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ABSTRACT

An extensive and detalled analysis is made of the factors which
contribute to the accuracy of a spotting rifle controlled antitank
weapon. The manner in which each source of error contributes to the
total error is discussed, and two methods of computing quasi-combat
first-round hit probability are presented. The entire method is illus-
trated by a complete determination of the hitting potential of the
106mm recoilless rifle (M4O) using the .50 caliber spotter (M8) under
an assumed quasi-combat environment.
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INTRODUCTION

Important among the current and proposed anti~tank weapons are
those which acquire targef range data through the use of a separate,
small-caliber spotting rifle. This type of weapon system is used by
firing spotting rounds, with adjustment between rounds, until one
hits the target, and then, without further adjustment, firing the first
major caliber round. It is clearly desirable for the spotting round
and the major caliber round to be ballistically matched, that is, to
fly exactly the same trajectories under both standard and nonestand-
ard conditions. However, if past experience is any indication, it
is impossible to achieve this goal. The two rounds generally are not
matched. They do not fly the same trajectories under standard condi- '
tions, and they are not equally sensitive to variations from standard.
For example, the two weapons might be adjusted so that their centers
of impact are at the same point when no wind is blowing, but, given a
constant cross wind, one type of round might be blown further off course
than the other, so that they no longer have the same center of impact.

In this report a mathematical model is presented which allows
for the computation of quasi-combat hit probability for the first
major-caliber round fired after achieving a hit with a spotting round.
The resulting probabilities are quasi-combat, that 1s, representative
of the true combat performance of the weapon to the best degree pos~
sible, since all of the variable quantities considered as affecting
the hit probability are assumed to vary in magnitude as they would
from round to round or from occasion to occasion in & true combat
situation.

The interactions of the sources of error are simplified to the
degree that they are assumed to be independent of each other. For
example, the horizontal error introduced as & result of occasion-to-
occasion variation in weapon cant is assumed to be independent of the
vertical error introduced due to the lot-to-lot variation in muzzle
velocity. 1In truth, these are not independent, since, as will be
shown, the error due to cant depends on the angles of elevation of the



two weapons when firing, and these in turn depend on the particular
muzzle velocity of the lot of ammunition being used. Dependences
such as this are second order in their effect on hit probability, and
are best ignored in a method which lends itself to hand computation,
as does the one presented here.

Certain ballistic data regarding both the spotting round and
mJjor caliber round are required, as well as estimates of the stand-
ard deviations of the variation in the identified parameters. Specific-
ally, for standard conditions, the angle of elevation and the time
¢f flight as a function of target range are required, as well as the
sensitivities of the two types of ammunition to changes in range wind,
ballistic coefficient, muzzle velocity, and air density. These sensi-
tivities, presented in the form of unit differential effects (e.g.,
change in impact point resulting from a 1-fps change in muzzle veloeity),
as well as the angle of elevation and time of flight data are best
obtained by the computation of the pertinent trajectories under both
standard and nonstandard conditions. These trajectory computations
are normally performed in the Ballistic Research Laboratories by the
Artillery and Missile Ballistics Branch of the Computing laboratory.

Two methods of computing hit probability will be considered.

The first assumes that the spotting-round impact is, from occasion to
occasion, distributed normally over the target, while the second as-
sures that it is distributed uniformly over the target.

It is also assumed that the weapon system will be re-zeroced when-
ever a new lot of either major caliber or spotting ammunition is
obtained.

The methods presented will be illustrated by a determination of
the hit probabilities for the standard BAT system (Rifle, Recoilless,
106mm, M 40, firing shell, HEAT, M>M4Al, using Spotting Rifle, Caliber
.50 inch, M8, firing Spotter Tracer Bullet MiS8Al).



NOMENCLATURE AND TERMINOLOGY

As will become apparent to the reader, the number of quantities
involved in a detailed discussion of the sources of errors inherent
in the overall accuracy of & system of the type under consideration is
80 large as to cause considerable difficulty in selecting symbols to
represent them. The following general concepts have been used:
Whenever possible, a symbol suggestive of the quantity represented
has been used. For example, V indicates velocity, t indicates time,
and N indicates number. Also wherever possible, standard notations
are used. For example, A indicates a change in some quantity. Since
two weapons are involved, (major caliber and spotter) and many
quantities apply in type to both weapons but in different magnitude
to each, capital letters (either Greek or English) are used when the
quantity is to apply to the major caliber weapon or ammunition, and
lover case letters (either Greek or English) are used when the
quantity is to apply to the spotting weapon or ammunition. Errors in
the vertical direction or quantities which result in vertical errors
will carry the subscripi ¥y, while those associated with horizontal
errors will carry the subseript x.

A complete listing of all symbols, their units, and their defi-
nitions is located at the end of the report.



TYPES OF ERRORS

In a weapon system of the type under consideration, the sources

of delivery error fall geaerally into three categories. These are
(1) Pixed Bias Errors
(2) variable Bias Errors
(3) Random Errors

The fixed bias errors are the trajectory mismatch errors com-
puted under standard conditions. The magnitudes of the fixed bias
errors depend on the range to the target when firing for effect and
also the range at which the system has been zeroed, as well as the
ballistic differences between the major caliber and spotting weapons.
(Zeroing simply means the adjustment of the spotting rifle relative
to the major caliber weapon so as to cause the centers of impact of
groups of rounds fired from each weapon to coinclde at some range,
called the zeroing range.) In the vertical plane this bias results
from differences in muzzle velocity, ballistic coefficient and drag
between the spotting round and the major caliber round. Jn the hori-
zontal plane, it results from the difference in drift between the two
rounds. The fixed blas erro.s can be thought of as those not varying
from firing occasion to firing occasion or from round to round on a
given firing occasion.

The variable bias errors are those which vary from firing occasion
to firing occasion but remain fixed from round to round on any given
firing occasion. That is to say, they are the errors Introduced by
the particular nonstandard conditions prevalent on a given occasion,
which generally vary from occasion to occasion. These include varia-
tions in atmospheric conditions as well as occasion-to-occasion varia-
tion in firing conditions such as the cant of the weapon and the error intro-
duced during the process of zeroing at the last time the weapon was zeroed.

The random errors are those which vary from round to round on a
glven occasion. These are composed primarily of round-to-round dif-
ferences in ammunition performence, but also include the effect of
cross wind and range wind gustiness and round-to-round aiming error.

10



These sources 0. error will be discussed in a somewhat dif-
ferent order from that in which they were introduced. The first to
be discussed will be the random errors, and then the variable bias
errors introduced during the zeroiup process will be discussed. Then
the remainder ol the vuriable bias error:s will be defined, and finally
the fixed bias errors will be introduced. Then all of the errors will
be combined to determine the hit probatility on a target.
Bandou Ecrors

Horizontal

dJump. There is a round-to-round varistion in the angle at

which the projectile (either major caliber or spotter) departs the
launcher relative to the intended angle of the trajectory. This varia-
tion is called jump variation. It is composed partly of an angular
difference between the projectile axis and the launcher axis at the
instant of the projectile's deparcure ['rom the launcher, and partly
due to the motion of the launcher induced by the forces associated
with the expanding propellant gases and moving projectile. Since
Jump 1s an angular error, it is expressed in mils. The standard devia-
tion of horizontal Jump'for the spotting weapon will be denoted ¢

while that for the major caliber weapon will be denoted aJ
x

.’

Cant Variation. Cant error is the error in placing a wea-

pon in firing position so that its elevating trunions are level. Such
an error causes an elevated lauucher to point at a horizontally mea-
sured angle difterent from that intended. For a shoulder-fired system
this cant error may vary [ron: round to rouné ind so is properly discussed
under random error. (For a tripod-mounted system, the cant error will
not. vary f{rom round Lo round on a givei occacion, tut will vary from
occasion to occasion, and hence vill be discussed under variable tiases.)
The standard deviation in round~to-round variation in cant may be dif-
ferent whea .evoing than when firing for effect. Let %:. and ¢,, be

the standard deviations of round~toeround cant variation when zerolng
and when [firing Jor eifect, respectively. Then, when zeroing at range

R, ¢ (Rz) und o (RZ), the ctandard deviations of horizontal
- c'A c'a

11
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random error due to round-to-round cant variation for the major calilber
and spotting rounds respectively are given by

X

o (Rz) = 1018.59 tan ®(R,) sin 0_, mils.
ctA ¢

and o. (R ) =1013,5 tan ¢(R ) sin ¢, mils.
Xy1g 2 2 c

Then, when firing for effect at a target at range R, o©

xg 'A(R,Rz) and

9. (R), the standard deviations of random error due to cant variation
C'a
for the major caliber and spotter respectively are given by

9, 'A(R,Rz) = 1018.59 tan [o(n) + O(Rz) - o(Rz)] sin oy, mils

and d"c' (R) = 1018.59 tan ¢(R) sin 9y mils,
a
vwhere ¢(R) + #(R,) - O(Rz) is the angle of elevation of the major cali-

ber weapon when firing for effect at range R after zeroing at range Rz.
Crosswind Gustiness. Crosswind gustiness is the round-to-

round variation in crosswind on a given occasion. Its effect on a

projectile in flight is a random error. If UWG is the standard devia-
X

tion of crosswind gustiness, then o_ (r) and o, (r), the standard
XWG Wg

deviation of horizontal impect error at range r yards for the major
caliber round and spotter respectively, caused by the variation in

wind gustiness, are

_ 1018, 3r
UXWG(r) = -——3;22 °WGx (r) - TR 163) mils

1018. 3r
and 9, (r) = -——5;2 UWGx t(r) - m mils,

vg
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where T(r) and t(r) are the times of flight to range r for the major
caliber round and the spotter, respectively; V and v are the muzzle
velocities for the major caliber and spotter rounds respectively, and
&(r) and ¢(r) are the angles of lsuncher elevation above bore sight
required to fire the major caliber and spotter respectively at range
r. Note that the quantity in braces 1s simply the difference between
the projectile's times of flight in air and in vacuum, The factor

1018; provides the conversion from deflection in feet at the target

to a corresponding angular deflection subtended at the launcher.

Aiming Error. In general there will be a round-to-round var=-
lation in aiming due to the gunner's inability to hold the sight
recticle on the desired point. If the system is shoulder fired, this
error may be large; if the system is tripod mounted, it may be neglig-
ible. When zeroing, it may be smaller than when firing for effect.

The standard deviation of this aiming error when zeroing will be

denoted ul mils. When firing for effect the standard deviation of
x
aim error will be denoted o, mils.

Ly

Total Random Error. The total horizontal random error is
the combination of the errors in Jjump, cant, that due to crosswind gusti-
ness, and aiming. If Rz is the zeroing range, then ogRA(RZ) and

o (Rz)’ the total standard deviations of random error when zeroing

*Ra

for the major caliber and spotter respectively are given by

0 PN ) 2 2
g (R)=/0" +|o R) + o, (R )J + 0" mils,
xRA z Jx [ *c1a z L xWG z lx
e q2 - 2 "
and o. (R)=/a " +]a. (R) + lo. (R )] + 0.° mils.
*Ra 2 Jx L ¥ctag 2 _xwg z lx

When firing for effect at range R after zeroing at range Rz, g (R,RZ)

13



and ch‘(R), the total standard deviations of horizontal random

error for the major caliber and spotter respectively are given by

2 2 2 2
axm(a,nz) = qu + [axc'A(n,nz)] + E:XW(R)] + 0, mils,

X
2 2
and 2 ’ 2
o. (R) = [0 + [o (R)] + [a (R)] + 0 " mils.
*Ra Jx Xo1a xwg I‘x
Vertical

Jump. There is & round-to-round error in vertical Jjump
similar to that in the horizontal direction. Its standard deviation

will be denoted o 3 for the spotting weapon and uJ
Y y

for the major
caliber weapon.
Range Wind Gustiness. The round-to-round variation in range
wind on a given occasion influences the vertical coordinate of impact
Just as was the case with crosswind gustiness and horizontal impact

error. If OWG is the standard deviation in range wind gustiness, and

(%)r and ('g)r glve the vertical change in impact at range r corres-

ponding to a 1 foot per second change in range wind for the major

caliber weapon and spotting weapon respectively, then a, (r) and o, (r),
WG wg

the standard deviations of impact error at range r due to range wind
gistiness for the major caliber weapon and the spotting weapon respec-
tively are given by

o. (r) =g . (%) mils and
Yve WGy r

ong(r) = °WGy . (%)r mils.

The quantities (%’r and ('%)r are termed "unit differential effects"

glving the effect of range wind on the vertical coordinate of impact.

14



Ballistic Coefficient Variation. The round-to~round varia-
tion in ballistic coefficient causes a variation in the vertical co-
ordinate of impact. If o and o, are the standard deviations of bal-
listic coefficient variation for the majJor caliber ammunition and
spotting ammunition respectively, and (%)r and ‘%)r are the unit
differential effects giving the change in vertical impact co-
ordinate resulting from & 1% change in ballistic coefficient for the

major caliber weapon and spotting weapon respectively, then ay (r) and
B

°y (r), the standard deviations in vertical impact error due to round-
b

to.round ballistic coefficient variation for the major caliber weapon
and spotting weapon respectively, are given by

oyB(r) =g . (%)r mils and

uyb(r) =0 . (g)r mils.

WithineLot Muzzle Velocity Variation. The next source of
vertical random error is the variation in nuzzle velocity among the
be the

rounds of a given lot of ammunition. Let UVWL and val

standard deviations of within-lot muzzle velocity variation for the
major caliber ammunition and the spotting ammunition respectively.

I (%%)r and (g)r are the unit differential effects giving the
vertical change in impact point at range r corresponding to a l-foot-
per-second change in muzzle velocity for the two kinds of ammunition,
thea the standard 1fviatlons in impact error at range r due to muzzle

velocity variation o, (r) and o, (r) for the major caliber ammunie
vwl

tion and the spotting ammunition respectivelf] are gliven by
A
o (r) = oL (ﬁv)r mils

YvwL

15



and o ywl(r) =0, (%)r mils,

Aiming Error. There is generally a vertical round-to-round
aluing =rror similar to the previously described horizoatal error.

The stiandard deviation of this error is denoted °l mils in the zero-~

Yy
ing situation and GL mils when firing for effect.

y
Total Random Error. The total vertical random error is the

combination of errors introduced by Jjump, range wind gustiness, bal-
listic coefficient variation, withinelot muzzle velocity variation,

and aiming error. Hence, if R, is the zeroing range,then o, (Rz) and
RA

oy (Rz) » the standard deviations of total vertical random error when
Ra

zeroing for the major caliber and spotting rounds respectively, are
glven by

(R) =[o? [ | )]2 [ @] @] + o2
] R)=[fo  + o, (R + lo R] +[o R)] + g, mils,
Ypa 2 Iy Ve 2 Yg 2 Yyur, 2 1y

and

2 2 2 2 2
oyRa(Rz) = aJy + Eyng(Rz)] +E1yb(Rz)] + [ole(Rz)] + °ly mils.

When firing for effect at range R, the standard deviation of vertical
random error for the major caliber weapon is given by

> 2 2 2 °
Jy + ExyWG(R)] + [oyB(R)] + [aym(a)] + oLy mils,

while that for the spotter is given by

2 2 2 & 2
oyRa(R) = a‘jy + [ung(R)] + [oyb(R)] + [ale(R)] + cLy mils.

16



Variable Bias Errors

Zeroing. The process of zeroing a weapon system of this type
consists of firing a group of rounds from the major caliber weapon and
a group of rounds from the spotting weapon, estimating the separation
of the centers of impact of these two groups, and adjusting the spot-
ting weapon relative to the major caliber weapon so that these two

centers of impact coincide. The range at which these firings take
place 1s called the zeroing range and is denoted Rz. There are a num-
ber of factors which influence the magnitude of the error made in
doing this. For example, the centersof impact of the two groups can-
not be determined exactly from the small number of rounds fired in the
group; the air temperature and hence the propellant temperature of the
ammunition may not be standard, and since the two kinds of ammunition
are affected differently by variation in propellant temperature, an
error is introduced; or the mean muzzle velocities of the lots of
ammunition being used for the zeroing may not be standard, leading to
a zeroing error. Of interest is the standard deviation of error when
firing for effect at range R caused by the error in zeroing at range
Rz' It will be shown that all of the components of zeroing error,
expressed in angular units (mils), are independent of R, (but of course
dependent on Rz) except the error introduced by the non-standard mean
velocities of the lots of ammunition used on a particuler zeroing
oecasion. This component of error depends on both R and Rz. Within
the framework of these general comments the zeroing error will be

discussed in detall.
Horizontal

Location of Center of Impact. Suppose that in zeroing,

N rounds of major caliber ammunition and n rounds of spotting ammuni-
tion are fired at range Rz. Since these firings are all made on a given
occasion, the distributions of impacts ror both weapons can be thought
of as impacts selected at random from distributions having as standard

deviations the previously discussed random errors. For each group

17
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of impacts, it is desired to estimate the mean (or center of impact)
of the dietribution from which the impacts were selected. Sampling
theory indicates that the best estimate of the mean of the distribu-
tion is the mean of the sample. Bezice the best the gunner can do is
agsume that the mean impact point as he observes it is really the
center of impact of the population from which the impects are drawn.
Of course, the sample mean is not always the same as the mean of the
population. Of interest here is to predict (in a probability sense)
the error a gunner mekes by assuming that the observed mean is the
same as the center of impact of the population. Again looking at
sampling theory, it is found that the distribution of sample means
has a standard deviation given by % , where o is the standard

deviation of the population from which a sample of size k is
examined. Hence, if o (Rz) and o (Rz) are the standard deviations

M x

of the error in assuming the means of the zeroing groups to be the
means of the populations from which the groups are selected, for
the major caliber and spotting weapons respectively, then

O’N&(Rz) = /—N—I . oxRA(Rz) mils and

omx(Rz) = /-—n— . cha(Rz) mils.

Note that the random errors are computed at the specific range Rz at
which the zeroing is taking place.

Observation of Center of Impact. In addition to the
error in the actual location of the center of impact as described in

the preceding paragraph, there is an error in estimating the mean of
the shot group from the remote firing position. This error should be
of the same magnitude for both the spotter and major calilber weapons,

and its standard deviation be denoted oo and its units will be mils.
X

18



Cant Variation. Cent error is the error in placing a
weapon in firing position so that its elevating trunnions are level.
Such an error causes an elevated launcher to point at a horizontally-
measured angle different from that intended. In general, if y is the
angle of cant and ¢ is the elevation angle of the launcher, the hori-
zontal error € introduced is given by

€ = 1018.59 tan ¢ sin y mils.
Since for a weapon of the type belng considered here both launchers
(major caliber and spotter) are rigidly fixed together, wheh one is
canted, s0 is the other. Let Q(Rz) and O(Rz) be the angles of cleva-

tion of the major caliber launcher and spotting round launcher re-
spectively required to fire them to zeroing range Rz' Then the hori-
zontal error in the major caliber impact is given by

€ = 1018.59 tan O(Rz) sin y, while that for the spotter
is given by
€, = 1018.59 tan o(Rz) sin 7.

Since this weapon is employed by firing the spotter until it hits the

and €, are of inter=-

target, only the difference between the errors el 2

est. This error is

€ - ¢, = 1018.59 sin y [%an O(Rz) - tan O(Rzﬂ .

If oc is the standard deviation of cant error measured from zeroing
occagion to zeroing occasion, the corresponding standard deviation of

zeroing error, o, is given by
c

uxc(Rz) = 1018.99 sin 9, [tan O(Rz) - tan ¢(RZZ] mils.

Crosswind Variation. The variation in average wind

velocity from zeroing occasion to zeroing occasion introduces a zero-

ing error. In other words, if the system is zerded on a windy day, it will
not be correctly zeroed for firing on a subsequent ealm day. Here again, it
the difference in impact points introduced by the fact that the spot-

ter reacts differently to a wind than does the major caliber round.

19
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If o, is the standard deviation of the variation of mean crosswind
X

from zeroing occasion to zeroing occasion, then Oy (Rz) s the stand-
W

ard deviation of zeroing error caused by this crosswind variation is
given by

4 X

1018, 1 1 ]

oxw(Rz) ;R Ow ™R,) - ¢(R,) - R {5 §(R,J ~ Vcos Q(RZZI
mils

Total Horizontal Zeroing Error. The total horizontal

zeroing error is a combination of all of those errors listed. If the stani-

ard deviation of this error is dencted o (R ,)s then
2

2 2 P 2 2
o, (Rz) a E’M (Rz)] + Fm (Rz)] +20° + [ux (Rz)] + [°x (Rz)]
Z X X X (o] w

mils.

This can be interpreted as the standard deviation of error when firing
for effect at range R due to the fact that the zeroing was accompliched
at range Rz' Since ox (Rz) is independent of R, it is a constant

Z

(in mils) at all target ranges, but changes only when zeroing range
changes.
Vertical
Location of Center of Impact. As in the case of hori=

zontal zeroing error, there is an error in assuming that the mean of.
the impacts of the zeroing group sample is the same as the center of
impact of the population from which the sample is drawn. It o‘ (Rz)

&

and L (Rz) are the standard deviations of this error for the major
Yy
callber weapon and the spotting weapon, respectively, then

20



oMy(R z) =/TI . °ym(Rz) mils and

1
o (R) -/——- . ¢. (R ) mils,
my 2 n Ypa 2 .

where N and n are the number of major caliber and spotting rounds

respectively, fired during zeroing, and ¢, (R ) and o (R ) are
Ypa' 2 Ypa 2

the standard deviations of random error for the two weapons at the
zeroing range Rz.

Observation of Center of Impact. There is also a verti-
cal error in estimating the mean of the sample shot group from a

remote firing position. This error should be of the same magnitude
for both the spotter and the major caliber weapons. The standard

deviation of this error is denoted ao and its units are mils.
Yy

Temperature Variatlon. If the weapon system is zeroed

on an occasion when nonstandard temperature prevails, an error will
be introduced due to the fact that the spotting ammunition reacts
differently from the major caliber ammunition as temperature varies.
(A change in temperature results in a change in velocity which in
turn results in & change in impact point.) Let %’ and §v§ be the

unit differential effects giving the change in muzzle velocity corres=-
ponding to a change of 1°F in propellant temperature for the major

caliber and spotting ammunition respectively, and let d

), e

WV Rz

('?G)R be the unit differential effects giving the change in impact
2

point resulting from a 1 foot per second change in velocity at range
Rz for the major caliber and spotting ammunition respectively. Then
the difference between the impact points of the pwo rounds at range Rz
caused by a 1°F change in propellant temperature is

[3(39, - (e 0,

21



Ir % is the standard deviation of temperature variation from zeroing
occasion to zeroing occasion, then uy (Rz), the component of zeroing
f

error due to this temperature variation is given by
: Ay &
%) = O - @) (%)Rz - (E)(%)Rz mile:

Range Wind Variation. Corresponding to the horizontal
zeroing error caused by the variation in mean crosswind from zeroing

occasion to zeroing occasion, there is a vertical zeroinm; error

caused by the variation in mean range wind from zeroing occasion to

zerolng occasion. If (%)R and (E)R are the unit differential
2 z

effects giving, at range Rz, the change in vertical impect point

corresponding to a 1 foot per second change in range wind for the

major caliber weapon and spotting weapon respectively, then the d4if-

ference between the impact points of the two weapons caused by a 1

foot per second range wind change is [(%)R - (g)n ]. If o, is the
2z 2

. y
standard deviation in mean range wind variation from zeroing occasion

to zeroing occasion, then °y (Rz) s the standard deviation in vertical
w

zeroing error due to the variation in mean range wind from zeroing
occasion to zeroing occaslion is given by

), - (s,

Alr Density Variation. If the weapon system is zeroed

mils.,

o (R)=0_ .
Y, 2 vy

under conditions of nonstandard air demsity, an error will be intro-

duced since the spotting round reacts differently from the major

caliber round to changes in air density. If (%)R and (%)R are the
Z 2,

unit differential effects at range Rz for the major caliber weapon
and the spotting weapon respectively, giving the vertical change in

22



impact point resulting from a 1% change in air density, then the
difference in impact point resulting from the 1% change in air density

is [(%)R - (g)n] . If ad is the standard deviation in the
2 2

variation of air density from zerolng occasion to zeroing occasion,
then ay (Rz), the standard deviation of vertical zeroing error, due to
d

variation in air density verlation from zeroing occasion to zeroing
occasion is glven by

cyd(Rz) =04 |(%)Rz - (%)Rz

Lot-to-Lot Muzzle Velocity Variation. All of the com-
ponents of zeroing error discussed heretofore produce errors which

mils,

are constant (when expressed in mils) for all target ranges when
firing for effect, the value of the constant depending on the range
at which the system was zeroed. The lot-to-lot variation in muzzle
velocity for both the spotter and msJjor caliber weapon, however,
produces errors which behave differently. Since it is assumed
that the weapon system is re-zeroed whenever a new lot of elther
type of ammunition is acquired, it follows that the system will
never be fired for effect with ammunition from a lot different from
that used for zeroing. Hence the effect of lot-to-lot variation
in muzzle velocity must be zero when firing for effect at the zero-
ing range. In order to determine the effect of nonstandard muzzle
velocity for the spotting weapon, consider the following:

For standard muzzle velocity, let v be that velocity and
O(Rz) be the angle of elevation required to fire the spotter to range
Rz. Let V and O(Rz) be the same quantities for the major caliber
weapon. The process of zeroing is simply one of fixing the differ-
ence &(R)) - ¢(R,). Hence &(R,) - ®(R,) will be the difference be~

tween the angles of elevation of the two weapons when subsequently
firing for effect at any range. In particular, when firing for
effect at range R, the angle of elevation of the spotter is ¢(R),
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and that for the major caliber weapon iz ¢(R) + [O(Rz) - ¢(RZ)].

But in order for the major caliber weapon to hit the sam: point
that the spotter has hit (nominally), it should be elevated to an
angle of ®(R)., Hence the error in the angle of elevatioa of the
major caliber weapon when firing for effect at range R after zero-
ing at range Rz is

o(R) - ®(R) - [o(az) - 0(Rz)] .

If it is assumed that a 1 mil change in angle of elevation results
in a 1 mil change in impact point (which can safely be assumed for
relatively flat trajectory weapons such as areé under consideration
here), then

o(R) - #(R) - Eb(az) - o(Rz)]

also gives the vertical .error present under standard conditions of
spotting rifle muzzle velocity.

Nov assume that the spotter has nonstandard muzzle velocity
v + v, In order to zero the system at range Rz’ a new angle of
elevation 0'(Rz) for the spotter will have to be used, &nd the fixed
bias angle between the launchers on subsequent firings for effect will
be G(Rz) - 0'(RZ). Thus, when firing for effect at range R, the
spotting weapon will be elevgted to angle ¢'(R), and the major cali-
ber weapon to angle ¢'(R) + T@(Rz) - o'(Rz) . Now since the major
caliber should be elevated to angle ®(R), the error in ungle or ele-
vation and hence in vertical impact error (expressed in mils) under -
the nonstandard spotter velocity is ®(R) - ¢'(R) - T@(RZ) - 0'(qu

If the error present under the standard velocity condition is subtracted
from this, then8y, the error due solely to the velocity error &v, is

by = o(R) - ¢'(R) - [o(ag - w(nz)] :
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But o(R) - $'(R) = Bv . (g'lg)n and
O(Rz) - v(nz) = Bv, (ﬁ)nz ,

where (%)r is the unit differential effect at range r giving the
change in spotter impact caused by a 1 foot per second change in
spotter muzzle velocity. Hence

by = [(g)n' (%)RJ )

v1) 18 the standard deviation in loteto-lot muzzle velocity varia-

tion for the spotting ammunition, then o, (R,Rz), the component
vll
of error caused by the lot-to-lot muzzle velocity variation for the

spotting ammunition is given by

a (R:Rz) ='°Vll . (%R - (%)Rz mils.

Yv11

A very similar argument canbe followed in the case where
the major caliber weapon is fired with nonstandard muzzle velocity,
and a very similar result is obtained. If oy (R,Rz) is the de-

VLL

sired component of error due to lot-to=lot variation in the muzzle
velocity of the major caliber ammunition, and OvLL 1s the standard
deviation in this lot-to<lot variation, then

o (R,Rz) = Oyp o (%)Rz - (%%)R mils, where (%‘yi)r is

YyiL

tie unit differential effect giving the change in major caliber impact
at range r caused by a 1 foot per second change in muzzle velocity
for the major caliber weapon.

Total Vertical Zeroing Error. The total vertical
zeroing error is a combination of all those listed., If the standard
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deviation of total vertical zeroing error is denoted o, (R,Rz), then
. Z

ayz(R,Rz) = l.;My(Rz)]a . [“my(nz')]e + eao‘:r + [‘,yf(Rz)]2 N

fosd Bl fon]  Bond e

This should be interpreted as the standard deviation of error when
firing for effect at range R due to the fact that the zeroing was
accomplished at range Rz. Unlike the horizontal zeroing error, which,
when expressed ;n mils, 1is independent of R, this vertical error is
dependent on both R and Rz‘ '

Other Variable Bias Errors. The remaining variable bias errors
will be discussed in separate paragraphsdepending on whether they are

horizontal or vertical errors.
Horizontal
Cant Variation. The variation of weapon cant from

occasion to occasion when firing for effect is a source of variable
bias error. Since the major caliber and spotting weapon are

rigidly fixed together at the time of zeroing with an angular separa-
tion depending on the zerolng range Rz, when subsequently fired for
effect at range R, the spotter w be elevated to angle O(R), and .
the major caliber to angle ¢(R) :-‘IO(RZ) - O(RZ)I, where @(Rz)-o(Rz)
is the angular separation fixed at zeroing. Then, following the

same development that was described in the section on the zeroing
error introduced by variation in cant from zeroing occasion to zero-
ing occasion,uxC(R,Rz),the horizontal variable bias error introduced’

by the occasion-to-occasion cant variation when firing for effect
is given by

o, (R,Rz) = 1018.59 sin oq |ten o(R) + [o(nz) - w(RZ)] - tan ¢(R)
C
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mils, where % is the standard deviation of occasion-to-occasion
variation in cant when firing for effect. But, for any angles Q

and B,

tan Q - tan B
l+tana tan B °

tan (a-B) =

For smell angles @ and B, tan @ tan B is very small, and negligible
error is introduced by letting tan (a-B) = tan a - tan B. Hence

cxc(R,Rz) = 1018.59 sin d, | tan [O(Rz) - O(Rz)] mils,

since all of the angles of elevation will be relatively small. Thus
the effect of occasionetoeoccasion cant variation depends only on
the zeroing range.

Crosswind Variation. Let uw
X

be the standard devia-

tion of the variation in mean crosswind from occasion to occasion. Then,
since both the major caliber and spotting projectile will be sub-

Jected to the same mean crosswind on a given occasion, only the dif-
ference between the errors of the two rounds is of interest. If

0. (R) is the standard deviation of variable bias error at range R

xw

due to occasion-to-occasion crosswind variation, then

oxw(R) = églgﬁég wa HR) - t(R) - 3Ry coi 3R)" v coi *(R)

mils, where T(R), V and ®(R) are the time of flight, muzzle velocity,

and angle of elevation respectively for the major caliber weapon,

and t(R), v, and ¢(R) are the same quantities for the spotting weapon.
Total Horizontal Variable Bias Error. The total hori-

zontal variable blas error is the combination of the errors introduced

during zeroing and the errors due to cant variation and mean crosswind varia-
tion from occasion to occasion. Thus if uxVB(R,Rz) is the standard
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deviation of total horizontal variable bias,

2 2 2
] "VB(R’R’) -:/ E”‘z(n";_] + l} xC(R,Rz)] + [axw(a)] mils.

Vertical
Temperature Variation. The variation in temperature

from occasion to occasion produces an occasion-to-occasion varia-
tion in velocity for both the spotting ammunition and the major
caliber ammunition. Since the two have different sensitivity to
temperature change, there will be a variable bias error introduced
equal to the difference between the effects of temperature change
on the impact position of the two kinds of rounds. If % and -g%

are the unit differential effects giving the change in velocity re-
sulting from a loF change in temperature for the major caliber and
spotting ammunition respectively, and (%)R and (%)R are the unit

differential effects giving the change in impact point at range R
resulting from a 1 foot per second change in velocity for the same
weapons, respectively, then the change in impect at range R for the

major caliber weapon due to a 1°F change in temperature is (%) (%\XI)R

and for the spotting weapon is (g) %)R' Hence the variable bias
error introduced as a result of a 1'F temperature change is

(1) () - ) (@ -

Ir U’F is the standard deviation of temperatwre variation from occa-

sion to occasion when firing for effect, then cy (R), the standard
F

deviation of variable bias error .d.ue to occasion-to-occasion tempera-

ture variation is given by

uyF(R) = Ope (%) (%)R - (gfv) (%)R mils.
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Air Density Varietion. The variation in air density
from occasion to occasion when firing for effect causes a variable

bias error since the major caliber ammunition and the spotting ammue
nition react differently to the same change in air density. If (%)R

and (g)R are the unit differential elfects giving the change in

impact point at range R corresponding to a 1% change in air density,
then the variable bias error resulting from a 1% change in air density

is [(%)R - (g)RJ' If oy is the standard deviation of occasion-to-

occaslon variation in air demsity, then cy (R), the standard devia-
D
tion of variable blas error due to ailr density variation is given by

cyD(R) =0 . (%)R - (%)R mils,

Range Wind Variation. The final component of vertical
variable bias error is the effect of occasion-to-occasion variation

in mean range wind. Let uw be the standard deviation of the varia-
Y

tion in mean range wind from occasion to occasion when firing for
effect, and let (%)R and (-g)n be the unit differential effects

giving the change in impact point due to a 1 foot per second change

in range wind for the major caliber weapon and spotting weapon, re-

spectively. Then oy (R), the standard deviation of variable error
W

due to the wind variation is given by

ayw(R) = Uwy . (%}R - (g)R mils.

Total Vertical Variable Bias Error. The total vertical
variable bias error is the combination of the errors introduced during

zeroing and those resulting from occasion-to-occasion variation in
temperature, air density, and range wind. Hence, if oy (R,Rz) is
VB

the standard deviation of total variable bias when firing for effect
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at range R after zerolng at range Rz, then

2 2 2 2
ayVB(R,R ) = [’yz(R’Rz)] + [oyF(R)] + I}yD(n)] + [ayw(n)] mils,

Fixed Bias Errors
Horizontal
Drift. The difference between the drift of the major cali-
ber weapon and that of the spotting weapon is the source of a fixed

bias error. Since the zeroing process removes all fixed bias errors
at the zeroing range, the error due to drift difference must be zero
when firing for effect at the zeroing range., Let XD(r) mils and Xd(r)

mils be the amount of drift at range r associated with the major
caliber weapon and spotting weapon respectively. When zeroing at
range R,, the major caliber weapon will be fired at angle -XD(RZ)

from line of sight, and the spotter will be fired at angle -Xd(RZ)

from the line of sight in order that the two projectiles will "drift"
onto the zeroing target. Then xd(Rz) - XD(RZ) will be the fixed

angular separation of the two launchers on subsequent firings for
effect. When firing for effect at range R, the spotting weapon will
be aimed at angle -Xd(R) from line of sight to target so that it will
drift onto the target. At this time the or caliber weapon will
be aimed at angle -X d(R) + F{d(RZ) - )(D(R’HJ from line of sight. But

at range R the amount of major caliber drift is X (R). Therefore
ib(R,Rz), the fixed bias horizontal error due to drift difference is
given by

iD(R,Rz) = EcD(R) - Xd(R)] - E(D(Rz) - Xd(Rz)] mils,

Parallax. The distance by which the bore line of the
spotting weapon and the bore line of the major caliber weapon are
separated is called parallax, and is the source of a fixed bias errov,

If the spotting weapon is mounted with its bore line Px inches to
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the right of the bore line of the major caliber weapon, as viewed
by the gunner, then the error at range R when firing for effect
caused by this separation is

Px [% - ] inches, where Rz is the range at which the
z

system is zeroed. (If the spotter is mounted to the left of the
major caliber, Px will be negative.) Expressed in mils at range R,
this error, iP(R,Rz) is given by

T,(R,R) = 28.29 B [% - ;] mils.

z

Total Horizontal Fixed Blas. The total horizontal fixed
bias error is the algebraic sum of the errors due to drift and
parallax. Hence, if i(R,Rz) is the total error,

i(n,nz) = iD(R,Rz) +'iP(R,Rz) mils.

Vertical
Trajectory Mismatch. One component of vertical fixed bilas
error results from trajectory mismatch. Again this error must be

zero at the zeroing range Rz since the zeroing process removes all
fixed biases. During zeroing, the spotter is elevated to angle

¢(R,) and the major caliver weapon to engle O(Rz), so that the angle
between them is O(RZ) - G(Rz) mils. The two weapons are then rigidly
attached together, maintaining this angular separation. Subsequently,
when firing for effect at range R, spotting rounds are fired until '
one hits the target, that is, until the spotter is elevated to angle
¢(R). At this point the major caliber is fired at elevation

o(R) +[0(Rz) - Q(Rz)]. But when firing at range R it should be

elevated only to angle ®(R). Hence the major caliber weapon is
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elevated ¢(R) + [o(nz) - O(Rzﬂ - ®(R) above what is required. But

it can be assumed, for relatively flat trajectory weapons of the
type being considered that a 1 mil change in angle of elevation
results in a 1 mil change in impact point. Thus Y&M(R'Rz)’ the verti-

cal fixed tias error due to trajectory mismatch, is given by
Ym(n,nz) = E(R) - o(R)] + [O(R Z) - o(nz)] mils.

Parallax. If the spotting weapon is mounted above or
below the major caliber weapon, there will be a vertical fixed bias
error resulting from this parallax. Let PY inches be the vertical
distance between the bore lines of the two weapons, with positive
PY denoting the spotter being mounted above the major caliber. Then
the vertical fixed bias error, ?%(R,Rz), resulting from this paral-
lax when firing for effect at range R after zeroing at range Rz is

given by

- : 1 1
YP(R,RZ) = 28.29 Py [ﬁz - E] mils.

Total Vertical Fixed Bias. The total vertical fixed bias
error, T(R,Rz), is the algebraic sum of the errors due to trajectory

mismatch and parallax. Thus
Y(R,Rz) = YTM(R,RZ) + YP(R,RZ) mils.

FIRST ROUND HIT PROBABILITY

The foregoing has been a discussion of all of the errors which
can cause the first major-caliber round to miss the target after a
spotting round has hit the target, except the error whose distribu-
tion describes the positlon of the spotting-round hit on the target.
Two different assumptions will be made, and the assoclated first
major-round hit probabilities will be given. The target will be
rectangular of width W(R) mils and height H(R) mils. Of course tle



probability of hit will be expressed as a product of two probabilities,
one being the horizontal hit probability and the other being the ver-
tical hit probability.

It will first be assumed that the distribution of spotting-round
hits from occasion to occasion is normal. Then since + 3 standard
deviations in a normal distribution encompass essentially the whole
population, the standard deviation of the spotting impact is taken

as A8 (or g-gl). Now since it is assumed that all of the previously

discussed error distributions are normal, the resulting distribution
of first majorecaliber impacts will be normal. In the horizontal,
the mean of the impact distribution measured from the target center
as origin will be ‘}-('(R,Rz) » the total horizontal fixed bias, and the
variance of the distribution will be the sum of the variances of
horizontal random error, horizontal variable bias, and spotting
impact error. Thus, if px(R,Rz) is the horizontal hit probability
at range R after having zeroed at range Rz, then

W(E) :
3 x-X(R,R,)
1 T
) 1 = 7| %\
R,R = F——(_y ] dx
px( 25, i o‘x R,Rz ’
-W(R
2

where

2 2 o 5
E’x(R’Rz)]2 = EXRA(R’RZ)] + E’xﬂa(R)] + [;XVB(R,RZ)] + [ﬂ%l] :

This probability can be rewritten
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(WER) _ X(8,R,) ;_"%B). . i(R,Rz)]
PX(R’RZ) =0 W -Ql oxm’nz) )0
X ta

vhere a(x) = J% e d dt, the cumulative normal distribution,

a table of which is included in Table 1.

The vertical hit probability 4is computed in exactly the same
manner. Thus py(R,Rz) the vertical hit probability for the first
major-caliber round after achieving a spotting-round hit on a target
at range R is

E%)' = Y(RoRz)) - ‘H'(gl = T(R:Rz)

p,(R,R) = a TR J < TEET

where

2
Ey(R’RZ)]a ) [UVRA(Rﬂe ! FyRa(R)] i |E’°"v13(R'Rz)]:2 ' [Egﬂ] 2 '

The probability of hitting the target, pH(R’Rz)’ is then the product
of the probabilities of horizontal and vertical hit. Hence

pH(R,RZ) = px(R,RZ) . py(R,RZ).

If it is assumed <that the distribution of spotting round hits
on the target is uniform random rather than normal, a different prob-
ability of hit will be obtained. In BRL Memorandum Report 636, "On
Estimating Probabilities of Hitting for the Battalion Anti-Tank Weapon",
it was shown that the horizontal first round hit probability,
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M (R,Rz), is given by

Py(R,R,) = -};{Eﬂ-x]a(s-x) + [M]a(w) -2pa(p) + 6(p+r) + 8(B-1) -26(5}

Wherexa%y ’
xv 7z

X(R, R,)

B=mx’z )

EJ;(R,RZ)]Q = E:XRA(R,RZ)]Z + [a xRa(R)]2 + [::x\m(R,Rz)]2 ,

X
a(x) = -%; e 4 at,
-0

2

X
and 6(X) = —%—; e d

The function ©(X) is the normal density function and is given in

tabular form in Table 2.
Similarly pa'r(R’Rz) is given by

p;,(R,RZ) =-i:-,-{;[s'-x] al(B'=r') + l-fa'ﬂ'] a(B'+r') -2p'a(p') +

8(p'+r') + 6(B'-\") -29(6'):}

H(R
| S
where A' = 'R, R ’

Y 2

¥(%,R )

' =
P o)'j R,sz ’
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TAELE 1
CUMULATIVE NORMAL DISTRIBUTION

X 2
_t
afX) = ( /5% e z at a(-X) = 1-a(X)

X 0.00 0.01  0.02 0.03 0.04 0.05 0.06 0.07 0,08 0.09
0.0 «5000 +5040 .5080 +5120 +5160 «2199 5259 5279 «5319 2329
0.1 .5%8 5438 5418 5517 5557 .5%96 L9636 L5675 LSTAM LOT53
0.2 5793 5832 5871 +5910 5948 5987 6026 6064 6103 L6141
0.3 6179 .6el7 L6255 693 633 .6 .6406 .6uk3 6480 L6917
0.k 6554 691 .6628 6664 6700 673 6772 6808 .68uk L6879
0.5 6915 6950 6985 7019 LTOSk .7088 7123 157 WT190  JT22k
0.6 .'?257 7291 732k L1357 7389 JTh22 JTh5h L7486 L7517 7549
0.7 75680 L7611 7642 7673 LTT04 T34 764 STk 783 7852
0.8 .7881 «7910 19% 7967 <7995 823 .8051 .8078 .8106 8133
0.9 8159 .8186 8212 8238 .8264 .88 .8315 8340 .8365 .838
1.0 - 8413 8438 8461 8485 .8508 .8531 855k 8717 .8599 8621
1.1 8643 .8665 .8686 .8708 .8729 8749 8770 .8790 .8810 .88%0
1.2 .88u49 .8869 .8888 8907 8925 .Bouk G962 .880 .8997 9015
1.3 9032 9049 9066 9082 9099 «9115 9131 9147 9162 9177
1.4 .9192 .9207 .9222 9236 «9251 9265 9279 19292 .93%06 .9319
1. 93% 9345 9357 .9370 9382 9394 9406 .9418 .9L29 9kl
1.2 .3&52 9463 OUTH 948U 9495 +9505 9515 9525 9935 95
1.7 «9554 <9564 9573 958 .9591 +9599 9608 9616 9625 -9'635
1.8 .96L41 .9649 .9656 9664 L9671 .9678 .9686 9693 .9699 9706
1.9 9713 9719 9726 973 9738 JOThk 9720 .9756 .9761 9767
2.0 9772 9778 .9783 .9788 9793 .9798 9803 .9808 0812 5317
2.1 .3821 .3826 .98%0 .9834 .9838 .98u2 .98.6 .9850 .9§5u .9857
2.2 .9861 986k 9868 .9871 9875 .9878 .9861 9884 9887 -9850
2.3 985 .9896  .988 990  .990k  .9906  .9909  .goLL L9915 L9916
2.4 .9918 .9920 .9922 +9925 .9927 .9929 9931 +9932 .993k4 9936
2.9 .9938 L9940 .99kl 9943 L994h 9946 9948 9949 9951 9922
2.6 29953 .995Y  .999%6 9997 .9939 L9960  .9961 Q96 W9963 906
2.7 9965 L9966 .9967 9968 .9969 9970 L9571 9972 L9973 997k
>.8 9974 9975 .9976 9977 <9977 .9978 <9979 9979 L9980 9081
9 9981 998 998 9985 .9984 998 19985 998, 9986 .9986
5.0 9987 .9987  .9967 9988  .9988 .99%9  .9989 29989 9990 L9990
Sel 9990 .9991 9991 9991 .9992 <9992 9992 9992 L9993 .9993
5.2 9993 .9993 L9994 9994 999k 9994 999k 9995 .9995 999
3.3 29995 9995 .9999 9996 .9996  .9996  .9996 19996 .9995  .9997
S.b .9997 +9997 <9997 9997 9997 9997 <9997 9997 <9997 «9895
3.5 9998 .9998  .9998 9998 .9998 9998 .9998 9998  .9998  .9998
5.6 9998  .9998  .9999 9999 .9999 9999 .9999 29999 .9999 9999
7 9999 49999  .9999 9999 9999 29999 .9999 9999 29999 .9999
° +9999 +9999 «9999 :9999 <9999 +9999 9999 +9999 <9999 <9999

LY

1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
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TABLE 2
NORMAL DENSITY FUNCTION

8(-x) = 8(x)

0.02 0.03 0.0k 0.05 0.06 0.07 0.08
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+3790 3778 3765 « 3752 3729 3725 « 3712
«3653 «3637 .3621 . 3605 .3589 3572 « 3555

. 3485 J3LET L3448 3429 L3410 J3®1 L3372
3292 3271 «3251 .323 3209 .3187 3166
<3079 « 3056 « 3034 3011 | .298 .2966 2943
.2850 2827 .2803 2780 2756 273 2709
2613 2589 2965 L2541 2516 L2492 2468

2371 2347 2323 2299 .2275 .2251 2227
2131 .2107 .2083 2059 .2036 .2012 .1989
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1669 L1647 1626 1604 158 1561 .15%9
1456 1430 L1415 1394 L1374 1354 133
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and the functions ax) and 8(x) are defined as before. Then the
probability of hit, pl'i(R’Rz) is given by

! = ! t
P(R,R,) = P (R,R) « Po(R,R ).
EVALUATION OF 106MM RECOILLESS RIFLE SYSTEM (BAT)

As an example of the application of the methods presented hercin,
the BAT weapon system will be evaluated to determine the irst round
hit probability against the standard 7 1/2 foot by 7 1/2 ool targct.
As part of the investigation, the optimum zeroing range will be deter-
mined., Specirfically the system being evaluated 1s the Rif'le, Recoil-
less, 106mm, M40, firing Shell, HEAT, M34uAl, using Spottiung Ritle,
Caliber .50 inch, M8, firing Spotter Tracer Bullet Mi4BAl. Talle 3
lists the nominal muzzle velocities, the angles of elevation, aund the
times of flight for the two rounds.

TABLE 3
FIRING DATA FOR M344Al and M4CAL
A a
M3hhAL M4OAL
r V_= 1650 fps v = 1(6 ipa
Range in o(r) (r) o(v) )
Yards (mils) { seconds) (mils) (ceconda)
200 2:195 (T PRIy BB
LoOo 1.979 .783 (L0 o
600 12.610 1.221 11.6(h Loidid
800 17.754 1.693 16.(h0 1.607
1000 23,488 2.20% 22.950 Soul
1200 29.893 2,757 29.099 WO
1400 36,992 30341 36, 58¢ S 00N
1600 W, 773 3,956 b, 556 ERI))
1800 43,024 4,598 92,901 HeHn6
2000 62,342 5.269 62,056 Dol
Tables 4 and 9 list the unit differential eflccts for Lhe MAWEAL

and M4OAl respectively.
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TABLE 4

UNIT DIFFERENTIAL EFFECTS - M34LAL

Ballistic Muzzle Alr
Range Wind Coefficient Velocity Density
r JaS Y
Range in ‘%’r (ZAS%)r (K%)r (Z%) r
Yards mils/fps mils/% mils/fps mils/%
200 000 ,000 .005 002
400 .001 .000 .010 .008
600 .002 .010 .016 .021
800 .00k .03k .022 LOLO
1000 .006 .09 .029 .068
1200 .011 .093 L037 .105
1400 .016 A3 046 149
1600 .02k 175 .054 200
1800 .03k 225 .062 .256
2000 .0k6 284 .070 .315
Propellant Temperature : % = .265 fps/°F
TABLE 5
UNIT DIFFERENTIAL EFFECTS ~ M48AL
Ballistic Muzzle Air
Range Wind Coefficient Velocity Density
T
Range in (%)r (%)r (%)r (%)r
Yards mils/fps mils/% mils/fps mils/%
200 .000 .000 .005 .002
400 .001 .002 .008 .008
600 ,002 LOL7 .010 032
800 .005 .028 .012 054
1000 .010 072 .020 .083
1200 017 .108 L03%0 .121
1400 .02k .151 .038 164
1600 033 ,196 .045 212
1800 046 242 ,051 262
2000 .060 .290 .056 .310

Propellant Temperature: % = 1.16 fps/°F
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The specific values of the components of random error are listed
in Table 6 for the two weapons

TABLE 6
COMPONENTS COF RANDOM ERROR
MOUUAL MLBAL
istic Coefficient ag = 1% g, = 1%
Within-Lot Muzzle &
Velocity Variation °WL = T.02 fps O] = 12 fps
Porizontal Jump o, =.598 4 o, =.273 ¢
J J
b x
Nertical Jump g, = .566 o, =.227 4
J J
y Y
Cant Error °c" ac,= 0
Range Wind Gustiness o = 3¢3 fps
Y
Aiming Error g, =0, =¢. =0 =20
1
%* Yy LX Ly
Cross Wind Gustiness o, = 5.3 fps
WG,

Table 7 summarizes the computation of the horizontal random errors,
and Table 8 summarizes the computation of the vertical random errors
in accordance with the formulas presented earlier in this report.
Since all aiming errors are assumed to be zero for this tripod
mounted system, the ranges r in Tables 7 and 8 can be interpreted as
either zeroing range, Rz’ or range to target when firing for effect,

R, whichever applies at the time random error is being considered.
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TABLE 7
COMPUTATION OF HORIZONTAL RANDOM ERROR

MLOAL M3L4AL

r = R Crosswind Crosswind
or Rz Jump Gustir(:e;s Totz.l) Jump Gustir(xeis Tott(a.l)
[+ g r g T +] (4] r g r

F(Yards) Iy xwg *Ra Iy WG *RA

200 273 .096 .289%9 .598 073 60244
Loo 273 198 33724 .598 158 .61852
600 273 310 L1307 .598 LUl 64586
800 273 JL26 .50597 .598 +333 68447
1200 273 .663 11701 .598 +535 80239
1400 273 769 81602 .598 637 87371
1600 | .273 .861 90324 .598 133 94599
1800 273 .950 98845 .598 Be2 1.01651
2000 273 1.033 1.,06847 .598 911 1.08974
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TARLE 8

COMPUPPATION OF VERTICAL RANDOM ERROL

r =R
o R
3

MIBAL

Rllictte

Rate wind

Within Lol

Juup [Coerticlent | Guatineus fVelocdty Vace | o
(savd) U‘}A\- A l‘(,-) 0-"“(:(1.) oy‘;\\l g '\..(n )
200 Q7 <000 +O00 «OU0 ARUREY
w0 PR 002 003 S0 EHTRHTY
o000 02 .017 SO0/ W10 YA
800 227 008 .01o o1hh PAYIVI)
1000 o202 072 .033 240 Y1
1200 227 108 .050 « 560 Jboh
1+00 R 151 079 156 e02(19
1000 ERY 196 109 «5h0 oo g
1300 227 202 52 .0L" R
2000 227 «290 198 02 oty
M3LkAL
C o n Balllstic Range Wind | Within Lot
o Jump | Coer'ricient | Gustiness | Velocliy Var. Totad
or R, o | o () | o, () o () e ()
(Yards) y B WG VW, " BA
200 . 506 .000 L0000 O LHUT
Loo « 500 .000 003 078 Sl
500 « 506 .010 SO ) WD
800 566 +O3h 015 WL RIS
1000 « 566 <059 020 o2 oL 0D
1200 « 566 093 030 RS LU
1400 . 560 W15 053 500 Y
1¢00 566 (5 N Jio s oi0Y
1400 . 566 225 Wl iy RN
2000 566 L2804 W15 ol RUNRIE




These random errors are now used as & basis for the determina-
tion of the error introduced in zeroing. The values of the components
of zeroing error are listed in Table 9,

TABLE 9
COMPONENTS OF ZEROING ERRCR .
M4BAL M3LLAL
|Number of Rounds Fired n=5 N=3
Lot=-to-Lot Muzzle
Velocity Variation %11 = 13.7 £ps °VLL = 13.5 qu
Cant Variation 0, = b g
Temperature Variation o = 16.1°F
Alr Density Variation 0y = &%
Mean Crosswind Variation o, = 1l fps
x
Mean Range Wind Varlation o, * 1l fps
Y
Observation of Center of Impact o, =0, = .05 $
. x y

The horizontal variable bias error introduced during zeroing
depends only on the zeroing range, while the vertical variable bias
error introduced during zeroing depends both on the zeroing range
and the range to the target when flring for effect. Table 10 sum~
marizes the computation of the horizontal zeroing error, and Table
1l sumnerizes the computation of that portion of vertical zeroing
error which depends only on zeroing range, l.e., all components except
that due to lot-to-lot muzzle velocity veriation, which will be
computed subsequently.
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Table 12 summarizes the components of vertical zeroing error
resulting from lot-to-lot muzzle velocity variation. The first entry
in each box gives the effect for the spotter, while the second entry
gives it for the major caliber ammunition.

TABLE 12

COMPONENTS OF ZEROING ERROR DUE TO LOT-TO-LOT
MUZZLE VELOCITY VARIATION

First Entry in BEach Box - o, (R, R ) {MuBA1
Yv11 z

Second Entry in Each Box - ¢ (R, R) {MBlthAl}
Yy, ®

R, (Yards)

(Yards) }200 | 400 | 600 | 800 ]1000} 1200} 1400 | 1600 | 1800 }2000

200 .000} .041} .068 ] .096 | .206] .342 | .452 | .548 | .630 | .699

2000 | .066 | .146 | .225 | 318 .hau | Ls5hs | eug | .755 | 861

400 o041l .o00] 027} .055 | .164] .301 ] 411 ] .507 | .589 | .658
.066| .000| .0801] .159 | .252] .358 ] 477 | .563 | .689 | .795

600 L068| 027 .000] 0271 .137| .274] .38 | .480 | .562 | .630
146) .080 | .000].080].172] .278] .08 | .50k | .610 { .T16

800 .096| .055] 027 | .000 | .120} 247 ] .356 | 452 | .53k | .603
225) .159 | .080 ] .000}.093] .199 | .318 | .L24 | .530 | .636

1000 2061 164,137 | .110| .000] 137 } 247 } 343 | 425 | .493
L5181 252 .172 1 L0953 .000] 106} .225 | .331 | 437 | .543

1200 L3421 o301 ] Jo7h ] 247 ] 137) 000 L2101} .2 .288 | .356
JA2u | 3581 .278] .199 | .106| 000 | .119 225 | 2331 L37

1400 As20 cuaa ) .38u ] .556 ] L2u7 ) L120) L0000 ] L096 ) 178 | .247
543 77 o8 .38 225 119 | L000 | L2106 ] L212 ] .318

1600 548 507 ) 4801 452 ) 343 206 ) 096 | .000 ] .082 | .15)
6491 05831 504 | Ju2b 331 .225] 106 | 000 | .106 | .212

1800 .630] 589 | .562 | .534 | 25| 2881 .178 ] 082 ] .000 | .068
7551 6891 .610 | .530 | 437 .331 | 212 | .106| .000 | .106

2000 699 | .658| .630 | 603 | 493 .356 ] .2k7 | .151 | .068 | .000
861 .795] 716 ] 636 | 543 437 ] .38 | .212 | .106 | .000

The data in Tables 11 and 12 are then combined to give the total

vertical zeroing error. These are shown in Table 13.
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TABLE 14
COMPONENTS OF VARIABLE BIAS

"Cant Variation oD F
Mean Crosswind oy = 11 fps

Variation X
Mean Range Wind uw =11 fps

Variation y
Temperature Variation op = 8.1°F
Alr Density Variation op = 2%

The total variable bias errors can now be comp

errors due to cant variation and mean crosswind var
total horizontal variable bias error will be a func
zeroing range (Rz) and the range to the target when
since the zeroing error and cant error depend only
while the error due to crosswind variation depends
the target. Table 15 shows the errors due to cant

due to crosswind variation.

uted.,

horizontal direction, this error includes the zeroing error and the

iation.

tion of both the
firing for effect,

on zeroing range
only on range to

variation and those

TABLE 15
VARIABLE BIAS ERROR DUE TO CANT
VARIATION AND MEAN CROSSWIND VARIATION
Cant Crosswind
o (B R) o, (R)
Rz Xc * e R xw
Lge.rds) (mils) (Yards) (mils)
200 .036 200 077
400 .065 Loo 132
600 .083 600 .220
800 .090 800 «308
1000 .085 1000 .385
1200 071 1200 29
1400 .05k 1400 JuLo
1600 0% 1600 JL29
1800 .029 1800 JL29
2000 .025 2000 47
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The data from Tables 10 and 15 can now be combined to give
values for GXVB(R, Rz), the total horizontal variable bias error

at range R after zerolng at range Rz. These values are given in
Table 16.

TABLE 16
TOTAL HORIZONTAL VARIABLE BIAS ERROR UKVB(R, R,)

R §; (Yards)
Yards | 200 [ 400 [600 [800 | 1000 ] 1200 1400 | 1600 | 1800 [ 2000

200 395|429 | 491 | .568 ] .652 | .720{ .772 | .B11 | 858 | .895
400 410 442 ) .503) .578) .660] .728] 779 | .818] .865 | 902
600 Au6 ] 4761 533} .605) .683] .749] 799 | .837 | .882 | .919
800 A951 .522 | 575 ) .642 | JTAT | LTTO| L82T | .86L | 908 | oLk
1000 546 ) 571 ) 619 ] .682 ] .753] .B13] .859 ] .895 ]| .937 | .9T1
1200 5781 .602 | .648 ] .7081 .776 ] .835| .880 | .91k | .956 | .990
1400 586 610} .655].715}) .783] .840] .885| .920 | .961 | .995
1600 .578] .602] 648} .708] .776] .835] .860} .914 | .956 | .990
1800 5781 .602| .6481 .7081 .776 | .835| .880 | .914 | .956 | .990
2000 562 | 5861 .633| .695] .764 | .82l | 869 | .90k | 946 | .980

The total vertical variable bias error is a combination of the
vertical zeroing error and the errors due to occasion-to-occasion
variations in temperature, air density and mean range wind. These
latter three standard deviations are shown as a function of target
renge in Table 17. These are then combined with the vertical zero-
ing error shown in Table 13 to give the total vertical variable bias
error, cyVB(R, Rz), which is tabulated in Table 18.
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TABLE 17

VARIABLE BIAS ERRORS DUE TO TEMPERATURE,
AIR D.NSITY, AND RANGE WIND

R Temperature Air Density Range Wind
(Yaras) ayF(R) oyD(R) oyw(R)
200 .036 «000 ~000
Loo 054 .000 »000
600 .060 .022 .000
800 .066 .028 011
1000 126 .030 LObl
1200 202 .032 .066
1400 .258 030 .088
1600 307 024 .099
1800 + 347 .012 A3
2000 376 .010 154
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The horizontal fixed bias error results from the difference in
drift between the spotter and major caliber weapons and the horizontal
parallax. Since only a spinning projectile drifts, and the M3LLAl
is fin stabilized, its drift is zero. Also the horizontal parallax
is zero since the spotting rifle is mounted directly above the major
caliber rifle. The components of fixed bias errors are summarized
in Table 19.

TAELE 19
COMPONENTS OF FIXED BIAS

Parallax

Horizontal 1:«x =0

Vertical PY = k.71 inches
Drift

M3hkbAL xD(r) =0

Mi8AL X4(r) = 00033 r ¢
Angles of Elevation See Table 3

The total horizontal fixed bias X (R, R,), which in this case
is the same as 'x-,D(R, Rz)’ the fixed bias due to drift difference,

is shown in Table 20.
The computation of the vertical fixed bias errors are summarized

in Taeble 21, Shown are the error due to irajectory mismatch,

parallax, and the total error.
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Before computations of hit probability can be carried out, the
target dimensions must be expressed in mils. §Since the target is a
square 7 1/2 feet on a side,

W(R) = H(R) = 122 @30%8'59) - 2283 e

Table 22 1ists W(R) = H(R) as a function of R.

TABLE 22

TARGET DIMENSIONS IN MILS

R H(R) = W(R)
{Yards) (mils)
200 12,73
400 6.366
600 L.24k
800 3.183
1000 2.546
1200 2.122
1400 1.819
1600 1.592
1800 1.415
2000 1.273

The random errors iisted in Tables 7 and 8, the variable biases
listed in Tables 16 and 18, the fixed biases listed in Tables 20
and 21, and the target dimensione in Table 22 are sufficient to com-
pute the first round hit probabilities for both the situation where
the spotting round impact is normally distributed and that where it
is uniformly distributed, The results of these computations are
shown in Figures 1 and 2 for normally distributed spotter and uni-
formly distributed spotter respectively. As can be seen, the prob-
abilities depend strongly on the zeroing range, the target range,
and on the assumption as to the distribution of spotter impact.
It 1is not known which assumption more nearly describes the real situa-
tion. It is felt, however, that at short ranges, where the first
round hit probability for the spotter is high, the assumption of
normal distributlon of spotter impact 1s more realistic. At long
range, where the spotter hits the target only after a series of
misses and corrections, the distribution of hits would probably be more
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nearly uniform. Thus if it desired to select a zeroing range which
maximizes the range at vhich the hit probabllity is at least .75, this
selection should probably be made from Figure 1, since the desired
range is relatively small (between 500 and 800 yards) and hence the
assumption of a normally distributed spotter impact is probably more
realistic. Figure 1 indicates a hit probabllity of .75 or greater out
to a range of slightly in excess of 800 yards if zeroed at 500 yards.
It can also be seen that this zeroing range results in near-maximum
hit probability at all target ranges. The maximum degradation occurs
at target ranges beyond 1400 yards, where hit probabilities are unac-
ceptably low regardless of zeroing range. If the system were zerced
so a8 to maximize hit probability at some long range, say 1800 yards,
then the effective range (defined in terms of a .75 hit probability)
drops to about 600 yards, an unacceptable loss. As a result, it is
recommended that, as a matter of tactical policy, this system be
zeroed at 500 yards. Figure 3 shows the first round hit probability
as & function of target range for the system zeroed at 500 yards,
under both assumptions of the distribution of spotting impact. It is
felt that these curves bound the performance of the system when
zeroed at 500 yards, with the true performance closer to the solid
curve at short range, but approaching the dotted curve at long range.

An interesting phenomenon is apparent in Figures 1 and 2. Namely,
that zeroing at a specific range is not the way to maximize the prob-
ability of hit at that range. For example, for a target at 100 yards,
the optimum zeroing range (from Figure 1) is about 600 yards. The
reason for this is as follows: The magnitudes of the fixed bias error
and the variable bias error when firing at a target at range of 1000
yards depend on the zeroing range. The fixed blas error at 1000 yafds
range is minimized by zeroing at 1000 yards, but the variable bias errors
at 1000 yards are minimized by zeroing at much shorter ranges (see
Tables 16 and 18). Since both types of error influence hit probability,
the interplay between the two determines the best zeroing range. The
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current doctrine used in training soldlers in the use of the BAT
system is to zero at 1000 yards. This choice of zeroing range was
not baged on an analysis such as that presented here, but simply on a
minimizing of the maximum fixed bias error over some span of ranges.

fihons Whoves”

A, D. GROVES
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DEFINITION OF BASIC TERMS

UNITS

DEFINITION

Aora

Ammunition type - A denotes major
Caliber; a denotes spotuving ammunition.

Norn

Number of major caliber rounds (N) or
spotting rounds (n) fired during zeroing.

Yards

Range - general; unspecified as to
whether it 1s range to target when zero-
ing or when firing for effect.

R or Rz

Yards

Range - specific; range to target when
firing for effect (R) or when zeroing
R ).
(»,)

Vorv

teet/second

Nominal muzzle velocity of major caliber
ammunition (V) or spotting ammunition (v).

o(r) or o(r)

Mils

Angle above boresight through which the
weapon tube must be elevated when

firing at range r for the major caliber
weapon @(r) or the spotting weapon ¢(r) .

T(r) or t(r)

seconds

Time of flight to target at range r for
major caliber weapon T(r) or spotting
weapon t(r) .

Mils

Unit of angular measure (1 j = .05625
degrees). The mil is also used as a
unit for expressing a linear dimension
d at range r by expressing 4 in terms
of the angle it subtends at the zero
range point. In particular, a distance
of d = 1 yard at a range of r=1018.59
yards, subtends an angle of 1 . Thus
to express a distance 4 in mils, mul-

tiply it by 1018.59.
- r
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