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ABSTRACT

The Department of the Army has expressed a need for the determina-
tion of the operational hit probabilities of several weapons systems in
use throughout the Army. These hit probabilities, together with lethkal-
ity models, should yield predictions of the effects such systems will
have under various conditions of combat.

In this thesis, operational hit probability (OHP) is defined as the
probability that the center of impact of a volley of artillery fire will
fall within a specified distance of the center of an area target. A
general experimental methodology, which could be used to estimate OHP's
(under simulated combat conditions) for a field artillery weapons system,
is presented. More specifically, an approximate Chi-square distribution
of squared radial miss distance is suggested for estimating OHP's. A
method of using accuracy data from Army Training Tests to estimate

required sample sizes for the experiment is proposed.
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CHAPTER I o

INTRODUCTION

Since the effectiveness of & weapons system® may ultimately be
determined by engaging the enemy, it is desirable to obtain quantita-
tive data regarding measures of effectiveness from actual combat
situat!~=~ +heve pogsible. Unfortunately, for various reasons, it is
usually not possible to obtain operational (combst) data. It is common,
therefore, to resort to field experimentation, wherein the pertineat

1 The vari-

varisbles are observed under simulated combat conditions.
ables observed in a field experiment can them be used to estimate
operational parameters. These estimates may be useful in applicatiouns
to actual cosbat situations, provided the experimsnt is carefully de-
signed and conducted.

The accuracy requirements of any weapons system depend upon the
uission(s) to be performed by the system. For s Field Artillery Cannon
Weapons System (hereafter referred to as s "FA Wespon Systes"), the
nission may be the complete destryction of s point target,* the paytrgl-
Jsation or partial destruction of an area target,® or simply the

harasement or jntepdiction of a target for a given period of time.
The destruction mission is performed by a single gun, vith an ob.:rver

2

A1l terms with asterisks are defined in Appemdix A.

16.0:.. E. Kimball and Philip M. Morse, W
Rasesgch (Mew York: John Wiley and Sons, Inc., 1951), p.129.

2

™ 6-40. [Pield Artillery Cennon Guemery (Veshingtos: Department
of the Army, Octobar, 1967), p. 27-2.
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initiating the adjustment and continuing until the target destruction
has been completed. The haragsment mission does not require a high
degree of accuracy; indeed, it is usually fired at "map-spotted"
coordinates. Although the interdiction mission requires a greater
degree of accuracy than the harassment mission, interdiction fire is
usually of low intensity when compared to neutralization fire. In
more than half of the artillery missions of World War I (for which
data are available), multiple guns were employed to neutralige area
tnrgcto.l We shall consider only neutralization missions in this
paper, and we shall use the artillery battery, under battalion comtrol,

as the basic firing element.

The purpose of this thesis is to propose an experimental method-
ology for determing the operational hit probabilities of a FA Weapons
System and to investigate other factors pertinent to the operation of
such 8 system. We define operational hit probability (OHP) as the
probability that the center of impact (CI) of a yolley* of artillery
fire will fall within a specified distance of an aiming point {(usually
the center of an gres target). Defined as such, OHP is one of many
possible measures of effectivensss for a FA Weapons System. It has
not yet been determined whether OHP 1is a "good" msasure of effective-
ness or vhether it can be accurately estimsted at a "reasonable" coet.
Such determinations should be made prior to conducting extensive
tiporlnnnt. vith PA VWeapous Systems.

1

3. D. Love, et ol., Asciliecy Uease ip Vorld wer L1 (), Volum II
(ORO-T-375, April, 1959), p. 133,
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The information gained by conducting experiments to measure the
OHP's of various FA Weapons Systems could be useful in many waye.
OHP's could be combined with conditional lethality models to produce
unconditional lethality models. Such information would increase the
effectiveness of FA units, since artillery commanders would be better
abla to select the most appropriate weapons system for attacking a
particular type of target. More effective employmsnt of FA units and
better fire planning should result. Additionally, OHP's should be
valuable in force planning; for example, in determining the optimal
mix of future FA Weapons Systems and in determining trade-offs between
FA Weapons Systems and other weapons systems. OHP's could be used for
both current and future logistics planning. They could also provids
military var gamers with realistic artillery parameter values for
future var games.

A Tabular Firing Table is published by Department of the Army for
esch FA Weapons System. Contained in these tsbles are corrections for
uon-stcnda;h firing coniitions,* as well as values of probable errors*
in range, deflection, and height of burst. These probadble error
values are a measure of round-to-round dispersios, since they are
caused primarily by manufacturers' tolerances in ammunition and the
wveapon itself. As such, the probable errors in the Tabular Piring
Table are ipherent errors.®* They have applications primarily vhen the
weapoas are fired at point targets; that is, in destruction aissiocns.

Since wve have restricted our discussion to multiple weapons firing

neutralization missions at area targets, the tadled prodable errors

-11-




are of little valua to us. We must concern ourselves with systems
errors,* which are attribytable both to inherent errors and to other
factors such as variations in eavironment, wear in the weapon systsz,
- and huxan erxors.

During the past 25 years, seversl attampts have been made to
explain the system errors of certain FA Weapons Systems. Examples Gf
such atténpts are:

1) an accuracy study of various artillery wsapons systems, based
on single guns firing at point targets durinz the Xorean conflict.l

2) a study to determine the manner in which human errors contri-
bute to the total errors in predicted artillasry fite.z and

3) a British pamphlet which discusses three earlier studies én
the accuracy of unobserved fire in conbnt.3
These and other attempts are apparently unsatisfactory for determining
an acccptable_megqure of effectivenes; for various reasons. For
example, some of these studies deal only with the attack of point tar-
gets, while othersare based on data resulting from conditions which
only remotely resemble true combat conditions.

There is little doubt that the failure of these earlier reports

to provide a good measure of effectiveness for FA Weapons Systems had

Thornton'Pnge, et al., On the Accuracy of Ugobierved Artillery
Fire (ORO-T-271, April, 1954). '

2Jense Orlansky, et al., Human Prrors in Predicted Artillery Fire
(ORO~T=113, October, 1952).

3P.z‘. _o_z. _c_j_-&-. PP. 25"'29.
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grest bearing on the Department of Defense decision to initiate a de-
tailed study into the Tactical Effactiveness of Weapons Systems (TEWS)
in 1365, ‘The puf;c-e 0of the TEWS Program ia to develep experimental
nethbdoloiy to messure eystem effectivenass for all Army weapcns
systems. Large costs have necessitated a pilot study for the TEWS
Program, and Combat Developments Command Experimentation Command
{CDCBC) is currently working on this pilot study. The artiilery sys-
tem chosen for study in the TEWS Pilot Program is the 155mm howitzer,
neif-propelled {M-109). The measure of effectiveness to be determined
experiuwentally for this system is called oparational hit probability.

In the TEWS Pilot Program, operaticnal hit probabilities are
described as

", ..those hit probabilities to be expacted when weapon
systems are wanned by troops who are subject to the
pesychological and physiological stresses of combat.

Such hit probabilities take into account ths effects

cf terrzin, climate, and seasonal changes &s well as
variations of tactical situstions, e.g., offense, de-
fense, retrograde, and movement to contact. Operational
hit probabilities also include the variations inherent
in considerations of troop fatigue under varying combat
conditions."

It should be noted that this description of operational hit probébilities
is necessarily very general because it must bs applied to tacticel

weapons systems of many types. When applied to direct fire* weapons

Plan (Fort Ord, California: USACDCEC, May, 1967), p. I-9.
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systems, such as the M-60 tank, it seems clear that OHP is the proba-

bility of hitting a point target (asuch as another tank) under a given
set of conditions. When applied to indirect fire* weapons systems,
such as a FA Weapons System, it is much less clear what the TEWS
description of OHP means. This lack of clarity stems from the fact
that indirect fire weapons systems are employed against both point
and srea targeﬁn. so what is meant by "a hit" must be clearly stated.
One possible approach is to consider the probability of hitting a
point target under operational conditions. For this interpretation
it would seem reasonable to attempt to measure operational probable
errors,* yimilar to the inherent probable errors listed in the Tabular
Firing Table. Indications are that CDCEC is taking this approach.

In contrast, the authors are considering the probability (OHP) of
hitting an ares target with a volley of artillery fire. Hence, the
experiment we propose will be a methodology to estimate OHP's as
defined in this latter context.

Chapter II of this thesis contains a general description of the
variables involved in estimating OHP's. In Chapter III, we discuss
the required field procedures and propose an experimentsl design.

A method of analysis of the experimental data is presented in
Chapter IV, FPinally, in Chapter V, the authors discuss sonme areas

that (they feel) deserve further investigatium.




CHAPTER I1

THE VARIABLES

Since the basic organization, procedures, tactics, and character-
istics of FA Weapons Systems are similar, it is felt that a general
procedure can be developed which may be used, with minor modifications,
to determine the OHP's of any FA Weapons Systen,

In their paper on weapons system accuracy, J. Nickel and J. Palmer
divide a weapons system into three basic components: the method of
detection and location of the target, the communications information
link betwveen detector and weapon, and the actual weapon itself .1 Ve
shall refer to these three components as target acquisition, communica-
tions, and firing battery, respectively. We shall consider two addi-
tional components, which can be identified as separate entities having
a great deal of influence on the overall operation of the system.

These are gurvey control, which establishes the location and orienta-
tion of the weapons, and the fire direction center (FDC), which gensr-
ates the firing data to be set on the guns. Meteorological data,
although having an effect on system accuracy, vill be assumed accurately
measured for purposes of this experiment. The primary reason for
saking this assumption is that grug mateorological conditions caanot

be determined, sc no basis exists for determining mateorological errors.

l.luu A. Nickel and J. D. Palmer,

X U ke . PRy '\ »
nhiv.rlity of Oklahc-n Rnoanreh Inatituto. 16 December 1963), p. 1.
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In addition, it is almost impossible to msintain current meteorological

data, because veather conditions are continually changing. Finally,
ve have limited our consideration to the FA battery under battalion
control, and meteorological data comes from a source outside the FA
battalion.

8ince the experiment will be conducted under simulated combat con-

: ditions, it 1s necessary to describe a scenario vhich contains realistic

# combat gituations. Hence, the scenario for this experiment should be
based, as much ss possidble, on the current threat, as provided by cur-
rent intelligence.

A suitable measure of effectiveness for a FA Weapons System must
eten from the mission of that system:

"The aission of the field artillery is to provide con-

tinuous sand timely fire support to the force commander
1
”"

In most cases of the type we are considering (neutralisation of area
targets), thie mission requires that the field artillery inflict
casuslties among the opposing enewy forces.

"The immsdiste objective is to deliver s mass of accu-
rate and timsly fire so that the maximum number of
casuslities are inflic «.“z

Ia these quotations the words "accurate and timely" seem to character-
1se the desired odjectives of artillery fire. We fael that ONP

I 6-20-1. Light Arsilisry Tacsics (Wehiogton: Dapartmest of
the Ay, 1 July 1 ). Pe do

2"’ MO. [ 10 mog - 1-2,
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provides a suitable measure of effectiveness from the standpoint of
accuracy. We propose to determine OHP's experimentally, and we feel i
that it would require little additional effort to simultaneously gather
data relating to the timeliness of the system being studied. Hence,

we propose that the distribution of the lengths of time required to 1

conduct fire missions be used as a measure of effectivensss for time-
liness.

Although we are primarily interested in the effectiveness of the
wveapons system as a whole, it is also desirable to identify those
factors wvhich cause artillery errors, as well as the relative magnitude
of these errors. This additional information should be useful in
seeking methods of improving systems accuracies. For example, 1f it
wvere found that large dispersion errors in the center of impact resulted
from incorrect deflection settings, a possible remedy might be to
redesign the deflection scales of the weapon sight. Thus we are seeking
some knowledge of the effect that each of the component parts has on
the operation of the system as & vhole. This leads to a diecussion of

the independent variables which we propose for the experiment.

Independent Varisbles

Our selsction of independent variables is basod upon materiel,
current tactics and techniques, operational enviromnments, and historicsl
records of artillery oparations. DBudgetary and time constraints often
preclude the use of all independent variables that the experimentor may
desire. Hence, he may be forced to select a reduced number of

e o o - - ————_
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independent variables, or at least specify priorities to indicate those

independent variables which he feels are most important. We believe
that the following independent variables are critical to the determina-
tion of OHP's. The rationale for the choices is included in the list
of variables.

Method of Entering Fire for Effect. The accuracy of artillery
fire may vary substantially, depending upon what method of entering
fire for effect (FFE*) is used by the FDC. There are three methods
to be considered.

The first of these is the "Adjust Fire" method, in which an
observer estimates the location of an aiming point, usually the target
center. This location is then transmitted to the FDC where it is used
as: one of the elements in the computation of firing data. One or mere
adjustiag rounds are fired using this data; when they detonate in the
ispact area, the observer determines corrections relative to the
obsarver-target line (or the gun-target line in the case of an air
observer). The observer transmits these corrections to the FIC where
nev firing dats is computed, and additional adjusting rounds are then
fired. The observer continues adjustment until he senses® that the
center of impact of the adjusting rounds is on the observer-target line,
and within 50 meters of the target, at which time he calls for fire for
effect,

The remaining two methods of entering FFE are similar to each
other in that no adjustment is conducted. The first sethod is called

"transfer using registration corrections;" the second, “transfer using




meteorological plus velocity error corrections." In each case the
observer immediately requests fire for effect becsuse hs has s high
degree of confidence that his initial location data is within 50 meters

of the target. This normally occurs when the target is located on or

near a prominent terrain feature, a surveyed location, or a target which

has been fired upon previously.

Visibility Conditions. It is felt that the accuracy of artillery
fire will vary with the time of day (24-hour day), primarily because
the cboomr has a greatly decreased ability to detect and adjust on
targets during the hours of darkness. The time required to complete
fire missions is expected to increass during the hours of darkness,
because gun crews are required to work with a minimum of artificial
light. Hence, we have divided the 24-hour day into two segments,
"daylight" and "dark."

- Fuse. There are three types of fuse commonly used by the Artillery:

point detonating (PD), mechanical time (MT), and varisble time (VY),
The PD fuze functions on impact, and it may be set for either quick

or delayed action. We feel that the delay optiocn should be eliminsted
for the purposes of this experiment. Hence, the only "error™ which can
occur is the failure of the fuse to function. In contrast thers ars at
least two sources of error for MT fuse. The FDC computes the MT fuse
setting, and the gun crews put this setting on the fuse. If either the
FDC or the gun crev makes an error, the fuse will detonate before it
reaches the target or after it has passed over the target. It may even
detonate on impact instead of the desired 20 meters above the ground.

-19-
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In the case of VI fuze, the FDC computes an "arming time" for the gun

crews to set on the fuge. This "arming time" (a safety setting to
ensurs that the projectile clears friendly forces before it becomes
armed) is considerably less than the time of flight to the target. Once
the VT fuse has armed, it should automatically detonate within 20 meters
of any feature which produces s radar "echo."

We have chosen to consider only PD and MT fuses in this experiment
because VI fuse prcvides little more data than would already be avail-
able from PD fuze. The only chance for human error with VT fuse is for
the fuse setting actually put on the fuse to be longer than the time of
flight of the projectile. This would require a "gron"' srror to be
committed by either the FDC or the gun crews. It is felt that such an
event is unlikely, s0 we sliminate VT fuse from further consideration.

Tacticsl Situation. The two most common categories for describing
tacticsl aituations are "offense" and "defense." The defense is pri-
marily a gtatic situation. Forward cbservers generally have ample time
to study the terrain to their froant. Survey tesms are sble to bring
survey oomtrol into all position aress,® and are usually able to do
extensive target ares and commecting area survey.

In contrast, the offense is characterised by sevengpt. As the
friendly forces advance, observers ars required to conduct fire missions
os unfemiliar terrain, s0 initial target location errors should bs much
larger than in the defense. Survey teame are oftem delayed in bringing
survey control to firiag units, 00 eoms batteries msy be required to

fire nissions from "mep-spotted” coordinstes until positien area survey
-20-




is established. Target area survey and connacting area survey are
rarely done. All of these factors introduce additiomal arror into the
offensive situation. We feel that accuracy of the artillery fire will
be affected; hence, the experiment should be econducted under both
offensive and defensive conditions.

Gun-Target Range. The suthors feel that OHP's may vary consid-
erably, depending upon the range from the gun to the target. However,
estimates of OHP's obtained experimentally might have little value if
they are based upon rangos that are not likely to be fired. Therefore,
we propose that the experimentor select three range bands (short, medium,
and long) that are typical of the weapons system being tested. Here we
use the word “typical” to mean those ranges at which enemy targets are
likely to be detected. Hence, the short-range band should iaclude s
high percentage of the short-range missions that are likely to be fired
in future conflicts, and similarly for the medium and long-range dands.
Bastimates of the missions that are "likely"” to be fired should coms from
the predicted distribution of snemy targets as provided by curremt
intelligence.

Having selected three typical range bands, the experimsmtor {e
faced with another ptbbhm should test umits bs required to fire an
29ua) number of missions in each range band, or eve there adventages o
having them fire ynsqual nusbers of miseions 1a esch ramge bamd? Por
exanple, intelligence information may imdicate that 70X of gl]l future
aissions, for the weapons system being comsidered, will be fired ia the
short-renge band. If this were the cass, the sxperimeator might weat

«Qle
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to fire more missions in this range band, in order to ensure that his

estimates of OHP's (for the short-range band) are "good" ones. On the
other hand, 1:_ 1s expected that radial miss distance will have a higher
statisticsl variance in the long-range band. This conjecturs, if true,
would indicate that sdditional missions should be fired in the long-
range band, in order to obtain better estimates of OHP's there. Finally,
firing equal numbers of missions in each range band would make the data

reduction much easier. This problen is discussed in greater detail in
Appendix C.
Nuclear-Biological-Chemical Egviropment. When toxic agents are

present in the atmosphere, all personnel) must don protective clothing
and protective masks so that they can carry out their miseions. The
wearing of such equipment will undoubtedly affact the time required to
pcrfon nrttllory-tcxngcd tasks, and it may affect the accuracy of the
fire delivered. In addition, the wearing of protective masks will
probably make communications more difficult. Ve therefore fesl that
the experiment should be conducted under both toxic end nocn~-toxic con-

ditions.

Dapsndent Varisbles

A choice §£ | mm. or dependent, varisbles is based upon the
measures of effectivensss chosen for the systen. As stated previowsly,
wve have chosen OHP as & msasure of the systea's sccuracy aad the dis-
tribution of the lengths of tims required to conduct fire missiocns as

a msasure of the system's timslineas. PFrom the standpoint of accuracy,

)2~
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we have slso expressed an interest in the cause and relative magnitude '
of artillery errors. We first concern ourselves with those dependent
varisbles related to accuracy; namely, OHP and errors of various types.
Later we address the question of timeliness of the systea.

Center of Impsct of s Volley. The basic requiremsnt for estimsting
04P's for a weapons system is to determins the sctual ceater 0! impact

PR T

of a volley so that it can be compared with the desired ceater of impact.

The desired center of impact is usually st the target ceater (aiming

point), and the actual center of impact can be estimmted using flash-

base techniques to be described in Chapter III. The vesults of a series

of firings may be used to develop empirical distributions of the canter

of impact about the target ceater, and OEP's can be eetimated from these

distributions. The technique for estimsting ONP's vill be discussed in

Chapter IV, |
OHP provides an overal]l msasure of the system's acceracy, but it

dees not provide us vwith inforastion regurdizg the cause mer relative

mgnitude of artillery errors. This information mmst be cbtaimed DY

ezanining the components of the system. Thus the dependent varisdbles
of interest in this regard are thoes vhich measure conponent sirors;
that is, errors wvhich may bs attridbuted to a vingle componeat of the

2

Iacan: Acquisiticn Erxers. Under operstiomal conditios, target
scquisition errors would fall into three major catsgories:
1) failure to detect ths targst,
2) iwproper identification of the target, aand




3) 1incorrect location of the target, both initially and with
respect to adjusting rounds.
For experimental purposes, we propose to eliminate errors of the first
two categories by having an umpire designate a target (aiming point)
and identify it for the observer. Thus target acquisition errors to be
considered here are errors in target location only. These errors can

best be describad by considering the three mathods of entering fire for

. effact discussed previously.

Errors in the "Adjust Fire" methcd of entering fire for effact are
a result of the observer's inability to accurately determine targat
location initially, as well as errors in judging the location of the
target with respect to adjusting rounds. In contrast, target location
errors associated with the second two mathods of entering fire for
effect, vhen no adjusting rounds are fired, are due to inaccuracies in
the observer's initial location dats only. Other errors may be com-
nitted, regardless of which method of entering fire for effect is used.
We shall discuss some such errors and indicate which components of the
system are involved.

Syrvey Coptrol Errors. Thess erroxs are assoclated with incorrect
determination or reporting of coordinates of battery centers aund asi-
muths of orienting linss.* Survey errors have varying effects on
accuracy, depending upon the fire procedure being used. In the case
of "Adjust Fire" or "tzansfer veing registration corrections,” the
survey errors are "shot out” during adjustment and registratiom,

respectively. Therefore, survey errors would affect oanly the time

w24~




required to adjust on a new target. The accuracy of the rounds in FFE
would not be affected in either of these procedures.

Survey errors have the greatest adverse effact on accuracy when
entering fire for effect using "meteorclogical plus velocity error
corrections.” In this case, there is neither an adjustment nor a prior
registration, so all survey errors are incorporated in the firing data
that is sent to the guns.

Fire Direction Center Errors. In this catagory we shall consider
only errors that are actually generated within the FDC. That is, all
inputs to the FDC (e.g., survey, target location, and metsorological
data) will be assumed correct so that only errors in the computation
of firing data will be assigned to the FDC.

Errors generated within the FDC can adversely affect both the time
required to complete a fire mission and the accuracy of the rounds in

FFE. Although there are a great number of places where errors can be

committed in the FDC, our primary concern is the data that is transmitted

to the firing battery for use in FFE. These erroxs can take the form of
incorrect quadrant elevation,* deflection,® and (in the case of missions
requiring MT fuze) the setting to be placed on the fuze.

Piring Battery Errors. Here, as with the FDC, we shall consider
only errors actually generated within the firing battery. All inputs
to the firing battery will be assumed correct.

We can divide firing battery errors into two groups: thoss which
directly affect the fall of shot and those which cause incorrect inputs

to other components of the system, Errors of the first type are

25-

- RPN RS - Y

(NP

e e A i e e et ¢



e S

incorrect 1nitialllay of battery, incorrect lay (either in deflection
or quadrant elevation) of the individual pieces prior to firing, errors
in mechanical time fuze settings, and errors in the charge fired.
Bxampleg of the second type of error would be the incorrect measurament
or reporting of powdo_r temparaturs or projectile weight.

Compunication Erpors. These errors are dus to communications
between system components, not within the separate components. Such
errors are caused by poor radio-telephone procedures or faulty equipment.
Any message that is misunderstood by a radio-telephons operator of the
artillptyfggit and 1s recorded incorrectly by him is considered a com-
manication error. Such errors observed in the expariment should be
snalyzed to determine their effect on the firing data that is set on
the guns. Some communications errors may not affect the firing datas
for q;a|g1o, the umpire identifiss a survey party for the obmerver, but
the observer tells the FDC that the target is & wire crew. Other com-
uuqication- srrors, guch as the transposition of figures by a receiving
operator, may have a very adverse effect on accuracy.

Reajdusl Errors. These errors are encountered primarily as a
result of imperfect experimental controls. All arrors not previously
mentioned, regardless of source, would be 1nc1;dod in this category.
Therefore, if the experimentor were to ssasure all coaponent errorts and
thes calculate their total effect on the fall of shot, he should be able
to predict whera the center of impact will occur. 1If the ggfysl CI does

not agree with this prediction, the difierence ie due to residual errors.
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One example of a residual error is an error in meteorclogical data,
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since all meteorological data was assumed to be correct. Another
example of a residual error is a "round-off" error. These occur because

only integers may be set on the scales of the weapons.

Dependent Variables (Timeliness)

We now consider the measure of tha system's timeliness. Although S
accuracy is usually of paramount concern to artillery units, there are |
occasions vhen speed of delivery of fires takes precedence. Such
instances are a matter of judgment of the connlndir and may warrant
deviations from the normal procedures. Training doctrina requires that:

"411 members of the artillery team must be continually
indoctrinated with a sense of urgoncy."l

In addition to the distribution of the lengths of time reqyired to con- i
duct fire migsions, we also propose to observe the lengths of time |
required by certain components of the FA Wespons System. Again, it is
desirable to learn what effect the components of the system have on the
measure bf effectiveness being investigated, so that we may seek
possible methods of improvement.
Total Fire Mission Time. Total fire mission time should be meas-
ured from the time that an observer detects s target until the FFE
rounds burst in the target area. The following procedures could be
used by an umpire wvhen designating a targst to an observer: the umpire
would describe the target (e.g., platoon of infantry in the open), give

angular measurements to the target, and describa the object that is to

1

™ 6-40. 22. ﬂg.. P 1-2.
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be used as the aiming poiht (e.g., & red car body). For this experiment

detection occurs when the observer sees the aiming point (the red car
body) and states, "target identified."

Component Times. In order to determine the contribution of the
component parts to the total fire mission time, the following measure-
ments should be taken.

1)  Target scquisition time should be measured from the time the
observer detects a target until he initistes a request for a fire
mission with the FDC, Adjustment time should be measured from the
appearance of an adjusting burst in the target ares until the first
element of adjustment data ie transmitted to the FDC.

2) .gqrvny.tinn should be measured from the time that the battalion
survey céntrol point is identified by the survey party until the battery
center and orienting line are marked.

3) - Mre direction center time should be measured as follows:

- a) Tor sissions using one of the non-adjusting methods, the
time increment should be measured from the receipt of a roquest for fire
until the last elewent (quadrant elevation) of FFE deta is transmitted
to the firing h.étcry.

b) For missions using the "Adjust Pire" method, the time
increment described above should be summed with increments computed in
e similar manner for rounds in adjustment.

4) Mring battery time should be measured ls.tolloun:

a) For missions using one of the non-sdjusting methods, the
time increment should be measured from the receipt of the last elemsnt

of the firing data from the FDC until the guns are fired.
=28~




b) For missions using the "Adjust Fire" method, the time
increment as described above should be summed for both the adjusting

' fire and rounds in FFE,

Controlled Variables

We now proceed to a discussion of controlled varisbles. Comditions
are usually controlled so that the erperimsutor cam attribute chamnges
in the dependent variables (up to random errors) to the values of the
independent variables. In addition, controls are oftem imposed in
oxder to uu_: the magnitude of the experiment, since sach additional
variable (of two treatments) would increase the mumber of data cells
by a factor of two. We consider thres states of comtrol: rigid,
systemgtic, and uncontrolled.

Rigidly Coutrolled Varigblas. The following varisbles are those
which the suthors feel should be rigidly comtrolled:

1) Sheaf width.* The battery should bes deployed to give a per-
sllel, or normsl, sheaf. The width of tha sheaf will dspead upon the
caliber of the weapons in the unit being tested.

2) Length of Survey. A fized length of survey should be used.

The exact length can be determined after the sits of the experimant is
selected.

3) 7Type of Ammunition. The preponderance of all smmmitiom fired,
both in combat and in training, is high explesive. Therefors we feel
that only high explosive ammnition should be used duriang the experiment.
1a addition, sufficient ammmition of a givea lot should de svailable to

ensure that no "mimed-lot" missions® are fired,
«29-
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7;. 4) Unit Training. All artillery units are required to take, and
¢

pass, an Army Trsining Test (AIT) on an annual basis. The authors feel
that all units should again be tested at the experimental site prior to
conducting the experiment. This test, by a single team of umpires, will
ensure that all units to be used in the expariment meet the minimum

level of training proficiency raquired by the Army.

e

5) Angle of Pire. Only low angle fire (less than 800 mils for

: ' most wesgpons) should be used in this experiment. Low angle ‘fire 1s more
accurate than high sngle fire, while the latter is more lethal against
certain types of targets. Since analysis using these methods as vari-

ables would necessitate expanding the experiment into areas of limited

application, we propose the above restraint.

Systematically Controlled Varisbles. Systematic controls also
serve to lfmit the sisze of the experiment. Additionally, these controls
assist in making the simulated combat conditions of the experimental

environment more representative of true combat conditions. The only |

variable considered in this category should be target occurrence time.

: | Using the independent variable "Visibility Condition," we have already
broken the 24~hour day Into "day" and "night.' Howsver, past experience
f | indicates that targets do not occur uniformly over either of these
; periods. [Enemy attacks most frequently occur in the early morning, so

we feel that a test unit should be required to fire more missions
’ between, say, 0500 and 0600 than between 2300 and 2400, This could be
accomplished by distributing target occurrence times in tha scenario

sccording to historical data that is available. The OHP's thus obtained

i -30-
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would be "averaged" over the times at which enemy targets are likely ;
to appear.

Uncontrolled Variables. Certain variables are uncontrolled, '

usually because it is too expensive, or too difficult, to contrel them.
Variables that fall into this category are as follows: i
1) Terrain and Vegetation. These will ultimately depead upon the

experimental site selected. A prime consideratiom in selecting a test

site 1is the availability of units near the site. It is also desirable

G e e SR Gmie oM, VR it oo

to select test sites that have, as nearly as possidble, “typical" terrsin.
2) Weather. Weather will depend upon the test site and the seasom.
Testing under "extreme" weather conditions, of amy sort, should be
avoided if possible. ;
3) Combat Redlism. Every effort should be made to develop a test |
scensrio that will include, as nearly as possible, the psychelogical and }
physiological stresses of actual combat. 7
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CHAPTER III

THE MODEL

We havé thus far described the conditions that we feel should be
varied or confrolléd '1nlotder to observe possible changes in the
dependent varisbles. In this chapter we outline a general procedure
that shoulé be foyllbwed:both in preparation for, and conduct of, the
experiment in the field. A linear statistical model, which could be

used duiihj the data analysis phase of the experiment, is also pre-

'l

icntcd.

S r es

Por this experiment a test unit should consist of one randomly
selected firing battery (from a particular battalion), the battalion
¥DC, and ‘ons ‘survey team. In Appendix C the authors descridbe a method
for obtaining an initial estimate of the required number of test units.

Once this estimate has been obtained, the battalions to furanish test
units should be randomly selected from available battalions. If the
estimated required number of test units were to exceed the number of
available basttalions, possibly because of the limited number of active
battalions or for combat reasons, the experiment could still be con-
ducted. Howaver, it must be remembered that the level of confidence ina
the eﬁtiuud parassters would be lowersd accordingly.

Each test wnit should be assigned a sequence number, which will
identity the order in which the experiment would be conducted for that

unit. A typical test cycle, shown in Table 1, displays one possible
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45
67
8-10

14-16

17-19

TABLE 1

TYPICAL TEST CYCLE

Arrive at test site; receive sdministrative briefing and
orientation.

Drav equipment; prepare for fisld eperatioms.

Receive datsiled briefing about the experiment spd condect
the pre-experimsat AIT; prepare for movemsat to the field.

Conduct AIT; receive briefing oa results.

Maiatain equipment and prepare for the experimset.

Receive alert orvder, loed vehicles, move to assembly area,
and prepare for defensive operatioms. MNove to dafemsive
positions (as required by the scemarie) and conduct fire
uissions.

Seceive orders to prepare to swppert am attack; coaduct
operations im support of am attack.

Baceive orders to remsin in positien and support defensive
operations; be prepared to contimss the sttack on order.

Contioue the attack.

Raturn to base camp; waintsis equipment;: retura equipmeat
to the supply poiat; receive critique frem test temm.

!
§
{
i
{
A




order of tactical situations. This order would be followed by all units
having odd sequence numbers. Even-numbered units would follow the
alternating schedule of tactical situations, starting with the offense.
By mixing the order of tactical situations, bias due to fatigue and
learning should be averaged over the two situw2tioms,

Once the experiment begins, the test units will be in simulated
combat continueusly for the duration of the experiment, thersby
increasing the psychological and physiological stresses to which per-
sonnel are lubj;t.:tod. The testing period of twelve days, suggested in
Table 1, would have to be adjusted depending upon the firing matrix
used (see Figures 1 and 2) and the aumber of volleys to be fired in
esach dats cell. Time must be allowed for registration, moves, and
normal tsctical activities, so a ressonable work load should be approxi-
mately 12-16 fire nissions per period of light condition (daylight and
dark). The order of fire missions should be determined at random and
tntegrated into the detailed scenario.

The experiment should be conducted in the following five phases.

1) Alert test units; inform them of their arrival time at the
experimantation site; ensure thai test miti have satisfsctorily com-
pleted an ATT 60“” (ae most) prior to the test period; move test
“units to the test site.

'2) Orient test uanits; have them drav equipment and prepare for
' f1a1d operaticns.

3) Conduc. Army Training Test at the test site.
4) Conduct experimeat; hasve uanits return equipment and depart for

home station.

-34-




B

\
I/w

oy

oo
'R 4

P

;

\\\\\\W\
\\.\\\\\\

i

' short Miu Long

| Offense (Defense)

~ Deylight

 ZIRING MATRIX (FULL)
. rowma 1l

144 Date Cells




z TwOL4
(02ONGAd) XTUIVA ONT¥1d

req BT TLRq

‘ ST1T%D eied 8y
unpon | 3zoyy | wnipeR | -330yg

30237 AQTO0(@A

UNn...N
uoylexlIsi8ay WYL

TeoFuRyOR

: 1 | , LJw

8174 3Isnfpy

A

36

ont4

Teoysoroaoeien
, 1 era |
uoIwAISTHIY Supjwubyag :
. ufog :
a1y Isanfpy .
. B i




ST Y e Y e r i

5) Conduct intermediate data reduction snd, 1f possible, update

the estimate of the riumber of test units requived.

Data Collection

Data should be collected by teams of umpirss assigned to the four
activities described below. The kinds of data to be collected and the
instrumentatior will be discussed. Pre-printed blank forms shouid be
used for recording data, and should be turned ia to the coutrol head-
quarters daily. All time measurements should be made using stopwatches,
and need not be recorded more accurately than one-tenth of z second.

Taxrget location. The target location umpire tesm should sccompany
the observers and record target locatios data that is tramemitted by
the observer to the FC. This information would be recorded in addition
%o surveyed target information. Target location time amd total fire
nission time should alsc be mesasursd and recovded by this tesm.

Fire Direction Centexr. The umpire team located withia the FDC
should ocbserve each step in the computation of & five mission, and
record any errors or malpractices that are observed. This team should
taps-record all commmnications between the FDC and both tha cbserver
and the firing bsttery. Anmy errors in informstien tramsferred should
be recorded when they are observed. The tapes would be amslysed later
to discover any undetected errors and to verify those already recorded.
m firing charts and FDC computation forms should dbe coliected daily
for later snalysis. This umpire team should aleo measure FIC time as
described previously. |

Y .
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Firing Battery. The umpire team observing operations with the

firing bsttery should monitor all activities associated with gunnery
procedures, to include :_'egiatutiou, laying the battery, and emplacing
aiming posts. All ob;ewed errors and malpractices shoisld be recordad.
One umpire should be .assigned to .each gun crew so that minimum delay is
csused by umpire activities. 'A Salvo fire* should be used in all fire
missions, even though the simulated tactical conditions may indicate

that -all weapons should be fired simultaneously. This type of fire

. would eliow the operators menning the flash-base in the target area to

observe -esch’ round individually, in order to estimate the CI more accu-
rately. The sight picture and sc:le‘ settings should be checked ‘each

time t(bafors:and aftar) a weapon is fired. Fuze settings should be

:Just: prior to 1bading the projectile into the gun. Any errors
dus: D maﬂuazgpumlon: ‘should be recorded as they are A"d‘cto’ctod.

nun srrors may be anslyzed later against the taped record. The firing

battity: time’ $hould: dbe ascasured by this team. .

"+ & photogrsphic acheme of recording the sight picture, scale readings,
and fuse ssttings might de useful if excessive time delays are attributad
to the usipire’ team, or the umpire's accuracy in reading scales is ques-
tioned. ‘' Pictuves of the scalas could ba taken and later anelysed for
ﬁnn; - Ther introduction of such a scheme of data collaction might de
a result of a pilot- study. -

- w. ‘The. 'Qupire team in the target area will operate the
flash~base, which:could Le used to estimate the location of each round

fired, including rounds in registration and adjustment. An ad hoc
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"dual" flash-base, Figure 3, is proposed by the authors. Two optical
instruments would be operated from each of four observation posts (OP's).
The two instruments should be positioned as cicse together as poseible,

without blocking the other's line of sight to the targets. It is felt

that such an arrangement might prove more accurate and workable then a

50 it e

flash-base with eight OP's, for the following ressoms. ;
1) The close proximity of the instruments would allow voice com-

munications between the operators. Since the scale readings should be

quite similar, errors in reading the scales should be discovered
iamediately.

2) Large pointing errors should be discovered by the recorder,
who would sight over the instrument for each round. If a large differ-
ence batween the two angles is reported, the recorder's observation
should aid in determining which instrument is in error.

3) Pinally, the number of rounds "lost," or not observed by an
OP, should be minimized because of the "built-in" redundancy.

All instruments should be oriented on a distant reference point
before and after each fire mission in order to minimise errors due to
faulty instrument alignment. The deflection and vertical angles should
be measured for all air bursts, but only the deflection angle need be
measurad for ground bursts. If both instrument operators at an OP
observe a burst, tﬁo d.floction (and vertical) angles will ba averaged
to give the "OP deflection (and OP vertical) sngle(s)" for that round.
In the event only one instrument operator st a particular OP observes
a burst, the "OP angld(o)“ will be taken as the angle(s) measured by

that instrument.
«39-
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Although there could be many variations to the problem of "lost"

rounds, we shall consider only the situation in vhich one OP (i.e.,
both instruments) fails to observe a given round, In this case, that

OP would not be used to estimate the location of the "lost" round;

instead, the "OP angle(s)" for that OP would be comstructed to the
location (of the "lost" rouncf) determined by the remajning three OP's.
This location would be sstimated using the same general procedures
(described below) as for locating the center of impact. Finally,

should two or more OP's fail to observe a burst, other anslyses would
be necessary.

The center of impact would be estimated by an intersection pro-
cedure. The "OP angles" to each round of a volley should be averaged
to give a "CI deflection angle" from each OP. A ray would be plotted ,
from sach OP in the direction of the "CI deflection angle," using a '
point mid-way between the two instruments as its origin. The inter-
section of these rays forms a polygon. PFor "tight" polygons the
’ geometric center would be taken as the estimate of the location of the
CI, in the horisontal plane. Other situations (i.e., "loose" polygons)
vould be analysed on an individual basis (see Chapter V). An sverage
height of burst would be determined, in the case of an air burst, by
averaging the heights of burst computed from each OP using the "CI
vertical angle," and the estimated distance to the CI. :

The flash-base parsonnel should know (in advance) which target is T
being fired upon, when each gun is fired, and the approximate time of

i R

flight. Coordinutes of the flash-base OP's snd target locations should

be established by survey.
-41~-
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The Experimen ai Desagn

In crder t> determire CHP's, we have suggested that accuracy data
be taken under varicus combinations of values ¢t the independent vari-
ables {see Figu:es 1 and 2). On each tricl the mezsusements taken will
determine the radial wiss distance, R, betwecn the center of impact and
the target center The observatiuns un radial miss distance may be

used in esrimating

OHP = Pr(R" = (", = Fpo ey,
A method ot estimaring th:s cum.lative distribution furction is discussed
in Chapter 1V.
Radial miss distance .. mcasured 1n Jhe sitandaid s-.ocvrdinate sys-
tem where ihe X-axts 1; teken aleng the gun-target 1lue aad lies in a
horizontal piane tangent to the waith at the target center. In the case
of time fuze m1§s1uns, this tangent piane passes through an aiming point
20 meters above the target center The Y-axi. is taken at right angles
to tﬁé‘x-axis etvthe target cente¢, and lles in the same horizontal
plare. The i-axls is perpendi.uliar to both the X and Y uxes at their
poiﬁt of intersection. We introduce the foliowing notation!
“igiz-n is the true mean miss distance tur the center of impact
(in egnh <ell), taken in the p direction; p = X, Y,
or Z. The rungis «t the subs.ripts acre described below.

{p) .
eijklmno is the random e&sror in the p direction on the observed

random varfable for the onh volley; o =1, 2, 3, ... nj;
. where nJ .18 the number ot volleys to be fired in a

datas ¢eil for tte Jth cange band.

-l 2




H(p] is the effect in the p directiom due to the iﬂ' sathed

used vhen entering fire for effect; { =1, 2, 3.

lh’] is the effect in the p direction dus te the jth Tange

bend; 3 =1, 2, 3, ... The upper limit is wmspecified
to allow for expsnsion, should it be fessible to fire

more than three range bamds.

L{"] is the effect in the p direction due to the tﬂ' light
condition; k=1, 2,

l{’l is the effect in tV.3 p direction dus to the z"' type
of fuzse used; L =1, 2,

r{’] is the effect in the p directiom dus to the nth
tactical situation; m =1, 2.

cll"] is the effect in the p direction due to the muclesr,

biological, or chemicel comtamimation; a =1, 2.

The usual notation for linear experimental models lists each of the
main effects terms as given above and all approprists imteractiom terms.

However, we can simplify this notstion considerably by empleying the
1 Ve propese the following model, which
treats each ~f the thres components of radial miss distance separately:

notation suggested by Graybill.

| L (x)

X setmno © Vjktam ¥ C15ktame o

]

i N

' Yisktamo * “1ikten * *{jktame @

k lll (2}

‘ 2sxtmmo © “skian * *ijkimme ™,
5‘ L. A. Geaybill, Ao

Volums I (Mew York: M l
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(p]

vhere eijklmno is assumed to be a set of uncorrelated random variables,

each of which is distributed u(o.og). In equation (1), X
th

ijktmno

denotes the X-coordinate of the o volley in the cell when the factors

M, R, L, F, T, and C are at the ith, jth, kth. lth. mth. and nth 1levels,
respectively, and_oinilarly for the Y and Z coordinates.

The N-way classification model should include interaction terms,
and tests of their significance in the experiment should be made. Also,
if it were found that‘ther‘ is not a significant difference among the
nain effects of certain factors in the experiment, then the data in
these cells could be pooled when estimating operational hit probabilities.
Such estimates should be more accurate becsuse of the increased sample

size.
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CHAPTER 1V
ESTIMATING OPERATIOMAL HIT PROBABILITIRS

Recall that we have defined OHP as the probability that the ceater
of impact of a volley of artillery fire will fall within a specified
distance of an aiming point. In sysbols,

OHP = Pr(R? S r?] = rl,(:z) 1)

wvhere R 1s radial miss distance (i.e., the distance from the center
of impact of a volley to the target), and "g(l’z) 1s the cumulative
distribution function (COF) of RZ, Under a specific set of experi-
mental conditions, our sbility to accurately estimate OHP (for a given
r) will depend upon our accuracy in estimating the CDF of 12,

We propose two procedures that might de used in estimeting this
CDY. PFirst, an attempt should be made to determine whethey ons of the
"well knowa" theoretical probability distributicns "fits" sither the
distribution of R2, or the distribution of soms function of B2, Ia
the event such & distribution camnot be found, the semple CDF (ogive)
could be used,

"W begin by discussing a procedure for attempting to find & "well
knowa" distribution that “fits" s fumction of R2. It hes Desn sssumed
that the cowponants (X, Y, end 2) of redial ntes distemce are distributed
l(b.a:): p=X, ¥, 2. The target cemter, or aimiag point, will de
considered to be the origim of the 3-dimsnsional coordiaate system
dascridbed earlier. Ve e8r’:<:. the X-coordinate population varismce
uaing the usual esstisator 5§. defined a8 follows:

-48-
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vhere f-l
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is the number of wolleys fired for a particular set of
axperimentsl conditions, and
xi is the distance in the X direction between the target

th

center and the CI for the 1~ wvolley.

Siailar computations would be made to determine 6% and 6%.

In Apﬁcndi.x B ve state ressons why we feel that :R%/d will de an
spproximstely Chi-square distributed random varisble with c2/4 degrees
of!rudu.vhorc c-o§+o§+ozmd d-a;+o;+a‘z‘. Note that

aquation (1) cen be rewritten as
OHP = Pr(cR?/4 £ crl/d) = ¥ 40, (cx?/d) = Bia(e?). (2)

That is, estimating the CDF of cR%/d ie egquivalent to estimatimg the
COF of 22, BReplacing the paramsters ¢ and d Dy their estimates
(1.0., 5-6}'!-5.;'553 ad 3 =53 +8%+ 3D, e obtain an estimate
of the mean of the approximating Chi-square distridution of cR¥/d. A
gooduesa~of~fit test (such as Chi-square or Kolmogorov-Smiraov) ceuld
s used to test whather the mrtmul data "fits" this meug
- Chi-oquare distridution. If the test shows [} mpubh fic, m-
mtmumwuuduutmnmhtmnluof . It the
N—o«m distribution does not n«“o sn acmubh fic, a csarch of
other distridutions should be mede.
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If a theoretical CDF that fits the observed data cannot be found,

OHP could be estimated using the sample CDF, or ogive. The sstimate

< p2
- P 2y o — .
thus obtained would oe dap !‘l;(r ) to ausber of volleys ﬁ-rf- H

for r? ¢ (0.»).
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CHAPTER Y

AREAS FOR FURTEER INVESTIGATION

While writing this thesis, wa have encountered cartain problems
towsrd which (we feel) further research effort might profitably be
directad. Lsack of time has prevented us from working on these problems
in detasil, This paper is conciuded with a brief description of thase
problems. It is hoped that additionsl work will be directed toward
soilving some of them. .

Ons problem is the development of an optimal flash-base for use in
sccurately locating shell burstl. The suthors have pressnted an ad hoc
flash-base configuration in this paper, but they feel that furthar
investigation might lead to a method of designing better ones. Sevaral
important questions should be addressed: How many cbservation posts
should be used in a flash-base? How many optical instruments ahould be
located at each observation post? that are the trade-offs between
accuracy and the number of ohservation posts (and the number of optical
instruments at each)?

Another problem involves the trade-offs between high angle and low
angle fire, The former is more lethal against certain types of targsts,
but the latter is more accurate. What are the OHP's of various weapons
systems using high angle fire? Do observers require more, or fewer,
rounds to adjust on a target when high angle fire is used? Under what
conditions is high angle fire praferred to low angle fire?

Experimentation of the type discussed in this paper is generally

quite expensive, Thus, it is desirable to devalop additional methode of

48~




obtaining meaningful measures of a system's effectivensss. In Appendix C
the authore propose the use of AIT data to estimate sample sizes and the
number of missions that should be fired in variouve range bands. Thesa

considerstions suggsst several quastions: Is there a Iﬂ;h correlation
betwean the estimstes of OEP determined experimsnutally and estimates

deternined from ATT data?! what modifications (eithsr in scenario or in
data collection procadures) in the ATT would be necessary in order to
odtain "good" estimates of OHP from AIT datal! Is it possible to collect

data (for eatimating OHP and other measures of effectivensss) undsr
sctual combat conditions? If so, what procedurss snd instrumsntation
should be used?

The "Adjust Fire" method of entering fire for effect presents a
fruitful erea for further research. This prozedure has been used 2o
sdjust fire on targets for a number of years, but appsrently no study
has been made to determine if a better procedurs might be developed.
Several questicns need to be answered: 1s tha observer's procedure of
"gplitting brackete” bast (in some sense), or should some cther proced-
ure be used? How msany weapons should be fired during the adjustment
phase? What procedure will yield the greatest expected level of damage
to targets of various types for s given cost?

The procedure curreatly followad for precision (destruction and
registration) fire should be cloeely examined. In 2 precilsicn mission
the observer follows the "Adjust Fire" procedurs until he enters FFE,
Once the FFE phass is entered, the observer only senses the rounds

(s.8., "over~left," "short-right," "short-line," etec.), and the FDC
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uses s standard procedure {described in detail in FM 6-40) to further
adjust the fire onto the target. Is this “"standard procedure" bast?
If not, vhat procedure should be used?

Finally, the authors fesl that hand computational procedures in the
¥DC ehould be compared with the Field Artillery Data Computer (FADAC).
what are the advantages/disadvantages of the FADAC versus hand computa-
tion? “Which gives the greater chance for error? Is the inability to
reconstrict past missions, step by atep, a serious drawback for the

PADAC?
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APPENDIX A

GLOSSARY

grga Target - Target, for gunfire or bombing, which covers s large area.
Aroa tar;ots are ususlly composed of many point targats that are
di-tributcd within scme geographical srea.

Co;:tcr of Iqm;t - The geometrical cemter of the dispersion pattem of
a group of founds.. In the casa of s singls volley, it is the
conter.ofvthil one volley.

Defiection -~ 1) Setting on the scales of the sight of a weapon to place

- the line of fire in the desired direction. 2) Horizontal clock-
wise angle between the axis of the tube and line of sight.

Direct Fire - Fire delivered at close range, by an artillery weapon or
a tank,.on nbtar;e: which is visible to the gunn.r.

riru for lffcct - Conoint- of a number of rounds fired singly or in
groups or vollcyo in sufficient volume to attain the desired effect
on s target.

Indirect Fire - Pire dclivotod at a target that cannot be seen {uom the
gun position.

Inherent Errore - If a number of rounds from the ssms lot of ammunition
are fired from a single weapon with identical sestings in quadrant

 elevation and deflection, all the rounds wil} vot fall at a single
| point, but will be scattered in & pattern of bursts. Thio disper-
sion is due to inherent errors, which are a vesult of conditions
in the bory of the gun, conditions in the carriage of the gum, and
envircnmental conditions during the flight of the projectile.
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Mixed-Lot-Mission - A fire mission in which the ammunition comes from
wore than one manufacturer's lot. (Firing corrections may vary
for di!feunt lotl.) |

n-Standard rir:l.ng Conditiono Cartain atmospheric, position, aad
materiel conditiona are accepted as standard. These conditions
are described in the introduction to firing tablea, Any other
fifing conditions are considered to be non-standsrd,

Operational Probable ﬁrtoro - Probable errors*® measured under opera-
tioul conditions.

Oruntiug Lim - A lino of kiaown direction established on the ground
ud md as s reference line in survey or in aiming artillery

p:locu.

Po:l.ne ‘rarpt - A pl!t:l.cullt object or structure such as a man, & bridge,

ora bmkcr.

Puition Aru = The ares in which the command and firing slemsnts of a
battery are located.

Probable Errors - Measure of the distribution of impacts about the
mesn point of impact for a single weapon; it is also defirad as
that error which 1s exceeded approximaiely as often as it is not
excesded.

Quduac lhvnuon The smaller angle at the origin, measured in a
nruul phnc. frox the bass of the trajectory to the line of

| .unuon. (The base of the trsjectory is the straight line from
t.hu origin to a point on the descending branch of the trajsctory
wvhich is at the same altitude ss the origin,) Roughly speaking,

a“-
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this is the vertical angle measured betwesn the axis of the gun
tube and the horizontal plane.

Salvo Fire - A msthod of fire in which weapons are discharged one after
the other, usually at intervals of two seconds.

Sensing - The location of a point of burst or impact, or maan point of
burst or impact, with respect to the target, such as over, short,
air, left, or right,

Sheaf Width - The lateral distance (perpendicular to the dirsction of

» fire) betveen the mean points of burst of the flenk rounds,

System Errors - The biss and dispersion, about the target center or
aiming point, of fire deliversd by weapons aystems. They are
attributable to both inherant errors and errors causad by the
operational environment.

Volley Fire - A method of 1’1:; in vhich each section fires a specified
number of rounds without attempting to synchronise its fires with
the other sections.

Weapons System - One or more weapons with gll component perts, persom~
nel, and procedures required for its operstion. The operation of
the system is initiated when a target is detected and terminated

upon completion of firing.
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APPENDIX B

THE APPROXIMATING CHI~-SQUARE DISTRIBUTION

We now consider the problem of finding the distribution (or
spproximate distribution) of a sum of squares of independent, but pot
identically distributed, normsl random variables. That is, we wish te
find the distribution of RZ » X2 + Y2 4+ 22, where the varisbles are
as described in Chapter III. Assume that X ds distriduted I(O.og).
Y is dietributed N(O-.u%). Z 4{e distribduted N(O.a;). and suppose
the random varisbles are independent. The approximate distridution of
R? 1s givea by the following theoren:’
let u,X/of (1 =1,2,...,k) be {ndependently distributed as xi(n,).

k k

let y = | 02 (y>0), and g s,X,. Then u = ng/y 4s
1-2-1‘“ ’ 121 4

spproxiuately distributed as xi(n), where

2
2
. (u'o')

“'i":"‘i’

As & consequence of our assumptions of independent sowmality,
x’/o{. Y’/og. and za/ag are independently distributad as x3(1). By

letting g, ® 1, we get yool+0l+0l end goXxlevleglang

X Y z

02 +0d +0
The theorem sbove then asserts that -‘-—-‘-—i R? {5 approxisately
o; + o,'; + a;

(o2 + of 4 o2¥’
distriduted as a Chi-square random variable with
(c§ + ¢§ + o:)
degrees of freedom.

Yrraskiso A. oreypilr, fo Jassedustion to Liamke fuldatioy) tedala,
Volums I (New York: McOGraw-Hi!l Book Company, Inc., B .
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AFPENDIX C

ESTIMATING SAMPLE SI2ES

The sample size for an experiment might be based upon the following

criteria:

1) the assumed distributions of the random varisbles to be
observed during the axperiment,

2) certain goals (possibly arbitrary) in estimating the chosen
parameters,

3) the cost of sampling, and

4) the availability of the members of the population to be ssmpled.
If we initially assume that the availability and cost constraints are
not active, then "required sample size" would mean :%n predicted sample
sise necassary to achieve the stated goals, given that the random vari-
ables vwill be sampled from the specified dietributions. BEven in this
"ideal case,"” the prodlem of determining recuired sample sise for en
experiment is a difficult one. There is seldom agreement as to which
goal should be selected, and it is difficult to predict, § priors, the
distributions of the random variables to be observed duriang the experi-
ment. After some consideration, the experimentor must make & decision
as to vhich goals he considers most importsat. Once this decision is
sade, it msy be possible to estimste the required sample sise, provided
inferences can be drawn about the distridutions of the random varisbles
iavolved. The latter may be done in various ways. Por example, sowms-
timss personnsl vho have had experience with similar experimsnts can
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furnish subjective inferences concerning the likely distributions of
the experimental random variables. On other occasions available dats,

similar to the data which will be collected during the experiment, mey

‘be used in drawing inferences about the distributions of these random

varisbles. In still other cases, theorstical developments mey indicate
appropriate distribution assumptiocns, or literaturs may be available
which sheds light upon the distributions likely to be encountered.
Aftdr the required cample size has bm estisated, the sxperismentor
should, in most cases, check uhoch'cr'iho cost or availsbility (of
sasple unirs) constraimts are violated., If either constraint is vio-
lated, the required sesple sise might have to be reduced sccordingly.

' Durihy suuwsl Army Training Tests, accuracy dats is recerded for
a1l sreillery units. The suthors feel that this data smight be similar
to the accsracy data that would be cbtained (later) in the experiment,

. 80 ATT data adght be useful in estimsting the required semple eise.

The phfuse "required sssple size” 1s used hare in two semses: the
sustar of velleys that should be fired in each data cell and the cusber
of units that should be used in firing those volleys. Our suggested
procedure for obtaining these estinates will be essestially the sams
as previously discuseed; that is, first u"duu each roquud sample
sise by cousidering some stated pol asd the iaferred distridution
(dbased o= ATT sccuracy data and thuoretical comsidarstiems) of the
experimantal random varisbles, thea check u ooe if a cost comstraiat

or sm availability comstraiat is active.




As was stated in Chapter IV, our ability to accurately estimate OHP
(for a given r) will depend upon our accuracy in estimating the COF
of R2, Por the reasons given in Appendix B, we fesl that :R%/d will
be an spproximstely Chi-square discributed rsndow varisble with c2/4
degraes of freedom, vhere c-a§+o§+a§ and d-o§+o;+o;.
Hence, the quality of our OHP estimates could very well bde sssumsd to
depend upon our ability to accurately ntiuu ¢2/4, the mean of the
approximating Chi-square qg.lﬁributim. However, c2/d s golely a
function cf the verisnces of X, Y, and 2, the miss distences in the
coordinats directions. Therefore, cur abiliy to accurately estimate
¢2/d will depend upon our accuracy in estimsting chese thres variances
Szom superimemtal dats. Toe difficulty lies in the fact that sxperi-
asntal data vill 0ot be available until after the expariment i3 comductad.
Hence, the suthors propose that estimatas of required sampls eises aiculd
be based upon accuracy data that is currently available; nsmsly, AIT data.

During AIT's, flash~base techuiques are uaed to estimate che points
of impact of individual rounde ia PFE, and & cantar of impact ia cow-
puted. Siace height-of-burst data is not recorded, it is lspossible te
estimecs the varience (03) of miss distance in the 2~coordinets direc-
tion. HNowsver, under the normality sssumptions of Appendix B, the weut-
sum 1ikelihood sstimate of o2 would be

X
* o 82 l'{' =2
0l » 85 nd u.x) .
X X °i-l 4

and similarly for °§° Por low-angle fire, the variasce ia ramge will
probadly exceed the varisacs 1a Jeviation: that is, in past experience,
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S§ has almost alwvays been greater than S%.

therefors, that o§ will "drive" the problem, In other words, if we

It i reasonable to assume,

choose a sample size that will achieve some stated degres of accuracy in
cbtimﬂting &;,; we should be assu:ed of achieving a higber degres of
accuracy in estimating a% and o% in the expariment., Therafore, wa
huvoconlidag?d‘only the problem of estimating a% to the required pre-
ciqién in ?rdcr tp_pbtaiq an estimgte of the requirad number of volleys
£;r aach,éﬁta cell. Any of a number of other schemes could be used as
well, .

‘FEOt their stated goal, the authors have decided to require tha
cxpccc?é lngg;p of a 1 - a per cent confidence interval on c§ to be
oquqi tg the burst radius (BR) of a projectile of lae appropriats type,
If; X »(qi'é diotgnce parallei to the gun-target line) is normally dis-

tributed, n§§/a§ 1s distributed as a Chi-square rendom varisble with

‘n -1 degrees of freedom. A 1 - a per cant confidence intsrval on

o} can be obtained as follows:
-g ™ 2 21,42 L2
Cd-amPrlyg oy, < 0Sg/oy < xgyo)
- 21,2 2 27,2
Pr[nSx/x“/2 < of < “sx/xl-a/2] R
vhers n 1is tﬁi total numbar of observations on the random varisble X,
and x§/2 1s the 100(1-a/2) percentile of the Chi~square distribution

with n - 1 degress of freedom. Equating the expected length of this

confidence interval to the burst radius, one obtains

E[L] = ElnS3/x}_,/; - BS3/x2,5) = By . (1)

«§0-




Solving for BR, we obtain
By = (n-1) "';l— - ‘;L') L (2
Xl-a/2  *af2

The burst radius of the particular projectile being used in the experi-

ment would be known, and c% can be cstimeted by 8§ frem AT? securacy

data. Thus (2) can be solved for n, the required sumber of volleys

for each data cell. Kote, howsver, that n alse specifies the partice-

lar Chi-square distribution from which the x2,. smd xi ., points
are deternined, and a solution for n must taks this iste scecoumt. im
iterstive mce&re msy be used: first chosss n, and thes check to
see if (2) 1s satisfied. If not, chocse a different » amd recheck (2).
If sc, determine whether a smaller n will satisfy (2). Continee in
this fashion until the smallest integer = that wost nearly sstisfies
€2) is found. This iteration process should mot be very time-consuming,
since very fev iterations (wevally lass tham 10) m be vegquired to
fiud the appiopriatc n.

Available ATT date, wertz. iLg *o rumerous artillucy uaite (of the
given type), firing at many different ranges, wnder variows firiag com-
ditions, would be used to estimate n by the sbevs preocedurs. The
estimete n (of required sampls sise) thus cbta{ned weuld vepresent
the nuaber of volleys to be fired (in sach dats csll) ¥y “wwerags" waits
in "average"” situations. Therefore, #8a would sesm to b& a ressensble
estimate of N, the tota]l mmber of wolleys to be firad im the experi-
ment (uing the reduced firing matrix of 48 data eslls).

-61-
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While 48n represents the total required sample size, it may be pos-
sible to allocate these observations in & way "more efficient" than
simply n to a cell, We shail illustrate this with a consideration of
the allocation over r#nge bands. In Chapter II, we suggested that the
1nde§andeﬁt vn;iiglé:ﬁcﬁn-farget Range" b;.divided into thfaa repre-
oentaéive r;ﬁge bauds.. ;he firing of n volleys in each dnéa cell
would ngt'take lnto aéégﬁnﬁ ;vgilablo information concerning these range
bands. §§ecifi§aliy, the authors feel thit intelligcnc; information and

ptcvious aecuracy data should be used as a basis for estimnting the

Xoe

:nunﬁei of missions to bo fired in sach range band. The 1ntelligence

1n£ormation might for example, take the form of a predicted distribution

" of aneuy target:, as |hown in Figure 4. The accuracy data could be pro-

vidod ffgi the AIT data (already used in estimating 02), segregated by

g

rlﬁg; band. The tollowing diucussion ahowa one method of using this
.1n£oruntionrt; obtain reasonable allocctiono of the number of missionc
to bc fir.d in ea;h range bnnd. For the slke of simplicity, we conuider
only the lhort-rnnge band (R B.#1) and the madium~range band (R.B, #2)
Howlvar, tho devclopnant ia general and could be extended to any nunbor
of ran;o band-. -

Aa otatcd previoualy. the accuracy of an estimate of OHP will dopond.
among othor fuctors; upon our ability to determine experimentally the
cor's of RZ. To obcain "good“ estimates of these CDF's, it is necessary
to léé#fafcly !Ill&t;.éhl oS;orvod ié for each vollsy fired. A reason-
nblo‘npﬁtoach toward aéhicving the desired degree of accuracy might be

to obtain "best" (in some sense) estimates of Mp2? the mean cf the
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squared radial miss distances, for each range band, The sense in which
we use the word "best" is discussed below.

We shall use the following notation:

X1 is mis§ distance patallel to the gun-target line in range

bend £, 1=1,2; .
Y1 is miss distance perpendicular to the gun-tazget line (in the
horizontal plane) in range band 1 ;

Z is vertical miss distance in range band 1.
Additionally, we make the following assumpticns.

1) X, is distributed N(O,ai‘); 1=1,2;

Y, is distributed N(o.o§;);

zZ, is distributed N(O,o% ).
i

. LN .

2) The predicted distribution of enemy targets indicates that, in
a total of V + W missions fired, it is expected that V missions will
be fired in range bend #1 and W missions in range band #2.

(L RY X

3) No more than N missiona may be fired during the experiment.

Note that the number n hnny be equal to 48n (determined previously), or
it nny.bo provided by a budgetary or other constraint, whichever is
sualler., Thus our problem is one of allocating N observations, between

R.B.#1 and R.B.#2, in order to obtain "best" estimates of u 2 and Wg2s

Rl 2
2 o x2 2
wvhere R1 x1 + Y1

The word "best" may be interpreted in terms of minimal quadratic

+22, {=1,2,

loss. Toward this end, ve have assumed the following loss functions for

any estimators ﬁxi and ﬁkg of uli and ukg. respectively:
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2)  given R.B.f1

Ri, - (ﬁ“i - ukl
LZ(Gl%) - (ﬁ‘% - u,%)2 given R.B.#2 .

It is well-known that L, (iio) 1s winimised by taking ins = RI. The
R 1 “t; 1

Ll(u

total expected loss, E{L], is given by

E(L] = pL, (R]) + qL,(2]) ,
vhere P 5%5 is the probability of firiag s mission iam R.B.71, and
q = (1-p) = 5 1s the probability of firiag a aisstea ia R.3.f2.

Note that p and q wmay be interpreted as prier probabilities ou the
distributions cf ‘]2. and R%. respectively.

let =n, (uknown) be the numbar of missiens that sheuld be fired
ia R.B.#1 and n, (unknowa) be the number of mimgiens fer R.3.#2. Then
aur problem reduces to the following:

MINIMYZE: p(;.g - u‘i)l + q('n; - ...%)2 o

SUBJECT TO: n1+u2-l.

By making the appropriaste substitutions, system (3) caa be rewrittem as:

MININIZE: ;%5 Var(;§3 *'555 v.:(i%}

\)
SUBJEBCT TO: 514-:2-'.

3 N LN .
where Var{Ri] = 2@t + ad + o)
Y S A fay
aad Vct(l%] = 2" + 0% ¢ 0% ) .
L Yo

{These varismcas will be derived belew.)
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The positive constant term v—_‘j‘_—w- will not affect the minimizatioa,

so it may be deleted. Finally, we have

] Yo Y u Ny 4 4 *
MINIMIZE: " [ctx + oy + 9y ] + n on + oy + 9y ]
1l 1 1 1 2 2 2 2 (5)

SUBJECT TO: n, + n

1 =N .

2

The Lagrangian for the system (5) may be written as:

- [l 4 4 Mo 4 woy o _
£ a [_cxl + Y, + ozll + n, [°x2 + v, + ozzl - Alny +n, - N] .

Taking partial derivatives and setting them equal to zero, we get:

R R +a" +o"]

aﬂl 2
™
-w[<:"~0-<1Y +o;]
2 nj
7 .

Solving the first two partial derivative expressions for ), one obtains:

-ly
A---:[a"+o“‘+c"].---[o"+o" +o }. (6)
a oy o L N

The above equstion can be solved to get the ratio of missions to be fired:

+o“ +o"
n
i L4 , )
n [} b ‘0
2 Hi{cl! 40l +o0
n N4

As mantioned previously, ATT data doas not include z-coorduuto'

information, o og and aé cannot be estimated and are therefore
1 2

deleted. Replacing the remaining squared variances in (7) by their maxi-

mn likelihood estimstes, we get:




/‘ths2 )+ (s2))
+
"1 Xy !

2 \/ W(s2)" + (82)°)
? 2

' 3)

n
- % )2
where 5 .2. (Xu Xl) ’

m is the nusber of missions fired ia R.E.f1 (for vhich
AIT data is available), and

X is the distance in the X direction (in R.B.#1) betwoen

1L
the target center and the CI, for the 1& wollay.
Similar computations can be mede to gst 8;2. S: s and s§ . Faally,
13 2
under the assumption that 0, and n, are coutinucus, (8) csa be selved

explicitly for a, (or “2) to obtain:

wi(s2 )2 + (s2 )Y
L TN

vl (bil) * (s )}

......

sl n, - N - ';1 “Oace this solution is obuimﬂ. wku huutt

Yoo ame wing Dges e S

valuas of u1 lnd nz ny bc nchcud
n«. varan that nn substizuted inte cho mnu (6) shove sre
dcrivd as foum Comidor oaly the dmr:-tnga h-u!.
} : .

where 11 e dl-trtbntnd u(o o2

LETREN TR UL ST R . 1

!‘ u di-tributod ll(o.c ) .
Tt Sx¥ '

2. is ¢istributed :(o.og ) .
1

1
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Xy X2
Then P is distributed N(0,1), so that -1 is distribured x2(1),
X o2
1 Xl
and siuilarly for Yl and 21.

The Chi-square random variable with k degrees of freedom has a
variance of 2k, hence Var(s?/o2 ] = 2 and Var[X?] = 206} . Stuilarly
1 Xl 1 Xl

2l - 4 2] - 4
ve get Var{Yl] onl and Vat[zll 2021 .

We can find the variance of R% - x§ + Yi + zi as follows:

tndl ot 2. 2" 2
v.rtnll - v-m-[x1 + !1 + 21]

- 2 ry2 2
Vlr[xll fVar[Yll + ‘!arlzll

(by the gqlmd independence of xl. Yl' and zl)

- 2(0“ +}0“ + 6“ )q
nhohoy
Hence,
Dl . n
1
Var(R2] = Var{2- J R2,] = L var[ ] Rr?]
R L
--L(Zn(o" *a"+o"~~)]~~3—(c" +0% +04)
2 TR T ey TR Y Yy

"

A .1.;1.: ?@?utﬁpp can t_;? carried out te obtain the variance of ;:{ .

It should be noted that the above tpchniqu reprasents only one of
mny possibls ways to allocate N =iscions betwesn renge bands, or
between levels of other factors, Having obtajoéd n, aod n,, the
experimentor could require that n,/24 volleys be fived for each date
cell of the short-range band, and nzlu volleys for aach dats cell of
the long-rangs band. MNote that ve ars sssuming the reduced firing metrix

with 48 data cells is used.
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We now consider the problem of estimating the mumber of test wmits
that should be used for the experisent. The following discissicn chows
how ATT dats wight also te usod to cbtais this estimsts.

Tha namber of test units required for the experimeat should depend
(primarily) upon the varish<lity smomg artillery waits. The suthors feel
that mean radial miss distance provides a suitsble messure of 2 wmit's
sccuracy, so the distridution of mesn radicl miss distames for a randomly
sslectead unit might be used 0 egtinate the required semple sise (mumber
of test units) for this experiment.

Assume that ATT data is svailable (rom C wwits, each of which

fired & total 4 E wmissions during the AYT. let X
th

14 demote the

radial niss discance of the FFE volley of the 4  wissiox fire! by tie

1 amit (L o3, ooo, B § 1, ooy 6). ATY dota could be used te

| |
conpute Qj-% Elii' the estimeted meor rodisl wiss distmmce fer
i=} ‘

wsit j. Tais computation should De carried eut for sach of the wmits
sod the resmiis need to obtain sa empirical dMstridetion (histegram) of
the ramdom verisble Bye the mean radial uiss distance of s randexly
selectad unit. The Ceatrsl Linit Theorewm leade we te ssmjecturv that
¥y is (spproximmtely) & sorsslly dw randon vazrisble. A
goodness~of-f1it test could de applied to tast Lhe sssumption of mer-

mmlizy. 1f the test showe that & sovasl dfstributiss prerides aa eccept-

eble £it, that particular normal distridetisn could Yo wsed ts estimste
the required nusber of test vaits.
To obtain this eatimsts, a procedure similar te that wed feor esti-
mmting u could be used. PFor emample, the enpestad longth of ¢ 1 - o
~49-




per cent confidence intervel on u (the mean of uJ) could be set equal

to some selected Qalue. For My distributed normally with unknown

variance, vm-1l (;5 - u)/Su is distributed as & t random variable
. J ,

with m - 1 degrees of freedom, where m 18 the number of test units

required for the experiment. A 1 = a per cent confidence interval

on u can be obtained as follows:

1-ao -.P?I-EQ/Z < J;:f (:3 - u)/SuJ < t0/2]
ce Py -t qu/-’E-'i Cu<upte qu/»’m-l 1,

where tu/Z is the ;OO(l—a/Z) percentile of the Student's t-distribution

G
with m - 1 degrees of freedom. Note that By = é- Z ﬁj and
' 151

Yo,
Z (u - 1 )2 can both be obtained from ATT data., As was
uJ‘ j-l . . R

done previoualy, equating the expected length of the above ccnfidence
1uterval to some appropriate constant will provide an estimate of the .

number’gf'test units'reqﬁired for the experimen:.

Tt s
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