempts to
Ssummar1Ie thi improvement.

Ts m data smoothing time. (7.1) The design region in which the projectile designer
can operate is limited, in the case of spinning projec.

This is an upper limit, It should always be possible tiles, by the interactions of requiremhents that the
to do better than this, projectile be stable, yet orient itself properly along a

curving trajectory, with the projectile mass distributionReferring again t-) the situation representation of' and shape.
Figure 7.1, to keep the solution settling distance &,
from expanding as target speed increases, settling time Rather undesirable exterior ballistic characteristics

U must be reduced in inverse proportion to target veloc- are sometime obtained when a projectile originally
ity, From the above equation, this can be accomplished designed for some other application is used in an

* without degradation of prediction error only if time of antiaircraft role to save ammunition developmentI flight is shortened in the same proportion. costs,
Although available muzzle velocity has increased Exterior ballistic data from a number of sources'"

steadily with time, its growth has not been propor- have been assembled in Table VII.4 to show time of
tional to target velocity, The trends are shown in flight versus slant range where available, The func-
Figure 7-12, Antiaircraft guns had muzzle velocities of tional relationship between these quantities and quad-
about 2600 f/s as early as WW I, The highest current rant elevation is not displayed. For a first order ap-
muzzle velocity is that of the Oerlikon 35-mm gun proximation, for most antiaircraft trajectories the re-
which is 3870 f/0 duction of air density with altitude and the projectile

The possibility of firing sub-caliber projectiles at acceleration caused by gravity partly compensate for
hypervelocities was explored intensively for large cali- each other, so that except for very long ranges the
ber antiaircraft guns during and subsequent to WW I! elevation effect is second order,
but the development was terminated with the advent of For a given muzzle velocity, trajectory data tends to
the guided missile. scale with the function w%/iC, where wP - projectile

The maximum lead angle required or a predicted weight, C - projectile caliber, and I - a form factor
fire system occurs near minimum slant range and is depending on shape, Hence, to allow data for a widegiven by range of projectile calibers to be compared on a simple

Si v() chart, time of flight and slant range have been dividedSsinA w v/va (712) by w./iC',

If projectiles were geometrically scaled with caliber,
where v is target velocity, and v, is average projectile this term would be proportional to caliber. The degree
velocity, The maximum lead angle required has in- to which projectiles depart from homologous scaling is
creased steadily with time, indicated by the ratio w,/C', and this index varies

principally with the fraction of projectile weight de-
Since prediction error against a maneuvering target voted to high explosive or incendiary filler, and to a

can increase with time or flight much more rapidly lesser degree with projectile shape. A rule of thumb
than the linear fuliction indicated above for a non. estimate can be obtained from
maneuvering target, the payoff against even mild ma-
neuvers for Increased muzzle velocity is expected to be
significant, as shown later in this report. The continued P * (wp/C 3 )(l04 ) ; wp in pounds, C in millimeters
impiovement of fire control systems in the aircraft
itself will allow progressive freedom of maneuver even (7.3)
in delivering unguided munitions and this can best be
countered by increased muzzle velocity, in the case of P 0.39 (1 - 1.6 f) ; f * fraction of. weight devoted to
predicted firc weapons, f i er

Consequently, it appears that a principal deficiency filler (74)Sin improvement of antiaircraft gun capability with
time has been the relatively slow increase in available Since the supersonic drao coefficient decreases with
muzzle velocity. increasing Mach number, the percent losb, in projectile

1 7-9
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Figure 7-5, Reductiont In Rader Angular Trackin0a Error with Time

velocity to a given range is slightly less ror high
muzzle velocities than rot low. In the following C~om- kD/(PC)
parlson, the graphs are not normalized for this effect, klVot p/PQ) " (,7.6)

gut it should be kept in mind,

Normalization or the tabulated data is done In a
term suggested by the simple expressions ror square
law iteal, For which Where V, - projectilt remaining velocity, t=- time o r

41h D{PQ) Rlight. D - slant ranve, and ki is a numerical constant,
VrIVO e (7.5) and V, - muzzle velocity. ;

Figure 7-13 compares remaining velocity as it trac-
tion or initial velocity for several projectiles. This data +,•

7I1
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Figure 7-6. Reduction in Radar Mange Error with Time

was replotted from graphs furnished by Frankford The 35.mm Oerlikon round appears to have the bestI Arsenal. A portion of the very large difference between ballistics of any past or current antiaircraft projectile,
the Hispano Suiza and the M61 20.mm rounds in the Time of flight and are compared for those
orginaf graphs Is explained by the lighter weight of 16 ed
the M61. A, small paid br the lingherewe In projectiles for which data is Iven in Table VII.4, in3 par oe ex reaine ng dihorence Fingure 7-14. It is clear that or well designed projec-Figes 7.3 may be explained by the hminher mugule tile., the time or flight/slant range relationship is•]velocity of the MS round, but the remainder suglleats aim oat copeeydetermined bymuzzle Vlitcall-

poorer than aegeshape, And possibly stability of the almor completely deemndby muzevelocity,cai
S averagee r and projectile weight, but that careful attention to

drag may yield an additional 10 to 20% reduction in

The very large difference between the originaltime or flih to rnes iven approximately by

lante round and that estimated In a desiln study of a
new round is almost completely attributable to better Range (kilometers) m Caliber (mm)/10
shape (boat-tail) and omission of the rotating band.

I
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Table vWa2, Antiaicvraft Pirng test Reu lts at Toulin, France, 2-4 Februry 1092 d
Fifre Control Gamma - Juhasz Schneider

Range Band
(meters) Vector Error Vector Error Vector Error Victor Error Axlmuth Error
or mean (meters) (% of range) (meters) (S of range) (Mill)

2500.4300 Is 2.6 5,3

2300 90 3.6

3800.4600 63 1.5 9,5

4200 93 2.3

4200.4800 112 2,5 4,2

4500 00 s.1

,000-5600 133 2.5 5,.3

5400 iO s.5

NOTESt Target speed was "up to S0 Metors/teg" (110 mph),

Target altitude war "up to 3000 metors",

20871.599
Table VI-3, Antiaircraft Fire Control Equipment Test

Results at Aberdeen Proving Ground, 1933

Dircutor Mean Fractional
(Computer) E1rror in Angular Velocity

IR. A. Corrector 0,097

T.8 (Sperry) 0,099

M I (Vivkers) 0,101

M I AI (Vickers) 0.123

M 2 (Sperry) 0.166 0

20871400 2

I

Sii
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• Table VII-4. Exterior Ballistic Data

IWea.pon or " ~.a.Velocity haoa, Prj Vt ) T'ri or'Pl t ,n
Caliber Proj, Model (motors/we) Welllt (IIN) (Lblmm x' 10) (too) (motors)

I0 mm Aft 621 1070 0.22 0.275 1.45 1000

RH 202 10770 0.2OAS0268 03300
3.4 2000

H S1 820 1070 0,268 01335

M61 1020 0,216 0.273

30 mm HS 131 1070 0.93 0,345 1.07 1000
4.41 3048

3 35 mm Oarlikon L/90 1175 1.20 01280

37 mm Villglato 910 1.65 0,27 4.00 2414
6.00 31093 3,00 3604

1090 1.60 0.317 2.00 1792
4,00 3072
6.no 4023
8.00 4755

40 mm M2A 1 875 1.96 0.307 2.0 1380

L/70 Boform 1005 2.1 0.335 2.4 2000
810 4670

57 mm L/70 Bofors 1025 5.3 0.207 3.8 3000

76 mm LjO Bofors 825 13.0 0.298 13.0 6000
118 mm Ourm,,n WW.I 11120 19,9 0,390 1 6,52 4000

I11.62 6000
18.22 11000

i 26122 10,000

VU mm M J, WW.I 855 23A4 0,320 3.9 2740
7.2 4560

20.2 9140
S....._ 28.0 11,000

120 mm M I A3, WW.II 945 $0.0 0.289 3,5 2740
6,0 4560

12.5 8200
16.5 10,100

21.1 11,900
26.8 13,700
29,8 14,600

j L146 Bofors B00 46,3 0,268 21,7 10,000

L/SO Baroro 900 46.3 0.263 19.0 10,000

7 19 -20871-601
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Figure 7-13, Fraction of Initial Velocity Versus Range Index 28129

The fHler weight or the Oe-rlikon projectile is not on The thin record or development or antiuircrart sun
hand, but the value or wo/C 2 for this round suggests sytems in the United StateEs i sketched In Figure 7-15, -
that It mycarry over 20% of high explosive by fo'r the period subsequent to World War 11, Funding 3

wegtMhs would produce a higher terminal efl'ec- has been minimal probably becauic surface to air U
tiveness than that or the Vigilante round, and the fact missiles seemed to give promise or greatly exceeding
that the Qerlikon projectile is fired at A muzzle velocity gun performance. During this period. U.S. groundsor 1 160 meters per second (from an L/90 gun) sug- forces were not exposed to significant air threats In
gests cureful attention to the joint gun/projectile inte. Krao otes iaads hr a enn
rior ballistics and stresses. combat verification of the effectiveness of U.S. surface

to air missiles. In both wars, however, enemy antlair.
7.2.8 Antlelreraift Gun Systemn Development in craft guns Inflicted significant attrition on U.S. highithe United S11tatesl rerformance aircraft, and over North Vietnam losses

7-20
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Figure 7-14, Comparison of Time of Flight Versus Slant Range Characteritlics

I or US, aircraft to antiaircraft predicted fAr 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 unclassifled sourcesI and

Field Manuals, and are presented in Table VII.S for7.209 Cherecterlatlas of Current Predloted Fire towed fire units, and in T 1b1,- VII.6 for seir-propelled
Air Defense Systems fire units.

1 7-21I __
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Vulcan Itheinmotall Hilipno Buisa Hilipono Suiss Hilipno Buis& Iliia
N)igalt ISS XM-i61 RH1-22 Mk 2 -- o igi 66 (0000~a HIS 820/466 .. K

Weapon Q111d 0.50 .-bbl 20 mm Oatling Twin 20 mm Single 20 mm Twin 34 mm Three 20 mm ShIng
(40 mm)

Rate ofFite rpm) 4 x 530 3000 2 x 1000 3000 2 x 00 3 x 1000 650
Murrla Velocity (V/A) 2800 3400 3540 3450 3260 3450 3850,

Amimo on Mount 280/gun 3100 on mount 270/pin 75 (box) SO/gun 43 drums so am
3700 on prime Mover SO (drum) ~(50 610h), 5 roi1

10 (clips) Link/box on
outer sun#
(10204e40h)

Time to Reload 7 min 0 min/ 100rnds)j

Tube Life 2500 rnds/bbl
Time to Change Tubes 6 tubes in 5 min
Proj. Weight (Ib) 0.10 0.2 1I 0.268 0.268 0,268 0.93

Carriage (tow) M20; 4-wheal 2.wheel 2-whool 2.wheei 2-whei
Weight (travel (lb) 2950 3150 4600 79300(360)
Weight (firing) (Ib) 2400 3200
Crew 4 3
Prima Mover 2-1/2 ton US6 truck 1-1/4 ton truck Truck with $S00 lb. Truck

(low or transport) M361, M7 1S tow 0apoolty

Max. Speed Tow: 10 mph road Limited by tow
5 mph cross country vehicle: up to 45 mph
Transporit Prime

jMover limit

Time to Convert
Travel to F~ire Mode

Gun Drive Electric/V-belt E~lectric Hydrostatic Two hand. Ufl401110 Hydraulic Hydrul
wheels

Power Source On mount Jn mount 145 KW. On mount air cooled Off carriage On mount On me
gasoline engine 1204 vOlt gasoline ongine gasoline engine Winkel engine Winks
generator jenerator

* Power Req uirement 0.5 KW

*Back-up Mode Batteries Batteries Hendwhoesi

4 min/Max (0) -10/4+90 -3/080 .5/4+93 .10/4+80 *S3083 .31/42
4 Max (0/16c) 60/60 60/43 100/5S 100/SO

X/NMAX (0/see2) 160/160
S(Meters) 200.500

D (meteros/sc) 10-320



Table VII-5. Cherectesrletlc of Towed Weapons (Sheet 1 of 2)

HI*Mt Sulus Hispoan Suite Hispairo Sulu Kispmna Suits O1ullhont kew~
Mug11 (Geneva) HSI 6201663 5 1 U " IHispania Suiu t ir Bofore Villiante M38

Single 20 mmn Twin 34 mm Three 20 mm Single 30 mm Quad 30 mm Twin 33 mm t Sngle L/70 6'bbl 37 mm Single 75mm
(40 mm) 40 mm Getllng

1000 X3 00 3 x 1000 650 4 x 630 2 x 330 300 3000 43
3450 3280 3450 3550 3545 3850 3280 (3900 3000/(3600 23825

with APDS) ImprovedM?7 (box) 30/gun 3 drum$ Box of I clips 360 144 (192 max)
50 (drum) (50 each) S roundsclip
10 (clips) Link/box on

outer suns
(120 each) 2

2,$ min/
magasine

%1.268 0,268 0,93 0,93 1,20 2.15 1.65 13,0

2.wheel 2,wheel 4,wheel 4.whetl S.wheul 4.wheel
7930(3380) 11,100 11,600

10,120 9300 10,100 20,000
3 6

Truck Cargo Treator
27.T

1.1/2 min 5 min

Two hand. Electric HydraulIi Hydraulic Hydraulic Hydraulic Hydraulic
wheels

Off carrilkg On mount On mount 1 motor On mount
Wankel engine Wankel enline generator gasoline engine

per mount generator
108 hp (max)
42 hp (average)

Handwheela

.10/080 .5/÷93 .5/+83 .51490 -5/085 +6/+85
100150 85/45

135/127
22,000

20871,,40A
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Vulcan Rholnmetall Hispeno Suite Hlspano Sluie Hispano luir
DoainuI ~sn MSS XM.167 RH 203 Mk 2 HIS 669 (Genova) HSS 8201665

Primary Ilfr Control On arrtau On Veiriago On cturiagle On ucalrrae Off carlage On carriagel
(Air Targets)

Typo M IS Opt lol fixed Optical disturbed Optlial computing Optical Optical
euticle idloes Night tofiov lead Computting sight (analog) HUS Kern 722 Galileo P.36

gyoosight (me%, load
aello 230)

Anoula| data Optical Optical Optical Optical Optical

Range [ate None Radar Kstlmated and
Regenerated

Backup Onuurrlgio None
Fire Control

Fire iControl (X Telescope Telescope 3X Telescope
(tround Targets) Night vhilon s•iW,

Gunners Control Type Rate, Handlebar Rate, Handlebar Joystick with
computer regen.
rates

Alerting Ilno Display None TADD

/

. , i a l I I I i i



Table VII-5. Characteristics of Towed Weapons (Shoot 2 of 2)

"tall Ilipanio Suita Hispano Suils Hlipano Suits Hispeno Suitl 04l1on/ Skyowupot
I Mk 2 H4S 669 (Geneva) HIS 8201665 HIS 661 Hispano 1ui. SUrle Potort Villlnt. M38

0 On MrAW' Orr carfiaCe On carriqe On rasnfig Of f coffins OOt caffia On carriage

hiputing Optial Optical Galileo P-36 Supefrlids.t LAfS Dutch or Sperry Elletro. Iperry Elotto.
0g) IISS Kern 722 G0l4leo P-36 maui 2 luna/ Deolwic VII Mechanical Meodhanial

flre control 3 gunsleets Analog Analog
system control Ssytem

Optloal Opticl Optical Radar

and Radar
ad (1) Automatic

(1) Manual

Joystick local Optical with
Uontfol and aided manual
fixed sight control

OX Telescope Telescope

Vith

1-20371.-1602

7,25/7.26



Table VII-6. Self

llwi- SwiU .US, British (dolrmlnl) (NotheholadsY.:-I

Vulcan Swiss French 3Falcon Oerlikon/Contranes Ov.lk.n/ Contras
Designation XM.163 Oerlikon AMX D.C.A. 30 VlckeaHispano 5 PFZ.B 3 PIZ.C

Weapon 20 mm 6 tube Quad 30 mm Twin 30 mm Twin 30 mm Twin 35 mm Twin 35 mm
Galling gun M6IAI HIS 8IL HIS II1L Oerliton L/90 KDA KDA

RIte ofl Fire 3000 2 x 650 2 X 650 2 x SS0 2 x 550
Mutle Velocity (It,1l) 3250 3550 3540 3880 HO 3150 HG

3950 AP 3950 AP
Ammo on Mount 1000 in drum 300 rounds/lun 310 rounds/Sun 330/gun t 30/1un

800 stored linked
linkless Ned

Time to Reload 3 min plus 200 rpm 20 min 20 min
Tube Lit. 20,000/barrel

145,000/gun
Time to Change Tubes mrin for 6 tubes

Carrilae (Self Propelled) Tracked Tracked Tracked Tracked Tracked Tracked
XM 741 (Mod (AMX AMX 13 AMX 30 (Abbot) (Leopard chassis) (Leopard chassis)
M1i3AI halisll) chassis)

Weight (lbs) 36,000 31,000 311,000 dO,000 0?) 80,000 (7)
Crew 4 3 3 2 2
Horsepower 312 700 211/213

Ground Pressure (PSi) 11,6 psi
Range (miles) 300 240 (roads)
Max Speed (MPH) 40 36 40 30 (roads)

Turret Woight (lbs) 2900 IAMM 3401A,
Turret 13,200

(Jun Drive Electri•' Elestro-hydraulic Electric metadyno
Auxiliary Power None Separate diesel Separte diesel

engine and generaior engine and generato
Powur Roquirnomnt 0.5 KW
igck-up Mode "Utterius None
e minMmax -53+80 -81+85 -100÷6S -81+87 -1/87

A/# mrin (O/sa) 60/45 80 slow 90/50 90/50
45 track 40

AIe'max (°/oI3) 1601160 120/120

D (meters) 200.500 1500.3800 Estinmted
(Reoen: 500.1500)

1) (mtetrs/Ke0) 10-320 50.320 Not applicable
Artlliicil Diperulon 6 x is mils

/



Table ViI-G. Self Propelled Weapon System Characteristics (Sheet 1 of 2)

$win Swiss
11u11101 (Cermian) (Netherlands) U.S. French
I ailv" Qcrlikon/Contraves erilikon/ Contrive. M42 Sweden Thomson.CSIF Soviet Soviet

**te".1hapsno S PFZ.8 3 PFZ.C Duster lotors Javelot ZIU-23-4 ZSU-S7

,in M~ mm Twin 35 mm Twin 3S mm Twin 40 mm Twin 4,0-mm Unguided 40 mm Quid 23 min Twin 57 mm
3.1111 Oorlikon Lt90 KDA KDA M2AI L/60 L/70 rockets

k 650 2 % 33 2 xSO0 2 x 120 2 x323 4 x1000 2x 130
40 3680 HO 3930 HO 2870 3230 29S0 1230

3950 AP 3950 AP

rounds/Sun 330/gun 330/gun 240 rounds/gun 425

20 hmi 20 min Not Applicable
12,000

3 min (after 6f..
rnd are llw,ý lin'
cause of hnstii 700 360 7,0

cied Tracked Tracked Tracked Tracked Tracked Tracked Tracked
bat) (Leopard chassis) (Leopard chassis) (PT'76 tank

chassis)
000 10,000 tV) 801000 M 95070003,)0 6,0

2 2 5 3
j213 500 240 gasooline T-34 tank

330 gas turbine engine
Psi

(road s) 100
roads) 25 uross country 37

45 ruids
M1E: 6900

ic motadyne Hydraulic
Separate diesel Separate diesel One cylinder

*engine and generator engine and generator engine-jenerator

Manual
as ~ 54087 -81+87 Power Manual .5/085 0/085 +21+87

-30+85 -3/+87
w k/0 90/50 90/50 40/23 4/4 85/45

20

1Wd Not applicable 20,000

pplisbleNot applicable

20871-03 A
7-27/7-28



Table VII

Swiss
U.S. British (German) (Nothe

Vulcan Swiss Frenuh Faleon O.rlikonlContrane Offlikon
Designation XM.163 Oerlikon AMX D,C.A. 30 Vickerb-Hispano S PFZ-B s1

Surveillance Senior Visual Visual OeU Noir radar Visual SMiment MPDR.12 Signed6 Ks
RD VC4A TCSF VA Band

Automatic Threat Evaluation No Yet

Altrtin Inro (Remote) TADD(RAID) Via digital radio link Vie digital
and display on PPI and displa)

Radar azimuth
Tricking Sensor acquisition

,nlle ViJual Visual Visual Piioopic visual Albiswerk Ko pulse Signiul dol
I x SO0 field doppler visual visual alteor

alternate
Range Radar (Lockheed) Rada Radar Estimated Radar Radar

Rag range
(50041500 metors)

Computer MG I lead baiem doiht, Computing sight
computing oiht analeo
max lead 25" computer

Backup Alternate Alternate
"emorlony" "emerlgeng
computer on mount computer I

Siemens MSR 400 Siemens M
(.unnor's Control Rate Joystick

Fire Control Versus 6X telescope Two APX M35O Periscope 6X;
Ground Targets night vision sight perilsopl 100 field

binocular lights

Muzzie Velncity' On mount On mount
Mellurement

Stabilization None Turret Optical sight Optical s14

/



Table VII-e. Sel Propelled Weapon System Characteristics (Sheet 2 of 2)

SwissSws
Bnitih (German) (Netherlands) U.S. French
Falcon OerlikonlContrane Oerlikon/Contrane M42 Sweden Thomson.CiF Soviet Soviet

Vicken4fispano , PFZ.B S PPZ.C Duster oiorars Javelot ZSU*23.4 ZSU.S7

SVisual Siemens MPDR.12 Signal Ka Band Visual Radar
Ka Sand

No
Via digital radio link Via digital radio link
and display on PPI and display on PPI

,ixutl;ittpic visual Alblawerk Ks pule Aigneil doppler Ka Visual Radar
4,10 field doppler visual visual alternate

alternate

Estimated Radar Radar Not applicsbie

Cmputinh sight M31( computing Digital computer
sght, Course and
speed estimated

Alternate Alternate Ring sight
"emergency' '*emergency"
computer on mount computer on mount
Siemens MIR 400 Siemens MSR 400

Joystick Rate

risuope 6XI
]00 field

On mount On mount

lurrot Optical sight Optical sight None

2017114603
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SECTION 8
MISSION DESCRIPTION: THE BATTLEFIELD DAY

To provide a structure in which to bring together the There are two approaches to using a Battlefield Day.
system performance characteristics for evaluation, it is One is to take a deterministic specification of when
helpful to have a systematic arrangement of the proba- events occur, as implied by Figure 8-1, assume that the
ble activity states of the system. system begins the day with all components operating,

and determine its survival probability at the end of the
A useful approach is via the specification of a 'Bat- 'day'. The second approach, which leads directly to

tlefield Day'. A Battlefield Day, which may in fact availability estimates is to assume that the days are
include several 24 hour consecutive intervals, is a repeated over and over until the system reaches a
skeletonized scenario which has the objective of insur- steady state from which the state probabilities can be
ing that the system under evaluation is considered and determined. In the latter case it is helpful to specify the
assessed with respect to each of a number of functions mean duration of each tactical activity state and its
that it must perform when it becomes operational. recurrence rate in statistical terms. This may require

8.1 DEVELOPMENT OF ELEMENTS OF taking liberties with the deterministic nature of day
BATTLEFIELD DAY and night, when it is felt that these are critical

parameters.
A definitive Battlefield Day must be developed by Inrgeneran

experienced military personnel, however a hypothetical In general, if one performs the analysis by computer

description is provided at this point for illustration. simulation, the approximations needed for a manage-able manual computation can be avoided. The follow-

Tne time span includes both day and night. The ing developments assume however, that a first sizing of
movement schedule includes cross country movements, the problem without use of a computer is more desir-
movement on roads, and periods in fixed position. The able than the avoidance of simplifying approxima-
system activity stater include alert status, engagement tions.
of enemy aircraft and enemy ground targets, and 8.2 SYSTEM MOVEMENT AND TACTICAL
periods of no activity (passive). ACTIVITY STATES

In each activity state the system components which Beginning with the Battlefield Day, we may arrange
are activated must be specified. This specification is the system activity and operational states in mutually
used to determine failure rates. It may be expected that exclusive sets and sub sets. The movement and posi-
failure rates for a given component will vary depend- tional phases are separated, since they impose different
ing on whether the component is being subjected to stresses on the system. This set of states is shown in
shock and vibration associated with vehicle movement, Figure 8-2.
whether it is activated in an alert condition in a
position state, or whether it is subjected to shock and Next we subdivide the movement and position statesvibrtio ofgunfirng drin anenggemntinto three identical subsets each as follows, as shown in
vibration of gun firing during an engagement.Fiue-.0 Figure 8-3.

It appears possible in the interests of simplification
of the analysis to use the Battlefield Day primarily for
generating the system 'availability' estimates and to a. Combat: Enemy targets have been detected by
perform the 'capability' analyses of combat engage- the defense and one or more of the fire units in

operational condition is attempting to acquire a
ments separately. That is, the system fires during the target and open fire, or is actually firing.
Battlefield Day, but only the effects of the firing on
availability, and possibly 'dependability' are assessed at b. Alert: Enemy targets are expected, all operational
this point of the analysis. fire units are in a ready state with power on.

Surveillance modes are operational.
Availability and dependability thus obtained are

then used in the overall effectiveness computation c. Passive: No enemy targets are expected, and
including engagement details as presented later. scheduled system maintenance and repairs can be

carried out.
This procedure allows most of the effects of weather

on the fire control system to be treated in the engage- The complete system is stressed most highly in the
ment model. It may however be desired to include combat mode, moderately in the alert mode, and is
weather in the Battlefield Day to assess its effect on under minimal stress in the passive mode. Only in the
vehicle movement and fail and repair rates. passive state is there complete freedom to repair mal-

functions. In the combat state repair would probably
Figure 8-1 shows elements of a Battlefield Day be limited to actions requiring very short time to

graphically. complete, such as relieving a gun jam. In the alert

8-1
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Figure 8-1, Elements of a Battlefield Day U

mode malfunction repair might be limited by the
desire to keep the system ready for combat in at least

_ the highest mode available at the initiation or alert,
In some situations the aystem may he under enemy

MOVEIVIIN"T IN POSITION artillery fire which would limit the repair activity that
PHASE PHASE could be carried out in any or the above states,

Experience indicates that the combat state will con-
stitute a small rraction or the Battlefield Day, and Iwithin the combat state an even smaller fraction will

20311 7293 be represented by actual firing,

For example, in the defenne or the Remagen Bridles
Figure 8-2, Systelm Movement Stalte in World War II a massive barrage type or derense

was set up, On the three nights or heaviest action, the
8.2 !
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barraBw was fired three times on each night, each time Of crse some guns must have substantially ex-
for 10 seconds, The corresponding firing time for each ceeded the average. But it seems reasonable to base the
40-mm Bofors weapon In the deo ense was 3( seconds, analysis on the assumption that firing time will be a
or 60 rounds per gun. very small fraction of total time, and 'red alert' only a

T moderate fraction,
The island o f Malts was subjected to repeated at- Within each of the sub.states 61hown in Fieure 8.3,tacks over a period of month•, durinB whicht some the transition rates between states vertically will differ

14,000 tons or bombs were dropped on the 143 square in the movement phase from those In the position
mile areas or Malta and Gozo, Antiaircraft destroyed phase, For example, the towed Twin 35-mm Oerlikon
236 or the attacking aircraft, In the month of April ire unit requires I 1/2 minutes to convert from travel-
1942 alone, 6728 tons or bombs were dropped, 'On an lin$ to firing mode, but the Vulcan, and other selr-
average there were 170 bombers over every day, com- fire units fire the
ing in waves or 12 to 15 at a row minutes interval
from a variety or directions,.. there were usually three 5.3 SYSTEM OPERATIONAL STATIS
raids a day...each raid lasted for about one hour, The Each sub-sat of states in Figure 8.3 is next further
total time spent under raids during the month came to subdivided according to the operational modes, or
twelve days ten hours and twenty minutes'. In the %tates or the system, Considering a single fire unit, formonth ant aircraft destroyed 102 enemy aircraft, thirty example, thcse states in which the system has some
S in one week, capability to perform its mission are determined and

But 'In the course of that week they achieved their identified as operational states. These include the 'all.
record of ammunition expenditure, In one day an up' state with all subsystems runctioning properly, and
avera of sixtynine roud wre fired roof 'fal' states, In which the system has noantveaircrae t Sun and sity-six rounds for every Boforh capability for performing Its mision, These are Idi-
sI run.y cated in Figure 8.4, The possible transitions and their

probabilities depend on which activity state the system
This works out to an average firing time for each as a whole is in. For example failure of the servo drive

heavy gun over about seven minutes per gun per day, rot the gun in the combat state may not be repaired
and for the 40-mm Bofors, about 1/2 minute of firing until the system as a whole transitions to an alert ortime per gun per day. passive stao*

S~8-3
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I SECTION 9
syS~rEM COMPONENTS AND STATflS

Em~rphasis in this report Is on the dere'ise system A few components may be common to both the
consisting of a number of fire units, their Immediately mobility and firepower su baystems, depending in the
supporting equipment, such as at common Alerting fire unit design. These may include power and electri-

*radar. and the orgmnic communications wwc oto cal components, crew functions, and communication
3and coordinate the derense. These elements are shown and other components to be identified in the case of

in Figures 9.! and 9.2. specific fire unit evaluations.

Prinia emphasis is on the fire units as opposed to Theme two primary subaystems are illustrated In
organic bat separately located radars. and ather San. Figure 9-3.

- ral support equipment, 9.1 MOBILITY SUBSSYTEM

UA natural initial subdivision of fire unit elements is The mobility subsystem may be further subdivided
into 'mobility' and 'firepower' subsystems. In the case into components. A representative list Is given In Table

- of a self-propelled fire unit, the mobility subsystem IX-l. IhIs list Is essentially the categorization used in
consists of the viihicle exclusive or the armament and the Army Maintenance Mansioement SystemAire power package, In the case of a towed mount the (TAMMS) which Maintains a recordo Army equip.
mobbt subsystem consists of the wheel carriage struc- ment reliability and maintenance data under the Army
ture and the prime mover vehicle. some of tho smaller E lmn Recoid Procedures System (TAERS),
vehicle and manually unloaded and emplaced ror siaTInk eod will be ii major source of data In
firing esimatewitg ovailubilit7i of the mobility subsystems asso-

caewih an air detense system evaluation.I The firepower stbaysteni includes the weapon, am- During the movement phase, the mobility subsystem
*munition, tracking sensors, computer, sensor and gun may be in one or a set of sub state. as shown in Figure

servos and related components. 9-4.

UJNIT

1 PM
voice

I V04C 41 VOICE~ ___ __ __ __ __ _--___ _7

AMLA

14ALIA DATA LINK

Figure 9-1. Flow of Command and Alerting Information to Fire Units
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Figure 9-2, Fire Unit Components

For trucked APC and tanks, TAERS indicated about
1.5-2,0 maintenance manhours per hour or operation I

F I Fitwith the vehicles available about 80% or the time. A
UNIT proving5 ground tout of an eal AP niatdol 0,2 a

mnaintenance manhours per hour, again with an availa- f
bility for test of about 85%.
0.2 FIREPOWER SUBS1.1111111YSTIMEl

ýAaMAMSBNT MOBILITY ~ The functions performed by the firepower subsystem
CONTROL) 6URBYSTW are related to alternate modes or operation, and to the
BUBBYB15M --- sub-subsystems or Components providing each func-

20571.258 tion, For simplicity we continue to refer to sub-subsys-
Figure 9-3. Primary Subsystems tems ats simply subsystems, The relationships among

functions and subsystems are Indicated in Figure 9.5,

No extensive analysis or the mobility subsystem Is 9.2.1 Alternate Operational ModesI
contemplated for this report since its evaluation Is One step in the availability computation is the deter.
relatively straightforward tsr compared with the fire. ialno hs ytm oe hc lo nae

powe sus>:.em.ment or' the enemy. These include the completely
operational state (all-up) and various levels or de.

However, we note briefly the availability figures ror graded operation, and alternate modes or operations in
a few vehicle types. the all-up state,

Trucks have averaged about 0.40 maintenance man- The systemn may operate In a degraded mode IfI

ho~urs per hour of operation. with % of time available a. The combat phase occurs with a subsystem essen-
h8U.9013, Under proving ground conditions, (all iuppiy tial to the all-up mode malfunctioned, but with a 3
i'aciiities on hand ) the ratio might be about 0.2 mainte- hack-up mode available. For example at fire unit
no~nce manhours per hour, with an availability for may operate with estimated range Ifthe ranging
co~ntinu~ous test of' about 85%, . device Is inoperative. If the computer hu& mal-

...2 ....



Table IX-1, Probebllity of Operating Vehicular Components Without a Failure Requiring Support Maintenance

Tracked - 2,000 miles Wheeled 10,000 miles

M60 M4843 M 113 MISL M35
Item Nomenclature %'Il

Enpine 97 99 96 99 99

Clutch NA NA NA 99 100

- el system 100 98 g00 100

lohluit system 300 99 98 to0 100

i Cooling system 100 99 97 99 t00

"Electrical system 97 96 97 99 100

Transmission 97 99 98 99 99

Transfer caw NA NA 99 100 99

Propeller shift NA NA NA 100 100

Front axle or final drive 100 99 99 98 100

Real axle NA NA NA 100 100

Stikes 1300 300 100 300 300

Wheele and tracks 300 98 93 99 I00

C'ontrols 97 97 98 100 300

Irame, brackets 100 100 100 100 100

Sprinls, shock absorbers 3o0 99 o0 300 1300

Hood, sheet metal NA NA NA 300 100

Cab, bodyo•r hull 100 96 99 300 300

Turret 63 77 NA NA NA

Winch NA NA NA NA 100

b Dumper iuuad NA NA NA 100 300

MIzallansous auceurlies 300 300 t00 100 t00

Fitre extinuilsher system 0(0 t00 300 NA NA

Armament 93 91 99 NA NA

Slihtlng A fire control 33 91 NA NA NA

Aulillary peneralt NA 99 NA NA NA

20871404
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Futer and a backup analog computer, Consider. performed by barrage Oire,
n~g the defense system as a whole, malfunction-Ing or a common surveillance radar may deprive In general, if the system is properly designed for

the fire units of early warning Information, but reliabil ity and maintainability, the occurrence of do-
they may operate with local surveillance (such as raded modes becaus.e or component failure will be
visual). iforequmnt. I

h. Enemy countermeasures may neutralize one or Degradation caused by enemy countermeasures is
more or the sensors, but a backup mode may be difficult to anticipate because not all technical options
available, For example i1f the radar range unit Is open to the enemy can be foreseen for the operational
jammed out, range may be estimated, lire of the defense system.

9.4
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LD.gr Miton caused by night or bad weather can be (1) Warning.
computed, but the evaluation of its importance is
directly dependent oft the assumed enemy capability to (2) Surveillance,
attack effectively under the same conditions. Hence (3) Communications, command and control,
.Judgement or future enemy capabillty is a dominating 4Efect or missile fire units on the threat tac-
factor in this assessment, (4)

tics,The system may operate in one or several available
F alternate modes, in an all-up state depending on the b. Support Functions

tctical situation parameters, For example, if the radar (1) Maintenance,
is unable to cope with multipath Ottno at very low
elevation angles, elevation angular data may be ob. (2) Supply.
tained by human operator tracking, with the radar The warning and alerting information affects the
continuing to provide range and azimuth, combat performbance oa the Pre units, The maintenance
92,2 Qusaltatlve Comparlson of Two Fire Units and supply function atfiet the availability and depend-

ability ot the fire units, The command and controlTo further illustrate the kinds of alternate opera. function improves the effectivenes of the defense by-
tional modes that may be considered, the characterls- coordinating the action of the individual fire units,
tics or two towed fire units, Vulcan, and the Rheinme.
tall twin 20-mm have been abstracted ftom the sum- 0.3.1 States of Supporting Functions
mary Table VII.5 and are repeated in Table IX-2. These are developed as inputs to the fire unit state

If the engine generator set is inoperative, Vulcan can analysis, and by methods similar to those to be dis-
operate with frul capability on its storage batteries for cussed for the fire units, For example, of the battalion
a limited nriod, The Pheinmetall mount can be laid uses a number or FAAR radars, the availability and
by handwheels, with some, but markedly lessened ca- dependability computations would be similar to those
pebility, The estimation of the probability that Vulcan of radars on the Are units, Maintenance support is an
will become completely Inert because or battery drain input to the fire unit maintainability estimates,
before the generator can be repaired Is an interesting 032 Fre Unit Stt. Definition
sub.pro blem ,, F ir e u n cit fl o w d in iti o f t A,

The Ptheinmetall mount uses estimated range input, From the functional flow diagrams ofI the fire unit,
The fire control algorithms are unknown at this time to and the system description, identify the subsystems
this writer, Vulcan can operate if the radar is inopera. which perform each function, Begin with the highest
tive, with range estimated by the gunner or by another level of function and subsystem which can be level.
operator off-mount, oped in the following categories.

Both systems can fire by estimated lead or by tracer a. Functions with alternate modes of performance.
observation if the computers are Inoperative. Primary modes (for example radar or visual

The Rheinmetall mount can probably continue to tracking),
fire with one gun if the other Jams. Degraded Modes (for example range estimation).

For fixed aim in surface fire, Vulcan is positioned by Note that the mods designated as 'Primar' maythe drive controller, then the power is turned off. The vary with the environment, A system may so all-
Rheinmetall mount can be laid by the handwheels, up' yet use only the preferred option o Its pri.
9.3 DEFINITION OF YIITIM STATES mary modes. A degraded mode is defined as one

which is inferior to a primary mode, but pro.
A genortl procedure for defining the system states vides some capability, but would not be used itfor analysis is as follows: the primary mode were available,3 It is assumed that a level of orpanltation has been b. Functions without alternate modes of perform.

chosen, below which the analysis Is to be performed. ance, whose loss incapacitates the system, (for
This may be, for example, an Air Defense Artillery example, power supply or gun drive servomecha.
Battalion, It is also assumed that emphasis 16 to be on nisms fLr a mount which cannot be laid
the effectiveness evaluation of the predicted-fire units, manually),

From the point of view of the fire units, there are N
functions performed within the battalion which sup- Next identify a set or operational states which are
port and affect the performance of the individual fire mutually exclusive and complete, described in each
units e These include: case by the set of subsystems which must be operativefor the system to be operative in that state. Examples

a. Tactical Functions are given later,

9.5
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Table IX-2. Characteristics of 20-mm Towed Mounts

- -Designation Vulcan XM-167 Rheinmetall I
Weapon 6-bbl 20.mrn Gatling Twin 20.nmm
Kate of fire 1000, 3000 rpm 2000 rpm (2 guns)1
muttle velocity 3400 Use 3540 N/IOn mount ammo 300 rounds 270 rounds/pun (ammo box)
Ammu types HITIiTSI (AA) HI4ETU

Ilii (Surface) APIT
Crew 4 3
curriage (tow) 2-wheel 2.wheei
Weight in tow 310 SO ib 4600 lbs
position

-Prime Mover 1-1/4 ton truck M561 Truck3

Gun Laying Drive Wouetrit: Hydrostatic
Power for Oun Lay Storage Batteries and Air-cooled gasoline engine

1.3 KW. 28V gasolineI
engine generator set

Backup mode Storage batteries Manual handwheels

-Fitre Cnn trol On carriosgeLa On Leadll

Computing Sight Computing Sight
Ground tire

Direct fix telescope TelescopeI
Night vision eight
Fixed reticie in LSC
with gyro cagedI

HIndirect Azimuth and elevation lay

Ranging Information Radar Estimated (and regenerated?)5
Backup model Gunner estimate

Remote estimate

Gunner's Tracking Aid Rate drive controller Joystick with computerI
- ___________________________________________________ regenerated rates

Dispersi~on3
AA (i x II amile Small. No artificial
Ground S X S mils dispersion,

Other aids TAIJIS
Communications Wire

Radio

20871-60S I
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I Identify a set of 'down' states in which the system is possibilities will be much more limited in a movement
non-operable. Each is initially defined by the subsys. phase as compared with a position phase,
tern or component whose malfunctioning identifies the Ato
state, In the analysis an attempt Is made to aggregate th od t s tnsitin in the eer a state
these states where possible to simplify the analysis, transition description,

Develop a flow diagram showing possible transitions Having developed the complete state transition dia-
among the states deftned above, How one defines the $ram, the necessary fail and repair coefficients are
state transition probabilities with time depends on Inserted, and the differential equations are solved for
whether a computer simulation is intended, or whether the steady state solution (fixed point probability
an analytical solution is tr. be attempted. In the case of vector)s
a computer simulation mire freedom in incorporating

1a variety of probability density functions appropriate The elements or the fixed point probability vectoriito each state transition Is possible, For analytic pur. are the desired availability and dependability estimates

poses, with even moderately complex systems, one can for each operational state and are extracted for combi-
hardly do more than describe the state transitions as a nation with the system capability matrix for the effec-
set of linear differential equations with constant tiveness computation,
coefcients. For each system evaluated it Is probably desirable to

In the present report the view is taken that the state develop the state transition diagram In considerable
r~ Utrasiton robbiltie (inthi cae man ateor ail detail before attempting simplifications, to insure thattransition probabilities (in this case mean rate of railI

and mean rate of repair) for a specific subsystem will, all essential states and transitloni are included,
3 in many cases, vary significantly depending on whether Having made initial estimates at the subsystem level3 the fire unit is In a movement phase and opposed to a or aigregation described above, those subsystems prin.

position phase, and within these phases, whether it is cipally responsible for loss of availability and depend.
"engaging a target or whether it is simply on alert. ability may be identified, and a more detailed develop-

£ Movement across rough terrain may cause failures ment of the subsystems to component level would
even of inoperative subsystems, In addition, the repair follow, to further identify sources of difficulty,

AI

I!
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I

I

1- 9.7/9.8



SECTION 10
DEVELOPMENT OF AVAILABILITY AND DEPENDABILITY MATRICES

I 101 DATA ILIMiNT RIQUIRIMINTS earlier from the 'Battlefield Day'. A more detailed

Data requirements to follow the WSEAIC type of definition of event sequencing is required rot the
I analytical structure up to the determinetion of the capability vector and will be developed In a later

capabillit vector are listed in Table X- i as liven in a section.
WEAIC report!'

The identification or system, subsystem and compo. The levels to which reliability and maintainability
nent elements has been described in a prior section. data are developed depends on the position of the
The time information as it is related to operational system under analysis in its life cycle, and is outlinedand tactical activity states is derived, as discussed in Table V.1,

I Table X-1. Typioal Dats Element Requirements
a. Uenerul identificutioni informution inomenclature etc) 0f) cause ciassilfiction

b. Time information chrofnologicul time and sequenco of event%), I) deslin

I i) Operatiing Time% 2) operutlonul environment

(a nmission time and pha•se u) controlled

1b) non migsion time b) uncontrolled
It iheckout and test time 3) petsonnel Induced

21 full on standby U) supplier

3I partial on it.ndby b) use

(2) No,.operutini;Times 4) time.dependent 1
(u) off, no demand (2) Mainlenange event$

1) storage (a) claims of maintenance (includes monitoring and2) free time sysltem exorcising)

(b) downtime (when in dcmundj 1) corrective maintenanceu
I) fepar timea) scheduled :

2) ilgisti time (spares, transportation, queuing, b) unscheduled
other oupport.orlented items) (b) event intormation3 3) adminlistrative time (ttainins, other cause of 1) typeor action
personnel non.avaiiability)

4) effect of emorpncy ptocedures ) replacement

c. l'vent information b) adjustment
I I Failure events C.) repairs,W) identification of lailure 1, In place

(bi efvect on mission cupabitity 1 other location

) crillucal 2) manhours expended (minimum 'number of
personnel required)2) non -crttic al 3) level of' personnel

wI) repairable during mission 4) adequacy of equipment and toolt

(d) how detected 3) availability and quality or %pares

(el failure classification 6) adequacy of roolltlloI I primer) 7) adequacy of technical data
2) •ecundary' 8) adequacy of maintenance action

208 '1,606A
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In Sencral, in the conceptual stage the simplest or of' each separate contributing action to the down I
posi~able approximations to the l'ailure nod repair state.
process would be used. As the system progress*$ to Inihitowafcorcnrbuemstoed.
development, more detailed in formatfont becomes tionsih int whaiabilit tors rovtiddbycmutin aviobltoec.available and more accurate analyses are required. In tni viaiity unde provided byUMt1 om spuotin andevaairo.the concept stage adequate estimates of availability mety l u ondersvri asmtionsAdsaar o ef'upp iiort andevairona-and dependability may be made analytically. When the menityl conditionsvra anstandard depenitins on ahiasystem Is detailed In depth and accurate representa. bitreonzseracteresdpdngnhow
tions of the probability density runr.tions are desired, it many of the elements constituting total downtime are I
is probably most economical and feasible to use com- Included In the measure, The standard definitionst arm
puter simulatiotn. reproduced in a following paragraph,

some or the levels of approximation and their valid. The highest value is that or 'inherent' availability,
*ity are discussed In the follwn paraaraphs. which Is measured by running the system cotnosy

lowingto rallure, then repairing promptly with all required
10.2 GENERIIIAL APPROACH resources on hand, then running to the next failure,

The presentation of the methodology for determin- etc,
ing the avallability-dependability parameters for a 'Achieved' availability is a similar computation, In

*system Is Arranged as rfolows:, an 'ideal' nupport environment, but Includes downtime
a. The discussion is Initially limited to 'inherent' from both preventive and corrective maintenance

availability (to be defined) without rejard for actions.
tactical states. Methods of simplifying tne co m- Operational' availability includes lost time because
putation for complex systems are liiumtrated by a of delays In supply and administrative action,
s~Teraayies or s then p extne o nld t.ia TAERS data from 1963"1 showing the percentage ofs.Theate yss of then system. e to Is ncdiaed thactica downtime In direct support maintenance In the catego.prtvies an adtiona sytme tiniasu ed of a rea isman ries of (I) in transit, (2) awaiting repair, (3) shoptrvies enddteniona Ismeasible Approximatind time and (4) MWO, Indicates shop time is only aboutthat th xeso srsl.Apoiain 2 7% for the M 113 vehicle, 32% for radio set AN/methods are Illustrated by examples. CORC-19 and 55% for the UH-18 helicopter, As frac.

moat of the literature on reliability, maintainability tions of total downtime.
and availability theory describes how to solve exac tly,, If the support system Is not improved, one mightrelatively simuple cases, The solution of complex cases is raoblapyamutlinfcorof 2to 5 on the
easily written concisely but with the implied Inversion resnbyapyamliyigfto
of large matrices for the determination of the fixed mean active repair time assoeliated with any particular 3
point probability vector, and the solution by eigenval. subsystem of AFAADS, for example,
ues and elgenvectors of the transient solution, These 11041 1 Stasndard Categories of Availability
methods are time-coniuming ror the analyst, and so at *smte
the expense1 01' &pace, and pehpthe reader1. pa.tience. a number of devices fror o'btaining useful ap. availability (achieved).* The probability that a sys-
proximatioris are developed with examples in the fol. tem or equipment when used under stated conditions

lowing sections, in fin Ideal support environment (1,e., available tools, I
parts, manpower, malnuals, etc.) shall operate 8atisfac.10.3 DUPINITION OF AVAILABILITY torily at any given time. A. excludes supply downtime

Consider a system or subsystem which has only two and waiting or administrative downtime. It may be
states, (1 ) raully operational and availabh! for use, and expressed as:
(2) Inoperative. 47he system may be Inoperative be- N1TOM
cause of a failure which has not yet been repaired or Aa
because it Is down for preventive maintenance, In the MTBM+M
field the down time would Include not only the active 20871-800
repair time when the system Is being worked on, but
also the time wiiiiing for spares, for maintenance where

personel.etc.MTDM - Mean-time'between-maintenance,
Over it very lon$ period of time, the fraction of time

that the system Is in an operational state Is defined as M=Ma ciemitnnedwtm e,availability'. The computation of this value does not M-Ma ciemitnnedwtm t
uhually require ideniification of the probability density "rerm~t idmniilid 0i an avi,.,iA Men~i f'MPIi,.tt2" un~~jifunctionfs of the titile durations of the operative state 10.2 'r.Otadpfnl,11



I suhlnfrmm both preventive and corrective 10.4 INHERNIT AND ACHIEVID AVAILABILITY
maintenance actions, To illustrate the approach and the kind of asiump.

availability (inherent),' The probability that a sys. tions we propose to make In this report, consider the
tern or equipment when used under stated conditions, simple case of the system which has only two states
without consideration for any scheduled or preventive (1) all up, and (2) inoperative.
maintenance, in an ideal support environment (ie,, Let:I available tools, parts, manpower, manuals, etc), shall
operate satisfactorily at any liven time, A, excludes Xd(t) a the probability that the system is 'UP' At
ready time, preventive maintenance downtime, supply time t.
downtime, and waiting or administrative downtime, it x,(t) w the probability that the system is inoperaS may be expressed as: tv. at time t.

MT TF
Au SMTBF MTTRI ~X 1 (0 + X2 (1) 1.-0 (0

2087-101A

I where
MTBF - Mean-tims-between failure. The transition rates across the two states may be
M-iwritten in general form as5 MTTR a MNan-timestofrepair,

availability (operational),' The probability that a
system or equipment when used under stated condi. dX1 (t)/dt f1 [XI, X2 ",M X tI (10.2)
ions and in an actual supply environment shall oper.

ate satisfactorily at any given time, It may be expressed
as:

MTBM
A 0  MTBM*MDT dX2(t)/dt 1`2[XIX2, XAst (10,3)

20871,802
where where

S MTBM - Mean.time.between.maintenance and X(t) is a failure related function of time
ready time during the same time interval, jk(T) Is a repair related function of timeSandn and the general formulation admits consideration or

MDT a Mean downtime including supply down- the fact that the system may be more lIkely to fail as it

time and administrative downtime during Bets older, the likelihood of failure depends on the

the same time interval, When preventive elapsed time since the last repair, etc.
maintenance downtime is zero or not con- In a computer simulation we would have a good dealI sidered, MTBM becomes MTDF, or freedom in deflning these relationships in complex

form.

I bn However for a first approximation we make the
S Terma dtKt nif!t bv swelaA Wekg pem MIL.dTD4 75, MOlfnclldnahiy following simplification:

"10.

tv°!aii einws

I °



a, The probability that a failure occurs In dt given Notation can hi simplified when the number ofr
that the system is operating, Is Independent of t, system modes& becomes large by using matrix notation,
and is equal to ?Xdt. The differential equations can be written

h. The probability that a repair action is completedI
in dt, gIven that the system is down for repair, is *A X (0
independent of t and Is equal to Adt,

Then where

k 'XX1 +0 2  xu['1] ; A m 1

* ~ 1  .~X2 (10.4) LX2 11 . 0

The mean time between recurrence of a state whenI
X-0, is the Inverse or the state probability multi-

Assume that at an initial time t a 0 the system Is led by average rate of departure from the state, For
operating, Then solving the dirrarential equations this simpe model, the mean time betweetr failures

MTBF and the mean time between repairs M rRR (the

X1 t)* *.-*( + P)t system cycle time) are equal

X (t) -L 2- 10 ~+ Ot (10.5) MhF* TIR (/.)+ )Ij

The system approauhes a 'steady state' as defined by
the expýonential The mean up time (MUT) Is the mean time that the

system remains In an operational state and Ii the
ON+ /t(06) inverse or the rate or leaving the state

and ir either the rail rate X~ or the repair rate u,. or MUTl a 1/% ~ (10.12)
both are large, the steady state Is quickly achieved, Sim~ilarly the mean down time (MDT) Is

The staady state solution ror X,

X JA4 (10.7) MDT!'w 1/H (10,13)

This is the probability that the system Will be In an
oarable state If It is observed at an arbitrary time MTBF w MTlJR a (MUT) + (MDT)

2 ter It has been operating for a long time, It isalso.
the fraction of the total time that it is operable, for These separate measures allow one to discriminate
very long observation times, between A system that fails frequently but can be

Kome) is delined as availability. repaired quickly, and a %ystemn that falIs rarely, but I
takes a Iong time to repair both systems having theThe steady state solutions could haey been obtained same availability.

directly by setting the derivatives equal tn zero in the
diff'erential equption. and solving for X and X1, using The assumptions of constant transition rates with
X, + X, - YO.. time is easier to Jistify as an adequate approximation

If there is no repair, and the system begins operation in the fail mode than In the repair mode. Probability
at - Inanopeabl Blttdensity functions of maintenance times (especially In 3
at t0 inan perale satecomputing achieved availability) are not simple expo-

(10.8)t nentials, and most maintenance analysts prefer to
X1(t) describe them by lognormal functions, We show how I

to handle this apparent dimiculty In a later section, but
and this expression is a definiltion pr 'dependability' note at this time that the efi'ect appears principally In
during it no-repair Interval, 0. the transient solution of Equation ( 10.9). Its efrect on
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the steady state solution, which is basic to the availabil-
141 Multiple Falure Mod e 1.0 (1017)

When there are many components to be considered,
solution along the above lines can be tedious, Usually,
however, we are interested only in determining the n
steady state probabilities of a small number of opera- X0+ + (
tiona/ states a.. have no interest In the relative proba-
bilities of the down states,

In many cases siie following approach can be used,
~ or Imbedded in a larger problem to reduce its

complexity, X0 X0 Av .valsbtlity

Consider a system which has n components, a11 of I+ (Xj/I~j)
which must be operable for the system to be in an
operable state, Assume that component failures occur
only when the system is operatingl, that repair beines (10.19)
immediately, that the fail and r.pair actions are 'Peas.
son' Ftreamu or events, with Xfg, the rall and repair
rates of the .'th component, Let X. n probability that The original expression could have been written in
the system is operational and X, the probability it Is matrix form
down because of failure of the J'th compontat, ,

The dlfrerential eqntilons are •

X0 I - XJXo + j j (10.14) X * AX 10.20)

I~~~' X l"' * 4.jj(01)~ 2,I n t "
.41 "' 0 '0

These expressions are easily solved for the steady A '2 0 0x- ~state ..

a ( o /•.)X0  1,2,... n (t0.1i)

iid since
(10.21) 3

I

1 10.,
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MTB (10.22) 10.4.2 Approximate Computation

X0 •For the case of this system with n components, all or
Jul which must be operational in 6Oder that the system i

operate, and with the repair action on each component
independent of that on all others, we now considerwhat error would be Introduced by computing• the
system availability as the product or the availabilities U

IIP + /or the n components, This is equivalent to the assump.
MTBF - ja 1023) tion that the failure probability of each component is

.i independent of whether the system us a whole is
SX operating. 1
J-1 For the J'th component, the steady state probability

of operation is

MUT w Av(MTBF) * Xo(MTHF) (10.24) operat+(oj/Ij) (10.29)

T (10l2l)ad fIr the system we approximate
MUT - ---- "- (I0,25) J

n!

JX II a I (\Y.. / ) (10.30)

MDT 0 (I Av)MTrOF , MTBF MUT expuncling the product
(10,26)

XI

I + (~/~+E 1J • ( j aI~j NJ ;j /Mj)lXk/,uk0 + ,,

MDT •(10-27) I

(10.31)

Slii

To he more specific, suppose that we have ton com-
ponents with identical ral and repair rates. Then and if all the A,/•j << 1.0 the two methods give the

MT .-I +I same results.

0X • 10,43 ysltem with Alternate Operatioial Modes
The complexity of the rull analysis increases rapidly

as the number of alternate operational modes Is in- 1
MUT - creased. We illustrate this by a simple example, and

ION 0show how to obtain an adequate approximate solution
simply. 3

I The system states and transitions are ,hown in Fig..
MDT ,, "re 10.1, The system is assumed to have a primary

operational mode depending on an Infra-red tracker,
If the IR sensor is inoperative, the system can be10 IA I+ ) (h /P) employed with visual trucking, In addition, a set of/(10.28) elements (here aggregated into one and called 'servo')

10.6
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M i The state transitions are developed in Figure i0-1.

xoi X3 In matrix form, the differential equations for state
1rALL UP aUPvo DOWN transition rates are $ivan by

*:.x~"'(x 2' Mj " 1 2 o0~ o

*3---- LIx 02 "M' •t IX3
ALL UP DOW 11AVO DOWN

5.. aEVOUP , 42 ,, . Dsv owN 0X_ . o X 0 "( )÷• LX.

0 ' (10. 2)

2U714o51.H To determine the steady state solution (the carte-
t sponding set of X• is known as the 'fixed point proba.

Figure 10-1, State Transition Diagram for System bility vector'), set the dX,/dt - 0,
with TWO Operational Modem Since the sum of the X1 must equal unity one line of'

the resulting expression is redundant and we choose to
a" i essential to operation in either mode. The states are rpaetetprwb l.,)wec

• ~deflned by the probabilities (all at time t),

U I Im

•!•Xo,- probability the system is 'all up',

S-l probability that the system is operable in the (.U"1 4.2 0 • 2 X 0• 0
S~visual mode with the IR unit down and underI

repair.ai I Xz " probability that the system is inoperative with 0"0
X2 o "X 2 0 'A2  xM 0 3

SX. " probability that the system is inoperative with-SO nit and servs down and under
repair, (10.33)

208Note tha1 2ome assumntion must s te made as to
repair doctrin te T IR unit and the servos This eqation may be solved I) by inverting the
ate down, Depending on maintenance support and the matrix of transition probabilities, 2) expandine and
ttof malfunction, be dn solving the resultin i set o d equatiorand

i esetial toprinInethe r ma deyh tae r replired thsoprw y 1)wence,

or simultaneously We use the latter assumption, with The prouess is tedious, even for this simple example.
different repair rates rot the two units but fol[owing it through we obtain

S~10.7

visul moe wth te I uni don an uner 1-(A+X2)0-0



\O1 0 + R•S)iD A(N,) X(X) = 0 (10.37)

\02 = Rl D [aA(0)/aXj)]X(o)+A(O)[3X(o)/a.jI = 0

(10.38)

X and the solution desired to two terms is
S= R, [(If RS)+R (R-S) /D

X(W = X(0) +EX NiWOxiolx

x4  = RIR2SID J

(10.34) (10.39)
where

For the previous example, we obtain from this

RR 22 P 1 /64 +P) operation

D T +Rm +R2+RI R2) +aSR2.a a r+aRte) ea0sy to i

The matrix is triangular and relatively easy to invert,
10.4.4 Approximate Solution but in this case we can obtain the solution by inspec-

tion. Since
In the case of any real system we shall be interested

only in systems with high availability (perhaps over X01(0) = 11 0 0 01T (10.41)
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 we have
drawing board.

This suggests that we expand the availability fixed X01 = I - R R2
point probability vector as a Taylor's series in terms of
the X,. For almost all (perhaps all) practical purposes. X02 = RI
the series need only be carried to terms in X,.

In matrix form. the fixed point probability vector is X3 = R2
defined by

X4 = 0 (10.42)

A X 0 (10.36) For this first order approximation, statc X4 drops out
since it involves two subsystems inoperative at the
same time.

Take partial derivatives with respect to each X,. and Referring back to the exact solution, it is apparent
then set all of the A, = 0 in the resulting expression. that when R,.R 2 << 1.0, the exact solution reduces to
"The r,,ulting matrices are greatly simplilied. are usu- the simple approximation.
,111, ea,,ly invertahle. oftem by inspection, and in
• ijr1, ciseCs the solution can be written by inspection 10.4.5 Generalization srd Example
•.J0hout resorting to matrix inversion. It. as alleged earlier, we are interested in going

forward with the analysis of only systems having high
,, . is s h •,,m ,liclly..availabilities, it follows that failure states resulting

10-8
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I Table X-2. Subsystem Fail and Repair Parameters

Ftailure Rate Repair Rate
ibstysemn Data £1emlits hj ,j Xj IUj

Ra~lar Range, Angle 0.02 1.0 0.02

3 Infrared Tracker Angle 01013 1.0 0.015

Lamer Tracker Range, Angle 0,01 1,0 0.01

Supporting Subsystom 0,02 1 0 0.02

20F [140

i, from more than one subsystem or component being
simultaneously inoperative will have a very low proba. UI 1 . (xj/Aj)" 0,935 (10,43)
bility or occurrence compared with those involving

j only one failure, Hence we should be able, almost
always, to neglect them in systems of interest.

"a more exactly

I This rationale can be employed at the level of the
state transition diagram, where multiple railure mode _____

states can he eliminated by inspection, or by the series at 1  . 0,9367 (10.44)

expansion method describcd above, inrrequently, one + (4J/Zj) y
may be interested in double failure modes, In this case However the 'all.up' case is the simplest to compute
the Taylor seilleS expansion can be extended one term, in any event.
at the expense of" complexity,

lr ate soThere are eight possible operational states according

to the definition given above of an operational state,
For an example of the validity or the single compo- We compare two levels or approximation against the

nent failure assumption we use a system analysed in a exact figures computed in the reference, These are
paper by Ebenfelt and Holmqviatt, In their paper, the a, When only one subsystem is down, the availabil-
authors carerully worked out the availability by mode, ity in the corresponding state equals the ratio A,/
or an antiaircrart defense system which had twenty- A, for the down system. If the state has two
two possible states, of which eight were operational subsystems down, its probability is zero.

states. b. Same as the above, but for the two subsystem
down case. the availability is the product of the

In the reerenced paper, a fire control system is x/, o the two down subsystems.

*nssumedhavnged t e r followin characteristic s (Tabl nAs in the reference, the state is identified by indicat-
Iasumed having the following characteristics (Table Ing the down subsystems arter the state number in the

X-2). order of their failure (Table X.3), (The reference lives
an order-of-repair doctrine which is needed to work

The fire control system is operational if any set or out the exact solution,)

sensors is cperational which provides both angle and Since the exact solution has some 64 elements in the
range. The system is non-operational ir either range or state transition matrix, it is clear that the simple
rangle system if r ang e approximation sugesated above has much to recom.
angle is not available, or if the supporting subsystem is mend it for the initial evaluation of any system,

down, 10.5 OPERATIONAL AVAILABILITY AND
DEPENDABILITY

The 'all-up' availaility of the system computed We now superimpose the considerations of tactical
exactly in the referenced paper is 0.9363. Our approxi- states on the availability models developed in the
mate method gives preceding section, A moderate amount o7 algebra is

1| 10-9 ,
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Table X-3, Comparison of Computational Methods

__ _ _ _ __ _ _ _Availabilily -,__

OpierAlkonal Statv:. Exact Approximation I Approximation2

1. All up 0,9363 0.935 0,935

2, Radar down 0,0140 0.02 0,02

3. Radar, IR, d•m n 0,0002 0 0.0003

4. IR0down 0168 0.015 0.015

S. tR Radar down 0.0003 0 0,0003

6, 1I, LK. r down 0.0002 0 0,0002

7. Lawr dtwn 0.0113 0.0l 0.01 1
H. Luser, IR, down 0.0002 0 0.0002

involved, but as will be seen, this needs to he gone time one has worked down through the second level, I
through only once ror a specified stochastic 'battlefield the resulting matrix to be inverted, or otherwise solved,
day' arter which the determination or availability- is only n x n, ir the system has n 'operational' states,
dependability ror specific systems is relatively simple, where 'operational' states are distinguished from
The method also has the advantage that it gives the movement and tactical activity states.
probabilities or state availability In the combat states
directly, The top level expression is

10.5.1 Method of Analysis

Rererring hack to the description or the bauttlefield AX = 0 (1045)
day, it will be noted that two movement states were
identified, and three tactical activity states were identi- Expand the matrix and vector to describe transitions
fled within each movement state, in the rollowing, to between the movement and non-movement states,
conserve space, we delete the 'passive' stete in each
movement state, However, separate analysis indicates
that there is only moderate additional work in includ- Ni ual bi [xi
Ing it., II

The method is to work down rrom 'top level' state
aggregates by matrix partitioning until the system 1 ul N2 .bl X (10,46)
operational states are reached, This has the advantage
that state transition rates which are common to subsets 3
of states can be manipulated economically, where Nj,N2 describe transitions that occur only within

The procedures are best described by example, The X,,X, respectively.
process is outlined in Figure 10-2, Beginning with the
top level states, the system is progressively detailed it) The rractions of time spent In X,,Xp (designated as
lower levels. At each level, the steady state solution is K•, Fi, F, + F; - i) are obtained by setting N,,N -
'normalized' by matrix manipulation. so that by the 0 and solving the above expressions, obtaining

M-10- (
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Figure 10-2. Progressive Development of Sub-states
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F ab F a (10.47) The transition rates between combat and alert need i

I - + b 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

normalize the matrix equation as follows each or the four substates. The N1,Nj matrices ex-1 r, panded before normalization are, where the a, P9 are

I IN, -all F2bl XI/FI 0 transitions between combat and alert,

Lia' F2 (N2 bl l X.-a, 1

S(10,48) 

N, a L , ( 0..)

Substitute the values for F within the matrix and

writeY - X/F N M3 "a2l 210l

N • I Y a2 MA 21I
L N2b 1j Y2] (10.49)L l M.* 3 l

These are divided by a, b reipectively

where In a l. l I

Nl a ] (10.55)
Nm I"N1  N2b b' N2  (10.50) L In •M2a'll

Since the normalization makes all elements or Yj sum N2b 1 (10256)

to unity and all elements or Yj sum to unity, the N 2b UMlroblem can he separated into two parts by solving for L - 02b] 0
YI,Y2 freot. the above expression,

Suhstitutbn0 these expressions into the relation for Y,INI + N2b. N2bNBI]YI -0 and expandling,

(10,,51)

INla+N2b'NlUN2bI Y2  0 11i *1;l Bl2 +c2I Y 11

(10.52) [ 1  1(I0,57)
where

Next expand the matrices and vectors to identify the +
separate alert and combat states within each movement cI a a2b +aI" (I +a2b +•2b)
state. We need work only with Yj since the expressions
are symmetrical and we can write each by inspection 2 a4 b +I )
from the solution to the other. 02 a '2b+1I+ a2b+02b) (10.i8)

10-123



I,
Ind First consider

i Bi " Ma 3b"MIaM3b.Ma+Mla 2b+M3ba!a [I LI (10,63)
B22 " M2&+M 4b"M2aM4 b+M 2aP2b+M4b Ia

"I B12 a "M2a02b"M3bla where L is a matrix containing only failure transition
probabilities.

B21 a -Mla 2b'M4balaI(I OS9)"" I"
I÷+Lj (i 0 0 0 0

I As before, we can determine the way in which the time
spent in Yj divides between Y1 and Yl3 by setting the 1 -1 0
Blk - 0 and solving to obtain .- I 0

£c2

2 c + C 0 ' 0) 2 0 1 L 2 0 1
Again normalizing, with Z m Y/F +'E

1 -1 -1 1  , S - '

C21 +1 0 (10.61) (10.64)

so that
where CI[ I BI dc Cl2 0 BIl2/l [ .L[- ! LI I+(I + Z Lj)I [L] (10.65)

C2 1 a B2 1/; C22 a B22/c (10,62) Next consider

On solving for Zl,22 in matrix form we now find .1 (10.66)
that we must invert at least one of the matrices includ.
ing a Ck. Now each of the C,k turns out to be Mark-
ovian, however, for the most general form of the
colibtituent ?4 (system operational matrix) the inver- where M i a matrix containing only repair transition
sion is tedious, but possible. There are two ways of probabilites,
circumventing this problem.

a. Choose a 'worst case' and allow no repairs dur- mi m2ing movement, and no repairs during the combat I . m2  i 1 M2
substate of the position state, This leaves only M4
as the matrix with both fail and repair states,
and inversion of the other matrices is simple, 0 i + 0 i I o

b. Apply the Taylor's series expansion described IV.MIt•
earlier, in which case all of the required matrices o 0 + 0 0
are easy to invert, I+ m2

For reference we show the matrix inversion for .L
matrices containing only failure transition probabilities
or only repair transition probabilities, (10.67)

1 10.13
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whelncv take mre artiaI derivative with r@spOct to A,. then set

all X

"I 0 Ao [•/•/bali + [aAo/jaalI Yo - 0 (10.73) 3
0 1 0where the subscript (o) Indlcates *hat the X 0 0. Also, If[0 - m"'0 , there are no failures

0 0 7+ ft2  YOT . 11 o..J (10,74)

performing the operations i
(10,68) 0 Pbl'Pul'JblMaI Ab2+Ou2+Pb2Pa2 . Y. I a

0 0 by, I ÷ IM
Note,• hoevr that if on ihe ocopr 0 0 .Pb .2 -10,PO4b

F ~~variety or systems ror a specified cet or movement and0 bAj MM I 2' i 3
tactical activity states, the progression or analysis i L
through the second level needs to be done only once.
since only the M matrices will differ across systems,

10.5.2 Explicit Solution of Particular Case +j. ub 1)](0,5
To relate the foregoing algebra to reality, we choose (00.7.)

an abbreviated example, in which there are only two h1*1
tactical states, with fail and repair possible in each-.
state, but at different rates, In accordance with our
prior conclusion re 4arding multiple simultaneous rail- The solution or the Pbove is easily obtained by
are modes, we consider only single rail modes ror the inspection and it can at once be generalized to all or 1
system, the other ,..

The matrix equation for one or the tactical states is
It is 3

[NiH + N2b" N2 bNla] YI - 0 (10,69) av1l -(I 4iUbj)

where the N are now the system operational state transition aX bj + aJ +baj
matrices which we expand as follows, in terms of fail and
repair rates. ay 1- Wi .

Nla . • " "/j 2  (10,70) 10 t k*0,j (10,76)

rz b b Repeating the above operations, but differentiating
bI Pbl with respect to thea. b we obtain

""• b 0 (10.71)
Nm b2 0 -Pb2 r1

L 0 ,MY/ak 1 (10.77)

Althouoh we could multiply the matrices and solve 0 b
the resulting ex ression for the Y1, the algebra becomesit.zdious, Insteadrwe use the ruhe or expanding Y, in a

.%rie s in Ih e A.w

Writing the original ehpression as where Me Is the same/t matrix previously derived

AY a (0 (10.72)

10-14
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We can now write the full solution as

___ (_ 1 * ____+2j (10,84)
~lj* i ibi(10.78) 2J MbJTb

APaj + Abj +" ajlbj

YIO a I " IYj (10,79) which represents the residue of uncorrected failures in
:j state (2).

The solution for the complementary state Yj and its Next, to be even more explicit, we consider the
sub-states Is obtained by simply interchanging the a,b application of the methodology to a specifc system
subscripts in the above expression.

10,5.3 Evaluatlon of Specifl Pire Unit
We can now make the effect of relative system time Contiguration

in the 1,2 top level ststes explicit by remembering that Consider a fire unit with the following characteris-
the mean time in state I in T. - I/a and the mean tics, which display a multitude of possible operational
stay in state 2 is Tb - I/b, In the first normalization modes:
operation each X and A was divided by a or b as
appropriate, Writing 1, 1 failure rate before divid. The fire unit mounts both a surveillance and a
Ing by a, so that tracking radar. Each radar has its own servo system

and is independently driven. An optical sight is nor-
L - aN mally slaved to the tracking radar, but can be indepen-Aj Aj dently controlled by a human operator with a drive

ard controller.
In the human operator tracking mode the angular

M (10.80) tracking data is normally processed by the fire control
computer but if the computer is out, it can he by.
passed, in which case the operator lays the gun directly

S with similar expressions for b, and estimates lead on a fixed reticle in his sight.

L M b) + LT With the computer functioning the gun is laid auto-
Y LaiTa(I + Mb b matically to the computer generated firing data.

Y ajT + MbjTb b) if either the surveillance radar or the IFF unit is out,
(10.81) the corresponding function is performed visually.
-(10.82) If all system power Is off the gun can still be laid

I manually by handwheels, but the possible tracking
rates are so low that this mode can be used only X
against fixed targets or for barrage fire,

3 To clarify the meaning of the expression consider a The various operational modes are indicated in the
case in which (allures occur only in state (I), and diagram of Figure 10-3. Considering all combinations
repairs only are made in state (2). For the j'th state yielding a possible operational state one finds 25 oper-
(Component j down), ational states, Even without considering the many

down states that must be considered, this makes for an
impressive matrix of state transition probabilities.LaT

Y LjTa + MaiaTb (10,83) If, however, one assumes that no system will beI aacceptable in which any single subsystem has less than
about 0,80 availability, it is possible to ignore all
operational states containing more than one failedI subsystem.

The first term represents failures which occur during For themb

state (1) when no repair is allowed, The second term hypothetical system the number of opera-
represents the recycling of prior failures for which tional states to be considered then reduces from 25 to
repair was not completed in state (2). 6, as follows

a. System all up.

If we ohserve component j in state 2 we find b, Surveillance radar only down,

I0-
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Figure 10-3, Operational Modes of . Hypothetical Fire UnitIt

c. 1FF unit only down. c, In the combat state the system is fully activated, 3
d. Tackig rdar nly ownbut only it small fraction of the time representsl
d. Tuckig raar oly dwn.active firing.

e. Computer and associated input-output devices te eiin r eure st h muto
only own.repair permitted in each state, A worst case Is to - .

r. Gun servos or power supply only down, assume no repair during a movement phbase, and no
repair during a combat state ot a positionphsA

This is a manageable number. alert state ar at position phase allows rphaise.bu An
The subsystems identified above are next developed system will or course be down during repairs.

in Table X-4 showing the mean time to failure from
an operational statc and the mean time to repair, far We now abstract the parameters for the position

:ach ompoentphase, assuming that there Is no movement phase, omit
eachcomonet, araeter fo eah mve- the passive phase, and determine how the system

The table shows these prmtsfoeah ov- availabillty-dependability depends on the interaction
ment phase, and each tactical activity state within a of the tactical and operational states,3
movement phase. We make the following explicit assumptions

All of the fail and repair rates listed in the table are
fictitious, They are initended to indicate the following a. Only a position phase is involved.

assumpions.b. Alert is continuous unless interrupted by a com-
u. During movement any suhsystem may fail even bat state

though it is not activated. This is the result of
shock and vibration of travel, c. There are no repairs during a combat state.I

b. In the alert state components requiring warm-up d, Attacks occur at a mean rate of 0.10 per hour
have powca' applied, but only the surveillance and each corresponding combat statle has a mean
radar ýIs fully active. However an occasional false duration of L,0 hour. The corresponding mean3
,red alert' will result in full system activation, duration of an alert, non-combat state Is 10)
although the guns may not he fired, hours,

10-161



IJI

Table X-4, Asuumed Pailure and Repair Parameteres

Movement Phase Polition Phase

Mean Time to Fail (His) Moon Time to Fall (His) Mean
Active

Time to
Mean Time Repair

Combat Alert Passive to Repair Combat Alert hasive (Non Combat)

Surveillance0 100 So0 - 30
Radai Subsystem 60 500 500
Tra~ikln Radar
SubasynRtem 30 100 o00 40 200 - 4,0

Equipment 80 1g0 1000 100 300 - 1.0

l Computer and

Input-output Unitd 40 0oo 1500 50 1250 - 3,0

Olun Laying0
servo System 60 400 goo 1 00 - 40

Powur supply 0oo 1600 3000 1000 o000 - 1.0

All Other
FIsNtlial 30 10 100{0 50 S0o - 3,0
Subsystems and Compotnen ts

V From the previously developed Equation 10,81, the tern is simply the corresponding J'th term in each of
gI 5robobility that the system Is 'all up' during the cam. the respective braces.'
bat state Is The state probabilities have boon worked out namer.

Ically for the fail and repair rate liven in Table X.4
and are shown In Table X. g n

ogYoc a I • •j jT (Tp)l 0 0.81) The probabilities given for the combat state in the
table are the equivalent or the availability x depend.
ubility operation in the WSEAIC rormat,"

The first term within the braces represents the unre. The degradation from unity for the all.up probabil.
paired failures that occurred during the alert state, The ity in the combat state has the following components
second term has two elements: the first represents new Unrepaired failures from
failures during the combat phase; the second repre. the alert state 0.045
sents failures that occurred during prior combat phases
on which repair was not completed during prior alert New failures during the
phases. combat state 0,096

The corresponding expresuion for the probability Unrepaired frilures from
that the system Is 'all.up' during the alert phase iq prior combat states 0030

0.126

I • •Tc The degradation from unity for the aill.up probabil.I I - .• + (10.m6) ity in the alert state has the following components
", Unrepaired failures from

prior combat states 0,030

1he probability that the system Is not 'all up' but Is Unrepaired failures in the 0.045
in a %tate delined hy non-operability or the j'th subays. alert state -

0.075

IL. - 10.171•11bL i -- _ -"



Table X-5, System Slates Probabilities

Tautlcal Mtale -

Operational mbtlaRmak

All Up 0.829 0.925 Fully Operational

Survoillant't' 0.019 0.009
Rtader

Tracking Radar 0.055 0,030

* ll Equlpt 0.018 0.006
I Operation Possible

Computer and 0.029 (1.009 in an Alternate or
Ancillatkci datitsdod mode

clun-laying 0.019 0.009

Power Supply 0.001 0.000 i
All other No operation Possible
somsyntnts an:.3 .1 wtotrpi

10.61 Eslmalon nd Aqulltlo of 20871-610

V_ ~ The foreioing computations required only a f ii elelwt
minutes witIr a alide rule, It seems evident that If one Whntessmisnthcoepultaereabl
admits the assumptions and approximations Involved, Whntestmisntecoepultarlab.
the more general case or two movement states with ity estimates are made by first determining those mys.
three tactical substatelt In each, And any number of tern elements which are similar to elements already in

single failure modes and alternate operational states or use and those which are new. Reliability of the former
the system being evaluated can he worked with an is estimated on existing data, reliability or the latter
Acceptable amount or etrort, requires estimates based on a study of the design, and

a general knowledge or 'reliability physmica.' As the
The possibility should not be excluded that the concept moves Into design, special reliability test. may

Approximations may have reduced the problem to one he made on A continuing basis of new components for
ror which at simpler path to the solution can be round which no data exists, Records kept on operating and
by going back to first principlei. and Introducing the repair performance of subsystems of a prototype as T
approximations ab initio, thety are assembled provide progressive improvement

of the original reliability estimates, During acceptance
10.6 MlLIANILITY ESTIMATED teats, a formal reliability validation effort determines

Estimation, measurement, and verification of the whether the system meets requirements. Once it is in
reliability of a military system constitute a specialized lt#, field, TAE RS records provide a pool of Informa.
area of activity which is usually defined explicitly in tion which can be applied to new systems.
requirements d ocumentK and contractural agreements.
Reliability analysis is usually carried out by specialists There are numerous offcial documents which estab.
using data banks of reliability datit on past and exist. lish design standards to help to avoid sonme of the
in& systems, subsystems, components and elements, It known causes of unreliability that have been encoun-
Is far beyond the scope of the present report to cover tered in the past. However achievement of excellent
this fie! J adequately, Here we note only briefly the reliability always begins with the equipment designer:
nature of the activity As a system proceeds from con- it is designed into the equipment, not added After
Wept to use. design.



,A survey of published US., and some Soviet reliabil. The data was taken on 11,168 hours of system
ity data are included in the text by Polovko.,' This and operation (33 systems) between assembly and installa-
other reliability texts will not make the reader a teli. tion in aircraft.
ibility expert, but they do illustrate how reliability The mean operating time between failUe NUT)
measurements on generic parts types vary with the wats 4.87 hours with a standard deviation of 5.90
source and differences In measurement techniques and hras.
conditions, Polovko cites a method for applying a set
of component reliability estimates taken under one Defining R(t) - probability or operating without
consistent set of conditions to a new environment, in failure for t hours, it was found that R(t) could be
which the reliability of only one member of the set is expressed as

* known. R(t) a e<1l/a)to;(Weibull distribution) (10,88)

A survey and comparison of methods predicting
reliability has been given by Dworkin," This includes
methods which correlate reliability against many other with a , 3,36:c * 0,822

5 component characteristict in addition to the original
active element and piece count methods, For exponential failure, , 1.0

The opinion of a non-expert in reliability is that as For the Weibull distribution
in all systems analysis problems, estimates of reliability
of the same equipment by separate skilled groups will MUT a r(( + lc)/cl(/ay)/' * p[(1 + c)/0a1 /
differ, sometimes widely, The reliability assurance
process then consists of initial estimates, refined and (10,89)
improved by continued and progressive part, compo-
nent, subsystem and system testing as a new system is The following Weibull Parameters were found for
assembled and produced. failure cause sub-populations (Table X-6).

10.6.2 Validity of the 2lponentlal Failure The report states, 'The Weibull shape parameter c, is
Assumption less than one for each failure cause. These results

For the models used in this report the dependability, Table X-G. Welbull Parameters For Failure Cause
the probability that a system will operate without Sub-Populetions
failure for a time t, is assumed to be

Woibult Parametars

Xo(t) S t (10.87) Sub.population a -

How closely does this approximate real life? Fabricatlon 155 ,7h0

Many studies indicate that it is Rn excellent approxi-I mation for systems dominated by electronic compo. Marginal Equipment 21.3 749

nents, svch as radars, We digress briefly to cite some Design
measurements taken on a fire control system and re-
ported by Bredemann," The measurements were taken Part De1s3 n 42.1 .837
early in the system life, between the assembly line and Defcniencles
delivery to the user. The system itself was an active tail
defense system for a strategic bomber, Potoentometers 31,2 1778

The system under examination, exclusive of the
armament (guns) consisted of a radar transmitter and Relays 53.1 ,939

receiver, stabilized platform, computer, radar algnal
processing circuitry, weapon control circuits and radar Semiconductor% 65.4 .947
antenna control circuits. Primary electric power was
supplied from the aircraft electrical system. Hydraulic Transformers, 49.9 .828
power, specia! electric power and regulation or pri. Chokes, and Motors
mary power was provided by the defense system, The
system had -simultaneous search and track capability, Tubes 32.1 .503 O
using dual radar and antenna systems, 20871o611
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emphasize the strong effect that turn-on transients have Direct support maintenance has greater capability, it
in inducing failures,' is in the same organization as the units supported, and

It Is interesting that failures Attributable t the although time delays will be g reater than for orlani. 2

maintenance activity were so frequent that when they tional repairs (when possible) they are less than thoue
wainerae mo ved y weromthe data themean tiawen toharey associated with general support maintenance, There
were removed from the data the mean time to failure may be delays associated with competition for support
for other causes was about doubled. services and limited crews.

It may be concluded that: Capability and time delays are still greater for Ien.

a. The simple exponential model (c - 1.0) is a fair oral support maintenance, Depot maintenance essen-
approximation for initial system reliability esti- tially removes the equipment from the tactical environ.
mates until test data on actual components be- ment, involves much larger delays, and should prob.
comes available, ably be paired with the probability that a replacement

b. As the system development moves forward, the piece of equipment will be supplied the user while his

evaluation model can be Improved by more accu- equipment after repair goes into the supply pool.

rate representation or the failure probability, These activities as defininB maintenance and repair
such as by use of the Weibull distribution, This states ror the system are conrigured in Figure 10.4,
will complcate the analysis. Like reliability, maintainability analysis is a speial.

c, Beware of maintenance. ized field in itself, and is properly done by groups 3
skilled in the field, Numerou6 trade.ofi, can be made10.7 MAINTENANCE AND REPAIR Involving manpower skills available at each echelun or

CONSIIDURATIONI maintenance, automatic checkout and fault location,

Table X-7 from AMCP 706.134" describes cateso- repair versus discard options at each subsystem and
ries of maintenance, Organizational maintenance and component level, the number of spare parts carried at
repair is limited to relatively simple activities, however, each organizational level, the number o1 maintenance
by proper equipment design the scope or the repair personnel assigned and the numbers and types of
activity can be increased by simple means for malfunc- systems they service, and so on, Since the cost or
tion location and component removal and replacement, maintenance usually exceeds the Initial cost or complex

Table X-7, Categories of Maintenance in a Theater of Operations

Organizational Direct Support General Support
Category Maintenance Maintenance Maintenance Depot Maintenance 4
Former
"•chelon First Second Third Fourth Fifth

Done Where Whatverthe In Unit In Mobile and/or Semi.Fixed Shops In saws Depot ShopDone here Equipment Is

Done by Operator Using Unit Dtivision/Corps/Army Theater Commander
Whom Zone and/or Z/1
On whose Own Equipment Other People's Equipment

Equipment

Basis Repair and Keep it Repair and Return to User Repair for Stock

Type of Inspection Inspection Inspection
Work Done

Most Complicated

Servicing Complicated Adjustment Adjustments

Repairs and Replace.
Major Repairs and Modiflcation ment Including Com.

Adjustment plete Overhaul and

Major Replacement RebuUd

Minor Repairs and Overload from
Modification Overload from Lower Echelons Lower Echelons

20571.612
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3 are consistent with the simple fact that the military

F •requires materiel that will work when it is needed and
MOVMENT[ IN POSITION can be maintaineu in the field. For a particular system,
OPA IONAATIONAL the lif cycle cost of meeting these requirements Is then

compared with the syitent 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 conflglurations with low availabil-

OANIZATIONAL Ity, regardless el' their effectiveness when they are

I+ MAINTENANCE working,
10,7,1 louraes of Maintainability Date

Most of the comments madn with regard to reliabil.I Iity data happly to 'maintainability data. For a new
system the estimation of the maintainabillty parame.

ll/ tars is a combination of extrapolation from data on
I I oexisting systems and estimation for new components1L auPPoRT and au systems, As in the case of reliability, there are

IMAINTENANCE groups or specialists in maintainability, usually as a
part of the same organization, or the same group,

j II Since maintainability as an analytical field is some-
what more recent than reliability, the data bank is not

I I as large, However it is growing. A review or maintain-
ability analysis is given by Slattery,"

"ILINK--." Just as in the case of reliability, maintainability
MAhIT begins with the system dei gner. Maititainabilit•

" guides for design will be round on AMCP 706-134"

: srand related handbooks or the Army arnd the other
services.

The need to measure maintainability early in system
prototype development where changes can he most

/I easily made is perhaps less recognized than in the case
I.DEPOT of reliability, It is common knowledge that ntainte-

MAINTrENANCE d nance actions can introduce new failures (as all auto.
mobile owners know), A partial cure is easy accessibil.

20671.264A ity of components with the higher rail rates,
On the whole, since reliability can be designed into at

system at the manufacturer's plant and maintainability
Figure 10-4, Operational end Maintenance States must he done in the field by available personnel of

varying skills and experience, it is best to achieve high

military equipment over its life cycle, these and many availability by high reliability and simple maintenance,
other options are fertile topics for cost reduction and 10.7.2 Validity of the Exponential Repair
overall system optimization, Assumption

From it military operations point of view, however, The analytical methods for combinin reliability and
neither reliability nor main tainability Is a proper maintainability thus far have used a simple exponen.
trade-off against system performance (Lie., effectiveness tial approximation for the holding time of the system
in its proper operational state), A system that has high in the repair and maintenance state, Although this is
effectiveness when it is working, but is often inopera. usually satisfactory as long as one works with expectedhle is not a good military choice over a system of values, the approximation deviates greatly from reality
moderate eviectivenet s that is almost always opera, in many cases ir one is interested in probability density
lionel even though both have the same 'averaje' efl'ec, functions for various state durations.
tiveness. To this writer, the proper attitude to take on
reliability and maintainability is to set levels of the Many analyses of probability density functions of'
irnad, reliahility, maintainability and availability that repair operations have indicated that the time to re-

Imob



1. -0.

A /(l4l)
SY51'MM 01PIRABLE and to the repair state subdivision has no effec~t on the

steady state availability, and we could as well have
assumed a single state with mean stay in the state (n/
P.).

-1 X However, if we examine the probability density
I .function for the duration of stay in the repair state we

STEM DON FR -find that it is no longer a simple exponential. To
SSYSTEM OOWN FO~REP, j observe this assume that at t - 0, the system enters

probability that it emerges from repair as a function of

Figure 10,5. Sequential Substate Repair Model time, by solving for )W(t), assuming no new reentries
to the repair state. By Laplace transforms

store to service tends to have a log-normal distribution.
and there are some a-priori grounds based on sequen- X0(s) 1/s IM/0(s+)1] (10.92) " I

tial selection among alternatives that lead to such a
distribution, The log-normal function does not fit eas-
ily, if at all, into the state space formulation Howt;ver, dX0 (t)/dt Ou.-.-) (pt)n &Mt (10.93) Iu
the Erlang distribution, which is compounded of a
nunmber of simple exponential delays has nearly the
same shape and does fit the state space model. We The mean stay in repair, T,, may be obtained from
review briefly how this roines about, the Laplace Transform as

A simple method for replacing the simple exponen- Tr W Lin . (W/as) [s X (s)] (10.94)
tial holding time in a state (maintenance and repair, s-0 U

for example) by a probability density function approx-
imatng the lonormal, yet still retaining the linear
constant coefficient form or the state differential equa- und the varlunco ofthe holding time a,2 is

tions is the following:'

Consider the simple sytem configuration of Figure a2 a 2 21s. 2
10-5, The repair state has been subdivided into a Lim Tr "Tr2J
number of' Iequential substates. For this example the 35

mean slay in each state (u,)' is assumed to be the same
for each substate, but different stay times could be h'used Tha.n

The mntrix cquation is Tr a n/4

*? 0-2 a n1/ 2  (10.96)
X, I A M. o 0 X2 Ir we hold 'r, constant, varying the nuinbtr of sub-

. states n,, ,l - n/T,

0 - 2/1n (10,97)

hility of remaining in the repair state as a function or

-j . .. time varies with n, When n becomes very large, we
(10.9ol approach a constant holding time. Fiptre 10.7 shows

the corresponding probability density runction of' hold-
ing times. Clearly, one can obtain a probability density i

If %r ,olvw Ifor t•he •cady state solution hy setting function closely approximatinj a log-normal tunetton.
lc detnjrivhi ,% equal to z.er, we find that availahility is usually us close as the available data justifles,,

10-22
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10,7 3 Extended Models of Maintenenoe

The model previously developed for availability as It
is affected by the various tactical states may be ex.
tended by introducing the maintenance sub-states indi- on - -"n + ION + 'n+ 1 n+I + M.n.lIPn-l
cated in Figure 10-4, after which the analysis proceeds
as before, In addition, by fuither partitioning each 00 0 "•oPo÷xlPl
maintenance sub-state to lower levels of detail one can
account for transit time, administrative delay, delays (10.98)
waiting for spares, as well as active repair time, For

I initial rough estimates the average time in all of these If, as is usual, we are only interested in the steady
states for each identified failure type may be estimAted state solution, set P, - 0,
and the simpler model used, Down time for scheduled The sohttion is easily obtained, following
maintenance to that level or approximation might be The solt is e ai l t , o

* included as an equivalent failure type, even though it Gnedenkos by defining
5 is scheduled. Since 'scheduled' maintenance allows

some latitude in when it is done, it could be located as Zn a "nPn +n+i n+l (10.99)
a 'failure' to occur only during a 'passive' tactical state
in the simple model, substituting into the original equations and observing

that
10.8 AVAILABILITY WITH MULTIPLE FIRE z0 0

UNITS AND MAINTENANCE CREWS

The relationships among the number of fire units • 00
serviced and the number of maintenance crews availa- z "in'0£hbe is discussed briefly in this section.

It is assumed that the system contains N fire units
and in maintenance crews, Each fire unit is either
opcrable ot inoperable and being repaired. Failure Z11 0 for all n.
rates and repair rates arn assumed to be 'Poisson
streams' or events.

Pn+l Pn (ý'n/0,n+l) (10.101)

The 'steady state' probability that n out of N units
are operational is determined, The problem and its
solution are classical, and this paper simply reproduces whence
well known results, Pn P0  (10.102)

Extensions are required or the analysis when the fire
units have more than one operational state each, of
differing effectiveness, and when distinctions must be
made among railures according to the maintenance und since
skill required for repair and the availability of each
skill.N

Let Pn 1.0 (10,103)

K - probability that n units are operational at

time t. PO can be determined.
The probability 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 .,, allows X to be a function of the There is a priori no reason to assume that the fire
number or systems operating. units will fail Individually at different rates, Hence

The probability that a repair Is com pleted in dt Is Nn X constant
also described by a Poisson stream with a mean rate

I 201471-803

The following differential equations can he written

1n 10.25
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It is assurned that only one vrew works on a down P4 - 0.65 j
lire unit. Hence as long as crews are available, P3- 0.26

P- 0.07
A M(N -n); -oo

:,:~P -N ;P 0.02

(10,104)
since N n units are down and all are P. 0.00

If there were one mAintenance crew on each fire

t" :ing worked on. unit,

If there are more fire units than crews P

*'n w i(N-n) ; N.nsm
20871.804

*:n im * N~n~m (10.)o5) and so for this case there is no appreciable degradation

in having one crew service four units, This results of

in which case the Pu are obtained Irom course from the fact that R is assumed to be 10.
However this is a poor showing for the 4.unit de.

rense. since the expected number of fire units opera-
tional is only 3.54 or 88% of the total. Adding crews ,

NI R(N-n)Po p I s m,< does not raise this percenta e, the availability of the
'P11 * ,!(N.n)! R P Nindividual fire units must be Increased,

(10,106) 10,8,2 Approximate Solution

NI It is doubtful that any system will be acceptable in
N R(N'n)P; . N. N which PN for the set offire units comprising it is notP n" nm! n! above 80%. Then Ph. will be very small, and other P,

(10,107) negligible, In this case only one crew is required, and

P1 •u/(NX +) (10.113)

P N N! RI(N.) + M - NI R(Nn 1,0 _P n(NIN)-- T N N (10,114)N-m U mnm!n! I + NO,/M)

10.8.1 Example ( ) N (X/M) (10.115)

Assume that there is one maintenance crew which since the availability of a single fire unit serviced by a
can only work on one down fire unit at a time. Then single crew is

An. - A (10,109) A ( C/A) (10,116)
Then

PIl * Po Rlizl ; R m AX,, (10.110) the above expression Is equivalent to
* . 0011 PN" A N (10.,17)

Po R n / ! - 1.0 (1 0N1 
,1)

not R/ 10and the average number of fire units available is

Pi ION (10,112) E w NA (10.118) 5
which furnishes an easy transition from the availabil-

Let R , 10; ic, if' there were only one fire unit, the ity computations of individual fire units to the ex-
crew could keep it operable 91% of the time, Assume pected number operable for combination with capahil-
that there are 4 lire units. Then ity estimates in determining system effectiveness.

10.26



10,9 CONCLUSION AND RECOMMENDATIONS For a system with high availability, multiple compo-

nent failure modes will have very low probability
Beginning with the premise that a military system compared with single component failure modes. This

3 must work reliably in its operational environment, greatly simplifies the availability analysis.
high levels of reliability, maintainability and availabil. For a defense system comprised of a number of fire
ity should be set as objectivem and must be met by units each with very high availability, the analysis of
candidate systems to survive the evaluation, maintenance crew and logistics requirements is also

Availability and its component elements should not simplified.

be considered as unconstrained trade-oRl" against cape. To insure high availability a great deal or analysis,
bility (performance in full operational state). Instead testing, and attention to good design procedures is

the cost of keeping the system at the specified levels required.
should be determined any Included in life cycle costs Although not discussed in this paper the dimculty of
ror the full cost versus effectiveness comparison. A maintenance under combat conditions emphasius the
system which cannot reach the specified 'RAM' levels, achievement of high availability by high reliability and
regardless or the amount of support should be dropped minimal maintenance far more,, than vould be revealed
from consideration, in paper studies.
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SECTION II
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 or fire are possible +o
with modern automatic weapons, This characteristic 0eff " •o- o (11.4)

S:interacts with the number or rounds of ammunition
charged in the automatic loading system, the time to
recharge the loader, the available firing time against
each target, and the time interval between targets. But this is a poor estimate because it assumes contin-

uous combat, We now develop an improved model.
These interrelationships may be analyzed by meth-

, ads similar to those discussed in the previous section 11.1 STOCHASTIC APPROXIMATION TO FIRINO
on Availability, It was noted there that to compute AND RELOAD STATESi
operational availability, one must include causes of In order to combine the firing and reload states with
"system down time in addition to immediate repair of the tactical states we introduce a stochastic representa-

failures under ideal conditions, and on the other hand, tion or the fire and reload process along the following
changes in the tactical situation offer opportunities to lines:
repair in non-combat states those failures which occur-
red in combat states, As the Sun engages successive targets the number of

I rounds fired against each will vary from none to very
One may similarly define an 'inherent' rate of fire of large numbers, depending on variations in acquisition

"range, target breakaway range, and individual gunnerthl iferncs.Dendin on whether theri• has been timetegun/ammunition system assuming a requirement diff'erences. Dependng nwehraer a entmfor continuous target engagement over very longri.or coninou try to reload before a prior target, the available ammuni-odi or time. This provides maximum exposure o the lion to engage a new target may vary from a aew
reload time, but is a poor indicator of the average rounds to the maximum N, In complete ignorance of

. !firing rate attainable in a long series of engagements what the real probability density runctions are of the
broken by non-combat intervals between targets. On variables Involved, we choose the simplest assumption,
this basis, if the gun has a maximum on-mount load of which we state as follows:
N rounds, and fires at a rate Yo, it can fire for T, -

Al N/' 0 minutes, then is down for a reload time T,, Over Let
S a long period or time it is firing for a fraction of time X. - probability that the gun is in a firing state

X - probability that the gun is in a reload state.

A*-tt+, (11.1) X, *Xa + PXrT +-ra . rx
I >~r - ~>a'PXr (15

How the time to reload varies with the number of
rounds loaded is a function of the particular mechani- V * ei p m po/Ncal design or the ammunition reeding system, For a

l desigotha uio ferst approximation, we can define a 'reload rate'po as IV we solve these equations for the simple case of a
g, un beginning to fire fully loaded, with no reload, we3 /P0o N/Tr (11.2) Ind that the probability that it is still able to fire at
time t is

S~Then
•;"~ ~ IeVt/N

Xa(t) * e 0 • (01 ,6)
•- IlA u•'---- (I1,.3)

Po + o i 0-•i÷.. •whereas If we computed the deterministic solution we

and the Aver•ge rate of lire is would find
S I Il.,

-i



For simplicity in the prescnt analysis, and without
YX(t) a I- (et/N) ;ot/N 4 1.0 detailing the geometry, we assume that against each

S(11,7) attack element or three aircraft, three flre units will be
0ot/N in a position to engage, and each will fire at one

aircraft. Repeated attacks are assumed to be from the
same direction, so that the reload rates of the three

and so the stochastic approximation is not unrealistic, active fire units are more highly stressed than if attacks

We are now able to combine the stochastic rcpresen- came from different quandrants In successive strikes.
tation with a description or the defense against sequen- For the present section, we do not consider the effect
tial targets with tactical state transitions, of immediately observable kill& by the defense oniammenitelyo bselndtrvbe, klsb hedrneo
11.2 STATE TRANSITION RELATIONS FOR ammunition expenditure,
DEFENSE VS SEQUENTIAL ATTACKS The state transitions are developed in Figure I1.1,

The tactical situation is defined in extended terms where the tactical btates are related to the flre/reload
using as a basis the description of Luftwaffe attacks on states of a single fire unit. The definition of each
Malta during the month of heaviest attacks, This symbol is apparent from the Figure,
situation has enough generality so that by chanling To conserve space here we work the solution omit-
parameters, one may represent most tactical situations tin
to the same level or realism, It might, for e.,ample, bhegsth) Xb state (which has a minhial ceftect on the
preferable to adjust the model to describe U.S. Air rsaulis) but give the results for the complete set of
Force tactical operations in Vietnam, given the availa-
bility or the appropriate descriptive and quantitative Initially, the time to acquire targets is not made
material, explicit. The model is then expanded to include detec-

The situation considtred is the following' There are tion and acquisition,
three 'raids' per day on the average. Each raid has a It will be observed that for simplicity the model
mean durution or about one hour. assumes that reloading does not take place until the

Each 'raid' is carried out on the average by 60 full load on the mount has been exhausted, and that
aircraft, which execute the attack in a series or waves reload then continues until a full load is on board, A
of 12 aircraft per wave. On the average there are 5 real system might obtain better performance than
waves per raid. The raid breaks down into waves to indicated by the model ir the operators take advantage
provide control and coordination of the attacking of topping off partly depl ted ammunition loads when
aircraft during the attack. Each wave is further subdi- possible, or engaging with partly reloaded mounts
vided into attack elements (section, flights) of 3 air. when enough ammunition is on board to make this
craft eaLh- each attack element of 3 aircraft makes a effective. To include these options would require estab-
firing pass as a unit. The attack elements attack se- lishment of a doctrine, ani more detail in the model,

qFollowin• the transitions of Figure I I-1, write the
For a general comparison with Vietnam, a newspa- state transiton matrix in aggregated form as

per report stated, 'American aircraft flew 426 strikes in
Quang Tri Province in the 24 hours cided at noon
today. It was the heaviest in a single province in rour r* 11 4b + X) 1 C4 G l ul a l
years."' Of course these strikes were distributed over I
many targets. X -12 1" +l .IR 0 //12

Depending on the distribution of defended vital [x 0L
areas and the distribution of the low altitude defense bl 0 al J R. LX
lire units, each defensive fire unit may not be Lhle to
fire at each attack element before bomb release, be- (118)
cause of limitations in the range at which the fire units
can deliver effective fire, Set the derivatives equal to zero. Then the steady

state solution (fixed point probability vector) can he
For a standard defense of a .mall vital area by four determined," However, the process of determining the

fire units, for example, the Aire unit on the target side solution can be simplified as follows:
away from the attack may be able to open fire only
after the attacker has dropped his bombs. In a 'clover. First determine the fraction of tima that the system
leaf' attack pattern by successive attack elements, the ands in clich of the aggregated states by setting 0 -
defense uni.., will on the average, all be able to engag - 0. These matrices are the gun ammunition con-
targets, sumption and reload matrices

11-2
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i ~( 1,9)

RUF ~ jgo that

Lo [Go+sR]Y I I *0 ;s* & p+

Writing F for the fraction or time &pent in each or (1,15)
the three states we easily determine that

F, I a lI/D whereD I 1 +(b0/04( IA.)

*F 2 a (%/•)/D Expanding YII and solving for YI Ia

F ( (b/a)/110) e

Then normalize the matrix equation by sett.ng Y•, X/F, The expressions simplify to

.b + %)+h/ )I 1LY+ 1 X1 b)" Iw a+p]

bl A 041 (11127)

(11.11) 4
Identical procedures, with a bit more algebra, yieldWe are only interested in Yi, Its components sum to the result ror the complete eight state system of Figare1.0 am a result of'the normalization. -Ia::•

Solving for Y,, we easily ,btain.

S ~YIlu 1-0+P0 •

+. where

{.(h + ,), 1+ GJ + [i 1.d'R]' 1P bili +R +'WY +1jA+ p aa + p)+ p(a + J,)
I (11.,19)

Y11, is the 'availability' o? the gun In the flring mode
11c inverse ratrices are easily determined to be during an attack pass, and the eflfctive or average rate

o of' 1ire

S(l. • 'R J i . l +i + p )'lR ( tI,1) U JY 1 1  (1 1 .2 0 )

The moun duration of an attack pass, from the flow
diagram is

: ""I I I I " I " " I " i . . . .I : 1 • "•1iI.-
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during each pass. This will vary to some degree with
the weapon capability as well as with the attacker's

Tp - • (II t) tactics.

We also assume thai on the average there are 3 raids
per day, 5 waves per raid, or IS waves per day, and 4 I
attack passes (or 3.element units) per wave, or 60

And so the average number of rounds fired per attack passes per day, Then
firing pass is a

-tNap * uc Tp (I11,'2) F3a - 3~ * , 241 per day

F.1/F2 a (0/a); 0 a 48 per day

Note that if X, - b - 0, the model degenerates to a F2(a + 3) a IS
single firing pass of unbounded duration and v, re- ii- 192 pir doyduces to FI (b +X) m 60 (11.26)

P (11,23) The mean duration of an attack pass Is (b+?)', if
j o +( oi ~we wish to make a parametric study of the effect of

duration of the attack pass, on system performance, we
compute for a range or' (b+X)?'. For the present exam-
ple, we choose the duration or an attack pass as 24

We note ror reference that the fraction of time that seconds, so that
the system spends in the four tactical states In the I:average, is

I'll I/D Than (b + X) w 3600 lpar day,
17., ,,, (•/)I TlPVD

F, " (b/a)/l) FI I I160

whoe FII +F,2 - 1116

D - 4 .(X/u)+(hla)[l +( &/a)l (11,24) 80 i

11.3 DITIRMINATION OF COEFFICIENTSI Now

To determine the necessary coefficients of the tactical b/a W F2/Fl -1(4
sLate transitions from the description of the situation, 2 n
we recall the following characteristics of a system with h - 720/day
Markoe type transitions between states:"

a. The mean duration or a specified state is 1/1 a,, I
where the a, are the departure rates from that X- 2980/day
state to other states, b. The mean recurrence rate Finally,
oof a state is F I a1, where F is the fixed point m+ F a F P + (X/4)] a 1/16

probability (steady state, average fraction of time F 1  2 I
spent in the state) of that state. whence

From the d,'scription of the Maha attacks we specify 4(11,1 3
F'3 - 7/8
F, I I/16 The coefficients are summarized in Table XI- I

+ F 1  1 (11,25) 11.4 EXAMPLE FOR IPECIFIC WEAPONS
To see what the above relations mean, in terms of'

Wc specify only the sum of the F1, states at this time the effect of maximum rate of fire, reload rate, number 1
to allow parametric variation of the fraction of time or rounds on mount and the tactical descriptors on the
that an attack element is within the defensive fire zone average number of rounds that a fire unit gets off

11l.4 1
I
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Figure 11-1 Engagement and Reload Subetate6

Table Xi-1, Tactical State Transitlon Rates 11,4.1 Fire Unit Charueterieties

• Cuofl'nt VaIue (per 1i our) /ulcam

"a - Vulcan can be fired at 3000 or 1000 rpm. in the3 c t1/ high rate or fire mode rounds are fired in bursts with
Soptions of 10,10,60 and 100 rounds per burst, Burst
duration in the slow mode is gunner's chole,

a "The towed version uses linked ammunition with a

b 30 capacity or Joo rounds per load The basic load is
4,000 rounds; 300 are carried on the mount, 3,700 on

i 120 the towing vehicle and battery ammunition carriers,

4 480/1I. Reload time is about I minute per 100 rounds of
2001.617 3 ammunition.

The SP version uses linkless feed with a capacity of
1200 rounds per load. The basic load of ammunition is

against each attack pass over a long series of raids, 6000 rounds par weapon of which 1800 rounds are
some computations have been made based on limited carried on the weapon carrier, the remainder on bat-
data on hand on specific weapons, The data and ussoci- ter ammunition vehicles. Each weapon also carries
ated descriptive material extracted from Field Manuals 200 rounds which remain in the reed system to prevent
and various issues of the International Defense Review malfunctionins.
and -lanes Weapons Systems, are given below. The linkless feed system consists of a drum andIconveyor. There are 1000 rounds In the drum. 800

In this example, the time to acquire and generate rounds are stored in the carrier.
* firing data is not subtracted from the duration of the 800 rounds can be loaded in the drum In about 7
* attack pass The computation therefore stresses the minutes. The estimated lime to reload the drum is 3

weapon relhad capahility excessively, hut not as heavily minutes plus one half minute for each 100 rounds
,ak the timple Fquation (11.3). loaded

MIl-?



OertIA on 5 P1i.7 .-A which are easily manhandled and inserted sequentialIly, 3
Thle PFZ ekSP) mounts twin g5m uns with raeo without interr'Apting the firing, Hence reload time may
tieor 550rp each. Either 3nt-am caf or anti-.tank be assumed to be zero, Barrel hCatinS under continuous

tmuition reled cantbe airewihchangeve by re can interru t the firing. After 60 rounds of contin-

remote control from within the turret. Ammunition uosfrth 8re m tbecagdrqiin3
carred n te vhice ttals660rouds f A an 40 minutes each. 240 rounds are carried on the mount.carriAditoea stoag for another 24al 60 rounds isAad4

rounds or AP, AA ammunition is stored in the turret Aditin a comp wrgenrt o n othe r 2eh 40 fe undes, I provided
cage. 'Replenishment or the ammunition containers incmatesonhevilefdr.
can he carried out by the crew In about 20 minutes, the ¶11.4.2 Results of Computations
linked ammunition belts being fed in from the exterior
via the feeder channel and Into the ammunition con- A general observation is that for light, towed
tamner', Twenty minutes to reload, if true, would penal- mounts, reloading is simple and should take veye little
ize this weapon system rather heavily in an evaluation time. For the self-propelfled installations, considerable
based on an extended series of attacks with short design ingenuity is required to keep reloading time4intervals between attack posses. short,TI

Vigilnte"Table XI-2 compares the wea pons described in the
The Vigilante was designed for two rates or fire, context of the assumed tactical situation. Since the

3000 rpm and 120 rpm. In the hi h rate of fire, fi1ring source data may be erroneous or erroneously Inter-
was In bursts of 48 rounds each. There was a 2 second preted, the comparisons should be considered Illustra-
delay between bursts to recharge the drum. Normal tive only.
magazine load was 144 rounds (3 bursts) with optional
192 rounds (4 bursts) by hand loading. The magazine It has been assumed that ammunition at the battery
reload time was 2.5 minutes. level Is unlimited, hence the only parameters afrecting

the comparison are, rate of filre, reload time, rounds per
Fakanreload, and the tactical parameters. Since Vigilante is

Falcon (SP) mounts two HSS 831L 30mm guns with indicated to be able to fire only one second out of
650 rpm each. Ammunition is fed to the guns from three, Its base rate of fire in the high mode is taken as
two 310 round ammunition boxes in the base of the 1000 rpm. It is not known whether Vulcan has a
turret. Reloatding is achieved by replacin4 the ammuni- similar delay hetween bursts, hence none is assumed.,
tion boxes via a rear loading door with the turret It must be remembered that the tactical situation
reversed. The last few rounds rrom the empty boxes
are automatically held in the ammunition chutes and assumed represents an intense attack, and that it was
the linked belts of fresh ammu~nition are clipped di- assumed that euch gun must attempt to fire at each
rectly onto there. Time to reload is unavailable, (but sectinn of three aircraft as It carries out its attack pass.
may be as short as 30 seconds), However, the Inhibiting effect of reload time Is

An illustration or the operation Is provided us Fig- clearly indicated, and under the assumptions used, the
ure 11-2. elderly Duster makes a fine showing in average nun¶-
Duse her or rounds fired per p ass. However this simple

model does not account ror gun heating limits, and
Duster (M42 SP) mounts two WW 11 vintage 40mm according to the Field Manual Duster could not be

guns. Rate of' tire is only 120 rpm for each gun, but fired continuously for more than 60 rounds per barrel
the guns are manually clip-loaded in 4 round clips without changing tubes.

Plilowding of the guns is achievild byv
reipiacirig the armumuition box@$ im
tho bess of the turret via the rear

loading door with the turret reversed

bevea are automratigadiy hold in the
am munitIona chutes end the tinkeci
belts of frotlh Orni urti itIdrt are chiP99dc
clirectly onto thsisc

Figure 11 -2. Falcon System Reload Method 20fl7 1-16A i



Table XI-2. Comparison of Average Firing Rates End Rounds pot Pau

Per Gun Complete Fire Unit

1  Rate Assumed Rate Effective Average No.
of Rounds Reload of (Average) of rounJs

Fire per Rate Fie Rate of lire fired per
Wiapon (rpm) load (rpm) Availability (rpm) pass

SVulcan (lowed) 3000 300 too 0.1t 330 1 32

20-mm

Vulcaln (SP) 3000 800 116 0O, 51 SI0 203
E t 'y 20.11ms

iiFalcon (SP) 6s0 310 310 0,53 720 290

1I Twin 30.mm

0orlikon (SP) 350 330 33 0.26 285 114
Twin 3S.mm

Vigilante (high) 1000 144 38 0,18 iS0 72

3 (Low) 120 144 58 0,65 78 32

II
!! Dustur
•,Twin 40.msn 120 (Continuous manuali,0 240 96

Ell loading assumed)

•i. 20871-614A

11,5 PARAMETRIC STUDY the time to detect, identify, acquire, and generate firing
A b owdata. As their reaction times' encroach on available
A brie set of computations was perormed or th firing time, the value of high maximum rate of fire

assumed tactical si,,ation, but with the duration of increases,
each firing pass a variable parameter, all other tactical
parameters held constant except those derived from the In considering the implication. of Figures 11-3
duration of the iring pass, The results are shown in through 11.6, the term 'attack pass' can be equally well
Figures 11-3 through 11.6. They are not exactly com. interpreted as 'potential firing time per pass in which
parable to the weapons table since the tactical parame, case it would represent exposure time less the time to

7. ters differed slightly, detect, acquire, identify, generate firing data and open

For short durations or attack passes, with attack rate fire,

held constant, the average rate of fire achieved ap- 11.6 SIMPLE APPROXIMATE CASE
proaches the maximum rate or fire, For medium dura-
tion of attack passes, ihe average rate of fire and the A simple solution, intermediate between the forms

Aaverage number or rounds fired per pass are more developed in rrecedin% paragraphs and Equation
ensitive to reload rate than to number or rounds per (11.3) can be obtained y ma ing the following as-

sload, over the parametric ranges considered, All other sumptions:
factors held constant, increasing the rate of' fire is
advantageous but the gain is less than proportional to a, Attack passes continue indefinitely at a %Lgular
the increase in rute of fire, rate.

It may he noted that the results shown are only b. Each pass is of duration T., and the Interval
I slightly afrected by the presence of state X,, itnd for all between passes is Td.

. •practical purposes in additional computations the sim-
pler solution resulting by setting a - P - 0 can be c. T. is small compared with the reload time or' the
used. fire unit, and it is small compared with T,.

A% developed in later sections, the potential firing Then on the average, the gun will he able to tire for
. time per pass depends on the target exposure time, and a time

1 11-7



The last round is fired at

Ta
1T II)TITj 1.8 tn (n.1), and measuring tim. from i

asgainst each attack pass. and the average number ofr ,n l
rounds fired per pass will he a(1  ~i TT~ 1.3

v 0 T~ (11.23)

I+ (P/p)(TU/Td)

Modefor Gun Barrel Heating 0 tT[(e'A)/nI] (13)
There has been insufficient time in the pre-tent con- (11.3n5)/2

tractual effort to complete a model of Sun barrel 0 . 1 T .A2
heating. However an approach to such a model is i em fteaoe~rmtr ecnas rt
sketched below. 1'

a state space expression tar the temperature

Defln - temperature or the gun tube at v tim td/te*0 ' 1.0

round~~~~~~ isardw1r rute off ire wheon tlhe prin is f'iring

ambien tempeature.S - 1 .0 when the skin is in it 11irng "state" (I,7
Cooling is assumed to occur as a sipeexponential m U when thr, titn is not firing i

deay, with a time constant T which is ̀ogcmae
with the time or heat input or a single round. 11' 9 reaches a value 0.., there is an additional

Then the temperature at time t caused by single constraint: the state Sm- 0 Is entered and maintained
round fired at time zero is approximately itt least until temperature has drupiped to soina value 0.

or the gun barrel has been changed. Both theme condi
(11.3W tions can be Included as a constant delay time or

0(t)- 0o0 -tT (1.30) availability to fire Imposed subsequent to attainment or

if rounds are flred at tine t1 .... the temperature at The remaining problem is to combine these consid-
time ~tis erations with the state transitions between firing and

nonflirng states obtained rroni the tactical engagement

4t~tj)/TWe note for further analysis that Equation (11.36)
19(t) 00~ (11.31) cain It solved to obtain the probability density function

julfor 8,by the Feller. Kol mogorov partial differential
equations, but that the introduction or the 6,,,, bound-

Let n round.% be fired in a burst, with uniform aycopitethanls.
spacing in time A. and A << T. The first round is An empirical/heuristic approach is to compute the
tired tit t 0. Then the temperature at tiit: t is temperature rise during the firing interval determined

from the tactical model without consideration or tem-
pe ature, If the temperature exceeds Or,,. the average
11ring time is reduced, arbitrarily, so that the probab il-

tr, 1011 Vn/T1 f 1 I32 ty or attaining 0,,. is substantially less than unity. The
average firin and nonfiring times tire then analysed to
determine whether additional reduction in firing time
is necessary, so that the heat/cool cycle does not lead to
progressively increasing maximnum temper:iturc%.
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20971-270I Figure 11 -3. Effect of Number of Rounds per Load and Reload Rate on Average Rate of Fire

Notetarh oekn or analysis is required to separa tern the combat (engagement) sat Into three
evaluate the probability that the battery-operated mode sequential activities consisting of

inenerritory a. Target detection and identification.

b, Acquisition ndcomputation ofingdata.
11.7 FURTHER DEFINITION OF ENGAGEMENT
DETAILS C iig

The load/reload elements are retained. Since we had
The simple model described In Section 1 1.2 for a previously concluded that the Interval between raids

preliminary examination or the interactions of rate of had only a minor Wooe on the load/reload results, the
fire and loading timc with the attack characteristics can interval between raids is omitted from the subset or
be extended ats far as one wishes to Include a more attack states, In the following model but the descrip.
detailed description of' the details of' the engagement. tion of' the attack as a series of waves, each wave
A moderate expansion is described below, which now 119subdivided into firing passes, Is retained.



....... ...... ... ...
iboI

.5.N - ffO~MP 2WVwD) p

600

a~w 

2020

OIL I

- -at 
-- -



300

IU 200

1 100

5 1C 16 20 25

I AVE RAGE DURATION OF ATTACK PASS SIC) 20e71.273

Figure 11 -6, Effect of Maximum Rate of Fire on Average Number of Rounds Fired per Pass

I 11.7.1 Model Development %..

The flow diagram is shown in Figure 11.7. At this X .(b+)l+G j A M "X
* point we still consider only one fire unit per target. " - ---

Note that the fire unit can run out of ammunition only XB &I +R.j I0X2
as a transition from the firing substate, and if reload ..... -

ing is completed during an attack pass, the fire unit L I'M1+ XSmust go back through the detection and acquisition [X3. A.6

substates before it can open fire again.

Targets enter the fire unit set or substates only via wher

the detection substate, but they can leave the defense 0
zone from any of the fire unit states, The departure "12  0
rate could be chosen to have a different value at each
fire unit substate level but for this example we use the G i ~ l2 .a2c 0 0
same coefficients, 0 " (11.39)

Proceeding as before, we write the matrix expression
of state transitions in aggregated form as 0 0 V P-,

I11

I . . . ., ,I-Il I I



I

F4 u(XIIM)F I

R 0]

F0-9 2 a- (b/a) F, (1 1.44)

since

L a= Fl+F2+F4 a 1,0

0 0 0F 1 X IF D whereD w I++(a/b)÷+(1/m)

b b 1 (b/b)/D I
B a 0 0 (11.40) F4 N (A/#)/D (11,45)

MT .E 0 : 0:ro o 0 ]o
As before, we normalize the matrix equation by

AT [a 0 0 01 setting Y - X/F.
0 a] We then have

We solve for the steady state (fixed point probability (b+X) I + G 010iiA (X/M)M j
vector) by setting the derivatives equal to zero. As B
before we normalize to expressions in ter-ns or the B l + NO R 0 Y2 "0

fraction of total time that the target spends In tme three L X
sets of states, FlF 5,F,, To find these values set G,R - J L"E U
0 (this is not really necessary, since the method causes (11.46)
them to drop out), and solve for X1,2 .3.

Typically
Tand as a result of the normalization, all or the subset

probabilities within each Y sums to unity. Since we are

IX4 1 = (0/m) L.1X 11 (11.41) only interested in Y1, we solve the above set of matrix 3
equations by expanding and eliminating all .Y except I
Y1. As in the load/reload model, all matrix inversions

F4 Is tile sum of the suhsitte prohbhilites In X4- Involved are simple.

F4 u[I I iX4I (11.411) I
and currying through ihl' operut•on

1 (I/4 II ljLIXIi (11-.43) The rsult is the following matrix equation for Yj I
we ohtJitl

I>
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k. tb + X,) I + U + I(b/a)A + (?,/p)M + (b/a) (a + p). 11.7.2 Example of Weapon Evaluation

To observe the implications of the relations devel-
oped in the previous section, we consider a sustained

AR + (X/,u) (p + p)IMR) U2 •Y 0attack consisting of a series of waves, each wave
consisting of a number of attack passes, Attacks are

( 1.47) assumed to be at low level, with the targets exposed at
about 7500 meters, with target speed about 300 m/s,where so that the average time to weapon release is 24

seconds.

U2 1 1 0 The evaluation is conducted from the point of view
U2 0 0 .i of the loading experienced by a single fire unit, on the

assumption that all available fire units fire at the3-plane element of each attack pass,

We assume

No doubt one could postpone the final extraction or F, a 1/2
the four subsets of probabilities within Yj by addi-
tional matrix manipulation, but the solution is simple, Eac wav has a ate
when Equation (11.47) is expanded directly, It is Each wave has an average duration of 6 minutes, the

average interval between waves is 6 minutes, and there are
YI I/D 4 attack passes per wavi, each duration 0.40 minutes.

2 kI/D Then
F1a - 1/12 per minute

Y klk 2/D a - 1/6 per minute

YIr *klk2k3/D On the average there are 4 attack passes per cycle, or
4/12 per minute

where Fi(b + X) - 1/3 per minute
F,(b - 2,5 per minute

kl a, 2 /(b+X+a2c) F1 " 2/IS

k2  a2,/(b+X+v) b/a - F2/F 1 - 15/4

b - 5/8 per minute

k3 (P/P)/ [I+ + -15/83b/a- I +O //A)

D I 1+k+ k-k2+kik2k3  (11.48) 15/22 per minute '7
InDthebov exression i + + k ar2 very lae. The tactical coefficient set is shown in Table XI-3,In the above expressions, ir a,,, a,,, are very large,

corresponding to no delay in detection, identification For a hypothetical weapon comparison, we use three
and acquisition, the expression for Yl,, the fraction of generic weapons roughly similar to existing weapons,
the attack pass over which firing is conducted on the These are
average, reduces to a. 'Duster-type': visual detection, identification and

acq Ltisition.Y l I/(I +k1 ) (k1,4)))
b 'Vulcan type': visual detection and acquisition,

electronic [FF,
and this is the expression obtained earlier, c. 'Oerlikon-type': radar detection and tracking,

Since v' is defined by s - ,/N, where Vo~ Is the electronic IFF, automatic track radar put on.
maximum rate or fire on the gun, and N Is the number The coefficients describing these characteristics are
of rounds per load, if we set to - 0 In the above (a,)' - mean time for detection and identi-
expression%. we obtain the mean firing time per attack
pass. without the load/reload limitation, as it depends fication
on the tactical parameters, and the mean time to (ak)' - mean time for acquisition and fir-
detect, identify, acquire, etc. ing data computation
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Figure I1 -7. Flow Diagram for Attack and Engagement

In a real weapon evaluation these coefficients would coaparison or effectivurness including terminal effect i
he determin ed by separate analyses. Here we assaume and prohability of hitting.
values for illustration. The maximum rate or fire,
rounds on mount and reload rate are those listed in inDuster has a simple course and speed sight, requir.
Table XI-2. The set of weapon parameters is then as i human estimates of target course and speed, Vil.
shown in Table XI-4, can has a computing sight, manual tracking, radar

range, (and 6 x 12 mils artificial dispersion). The
On working through Equation (11.48), we obtain the Oerlikon system has radar tracking and a 'complete'

Following results, shown in Table XI-5, fire control solution, We estimate for the example
The assumed attack pattern with its frequent waves (again, simulation and/or separate analysis are re-

and passes within waves stresses the reload capability quired to properly evaluate real systems) that the
of the weapons, equivalent standard devlation or projectile miss dis-

tance for the three systems Is in the ratio IS mils, 10
Rather than drop the example at this point, we mils, 5 mils. Then the expected number or lethal hits

anticipate later considerations and introduce a rough per firing pass is as given in Table X1-6.
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11.8.2 Advantage of Early Kill Recognition
Table Xi-3. Tactical State Transition Rates for The model does not explicitly recognize the aammuni-

Engagement Analysis tion savings possible if a fire unit can stop firing when

Coemcient Value (per minute) it obtains a recognizable kill, This effect can be easily
included by augmenting the target departure rate from
the defense envelope by an average kid rate.

1/6 11.8.3 Variation of Coefflicents During an
Attook Paus

b 5/8 The detection rate, identification rate, kill rate and
other parameterm change as the target range decreases,
passes through a minimum, and again increases. The

15/23 ~probability that the target will drop its munitions and
S1/22en evasive breakaway varies with range. There are

20871415 several approaches to including these variations, as
The last column has been normalized to unity for follows

the Duster-type weapon, a. Computer Simulation, If the Army maintains an
evaluation effort devoted to short range air de-

Fire control performance dominates this hypntheti- fense systems, a computer simulation containing
cal comparison, and it is clear that evaluation of fire all or tKe sub-models of this report and others as
control system performance will be the critical (As well well will no doubt come into being.
as the most dificult) element of an evaluation. b. Division of Attack Pass into Substates. The attact

state can be subdivided into several sequential
11.8 MOVEL EXTENSIONS sub-states, during each of which each of the state

transition coefficients is assumed constant, 0l-The model developed in Section 11.8 may he ex- though they may differ across states, This ap-
tended and further detailed along the l'ollowing lines, proach is feasible, does not require a computer.

and the matrix algebra is feasible, but tedious.
11.1111 Simultaneous Presence of Several Attack However it needs to be done only once, after
Elements In Defense Envelope which the resulting expressions can he worked onie slide rule for system evaluation, or program- i

mad an a desk size minicomputer.
As developed thus far, the model does not recognize

the number of attack elements which may be simulta- c. State Space Solution with Time Varying Coeffi.
neously present within the defense envelope. In effect, clents•. The differential equations of state can be
it bases the engagement computation on the ussump- written either in linear form, with time varying
tion that only one element (of n closely spaced air- coefficients, of in non-linear form, One would
craft) is present on each activation of a 'coanbht state'. then attempt to find reasonable forms for the
Since successive attack elements may be spaced by equations which would admit relatively simple
about 2 kilometers in reality, so that each element is determination of the steady state values, This
not exposed to bomb fragments from the preceding approach requires as much art and ingenuity as
element, this is probably an acceptable assumption, mathematical skill,
and in fact, the probability that two elements are d. Separate Sub-model Analysis of the £ngagement,simultaneously present is negligibly small for the tacti. Engagenents may be separately modelled andcal arrival and departure rates assumed in the analys., and from these analyses average coef-
examples. ficient., may be determined to use in the model of

Section 11.9. This is probiably the best way to
There is no difficulty in extending the flow diagram obtain good estimates of fire unit effectiveness

by adding states and substates in which two attack per engagement, and to understand how each of
elements are within the defense envelope, It Is doubtful the performance parameters ir luences effec.
that more than two eiements need ever be considered tiveness. Fewer Procrustean approximations arefor short range weapons, However the total number of required to describe system performance, andsubstates to be considered is more than doubled, and causes and effects can be better resolved than at
the increased complication is not considered advanta- the macroscopic level of overall syste"n perform.
seous in view of the other approximations in describ. ante, It is this approach which is developed in
ing the situation, subsequent sections of this report,

i Tal
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Per Gun Mean Time (sec) for

AssUnued
Max rate of Rounds on Reload rate Detection and Acquisition and

Weapon fire (rpm) mount (rpm) IIF Computing

Duslor-typo (two gluns) 120i Not applicablo IS 8
Vulcan.type (Gatilni) 3000 800 o 116 8 7
Ovlikon-type (two ptuns) 530 330 33 4 S

20871.616

Table XI-5, Comparison of Potential Firing Time and Average Number, of Rounds Fired per Pass
Moon Fiting Timo (,,.,) • I
,IiT t Avera,•e Number

Without R ul,,d With Reload of Rounds per Pas%
W~apon Construint Constraint with Reload Constraint

Dumtor.type It It 44
Vuh•an-type 14 3.1 135
Oerlikon-lype I" 5,2 96

2087161*7

Table XI-6, Expected Number of Lethal Hits per Firing Pass

Probability Relative Number

Number of or Kill, Given of Lethal Hits

Weapon Rounds (N) U lilt (PC) Npc NPcih

Duster-type 44 0,48 21 1.0
Vulcunllype 155 0.15 23 2,4
OerlikistwtypL 96 0150 48 20,0 j

20871-618A
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SECTION 12
ANALYSIS OF THE ENGAGEMENT

The most critical part of a system evaluation of a One is not necessarily limited to simulation for a
predicted fire system is the analysis of possible engage- complete engagement analysis. Given the probability
ments, It is this element of the evaluation that is most distributions required in any case to properly design a
likely to be averaged over in top level defense simula- simulation for this non.linear, time varying set of'I tions, but only at the engagement level can one deter. event transitions, it is possible to work through the
mine the best values of the many trade-offs possible in successive convolutions of probability density runctions
system design which cumulate to make a difference or to obtain the desired probabilities of aircraft destruc-
30/1 in overall effectiveness between excellent systems tion and destruction of the defended target. This

* and good systems. requires somei skill in choosing integrable forms to
To fully define the system capability, one requires approximate the individual functions, and if a com-
T de sement computations for a large number of come puter is available, and continued analyses of this kindena tions orm are lanned, it may be more economical -) use

bt mnations (d )simulation,

ia, Illumination (day/night). Target tactics are a principal determinant of the
b, Weather. outcomes. Note from the flow diagrams that the target

can exit from each event state by releasing its muni.c. System operational modes. tions and breaking away. The time at which this

d, Threat magnitude and attack scheduling, occurs, or, more generally, the probability density
function of release ranges, is an option open to thee, Target type, munition, and attack mode. attacker, By delaying munitions release, he improves
his chances of destroying the defended target, in Sen-

1The principal uTAT intowhiheral, but lessens his own survival probability,
The principal substates into which the eng1 emrent The defender, on the other hand, would prefer to do

may be subdivided are shown in Figure 12c "for an most of his shooting at relatively short ranges to
engagement with prior target identification, and in conserve ammunition for given effect, provided that he
Figure 12.2 i or an engagement without prior target is clever enough to get in his shooting before the

aircraft releases its munitions,
The transition rates between states depend on the A proper engafement analysis should therefore con-

target position relative to the defense site, and hence sider the interaction between attacker's weapon release
on time, as well as on environmental parameters, target doctrine, and defender's firing doctrine,
tactics and system design characteristics,

In the following sections a series of sub-models is
Subject to the availability or the information re- presented which allow a preliminary exploration orS quired to quantify the model, the event sequences of each state of the engagement,

Figures 12-1 and 12-2 can be developed in a simula.
tion. In the present section, however, sub-models are 12.2 INITIAL EXPOSURE RANGE OF TARGET
developed which allow preliminary analysis and com- The range at which a target is first exposed to
parisons of systems, prior to the availability of a possible detection de ends on its altitude, terrain char-
complete engagement simulation, acteristics, and on whether the target is flying level or

The Litton simulation allows the portion of the following terrain contours.I engagement beginning with target acquisition and The variability with terrain, for low flying aircraft,
continuing through kill or departure of the target to be is very large, and the initial exposure range will vary
"evaluated quickly, This simulation has an extremely widely for different directions of' approach to a de rense
versatile capab lity for evaluating a wide range of site in most cases, since few sites have uniform 3600
sensor characteristics, weapon characteristics, predic- coverage.

tion and smoothing algorithms, and target path types, One may use digitized terrain to examine a particu-
To complete the present section, however, some lar site in detail, However, a substantial am"unt of

simple analytical models of the firing state are pre- effort is involved in doing this for a wide set of
tented. The approximations used have been deter- representative terrain types and site locations in a
mined, by comparison with more exact results front the specific terrain class, For initial estimates it may beI simulation, to be adequate for rough estimates. They preferable to use a simpler method which employs the
permit an initial sizing of the problem prior to laying principal parameters defining exposure range. A possi-
out simulation runs, le approach, which is not yet completely satisfactory

I
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*If ont uses the Caywood-Schiller formula directly, is made that the qualitative designations can be related
one finds that the exposure ranges are high by a ractor to the~ qualitative designations suggested by Caywood-

of about 2.5 over those obtained in helicopter detection Schiller.
experiments. This difference might be explained on the
basis that the helicopters used approach paths which
concealed them from the sight as long as possible. but It will he noted fromn Figure 12-4 that Increasing
the difference requires detailed analysis, for a full terrain roughness inm~eases exposure range. As terrain
added in Figure 12-3 to reduce exposure range by a ugain, as sketched via the dashed lines, but this was not
factor of 2.5. observed in the experiments.
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12.4



1 4000

3000 CS MODEL IZEMO VELOCITY)

z

k ~ ~1000 ~

*TARIET VELOCITY

0 20 40 sso100I ~ TEARAIN'M OU GHN F0.S9 (Or)

MO LLI NC

PLANE 
OG

2007 1-271A

Figure 12 -4. Visual Detection Range of Helicopters, versus Terrain Roughness



tlhe actual measurement in the experiments was p - eD/n (12.2)
'exposure time' during which the observers could see where the reference indicates a values or D. - 1.3
the helicopters, and to construrt Figure 12.4 this was kilometers for a mid-European zone, and 1.65 kilome-
multiplied by velocity and divided by a factor or 2.0, ters for northwest Germany ,
to obtain a rough estimate of initial exposure range.
The experiment included the detection process, but An extensive set or references on the effect or terrain
even if one adds two or three seconds for the observer on target exposure range is given in the accompanying
to detect the helicopter after it has been exposed (in Analysis Report on this contract, including the Cay-
almost all cases he had already heard the engines and wood-Schiller analyses.
was alerted to the approximate direction of approach), 12,3 VISUAL DETECTION PROBABILITY
the difference between the model and the experiment is
still not resolved. Before going into detailed computations of visual

detection probability it may be helpful to have a
Another complicating factor, difficult to include simple method of making initial rough estimates, The

properly in map studies is the effect of vegetation, nomogram of Figure 12-5 makes this possible. A
uildings, etc, in shielding low flying aircraft against detailed discussion of the factors entering the estima-

exposure and this may help to explain the difference, tion of detection probability by a human observer is
provided in Section 3.0 of the Analysis Report. Figure

The relationship between target height above ground 12-5 is based on the following rationale:
and speed in Figure 12-3 assumes that height/standard 1k!
deviation is a simple function of velocity, In fact it is
probable that for a given velocity, target height above r, The search rate of a human observer can be a
ground increases as a higher power of standard devia. represented bya 'glimpse rate' multiplied by a
tion, and this may also help to explain the increase in function of range which depends on target rela-

sighing ang wit terainIroghne',live contrast at the observer and the angle sub.sighting range with terrain 'roughness'. tended by the target at the observer's eye, The

The variation of the experimental data with even relative contrast of a target against a sky back-
small displacements in ohserver position is much ground is approximated as a simple exponential
greater than the indicated effect of terrain roughness in function of meteorological visibility range V,,.
Figure 12.4, h. The probability that a target approaching the

observer has been detected by range R, if it is j
It is therefore suggested that Figure 12-3 may he first exposed at range R. is approximated by

acceptable for rough estimates of target expo.,ure
range, and that the usefulness of a simple chart of this
type may be sufficient to encourage its improvement rRo -k, R/V
based on more extensive experimental data and com. -k/v R-2e m
puter analysis of terrain data. ( * Ito R (12.3)P(RR) •Ie(23

An example of the use of the nomogram is shown by
the dotted lines, A target flying at 400 knots under where
manual control is estimated to follow contours at about v - target velocity
2.2 times terrain standard deviation. For a site at the
terrain mean elevation in rolling terrain, the average R - slant range
initial exposure range is about 3.8 kilometers, and the V,, - meterological visibility (meters)
exposure range for a 'best' approach is 1.5 kilometers, - a numerical constant
The exposure time to midpoint is therefore about 19 n
seconds for an average approach and about 8 seconds k - a coefficient depending on the solid angle
for a 'best' approach. scanned by the observer.

In estimating sighting distances, one might expect c. The function
that as the velocity of a helicopter is reduced in nape
of the earth flying, and the height above ground Q(R,-) - 1-P(R,-) (12.4)
approaches zero. the distribution of exposure ranges
might approach that ahleady worked for tanks in tank has been computed, using Hummro and Human I
versus tank combat. Some data on tdnk Eiphting ranges Engineering Laboratory experiments under con-
has been published in an unclassified journal" and ditions of excellent visibility, as a point of depar.
appears to he based on an exponential distribution, so ture. From the curves of detection probability
that the probability that a tank is exposed beyond D versus range for 45/90" search, curves for other
kilometers is vla.es of V,. have been estimated,

12-6
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Figure 12-5., Nomogram for Estimating Cumulative Visual Detection Probability

d. From the form of Equation (12.3) Figure 12-5 is limited to estimates or detectionI probability of aircraft approaching the observer on a
(R Q(R,o)/Q(Ro,.) (12.5) low altitude path the ground track of which passes

Q(RR 0) through the observer's position. It should not be used
for paths with more than a few hundred meters cross-

and conversion to other target velocities v is ing range, or for high altitude paths. It also does not
accomplished by 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

Q(RRov) w Q(RR 0,400)4 00 /v (12.6) eventually. For offset, or hith altitude paths, one might
perform the integration of Equation (12.3) over the

To use Figure 12.5 enter with the initial target corresponding range segments, in which case, finalIe and the range R at which the detection probability would not be unity. In this case
one should probably also introduce the change incumulative detection probability is desired, Draw a

line from the higher intercept on the vertical axis to
oint C. This is line A. Draw line B parallel to A. As An example of how one might combine the

rnter the target velocity section of the nomogram with probribility density functions of successive states, con-
the intercept of line B on the axis OC and read side: the convolution of the exposure range function
cumulative detection probability on the horizontal axis. witlh that for visual detection.

The basic data was taken against low level targets Over the range
with unobstructed 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 SOO<v <10,000 meters (12.7)
needs to be examined very carefully, If the data have
been interpreted properly, one would not consider
seriously the design of a low altitude air defense the range at which a cumulative detection probability
system to operate beyond 2000 meters and depending of 50% is attained, for the conditions of Figure 12-5
on visual target detection by a human operator. by

*- 12-7



t.R50 I OO0) 6 K (400/v) (Vm/ 1000) 1/2 (12.8) OR% F Ro)+Rd(o
where Pm, V, are measured in meters, v a target Q(R X-. Q(RR 0 ) dF(R 0)+ dF(%)
velocity in knots, and m e-a/R 2 . a e-m/R 2

• -. ... . .(12,14)
K w 0.3 for 180-3600 scan m-a

n 1.0 for 4S - 900 scan where

a 2,0 for less than I0° scan (12.9) m a .693 Rs02

The probability that the target has not been detected (RAY 2/(2

by a range R, given initial exposure at very long range
can be approximated as

For an e•,aluation, one needs Informi ]on on the._ Q(Ra.) • (12,10) probability of having visibility ranges V,, under the
operational conditions being considered in the evalua-

and the probability that the target has not been de- tion, This data exists in large quantities for all opera.
tected by R, given initial exposure at RK is then tional theaters of interest. Figure 12-6 shows typical

distribution functions for Germany, for two months of
"'693(Rs0 2) (R-2 iR .2) the year,

Q(R, R0) e " ~ R~The Function seems to be representable in the form
- 1.0 ',R IRo

(12.11) Prob(Vm > Vm*) a 0 k(Vm )3/2 (12.16)

We now wish to combine this with the probability m
density function for initial exposure range. For this
exam ple, we ignore the probability that the target may .,
drop its bombs and depart before the detection process Equally important in assessing tactical limits on the
has been completed, engagement is the amount and level of cloud cover. In

general visibility at low angles of sight is greater than
To perform the convolution of the probability densi- visibility range at high angles, since cloud cover tends

ties in closed form we require an approximate form to lie at about 5000 ft. With extensive low cloud cover,
for the exposure function that will integrate with an attacker using visual bombing is unable to acquire
Equation (21 II). The function given by Caywood. targets for dive bomb attacks, although he may be
Schiller is rather complex, and we replace it by one of engaged through cloud cover by a radar directed fire
about the right shape, which has not, however, been unit, Data on cloud cover tnd its frequency of occur-
checked through for accuracy of representation. rence is also available from sources of meteorologicalstatistics.

We assume that the probability that the target has s
not been exposed by range R, can be approximated by 12.4 VISUAL IDINTIFICATION
the function A chart similar to that of Figure 12-5 could be

*uI/R 2  developed for visual identification, but unfortunately
F(R( U (12.12) time has not permitted this, Range for visual identifl-

cton is much shorter than that for detection. Refer-
ences to experimental data are given in the Analysis

The average exposure range (which would be ob. report, and some sketches of Identification contours,
tained from Figure 12-3) defines the coefflcient a, as compared with detection contours, were provided in

the AFAADS.l report.

(Ro)Ov = er 11)1/2 (12.13) In general, reliance on visual identification will be I
even more severely limiting on a defense system than

reliance on visual detection, and there is hardly any
Then the probability that the target will not have point in attempting to develop a system with extended j

been detectedby range R, averaged over the distribu, elfective range if it cannot be cleared to fire until the
tion of exposure ranges, works out to target is within a rew hundred meters. " '•'-
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I12.5 TARGET DETECTION BY RADAR in$ from terrain masks should be reliably detectable in

Characteristics of a number of current radars in- no more than 2 seconds,
tended for surveillance in air defense systems are listed In the case of the Crotale short range surface to air
in Table XII-I. The indicated detection ranges are all missile system, which employs a surveillance and a
considerably in excess or those required for a predicted tracking radar, an elapsed time of 5 seconds has been
Mre system to operate at its maximum effective range, estimated from first target sensing by the surveillance
which for a gun is not likely to exceed radar to lock-on by the tracking radar. Of the 5

seconds, 2 seconds are allotted to slewing of the track.

Dnax(kin) a Caliber(mm)/S (12,17) ing radar to the direction designated by the surveil.Dmax(kin .alibr (rm)/ (1217) lance radar.

5 with the best fire control currently possible.

Radar rotation speeds are about I second, and if two
wvans are required to confirm detection, targets emerg.12.-

I
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I12.6 ELAPSED TIME TO ENGAGEMENT OF 12.7.1 Estimating Time of Flight
TARGET The computation of exterior ballistic data Is a highly

U Asa rughindcaton f a inium laned ime sophisticated science. However, It Is helprul to have a
fro tar etposure idction ofaminist elpsoedtimpat quick moans or estimating time or flight to a speified

frmtsb get ex psr to hass possible prjcieipc, range without searching through firing tables, drawing
Tal 11- asbe developed based on the Crotale some cnnfidence from Figure 714 which Ine -ate. that

estimates. The times Indicated are for a completely sI'Mple normaiiatic ., or projectile data alic .time of'
atmtcsystem. Elpe iesCn rcureevr ngt to bej pltted against slant range with only small

much longer with at manual system, depending on scatter about a mean curve, at nomogram has been
whether the operators are alerted and at theii operat- developed and Is presented As Figure 12-7,
Ing stat ions, 'They might even be shortened by rurtherIimprovements in automatic system design. The family of curves Is based on the esimated time

of nlight versus range relationshpdvledia
In he resnt tud, n daa hs ben cquredon design study for an Improved 37m _ projectile. with

the actual elapsed times of the component parts of the batianwtourttngband. Tecre o
engagement process from which one may estimate other calibers are obtained sipyby scaling ordinate
lim It and ossiblities of improvement, No doubt this and abscissa in proportion to ca Iber,
data exists inrecords of artiaircraft system tests, and It The curves are computed for a muzzle velocity of
should be organized in a form suitable for use in 1100 meters/second. Aguai,, relying on Fi ure 7.14, if
analysis and simulation. not on theory, time or Might to a sped led range Is

computed as a ratio to time of flight for 1100 meters
12.7 EXTERIOR AND TERMINAL BALLISTICS per second, and the left hand portion of the nomogramI allows correction to other muzzle velocities,

Before discussinl; the evaluation of the prediction The dashed lines show an example, A 20-mm round
plorths a oi emtosfretimating prTo- at 1100 meters per second with excellent drag; coeffi-

jectile time of light and lethality are a useful prelmi m. cin hias a time of flight of about 5.S seconds to 3000
nary, since these factors are employed in the overall mees ndtamuzevlctcf 00mtr e
engagement klprbbltesiassecond the time of flight is determined to be approxi-

Table XII-2, Event Sequenice in Engaging Target mately 6.0 seconds,I _____________________The nomogram Is constructed for a projectile density

Elapsed Timie P 4, (wP /C3)x 104 w 0.317 (12.18)
Event (seconds) where w, - projectile weight in pounds, and C

TargetExposed Itcalie n biietuedrot at or values of p and less thanI ~timpumtbllistics by ent ring with a value of caliber

(6 rmIcn - C(p/0.317) K (12,19)

Target Designated to Tracker 2Whr
c - the caliber or the round being estimated

Tracker 5iews 4 p - Its computed density
K - 1,0 for 'excellent' ballistics

Trackei Loko 0.8 for 'good' ballistics
0.6 for 'fair' ballistics (Typical of most WW

IFiring Data Avlaiibi, 7 11 projectiles)
(2-to soothng)Ct - value of caliber used to enter the nomogram

... ~ moot~ns)Instead of c.

The two curves or Figure 7. 14 differ by a value of
Plitst Round Arrives at Target L7 + time of nlight K - 0.6 as can be seen by sliding one along the zero

-20871430 drag line until they coincide.
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Figure 12-7. Nomogram ior Estimating Time of Flight versus Slant Range With Excellent Ballistics

The nomogram might also be used inversely by The user may improve Figure 12-8 by replacing the
entering with given time or flight versus range points kill probability curves by data from classified analyses
for a specified projectile, reading out an equivalent which may, or may not reveal similar functional
caliber, and computing K to provide a basis for discus- relationships, I
sion with the ballisticians as to whether the ballistic A1design might be improved, A similar nomo~ram could be devised for AP or API

projectiles, as opposed to HE, but since these projectiles

12.7,2 letimtlon of Terminal Effectlveness ave an effectiveness which varies significantly with
impact velocity, an additional parameter would be

Determination of the probability that an impact on required.
a specific target type by a specific projectile type will It appears that all modern antiaircraft guns are
cause damage or destruction of the target in various intended to employ high explosive projectiles against I
categories is an advanced and sophisticated mcience, aircraft targets, Evaluation of automatic weapons of
Such estimates ror modern weapons and targets are less than 20 mm caliber would require consideration or
classified and in any actual system evaluation, should other types or projectiles,
be done by experts.be dne b exprtsIn addition, the possibility that some ground support

For initial rough estimates, however, the nomooram aircraft may be heavily armored could make the lob.
of Figure 12-8 may be helpful. The noniogram Allows served crash' curve too high.
a quick estimate or the probability that a high explo. The following comments are extracted from a sum-
sive, contact fuzed projectile striking a fighter-bomber mary report on German antiaircraft artillery in World
will cause destruction or the target in each of two Wei It:
categories (I) immediately observable, mid-air de- I
struction, and (2) a delayed crash within observable 'The 20 mm flak gun was too light and lacked
range of the defense site. In the case or observed, mid- penetrating power. The 37 mm gun was good and
air destruction, the defending fire unit can cease fire at should have been set up on multiple (three or four
once, and attempt to engage a new target. In the case iun) mounts, Efforts should also huve been made to I
or delayed destruction, the fire unit will fire the course' evelop a somewhat heavier sun, with a caliber of 40
and have a lower availability rate against a new target, to 50 mm, especially since tests carried out with 50

12-12 i
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Figure 12-8. Nomogram for Estimating Probability of Kill, Given a Hit with HE, Contact Fused Projectiles

gmm uns had produced such excellent results, The 8,8- air support missions, Frequently formations or Me.
cm and the 12,8-cm guns, which were sometimes used 109s and even Fw.190s expended their entire alloca-
in defense of static installations, also proved to be tions or ammunition firing at them without bringing

S!satisfactory in every respect in 1943. Because or the them down, German antiaircraft commanders noted
frequent appearance or armored Sov~et ground-attack that the 'Stormoviks' could be shot down by light and
aircraft it was found to be advisable to issue ammuni- medium antiaircraft artillery only if direct hits were
tion in mixed lots, containing both armor-piercing scored and soon began to make greater use of the
(shaped-charge) and regular high-explosive flak am- heavy (8,8 cm) gun against Soviet aircraft. IL-2 planes
munition in a ratio of 1:3 or 1:4.' were most vulnerable when fired upon from above or

'As early as the autumn or 1941 the first IL-2 from the rear by explosive ammunition, The tail and
I (llyushin) 'Stormovik' ground-attack plane appeared at control surfaces disintegrated readily if struck by gun.

the front, This type, which soon became available in fire, At ranges of 9o0 to 1,200 reet, light antiaircraft
large numbers, was ideally suited, by virtue of its guns had little effect upon them, although successful
rugged construction and excellent armor protection, for hits were scored by medium or larger calibre gun&

* 12.13
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which h•ippcned to strike the engines, tail assemblies, ing operations, differentiation and prediction, With
or control surfaccs of' these planes. The 'Stormovik' modirn computers and servomechanisms it should be
was somewhat sluggish in per'ornmanei; it mitht have possible ,to hold• *ribr resulting (tom the compute.
been more maneuverable except for its weak power tional elements to very small values, compared With the
unit.' errors resulting from sensor errors,
12.8 FIRE CONTROL EVALUATION The prediction error resulting from sensor tracking

As indicated at several points in the earlier sections errors incieases 'vith projectile time of flight and
of this report, the piincipul factor determining the decreases with increasing data smoothing time. It also
effectiveness of predicted fire systems is the accuracy increases with the number of derivatives used in pre- .
with which the predicted target position can be comm diction. Thus sensor noise is amplified more in a
puted. The diffeictce between a 'best s of' prediction quadratic predictor than in a linear predictor,
Algorithms and a set of approximations justi fld on the
hasis or' case of' implementation is too largo to be Short smoothing time is desirable for rapid initial
rectified by high rate o.' fire and artificial dispersion eeration of firing data, and to minimize lag when

the target changes direction or, velocity, For a specified I
12,8,1 Limiting Constraints on Well Designed effective smoothing time, some shaping of the weight-
systems ing function is possible to improve the effectiveness of

With the current state of the art of' digital comput. smoothing, It is usually better to have a weighting
rsih pierformac seromechanm o esodgood function approaching a parabolic shape rather than aeras ih Perr'ormance servomechanisms, sensors, good

mechanical design of' the gun mount, excellent projec. simple exponential, ecause the long tail or the expo.
tile ballistic characteristics, and effective system cali- nential delays the rate at which old data disappears
bration procedures it should he possible to reduce all from the system, The best shape depends on the power
sources of system error to a level where performance spectral density of the sensor error, and some compro-
can be described in terms or maising between early availability of good data, and

u. Irregularities of' the turget path, minimization or the effect of old data.

bh. Sensor dynarnis (error and power spectral den- Some averaging times of past fire control systems
sity) eare given in Table XII.3, The M9 computer was for

use with the 90 mm and 120 mm guns out to time or
c. Prediction algorithms, flight t - 30 seconds,
d. Ammunition dispersion. It seems probable, from experiments on the Litton
e. Projectile terminal effectiveness, simulation that smoothing time should be an increas.
r, Rate i. ing function of time of flight, to retain short settlingeof Fire, time against targets exposed at short ranges and effec.
At the relatively short ranges of predicted flre sys. tiveness at the longer ranges against target. using pop.

tems, a pulse-doppler tracking radar is expected to be up tactics to deliver stand-off weapons,
limited in accuracy principally by 'glint', with a linear
standard deviation constatit with slant range, and To show how performance may vary with target
about equal to halr the projected target dimension path and the prediction algorithms used in the flre
before data processing. Visual trucking by a human control system, Figures 12.9 and 12-10 have been
operator with regenerative aiding, and well designed obtained from runs on the Litton simulation, The
control, and, possibly up to 3x magnification In optics simulation was for a 25 mm gun with excellent ballis-
should do at least as well, The provision of regenera. tics. 1100 meters/second muzzle velocity, and the tar-
five assistance should make this capability independent et flew at an aver-age altitude of about 400 meters at 3
of target angular velocity and acceleration, 100 meters per second,

However, this performance can he improved by data The index shown in for probability of destroying the
smoothing, and the amount of the reduction depends target with a one second burst which, for this weapon,
on the glint, or human trucking error band width, and contained 58 rounds,
the corresponding filtering which is possible in data

processing. The curves correspond to computations along a line
Since prediction lnvolvc5 differentiation, very nat. of constant angle from path midpoint on paths ofr
row preniorerror bandwidth may be as advantageous as progressively Increasing crossing range. The projectedrow sensor dwidth masoie angularntageob. area of the target was therefore approximately con-

very wide bandwidth, ifr csociated angular lag prob. stant, and the curves show the effects of range, time or
lems can be circumvented by regenerative aids. flight, prediction algorithm and target maneuver, In all

The sensor tracking data is processed in fire control cases the weapon was assumed to have 3 mils angular
system by various coordinate transformations, smooth- round to round ammunition dispersion.
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the comp'itational process and the system operation as
Table XII-3. Data Smoothing Functions a whole may be degraded in various ways by the shock

of firing.
Time Constant

weighting of Memort Most important, all predicted fire systems are highly

Year System Function Time vulnerable to errors of boresighting and day to day
'calibration',

1930 Wilson-Sperry Constant 3 wec 12.8,3 Need for Comparative Tests and Analyses
T-4 Some of these error components may be estimated

by paper studies. One may, for example, compute the
1935-40 M.4, M.7 Exponential tp/l 3 magnitude or aim error resulting from approximations

MechanicaI in various computational algorithms.

Experience indicates, however, that the performance
1940. Gyroscopic Exponentiul tp/3 or an existing system can only be determined with
Qurr*nt Loud Com. acceptable validity by actual testing. The testing must

t ading Sight . bhe done in a way that separates the inherent system
pufing Sight errors from those resulting from target path irregulari-

ties. This suggests the rollowing sequence of tests. .
S 1942.40 M9 Appr~imtuly IOeci20 l a. Static, or semi.dynamic test of computational

Puraboliv options accuracy with fixed position inputs, and possibly
constant velocities injected at the differentiating

1960 Vigilante Approxniately 3 suc units,

BI.eoponential b. Dynamic test with synthetic target path inputs

20V71-6 Injected at the sensor inputs. This may include
firing.

At short ranges the probabilities drop bacause of the c. Dynamic test tracking a synthetic tarlet on a
very high rates of change of acceleration and the ract specified set of paths with sensors operating.
that the assumed regeneration algorithm was only d. Tests against real targets on simple (unacceler-
effective in correcting the first two derivatives. ased) paths, possibly firing blank ammunition.

The systems have not been optimized, The linear
prediction system would do better at the longer ranges e. Repeat of (4) with the target flying typical attack
ir smoothing time had been increased with time of paths.
flight, Note that the preference order or the prediction
algorithms changes across the two cases, r. Firings against drone targets, with live ammuni.

tion,

System optimization would project the effective
range in both cases considerably beyond 3000 meters. 12.9 COMPUTATION OF ENGAGEMENT KILL

PROBABI LITIES
125,1.2 Possible Defloleniese of Existing Systems

Unfortunately, many fire control systems offered as The Litton simulation allows rapid computation of
candidates for selection do in fact contribute addi- engagement kill probabilities for a wide variety of
tional errors to' the generation of gun data resulting prediction modes, algorithms, target path types and

n erom tsystem parameters. Considerable insight can be gained,i from nevertheless, on why results on the simulation turn out
a, Computational algorithms which are imperfect the way they do, by simple analytic models, These

even against unaccelerated targets. models use approximations which have been deter-

b, Instrumentation (mechanization) errors', result, mined to be acceptable by comparison with simulation
ing from scale factor limitations, ear backlash, runs,
shaft torsion, transducer errors, internal servo 12.9,1 Summary of Probability Relations Alass, etc.

c . Imperfect computation of projectile ballistic data,

and other causes. In addition, gun mounts may have an This section summarizes briefly, the probability rela.
undesirable degree or flexibility, drive servos lag, and tions used in computing engagement kill probability.
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Single Ahot hit probability is approximrted as ,(1222)

S,. e22./( + 2o2 (12.20) where A(y,) is the probability density function of biasa2 + 202 across burst%. It f(y) is assumed to be representable as

a circular normal distribution with variance Go', 0 can
be evaluated in terms of the Incomplete Gamma

where the projected area of the target normal to the Function,
bullet trajectory is Fi ure 12-11 shows burst kill probability p, com.

puted from Equation (12,22) where

and At "ra 2  (12,21) Pb -€ (12,23)

In Figure 12-1I

ao standard deviation or the probability density
function of the shot patte:'n (linear) measured
from the center of the pattern.

PE a expected number of lathal hiti
r 'bias', or deviation of the center. of the shot 32 t u l

pattern from the target center. F a np. 12 + 2u2 + 202 (12.24)

Single shot probability will usually he very small, in +

which case the relative shapes of the target and the and 1
shot pattern are irrelevant, If the bias occurs princi-
pally in one dimension, a simple and obvious modifi. A • 20h 2 /(02 + 202) ( 2.25)
cation of Fquation (12.20) is required. For details, see I
the AFAADS-I report. Ahmmunition dispersion may be considered a dispos-

To convert hit probability to kill probability either able parameter, at least in the system concept stage,
multiply p,, by pt. the probability that a hit causes a and the dashed lines show how burst kill probability
kill, or replace the term a' by I%2, The former assump- varies, for a constant value of na'pR/2ov', as ammunXi
tion is equivalent to assuming uniform vulnerability of tion dispersion is varied,
:he target over its surface; the latter assumes that When E is small, pt is essentially independent of x,
vulnerable components arc collected about the geomet- and is a function only of E. For large E, an adequate
ric center of the target. When p, is small, both ap- approximation to p, with optimum dispersion, Is ob-
proaches give the same result, for all practical tained by taking X - I, and for this case, Equation
purposes. (12,22) yields the very simple solution

All of the terms of Equation (12.20) will vary with
time, but for a short burst of say one second, they can
he assumed to be constant. Pb* I -I 2 E

The term o- contains two components: 1) the ran-

dom round to round ammunition dispersion, and 2) a
component of 'aim wander' of the error In aiming the
weapon. For very short bursts the component resulting Another simple solution is available, if the shot I
from aim wander tends to be constant during a burst pattern is assumed to be adjustable to optimum shape
and randomly distributed across bursts; for very long (not necessarily Gaussian), In this case
bursts, a portion of aim wander may be included In the
random round to round dispersion. 2'1!/2

The bias Ir' also Includes boresight, calibration, and
systematic solution errors of the fire control system, In IY
this section, we assume an excellent fire control system, Pb I - (12,27)J
so that the only sources of 'bias' are the effect of senisor o p
error as amplified in the prediction process, and target
deviations from a predictable path,

For a short burst or n rounds, the probability that where the form has been generalized to allow oa,, ocr to
the target survives Is assume dfllerent values,

12-16
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Figure 12-9. Burst Kill Probability versus Unaccelerated Target with 25 MM Gun

The variance or prediction error caused by sensor This ignores the second order eflect or errors in time
error can be written approximately, for a linear predic. of flight caused by sensor errors, and the second order
tor, as effects or geometric transrormations,

I (Up/0t2 - cc + c I (tp/Ts) + 92 (tp/Ts)2 (12.28) The runction is asymptotic to unity rot very narrow
sensor error band width (ie,, the error approaches a

constant value) and to zero for very wide band width,
where the coefflcients depend on the hand width of the It should always be possible to do somewhat better

1 sensor noise and than

o-r 2 variance of prediction error (Op/Ot)2 2 1 + 2(tp/Ts) + 2(tp/T,)2 (1229)

o. - variance of sensor error

t, - time of flight however this function will be used in the present

T, - smoothing time discussion.
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Figure 12-10, Burst Kill Probability versus Linking Target with 25 MM Gun

If quadratic prediction is used, Equation (n12,28) will (12,22) will e time varying. Some remarkatle ( mula.
S contain terms "up to t,', Intermediate modes .between tion results indicate that over a wide variation or path

drntir and quadraticanlquadr anigpeditial' dvlpredito in nurmetrswithl simuegation ovear theucking, thgent orin

which the prediction is updated by an acceleration clent Ar my he assumed to be a constant, i,en, by a

correction to correct for velocity I caused by acceler. judicious choice or antpular dispersion, the daspersion
atien, but not f'or devitidons caused hy targte steelers, pattern and the aim wander pattern remain in about

tion duringl time eof Right, the same ratio,

computation or the appropriate coefficients q ior
Equation (12,28) for linear predictors and 1r u1. One may then compute E From Equation (12.24) by
dratic and partial quadratic predictors Is developedý In numerical integration over the firing segment, or In

detal I theAFADS-Ireprtclosed form by analytical approximations, and finally
detai in he AAADSi reortcompute engagement kill probability from Equation

For a very long liring interval, It is necessary to (1.6.Nt htti rcs osacutfrsra
account f'or the Fact that all or the terms in Equation correlation or miss distance%,i
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Figure 1 2-11, Burst Kill Probability with Aim Wander

For systems with large, slowly varying systematic easily evaluated on the simulation, where any type of
errors caused by solution im perrections one needs to target path can be programmed. In a following section,
know how these errors vary with the engagement a gimple analytical model for estimating fire unit

if eomnatry and dynamics, and the computation is more effectiveness against a jinking I irget Is developed and
involved, However, the diffcult step is obtaining esti- compared against simulation results.
mates of the errors. Once obtained, they car. be Intro-
duced to either the bimple analysis or the simulation. 12.9.2 Variation of Target Pi1ojeeited Area with
The simulation already contains a sub-routine for Aspect
computing effectiveness of piedictors using simple
angular velocity times time of' flight algorithms, and For quick reference, Figure 12-12 shows how the
other approximation algorithmis can be similarly projected area of an ellipsoidal target varies with its
programmed. position Rlong a straight line flight path relative tofle aiceatdo ikn ah fvrostpsae I naeetkl opttos hsae utb

The very large aim errors possible when the target proximatuly those of the fuselage or a fighter-bomber.
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U
multiplied by the probability that a hit causes a kill, straight line path is as depicted in Figure 12-14, The I
which in turn is a function or the weapon caliber and head-on area of the target is two square meters, the
projectile charactr, itics, side-on area is 20 square meters.

12.9.3 Limiting -ffeet of Ammunition and Gun Figure 12-13 shows the single shot probability of
Disperalon hitting the target in the head-on aspect, as a function

of slant range and standard deviation of angular dis-The angular dispersion of a weapon and its ammu- persion, and Figure 12-14 shows the probabilities for
nition, considered as an error which is random across the side-on aspect. UI
successive rounds, places an upper limit to weapon
effectiveness which cannot be exceeded by fire control As an example consider the 6 x 18 rmil dispersion
improvements. This limit, although trivial to compu.te, pattern which may be used with Vulcan. In the head-
is shown for reference in Figures 12-13 and 12-14. on target aspect the elliptical pattern shape can be
The target is assumed to be ellipsoidal, and the vari., represented as an equivalent circular dispersion pattern
tion or its presented area with position along a passing of about 10 mils. At 1000 meters, about 300 rounds

I I I I
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Figure 12-.12 Variation of Projected Area of Ellipsoidal Target With Position on Flight Path
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Figure 12-13, Single Shot Hit Probability on 2 Meter? Circular Target as Limited by Dispersion
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PCr hit are required, and if the probability that a hit Under these assumptions, there will be some release
produces a kill is about 0.20, the weapon would exhibit range beyond which none of the rounds fired by the
about 1500 rounds per kill, with no other sources of defense Will be effectIve, since settling time of' the
error present. computer plus time of flight of the first effective round

In the side on aspect, the elliptical shapes of the will exceed the duration of the straight line segment.In t e sde n as ect th ellpti al hape of the This ra ge is an inverse f unction of the avera ge pro -
dispersion pattern and the target interact, so that the jectile velocitys
Vulcan pattern is equivalent to a 6 mil circular pattern
at short ranges, approaching a 10 mil circular pattern A simple analytical model quantifying these rela-at very Ion$ ranges, A few computations are indictited tionships Is now developod,
as circles to indicate this effect, At 1000 meters in this The sequence of events Is shown in Figure 12-15.aspect only about 30 rounds per hit, or 150 rounds per The aircraft, after preliminary maneuvers to get intokill are required, with the Vulcan attern. position for an attack pass, reaches a point A, at which

To re-emphasize, ,iowever, Figures 12.13 and 12-14 it begins a straight line 'down the chute' run, which
represent upper limits of effectiveness, depending only requires T. seconds. It is assumed that the defense
on angular dispersion, and effectiveness will always be sensor has acquired the target, by this time, hence sed
below these values In the presence of errors in the firing data is available after settling time T,, at wtich
center of aim caused by prediction errors, and other point the defense opens fire. The first round arrives
error sources, after a time of flight t,1.

The design objective, or course, is to match anSular The target releases its munitions at time T. from the
round to round dispersion of a system to the other beginning of its run at point B, and begins its
errors resulting from the computation of gun orders, so breakaway maneuver. It is assumed that the breakawayI that system effectiveness is optimized. Hence in concep. is at high enough acceleration so that hit probability
tual analysis, dispersion should be considered initially after this point is negligible, The last effective round,
as a disposable, rather than a limiting parameter. therefore is the one that reaches the target at T,, at aS On the other hand, when the dispersion is known range Dh, and this was fired at a time T.-to, Table Xll.
for an existing system it can be used ror quick esti. 4 summarizes these events,
mates or performance limits which cannot be exceeded It can be observed at once that the effective firing
by the system. In most cases performance will be time of the defense is
substantially below these limits,
112.9,4 Engagement of a Diva Bombing Airoraft Td N Ta- Ts-tpb (12.30)

This section applies the simple expressions devel. Consider the boundary condition, which according
oped In Section 12.9.3 to the evaluation of the defense to the assumptions states t.t to deliver effective fire, at
against an aircraft performing a dive or glide bombing least one round must arrive at the target based on
attack, The aircraft is assumed to approach at low firing date computed after the target has settled to alevel, then to 'pop up' to an altitude from which it can straight line path,acquire the defended ground target, and then to make
an attack pass which contains a short straight segment The requirement is that time of flight be less than
during which the attacker lines up his bomb sight, and T.-T,, ir the airplane is able to perform its firing run in
develop& t solution to his bombing problem, six seconds, and the computer requires two seconds to

A simple model Is employed In which It is assumed settle, the maximum time of flight will be four seconds,
that That Is, if the aircraft hegins its breakaway beyond a

range corresponding to 4 s&:conds time of flight, accu.a. The target path during its firing pass is a straight rate aimed fire will not be possible.

through the defense ite, as a radial ine More sophisticated prediction modes are possible,
For example, the algorithm for 'defense of A known

b. The defense has a significant probability of hit- point' developed in the APAADS-I report requires 'ero
ting the aircraft only while it is on the straight settling time.
line segment. Simulation runs also indicate that at the expense of

c. Thy computer uses an algorithm which corrects accuracy on the straight line segment, effective fire can
for the target acceleration along the straight line be delivered during the last segment of the turn in to
segment, attack, and the initial portion of the breakaway.

d. The attacker's munition effectiveness depends on However, for the straight line segment only, Figurethe munition release range. This may be approxi. 12-16 shows the 'safe' breakaway range for the air-
mately as the inverse of release range squared, craft as a function of weapon muzzle velocity and
I 12-23
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Figure 12-15, Geometry of Dive Bombing Attack

callber, These ranges are all so large so that the air- ef'fective fire can be delivered only a portion of the

craft will have difliculty In locating its target In the straight attack segjment.
first place, and will be unable to secure satisfactory
accuracy with unguided bombs, It seems probable To obtain an estimate of" defense effectiveness when
therefore, that except when the attacker uses smart breakaway is within the limit defined by Equation (12,30)
munitions or one sort or another, he will in tact have Rassure that tingle shot probability can be written in the
to penetrate the defense to a release range such that f'orm I-

i

12-24



Sa2 PC the D1 terms dominate p,,, and assume a constant shell
* velocity during the engagement. Then

42 + 2 o 2 D 2  + 2 vo 2 ( I + 2 (t , ,/T s) + 2 (t /T I A T 82  ( v a ) 1 v , (T . -. ) . D A

where (12.31a

ja m target effective radius (12.37)
a m anglular round to round ammunition standarddeviation Some observations on the optimum value of Ts for

athis case can be made by inspection. If the ammunition
oo = standard deviation of tracking error dispersion is small, the optimum value of T, will be
pa a probability that a hit ptoduces a kill approximately

I For excellent radar or optical tracking one can hope to attain " (2/3)[T- (Da/Va)) (12.38)

0 al a (12,32) that is, reduction of error resulting from tracking error

is so Important in this case, that 2/3 of the possible
Next take advantage of Equation (12.24) and "Ilrng time is allocated to data averaging, and 1/3 to
12.2 take andestmante E ut ( 4 n shooting, However, this is an uppr limit: if the opti-

(12.26) and estimate E by mum ", is computed from the full form of Equation
(12,31) the best smoothing time will always be found

E • pa (t) dt (12,33) to be less than that given by Equation (12.37).
f The value of average shell velocity is seen to lie

between the first and second power of velocit If
angular dispersion of the ammunition is small, E

It is convenient to change the variable of integration increases about as v, squared.

to slant range D, using This simple model indicates therefore, as would be
expected, that system effectiveness at the longer ranges
with a well designed system against a non.jinkingi

dD/dt 0 -v[1 + (dtp/dt); v - target velocity target increases as about the square of average projec.
tile speed, all other parameters held constant.

(I 234) AAs a further example of what one can do with these

simple relations, assume a dive bomb attack in which
Then expand the Integrand as a series in D', using the attacker has a 6 second straight line segment just

the following approximate expressions as a basis for prior to weapon release. Assume that the defending
obtaining series in D for the time of flight and projec- tore unit requires 2 seconds to compute accurate firing
tile velocity terms data. Assume that the defeuider will accept 20% attri-

tion, and that he chooses his weapons release range
accordingly. Then compute this weapons release range,

dD/dtp v e k1 D (12.35) which is designated 'standoff range'.
s ekD/2 (12) A series of fire unit characteristics is abstracted from

p(12.36) Table Vii-6, It is assumed that the fire control systems
in each case have been replaced by a fire control
system of modern desiagn, rot which the single shot

where the coefficient k, may be estimated from Section probability can be described by Equation (12.31). The
12.7.1. variance of ammunition dispersion is assumed to have

It Is not necessary to retain terms In the expansion been adjusted to equal that of the amplification of
beyond 1. nor n is y to retain therm intehealxpansion sensor noise, and to be conservative, some serial corre.beyond D', or possibly D', and the integral is then lation of succes,'e rounds is assumed, such that thereadily obtained in closed form, variance of burst to burst aim error equals the variance

Having E, one obtains the kill probability over the of round to round error.
engagement from Equation (12.26). The total firing time cannot exceed 4-1p, where t., is

For a simple case to indicate the form of the result, the time of flight of the last round to reach the target,
assume that the engagement occurs at a range where Some rough computations indicate that an average

I 12.23
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II
Results are shown in Table XII.5. One weapon waa I

Table Xll-4, 11equenae of Zvin• in Defenu Agalnit added to those abstracted from Table VII.6, a hyp-
Dive Bombing thetk:•l 37 mm weapon having the same rate of fire as

Vigilante, but firing a sub-caliber 2S mm round at i
Event Elapsed "rime Ranse to T,,rSot about 5000 f/s muule velodty. Roush computations a

indicate that thls combination might be achieved at a
S..... complete round weight (projectile plus discarding sabot I

hjtn Attack 0 Do plus propellant plus case) about equal to that of the [i
p.. 3600 fls full caliber Vigilante round,

This hyper.velochy weapon shows the best perform.
Computer TI DovT, ante in the comparison, followed by the full caliber

Visitants, A weapon with 'Duster' muzzle velocity and
Settled, FIru rats of fire cannot attain 20% kill probability at all in 1
Firil Round this situation, i

The provision of this excellent fire control in all
IZu.cho, the attacker to release his munitions at rinses from IllFlrit Round TN ÷ tpI DpI r •o" vTs" Vtpl Calls except the low performance 40 mm gun, forces•

T,,r•t which iron bombing will be relatively ineffective, If, • [
instead or 20% attrition, the attacker will accept only
5% attrition he is forced out to still greater ranges, p

Last I•.lrl'ecllvu To" Ipn Do ÷ Vtpn approachins those of Figure 12.18,
Ruund Fired•1 "

The fire control system assumed is still not the
optimum that can be conceived, More .mcient sen.or r.i

L.Ni i,:rr•ilv• Tu D,,. Do. vT. noise fllterini is possible, and this brief analysis did
R•und not consider the trade between flrins time and •ettlins

time, A full 2.seconds of firing time against this attack
Reaches Turl•ot path may possibly be gained by the aliorithm deals- !

i0R7l.Si; hated in the AFAADS-I report as defense of a known

point',
time or flight over the firing interval will be about 1,5 i
t., The variance of sensor error is assumed to equal It seems to be. reasonable conclusion that a modern

Shall' the target linear extent in each dimension, predicted fire defense system with well conceived and t
oneThen the expected number of lethal hits is •iven by implemented fire control aliorithms can inflict losses

on dive/slide bombing aircraft delivering iron bombs • !=

that will cause him to abandon this type of attack. •i
F (4•a} "1 The standoff ranges of Table XI].5 are most serl•li. •i

E-vp¢ •--+ (it--isL(' p +.----2.4,.tpa )J (12,39).,sun•esttve ',o weapOnnot oneexteri°rbu, ballisticSfour 20 mmFOr example,,re unitsif lind°he

approximates their elect hi multtplylns the rate of fire I

Siren in the table by 4,0, the standoff range usainat a
where 20 mm dafense of four fire units Is only Increased to

v "severalrate or Iuns)fire of the fire unit (which may mount 2020fire unitmeters' as compared with 1620 meters for one•g

This subsists that the weapon caliber and muzzleS- probability that a hit causes u kill. velocity preferred for the defense are determined by
Burst the standoff ranis which it is desired to achieve, t•nd Ja

Skill probability computed from
the number of fire until €ompds|ns the defense shr•uld Ill
then be chosen to match the maximum hUmher of'

i• aircraft .axpected to be simultaneously within tte de- II
Pb = 1. (I 2,40) tense envelope, i!

111,0,11 11ngsgement of PMelng, Jlnklng AIrer-ft
Maneuverins at the maximum acceleration or which :.•]

Setting ph " ,2t'), these relations allow te, to be it Is capable, a target is unlikely to be hit by predicted
computed. Then assumlns excellent ballistics for each fire weapons, However, any real flight path ts. €orn-
weald)n, lime or flight can he converted to slant rinse, promise between the need to execute a tactical mission,

12-2• r•
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-le, Table X11-5. Comparison of Fire Units Against Dive Bombing Attack

Cilibcr Rato' of Ft$u Mutale Velocity Assumed Terminal Effect Standoff WPnM~~
(MM) (IPM,) "Metetiisea) 04.) (oes

20 3000 990 0. 1 I 1620
23 4000 g00 0.20 1720

30 1300 2060 0,28 1870

35 1100 1175 0150 21401

37 3000 1100 0.10 2610

40 240 875 0,10 676(2)3

40 6S0 1000 0.50 19105

57 240 1000 0.611 1454

37/25(3) 3000 1252 0.22 2910j

Notum: 0I) Standoff range is the ronle at which the dolfame hot 20% probablity' of destroying the torgot
(2) This weapon cannot achieve 20%, the value Is for IS%
(3) Tlis is~ a 37*mm gumn fling a 25-mm subcoliber projrectleo

20871.623

the desire or the pilot to minimize the time he spends 0 P(t) a A061t 1estp -F(a. T',tj (2.3
within a defense envelope, and the possible degrada- P p p) p 1.3
tion or aim or predicted fire weapnns by deliberate That Is, It will vary sinusoidally as
jinking,

A terrain following aircraft will 'Jink' because or the aeP 0) a A0 M W (122.44)
variation in terrain contours, and some Irregularities or whore
flight will be caused by air turbulence.2

This section developst a simple model for computing 0 fP. F (a, Ts, t~) (2A~
engagement outcome against a passing, Jinking, air-
crart, and compares the model results with more accu. o ipeeape osdrnieestakn
rate simulation results. o ipeeape osdrnieestakn

and prediction according to
Consider a target jinking In a direction perpmndicu-

lar to its average flght direction according to theI

yMt a A~ostIt Ia *jW (12.42)1

The transfer function of the prediction and smooth-
Ing algorithm isI

IFp(a. Tol t~ (12.42)

Then the prediction error will be122



SFp 1p t + (k/2) 2 tp2 (12.46) If the period of weave of the aircraft is Tw
where Tw -(2ir)/w-u (2rr)tp/e (12.54)
wher k 0 O; corresponds to linear prudietion i

k " i1 corresponds to quadratic prediction and so the best period of weave for the aircraft is

Now the maximum target acceleration is Tw a 2tp (12,55)
$0 ax A w2 m n o ( 12 ,4 7 )

Ymax 0  Figure 12-17 shows the maximum error amplitude
Iwhere in terms of o as a function of 4/T,, for several values

n a the number of irdvities of acceleration, ofr k, and for the best k for each value of 4,/T..
Since the aircraft is unlikely to be able to match its

i We have period of weave to time of flight, one can ee from
2 a[cos 6 k02 Figure 12.17 that for the case considered, the predictor

.I+ (k/2)2 o21 + i• sin 6 2 ;should use an Increasing proportion of quadratic preo
diction as range shortens. For very short ranges, how-

S0 a Wt p (1 2.48) ever, the effect or target maneuver is small, and there is
T little advantage in attempting to correct for it,
The doernder wishes to minimive this expression, which he It would therefore appear that there is a time of
S can do for a given value of 0 by letting flight interval within which significant advantage in

hit probability can be obtained by using a correction
based on target acceleration, but this correction should

k-(IC .s0W0 212) (12.49) not be used at Ions 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

The square of the maximum amplitude of the sine to express :he data smoothing process. For example,
wave representing the prediction error is one might consider

I s0(t +T),2 .- A 12 - O 2 0 (12,50) " ÷,(0sV- --
A~M2 4G2M/64  ' 1 + s(TgY2)1 2

whore

IG ( /2) a t 2  (12.51) ,2(kI +k2tP +k3t 2)

I [ + (T,/2) 4 4 (12.56)

The attacker wishes to maximize this value, by
choosing 9, recognizing that the defender will then Oke can then go through the same process as dek.
choose a minimizing value of k. That is, the attacker onstrated for Equation ( 12,46), but optimrizing ks,kg,k3,
chooses 9 to maximize (for given maximum ng), One would expect that the end result would work out

in about the same way, but with time or flight in-
creased by hair the smoothing time, since the effect of
smoothing is to delay all measurements by about this
amount.

2 4 2 10 sin 8] 2/04 (12,52) In fact, some advantageous optimization is possible, since
and this occurs at 0 it, so that for the simpler case of no kiloothing, the error amplitude 's'

does not increase with tp indefinitely, but approaches a
s,(nax) ,, (2M)G (12.53) mean value

! !1 .... . .......... . .. 12.29
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Figure 12-17, Relatlve Prediction Error versus Weaving Target

I , nlt pIW (12,57) pi PC 2 d 2 r 2+0 2 ) (12,58)

'or very large , and this value can be further reduced -

by smoothing which would average against high rre wcluency weaves. where

ehtiee . -average target radius N
To obtain a rough idea or how system effectiveness vrg agtrdu

may be degraded by a weaving target, a simple analy-
sis smworked through below, and then compared with a R - probability that a hit produces a kill

few simulation results, r - radial error In aim
The single shot probability is expressed as a,.- linear standard deviation or random error,

12-30
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For a burst of about one second, the error in aim 2/
caused by a weavin, target can be assumed to be .d, Be'.A cAS/2d1

constant during the burst, The error in aim caused by , . o(A/2)
tracking error can be described statistically in terms or
two components, one which can be associated with the (12.63)
random round to round dispersion of the weapon, and
one which can be assumed to be constant during a and for the same number of rounds, eftctiveness
burst and random across bursts. would be much higher. Hence Equation (12.61) is

conservative,
Simulation runs with radar tracking and linear pre- For a directly incoming target with vertical and

diction indicate that for all practical purposes, one can lateral weave a more complicated expression results,
treat this component in a one second burst as random since the effectiveness depends on the hasin or the
round to round, A particular prediction algorithm run two components This can be worked, but will not be
on the sfmulation with acceleration correction to u- analysed here,
date the velocity measurement to present time in t ae
presence of acceleration indicated that the two compo. To evaluate 4 we now obtain an exact solution, then
nents or error were about equal, In the present analy- an approximation which is asymptotically correct for
sis, however, it is intended to consider cases where the small and large A, but the errors of which have not yet
error caused by target acceleration is relatively large, been determined,
and then to add artificial random round to round Consider the Integral
dispersion for optimum kill probability, In this case, /2 E A c032 0
sensor error (excellent tracking) will be submerged in I0

the added artificial dispersion, This uan be expressed us the series

It Is next assumed that the target acceleration results 0 (2/0) -- e .JA cod20dfrom a weave in a vertical plane through the flight ! J0

path, so that * ) J .JA/2)
0 =e QAo2 1(JA/2) (12,65) 1P

r Go coswt G cGYos0 '0 " ot (12,51)) 0

where

G 1/2 (ng) I(Ip + TK/2)1 2  (12,60) However the evaluation of the series is tedious.
and An alternate approach is to approximate I as

0 is obtained from Figure 12.19. follows:
/ A in0

If n, rounds are fired, the average survival probabil-
ity of the tar et, since the burst may be fired at any /point during the, weave, is '1/21

. (2/f)] e'M(l+A0 2)do

0 1 A ON dr.2(1)0 - 2AMl/
0O (12,61) 0 e .MJ(12,66)

where * -npc At/(At + 2we2) Probability of killing the target with the burst of n

rounds is p1
A . ?112G2/(At + 2no2)

At v fa" (12,62) Pb I-0 (12,67)

Note that if the weapon fired not a one-second burst, and Ns has been plotted in Figure 12.18, using Equa.
but continuously for exactly one quarter cycle of target lion (12,66), and the parameters E and R - /A, It
weave, we should have will be remembered that
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Figure 12-1 8, Burst Kill Probability versus Jinking Target

The maxima or Figure 12-18 can he observed to
I , l\At/(At+ 22 2) occur at approximately

A ?rg 2C;-/(A, + .fo1

R npcAt/(irfOf') (I 2,(*) */R

For constant R, A is the only parameter varying with This can also be obtained rrom Equation (12.26) via
dispersion, hence the maximum or the constant R the assumption, justified by Figure 12-18 that except 1
curves correspond to burst kill probabilities for opti. for p0 close to unity, the maxima occur for values or
mum dispersion, in the case where the dispersion AM small enough so that Equatlon (12.26) can he
pattern is circulir, approximated by

12-32
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1 0 ',Mu *(Ai2)] Comparing the two cases, we see that with optimum
ZIA + (2)Ie 'A dispersion, for a circular dispersion pattern the burst

(12.70) probability falls off as 0' but if dispersion Is opti-
mized in the direction of a one.dimensional jink ng,
burst probability falls off only as O"z. The potential

61- gain is therefore seen to be very large.
differentiating with respect to A, the optimum A* for E uation (12.72) is compared with simulation results5 constant R is found to be (2)(2i Sure 12.19. The simulation used a tangential'

V; prediction algorithm, which together with three mils
1(/2 round to round ammunition dispersion appears to

A* ,, (I12,71) have developed a fortuitously good match of random
and bias errors against this jinking target. The jinking

Then kill probability for optimum dispersion, Pb* is than that used in the

* .0,587 R analysis: the aircraft executed a :10.Sg lateral weave,
Pb -. 0,8 (12,72) 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

"If the target is jinking in one dimension, it is -ala- one-second burst of 64 rounds, target presented area ofI tively inefficient to increase the dispersion pattern 4,0 square meters, and conditional probability that a
eojually in two dimensions, The results already ob. hit causes a kill of 0.24,
tamed can be used to obtain an estimate of the best

£ dispersion in the direction or the jinking and the Having obtained some confidence in the simple ex.
resulting burst kill probability, pression of Equation (12,72) by this means, it has been

app lied to the weapons set already employed in Table
Assuming the target to be circular (the shape is XII-5• with results shown in Table XII.6.

irrelevant when single shot probability is small),
Again, the assumption Is that the fire control systems

At actually associated with each weapon were replaced by
AE a 2v (2A31 an 'excellent' system using tangential prediction, and a

( (At + i",)(A,+ 2a,/ good match of dispersion against aim error caused by
(12,73) target maneuver.

It was alao assumed that each weapon had 'excellent'
and assuming that the target jinks in the x direction exterior ballistic characteristics,
only In this comparison an 'eillective range' was defined

as that range at which, for this target aspect, the
Gx defense could secure a 5% kill probability with a one-

A 2 G x irOG (12,74) second burst, For a passing course of this type, the
At + 27roweapons would probably be able to fire for much

fDefine longer than one second per pass, and in fact effective-

A /G 2)i/(A +ness might be expected to rise more rapidly with
R np(At/Gx)/2 [At/(A + 21y 12 duration of fire than given by Equation (I1272), tend-

(12,7) ing to be better represented by Equation (12.63).

Then The oscillatory nature of kill probability against a
jinking target is shown by the simulation results of

E PR.A 1/2 (12.76) Figure 12-20, which shows one-second burst kill prob-
n tabilities along a specific path for two muzzle velocities,

StJinz the approxirnation o Eq. (12,70) and a 20 mm weapon at 6000 rpm.

; e.R A 112(I +(A/2)1e .A (l2,77) The results of the one-second burst computations
"" using Equation (12.72) are given in Table XW-.6, Note

The optimum A* ix that the order or preference of weapons is almost
identical with that of Table XII-5,

* " 0,611 (12.78) The comparison against a jinking target tends to
weight time ol flight as the fourth power, whereas the

. R~t It*,[comparison against the dive bombing target tends to
I c RI (12.7)) weight time of flight as the square.
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Figure 12-19. Comparison of Analytical and Simulation Estimations of Burst Kill Probability versus Jinki2g
Target

It will, or course, be obvious that the two simple have a useful coveraste area nAt, or radius n"2 a. For
models can be written in parametric form, including the moment we cortisier hit probability rather than kill

"simple trade-off functions for weapon characteristics so probability.
that some preliminary and approximate weapon design
optimization can be done berore making extensive For an unaccelerated target, considering only the
overall systems comparisons, aim error resulIting from prediction error, the aim

12.06 Grph~al Et~maes f Sytempoint may be considered to fie in at circle of area 2 a',,',
112,11,1 GaphcalEstmats o Sytemor radius 2"' a',, Now the simple expression Equation

Performanae Limits ( 12,28) makes c',, a function of time of flight only.I
The essential elements of the two simple on~agement Fot about a 20% probability that the coverage area

models can he shown approximotely but simply in will overlap the area of uncertainty of the aim error,
graphical form in the following way: we may plot 21/2 a-,, against time of flight, and on theI

11' the weapon fires n rounds against a target with same graph, plot ( (5n)1, a]I as at horizontal line and
prjctt area A, and radius a, it may be considered to 134observe the time of flight at which they intersect.



increased by the lag introduced by smoothing time.

Table Xi .- Comparison of Fire Units Against With quadratic prediction, the effect of target manau-
Jinking Target With 'Optimum' Fire Control yet is essentially zero at less than three seconds time of

-. -. flight, but the noise amplification is so preat that it
Muzzle Velocity causes an even earlier intersection of the coverage

Calber Rate of Fire (meters pet Effective Range radius.
(mm) (rpm) second) (moteo)

20 - -90The use of tangential prediction produces a slight
20 3000 990 1800 reduction in the error caused by target acceleration,

and the sensor noise amplification radius is slightly
23 4000 900 2000 smaller than that of the target acceleration error.

30 1300 10a0 2200 Hence this prediction mode appears as a good match
to the requirements or the problem, whicT- could be

Is 1100 117S 2600 further improved by..using a small portion of addi-
tional acceleration correction so that all three curves

37 3000 1100 3000 would intersect at about the same time of flight point,

40 240 87s 10OO For this magnitude of target maneuver, the curves
sketched indicate that 20% hit probability with 50

40 6o0 1000 2200 rounds could only be maintained out to about three
seconds time of flight,

37 240 1000 1900
These sketches cannot be used to substitute for more

37/2 3000 3200 accurate computations, b they serve to372i 30 1525 20acrtecmuain but thydo sev oindicate
Iwhat is involved in attempting to extend system effec-Maximum target acceleration: 0.3g tive range. In the presence of target jinking the domi-

STarget projected aresa 4.8 square meters nant role of time of flight is clear,
Effective Ranse is defined an that ran;e at which the fire Varying the weapon dispersion only allows the indi-
unit obtains 5% kill probability with a one-second burst. cations of these curves to be approached, but not

20871.624 exceeded,

This has been done for n - 50 in Figure 12-21, for 12.10 NMID POR VALIDATION OF MODEIL BY
a one meter radiis target, two-seconds smoothing, and EXPERIMENT AND COMBAT DATA
sim pIe, nonoptimum forms of the expressions for o. Complex and userul simulations are available for
for linear and tangential prediction, evaluating predicted fire systems, in addition to the

We observe that we might xect to attin 20% burst simple models presented in previous sections. The

hit obabili ou t to abttin or flig t major deficiency of the evaluation process appears to
tprobability out to about rour sec time of flight with be in the absence of valid data with which to loadItangential prediction and to about ISf seconds time of" te.Dt eurmneicuetefloig

"flight with linear prediction, For a particular weapon, them. Data requirement include the following:

burst hit probability is converted to kill probability by 12.10,1 Target Path Stetlticas
multiplying by the ppropriate terminal effect roba.
bility, and time of fli ght is converted to range by the Even the simple analytic models of this report indi-
appropriate exterior ballistic relation, cate how sensitive the evaluation of system perform-

ance is to assumptions about how long an attack
One can easily sketch In other curves for other aircraft is likely to fly a straight line path in weapons

smoothing times and prediction algorithms, delivery, and what kind of irregular ight ths may
result from terrain following, deliberate Jinking, weap.The same process can be followed for a jinking ons release with 'free-maneuver' bomb sights, etc, ThisI' target, as shown in Figure 12-22. We now have an information is a basic requirement fro any definitive

additional curve: the set of three includes (I) the we ap ons alu a si c rnd iroeptro n,
target coverage radius ((Sn)t" al, (2) the noise ampli. weapons evaluation and comparison.
fication error radius caused by the prediction algorithm 12.10.2 Engagement ItatlatisI operating on sensor noise, and (3) the prediction error
caused the target acceleration (shown for 03S In addition to target path data, experimental infor.
maximum), mation is required on the times required to perform

the many functions associated with target detections,
With linear prediction (effect of sensor noise not acquisition, and system operation. These can be esti.shown, hut identical with that or Figure 12-21), the mated, but estimates have low validity until they are

prediction error' caused by target acceleration is slightly confirmed by operational measurements, with particu.jl 2-35
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Figure 12. 20, Simulation Demonstration of Effect of Muzzle Velocity on Burst Kill Probability versus ,!lnklng I
Target

lar attention given to probable degradation in a com- ness or all systems Is dominated by the characteristics
bat environment. or the target path.

12,10,3 Overall Performance Validation A partial list of current predicted fire systems Is
"It has been noted frequently in this report that gIvan in Table XII-7. It is recognized that test condi-

estimates or the effectivenems or the prediction aIo. tions will vary widely, The posbibillty that direct,com-
rlthrs or a predicted fire air derense s stern tend Ito parison will not be possible should not, howeve re

dominate the comparison. A number o different s vent an effort to assemble the data and compare it, 9n;

or algorithms are used in existing predicted Oire sys- will gt least obtain some idea of parametric ranges and

tems, several of these systems have been tested in the capabilities to be exceeded in nw systems,
United States and NATO, and presumably overall The off-curriage systems are included, not because it
effectiveness data exists which could, with some efrori, is recommended that the U,S. consider off-carriagebe put into a common rorm to observe whether in real solutions, but because a wider variety or prediction
lire there Is any observable difference resulting rrom algorithms and methodologies for their realization can
the process of computation, or whether the effective- be sampled by their inclusion, 3

I
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Table XlI-7, Partial List of Suggested Fire Control
Systems for Comparative Analysis and Evaluation

OnrCariap Systems otf.Cauriqe systems

Vuilcan Gyrosih•t Oeflkon Sikypard

Vigtlants French TPC Type 40 and
later versions

Oeriikon

Ffench SAMM on AMX 30 Netheflands IA/S

Galilso P36 and P86 Italian NA9

I

I'
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I SECTION 13
ESTIMATION OF SYSTEM EFFECTIVENESS

1 in comparing predicted fire air defense systems on In World War-.l operations of the 9th Air Force it
an overall systems basis, two considerations deserve special was found that In B-26 attacks on bridles, only 2% of
attention. These are: the bridges attacked were destroyed when defended by3a, The predicted Are system oprates as a part of a flak, compared with 20% when flak was not present.

lar Moreover 28% of all bridges attacked wore mised com-Th redier air dfne system. Thomperates aiprt de.

ons.ste m i ncludes surface to air missiles, each pletely when defended by flak, compared with 3% being
1Itre unsteofr which provides derense over a large completely missed In the absence of Alsk. About 25%
area. The purpose of the short range predicted of the aircraft exposed to fl2k were damaShd by it
fire systems is to fill in low altitude gaps in the and 70 to 90% of the damage occurred in the target
defense and to strengthen the overall defense of area.

I vital areas, Hance the maximum altitude cover.
vital areasiHence the maedimumalitudf e coveser An effective air defense against day dive or glide
age required or the predicted fire defense is bombing may be countered •y night attacks or by the
roughly defined by the minimum Oltitude car:•- use of stand-nff missiles. both of these enemy re-
bltity of the arev missile defense. Its maximum sponses are more costly to him. Even though the
elective range objective is relatect to the intersec- immediate defense effectiveness measured In aEcrart
.tion of9 the local terrain mask .ii projected, destroyed may have been reduced, the reduction inwith the low altitude coverage limit of the mis. enemy force capability (not all tactical bombers and
• siles. fighter-bombers will have night and all weather

b. There is a strong (first order effect) Interaction bility' the payload in terms of warhead weight is less
between defense effectiveness and tactics and for two standoff missiles than for an equal weight or
munitions used by the attacker. A strong local iron bombs) may be comparable to that which" would
defense forces the attacker to comprom se be. have been achieved in terms of destroyed eircraft if
tween his desire to close with his target for high the enemy had not resorted to the more expensive
delivery accuracy, and the aircraft logs rate that option.he ii willing te accept.he iiThese considerations are difficult to introduce with-

We next consider the measures or mission success in out complicating the analysis, They must, however be
view of this second factor. included In the measures of mission success,
13,1 MEASUREI OP MISSION SUCCISS One method of exposing the relationship between

In its air defense role the measure of success of an the effectiveness of the defense in protecting the de-
air defense system is the degree of protection it pro. fended target and the losses inflicted on the attacker is
vides for the vital areas and friendly units under its to include terms in the capability vector which extract
protection. There are maity historical examples or these measures separately. They can then be compared
antiaircrart gun defenses having sufficient electiveness and a judgement made. Iterations of the computation
so that enemy attacks were held off to ranges at which can be made, changing tactics of attacker and defender

Senemy weapons were relatively ineffective, and cases to observe the degree to which the comparison may
were antiaircraft defenses caused the termination of vary with such tactical options as the number and
enemy attacks on the defended targets. sequence of enemy attacks, the munitions release

In World War 11 British mercilant vessels in tl'e Table XtiI-1. Effect of Antiaircraft Defense of Ships
Mediterranean were armed with antiaircraft Suns, The
#uns shot down only 4% of the attacking aircraft.
However, in terms of merchant vessels lubjected to low Outcomne Situation
level attacks, antiaircraft fire had the Orect shown in
Table XIII. I AA Guns AA Guns

Fired not Fired
* The payoff was in survival of the defended target.

In Korea, the anti-rail interdiction campalen of the wh of bomb dropped shIr i3
UN was curtailed by antiaircraft guns placed along the

Strack. Although losses rates per sorties were low by '* ouf hips sunk or IO'f 25%
WW-Ii standards they exceeded the capability u C the those attavkaed
UN forces to maintain the campaign with the linmited _
nuenber or available tactical bombers. 2o971.626
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etc. and the number of' fire units and rounds Scum [(y. )J1]" sorties per aircraft (13,2)fires at varying ranges by the defense.

IIn Figure 13-1 a boundary has been drawn for 5Sr,
In the case of low level fly-by enemy passes with - 200 sorties, a second boundary has been sketched

layydown or retro weapon delivery, the attacker's op- estimating performance degradation resulting from the
tions may be more limited than in the case of ei•ve psychological effect or losses, and the estkmated data
bombing (where release range is optional, as are the points for combat operations cited have been indi-
approach tactics prier to weapon release). cated,

To obtain a rough idea of what attrition rates may 13.3 SOME COST CONSIDERATIONS O II
cause an enemy to change his mode of attack, we TACTICAL'AIR OPERATIONS
consider some historical data,
13.2 ACCEPTABLE LOSS RATES'1  At one time U.S. defense planning was popularly

credited with attempting to get 'more bang per buck'.
Materiel, tactical, and psychological considerations Presumeably the other side is attempting to produce

affect the sustained attrition rates that a tactical air 'more rubble per ruble' and this involves a considera .
rorce commander Is willing to accept, One considera. tion or what tactics to use to obtain a favorable trade I
tion is the rate at which lost aircraft are being re- of resource consumption against military effectiveness,
placed, In World War 1I, the 8th Air Force accepted a
sustained loss rate of bombers of 3-7% per sortie for It has been noted that almost all means for overcom-
month after month when the resupply rate of new ing an air defense system, or reducing its effectiveness
aircraft was 107 times the loss rate, However when impose additional costs on the attacker, One might
losses exceeded about 10% per sortie, missions were work out a set of states describing the condition of the
curtailed until fighter escort could he provided, enemy air force as indicated in Figure 13-2, and

combine it with the complementary states of the airThe Lurtwafre attacks on England in the Battle or defense asystem to achieve an overall defense/a~tack
Britain were halted by a loss rate of less than 5%, with analysis. This is beyond the scope of the present study,
a resupply/ioss rate ratio of less than 1,0, but the RAF especially since to be done properly, it would require
was a ble to maintain its defense with a loss rate of that all components of the air defense system be
about 4% per sortie, and a resupply/loss ratio of included.
slightly over 1,0. The British Bomber Command cur. I ;
tailed operations against Germany when it experienced We note, however, a few measures of cost to the
a loss rate of about 9% per sortie with a resupply/loss attacker, as a basis of reference, Costs are expressed in
ratio of slightly over 10, U.S. dollars and drawn from U,S. experience for obvi-

In the Korean War, a short term loss rate of 2.6% ous reasona, i
experienced by the B-26 aircraft with negligible re- Consider aircraft lost and damage to aircraft which
placement prospect (the production line had been survive. Given a hit on an aircraft, damage or loss may
phased nut) caused this aircraft to be taken off opera- occur in various categories, as sketched in Figure 13-3,
tions until new tactics could be devised. which indicates roughly how these might vary with the I

It was dieermined by the British that high sustained caliber of the impacting weapon.
loss rates h:td severely degrading effects on crew mo. The two loss categories are important to the defense
rale and co•mbat effectiveness, regardless of replace. analysis, since immediately observed kills allow conser-
ment ratcs. N.t 10% losses per sortie, the missing places vation of ammunition. Considering the damage cate-
at the Squadron mess have an understandable effect on gory 'replacement of a major component', one might
the survivors. estimate that on this average the associated cost would I

Aside from morale, for a force with F aircraft, a not exceed about 0.3 times the cost of a new aircraft,
sortie rate of S sorties per aircraft per day, a loss rate Lesser degrees of damage would incur relatively small
of J\ aircraft per sortie, and a replacement rate of u cost increments, The cost of a lost aircraft might
aircraft per aircraft lost, the force size changes at u therefore be multiplied by about 1,5 for an upper limit I
rate to the total cost associated with i hit. The reduction in

force effectiveness caused by time lost in damage re-
dF/dt m FSX (P - I) (13,1) pair depends on the resupply rate of new aircraft, and

replacement parts for damaged aircraft, In general, it I
is doubtful that this is of first order significance,When ,$< 1.0 the commander is forced to consider

how long he can sustain operations. He is more likely Similarly, the non-availability of personnel because
to project his current loss and replacement rates lin- of injuries probably is probably a second order effect,ear y than to integrate Equation (13,1), and so he can compared with the personnel losses in crashed aircraft,Ilxok forward to a total of about Figure 13-4 shows the time lost from duty by Air

13-2 ii
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munitions cost (iron bombs) works out at about 50
cents per pound and is a small part of the sortie cost, The AX aircraft, for example (A.-iA version) is
However. in Table XIII.3 an attempt has been made to reported" to have the capability of carrying 18 Mk82
guess how this cost might Increase with the provision 50n lb bombs or'6 to 8 Maverick missiles. The cost of

~1of more sophisticated munitions. With more time, this the sim le ulpp missile has been worked down
Comparison could be done accurately, but the preent from $ 000 each to about $2,000 each over many
purpose IN to suggest that sortie costs could escalate by years of production," but at the other extreme of
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Figure 13.3, Relative Damage and Destruction From Projectile Impact

3 some kind uf weighted average of system effectiveness Before outlning how this might be done, we first
over all sets or parameters, digress to deal w[th the matrix computation or efrec-

It Ithat u more reasonable procedure i tiveness by the WSEAIC model (for each tactical
the in situation), and indicate why further matrix multiplica-Io tion of availability and dependability across a capabil.

a. Estimate the most likely and effective modes of ity veotor is probably an unnecessary refinement,
enemy attack If there were no AFAADS derense, 13.5 SIMPLIFICATION OF COMPUTATION

I b. Estimate AFAADS effectiveness against these
modes of attack, and attempt to raise the defense The WSEAIC scheme suggests that one may com-
effectiveness to a level where the enemy must pute effectiveness E as
resort to a more costly attack mode.

c. Estimate AFAADS effectiveness against this next E = ADC (13,3)
level or enemy options and attempt to force him
to a still more costly attack means, still maintain, where AD is the probability vector that the system willing the capability against the least expensive be available and continue to operate in each of itsmode, possible operational modes, including modes or de.

In fact, once one has gone through the availability graded operation, in the combat state and C is a vector
(RAM) estimation, assessed the interaction of reload describing system capability in each mode,
rate and rate of fire against plausible strike patterns, As an example of how this works out, the probabili.
and computed a set or englagement results for a repre. ties of various operational and inoperative states for
sentative set of combinations of enemy attack modes the oma pas or an operative b tetracoe
and visibility/weather conditions, the set of candidate the combat phase of an operation hive been extracted
systems will have been markedly reduced, and perhaps shown are some estimated capability figures. These
the preferred syttem choice will already be evident, might be considered to be, for example, 'probability ofIt remains, however, to arrange the results in an destroying an aircraft in a specified attack mode andorderly fashion, and this is facilitated by combining operational environment' in each or the system opera.

the results or the sub-model computations, tional modes.

! 3.
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Figure 13-4, CasultlIIs and Time Lost From Duty Due to Flak Injuries

These two columns are the AD and C vectors of the This conclusion would be different If the all-up I
WSEIAC type or effectiveness computation, and one mode had a lower probability or occurrence than one
obtains an overall effectiveness estimate by multiplying or more of the degraded operational modes, But this
corresponding terms and summing, would be an unsatisractory system rrom a military

point or view and should probably not be accepted
The first thinU to note Is that one gets almost all or regardless or its effectiveness when operational, ir, in

the final result from the 'all-up state'. The other posi- ract, the.system developed most or its effectiveness
ble degraded modes contribute a total of only .03 out rrom degraded mode operation, and its acquisition was i
or a total 'efrectiveness' of 44, In view or the many required because there was no alternative, one might
uncertainties and unknowns In estimating both availa- be better off to removethe high failure rate subsystem
hility and capability, it hardly seems worth while to
devote time to computing the contribution to average entirely and plan on making the previous secondary i
effectiveness or performance in degraded modes or mode a primary mode, In World War 11, 40-mm
operation. antiaircraft Sun units left their off-carriage fire control

13-6 I
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13.5 DISCUSSION OF TACTICAL/OPERATIONAL
Table XIII-2, Estimated Costs per U.S, Sortie in PARAMETERS

Vietnam This section discusses some of the tactical and envi.

________ ')p ronmental parameters and variables which should
Air•'rul't'.P. properly be considered in a system evaluation, Any

0.52 V .',hicr.uumb1r analytical or simulation model which includes all of
these considerations is likely, in the present state or thehqkiitioi $24,000 $3,200 art or simulation fabrication, to cost almost as much toCost per Sortiv develop as the construction of a prototype fire unit.

I~n% pvr 232 Hence the object or the initial survey is to attempt to
devise a judgemental basis for ordering situations in
priority of consideration, and to indicate, if possible,

itnl.. Soso0 S1,000 how much of the evaluation can be usefully performed
010 per by economical simulations and analyses, and how
Tonu much by common sense,

Other (omt $20,000 $8,400 13,5.1 Nature's Options
pr S Visibility state space transitions between day and

olti, 014,t 1s $44,000 $11600 night occur with predictable reliability. A brief survey
per Srti. or the unclassified descriptions or Soviet and US.

tactical aircraft capabilities Indicates that Soviet
Ayvrj• 'A/( $3,000,000. flghter.hombers and possibly light bombers as well,
=Unit C',,l pONK only limited night attack capability at present,

gut that Us, aircraft (and helicopters) have sophisti.
cated and expensive fire control systems for acquiringI __ _ _ _ ___And attacking targets at night, The U1S. development
has ol' course been accelerated by con~bat requirements

2087 7.627 in Korea and Vietnam, Soviet acquisition of an equiva-
lent operational capability is a matter or priorities

s a d d i ip rather than technology, however the immediate threat
systems at the docks and went inato action with simple from Communist Bloc strike aircraft is of major ra-.
on-carriage open sights, nitude by day, and currently, may be of substantially

reduced magnitude in tactical operations 'oy night,
A second observtion from Table XI1-1t is that This probable disparity in effectiveness of equipment

capability is not assumed to degrade more tIan 25% of US, and communist tactical aircraft extends into
on loss of the surveillance radar, on the assu.,'ption adverse weather operations both by day and night.
that the tracking radar can partly fill in for it, II these Even with the sophisticated equipment on board ,S,
numbers were obtained from analysis instead or aý. aircraft, the rrequent references to weather problems
sumption, one would then have to inquire very care- noted in press reports, and cited in the a pcompanyingI fully into the question of whether the cost or the ntnlyeis volume on this contract indicates that weather
surveillance radar justified the 25% increase in capabil- is vt major problem for the Uc S, as well t

ity associated with it,
Taole XIII-5 indicates combinations of visibility and

It is suggested that the availability/dependability weathe' which might be considured in an analysis, in
analysis should be done with some care to insure that a foor cateiuores of priority ABCD, with A represent-
system being evaluated does in fact have a hi h proba.- ing highest priority
bility of operattn in an 'all-up' state. In addition, the Day/ilear Weather represents the highest priority,
ability to operate in degraded modes should be de- and the provision of an effective defense for this state
signed into the system to a reasonable extent, Once denies an enemy the use of his most numerous, least
these requirements have been met, however, systems expensive, and most effective (in the abseice of air
may reasonably he comp.ired against each other in defense) aircraft,
terms or the single elements of the ADC matrices
corresponding to the fully operational mode, 13,5.2 Enemy Optlonse Alrereft, Mitnltlons, and

Delivery Teotles
We next consider what combinations of tactical/ Table XIII-6 indicates some of the enemy options

operational parameters should he evaluated, with regard to aircraft, munitiullo types, and deli.,ery

parametrs shold "3.



Table X111-3, Istimastes of Coats per Sortie by Monitor Typ.

Munitions TypesU

Intermediate
Short Range Long Ranlge

Irawn bonmbs Smart Bombs Missiles Missiles

s lunititnm. $0.50 51.30 $5500 $15.00
Cast prr

r.'itind

53,200 $9,600 $32,000 $96,000
Cost pe'r

O)ther Coos% 58,400 $8.400 Sb,400 $4t400
Per Surth.,

Totl~ (imt $ 11.600 $ 18101.10 40.400 $104,400

* p~ ~urk ______________2087 1-628

means, Only ron-nuclear munitiuns are considered in It appears therefore, that each of the first priority
the present study. options in Tiable XIII-6 must be considered in a de-

All of the munitions types and delivery m'.)des% ran t'ense analysis, with the *round rule that the attacker
be employed by either day Iig iter/ bombers or all will use whatever munitions and delivery mode will

weater arc~'ft, S1 give hlim the highest probability of destroying theweahe urc-.At.I'lowever, the comments regarding the
comparative numbers and costs of the two aircraft targets he attacks at acceptable cost to him.

pes m-idc in the prior section apply here. The major 13,11.3 Knemny Tactics and Strike Sine
ifrnein evaluation is in the requirement for night

asnd all weather capability or the defense sensors to out way or penetratinig a defense effectively Is to
deal with the aull weather' aircraft, and aircraft with saturate It. The Eight Air Force was able to carry out
night operational capability. daylight bombing over Germany by putting so many ~

Priorities for analysis are based on the assumptt"or bombers in at raid that percent losses were acceptable
that the first objective is to deny the enemy the use of even though German fighters shot down the same
his lowest cost munitions and must accurate delivery number of bombers whenever weather permitted them
means, Until the last few months, stand-off missiles to intercept a raid. Even though antia,.rcraft gun5
were a second priority on a cost-erfectiveness argu. inflicted about a constant percent attrition regardles%
men t. but it now appears that laser directed and of raid size, it was possible to bomb f rom suc a high
image-honming missiles have attained an operational altitude that losses to antiaircraft were acceptable,
capability against small, vital targets which make them
a first priority attack mode even against undefended Air def'ense missiles may counter high altitude

targets.bombing, but the effect of saturation attacks against
targets.low altitude defenses can still be significant. The sensi-I

There has been no opportunity to observe a Commu- tive interaction between low altitude defense effec-
nist block capability with stand-off missiles in actual tiveness and fire unit reload time las already been
combat, and the assessment of the Intelligence commu. noted, It may be expected that enemy raids will be
nity regarding existence or 0-velopment of such a sized and spaced in time and rpace to mzinimize the
capability mu~st be relied upon to establish it time- ability of te low altitude defenses to reeover and
phasing or this threat. reload between attack passes of' raid elements.
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Table XlIl-4. Co•'putation of System Effecivenses

Availability. Assumed
Dependability Capability ADC

System Stole AD C Element

All up 0.829 0.50 0.415

SurvelllanL'e 0,019 0.40 0.009
Radar

Tracking Radar 01053 0.30 0.016

117-F EquIpmn. 0.016 010 0,002

[ Computer and 01029 0.04 0.001
': Ancillarivi

Gun-layinj; 0.019 0.01 0.000-- •.Seryue

Power Supply 0,001 0.01 0.000

System 0.032 0 0,000
Inoperutive

S,,m 0,442

20871-629

of aircraft assigned to a raid is limited only by availa-
Table X111-b, Nature's Options bility of aircraft and the attacker's estimate of the

value or the target under attack.

A proper evaluation of defense effectiveness there-
(I,,hd fore requires a fairly extensive determination of how

CIL-ar tuv.r Ilai I-g Pr.,ivpltttlun the effectiveness varies with the number of aircraft
thrown against the defense, and their time and space

•LJoi A A 14 I) C sequencing.

NtIht A H 1) 1 It is suggested that the relatively limited size of the
locatl defense unvelope will make it unlikely that more
than one attack element will be in it at a given time,

20811.630 although each element may consist of several aircraft
attacking simultaneously, This simplifies the 'M on N
problem of analysis, It is also suugested that since the

A related consideration or the s iz othe defendedius or the defense envelope is more sensitive to time
vital area, the disposition of' the defending fire units, of flight than to rate of fire, individual fire units
and the number of fire unts comprising the defense, should be sized to match the lower altitude boundary
and the effiective range of th defending weapons, of the area missile defetse, at lowest Individual cost,

A raid may consist of a series of elements, each and then employed in numbers allowing a one on one
elenment consisting of two or three aircraft, with ele- match of the defense against the most probable size of
ments closely spaced in time, Considering the attack- attack element.

er's problem of maintaining a reasonably safe spacing 1315,1 Enemy Countermopsurus
of aircraft in each attack element to avoid collisions
during the pass and hreakaway, there is some limit to To minimize his losses, it can he expected that an
the number of aircraft which can attack simulta- enemy will use countermeasures or various kinds
neously, and this limit depends somewhat on the size against an effective defense, These can include elec-of the area heing attacked, However, the total number ironic and optical countermeasures, and direct attack

I 13-9
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Table Xll1-6. Enemy Munitions/Attack Mode Options
- -, -,•. - "

Attack

Mi Mode Bombing Milos Delivory
Aircraft/ Guided or Radiation
Wedthet Strafing LeveIt2) Glide/Dive Laydown Tosse Image Homing Hominh

I:ightet Bombers

Day. •lear Weather A C A A D A A

Night, Clear Weather A H A B D A A

Indciieent Weather A A A B D U A 3
tllchopters-

Day. Clear Weather A A

Nilit, Cleat Weather A - A

Notes: (i) Toss Bombing is given a low priority because or its relatively low effectivenes,-
(2) Level Bombing is Sivin a relatively low priority for local defense because the aircraft is vulnerable to the area missile

daronses.

- 0171:33 11'i

on the defense by artillery lire and aircraft launched average each aircraft receives fire from F/N fire units,
weapons, All foreisn antiaircraft, self-propelled vehi. or one could assume a one-on-one engagement with
cles employ some degree of armoring against artillery the fire units taking the advantage in the fire-reload
fragments and smnall arms fire. By comparison, both cycle. Excursions about one-on-one can thus be done as
Vulcan and Chaparrel would appear to require modi. sub-studies, .
fications to allow them to accompany troops to forward
areas of the battlefield, and to perform their air de. Define:
fense function under enemy artillery fire. A - the availability of a fire unit in the combat state,

Electronic and optical countermeasures have not
been analyzed in the present effort, but these factors R - the average rate of fire availability, from the
must be considered in system evaluation, It would
appear from brief examination of the problem that firs/reload model. This is the probability that
countermeasure resistance can be more easily provided a fire unit will be loaded and ready in the
for predicted fire systems than for surface to air mis- steady stnts.A
sile systems, but possible system degradation and I
means for avoiding it must be determined by analysis, K, - the probability that the attacking aircraft is
The ECM evaluations should be considered as a sepa. destroyed before it can release its munitions-
rate set of results, and not averaged with non.ECM
results via a probability estimate of how often the c, a multiplying factor on Ka to account for cotl
attacker will employ ECK. to the enemy of aircraft lost from delayed

13.6 DEVELOPMENT OF EFFECTIVENESS damage, and for the cost to repair damp to
RESULTS returning aircraft.

It is suggested that the basic defense situation might
he a one-on-one tn..3Sementc in which an attack ele- K. - the probability that the defended vital area sum.
ment of N aircraft attacks a vital area defended by F tains some specified level of damage if the
fire units, with F - N. If N > F, N-F aircraft are attackIs not defeated,
unoppored, if N < F, one could assume that on thea
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SFor soit ty s of attack, such a dive bombing, both of the probability that an aircraft is destroyed in

K. and K. w il depend on the attacker's choice of attacking a defended site versus the probability that itweapon release range, and the variation of outcome will succeed In destroying the defended target, This
with this and similar attack options should be consid- curve might take the form shown in Figure 11-5,iered. With iron bombs, Kd probably decreases at least Nx easm o hseapeta h takri

willing to accept 5 percent attrition, and that If heThen the aircraft destroyed in each attack element releases his weapons from a corresponding range anal-before munitions release is ysis indicates that they have 1/5 the capability against

La - NARK us, the ground target that they would have If he could
i make an unopposed attack.

and the effective cost to the attacker is (in equivalent The attacker is assumed to have a mixed force,
aircraft numbers) consisting of aircraft depending on visual sighting,

with only limited night attack capability, a smaller
number of aircraft which can carry out attacks by

CA - NARK uNCS, night, and a still smaller number of expensive aircraft
which can attack under all conditions of weather and
visibility, It is assumed that each aircraft makes one

The damage sustained by the defender is sortie per day,Dd - NK d (I - ARK.), Table XIII-7 shows the assumed strike capabilities of

the aircraft and Table XIII.8 shows the assumed costsThe result of working through a set of munitions and numbers.release ranges might appear as shown in Figure 13-5, When the defense has a night capability, it is as-
for a particular tactilcal/environmental set or parame- sumed that this is as good as thiat of the day defense,
ters., I one assumes some maximum acceptable attri. and the same assumption is made for the Nl weather
tion rate for the attacker, the effect of the defense in defense.
saving ground targets is at once obtained.

S* Since attack modes depend on weather, it is possible The assumed 5 percent attrition is, of course high,Snto work out C, andend for a range of weather and since not all targets can be defended, Similarly the
visibility conditions, and then average over their fre- attack aircraft target destruction rate Is high, since not
ey oe tall attaur, aircraft will be able to find targets, However,bility of the results and implies that one can estimate the numbers can be considered In a relative sense, and

how the attacker will weight his attack distribution could be replaced by good estimates after some
with environmental conditions, analysis.

It is probably better to work out a number of curves Results of an analysis may be arranged as In TableU of the type or Figure 13.5, and then exercise jud e- Xlll.9,
ment in making a consolidated estimate, Presentation The provision or a day defense only, according to
of the results might be simplified by extracting the these assumptions, saves 2/3 of the defended targets,
#round target damage estimates for some specified even though the defense Is never fired. The provisionlevel or enemy attrition, A brier outline of how major or a day/nIght defense saves go percent of the de-i lcategories of outcomes might be organized is sketched fended targets, and costs the attacker 75 aircraft, As
in the following section. Table Xlll.10 indicates, the attacker might prerer to
13,7 INTIRACTION OF INIMY OPTIONS accept still lower effectiveness, and risk only his least
VIRISUI DEPINSE CAPABILITIES expensive aircraft,

Rather than attempt to model a portion of the If the attacker restricts his operations to unfavorable
evaluation which depends entirely on the judgemental weather, with greatly reduced capability, he experi-
estimates that are made to define the tactical situation, ences an even more unfavorable cost/effectiveness pen.
we outline a form in which these judgemental esti- ally if the defense also has an all weather capability.3mates may e arranged for comparison, The total number of aircraft assumed Is about the

We assume for this example that the attacker em- same order of magnitude as the number of Soviet
ploys weapons, the effectiveness of which decreases tactical fighter.bombers and light bombers, If only iron
with an increase in the range from which they are bombs were delivered, the munitions cost per day
released, This would include Iron bombs, and the might be the equivalent of about $102x 10', However,
simpler types of' air to surface missiles, From engage- if the attacker used standoff missiles to avoid the
ment analyses, one could develop a curve of trade-offs defenses, the munitions cost might approach
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Figure 13-5. Effect of Varying Munition Release Range

$100 x 10' per day, roughly the indicated cost or lost Table XIII-7, Assumed Attack Effectiveness In Kill/
aircrurt, Sortlie

Obviously, one can change the results obtained from _

this example widely by changing the assumptions or Opfuationil Environment
numbers and the estimates or capabilities, Two obser- Aircraft
vations seem likely to be supportable however, even Cupubilitý, Do$. Night "Inlcment Wuether" I
with wide changes in the assumptions, These are:

a. A defense can he effective, even though the en- Du,% +Ltd/Nitht 0.5 0,1 0

emy finds a way or avoiding it at reduced capa. Night 0.5 0.3 0 1
hility.

All Weuther 0,5 0.3 0.2

h. A defense can inflict an Increased cost on an - -

enemy, if he can avoid it only by using more 20871-632 Icostly weapons,

Table XIII-8, Assumed Force I
Assumed

Aircratrt Type Approx Unit Cost Number Assumed Sorties/Day

Daiy+LId Night $1 x 1O6  1000 1000

Night 2x 106 400 400

AIl Wouther 5x 106 100 100

- I207 -14

13,12 3



Table XIII-9, Intoeration of Defense/Offenre Options

lkInIN Noe DI)), iDeuldnk Day and Night Dutcnw All Weather Defense

l-nemy Tuttiv% Only D)ay Attuak by Attack by Attack Only in Attack Only In

Outvoml: Attaek.s Night Only I)ay or Night( I) Inclement Weather Inclement Weather

Day Aircraft

Tarfeots butroyud So 100 100 0 0

AiC 'Lost 0 0 s0 0 0

Night Aircralt

Targets Destroyed 200 120 40 0 0
A/C Lost 0 0 20 0 0

All Weather Aircraft

Talict• Destroyud s 0 30 10 20 20

Targets Destroyed 750 2,0 150 20 20

A/C Lost 0 0 7 0 0 5
("oxt ulA/C Lost 0 0 $I 1S x I06 0 $35 x 106

iI ,, ,, uJ I I -i H

11) Slnve attrition i, the siinm by day or night, day attacks are asnumed because or higher enem, weapons effectiveness.

120871.34

Table XilI-1O. Enemy Options Versus Day/Night Defense

"Uwe Day and Use Whole
Use Only Dayrilghters Night lightert Force

Ground Targets 100 140 ISO
Destroyed

Aircraf Lost 50 70 75

u('o ol Air'rult $50% 106 S90 x 106 $115 x 106

208713•35
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I SECTION 14
USE OF PREDICTED FIRE WEAPONS AGAINST GROUND TARGETS

Air defense weapons have a secondary role in the natural mission (air defense) at the very time when
engagement of ground targets, However, the require- increasing protection against Soviet air attacks was
ments of the air defense role are so stringent that the needed by the ground forces because of the resurgence
design for air defense should not be compromised in of enemy airpower, Moreover, increased protection
favor or the ground role. became necessary for many vital installations not

Once the design has been laid out for air defense, theretofore endangered which were exposed to aerial
however, the requirements for ground fire may be attack, especially airfields and supply depots, supply
examined, and provision made for use or the weapon routes, bridges, and rail junctions,
in this role, 'Until the winter of 1942.43 Soviet air activities had

Since guns tend to have a good inherent capability still been relatively light. Thus, astonishing as it seems,
against ground targets, these provisions consist princi- the Russian air units did nothing to interfere with
pally of the provision of appropriate sighting and traftic on the Don River at Rostov and on the onlySayin means for the weapon, available main highway from Bataysk to Rostov dur-

No effectiveness models are provided or ground fire in January 1943 when the German First Panzer
in thisreportivsines itis fodelt thathe po iddr dens roe oArmy and the Fourth Army were threading their way
In this report, since it is felt that the air defense role to the west from the Caucasus and the Kalmyk plains.should be the primary determinant in weapon selec- This was a serious omission on the part of the SovietI tion, Instead, to illustrate the kinds of situations in Command.
which the employment of antiaircraft weapons against
ground targets have been important, extracts from a 'From the summer of 1943 on, however, the airI summary report on the operations of German flak situation changed radically. Soviet air units then began
artillery on the Russian front are provided below, Two for the first time with sizeable units to attack airfields,
conclusions of this summary are noteworthy: I) the important rail junctions in the German rear areas, and
observation that air defense was weakened by diver- concentration areas, Flak forces in the front then tried

* sion of flak to the ground role, and 2) the emphasis on to fulfill both their air defense mission and the direct.
the need to train flak troops in self defense against fire ground support mission. The main enemy was the
ground forces, Soviet air forces, especially the ever-dangerous ground
14,1 GORMAN EXPERIENCE ON THE EASTERN attack units, This mission was all the more important
FRONT1Ma) because Soviet air units had become ever bolder in

their support of the Red Army as a result of the
'Durinn 1943, the main emphasis of the flak artil- continual decline in German fighter strength, With thei lery mission in the Eastern Theater constantly fluctu- decline in fighter strength the need for protection by

ated between air defense and ground operations, In flak units was greatly increased,
1941 and 1942, when there was little Soviet air activ.
ity, German flak units were often employed with out. 'Light and medium flak units were committed near
standing success in direct-fire ground support, mainly the front, from the foremost lines back as far as
against tanks, In fact, the results achieved against artillery fAring areas, while heavy flak batteries, also
armored units by the flak artillery equalled, and in mobile, were placed in artillery firing areas and farther
many cases exceeded, its achievements in air defense to the rear, The heavy batteries actually had a triple

I mission&,' mission: 1) air defense, 2) supporting and augment-
I 'According to General Pickert, the 9th Flak Division ing regular artillery and providing air defense for it,

had destroyed 600 aircraft and 826 tanks by I January and 3) direct-fire ground support against tanks which
1943, In the Kuban bridgehead and in the Crimea this might break through the forward defenses, This illus-
division reported 165 aircraft shot down and 189 trates the German efforts to compensate for their
tanks destroyed between 8 April and 10 May 1943. numerical weaknesses in antiaircraft artillery in the

vast Soviet regions by achieving enough flexibility to
'Owing to the steadily increasing Soviet armored make it possible to develop main areas of fire in

strength, and the corresponding decline in the number critical defense sectors.
of armor-piercing weapons available to the German
around forces, the Army demanded more and more 'Maneuverability was not absolutely essential for theI fak artillery to make up for the shortage and to stave performance of the second mission, which included
off powerful enemy attacks. But, this employment of protecting targets in the rear areas against air attack.
antiaircraft artillery was really the policy or 'the poor Here it was sufficient to move flak batteries in by
man.' since flak batteries were taken away from their means of flak transport batteries,
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These were units in which prime movers were con- airfields in close proqimity. Often It was even necessary
solidated specifically for the movement of artilI to combin •a mand pout.
pieces. However, it was impossible to activate enou8 'Heavy
of these transport batteries, and because of insufficient Ised (motorized) fiak batteries should have beenadvace kowlege aout he dvelomentat utua-specilal radio instruments so that they could have
advance knowledge about the development ofh situhe maintained kbontact between the battery firing pc- ltions
tions, or in case o o sudden ene cl breakthroughs, the and the artillery observers in order to keep them. ready
time was frequently too short to incltude the antair, for firing at all times, An urgent need for all batteries
crart pieces in the hast withdrawal, it was then was the issue or close-defense weapons, such aa Panzer-
necessary to demolish e a and all fire control faust antitank rockets.
instruments and devices to prevent their capture intact,
Because of inadequate available transportation space, 'Flak trains should also have been created in order
much valuable materiel had been lost during retro- to permit a speedier shirt or main emphasis in air
grade movements, most or which had to be carried out defense. The individual air fleets did what they could
under heavy Soviet pressure. to provide for this missing element by improvising flak

uTenadere h trains with the means at -their disposal. These were
'The inadequate output of motor vehicles by Oer. committed not only in the defense of static targets, but

man industry compelled a separation of the flak forces also frequently with great success in action against
t into motorized, and truck-drawn units in order to large partisan groups, In this connection it should be

insure at least some degree or mobility, thereby also mentioned that it became absolutely essential to give
enhancing the chances for a quick concentration of flak units special training in close combat and ground
forces in the front areas, As a rule, motorized units defense in order to avoid heavy losses.
were committed in the front areas and truck-drawn
units in the rear areas for the protection of static 'By September 1943 the armies of the southern front
targets. in Russia were being withdrawn and established in s

their new main line of resistancee behind the Dnepr
'One basic requirement for motorized flak units was River, Strong flak and fighter forces were assigned to

all-terrain mobility, For the light and medium guns, protect the new positions, while round force units
self-propelled mounts with protective armor similar to reorganized and reestablished their forces,
armored personnel carriers had proven to be the most
'ractical, for which reason they were in great demand, 'The evacuation of airfields were particularly difficult
For the heavy (8,8.cm,) guns, the prime movers de- because of the dual requirement that airfields were to
signied from them continued to be satisfactory, he destroyed as thoroughly as possible but would be

kept in operational use up to the last possible moment,
'Lack of forces were the one factor which made it For this reason, sheds, billets, shalefters, signal commu-

difficult to develop power concentrations in the air, and nication and command post installations, and similar
the necessity for a wide distribution of German air structures were demolished first, The airfields were
units, brought about by the Increasing frequency and plowed up and mined, and only one take-off and
size of Soviet attacks against installations in rear areas, landing runway was maintained until the moment
resulted in an even wider distribution of available flak when the planes took off to iransfer to another field.
batteries, In the past the rule had been to have at least Frequently this last runway was not blasted until after
one heavy flak battalion assigned for the protection or the a rcraft had taken off and the first shells from
important static targets. In 1943 the number of instal- Soiet tanks or artillery had begun to fall in the area.
latlons requiring protection made this impossible. Thus, 'Often these last-minute demolition tasks were only
truck-drawn batteries in the East wer-7 reinforced with
additional guns and organized into what were called possible because of defensive action by flak units
twin or oversize batteries, which were committed to protect the airfields, After

the flying units had evacuated the field, these flak units
'Flak units lacked adequate signal facilities, which, assumed a ground-defense (direct-fire) role, and main-

in the course of time, had made it necessary to situate tained effective fire to halt the Russians until all demo-
all command posts interested in the air derfnse of litions were completed,'
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