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ABSTRACT

The quantity, capability, and availability of Anti-Ship Missiles (ASMs) pose a
significant threat to the safe operation of United States Naval Forces in the waters off
potentially hostile shores. Potential adversaries continue to improve their ability to attack
our ships, requiring us to constantly analyze our defenses against such attacks. Existing
computer models and simulations, do not provide force commanders or naval analysts
with an adequate tool to properly evaluate the threat and to identify the best ways to
minimize it. This thesis has developed such an analysis tool, called the Anti-Ship Missile
Defense (ASMD) model. It allows for analysis to be performed from an entire task force
perspective, modeling the entire process by which ASMs select their targets and the
methods by which the defending escorts assign defensive fire. Effective Screen Design
and Defensive Firing Policy is a large and complek problem, but exploratory analysis
using ASMD has yielded usefu] insights. In ASMD', moving objects are more fully
rendered, featuring smooth acceleration, turning and altitude change features. In support
of these complicated moving entities, a highly capable mathematical library was created
to solve the resulting equations of motion. The software components and architecture
developed for ASMD provide significant flexibility and reuse potential for future

analysts.
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THESIS DISCLAIMER
The reader is cautioned that the computer programs developed in this research
may not have been exercised for all cases of interest. While every effort as been made,
within the time available, to ensure that the programs are free of computational and logic
errors, they cannot be considered validated. Any application of these programs without

additional verification is at the risk of the user.

vii







IL.

IIL.

IV.

TABLE OF CONTENTS

INTRODUCTION 1
A. MOTIVATION.......oirerienntsnenietssessestessssssssssssssessssssessasassastssesssssssssssssasosssssesssenes 1
L Avoidance Of KNOWN TRAFQLS. ..........ccvueeeveevrreeersnreessrenssncess e sesssssessssssesesns 1
2. Minimize Information Provided To An AQversary. .............weeeveeeeeeveneevennnnn. 2
3. Layered DefenSive SYSIEIMS. .........oeucueeeeeeeeeerireeerrneeeisssssssssansesessssssssssessassens 2
B. BACKGROUND ......ooiinrrnrcnsenssinnescsnisensansssssessosssessnsssassessrssstessssssessasssasesesssssesensess 3

A, NAVAL TASK FORCE...........cereecrnensiessessessssisssesssosssssssisssssessssnssesissssssssasas 7
B. DETECTION OF THE THREAT ............cooteeeetetreceerecerseeerstesnesessessesessssessssosssessonens 8
C. DEFENSIVE WEAPONRY ........coorireinrentnrnsenssotnaresessassssessssssenesessssesesesssssssssssssns 9
D. ASMD SYSTEM......ooiiiiiniinineissinieeietsseonsnssssssssntsssssssssssssssesssessssessssessssasssssssasssssens 9
E. WHAT’S AHEAD.................... rereerese s e s e esassasan e e nns sanes 9
LOGIC OF THE ASMD MODEL ' 11
A. AUTOMOBILE COMPONENT FUNCTIONS .......coooreteterercseremeee e seeresneseneees 11
B. ASMD MODEL COMPONENT FUNCTIONS .......cccocovrnnrererenereresecrernseeaesnsssons 13
1 CONPOLEE ...ttt tese et s et sese s e s eneneen 14

a) MOVEIBIAIN «..ceormeerieeicrneceeriresressstssssssssesss s ses e nsessssstessssessssemsosncnsene 14

b) FArEDSIIDULON .......cceevecreceernmeccnrietustsierterssesstssssssssessssssssssssessesesenssasenetserenas 15

2. Movement Element................ieeeveeeriecreesrseeeseseseisseesevseessssesssenees et 15

a) FullMover .15

3. SenSiNG EIEMENLS ................coeeenicrnceineeeesiretres e ssesss e resestes s sa e 16

4. Interaction COMPONENLS.............eeeeeeereeerereseeseeeeeceseseseeessssessssrsseseeeseesesens 17

5. Assembling the COMPOSIE UniL...............ceccueeeeverereiecrieseesesreeeeesesensseesesesesesssens 18

6. FireDistributor (detailed desCription) ....................c.ouveeeeeeeeeeeeeeeseeeeseeseeeresessons 19

C. REFEREE COMPONENTS ............cconuvune. ereesnescenenanseenes .20
1. REGISTER. ...ttt sttt sttt ean st sene s s aee 21

2. Mover Sensor MediQror. ................eoceevreeeecereeesereeesisaeeeeseeeee e eese s eseseeeen 21

3. Missile Target MediQior. .............ucceeeereerereeeeeeeeeeeieseeseeeeeeeseesesesesesseesnesnees 22

a) Combat Results 23

D. SUPPORTING OBJECTS. ........covoeivtirrenereensererecencsssessesssssessesssessssessnsasssssesssssnssnns 23
1 Event Step versus Time Step Methodology ..........oeeeoeeoeecoeeeeeeeeeceeeeeeeeerennn 23

2. Mathematics Package..................oceeueevueeeeeeeeeeeieeeseeeeeeeesssceseesesssesesessasasans 24

a) Polynomial EQUAtion...........cceceueueeereinriecerecsnerescseeeeeacsnnns 27

b) Complex Number 27

c) Formula 28

d) Polynomial DErivatiVe..........ccoverevrenrreinrersnnsinsenseenseser e sesesessesesessessesesens 28

€) Power Series 28

f) General Power 28

g) ROOLSOIVET......ceeeieeeeerennertreeceec et saneene 28

h) NEWLONSMELNOD .....ooeeececnricectnreseseie s s s esssaetesseesencseseessnsesessesses enens 28

3. Use of the AdvancedMath Package...................eeoeeeevoeeeeneeeeeeeeeeeerereeesesrerseen 29
ANALYSIS USING THE ASMD MODEL 31
A. MEASURES OF EFFECTIVENESS............cooeeeieenerseresse s snssssseseeesseessesssssens 31
L AUEINALIVES ...t es e e seees e eess s s 31

2, ANGIYSIS Of AIEINALIVES ...........coeaeeerresreeseereeeeeeeees s eeeser e eeenseseeesess s 31

a) Number of Hits against the HVU. .........cccoevvrervevcrcirnceeeennne. 32

b) Number of Missiles Homing on the HVU 32

3. Selecting the MOE. ..............comeeeeeeeeeeeeeieeeeseeeeeeeeeeeeeesete s eeses s ess e 33

B. PRELIMINARY ANALYSIS......ooooiiirerereeetcseteseeseeseeessesesssssessasessesesmeessenes 33




1. Classification of Data.......... ettt et et b R b bbb sbenes 33

2. Extremely Large and Diverse Design Variety. .............uevevirncirnicvccnnnne 33

3. Wide Variance in StatisticQl RESUILS. .............onuveeeveenrccenieirincncsiirectrnnrecenaennes 34

4. Suitability for Gaining Meaningful Insighis. ................cooevnrvvnicnninicnnncnnans 34

C. CLOSE DEFENSE OF A HVU USING THREE ESCORTS...........cccoonvinvrnnscccnann 34

D. DEFENSIVE FIRING POLICY .........oiirinncieeneisnesisisisisisisessessssssosessssssene 38

A\ CONCLUSIONS AND FUTURE WORK 41
A. THE NEED FOR ANALYSIS.......ooiniiintiininniniisnentinsnsnnsnsscssssssssesssssssnses 41

B. DEVELOPMENT OF THE ASMD MODEL........iniciiccsenreeeeseones 41

C. REVIEW OF PRELIMINARY ANALYSIS USING THE ASMD MODEL ............. 42

D. THE NEED FOR FURTHER STUDY ......ccconminnnnsiiemsinsssissssisssessssssd 42

E. OTHER USES FOR THE ASMD MODEL ..........niiiniininseieressessessanes 42

LIST OF REFERENCES 43
BIBLIOGRAPHY 45
APPENDIX A. CREATION OF THREAT GRAPHS 47
1 SUMMATY Of PPOQTAM..........ccvonveneriireeenreiererestrsissesassssssassssssensiesnassnsssessessssessses 48

2 Visual Basic SoUrce Code...............eivereeireeeeeeerereneeeeriressseresssescseseeseesssesens 49

APPENDIX B: JAVA SOURCE CODE FOR THE MASTER ASMD PROGRAMSS

A. SUMMARY OF PROGRAM OPERATION ........ccccemrnrirereneneersasessessssesssnssesansnsns 55

1 Preliminary Materiai................eoeeeeeeeeeeeeeteceeenreete e cseseesesessenesesneneseesssnnons 55

2. Setting Up the SCENATIO...........cuvveeimeeeeeereiecreieieie st seessesessssessesseseenenenees 56

3. SIAPHING G RUN.........cneniiee ettt ettt e ne st enseneons 58

4. ColleCting the datau.............cuoeoveeecoeerceieerieeiriereresrsseessessts e easssssere s s 58

5. Setting UP fOr tRE NEXL FUN ............ooueeeereeeneereeerereeeeeseeenenss s se st eresteseesesssrens 59

6. RePOrting the DAL ...........ouoeoueneneeerirreeececceesieie s siesssess s ssssensssssesensans 59

7 Analyzing other Attack Angles and Raid Sizes .............ccouveevveecerecerrerennne. 60

8. TestRegistry Code, in it’s ENLIPELy .............ccuvreeecerivisenienrensscrnessenssesessesssesssssens 61

INITTAL DISTRIBUTION LIST 65




EXECUTIVE SUMMARY

The quantity, availability, and capability of Anti-Ship Missiles pose an ever increasing
threat to the safety of United States Navy forces. Current Anti-Ship Missile Defense
systems are deemed adequate, but the future is more uncertain. Further analysis of
Missile Defense formations is clearly necessary in order to see the Navy safely into the
twenty-first century.

Current naval combat models do not provide sufficient analysis capacity to
evaluate competing tactical alternatives. High-resolution models focus solely on defense
of a single ship and cannot be realistically extended to analyze the problem of screen
defense as a whole. Aggregated campaign models do not attempt to model the process by
which Anti-Ship Missiles detect and attack ships. A new combat model is clearly
necessary to conduct meaningful analysis of Screen Defense against Anti-Ship Missiles.

The Anti-Ship Missile Defense (ASMD) simulation was created to correct these
existing model shortcomings. It allows for more realistic object movement simulation,
owing to a substantial supporting mathematical package. This enhanced realism enables
more accurate simulation of the missile attack. Each incoming missile ‘sees’ the screen
of ships from its own unique perspective, owing to the geometry of the screen design, the
size of the ships, the missile’s altitude, and direction of métion.

Exploratory analysis utilizing the ASMD model has revealed considerable
insights into screen design and defensive firing policy. It is possible to prevent enemy

missiles from detecting and homing on the High Value Unit (HVU) by the careful choice

xi




of escort ship locations. Analysis has also demonstrated the superiority of a Shoot-Shoot-
Look firing policy, over Shoot-Look-Shoot, when the formation is attacked by moderate
sized enemy missile attacks (10 — 50 missiles).

The ASMD model is a powerful tool, and its uses extend beyond the analysis of
screen defense problems examined so far. The model can evaluate the threat posed by
multi-axis missile attacks, the impact of decoy, and other tactics. It can be used to plan
missile attacks against enemy ship formations.

This study is a first step toward enhancing the safety of our ships at sea.
Additional analysis will be necessary in order to achieve the goal of minimizing the threat

of Anti-Ship Missiles to our naval forces.
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I. INTRODUCTION

Ships of the United States Navy routinely operate in hostile waters throughout the
world. They do this in furtherance of the national policy goals of the United States
Government, working in close proximity to potential adversaries that may possess
weapon systems capable of attacking our forces at sea. The current pattern of operations
indicates that this trend will not change in the foreseeable future.

The hazard presented by Anti-Ship Missiles (ASM) to our Naval Forces is on the
increase. Currently, 13 nations (not including the United States and its NATO allies)
possess an organic ASM production capacity. A further 15 nations are developing this
capability. The dissolution of the Soviet Union has resulted in an increase in the export
of that nation’s weapon technology and hardware. Other major arms supplying nations,
especially France and China, are making substantial improvements to the capabilities of
their missile systems. While the threat of ASM attack against the United States Navy
may not be overwhelming at the moment, the increase in availability and capability of
these weapons necessitates our constant analysis and development of defensive systems

and tactics so that we can operate with the impunity that we currently enjoy.

A. MOTIVATION

To ward off the ASM threat, our Navy has employed a multi-pronged defensive
policy:

1. Avoidance Of Known Threats.

We try to avoid entering within range of known threat weapon systems.

1




2. Minimize Information Provided To An Adversary.

We minimize the likelihood of an adversary gaining accurate targeting
information against our ships by the maintenance of Carrier Air Patrols (CAP), that serve
to keep adversarial aircraft beyond arm’s reach. We maintain a vigilant watch over the
surface picture identifying all ships in the region. We closely monitor the undersea
threat, by aggressive Anti-Submarine Warfare (ASW) tactics. All of these minimize the
risk of the adversary gaining enough accurate targeting data to mount a serious threat
against us.

3. Layered Defensive Systems.

These defenses consist of search sensors that can detect incoming aircraft and
missiles at long range, Surface to Air Missile (SAM) systems that can track and engage
the airborne adversary, Electronic Warfare systems that can jam or confuse incoming
missiles, and lastly, high speed gun systems that may shoot down incoming weapons at
very close range.

These tactics may not prove to be sufficient in the future. Our forward operations
will make it easier for the enemy to locate our ships. Shallow waters may defeat our
effective ASW efforts. Mobile ashore sensors and weapon systems may escape our
surveillance and pose a real and substantial threat to our forces. Multi-axis missile
attacks may saturate the defensive systems and render the ships susceptible to damage.

Anti-Ship Missiles (ASMs) may pose the single greatest threat to the safe
operation of our ships in forward areas. The numbers, sophistication, and availability of

ASMs serve to ensure that this substantial threat will never diminish. The United States




Navy will need to continuously analyze the threat of ASMs and the proper defensive
measures to counter them.

In light of current operations in the Persian Gulf, the following questions require
immediate analysis:

1) What escort ship spacing and orientation patterns are effective at

minimizing the threat posed by mobile Iraqi Silkworm missile sites?

2) Is there a benefit to conducting a Shoot-Look-Shoot (SLS) defensive firing
policy, opposed to Shoot-Shoot-Look (SSL), to counter an incoming
missile attack?

It is beyond the scope (and classification) of this thesis to be able to definitively
answer these questions. Missile and Radar performance data is classiﬁed, and enemy
planning for missile employment is an unknown. Nevertheless, there is considerable
insight that can be provided by the Anti-Ship Missilé Defense (ASMD) model based
solely on unclassified data, operating experience, and reasonable assumptions. Such an

analysis will be conducted in Chapter IV of this report.
B. BACKGROUND

Existing analysis methods consist of a handful of computer models that simulate
the ASM battle. [Ref. 1] These models are inadequate, however, in providing meaningful
analysis methods for the purpose of examining screen defense. Until quite recently, the
limitations of computer speéd and memory largely restricted analysis to the defense of a
single ship against incoming missiles. The results from single ship defense could be

extrapolated to each ship in the formation, because it was assumed (or insufficiently
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modeled) that the incoming missile raid would be dispersed uniformly among the ships
present (e.g. a Salvo of 25 missiles against a formation of 5 ships would result in 5
missiles per ship. If each ship could successfully defend against 5 missiles, no damage
would occur, etc...).

The state of the art in ASMD modeling consists of only a few models. These
range from the Single Ship Air Defense Model (SSADM), which simulates the defensive
firing capabilities of a solitary ship that is exposed to enemy missile fire, to several highly
aggregated campaign simulations (such as the Joint Theater Level Simulation (JTLS) and
the Integrated Theater Engagement Model (ITEM)). [Ref. 1]

SSADM was developed to emphasize the defensive power of a single warship.
SSADM does a credible job of analyzing the process by which an Aegis Cruiser conducts
self-defense. It also models defensive shots against missiles not targeted at the cruiser. It
does not, however, conduct run-time analysis of the flight and homing patterns of the
incoming missiles. The dispersion of enemy fire is set at run-time by the analyst and is
not a function of the actual geometry of the defensive screen. SSADM cannot be
extended, however, to fully examine situations in which more than one ship is present
and may be targeted.

Using these limited capability high-resolution models as their inputs, Joint
Campaign Models, predictably, tend to poorly emulate the impact of ASM weapons
against naval forces. For example, the Integrated Theater Engagement Model (ITEM)
treats missile attacks against ships as a purely Monte-Carlo evolution. The incoming raid

is divided evenly over the defending ships, and each ship is adjudged to receive a number




of hits in direct proportion to the number of missiles assigned to it. This is essentially an
extension of the SSADM methodology. The Joint Theater Level Simulation (JTLS) uses
this same logic to adjudicate naval combat. These aggregated models cannot be used to
analyze the impact of screen design and defensive firing posture because they treat all
screens and firing policies as identical items. These models do not consider the
geometrical differences and effect of firing policy.

As discussed above, the process by which an ASM detects and attacks a target |
selection has not been effectively modeled. In addition to the simulations discussed
above, most ongoing analysis at the Naval Postgraduate School (NPS) starts the ship
defense problem at a point after the incoming missiles have selected their targets. As a
result, these models also'focus on individual ship defense, as opposed to defense of the
entire screen against an entire missile attack.

In light of these limitations, it becomes evident that existing models and
simulations are insufficient in providing a method of analysis. The development of a new
and effective analysis became a necessary precursor to analyzing the problems at hand.

In this thesis, we attempt to redress these simulation limitations by developing a
model that more effectively emulates the problems of ASM Defense. The model employs
a more rational missile distribution pattern that is based on the actual geometry presented
to the incoming missiles. Additionally, this new model will feature data generation
capabilities that will allow for ease of incorporation into higher level models (using a

hierarchy of models approach).




It was decided to utilize the Java programming language in the creation of the new
model. Java was a logical choice, because the author could not foresee the precise
computer/operating system arrangement that would be used to conduct additional
analysis, it was desirable to use a platform-independent programming language.
Additionally, there exists a tremendous body of existing Java simulation components
developed at NPS. Former students (LT Kirk Stork, USN [Ref. 2] and MAJ Arent
Amtzen, RNAF [Ref. 3]) have developed these components in conjunction with Visiting
Professor Amold A. Buss. The libraries that were developed, Simkit [Ref. 2] and Modkit
[Ref. 3], respectively, have served as the backbone for the development of the ASMD
model.

In Chapter II, we will outline the requirements for this new analysis tool and
sketch out its desired functions. In Chapter III, we will discuss the functions and combat
resolution logic of the ASMD model. In Chapter IV, We will conduct an analysis based
on several simulation runs, and examine the types of results that can be made available to
the analyst. In Chapter V, we will outline other potential uses for the ASMD model, as

~well as summarizing the results of this thesis.




II. DEVELOPMENT OF A NEW ANALYSIS TOOL, THE ASMD MODEL

When contemplating the creation of a new combat model, it is important to
identify the purposes of that model. These purposes may be manifold, and can include;
(1) Hardware Acquisition, in which the new system (or additional purchases) are
evaluated for their comparative worth. (2) Force Structuring, in which the force is shaped
to incorporate the correct ratio of weapon systems of the right types. (3) Tactical
Development, in which non-lethal simulation can identify potential strengths and
weaknesses of certain tactics. (4) Capability of Forces, where the ability of the force to
accomplish missions in theater is evaluated.

The ASMD model developed for this thesis can directly, or in conjunction with
other tools, be used for each of these purposes.

Now that we have stated the purpose of the new model, and have identified
weaknesses or gaps in existing models, we will define the battle space that affects the

outcome of combat within that realm.
A. NAVAL TASK FORCE

The first, and most pertinent, entity to define is the naval task force (TF). Simply
stated, a TF is a collection of naval combatants and auxiliaries that are grouped together
for the accomplishment of one or more missions. The individual ships function together
as a team to provide mutual support and defense against opposition to assigned missions.

These ships are typically arrayed into a formation, called a screen, in which the most




valuable and important units (termed high value unit, or HVU) are surrounded and
protected by numerous escorting vessels. Within the screen, the escort ships are stationed

in sectors away from the HVU, as shown in Figure 1.

000

315

090

270

FFG

225 135

180
Figure 1 A Typical Screen

In this screen, a Cruiser (CG) is stationed 315 - 360 R,

A Destroyer (DD) at 090 — 135R, and another DD at 225 - 270R,
A Frigate (FFG) at 135 — 180R. All ships stationed 5 — 10 miles from HVU.

B. DETECTION OF THE THREAT

The ships of the TF possess numerous sensors that range from passive (listen-
only) Electronic Warfare and Sonar systems, to active (emitter) Sonar and Radar systems.

For the purposes of this thesis, we will confine our interest to Radar sensors only. Radar




systems feature a maximum theoretical range, which is a function of their power output,
Pulse Repetition Frequency, and assumed target radar cross-section. Radar systems are

mounted high above the waterline so as to maximize the distance to the horizon.
C. DEFENSIVE WEAPONRY

Most ships also host defensive missile and gun systems that can be used to engage
enemy aircraft and missiles. Since we are primarily concerned with missile defense by
missiles in this thesis, we will treat defensive gunfire and electronic warfare systems in an

aggregate fashion.
D. ASMD SYSTEM

The ASMD system consists of the launching platform (which may be an aircraft,
ship, or shore site), and the individual missiles themselves. These ASM missiles are

launched in the general direction of the TF that has been targeted.

E. WHAT’S AHEAD

In this section we have discussed the inadequacy of current analysis tools as they
apply to the enhancement of screen defenses. We have briefly defined the ASMD
battlefield and the basic limitations of the new model. In the next chapter, we shall

discuss the operation of the ASMD model, focussing on its more salient features.
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III. LOGIC OF THE ASMD MODEL

In this section we will examine the operation of the ASMD model. We will focus
only on the most salient points concerning the model functions. A complete User’s
Guide, and other more descriptive work is planned for the future, but is beyond the scope
of this thesis.

Combat in the ASMD model is conducted between entities at the Composite Unit
level. A Composite Unit, for the purposes of this thesis, is a group of special purpose
functional components that operate together. The meaning of this term will become clear
in the example below. Using the premise of small reusable object programming, these
composite units are created from several smaller components that seek to model the
precise behaviors of the composite unit. In the discussion that follows, we will break
apart this Composite Unit into its individual components, and briefly explain the
functioning of each.

It may be useful to have in mind a specific type of Composite Unit with which
almost everyone will be familiar, the automobile. With this image in mind, let’s look at
how the functions of this Composite Unit could be divided into logical component

groups.
A. AUTOMOBILE COMPONENT FUNCTIONS
A human driver controls an automobile. The driver manipulates the movement

controls of the automobile, such as the steering wheel, accelerator and brake pedals, to

11




cause the automobile to proceed to destinations that the driver would like to visit. The
automobile has a windshield and mirrors that serve to allow the driver to see the road
surface, information signs, other automobiles, and hazards that must be sensed in order to
proceed from one place to the next. The automobile has turn signals, headlights, and a
horn that allow its driver to signal, and thus interact, with other automobiles on the road.

Within this small example, let’s now try to compartmentalize the functions that
we have identified. There appear to be four primary divisions of functionality.

There is a controller, namely the driver, who directs the operation of all
movement controls for the automobile.

There is a movement element, consisting of the engine controls, engine and

drivetrain, steering wheel, and tires that cause the automobile to travel from place to place

in response to the driver’s direction.

There are sensing elements, consisting of the windshield, windows, and mirrors,
in addition to the drivers eyes and ears, that allow the driver to evaluate the current
environment and make modifications to the operation of the movement element.

Finally, there are interaction elements, consisting of the horn, turn signals, and
headlights, that can inform other automobiles (and their drivers) about the actions and
intentions of this automobile. Figure 2 illustrates the arrangement of these groups of

functionality (or components).
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Environment,

Other entities
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Figure 2 Automobile Functional Components

B. ASMD MODEL COMPONENT FUNCTIONS

Environment,

Other entities

Most entities on a battlefield, such as ships, missiles, or tanks, can be seen to

contain most, if not all, of these types of functionality. They each have a controller (that

may be resident in each unit, or may be lumped together to control the functionality of

many units), a mover of some sort, sensors, and interactors (such as guns) This obvious

compartmentalization scheme has been exploited by others (such as Lt. Stork and Maj.

Arntzen) and was seized upon in the development of the ASMD model, as well.

Now that we’ve identified the functional components that are contained within a

composite unit, we will briefly discuss the characteristics of the specific components

developed for use in the ASMD model.
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1. Controller

a) MoverBrain

There are many aspects of naval entity operations that can be seen to be
controlled. Of primary concern are the control of movement, and the management of
defensive systems.

An object called the MoverBrain accomplishes control of movement.
There are two versions of this object, the first is designed for use in controlling objects
that are restricted to movement along the surface of the earth (ocean). These are termed
2-Dimensional (or 2D movers), and consequently, this controller is called the
MoverBrain2D. Aircraft, submarines, and Missiles travel in three dimensions (3D
movers),v and are controlled by MoverBrain3D objects.

The MoverBrain is a relatively simple object. It stores the list of
destinations and times that the composite unit will traverse, and tells the Movement
Element exactly how to proceed from one point to the next. Upon start of movement (or
when an intermediate destination is reached or new orders are received), the MoverBrain
examines the movement capabilities of the Movement Element, and plans the best series
of maneuver operations necessary to cause the Composite Unit to arrive at the next
location at the correct time. The MoverBrain sends a message to the Movement Element
telling it exactly what turn rate to assume, (and for how long) so that the Composite Unit
will travel in the correct direction. The MoverBrain directs the Movement Element at

what rate to change speed, and for what duration, so that the correct and necessary speed
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will be achieved. The MoverBrain3D directs the 3D Mover Element at what rate and for

how long, to change altitude. Figure 3 summarizes these MoverBrain functions.

MoverBrain

Respond to sensors and Task force Controller
Calculate Necessary Maneuver Parameters

Turn Rate Acceleration Rate Climb Rate
Turn Duration Acceleration Duration  Climb Duration

Direct: Movement Element to execute necessary maneuvers to
accomplish movement orders.

Figure 3 Mover Brain Functions

b) FireDistributor

An object called the FireDistributor manages the execution of defensive
fire against incoming missiles. There is one FireDistributor per side in the simulation,
and the functionality of this object will be discussed in greater detail, later.

2. Movement Element

a) FullMover

An object called the FullMover manages movement of the Composite
Unit. Depending on the type of movement desired for the Composite Unit (2D or 3D),
there are FullMover2D and FullMover3D to accomplish it.

The FullMover is a more complicated object than the MoverBrain. The
FullMover responds to the movement orders of the MoverBrain but also must provide

instantaneous reports and updates to the precise location of the Composite Unit within the
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space of the battle field. The FullMover is the storehouse of all movement limits
(maximum and minimum speed, altitude, turn rate, climb/dive rate, acceleration and
deceleration rates, et. al.) The FullMover must inform other components, using the
Referee, which will be discussed later, of changes to the direction, speed, or altitude of
the Composite Unit. The FullMover also contains ‘forecasting’ logic that allows it to tell
other components where it will be at any time in the future (based on its current
movement parameters). The reasons for this prediction capability will be made clear
later, in our discussion of Detection. Figure 4 summarizes the parameters and functions

of the FullMover Component.

Limiting Parameters of 2D Mover
Maximum Speed

Maximum Turn Rate
Maximum Acceleration Rate
Maximum Deceleration Rate

Additional Parameters of 3D Mover
Maximum Climb Rate

Maximum Attitude

Max/Min Altitude

Max Range

Min Speed

Calculated Quantities

Current Location

Current Velocity

Future Position

Duration and values of Maneuvers

Interaction with other Components
Provide Location and movement

information for Composite
unit and all other components
in the composite.

Figure 4 FullMover Functionality

3. Sensing Elements

Sensing capability for the Composite Unit is provided by any number of Sensor
Objects. In the current version of the ASMD model, there are only active Radar systems
employed, although plans exist to extend the model to incorporate passive and multi-

modal sensors (such as Electronic Surveillance Measures [ESM], and Sonar systems).
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Each Sensor contains parameters that limit the maximum rénge at which targets can be
detected, the type of target it can detect (2D or 3D), the rate at which detections can
occur, and the maximum number of targets it is capable of simultaneously tracking. The
Sensor broadcasts messages to the referee components whenever it detects or loses a
target, and when it changes from being ‘on’ to ‘off’ or vice-versa. Again, there may be

multiple Sensors on each Composite Unit. Figure 5 summarizes these functions.

Limiting Parameters of Sensor Interaction with other Components
Maximum Range Provide Sensor Status and list of
Maximum Detection Rate current targets.

Maximum Number Targets

Figure 5 Sensor Functionality

4. Interaction Components

Interaction capability for the Composite Unit is provided by any number of
Launcher Objects. In the current version of the ASMD model, there are only Missile
systems actually utilized. Plans exist to incorporate Guns, Chaff, Torpedoes, etc... into
' future versions. Each Launcher possesses properties that control what the maximum
launch rate is, and quantity and types of missiles that can be launched. The launcher
responds to orders from the FireDistributor (which tells the Launcher exactly how many
and what type of missiles to shoot, and at which target(s)). At launch time, the Launcher
broadcasts the launch to the referee components so that they are aware of the existence of

a new Composite Unit on the battlefield. Figure 6 summarizes the launcher capabilities.

17




Limiting Parameters of Launcher Interaction with other Components
Maximum Fire Rate Respond to Launch Orders.
Maximum Guidance Capacity Create new missile entities.

Figure 6 Launcher Functionality

5. Assembling the Composite Unit

The Composite Unit is constructed by an object called the TacticalUnit. This
object collects the identity of each low-level component that is added to the Composite
Unit, and stores this identity for easy reference. The TacticalUnit object also connects
each of the components to each other so that they may function as one big entity, despite
being totally separate in their functionality. (e.g. this means that other components can
ask a specific radar on the Composite Unit for the radar’s current location. The radar will
have this information automatically forwarded by the Composite Unit’s FullMover.
Orders to the Composite Unit to move to a new location will be forwarded automatically
to the MoverBrain inside of the Composite Unit). For convenience, there are numerous
specific instances of particular Composite Units existing already within the ASMD
project. These include entities such as specific ships, missiles, and shore-based
launchers. Nothing precludes other users from creating their own Composite Units as
required. Figure 7 illustrates the flow of information within the basic components that

make up the Tactical Unit.
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Figure 7 Tactical Unit Internal Connections

6. FireDistributor (detailed description)

We will now discuss the FireDistributor in greater detail. As has been mentioned
before, there is one FireDistributor per side (although future versions of ASMD will
feature one FireDistributor per screen since there may be more than one screen deployed),
and this is the object that performs all of the decision logic necessary to allocate
defensive fire against enemy forces. Whenever a sensor on its side reports that it has
detected a new target, the identity of the target is passed to the FireDistributor. The
FireDistributor searches for this target on its master list of targets for the force. If thisis a
new target, the FireDistributor will allocate fire against the target. In a nutshell, this is
accomplished by canvassing each of the capable weapon systems within the force and
determining which system can intercept the target first. The system that could
conceivably hit the target first is assigned the task of launching against the target. Figure

8 summarizes this process.
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Figure 8 Defensive Fire Logic
C. REFEREE COMPONENTS

We have made repeated references to Referee Components. It is now time to
discuss these important items. There are three separate components that perform
necessary Referee tasks: the Register, the Mover Sensor Mediator, and the Missile Target

Mediator.
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1. Register.

The Register is simply a master list of all of the Composite Units on each side.
The Register does not adjudicate any interactions of its own accord, but rather creates and
destroys instance mediators that accomplish the adjudication tasks. The Register reacts to
the addition of a new Composite Unit (such as the launching of a missile) by first looking
at the new unit. If it is a missile, and has a target already assigned (such as a SAM that is
being guided against an ASM), it will create a Mediator between the missile and its
target. If the new unit does not have a target, the Register will create a Mediator between
every sensor on the Composite Unit and each opposing force Composite Unit that could
be detected by that sensor (provided that the sensor is ‘on’). Once all of the new Unit
sensors are connected, the Register creates a mediator between all opposing force sensors
that are ‘on’ (and could detect the new Unit), and the new unit.

2. Mover Sensor Mediater.

As the name implies, this is a component that resolves issues between a single
moving target and a single detection capable sensor. This mediator does not belong to
any side, but is an unallied component. In this capacity, it can serve as an honest broker
in examining the true battle picture. It can then evaluate if and when the mediated target
becomes detected or undetected by the mediated sensor. Figure 9 summarizes this
process. The Mover Sensor Mediator accesses the mathematical features provided by

several ‘helper’ objects. Each of these will be discussed later.
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Figure 9 Mover Sensor Mediator Functionality

3. Missile Target Mediator.

This is a component that adjudicates the interaction between missiles that are
homing against a target. The Mediator listens to the movement of the target, and directs
the homing (or guided) missile to adjust its flight to intercept the target. The Mediator
schedules the detonation of the missile when it is finally close enough to the target to hit

it, and evaluates the outcome of this detonation.
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a) Combat Results

There are three outcomes possible when a missile terminates near its
target. The first is that the missile explodes too far away from the target to damage it (a
miss). In this case, the missile is destroyed, but the target is unaffected. If the target is an
ASM (or other enemy aircraft) the side that owned the missile hears the miss, and
schedules another launch against the incoming enemy unit. A second outcome is that the
missile may hit the target. In this case, the missile is destroyed and the target registers a
hit against it. If the target is a missile or aircraft, it too is destroyed and removed from the
battle. The last outcome is that the missile may be destroyed by defensive fire emanating
from the target, or may be confused by Electronic Warfare (such as chaff or jamming). In
this case, the missile is destroyed, but is treated as a miss in all other respects. This last
result is only possible when the target is a warship. Each outcome is dejtermined by

Monte Carlo techniques, with a fixed probability of each result occurring.
D. SUPPORTING OBJECTS.

1. Event Step versus Time Step Methodology

The ASMD model uses Event-Step methodology. What this means is that
calculations are performed, and situations evaluated only when conditions actually
change. Checks are not made at fixed time intervals (as in Time-Step methods). The
primary disadvantage of the latter (Time-Step), is that event sequencing may not be
correct and the outcome of the battle may depend greatly on the size of the time step
selected. The choice of Event Stepping avoids this disadvantage, but may sometimes

result in a much larger calculation burden to ensure that events are properly scheduled.
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In order to minimize the size of individual components, much of the mathematical
functionality is removed to supporting objects. Each of these can be created and
destroyed rapidly, thereby minimizing the amount of computer memory required for
execution of the model.

The decision, made early on, to incorporate more fully rendered movers (featuring
acceleration and smooth turning) led to problems that were not fully appreciated at the
time that decision was made. The equations of motion for objects that can turn and
accelerate become high order polynomials, the solution of which must be accomplished
quickly during simulation runs. The solution of these polynomials (4™ order and higher)
necessitated the development of an extensive mathematical package. We will next
discuss the development and functions of the AdvancedMath Package in detail in the
following section.

The discussion that follows is not essential to understanding the analysis
contained in Chapter IV, and the reader may safely skip the remainder of this chapter if
he is not interested in the Math Package development. We’ll start with a review of the
~ mathematics package, and then explore how it is used by the ASMD model.

2. Mathematics Package

It was necessary to examine the movement of objects in the defined battlefield,
and explore the limitations of the existing Java.Math library. Simple linear movers, in
which speed and course are constant, can readily report their movement quantities. If we

view the world in two dimensions and if an object starts at a point P, = (X,, Y,), the
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position of the object at any given time t, can be calculated from its velocity (V,, V,) as
Equation (1) demonstrates:
Xt)=X,+V, *t, 1)
Y=Y, +V, *t
To find the time that an object will arrive at a given location, given its starting
point and velocity (and assuming that it is in fact proceeding at the correct speed and
along the correct heading), all one need do is solve a series of linear equations,
Range = sqrt(dY? + dX?)
Time = range/speed (where speed = sqrt(V,” + V,?))
This becomes significantly more challenging, however, when we examine the
case whére a mover changes course and speed smoothly (as opposed to instantly). If an

object is accelerating (uniformly), its position is found by: |

Let
accX represent the acceleration rate in the x direction
accY represent the acceleration rate in the y direction
velX represent the initial velocity in the x direction
velY represent the initial velocity in the y direction
X0 represent the initial x position
yo represent the initial y position
X, 3:xo+velX-t+%-ach-t2 @
. 1 2
Y, Tyo+ velY-t + E-ach-t
If, instead, the object is turning,
Let
t represent time (and s be a dummy variable representing time), and
v represent the velocity

Co  represent the starting course of the mover
rate  represent the turn rate of the mover
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The equations of motion for the mover become
t
X =X0+ | v-sin(Co + s-rate) ds 3
70

t
y, Fyo+ J v-cos(Co + s-rate) ds

0
x :=X0- cos(Co + rate-t).v . cos(Co)'v
rate rate
y,:=yo+ sin(Co + rate~t)_v _ sin(Co).v

rate rate

where rate is the rate of the course change and v, is the speed at time t.

Taking this one step further, if the object is both accelerating and turning, simultaneously,

Let
t represent time
Vo  represent initial velocity
Co  represent starting course
yawRate represent the turn rate
accRate represent the acceleration rate

The equations of motion for the mover become

t
v, =vo+ J accRate ds )
0
Vv, iEVo + accRate-t

t
X X0+ J (vo + accRate-s)-sin(Co + s-rate) ds
0
X :{ Xo— (vo-cos( Co +yawRatet)-yawRate+accRatecos( Co + yawRatet)-yawRatet — accRatesin( Co + yawRatet) )}
.

yawRate2

L
+ vo-cos( Co )-yawRate— accRatesin(Co)

yawRate2

t
Yy ‘=yo +J (vo+accRates)-cos{ Co + s-yawRate) ds
0

y. = yo+ (vo'sin(Co +yawRatet)-yawRate-+ accRatesin( Co +yawRate t)-yawRate t -+ accRatecos( Co + yawRatet) )}
t = .

yawRate2
LYo sin( Co)-yawRate+ accRatecos(Co)

yawRate2

26




With this complicated movement scheme, trying to predict the specific maneuvers
necessary (acceleration and turn rates and times) becomes significantly more challenging.
Still more challenging, is the resolution of interactions between two movers that feature
this type of movement. It became obvious that if we wanted to retain event-step
methodology, we would need to be able to solve high order polynomial equations. These
worked out to 4™ order polynomials in the event of accelerating movers, only, and 16™
order for turning movers (due to Power series expansion of the sine and cosine functions).
In Java, there was no direct method to solve for all of the roots that could be generated,

including Complex roots. The AdvancedMath package seeks to solve these limitations.

a) Polynomial Equation

The equation itself is simply an array of coefficients listed in descending
power order. The Equation object incorporates capabilities to multiply, add, or subtract
two polynomials from each other. It can also evaluate the Equation’s value for any

variable input, and can evaluate the results of raising the equation to any integer power.

b) Complex Number

The solution of polynomial equations may contain combinations of real
and complex numbers. The direct root solvers, (such as quadratic, cubic, and quartic
equations) require extensive complex number mathematics. To handles these
occurrences, it was necessary to create a robust Complex Number math function to allow

the addition, subtraction, multiplication and power manipulation of complex numbers.
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(] Formula

This object is a combination of equations, which allows for very complex

representations of mathematical systems.

d) Polynomial Derivative

This is a method to calculate the first derivative of polynomial equations.

e Power Series

Creates representations of Transcendental Functions (Sine, Cosine, and
Exponential). This allows inclusion of transcendentals in the polynomial equation

functions and root solvers.

¥ )] General Power

The Java Library function, Math.pow only calculates expressions that
involve evaluating x'. If x is zero, y must be greater than zero. If x is 0 or negative, y
must be a whole number. The AdvancedMath function GeneralPower fills in all the gaps,

and correctly calculates x* for all cases of x and y.

g  RootSolver

RootSolver utilizes the Quartic, Cubic, and Quadratic laws to solve 4%, 3%,
and 2" order polynomial equations. It can rapidly, and correctly evaluate all real and

complex roots for these types of equations.

h) NewtonsMethod

NewtonsMethod is a more generic root solver. It can take any Polynomial

Equation, or Formula containing Polynomial Equations, and rapidly solve for all real
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roots, returning them in ascending value. NewtonsMethod, as the name implies, employs
Newton’s Method to identify a root. Once a root is located, the equation/formula is
divided by this root to generate an equation of one lower power than previously solved.
The process is repeated until no real roots remain (or until the equation becomes a 4"
order equation, in which case RootSolver is called to directly solve for the roots).

3. Use of the AdvancedMath Package

The ASMD package (MoverSensorMediator) utilizes the AdvancedMath package
to predict the precise times-that the target will rise above or sink below the radar horizon
of the sensor. It also uses this package to determine the times that the target enters and

exits the range envelope of the sensor.
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IV. ANALYSIS USING THE ASMD MODEL

In the previous chapters we have discussed the reasons for creating the ASMD
Model, and briefly, how it works. In ﬂlis section, we shall illustrate the analysis that can
be conducted using the model.

The ASMD model was constructed to analyze two specific problems,

1) Determine the best screen arrangement for ships in a task force, and

2) Determine the best defensive firing policy.

Before we can analyze these issues, we will discuss the pertinent Measures of

Effectiveness (MOE).
A. MEASURES OF EFFECTIVENESS

1. Alternatives

There are several alternatives for MOE selection. An obvious choice is to count
the number (or percentage) of enemy missiles destroyed. Another is to evaluate the
number (or percentage) of enemy missile hits against the HVU. Still a third option is the
number (or percentage) of enemy missiles that achieve homing against the HVU.

2. Analysis of Alternatives

Once a raid has been launched, Missile Defense is best characterized as a
defensive battle. As is the case in most defensive battles, the minimization of losses
(either in equipment or territory) is the most important consideration. In view of this, we

can discard a measurement of enemy missile destruction as a meaningful MOE for this
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model. The remaining two MOE alternatives require more discussion before a final

selection can be made.

a) Number of Hits against the HVU

Counting the Number of Hits against the HVU is, admittedly, a strong
option as a defensive MOE. It quantifies the result that we most want to prevent, damage
to the HVU. In order for this to be the best choice, however, we must have a very good
measure of all of the properties that result in a hit. The model must properly simulate the
entire flight path from time of launch, through detection of target, counter-detection by
and counter-attack by the target, and avoidance of terminal defenses before hitting the

target.

b) Number of Missiles Homing on the HVU

If we consider only the number of missiles that achieve homing on the
HVU, we do not need to consider the terminal defenses of the target ships. Homing will
have been achieved at a distance substantially beyond terminal defense range. An
advantage of this MOE, is that the process by which homing is established is largely a
function of geometry. The motion of the missile can be precisely simulated and the
conditions under which homing will be achieved (and against what ship) are very well
understood. The terminal defense process is well understood, especially if a single
missile is attacking the ship. What happens when two or more missiles are attacking the
ship simultaneously is not particularly well defined. A final advantage of this MOE, is

that is can adequately serve as a surrogate for measuring the hits against the HVU.
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3. Selecting t