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ABSTRACT

Weapon pointing and firing zones are critical operational
parameters which directly affect the safety and capability of
weapon performance and ship mission. These zones are nor-
mally implemented in the weapon system and restrict areas of
weapon movement and function allowing clearance for ship
structure during weapon performance. The primary purpose
of the zones is to ensure topside safety by preventing the
weapon from firing into surrounding ship structure. Weapon
pointing and firing zones are also used to integrate weapon
and other shipboard equipment functions to avoid interference
conflicts.

The Naval Surface Warfare Center (NAVSWC) is the
technical direction agent which designs weapon pointing and
firing zones for every large caliber gun mount and rotating
missile launcher on U.S. Navy ships. Because of the increasing
complexity of topside operations and applications in computer
technology, new methods are being developed to support
NAVSWC weapon zone design efforts.

This paper first summarizes present techniques in
NAVSWC weapon zone analysis and design. The second part
of the paper describes methods under development using
graphic computer systems to conduct safety analyses for
weapon zone design. The paper concludes with a review of
future weapon cutout system improvements.

INTRODUCTION

U \f eapon pointing and firing cutout systems are impor-
tant restrictive mechanisms that allow the weapon to operate
safely on board ship. Rotating large caliber gun mounts
and missile launchers require pointing and/or firing cutout
systems of some type to function effectively in a shipboard

278 Naval Engineers Journal, May 1991

Cutout Zone Design

environment. In weapon system design, the weapon is
usually given mechanical and operational limits, which in
most shipboard placements allow the weapon to move and
fire its projectile or missile directly into surrounding ship
structure. Extra operability is built into the weapon to
allow for weapon adaptation to different ship classes and
ship placements as well as alterations in ship topsides.
Correct implementation of weapon cutout zones in the
weapon cutout system is relied on to take ship topside
obstructions into account and limit weapon operations.

Pointing and firing zone design is the primary tool which
integrates weapon functions in the complexity of the ship
topside environment. Guns and missile launchers must
operate simultaneously with many other shipboard antenna
sensors, emitters, weapons and other equipment without
conflict or interference such that each is capable of combat
performance. Zone design is an important part of topside
integration which makes the ship function as an integral
unit. The program which carries out this role fulfills an
often unnoticed but essential safety and operational need
for the Navy.

The Pointing and Firing Cutout (P&FCO) Zone Program
at the Naval Surface Warfare Center (NAVSWC) is tasked
with designing and implementing P&FCO zones for gun
mounts and guided missile launchers on U.S. Navy ships
[1]. This program is a continuous effort. Ship topside
configurations must continually be checked against weapon
zones after yard visits to reestablish the safety of weapon
performance. In each shipboard placement, the weapon
cutout system is modified to consider that particular ship’s
configuration and ensure safe weapon operations.

Guns such as the Mark 45 5-inch/54 caliber gun mounts
on Aegis cruisers and destroyers, Mark 75 Oto-Melara 76-
millimeter (mm) gun mounts on some Navy frigates, patrol
boats and Coast Guard cutters, and the Mark 15 Phalanx
Close-In Weapon System (CIWS) on many Navy combat-
ants all employ firing cutout systems in gun operations.
Guided missile launching systems (GMLS) such as the
GMLS Mark 26 on Aegis cruisers, Terrier Mark 10 on
older Navy cruiser and destroyer classes, and the Tartar
Mark 13 on Navy guided-missile frigates also use pointing
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Figure 1. Weapon train & elevation angles.

and firing cutout systems for missile launching operations.

First, this paper gives a general overview of weapon
cutout zone functions and design methodology. The paper
then explores advanced techniques developed by the
P&FCO Zone Program to solve many of the weapon zon-
ing problems encountered on U.S. Navy ships today. These
techniques include the use of geometric computer models
in safety analyses and documentation, cutout zone algorithm
development for weapon system implementation, and ship
topside alterations for zone improvements. Advances which

may occur in future weapon cutout systems are reviewed at
the conclusion of the paper.

ZONE DEFINITIONS

A brief review of weapon cutout zone nomenclature and
diagrams may be useful in describing weapon zone design.
Weapon cutout zone support is a unique application of
safety engineering which, for the most part, has few parallel
applications outside shipboard weapon engineering. Further
information about weapon cutout zones may be found in
Reference [2].

Two distinct types of cutout systems are used to restrict
a weapon from firing in unsafe areas: pointing cutout sys-
tems and firing cutout systems. As a weapon tracks a
target, its pointing cutout system governs weapon move-
ment to avoid specific zone areas called “pointing cutout
zones” in which the weapon is not allowed to point. A
firing cutout system administers “firing cutout zones.”
These are zone areas in which a weapon, if pointed, is not
allowed to fire. With firing cutout systems, the firing circuit
that signals the weapon to fire is disabled when the weapon
is pointed in a firing cutout zone. Depending on the weapon
system and the obstructions being protected, these two
types of cutouts are used to guarantee safe weapon opera-
tions.

P&FCO zone areas are defined using a train and elevation
angle convention (Figure 1). Once weapon train and el-
evation angles are specified, the position of a weapon gun
barrel or launcher rail is designated. The train (azimuthal)
angle of a weapon is measured from the ship’s centerline
in the ship’s horizontal plane. The direction and sign con-
vention of a weapon train angle is taken as clockwise
positive. A weapon at zero degrees train is pointed parallel
to the ship’s centerline in the ship’s forward direction. A
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Figure 2. Mark 15 Close-In Weapon System firing cutout zone plot.
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Figure 3. Mark 26 Guided Missile Launching System firing cutout zone plot.

weapon elevation (polar) angle is the vertical angle of the
gun barrel or launching rail from the ship’s horizontal. An
elevation angle of 90 degrees is taken as positive upward
parallel to the ship’s forward perpendlcular

A weapon pomtmg or firing zone is typically designed
and documented using a two-dimensional zone plot (Figure
2). The plot shows all possible gun barrel or launcher rail
positions and indicates the operational status of the weapon
at that position. The weapon train position is plotted along
the horizontal axis (abscissa); the elevation angle is plotted
along the vertical axis (ordinate). A “zone boundary” is
indicated on the plot and marks the transition of weapon
status from fire to no-fire or point to no-point, i.e. the zone
boundary is the limit for the pointing or firing area. Exact
locations of the zone boundary are usually specified with
train and elevation values on the zone plot.

Along with the zone boundary, “control points” are
shown on the zone plot. Control points indicate train and
elevation angles of critical ship structure which determine
the location of the zone boundary. For most gun mounts,
the points are designated with circles. The diameter of the
circle normally indicates the safety clearance angle used to
protect the obstruction. The number by the control point
provides a label for that point.

For missile launchers and some gun mounts, the safety

clearance for a given obstruction may be different in train

and elevation, and hence would not be a circle on the zone
plot. Control point locations are still represented by a circle;
however, the clearance angles are designated by a cross at
a diagonal from the control point location (Figure 3). The
control point location is termed the “line-of-sight”; the
clearance location is termed the “line-of-fire.”
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WEAPON ZONE ANALYSIS

Weapon zone analysis is a series of steps by which
weapon pointing and firing zones are determined for a
given launcher or gun placement [2]. First the ship topside
obstructions are defined relative to the weapon. Sufficient
clearances are added to the obstructions for safety consid-
erations. Then pointing and firing zones are designed within
the available firing area and governed by cutout system
constraints. ‘

Surp TopsIDE DESCRIPTION

Weapon zone analysis requires an accurate description
of the ship topside to design weapon cutout zones. For gun
mounts, ship structure is located through a process called
boresighting. Zone design for missile launchers rely on
both boresighting and ship outboard drawings. Ship draw-
ings provide distance of an obstruction from the launcher
since obstruction clearances are dependent on distance. To
boresight ship structure, a telescope is mounted in the
breech of a gun or along the loading end of a launcher rail.
The weapon is trained and elevated such that crosshairs in
the telescope are sighted on an obstruction. Weapon train
and elevation angles are then read from the weapon dials
and recorded.

The nature and extent of topside activity must also be
understood for weapon zone design and topside integration
to be effective. In describing the ship topside, several

factors such as function, portability, importance, and

movement of equipment must be considered to assess all
topside structure which could be possible zone obstruction
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points. Working circles of weapon directors, radars, and
other rotating antennas must be located. Portable stanchions
and flagstaffs must be identified. Operational and stow
positions of whip antennas, king posts, and boat davits
must be determined. Through onboard ship inspection,
examination of ship and equipment drawings, and discus-
sions with ship’s force, topside operations are usually
identified adequately for the zone design process.

SAFETY CLEARANCES

Sufficient safety clearances are added onto ship ob-
struction locations to take into account several factors in
weapon operations. The safety factors are sufficient such
that no damage occurs to a particular obstruction during
normal weapon operations. Zone design uses a variety of
clearance analyses to determine these safety factors. The
basic premise for the clearance analysis is to predict worst-
case conditions which may occur during weapon operations
and determine clearances for these cases.

Guided missiles have low initial velocities after leaving the
launcher rail. Consequently, a relatively long time interval
elapses before the missile has passed over the ship deck and
away from the ship. During this initial launch time, the missile
may deviate significantly fromitsline-of-sightlaunch trajectory
duetocrosswinds, gravity and other aerodynamic components.
Ship structure may also be moving toward the missile line-of-
fire due to ship motion. The primary computer program
developed at NAVSWC to consider these various factors for
missile zone design is BLINDZONE [3]. Given missile and
launcher characteristics, the ship topside description, and ship
motion parameters, the program determines train and eleva-
tion offsets for each obstruction point. The program assumes
a missile flight trajectory envelope dependent on elapsed
flight time. Ship motion is modeled at an upper sea state with
sinusoidal movement of yaw, pitch and roll around the ship
center of flotation. In some cases, a launcher P&FCO zone is
further restricted to limit hot missile exhaust impingement on
surrounding equipment.

Gun projectiles have relatively high velocities as they
leave the ship; therefore, the projectile deviates very little
from its initial line-of-sight trajectory. Gun projectile paths
can essentially be considered a straight line near the ship in
the direction of the gun barrel. Clearance angles for gun
obstructions primarily consider weapon angle change during
maximum rotation rates and a maximum delay time in
projectile firing.

Even though gun projectiles travel in a relatively straight
line near the ship, gun muzzle debris may accompany a
projectile during firing for some types of ammunition.
This debris exits the muzzle with high speeds at or near the
exit velocity of the projectile and disperses outward from
the gun line-of-sight. Gun pointing and firing zones may
be designed in these cases to protect shipboard equipment
vulnerable to these effects. The Mark 42 and Mark 45 5-
inch guns and the Mark 15 Close-In Weapon System
(CIWS) are examples of weapon systems that can emit
damaging debris. For large caliber guns such as the 5-inch
and 16-inch guns, blast overpressure emanating from the
muzzle must be considered.

WEAPON ZONE DESIGN

Once the maximum available firing area is defined from
ship obstructions and safety clearances, weapon cutout
zones are designed for implementation in the weapon cut-
out system. The weapon zone must be optimized to allow
for maximum firing areas possible within the safety limits
and weapon cutout system constraints.

A thorough understanding of weapon cutout system
operations is necessary to formulate a weapon zone. Weapon
cutout systems are limited in their ability to store and
implement pointing or firing zone cutouts. Specific con-
straints dictate the size and shape of the weapon zone, and
these constraints are dependent on the design and function
of the weapon cutout system. If the constraints are not
adhered to, the cutout system can not properly implement
the cutout zone.

Several mechanisms have been devised which express
and implement firing and pointing zones. Earlier cutout
systems use mechanical cams and analog electrical/hy-
draulic devices. Some of the latest weapons such as the
NATO Sea Sparrow Missile System (NSSMS) and the
Rolling Airframe Missile (RAM) launchers use electronic
methods to store the cutouts and microprocessors to de-
termine the zone status. Some cutout mechanisms are more
efficient and flexible than others in describing the irregular
shapes of topside obstructions. Due to the complexities of
ship topside structure, and the limits to which cutout sys-
tems can store blocked firing area, some zone loss occurs
in zone design. In designing the zones, a primary concern
is that of limiting these overly safe zone areas.

Older guided missile launching systems such as the
Terrier Mark 10 and Tartar Marks 11 and 13 allow only
three steps in the pointing zones. Obstructions in front of
and behind the launcher are protected by two of the cutouts.
A third cutout increases zone resolution, usually behind
the launcher. The lower elevation limit is commonly set to
protect obstructions to the sides of the launcher. A three-
step zone is one of the simpler types of zone design. The
Mark 15 CIWS uses mechanical switches which express
firing zones as seven overlapping windows. A total of 28
separate train and elevation angles must be designated for
correct switch settings and zone implementation of the
CIWS. Due to the increased number of parameters used in
zone design, the CIWS cutout system has increased flex-
ibility and zone resolution over more limited types of cutout
systems.

Other factors may influence the zone design along with
ship obstructions. Weapon performance is taken into ac-
count to determine which zone areas the weapon will most
likely use against expected threats. Missile launcher zones
are dependent on location of weapon directors for successful
system performance. Lower elevation angles become im-
portant in weapons functioning in rough sea states. For a
weapon to track a target near the horizon, it will use low
zone elevations at the extremes of ship roll. Weapon zone
parameters are chosen such that these desirable zone areas
are maximized.

In zone design, weapon operations must be examined in
light of other equipment operations to identify possible
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Figure 4. Rolling Air-Frame Missile interprocessor commu-
nication zones.

conflicts. Most gun mounts and missile launchers play
critical defensive roles in ship protection and require
maximum firing areas. If conflicts are found, the need for
the equipment operation during weapon operations must
be measured against the loss of weapon firing area. Nearby
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rotating equipment such as a radar antenna which is essen-
tial during weapon operations must be given sufficient
zone clearance in all operating positions. Non-essential
equipment which may possibly move into a weapon zone
is designated as stowed. If positions of equipment such as
tilting antennas or safety nets may affect the zone, the
positions of the equipment must be specified. These topside
configuration limitations are “strike-down” requirements
which ship’s force must implement before firing the
weapon. On some aircraft and helicopter carriers, flight
deck equipment should be moved from designated areas
for weapon operations. Any non-essential equipment which
can be moved out of the way is specified to give the
weapon maximum possible firing area. The forethought
that accompanies weapon zone design and integration with
other topside equipment is essential to the long range safety
of weapon operations.

RAM LAUNCHER ZONES

The most versatile pointing and firing cutout system yet
developed has been for the General Dynamics RAM Mark
31 Guided Missile Weapon System (GMWS). The cutout
system stores the cutout zone electronically as 256 evenly
divided steps in train angle around the zone. This type of
zone storage provides for relatively high resolution in ex-
pressing blockage contours.

The weapon system also allows for up to five dynamic
zones which provide temporary cutouts when topside
equipment is moved into the weapon zone. These cutouts
are either present or absent depending on the state of the
ship topside. Status of the blockage is conveyed to the
weapon system electronically. This enhancement is espe-
cially useful for occurrences such as whip antennas which
can tilt into a weapon zone.

The weapon system has an interprocessor communica-
tions zone (ICZ) (Figure 4). This zone is specifically de-
signed to describe the blockage profile of an adjacent
weapon mount whose position is defined by a train and
elevation position. An electronic control system of the
adjacent weapon would communicate the position angles
to the RAM GMWS. The adjacent weapon position would
be defined in one of eight sectors. Depending on which
sector the weapon was within, one of eight blockage pro-
files would be selected and implemented. These position
sectors divide adjacent weapon train angles into four equal
ranges of 90 degrees each, and elevation angles into two
ranges, one above and one below 30 degrees elevation.
Consequently, each of the eight zone sections selects a
different obstruction profile stored in RAM electronic
memory.

SHIP MODELING

A geometric description of ship topside structure and
equipment has always been necessary for weapon zone
analyses. Heights of decks above ship baseline and distance
of equipment from ship centerline are commonly used
information in zone design. Before the advent of comput-
ers, ship outboard drawings and physical three-dimensional
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models were used for zone analyses. With the availability
of computer graphics and geometric databases, application
of these technologies to ship topside analyses was an in-
evitable evolutionary step for the P&FCO Zone Program.
Utilization of computer ship models has enhanced power
and accuracy of some older zone analyses and has intro-
duced new ways of solving zoning problems [4].

Suip MopEL DESCRIPTION

NAVSWC topside analysis models are geometric data-
bases of ship topside design dimensions. These databases

are constructed on a Computervision Computer-Aided -

Design & Drafting (CADD) 4X System. The CADD system
has been used in several Navy activities for computer-
aided-design (CAD) applications, especially during the
1980s.

The databases record ship topside geometry necessary
for zone analyses conducted at NAVSWC. This type of
geometry is typically illustrated on ship topside arrangement
drawings. These drawings usually give plan and profile
views of the ship showing frame number locations and
deck level heights above the ship baseline. Ship armament,
antennas, navigation and signal lights, boats, and other
important equipment are commonly identified on these
outboard drawings also. Because the P&FCO Zone Pro-
gram performs many of its zone analyses away from the
ship, these drawings are relied on to describe ship geometry.
The ship computer models are essentially three-dimensional
descriptions of ship topside arrangement drawings and, in
many cases, take the place of the drawings.

Each database defines the ship topside structure in outline
or “wire-frame” geometry (Figure 5). The term wire-frame
indicates that a three-dimensional outline of structure is
stored in the database and displayed. Surfaces of structure
are implied by the geometry but are not defined. Because
the database has no information on geometry within the
outlined regions, the displays are transparent. Although
the CADD system can support a fully surfaced description
of a ship topside, wire-frame modeling represented a

compromise between competing factors of cost, quality,
efficiency, and adaptability. A wire-frame database could
be constructed at a lower cost and had sufficient informa-
tion for NAVSWC topside analyses.

Suir MODEL ACCURACY

Considering applications of the models in topside
analyses, data accuracy is a primary concern. Through
topside analyses, inaccurate models can yield incorrect
conclusions that may affect ship operations. From the outset
of the ship modeling project, model predictions were
compared with ship measurements to determine the model’s
accuracy. Model accuracy determined to what extent de-
cisions could be made from the model.

Initially, NAVSWC ship computer models were con-
structed by scaling topside arrangement drawings directly.
To determine the accuracy of the models for NAVSWC
zone applications, model boresight predictions were com-
pared against boresight data taken onboard ship. The cor-
relation from initial data comparison was poor. Particularly
with the CIWS and its proximate obstructions, deviations
between the data varied as much as five degrees in train
and elevation. CIWS mounts are at times located between
masts, under yardarms, platforms or other obstructions
which are relatively close by and difficult to predict with
geometric modeling.

To improve database accuracy, construction drawings
were relied on for the bulk of the modeling information.
These drawings provide explicit numerical data for ship
dimensions. With the use of explicit design dimensions
and correct database entry procedures, model predictions
agreed with boresight data within two degrees. This toler-
ance was adequate in validating boresight data and pre-
dicting weapon zones for proposed ship alterations. Sta-
tistical analyses were used to measure how accurately the
model databases recorded ship design dimensions. Database
dimensions were selected at random and examined to get
an estimate of database validity.

SHIP MODEL APPLICATIONS

Use of the three-dimensional ship computer models has
improved weapon zone support in several ways. Blockage
diagrams have been generated from the models which as-
sist in weapon zone design, documentation, and verification.
The computer models have augmented physical scale
models in performing geometric clearance analyses for
zone determination. The models have supplied data for
equipment interference analyses in development of a cutout
zone algorithm in gun fire control system applications.
The models have also been used as ship design tools to-
determine impact of proposed ship alterations on cutout
zones of existing and proposed weapon placements.

BLocKAGE DIAGRAMS

An important addition to zone documentation and design
which was originally developed at NavSea [5] but adapted
to the P&FCO Zone Program is the depiction of ship
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Figure 6. Blockage diagram and firing cutout zone of CIWS Mount 21 on USS Arkansas (CGN-41).

structure in a “blockage diagram.” The blockage diagram
is generated on the CADD system using special software
developed at NAVSWC. The program reads geometric
entries directly from the ship model, calculates train and
elevation angles of the geometric information with respect
to the weapon mount, then plots the data in a graphic
display.

Figure 6 shows a blockage diagram of CIWS Mount 21
on the USS Arkansas (CGN-41) along with the mount’s
firing cutout zone. The diagram gives a complete rela-
tionship of surrounding ship structure to the weapon
placement. The plot is a spherical-polar representation of
the ship model from the perspective of the weapon location.
The blockage diagram locations correspond directly to the
conventional train and elevation zone plots. This figure
illustrates the close correlation between the model predic-
tions and the boresight data. For example, the tip of the
ship’s aft starboard yardarm, as shown by the model, agrees
with the ship boresight data of the same structure (control
point 5 at 164 degrees train and 45 degrees elevation).
From the blockage diagram, the ship’s bow can be seen at
0 degrees train and the fantail at 180 degrees train. The
mount is on the ship’s 05 level between the forward and aft
masts. A significant portion of the mount’s firing zone is
obstructed by yardarms and fan antennas.

Blockage diagrams add significant enhancements to
weapon zone analysis and documentation. The plots allow
visualization of weapon blockage which limits weapon
zones. With direct observation, one can determine aspects
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of the zone design and determining factors which influenced
the zone. During zone design, weapon cutout parameters
can be optimized to give the weapon maximum coverage
in the firing area available. A blockage diagram also pro-
vides a check of the boresight data taken on the ship.

GEOMETRIC CLEARANCE ANALYSES

Other weapon effects besides projectile trajectory
sometimes influence zone design. Gun muzzle debris, high-
pressure/high-temperature missile exhaust, or gun blast
overpressure damage is of special concern to nearby topside
equipment which is vulnerable to these effects. Protection
of this equipment is sometimes achieved in zone design
through geometric clearance analyses. Because of their
spatial nature, geometric clearance analyses have been
conducted directly on a CAD system using the ship topside
geometric databases.

To describe the behavior of the given weapon effect,
empirical measurements of the effects are made in a test
setting and/or onboard ship. From the data, a clearance
volume is defined with respect to the muzzle of the gun or
exhaust nozzle of the missile in which the damaging effects
are expected to occur. To consider weapon effects in de-
signing weapon zones, the clearance volume is oriented
with the weapon at specific train and elevation positions.
Zone design is performed such that the weapon is not
allowed to operate in areas where vulnerable topside
equipment would penetrate the clearance volume. The zone
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USS Arkansas (CGN-41).

boundary is set where the edge of the clearance volume
first comes in contact with the surface of the equipment.
Geometric clearance analyses can be performed fast and
efficiently, especially on ship computer models; however,
the analyses are only first order approximations. The
analyses do not take into account influences from the sur-
rounding structure, hence do not consider ricochet effects
of muzzle debris, diverted hot gas flow effects on ob-
structions, or reflected pressure waves of gun blast. Nev-
ertheless, geometric clearance analyses have been successful
in designing safe weapon zones.

Figure 7 illustrates a typical cledrance analysis of gun
muzzle debris effects on a guided-missile launcher of the
USS Arkansas (CGN-41). On the CGN-38 class nuclear-
powered cruisers, the aft Mark 45 5-inch/54 caliber gun
mount is placed forward of the GMLS Mark 26 launcher
on the main deck. The gun shoots over the launcher, and its
firing zones must be designed such that the launcher is
protected from the muzzle debris emitted during gun fir-
ings. Furthermore, the gun zone design must take into
account all operating positions of the launchers. Figure 7
shows the aft limit in train at which the Mount 52 5-inch
gun can safely fire without damaging the aft GMLS Mark

26 launcher from debris dispersion. The train limit was
determined as the point in which the debris cone first
comes in contact with the launcher clearance envelope.
The clearance envelope was constructed to encompass all
operating positions of the launcher with missiles loaded or
unloaded.

The muzzle debris, considered here, is the remnant of a
cork plug used in certain types of 5-inch ammunition to
hold the propelling charge in the cartridge case [6,7]. The
cork plug seals the open end of the cartridge case and acts
as a buffer when the cartridge is rammed into the gun
behind the projectile assembly. When the ammunition is
fired, the plug exits the gun muzzle behind the projectile
breaking into fragments. Muzzle velocity of the projectile
is around 2600 fps (1800 mph). The plug fragments disperse
from the muzzle within a 37 degree half-angle cone. The
debris remains at damaging velocities within 54 feet of the
gun trunnion. These dimensions define the clearance vol-
ume for the debris effect.

Curout ZONE ALGORITHM DEVELOPMENT

As equipment operations become governed more and
more by computers, algorithms which eliminate equipment
conflicts and interference will become requisite to equip-
ment automation. The computer algorithm application of
zone cutouts to equipment operations can be a technique
used to solve these conflicts. Of equal importance, geo-
metric computer models can be used to analyze the equip-
ment interference and supply data necessary for algorithm
development.

These applications were proven when a new digital
computer-based gun fire control system (GFCS) was pro-
posed for the USS Jowa class battleship three-gun turrets.
The new GFCS was needed to increase the accuracy of an
extended-range projectile under development for use in the
16-inch guns. Of concern to the P&FCO Zone Program,
the new GFCS would allow the forward turrets to each
engage a different target. This enhancement created a tur-
ret interference problem.

The forward turrets on the Jowa class battleships are
placed such that the gun house and barrels of one turret can
move into the firing zone or working circle of the adjacent
turret. Turret 1 is located on the ship’s main deck and is the
forward most turret of the ship. Turret 2 is on the 01 level
above and behind turret 1. Figure 8 shows the location of
the forward turrets on a BB-61 class ship.

Forward turret interference was not a problem in gun
operations using the older GFCS. In original GFCS op-
erations, both forward turrets were restricted to point at the
same target. With both turrets at roughly the same train
angle, there is no equipment conflict. To eliminate the
interference, it was decided that a pointing and firing cut-
out algorithm was to be developed and implemented in the
GFCS [8]. The algorithm would indicate where turret fir-
ing should be inhibited (firing cutouts) and where turret
movement should be modified (pointing cutouts). From
this information gun fire control orders would be modified
to avoid the interference.
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Figure 8. Location of forward turrets on USS Wisconsin (BB-
64).

The blockage that each turret has on the other is very
complex. Blockage of turret 1 mainly occurs at its port and
starboard zone sides with no blockage toward the bow.
This blockage comes from many components of turret 2
including its barrels, gunhouse, and rangefinder. Blockage
of turret 2 is primarily at its zone center caused by turret 1
barrels which are elevated into the zone. The approach in
designing cutouts for the turrets was to permit the cutouts
to change as the adjacent turret moved, thereby allowing
maximum zones of operation with minimal cutouts.

From a mathematical viewpoint, the turret cutouts can
be expressed as numerical functions of the adjacent turret’s
position on which they depend. Because turret train and
elevation angles are real-time values already available to
the GFCS, it was possible to express this functional de-
pendence in the GFCS. Realistically, the functional de-
pendence between the values are complex trigonometric
equations. Due to GFCS constraints and software efficiency,
these functional relations were approximated with poly-
nomial curve fit equations. Two train angles and one el-
evation angle were chosen to represent the cutouts for each
turret. The cutout angles of turret 1 would be dependent on
the turret 2 position and vice versa.

Using a CADD system, geometric databases of the two
turrets were constructed to simulate the actual shipboard
equipment. Initial dimensional data was taken from ship
and weapon design drawings. Enclosing the design geom-
etry, safety clearance volumes were added. These clearances
took into account errors in the analysis and data as well as
worst case conditions in turret operations. Typical errors
considered were weapon design tolerances, CAD modeling
errors, gun receiver-regulator alignment errors, GFCS bi-
nary angular measurement resolution, and GFCS calcula-
tion time delays.

The CADD system allowed the turret geometry and
clearance volumes to be changed to multiple turret positions.
The positions were chosen so that the blockage behavior of
the geometry was well defined at close intervals of angle.
Obstructions of turret zones at these adjacent turret posi-
tions were analyzed through blockage diagrams directly on
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the CADD system. Cutout zones were then designed and
tabulated for the positions. Linear regression was used to
express cutout zone angles as functions of adjacent turret
positions. Through curve-fit analyses, efficient polynomial
equations were identified, and equation coefficients were
determined for input into the GFCS. The following equa-
tion forms were found to be the most efficient in express-
ing the six cutout angles [8]:

tith = a;p + a;, %ty + a;p*ty? + a;4%t,>

tle = ayg + a5, ¥ty + 2y *ty?

thtg = azp + a3,%ty + a3 ¥02 + ags¥t,? + ag* )t
12t = agy + as, *t; + a5 *t,2

12tp = agy + ag ¥y + ag ¥t ¥e, + ag*t,’

t2e = azy + e1%(ay; + an*ty® + ap*y?)

where

t; = Turret 1 Train Angle,
€; = Maximum Turret 1 Elevation Angle,
t; = Turret 2 Train Angle,

tltb = Turret 1 Barrel Cutout Train Angle,

tle = Turret 1 Cutout Elevation Angle,

tltg = Turret 1 Gunhouse Cutout Train Angle,
t2ts = Turret 2 Cutout Starboard Train Angle,
t2tp = Turret 2 Cutout Port Train Angle,

t2e = Turret 2 Cutout Elevation Angle, and

a,, = Polynomial Coefficients.

Figures 9 and 10 show algorithm performance as the ad-
jacent turret position changes.

Two important concepts should be noted about the
blockage algorithm development. First, the CADD system
was indispensable in examining equipment conflicts over
the entire range of turret motion. The CADD system was
also able to incorporate the non-physical clearance volumes
which took into account worst case conditions. It is doubtful
that direct shipboard measurements could have supplied
the necessary data. Secondly, algorithmic mathematical
functions were used to express train and elevation cutout
values. Although turret obstructions changed considerably
over a wide range of zone areas, polynomial equations of
sufficiently low order expressed cutout behavior adequately
for GFCS implementation.

SHIP DESIGN

Most gun mounts and missile launchers play defensive
roles in the ship’s armament. If these weapons fail to
engage a target due to zone cutouts, then the safety and
mission of the ship is jeopardized. Therefore, it is important
that the weapons be given the maximum firing areas al-
lowable. Weapons should be placed on the ship such that
they have good firing coverage. Nearby structure should
be limited to permit as large a firing area as possible.
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Figure 9. Turret 1 cutout algorithm performance caused by
Turret 2 barrel blockage.

Figure 10. Turret 2 cutout algorithm performance caused by
Turret 1 blockage.
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CIWS MOUNT 21
NATO LAUNCHER

Figure 11. NAVSWC topside analyses model of USS Wasp
(LHD-1).

In designing equipment placement on ship topside su-
perstructure, effects on weapon firing zones should always
be considered. If the equipment placement does affect the
firing zone, then necessity and performance of the equip-
ment must be weighed against the decrease in capability of
the nearby equipment.

Topside impact on weapon zones should always be of
concern not just during ship design but throughout the
lifecycle support of the ship. Equipment should, if possible,
not be placed such that a zone is restricted. Flood lights,
loud speakers, and video cameras, if possible, should be
moved if they are found to affect a weapon operational
zone. Mounting of equipment on the corners of super-
structure near weapons should be avoided since it is these
corners which often influence weapon cutouts. Counter

measures washdown piping should be kept as close to ship
superstructure as possible around weapons such that they
too do not obstruct weapon firing. Deck edge stanchions
can impose considerable zone loss to weapons if they are
not removable. Antennas and navigation lights around
weapon systems should be made stowable or removable.
Even for temporary equipment which impacts weapon op-
erations, the weapon should be designated inoperable or
re-zoned. When placing equipment around any weapon
mount, effects of gun muzzle debris damage, blast
overpressure damage, or missile exhaust temperatures and
pressures should always be considered.

LHD-1 CIWS MounTt 21 ZoNE IMPROVEMENT

Through an understanding of the rationale behind zone
design, topside alterations can be made which increase
weapon coverage in significant areas. Such an under-
standing benefited CIWS coverage on the new amphibious
assault ship USS Wasp (LHD-1). The forward CIWS is
mounted on the ship’s island at the 05 level and shoots
over the NSSMS launcher on the 04 level (Figure 11).

CIWS firing zones are designed to maximize available
lower elevation angles for good performance. However,
structure around a CIWS mount must also consider possible
damage from muzzle debris emitted during firing opera-
tions. The CIWS zone had to be designed such that the
launcher was not damaged by CIWS muzzle debris impact.
With the proper safety clearance, the resultant zone allowed
a minimum elevation angle of only 5 degrees for CIWS
operation over the starboard bow sector. This elevation
limitation was considered too high for good CIWS perfor-
mance. Tanh Lam, a naval architect in the P&FCO Zone
Program, suggested that a plate be designed to protect the
launcher from the sabot debris. The plate would be mounted
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Figure 12. CIWS Mount 21 firing zone improvement for USS Wasp (LHD-1).
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on the 05 level venturi bulwark between the CIWS and the
launcher. With a properly dimensioned protective plate
invulnerable to the sabot impact, only a 2 degree safety
clearance was needed. This change would bring the lower
elevation in this zone sector down to about -3 degrees
which significantly improved CIWS performance (Figure
12). _

Muzzle debris considered in CIWS zone design is pro-
duced from a plastic sabot which fits around the CIWS
projectile [6,9]. The sabot exits the muzzle with the speed
of the projectile at 3700 fps (2500 mph), breaks apart, and
is thrown away from the line-of-fire by centrifugal force
from the projectile’s rotation. The damaging debris effects
are contained with a half-angle cone of 9.5 degrees which
extends from the gun trunnion for 150 feet.

THE FUTURE OF WEAPON CUTOUT SYSTEMS

Firing cutout systems are used by necessity in gun
weapon systems and will most likely be required as long as
guns are on board naval vessels. Pointing and firing zones
are used in missile launchers whose intended target is
relatively close to the ship. For example, the Mark 31
RAM GMWS serves the ship in a close-in defense role.
Because of the target’s proximity, a rotating launcher points
the missile in the direction of the target before launch.
Longer range missiles such as the Tomahawk cruise mis-
sile can be launched from a fixed-position launcher such as
the Mark 143 Armored Box Launcher.

With the development of the Mark 41 Vertical Launch-
ing System (VLS), the need for pointing and firing cutout
systems became unnecessary to launch several medium
and long range naval missiles. This improvement marked
an important step in weapon design. From a mechanical
standpoint, the Mark 26 guided missile launching system,
which the VLS replaced, is a remarkable engineering
achievement. The complex operation of the Mark 26
launching system’s hydraulic/mechanical cutout system is
understood only by the experienced. The maintenance re-
quired to support the launcher’s pointing and firing cutout
systems is also a significant effort. Some twenty magnetic
shield switches, three elevation plungers, and a limit stop
cam must all be maintained within a few tenths of a degree
of cutout specifications to ensure that zone cutouts are
implemented safely. Because the Mark 26 GMLS launcher
has the potential of directing a missile into the ship, cutout
system performance must be checked regularly. As mis-
siles increase in capability, rotating launchers will become
less of a requirement. If launchers with pointing and firing
cutout systems can be eliminated from a weapon system,
considering safety, maintenance, and support requirements,
it is advantageous to do so. It should be noted that clearance
problems still exist with the VLS. A trajectory envelope
above the VLS must be kept clear of obstructions for a safe
missile launch. However, weapon cutout zone design and
maintenance are no longer necessary.

Motivation for improvements in future weapon cutout
system design will most likely be from weapon applications
for ship close-in defense. These improvements will con-
centrate on greater flexibility in zone design and firing

zone boundaries which more closely follow obstruction
profiles surrounding the weapon.

Many topside obstructions are not static during weapon
operations. Blockage profiles change as other equipment
functions and as personnel perform critical operations in a
combat environment. Using techniques similar to those
used in RAM GMWS or the turret GFCS cutout algorithm
covered in this paper, future weapon cutout systems will
change cutout zones to accommodate different topside
equipment operations. Personnel movement such as that
required to re-load the CIWS or Super Rapid Bloom Off-
board Chaff (SRBOC) launchers may also be considered in
temporary zone cutouts.

The resolution of firing zones may also undergo im-
provements. Under study at NAVSWC is a bit-mapped
firing cutout system and zone design technique which may
significantly enhance the amount of firing coverage avail-
able to future weapon systems. As with the newer weapon
systems, firing zone data will be stored electronically in
digital memory. However, to increase zone design flexibility
and resolution, the firing zone will be divided into small
squares or pixels instead of a step convention which is
commonly used now. A different memory location in the
digital memory will correspond to a different pixel in the
weapon zone. A memory bit set in an oN or OFF state at a
given memory location will indicate the fire/no-fire status
of the weapon at the corresponding position. Depending on
the amount of computer memory available for the firing
cutout system, the cutouts could accommodate any ob-
structions profile in any location of the firing zone.

Implementation of a bit-mapped firing zone in a digital
computer-based weapon system would be relatively
straightforward. Major obstacles to be overcome in imple-
menting the cutout system would be in zone support, design,
and maintenance. An increased zone resolution increases
the amount of data that must be gathered from the ship
topside. Difficulties in ship’s force checking for firing
zone validity and accuracy may also arise. However, be-
cause improvements in zone resolution could increase
weapon capabilities with relatively low costs, the inconve-
nience encountered in zone support would be overcome by
greater weapon performance.

CONCLUSION

The primary factor which dictates weapon cutout zone
design is safety. This paper has reviewed several safety
analyses which are used in zone design. In these analyses,
the objective was to predict worst case conditions and
design equipment operational parameters considering these
conditions. Geometric database computer modeling has
helped to simulate these extreme conditions for analysis,
conditions which are rarely expected to occur in normal
ship operations. Still, accurate modeling of these conditions
are important; the safety of the weapons cannot be com-
promised during training or combat operations. With the
improved CAD technology available and improved weapon
system design through electronic applications, weapon
cutout zones will be able to increase weapon capabilities
significantly.
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Use of ship geometric database models has increased
the analysis capabilities of the P&FCO Zone Program.
Since the introduction of CAD systems to the Navy, several
parallel projects have developed in ship modeling.
NAVSWC ship modeling efforts have drawn upon tech-
niques and ship databases developed at David Taylor Re-
search Center (DTRC). NAVSWC has also used ship
modeling geometry produced at NavSea for the contract
guidance design of USS Arleigh Burke (DDG-51). Puget
Sound Naval Shipyard has provided a ship structural da-
tabase of ship geometry which could be interfaced with
NAVSWC analyses. A great savings to the Navy occurs
when these databases are shared among various naval ac-
tivities, thereby reducing redundant work. Increasingly as
computer geometric databases are relied on more and more
for documentation and design, centralized distribution of
the databases will play an important role in reducing costs.
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