SHIP SELF AIR DEFENSE ANALYSIS FOR DIFFERENT
OPERATION CONDITIONS VIA SIMULATION

by Mustafa KUMEK

Submitted to the Graduate School of EngineeringNatdral Sciences
in partial fulfillment of
the requirements for the degree of
Master of Science

Sabanci University
Spring 2007



SHIP SELF AIR DEFENSE ANALYSIS FOR DIFFERENT
OPERATION CONDITIONS VIA SIMULATION

APPROVED BY:

Assist. Prof. Dr. Tongug Unluyurt (Thesis SUPEN)SO ........cceevveevenieneennennn..

Assist. Prof. Dr. Kemal Kilig

Assist. Prof. Dr. Burgin Bozkaya e,

DATE OF APPROVAL:



© Mustafa Kumek 2007
All Rights Reserved.



To my wife Nurgul and my beloved daughter Betill;



ACKNOWLEDGEMENTS
| would like to thank my thesis advisor Assist.RPidf. Tongug Unliyurt for his
encouragement; motivation and considerable timgpleat from beginning to end of my
thesis. | thank to graduate committee members othegis. Assist. Prof. Dr. Kemal
Kilig, Assist Prof. Dr. Burcin Bozkaya for their vibwhile suggestions and remarks.



SHIP SELF AIR DEFENSE ANALYSIS FOR DIFFERENT OPERWIN
CONDITIONS VIA SIMULATION
Mustafa Kumek
Industrial Engineering, MSc Thesis, 2007
Thesis Supervisor: Assist. Prof. Dr. Tongug Unliiyur

Keywords: Defense, Ship, Threat, Missile, Simulatio

ABSTRACT

Rapid changes in defense technology have incraaseidhportance of Anti-Air
warfare for the naval battles. The increasing cexip} of threats, such as anti-ship

missiles, urges to develop new techniques andctagainst these threats.

This thesis developed simulation models with respe different operational
conditions so as to aid decision makers in shiglefense. We analyzed the effects of
different combat systems with simulation modeldfddent firing policies in different
situations were considered. In these situationspwya SAM (Surface to air missile)

types were used against particular types of threats

The results of these simulation models indicaté uka of these models provides
good insight for the decision makers and leads th@rappropriate decisions about

selecting the best firing policy under varying aggamal conditions.



CESITLI HAREKAT SARTLARINDA GEMI HAVA SAVUNMASININ
SIMULASYONLA ANAL izi
Mustafa Kumek
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OZET
Son dénemlerde savunma teknolojisi hizlasgedikte ve Hava Savunma Harbi
gemiler icin ¢cok dnemli bir hale gelmektedir. Geand kagi kullanilan gidimli mermi
gibi gelisen karmalk tehditler, bu tehditlere kar yeni teknik ve taktiklerin
gelistiriimesine sevk etmgtir.

Bu tezin amaci farkh harekaartlarina gore simulasyon modelleri gégtmek,
gemi hava savunmasinda karar mercilerine yardiintakiir. Simulasyon modellerinde
farkli sava sistemlerinin etkileri analiz edilmektedir. Farkdlurumlarda farkh agi
politikalari dikkate alinmaktadir. Bu kollarda csitli SAM turleri kullaniimakta ve
muhtelif tehditler g6zéniine alinmaktadir.

Simulasyon modellerinin sonuclari, bu modelleriarde vericilerinin karar

verme konusunda iyi bigekilde yonlendirdii ve farkli harekatartlarinda en iyi agi
politikasini secmeye yardimci olglunu géstermektedir.

Vi
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1. INTRODUCTION

11 Purpose

Nowadays, defense technology changes rapidly andAdnwarfare became
crucial for naval platformsShip air defense modeling plays an important ralehie
development of modern maritime tactigs]. The increasing complexity of threats,
such as anti-ship missiles, urges analysts to dpuwedw techniques and tactics against
these threats. During naval operations main thigathe ships are anti-ship missiles.
An anti-ship missil§ASM) is designed for use against surface shipgsthdf the anti-
ship missiles are sea-skimming (missiles fly at mltitude), subsonic (speed which is
less than the speed of sound) or supersonic (Spesdthe speed of sound). Anti-ship
missiles can be launched from different platformshsas;

e Warships

* Submarines

» Aircraft

* Helicopters

* Ground vehicles

ASMs have become a significant threat to moderrskps in recent years and
were used extensively during the 1982 Falklands. \Wafalklands War, a British Navy
frigate, HMS Sheffield, was hit also by Exocet riesdired by an Argentine Navy
patrol aircraft. Since Exocet is a very destructiviesile, HMS Sheffield sank. In 1987,
a US Navy guided-missile frigate, the USS Starks Wi by an Exocet missile fired by
an Iraqgi Mirage F-1 military aircraft and the US&® was damaged. In 1988, ASMs
were fired by both US and Iranian forces in OperatPraying Mantis in the Persian
Gulf. In 2006, Hezbollah forces fired a Chinese @-&SM at the Israeli corvette INS
Hanit, and she suffered significantly from thisaak [4].

These events show the importance of the Anti-anfava (AAW). So, AAW is
an important issue that is worth conducting redeamt. There are many articles and
researches regarding AAW and ship air defense. Mdrthe previews studies about
AAW and ship air defense did not focus on layerefitdse. The main difference of this
thesis from the others is the implementation oéftayg defense system. Layered defense

system consists of missiles Surface to Air Missijstems (SAM), gun systems, CIWS



(Close In Weapon System) systems. In the first stdayered defense system the ships
engage to the incoming threat missile by missilehe second layer by gun and at the
last step by CIWS.

The objective of this thesis is to develop simolatimodels with respect to
different operational conditions and to aid decisimatters in ship air defense. In
simulation models effects of different combat systeare analyzed. Different firing
policies in different situations are also considerim these situations, different SAM
types are used and different types of threats @amsidered. For the simulation analysis
some assumptions are made for the sake of sinylantd these assumptions are
explained in chapter 3.

1.2  Background

Because of the high cost of live operational triatsd limited budgets, it
becomes very hard to make live exercises. Simulasane of the most common used
tools for the military analyses and training [SheTimportance of the simulation is now
well recognized in most of military forces of cotes. So big advances are being made
in military simulation fieldsand these advances are mainly related with computer
technologies.

Future naval operations are likely to be in littozanes. This will lead ships
operation close to enemy shore rather than to gpanAnd this will urge warships to
consider airborne and land-based ASM attacks tegeffhere are many models to
simulate ship defense system against missiles aodhfés, but few of them provide
insight on the layered defense system. Most ofetmeedels focused on only missile
defense system. In this thesis, the layered defegstem is simulated. When we
consider the other models, we see that they progwmed analyses but cannot be
extended to handle a layered defense system.

In the models different types of measures of effeaess (MOEs) are
considered to evaluate the models’ effectivenebesé& MOEs are the percentage of
leaker missiles (enemy missiles hit the ship); nendd expended surface to air missiles
(SAM) and SAM’s kill range.



1.3 History of Anti Air Warfare

The development of Anti Air Warfare begins witle thlevelopment of aircrafts.
AAW or air defense is any method of engaging military aircoafanti-ship missiles
from the ship. Different types of gun systems hbhgen used in anti air warfare since
the first military aircraft were used in Trablusgawar (1911). The military aircrafts
were used in World War | to use chemical weapoimsceSWorld War Il guided missile
used with the guns in AAW, specifically SAM, andday missiles, gun system and

CIWS (Close In Weapon System) are used in comlainati most roles.

The first anti-air warfare weapon was used inRhenco-Prussian War of 1870.
After the disaster at Sedan, Paris was besiegeéFi@mith troops outside the city started
an attempt at resupply via balloon. Krupp (Germamily of steel and munitions
manufacturers) quickly modified a 20 mm gun to baunted on top of a horse-drawn
carriage for the purpose of shooting down thesktas. In the late 1920s the 40-mm
naval anti-aircraft gun is developed by Bofors Camp This gun was light, fast and
reliable, and a mobile version on a four wheeliagg. It was known simply as the 40
mm; it was adopted by some 17 different nationskasore World War Il and is still in

use today in some applications such as on coasl fligates and attack boats.

Rocket powered missiles were used in World Waollshooting down aircraft.
The British started with unguided missiles, firadarge numbers frorbatteries By the
end of the World War I, the British developed adgal surface-to-air missile, Stooge,
which would be launched from Royal Navy ships aglaithe Japanese Kamikaze

attacks.

During World War Il the Germans tried to developiwas anti-aircraft missiles
as well, but none of these was ready for serviéereghe war ended. In particular, the
Germans developed surface-to-air missile (Wastefssile) during World War Il but it
never reached operational status and the projestcasacelled in February 1945. After

World War I, the anti air warfare missiles werevel®ped rapidly.

Nowadays, all modern vessels contain anti-aircnafapon systems. Smaller
boats and ships typically have machine-guns ordgass, which can often be deadly to

low-flying aircraft if linked to a radar-directedré-control system. Larger vessels



(patrol boats, frigates, destroyers and cruisees)ypically equipped with surface-to-air
missile systems, and in addition all of them caragar-controlled guns for point
defense. Aircraft carrier groups are especiallylvdgdfended. There are many air
defense armament ships in these groups and thegbédeeto launch fighter jets for

combat air patrol overhead to intercept incomingane threats [6].



2. LITERATURE REVIEW

2.1 Military Simulation

In this section we present a brief summary of gapers and conference
proceedings published in the scientific literatuaed thesis. In this survey, we
particularly focus on similarities and differenadghe published works with this study.

Pace (1993) reviews verification, validation, andcraditation (VV&A)
processes developed asterim policy guidance for Navy managed models and
simulations. Relationships between the Navy intgyohcy guidance VV&A processes
and other VV&A activities with in the Department Défense (DoD) and elsewhere are
discussed.

Polk, Mccants and Graberk (1994), develop a shipdeéense performance
assessment methodology. With this methodology fineyide data for the Office of the
secretary of defense. In their work, hard kill edens, electronic warfare elements and
integrated hard kill and soft kill elements are sidered in performance prediction
modeling. In addition they provide data to suppprbgrammatic decision. In the
performance assessment methodology, the authegraté hard kill weapons with soft
kill capability; this part of work differs from thithesis, this work does not integrate.

Lee and Lo (1994)’'s model is a good example oftariyi simulation model. It is
about optimal gun assignment in ship self defels¢his model, the ship is equipped
with anti air weapons; there are no missiles orrdhoBhe objective is to minimize the
number of targets striking at the ship and to maenthe ranges at which targets are
destroyed. The ship motion is also simulated is thodel. This is the main difference
from this thesis. The radar detection range iscooistant, it is random. The tracks are
randomly generated like in this thesis. As a regiltthis simulation model, they
concluded that the simulation using induction ruled better Measure of Effectiveness
(MOE) in terms of minimizing the number of missiletriking at the ship and
maximizing the ranges of target destroyed.

Dongen and Kos (1995) develop a computer simulatimael for evaluating,
analyzing and studying the performance of air defesystems aboard naval frigates.
Their model integrates all the air defense systemsoard a frigate. In this model
Standard missile 1 (SM-1), NATO Seasparrow, Goalkedclose-in weapon system)



are simulated. When this is compared with thisithesis observed that in this paper
the gun system is not simulated and soft-kill measare simulated. In their work radar
detection probability is not constant, it changethwespect to target range, but in this
thesis every object within the range of 200 kmegedted by radar.

Smith (1998) identifies and explores the essertgahniques necessary for
modern military training simulations. His work prdes a brief historical introduction
followed by discussions of system architecture;usation interoperability; event and
time management; distributed simulation; and veatfon, validation, and accreditation.
This is followed by fundamental principles of madglin specific military modeling
domains.

Townsend (1999) develops an analysis tool thataitead anti ship defense
model. It allows for analysis to be performed fr@am entire task force perspective,
modeling the entire process by which ASMs seleetrttargets and the methods by
which the defending escorts assign defensive Tiness combat model is an analysis of
Screen defense against anti ship missiles. The Intadieevaluate the threat posed by
multi axis missile attacks, the impact of decoy] ather tactics. It can be used to plan
missile attacks against enemy ship formations. pm@gramming language is used in
the creation of this model. Townsend has used iegistava simulation components
developed at the Naval Post Graduate School. Tawhsenstructs the Anti Ship
Missile Defense model (ASMD) to determine the lseseen arrangement for ships in a
task force and determine the best firing policy.

Turan (1999) developed a Ship Self Air DefenseABSsystem simulation
model using discrete event simulation techniquesl @amplemented it in Java
programming language and Modkit. Modkit is a Jae&kage developed by Major
Arent Arntzen, Norwegian Air Force. The simulatimmused to identify appropriate
exploratory analysis capabilities including measuoé effectiveness evaluation and
parameter sensitivity analysis. His analysis teghes are used to evaluate two different
SSAD systems and firing policies. These are ShbobELook (S-S-L) and Shoot-
Look-Shoot (S-L-S) firing policies. This work codsrs only Surface to air missile
(SAM) defense system. He did not use layered defepstem.

Kulag (1999) develops a model as an analysis wohéasure the effectiveness
of radar and IR sensors in Ship Anti Air Warfare.cAmponent-based simulation
approach is adopted for this model using Java progring language to provide the

necessary scalability and flexibility. To demontrthe analysis capability of the model



a comparative analysis was conducted for radariRreensors in Anti air warfare. He
also designed Ship Self Defense Model to providenaulation of one ship with its

complement of weapons and sensors. The ship’s anissi to defend herself and
escorted ships against an attack of anti ship lesssihe purpose of the model is to
assess the performance of active and passive sangtifferent anti air warfare defense
scenarios. This model is also developed using geagramming language.

Chapman and Kurt develop Ship Air Defense simutatioodel which is
characterized by a complex interaction between plaform, detection systems,
airborne threats, countermeasures and environnidwtr model is described in the
context of performance assessment of various systerfigurations with the objective
of improving the probability of ship survival. Thenodel describes a Computer-based
Ship Air Defense Model (SADM) developed by BAE SYEMS Australia, and used
within BAE SYSTEMS Australia and the Electronic e Division of DSTO. The
model includes soft-kill modeling with active despychaff, and jammers; hard-kill
modeling with missiles, guns, and fire-control syss; and a Command and Control
System to assign targets and coordinate soft-kill bard-kill responses. SADM also
models the interaction between the hard-kill anft-Hlst systems deployed on the ship.
Typical results are presented and it is shown hHosvrhodel can be used to perform
hard-kill/soft-kill tradeoffs during the ship desigrocess.

Virlan (2001)'s model is a good example of ARENAsbkd military simulation
model. The model that he developed (Air Assaultr@gpens Simulation Model) allows
planners:(1) to build models of air assault operetiearly in the decision process and
refine those models as their decision process ey¢R) perform Bottleneck analysis”
of the preplanned operation using statistical pilooes and take some precautions
accordingly. (3) perform Risk managementdf the operation before conducting the
real one. His model is created by using ARENA 3@ugation programming language.
The outputs of the model are analyzed using expariah design procedures and the
factors that are significant to the outputs ardyeneal.

Kim (2003) develops an analytical model that désgidefense for the Sea
Base. Although models have been developed for defarf a carrier battle group
(CVBG) with one High Value Unit (HVU) against asurface and subsurface attacks,
there are unique aspects of the Sea Base thatoaispecifically addressed in CVBG
defense models. First, the defense of the seaibaberent in that there are multiple

HVUs expected in the Sea Base. In addition, thereaicredible threat of being



overwhelmed by High Density Threats (HDTs). Thisd@lospecifically addresses the
issue of defending multiple HVUs against HDTs. Timedel also gives a commander
insight into the optimal placement of defenderdwiéspect to parameters such as threat
sector, minimum detection range, attacker and diefewelocity, and defender weapon
ranges. The model can also be used for OperatReqlirements (ORs) development
by Sea Base system designers. Kim uses Java pnogngnianguage to simulate his
model. By inputting parameters associated withagerscenarios, system developers
can see how performance of a specific parameteh, @sl weapons range, probability of
kill, and radar detection range, can affect thdityuaf Sea Base defense with respect to
the effective area of defender coverage and theébeuwf defenders required to achieve
a certain level of protection.

Calfee and Rowe (2004) develop AEGIS Cruiser Aifddse (ADC)
Simulation. In their work they model the operatiastsCombat Information Center
(CIC) watchstanders for a U.S. Navy battle growging multi-agent system technology
(Ferber, 1999). Conceived to assist training anctroiee formulation, the simulation
provides insight into the factors (skills, expedenfatigue, aircraft numbers, weather,
etc.) that influence performance, especially uniéense or stressful situations. It
simulates air tracks as well as the actions andahprocesses of the watchstanders. All
simulated events are logged to permit performantayais and reconstruction for
training. They have implemented their model in Janagramming language.

Ozkan (2004)’s simulation is the Air Defense Laborga (ADL) Simulation. It
provides a simulation environment that allows userscreate realistic air defense
scenarios and examine automated reasoning abotratie. It is written in Java and it
uses multiagent system technology to model the oompts of reasoning. Agents
include both track-generator agents that contnalrait activities based on the type of
the aircraft, and track-predictor agents that rexeiata about the aircraft and generate
predictions about their identity and possible ihten



3. SHIP AIR SELF DEFENSE SYSTEM

3.1 Single Ship Air Defense (SSAD) System

A naval ship can carry a limited amount of defeasmissiles, so she has to
efficiently use her missiles to accomplish her missThe appropriate expenditure of
these missiles will thus be an important part & 8tudy. The main objectives of this
study then are:

(1) To evaluate existing systems via simulatiorcdose of difficulties in
executing real world systems due to impedimentyéating real world conditions and
also economic reasons.

(2) To detect the factors which have significdféas on the existing system.

(3) To foresee the possible problems of the exgssystem by studying the

simulation model outputs using statistical methods.

3.2 Ship Air Self Defense

Complexity of ship air defense system processe&rddpon whether the air
defense system consists of a single sensor andoweapseveral sensors and weapons
operating together [1]. For the purposes of thuslgionly one ship’s air defense system
will be considered. Hence there will be one launciied one or two trackers for air
defense weapons. When we consider general arelefamse, there may be land-based

surface to air (SAM) battalion or guided missilgétes in a battle group.



Figure 3.1 Targeting methods of ASMs

The main purpose of ship air defense (SAD) is tugut the ships against Anti-
Surface Missiles (ASM). As we see from the figurg, 3urface ships, attack aircrafts,
bomber aircrafts, submarines, helicopters may lattslsips by ASM. The other
important threat for the ships is land based ASM tre figure 3.2 shows one of the
land-based ASM's (Exocet MM-40) flight and attaakiprofile.
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Figure 3.2 Flight and Attack profile of Exocet misile [29]

To protect the ships from these attacks, ships maigsile launchers, guns,
CIWS (Close In Weapon System) and chaff launch®hsp air defense systems use
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Hard-Kill and Soft-Kill Measures to protect the ghHard-Kill defense method is to
destroy the incoming threats (missile or aircrdfy) explosion. So Surface to Air
Missiles (SAM), guns, CIWS are main Hard-Kill desensystems.

Soft-Kill defense method involves controlling andeatting the incoming threat
missile away from the ship by confusing, distragtiar seduction. The integral part of
soft kill defense method is decoys. Decoy is agelfect jammer. There are three types

of decoys used for air defense: chaff, thermal ggecand active radar decoys.

In ship air defense system the primary componemgtsensors. The first step of
ship air defense system is detecting the incomingsites or aircrafts. Especially
detection of low altitude anti-ship missiles is wé&mportant for ships. In the first step
the targets are detected by radars. Radar is amyanr for Radio Detection and
Ranging. It uses radio transmissions to collecorimftion. Radar can only identify
whether there is a threat or not. Early detectibnincoming missiles or aircraft
determines the success of the ship air defensechat is a single event that provides
limited information. Acquisition closely related ttetection. It refers to the repeated
detection of a new target during several scanss @lhows the sensor system to make a
decision that a new target has appeared and extfacmnation concerning its position
and velocity or its signal characteristics [1].

Identifying the target has been a vital issue idafense system. In history, we
can see the crucial results of misidentificatiortief aircrafts; one of them Igan Air
Flight 655 disaster. In 1988, on patrol in the Persian Gi¢ USSVincennesshot
down an Iranian passenger jet that it had mistd&er hostile Iranian fighter aircratft.
The plane did not respond to seven warnings tdiigatself, and thevVincennegpicked
up transmissions from the aircraft on the Mode Rtany frequency (IFF). As the plane
came within 20 miles of the cruiser, radar indidaiis descent from 9,000 feet and
picked up altitude. (Data from other sources subsetly contradicted this.) When the
aircraft was nine miles away, US8ncennesdfired two SM-2 surface-to-air missiles.
The ship crew couldn’t understand whether the aftavas civilian or not because the
aircraft IFF (Identify Friend or Foe) systems dmt nespond the interrogations.

These IFF Systems are used on ships to electrbnidahtify friendly aircraft.
These systems have interrogators and transpond@ibes; transmit an interrogation
signal to which a transponder will respond to titerrogation. The failure of an aircraft

responding to an interrogation does not meanhb#ile; its IFF system may be out of
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order. Only IFF response does not guarantee thairamft is hostile or friendly. After
a target has been declared hostile and it is dedidat the target will be engaged, a
tracking sensor and a weapon must be assignedariet must be designated to the
tracking sensor and the tracker assigns a weastemsyto the target.

Anti-Air warfare is top priority for navies in selgng most effective ship
defense systems. The effectiveness of the sensqmoves the defense capability of
ships. The air defense of ship consists of findamgl identifying threats, controlling
sensors and weapons, and engaging threats. Thagieggis known as “detect”,”
control” and “engage”.

Air defense components of ships consist:
1. Surveillance sensors

e Human eye

« Radar
e Laser
* Infrared

» Electronic Support Measures(ESM)
2. Fire control system

3. Hard-Kill weapons

* Missiles
e Guns
« CIWS

4. Soft Kill systems
* Decoys

e Jammers [3]

3.3 Anti Ship Missile Threat

An anti-ship missile is a military missile designied use against naval surface
ships. There are different types of anti-ship nessimost of them are sea-skimming,
subsonic or supersonic [4]. Modern anti-ship messiare of course serious threat to
maritime assets. Since anti-ship missiles are samallattack quickly, naval war tactics

have changed with respect to these propertiezefasid speed.
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The Russian SS-N-2/P-15 Styx was the first missilgrove the anti-missile
concept in actual combat area. In 1967, Egyptiam&mclass missile boats fired Styx
missiles to the Israeli destroyer Eliat and sur&kghip. After this year the power of the
anti-ship missiles was understood better and th& wicdhe anti-ship missile types were
developed after 1967.

In recent operations, aircrafts armed with anipghissiles have demonstrated
operational advantages over ships, submarinesaaiddased systems since they allow
greater employment flexibility and superior sensorge [7]. When we look at the last
40 years, we can see that most successful antirsisgile attacks are made by aircrafts.
During the past 40 years, nearly 20 warships aridcdlian ships have been sunk or
damaged by ASMs, one of them is Turkish warship TKGavenet is damaged by
seasparrow missile launched from USS Saratoga.

Nowadays, the commonly used ASMs in NATO are Exoétrpoon, and
Harm. These can be launched also from aircraftsinSbis work Exocet, Harpoon,

Harm is considered as threats.

3.4 Elements of the Single Ship Air Defense (SSABystem
The purpose of SSAD system is to defend ship ag&88/1 (Anti surface missiles).
The elements of SSAD system are as follows:

3.4.1 Radar

Figure 3.3 Air Surveillance Radar [29]
RADAR is a system that uses radio waves to detexramd map the location,

direction, and/or speed of both moving and fixegeols such as aircraft, ships and
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missiles. In radar system a transmitter emits radiwes, which are reflected by the
target and detected by a receiver, typically in slaene location as the transmitter.
Although the radio signal returned is usually vergak, radio signals can easily be
amplified, so radar can detect objects at rangesravbther emissions, such as visible

light, would be too weak to detect [4]. Figure BeBresents an air surveillance radar.

3.4.2 IFF (Identify Friend or Foe):

IFF (Identify Friend or Foe) systems are used apssto electronically identify
friendly aircraft. These systems have interrogatord transponders. The interrogator
transmits an interrogation signal and the transponelsponds to the interrogation. The
failure of an aircraft response to an interrogatdmes not mean it is hostile; if an
aircraft does not respond, one cannot treat itlasstile aircraft because the IFF system
of aircraft may be out of order. However, an IFBp@nse does not guarantee that an
aircraft is hostile or friendly. After a targetdhbeen declared hostile and one decides to
engage the target. A tracking sensor and a weajsh Ioe assigned and the target must
be designated to the tracking sensor. The tradsigrs a weapon system to the target.

3.4.3 ESM (Electronic support measures) System:

-~
BN .
-
-

Figure 3.4 ESM System [29]
ESM system provides long-range threat detectiomathdirection-finding, and

accurate and positive identification of threat ¢eng. AN/SLQ-32 ESM system is one
of the common ESM systems in the navies. ESM pkaysimportant role in the

targeting process. Information gained through ESMiso used to update data bases,
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provide information for the other systems like fo@ntrol systems, combat systems.
Electronic support measures (ESM) is the divisidnelectronic warfare. It
involves intercept, identify, and locate sourcegatfiated electromagnetic energy for
the purpose of immediate threat recognition. Thletronic support measures (ESM)
provide a source of information required for imnagdidecisions involving electronic
counter-measures (ECM) (any sort of electrical lecteonic device designed to fool
radar, sonar, or other detection systems) [4]. feéig8i4 shows an ESM system on

frigates.

3.4.4 Chaff System:

=

Figure 3.5 Chaff Launcher Systems [29]
Chaff is a radar countermeasure in which aircrafotber targets spread short

lengths of plastic or fiber with a conductive cagti Chaff is packed into containers that
can be released by launchers on ships and aircFadisre 3.5 shows one type of these
launchers. Chaff is explosively discharged from twatainer into the atmosphere
where it spreads out, moves with the wind. Chaf lidle effect on incoming threat

missiles.

3.4.5 Active Radar Decoys:

These decoys can be considered expendable jammmersthey may be
employed as a self protection measure by approgdhneat. They are used by surface
ships to break the fire control systems’ tracksdAhese devices can be designed to

perform noise or deceptive jamming against surfzased search and track radar.
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3.4.6 Thermal Decoys:

Thermal decoys provide background noise or falsgeta against infrared (IR)

sensors [1]. It is mostly used against IR SAM indgfense system.

3.4.7 Fire Control System:

1

Figure 3.6 CAS Fire Control Radar [29]
The fire control system is very important in airfetese model. A fire-control

system consists of a computer designed to assigapon system in hitting its target.
Fire-control systems are often interfaced with sengsuch as sonar, radar, infra-red
search and track, laser range-finders, anemometerd, vanes, thermometers, etc.) in
order to cut down or eliminate the amount of infatibon which has to be manually

inputted tocalculate an effective solution. The situation f@aval fire control is more

complex because of the need to control the firihgeweral missiles at once. In naval
engagements both the firing missiles and targetnaoging, and the variables are
compounded by the greater distances and timesvedolCorrections are made for
temperature, rate of change of range with additiomalifications to the firing solution

based upon the observation of preceding shotslj4ihis model we assume that the
ship has a two unit fire control system and thairthanges are 100 km and 50 km
respectively. The first fire control system tradke target within the range of 100 km
and the first missile is launched to meet the taagd5 km which is maximum effective

range of SAM. The second fire control system takes the threat within the range of
50 km, thus the first fire control system can traciother threat. Figure 3.6 shows the

second fire control system.
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3.4.8 Launchers:

Figure 3.7 Mk-13 Launcher [29]

The task of the launcher is to carry and launchnissiles. The fire control
system leads the launcher to fire. Most of the shigve two types of launcher. These
are vertical launcher and deck mounted launchettidat launchers have fewer moving
part. A single set of vertical launch silos can ve hemispherical 360-degree
coverage. Since they do not need to be slewecceotfee target, they can launch rounds
more quickly, while the elimination of manual or chanical loading speeds up the
firing of salvoes. Vertical launch systems canyarmuch wider range of missile types
than traditional launchers [8]. The deck mountesh&ners must be controlled by a
servo motor which receives engagement angles fhenfite control system. Figure 3.7

shows one of the deck mounted launcher.

3.4.9 Surface to Air Missile Systems:

These systems are designed to be launched fromasHgstroy anti-hip missiles
and hostile aircrafts. Surface to Air Missiles (S#)Mire longest range ship self defense
system. They are the main weapon in hard kill defesystem. They can be launched
from different types of launchers. Nowadays, alldexm ships (frigates, cruisers,

destroyers, aircraft carriers) are equipped wittMS#ystems.

3.4.10 Gun Systems:

Antiaircraft artillery system has terminal defensde in ship self defense
system. It consists of a Gun System and Close iapaie System (CIWS). Gun system
is more effective at ranges of less than four kédtens against targets [1]. Many
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missiles are not effective at ranges of less thnam Kilometers, so the gun system is
very important for ships in self defense. Almosemvwarship is equipped with a gun

system. Guided missiles have adopted many rolesyadern navies, but there is

continued interest by ship operators in maintairgng capability. Gun applications fall

into three categories: ship defense; direct fireg dong-range indirect fire to support

troops ashore. In these roles, guns are generallyplementary to missiles. The

advantage of guns is that the rounds fired arelemahd less expensive than missiles,
so hundreds to thousands of rounds can be caxwdpared with tens of the more

expensive and larger missiles [9]. The SAMs areveoy effective against low altitude

targets, so ships can use gun system against tiwdal targets.

3.4.11 CIWS (Close In Weapon Systems):

Figure 3.8 Phalanx Close-in Weapon Systems [29]

A Close-in Weapon System (CIWS) is an autonomouapee system for
detecting and destroying incoming anti-ship missded enemy aircraft at short range.
It consists of a combination of radars, computers]d multiple rapid-fire medium-
caliber guns placed on a rotating gun mount. It eraginally designed to defend ships
against low altitude anti ship missiles. Becauseahplexity of threats and its high
firing rate, it is used against many types of niessand aircrafts. All modern ships are
equipped with a type of CIWS. Figure 3.8 shows ohehe commonly used CIWS

systems on ships.

3.5 Actual Systems Modeled In the Simulation Sceniaus

The real systems in navy are modeled in this th&ise the exact values are
confidential, the values for parameters have bdxairmed from open source. The threat
missiles and SAMs are indicated as follows:
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3.5.1 Exocet Anti-Ship Missile:

Exocet missile is a medium range anti-ship misghat was started in
development in 1967 by the Aerospatiale Companig.dtiginally designed as the ship-
launched variant MM 38 which entered service in3L9he air-launched version, AM
39, was developed in 1974 and entered to servite tve French Navy in 1979. The
missile is designed to attack large warships.

The versions of Exocet are as follows:
* MMS38 (surface-launched)
*  AM39 (air-launched)
e SM39 (submarine-launched)
*  MMA40 (surface-launched)

Sustaimer Motor Warhead Homing head

Jumctaon Twhe

Figure 3.9 Parts of the Exocet MM-40[29]

Figure 3.9 shows the parts of the Exocet MM-40 Haiss
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FLIGHT FROFILE IN WERTICAL PLANE
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Figure 3.10 Flight Profile of Exocet Missilg29]

As it can be seen in figure 3.10, after the misgléaunched, it flies at a 30 meter
altitude; in 8 seconds it begins to fly a 10 metiéitude; and in terminal phase, altitude
becomes between 2.5 and 7.3 meters. Table 3.1smpisethe specifications of Exocet

missile.

SPECIFICATIONS

MM 38 MM40/AM 39
Length 5.21m 5.78 m
Diameter 0.35m 0.35m
Weight 735 kg 855 kg
Speed 0.9 mach 0.9 mach
Range 2-22.5 nm 2-38 nm
Sea-Skimming Height 8m 8m

Table 3.1 Specifications of Exocet Missile [10]

3.5.2 Harpoon Anti-Ship Missile:

The Harpoon missile was developed in the early 4969 the US Navy.
Harpoon was designed for Navy’s basic anti-shipsii@sits main purpose was to sink
warships in open seas. With the recent developmeran be launched from aircrafts,
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ships and submarines. Figure 3.12 shows thesdgwoli has low level, sea-skimming
cruise trajectory and active radar guidance. Tipasts can be seen from figure 3.11. It
has high survivability and effectiveness againsgjets.

Since it has active radar guidance, once firedidss fto the target location
without additional guidance from firing platform.

Submarines fire a capsule containing the Harpoom ftheir torpedo tubes.
Table 3.2 presents the physical properties of Harpuissile.

SPECIFICATIONS

Sea launched Air launched
Length 4.55m 3.79m
Diameter 34.29 cm 34.29 cm
Weight 661.5 kg 515.25 kg
Speed 855 km/h 855 kg/h
Range > 60 nm > 60 nm

Table 3.2 Specifications of Harpoon [11]
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Figure 3.11 Parts of the Harpoon Missile [1P
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Figure 3.12 Harpoon Mission Profile [29]

3.5.3 HARM (High-speed antiradiation missile):

It is originally developed by US Navy and Raythepirexas Instruments]
company. It was started to be used in 1982. Ist Giombat use was in Libya in 1986.
During the Iragi war more than 400 missiles eliniokthe radar threat [13]. It is an air-
to-surface missile designed to destroy enemy radaipped air defense systems. It is
guided to radar signal. It is designed to be laedctiom aircrafts. Figure 3.13 shows
parts of HARM missile. Table 3.3 represents Speations of HARM missile.

HARM was originally developed by US Navy and Rawhe [Texas
Instruments] company. HARM is designed to be lagdcfrom aircrafts.The missile
began to be used in 1982 with its first combat mseibya in 1986. It is an air-to-
surface missile designed to destroy enemy radapped air defense systems. During
the Iragi war, more than 400 HARM Missiles elimiedthe threat of radar [13]. Figure
3.13 shows parts of HARM missile. Table 3.3 repneseSpecifications of HARM

missile
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AGM-88 HARM

Recket Motor

Guidance

Figure 3.13 Parts of the HARM Missile [13]

SPECIFICATIONS

Length 4.17 m
Diameter 25cm
Weight 363 kg
Speed 2280 km/h
Range > 48 km

Table 3.3 Specifications of HARM missile

3.5.4 Sea Sparrow Surface to Air Missile:

Figure 3.14 Sea Sparrow Missile [29]
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This is a radar guided medium range surface tangssile. Originally it was
developed by Sperry and the U.S. Navy; Sparrowés hersions were developed and
produced by Raytheon Co. and General Dynamicsadt started to be developed in the
mid-1950 as a lightweight "point defense" weapdans lused against hostile aircrafts
and anti-ship missiles. It is also used by aireraft self defense missile. The growing
threats from the ASM’s urge the development of 8fMs. So after 1968, the joint
development effort was begun with NATO countriesowddays, many NATO
countries and US Navy use Sea Sparrow as shipegnse missile. Figure 14 shows a
launched Sea Sparrow missile from deck mountedclzm Table 3.4 represents
specifications of a Sea Sparrow missile.

SPECIFICATIONS

Length 3.64 m
Diameter 20.325 cm
Weight 225 kg
Speed 4256 km/h
Range 6 nm

Table 3.4 Specifications of Sea Sparrow missile [[L1

3.5.5 Standard Missile (SM-1):

Figure 3.15 SM-1 Missile [29]
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The Standard Missiles the mainsurface to air missile for the many countries’
Navies. The Standard Missile was begun to be pexiutthe 1970s. Since it is one of
the most reliable SAM, it remains in operation withany international navies.
Raytheon Company supports US Navy to develop SMigsil. There are two major
types; these are the SM-1 MR/SM-2 (medium range€)tae SM-2 (extended range).
Table 3.5 represents the specifications of mediange SM-1 missile. SM-1's primary
function is to provide area defense against endngyaft and anti ship cruise missiles.

Figure 3.15 shows a launched SM-1 missile from aeolinted launcher.

Specifications

Length 4.48 m
Diameter 34.3cm
Weight 616kg
Speed >2500km/h
Range 46 km

Table 3.5 Specifications of SM-1 Missile [13]

Dorsal Fins Dual Thrusi Recket Motor
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Figure 3.16 Parts of the SM-1 Missile [29]
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4. SIMULATION MODELS
In our simulation models we have made some assangto as to elude the

complexity of real environments conditions andaysconfigurations.

4.1 Assumptions

1. Since operation periods are hundred hours, dunegadions the weather
condition does not change significantly. Environtaénconditions
(Weather, sea condition, wind speed, etc.) are reghoduring
simulations.

2. Since there is no available data about operatarsts under different
operational conditions, the operators’ errors ac¢ imcluded in the
models.

3. Only Hard Kill systems are modeled, Soft Kill coentmeasure system
(chaff, decoys, radar jamming devices) are not idensd. In real war
conditions, the Soft Kill measures are used toratstthe threat from
very long range. In operation area many ships ofiek#l measures to
hide themselves from a very long range. Soft kidasures cannot be
used for some type of missiles (like anti radiatiissiles).

4. Since speed of the ship is very slow with respecattacking missile,
ship’s movements are not taken into consideratioing calculations.

5. Radar and ESM system are considered together wgegnizing the
threat. The radar can detect active homing threasila earlier than
ESM, on the other hand ESM can detect hostile airaarlier than
radar.

6. Radar maximum detection range is assumed to b&@0@nd it detects
every threat within the range of 200 km. In reatditions the detecting
ranges are not constant; they depend on type andrpuf a radar.

7. Most of the ships in the navies of today’s can thuane type of SAM.
So the ships in our simulation models can only dine type of missile.
During simulations SM-1 and Seasparrow missilesenellated.

8. There is only one launcher on the ship, so the saimot launch more
than one missile at the same time. There is loadelgy between two

subsequent firings. This delay differs with resgedhe launcher type. In
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this thesis, the loading delay is the same fos@harios.

9. The SAM missiles and the threat missiles are asdumenove linearly.
Acceleration and nonlinear movement are not consele

10.Since only SM-1 and Seasparrow missiles (Semi-ad¢toming missiles)
are simulated, they need to be illuminated alitlag of engagement.

11.There are two tracking sensors on board and theyel illuminate one
threat at the same time. The SAMs maximum Kill engre assumed to
be 45 km and 15 km. Since the first tracker camilhate the threats up
to 100 km and the second tracker can illuminatehheats up to 50 km.,
the first SAM can hit the threat at 45 and 15 knthwiespect to SAM
type. (Which are SM-1 and Seasparrow)

12.There are civilian aircrafts, hostile attackingceafts, and incoming anti-
ship missiles in operation area. And these airgrafid missiles have
constant velocity during simulations. During thelca&ations, these

constant velocities are considered.

4.2 Comparative Analysis
The analysis of ship air defense is not only simplenerical analysis and their

comparison, because survivability of the ship dlss to be considered in defense
analysis. The effects of firing policies under éifint operational conditions are
analyzed. In simulation models the following measaf effectiveness (MOE) will be
used to compare the ship air defense systems. TWe&&ss will differ according to the
scenarios. These MOEs are as follows:

* Number of expended SAMs (cost)

* The ranges at which targets are destroyed

* Number of leaker missiles(missiles that hit thg¥hi

These parameters are analyzed for different saenand each SAM missiles.

4.3 Parameters Used In SSAD Simulation Model

In this thesis the real threats are simulated. ihoulaite the threats and to
determine the rate of tracks, we considered tloeadis, the missiles, and the land based
launchers in Aegean Sea. The other threats aroumkiey are not considered. So a

database is created to use in simulations. Thigbdae is unclassified. To create the
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database open sources like Jane’s defense ship waokfas.org and the other related
web pages are used.
1. Threat missiles:
* Harpoon:
- Speed: 0.8 mach
- Frequency: 16670-16930
- Range: 130 km
- Guidance: Active homing

» Exocet
- Speed: 0.9 mach
- Frequency: 8850-9600
- Range: 70 km
- Guidance: Active homing

* Harm
- Speed: 0.9 mach
- Range: 148 km
- Guidance: Anti-radiation missile

2. Surveillance system:

* Max detection range: 200 km

3. Firing policy:

» Shoot-Shoot-Look (S-S-L) firing policy: In this firing policy two
missiles are fired one after another before adgessment is made.
The time between two fired missiles depends ontytpe of missile
launcher. The missiles may be expended unneceasgways, even
if the second one hits.

*  Shoot-Look-Shoot (S-L-S) firing policy: In this firing policy, the
second missile is not fired until the first firedissile reached its
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destination. If the first missile cannot Kkill itarget than the second
missile is fired.
4. SAM:

e SAM1 (SM-1):
- Max kill range: 45 km
- Min kill range: 5 km
- Speed: 2 mach

- Guidance: semi active

+ SAM 2 (Sea sparrow):

- Max kill range: 15 km
- Min kill range: 5 km
- Speed: 2.5 mach

- Guidance: semi active

5. Aircrafts:
* Military hostile aircrafts:
- Speed: 1.2-2 mach
- Radar frequency: 9700-10000 MHz

e Civilian aircrafts:
- Speed: 0.6-0.7 mach
- Altitude: 5000-10000 m

4.4 General Situation in Scenarios
In all of the scenarios, we assume that a shimisolling an assigned area and

performing ship self defense. There are air thredtich may be missiles and aircrafts
in operation area. Our mission is to defend the slgainst these threats. To defend the

ship against these threats, the ship has to hale wearning systems and identifying
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systems like IFF. To identify the incoming tracktesunderstand whether it is missile,
friendly aircraft, civilian aircraft or hostile araft. To do this identification the ship has
to use the systems that are on board. These syatems

* Radar

« IFF System

* ESM (Electronic support measures) System

In threat area the ship first tries to detect tivedts by its radar. Early warning
radars are very important for ship survivabilitgchuse they are long-range radar and
their theoretical ranges may be up to 500 km. Tétezal range is a function of radars
power output, pulse repetition frequency and asslutagget cross-section. However,
normally their effective ranges are not so long;ause the weather conditions. The size
of threat, and the performance of the radar atieetrange of the radar. After the ship
detects an object, she has to identify the objEEtsystem and ESM system are used to
identify the detected objects. By ESM system thip slan get signal from very long

ranges and the ship can get ready for potentiahthr

If detected object is a missile, layered defenstesy is implemented to shoot
the missile. Layered defense system consists dfil@ssSurface to Air Missile systems
(SAM), gun systems, CIWS (Close In Weapon Systgrajesns. In these models SAM
missiles are launched against incoming missiletiwithe SAM’s range, if SAM can
not shoot the missile within this SAM’s range (UBu&AMs’ minimum Kkill range is 5
km) then gun is used to engage to the missilgsatstep CIWS is used to engage to the

very close incoming missiles.

If the detected object is an aircraft, we needinal fout if it is a hostile or
friendly aircraft. IFF system may be used to eviduhe detected aircraft’s identity. If
we assure that the detected aircraft is hostiler the need to get ready to shoot the
incoming aircraft. But the enemy aircrafts don’t gethin the ship’s standoff ranges
(the maximum range that the ship can shoot thathneith a SAM). In operation area,
hostile aircrafts launch their missiles outside #t@ndoff range. If a hostile aircraft
launches its missile outside the ship’s standaffjeathen the layered defense system is

applied against this missile.
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In this thesis, the actual systems are modeledsdkystems are;
* AN/SPS-49 Air Surveillance Radar _
Ship systems
* MK-13 Horizontal Launcher
* SM-1 Surface to Air Missile .
Defense missiles
* Sea Sparrow Surface to Air Missile
» Exocet Anti Ship Missile
e Harpoon Anti Ship Missile Threat missiles

* Harm Anti Ship Missile

In this work, AN/SPS-49 Air Surveillance Radar’'def#ion range is assumed to
be 200 km. It is constant for all simulation modatsd parameters. AN/SPS-49 Air
Surveillance Radar’s theoretical range may be upd® km. But when the weather
conditions, the size of threat, the performancthefradar are considered, 200 km is the
effective range for detecting air objects with AR&49 Air Surveillance Radar. The
detecting probability depends on the range, ifrmoming object is within the range of
200 km, the sensor can detect it. That means egegt within the 200 km is detected
by the ship. Figure 4.1 shows the cover areaseoéimsors of the ship that are modeled

in this thesis.

STIR

100 km

ol Km

Figure 4.1 Sensor Coverage Areas [29]

When the sensor detects an object, the identithefobject is not known. To

evaluate the incoming threats, several propertfethe object are considered: range,
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speed, frequency, altitude. With respect to thespasties, an object may be classified
as a missile, civilian aircraft, hostile aircradt,friendly aircraft.

If the incoming object is civilian aircraft the ghdoes not react to the aircraft
with its defense system. If it is a hostile airtrife ship is alerted and controls the
aircraft.

The ships have defense zones, and in these zbedsayered defense system is
applied. We divide the defense area in to thre@zohhe first zone is the outer defense
zone, in this zone the incoming aircraft or misglengaged by a SAM. In the middle
defense zone the incoming aircraft or missile igaged by a Gun. In the inner defense
zone the incoming aircraft or missile is engagedCiWvS. Figure 4.2 illustrates these
zones. Normally the aircrafts do not enter the iiraved middle zone; they launch their
missile out side of the middle zone. So we asstmaethe aircrafts launch their missiles

from standoff range.

Altitude

Outer Defense Zohe ) E

Horizontal range

Figure 4.2 Defense Zones

These three defense systems have Kkill probabiliibese are single shot hit
probabilities which are simulated in ARENA. Anti face Missiles do not have Kill
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probabilities in our models. Target hit probabilisy determined only by the defense
system hit probability.

4.5 Scenarios

In the scenarios the incoming objects are genetayexteate module. When we
use exponential, uniform and triangular distribatio generate the tracks, the number
of leaker missiles and number expended SAMs chaiggeficantly. Since we assume
that we do not have any data about the frequencyhefincoming tracks, the
exponential distribution with the mean 30 minutessed to generate the tracks.

Since we do not have any information about theibision of the properties of
incoming tracks and we know minimum and maximumuegalwe used uniform
distribution in assigning properties.

On average every 30 minutes one object (traclorested. To give identity
every object, some properties are assigned (rasygeed, altitude, frequency). The
uniform distribution describes an outcome that quadly likely to fall anywhere
between a minimum and a maximum value [22]. Thathisre is an equal probability
that all values of an outcome will fall between tmenimum and maximum value.
Furthermore, this distribution is used when the imaxn and minimum values are fixed
[23]. And also the uniform distribution can be usduken an interarrival or service time
is known to be random, but no information is imna¢elly available about the
distribution [21].

In determining the altitude of the incoming objediscrete probability
distribution is used. Table 4.1 shows the confijareof the generated tracks. The track
whose altitude is above 5000 m is considered aBatiwaircraft in simulation models.
The other tracks’ altitudes are divided in threggahese are 100 m, 1000 m and 5000
m. The sea skimming missiles are flying at very ktitude, so they are considered less
than 100 m. The other missiles are assumed likegflipetween 100 and 1000 m. The
hostile aircrafts are assumed like flying less tb&0 m. The altitude of the thirty
percent of the threats are less than 100 m, tweergent of the threats are between 100
m and 1000 m, twenty percent of the threats atedmn 1000 m and 5000 m, thirty

percent of the threats are between 5000 m and0L@0The real exercises results are
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considered to determine these proportions. Thssengptions are implemented in the

all scenarios.

Altitude Identity Occurrence Probability
Above 5000 m Civilian aircraft 0.3

1000 m-5000 m Aircrafts 0.2

100 m -1000 m Missiles-aircrafts 0.2

O0m-100 m Missiles 0.3

Table 4.1 Configuration of the Generated Tracks.

Type: Attribute Mame:
I.-'l‘-.ttril:uute j Ialtitude j
Mew W alue:

] I Cancel Help

After an object has all its properties, it also hasidentity. The max effective

detection range of radar is 200 km, so the objeatside of 200 km range will be
delayed until they will be within the range of 2k®. We assume that the radar detects

every object within the range of 200 km.

petay 2] x|
WETTE Allocation:
Delay 1 MIEE =l
Drelay Time: e
|[range-2EID]£speed j IHl:uurs j
(] I Cancel | Help |

34



Table 4.2 shows the configurations of the scenarios

Firing Policy | SAM type Threats SAM capacity
Scenario 1 S-L-S SM-1 Missiles Unlimited
Scenario 2 S-L-S Seasparrow Missiles Unlimited
Scenario 3 S-L-S SM-1 Missiles Limited
Scenario 4 S-L-S Seasparrow Missiles Limited
Scenario 5 S-L-S SM-1 Missiles-aircrafts Unlimited
Scenario 6 S-L-S Seasparrow Missiles-aircrafts Unlimited
Scenario 7 S-S-L SM-1 Missiles Unlimited
Scenario 8 S-S-L Seasparrow Missiles Unlimited
Scenario 9 S-S-L SM-1 Missiles Limited
Scenario 10 S-S-L Seasparrow Missiles Limited

Table 4.2 Configurations of the Scenarios

4.5.1 Scenario 1 (SM-1 SAM)

In this scenario, there are civilian aircrafts dhteat missiles in the operation

area and we do not consider the friendly militargrafts and hostile military aircrafts.

So after an object is detected, as it can be geemthe figure below (friend or hostile

decide module), the speed is checked and if thedsigegreater than 18 km/mn (which

is about 1100 km/hr or 0.85 mach) than we can kayit is threat missile. Otherwise,

the detected object may be civilian aircraft oretir missile. Because the civilian

aircrafts’ speed is between 0.6 and 0.7 mach agid ahitude is over 5000 m. Then the
altitude of track is checked (friend or hostile2dule). If the altitude is over 5000 m

then we can say it is a civilian aircraft.
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pdated range

iy,
I \
radardetlm7H friend or hastile »l
\u .

AT

Delay 1 —

friend or hostile?

After the identity of the incoming object is detened, the engagement process
Is started. There are two trackers on board. Orieesh is Separate Track llluminating
Radar (STIR) whose tracking range is 100 km; thHeerobne is Combined Antenna
System (CAS) whose tracking range is 50 km. Theriring missile is tracked by STIR
and since SAMs’ range is 45 km, the first SAM igrlahed to shoot the incoming threat
at 45 km. The engagement by SAM will continue bemvehe ranges of 45-5 km.
During these engagements, the S-L-S (Shoot-LooloHwing policy is used. Since
SAM capacity is not limited in this scenario, onéssile can be engaged by 3-4 SAM
between these range intervals.

If SAM could not shoot the incoming missile betwabe ranges of 45-5 km,
then the gun will engage to the missile betweerrdnges of 5-1 km. The firing rate of
gun is about 60 rounds per minute and single shobgbility is 0.05. During
simulations, it is assumed that the gun will fireeadound per second. If the gun can not
shoot the missile, CIWS will fire with the kill ppability of 0.25. The missiles which
are not killed by CIWS become leaker missile (Messihat shoots the ship). Figure 4.3

illustrates a representative diagram of Scenario 1.
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Figure 4.3 Representative Diagram of Scenario 1

4.5.2 Scenario 2 (Seasparrow SAM)
The difference of this scenario from scenario-1thie type of SAM. In this

scenario Seasparrow missile is used as SAM. ltsmanr kill range is 15 km and its
speed is 50 km per minute. Since the maximum &ilige of Seasparrow is less than
SM-1's maximum Kill range, the ship can engageh® target by missile within the
range of 15-5 km. The number of missiles that séwpends and cumulative Kkill
probability of missiles decrease, so the numbeleaker missiles increases when we
compare with scenario-1. The higher speed of Seaspalecreases the number of

leaker missiles slightly.

4.5.3 Scenario 3 (Limited SM-1 SAM) — Scenario 4 (imited Seasparrow SAM)
In real operation situation a naval ship can carfymited number of missiles

and with these missiles the ship has to defencetieand fulfill her tasks. Most of the
ships can carry 30-40 SAMs. In scenarios 3 ancedtimber of SAMs is limited. It is

assumed that the ship has only 30 missiles on b&arave revise our model as follows;
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rob of killing b
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— Delay 3 updatedranges

Figure above shows that another decide module iens®ck control) is added
in the model, if the number of expended missildess than or equal to 30, the ship can
engage to the threat with missile. Otherwise, thip fas to engage to the threat with
gun system within the range of 5-1 km.

In these scenarios, the firing policy becomes nroportant. In scenario 3, SM-
1 SAM is used and in scenario 4, Seasparrow SANs&. In these models since the
number of SAMs is limited, we observe that the namdf leaker missiles increases. So
the firing policy becomes more important. In chaptehe firing policies are analyzed

and the best firing policy is determined for thpecation condition.

4.5.4 Scenario 5 (SM-1 SAM and Hostile aircraft) -Scenario 6 (Seasparrow SAM
and Hostile aircraft)

In scenario 5, there are threat missiles, civibaerafts and hostile aircrafts in
the operation area. The engagement processesnaitar 4o scenario-1. In scenario 1
there is only one threat evaluation, to determing is friend or hostile. After it is
determined that the incoming object is hostile, mezd to understand whether it is
missile or aircraft. One way to do that is to chebk range of the object. During
simulations it is assumed that there are threestygf Anti Ship Missiles (Exocet,

Harpoon, Harm) in the operation area and it is mssuthat their ranges are 70, 120,
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130 km respectively. As it can be seen from tharBgoelow, after we decide that the
incoming track is a threat, if the range of theedttd object is greater than 130 km, we
can say that it is hostile aircraft. If the randeobject is less than 130 km, we need to
check its frequency to understand whether it issil@isor aircraft. It is assumed that
there are only two kinds of aircrafts which are@~ahd MIRAGE-2000 aircrafts, (their
radar frequency is between 9700-10000 MHz), Ifftequency of detected object is not
between 9700-10000 MHz, it will be treated as nesdif it is an aircraft (whose
frequency is between 9700-10000 MHz), then therairevill not engage to the ship
until it comes to standoff border which is 45 knor(fSM-1 SAM) from the ship.
Because the ship cannot engage to the aircratieiathan 45 km, so the aircrafts
usually attack from closest point that is possitiies is 45 km in these models.

Therefore, to react to the missiles which will labhrfrom aircraft is harder than the

whether aircraft?

rargess|

e L s e
Hie ﬂql.nru:);;?.'tl:l

s I}
migzilefired I
- Delay S ﬁongl

LI

other missile.

engaced
hostileaircraft
S— ]
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I ame: Type:
whether aircraft? j IN-wa_l,l by Eunditinnj
Conditions:

Attribute, range, ==, 130 Add.
Attribute, frequency, »=, 10000
Attnbute, freguency, »=, 3700
<End of lizt:

=
=

Edit...

Delete

i

0k, I Cancel | Help

In the first scenario, there are only missileshaisdts, so the defense system can

follow the incoming missile and launch the firsti8Ao shot at 45 km. If the first SAM
cannot shot the missile, it can launch 2-3 more SBédveen the ranges of 45-5 km.
But when there are hostile aircrafts, it is verycheo determine when the aircraft will
launch the missile.

Normally the hostile aircrafts do not enter thendtzf range. In this scenario the
aircrafts launch their missiles 45 km from the sHipe distance that the first SAM will

meet the missile is calculated as follows;

Altribute Mame: M e W alue:
range j Irange-[ranges’[speedmﬂ]"speed]

] I Cancel Help

From the calculation above we can observe thaetifygagement range of first
SAM decreases.

In scenario 6, Seasparrow is used as SAM. Its maxirkill range is 15 km and
its speed is 50 km per minute. The distance tiafitst SAM will meet the missile will

be calculated as follows;
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range
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Figure 4.4 illustrates a representative diagrar@aghario 5.
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Figure 4.4 Representative Diagram of Scenario 5

4.5.5 Scenario 7 (SM-1 SAM and S-S-L firing policy} Scenario 8 (Seasparrow
SAM and S-S-L firing policy)

In these scenarios S-S-L (Shoot-Shoot-Look) fipadjcy is used. In the S-S-L

firing policy, two missiles are fired to the incamgi threat missile before a Kill
assessment is made. With this policy number ofdeakissiles decreases. However,
the first missile [1].

missiles may be expended unnecessarily using 48ty if the target is destroyed by

In this policy first a missile is fired, right afteecond missile is fired. The time between
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the fired missiles depends on launcher capabihtyhis thesis it is assumed that MK-13
Horizontal Launcher and Seasparrow launcher ard asd the time between the two
missile salvos is assumed to be 10 seconds. “Oielagecond missile” entity in figure

below is added to the model to give this delay. Thenber of expended missiles is
more than the S-L-S system. In this model, firsniasile is launched to kill the threat
and after 10 seconds another missiles launcheswhé first missile has not yet

reached its destination. If the first missile killge threat then second missile will be
wasted. In the first step model below, 2 missilesexpended for an incoming threat. If
the incoming missile is killed by the first missileen the second missile is wasted.
Otherwise after 10 seconds the second missiletwyilto kill the threat with the same

kill probability.

expanded
missiles

rab of killing b
missile

rob of killing b
secondmissile

delay for second
mizzile

secondrange

Delay & pdatedranges

In these scenarios SM-1 (Scenario 7) and Seaspdf@oenario 8) missiles are used.

These missiles have the same kill probability ahéother scenarios.

4.5.6 Scenario 9 (Limited SM-1 SAM and S-S-L firingpolicy) — Scenario 10
(Limited Seasparrow SAM and S-S-L firing policy)

In these scenarios S-S-L (Shoot-Shoot-Look) firpalicy is used. But, the
number of SAMs is limited. The ship has only 30siés. In this model another decide

module (expmissile) is added to the S-S-L firindgiggomodel as follows;
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In the model figure above, for an incoming threed Mmissiles are expended and
the ship has only 30 missiles for an operation.tls® firing policy becomes more
important in these scenarios. In scenario 9, SMAMSs used and in scenario 10,

Seasparrow SAM is used.
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5. COMPARATIVE ANALYSIS FOR MEASURE OF EFFECTIVENES S

In the tests below kill probability of SAM diffesom 0.4 to 0.7. These Kill
probabilities change with respect to missile prapsr The kill probabilities of recently
improved missiles are higher than the other missiB we used different missile kill
probabilities to show the differences between rtedypes.

As a result of these tests, we see that the sgstehich are equipped with
missiles with higher kill probability reduce the mber of leaker missiles. These
differences show the importance of the missile gibbability and urge nations to
develop new kind of SAMs against aircrafts anddhraissiles.

In a simulation analysis, when estimating the nemdd simulation runs, if we
wish the maximum error of our estimate to be (saywen value) E with level of
confidence l&, we should have set the number of runs for eaullation model to be
at least

2

| La2| 1
n= = [28]

FNg

When the number of replication is assumed 50sinario 1E=0.13 and
number of leaker missiles becomes 6.82. On ther dthad when it is assumed 96
E=0.10and number of leaker missiles becomes 6.72. Smtlkeel models we want the
maximum error of our estimate to be between 0.10 @15, we took number of
replication 50.

5.1 Comparative Analysis for Average Number of Expeded Missiles and Average
Number of Leaker Missiles for Different Scenarios.

Figure 5.1 illustrates average number of expend@dsSfor different SAM Kill
probability for scenario 1 and 2.
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Figure 5.1 Average Numbers of Expended SAMs for Diérent SAM Kill

Probabilities for Scenarios 1 and 2
In summary, for Scenario 1 and 2, when we incrdahsekill probability of

SAMs, the number of expended missiles decreaseis. i$hbecause we use fewer
missile to shoot the incoming threat missiles. 8i88/-1 Kills threats at a longer range
than the Seasparrow, the number of expended nsgsilscenario 1 is more than the
number of expended missiles in scenario 2 withstmae kill probability of SAM. But
the number of leaker missiles in scenario 1 is kss; the number of missiles in
scenario 2 with the same kill probability of SAMe@ause in scenario 1, the ship begins
to shoot the incoming threat at 45 km which is b ik scenario 2. So we can say that

the ships which are equipped with long range nassidn survive with higher

probability.
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Figure 5.2 Average Numbers of Leaker Missiles for [ferent SAM Kill
Probabilities For Scenario 1 and 2
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Figure 5.2 illustrates average number of expend&dsSfor different kill probabilities
under for scenarios 1 and 7.
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Figure 5.3 Average Numbers of Expended SAMs for Derent SAM Killing

Probabilities for Scenario 1 and 7
In the figure 5.3 the number of expended missilesgenario 7 is more than that of

scenario 1. Because in scenario 7 Shoot-Shoot-[(8dg-L) firing policy is used. In S-
S-L firing policy the ships fire two missiles respgely for an incoming threat. This
firing policy can be implemented by ships which édwgh SAM capacity. So when we
consider a single ship in an operation area, it matybe possible to use S-S-L firing

policy. Figure 5.4 below shows that the numbdeaker missile is less in scenario 7.
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Figure 5.4 Average Numbers of Leaker Missiles for [erent SAM Kill
Probabilities for Scenario 1 and 7
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Figure 5.5 Average Numbers Of Expended SAMs for Diérent SAM Kill
Probabilities for Scenario 2 and 8

Figure 5.5 shows a similar result the number ofeexied missile in scenario 8 is more
than that of in scenario 2. Because in scenariba@8Shoot-Look (SSL) firing policy

is used. Figure 5.6 below shows that the numbdealer missile is less in scenario 8.
Since missile engagement range is between 5 kml1&nhém there is not a huge

difference between these two policies.
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Figure 5.6 Average Numbers of Leaker Missiles for [erent SAM Kill
Probabilities for Scenario 2 and 8
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When there are hostile aircrafts in the operati@aathe number of expended missile
does not change significantly for the same firiogjqy and missile kill probability, but
the number of leaker missile increases. This isabse the ship cannot react to an
incoming aircraft far from its standoff range. Nailitg, the hostile aircrafts engage their
missiles at ship’s standoff border and this deld#ys ship’s reaction. This delay
increases the number of leaker missiles. The fgybedow show these configurations

for SM-1 missile.
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Figure 5.7 Average Numbers of Expended SAMs for Diérent SAM Kill
Probabilities for Scenario 1 and 5
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Figure 5.8 Average Numbers of Leaker Missiles for [erent SAM Kill
Probabilities for Scenario 1 and 5
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Figure 5.9 and 5.10 is the same scenarios for Seasp SAM.
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Figure 5.9 Average Numbers of Expended SAMs for Diérent SAM Kill
Probabilities for Scenario 2 and 6
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Figure 5.10 Average Number of Leaker Missiles for Dferent SAM Kill
Probabilities for Scenario 2 and 6

Figure 5.11 and Figure 5.12 below shows the resfltBring policy in real
operation area. In scenario 9 and scenario 10hipehsis limited amount of SAM and it
uses S-S-L firing policy. Since the ship expendsniissiles in a short time, it cannot

react to the incoming threats with SAM during wholgeration. So in Scenario 9 the
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number of leaker missile is very high and it does change significantly with respect
to missile kill probability.
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Figure 5.11 Average Numbers of Leaker Missiles forDifferent SAM Kill
Probabilities for Scenario 1 and 9

100
90 - —8—a 8 5 a
80
70
60 -
50
40
30

20 T~

10 | \

0 T T T T T T T T
0,3 0,35 0,4 0,45 0,5 0,5 0,6 0,65 0,7 0,75

—e—sScenario 2

—=— scenario 10

number of leaker missile

missile kill probability
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5.2 Comparative Analysis for Kill Range of Threatsfor Different Scenarios
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Figure 5.13 Kill Ranges for Different SAM Kill Probability for Scenario 1 and 2

In Figure 5.13 y axis represents where threat strdged. We see that the kill range of
SM-1 is much more than the Kkill range of Seasparaod this affects the number of

leaker as mentioned above.
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Figure 5.15 Kill Ranges for Different SAM Kill Probability for Scenario 1 and 7

Figure 5.14 and Figure 5.15 shows that S-S-L fiqadicy increases the missile Kill
range. Because when the ship shoots the incomnegttiwith two SAM respectively,

the incoming threat is killed earlier than S-L-8nfg policy.

> /
__ 34
S /
x 32
g 28 — —e—scenario 1
= —=—scenario 5
9
E 2.

20 T T T T T T T T

0,3 0,3 04 045 0,5 055 0,6 0,65 0,7 0,75
missile kill probability

Figure 5.16 Kill Ranges for Different SAM Kill Probability for Scenario 1 and 5

52



12

115
c /
< 11
o /'—/
= 10,5 * _
© 10 —e—scenario 2
= ././'/'/.7‘/. —= scenario 6
© 9,5
@ 97
E g5-
8 T T T T T T T T

0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75
missile kill probability

Figure 5.17 Kill Ranges for Different SAM Kill Probability for Scenario 2 and 6

Figure 5.16 and 5.17 shows that when there areld@sicrafts in the operation area,
the kill range decreases significantly for the safmmg policy and missile Kill
probability. Normally, the hostile aircrafts engatfeir missiles at ship’s standoff

border and this delays the ship’s reaction andedesas the missile kill range.
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Figure 5.18 Kill Ranges for Different SAM Kill Probabilities for Scenario 1 and 9
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Figure 5.19 Kill Ranges for Different SAM Kill Probabilities for Scenario 2 and 10

Figure 5.18 and 5.19 shows that the S-S-L firingcy kills the threat missiles
at longer distance than the S-L-S firing policy.t Behen we compare the number of
leakers of both firing policies, it is observedttisaS-L firing policy is not convenient

firing policy for ship survivability.

5.3  Comparative Analysis for the Effects of Kill Pobability Improvements in
Combat System Types

In these tests we try to determine which combatesyss more vital for ship
survivability. For these tests, the SM-1 kill prbbay in scenario 1 is changed from
0.50 to 0.60 and the average number of leaker misscompared with output analyzer

as follows;
Given two paired set:and¥:of n measured values, the pairetést determines

whether they differ from each other in a significaray under the assumptions that the
paired differences are independent and identicadhynally distributed [27]. Since we
want to determine whether the means of leaker lessdiliffer from each other
significantly with different kill probability, we se paired t test.
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Ho= At the selected confidence level, there is néeddince between the means of the
number of leaker missiles provided by S-L-S firpaicy and with SM-1 SAM.

H;= At the selected confidence level, there is diffee between the means of the
number of leaker missiles provided by S-L-S firpaicy and with SM-1 SAM.

___Jl:ompare Means - sm1leaker.flt 10l =|

Diff

Paired-t Comparison of Means
95% CL est Value
n 22
leaker missiles 162 ) 278
1\ L]
1]
Paired-T Means Comparison : ;I
IDENTIFIER ESTD. MEAN STANDARD 0.950 C.I. MINIMIUM Mi<IMUM HNUMEEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF O0B3
leaker missiles 2.2 3.52 0.58 1 14 144
1 7 144
REJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
-
Kl ol

The cumulative gun hit probability in scenario Ickeanged from 0.25 to 0.35 and the
average number of leaker missile is compared witput analyzer as follows;

___Jl:ompare Means - smileak.ft 10l x|

Diff

Paired-t Comparison of Means
95% CL Eest Walue
i 05
leaker missiles T 0.0862 : 0914
1]
Paired-T Means Cowparison : ;I
IDENTIFIER E5TD. MEAN STANDARD 0.950 C.I. MINIMIT HaxXTMUM NUMEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF 0E3
leaker missiles 0.5 3.6 0.414 1 14 294
1 13 294
REJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
-
Kl H 4
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The cumulative CIWS hit probability in scenarioslchanged from 0.25 to 0.35 and the
average number of leaker missile is compared withwt analyzer as follows;

___Jl:ompare Means - sm1leaker.flt 100 x|
Paired-t Comparison of Means Diff
95% CL est Value
N 0.245
leaker missiles 012 1 0E17
T
1]
Paired-T Means Comparison : ;I
IDENTIFIER ESTD. MELN STANDARD 0.950 C.T. MINTMITM MLXIMITM HNUMEER
DIFFERENCE DEVIATION HALF-WIDTH YALUE VALUE OF OB3
leaker missiles 0.248 H.3 0.368 1 14 310
1 13 310
FATL TO REJECT HO => MEANS ARE EQUAL AT 0.05 LEVEL
e
Kl oz

In these tests we compare how improvements in fobability affect the
number of leaker missiles. When we increase tHepkilbability of combat systems at
the same rate, it is observed that the SAM systemmare effective system for ship
survivability. In the first test when we increabe thit probability of SAM from %50 to
%60 the number of leaker missiles decreases ab@uh2verage. In the second test,
when we increase the hit probability of gun from &%@% (in cumulative probability it
is %25 to %35) the number of leaker missiles des@gabout 0.248 in average. In the
third test, when we increase the hit probabilityGd¥sS from 25% to 35% the number
of leaker missiles decreases about 0.5 in ave&mgee conclude that to improve the hit
probability of missiles increases the ship surviligbmore than the other combat
systems. These results lead the nations to makeovwement in missile design and
constructions.

The Seasparrow Kill probability in scenario 2 iseged from 0.50 to 0.60 and

the average number of leaker missile is comparéd evitput analyzer as follows:
H,= At the selected confidence level, there is néed#hce between the means

of the number of leaker missiles provided by S-firg policy and with Seasparrow
SAM.
H,= At the selected confidence level, there is défere between the means of

the number of leaker missiles provided by S-L-$drpolicy and with Seasparrow

SAM.
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___Jl:ompare Means - sm1leaker.flt 10l =|

Diff

Paired-t Comparison of Means
95% CL est Value
n 22
leaker missiles 162 ) 278
1\ L]
1]
Paired-T Means Comparison : ;I
IDENTIFIER ESTD. MEAN STANDARD 0.950 C.I. MINIMIUM Mi<IMUM HNUMEEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF O0B3
leaker missiles 2.2 3.52 0.58 1 14 144
1 7 144
REJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
-
Kl ol
___Jl:ompare Means - sprleak.flt 10l =|

Paired-t Comparison of Means Diff
5% CL st value

N 742
leaker missiles 657 I—— 2

TD
Paired-T Means Comparison : ;I
IDENTIFIER E5TD. MELN STANDARD 0.950 C.I. MINIMIUM Mi<IMUM NUMEEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF 0B3
leaker missiles T7.42 13.2 0.791 1 49 1079
1 33 1079
REJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
e
Kl o

The cumulative gun hit probability in scenario Zkanged from 0.25 to 0.35 and the
average number of leaker missile is compared withwt analyzer as follows:
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___Jl:ompare Means - sprleak.ft 10l |
Paired-t Comparison of Means niff
95% CL est Value
i 244
leaker missiles 17 1 347
1\ L]
1]
Paired-T Means Comparison : ;I
IDENTIFIER ESTD. MEAN STANDARD 0.950 C.I. MINIMIHM MAXIMIM NUMEER
DIFFEFENCE DEVIATION HALF-WIDTH VALUE VALUE OF 0B3
leaker missiles 2.44 14.9 0.738 1 49 1571
1 44 1571
EEJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
e
Kl 1Y

The cumulative CIWS hit probability in scenarios2changed from 0.25 to 0.35 and the
average number of leaker missile is compared withwt analyzer as follows:

___Jl:ompare Means - sprieak.flt - |EI|1|

Paired-t Comparison of Means niff
95% CL est Value
n 228
leaker missiles 158 ) 2589
1\ L)
1]
Paired-T Means Comparison : ;I
IDENTIFIER ESTD. MEAN STANDARD 0.950 C.I. HINIMUM Mi<TMIM NIMEEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF OB3
leaker missiles Z.29 14.3 0.703 1 49 1552
1 43 1552
REJECT HO =- MEANS ARE NOT EQUAL AT 0.05 LEVEL
e
Kl A

We conclude that as a result of these tests, isicrgathe hit probability of
missiles decreases the number of leaker ratherttigagun system and CIWS system.

5.4 Comparative Analysis for the Effects of MaximumKill Range Improvements

in Combat System Types
Kill range improvements affect the number of legkand ship survivability. So

determining to improve which combat system is vartical for decision makers. The

analyses below show these decisions.
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H,= At the selected confidence level, there is néed#hce between the means

of the number of leaker missiles provided by SAMrignge 60 km and 45 km.

H, = At the selected confidence level, there is néed#hce between the means

of the number of leaker missiles provided by SAMrange 60 km and 45 km.

LiBix
Paired-t Comparison of Means niff
95% CL est Value
n 1.35
leaker missiles 0883 ] 1.51
'T*D L
Paired-T Means Cowmparison : ;I
IDENTIFIER ESTD. MEAN STANDARD 0.950 C.I. MINIMITH Mi<TMIUM NUMEEER
DIFFERENCE DEVIATION HALF-WIDTH VALUE VALUE OF 0BS
leaker missiles 1.35 3.53 0.464 1 14 Z25
1 10 Z25
REJECT HO => MEANS ARE NOT EQUAL AT 0.05 LEVEL
Kl o
14
3
= 12 «
7 \
g 10 '\\\
o 38 -
x \ \ —e— SAM Kill range 45 km
2 6 —=— SAM kill range 60 km
(e} \-\\‘
o 4
o \-\
S
5 2
z
0 T T T T T T T T
0,3 0,35 0,4 0,45 0,5 0,55 0,6 0,65 0,7 0,75
Missile kill probability

Figure 5.20 Number of Leaker Missiles for DifferentSAM Kill Ranges and Kill
Probabilities.
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When SAM range is extended from 45 km to 60 km, it@rovements in ship
survivability and number of leaker can be seen ffaure 4.20.When maximum gun
kill range is extended from 5 km to. 20 km, the moyements in ship survivability and
number of leaker can be seen from figure 4.21.
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Figure 5.21 Number of Leaker Missiles for DifferentGun Kill Ranges and Kill
Probabilities.

The figure above illustrates the importance oftfissile. In this test we increase
the gun kill range from 5 km to 20 km and limit theessile kill range between 20 and
45 km. The maximum Kill range of the combat systerthis scenario is the same as in
scenario 1 which is 45 km. As a result of this teghen the ships engage to the
incoming threats with missile within the range & @d 45 km, the number of leaker
increases. Because the engagement range of niesifeases from 40 km to 25 km,
this affects the number of leakers negatively.

When we analyze the CIWS Kkill range, it is obsertieat to improve the Kkill
range of CIWS from 1 km to 5 or to 10 km is verydh&So it won’t be very realistic to
make the range improvement analysis for CIWS.

To increase the maximum Kkill range of SAM decreabesnumber of leaker
missiles more than the other system. This urgesNiénges to get the missiles with
longer range and to protect the ship from furthees
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6. CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER STUD IES

6.1 Conclusions

This thesis has developed a discrete event Ship AelDefense (SSAD)
simulation model to simulate Ship Self Air Defendéhis model is modular and
expandable and develops a model as an analysigadaukasure the effectiveness of
SAM system, gun system and different firing pokcids results of the tests following
results are observed;

* SM-1 Kkills threats at a longer range than the Smasw, so the number of
expended missiles in scenarios with SM-1 and thebaus of leaker missiles in
scenarios with SM-1 is less than the number of ilesSn scenarios with
Seasparrow.

* The systems which are equipped with missiles withhdr kill probability
reduce the number of leaker missiles more. Thidemihce shows the
importance of the missile kill probability and usgeations to develop new kind
of SAMs against aircrafts and threat missiles.

* When there are hostile aircrafts in the operatieaathe number of expended
missile does not change significantly for the sdimieg policy and missile Kill
probability, but the number of leaker missile irages. This is because the ship
cannot react to an incoming aircraft far from itansloff range. Normally, the
hostile aircrafts engage their missiles at shipgsmdoff border and this delays
the ship’s reaction. This delay increases the nurobleaker missiles.

* S-S-L firing policy increases the missile kill ggn Because when the ship
shoots the incoming threat with two SAM respectiy¢he incoming threat is
killed earlier than S-L-S firing policy.

* When there are hostile aircrafts in the operatiggaathe kill range decreases
significantly for the same firing policy and missikill probability. Normally,
the hostile aircrafts engage their missiles at’shgpandoff border and this
delays the ship’s reaction and decreases the migBitange.

 The S-S-L firing policy kills the threat missiles Bnger distance than the

S-L-S firing policy. But when we compare the numbgteakers of both firing
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policies, it is observed that S-S-L firing policy mot convenient firing policy
for ship survivability.

* To improve the hit probability of missiles increaghe ship survivability more
than the other combat systems. These results leadnations to make
improvement in missile design and constructions.

* To increase the maximum kill range of SAM decreabesnumber of leaker
missiles more than the other system. This urges\thaes to get the missiles

with longer range and to protect the ship fromHartsides.

The analyses in this thesis showed that this model:

e Can be efficiently used to determine the best SS#&iBtem among the
alternative systems.

* Can be efficiently used to determine the best dirpolicy with respect to
different war conditions.

» Can be efficiently used for sensitivity analysisSAM and the combat systems
parameters.

* May provide useful insight to evaluate suitabletita for different operation
area and conditions.

* Provide training opportunity for decision maker.
Results were analyzed by naval officers and theycampared with the real data

from the naval operation3he results of the simulation models showed thigt work

provides an insight for decision makers.
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6.2 Recommendations for Further Studies

In real condition ship air self defense consistxaiplicated elements, so to
analyze the whole system is very hard. In thisighé® main structure of this system is
analyzed. The details may be analyzed by part. Malyae these parts some
modifications can be made as further studies thresifications are as follows:

» Soft kill counter measure system (decoys, chaffl, @dar jamming) can
be added to the models.

* An analytical approach can be implemented for ohdhe models.
Missile kill probability may change with respectramge and the position
of the ship.

» The movement of the ships and threats can be diedularhese
movements may be nonlinear.

» Detection probability of surveillance system may \@iable. It may
change with respect to range, weather conditionathée condition may
be simulated.

* New systems (like IFF and ESM) may be added theesys
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