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PREFACE

The Engineering Design Handbook Series of the Army Materiei
Cormand is a coordinated series of handbooks containing basic in-
formation and fundamental data useful in the design and develop-
ment ¢f Army materiel and systems. The handbooks are authorita-
tive reference books of practical informaticn and quantitative
facts helpful in the design and davelr- .ent of Army materiel so
that it will meet the tactical and the technical needs of the
Armed Forces.

This -Handbook, Compensating Elements, AMCP 706-337, has®
keen prepared as one of a series on Fire Control Systems. It~
presents information on the effects of out-of-level conditions
and displacement between a weapon and its aiming device, It
also presents information on the instrumentation necessary for
correction of the resulting errors, standard design practices,
and considerations of general design, manufacture, and field
us¢ and maintenance. .

~

This Handbook was prepared under the direction of the
Engineering Handbook Office, Duke University, under contract
to the Armly Research Office-Durham. The text and illustrations
were prepared by Ford Instrument Company, a division of the
Sperry Rand Corporation, under subcontract to the Engineering
Handbook Office. Technical assistance was rendered by Frank-
ford Arsenal.

Elaments of the U. S. Army Materiel Command having need
for handbooks may submit requisitions or official requests
directly to Publications and Reproduction Agency, Letterkenny
Army Depot, Chambersbura, Pennsylvania 17201. Contractors
should submit such requisitions or requests to their contrac-
ting officers.

Comments and suggestions on this handbook are welcome
and should be addressed to Army Research Office-Durham, Box
CM, Duke Station, Durham, North Carglina 27706.
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Section I
INTRODUCTION

', ' SRNERAL

Two of the factors that affect the laying of a
weapon are the levelness of the weapon and the
displacement between the weapon and its aiming
device. Since the azimuth and elevation information
for laying a weapon is usually based on a level
ref.rence, any out-of-level condition in a weapon
svstem will introduce an error. The displacement be-
tween a weepon and its aiming device introduces
the problem of paraliax which also causes errors
in weapon laying, Where the characteristics desired
for a given weapon will not tolerate such errors,
the effects of out-of-level conditions or parallax
can be compensated. The subject of this handbook
enco ~asses the design of instruments that #ill
correct the laying of a weapon for errors cauwd
by out-of-level and parallax conditions.

2. Ovur-or-Lever ConpiTions

2. For a given firing situation there is only
one correct azimuth and e':..ticn setting of a
weapon’s bore. These values express the position of

the weapon bore with respect to a level coordinate
system that is referenced to a chosen compass direc-
tion. A weapon usually has indicators to show
the azimuth direction and elevation of its bore with
Tespect to its supperting frame. If azimuth
and ecievation in the level coordinate system
are applied to the weapon through the use of the
indicators, the weapon bore will be positioned pro-
perly, provided the weapon was correctly oriented
and leveled. Correct orientation references the azi-
muth indicator to the same compass direction as
the aiming device while leveling fixes the weapon
traverse axis vertical and the elevation or trunnion
axis horizontal. Figure 1 illustrates azimuu. ~nd
elevation for a leveled weapon that has been re-
ference to north. {The elevation angle shown s
also called quadrant elevation—the vertical angle
between the line of elevation znd the horizontal.)
As long as the proper relationship of the ¢runnion
and traverse axes to the horizontal reference plane
exists, no azimuth or elevation compen.ation is
required.

LINE OF ELEVATION
\QC‘TENSlON OF BORE AXIS)
- T .

-~ >~
,
TARGET 2

N\_

ELEVATION

TRAUNNION AXLIS

MORIZONTAL PLANE

Figure 1. Leying information for a leveled weapon




b. However, if the weapon was not properly
oriented it 3 horizontal reference plane, the weapon
bore will not be positioned at the azimuth and
elevadon vslues shown on the indicators. Figure
2 illustrates a weapon that was initially orieneed in
& tlted plare instead of a horizontal plane, When
the weapon was layed, the azimuth and elevation
used were based on a horizontsl plsne. Since the
weapon was positioned with reference to the tilted
plane, azimuth and clevation ervors exist in the

pusitior of the weapon bore.

¢. To position the weapin properly so that the
azimuth and elevation errors introduced by the tilted
plane arz eliminated, it is necessary to correct the
laving insormation. Figure 3 illustrz.es scme of the
angles that are used in determining the amount of
compensation required for correcting laying informa-
tior. Quadrant cievation is always meas ed in .
vertical plane frum the horizontal, while run eleva-
tion is always measured perpendicular to the plane
in which the weapon is oriented, i.e., the deck plane,

If the deck pianz of the weapon i3 horizontsl, the
gun elevation and auadrant elevation will coincide.
Azimuth i always measured from rorth or from
some other conveniesnt reference direction, in a
horizontal plane, to a vertical plane through the
weapon bore axis. The out-of-level condition of ¢
wezapon is usually expressed in terrus of two com-
ponents: pitch angle and cant angle. The pitch
angle is the angular deviation of the wespon fore
and-aft axis from the horizontal, while the cant
angle is the engular deviation of the wespon croms
axis {trunnions) from the horizontal. Pich and
cant are always 90 degrees displaced from each
other in the deck plane. The out-of-level condition
can aisc be expressed in terwrs of ome tiit angle
in a vertical plane (igure 2} and the azimuth
angie of the vertical plane. This method i more
fully described late:. Other means can be devised for
expressing a2 weapon's out-of-level condition, depend-
ing an the method chosen fer applving corrections
and the tvpe of weapon system. QOut-of-fevel cor-
recting mechanises have been built using the two
approaches given above.

— :\.conasm LINE OF ELEVATION
- b

s -~

\ ‘\

POI Ntor\

IMPACT
LE S
ALTUAL AZIMUTH

DECK TILT
ANSGLE

ELEVATION ERROR

‘_.‘_XAZIMUT_H ERROR

ACTUAL ELEVATION TILTED

DECK PLANE

HORIZONTAL
PLANE

¥igure 2. Laying errors caused by cant and pitch of an
out-of-level weapon
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- ,&2: OF ELEVATION
/

>L—TARGET A

QUADRANT
\ ELEVATION™ P \

N GUN ELEVATION
ABCOVE DECK TILTED
DECK PL ANE
AZIMUTH ' :
N ' - —
==
PITCH ANGLE -
OF WEAPON — -
ey
" ’{__ -
CAMT ANGLE HORIZONTAL
OF TRUNNIONS BLANE

Figure 3. Qut-of-level weapon compensated for cant and pitch
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Figure 4. Parallax caused by aiming device displacement
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3. PARALLAX

a. Parallax can be defined as the apparent dif-
ference in the position of a target as viewed from
two differeit points—the weapon bore end aiming
device. The aiming device for 2 weapon can be
located very close to the weapon tube as in the
case of a weapon-mounted sight, or 2t a distance
as in the case of a data-gathering director of an
antiaircrafe installatien. The term “aiming device”
as used here describes say mechanism or instrument,
optical, mechanical, or electrical, that is used for
de -rmining target position. An aimsing device can
be a simple optical sight for x field arviliery
weapon or part of 2 complicated data-gathering
director for an antisircraft weapon system. {Aiming
devices should not be confused with =ailiary
fire control equipment such as spotting binoculars
which have ne direct function in positioning the
weapon bore) Regardless of the Jocation of the
aiming device, it cannot occupy the same space that
the weapon bore occupics. As a result, an error is
introduced whenever an aiming device is used to
lay the weapon on a target. This error is called
parallax error,

b. Figure 4 illustrates parallax caused by the
horizontal displacement of an aiming device, (A

YERTVICAL .
PARALLAX ERROR

sighit is illustrated but it might also be a2 dste-
gathering director iocated many yards frem the
weapsn.) When the siming device is sighited
on 2 target, the weapor: will not be sligned on the
same point, causing the firing error shown. Parallax
errors can be intrcduced into a systern by displace-
ment of the aiming device in any direction—
horizoneally or vertically. Figure 5 illustrates an
aiming device that has been displaced in three direc-
tions.

¢ As atated before, parallax errors are caused
by the displacement between the aiming devicr and
weapon. The parailax errors in weapon systems also
are affectzd by the method used for inidial align-
ment between the aiming device and weapon.
Initia} alignment is vsually obtained by one of two
methods. By one method, the infinity boresighting
method, the aiming device snd the weapon are
aligned on some celestiai body or cther distant ob-
ject. This method of boresighting places the axis
of the weapon (gun bore) and the aiming device
{line of site) essentially parallel to esch other.
Figuzes 4 and 5 show weapon systems aligned in
this manner. By the other method, specific-range
boresighting, the aiming device snd wearon are
sighted on 2 point at a distance, within the firing

RANGE PARA
BASE

Figure 5. Parallax error caused by displacement in three directions
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range for which the weapur ic to be used. For

example, boresighting for tanks is curret':tly being.

done at 1500 yards. Figure § illustrates parallax
in 2 specific-range boresighted system.

d. In an infinity-boresighted system, a paraliax
error will exist for all firing ranges of & weapon.
Specific-range boresighting is ofter used to minimize
parallax errors where full compensation is not

" SPECIFIC-RANGE
BORESIGHT POINT

AIMING DEVICE

VERTICAL PARALLAX BASE
RANGE PARALLAX BASE

required. However, 2 parallax error will exist for
al firing ranges of a weapon in 2 specific-range
boresighted systzm except for the range at which
the weapon and 2iming device were aligned. Cor-
rections for parallax errors can be expressed in
terms of an angle (azimuth and/or elevation) and
target range or in terms of the displacement be-
tween aiming device and weapon. The method used
depends on thie weapon system and firing problem.

N HORIZONTAL PLANE

HORIZONTAL PARALLAX BASE

Figure 6. Parallax in a specific-range boresighted system




Section II T
GENERAL DISCUSSION OF THE PROBLEM “
+. Tyres oF COMPENSATION ponent required to zlign the weapon bore on the

2. Compensstion for Out-of-Levelness. There target, accounting for the direction of the target
are two general types of compensation that can with respect te t.he weapon. :I‘he femaning com-
be applicd to weapons for out-of-level conditions.  Ponents of the firing data consist of corrections that
The :ype of compensation to be applied depends  are applied to the weapon bore to allow sor target
on whether the firing data are determined in the  motion and natural deviations of the projectile’s
coordinate system of the weapon (on-carriage) or  path from the line of site. An example of the
in some coordinate system other than tf: weapon’s  latter is superelevation, the ballistic correction for

(off-carrisge). the dror caused by gravity. Applying superelevation :
(1) On-Carriage Firing Data. To understand to the wea?on clevats ;'t Vertnca.l.ly. sbove the . |
the type of compensation required for firing data amount required to make the bore axis intersect the

determined on-carriage, it is necessary to examine  tArget. The magnitude of superelevation varies with
the data that make up the final azimuth and  rar e and elevation in accordance with empirical
~elevation angles for positioning the weapon bore. (proving ground) ballistic data for the particular
Each (azimuth and elevation} provides a basic com-  type of weapon and smmunition.

REQUIRED REQUIRED
ELEVATICN AZ!MUTH -

CORRECTION _ CORRECTION i\
LINE OF WEAPON o
ELEVATION (BORE AXiS) ) SUPERELEVATION

’ ]

TARGET
7
oo i
V. ' |
, VERTI
AIMING DEVICE i - E?{ASQL
AX1S /’ '
(LINE OF SITE) , .l
7 7
- /7
= s
HORIZONTAL g =

PLANE ™~ SUPERELEVATION L
APPLIED IN OUT-OF-LEVEL r
N\, COORDINATE SYSTEM '
N
A. TRUNNION AXIS LEVEL 8. TRUNNION AXiS CANTED

Figure 7. On-carriage fire control — showing compensation required
to transform superelevation to level coordinate system
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That portion of the firing data that aligns the
weapon bore axis on the target is determined by an
aiming device operating rsseatially in the same
coordinate system as the weapon. {See Figure 7.)
View A shows a wespon whase trunnions sve level.
The aiming device and wespon have been elevated
vertically about the level trunnion axiz to align
on the target; snd then the wespon was elevated
an sdditional amount to compensate for gravity
drop. If the weapon is tilted, the aiming device and
bore tilt equally. View B of Figure 7 shows *he
spme weapon twith canted trunnions sfter the
necessary elevation and azimuth corrections were
made to realign the aiming device on the target.
Reniigning the ziming device moves the weapon
bore 2 correspending amcunt and if there were
no superelevation, no additional compensation would
be needed. But, superelevation is needed and since
it is derived in a level coordinate system (gravity
operates vertically), it cannot be applied simply
a direct additiocn to elevation when the trunniom
are canted. The heavy lines in Figure 7B represent
the azimuth correction and the additional elevation
required to transform sunereievation into the canted
weapon cordinate system. In on-carriage fire com-

LINE OF WEAPON

AIMING DEVICE Yy

trol, this principle will apply to any other firing
corrections that are normally referenced to a
level coordinate system.

(2) Off-Carriage Firing Data. When the
firing information for a weapon is determined by
off-carrisge equipment, it is based on the co-
ordinate system of the off-carriage equipment and
not on that of the weapon. If both coordinate
systems are level, the azimuth and elevation firing
informstion can be transferred directly from the
off-carriage equipment to the gun, correcting only
for parallax error. (See Figure §A).

However, in some weapon systems it has been
found impractical to make both coordinate systems
level. In these systems, an out-of-level condition of
the weapon, as shown in Figure 8B, will cause it
to operate in an out-of-level coordinate system that
is not parallel to the coordinate system of the ofi-
carriage fire control equipment. The target location
data as well as the ballistic data are based on a
level coordinate systemn. All component parts of the
firing azimuth and clevation therefore must be
transfore~d into the wezpon’s coordinate system
before application to the weapon.

REQUIRED REQUIRED
ELEVATION AZIMUTH
CORRECTION  CORRECTION
— SUPERELEVATION ,
TARGET ————— / /
‘A /
>AN6LE‘OF-SIT! /' ! //

(ELEVATION)

AXIS V/
(LINE OF SITE)

AIMING p/

DEVICE /

/ 4
L‘?" /
— P

8. TRUNNION AXIS CANTED

A. TRUNNION AXIS LEVEL

LEVEL ELEVATION DATA
APPLIED IN QUY-OF-LEVEL
. COORDINATE SYSTEM

Figure 8. Off-carriage fire control—showing compensation re-
quired to transform total elevation dats to level co-
ordinate system
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b. Compensation for Parallax. The type of com-
pensation applied to weapons for correcting paraliax
errers is related to the method used for expressing
the parallax error. There are three types of parallax
errors that can cccur in a system: horizontal,
vertical, and range parallax errors. (See Figure 5.)
The parallax error is usually measured in a co-
« "dinate system that is compatible with and ex-
pressed in terms that are readily combined with
other data of the system. If the target's position is
expressed in rectangular coordinates at any phase
during computation of weapon azimuth and eleva-
tion, then the parallax displacement between wi<pon
and aiming device also may be measured in rectangu-
lar coording:es. The compensation required weuld
merely involve combining the displacement co-
ordinates with the target position coordinates, there-
by transforming the aiming device coordinate system
to the position of the weapon. If the target’s posi-
tion is determined in polar coordinates and all com-
putations leading to weapon azimuth and elevation
are based on polar cvordinates, then parallax com-
pensation may be derived as angular corrections to
zzimuth and elevation.

5. TyricaL WEAPON SYSTEMS

The foilowing paragraphs give a discussion of
the type of compensation that has been used in
typical, existing weapon systems. Generally speak-
ing, the compensation used in these systems varies
with the tactical purpese of the weapon and the
type of fire control system employed.

« 8. Direct Fire Weapons. A weapon is being used
for- direct fire when the target that it is firing
upon is in the line of site of the weapon and the
sighting system. The type of compensation re-
quired for such wespons depends on whicl- category
({on-carriage or off-carringe) the weapon fits into.

Some direct fire weapons, in their primary mode
of operation, sre designed to use firing duts deter-
mined on-carriaye in the coordinate system of the
weapon. Others normally depend on information
determined in & displaced coordinate syster (off-
carriage). Antisircraft and tank weapons are typical
examples of direct fire applications. Field arillery
weapons are occasionally employed for direct fire
though the, are primarily designed for indirect fire.

(1) Antiaircraft Weapons. Antiaircraft weap-
ons with on-carriage fire control are generally de-
signed for a greater degree of mubility and quicker
emplacement making it desirable to eliminate weap-
c.. leveling involving ground preparation, jacking,
etc. Some form of compensation is required to
achieve accuracy while the weapon is in an out-of-
level condition.

Because this type of weapon determines target
data in its own coordinate system, only the ballistic
corrections applied to the basic azimuth and eleva-
tion positicning values require compensation, Often
the required out-of-level corrections are applied in
combination with other corrections such as those re-
quired to compensate for wind.

In on-carriage fire control, the parallax errors
caused by the displacement between the antiaircraft
weapon and aiming device are small when compared
with the size of the target. Hence, corrections for
parallax are ususlly ignored.

Since antiaircraft weapons of the off-carriage fire
contro! type are located fairly permanently, they
are usually leveled, thereby eliminating the need for
out-of-level compensation. However, if either the
aiming device or weapon, or both, cannot be leveled,
compensation must be provided for the out-of-level
condition. Present systerns ususlly require that at
'east one (aiming device or weapon) be leveled.
Out-of-levelness in these systems necessitates that
the entire azimuth and elevation values used in
aiming the weapon be corrected.

The displacement between the weapons and
aiming device of an off-<carviage fire control type
antisircraft system is usually great enough to in-
troduce large parallax eriurs. However, it is some-
times desirable to ignore or only partially correct
them in order to obtain definite dispersion for «
battery of wearons.

{2} Tanks. Tanks are used primarily for direct
fire with on-carrisge fire wontiol. Tanks usually
employ high-velocity projectiles at relatively shore
range. The resultant trajectory is fairly flat so that
the required ballistic corrections are relatively small.
With the firin;; data determined on-carriage in the
coordinate system of the gun, only the super-
elevation correction for gravity drop requires com-
pensation for out-of-level conditions. In a typical
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firing procedure, the firing range is determined so
that the <t amount of superelevation can be in-
troduced. Out-of-level compensation may be accom-
plished by rotating the reticle of the sight so it is
vertical. Superelevation then can be inserted in a
vertical direction (See Figure 7). OQut-of-level
compensation also may be accomplished by a
cant-correcting device that senses the amount
of cant and computes the required lateral and
vei ' corr.ctions to be applied to the
wes,ou bYore. Using these methods, accurate fir-
ing is confined to the -condition of a stationary
tank. A tank that is firing while in motion has
constantly changing out-of-level conditions, especially
while travelling over rough terrain. Gyrostabilizing
methods have been used to compenerte the chang
ing out-of-level conditions of the moving tank.
These syatems have the problem of maintaining a
desired wespon position despite the rapid and
erratic movements of a tank.

On a tank, parallax displacement between aim-
ing device and weapon is small. /s a result, parallax
errors are ususlly not compensated but often are
minimized by specific-range boresighting techniques.

(3) Field Artillery. Direct fire is not the
primary mission of field artiilery weapons although
they are occasionally used '~ direct fire engagements.
When used for direct ‘ire, target location data is
determined on-carriage in the coordinate system
of the weapon. The cant compensation problem i«
therefore the same as discussed in the previous
paragraphs on tanks. Tpical compensated direct
fire aiming devices for field artillery provide a
means for adjusting and maintaining the elevation
(range) reticle in the vertical position so that
superelevation can be inserted correctly.

The location of on-carriage fire control equip-
ment for field artillery weapons used in direct fire
introduces small parallax errors that are usually
ignored or minimised by specific-range boresighting.

b. Indirect Fire Weapoms. Indirect fire is
primarily characterised by the condition in which
the target does not lie directly in the line of sight
or is not visible to the gunner. Weapons with a
primary mission of indirect iicc have their firing in-
formation determined in a level cnordinate system
by offcarrisge cquipment. The fiting information

is applied to the weapon through on-carriage fire
control equipment. The on-carriage fire control
equipment corrects the firing information for any
out-of-level condition of the gun.

(1) Field Artillery Weapons. Indirect fire is
the primary mission of field artillery wespons.
Since the longer ranges and highi~ superelevations
required in indirect fire increase the errors in-
troduced by an out-of-level condition, compemsiation
is necessary in order to achieve accuracy. Indirect
fire requires the use of target location data from
an off-<carriage course (usually level). The oo-
carriage fire control equipment must be able to
transform both the off-carriage target location data
and the ballistic dsta into the out-of-level coordinate
system of the wezpon, as explained in paragraph
4.2.(2) «ad Figure 8.

The parallax errors introduced by the on-car-
riage fire control equipment of field artillery are
small enough to be ignored. However, if sevcral
pieces are combined to form 3 battery s0 as to
direct fire at the seme target, a significant parallax
error will be introduced by the displacement be-
tween weapons in the battery. The desirability for
correcting the parallax errors depends on the dis-
tribution of fire wanted at the target srea. In
some cases area fire is required, while in others,
cenverging fire of all weapons on a relatively small
terget is required. Usuaily battery parallax errors
are corrected by the battery executive when the in-
dividual guns are being zeroed-in. For this pro-
cedure, no parallax compensating device or equip-
ment is normally provided. The corrections sre
determined manually on a plotting board.

(2, Tanks. Tanks are primarily desipned ax
complete, self-contsined, direct fire weapons and
s such are not provided with cant compensation
{or indirect fire. In indirect fire they function as
secondary wespons because the on-carriage fire
control instruments are not designed to tramsform
indirect firing dsta from an off-carrisge sourcr to
the wespon coordinate system. For example, the
azimuth indicator of a tank is driven directly by
the turret without compensation and indicates tue-
ret traverse rather than true azimuth. 1t the tank
is out-of-level and a value of true azimuth is ap-
plied to the azimurn indicator by traversing the
turret, the azimuth of the weapon bore will not
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correspund to the true azimuth. The lack of com-
plete compensation for firing data determined ofi-
carriage makes the problem of directing gun fire
to the target more difficult and time consuming.
Indirect fire therefore cannot be conducted as ef-
ficiently by tai: weapons as by the field artillery
weapons designed for the purpose.

6. MerHoos or DersrMINING Requirep Com-
PENSATICGN

a. General. Although it is possible in the less
complex problems to design an analog-type solver
without a preliminary mathematical analysis, it is
usually more desitable to begin by obtaining 2
mathematical expression for the problem. Then,
the mathematical expression can be instrumented
by using either simple computing mechansm tech-
niques or the more complicated computing techniques
involving electrical or electromechsnical elements.
The solution obtained from a compensating element
when an exact equation is instrumented will be a
true solution. When the exact equation has been
altered from true solution form for -‘wplification,
instrumentation will produce an approximste solu-
tion. The technique used for instrumenting the
mathematical expression will depend on the sccuracy
of compensation desired and the simplicity and re-
liability demanded of the system.

b. True Soluticrs. When a mathematical analy-
sis is used t0 solve a compensation problem and a
true solution is desired, an exact mathematical
equation must be employed. When an exact mathe-
matical equation is instrumented, the only errors
that can appear in the inmstrument output will be
the result of manufacturing tolerances or system in-
stallation alignment and operational errors. These
ecrors in & true solution type of instrument are re-
ferred to as “Class A" erron.

¢ Approximate Solutions, The requirements of
the system in which the compensation is needed caay
make the dcrivation or instrumentation of an exact
equation impracticeble. When this situatinn arises,
the use of o simplified or spproximated version of
the exact equaniun is indicated. Same of the specific
conditions under which approximations are oon-
sidered are:
(1Y The genera! tolerance level for orher key
components of the weapon does not warran' ex-
treme acCMIacy in COmPEnsatiou.

(2) The mathematical expression is highly
complex.

(3) Functions in the expression have excessive
limits (Such as, tan 90" =e).

(4) ‘There is insufficient space or weight al-
lowance for instrumentation of an exact equation.

(5) The reliability and ruggedness require-
ment are too stringent for complex instrumentation.

{6) Operating and maintenance techniques are
overly complicated.

Under these coaditions, an exact equation can
be modified or approximated in such a way that it
will be simplified while still maintaining the sc-
curacy desired in the system. Some of the techniques
that sre commonly used when modifying or ap-
proxirating equations are:

(1) Dropping high order power terms in de-
nominators.

(2) Substituting sine functions for tangent
functions of small angles.

(3) Substituting angles (in radians) for sine
funcrions of umall angles.

(4) Substituting unity for cosine functions of
small angles.

(5) Using curve fitting techniques.

When 2 modified or approximated equation is
instrumented, the answer will be an approximate
solution. The errors found in an approximate solu-
tion stem from two sources. One source is the basic
assumptions made during modification, simplifica-
tion, of approximation of an exact equation. This
type of error s commonly called a “Claw B”
error. The other source is from the manufscture
and installstion processes wherein normal tolersnc-
ing reswls in the “Clas A" errors found in ail
imtraments,

7. Marroos or Arriving CoMPENSATION

Several methods have been employed succem-
fully for obtsining true and approximate sol:*ions
and manuaily or sutomatically applying the re-
sultant corrections to weapon positioning quantities.
Some of these methods are described below and
mathasatically anilyzed later in the book. The
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p ~thods given are not meant to be a complete list
.. nerely a brief description of some typical ex-
ai.ples. Qut-of-level conditions are discussed in
terms of cant and pitch corrections.

a. Cant Correction (direct fire). To correct for
cant in direct fire, it is necessary to assure that the
required superelevation is always inserted in a true
vertical direction. (Refer to paragraph 4, for ex-
planation.) In direct fire systems where super-
clevation is applied by displacing the axis of an
optical sight in accordance with the range gradu-
ations of the sight reticle, cant correction can be
achieved by rotating the reticle to return it to
the level condition. The range scale will then be
made verdical eaadling superelevation to be in-
sccted without error. One method used provides
both avtomatic and manual facilities for maintain-
ing the sight reticle in a jeveled condition. A damp-
¢ed pendulum serves as a vortical reference for
aligning the reticle. In sutomatic operation, the
alignment error is wed in an electromechanical
servo laop to control alignment cocrections.

The more complex ground and antiaircraft
direct-fire systezne incdlude instrumentation for com-
puting cant corrections from the measured cant
a:d other pertinent angles. The computed correc-
tions are combined with other quantities pertain-
ing to target location, lead angles, ballistic cor-
rections, etc., to form compoe-te azimuth and com-
posite elevation signals. The composite signals are
thea fed into their respective gun pomtisning servo
Joops for automatically controlling the gun.

b. Cant Correction (indirect fire). Provision
oazy be included in the design of on-carriage fire
control equipment to correct for azimuth and eleva-
tion etror cawsed by trunnion cant. The compensat-
81~ telescope mount used with penoramic telescopes
for .ield artillery is such a device. The compensat-
ing velescope mount is based on the operstion of &
siaple mechanism that is ementially & Hooke's type
woiversal jomnt. A Hooke's joint operates in & vaanner
similar to s gimbal system. The input shaft of the
joiat is positioned by the weaapon trunnion and the
output shaft is weed to position the panoramic
telescope. (See Ficure 34 and refer to paragraph
28 for complete details.) The telescape is layed
on an simng point snd manually leveled, making it
operate in » level coordinate system. The telescope

is maintainzd in the level coordinate system by ad-
justing its mount during laying procedures. When
the firing information is set in, the panoramic tele-
scope will be thrown off its target or aiming point.
The weapon is then moved to bring the panoramic
telescope back on its aiming point. Because of the
connection between the weapon and telescope,
through the Hooke's joint in the telescope mount,
the azimuth and elevation error introduced when
cant is present will be automatically corrected dur-
ing the realigning procedure ss long as the tele-
scope mount is maintained level.

¢. Pitch Coirection. The compensating tele-
scope mount described in the previous paragraph
b. also has the ability to correct for the error in-
troduced when a weapon is pitched. As described be-
fore, the mount is connected to the wespon trun-
nion through a pivoted joint that allows the
mount to be leveled in the fore-and-aft and crom
directiocs. By using leveling vials to establish a
horizontal reference, the mount corrects pitch
errors that might be present in the wespon and
allows elevation information from an off-carriage
source to be inserted in a vertical direction. Pitch
compensation is also provided in the design of some
elevation or range quadrant mounts. Elevation
and range quadrant mounts are similar, the principal
difference being that one is calibrated in angles
of elevation and other s calibrated in distance
(range). In certain cmses, quadrant mounts sre
calibratd in both range and elevation. These
mounts are used in indirect fire for setting the
weapon in elevation when this function Las not
besn designed into the panoramic teiescope mount,
The range or elevation quadrant mownt is also
connected to the wespon trunnion through & pi-
voted joint. Level vials are provided on the mownt
w0 that a borizoetal reference can be established
readily.

4. Parallax Cocrection.

{1) One antisircraht system that waes off-
carriage fire control and corrects for parallax errors

~consists of a data-gathering type of aiming devicr

and several weapons arranged to form & betwery.
The dars-gathering siming device computes some
of its firing data in sn orthogonsl rectilinesr co-
ordinate system. Since the weapons i the battery
and the Jata-guthering aiming device are displaced




from each other, each operates in 2 coordinate
system of its own. The displacement between these
coordinate systems is a constant distance for a
given emplacement. To correct for the parallax
error, it is only necewsary to transform the in-
dividual coordinate systems of the weapons to the
coordinate system in which the firing data is com-
puted. The transformation is accomplished by in-
serting the displacement constants between the
coordinate systems into the firing data through
notentiometers located on the data-gathering aiming
device. The computation of firing data then will
be corrected for the displacement that introduced
the parallax error.

(2) Systems in which data gathering and
computation of firing data are conducted entirely
with polar cocrdinates use polar ccrdinates also

12

in the formdlation of parallax corrections. In these
systems the displacement between the director
and a given gun is measured in terms of a vertical
component, a horizontal component, and the azi-
muth angle of the horizontal component. Using the
polar coordinates of target position and the measured
displacement coordinates, corrections are computed
for the azimuth, elevation, and range gun laying
data.

\3) A method that is used for parallax
correction between weapons, in the case of a field
artillery battery, is applying individua® parallax
corrections to firing data transmitted to the weapon.
The magnitudes of the corrections are obtained
by estimates or measurements in conjunction with
plotting operations without the bencfit of special
parallax-compensating mechanisms.
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Section III
DETERMINATION OF REQUIRED COMPENSATION

8. GENERAL

To simplify the analvses and solutions, and to
facilitate discussion of compensation problems, it is
convenient to establish certain notational symbols,
definitions, and reference coordinate systems. This
information is presented in the following paragraphs.
A large part of the discussion will be familiar to
readers with 3 knowledge of fir= control design
problems; howe.cr, the readsr with a limired
knowledge will find the basic information presented
helpful.

9. DerniTions of Terms axp Symsois
a. Reference Frames.

(1) Figures 9, 10, and 11 illustrate typical
reference frames for obtaining parameters of the
out-of-level problem. These reference frames will
be comsidered in two groups. The first group com-
prises the 1 vel and non-level reference frames of the
woeapon proper which is tlat part of the overall
equipment that traverses and elevates to the direc-

tion of fire, i.e., the weapon tube and turret. This -

part of the ovcrall weapon will e referred to
throughout the text as the “weapon.” The second
group of reference frames applies to the under-
carrisge which henceforth will be referred to 2
the “weapon mount” or “mount.” In the typical
omcarriage fire control system shown in Figures
9, 10, end ', the “‘weapon™ consists of the gun
snd turret while the “weapon mount” is the tank
hull

{2) The three orthogonal aves of Fe
represent the level reference frane of the weapon
{Figure 9). Cant and pitch argles whose axes
sre harizantal are referenced to the Fa frame. The
Fs frane aAlw comaite the vertical axs sbous
which all borizontal aznuth anples are messured.
The three orthogonal axes of Fy represent the out-
st-devel s of the werpon. This frame constitutes
the trunniva sxis, the traverse 2zis of the turret,
and the wespon bore axis. The travermse axis s
perpendicular to the deck plane while the trunnios
axis and the weapon bore axis (st zerc elevation)

lie in the deck plane. In a similar manner, reference
frames Fr and Fm form the basis for establishing
the out-of-level condirion of the weapon mount.
The three axes of Fr represent the fixed, level
reference fra: ‘e of the mount while the axes of Fm
represent the mechanical reference frame of ** aon-
'svel mount, or hull. The axes of Fr and Fm are
aligned with the longitudinal and cross axes of the
mount, An additional reference frame, Fs, contain-
ing the axes of the aiming device will e em-
ployed, but ir the on-carriage svitesn shown in
Figures 9, 10, and 11, it coincides with Fg except
for a small linear displacement (parallax).

«3) The xngle symbols used in the mathe
matical expressions in this handbook are based,
wherever possible, on the identifying lower case
letter of their zssociated reference frame symbols.
Cant zngle, for example, is designated Ca when
associsted with the mount reference frame (Fm)
ard designated Cyg wher. associated with the weapon
reference frame (Fg) containing the weapon trun-
njons,

{4) In Figure 9 the weapon bore azis is
aligned with the weapon mount longitudinal axis,
s0 that the trunnion cant angle (Cy) and the
weapon mount cant angle {Cm) zre equal as sre
the weapon bore pitch angle (La) and the weapon
mount pitch angle (Lr). In Figure 10 a3 the
wespon bore axis rotates in azimuth (angle 4d)
Fs and Fg rotate with it :nd the irunnion cant

angle (75} and the wespon dore pitch angle (La)

begin to ailic: from the weapon mount cant and

pitch angics {Cr and Lr), respectively. When o

relative suumuth angle of 90 degrea s reached,
the trunnion cant angle (Cg) and the wespon
mount mtch angle (Lr) are cqual as are the
weapon bors pitch angle (L) and the » -apom
mount cant angle (Cm). The amount of elevaton
above the deck plane is equal to the angle {£g)
between the weapan bore axis ot perc elevation
and the weapon bare axis elevated to firing position.
{See Figure 11} The true elsvation zbove a
harizontal plare i rqual to the angle (Ko, quacrant
clevation) betwren the cant asiv at the given rels-
tive azimuth (f4) and the wvapon bore axi
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Figure 9. Refevence frames at zero elevation and zero relative
assmuth

14

P anr i e it s St




e ce s daa s Aenmarare e

WEAPON
BORE AXiS

AZIMUTH AXIS

CANT AXiS_ —

PITCH AX!
\ $

Ad CANT AXIS

PITCH AXISD

Figure 10. Weapon reference frame at relative azimuth angle
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b. Symbols. The varicus angles defined in the
following text are identified in Figures % through

19,

(1) Azimuth (A4). The horizontz! angle
betweens north and the direction to the target.

LINE OF ELEWRTION
AMD AXiS OF TURBE

Other horizonial azimuth angles used in this text
are;

(a) Ag—True azimuth of weapon, mea-
sured between worth and vertical plane through
the weapon bore uxis (Figure 13).

\ LINE OF IMPACT

—

SUPERELEVATION (Se)

GUADRANT ELEVATION (Eo)
LINE OF 9TE "ty

o T H
ANGLE OF SITE (Eb)

POINT OF IMPACT

MEISHT
%

ORIGIN BASE OF TRAJECTORY

Le
b RANGE

|

VAR
NGLE ormi]
-

LINE OF FALL

Figure 12. Trajectory terms

Figure 13. Relationshsp between mount tilt and <weapon tilt
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{b) Am-—Azimuth engle between north
and 3 vertical plane through the longitudinal axis
of the weapon mount (Figure i3),

{c) Ad—Relative azimuth or difference
between true azimuth of wespon (4g) and the
true azimuth of the longitudinal axis of the mount
{Am) (Figure 13).

(d) do—Azimuth of vertical plane
through weapon bore axis relative to deck plane
tit axis (Figure 14).

(e) Ar—Azimuth of vertical plane
through weapon bore axis relstive to szimuth
direction of deck plane tilt (Figure 14).

() 49d—Difference in azimuth between
the wespon elevating plane and the horizontal pro-
jection of the weapon bore axis (Figure 17). The
angie Agd is the correction required to return the
weapon to its original azimwuth after elevating with
the trunnions canted.

(g) Asd—Difference in azimuth be-
tween the aiming device elevating plane and the
horizontal projection of the aiming device axis.
(Figure 19).

OECK PLANC
TILT AXIS

WEAPON BORE__/
AXIS (ELEVATED)

(2) Gun Elevation (Eg). Angle of the
weapon bore with respect to the deck plane. The
angle is measured in 2 plane (elevating plane) per-
pendicular to the deck plane (Figures 14 and 17).

{3) Quadrant Elevation (Eg). The quad-
rant clevation is the vertical angle at the origin
formed by the line of clevation and the base of the
trajectory. It is the algebraic sum of the angle
of elevation (superelcvation) and the angle of site,
{Figures 12 and 17).

(4) Line of Elevation. The line of elevation
is the axis of the tube prolonged when the picce #
laid (Figure 12).

(S) Base of Trajectory. The base of the
trajectory is the straight line from the origin to the
level point (Figure 12).

{6) Level Point. The level point is the point
on the descending branch of the trajectory which is
at the same sltitude as the, origin {Figure 12).

(7) Superclevation (Se). This “angle of
elevation” is the vertical angle at the origin between

WEAPON BORE AX!S'
AT ZERO ELEVATION

Tt

Dt AZIMUTH
DIRECTION
OF
DECK PLANE
TLT
DECK PLANE

Figure 14. Deck tslt magnitude and direction relative to wespon

position
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VERTICAL
PLANE

Figure 15. Parallex in & specific-range boresighted system

the line of site and the line of elevation (Figure
12). T'rznsformed to canted plane of weapon eleva-
tion, angle becomes Seg.

(8) Angle of Site (E or Eb). The angle
of site is the vertical aagle between the line of site
and the horizontal pians, Messured at the position
of the siming device, it is designated E. Measured at
the position of the weapon, between the line to the
target and the base of the trajectory, the angle is
designated Eb (Figures 12 and 25).

AIMING POINT

HORIZONTAL
PLANE

(9) Aiming Device Elevation (Es). The
angle between the line of site and the aiming de-
vice deck plane, measured in a plane peipendicular
to the deck plane (Figure 19).

(10) Trunnion Cant (Cy¢ or Cs). Tilt of
the weapon (or aiming device) trunnions with re
spect to & horizontal reference Plane. The angle is
measured in a vertical plane (Figure 13).

(11) Weapon Mount Cant (Cm). Tilt of
the weapon mount croes axis with respect to a
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ho. -~atal reference plane. Th: sngle is measured
in a vertical plane (Figure 13).

(12) Weapon Bore Vertical Pitch (La).
Tilt of the deck plane in the direction of the weapon
bore axis, measured in the vertical plane between
the horizontal plane and the intersection of the
deck and elevating planes (Figures 13 and 17).

(13) Weapon Bore Pitch (Lg). Similar to
La but measured in the canted weapon elevating
plane. When Cy —= zero, Ly = La (Figures 14
and 17).

(14) Weapon Mount Vertical Pitch (Lr).
Tilt of th- veapon mount in the fore-and-aft direc-
tion with .espect to a horizontal reference plane.
The angle is measured in a vertical plane (Figure
13).

(15) Weapon Mount Pitch {Lm). Similar
to L7 but measured in a plane normal to the deck
plane.

(16) Aiming Dzvice Pitch (Ls). Tilt of
the aiming device deck plane in the direction of the
line of site as measured in the elevating plane con-

taining the line of site between the horizontal and
deck planes.

(17) Deck Plane Tilt (Dt). The angle
between the deck plane and the horizontal reference
plane, measured at right angles to the horizontal
deck plane tilt axis (Figure 14).

(18) Traverse ( T'). Rotation of the weapon
sbou. the traverse axis, measured in the deck plane.
Specific traverse angles employed in this text are:

{a) Td—Traverse angle between weapon
elevating plane and longitudinal axis of wespon
mount (Figure 13),

{b) Te—Traverse angle between wespon
elevating plane and deck plane tilt axis (Figure 14).

(c) Tt+—Traverse angle between weapon
elevating plane and azimuth direction of deck plane
tile (Figure 14).

(d) Tgd~—Diifrrence in traverse be-
tween the weapon elevating plane and the horizon-
tal projection of the weapon bore axis. Angle Tod
is the traverse correction required to return the
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weapon to its original azimuth sfeer elevating with
the trunnions canted (Figure 17).

{¢) Tsd—Difference in traverse between
the aiming device elevating plane and the horizontal
projection of the aiming device axis (Figure 19).

(19) Parallax (P). Apparent differ-
ences in the position of a target viewed from =
weapon position and a directing or sighting point
(Figures 15 and 16).

(20) Parallax Base. The displacement
between the weapon pasition and directing or sight-
ing point as measured in a horizontal (Pk), verti-
cal (Pv), or range (Pr) direction (Figures 15 and
16).

10. Discussion or Errxcrs Caussp »y SHirr
or Rererexce Frame

a. General. Before going into the mathematical
treatment of compensation problems, sume of the
effects of reference frame displacement will be dis-
cussed briefly. This discussion introduces the various
compensation problems for which equations zre
presented in subsequent paragraphs.

b. Off-Carrisge Fire Control.

(1} Trunnion Cant. If the data furnished
by an off-carriage sight is not corrected for trunnion
cant, the range obtained will be less than the de-
sited range and an Jzimuth deflection will be set
into the weapon. The component of deflection that
is introduced into the angle of clevation by trun-
nion tilt is small enough to be neglected in practi-
cal cases unlew extreme accuracy is required.

(2) Weapon Bore Pitch. A range error will
result if the elevation data furnished by the off-
carriage sight & not corrected for weapon bore
pirch,

(3) Parallax. Paraliax can produce errors
in range, azimuth and clevation. If & sight is locat-
ed behind or in front of & weapon, errors in range
result. }f & sight is located to one side of a wespon,
horizontal errors are produced. Vertical errors (re
sulting in range crrors) are introduced when a sight
in mounted above or below a weapon.

Lp——
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¢ On-Cernage Fire Control.

(1) Trunnion Cant. Truncion cart operates

to reduce yange and to ceune lateral deviation to-

ward the siae of the lower truanian. The componcat
of clevation that affects the srintuth setting may
cawse very seriows errors in asucuih, The comw-
ponent of clevation that s lwe due re trunnion
cant may, under exceptivnal civcumstances, ciust

noticeable erion in range, bux ordmn!y tha- errors

are puall.

(2) Weapon Bore Pitch, Errors in 6k uon

setting will muhximwboctpﬂchzsmuim
into considerithion,

“{3) Paratiax. Parallax produces slight ¢rrors
in range, azimuth, and clevation which msy be
vartially M\pﬂ\sﬂkﬂ for by m;usmem during
bmeughtmg .

21




AT e W T AR

11. MatHemaricaL TREATMBNT OF CoMPENSA-  is well to give the reader some background in

TION ProBLEMS mathematical spprosch. Mathematical expressions

can be obtained easily from a geometric configura-

a. The usual approach to an engineering prob-  tion representing an out-of-level compensation prob-

lem often requires that the mathematics of the lem using plane trigonometric relationships. As

» problem be resolved in the initiai steps of design.  simple as this approach might be, it has the dis-

: A mathcmatical analysis facilitates the understand-  advantage of producing expressions that require

: ing of compensation problems. Such a mathematical  tedious and time-consuming manipulations. Another

approach is given in the following paragraphs. An  method that can be used to obtain mathemarical

attempt has heen made to give several approsches  expressions employs spherical trigonometry relation-

for many different situations requiring compensa-  ships. This approach usually results in equations ob-

tion. However, it is possible that situations will arise  tained by more direct methods. Howevcz, since spher-

that have not been treated in this book. In this  ical trigonometry is not always taught in the mathe-

: case, the anproach to the compensation problems  matical sequence of an engineering curiculum, rules

; given here will provide guidelines for procedurez in  for obtaining expressions, derivations, and identities

‘ solving the problem presented. are included in Appendixes A and B. Readers not

familiar with the subject may refer to 2 mathematics

b. Before going int> s presentacion of the text including spherical trigoncenetry if additional
equations for situations requiring compensation, it  informatia is needed.

WEAPON CORE AX1S
{ ELEVATED)

e (Egtigh ain Bo see Co (06 omowml . i

o Agecteafetua Oy (Ha2) -k
whes”

:mﬁtt ton (Eg+Lg) wﬁ_(ldf I
| - . FRONT VIEW

Figure 17. E'cvation of bore axis. - trinmions casted
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c. One of the basic difficulties for persons new
to spherical trigonometry, as used in compensation
problems, is to cstablish the correct angles for the
spherical triangle. For example, Figure 17 i ustrates
a weapon clevated with trunnions canted. Assume
that the problem is to find the error in azimuth
caused by trunnion cant. Further, let us mske the
stipulstion that we wish to express the error in
terms of gun elevation (E¢ 4 Lg¢) and cant (C¢).
At first glance, one would expect the angie formed
by Es and Eg meeting at the weapon bore {frorit

view, <abc) to be equal to Cg. This reasoning is -

iiorrect since the angle between £x and Eg 8 on a
spoere snd is displaced spherically from the cant
angle; hence, the rule of plane geometry on which
the assumption is made is not valid. However, by
constructing a perpendicular (ad) to the borizontal

pian» at point g, it can be seen that the angle tormed

(<bad) is Cy. Then <bac in spherical triangle abe
is equal to 90"—Cg. Once the angle is determined

correctly, Napier's rules can be used to write an ex-

pression. (See Aweudnx B.) To illustrate:
from N&pms rules:
sin [Comp. (90—Cy)] =
: tan £od tan [ Comp. (Ey+L9)]
ahinr
sin [90—(90—Cys)] =
tan Agd tan [90—(Eg+Ls))
mC;*mA#m(E,-;»L,)

o G = un 4ol Ty
twa dpd = sin Cg tan (Eg { Lg)
o (See Eq. %

nL; e m; Te tn Cyp (Sce Eq. 18)

ke La = unToth .
ﬁdua?.-—«mmml.g

i mfdhwmg:mtlpwmhmhwhta' o
Mhds#éi&dmmdhdmth

problems :

(1) Dfaws:huumarmonddmm_

ok the utustion. Make certain the figure is cofret.
. (Many boars can be expeanded in obtaining 8 solu-

.mhmnignndmdoamaiwmum'

actul peedless at haad.}. -

(2) Use systemitized notational symbols to
avoid confusion, e.g., C for cant, Cg for gun trun-
nion cant, Cm for cant of mount, etc.

(3) Choose a triangle in the figure that can
give an expression which includes the quantity you
wish to correct.

(4) Be sure that all sides of the chosen
triangle are portioms of great circles.

{5) Make certain the quantities in the final
expression are expreswd in terms that cxn be
measured in a practical system. {Often an expression
will contain quantitics that mimplify mathematical
manipulations bur make instrumentation difficult or
tmpnmal )

. 12. Canr Corrzcrions

The following paragraphs aie:n sresentation of

equations and mathematical considerations pumn—
mgtocnnt Lorrection,

13. Orr-Canriace Firs Controt Svyrious
~ In an off<carriage fire control system, the sight
or data-computing eQuipment is not mechanically

mupledtotbemm&_iuu&mhmk
different from the mechanical reference frame of

the wespon. Consequently, gun laying data derived

from sn off<arriage siming device will produce

erroncous aiming settings if applied to an out-of-
~ level weapon without heing converted into the

reference frame of the wezpon, Als, if the off-
carrisge swurce b out-ol-level, additional erron
will be m.raducd

2. Weapon Out-of-Lovel, Am:ﬂmn Levd

(1) Elevation Error 1f & weapon it 1o e
tlevated verticsily by an amount B9, as deveranined

by an olf<carriage 6g, the sctual devation of the

weapon {Hg) about canted tiunnions may be com-

- mimmw‘mmﬁm;&mm

wa (Eﬂ-h) = m £e e Co (Eq 1)
(Z)Amuth&m mmdmeti

‘d:inmsthbma_ckmdw;mtd-

trunnion, from sero elevstion to 2 new devation

_may be compured {rom either of the b:x!hwm |ua-

tions (ere 17).

mdﬂ_-m:&un(}' {¥q. 2)
tan Aod = tan (Eg + Lg) un Cg (Ee. 3)

i A e + R




WEAPON BORE AXIS
(ELE VATED)

on g (mex)zoin (Eglmen)d Lgloes Cg (Eq &)

Figure 13. Effect of cant on maxsmum elevation

{3) Effect of Cant on Maximum Elevation.
Becaase the secant function for any cant angle other
than zero is greater than 1, Equation 1 shows that
greater devation (Eg + Lg) about a canted trun-
_fjon i neaded to poovide 2 given vertical elevation
(Ee} than when cant is not present. The parch angle
(L), shown positive in Figure 17, may be either
. positive of aegitive. Messured in the same plane
as gun eclevation, Ly alfects maximum gun eleva-
tion directly. Pasitive pitch incresses the maxuaum
asttsinable £y aod tends 1o cancel the effects of
cant while srgative picch furcher limits the max-
murn Xg. The etbect of cant is therefore better illust-
‘yated wien pitch ® shown af zero s in Figure 18,
. tom setaioadle, Ko (max.). m & fanction of man-
" imwn gun devation, K (mix.), and cant, Cy.

- uh(ﬂt)*m(ﬁa(m} b L)
o Cp (Eq. &)

(E) wsing the following equation (Figure i9).
sin £ = sin (Er 4+ Ls) cs C; (Eq. §)
(2} Azimwth Error Caused by Cant of
Aiming Devior. 1f the aiming device is out-of-Jevel,
a fabse azimuth angle will be applied to the jeveled
weapon. The error in axiovath may be computed
from the following equacion {Figune 19).
e Aid = tan (Es4-Ls} un Cr (Eq. 6)

. Weapoa Out-of-Level, Aiming Derice Out-

© of-Level.

S.Wumlxvd Am;DzruOmoflxwl'

‘ ~',(i)£knmhm&mdbyi-mﬁo!
. Aiwiag Device I the siming device v out-ci-level,
. mewinred denation angles will be incorrect for a
keded weapon. The canted nght dlevation angle
{£2) ‘may be converted to the vertal angle of mie

24

(1) Elevatise Error (Tatsed by Cant in
Weapon and Aiming Device. The conversion of
saning device ceration to woapon elevation, when
both umis ar canted, can be sccoaplished in three
steps: : _

{2} {invert pinaing device clevation in
the canted plame (B) o w.-nml elevation (£) by
mewns of Equation 5, )

{%) Canvert w*nul devation {(E)
quedrant clevation (Ke) by adding the necensary
firicy correciiom ‘such a8 supereievation and lesd

{c) Coavert quadrant slevation (£a) o
weapua clevation {£p) uning Equation 1.

asor,
,

b,

~an

p—

s o b o o

s

R
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sin Exsin(EstLatcos s (Eq D)

tan Asdzten (Es+ls) oin Co (Eq6)

Figure 19. Aiming device sut-of-levs!

(2) Azimuth E:ror Caused by Cant in
Wepon and Aiming Device. The arimuth error
{4 ¢d) may be computed by adding the © or crused
by the canted trunnion of a weapon {Eq-ation 3)
to the aximout® crro: contributed by a canted aiming
device (Eauation 6). The result is:

dgd =« 1an [tan (E¢+Le)sin C;] +

arc an ftm {Es+Ls) sin Cs} (Eq. )

14, On-Casuiace Fire Contrmor Sysrems

in an on-carrizge fire contral systan the weapon
follows the aimin; device in elevation and travene
as it seeks 10 establish 2 lime of site {paragraph
$a.(1). However, independent clrvation of the

weapon bore for insertion of superelevation (Se)

requires campansation in botl eler . tion arnd azimuth,
if the system trunmons are canted.

a. Elevation Angle Messured in a8 Vertxal
Plane.

{1) Elevation Erro- The clevation evror
cawsed by cant can be compeinated by tramsforming
superelevalon to the gun clevating plane {Figure

20). Correcting the resuitant arirmuth error pro-
duces the geometry shown in the tygnre. The eleva-
tion correction can be computed from the vertial
elevation angles and cant angles as follows:
Seg = (Ey+1l¢)—(E14-Ls)
Se¢ = arc sin (s;v Ea v Cg)—
arc sin {sin Kb sec Co) {Eq. 8)

{2} Azimuth Error. Using the same tn
angler cmployed in vomputing the clevation cor-
rection {Figure 20!, he zeimuth error may he
compensated through the means of 3 similar squa-
ton
Aed — Ad — arc sin (tan ke ten Cg)—

stosin {tan Ed tan i) 1 Eq. 9)
The compernsaieon alo my b computed in termn of
traverse angles and the anglc of deck pune uh
{Da):
Tod—Tsd == arc sin (cot Dr tan Lg)—
arc sin {cot Dt ran L) (Eq. 10}

s Flevenwon Angle Memsured in Plane Per.
peadicular 3 Trunnion. ’

[ 1]
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Figure 20. On-carriage fire control compensation probiem

(1) Elevation Error. Compensation for the
elevation error in terms of anzles in the canted
elevating planes is {Figure 20):

Se = Ea — Eb

Se = arc sin [ sin (Eg4-Ly) cos Cg]-——
arc sin [#in (Es+Ls) cos Ci] (Ey. 11)

(2) Azimuth Error. The azimuth com-
pensation bssed on canted elevation argles is:

Agd—-Asd = are (an [tam {Eg+Lg) sis Cg]—-
arc tan (tan (Zs+Ls) sin C:] {Eq. 12)

c. Effect of Cant on Maximum Elevation. The
effect of cart on maximum attainable weapon eleva-
tion is the same as for the conditions covers4 in
paragraph 13.a.(3).

d. Equations for Cant Compensation by Reticle
Rotation. If a direct fuc sight reticle is rotated
about the boresight maik from a canted position to
a vertical position so that superelevetion (§¢) may
be applicd vertically, the errors expressed by Equa-
tions 13 and 14 are climinated. (See Figures 7 and
21 and paragraph 5.a.(2}.)
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x = arc sin (sin Se sin C)
v == Se-—arc tan (sin C tan Se)

(Ev. 13)
(Eq. 14)

waere:
x is the azimuth errer,
v is the elevation errer,

C is a cant angle measured about the bore-
sight axis.

15. ReLaTIONSHIP BETWREN MouNnT TILT AND
Wearon ‘TiLr

Since the out-of-level conditiors of a weapon
ngount do not vary with azimuth as do trunnion cant
and gun bore pitch, it is often simpler to measure
gun mount cant und pitch. In Figure 27 trunnion
cant (Gg) and gun bore pitch (Lg) may then be
computed from gun mount cant (Cm), gun mount
pitch (Lm), and relative traverse {T¢), by means
of the following equations: (See Appendix C for
derivatiunt of Equations 15 and 16.)

cos Lg(——cos T'd sin Ln cos G 4
sin Td sin Cm) <+ sin Lg cos Lm c0s Cm = 0
(Eq.15)

-
oA
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cos Cg (—sin T'd sin Lm cos Cm—

omLycmmeaCm]:O

AZIMUTH ERROR = x=gre sin { sin Se sinC)

ELEVATION ERROR = v s Sg—garc tan ( sin C tan %)

*"\-_—_

({ Eq.13)

( Eq.14)

Figure 21. Errors resulting from canting of sight reticle about the

boresight maik

cos Td sin Cm) 4 sin Cy [—-sin Ly (—
cos Td sin Lm cos Cm-fsin Td sin Cm) +

(Eq. 16)
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16. INTER-XELATIONSHIP OF CANT AND PiTCH

Equations 17, 18, and 19 show the inter-relation-
ship of pitch and cant angles, with one other angle
used as a basis for comparison. The angles are il-
lustrated in Figure 17.
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Figure 22. Relstionship between weapor mount cant and pstch and
weapon bore cant and pitch

cos Ly = sec Cg cos Dt {Eq. 17)
(Eq. 18)

tan Lg = sin Cg tan (4o 4 A¢d) (Eq. 19)

sin Lg = tan Cg tan To

17. Ccusinep CorrecTiON For CANT AND PrTcH

& It is possible to combine the effects of cant
and pitch so that errors are measured or corrections
made in termns of an azimuth angle (4t) and 1ilt
angl: \Dt). This approach has been tested in a
prototype antiaircraft weapon as described further
in paragraph 29. (See Figure 23.) The equation
given here are derived in Appendix C.

b. The azimuth of the weapon relative to the
direction of tilt (A7) is given by:

sin Tt .
cos Tt cos Dt + tan Eg sin Dt °
(Eq. ZJ)
and the quadrant elevation of the gun is:
sin Ko = sin Ey cos D¢ - cos Eg cos Tt sin D¢

(Eq. 21)

tap At =

28

18. Pararrax CorRRECTIONS

s Off-carriage fire control systems such ss
might be employed in the typical antiaircraft battery
shown in Figure 24 have relatively large displace-
ments betwzen the directing radar and the individual
weapons. Separate parallax corrections ‘can be ap-
plied by the director to the laying data for ecach
wcapon so that the fire from all weapons in a
battery will converge on s target. Figure 24 shows
how. the displacements can be measured during the
emplacement process for use in parallax computa-
tions. The following paragraphs present equations
for computing parallax corrections both with polar
coordinates and rectangular cooidinates, It will slso
be shown how the equations reduce to simpler forms
when the problem concerns only ground target
systems, as in field artillery. The general principles
illustrated by these cases can be applied to other
parallax situations requiring convergence of lines.

b. The equations based on polar coordinates
express corrections for vertical and horizontal dis-
placements in terms of angles that can be combined

()
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Figure 23. Combined corrections for cant and pitch

directly with the weapuic laying data. Rectangular
coordinate equations, however, produce corrections
that must be combined with linear target position
quantities at some intermediate point in the pracess

of computing the weapon laying data. In effect
parallax corrections in general convert the target
position as measured at the aiming device to ihe
position of the weapon proper.

[ ¥
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Figure 24, Parallax displacements referenced to morth

c. In addition to the general approaches using
polar and rectangular coordinates, mathematical
treatment of special parallax problems is included.
These consist of parallax corrections for ground
targets under direct fire (on-carriage fire control)
and an analysis of the parallax problem in the
use of aiming posts for indirect fire.

19, ANTIAIRCRAFT ProaLzm IN Porar
COORDINATES

a. Equations 22 through 26 employ polar co-
ordinates of battery displacement and target loca-

30

tion to express polar coordinates of paraliax correc-
tions that will direct a weapon’s fire on the aiming
point. The polar coordinates required as inputs
(Figure 25) are: range (R) or length of the line
of site of the aiming device; elevation angle of the
siming device line of site sbove the horizontal (E) ;
vertical displacement of the aiming device above the
weapon (vertical parallax base, P¢); horizoatsl
displacement of the weapon from the aiming de-
vice (horizontal paraliax base, PA); and the
horizontal azimuth angle (4) between the line FA
and the horizontal projection of the line of site,




TARGEY &

w <

LINE OF SITE

AINING
DEVICE

Py sin €

Figure 25. Parallax corrections in poiar coordinates

b. The complete true solution requires a
total of three parallax corrections: Phd for
agimuth, Ped for elevation, and Prd for range.
In Figure 25, the azimuth parallax correction
(PAd) is shown in the horizontal base plazie
ss the angle necessary to converge the horizontal
projection (x) of the weapon range {Rg) through
the horizontal projection of the target. The other
corrections, Ped and Prd are not directly illustrated
in Figure 25 because they are diiferences between
quantities in separate, non-parailel planes. Specifi-
cally, Ped is the difference between aiming device

angle of site (E) and weapon angle of site {£5).
Also, Prd is the difference between the range from
the aiming device to the target (R) and the range
from the weapon to the target (Ro).

¢. Additional equations for computing the eleva-
tion correction for vertical displacement, Puvd, snd
the elevation correction for horizontal displacement
Phrd are included since partial corrections are some-
times useful in limited instruments. An equation
for the partial elevation corvection (Pred) con-
sisting of a combination of Pud ard Phrd is given
in paragraph 22.b.(3).




d. The azimuth parallax correction to compensate for horizonta) disglacement, Ph, is:

Ph sin 4

tan Phd =

R cos £ — Ph cos 4 (Eq. 22)

¢. The toral elevation correction for vertical and horizontal displacements is found by subtracting

line of site elevation from an expression fer the elevation of the target as viewed from the position of the
weapon proper:

\ Phsin 4 (Eq. 23)

i. The range correction is obtained by subtracting an expression for range from the weapon position,
Rg, from line of site range, R:

Ped = are tanj (R sin £ 4 Pr) sin Phd} —K

Prd =R —Ry
Since Ry is the hvpotenuse of the vertical right triangle connecting weapon and targe,

Rg = /n* + &%
In the horizontal plane,

. _ Phsind _Phsind
In the vertical plane of site,
h=Pv+4 Rsin £
Substituting :
‘ Phsind | * e
Prd == R — {m—} 4+ (Pv 4+ Rsin E) {rg. 24)

g. The elevation parallax correction to compensate for vertical disnlacement (Pr) alone may be
computed from the following equation:

Py cos E
R 4 Py sin E (Eq. 25)

k. The elevation parallax correction to compensate for the range component of horizontal displace-
ment (Pk coe 4) alone may be obtained as foliows:

tan Povd =

tan Phrd = 72?,:;
where:
= Pk cos 4 sin (E 4 Pud),
¢ == Ph cos 4 cos (F 4+ Pud),
and

Rv = Pu sin (E + Pvd) -+ R cos Prd, or range corrected for vertical displacement (Pe) only
£ “stituting:

Pird = Ph cos A sin (£ 4 Pvd}
tan Flr = Poun (E + Prd) + K cos Pvd — Ph cos 4 cos (£ + Prd) {Eq. 26)

32
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20. FieLp ArTiLLERY PAraLLAX CORRECTIONS

Although Equations 22 through 26 are directly applicable to field artillery problems, they can be
simplified considerably for this purpose because the elevation angles (angles of site) encountered sre
usually small enough to be neglected. By considering the angle £ in Figure 25 to be equal to zero, Equa-

tion 22 becomes:

Pk sin 4

tan Phd = m (Eq. 27)
Equation 23 becomes:
Py sin Phd
Ped = arxc tanm—:’—-—' (Eq 28)
Equation 24 becomes:
_ Phsind |2 .
Prd=R— {W} + (Pv) (Eq. 29)
Equation 25 becomes:
tan Pvd == %—— (Eq. 30)
and Equation 26 becomes:
can Phrd = Ph cos A sin Pvd (E;l 31)

Pu sin Pod & R cos Pvd — Pk cos 4 cos Puvd

Equation 29 can be simplified further by dropping the (Pv)? term. This can be justified inasmuch as Py
is small in comparison to » making (Pv)® relatively insignificant.

21. Pararrax CoRRECTIONS IN RECTANGULAR
COORDINATES

a. In antiaircraft systems where gunnery com-
putations are based on rectangular coordinates of
the target’s position, it is advantageous to determine
and apply parallax corrections in terms of rectangu-
lar coordinates. The parameters remain fixed as
long as the battery layout remains fixed, and the
computations involve only simple algebraic additions.
Although the case discussed here is based on an
antiaircraft problem, the same principles can be ap-
plied to ground target fire control systems.

b. Figure 26s shows a single weapon in a
battery and the target’s location with respect to the
aiming device initizlly determined by the spherical
coordinatss, range (R), elevation (E), and azi.
muth (.7}, During the course of computing lead

angles, corrections, etc., the measured coordinates
are converted to the rectangular coordinates, Xo,
Yo, and Ho. Weapon position with respect to the
aiming device established during emplacement is
given in rectangular coordinates: Mhx, Phy, and
Pu. Since Phy is negative in the configuration of
Figure 26, its addition to Yo makes Y¢ smaller than
Yo. Combining the two sets of rectangular coordin-
ates gives the coordinates of the target with respect
to the weapon :

Xy = Xo + Phx
Xg=RcosEsind + Phx (Eq. 32)
Yoy = Yo 4 Phy
Yo = Rcos Ecos d 4+ Phy (Eq. 33)
Hg

Ii

Ho + Py

Hy = Rsin £ 4+ Py (Eq. 34)
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Figure 26. Parallax corrections in rectangular coordinates

22. Parareax IN Direcr-FirE ARTILLERY

a. Genersl. In high-accuracy direct-fire field
artillery, the relatively small displacements berween
the wespon tube and the aiming dcvice of the on-
~arriage fire control system can contribute in-
tolerable errors 1o the azimuth and clevation sat-
tings of the weapon tube. The equations that follow
are variations of the previously given antisircraft
polar coordinate equations (paragraph 19) especially
adapted to the configuration of on-carrisge fire
cont:ol systems. Because the boresighting in wespons
of this category may be based on either infinite or
specific ranges, two sets of equations are given.

b. lafinity-Boresighted Systerns. The salution
of asimuth (PAd) and elevation (Prod) correc
tion equations requires knowns of line of site range
(R) snd elevation (E) and the rectangular co-
ordinates of the displacement between the aiming
device and the weapon proper. {See Figure 27).
The cony dete elevation correction, Ped, includes
compensation for the cross range component of
horizontal displacement. The crom range component,

however, is relatively small in oa-carriage systems
and contributes very little to the clevation parallax
eror. For this reason, an alternate elevation cor-
rection, Prod, is presented, accounting for only the
displacements in the cddevating plane of the aiming

device, The correction Prod is actually & com-

bination of the corrections Pod and Pind (Equa-
tions 24 and 25 and Figure 43).

(1) The asimuth correction to compensate
for displacement of the ximing device from the
wespon bore can be cslculated from the following
equation {Figuwre 27):

- __ Pha
nnPM--—E-—T—-—” B (Eq. 39)

(2) The complete elevation correction for din-
placement between the weapon and aiming device
can be found by subtracting the siming device elevs-
tion (£) from an expression for the required weapon
elevation (Ed): :

Pd:mm{-——-—-—-—————’”"":ﬁs}ml

Lo




Figure 27. Paraliax in £n{is£1y-baﬁ-n’g&trd direct-fire systems

PO T3 |
B
o = e (PR B M)

(Eq. 36)

{3). The clevation rorraction tv compensate for

the horizontal and vertical displacements in the
plane of line of site may be found from the
following equation (Figure 27):
Prrsin E 4+ Pocos &
e Frod =g T Fu s B
(Eg. 37}
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The numerator in the right half of Equation 17
represents the linear messure of the elevation paral-
lax error. A :

< Specific-Rangr Boresighted  Systems. Two
parameters oot encoantered in the inkinity-bore

sighted system enter this problem: the range valwe,

R1, which is the horiznatal projesetion of the bam
sight range minus the range component of harizontal
‘displacersent, Phe, and svgle B, the boresight de-
pression anghe. As in the case of the infinit<bore-
sighited system discribed in the provious paragraphs,
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Figure 28. Paraliax in specific-range boresighted direct-jire systems

an altermate elevation parallax equation b given
which does not account for the nagligible srror con-
tributed by the crom range component of horizontal
displacenvent. The geametry of the problem i shown
in Figure 28. This figure shows 3 boresight point
on which the weapon bore b aligned ininially at 2
horizontal distance ¢ from the weapan. The weapon
is displaced from the aming device herizontally by
the cross range component Phx and the range com-

poaent FPhr, anl vertically by the distance Pr. In
the inirial slignment of the siming device on the
boresight point, the angles B and € arc establiched.
To engage the clevated tarpet 2t range R, the
system must be elevated through the angle (£ + B).
To align the weapon bore on the tarper it wust
be elevated an amount differing from (E + B
by the angle Ped. ana traversed o the left Lin this
case) through the angle Phd.

{1} The clevation correction is the difference beraeen an expression repre-
wating the required weapon clevation and the torsl amuing device elevatimn above

the baresight point:
Ped = arc tan {

K wun £ 4 Pe |
4
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d = Pax D = arc tan R cos_f_: Phr )
~ sun D - P |
4= Phae"

. Par
St }LITC tan [—k—-;—b——— Phr -}}

(R sin £ 4 Pr) siny arc tan[——-%f-—-——-} }\
T}a RcosF—Pir ||\ _ (E+ B) (Eq 38
x

Ped == arc tan

(2) An alternate elevation correction that does not aliow for the very small effect of cross range
displacement (Phx) can be obtained (Figure 28).

B Pir sin £ + Pe cos E
Prod = B— arc tan {R_.(Phrcos kL — Pv sin‘E)}

where B = arc tan {-——fi——-}

(Eq. 39)

Rl 4 Par

{3) The horizcnral parallax correction is the diiference between thc he-izontal  boresight angle
C (Figure 28) and wic required convergence angle D

Pkx
Phd = C — arc tan lm:m} . (Eq 40)
where C == arc tan [%‘;——]

PARALLAX LAROR CAUSED
S AZHMITH THANGE

el

Figurc 29. Causes of parallax ccrors in aiming pest aligrmen:
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23. Pamavriax ..” AMING PosT ALIGNMENT

When aiming posts are used as a sighting re-
ference for a weapon, errors are introduc °  shesn-
cver the weapon is changeu in azimuth or the mount
shifts fron its initial position because of fi in; re-
coii. (See Figure 29.)

The method for correcting these errors has heen
by realignmr:nt procedures so that the initial paral-
lax conditions are maintained. However, tais proce-

dure does not correct for the parallax error in-
troduced.

a. The errer introduced by an azimuth
chznge in the weapon is given below. {See Figure
30.)

Psina’
o7 | coemmcm—r————n e — (F_
tan Pd gy ¥ ] q. 41)

n. The error introduced by an azimuth
change and hift of the weapon is given beiow,
(See Figure 3n.)

£sin 4d + Y

tan Pd = (Eq. 42)

38
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P oin A+ Y (Cq. 42}

ten Pd 2
SeX-Pcea Aé

Figure 30. Parallax error in aiming
post alignment caused by weapon shift
and change in azimuth
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Section IV
INSTRUMENTATION

24. GENERAL

Atfzer the solution to a2 compensation problem
has been obtained, it s necessary to instrument oF
mechanize the mathematical relationships so thag
the solution can be put te practica! use. This sective
illustrates how the solution to 2 tvpical commpensa-
tion problem might be instrumented. In additten,
the instrumentation for some of the mathematical
equations for the conditivns described in Section
1] that have been used in actual fire control systems
is given.

23. INSTRUMENTING A SoOLUTION

To illustrate how an eoquaticn for a com-
pensation problem might be instrumented and how
the number of components can be minimized by
approximating a true solution, the following ex-
ample is given. The true solution equation used in
this example is Equazion 22 {Section III) and its
approximation which is derived in Appendix C is
Equation C18, Being tangeut functions, the practi-
cal application of both of these equations s limited
to values of E below approximately 85°. In anviair-
craft systems capable of greater elevations, a device
for limiting £ would have to be piovided.

a. A Possible Method for Mechanizing Equa-
vion 22

Pksi.d
Recos £E— Plcos 4

A more convenient form for mechanizing the
above equation is ebtained as follows:

tan Phd =

sin Phd
tan Phd = W
sin Phd Ph sin 4

cosPhd=R cos E — Ph cos 4
or
Ph sin 4 cos Phd == (R cos E —
Pk cos 4) sin Pid

The quantities 4, E, and R are all measurable
ar.d arc usually available in a fire control system
for transmission, electrically or mechanically, to
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a comaputing device. In the schematic diagram show-
ing the electromechaniczl instrumentation of Equa-
tion 22 (¥Figura 31) these three quantities are shown
as mecharical inputs, The quantity Ph is 2 hand-set
mecharical input aad can be measured as the
henzontzl displacement between weapon and aim-
ing device at the time of emplacing the squipment.

The quantities R and Ph position the wiper anms
of a pxir of potentiometers and so are converted
into anaiog voltages. These voltages cxcite stator
windings in separate electrical resolvers that are
mechsnically positioned by E and 4. Combining
cosine outputs of the two resolvers in a resistance
network forms one factor of the right half of the
equation and applying this to 2 resoiver driven by
PAd completes the right half of the equation. The
left haif of the equation is produced by another Pid
tesolver from the sine output of the A resolver.
Combining the two halves of the eguation in a re-
sistance network resuits in an error signal which is
amplified for controlling the PAd servomotor. The
servomotor drives PAd toward its correct value at
which point the outputs of the two Phd resclvers
are equal and the error signal is zero. Should
an input quantity change and unbalance the equa-
tion the motor will correct Phd simultaneously and
maintain the loop error sienal at null.

b. A Possible Method for Mechanizing Equa-
tion CI18. Equation C!8 is an approximate version
of Equation 22.

K Pk sin 4
R cos E

This equation can be computed in a divider loop
from the outputs of two electrical recolvers (Figure
32). A saving of two resolvers over the true solu-
tion mechanization described above is effected. It
will be noted that the principal difference in the
schematics for the true and approximate solutions
lies in the output section. The output section for
the approximate solution receives inputs of Ph sin A
and R cos E from two resolvers. The resistance net-
work applies the constant, K, to Ph sin 4 and feeds
it to a high-gain amplifier. The amplifier adjust

Pid =

E V1%




MECHANICAL INPUTS

4
]
i
1
i
|
|
]

Ph sin A
COMPUTING Ph
REFERENCE
VOLTAGE
RESISTARCE

SUMMING

HE T WORK
e
iN

[_____‘____ Recos E —Phcos A
. Phd
= ——
. RES. RES.

3’1 tin A cos Phd
{R cos E — Ph cos &) sin lf‘lud-\.‘1

RESISTANCE
- SUMMING =
NETWORK

| POTENTIOMETER

ELECTRICAL RESOLVER

SERVO MOTOR

O ¢) &)

Figure 31. Possible mechanization of Equation 22
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Figure 32. Possible mechaniz=tion of Equation C18
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its output so that, when multiplied by R cos £ in
the potentiomieter and fed back to the summing
resistance netwerk, it balances (nulis) the Pk sin 4
input of the network. To achieve this balance the

amplifier output must assumec the wvalue of
K Ph sin 4

m which is equal to Phd. With a high-
gain amplifier, the unbalance error signal required.

to produce z stable cutput and feedback is extremely
smzil and can be considered a null.

26. INSTRUMENTATION IN TypicaL SysTEMs

The following paragraphs discuss some typical
methods used at the present time in instrumenting
the compensation of weapons for out-of-level and
parallax conditions. The methods described are
representative of both or -ational and experimental
equipment.

27. SystEMs UsING OrF-Carriace Fire ConTrOL
Data

This category covers field and antizircrait
weapons for which firing informatien is determined
in a coordinate system other than the weapon's. The
discussion on the cant-compensated telescone mount
is stressed liere because the heart of this device, a
universal joint, is a true mechanical analog of the
trunnion cant problem that has found widespread
application in solving cant-compensation equations
or portions thereof. The universal joint has been
used in varied forms, both in simple telescope mounts
as described below and as a computing clement in
complex electromechanical fire control systems.

28. FieLp ArTiLLErY (INDIRECT FIRE)

a. Compensating Telescope Mount. The errors
caused iy trunnion cant are climinated in principle
when a sighting telescope is used with one of various
types of compensated telescope mounts. Such a
mount offsets the velescope lin: of site from true
boresight alignment in proportion to the magnitude
of the trunnion cant angle and the elevation angle
of the weapon tube. Returning the line of site o
the aiming reference by elevating and traversing

the weapon introduces the corrections to the weapon
tube.

(1) The key to the function of the com-
pensated telescope mount is 2 Hooke's type universsl

joint. In its usual application, where it serves to
couple two rotating shafts that are not in align-
ment, it appears as shown schematically in Figure
33A. Each shaft has a yoke supporting twoc béas-
ings. A cross shaft whose arms (x and y} are as-
sembled at 2 ninety-degree angle is carried in the
four yoke bearings. For the condition illustrated in
Figure 33A, where input shaft a #s aligned with
output shaft b rotation of the cutput will exactly
cqual the input tii. - hout any portion of a revolu-
ton.

{2) In the compensated telescope inount,
the universal joint is employed in the position shewn
in Figure 33B. The input shaft has been thrown
nineiy degsees out of alignment with the ocutput
shaft, at which point the output is zero for any
degree of input rotation. On the weapon, the input
axis 4 is set parallel to and rotated with the
weapon trunnion. Axis y of the cross shaft is per-
pendicular to axis a and is set parallel to the
weapon bore axis. Axis y therefore elevates with
the weapon in a plane parallel to the plane ot
weapon elevation. Axis & carries the sighting
telescope and is always maintained vertical, regard-
less of weapon tilt, by means of longitudinal le-1-
ing and cross-leveling adjustments provided. The x
axis of the cross shaft will then be mainiained hori-
zontal. Sketch B shows the axes of the joint when

trunnion cant (Cg) and weapon elevation (Eg)
both are zero.

{3) In sketch C of Figure 33 an exaggerat-
ed cant angle (Cg) has been introduced, equally
tilting the weapon trunnion {not shown) and the
inpuc shaft (a). The y cross shaft axis, known as
the actuating arm. can no lenger rotate in a vertical
plane as shown in sketch B. Jf the weapon and
actuating arm are elevated together {sketch D),
the ends of the arm (axis ¥) will describe arcs that
correspond to the arc ab in the front view in
Figure 17 (Section III). With the elevation of
the actuating arm confined to the canted plane, and
axis x confined in a horizontal plane, axis &
and its mounted telescope are driven through the
angle Agd as the weapon tube and actuating arm
are elevated through the angle Eg¢. Furthermore,
axis x. confined to the horizontal plane, rotates
about itself through the vertical quadrant elevation
angle, Ea (arc ¢b, Figure 17). The spherical
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Figure 33. Hooke's universal joint
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triangle of Figure 17 along with Equations 1, 2,
and 3 ther~fore shows the mathematical relationship
existing in the universal joint.

(4) In physical appearance, practical ap-
plicatiors of Hooke's joint in compensating devices
seldom reserble the ordinary shaft coupling device
represented in Figure 33A. Its application in the
common form of compensated telescope wcunts is
shown in Figure 34. In this form, the input yoke
is omitted, the trunnion extension input shaft (axis
&) being sttached directly to the actuating arm
(axis y). The » axis takes the form of a ring borne
within another ring th-r substitutes for the output
shaft yoke. The ends of the actuating arm pivot
in bearings carried by the inner ring. The outer
ring is equipped with a telescope socket at the top
and is supr rted at the bottom by a pivot on the
~ se-leveling device. With the azimuth axis ad-
justec to the vert'~al position, (x axis horizontal)
and toe input axis from the trunnion canted, sn
elevation input will rotzte the actuating arm in the
carted plane. But the inner ring in which the
actuating arm is pivoted is confined %o rotation in
the vertical plane sbout the x axis. This. results
in a compone..: of the trunnion's rotation propor-
tional to the sine of the cant angle being transmitted
from the a axis to the b axis (azimuth axis).
The offset thus produced is the azimuth error 4¢d
which is corrected when the telescope axis s re-
aligned on th~ .iming reference or target.

(5) Other applications of Hooke's joint
take the form of a gimbal system in which the »
axis is coupled to an indicator to show directly the
value of quadrant elevation, Ea. When used as an
element of a fire control computes, the device mav
not have any direct physical connection with we
trunnion or aiming device. Tnstead, remote control
via electriczl or electromechanical inputs and out-
puty may be employed.

b. Range or Elevation Quadrant. To obtain
true elevations thaz are not affected by the pitch of
the ‘wcapon or by the c.nt of the trunnions, a range
or elcvation quadraut is used to lay the gun in
clevation. The gunner’s yuadrant is leveled in the
fore-and-aft and cross-level directions through the
us: of level vials. The fore-and-aft leveling elimi-
nates the pitch erros and establishes the zero eleva-
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tion reference. ‘The cross-leveling enzbles the gun
clevation to be measured in a vertical plane, Eleva-
tior is messured in terms of elevation angle (mils)

or range (yards).
¢. Panallax Correcticas.

(1} Aiming Post Skift.

(a) A primary method of establishing an
azimuth aiming reference Line for use in indirect fire
with field artillery involves the use of a pair of
aiming posts that are driven into the ground near
each weapon. The most desirable distance from
the weapon to the far aiming post (considering ac-
curacy of lzing, visibility, and ability to control
aiming post lights when used) is 100 yards. The
near aiming post is placed at the mid-point between
the far aiming post and the weapon, and the near
aiming post is aligned by the gunner so that the
vertical reticle of the sight and the two aiming posts
coincide. After the initial alignment, the near aim-
ing post masks the far one.

(b) However, azimuth changz of the
weapon or progressive shifting of the mount from
shock of firing or other effects causes the aiming
posts to become misaligned. The vertical reticle of
the telescope is displaced from the line formed by
the two aiming posts and the posts appear to have
shifted from their original position as shown in
Figure 35.

{c) Corrections are .hen made manually
by realigning the reticle so t..at the far aiming post
appears halfway between th. 1 ar aiming post and
the vertical reticle. (Ser Figure 36.) Thuis procedure
maintains the line of site approximazely parallel
to the original linc of site as shown in Figure 37.

{2) Movatle Reticie.

One waetho? that 42 been devised tu facil-
itate the application of naradax compensation as
described above involvis the use of an additional
vertical reticle that can be adjusted laterally with
respect to a standard fixed reticle. The standard
reticle is first aligned on the *ar aiming post by
travensing the weapon. Then the vertical hairline
of the ~ovable reticle is moved ‘nto alignment with
the near aiming post. The weapon is again traversed
until the vertical hairline of the movable reticle is
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Figure 35. Telescope axis not pavallel to
aiming posts afier shift or aximuth change

aligned with the far aiming post, establishing the
same conditions as are illustrated in Figures 36
and 17; i.e., the sight axis is paraliel to the aiming
reference line.

(3) Projection of Reticle at Infinite Range
(Paralieloscope). Another method that has been
used to keep a displaced line of site parallel to the
oviginal line of site for aszimuth change or weapon
shift is through use of the paralleloscope. The paral-
leloscope consists of a prism approximately 30 inches
in length with a 2-inch face across «b (See Figure
38). The prism is placed spproximately 15 to 22
feet away from the sight. The principle used in the
parslleloscope is that the aiming point for the
weapon sight is its own reflected image in the
paralleloscope prism or the reflected image of a light
beam projected from the sight. For any position of
the sight there will be only one path where the
tansmitted light will coincide with the reflected
light. Thus, when the sight is properly aligned, the

HE IR N

Figure 36. Telescope axis aligned par-
allel with aiming posis

transmitted light path and the reflected light path
will be:

(a) Panallel to each other
(b) Parallel to the initial line of site

(c) At 90 degrees with the face of the prism.

The length of the prism limits the amcunt of shift
that the paralleloscope can accommodate before
sealignment is necessary.

(4) Couwputation of Battery Parallax Cox-
rections ( Plotting Buard, Ftc.). Firing data neces-
sary for setting azimuth and elevation is usually ob-
tained for the dire-"ing weapon of a battery cnly.
Then, the data for the remaining wespons in the
battery is generated at ti.c fire direction center
through use of plotting board, parallax tables, etc.

(5) Weapoa Parallax Correctios. No
apecial compensating devices have heen employed
for correcting sarallax errors caued by displace-
ment between the on-cari.age aiming device and the
weapon tube. Such small parallax ervors are cften

-
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Figure 38. Paralleloscope

minimized by specitic-range boresighting. Specific-
range boresighting is the proce:s of adjusting the
sight axis of the amming device and the gun bore
axis of the weapon 3o that the two axes intersect at
an aiming point, preferably within the range of
employment of the weapon, but usually never less
than the average range of emplovment. Parallax
corrections can then be determined or computed
from the aiming point refeicuce,

29. ANTIAIRCRAFT ARTILLERY
a. Out-oi-Level and Cant Corrections.

(1) Leveled Antaircraft Mount. The most
cummon method used to level AA weapons in the
past has been with leveling jacks. Once the weapon
h: - been leveled, the need for cant correction ©
eliminated. However, the inclusion of compensating

clemments in AA weapons simplifies smplacement,
eliminates heavy leveling sguipment, and increases
mobility.

(2) Compensated Antisircraft Moun:. An
expenimental medium antiaircraft  weapon  was
equipped with an automatic ult corpector in order
to reduce weight and improve mobility. The ult
corrector which eliminated the need for heavy,
bulky, and cumbersume leveling jacks was lighter
than the elimivated elements. The corrector is bau-
caily an elevtramechanical computer that transforms
the azimuth (traverse) and elevation of the gun
with respect to the gun mount into azimuth and
clevation of the gun with respect 1o the level co-
ordinate syt 4 the director. The corrector
utihizes mechanwal inpats of actual pen traverse and
elevation above the devk plane and electni:al nputs
of the required azimuh and elevation s the level
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coordinate system transmitted from the director. The
tilt of the "gun mount is introduced manually in
tams of a single tilt angle measured in a vertical
planc through the gun bore axis a* the azimuth
position where the gun trunnions are level.

To complete the measurement for the out-of-
level condition, the azimuth-of-tilt value is also
introduced manually. Tilt and azimuth-of-til; angles
are determined and introduced during emplacement
of the weapon and remain fixed until the weapon
mount is again shifted. The geometry for this ap-
proach to out-of-level correction is shown in Figure
23 (Section 1I). From the varying inputs of gun
traverse and gun clevation and the semifixed iu-
puts of tilt and azimuth-of-tilt, the computer solves
empirical equations based on Eauations 20 and 21.
The solution results ‘n 2a azimuth correcrion and
an elevation correction, which, applied o actual gun

traverse and elevation, transforms these quantities
to the level conrdinate system.

The computed level coordinates of actual gun
position are compared with the desired coordinates
transmitted fram the director. The comparison is
carried out in the control transformer synchros that
are used for receiving the azimuth und clevation
transmission. When a difference exists, the con:rol
transformers deliver an electrical error signal to the
gun drive causing it to change gun traverse or eleva-
tion & necessary to nudl out the erro- signal.

Essentially, this tilt corrector is an added link
in the usual remote gur control system loop. It can
be considered as a means of altering the loop feed-
back to balance out the inequalities botween the co-
ordinates of the level and cut-of Jevel systems. This
method of applying compensation is illustrated in
Figure 39.
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b. Parallax Cecrections, In a typical antiair-
craft battery of from two to four weapone snd a
director, the fire control computing system: may be
of the type that ~perates with rectangular coordi-
nates of target posttion. The geometxy of the parailax
problem for this type of system was discussed in

. paragraph 21 and shown in Figure 26 (Secrion 171).
On= method devised for combining the rectangular
coordinates of target position with those of the
paraliax displacements is based on the u=: of veitage
analogs to represent the iivget ccordinates in an
cleetrical computing system. The individual dis-
placement coordinates are converted into veltages by
means of potentiomeicrs, as shown in Figure 40,
These voltages are then algebraically combined with
the target position coordinates by resistance net-
works. The resulting voitages represent the target's
position with respect te z particular weapon.

NORTH-SOUTH
DISPLACEMENT

30, Svsvems Using On-Carriack Firg CoNTROL

Data

Thae following paragraphs give a general dis-
cussion of current and experimental methods for in-
troducing correctiore when the ximing device s
located on the weapon mount :1d can be con-
sidered to operate in the sawe coordinate systam
as the weapon.

3. Tanks ann Orson

WaaPONS

iomreE Mountrn

a. Cant Correcticass.

{1) Compensaiing 'eriscope. 4 cant cor-
rection feature incorporated in the periscape re-
ceives superelevation data from a computer. The data
are combined with the trunmion cant sngle, de-

e  AAAANAN A~ CORRECTED Yo

Figure 40. Combing north-south weapon displacement with north-
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;‘ south larget location data
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termined by maaually leveling & vial on the body
of the periscope. Then the output from the via:
mechanism is fed to a correcto. mechsnism that
displaces the reticle pattern within the periscope
by an amount equivzlent to the horizontal cant
errox.

(2) Rotating ‘Telescope Reticle. ‘This
mechaniem is similar *o the compensating periscope
in that the corrections are applied to the reticles
of the sighting inctrument. The telescope is equipped
with a mechanism that enables the sighting reticle
to be maintained in alignment with the level co-
ordinate system, regardless of weapon tilt. Thus,
ballistic corrections based on the level coordinate
sysicm can be intreduced without error through
norma. application of the reticle markings. The
relationships shown by Equavions 13 and 14 {Section
1II) are satisfied in this mechanism. Hewever,
no computir.g elements, as such, are required. An
oil-damped pendulum, serving as a vertical ref-
erence, derives an electrical enor signal each time
the tilt of the mount changes. The error signal re-
quires no amplification since it is produced directly
from the power source by means of contacts on the
pendulum. A servomotor fed by the error signal
drives until the reticle is erected, whereupon the
contacts open and stop the rotation. A cross-leveling
knob and vial are piovided for emergency manual
centrol of the reticle.

(3) Stzbilicers for Moving Mounts,

{a) The gyrostabilizer is a device that
assists the gunner in keeping the weapon of a tank

propevly laid as the ank moves uver rosing terram.

The stable reference for this device is a gyro that
in some designs zlso has been used to derive track-
ing rates for a lead angle computer. Relative motion
of the ank sbout the stable gyro is picked off in

two coordinates, cither clectrically or hydraulically. i
The tilt coordinates are then combined with target -

location and ballistic data te form composite gun
orders “or azimuth 2nd elevation. These are trans-
mitted to the azimuth and clevation hydraulic ser-
vomechanisms. In response, the weapen is positioned
in the proper direction and -t the sam: timne moved
in opposition to any longitudinal level or cross-
level smotion imparted to it by the tank hali.

(b) Another gyrosiabilizing system that
has been developed stabilizes the gun only in cthe
elevation coordinate. This system is simpler, re-
qu : less power, yet provides a high d.ree of
siauility becausc the motion of a tank has a greater
effect on elevation than azimuth. Operation of this
system is similar to the system described in para-
graph {a) above,

b. Parallax Corrections. To develop greater ac-
curacy in direct fire, effort is made vo eliminate the
vertical parallax error caused by the relatively small
vertical and horizontal displ. .ients in the plane
of fire. Equations 37 and 39 (Section 1II) show
th= relationships involved in true solutions for in-
finity boresighted and specific-range boresighted
systans, respectively. No atter=pt has been made to
instrument the true solution equations, but 1n one
experimental tank, an inherent error in the superele-
vation drive gearing from the ballistic computer was
given the appropriaie sign to partially cancel the
parallax error. This error in the superelevation gear-
ing increased with increasing values of elevation
in a manner similar to the vertical parallax error.
It was due to planetary reiative motion between
portions of the superelevatior. gearing mounted on
the elevating upper carriage and the portion emerg-
ing from the ballistic computer mounted on the
nonelevating lower carriage. The feasibility of this
approach was shown by comparing a tabulation of
parallax errors computed from the equations with a
parallel tabulation of the drive gearing errors. The
comparison showed that the increase in vertical paral-
lax error with increasing gun elevaiicas could be
practically con.pensated for at the most prevalent
tactical ranges bv the plar i, civor

32. AnTiAmcrarr (SELF-CornTalNED MOUNTS)

There are some weapon systems in use that have
the fire control director mounted on the upper car-
riage of the weapon. One system of this type con-
sists of a radar locater and tracker, an electro-
mechanical computer that traverses and elevates with
the gun. The system also contiias an optical sight-
ing system thut can be used aione or in conjunction
with the radar. The conputer contains elemcuts
for carrecting tilt of the weapon up to 815°. The
x and y compenents of tilt are set in during
emplacement procedures by rotating two knobs




on the computer. These knchs position potent:-
ometers that derive voltages proportional to the x
and y componernts of the out-of-level condition. The
x any v values are combined with components of
wind data and used with predicted firing azimuth,
true elevation of 2un tube, and time of flight of the
projectile in computing a combined correction. The
correction for tilt and wind is then combined with

other ballivric corrections and applied te the firing
4222 for positioning the gun tube.

33. Fiewp ArTiLLEry (DirectT FiRE)

Direct fire, a secondary mission of fiel¢ artiilery,
is essentially the same as for tanks. The methods
for applying compensation in tanks {paragraph 31)
are therefore adaptable to the direct fire contr¢ in-
struments of field artillery.
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Section V
REFERENCE INFORMATION

34. DesiGN DAaTa

This section deals with the design of compensat-
ity elemente from 2 broad point of view. The
informatior included here encompasses general
trends, an approach to error deterimination in mis-
alignment, and general philosophiczl aspects of de-
sign.

35. OVeRALL ACCURACIES

The gverall accuracy of a compensating clement
is governed by type of weapoun with which it will be
used, and < tactical use of th: weapon. In ali
types of weapons, design efforts have been toward
greater firing accuracy. The accuracy of a com-
pensating elemert is dependent, to a preat extent,
on the accuracy of the parts that go nto jt. It
should be remembered, however, that cven though
overall accuracy requirements for a complete system
or component may be highly stringent, it is sull
pos:ible to produce a successful design using stand-
ard or even loose tolerances for the parts that
compose the compensating element. This achieve-
ment is attained through the proper use of scale
factors, and through the additive and subtractive
effect of esrors in a system.

36. SpecIFIC ACCURACIES

The principal problems of gun fire con-
trol are concerned with correcting weapon laying
information. Even perfectly corrected firing data
sanact be ...d to position a weapon in the correct
direction and at the correct elevation unless the
weapon has been properly manufactured, adjusted,
and aligned with its aiming Jsvice. Some of the
ideal conditions of alignment and adjustment are
listed below. The conditions given are typical for a
field artillery weapon using a compensated sight
mount of the type described in paragraph 28, but
the approach for other types of weapons is similar.
A detailed analysis of the errors that result when
the ideal conditions listed are not fulfilled is given
in the paragraphs that follow. The conditicns arc:

a. The gun bore axis serpeadicuiar to the
trunnion axis.

b. Thz actuating arm (gun bar) axis parallel
to the gun bore axis.

c. The actuating arm (gun bar) axis of rotation
parailél to the trunnion axis.

d. Opposite arms ot parallelogram linkages
connecting the aiming device to the weapon trun-
nion of equal length.

37. Gun Be=e Axis Nor PERPENDICULAR TO
TruNnION Axis

a. The relationships for conditions of miszlign-
ment when the gun boie axis is not perpendicular to
the trunnion axis and cant is present, as illustrated
in Figure 41, are:

sin Ea := cosAl cos Cy sin Eg — sin Al
sin Co (Eq. 43)

tan Af cos C
tan 81 = g

ws Eg
+ tan Eg sin Cg (Eq. 44)

where:

81 =Angle between horizontal projection of
bore axis and horizontal perpendicular
to trunnion.

Al =Alignment error. Deck plane angle
betw=an pore avis (£g = 0V and V-
X s,

This relationship holds also when an aiming devize
is trunnion mounted and the aiming device mount
axis is not perpendicular to the trunnion axis. The
same relationship applies to the case wlere the
actuating arm (gun bar) a~is of a1 linkage-driven
sight is not perpendicular to its axis of rotation.

b. When cant is not present, Equations 43
and 44 can be simplified. {See Figure 42.) The
equations for this condition are:

sin Ea — cos Al sin E (Eq. 45)

tan Al

tan 81 =

o F (Eq. 46)




GUN BORE AXIS
/QT ZERO ELEVATION

DECK PLAKE PROJEC TION
OF ELEVATED GUN BORE AXIS

O
&
V

4

p
ASSUMED THAT SIGHT WAS BORZSIGHTEL I
WITH WZAPON WHEN: Cgs O AND Eg £ 0,
Egs Es
®n Ea 3 cos 81 008 Cg ainEy — sin &1 eincy (Eq. 40, j
ton e M0 BioonCy ik uince (Eq 44)

cos Eg

Tigure «'. Gun bore axis not perpendicular to trunnion axis—
trunnions canted
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Figure 42. Gun boye axis not perpendicular io trunnion axi+—
trunnions level
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cos 81 = % (Eq. 47)

¢. If the involved angles of the situation shown
in Figure 4! are confined to small values, the
following equations show approximz:cl;; the relation-
ship between the weapon position error and the
alignment error.

Azimuth Error

Al
cos Cg (1 — tar® Eg sin* Cy) { }
cos Eg -
(Eq. 48)
Elevation Error _ sin Cyg
1 = VI — sint Eg cos? Cg
(Eq. 49)

It has been assumed that the aiming device was
boresighted with e weapon when the cant angle
{C.’) and weapon elevation (Eg) equalled zero.

d. Equations 48 and 49 are shown plotted in
Figure 43 for different degrees of canr angle.

38. Acruatine AsmM (GuN 3ax) Axis Nor
Paratier 10 Gun Bore Axie

a. The cquations tor r:rror in azimuth and
elevation when the actuating arm (gun bar) axis
and gun Sore axis are not parallel, as shown in
Figure 44, are:

Azimuth Error sin Cg

a2 "l_dn’Egcos’C,(& 0
eievation Error _ cos Ea cos Cyg
o) VI — sin® £g cou? Cg
(Eq. 51)

b. Equations 50 and 5! ate shown plotted in
Figure 45 for different values of cant angle.

39. Acruaring Axm (Gun Bar) Evsvating
Axis Nor Pamarize vo TRUNNIGN Axes
{Eanoax Mzasurip Pararizr 1o Canted
PrLaNE)

a. The equations for error in azimuth sad
elevation for an aiming device mount that i link-
agedriven and in which the actuating arm (gun
bar) axis of rotation is not parallel to the trunnion
sxis, 83 shown in Figure 46, we:

Azimuth Error

sin? Eg sin? Cg cos Cg

A3 = ' — sin? E¢ cos? Cyg
(Eq. 52)
Elevation Error ___cos Eg sin C¢ -
A3 T V1 —sin? Eg cos Cg
(Eq. 53}

It has been issumed that the aiming device was
boresighted with the weapon when the cant angle
and weapon elevation equzlied zero.

5. Equations 52 and S are .hown plotted i
Figure 47 for values of caic angle.

40. Acruaming Axm (Guwn Bar) EiLevanyg
Axis Nor PamarLzi 10 TRUNFON Axis
(Exxon Mzasurepr PerrewbDicULAR  TO
Cantep PLANE)

a. The equations for error in szimuth and
clevation for an aiming device mount that is
linkage-driven and in which the actuating arm
(gun bar) axis of rotation is rot parallel to the
trunnion axis, »s shown in Figure 43, are:

Azimuth Error _ sin £5 cos £. cos Cy

A T 1 .— sin? Es cos’ Cy
(Eq. 54)
Elevation Error ____un Essin Cg
.Y - 1 — sint £; Cy
(Eq. 53)

b. Yguanons 54 and 55 are shown plotted in
Figure 49 for difrerent values of rant angle.

41. Usaguar LarorH N Pararirr Linxaces
Bxrwarn Amainc Davics anp Wearon

The equations for errors resulting from unequal
lengths in the links used in parall-logram linksges
betwern the aiming device and weapon. as shown
o Figure 50, are:

Error (mils) = — [2F~ x 1900 Joxc F
(Eg. 56)

Error (mils) = — {4.;"_,1000 oot F
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42. StANpAry Dasicn Prscricas

The approach to the design of a compersating
element has many facets, The instrument not only
mast be able to s»'ve the compensation problem
within the sccuracy demsnded by the system, but
also must be sble 0 perform under extreme con-
ditiens of field usz, maintenance, and storage. In
addicion, the fabrication of the compensating element
must be adsptable to standard manufsctering
cquirments and techuiques. The designer of militasy
equipment must ke mto consideration mamy
factors that are not found in commercis! designs.
Toese factors are ot always immediately evidemt
to an individus! new to the design of militery
equipment and oftes are the determining facrors
in fulfilling the uitima.e requircments of the design
of s compensating element. The following para-
graphs give a discussion of these factors. Naturally,
the weight given to sach one will depend on the
requiremients of the specific problem at hand.

43. Gensnat Drssi;.« CONSIDERATIONS

8. Raw Matwrials. The various properties of
materials that determine their applicability to specific
design problems are availshle to the designer in
kandbooks and vendors’ caralogs. It is the pur-
pose of diese paragraphs, however, to call attention
to factors that must be givcs: special consideration
in the selection of materixls because of the military
nature of the equipment being designed.

It 1oust be assumed that fire control equipment
will be exposed to every possibie extreme in en-
vironmental conditioes; from tropical to polar
temperatures, from extreme dryness to immersion
in salt water. and, in addition, to sil forms of dirt
and fungus. Corrosion iz one of the most difficult
problems that arize due tv environment. Although
this problem hus never been completely solved, every
sttemapt should be made to select meaterials that will
minimize corrosion. 1f resistance to currosion were
the only factor requiring consideration, the prob-
lem = ould be lecs diificult. Usurliy & compromise
mus: be rexched that afiords the besy charactesistics
for a number of factor: such as strengih, weight,
machinability, availability, etc. In reference to
availability, the selection of material mous? be made
on the basis of wartime availability. Many misterials

that would be considered optimum for specific
parts .o 2r= readily available during peacetime,
become critical beceuse of siepped-up production
requirements or starce because of interruption of
iroports during wartime. When compromise results
in ot'ier than cptimum resistance to corrosion, then
the itern must be given the best pussible protection
by the use of svitable finishing processes.

Another ca.. . of corrosion is the electrolytic
wuction caused by the coupling of dissimilas mate.ials.
This condition is especially cevere in the case of
magnesivmn in combinations. Electrica! isolation in
junctions between dissimilar metals may be zffected
by the application of plastic cozting materials.

In sclecting dissimilar materials for assembly
within the ssme instrument, the coefficients of ex-
pansion also must be taken into consideration. The
environmental extremes te which military equipment
is subjected often rule out particular materials be-
cause uf excessive differences in their expansion
cocfficients. In other cases, it may be possible, by
careful design of clearances, to accept the extremes
in differential expansion.

b. Seals. A compensating element requires com-
plete sealing to protect its interior from such pro-
ducts of adverse environment as dirt, dust, cor-
rosicn, moisture condensation, and fongus growth.
Even normal field maintensrie procedures on
related system equipment are a potential source of
damage to an incompletely sealed instrument. A
typical example of this latter situation s the
“mudding” procedure in which a ¥ater or steam jet
is used to clean automotive equipment and tanks.
These procedures can damagy or make a compensat-
ing element unusable if it is not extremely well
sealed, especially when optical instruments are
employed. Therefore, the designer often must com-
pletely seal an instrument to satisfy the requirements
of the weapon system in whick it is used.

The design gnal for all seals is the -omplete
ehmination of the process known as “bresthing”.
Breathing is the expulsion of the contained xtmos-
phere, ur intake of "e surrounding atmosphere, and
tends to occur whenever there is a difference in
pressure between the housing’s internal atncaphere
and the external atmosphere. It can be caused by
changes in altitude, barometric pressure, or tempera-




ture. Since both expulsion and intake usually occur,
introduction of moisture, dust, and ‘ungus spores
iakes place, and in time an instrument may become
useless. A seal that completely eliminates breathine
is classified as & hermetic seal. True hermetic seals
can be achieved in enclosures that do not in-
clude neechanical inputs or outputs. Such 2 de-

n would involve only static sealing techniques.

ynamic seals at entry points for mechanical rotat-
10g parts present greater difficulty and, as yex,
true henactic seals for this purpose have not been
deveioped.

In instrument housings containing both electrical
or eclectronic and mechanical parts, sectionalizing
techniques may be employed to achiéve the maxi-
mum proieciion, All mechanical parts.are placed in
one section of the housing vrhich is equipped with
the necessary dynamic and static seals. The elec-
trical and electronic equipment is placed in an ad-
jacent section that is hermetically sealed. All elec-
trical connections between sections and external
equipment are made through hermetic connectors,

Good static seals for access cuvers can be ob-
tained by keeping the area of contact at a mini-
mum. Polytetra fluorocthylene coated parts or covers
with polytstra fluoroethylene lips under screw or
spring pressure can be used to obtain a seal. One
method that has met with success employs .. groove
around the area to be scaled. After the cover is
put into place, a liquid gasket material that remains
viscous over the life of the equipment is injected into
the grocve. One disadvantage of this method is that
bleeding of the gasket material may occur. However,
the bleeding usually is so slight that it does not
deteriorate the seal.

Breathing can occur through joints of a container
or because of the porosity of the material from which
the instrument enclosure is made. Joints must be
welded with suitable materials to obtain a good
hermetic seal. Several methods can be used to seal
the pores of the material from which the instrument
case is fabricated. The surface can be peened or
impregnated. Peening can be accomplished by blast-
ing with steel balls or other suitable materials. This
procedure has the characteristic of altering the sur-
face of the material by changing dimensions or
hardness slightly, which in some cases may not be

toierable. Impregnating has been used with success
in sealing custings. This type of treatment does not
aiter the surface of the material. When impregnating
2 housiny or sealing the joints of optical instruments,
u:» of varnishes or sisnilar products shoild be avoid-
ed. These materials contain solvents that evaperate
over a period of time and deposit a film on the
glass theveby affecting its optical qualities.

To further the prevention of corrosion and
moisture from forming in a heremetically sealed
unit, sealed instruments can be filled with an inert
gas such as pitrogen. This procedure does not
elimingte the problem of breathing, however, It is
quite common to make the pressure of the gas in-
side the container higher than the atmospheric
pressure so that the breathing process will be out-
ward and a dry atmosphere maintained within until
pressure cqualization takes place.

For dynamic seals required with rotating shafts
or limited lateral movements of parts, reasonable
success can be obtained by using synthetic rubber seal
rings such as “O” rings. However, it usually is
difficult to obtain a dynamic seal using “O" rings
when diameters exceed 2 inches. If there is uo
rotation involved and only a limited lateral mave-

ment is required, flexible metallic bellows can be
used to obtain z seal.

¢. Finishes. Finishes arc normally applied to
pravide protection against corrosion, to impart sur-
face properties necessary to the function, and to alter
the appearance of 2 part. Frequently, design require-
ments demand that a finish provide all these ob-
jectives, But since no single finish will provide all
these properties, it must be decided which properties
are more important, and which can be compromised.

Corrosion protection is the most frequently
encountered finish problem because of the wide
variety of environmental conditions to whica mili-
tary cquipment may be exposed. When surface prop-
erties and appearance impose no restrictions, an
inorganic (chemical or electrochemical) surface
trestment with an organic finish (paint primer
plus top coat) provides maximum protection against
corrosion. When possible, organic coatings should
be baked in preference to being air-dried. For the
interior of optical instruments, organic thinners or
carriers that tend to deposit a film on glas from
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their constant evaporation should bc avoided when
possible. Where a paint finish is impractical, such
as on a working surface, electroplate or chemical
surface treatment can be used to advantage but with
an intermediate degree of corrosion protection. The
coupling of dissimilar metals often produces corrosion
over and above that which would normally occur
in the metals separately. This type of coupling
should be avoided if possible or the corrosive action
eliminated by a finish.

Certain physical properties for a surface often
are required to make a part function properly. Prop-
erties such as wear resistances, special friction
charactristics, hardness, solderability, conductivity,
and light absorption can be imparted by surface
treatments. Most of these treatments also furnish
corrosion protection, but none are as effective as the
organic finish methed. When tolerances are critical,
the designer must take into consideration the amount
of surface build-up contributad by a finish prucess.

The appearance of & finish for military equip-
ment is always secondary. Special finishes are avail-
able for altering appearance, such as fast-drying
camouflaging agents, that add little to protec
against corrosion. Wrinkle enamels have been used
to hide imperfections in base metals, but are dif-
ficult to decontaminate after exposure tc atomic
fallout. Mottle or “hammer” tone type enamel
finishes are easier to clean and have imperfection
hiding properties better than conventional enamels
but not as good as wrinkle finishes.

In chousing a finish, the desigrer must be
familiar with its final characteristics and the prob-
lems involved in processing. In addition, the dasigner
must take into consideration the availability of the
finish or the materials used in the finish during a
period of emergency.

d. Bearings. Wherever motion is encountered
in instrument design, the problem of friction must
be coped with. Friction can result in rapid wear,
decreased sensitivity, and inaccurate computation.
In addition, friction must be kept to a minimum to
insure proper operstion st extremie temperatures.
This even applies to rnanually operated parts or
parts operated at low speeds.

Gi the various bearing types available the anti-
friction type emploving ball or -oller elements is
most frequently employed in fire contro! instrument
design. Past experience in this type of design work
has provided certain general principles in the use
of antifriction bearings that the designer should
recognize. Becalse of the low temperatures at which
military equipment must be capable of operating,
care must be exercised in tolerancing bearing fits
to prevent failure or binding. Generally, ball bearing
hole sizes should be such that the bearings can be
installed by hand (push-fit) rather than by the
force-fit methed requiring a mechanical press. This
practice not only prevents compression and shrink-
age of bearing races with the attendant possibility of
binding buc also facilitates assembly and mainten-
ance procedures. Also, special attention should be
given to minimum end play tolerances so that
differential expansion at temperature extremes can-
not produce increased axizl thrust loads and friction.

The increased demand for antiiriction bearings
during wartime may reduce the supply of special
or close-tolerance types. Therefore, wherever
possible, equipment should be designd with ap-
propriate scale factors to give the required accuracy
with standard or class B bearing types.

e. Gears. Gears are used to transmit or changs
direction of motion and to provide mechanical ad-
vantage, scale factors, and computations in mechani-
cal or electromechanical s;stems. There are many
types of gears and gear combinations. However,
for reliability, and ease and speed in production, the
designer should try to employ simple gear designs.
Whenever possible, plain spur gears should be
used in lieu of other types, since shaft end play
then has minimum effect. Assembly procedures are
simplified and the binding effects of differential
expansion encountered at temperature extremes are
reduced in import.nce. When bevel gears must be
employed, avoid the use of the spiral tooth type.
These gears afford extra smoothness but require
careful end play adjustment and alignment because
of their thrust reversal characteristics.

Torque values encountered in computing in-
struments are usually of a low enough magnitude
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that they do not complicatz the gearing design.
However, the mesh between gears can introduce
backlash that might seriously affect the accuracy
or calibration of an instrument, To obtain a mini-
mum of backlash with maximum tolerances between
shaft centers, gears are usually designed with 14.5-
degree involute teeth. As a general rule of thumb,
a 0.001-inch backiash tolerance per inch of pitch
diameter, with a 0.001-inch . tolerance on the pitch
diameter itsclf, may be considered as acceotable.
It is possible, is some cases, to choose a scale factor
that willi minimize further the error introduced by
the backiash tolerance. Where backlash cannot
be tolerated, split-type antibacklash gears or other
antibackla:!. mecchanisms can be utilized. If higher
accuracies are desired, an adjustmens should be
provided to obtain proper gear mesh. Lapping should
not be resorted to for obtaining accurate meshes,
as this practice results in loose meshes after prolongd
cperation if the lapping compound has not been
thoroughly removed from the gears. Even with the
cleaning ability of sonic devices, the practice should
still be avoided as the cleaning equipment may not
be readily available to a manufacturer during 2n

wnergency.

+. MANUFACTURE

During emergencies equipment may not be pro-
duced entirely by normal peacetime manufacturers
of military equipment. More than likely, a good
pos tion of equipment will be mmade by manufacturers
who have coaverted or expanded their produc-
tion to critical needs. For example, a manufac-
turer of household appliances might convert
his production to the manufscture of a2 com-
pensating element or parts thereof. In all proo-
ability his engincering staff has not bad experience
in the design or manufacture of fire ccatrol in-
struments, nor are his production facilities set up
for this type of manufscture. Simplicity of design
coupled with practical working tolerances can make
the manufacture of a compensating element flexible
enough to be handled by manufacturers 1ot normall~
engaged in this type of production. These factors
are discussed in greater details in the following
paragraphs.

a. Flexibility. The design of a compensating
element should be of a nature that readily lends it-
self to different types of manufacturing techniques.
For example, if a part is to be made from a casting,
it should be designed so it is immateriai which
method of casting is used (investment, sand, per-
manent mold, ctc.). To carry this concept further,
it may be possible, in certain cases, to specify al-
ternate forms of fabrication. A typical example is
an instrument housing that is designed in 2 form
that cen be fabricated by casting methods, stamp-
ing and forming processes, drawing processes, or by
welding separate pieces together. Whichever method
is used, desijns that require special tools or machines
should be avoided. If this procedure is not followed,
special machinery that is required for manufactuie
may not be avai.ble when needed or production
may be limited because items will be obtsinzble only
from one or a few manufacturers who have the
special machinery and knowledge.

b. Tolcrances. Cor{ect tolerances often are
the key to manufacturing success, especially when
an item requires mass production. The problems of
tolerances probably is one of the biggest factors in
losing or wastiny time and increasing manufacturing
costs, This trouble can be caused by the existence
of a gap between the tolerance a des’gner specifies
for a dimension and the tolerance that can be
achieved or heid consistently in producticn. A
designer should know the accuracy capablities of the
types of machines that wiil be used in the fabrica-
tion of an item. During peacetime production, it may
be known that certiin manufacturers can obtain
high accuracies consistently, so the tendency might
exist to tolerance dimensions to fit the manufacturer.
However, during an emergency differeat m ~u-
facturers may not be able to achieve the same ac-
curacies because of the capabilities of their machines
or lack of sufficiently trained personncl. There-
fore, the tolerances used should be those that can be
obtained with standard commercial tools and equip-
ment. 1f it is shown that the instrument being
designed will not satisfy the accuracy requirements
using commercial tolerances, then an attempt should
be made, before tightening tolerances, to improve
the overall accurscy by incressing sizes or scale
factors. I1 some cases, it may be necemary to take
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a different design approach. In general, the designer
of military equipment should try to open all toler-
ances as much as possible within the limits of goed
manufacturing practices. As a rule of thumb, toler-
ances may be specified on the basis of 0.00!-inch
per inch wherever possible. Tighter tolerances are
a necessity for items such as shaft centers (bearing
holes), but even here center distances greater than
10 inches should not be held to less than 0.001-inch
tolerance. A highly accurate jig is necessary to
achieve such dimensions. Remember that the only
information readily available to a manufacturer or
Government inspector is located on the manufactur-
ing drawings. Requests to open tolerances are time-
consuming and many times result in serious delays
in production.

c. Simplicity. Simplicity of design in military
zquipment lende itself to faster and easier pro-
duction during 2 mobilization period. Every effort
should be made to minimize the requirements for
complex manufacturing processes and special machine
tools and fixtures. Any additional design time spent
in this effort can result in great savings of manu-
facturing time and reduce demands placed up~n the
limited supply of highly trained and skilled per-
sonnel.

Efforts to further design simplicity should be
carried on throughout the fabrication of a prototype
me i, Here, production problems can b« anticipated
and climinated by redesign instead cf being solved
at & later date by complicated fabrication processes.

d. Raw Material. Some of the factors con
cerning the selection of materials were dis:ussed
under General Design Considerations at the begin-
ning of this section. It is the purpose here to stress
the fsctors in material selection that affect the
manufacture of an item. By tho-ough (onsideration
of the possible supply cnd demand for instrument
materials duting wartisme, it may be possible to
svoid critieal shortsges. The aim should be o
choose niaterials, whenever possible, whose demand
will not exceed the production facilities of this
country orewhoee supply will not be cut off because
of impartation restrictions during & war. To further
facilitate material procurement during an emergency
period, it may be possibie to specify an slternate

material or alternate grade of material. Also to be
considered is the workability of materials. Where
extensive machining or forming of any kind is called
for and where the part is apt to require mass
production, special attention should be given to
selecting a material that will not hinder production
because of fabrication difficulties.

45. Fierp Use

After the functional features of a fire control
instrument have been designed, it must be put int~
a physical form that is adapted to field use. This
involves environmental considerations and human
engineering problems as discussed in the following
paragraphs.

2. Operating Simplicity. deally, a compensating
element should be crpable of being operated prop-
erly by a person with limited training or slight
familiarity with the equipment. To achicve such an
ideal, operating controls must be kept as simple and
as few in number as possible. This advantage can
be appreciated further if the designer realizes that
personnel other than the normal gun .rew might
be furced to operate a weapon. Under battle con-
ditions, untrained personnel may be required to keep
a weapon firing in the face of enemy attack. Also,
the smaller numter of operations or manipulations
a trained gunner is recuired to periorm before a
round is fired increases speed and reduces chances for
error.

There are many techniques that a designer can
use in solving humsn engineering prohiems to
simplify operation. Contrals should be made simple
and easy to operate and obvious as to their function,
but sheuld not be s easy to manipulate that they
are liable to move if accidentally rouched or brushed.
The dmigner also must consider the readability of
disis and leveling vials or other indicating devices,
and location, po-ition, and tize of contrels. Cont. ol
knobs should be sufficiently large to be grasped
easily, especially if the equipment will be used by
personnel wearing gloves.

The phase of design that results in operating
«mplicity often does not receive the amount of ar-
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tention by designers that -+ should. Many times,
the key to obtaining maximum use and operating
efficiency from equipment lies in facilitating its
use by perscnnel.

b. Ruggedness. Mlilitary equipment must be
rugged enough to withstand all the types of rough
handling and mistreatment to which it might be
subjected during transportation or field use. In
general, military ecuipment receiv:s more abuse than
the nearest equivalent in commercial equipment.
Vibration and shocks or jolts can place extraordinary
stresscs on a compensating element. The detrimental
effects of these stresses can vary between loss of
accuracy to actual physical damage or destruction.
For example, worm and worm gear assemblies are
often used in the gearing of computers or sighr
mounts. Where vibration erists, the usual type
of worm and gear assembly may drift until it locks
itself at about S5 degrees of rotation. When this
amount of drift rotation affects accuracy, specially
designed worm and gear assemblies that limit drift
to 3 degrees may be employed. Another example
of the detrimenta! eftects of vibration i found
when a weapoq is fired or when it 1s hit or near
missed by a projectile. Both these conditions can
produce high frequency vibrations of high amplitude.
Occasionally, the high frequency vibrations eccur
at a resonant frequency of parts, causing them t-
fail or :hatter. In & typical case, an element in an
optical sight thattered wher the weapon on which
it was mounted was fired. The high frequency
vibrations originating in tue weapon tube were of
the exact frequency and amplitude to aftect that
particular element. A redesign that dampened the
high frequency vibrations solved this problem. An-
other vibration problem arises from the method used
in mounting equipnient, T his problem was presented
during the development cf a self-propelled weapon
in which a compensating element was secured at
one end only. At certain road speeds, the vibrations
tet up by the treads of the vehicic crused the equip-
wment to break away from the mount.

One of the mare common effects of vibration
is the working loose of screws and boles. Maximum
insursice agaimst vibration should be provided by
the we of an appropriate locking device, of which
many types are now available.

Wher only limited ruggedness can be designed
into a portion of an instrument such as an electronic
element, proper shock mounting can alleviate the
¢ifects of shock and vibration.

Another factor that must be considered in equip-
ment design is che treatment it receives trom per-
sonnel. Militaty equipment is frequently subject to
rough handling, particularly during the excitement
of military actien. Also, it frequently occurs that
personnel unintentionally abuse equipment during
maintenance procedures, overstressing or damaging
parts which are weaker than adjacent parts. Over-
stressed screws or bolts may not actually fail until
subjected to normal shock and vibration at a later
time. Specifying oversize fastenings or bolts and
screws w'th special heads requiring special tools for
tightening helps to counteract this tvpe of abuse.

c. Reliability. Often reliability is interrelated
with ruggedness. However, success in obtaining re-
liability is achieved through proper design and
provision of a great enough safety foctor for the
materials and components that make up a com-
pensating element. Th= exact reitabilty of new de-
sigrs often is Jifficult to determine or accurately
predict. Past experience with components, materials,
and design techniques can give a designer an indica-
tion of the reliability he might expect and the
satety factor he must provide. When past experi-
ence is not available, the designer must turn to
environmental and accelerated life tests that can be
perfortmed in the laboratory for informztion on
which to evaluate the reliability of a design. The
Iaboratory test results then can be used s a basis for
redesign cof areas where imsufficient celighility
indicated.

d. Transportability. To be of value for tactica!
operation, military sQuipment must be at the locs-
tien where it s needed, when it is oeceded. The
two {actors that affect the degree of tyamportandity
are weight and size. Sinte ost equipment u dongned
to be airdorne if necessary ar capable of being moved
by perconnel, a limit grrerally i placed oo both
weight and size. By the time weight and space have
been allocated for such ‘tems as armor, engine, gun,
radio equipment, etc., the compensating clement
designer may find that he has very stringent linits
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te meet. Weight and size then become wery critical
fscters in design. Under these circumstances, light-
weight materials and miniature compooents belp
solve many probleras.

Equipment being designed for manual portability
may require featires that will enable it to be readily
dismantled, porteged, and then quickly reassembled.
The designer must consider the ‘ease snd manner
of reassembly and alignment and adjustmen: pro-
cedures neceszary to achicve readiness for operation.

¢. Environment. Ucder field use, equipment s
suojected te extremes in envircnmental conditions.
The equipment on which & compensating clement
i* mounted may be exposed to the clements for long
periods of time. Under these conditiors, temperature
can vary to extremes, and instruments may be ex-
posed to rain, fo; dew, snow, and dust or sand
within a relatively short period of time. Another
important consideration is immersion in or spra;
from salt water during embarkation or debarkation.
Corrosion is one of the bigg=st problar: arising
from environmental conditioas. In warmer and
tropical climates. the effects of high humidity and
fungus growth often tend to become the prime
det-imental factors. Some of the aspects of design
for environment have been discused previcusly
under the heading: of Raw Materials, Seals, and
Finishes. By the progor selection of these items some
of the detrimental cifects of environasst can be
minimized. When it is not possible to satsfy low-
temperature environmental requirements for a com-
pensating element, 1 may be powsble to provide
scorwee: - equipment so that proper and reliable
onerstion can be obtained. These accemories may
comaprise strategically placed clecirical heating ele-
mects inside s instrument bousing, or dectrically
heat-d blankets and coven: to protet the instnument.

$6. Mainranance

The importance of being able to mantain mili-
ary eguipwent in good vperating condition i obvi:
our. Maintsirability therefore should be given prisoe
considerution dunng the design of a2 new piece of
equipment. Some of the more weportant dearn
facion affecting e of maintenance are discumed
in the following paragraphe

7

a. Accessibility. The key to mainteasnce ac-
ceasibility is the proper location and packaging of
components. The arrangement of components in a
weapon systern should afford ready access for wmain-
tenance purposes. When this is not possible be-
cause of space limitations, easy removal of the
component for service should be insured by proper
design anc  accessibility of mountings. Trouble-
shooting and repair work on s component may be
facilitated greatly by the provision of adequate and
properly located access covers on all housings. In
lucating access covers the designer gliould attempt to
foresee maintenance requirements. Expendablc parts,
such as fuses, clectron tubes, illumination lamps,
filters, etc., should be located for access without
component removal.

h. Simplicity. During peacetime, trained per-
sonn#! with experience are zvailable for serviang
equipment. However, during an emergency, the in-
creased use of great quantities of complex aquipment
produces an acute need for vdditional maintenance
personnel. The sdditional personnel are obtained
from the ranks and many have had little or no
experence in the instrumen: field. Thewe people
are given intensive short courses in mauntenance, and
without time to fain experience, become the “ex-
perts” who must maintain military equipment
under wartime conditions that are usually cther
than optimum. Often, ton, ceriiun msintenance
procedures must be performed in the field by the
operating personn] who cannot be expected to have
special talents in instrument work,

Hence, equipment should be straightforward in
design and construction so that troubleshooting and
maintenance can be performed from a common serve
aspect. Tricks and gunmick: ould be svoided in
the desizn of equipment. Many times maplicity can
be obtained by s bettrr arrsnpement of parts
H 2 compemating clement is inherently complex, %
that umplif<cation & difficult to obtain (ms n »
computer for an antizircraft wespon system), check-
ing circutts or monitnring devices can be built o
the equipment. These features coupled with soadular
design, in which an imstrument s drvded nto
several, eanily monitored, reploceable msodules, can
o otly emplify the task of imexperiesced maints-
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nznce privonuel in keeping equioment ir on operating
conditica.

¢. Standardization and Interchangesbility, Both
field snd depot maintenarce depend to a large de-
gree on the zvailability of repair parts. The task of
sapplying and stocking such parts for the numerous
types and large guantities of military squipment
has ariained enorricus proportions. The only means
of sllzviating this situstion is by standardization
and designing tor interchangeability. These twe
factors tend to reduvce the number of different kingds
of stock parts as well 2+ simplifying replacement and
installztion procedures in maintenance work.

Standardization has two approaches. First, the
designer should use previously standzrdized paris
and subassemablies wherever possible, such as are
found listed and specidied in Federal stock lists. The
second approach is that of standardizing subassem-
biies within a particular squipment, For example, if
several amplifiers of similar fenction are required
in a compensating eclement, it is often possible
through proper design and seiection to make s single
amplifier design serve m all the functions. Qf, in
“%e case of servomotors and synchros, eraploying a
single type and size throughout greatly furthers
standardization. The standardization concept may
be carried still further if item such as electronic or
mechanical subassemblies of other current equip-
ment 2re employed.

When a subassembly is to ve stundardized, the
chief requirement that must be satisfied is inter-
changeabilty. Proper selection of scale factors and
tolerances are essential, Adjustraent points and fitting
procedures to compensate for variations from stand-
ard require extra manutenwnce time and skill and
should be kept to a minimum,

T extent to which a d:signer succecds in
siandardization nut only affects logistic problems
and jormal field and depot maintenan-e byt also
providos benefits that extend from nianufocture to
field uze. The manufacturing process is simplified
from the iniial reduction in tooling «ad planning
to the psckaging and shipping of th~ finished prod-
wet. In  field use, stwdardization  promotes
familiarity with equipment and, in addition, makes

possible the so-called canribalization technique that
often becomes impertant to field maiatenance under
emergency conditions.

4. Expendebility. When &t is shown that re
pairing a part, suhassembly, or asembly s un-
economical boch time and cosi-wise in comparison
to scrapping and replacing the item, then the item
should he designed as an expendadble unit. Some of
the cenditions under which items can be desipned
for expendabilivy are: extremely accurate and per-
manent positioning of parts is required; extizordi-
narv or cousplex assembly technigque and equipment
»  equered ; or the ms;or portion of 2 subasserably’s
cost lies in 2 part that is coasigered likely to wenr
angd require replarement.

In designing an expendable item, permanent
sssembiy techniques may be snccified where practi-
cable to simplify manufacture. Examples of these
t “iniques ire spinning, spat welding, riveting, and
bonding.

47. Sroaack

A rme lag always cxists betwveen the manu-
facture of equipment and actual fizld use. This
time lag can oecome an extended period as when
equipment is steckpiled for v... future. Storage of
equipment commences «t the manufacturer’s ship-
ping point and extends to Government supply
depots in this country and overseas. Storage facilities
can v vy from good warehouse protection to cpen
field storage in forward areas that might result
in direct exposure to the elements. In general, it
may be assumed that equipment can be subjected
to the same extremes n environmental conditions
during stocrage as under actual field use. (See
paragraph 45¢.) Failure on the part of & designer
to consider the possible effscts of storage may re-
sult in equipment being uafit for use when it is
needed.

Ideally, maintenance should not be necessary
during storage. However, when parts are sub-
jected to the effects of aging and envivonr .t such
as corrosion, dust and vapor deposits due to breath-
ing, or deterioration of lubricants, provision should
ve made to allow for pericdic reconditioning. ihat
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is, the unit should be capable of deing disassevobled

- for clezning ar i tubsication. .
" ) Many new types M packing procsdures that

improve prsservarion during storage are available

in Govermmuent specificatioas. These include wax-
dipping contiinews, canning, placing drying ageats
or muisture-absurhing zrents =ithin the cortainers,
and churging containers with dry gas.

73

o lh it e o g b B oo <t w0 e

[ - ]




APPENDIX A

Plane Trigonometrv

A briet review and summary of piane trigo-
aometry relationship i included here for reference
and as an aid in understanding the discussion of
spherical trigonemetry that follows.

8. Definitions.

(1} An angle may be considered 5 gene-
rated by a line which first coincides with one side
(initial side, ¥igure A1) of the angle, then re-
voives about the vertex, and finslly coincides with
the other side (terminai side).

(Z) An acute angle is less than 90 degrees.
{3) An obtuse angle is greater thsn 90

degrees and lem then 180 degrees.
P e

[
Anms asc

[ THY  PIRST  QUADRANY.
uze TRE  FOMRTH  JUADRANY.

Figure Al. The four quadrants

{4) A triangle is a right triangle if one
of its angles is 9 degrees. If none of the angles
are 90 degrees, it is refexred to as an oblique
triangle.

(5) An zngle & said to lic in a certain
quadrant (Figure Al) when its termins! side lies
in that guadrant.

{6) The six trigonometric functions of an
acute angle, such as A in Figure A2, are defined as
follows:

sin 4 = PO nde= s
hypctenuse c
‘md__:adjmtside — _!_
hypotenuse ¢
8
¢
¢
la
4
L1
b c

Figure A2. Acutc angl:
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Figure A3. Obligue triangles

__ opposite side __a_

tan 4 = sdjacent side b

) hyputenuse ¢
. o 4 = ST —
opposite side &

_ hypotenwee ¢

wd = et ade . §

ot 4 = adjacent side= b

opposite side “a

(7) The numerical values of angular functions increase or decrease as tabulited below when the
angles increzse as shown in the column headings.

) In Quad. I In Quad. II In Quad. 111 In Quad. 1V
i Function 0 to 50° 90 to 180° 180 to 270° 270 o 360°
sine 0 to +1 +1tw0 0 to —i —~11t0
! cosine +1t0 0t —1 ~1 10 0 to +1
tangent 0to 4w —a to Oto 4+ o —x to0
cosecant + % to 41 +1 to 4w —ooto -1 —1 to —oo
secant +1 to 4o —uw to —1 —1 to —» 4o to 41
cotangen +w to 0 Oto —a 4w to 0 0to—w
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b. Trigonemetric Relationships. The six trigonometric functions of an angle 4 satisfy the relations:

(1) sin A= ;‘:: = mld ::cxdtmdz::; SN & gy
sin 4 1 . cot A .
(2)cas£=-t;n-2-= W:nndcotd::md = /1 — sin®4
(3) tan 4 = ;’;j W'A, =an4m,1==%-_vxad—l
(4) ccd = ffs%{i—;:? = aec 4 cot 4 = %4’_ = viT o7
(5) secd = :?:; = msl.d =tandescd=-ag-j— = V1 4 tan*4
(6) cotd = :i‘:j = ml.a =m4m4=u;vi§-.==\/;?'i—“1

c. Reduction of Trigonometric Functions t¢
Functions of Acute Angles.

(1) Reduction of formulas for angles lying
in the second quadrant are:
sin (180° — 4) = sin 4
cos (180° — 4) = — cou £

tan (180° — 4) = —tan d
oc (180° — 4) = cc 4

sec (180° — 4) = — sec 4
oot (180° — 4) = -— cot 4

(2} Reduction furmulas for angles lying
in the third quadrant are:

sin (180° + 4) = —sind
cos (I80° 4 4) = —cos 4
tan (180° 4 4) = tan 4
csc (180° 4 4) = — cec 4
sec (180° + 4) = ~~ sec 4
cot (180° + 4) = cot £

{3) Reduction formulas for angles lying in
the fourtk guadrant are:

sin (360° — 4) = — sin 4
cos (360° — 4) = cos 4
tan (360° — 4) = — tan 4
oc (60" —4) = —csc 4
se. (360° — 4) =sec 4
cot (360° — 4) = —cot 4

d. The Oblique Triangle. The trigonometric
.vlution of oblique triangles depends upon the ap-
plication of three laws. See Figure A3.

(l) Law of Sines

& I <
sind — sin T osin G
(2) Law of Cosines
{a) For Sides
S =04 * — 2bccos 4 (Eq. A2)
P b — 20cem B (Eq. Ad)

A= a 4 - 2abcos C (Eq. A4)

(Eq. A1)
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(b} For Angles

cos 4 = P+Z{:€—'GZ

cos B = 242 —p
- 2ac

coe O = a’-:l-;:‘—c’

(3) Law of Tangents

a+4b _ tan¥: (4 + B)
a—4 7wl (4 R)

cta _ tan ¥ (C 4 4)
¢c—a&  tan¥h {(C — 4)

b+e¢ _tanl (B4 C)
b—¢ T tan ¥ (B —-C)

¢. Other Useful Trigonometric Identities.

sin (A xR) =sindcosB = cosdsinB
cos (A By =cosdcosBxsindsinB

_ tand 4 tan B
tan (4 + B) = l1x=tand tan B
cot (4 * B) = cot A cot B 1

cot B = cot 4

sind 4 sin B=2sin% (4 + B) cos ¥4 (4 — R)
sind —sin B=2coe ¥ (4 + B)sin¥ (4 — B)
cos 4 + cos B=2cos }; (4 + B) cos 3 (4 — B)
ot B—cond=2sin%(4d+BDsint(d-B

sin (4 + B)

tand 4 tan B = oy vy

sin (4 -- B)

tan 4 — tan B = o A o B

_sin (B 4 4)

cot 4 + cot B = sin 4 isin B
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(Eq. AS)

(Eq. A6}

{Eq. A7)

{Eq. A8)

(Eq. A9)

(Eq. Al0)
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T 1l—cs 4

u-’J:-———-——l+;'u

— 1 —om24
aw'd = 1 4 cos 24

. 1 <4 cos 24
ekl ey 7 &

sin’d — sin®B = sin (4 + B) sin (4 — B)
m’d—sh’l:cu(l{-B)m(l——B)

siad + +in B
CYETY B
sind + un B _
coe B — cop = oot} (4= 2)




APPEKDIX R
Basic Spherical Trigonometry

Since basic spherical trigonometry is not¢ uni-
versally taught, the fundamental relationships in
this subject are covered below for those reader who
are not familiar wvith the subject. Readers who are
familiar with the laws of sphericsl trigonometry
may utilize this information as a refereace and
review.

a. Definitions.

(1) A great circle (Figure Bl} is a circi:
that is formed by the intersection of a plane through
the center of a sphere and the sphere,

(2) A spherical triangle {Figure Bl) con-
sists of three arcs of great circles that form the
boundaries of a portion of a spherical surface. The
vertices of spherical triangles are denoted by 4, B,
end C, and the opposite sides by ¢, b, and ¢ as in
plane trigonometry.

(3) The magnitude of «n angle of a spheri~al
triangle is that of the plane angle formed by the
tangents to the sides of the angle at its vertex, or
that of the dihedral angle between the pianes of
the great circles forming the angle.

Figure Bl. Spherical lﬁangle

{4) ‘The planes »f the great circlss bound-
ing a spherical tri.ngle form a triliedral angle at
the center of “he sphere, The face angles of thia
trihedral angle, bcing measured by their intercepted
arce, are designated by the same letters as the cor-
responding sides of the spherical triangle,

(5) A right spherical triangle is a spherical
triangle one of whose angles is 90 degrees. An
obligue spherical triangle is one, none of whase
angizs is 90 degrees.

b. The Right Spherical Triangle.

(1) Figure B2 will be used to find the
relationships between th- sides ind angles of a
right spherical triangle. In this illustration, arcs
4B, BC, and AC form a spherical triangle on the
surface of a sphere whose radius is unity, Angle
C of this spherical triangle is 90 degrees so triangle
ABC is a right spherical triangle.

(2) Consider a plane through point 4
{ Figure B2) perpendicular to radius OB. From
this figure it can be seen that:

A

Figure B2, Right spherical triangle
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Figu:e B3. T'riangle and notation for Napier's rules

OD = cos b
OF = OD cos a = cos a cos b
OE = cos ¢

om ¢ = cos Jcos b (Eq. B1)

ED == OD sin &

AD = sin &
AD since __ tan b

MB::ED T csbdsinag  una
<k = ZB

tan b
t‘“"—;inc

(Eq. R2)

(Eq. B3)

ED =- OE tane = cos ¢ tan &

sin b = sin Bin ¢

. ED o8l g
cox K m—:-—v‘:mctma
cos B = cor ¢ tan s {Eq. B4)

(3) In a similar marner, six additional basic
relationships for the right spherical triangie can
be developed. These are:

sin @ = sin ¢ sin 4 (Eq. BS)
s d =cosand B {Eq. B6)
cos B = cos b sin 4 (Eq. B7)
cos 4 = tan b cot ¢ - (Eq. BY)
sin & = tan @ cot 4 (Eq. B9)
cos ¢ = oot 4 cot B (Eq. B10)

¢. Napier's Rules of Circular Parts.

(1) The relstionships 31 threugh BlO
may be shown to follow from two very useful
rules discovered by Baron Napier. For thir pur-
pose, the two legs, th- cumplements of the two
angles, and the omplement of the hypotenuse are
called the &ive circular parts of the right sphenicsl
trisngle (Figure B3).

(2) Hf the five parts of this triangle are
written down in their proper order & on the
rircumference of a circle, 23 shown in Figure B3
part b, Napier's rules may be applied. Any one of
thewe parts may be called & middle part; then the
two parts immedistely adjacent to it are called
sdjscnt parts, and the other twy, opposite par's,
For example, if « s taken a3 a middle par,
B, and & are the adjaceat garn while ¢, and
A, sre the oppesite parts,

&0




Rule 1. The sine of any middle part is
equal to the product of the tan-
gents of the adjacent parts.

Rule 2. The sine of any middle part is
enual to the product of the cosines

o: the opposite parts.

Note: In the employnicu® of Napier’s
rules, the complement must be
used for certain angles and sides.
(See Figure B3.) To simplify
notation, the subscript indicates
that the complement is to be used.
For example, 4. is {90 — 4),
ceis (90 — ¢), and B, is (90 —
Bj.

(3) Napier's rules may be verified by apply-
ing them in turn to each one of the five circular
parts taken as a middle part and comparing the
results with Equations Bl through B10. For ex-
ample, let ¢, be taken as a middle part; then A4,
ard B, are the adjacent parts, while 2 and & are
the opposite pares:

Then, by Rule 1,
sin ¢, = tan A, tan B,
sin(90 — ¢) = tan (90 — A) tan (90 — B)
[ 8

cos ¢ == cot A cot B
which agrees with Equation B10.
By Rule 2,

$ih ¢, = Co8 & cos

sin (9~ ¢) = cos a com &
af,

o8 ¢ = €08 . <08 b

which agrees with Equation BI.

d. The Oblique Spirerical Trizngle.

(n The Lav of Siam. ln the oblique
spherical triangle A RC {Figure B4). & & drawn
from 4 perpendicuiar o the sde BC. This divides

the oblique triangle inwo two right spherical tri-
angles.

Applying Equation B3 to triangle 48D (Figure
B4) gives:
sin A == sin B sin ¢
Similarly, from triangle 4CD and Eguation B3:
sin h = sin C sin &
Equating the above values of sin k gives:
sin B sin ¢ = sin C sin &

sin B sin C
sind ~ sin ¢

In a like mannesr this expression can be extended
to include 2agle .4 and side 4, giving the following
express'on which is the Law of Sines:
sind _ sinB __ sinC
sina  sind sine
(2) The Law of Cosines of Sides. In
triangles 4BD and ACD (Figure B4), applying
Equation B! gives:

(Eq. B11)

¢os ¢ = cos BD cos &
cos b == cos (@ — BD) ccs b
cos b cos (@ — BDY

cosc  cos BD
_cos b  cosacos BD + sin asin BD
cos ¢ cos BD

Figure B4. Qblique spherical triangle
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€os b = cos ¢ cos @ + cos ¢ sin a tan BD

but:
cos B = tan BD cot ¢ (See Equation B4)
tan BD = w8
cot ¢
tan BD = cos B tan ¢
w:

cos b = cos ccos a 4 cos ¢ sin & cos B tan ¢

cos b = cos ¢ cos a + sin ¢ sin 4 cos B

(Eq. B12)

Equation B12 expresses the Law of Cosines of

Sides. Similar expressions may be derived for cos a
and . e,

cos @ = cos bcos ¢ + sin bsinccos A

(Eq. B13)

cos c = cos acos b 4 sin a sin b cos C

(Eq. Bi#)

(3) The Law of Cosines of Angles. In like
manner, the following relations msy be derived for
the ungles of triangle 4BC (Figure B4):

c8d = —ceBes C+sinBsinComa

(Eq. B1S)
cos b = —cos fcos C 4 sin £ sin Ccos &
(Eq. Bid)
ol ~—mdomB+undnaBemc
(Eq. BI7)

. (4) Auxiliary Formulas for the Solution of
Obbqus Spherical Triangls (Figure B4).

Proolem 1. Given, three sides. The equation-
for finding the three angles are:

sin (+—d) sin (s )

tsn i 4 = ¥ un 5 uin 1—a)
(Eq. Bi®)
un (a—a) sin (i—c¢)
tan M 0 = ¥ anrun (e—b)
‘Eq. B13)

' Jdn (s—a) sin (:—b)
tan ¥4 7 = Y tin rsin (s—c)
(Eq. B20)
where

1= ¥ (a+b+42)
s—a = ¥ (b4c—a)
s—b = V53 (a—b+4c)
—c = % (atb—c)

Jroblen 2. Given, three angles. The equa-

ticns for finding the three sides are:

—cos § cos (8§—d)
Va

tan ¥z 4 = cos {§—8) cos (§—C)
(Eq. B21)
—cos § cos (§—B)
tan ¥4 8 = VY cos (§—A4) cos (§—C)
(Eq. B22)
\/ —cos § cos (§—C)
tan ¥4 ¢ = Ycos (§—A) cos (§—8)
(Eq. B23)
whete:

§ = % (4+B+C)
$—4 = % (B4C—A)
§—8B = 1% (4--B+C)
§—~C = % (4+8-C)
Problem 3. Given, two sides ard the in

ciuded angle. The equations for finding the \e'her
angles and side are:

cos 19 (a‘*‘)

an Y (448) = oo 4 4
{Fq. B4)

- &)
tan b5 (A—B) = %mt &
\i‘.-q.“ B2S:
o o Y (a+é/ i s
Nalt e i cos :(Jf-ﬁ) a2 5

{Eq. R2%)
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Problem 4. Given, two angles and the included side. The equations for finding the other sides
and angle are:

% (-
tar %3 (@} %) = %%% tan }5 ¢ (Eq. B27)

' )
tan % (a—b) = ::f/f((j+3) an 4 ¢ (Eq. B28)

. ’ B )
0= S e (& B2

Problem 5. Given, two zides and an angle opposite one . them. The equations for finding the re-
maining parts, n ceri:in cases, produce more than one solution. However, in practical use, the shape
of the problem -iangle is generally known beforchand and the applicable solutior: can be identified by

inspection.

nB— Sndsns (Eq. B30)

sin ¢

tan b3 ¢ = % tan ¥4 (a—3) 1 Eq. B3D)

cot 14 L == pr Ty tan 3 (A—B) {Eq. B32)

Problem 6. Given, two angles and a side opposite one of them. The statement made in Problens 5
pertrining o multiple solutions applier to Problem 6 also.

in B = “"'%‘?i (Eq. B3}
tan ¥ ¢ = ~2§—-§7":—~§-5—;t§;— an 4 (a—b) (FEg. B34)
o %O = D) B {Eq. B3S)

us Vi {s—9)




APPENDIX C | i
' Derivation of Compensation Equations {

a. Equations 15 and 16. Equations 15 and 16 as presented in paragraph 15 (Section I11) were derived
o by means ¢f coordinate rotation ard matrix algebra as follows: Referring tc Figure C1, the pitch and cunt
_ - of the mount {Lm and Cm) and the relative traverse (Td) zen known. i w desired to detecmine egua-
' tions which can be solved for pitch and cant of the weapen (Lg and C¢). Rotation of the convdinate refer-
ence frames will be conside d pius (4} in the direction shown in the sketch st the boitam of Figure Cl.

"",' ‘ (1) The vertical axis X3 is selected as the starting point and is given the value of unity. This vector
Wl has no components ia the horizontal plane. Its coordinates, thercfore, are:

B Xie=0,
X2 =0
) X3 =1

{2) Rotavirg the frame of these coordinates through angle Cm about the X% axis, the new co-
ordirates formed are derived from the matrix array for —$ rotation:

X1 1 0 0 FX10 §
X2 ; 0 cos Cm—sin Cm { X2

il

X3t 0 sin Cm cos Cm X35

3 XU=X1=*"X04+0X0+0Xi=0
"‘ : X2 =0X0+csCm X0 —sir Cm X1 =—sinCm )
XN =0X0+4+sinCmXO0+coeCm X1=couCm ’ {

g {3) Rotating through the angie Lm about the X2' axis, the new coordinntes formed are derived
from the array for - \s rotation:

i3 Xz = 0 1 0 x2

X2 cos Lm 0 —sin Lm} X1
S X3 sin Lom 0 cos Lm ! | X3

J

X1? = coa Lm X 9 4 0 XX —sin Cm—sin Lm cos Cm
X2 = XX =0X041I1X—sinCm+0 XcosCm=—sinCm
X3P = sinLm X 0+ ¢ X — sin Cm -} c<a Lm cos Cm = cos Lm cws Cm

E L. F
B0 R v . o,

-
e

|- : (4) Rotating through the anple T'd about the X 3% axis, the new ccordinates are derived from the array
g for ~ @ rotation (intermediste operations omitted):

X8 cos 14 —uin Td 0] X1t

Xx» = sin T4 cos T4 oLl X2

X 0 0 1) | x>
8%
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K2 = ~-cos Td sinn Lm cos Cm - sin Td sin Cm
XB — —sin T4 sin Lm cos Cm — cor Td sin Cr.
K3 == X3% = cos Lws cos Cm

{5) Rotsting through the angle Lg shout the X2® axis until the X 14 component is equal to zero, the
mew couedingtes aze derived from the array for —~ s rotation:

X cos Lg ] sin Lo X1

X2t = 0 i 0 X2
X3¢ —sin Lg ) cosLe i | X3* j
X1

== cos Lg {~——cos Td sin Lon cos Cm + sin Td sin Cm)
+ sv1ELgcos L « cos Om

X2 = X2 = —sin Td sin Lm cos Cm —cos Td sin Cm

X34 == —sin Lg (—cos Td sin Lm cos Cm 4 sin T'd sin Cm)
4 cos Lg cos L cos Cm

{6) Rotating through the angle Cg sbout the X1* axis until the X2° compoaent is equal to zero,
the new coordinates are derived from the array for 4 ¢ rotation:

LYY 4 3

X 1 0 0 X

X»i=< 0 cos Cs sianHXZ‘ -

X3 0 —3sinCyg cos Co X3

p . J \ 4

Xi® = cos Ly (—cos Td sin Lm cos Cm -} sin Td sin Cm) - sin Lg cos Lm cos Cm = 0
(see Eq. 15)

X2 == cos Cg (—sin Td sin Lm cos Um — 08 Td sin Cm) -+ sin Cg [ —sin Lg (—cos T'.
sin Lwm cos Cra 4 sin Td sin Cm) -+ o9 Lg cos Lm cos Cm] = 0 (see Eq. 16)

X3 = X3¢ = —sin Cg (—sin Td sin Lm cos Cm —ccs Td sin Cm) + coe Cg [ —sin Lg
(cquu'ancaCm-}-sin TdsinCm) + cos Lycos Lmcos Cin ] = 1
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b. Equations 20 and 21.

From Figure C2:

70 = gl s Dt + ! sin Ds
50 = zl cos Dt — gl sin D¢

W= »l
.. =1
n ds = - = oo Dt ¥ 51 ein Di

But from Figure 23 (Sertioz 1I1):
sl = ¢imn By
yl = cos Egcos T't
x1 = coe Eg sin Tt

At = s BEgan Tt
tan 4t = o Ky cor T1 cos D1 1 sin Eg sin Dt
Dividing through by coe Eg:
can 4t = sin Tt
~ cos Tt cos Dt 4 tan Eg sin Dt (sec E  26)
sin Eq == 0 = z1 cos Dt — y! sin D
sin Eq = sin Eg cos Dt — cos Eg cos Tt sin Dt (see Eq. 21)
N
n
01
n Target
~ [ 20
3
nlm-o'
! oot
21 sin D0 _L

v
Figure C2. Geomelry for derivation of Equations 20 end 21
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¢. Equations 45, 46, and 47 {Section V).
See Figure C3.
From triangle ADO:
AD = R sin Ea
and from triangle /DB
AdD = AB sin £
Let R = 1, and combine Egquation Ci with Equation {2:
sin Ea = AB sin E
but from right triangle OA4B:
—s —3
AB =1 — OB
and from right triargle OBC:
OB = sin A}
Substituting Equation C5 in Equation C4:
—2
48 =1 — sin® Al = cos* &l

or
AB = cos Al

Therefore, substituting Equation Cé is Equation C3:

sin Ex« — cos Al sin E

and Equation C7 is identical to Equation 48.
From right triangle ODB:

__OFR
tan 81 —.ﬁ_

and from right triangle ABD:

BD = 4B cos E
substituting Equation C6 in Equation C9:
BD == ccs Al con £

Thesefore, substituting Equations CS and C10 in Equation C8:

sin 81 _ tan Al
cos Al cov £ cm E

and Equatinn C11 is identical to Fquation 46.

ten 31 =

88

(Eq. C1)

(Eq. C2}

(Eq. C3)

(Eq. C4)

(Eg. C3)

(Eq. C6)

(Eq. C7)

(Eq. C8)

(Eq. C9)

(Eq. C10)

(Eq. Ci1)
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Figure C3. Derivation of Equations 45, 46, end 47
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From right triangle ODB:

e sl = BD
— D
oD

(Eq. C12)
and from right triangle 04D :

0D =1—aD" (Eq. ©13)
but from right triangle 4BD:

AD ==4Bsin E (Eq. C14)
Comparing Equation C14 with Equation C3:

2D =sin Ea {Eq. CI3)
Substituting Equation C:5 in Equation C13:

"
OD =1 — sin® K¢ = cos® Ka

OD = cos K« (Eq. C16)
Therefore, substituting Equations €10 and C16 in Equation C12:

_ cosAl cos K
oo 3t = =B (Eq. C17)

Equatioa C17 is identical to Equation 47.
d. Sample Problem.
IftbexunboremdtmmionuammmllynmanglcofOAmﬂleuthan
Ndegreumdthetmnnhmmmwthmu‘hmmdeofﬁdtgnc.thmin
Tquation C7:
Al = 0.4 =)
E = 45 degrees
and
sin Ex = cos (0.4 mil) sin (45 degrees)
sin En = (0.99999992) (0.707)
sin E¢ = 0.7069999¢
therefore :
Ee = 4°%Y M1~
also, from Equation C17:

oo (0.4 mil) cos (45 )
- I

cos 31 == 0.99999992 (0.707)
0.707205%4
cos 81 = 0.99970928
=10
or abowt 24.3 mils.

9%




e. An Approximation for Equation 22.

Referrin,- to Figure 25, it can be seen that the following assumptions are
justified : )

1. The displacement component in the elevating plane of the aimingz device, Pk
cos 4, is small enough in comparison to K cos & that it may be neglected.

2. For an angle zs small as Phd, it can be said that the tungent is equal to the
angle in radians, Multiplied by the appropriate constant, the tangent, then, will equal
the angle in degrees. (K tan Phd — Pid)

Therefore, with negligible oss in accuracy, Equation 22 (tar Pkd =

Pk sin 4 - . _ KPhsind
m ) can be modified to the form: Phd = ——Rf&; E
(Eq. C18)
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APPENDIX E
Glossary

alming device. Any instrument, optical or electr¢ -
ie, used to estallish target locction data and apply
laying informathx: to 8 weapor

aiming peint. An object or point on which th: sight
of weapon is laid for direction, or on which ¢n
chwerver orients his observing insrument

atming pest. A 1 ake installed at & known poasition
with r.spect to a wenyon, for vae as an aiming
reference in indircct fire (equipped with iamp for
night use).

angle of siie. The vertical prgle between the line
of site angd the horizontal plane.

axls Imaginsry or real line {'.t passes through an
objest and abc.  which the object tu s or seems
to turn. The centerline of the bore of & gun is its
axis.

axis of sighiing. Line taken through the sights of
a gun, or through the opticsl cenier »nd ceniers of
curvature of lanses in any telescopic :nstrument.

dallintic condilions. Conditions which .Jflect the
motion of a projectile in the bore and through the
atmosphere, ircluding murzle velocity. weight of
projectile, size and shape oi prujectiile, rotaiin of
the earth, density of the air, rlasticily of the alr
and the wind

buse of trajectery. The straigh! line from origin
ty the level point (Figuee ().

boresighting. Process by which the axis of 3 gun
bors and the axis of sighting of a gunsifh are
made paraliel linfinity-boresighting) or are made
to converge on a eint (specific-range buresight-
ing). )

st Leaning o tilting to one side of sny objec;
erpecially, the sidewise titing <! a gua. carriage
mount or boll

sani amghe. Vertical angie between a cross axis o
elrveting axis and the horirontz] pisne.

oocmmeler, Insgtrument for measuring or indicsting
sngle of slope and elevation.

deck phame. The plane descrided ar lhe truntion
axis rotates In azimuth.

SalMection ereer. Distance U the right or et between
th- peint simed at and the burst of 2 projectile or
the mean point of bngect of & mlvo.

drest fire. Kngaging & target that iz in the line
of site of the wrepon and he sighting aystee

divester. Rlactrumechanical ecuipment uped to treck
a moving target in asimuth and angular beight

and which, with the addition of osther neccssary
infosmation frora an outside source, such a3 3
radar sct or & range finder, continuously computes
firing data ard transmits them t- the guns.

capiaceasonl. FPrepared position for one or more
weapons or pieces of equipment for protection
against hostile fire or Lombardment, and from
which they can execute their missions. Act of

gun sievation. Angle of the wespun bLore with re-
spect to the deck plane. The angle is measured
in a plane (clevating plene' perpendicular to the
deck (Figures 14 and 17).

indirec fire. ¥ngaging a target shat dres not lie
directly in the line of site or ix not visible from
the position of ihe weenon.

leveling. Adcjusting any device, especially a gun and
muunt or sighting equipment, so that all horirontal
or wertical ang'es will be measired in the true
horizontsi and vertical plapes.

Jewel polnt. The point on the descending brar:h of
the trajectory that iz at the same altitude o we
~rigin (Pigure 1Y),

Hne of sihevatien The exichaicn o the bore axis
when the weapon is lald (Figure 13).

Mae ar sile. The axis of the siming device extenc.d
to the target (Figure 12).

baghatics. That part of the entire military activity
which dealr with production, procursment, storage,
traneportstion.  disiritweilon, maintensxi.ce,  wnd
eviycuation of persompel. supplrex, and equipment;
with inducting, clamsiflcation, sssignment, welface
and sepanvtion of persvanel;, and with facildew
requirod (o the support of the military eginclish-
menit intluding cotdtruction aosd sperstion thervel.
It comprive: both planning snd tmpaernentation

marimam clevation. The greciest vartioal sngle ot
witich an artillery pisce cam be aid R & iinited
by the mechanicel struciure of the pisce.

mit (srtlilery mil). A unit of anguler mesmee-

ment used .n millery caleulstions. Ut s 1/9600th
ol » complete circls. or wary nearly the anghe
btween twp lnes which will encose a distanee of
one yard st a reng~ of 1008 yards 1779 mils are
approxitmately qua. W I degree. NOTE: The
Nayy mil and the Fren.h infanty mil are exsctly
one yard st 2 range of & rwda There we
2133 Nevy or French mfwntry mile ia a
complete circle.

ave
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mount. Structure thai supporis any szpparatus. A
gun, 4 searchlight, a lelescope, or g surveying in-
sirument may have a mouni.

nelf. Pogition or condi.don of reception of minimum
signal,

off-carric.ge fire comtrol Process of controlling five
on a larget with the aid of a sighting device which
is not mounted : the weapon.

on-carvisge fire comtrol. Process of controiling fire
or a farge* with the aid of & sighiing device
mounted on the weapon.

orthogonal. Property of »eing at right angles; or
more gererglly, independent. Examples: the X,
Y, and Z directions, or the R and § direction
prlar coordinates aie-orthoganal.

pencramic telescope. Telescopn sight for artillery
pleces that yives the gunner & wide lield of view.
It may be rututed so as to permit sighting in any
direction without requiring the ocserver to change
his position.

parallax. Appar:nt differences in the position of
an obje’ viewed from twe Jifferent points,
especially from a gun position and a d....cting point.

piteh acgle. The angular deviation of the weppon
fore-and-a®™ axis trom the horizontal.

quadrant eievation. The vertical angle at the origin
formed by the line of clevation and the base of the
trajectory. It is the algebraic sum of the angle
of elevation (superc..vation) and the angle of site
Pigure 12).

redfele. Measuring scale or mark placed in the focus
51 an opticail instroment, used to determine the
size, distance, direction, or position of objecis.
(ienerally, the reticies are eiched on glass and
the whoele disk is spcken of az the reticle. Reticles
are used on sighting telescopes and other {ire con-
tee] instruments.

aight, Mechanical or opiical device for aiming a
flrearm cr for laying a gun iu position. It is based

on the principle that two points in fixed relation
to each other may be brought in line with a third,
Sights are classifiea as fixed or adjustable depend-
ing on the provision made for getting windage and
range, and also accerding to type. Glass sights
comprise all gights which include an optical element,
such a3 a rolllmator, telescope, periscope, eto.

sxperelovation. The bailis’ic correction for the drop
of the projectile caused by gravity.

traeker. An instrument equipped with telescopes,
w1 {o continuously observe the present position
of a moving target. Bmploved with a radar which
is weed fur siant range measurement, the tracker
furnishea the elements or present position data
equired by the computer. One of the components
of a director.

trajectory. Path of a prejectile, missile, or bomb
in flight.

traysrse. Movement of a gun on its mount, clockwise
or ecounterclockwise, measured as an angle.

traverse ax's, The axis perpendicular to the deck
plane about which a weapor is turned to adjust its
2im in azimuth.

trannjon. Cne of the two pivots supporting » pierc
of actillery on its caruiage and fornidng the axis
(trunnion axiy), paralle! to the deck plane, sbont
which the barrel rotates when jt is elevaled. One
of the two supporting pivots for k-'ding an in-
strument on its mount.

weapon, The portion of an equipment or system
that traverscs and elevaies to the directioa of firve
{(as uged in this Handbook).

weagon bore axis. The g~omeiric center of the sylinder
forming the bore of a wespon. The centeriine
about which the waapon tubwe s turn~? when ihe
bore is being machined. The weapon hore axis i
perpendicular to the trunnion axix and Iz pargiiel
to the deck plane when gus elevation (Egd is at
#£eT0.
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