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Wh'poA t& e 0,00611a~ an cnnt was, general yvr ooWt
0.41-6 KAp~i t 11' f~ei way1 0ini"jd fto the

foml~*~in a0h0 ttd~t~b p6ttsi i Papes" slected for
the P'ost!bFe ~'Slo i os 0o &'b" ical ifid niture. Afother third bf
the papesw Judged to be of less d'rect relevance to the topic of Ithe simi -
nArl 'And jrPtinlddi thp progranwwie,.,Th 01strIbujtion of papers, by sub-

10 bi "of " t he presetntations co'Verbd three iporhanf areas:'

-sensor Integration
-coordination of weapons and conmind and control
-the performance of soft and hard kill weapons.

Some attention was also given to th.,reduction of platform signatures and to
techniques foe optimizing systemideslgn. ,FO)Iowing are some remarks on the
coverage of these topics.I

(a) A very good case was made for the integration of radar and infrared
sensors as well as assessments of the future performance of these
sensors against the threat described in the first session. However,
passive RF sensors such as Radar ESM, received only cursory treat-
ment, although in many cases, ESM will provide the earliest detection
of an antiship missile. This is particularly true in the case of
long range supersonic missiles and those launched on bearing infor-
mation only. Integration of ESM with radar and IR sensors has Impli-
cations with respect to ESM performance in terms of bearing accuracy,
sensitivity and robustness in the presence of interfering Anti-Air
Warfare radars, which were not addressed, although current ES?4 tech-
nology can provide the required performance.

(b) Several papers addressed the deployment of soft kill weapons, hard
kill, weapons arnd the coordinated use of both under control of the
commnand and con'trolsystem. Unfortunately, soft kill deployment
icusi'velV iddres~sed RF guided, missiles. The problems posed by
seeker systems operating in more than line regic of the electro-
Magnetic spectrum, t~ftining, acti ve a~id passive *aidance (for

exa ;l,VIFIR or X and Ku band combinations) was not considered in

(c) Searl wrcitecture as 'for integration and control of the sensors and
weapop wiere, described. However, the technology necessary to imple-
ment su*_isystems received l ittle attention. Issues such as aA

cenralizd-po~ssig-architecture versus a distributed one, the
-asoited reurmnsfrdl arsfr and the software engi-

i erlt apr 0he most appropriate to the development of such %
$ytem a"r# e0a1les of tpic$ not addressed.

NYd- Thelrea- of har'aad soft killweapons performance received suf-J'i~~~Ient ~q %vrg lhuj ome discussion on the lIoityf
j iet- nryweapons and- te means of deploying decoys would have

ben-,6 ~come4
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l: 'Despite some -holes ip the coy~rage, '~presentations offered an
exelet vriew of a vast'iW.d vry cO*ple t W'c, requiring contributions

1, f i9 fncfl, lrea, zTisoorle as~ lemanted by the poster
~1&1 ~ ~ o~~nityf~e~c~a1s..~to initeract., In general,
t\ 't,~t~ aA ~ , ~a1 ityltha i ei' s were, Very,* good and the

~ aur~n~ timealte to

0 uictu c iof, tw' s semi hit it, due for the-most part to the contribu-
tion S"f the Many authors and to the session cha..ptiwOns who managed and
st ted the, discu~s ".n". To Q!l of them, I wish to express my most sincere

'Mt. P. Yansouni
Seminar OVirettor
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OPENING ADDRESS

BY

DR A J GRANT, CNAIRMAN OF THE DEFENCE RESEARCH GROUP

Dr Schofield, Admiral Anderson, ladies and gentlemen.

As Chaizman of the Defence Research Group, I am pleased
to have the opportunity to address you at the opening of this
Seminar on "The Defence of Small Ships against Missile
Attack". On behalf of the Defence Research Group and all of
the participants, I would like to express our sincere thanks
to the Canadian Department of Natiunal Defence and to Dr
Schofield, for hosting this Seminar, Mr Pierre Yansouni and
colleagues, Mr Blair and Mr Pilon for their efforts in
organising the Seminar. The organization of a high-quality
technical Seminar is not a simple task, and I am sure we are
all grateful to "ir Yansouni and his Organization Committee
for the many weeks of work they have devoted to this seminar
of our behalf. We also appreciate the excellent facilities
which have been made available by the Canadian Department of
External Affairs here in the Lester Pearson Building.

To help set the framework for this Seminar, I would like
to say a few words about the Defence Research Group, or DRG.
During the reorganization of the committee structure at NATO
in 1961 to 1967, the DRG was established as one of the four
Main Groups under the Conference of National Armaments
Directors, the CNAD. The other three Main Groups were the
NATO Army, Navy and Air Force Armaments Groups. The
establishment the Defence Research Group as one of these four
primary bodies underlines the importance of research in the
defence support structure of NATO.

Collaboration i'i defence R&D is of major and increasing
importance to all the NATO Nations. This is especially true
at a time when the principal threat to NATO nations is
diminishing, and perhaps being replaced by new threats from
new directions, resulting in greater pressure than ever to
achieve maximum value for money from national defence
budgets. The Terms of Reference of the Defence Research
Group call for exchange of information, and the development
of co-operative research programmes, which might lead to
future joint developments of military equipment.

NATO UNCLASSIFIED
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In attempting to promote collaborative research
activities, it is essential to identify topics for bi- or
multi-lateral co-operation with both a high level of military
interest, and a promise of technological benefit. The
Seminars of the Defence Research Group provide one means of
reviewing such promising areas. Since its establishment in
1967, the DRG has held 29 Seminars, the current one being the
30th. These seminars have covered a very broad range of
important topics or problems in defence research and
technology, including such diverse subjects as oceanography,
communications, terminally guided weapons, the military
implications of sleep research, and military use of
helicopters.

Another principal avenue of activity pursued by the DRG
is provided by its Panels and Research Study Groups, or RSGs.
These bodies bring together professionals who are experts in
specific technology areas for exchange of information and

* collaborative studies, investigations and field trials. The
Defence Research Group currently has 8 Panels, two Special
Groups of Experts, and about 50 Research Study Groups. The
Panels cover specific areas of technology or systems, and are
long-lived bodies of a managerial nature. The RSGs, on the
other hand, are set up to address a specific problem. The
average working span for such a project is typically 3 to 4
years. The national participation in the RSGs varies between
4 and 11 nations. The Defence Research Group believes that
the fact that nations continue sending experts to participate
in its activities is an important indication of the DRG's
value.

The subject of our Seminar is a vitally important and
highly topical subject. I look forward to being educated in
the complex interactions of Threats, Sensors, Weapons,
Signatures and C2, during our Seminar this week.

Let me conclude by again expressing ouv gratitude to Ir
Yanmouni and his colleagues for taking on the heavy load of
organizing this Seminar. We all know that this is a very
time consuming task and we thank you. We look forward to a
productive and informative Seminar.

NATO UNCLASSIFIED
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CMDO KEYNOTE ADDRESS

TO THE

NATO DEFENCE RESEARCH GROUP (Di)

30TH SEMINAR ON THE "DEFENCE OF

SMALL SHIPS PGAINST MISSILE ATTACKS"

CONFERENCE CENTRE (EXTERNAL AFFAIRS)

OTTAWA, CANADA - 12 SEPTEMBER, 1990

INTRODUCTION

BONJOUR MESDAMES ET MESSIEURS ET SOYEZ LES BIENVENUS

A OTTAWA. C'EST AVEC PLAISIR, EN TAi4T QUE CHEF DES

DOCTRINES ET OPERATIONS MARITIMES, QUE JE PROFITE DE CETTE

OCCASION POUR FAIRE UN SURVOL OP-RATIONEL SUR LA DAFENSE

DES PETITS NAVIRESI PAR LA J'ENTENDS LES NAVIRES DE 450

(QUATRE CENT CINQUANTE) A 4500 (QUATRE MILLE CINO CENTS)

TONNES, CONTRE LES ATTAQUES DE MISSILE. CECI EST UN ASPECT

* IMPORTANT POUR TOUTES LES NATIONS REPRSENT-ES ICI ET ETANT

DOINA LES MV*NEKENTS RPCENTS DANS LE GOLFE PERSIQUE, C'EST

UN SUJET PARTICULIAREMENT PERTINENT. DE PLUS, COMME

PRASIDENT DU GROUPE DES ARMEMENTS NAVALS DE L'OTAN, JE SUIS

PROFONDEMENT INTARESSA AUX R*SULTATS DF CE SEMINAIRE.' I .

NAT 0 UN C LAS S I F I E D
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TOILE DE FOND (BACN3ROUND INFORMATION)

LA POLITIQUE MONDIALE EST ENTREE DANS UNE PERIODE OU

LE CHAN3EMENT EST LA NORME. LE MOUVEMENT VERS LA

DIMOCRATI E EN EUROPE DE W EST A fiTi DES PLUS REMARQUABLES.

L'UNIFICATION DE L0 ALLEMAGNE W'EST RtALISfE ET IL Y A DE

NOUVEAUX GOVERNEMENTS DiMOCRATIQUES DANS VIRTUELLEMENT TOUS

LES PAYS DU PACTE DE VARSOVIE. MtME SI CES DiVELOPPEMENTS

FURENT POUR LA PLUPART PACIFIQUES, IL N'Y A AUCUNE GARANTIE

QUE CELA VA CONTINUER DE LA MgME FAq0N. DE PLUS, CECI NE

S'APPLIQUE PAS DANS LE MONDE ENTIER. EN FAIT, PLUSIEURS

SONT WAVIS QUE LE MONDE AUJOURD'HUI EST PLUS INSTABLE ET

COMPLEXE QUE JAMAIS C'1' QUE CELA VA CONTINUER JUSQU'A CE

QU UN AQUI LI BRE CONVENABLE SOl T ATTEI NT.

PLUSIZURS 8'INTERROGENT J4AINTENANT SUR LhA NCESSITE

D'UNE FARNE, MAIS AUSSI LON3TE!4P8 QUE LES MATIARES BRUTES

ET LES AUTRES COMMODIAS COIQIERCI ALES SERONT TRANSPORTAS

PAR DES NAVI RIB MARCHANDS, AURONT BESOIN DI'TRE

PPROTAS C05TRE LES ATTAQUES. ET NATURELLEM NT, ON A

TOUJOURS DZMANDi AUX MARINES D-ALLER OU C'ETAIT NiECESSAIRE

POUR D*FENDRE LES INTtR2TS DE LEURS NATIONS.

N ATO0 UN C LA SS I F I E D
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THE FORMERLY BI-POLAR WORLD IS EVOLVING INTO A

MULTI-POLAR WORLD WITH THE EMErGENCE OF OTHER COUNTRIES AND

GROUPS AS THREATS TO THE WORLD STABILITY AND PEACE. MAJOR

CONFLICT BETWEEN THE SUPERPOWERS HAS BEFI REPLACED BY THE

MID-INTENSITY CONFLICT AS THE MOST LIF"ZLY SCENARIO WHERE

OUR SHIPS WILL COME INTO HARM'S WAY. DURING THE EIGHT YEAR

IRAN-IRAQ WAR IT WAS NECESSARY FOR MERCHANT SHIPS TO BE

ESCORTED THROW3HT THE HIGH RISK AREAS BY FRIGATES AND

DESTROYERS. THE ECONOMIC SANCTIONS AND OTHER ACTIONS MADE

NECESSARY BY IRAW'S INVASION OF KUWAIT IS ANOTHER EXAMPLE

OF THE TYPE OF EMPLOYMENT THAT OUR NAVIES CAN EXPECT.

OTHER TASKINGS MAY INCLUDE THE EVACUATION OF CIVILIANS FRCM

AREAS OF CONFLICT, THE SUPPORT OF PEACEKEEPIN EFFORTS BY

PATROL CRAFT, AND MINE CLEARANCE. THE DEPLOYMENT OF SHIPS

TO THE P;RSION GULF HAS EMPHASIZED TO NATIONS SUCH AS

CANADA THAT THEY MUST TAKE A BALANCED APPROACH TO WARFARE

AND NOT CONCENTRATE ON ANY SPECIFIC AREA.

DESPITE THIS, ALL NATO NATIONS ARE EXPERIENCING

PRESSURE TO REDUCE THEIR DEFENCE SPENDING. THE NOTION OF A

"PRACE DIVIDEND" IS ONE THAT YOU* ARE FAMILIAR WITH AND ONE

THAT ALL COUNTRIES WILL HAVE TO ADDRESS IN THE COMIN

YEARS. THIS AT A TIME WHEN WEAPONS SYSTEMS ARE INCREASING

IN BOTH SOPHISTICAT-ON AND COST. THE NEED FOR COOPERATIVE

1MULTI-NATONAL RESEARCH AND DEVELOPMENT AND PROCUREMENT HAS

NEVER BEEN MORE PRESSING.

NAT0 U 4C LASS I F I E D
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TODAY MANY COUNTRIES ARE ARMED WITH SOPHISTICATED,

HIGHLY TECHNICAL STATE OF THE ART WEAPONS. THERE ARE

PRESENTLY SIXTY-SIX COUNTRIES THAT POSSESS AN ANTI-SHIP

MISSILE CAPABILITY. THESE MISSILES ARE THE PRIMARY THREAT

FOR SHIPS TODAY AND ARE PREDICTED TO REMAIN SO FOR THE

FORESEEABLE FUTURE. AS YOU WELL KNOW, A SINGLE MISSILE CAN

INFLICT CONSIDERABLE DAMAGE OR DESTROY A SMALL SHIP. IN

RECENT YEARS THERE HAVE BEEN A NUMBER OF UNFORTUNATE

EXAMPLE OF THEIR DESTRUCTIVE POWER. SAILORS HAVE BEEN

KILLED AND SHIPS HAVE BEEN SUNK OR SEVERELY DAMAGED. THE

THREAT FROM ANTI-SHIP MISSILES IS SIGNIFICANT NO MATTER

WHAT AREA OF THE WORLD SHIPS HAVE TO OPERATE IN. THAT IS

WHY, FOR EXAMPLE, THE CANADIAN SHIPS THAT WERE DEPLOYED TO

THE PERSIAN GULF HAVE BEEN SPECIFICALLY EQUIPPED TO COUNTER

THE ASM THREAT.

LA MENACE FUTURE

LA TECHNOLOGIE ASM PROGRESSE RAPIDEMENT. NOUS AVONS

DJA VU DES AKALIORATIONS DANS LES T*TES CHERCHEUSES ET LES

PORT-ES, DES itrDUCTIONS DAMS LES SECTIONS RADAR ET LES

tISSIONS IJFAA-ROU.E ET LES CAPACITfS DE R-ATTAQUER.

D'AUTRES AVANCEMENTS INCLUENT DES AMALIORATIONS EN

FURTIVITE, VITESSE, AUTOPROTECTION, CONSTANTE ALTITUDE,

RECONNAISSANCE ET DISCRIMINATION DES CIBLES, CONTRE-CONTRE-

MESURE ELECTRONIQUE ET MANOEUVRABILITt.
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* THE OPERATIONAL REQUIREMENT

EXISTING MISSILE DEFENCE TECHNOLOGY FOR SMALL SHIPS
IS LAGGING BOTH THE PRESENT AND FUTURE ANTI-SHIP MISSILE

THREAT. THERE ARE SIGNIFICANT WEAKNESSES IN THE DETECTION

AND ENGAGEMENT OF THESE THREATS. ANOTHER MAJOR PROBLEM IS

THAT THERE IS LITTLE C" IFIDENCE IN THE CAPABILITY OF SOFT
A

ILL AT PRESENT AND ASARESULT THERE IS A MUCH GREATLR

EXPENDITURE OF HARD KILL ASSETS THAN MAY BE NECESGARY OR

DESIRABLE. FUTURE SYSTEMS MUST ENSURE THAT THE SOFT KILL

SUCCESS RATE 4SIAPROnWtAT A IMPROVE THE MANAGEMENT OF

HARD KILL RSSOURCES. FURTHER THE COORDINATION OF HARD AND

SOFT KILL MEASURES MUST BE IMPROVED CONSIDERABLY THROUGH

THE DEVELOPMENT OF BETTER THREAT EVALUATION AND WEAPON

ASSIG!NMENT (TEWA) ALGORITHMS FOR SHIPS AND GROUPS OF

SHIPS. AUTOMATED COMM&ND AND CONTROL SYSTEMS ARE REQUIRED

.0 MINIMIZE BOTH REACTION TIME AND OPERATOR INPUT.

THE GENERIC PURSUITS AND CONSTRAINTS

HOW TO ACCOMPLISH THIS; IS THE QUESTION FACING MANY

NATIONS TODAY. THESE SYSTEMS SHOULD BE MODULAR TO ALLOW

FOR FLEIBIJITY AND EASE OF INSTALLATION. IT MAY NOT BE

NECESSARY OR DESIRABLE TO FIT THE COMPLETE SYSTEM IN ALL

SHIPS FOR ALL SCENARIOS. FSSENTIALLY NATIONS MUST HAVE THE

ABIiTTY TO INCORPORATE MODULES AS REQUIRED. THE SYSTEMS

NAT 0 U NC LAS S I F I E D
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MUST BE SUFFICIENTLY ADAPTABLE TO ALLOW FOR IUSTALLATION IN

A WIDE RANME OF VESSELS AND MUST BE SUPPORTABLE, RELIABLE,

AND SURVIVABLE. PERHAPS THIS IS AN AREA WHERE THE

REQUIREMENTS FOR MILSPEC EQUIPMENT CAN BE BALANCED AGAINST

THE LATEST COMMERCIAL "OFF THE SHELF" EQUIPMENT,

PARTICULARLY IN ELECTRONICS. NAVIES HAVE BEEN PAYING A

PREMIUM FOR MILSPEC WHEN IN MANY CASES THE LESS EXPENSIVE

AND READILY AVAILABLE COMMERCIAL EQUIPMENT WOULD HAVE BEEN

MORE THAN SUFFICIENT. THE TRADE-OFFS BETWEEN MILSPEC AND

COMMERCIAL EQUIPMENT NEED TO BE STUDIED FURTHER TO DETERMINE

THE WAY AHEAD, BUT A CURSORY EXAMINATION WOULD SEEM TO

INDICATE THAT THIS IS POSSIBLE IN MANY CIRCUMSTANCES.

WHAT DO I ENVISION THAT THIS FUTURE SMALL SHIP

MISSILE DEFENCE SYSTEM WILL LOOK LIKE? FIRST OF ALL, IT

WILL HAVE MULTIPLE SENSORS. THE SYNER3ISM OF MULTIPLE

SENSORS HAS BEE14 RECOGNIZED AND MUST BE TAKEN ADVANTAGE

OF. SIZE AND WEIGHT CONSIDERATIONS MAY REQUIRE THAT A

SINGLE RADAR PERFORM ALL FUNCTIONS FROM SEARCH THROUGH

TRACKIN3 AND ILLUMINATION. INTB3RATED ELECTRONIC SUPPORT

MEASURE SENSORS WILL BE NECESSARY TO COUNTER IMPROVEMENTS

IN MISSILE SEEKERS AND THE REDUCED SIGNATURE AND

TRANSMISSIONS ASSOCIATED WITH FUTURE ANTI-SHIP MISSILES.

THE FULL SPECTRUM OF 3LECTRO-OPTICAL SYSTEMS FROM INFRA RED

THROUGH VISIBLE AND ULTRA VIOLET SENSORS WILL ALSO NEED TO

NATO UNC LASS I F I ED
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EXAMINED AND INCORPORATED INTO THE SENSOR PACKAGE. THESE

SENSORS WILL FEED INTO A COMPLEX AND FULLY AUTOMATED COMMAND

AND CONTROL CORE. THIS SYSTEM MUST BE ABLE TO ACCURATELY

AND RAPIDLY REC0GNIZE THREATS TO THE SHIP, DETERMINE THREAT

PRIORITIES, ALLOCATE RESOURCES TO COUNTER THESE THREATS,

ASSESS THE SUCCESS OR FAILURE OF THESE ACTIONS, AND TAKE

FURTHER ACTIONS AS NECESSARY TO ENSURE A HIGH PROBABILITY

OF SUCCESS.

FURTHER, THERE M.UST BE THE ABILITY TO MONITOR THE

OVERALL SYSTEM, INCLUDING THE HUMAN OPERATORS, INPUT AND

ADJUST THE ACTIONS AS NECESSARY TO COMPENSATE. I WOULD

LIKE TO EMPHASIZE THE NECESSITY TO ALSO INCLUDE TRAINING

FUNCTIONS IN THIS SYSTEM. THE INCREASED COST OF LIVE

WEAPON FIRINGS AND THE INABILITY TO ADEQUATELY REPLICATE

THE THREAT MAKE THE REQUIREMENT TO INCLUDE STIMULATION AND

SIMULATION A VITAL ASPECT OF ANY NEW SYSTEM.

THE WEAPONS ASSOCIATED WITH OUR SYSTEM WILL INCLUDE

BOTH HARD KILL AND SOFT KILL ELEMENTS. THESE ELEMENTS WILL

PROVIDE MULTIPLE LAYERS OF DEFENCE AND MINIMIZE MUTUAL

INTEFERENCE BETWEEN ELEMENTS TO ALLOW FOR ENHANCED

COORDINATION AND EFFECTIVE MANAGEMENT OF ASSETS. FORCE

TEWA OR THE COORDINATIONAL OF SEVERAL SHIPS' ASSETS ALSO

NEEDS TO BE FURTHER DEVELOPED.
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F5 CONCLUSION

EN CONCLUSION, LES PRESSIONS POUR LA REDUCTION DES

FORCES MILITAIRES VONr Av'oiiK INESOI4UNE MEIYJLEURE COOPERATION

ENTRE LES MARINES ALLIELS. EN DiPIT .)E LA REDUCTION, LES

MARINES DEVRONT ENCORE SERVIR LES INTfRfTS NATIONAUX A

TRAVERS LE MONDE. JE VEUX SOULIGNER QUE LLMLEqONS TIREES 4

DE LA RECHERCHE ET DU DiVELOPPEMENT COOPERATI FS PENDANT LE

PRO3RAMME NFR 90 NE DOIVENT PAS 2TRE OUBLIiES. PLUSIEURS

RtLJSSITES ONT PROM~ LA VALEUR DE LA COOPERATION DANS CE

PROJECT MIME SI LE ALA1DE EST MORT.

MY CHALLEW3E 'i YOU, THE DEFENCE RESEARCH GROUP, IS

TO RECOGNIZE THAT THE NEED FOR COOPERATION IN RESEARCH AND

DEVELOPMENT IS PARAMOUNT; THAT INTEROPERABILIT* OR

COMPATIBILLTY, RELIABILITY, AND AFFORDABILITY ARE KEY WORDS

FOR THE FUTURE. MAY I WISH YOU MUCH SUCCESS IN YOUR

ft SEMINAR. FROM MY PERSPECTIVE AS A CANADIAN NAVAL

REQUIREMENTS OFFICER AND AS CHAIRMAN OF NNMG, I LOOK FORWARD

TO THE OUTPUT OF YOUR WORK IN THIS VITAL FIELD OF R&D.
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HARDKILL/SOFTKILL COORDINATION S IUDY MANDATE

DREO was tasked to participate in the Hardkill/Softkill
Coordination Splinter Number 3-1-49, of the Concept Exploration
(CE) Phase of the NATO Anti-Air Warfare System (NAAWS) project.
In this Phase, government defence scientists from the NAAWS
countries were grouped into splinters to study different assigned
areas of interest. The members of 3-1-49, drawn from the US, UK,
the Netherlands and Canada, considered that we were to determine
if coordination of hardkill and softkill could increase the
survival of the Force, the NAAWS and defended ships, as defined in
the NAAWS Scenarios for the CE Phase. We were further charged to
identify instances of interference and to recommend measures for
its avoidance.

Canada offered to model this coordination using the softkill
ship defence simulation developed at DREO, ASMD, together with the
hardkill simulation TACSIT, a property of Thomson-CSF Systems,
Canada. The model wculd be exercised in the NAAWS Scenarios. This
offer was accepted. Since the system had not yet been defined, it
was necessary to define candidate hardkill and softkill systems for
this purpose, together with the electronic warfare (EW)
characteristics of the assumed threat.. Generic system parameters
were used, so that this modelling represents a hypothetical system
and tactic.

NATO ANTI-AIR WARFARE SYSTEM (NAAWS)

The NATO Anti-Air Warfare System consists of both hardkill
and softkill weapon assets deployed in the defence of a maritime
force against missile attack. The NAAWS countries are a sub-set
of the NATO nations, developing the system co-operatively. The
coordinated deployment of softkill and hardkill was a significant
feature of the system as originally conceived. The overall system
consists of a mixture of NA714S and national variant components,
presenting a system design and specification challenge. The
nationally variant components are those for which it was felt that
current national investments would not allow replacement with NAAWS
components. The NAAWS specified elements are:

Multi-Function Radar (MFIQ
Infra-Red Search and Track (IRST)
Local Area Missile (LAM)
Core
Precision ESM (PESM)

while the national variant components are:

Volume Search Radar (VSR)
ESM system
Close In Weapon System (CIWS)
Softki]l Weapons (SK).

NATO UNCLASSIFIED
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The precision ESM NAAWS component is possibly required to augment
the national ESM capability in order to meet the angular precision
requirements for ESM to cue the MFR. The NAAWS structure is given
in Fig. 1. The sensors including the IRST, the MFR, the VSR and
the ESM capability are controlled and their outputs integrated in
the Core by the Sensor Integration and Control (SI&C) function.
All weapons, both hardkill, the LAM and CIWS, and the softkill
countermeasure assets, are controlled in the Core by the Weapon
Direction and Control (WD&C) function. The Core also includes a
Local Command and Control (LC&C) function as well as a Readiness
and Training (R/T) function.

NAAWS HYBRID HARDKILL/SOFTKILL SIMULATION

Both ASMD and TACSIT, and hence the hybrid simulation
represent random effects by the use of pseudo random numbers.
Average system performance in a given scenario is derived from
exercising the system simulation in repeated Monte-Carlo runs. The
hybrid simulation developed for this modelling work is depicted in
Fig. 2.

The TACSIT portion of the NAAWS hybrid simulation is exercised
by target information provided by ASMD through the interface to
TACSIT. Because threat trajectory is a result of the effect of the
skin return and jamming (SK) on the threat seeker, the threat
trajectories in each Monte Carlo run are determined in ASMD from
the combined signals, the seeker processing and resulting missile
response.

The hardkill component of the NAAWS hybrid simulation, TACSIT,
models the MFR and ESM sensors, the CORE, and the hardkill LAM and
CIWS. The MFR segment simulates the surveillance, target
detection, and track creation and maintenance functions of the
NAAWS sensors as well as the uplink target data provided by the MFR
to the LAM during midcourse guidance. Support of the LAM during
its terminal homing phase is provided by either one of two separate
illuminators located forward and aft on the NAAWS ship. Blind
zones due to ship superstructure or the unavailability of one of
the two illuminators can result in critical engagement time lines
for the use of the LAM. The ESM model simulates the detection of
an emitter and determination of its range, bearing, identity and
radar mode as well as the creation, update and dropping of tracks
by the ESM system. The fusion of MFR and ESM data takes place
within the CORE. In the TEWA model tracks are ranked, and softkill
and hardkill weapons are assigned to thraats. Target tracking for
a hardkill engagement is modeled as well as the deployment of a 2
weapon system, the flight of its ammunition, either gun shells or
ownship missile, and the result assessment process after the
ammunition intercepts its target. The CIWS is autonomous,
including its target detection, track processing, TEWA function,
fire control radar tracking, firing and shell flight. Interference
effects of chaff on LAM missions and upon MFR and CIWS radar
detection capability are also determined.
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CPOSSIBLE) CORE

Figure 1: NAAWS STRUCTURE
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The ASMD simulation models ship motion and ship signature.
The signature model consists of a number of scatterers at specified
locations on the ship frame. Their amplitudes vary randomly about
a mean value which is a function of ship aspect. The random values
are filtered so that the resulting scintillation fluctuations
represent the appropriate ship signature bandwidth. Since the
scatterers are separated in space, the vector addition of their
returns in amplitude and phase produces both scintillation a.,d the
appropriate directional fluctuations, or glint. ASMD proviis a
range of possible combinations of softkill platforms and payloads.
Chaff is launched from the ship at specified angles; it bursts,
then blooms and decays exponentially in mean value. Rayleigh-model
scintillation using chaff bandwidth is calculated and superimposed
on the chaff mean value. Other payloads can be similarly launched
with parachute descent, to rest and float on the surface of the
sea or can be placed over the side of the ship to either float
freely or be towed after the ship. Onboard and offboard jamming
can include noise, repeaters or transponders.

HYBRID TEWA CHARACTERISTICS

In designing the hybrid TEWA control process it was found that

analogous functions exist for both types of weapon. These are
summarized in the following table.

TABLE 1: WEAPON CONTROL FUNCTIONS FOR SOFTKILL AND HARDKILL

HARDKILL SOFTKILL EQUIVALNT

THREAT THREAT

WEAPON SOFTKILL OR SOFTKILL COORDINATION
TECHNIQUE, MAY INCLUDE ACTIVE TECHNIQUE

AVAILABILITY AVAILABILITY, TIME TO DEPLOY OR TO HAVE
EFFECT, INTERFERENCE CHECK

EFFECTIVENESS EFFECTIVENESS IS A COMPLEX FUNCTION OF
PREDICTED MANY DATA

While the threats are identical, the softkill equivalent to
the list of hardkill assets includes all possible softkill
techniques that coulL be deployed with the available assets. These
techniques include those using single or multiple softkill assets,
or softkill assets in coordination with hardkill assets. Since the
techniques use softkill, in order to predict their probability of
success, effectiveness algorithms and data for each candidate
technique are required from either previous trials or validated
modelling. This area is largely unexplored, depending on knowledge
of the threat and of specific system performances, data that each
country protects for its own systems.
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The NAAWS TACSIT TEWA model supports the coordinated and
uncoordinated use of hardkill and softkill weapons. Threat ranking
is based upon such parameters as track identity, seeker mode and
the closest point of approach (CPA), and time to impact with
respect to each ship. Assignment of weapons to threats is based
on weapon's availability, engageability, predicted effectiveness
or probability of kill and the presence of interference with other
subsystems. Hardkill engageability for the LAM depends on system
reaction time, engageability envelope, availability of MFR and
illuminator support, and LAM storage level. Softkill engageability
depends on such factors as threat radar mode, time to burnthrough,
deployment time, time for the countermeasure to have an effect,
available duty cycle, softkill store level and impact of the
countermeasure deployment upon the Force. If the softkill
countermeasure under evaluation is deemed to pose a menace to the
Force, it is either deactivated or considered not engageable.
Hardkill and softkill weapons are assigned to tracks that are
engageable by them for either coordinated or non-coordinated use.
Parameters used in this process include threat ranking, predicted
effectiveness values and interference. Hardkill results assessment
is performed during a window of time centred on the predicted time
of intercept and simulates the time needed for this function.
Softkill results assessment is based upon predicted CPA of the
track with respect to each ship or deployed countermeasure and
observed threat radar mode changes.

TYPES OF COORDINATION

The simplest case occurs vhen there is no area of overlap
between proposed techniques, so that their deployment and results
bear no reference to each other. These deployments are completely
independent.

Minimal coordination occurs when techniques which can affect
each other are deployed in such a way as to avoid interference
between them. An example would be the use of chaff while taking
care not to cross sight lines for visual or radar tracking.

Beyond these types is coordination where some benefit can be
generated by related use. In non-contingent coordination, the
entire coordination technique is pre-set and does not require mid-
term results assessment for determining its completion. An example
of non-contingent coordination would be the use of softkill to
alter threat trajectories from their original non-softkill paths
to trajectories in areas of higher hardkill effectiveness. The
sequence of the coordinated technique is unchanged whether or not
the lure to higher lethality has been successful. A contingent use
of coordination occurs when intermediate results assessment data
affect technique completion, as when the apparently successful
decoy deception of a given threat allows reduction of the rank of
the decoyed threat in the threat evaluation ranking, and hence an
ultimate possible conservation of hardkill assets. The degree of
confidence in both the ,ftkill technique and the determination of
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its success can determine the amount of threat rank reduction:
for little confidence, reduction could be slight; for greater
certainty of softkill success a greater threat rank reduction could
be used.

A SAMPLE COORDINATION TACTIC

The scenario exercised is depicted in Figure 3. The Force F
consists of N, the defending ship, and ships Sl and S2 which are
all proceeding towards the East. Multiple missiles are launched
in rapid succession from behind the ships at L. Targeting of the
missiles is distributed among the three target ships and repeats
from run to run. The lines depict the paths followed by the
missiles towards their targeted ships. This is the scenario for
the undefended Force; all threats are assumed to reach and destroy
their targets. The threat assumed for this scenario acquires the
target immediately after launch, and uses RF homing through the
mid-course and terminal phases. This figure also serves for the
Force defended by hardkill alone, since hardkill does not affect
threat trajectory. With hardkill alone defending the Force, some
missiles are destroyed before reaching their targets. Hardkill
alone provides good defence of the N ship and less protection for
the outlying escorted ships. In the assumed system, 1 out of 2
illuminators is available for LAM use, limiting the scope of the
hardkill scheduler. As well, the engagement time line of the LAM,
with much shorter engagement windows for outlying ships,
contributes critically to hardkill performance. We sought to
determine the improvement possible over this baseline performance
by the coordixated use of softkill.

The coordination defence can be considered as th-
superposition of successive softkill actions. The init'll sotkf'l
tactic is to begin noise jamming as soon as the N ship detects that
missile launch is imminent. The effect of the initial softkill
tactic is illustrated by the dashed trajectories in Figure 4. The
missiles are unable to acquire their targets after launch due to
the noise levels, and revert to home-on-jam mode. The missiles
which were targeted on S1 and S2 and would otherwise home on these
ships are turned in towards the N ship, the source of the jamming.
Because of the jamming noise level, the threats are unable to
acquire until burn-through range has been reached, where the skin
return power level of the N ship starts to exceed that of the
jamming noise power captured by the threat antenna. A small
portion of the threats is assumed to be unaffected by the jamming;

for such threats, the missile does not change to home-on-jam mode
but continues as originally targeted, acquires the targeted ship
at burn-through and homes on it. The main reason to draw in the
Sl- and S2-targeted threats towards the N ship is the longer
engagement time windows for closing threats compared to outlying
targets. This allows the hardkill system to better schedule LAM
engagements against high threat density. Further, greater hardkill
probability of kill (pk) is exhibited for closing targets as
contrasted with crossing targets. The hardkill system on the
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N NAAWS SHIP
SIS2 DEFENDED SHIPS
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Figure 3: BASELINE SCENARIO
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Figure 4: NOISE JAMMING ALONE
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defending ship will destroy more of the engageable threats if these1
threats are closing on the defending ship rather than if they were
proceeding towards the defended outer ships. Both factors, the
higher proportion of threats engageable due to longer engagement
windows, and the higher pk of the closing engageable threats,
combine to produce enhanced hardkill performance. The effect on
Force survival can be seen in Tables 2 and 3. Ships S1 and S2
survive more ofeen at the expense of increased pressure on N, the
defending ship. The first phase of the coordination tactic has
succeeded ir directing the attack to the Force ship which is able
to defend it.

The second stage of the coordination technique is illustrated
in the Figure 5. In this stage, the delay in threat target
acquisition produced by the noise jamming provides sufficient time
to deploy alternative targets. When the threat goes into
acquisition and scans in azimuth about the expected target
position, it can acquire the chaff or decoy that has been
positioned in the interim. The placing of these alternate targets
is crucial. They must be close enough to the N ship so that they
are within the limited search scan used by the threat to acquire a
pre-targeted victim; they must also be far enough removed from the
N ship to provide a clear miss of the ship, with little chance of
lock transfer back to the ship. The magnitudes of the alternative
targets were chosen so as to compete successfully with the
signature of the ship. Typical effects on Force survival of this
provision of alternate targets are seen in Table 4. Taken
together, these two results produce a net effective defence of the
Force.

A further stage for single threats, or less than stressing
scenarios, could be the use of onboard jamming techniques to break
the lock of those threats still homing on the N ship. An onboard
jammer capable of dealing separately with more than one threat, in
the same band, in different modes could be used; passive techniques
could also serve multiple threats.

CONCLUSIONS

From the results of the study, it is possible to draw a number
of conclusions. First, the results are encouraging in that they
demonstrate the benefits associated with the coordinated use of
hardkill and softkill weapons. From detailed performance data of
hardkill and softkill systems, it may be possible to derive
coordination tactics that can produce performance greater than for
their independent non-interfering use. The chief problem, however,
is the accumulation of the required detailed tactical performance
data for the design of coordination tactics, and reliable
prediction of softkill or coordinated softkill effectiveness.
Without these data and performance prediction algorithms, weapon
control for combined hardkill and softkill cannot take advantage of
possible coordination effectiveness. '
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Figure 5: NOISE JAMMING AND ALTERNATIVE TARGETS
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Ship Prob. of
Survival

5l 0.88

S1l 0.001

S2 0.48

TABLE 2: Force Survivability - HK alone

Ship Prob. of
survival

N 0.12

Si 0.84

S2 0.80

TABLE 3: Force Survivability - HK and NJ

Ship Prob. of

Survival

N 1.00

Si 0.78

S2 0.80

TABLE 4: Force Survivability - HK and NJ / Chaff
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Second, the simulation model used to derive the results has
served to identify complex hardkill/softkill interaction
mechanisms. As such, the model has proven to be a very useful tool
for the analysis and assessment of hardkill/softkill coordination
tactics. Further studies, building on this knowledge base, are
recomended in order to augment understanding of complex

Ihardk.ill/softkill coordination issuas.

Such studies will serve as the point oO departure for the
specification and design of a hardkill/softkill weapons management
system. Such a system would coordinate and control the use of
hardkill and softkill resources onboard a naval platform. Several
important issues, however, must be addressed before a comprehensive
weapons manager can be developed. Such issues include the role of
the weapons manager in the context of a naval command and control
system, the interaction with the TEWA process, the level of
automation and the interface with the tactical operators, the
nature and the accuracy of the data required to perform the
coordination and control function.

II
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Abstract
RAM/Phalanx
Integrated

Self Defense Weapon System (NU)

Craig L. Johnson
(714-945-6764)

General Dynamics Air Defense Systems Division

10900 E. 4th St

Rancho Cucamonga, Ca 91730

(NU) This presentation defines the functional integration of the Rolling Airframe Missile
(RAM) Guided Missile Weapon System and Phalanx Close in Weapon System (CIWS) into a Self
Defense System for multiple ship classes. The RAM is a lightweight, quick-reaction, high
firepower weapon system which provides anti-ship missile (ASM) defense. It is a joint
development by the US and German Navies and is currently in limited production. The Phalanx
CIWS Block I is a high fire rate automatic target acquisition and gun fire control system that
provides a hard kill defense against surviving ASMs. The Phalanx is currently installed or planned
to be installed on over 330 US Navy ships. The link that will allow Phalanx to provide
designations to RAM is called the RAM Interface Unit (RIU). The RIU will incorporate the US
Navy standard AN/UYK-44 computer, input/output ports, and software which provides a common
interface for a given ship and its combat system. The operator will be provided a tactical monitor,
driven by the RIU, which can provide insights into the RAM and Phalanx engagement status for
improved short range battle management. The RAM/CIWS self defense system can be interfaced to
a ship's combat system as a modular unit providing increased range and firepower for layered self
defense against the ASM threats. The FFG-7 ship class is studied as the first potential application
of this capability. This capability is ideally suited for the ASM defense of small ships where space
is at a premium and cost is a major driver. This effort is currently an industry initiative in the
demonstration phase.

(NU) The top level results of this study, including the recommended functional integration
approach and the operational benefit of this integrated self defense syste.m versus ASM scenarios
are presented.

(NU) The study found that the integration of the RAM and Phalanx CIWS systems is
feasible, using the FFG-7 ship class as the first application. Adding RAM to the FFG-7 class ship,
in either of its stand alone launchers, provides a strong additional anti-ship missile defensive layer.
Additionally, integrating RAM and Phalanx provides strong casualty backup for existing ship
combat systems and helps reduce potential ship damage from high speed debris. The combinations
of the two systems significantly enhances ship surviveabiity in low and high intensity conflicts.
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1.0 INTRODUCTION (NUL

(NU) Gen-ral Dynamics performed an integrated RAM/CIWS Proof of Principle
Demonstration in May, 1988. This demonstration was performed at sea aboard the USS David R.
Ray (DD-971) using a CIWS Block 0 fire unit and the RAM launching system test installation. The I
successful results from this demonstration supported a top level design concept study to investigate
the operational performance benefit of RAM/CIWS integration aboard ship and to determine feasible
engineering approaches. Figure 1.0-1 describes the integration tasks studied. This report
represents the RAM/CiWS FFG-7 concept of application and operational performance benefits
developed under the study.

Prima Tasks

• Identify Modifications (If Any) in Ship Combat Systems
for RAM/ClWS Integration

* Implement RAM/CIWS for Fully Integrated and
"Stand Alone" (Casualty Modes) Operation

* Determine Required Integration to CDS

* Determine Man-Machine-Interface to RAM/CIWS

Supporing Tasks
• Degree of Automation Required

- Close in Targeting Reaction
- Doctrine Establishment

• Degree of Coordination Between RAM/CIWS
and other Weapons

Figure 1.0-1. RAMI/CIWS Integration Study Tasks (NU).

(NU) The FFG-7 class was studied as the initial ship class for integration concepts for this
'increasel self defense capability. The study assumes the FFG-61 Combat System Update as the
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baseline system configuration for FFG-7 system design concepts and considers the CIWS Block
IR3 configuration as the baseline for the RAM/CIWS integration. The study ground rules
(NU) included the requirement to integrate with existing ship combat systems without causing
increased operator or computational burden. The study assumed that no major combat system or
fire control radp- compguter upgrades (i.e. AN/UYK-7 to AN/UYK-43) would be required for
system implementation. Additionally, only existing ship sensors were to be utilized. Indevelopment of the specific FFG-7 desig,' concepts, te study pursues RAM/CIWS integration
concepts which support common interfaces for potential RAM/CIWS implementation in other ship
classes. Such integration must be achievable without functional modification of either RAM or
CIWS and is assumed to be implemented within the existing and planned performance
improvements of the two systems.

(NU) General Dynamics Valley Systems Division and Pomona Division in conjunction -'ith
QuesTech Inc., San Diego performed this study under Contract No. 605151-L for the Appvied
Physics Laboratory of the Johns Hopkins University, Laurel, Maryland. The full study report is
obtainable through the Commander, Naval Sea Systems Command, Attn: PMS-420, Washington
D. C. 20362-5101; (703-692-7293).

2.0 RAM/PHALANX INTEGRATION STUDY SUMMARY (NU).
(NU) This section provides a brief summary of the RAM/Phalanx concept of application and

the ship configurations studied for the FFG-7 class of ships.

2.1 RAM/CIWS Concents of Application Summarv(NU).
(NU) This study develops short range anti-air warfare (SRAAW) concepts of application for

the operation of an integrated RAM/CIWS self defense system aboard ship. The study analyses
were coordinated with the Fleet Combat Direction System Support Activity (FCDSSA), Dam Neck,
Va for the combat system integration requirements on the FFG-7; the Surface Warfare Development
Group (SWDG), Norfolk Va for tactical employment and operator interface recommendations; and
the MK-92 engineering staff at the Naval Surface Weapons System Engineering Station
(NSWSES), Pt. Hueneme, Ca for feasibility of the MK-92 fire control system and RAM/CIWS
integration approach.

(NTJ) The overall integrated RAM/CIWS concept of application derived from these interface
meetings is depicted in Figure 2.1-1. Aboard ship, the combat direction system (CDS) is the key
area for the management and implementation of the ship's primary mission. Since SRAAW self
protection is not a primary mission of the ship, the proposed system implementation of the
integrated RAM and Phalanx systems assumes that the processing for close in target engagements
should be done in a RAM Interface Unit (RIU) outside the CDS processing, relieving the CDS of
any additional computational burden and primary mission impact. This implementation also allows
for "stand alone" RAM/CIWS operation if the primary ship radars or CDS are lost due to down
equipment or casualty modes. However, the RIU should also be interfaced to the CDS to benefit
from the target tracks established within the ship's major combat systems.

(NU) The primary concept of application assumes that all targe tracks established by the ship
CDS should be provided via a standard NTDS input to the RIU, an AN/UYK-44 computer, which
then filters the target tracks for any target penetrating the SRAAW engagement boundary. In this
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case, where it is integrated with the CDS, the RIU will then correlate radar tracks received from the
CIWS to the CDS provided tracks, associate SLQ-32 information required for RAM engagements,
(NU) and provide the close ini weapons assignment of the RAM missiles for the ASM engagements.
Current ground rules assume the CIWS engages any surviving targets with no functional changes to
the CIWS being driven by the RAM and Phalanx integration.

(NU) The RIU integration with CDS is the recommended primary approach and is utilized
when the ship is a combatant with all of its combat systems and sensors in operation. However,
stand alone RAM/CIWS operation is provided when full ship capability is not available. In these
cases, the CIWS supplies the SRAAW radar tracks to the RJU instead of the CDS. This situation

r, arises when the ship's primary radars are down or are heavily jammed or in the case of small RCS
targets where the only target detections may come from the CIWS. SLQ-32 data is assumed
available to the RIU either through a CDS link or through a direct connection port provided on the
RIU's AN/UYK-44.

(NU) Man-Machine-Interface (MMI) requirements drove use of a small standard tactical
monitor allowing display of RAM and CIWS system status and weapon engagements. This Self
Defense Control Monitor is depicted in Figure 2.1-1 and allows flexible installation in the limited
space areas in the Combat Information Center (CIC) of the FFG-7. This approach also supports
MMI on numerous ship classes, including those non-NTDS ships without extensive CICs.
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2.2 RAM/CIWS Proposed FFG.7 Ship Configurations (NU).
(NU) The study includes three RAM/CIWS configurations for the FFG-7 class ship (Figure

2.2-1). The first configuration assumes that RAM is integrated into the MK-13 launcher. This
configuration requires a two RAM on a strongback design that fits interchangeably with Standard
Missiles (SM) within the MK-13 launcher magazine. This strongback's pre-design was provided
by the Northern Ordnance Division of the FMC Corporation, Nlinneapolis, Min. The study
assumes that 10 strongbacks representing a 20 RAM operational loadout could be carried and still
retain up to 6 Harpoons , 23 SM, and a test round in the magazine. This configuration requires
added integration complexity for the RIU since launcher control must now be given to the RU prior
to RAM engagements. Additionally, the RAM engagement time lines are driven by loading,
restowing (or jettison), and reloading of the RAM strongbacks. These time line inputs were
evaluated as part of this configuration's operational performance benefit analysis. Under this
configuration, the weight and balance impact of integrating RAM aboard the FFG-7 is negligible,
but the rapid fire rate of RAM is limited to 2 rounds before the strongback cycle time is required.
RAM engagement coverage is driven by MK-13 limits.

(NU) RAM in the production 21 round MK-49 launcher configured on the 02 level replacing
the MK-75 76mam gun is the second FFG-7 configuration evaluated. (Due to limited space and
critical weight and balance issues on the baseline FFG-7, MK-49 installation options are limited if
existing ship equipment is not rerr')ved). This configuration supports rapid RAM engagement
timelines but raises the FFG-7 vertical center of gravity (VCG) from approximately 18.50 ft to
18.54 ft (including equiment and a 21 round magazine on the 01 level). Both the RAM in MK-13
and RAM in MK-49 launcher configurations are limited in their RAM/CIWS overlapping
engagement coverage since the respective systems are not near each other on the ship.

(NU) The third FFG-7 configuration considered RAM installed in two 10 round RAM
Alternate Launcher Systems (RALS) port/starboard on the 02 level providing over 3600 of AS MD
coverage and providing the best RAM/CIWS radar overlap due to the aft installation of CIWS. The
RALS system is a commercial development by General Dynamics, Per Udsen, a Danish company,
and RAMSYS GmbH, a German industry joint venture established to produce the RAM missile.
This configuration provides 10 rounds for engagements on each side of the ship but also raises the
ship's VCG to approximately 18.58 ft (including equipment and a 21 round magazine located on the
second deck).
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I FFG-7 RAM/CIWS Configurations

RAM In MK-13 Launcher

RAM In MK-49 Launcher Replacing MK-75 Gun

RAM In RAM Alt Launcher (RALS), (2 -Port & Starboard)

En:.3l0op Coverage

NI$ ALI wK 13

4r43

UCLASSIFIED
Figure 2.2-1. FFG-7 Integrated RAM ICIWS Ship Configurations (NIJ).
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3.0 CONCEPT OF SELF DEFENSE FUNCTIONAL INTEGRATION (NUI.
(NU) This section covers the functional integration of the combined RAM and Phalanx

systems with existing ship systems. An overview of the RAM and CIWS systems is first given.
An overview of the functional blocks that make up the integrated self defense weapon Gystem and
the ship systems that are necessary to provide data and control is discussed next.

3.1 RAM Guided Missile Launching System Descrintion (NU).

(NU) The RAM MK-3lGuided Missile Weapon System (GMWS) consists of the 21 cell
MK-A9 Guided Missile Launching System (GMLS) and the MK-44 Guided Missile Round Pack
(GMRP) (missile enclosed in cannister). Additionally, a RAM Alternate Launching System
(RALS) utilizing a lightweight 10 cell launcher is under commercial development by a joint venture
of United States, German, and Danish companies. The RALS uses the same basic GMLS support
equipment developed for the MK-49 system. The RAM equipment is shown in Figure 3.1-1.

(NU) RAM's employment is shown in Figure 3.1-2. The current (Block 0) RAM missile is
effective against targets with active emitters. The missile's Radio Frequency (RF) receiver provides
the initial target acquisition with a broad angle coverage that allows for launcher-poil :ing error or
ship sensor designation error. This broad angle coverage also provides a "shoot around the comer"
capability for the RAM system. Transition to the highly accurate Infrared (IR) guidance is
automatic when the IR target signal criterion are satisfied. RAM also has the capability to fly in RF
mode All-The-Way to intercept in bad weather or against targets with very low IR signatures. The
Block 1 upgrade to the RAM is planned as an IR Mode Upgrade (IRMU) seeker, allowing IR Only
capability for missile launch and in-flight aquisition on targets without active emitters. The IRMU
seeker is currently in concept development by the US and FRG navies.

(NU) In order for RAM to properly engage targets, it requires operation of on board ship
sensors for target detection and an external designation source (EDS) computer to perform the target
designation and engagment control functions. The current US sensor suite for RAM is the Target
Acquisition System (TAS) MK-23 Radar, and the AN/SLQ-32 ESM set. Either one of these
sensors can initiate a RAM engagement. The RAM GMWS concept is designed for automatic target
detection, association of the dissimilar sensor data, and the automatic launch of missiles providing a
quick-reaction, self defense system. Flexibility within the system also allows semi-automatic or
manual operation. The GMLS is composed of four subsystems controlled by microprocessors and
a servo-driven 21 cell (MK-144) or 10 cell launcher mount.

(NU) The RAM GMLS recuires an external target designation source (EDS). This EDS
could be the ship's CDS computers, a primary fire control radar computer (such as the MK-23
TAS), or an AN/UYK-44 based RAM Interface Unit (RIU). The ship's EDS communicates with
the RAM GMLS through a digital data link. This interface is implemented in general accordance
with MIL-STD-1397A for a Naval Tactical Data System (NTDS) parallel configuration. The NTDS
link with RAM can be chosen as types A, B, or C, providing high flexibility in ship installation.
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(NU) The uniquely flexible RAM GMWS can engage a target using radar data, ESM data, or
a combination of both. Once the Block I IRMU seeker RAM is fielded, the RAM will also be
capable of engaging (in IR Only mode) a non-radiating target using track data from an Infra-red
Search and Track Set (IRST), a Forward Looking IR (FLIR) sensor. or a radar. The EDS should
perform the following functions for the RAM GMWS: Threat Evaluation, Prioritizanon, Threat
Engageability, Engagement Queuing, Weapon Selection, Weapon Assignment/Designation,
Engagement Monitoring, and Survive Assessment.

3.2 Phalanx Close In weapon System Description (NU).

(NU) The Phalanx CIWS is a fast reaction, high fire rate, computer controlled radar and 20
mm gun system designed to eagage ASM, fixed wing aircraft, or surface targets at short range
Phalanx is designed as a unitized modular system suitable for installation on most classes of surface
ships. The Phalanx is a total weapon system that encompasses functions usually performed by
separate, independent weapon systems. It provides autonomous search, detection, declaration
(threat evaluation), acquisition, track, firing, automatic kill assessment, and cease fire. The Phalanx
MK- 15 CIWS is comprised of the components shown in Figure 3.2-1

(NIU) The Phalanx uses closed loop projectile spotting to provide an increased hit capability
over open loop systems. The weapon system radar simultaneously measures both target location
and projectile stream location at the target and updates the fire control solution to reduce any
ditference to zero. In this way, Phalanx automatically and continuously direct, a stream of
projectiles onto the target throughout the firing period. The Phalanx weapon group contains a
coherent pulse doppler radar having separate stabilized search and track antennas and a shared
transmitter, recei' ,r, and signal processor. The gun mount is stabilized and computer directed.
The weapon group contains the general purpose computer and environmental control equipment.

(NU) The Block I upgrade for Phalanx provides for increased elevation search, a fire rate
increase from 3000 to 4500 shots per minute, a magazine increase from 980 to 1550 rounds, and
major pulse doppler radar improvements. These radar upgrades provide much improved detection
capability against small radar cross section targets. Additionally, a reliability improvement program
is in place raising MTBF specification from 136 to 350 hours.
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UNIT 3 !
RAOAR-WEAPON

ASSEMBLYI

UNI(ELECTRONICS

-3 I ENCLOSURE)

UNIT I
LOCAL CONTROL PANEL (LCP)

UNITS 2 AND 3
WEAPON GROUP

UNIT 4
REMOTE CONTROL PANEL (R(P)

Figure 3.2-1. Phalanx CIWS Elock I Equipment (NU).
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3.3 Overview of the RAM/Phalanx System (NU).

(NU) Figure 3.3-1 shows the major blocks that generally make up the integrated
RAM/Phalanx system and its generic combat system interface with the ship.

Ship Sensors SYS-2

IFF

• AN/UYK-44 RAM Launcher

Interface Unit .

'Self Defense
Control Monitor

Figure 3.3-1. Self Defen-, Weapon System Overview (NU).

(NU) The sensors for the CDS consist of the ship's air search and fire control radars and the
SLQ-32 passive receiver. The ship radar sensors detect targets and provide the range, range rate,
and bearing for each of the threats detected. The individual radar tracks are correlated in a system
such as the SYS-2 system to develop a composite set of tracks on targets in the area. These tracks
are passed from the ship's CDS to the RIJ. Because the RAM system is a passive radio frequency
homing missile, the SLQ-32 data is very important to the operation of the self defense system. The
SLQ-32 tracks must either be passed through the ship's CDS to the RIU or have a direct connection
to the RIU.,

(NU) The CIWS radar system provides target tracks directly to the RIU It measures the
target's range, bearing, and coarse elevation and derives range and angle rates. By integrating
CIWS directly with the RIU, the self defense system can still function and launch RAM missiles
even if the ship's radars and/or CDS is down.

(NU) The heart of the integrated RAM/CIWS system is the RIU. The RIU functions as the
external designation source for RAM in this system. There are four primary functions which the
RIU performs in addition to the housekeeping of the computer and input/output control. The first
function is to correlate and associate the tracks from the various sensors making a composite track
file of the detected threats. The RIU correlates the track data from CIWS and the SYS-2 or CDS
output of the ship radars to develop a composite track list of all radar tracks in the area. It then
associates the SLQ-32 data with this track list. The SLQ-32 tracks are not merged with the radar
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(NU) data due to the differences in data measured and the accuracy of the measurements. The track
list contains a list of radar tracks and SLQ-32 tracks and indicates which tracks axe associated with
each other giving a track list having one entry per threat in the list. The second fur.ction performed
by the RIU is the evaluation or a prioritization of the tracks in the track list to determine the relative
priority of each threat. Each track in the track list is ranked to determine the order in which they
should be engaged. This is done based upon the range and range rate of the track to determine the
time until that track impacts the ship, the type of threat, the track quality or number of detects on the
threat, and whether or not SLQ-32 has detected the threat. The next function is the assignment of
the highest priority track to the RAM weapon system. This function takes care of all the data
transfer to and from the launching system to fire the missile and engage the threat represented by the
track. It also processes the status of the launcher. The last major function of the RIU is the man
machine interface. The RIU provides the status of the RAM and Phalanx systems, recommends
designation of a target to RAM, and responds to the controls of the operator.

3.3.1 Tntegration with CDS on FFG-7 Class Ships (NU)
(NU) Figure 3.3.1-1 shows the specific data flow of the ship radar data through CDS and

into the weapon control processors on a FFG-7 class of ship. The radars providing the air search
target data are the MK-92 CAS search radar and the SPS-49 long range air surveillance radar. The
data from both of these radar systems feed into the SYS-2 Integrated Automatic Detector and
Tracker system (IADT). The SPS-55 also feeds into the SYS-2 system, but this radar is a surface
search and navigation radar which will probably not provide any ASM detects for the self defense
system. The IADT correlates the radar data from the individual radars merging duplicate tracks of
the same target into a single track. The tracks from the SYS-2 are routed both to the FFG-7 CDS
Weapon Support Processor (WSP) and the MK-92 Weapon Control Processor (WCP) where they
are displayed on consoles for the operators. Passive tracks from the SLQ 32 are displayed on the
Electronic Warfare Operator's (EWO) console. If the SLQ-32 is ii automatic mode, the top two
tracks are transferred to the WSP where they can be displayed on any of the CIC display consoles.
The WSP also passes these tracks to the WCP where the MK-92 Weapon Control Console (WCC)
operators can engage the targets. In the manual mode, the EWO can select up to two tracks to be
transferred to the WSP and subsequently to the WCP. In either mode, only bearing and ID of a
maximum of two tracks are passed to the WSP and WCP. The WCC operators control the CAS
and STIR tracking radars to engage targets with Standard Missile, Harpoon, and Gun Systems.

(NU') The optimum place to integrate the RIU into the ship command and control is at the
WSP. However, there are no extra interfaces on the WSP AN/UYK-43 computer allowing outputs
to the RIU. The next best place to interface into the ship system is at the WCP. This computer also
has direct access to the SYS-2 correlated tracks and can handle up to 128 tracks. After discussions
with the MK-92 technical design agents at NSWSES, this RIU to WCP interface is both feasible
and the recommended approach in order to alleviate any additional computational burdem to the
WCP AN/UYK-7 computer.
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Figure 3.2.1 -1. RAMIPhalanxJRIU to FFG-7 CDS Interface (NU).
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(NIJ) The data required from the SLQ-32 for RAM engagements include frequency, power

level, and bearing of the target. The frequency and power level are required to assure that the RAM
missile is launched in the right RF band and will have enough power to guide in RF once airborne.
The beanng is used to associate the track with radar tracks providing the range and range rate of the
target. SLQ-32 data is required on all threats in the area to allow association with the radar targets
for effective evaluation of all threats detected. Since no indication of the target power level is
passed from the WSP to the WCP, nor is the frequency of the target passed over, it appears that the
only way to meet these requirements is to have a direct connection to the RIU from the SLQ-32.
Presently the only output of the SLQ-32 goes to CDS (WSP). One solution for this problem is to
pass the SLQ-32 tracks through the RIU to the WSP. This concept is shown in Figure 3.3.1-1 by
the dashed line from the EWO box to the RIU and back to the WSP. The RIU would then have
access to all of the SLQ-32 information required by RAM and the pass through of the SLQ-32 data
would be transparent to the WSP operation. This concept also has the potential of allowing the RIU
to utilize the SLQ-32 if CDS goes down. This concept is recommended with more engineering
work needing to be done to identify potential problems.

3.3 2 RAM/CIWS Integration (NU).

(NU) The recommended RAM/CIWS system diagram is shown in Figure 3.3.2-1. Under
ground rules for this study, no functional changes were to be made to the CIWS for this system
integration. The RIU can capture target data and CIWS status directly from the CIWS
Instrumentation Bus available -n each Phalanx mount by using a line splitter type device.
Normally, these data are sent to the Parameter Analysis and Storage System (PASS) computer (a
Compaq 286) to aid in CIWS failure identification and maintenance. The CIWS line splitter resides
in the junction box currently placed between the Phalanx LCP and the PASS computer. This
junction box currently protects the Phalanx equipment since the PASS computer is not militarized.
The line splitter converts selected instrumentation bus data into NTDS A format to be sent to the
RIU. The RIU receives track information from both the CIWS and from the ship CDS, if it is
available. As previously stated, the RIU asssociates and correlates the different target tracks,
provides track filtering to determine when a track bccomes a SRAAW target, and then automatically
designates the target to the RAM GMLS. If the ship CDS or shi; ,ensors are not available, the RIU
operates in a stand alone mode utilizing the CIWS radar for RAM employment. In either case, the
CIWS will, in the event of target leakage, protect the ship if the threat reaches its open fire range.
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Figure 3.3.2-1., RAM/CIWS System Integration Diagram (U).
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(NU) The CIWS Instrumentation Bus data are dependant upon which mode the CIWS
computer is in: Search, Track, Fire, etc. The RIU could become "overburdened" with unnecessary
data if the bus cannot be pre-processed or filtered. Figure 3.3.2-2 represents the Instrumentation
Bus and the information the RIU needs to develop tracks from CIWS detects and shows what
recommended data should flow through the filter.

jnstrumentatian Bus
WOG Dan
Antenna Commards Junction Box
status words_____________
Target Danin pite/D~e
Track Error Data Ln pltrO~e
Target Number A uggedized Endlosure PASS
Detaild Target Dama Shock Mounts WComputer
Tme TO kn'owc Size - 30*15x24' (approx)
Bem mber ? SasTarget 4 Oouble.VME size CCAs ~ m
Beam inmor at Tagt 0286-type Microprocessor

Sector Datm Power Supply
LCP Display Oate NTDS M/

469 Target Ssrtasot Dats
computer Clutter Information

Filter Tag Data
search input Tables RAM Dats
Filtar Parameters stmatus wors
Protecttli Dam age am aintarrcoe Data Target Nu W

sector Data
Dttaed Target Data
N~umber Ot Scans/Talrget
Beam Nu~mber ot Target
Gyro Information
L.CP 0Diats ata

EU ~RAM In terface Unit
(AN/UYK.44)

Figure 3.3.2-2. CIWS Instrumentation Bus and Recommended Filtered Data (NU).

(INU) The fine splitter/filter box is enclosed within a militarized enclosure with shock mounts.
The filter algorithms are performed with a computer-based system using an 80826-type
microprocessor. It includes its own power supply, VME-type circuit cards, and line drivers to
transmit the filtered data to the RIU. The protocol of the CIWS/RIU interface adheres to the NTDS
interface standard (MEL-STD- I 397A).

3.3.3 RAM Interface Unit (NU)
(NU) The RIUJ provides command and control processing to support execution of the RAM

engagements. Though it is anticipated that RIU software will reside in an AN/UYK-44 computer,
the engineering concepts presented in this section are not dependent on the ANIUYK-44 as the
target computer. Figure 3.3.3-1 depicts the RIU software functional composition. The command
and control mechanisms for employing RAM are currently implemented as part of the MK-23
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(NU) Target Acquisition System (TAS). The TAS Operational Computer Program (OCP)
incorporates pertinent functions for designating targets to the RAM GMLS. Without an interface to
TAS, (e.g. the absence of a TAS aboard the FFG-7 class ship), any consideration for RAM
installation must address the same functional provisions for GMLS inherent in the TAS OCP. The
RI will build upon efforts already accomplished in the TAS OCP and utilize as much of this
developed software engineering as is practical to effect P solid basis for RIU development. The
RIU is currently an industry initiative in the demonstration phase.

(NU) A generalized example of a UYK-44 Military Reconfigurable Computer (MRC) to
support the Rru interfaces is depicted in Figure 3.3.3-2. The RIU is being designed to support
inputs from up to 4 CIWS line splitters and provide designations to up to 3 RAM GIMLS at any one
time.
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3.3.4 Operator Interface & Automatic/Semi.Autom .,c RIU Operation (NU).
(NU) The operator is provided a tactical monitor which can provide insights into the RAM

and CIWS engagement status for improved battle management. This Self Defense Control Monitor
provides data input, system status monitoring, and operational engagement monitoring or over-ride
capability. It is envisioned that the monitor will be a small ruggedized US Navy standard touch
panel mounted near the Tactical Action Officer or the Weapons Control Operator in CIC and will
require no dedicated operator (Figure 3.3.4-1).

Tactical
I System

Status

Threat Eval
P&

Weapons Assign

RAM & CIWS

lR Touch Panel Status

SDM

Status

Rang 10NM _ _

SDM Control Range Display Data Commands

EE0m EEE1 Filoi3WF E EIE
Self Defense 0 D WWWl 2E

Buzr Control Panel E ii D~ ]

Figure 3.3.4-1. Self Defense Control Monitor (NU).

NATO UNCLASS IF I ED

17.23

IIII Mi l ..... .... I II I JJ I ! I I IL _ I~ I W I~jj I I I,



" NATO UNCLASSIFIED

AC/243-TP/2 17.24

(NU) As a minimum, RAM and CIWS engagement zones and SRAAW targets received from
CDS and CIWS shall be displayed. The monitor shall show pairing lines between ownship
symbol and the engaged target including the engaged weapon identification. The touch panel
display will allow the TAO or WCO to monitor, and if desired, to override RIU weapons
assignment actions. The monitor is digitally driven by the RIU. This implementation allows stand
alone display and control if CDS is down or in casualty situations. It also supports system
implementation aboard non NTDS ships or ships with very limited combat systems.

(NU) In the cumpletely automatic RIU mode, the operator has a minimum of responsibilities
with this integrated system. The self defense system will detect, correlate/associate, prioritize,
assign, and fire a salvo of two missiles all automatically. It will also perform survive assessment
and re-engagement if necessary. The operator has the capability to override tue automatic
designation to the RAM system and can change the target designated using the Self Defense Control
Monitor. The RIU gives a warning indicating that a RAM missile is about to be fired. The operator
can see at what bearing and against what target the engagement will take place. The operator can
hold fire at this time, if desired. If no hold fire is commanded, the engagement continues
automatically. The operator can also select any of the targets displayed on the monitor to be
engaged ("hook" by touching). This will ovemde the automatic sequencing done by the RIU.

(NU) In the semi-automatic RIU mode, the RIU recommends that a particular threat be
engaged, but will not automatically designate the target to the RAM GMLS. The operator must
press the recommend designation button for the engagement to continue. This condition will also
exist for the cases where there are not both radar and SLQ-32 data on a track, but the criteria is met
for engagement using one u. 'he sensors.

4.0 RAM/CIWS OPERATIONAL PERFORMANCE SUMMARY (NUI.

(NU) This section provides a short summary of the integrated RAM/CIWS operational
effectiveness developed as part of the study. First, an operational effectiveness baseline was
established using the FFG-61 configured with the MK-92 Combined Antenna System (CAS) Mod
6 (CORT) fire control radar, the Standard Missile (SM-1), and the Block 1R3 version of the
Phalanx CIWS. Next, the operational benefit of adding RAM integrated with the MK-92 was
established for each of the three ship configurations described in Section 2.0. Finally, the
operational benefit of also integrating RAM with the Phalanx CIWS radar coverage was established.

(NU) The anti-ship missile (ASM) was used as the threat for this analysis. The Applied
Physics Laboratory (APL) of the Johns Hopkins University provided the threat characteristics.
Three different ASM threats were separately evaluated: low/slow sea skimming ASMs, low/fast sea
skimming ASMs, and high'fast ASMs using a diving terminal manuever. Wave scenarios using 2
ASMs at different bearings )ut at the same range from the ship, and stream scenarios tsing 4 ASMs
on the same bearing with specified arrival spacing were evaluated. For the stream scenario, 75% of
the ASMs were assumed to be radiating RF energy. For the wave scenario, both ASMs were
assumed to be radiating. Four ASM radar cross section (RCS) values were parametrically evaluated
for detection range and engagement capability. APL provided the detection range estimates for the
MK-92 CAS CORT and the General Dynamics Pomona Division provided the detection range
estimates and hit data for the Phalanx system. Classified details of the threat, detection,
engagement, and lethality assumptions am available in the full report.
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(NU) The measure of merit used for this performance evaluation was the number of ASMs
leaking into the CIWS layer. This measure of merit was chosen because it allows quantification of
the benefit of providing an additional layer of ASM defense. In all cases, the SM-i system was
allowed to engage the ASMs, providing the CAS CORT radar was aule to establish a track and
providing the engagement timeline was sufficient to allow illuminator acquisition and SM-i flyout.
The RAM system used both the CAS CORT tracks and/or the SLQ-32 ESM tracks (if the CAS
CORT could not provide a track against the lower RCS targets). Additionally, the RIU used CIWS
radar tracks when it was integrated with this system. This integration provided radar tracks against
the lower RCS targets, but required the integrated system to be very fast due to potential close in
detections.

(NU) Figure 4.0-1 presents the overall operational effectiveness results. The primary results
showed that adding the high firepower, fast reaction RAM system in either the MK-49 21 round
launcher or in the 2 RALS 10 round launchers reduced the ASMs leaking to the CIWS layer by 50
to 90%. The least benefit was derived against the larger RCS, slow ASMs and the most benefit
was obtained against the higher speed ASMs. Additionally, the RAM's ESM only engagement
capability provided significant benefit against lower RCS targets where the primary radars either did
not detect or obtained a late track on an incoming ASM. The RAM system provided a significant
layer of ASM defense.

(NU) When RAM was employed from the MK-13 launcher with the 2 round strongback, it
provided approximately half to three quarters of the performance it achieved in the stand alone
launcher cases. This p rrmance is based upon the lower firing rate of the RAMs due to the
requirement to stow orjL. son the RAM strongback prior to the next RAM firing salvo. The stow
and reload process requires approximately 18 seconds, and the jettison and reload process requires
approximately 12 seconds. Although the operational benefit is not as great as in the stand alone
launcher cases, the increase is ASM defense is still substantial if weight and moment criterion are
paramount on the FFG-7 class ship.

RAM in the MK-49 or RALS Cuts Targets
Leaking to CIWS by 50 - 90 %

* RAM in the MK-13 Launcher Produces 45 - 75%
of the MK-49/RALS Performance
(Timelines - Stow/Jett of Strongback)

* RAM/CIWS in Casualty or Stand Alone Cases
Provides 40 - 80% Cuts in CIWS Targets

Figure 4.0-1. RAM/CIWS Operational Analysis Study Results (NU).
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p (NU) Finally, the performance of RAM using only ESM tracks and the CIWS radar for target
, engagement data is shown. This situation could occur if the primary MK-92 radar was severely

jammed or if the radar or primary CDS computers were casualties or down for equipment problems.
In this situation, the performance is close to the full up system capability. The integrated
RAM/CIWS system provides strong casualty backup for the pnmary radar and CDS systems
aboard ship.

(NU) Figure 4.0-2 depicts relative intercept ranges for the engagement systems on the FFG-7
ship The operational aralyses shows that the SM-1 system had sufficient engagement umelines
versus the slow ASMs, but did not have sufficient engagement timelines against the lower RCS,
high speed ASMs. The RAM system achieves a much improved intercept range against both slow
and fast ASMs, helping prevent high speed debris from damaging the ship.

Stream Attack
SM-1 RAM CIWS

Slow Targets Fast Targets

Figure 4.0-2. Relative ASM Intercept Ranges. (NU)
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(NU) Figure 4.0-3 summarizes the system benefits of the RAM/CrWS integrated self defense
weapon system. Adding RAM to the FFG-7 class ships, in either of its stand alone launchers.
provides a strong additional ASM defensive layer. RAM's flexible engagement capability (NU)
introduces less dependence on the ASM's RCS and RAM's high speed airframe provides increased
ASM intercept ranges, helping reduce potential ship debris damage. Additionally, integrating RAM
and the Phalanx CIWS provides strong casualty backup for existing ship combat systems. The
Phz!anx radar capability provides hemispherical low RCS ASM detection capability and the RAM
system provides hemispherical layered engagement capability. The combination of the two systems
significantly enhances ship surviveability in both lov and high intensisry conflicts.

Addin RAM to the FFG-7 Provides:

* Increased AAW Firepower - Cuts CIWS Targets 50 - 90%

- 'ended ASM Kill Range (Less Debris) - Up to 7 times CIWS Alone

* ASM Engagement from ESM Data - Independent of RCS

In Addition, Integrating RAM/C(IWS Provides:

• Radar Designation of Small RCS Targets - Using CIWS Radar

• Radar Backup of CDS, SPS-49, and CAS - ECM or Casualty

• Upper Hemisphere Layered Coverage - CIWS plus ESM

Figure 4.0-3. RAM/CIWS Integrated Weapon System Banefits (NU).
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REALIZATION OF AN EXPMM BLE ACTIVE SEDUCTION TYPE NAVAL DECOY

John Nielsen

MEL-DSL

ABSTRACT

This paper will discuss the realizatienn of a practical ex endable naval

decoy that is deployed by a chaff roc. at. The decoy considered is of the

seduction type N,.iicl is designed co cc.r.,er the ASH during its lock-on and

terminal engagement phases. The content of this paper is a result of a

feasibility study performed at MEL-DSL thAt was funded by DREP,

1. INTRODUCTION

It is becoming increasing difficult to counter modern ASH's fitted with

active monopulse seekers using an onboard jamming system. This is because

of the difficulty in impressing a sufficient azimuth angle error into the

guidance system to ensure a sufficient miss distance. On-board techniques

such as cros-pol or cros-eye jamming are difficult to implement and often

have unpredictable effects. Contrarily, decoys can provide a definite real

alternative target that is off-board and can therefore induce a sufficient

angle error to provide a safe miss distance,

Passive off-board decoys in the form of chaff and corner reflectors have

been effectively used ever since the second world war, However, there are

several major problems with passive decoys as listed below:

1. obtaining sufficient RCS to compete with the skin echo off the ship

2. controlling the deployment position for optimum miss distance

3. deployment response time
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4. ohtaining a broad frequency coverage

Active decoys can potentially overcome these problem areas. It has been

clearly demons'rated by simulation and actual sea trials that act!ve

off-board decoys are an effective countermeasure against radar guided ASM's.

However, it has also been demonstrated that the ideal performance

specifications required of the decoy results in a high cost payload.

Non-expendable decoys have been considered bu, are not favored from an

operational standpoint. Consequently, the cost of the payload must be

minimized. It is desired to maintain the cost per decoy round of less than

$50k.

2. OPERATION OF A SEDUCTION DECOY

Initially it is assumed that the missile is tracking the ship and that the

ship and decoy are within the same radar resolution cell. For successful

seduction, the decoy EIRP must be larger than the reflected skin echo of thE

ship. Before the missile reaches the burn-through range, the decoy and shif

must separate sufficientlv in azimuth angle such that ship is outside the

range resolution cell centered on the decoy. Ideally, the decoy will be

deployed at a sufficient lateral range to achieve this. It may be necessar%

to coordinate the motion of the ship to enhance the angular separation.

It is common for modern threats to use some form of leading edge track as ar

ECCM feature. In order to provide successful seduction it is necessary that

the decoy return sweep through the ship return in range, picking up the

range tracker in the process. This dictates an optimum flight path as

il1uqtrnted in Fig.1., A delay is Incorporated to delay the decoy return to

ensure that it does sweep through the ship return.

Such a profile is possible *.Jth a controllable RPV or rocket. The RPV has

been considered but due to ou: ational difficulties, it is not a favored

solution. An attractive alternative is the expendable dinnen rocket.

However this is a;, expei.sive option resulting in not mcrting the desired

cosc specification of less than $50k per round. A favoied alturnative is tc
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FIG. 1 ILLUSTRATIONf OF THE OPTIMUM DECOY FLIGHT TRAJECTORY
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use a chaff rocket as a deployment vehicle. It is lrexpensive and uses the

existing chaff launchers on board the ship. A disadvantage is that the

optimum flight path of Fig.l cannot be achieved exactly. Also, there is a

possibility that the missile seeker will use range and angle velocity

discrimination that can be used against the high speed chaff tocket. This

limits the distance the decoy can be deployed from the ship and consequentl

the resultant miss distance.

Fig. 2 illustrates the various phases of the chaff rocket deployment as wel:

as the flight profile., The rocket is launched and accelerates at about 12

G's to about 600 Km/hr. The rocket is then jettisoned and a drogue chute is

used the decelerate the decoy. A, a specific time, the main chute opens.

This timing is used to control the deployment range of the decoy. The main

chute keeps the decoy airborne for about 40 to 90 seconds depending on the

height of the flight apex,

3. DECOY PAYLOAD SPECIFICATIONS

A feasibility study regarding the feasibility of the naval seduction decoy

was comaissloned by DREO and performed by MEL-DSL. This study concluded

with a set of specifications required of the decoy round to ensure adequate

success against a large number of known ASM threats. These are listed

below:

1. Decoy must have a minimum EIRP to compete with the skin echo of

a Frigate sized ship.

2. Frequency coverage of 7-19 GHz.

V3. The payload must be launchable from by chaff rocket which severely

restricts the weight and size of the payload.

- 5 inch diameter

- 24 inch length

- < 25 lbs payload

- withstand >40 G's

NAT 0 UNC LAS S I F I ED
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4. The polarization of the re-transmitted signal must be agile or at least

switchable between two orthogonal polarizations.

5. The antenna coverage must be 3600 in azimuth ard ±450 in elevation., The

azimuth coverage is necessary since the decoy is mounted on a parachute and

may be oriented in any arbitrary direction. The elevation coverage is

necessary to compensate for the swaying of the decoy on the parachute as

well as counter high diver ASM's.

6. The decoy must be active during the launch to ensure that it is visible

to the seeker.

7. The active lifetime of decoy is around 90 seconds.

8. Some pulse sorting in terms of frequency or bearing needs to be imposed

in order to avoid EMI problems of jamming friendly radars.

9. The decoy round must have a 10 year shelf life under naval conditions.

10, The decoy must provide a saturated output power with the input power

level ranging over 45 dB.

The objective specifications of cost, bandwidth, power, antenna coverage anc

small size are all conflicting resulting in an very chali(enging design

problem. The most critical and expensive portion of the ppy~oad is be

transmitter amplifier and antenna which, therefore, forms ti, center the

tradeoff analysis and the focus of this paper,

4. PALOAD OPTIONS

In the section the design tradeoffs of the decoy payload will be discussed.

The performance of the payload with respect to thL above specifications is

determined primarily by the transmitter amplifier and antenna. Hence the

discussion of payload options will be focused on these components.
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NA TO U N C LAS S I F I E D

AC/243-TP/2 19.

Consideratio- will be given to TWT, solid state and magre-on based

transmitter amplifiers.

4.1 Single TWf

A significant amount of effort has been expended on realizing an expendable

wide-band helix TWT with about a I to 2 KV output. This is the bases of thE

payload developed for the US NULKA program. The tube cost with power suppl>

is anywhere between SlOk and $30k depending on which source is quoted. Suct

a tube is applicable to the chaff rocket launched decoy payjoad. A possiblf

payload scheme is shown in Fig.3. A single wide-band horn antenna is used

of about 10 to 15 dBi whi:h needs to be steered mechanically in azimuth and

elevation. In addition, a polarization servo is required to facilitate the

polarization of the thret., A coax or BAW delay line is useJ to delay

signal to allow TUT to turn on and provides time for any EM! filtering such

as frequency or pulse width to be performed.

The main disadvantage of this form of payload is the mechavical servo

required for steering the antenna in azi'ruth and elevation. The servo must

be fast enough to counter the spin of the chaff rocket which is necessarily

induced to provide stability and placement accuracy during deployment. It

must also be sufficiently robust to withstand the high G forces and the 10

year shelf life under naval conditions.,

An additional disadvantage is that the antenna cannot be active during the

launch phase. This severely limits ite effectiveness in reduction of high

resolution radar seekers.

4.2 Retrodirective Phased ktray Approath

The mechanically steered antenna can be avoided by either using an

omni-directional antenna or by using an electronically steered phased array.

The omni-directional approach is not viable since the transmitter power

required buomes excessive, A coupled cavity TVr would have to be used
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which only has a narrow bandwidth, The option of using a phased array is

generally considered too expensive due to the requirement of high power

phase shifters. However, a very interesting option is to consider the

retrodirective array antenna. A suitable form of this antenna that is

conformal to the cylindrical decoy payload housing is shown in Fig.4. It

consists of a receiving and transmitting circular array. Feeding each

transmit element is a separate amplifier with an input from an element on

the receive element. The receive element is on the opposite side with

respect to the transmit element as illustrated. If all the pairs of receivc

and transmit elements are connected in this way, the array becomes self

phasing and no additional hardware is required for beam steering.

The advantage of this scheme is first that no mechanical parts are required.

The array will actively beam form to a signal arriving from any azimuth

direction. The beam forming mechanism is linear and independent of

frequency. Consequently, the array can respond to simultaneous threats fror

different bearings.

There are several disadvantages of the retrodirective array., First, the

radiation pattern has fairly high sidelobes. The plot in Fig.5 is of a

circular retrodirective srray with 10 elements arranged in a 5 inch diamete

circle at 9 GHz., As seen there are significant sidelobes above -10 dB

relative to the main beam. The second disadvantage is that it is necessary

to maintain phase tracking to within about ± 150 between channels. The

third disadvantage is that it is difficult to implement any EMI control.

The medium power helix TWT is an attractive choice for the retrodirective

payload. A practical arrangement would consist of about 10 channels with

100 W midi-tubes to achieve the required EIRP. In addition a phase matched

10 channel 100 nsec BAW delay line is required to allow for the turn-on

delay of the tubes.

One of the disadvantages of the retrodirective array approach is that all

the channels must track each other in phase in order to focus the beam. ThE

midi TWT has a worst case phase tracking of ±1- across the frequency band

for a 30 dB gain tube which is adequate. In addition the phase must

NATO UNC LASS I F I E D
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FIG. 5 RETRODIRECTIVE ARRAY RADIATION PATTERN
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track over temperature and through the power saturation region of the tube.

In large quantities the projected cost of manufacturing a 30 dB 100 W tube

is in the vicinity of S.5k. Consequently, the cost criteria of the decoy

round is achievable,

Solid state amplifiers have also been considered for the retrodirective

option. Currently GaAs FET's are available that are capable of generating

up to 20W of power at X band frequencies over a narrow bandwidth of less

than 500 MHz. The power gain of these devices is generally less than 6 dB.

The main problem with solid state is losses in the power combining sta -q.

Also designing power amplifiers is a very specialized akt which requires

accurate measurement of the specific devices to be used., This makes solid

state power amplifiers rather expensive. Consequently, at present, solid

state do not compete favorably with respect to a midi TWT array.,

MEL-DSL under contract from DREO has investigated the possibilities for

using a magnetron as a pump for the bases of a power amplifier., Fig.6 shows

the scheme that is considered. An IF signal is formed by down-converting

the incoming signal with a sample of the magnetron output, The IF is then

used to modulate the magnetron output to regenerate a replica of the

incoming signal. The modulation occurs in a High Power Modulator (HPM).

The HPM is a single side-band quadrature up-convertor that generates a

side-band that is coherent with respect to the incoming signal.

Research into obtaining high power output at a broad modulation frequency

bandwidth is ongoing.

4.3 Bigh Antenna Gain Approach

It i, difficult to achieve a solid state high power wide bandwidth

transmitting amplifier at a low cost suitable for the circular array

retrodirective antenna application. However, what is available are 6 to 18

GHz GaAs amplifier MMIC's which generate approximately I to 2 Watts. To
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make use of these devices, spatial power combining is considered in a two

dimensional array of significantly higher gain than the circular array

considered for the retrodirective array.

An interesting observation is that in spatial power combining, if the

elements are spaced apart such that the array factor directivity is less

than the directivity of a uniformly illuminated aperture of the same

dimension as the array then the EIRP increases as approximately N2 rather

than N, where N is the number of clements. Hence if the entire surface of

the decoy cylindrical body is used, this principle can be exploited to

reduce the radiated power required to meet the EIRP.

Consider the cylindrical shape of the decoy with a 5 inch diameter and a 20

inch height. The theoretical maximum antenna gain from the transmitting

array panel is given by '

Gain = 4 r Area /
2

which at 10 GHz is 29 dBi. At this gain level, the total transmitted povet

required to obtain the desired EIRP is only a few watts. The actual gain

will be less than this since the aperture is only partially filled.

However, offsetting this is thi element gain of 3 to 5 dBi. As a rough

estimate it is reasonable to assume that a 24 dBi gain is possible. The

main-beam would be about 6.5' in elevation and 260 in azimuth.

There are several problems in realizing a wide band high gain phased array.

First, a DF system must be provided that is sufficient accuracy to steer thE

beam. The second problem is in phasing the elements accurately.

The accuracy of the DF required should be better than half the beam-width.,

Consequently a DF with 30 bearing accuracy is required in elevation. This

is a challenging design problem considering the bandwidth, input dynamic

range required and cost limitations imposed of the expendable payload.

Hence the DF accuracy in elevation will restrict the antenna gain

achievable.
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CONCLUSIONS

In this paper a very brief outline of the technical challenges of realizing
a seduction expendable decoy has been considered. It is difficult, with
current technology to meet the performance criteria outlined in the list of
specifications given and maintain a cost of less than $50k per decoy round.

Two viable solutions have been discussed, one based on A TVT' array in a
retrodirective array configuration and the other, a solid state phased arra:,
approach. As the GaAs technology matures, and with it the availability of
wide bandwidth power amplifiers, this solution will become more cost

effective.
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Suppressing the Infrared
Signatures of Marine Gas Turbines
The exchaust plumes and sisible areas o/ the enstine exshaust ductrng associted with
marine gas turbines are toalor sources of infrared (IR) radiation on ships. These

A M. Birk hligh-radiance sources make ercelletit targets for IR-guided threats. In recent iestrs
Detartment of Mecnianicai Engreering uitinif ea nt efforts hate been made to reduce or eliminate these hign-radiance sources

QUe S Lrversitv to increase rte survitabiIri 01 natal and commercial ships when sailing :if high-risk
Kstnlav C dOO areas of the ttorld Tipicai IR signature suppression (IRSS) systems incorporate

film coolink of i'sible mnetal sources, optical blockage to eliminate direct line-ol-
sight vtisilttv of hot exrhaust sistemn parts, and cooling air injection and mixine forW. R.- Dav IS plume cooling. Because thre metal surfaces radiate as near black bodies, eteri' atternprt

NS R Davis Engiree,'rg Lmilt! is made to reduce the temnperaiures o; the visible surf aces to near ambient conditions
~jlt5 05th The exrhaust zases radiate selectivelir and therefore do not have to be cooled to the

same degree as the nietal suriaces Tire present paper brief/v describes the ntotitittion
for incorporatiiRSS itto the exhaust systems of iarine poiser plants IRSS
hardwvare developed in Canada by, the Canadian Department 0/ \ationai Detente
and Davis Enituieering Lionited is presented along with details o/ their operating
principles .4 fvpttai inistallation is presented and discussed Design impactis ot rte
ship are described with reference to engine back pressure. noise and ireight attd
r-en ter of gratiti elf ects

Introduction
Nasal ships, and in oine parts of the world commercial the near IR (NIR 0 75-3,0 pit. the middle JR MIR 3 0-6 0

ships, are exposed to the risk oi attack b itfrared OR) or tn.the tar JR il-JR 60-I5 ins) and thle extreme JR (I R
partially J R-guided threats IJR as a means of guidance is pop- 1S 0-1005) am)
iar oecause ot its passive nature Thai is. an IR-guided thra, Common engineering materials tend to emit radiation

reies on the elect roinetiet Ii radiation emitted by the tairget, hroughtout the JR spectrum, that is, they a,t approxtmates
not Ott the reflectioni ot radliation originating irom tile tsreai as erav bodies where the ernissivities are constant for all

rhe JR signatures eisen oi I hs the exhaust uptakes anti the waselengths Ciases, however, tend to radiate seiectisel% oser
exhaust plumes ot marine ua turbines mrake excellent iar es narrow bands ot the electromagnettc spectrum The exhaust
for lR-guided threats Ciser ine last decade, the Canadian uptake metal surfaces therefore radiate as near era% odies
Department of' National Defencee has supported the developr- while the exhaust plume radiates selectivelv
ttent ot devices for suppressing thle JR signatures oi mtarinte High-temperature bodies tend to radiate tnore enerL at
gas turbines with the ultimate svoal ot filintg Cainadian Nasy tower wvavelengths (higher frequencies) and low-temperature

hips with this hardware It'' dt sices descrbed in this ptaper bodies radiate at higher wavelengths dlower irequenciesl -\
are now in the consttiiction phases for thte Canadian Patrol ool sthip hull will radiate thermal etergy ai longer waseietigths
Frigate iCPFI program and the update program tor the DIM) thtan the hot uptake metal surfaces, which will tend to radiate
280 destrosers I TRUJMP) tstre aeegh

l-he atmosphere ausorbs J R radiation c\i"pt in ~ertin regions

1 R Radiation ot the electrosmagrnetic. spectrum rhese rettionsi athe spectrum
through which JR radliation can pass are knoiwn is atmospheric

Thermtal ;adtation is emiitted its a budy as a rev~ilit of ' %indows Iwo imptortant windows are located at jpnroxi-
temperature -%ttv btodv abo~e u deet absolute radiates ilteirnal intate the 3 to s din' and the 8 to 12 Ani ranges Low-icm-

enery A Oreried v ){ussor I ih93 thrma iaiaton tC5 perature bodies will radiate msole in tilme 8-12 pm range tie
in the tange from about ii 1 io 100 cii in the eic!ctramagnett.: hot bodies will tend to radiate nmore in the 3-5 tuin ange
spectrum. The JR spestrum lien approniniarelyciitfic rarie E-ngineeringrmttaerials, as mentioned earlier, viilradiate in both

t~om 75o 10O~ Sudivsiosofthe[R~e Iin ucude these windowvs. Eshaust gases containing carbons dioxide and
wxater sapor will radiate primarily iti the 3-S uim range because

oIbinruted by the In~ternationai (ads turbine Institute arnd presenuted at ttC o herslciv hrctrsis
rid Itiernational oast ore and A.rrmenuine Corioress and Ehibi'tvn Smraiain

tierdarm. rim Netherlands June 5-9, 1998 Manusriprt rectaved is the vnet Ile thtertmal radiation trom the exhaust plume is due to the
natiornai Gas Ttbitie Iiute Qcober 19S-, Pater No 88 (At 3 ~ arbon dioxide atid water vapor in the plume As described
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by Hudson (1969), strong emission bands occur in an exhaust J,= target radiant intensity (W/sr)
plume a, 4 4 and 2.7 Mm The 2.7 ,m band is caused bN both As with radiance, radiant intensity of a arget should be
the sater vapor rid the carbon dioxide, and the 4.4 Am band considered relative to the background radiance effects.
is due to the carbon dioxide For detection and tracking, the For trackig purposes tbe same priciples apply. TI' target
4 4 

Am band is most useful Because the carbon dioxide ii the radiance must be different from the background radiance
plume is at a higher temperature and higher partial press ire~Howe,/er, for trackers it is important to have a stgnticant
than the carbon dioxide in the atmosphere. it radiates outside contrast between the background and the target. For wse same
ot the absorption band ot the atmospheric carbon dioxide and irradiance, a point target is easier to track than an extended
therefore little of the plume radiation is absorbed b% the at- target (Wolfe and Zissis. 1978) Trackers dessgni for point
mosphere lHudson. 1969). targets usually have degraded performance wh:n contronted

Night vision systems use the 8-12 pm range to see items at by extended targets. Theretore hot spots maKe good targets
temperatures very near to the background temperatures. Look- br trackers.
tn at objects in the 8-12 Am waveband tends to show the

entire bc,.% and theretore the image is an extended one IR-
guided missiles tend to use the 2-5 Am range so that they can Relative Importance of IR Radiation Sources on a Ship
home in on hot spots that appear as point sources Sources of IR radiation on a ship include the hull (and

associated elements), the visible exhaust duct metal, and the
Detection and Tracking exhaust plume. The relative importance ot these different

An lk detector is used to discern an hiect from its back. sources will be shown with the following approximate analysis.
ground. ihle an IR tracking device .s used to follow the Consider a hypothetical ship where the hull, plume, and
position o a selected moving object visible uptake surfaces havr. Areas ot approximately 1500. 20.

For detection purposes theobect must appear ditferent ttom and 5 in,, respectivelv These visible areas would apply ap-
the background it appears in If an object radiates in a manner proximately for a side viev ot a ship when the plume is flowing
similar to the background ii whi,.h it resides, it %ill be ser* straight back from the fi.nnel The observcr's position includes
difficult to detect. For detection of an extended target. the a small downward el'.ation angle so that part ot the hot
radiation reaching the detector when it has the target in its exhaust uptakes is vtioie. The plume area ot 20 m- applies
tieldot view must exceed the radiation that the detector receives for the 3-5 Am wave band (the plume effective area depends
%ishen it stews only the background (Volfe and Zissis. 1978) on the waveband of interest recause ot its selecti-e radiating
In other words, the object radiance as defined below t Hudson, characteristics)
196) must be greater than the background radiance Let us assume that the bacvground is at a uniform 15'C

and the hull average temperatu: e is 5°C above the background
= o 7, r (1) temperature. Let us also assume that the etfective plume and

here uptake temperaures are 400"C This ,ase is. ot course, a sitit-
Y = radiance tW, sr ins plitication. Real backgroi'd ettects. solar heating, and non-
, = Stetan-Bolizmann vonstant oniformittes in the hull and plume temperatures have sot been

S= emIssivity ,onsidered in the analysis rable I shows the assumed pop

The raiatm power per unit area, or irradiance (\\ rtt-t, crtes o the different IR sources ott the ship. including itie
reaching the detector depends on the object anid bav..ground assumed temperatures and areas
radiance i'k,, sr m), the object and background relatuve areas It these different sources of radiation were to radiate as
n the detectors field o view, the range, and ol ,:Oir,e tile black bodies, a certain percentage ot the total radiation would

absoroing effects o the intervening atmosphere fall within the two atmospheric vittdows. Table 2 presents the
With no atmospheric absorption accounted for. and assum- approximate percentages that result

inz the target does not till the field ot vtew ot the detector. The hull and the uptake metal surfaces act as gray bodies
the irradtance resulting from an extended target in the back- and tor thepurposes ofthepresertanlivsts it has been assumed
ground scene will be that the emissivities for both sources are 0 95 For the plume

Ht= (, 'Vl0), + S- 2) the radiation calculation is based on the assumption that the
vvhere ,selective radiation ot the carbon dioxide can be approximated

H= irradiance at detector (W/m')
'\ = target radiance (W/sr in-)
', = background radiance tWm': Table I Assumed conditions for order of magnitude analvsis
i3/=detector field of yew solid angle (sri of different sources of IR radiation on a ship

, "=target solid angle = A,/R
5  nource Temperature. Assumed area,

A,= target projected area (in) _C 
m_ _

hull 20 1500
R = range (in) plume 4t 20

From the above expression we see that the irradiance seen exhaust duct 400
by the detector depends on the radiance of the extended source xssuned backgrovnd temperature = I SC
relative to the background -adiance If the target and back-
ground have similar radiance then it will be difficult to detect
the object. For detettion purposes an object radiance vhouid Table 2 Approximate percentages of total black body radi-
be considered relative to the background radiance ation falling within the atmospheric windows for the different

If the target ts a point source then it is difficult to asievt a sources of IR
distance and area to it and therefore it is more conv emen to tource Percent black boos radiation
use the concept o radiant intensity IW,sr). Radiant inensitv
is the product o the object radiance and the object urlace 1-5 8-12 am
£5555 Srp the coa cepr u

t 
ro - -n tnenstv (

f 
the ?-o-r the hull 26

plume 4"
above expression can be written as exhaust duct 28 19

H= (J, -V,4,)IR" + N ,f? ') -
Nfote' For the plume ra,ation the percentage of black body radiation

where is based on the 4 3-4 55 Am, aveband.
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Table 3 Order of natinitude estimates of radiance and radiant Conra Body

intensity for the different sources 0 X~ backgroutndl Exhaus

Source Radiance. Radiant intensity, ti is,
-W/,r M. W. sr

3-5 ;,rn 8-12 sIt 3-S Arn s-12 siuam~ ~
hull 3 33 1950 49.500
Plumie 74 - 1480
exhaust 985 668 4925 1340

duct

Table 4 Order ot magnitude estimaktis at radiance and radiant outr Duct Diffuse section
intensity for the different siources accounting for background Fig 1 DRES Sall IR suppression device (marine applicaion)I

*at 288 K
Source Radiance. Radiant inienstl.

%v sr in, r5 seSandoli

___ __ of v~aiMMixingLength

exhaust J9t 4 38 4920 1198 Gv

Table 5 Percentage contribution ofsource to overall si
signature ibackground at 281 K)
Siource Percent ontribion 0. sWiles 1117-a,

ship siznature 4 Nomde /' # 7
1_ f~n -I_, ..niE iector

-_______ -_-_--_- Muiti-eing Emirsinng Diffuiser

plumne -13

0,1 Fig 2 Eductovldiftuser IR suppression device (marine appication)(

in the 3-s amwehnda ra'. gas tadiatin biee 4 1 duct Surfaces tcat both be sigtiticant sources of IR radiation

toisbsdon an anal~sts presented by Hujdson i 691 for make eood targzets tot IR-guided threats
isnat.,Fic ,eI R signature 0f a tot engine extusi lPasou on
these assumptionfs th radiattcc anrd radiant intensities :or 'he IR S~ignature Suppressiont
arioub 'our-Ns h.,Ne been calctulated Table 3 presents ho: eotc tiIS st euc roienichg ajii

resvts of thes. iislitatioits. ~ources of thermal radiatioun To ao this it is nicoss ar' to i001

Front rabote ,t i eidetthmat or the present i poheti.ai tic metali surfaces to near ambient terriporaturos and to ool
case the pinc 'tn, J- uptal, ire us tar filc highest radtaitcc -'nauisi niumos to a iempcrature snore its selectic. radiation
,our11CS on! tC stun In, Terms .I being hot 'pots. tthe utako ni zho 3-5 pin band sot the same order as ihat irotii the ooled
has a radian~e -601 imes that ot tht. hall and 13 ttmte, :ia, or ,netal surtaces n the sartie wsaveband
ho piume in hc 3-S ,ni sascbamid it, 'he 8- I' in wi5 asban 1: :ie high rahin~c sources arc eliminated then mie ship
hr up'ItakC has a radiance, 20 itime, that ) ho huLl Theretisre hecoeitNo an extended target w fitl no hoi spots that act as point
z iiiate not spots the frsi priorits is o0 cool he 'isihie targects io a throat \5 ith tho high, radiance sources elitninaico

parts or the esitausi duct and thit next priorir'. is to ool te :he effeetiveness o1 de-coy countermeasures is signifteantis in.
olurne ~reased

In terms ot hIe radiatit intensity all of the sources ate sig- It shouid be stressed that with moitay's I R detection tocti-
* titicant In he 8-12 urn wavetititd ihe it t1 appear t0 o0 tic nologies it is twit possible to eliminate the IR signature aind

dotnant source P-owever. this is mtslca.,iiog bc~u'ic e- ilicrebv thwart detection. Only a traction ot av degree ceisius
feet% of the backgroutid have not been aectiUttMt sir I able temperature sifference is needed wsiih today's iCchttologv to
a presents the samei estimates but with tne et i, , It a IW C detect ait object The obiect o1 I RSS is to elimittate hot spots

*background subtracted out theretiv maktng the ship art extended target. Once this is done,
I or ine prcscii' t. ro'herical ease, the large hu ., ,ircu orsn- hot spots can bc artiftctally introduced using decoys.

rnsates (or the ;ow hiuil radtan.cu and therefore iho hull he- fsically, engine exhaust IRSS systems involve tfilm andl
comes the most signitficant source in terms o1 radiant intensity onvecrve coolinsg o1 rnital siutfaces. dilution plume cooling,
*ni the 8-12 int wsavebtand Hoswever. in the 3-5 urnt %-aseband and optical biocka..e to eltiminate direct line of stght view of
all three sources are significast In this hypothetical c~ase it h'ot ntetal parts Special finishes are also used to toodif) the
hbe 3-5 Apm wsaveband the total ship signature can be rediwod -adiatig characteristics of suirfaces

by 9ki percent if the plume anid exnaust duti ar, ciooled rhe r,so examtples ot engine exhaust IRSS devices are tho DRES
benefit us not as great fin the 8.12 pitt range with a reductiotn Bail and Eductor/ Diffuser lE/ D) Figture I shows the DRES
of the total stgnature being about 46 percent ifthIe plume atid Bull device and Fig. 2 shows the E/ D device.
exhaust duct arm cooled These various percentages are suns- The DRES Ball device conceptr riginated at the Defence
toarized in Table 5and, o1 course, appl' only bor the presetit Resetch Establishmnent Suffield IDRESI in Alberta. Canada.
hypothetical rase, I he dt.vi.e consists of a film-cooled outer duct surrouraring a

The above example shouid be considered as illustrative only .onvecriveiv andi filmrvs.'-ssi.' ,ip,,,.,i Ncdt,..i- -- bod - dua
Actual ship signatures 01 course depend ott vtew angles, back- film-clsoled diffuser The center body or ball is used'. block
ground conditions. and many other factors. However. the anal- the view down into the exhaust duct, thereby eliminating the
ysis shows that tunoer certain conditions the plume and exhaust direct line of sielht of tire hot dueting. All vtsible metal surfaces
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- .. ..... ............. ---------- i pressute. Friction losses in the device also result in a small
LIGOssO i increase in the system back pressure.

Figure 4 presents the results from scale model tests of a
,-,' . DRES Ball device and a simple uptake. The graph shows the

---- -- - measured radiant intensity relative to background versus the
angle of view. For security reasons the radiant intensity scale
has been removed. As can be se,'n front the figuc, the DRES
Ball device results in a dramatic decrease in the exhaust system
signature for both atmospheric windows and for all view an-
gles

-. - -- --- ____- The E/D device shown in Fig. 2 consists of an ejector pump
for entraining cooling air to cool the plume and a iilmcooled
diffuser to provide metal surface IRSS for a limited range ot
%tew angles. This device is similar to those studied extensively
bv Pucci (for e, Jiple, see Ellin and Pucci, 1977) and are
imilar to systerr., iresentiv in operation in several Navies E

---------- ..... D devices have beci deigned and built to provide .,ttal surface
Fig 3 Flow channel pressure distribution S R S Ball device ifor tan IR suppression for view angles up to 60 deg below tie sort-
assisted design) zontal (looking down from tha horizontal into the vertical

exhaust duct). Because the cooling air is o,)v introduced at
the periphery of the duct, the plume temperature distribution
shows a temperature peak at the plume centerine. This type
o plume temperature results in a higher plume signature than

, Y-,, As.g I that trom the aRES Ball fc-r the same average plume tem-
'erature,

Ship Design Impactsfl The DRES Ball and E/D devices are tvpically' installed in
the ship's funnel and replace the end section o the exhau,,
uptake. Figures 5 and 6 show how a tvptcal LM2500 installation
might iook with either the DRES Ball or tie E, D installed.

o.A typital installation will involve ,,umerous aerothermal and
SVht.._ ORES 6ay ,truciural considerations rrom an initial design standpointN ' the tollowing arc the most imporint

=: N I engine exhaust flow conditions, specifically the mass flow,
and temperature ifor design power and ambient conditions).

2 aliuvable back pressure,
3 available space, and allowable %,eight and location of

.enter of gravity,
4 cooling air supply,

vs 'is ,,, 5 allowable noise level.
6 dIstred plume exit velocity, and

AEs a 7 desired plume and metal surface temperatures

/ , ,Flow Conditions. The engine exhaust flow conditions are
obtained from the engine manufacturer. as :s the allowableo 50 60 vo re back pressure The engine flow conditions are the starting pointVlev Angle from which the design begins.

Fig 4 Meaured IR signature for a scale model 'incooled stack and a The devices are typically designed for full engine power
scale model ORFS Ball equipped slack tabsolute radiant ininsty scale coirditions. Experience to date has shown that at lower engine
ro"Mu} powers the devices -ontinue to work effectively. As the engine

power is reduced, the IR signatures decrease, as does the system

are either convectively cooled or him cooled. The i'm oohng back pressure.

lasers eventually mix with the primary exhaust srecam, wh,.h Back Pressure. In both devices the cooling air pumping
results in effective cooling of the plume. Cooling air introduced action results in back presure being applied on the engine.
by the ceater body results in cooling of the plume core Cooling The back pressure penalties depend on the desired IR sup-
air for the center body is brought into the sevice through the pressor performance and are typically in the range of 2000 to
four hollow support struts for the center body The DRES Ball 4000 Pag (8 to 16 in W. G., total pressure measured at the
provides IPSS for all angles of view. inlet to the IR suppressor (total pressure being the static pres-

Figure 3 shos the flow channel prcssurc distribution in a sure plus the exhaust gas dynamic pressure) Note that this
fan-assisted DRES Ball device (DRES Ball csn -, either passive back pressure includes the plume dynamic pressure, which is
(no fan) or fan assistedi. As can be seen from the figure, the a loss in any exhaust system
pressuie distribution in the de ice is such that a:r is induced The device back pressure is a function of the volume flow
to flow in through the various cooling air gaps. This Ilow in rate through the d-vice. When engine power is reduced the
through the gaps provides the film cooling layers on the metal bick pressure is reduced because of the combined effect ot
surfaces ard is the source of cooling air tor cooing mee plume iuwcr vuluiie lis. o tAhausz gascs a;, rcduci.d eoolng a:r
The induction o1 the cooling air results to momentum transfer, ;take. If the source of cooling air is cut off such that less
which in turn 'auses an increase in the exhaust system back cooling air is drawn into the device, then tie momentum trans-

i ... ;..:;..v, . .... ,...

k .........
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Table 6 Size, * 'lht, and CofG summaries for DRES all,
E/D, and simple uptake for a typical LM2500 installation

Maximum
. Length. diameter, Mass, C of G.

iORES iel I n kit 1
s/ , . simple 74 2.2 4200 3 7

uptakeI DRES Bal 4 29 4250 3 4
FunnMl E D 8.2 3.0 2800 5

Note The DRES Ball and E D above are passive designs and there-
lore do not require tans or scealed plenums.

Uptake allowable limits for engine back pressure. To date, evey design
,. involving either the DRES Ball or the E/D has met the allow-

able back pressure constraints set by the engine manufacturers

Space, Weight, and Center of Gravity. Another critical de-sign consideration is the space into which the device is to fit

and the acceptable weight. Because the devices are mountedhigh up in the ship, the weight and center of gravity o the
devices is critical, especially in retrotits where much of the

- sseight margin ot the ship has been used up over the years
EngineEnclosurit Table 6 presents a summary of the device dimenior.s and

approximate weights and centers of gra~itv for the two devices
sized tor an LM2500 installation, along with the same data
-or a typical uptake tr comparison purposes. As can be sen

Fig. 5 Typical ORES Ball manna installation from the data, the devices require some additional space In
terms o the device weight, the E, D is lighter than the simple
uptake by a considerable amount, while the DRES Ball is ot
similar weight The weights ot the desLCes hase been optimized
through extensive structural analyss tor the reasons noted

Sabove Note ti',at in all cases the uptake and IR suppressor
-material is assumed to be stainless steel sheet metal with up-

ducitr Ouser propriate stiffening kk ith use o advanced material the weight
effects can be reduced as much as 40 percent at a cost

Funne . Cooling Air Supply. Both the DRES Ball and the E, Edevice
are capable o naturally inducing the required cooling air tr
.ooling the plume and metal surfaces, That is. they are oath
passi e devices and do not require tans

As can be seen trom Figs. 5 and 6. both devices require that
Uptake air freely enter the ships funnel Both devices rely on large

%olumes of cooling air being available at near atmospheric.
pressure. Pressure losses resulting from the cooling air flow
through funnel louvers must be kept to a minimum Care mus,
be taken to place the tunnel louvers such that air flow can
efficiently reach the devices Care must also be taken to po-
sition the louvers sc that radiation of noise to critical areas is
minimized.

In some cases air at above atmospheric pressure may be
Ce-neges-- r. - - available, and where possible this air should be used to boost

the performance of the device rhis air may be exhaust air
from an engine room, tr example. Fans can also be used to
boost performance. For designs incorporating fans the fan
intakes must be carefully placed to minimize losses while at

Fig. 6 T~ptl EduetoriOlifluse marine installation the same time considering weight, space, and fan noise effects
Since the devices are completely housed in the funnel the

fer effect is reduced and the system back pressure drops In effects of wind should be at a minimum. However, circum-
othr words if the IR suppressor is turned oaf by stopping ferential pressure variations at the cooling air gaps are inevi-
cooling air flow then the back pressure penalty eftect is re table and therefore some surface temperature variations will
duced. be found in the devices. These temperature variations usually

It should be noted at this time that other IR suppressor have title effect on the overall IR signature In special casesIt soul be ote atthistim tha oter R supresor where local hat spots result, special measures can be taken,
designs exist that use slightly different methods ot taking in ws
air tor surface and plume cooling However. nu magic method such as the introduction of transpiration cooling holes to re-e duce the effect of the hot spots.
exitts that gives IR suppression for free, it must be paid for
in the form of fan power or back pressure tr the same level Noise. Both ofthedevices rely on theentramment ofcooling
of surface and plume cooling air by using a venturi effect The resulting high velocities gen-

During the initial design activities for an IR suppressor, crate noise. Noise levels given off by these types of devices are
,t~icsitStn with the engine manuacturer is necessarv in ensure an importanti de tn consideration because high noise levels in
that the exhaust system and IR suppressor design meets the areas where verbal communication is necessary can not be

21.5 "11i•



A T 0 U N C L A S S I F I E D

AC/243-TP/2 21.6

tolerated From a noise standpoint the DRES Ball wit is constraint In such cases special .are is taken to ensure that
relatively closed design is superior to the Ft D. For the purposes noise levels meet appropriae specifications, In some cases this
of limtting noise, maximum velocities in th devices are usually %vill involve the use of acoustic treatment of ducting and other
limited to 95 m/s. However, it is not always possible to meet associated surtaces.
other design targets and still meet the maximum flow velocity Table 7 presents a summary of estimated noise levels tor a

typical installatton Figure 7 shows the locations ot the noise

Table 7 Approximate noise levels from DRES Balil and E/D levels relative to the primary noise sources.

Sound levels IdBAI at locations Plume Veloctt . In some installations the plume %elocitv is
' hown in Fig 7 a design constraint For the plume to clear the ship boundarv

Location A B C layer the plume must have suffttent upward momentum: this
ORES Ball 91 6 899 88 8 will require a minimum plume %elocity The tact that the plume
L D 990 93 0 91 0 is cooled must also be considered, because a cool plume is ot

,ourse less buo,,ant.
N7ote. Estimated full-scale levels from 1 4 €cale hot flow model tests Ship boundary laver model tests will show a required mm-

v~hno acoustic treatment imum plume ,elocitv tor the plume to clear the ship, and this
minimum selocitv has an impact on the design ot an IRSS
system. The higher the plume velocity, the higher the plume
dynamic head, and this relates directly to the exhaust bac,
pressure TN pical plume velocities for LM2500 installations are
in the order ot 40-45 ms for lull power operation

The entraining diffuser on both the DRES Ball and E D is
- A B *C designed to reduce the plume velocitv to minimize the total

back pressure For installations vhere the desired plume \e-
locitv and allowable back pressure constraints conflict, a tan-
boosted IR suppressor design may be necessary

Plume and Metal Surtace Tem,,eratures. The IR suppressors
are designed to reduce the plume and metal surtace temper
atures The degree ot cooling depends on the types ot threat
to be countered and on the tpes of decoy to be used The
desired plume temperature and the engine flow conditions di,.-
tate the total amount ot cooling air that must be entrained
The device size. the cooling air gap areas, and the resulting
low rates If\ the back pressure. The metal surface cooline

A B C dictates the placement ot cooling air gaps and the shaping of
___ 0 . - e-the tlow, .hannel

Figure 8 shows an approximate performance map ior the
DRES Ball device. The map shown is for a device with uniform
gap sizes and applies tor z. specific device geometry (trued

Fig 7 Location of noise measurements on ORES Boll and Etdclorl number and location ot gaps, and tlow channel shaping) The
Ollusae models actual scales have been removed trom the map for securitv

017

'14

01-2

113

010

iin

K, si i v is~~

Plume temliltw - I 10

Fig. B Approximate perform~ance map tar ORES Bail denfvltemperaiure and masa flow scllll removed)
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reasons, the map is intended to show trends for discussion plume temperature can be calculated. The intersetion of the
purposes vertical lint ;assing through 7" and the horizontal line passing

rhe ligure shows a nondimen ional back pressure \ersus through indicates the required gap area and device size
nondimensional plume tempe-ature and mass flow rati,) for ratio One can pertorm tradeoti studies by varying the gap
diftercnt device .ontiguiations rhe different configurations sizes and device size and noting the elftct this has on the plume
are created by ,arvin. the gap sizes and the ratio 0f the uptake temperature and back pressure.
diameter to the device exit diameter The various parameters It must be noted that this map is approvirnate onlN and does
are detined as tollowv not nclude Reynolds number c, Mach number etlects. rhe

'sondimenstonal plume temperature map is presented for discussion jurposes only. The above map

7 iT. - T) r, - r v ) as generated using a corr,' er code called IRSCOOL IR
suppressor design studies - re conducted using this code A\ondtmensional bach pressure similar map can be gener rzd for the E, D device.

P=P 1 
- 

I 6)

\ondmentonal pap size Conclusions

G, =(G D IRSS o1 marine power plant exhausts. especialls gas turbine
exhausts, has been shown to have a significant effect on the

\ondmen;rional Loolin air rlo,4 o'erail IR signature of a ship It was shown that the eneini
V, 'nt In exhaust plume and sisible metal surtaces are b, tar the major

ondtmensional st e source of radiance or hot spots on a ship. In terms o1 radiant
ntensity the ship hull was shown to be the primary source in

D' = D, D 19) the 8-12 um waeband and theretore the IRSS of the engine
a here exhaust played only a minor role in reducing the signature in

this atmospheric window Howeser, ii the 3-! am waseband.
T ' eshaust gas temperature. 'C :ie suppression of the plume and the hot metal o the exhaust
F ='oolrng air tetipera'ute. ( Jhuat had a %erv significant effect
F, = plume a\eraeze tcnperaurv, .. Des.,Les Incorporating ftim and conecttie cooling ol metal

P = tal, or loral back pressure. Paz urtaces and plume dilution for plume cooling were uescribed

• exhaust eas densit%. kc in' [ iese devices replace the last portion or the exhaust uptake
uptake Tio0 % iour,. m s and hase numerous impacts on the ship including back presSure

Li ile pt dltects on the engine. ,.eight and .enter of grasity eflects. and, D -- ifnlt (uptake) diameter, ,n o e
0 - cap size m
D., exlt diameter. :tI

m = t xhaust as ras 1!ok Ki References
' t~~~l = 00 1V a.o I i nr mass llo\', K,2 (- ,i. R arnd PIuc., P f 19"' \had6 \111[101- zll f ,,l i xhjust

-t = air mass s - , 1 dudr ,siems o W, abrtie Pocr¢u slps Niesiets rots, h Na-,,

70 use nt e m ap ogle i t s SeCeC.! a c,red ei cu e r"1111 tIss\, ', .ra uie S5hoot \ionti, k \ luii 225n C D) {'v' Itrrea s sternF ,,gmseerne 55 ocs N,,, 's
ard e\naust nteOrr crature alos, anile ta,.. pres,,urz t ar toietit ., , i R ou ii,,,, u. I .D s I ss the /r ,rart.rn t...aon..., [ It

cemperature, uptakc diatteter and desihed -lume temnerature mnia, s ar~O inutue o! \tlh=aop o,oae Ott-, ,1,.aai Rk
Based on the alooe, the ntidimensional ..,,k pr:nre aud )rzs,,.n or N¢ ' SI-ron L.(
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High--Pr-cision Target Tracking in the Presence of Multipath

by

R.M. Turner and E. Boss

Defence Research Establishment Ottawa

Abstract

Multipath can adversely affect the performance of fire-control radars against
low-level targets. Specifically multipath causes deep signal fades and tracking
errors which can lead to reduced kill probabilities, This paper describes a new
technique based on propagation modelling and maximum likelihood estimation
called the Refined Maximum Likelihood (RML) technique. The RML technique is
more effective than monopulse for low-angle tracking allowing a low-level target
to be tracked farther into the null region. For target elevation less than .5 of an
antenna beamwidth the rms tracking error can be reduced by a factor of 3 or 4 by
using RML. This enhanced tracking precision may allow a reduction of the scatter
on firing for the Close-In-Weapon System (CIWS).
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1.0 l1 troduction

One of the most severe threats faced by the modern naval ship is an attack
by sea-skimnung missiles. Once such a missile has been launched, multipath
caused by the interference between the direct radar re.urn and that reflected from
the sea surface causes large tracking errors in the fire-control radar with
consequent reduction in kill probability for an engagement.

It is believed that a solution to the problem can be found by using the
appropriate radar frequency bands combined with the use of array
signal-processing techniques such as those described in this paper. Unfortunately,
the ideal solution, comprising perhaps a dual X and Ku band radar, is prob bly
quite expensive. Less than ideal radar systems may well be implemented in future
ship-defence systems. It is interesting to note that such a wide-band system is
desirable both for detection/acquisition and precision-tracking.

The precision tracking technique to be described here is based on the
application of an antenna-array signal-processing techniqu. called the Refined
Maximum Likelihood (RML) technique. We therefore start with a discussion of
antenna configurations suitable for the implementation of these methods This is
followed by sections on the physical basis of the RML tracking techmque, the form
of the RML estimators with a summary of research done on these estimators, the
development of equations for monopulse and perform.nce evaluation using
simulations in which we compare the RIL technique with monopulse. Finally, we
discuss the implications for improv-d weapon-sybtem performance.

2.0 Sampled-Aperture Antenna Configurations

A fundamental requirement for application of array signal processing is the
appropriate antenna configuration. We discuss two possible configurations one of
which is illustrated in Fig.1. This is the configuration used in the experimental
low-angle tracking (ELAT) radar developed at DREO for the conduct of research
and development on low-angle tracking techniques. 1The second configuration (not
illustrated) corresponds to a planar phased-array MFR with subarraying on
receptiov similar to the UK MZSAR system [1]. Both these configurations can be
described as sampled-aperture antennas where the aperture is subdivided into
subarrays. The output of each subarray ha, a receiver providing in-phase (1) and
quadrature--phase (Q) outputs which are (,gitized in Analogue-to-Digital
Converters (ADCs) to give a digita sampling of the aperture. The I and Q
outputs of each subarray can be treated as a complex sample; the totality of these
outputs can then be treated as a complex vector for ,.-hich the ith component
corresponds to the complex output of the Ith subarray.

A configuration of the second type, a planar phased array with digitized
subarray outputs on reception, offers another important advantage - the ability to
apply adaptive techniques for nulling jammers in the antenna main beam [2].
Indeed, this is a principal motivation for using this array architecture.

3.0 Phyaical Basis of the Refined Maxiiam Likelihood (RML) Method

In Fig. 2 w.i illustrate the multipath problem for a low-altitude target with a
strong reflection .rsom the 3ea. A common physical picture is that of Fig. 2a where
we see the target and its image. Consider, however, the alternative in Fig. 2b
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where the target sees a radar and its image. Here the radar and its image act as a
A two-element interferometer with a separation of 2hr where hr is the radar height

above the sea. This picture is valid if we treat the output of our radar antenna as
the output of an interferometer with a single target. The lobes of this
interferometer are very sharp because hr is many wavelengths and the peaks of this
pattern can therefore be determined with precision. The ambiguous peaks can be
resolved by judicious use of frequency agility over a sufficiently wide band. This is
the physical basis for the RML technique which employs a model of the
interferometer pattern. A propagation model using a priori information in this
manner was first used in a technique called the Correlation Height Analysis (CHA)
technique [3]. The interferometer model is a function of the unknown target
height. The unknown target height is adjusted to obtain a least-squares fit
between the model and the data vector measured across the antenna aperture.
This gives the maximum likelihood estimate provided the underlying probability
distribution is Gaussian.

In the Refined Maximum Likelihood method, "Refined" refers to the use of a
priori information in the model for specular multipath; this information comprises
knowledge of the target range (initially obtained from an acquisition radar or
acquisition mode of an MFR and then maintained as part of the track update
process), the complex reflection coefficient, and the specular scattering coefficient
tfunction of sea state). By using a two-ray model for specular multipath and the
aforementioned a priori information, we are able to obtain a model of the signal
variation, sm, over a vertical apert ire as

s, = b, fm(h) + ,1 (1)

where the index m indicates the mth frequency in the case of frequency agility and
where % is the vector of complex receiver noise over the array. This model has
three unknowns, the amplitude and phase of the radar return, bin, and the unknown
target height, h. Knowledge of the functional form of this vector is all that is
required to develop the refined maximum likelihood estimator of the target height
as will be shown.

A very detailed mathematical analysis of this problem has been carried out
at DREO; the details of this study are beyond the scope of this paper. We will,
however, try to indicate the principal findings of this study.

4.0 The RML Estimators

The optimal target height estimators have been developed for the family of
Swerling target models, 0 to IV. The Cramer-Rao bounds have been derived for
Swerling 0 to II; Swerling III and IV led to intractable mathematical problems
14-6]. Extensive verification of the performance of the estimation algorithms has

een carried out with Monte-Carlo simulations. Experimental verification has
also been obtained using beacon signals. The baseline for performance comparison
has been Fourier beamforming which is considered to produce results at least as
good as monopulse. All results show that the RML performs significantly better
than Fourier beamforming and by extension, better than monopulse. The better
performance in comparison with monopulse wi!l be explicitly demonstrated in this
article.

The improved results cited above for the RML technique result from the use
of a priori information in the propagation model. Therefore it is legitimate to ask
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what happens w,,en there are errors in the a priori information. The effects of
7; some errors have been studied. Errors in knowledge of own radar height of about a
10" metre can be tolerated for a radar ten metres above the sea. Some results have

been obtained which indicate that the sea state must be known to within *1 [7]. A
complete sensitivity analysis has not yet been done.

In principle, each of the Swerling target models requires its own estimator.
However, if the estimator for Swerling 0 is used for the other Swerling target
models, a negligible loss is experienced. Here nature helps us because Swerling 0 is
the simplest implementation. However, target fluctuations increase the error
variance of the estimated height and increase the threshold below which useful
estimates cannot be obtained. As well, the onset of the threshold effect is much
more sudden with fluctuating as opposed to non-fluctuating targets [7]. In
addition, for Swerling 0, 1 and III where the target fluctuation is slow enough to
allow coherent integration, it hs been shown that the optimal procedure is to
coherently integrate the outputs of each antenna array element or subarray and to
apply the estimation algorithms to these.

In light of the above remarks, only the equation for the RML estimator for a
Swerling 0 target will be given. The form of the estimator that follows is
appropriate for a frequency agile radar with m = 1 to M different frequencies.
This estimator implicitly assumes that coherent integration occurs for each of the
M frequency bursts prior to the estimation process. The following expression can
also be used for processing completely non-coherent data; in this case the
summations are extended over all the data vectors.

, C ( h) = f I h )
1 (2)

~m.t

It has been shown [4-61, that maximizing C(h) as a function of h gives the
maximum likelihood estimate of target height. Here s. is the coherently
integrated data vector, the superscript "H' indicates the Hermitian transpose,
f,(h) is the model vector and OrM

2 is the receiver noise power corresponding to,the
mth frequency of a frequency agile radar. The vector product in the numerator of
(2) inside the summation sign is analogous to a Fourier transform of the array
o'itputs; indeed when the reflection from the sea becomes vanishing small in the
case of very rjugh seas, this inner product becomes a true Fourier transform. The
superscript "n" in C@(h) indicates a non-fluctuating target. A search must be
carried out over the expected values of h to determine the maximum of 01(h)
which is the RML estimate of the target height. This means that the position of
the target must be roughly determined using standard techniques followed by a
fine search over h to determine the RML estimate.

Fig.3 shows the form of Cb(h) for various sea states. This figure aljo
illustrates what happens when the reflection weakens - the fine-structured lobing
pattern starts to disappear and the precision approaches that of standard Fourier
techniques.

Fig.4 illustrates, in block-diagram form, the signal-processing operations

required to implement the RML technique for a radar antenna similar to that of

NATO UNCLASSI FI ED

24.4



N AT 0 U NC LA S S I F I E D

24.5 AC/243-TP/2

k, ELAT - suitable for a tracking radar with a single channel of fire. The extension
to phased-arrays with multiple channels of fire is straight forward; the operations
of Fig.4 have to be carried out for each target under track with a consequent
increase in computation load.

5.0 Monopulse

Here we consider an array antenna with a vertical aperture of 2 m with
Taylor weighting [8] for the sum pattern and Bayliss weighting [9] for the

difference pattern. We have used fi = 7 and 45 dB sidelobes for both cases. In
simulating both the RML and the monopulse, the array-element patterns are
treated as omnidirectional. As well, the tracking performance is evaluated for
targets near broadside so that beam-broadening effects are not significant.

We consider the effects of multipath and noise on the performance of
monopulse in order to obtain a comparison with the RML technique. We use
amplitude comparison monopulse where the angular position with respect to
boresight is determined by the ratio of the difference channel output to that of the
sum channel.

The equation for the voltage error ratio is given by

(Qm/a,) S.D, + nDm/o72,
V, = M (3)

(Q./om) S. S. + ns../o, 1

where S. and D. are complex propagation factors given by

S. = Gs.(Ot) + A Gs,(Oimg) (4)

for the sum channel, and

Dm = GD,(Ot) + A GD,(Oig) (5)

for the difference channel. Here Gsm(Ot) is the sum pattern response in the
direction of the direct signal Gsm(O,.g) is the response in the direction of the
image and GDm(Ot) and GD(-iOj) are the corresponding quantities for the
difference pattern. The quantities nD, /G, 2and nSp/a. 2 represent the complex
normalized Gaussian noise for the sum and difference channels,respectively. A, the
complex refle-tion coefficient includes the effects of surface roughness and surface
curvature. The quantity Q,/a,2 is computed from the radar system parameters,
target range and radar cross-section. We can vary this quantity to meet a desired

I system specification. As an example, if a system is required to produce a 10 dB
free-space signal-to-noise for ; 1 m2 target at 25 km then we can define a term
Q0 such that:

Qo RCS
SNR= - (6)

with Qo = 3.9 x 1018. The normalized term Qm/'- 2 , is then calculated from
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Q m/ = QoRCS/R4 (7)

with RCS = radar cross section, R = target range, m frequency index.

The error voltage ratio is calculated using the real part of Vm and used to
find the corresponding angle off-boresight. This is done for each frequency with
the final estimate of the elevation angle obtained as an average over all
frequencies.

6.0 Results of Monte-Carlo Simulations

We have carried out a comparative analysis of the RML and the monopulse
technique by means of a Monte-Carlo simulatio;. The simulations were carried
for the following parameters: a receiving antenna height of 20 m above the sea, an
antenna aperture of 2 m, target heights varying between 10 and 100 m, two
X-band frequencies, 9 and 10 GHz, and a smooth sea corresponding to sea state 2
or lower. Two hundred trials were carried out at each parameter setting and the
root-mean-square error, (RSME), was computed as the average over these trials.
The free-space signal-to-noise ratio, (SNR), was selected to be 10 dB at a range
of 25 km for both the monopulse and the RML. The SNR increased, of course, as
the range decreased.

The results presented in Figures 5-8 give the RSME in fractions of a
beamwidth for four different target heights covering the low-angle region. If the
target is below an elevation angle of one half of a beamwidth, the accuracy of the
RML approach is three to four times greater than that achieved with monopulse.
For a target entering the deepest and most distant null region, it appears that the
RML technique can maintain track approximately 50 % farther than can the
monopulse system as shown in Figures 9-11.

7.0 Implications for Weapon Systems

Target tracking errors impact on both the close-in-weapon system (CIWS)
and the defensive missile system. In the case of the CIWS system, a spread is
required to be placed on the projectiles to account for anticipated errors in the
position of the target. This error is increased by multipath. If the precision of the

4 target elevation could be increased, it might be possible to concentrate projectiles
resulting in more hits on the target; this could increase the kill probability and,
because of more hits, lessen the possibility of the ship being hit by debris from a
disintegrating target. In the case of defensive missiles, the region of lost track
when the target passes through a null can be reduced. As well, a more precise
estimate of target position may impact on the required track update period and
hence on the ability of the weapon system to deal with multiple target
engagement.
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1. AliSIB&U

The desire to inciude a multifaceted sensnry environment in a modern tracking system
has been an underlying theme in much of the recent target tracking related literature. One
of the primary concerns in such an environment is how best to accomplish the fusion of this
sensory data. The term fusion as used here refers to the statistical merging of fields of
sensory information which are correlated, to generate one consolidated representation.

The mathematical model used to depict the manner in which the sensor measurements
relate to the quantities of interest is considered from both a quantitative (construction of
stochastic models), and qualitative (characterization of failure modes) point of view so as
to achieve a realistic representation of a given sensor. Other practical considerations such
as differing sensory rates (collocated) combined with the desire to produce accurate
predictive estimates are addressed. Both centralized and decentralized fusion structures are
considered and their resulting communication requirements are compared. however., the
virtues of the decentralized procedures are expounded and techniques demanding different
levels of independence at the local level are discussed.

In this work a comparative survey of the currently available theoretical procedures for
achieving "sensor fusion" are presented with a view to functioning in a real-time tracking
environment which might possess a highly manoeuvring target shrouded in clutter

2. INTRODIUCTION

The fundamental tracking problem has its roots soundly entrenched in estimation
theory. As the tactical surveillance demands on the target tracking function within the
overall mission strategy increases, the required theoretical base has grown to furnish these
needs. The conceptual evolution of the target tracking problem can be viewed as follows-

ssingle-senso mul-sensorsingle-target 1single-target{

g, I• single-sensorL. multi-sensor}
sigle-sens°o I igetre ige tgt

multi-target m ir
[-"clutter & FA[ clutter & FA

single-senso ul-sensor(
multi-target [-- multi-target no

clutter & FA clutter & FA

Figure 1 Evolution of the tracking problem

To accurately predict the behaviour of a target, the fi.st phase of the single-sensor/
single-target (SSST) problem requires the construction of dynamic models which adequately
describe the evolution in time of the target's motion. These motion models may embody
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fairly complex attributes of the target's flight dynamics, such as roll angle [1], or general
orientational information [2]. lypically, the target may be observed as only a point, as is the
case on a radar console, and the dynamic motion model may then take the form of a pointwise
translational model. Simplifying assumptions, such as constant velocity or piecewise
constant acceleration models, may also be invoked. Evasive manoeuvres performed by the
target being tracked gives rise to ambiguity in the presumed known target motion model.
If it is possible to isolate (and possibly characterize) the attributes of the dynamic model
which give rise to this uncertainty, then it may be possible to compensate for the ill-effects
of this inadequacy. The ability to track manoeuvring targets is a fundamental prerequisite
for the development of a real-world tracking system.

A characterization of the manoeuvre can be achieved by an assumed statistical
parameterization. Alternatively,, one may have physical justification to characterize the
manoeuvre as being deterministic (non-parametric) in nature [3]. An illustrative depiction
[4] of available techniques might be as shown in figure 2 below.

<~~4UVCr e aENqiie~r

/'Mazko olodei

/ o~~i~d, s~pk modl, ovir,

weighte vial WVerctn

Figure 2 Classes of techniques for dealing with manoeuvring targets.

Tle analytical techniques employed to treat the tracking problem rely almost

~exclusively on Kalman filtering techniques, which in turn are dependent on the availability
• " of linear (or linearizable) target motion and sensor models. At times, the sensory devicesrelied upon to collect information about the environment provide measurements which are

inherently nonlinearly related to the quantities of interest being observed. Coupled with a
nonlinear target motion model, one is faced with the fully nonlinear filtering problem when
the linearized models yield unacceptable performance. Most results in this area have been

very case specific, or of academic interest only, as is the case where determining the estimate
involves infinite-dimensional computations. Recent results bsed on the applicaton of Lie

Th algebraic concepts to the nonlinear filtering problem [5] have provided motvation for

I NATO UNCLASSIFIED [

26.3 i

e s o Kct

of linearmmm ml (o linarze tage motion ..... sesrmoes....es h snoyeie



NATO UNCLASS IF I ED

ACI243-TP/2 26.4

increased optimism towards the development of finite dimensional recursive nonlinear
tracking filters.

Estimation techniques based on the consideration of higher order moments have
recently received considerable attention, and are most commonly analysed by application
of the theory of cumulants [6], which as the name implies represents a cumulative effect of
the first r (say) moments by the rth cumulant. These techniques are however, to-date
exceptionally computationally demanding.

Having addressed the fundamental single-sensor/single-target problem in
considerable detail, our research was next focused on the multi-sensor/single-target

problem. The virtues of a multiple sensor tracking environment become evident when
considering the improved spatial, temporal, and frequency band coverage offered by a
multi-sensory surveillance system. Properly designed, significantly improved accuracy, and

enhanced survivability (fault tolerance) can be realized. The requirement of fusion in
meeting projected tactical needs is convincingly portrayed in a recent article [71, in which
prototyping is outlined. This route was chosen as an intermediate step in the development

of a viable multi-sensor/multi-target (MSMT) tracking scheme.

This paper is organized as follows: Section 3 provides a discussion of the
considerations involved in the development of useful sensor models. The following section
outlines an overview of proposed theoretical fusion techniques and the practical implications
of each. In Section 5 the development of a proposed MSMT tracking environment is
discussed. Throughout this paper, the theme of fault tolerance, and real-time applicability

are stressed.

3. SENSOR MODELS

The construction of adequate sensory models that provide a coherent description of
the sensors inherent capabilities and limitations, is a fundamental prerequisite for any
meaningful discussion on fusing information from multiple sensors. A primary goal in
developing such sensor models is to convey a quantitative description of the sensors inherent

ability to extract desired information from its surroundings. Qualitative models, such as the
logical sensor concept [8], which rely on an abstract definition of a sensor based on a
functional description within the environment have been suggested in other disciplines.
Though use of quantitative descriptions of a sensor are being stressed, they are often well
complemented by qualitative assertions regarding the sensor's operation, such as a
qualitative classification of a given sensor's characteristic failure modes. If the behaviour
of the sensors themselves are allowed to affect how the information gathering proceeds then
they play an "active" role in the collection of sensory information. A simple example of such
a scenario would be a radar which dynamically changes its orientation and internal states
to maintain a central perspective (line of sight) of a moving target of interest.

A formalization of the preceding notions can be achieved by decomposing the sensor
model into three distinct parts, the observation model, the dependency model, and the state
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model. An observation model portrays a static description of the sensor's ability to extract

informaion from the environment, and as such is only related to the observed environment

(target behaviour). This is the primary model. The dependency model as the name implies,
describes the reliance of a givn sensor's measurements on information obtained from other
sensors, with which it forms conclusions. This aspect of the overall sensor model becomes
important when two or more sensors function inter-dependently as a virtual sensor A state
model describes the association between the sensory measurements and the physical state
of the sensing device, this becomes a particularly relevant model when considering dynamic
sensing wherein the assumed known sensor's position (e.g. shipborne sensor platforms) and
orientation become a factor, as they also are subject to errors, and may complicate the
registration process in the multi-target case [9, pp. 155-185].

The overall depiction of the uncertainty in a given sensory measurement would require
the composition of these three uncertainty models suggested above. This may be described
by the interactions of the assumed apriori conditional probability density functions (pdfs).

A generalized model of the measurements (y, ) provided by the th sensor in a cluster

of n inter-dependent sensors, in terms of its internal state (y,). dependency on pieces of
information ( , = a,,..., a,-,, a,+ ... a) provided by the other n-I sensors in the cluster,

and the observed target kinematic/attribute information (x,) of interest can be described
as [101

y, =-,x.,, t... la +l...an)
= ,(x,,y ,.a, .) b,1.~

where , is a possibly nonlinear but well defined function. The probability density function
describing the statistics of y, can thus be decomposed in terms of conditional density

functions,
fl,) = f(-x, I y, a) A y, I)a _l)

where,

flx, y,, ,): the conditioning of the observed target kinematic/attribute information on the
internal state of the Ith sensor and information provided by n-i other states.

fty, a,) : describes the uncertainties of the internal state which might be depende'it (not
always) on information provided by other sensors.

l.y): the probabilistic description of the information provided by n-I othe, sensors
on which the ith sensor is dependent.

In so doing the contribution of ie three measurement models have been separated, noting

however that the possibly nonlinear mapping of , may cause the density function Ax, j , ,)
to be forbiddingly abstruse. In light of this realization, concentratingon developing adequate
observation models should be stressed and contributions of stat-. and dependency models
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should be approximated to facilitate the feasibility of real time application of the above
concepts.

By an indepth investigation of the underlying physical principles governing the
operation of a given sensor it is usually possible to construct a tractable observation model.
The development of such observation models have recently received indepth consideration:
Some demonstrated examples involve airborne radars [11], ground based radar [12] and also
space based radar [13]. However, linearizable additive error models are the most tractable
for formulating the filtering problem,

Yk = h(xk) + Vk

but more accurate roniinear models can be utilized in resolving the association problem.
Pdf models serve as useful guide-lines for corstructing tractable sensor models, but are
excessively cumbersome for practical applications. Alternative sensor models such as
maximum error bounds, or Huber gross error models [10], have also been suggested

In allowing the dynamic t ehaviour of sensors, one must also be willing to embrace the
resulting complexity incurred to achieve this flexibility Consider a mobile sensor viewing
an airborne target characterized by its position and orientation,

x = (Xy,02,03)

If the sensor relocates by a translation a and a change in orientation 0 , the resulting effect

on the obs.-rvation model (non-linear in 0) must be accounted for, and the uncertainty
(Ag_, A9) in ,is motion incorporated via the state model. This consideration is analogous
to the problems encountered when sensors with multiple view poiots (spatially dispersed)

of many targets attempt to determine corresponding targets (registration/association
problem). which necessitates the use of an external coordinate system.

4. SENhSOR FUSION TECHNIOUES

Assuming the existence of previously constructed models which adequately describe
the sensory measurements, and appropriate dynamic models of the target(s) of interest, a
framework for constructing a solution to the multi-sensor fusion problem can be developed

The "ethics" or code of optimality to which one adheres in constructing a solution to
the sensor fusion problem has the singularly most dramatic effect on the resulting complexity
of the solution, previous attempts to justify the linear minimum variance unbiased estimator
(LMVUE) can be further substantiated in the multi-sensor case without resorting to the over
used Gaussian assumption. By appealing to the central limit theorem [141 and considering
the resulting probability density function (pdf) arrived at by forming linear combinations
of not necessarily Gaussian1 measurements across p sensors, the resulting pdf will be
unimodal and predominantly characterized by its first two moments, although not
necessarily Gaussian. Therefore, concentrating on optimizing estimates based on first and

V. second moment descriptions appears to be both consistent and appealing.

1. There are some restrictions however on admissible classes of pdfs, for example the sum of
Cauchy random variables is itself a Cauchy random variable.
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Nonlinear data fusion techniques have also been described in the literature. In a recent
example [15] knowledge of sufficient statistics at each local sensory node is conveyed to a
global node which then constructs the global density function from the local information.
In many nonlinear stochastic problems however, the existence of a finite set of sufficient
statistics is questionable. and the resulting minimum variance estimate is typically not
recursive and involves an infinite dimensional computation [16]. Extension of the successful
Lie algebraic concepts for deterministic nonlinear (linear analytic) systems shows some
promise of yielding finite dimensional solutions to the nonlinear minimum variance problem
when the construction of finite dimensional estimation Lie algebras are possible [5].

4.1 Data Fusion Methodologies

Vastly differing methodologies have been successfully applied to the generic "sensor
fusion" problem. Henderson [8] incorporated a qualitative description of sensor models and
utilized a multi-sensor kernel system to fuse these logical sensors based on functionality.
The application of heuristic rules via an expert system was demonstrated in conjunction with
deterministic sensor models to obtain limited sensor fusion, while Chaudhuri [17] suggested
the application of artificial intelligence techniques in conjunction with a Baysian fusion
methodology. Techniques incorporating fuzzy logic [18] and neural networks [19] have also
been suggested.

The majority of generally applicable techniques however, appeal to probability theory
to achieve descriptions of the sensor's abilities (qualitative models) with appropriate
statistically based fusion schemes. These probabilistic approaches can be further separated
into techniques utilizing statistical decision theory [20], maximum likelihood techniques 1211,
while the majority incorporate linear Baysian estimation techniques. The viability of the
linear Baysian approach for achieving practically realizable sensor fusion has been
demonstrated for a wide variety of applications: The fusion of information derived from
infrared (IR) and millimetre wave (MMW) sensors [221, radar and optical sensors [23],
forward looking infrared and vision sensors [24], sonar and infrared sensors [25].

4.2 Determining an Appropriate information Representation level

In redundant multi-sensory systems establishing the information representation
(processing) level at which information should be fused [26] becomes a sensitive concern
Sensor data level fusion, that is fusing data at the sensor level is in general only feasible
between identical sensory devices, all having the same perspective. An example of such
problems becomes apparent when trying to fuse representations derived from two imaging
sensors at the pixel level, although orxel level sensor fusion has been demonstrated for
specific applications [24]. Feature level sensor fusion, when these features are discei nible,
provides a reasonable level of abstraction so as to facilitate the representation of only the
relevant information present at the data level, thereby reducing the complexity of the fusion
process for information rich sensors. Descriptions at the feature level facilitate the inclusion
of orientation information which can at times be used to improve the tracking function [2].
The application of silhouettes for image based tracking of manoeuvring targets has been

NATO UNCLASS I FI ED

26.7

ii



NATO UNCLASSI F I r D

AC/243-TP/2 26.8

successfully demonstrated [271. Fusion at the symbolic level is desirable for distant targets

when features of the targets are not discernible (point targets). At this level however, a simple
correspondence with information present at the sensor level is sometimes difficult, and an
apriori interpretation of the environment is necessary so that appropriate symbolic
classifications are available. Sometimes these requirements can be adequately satisfied. For
example, in ground based airborne target tracking applications where the desired goal is to
track many distant targets using multiple sensors [91 classification at the symbolic level may
be achieved by utilizing generic symbols with associated kinematic and attribute data. This
process can be further enhanced when target signature determination is available. At this
point an association between established tracks as seen by two or more sensors must then
be used to fuse these tracks into one consolidated track for each symbol.

An often employed naive solution to this problem is achieved by choosing the least
uncertain set of measurements and disregarding the remaining information. The pittalls of

such naive techniques is inferior accuracy, and reduced spatial and temporal coverage.

For multi-sensor target tracking systems the symbolic level seems well suited to sensor

fusion problems as the kinematic and attribute information remain intact, and its associated

uncertainty can be accommodated quite adequately.

4.3 Centralized Fusion

To simplify the problem somewhat assume that the model of each of the p sufficient
sensory groups have been transformed to represent uncertain linearized measurements of
the same kinematic quantities [4). In general. the observation vector represents partial

measurements (under-determined case) of the state vector A(k), and hence will be of lower
dimensionality, but due to the non-static formulation of the problem, this imposes the
requirement that the overall system be observable. Furthermore, assuming the p sensors to

be synchronized in time having the same sample interval (collocated sensors), models of the
p sensor groups at the kth sample interval can be denoted by

yi(k) Clx(k) + vi(k)

yp(k) - Cpx(k) + vp(k)

where the subscript refers to the sensor group number. Grouping the above yields

[yl(k), ..,yr'(k)lT = [C'..., c xk) + Ivr(k)_.. (k)]"

y(k) = Cx(k) + v(k) (1)

Assuming all the sensors are viewing the same target, the dynamic model for x(k) as seen

by all sensors will be the same:

x(k + 1) = Ax(k) + Bu(k) + w(k) (2)

The centralized approach would use Y = {y(O), ., y(k)} to construct a global estimate for

x(k+1), the decentralized approach however, would process the local information

= {y,(O).... y,(k)} to simplify the amount of work that must be performed at a higher level
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to construct an identical (analytically) global estimate. By using a standard Kalman filter
with equations (1) and (2) it is possible to form a global linear minimum variance estimate

of x(k+ 1) as
i(k + Ilk) = A{i(kl k-1) + K[y(k)-Ci(k Ik-l1)] (3)

and assuming the v, 's (local sensor uncertainties) to be independent

E[v(k)vT(k)j = R(k) = Block Diag [RI(k),..., Rp(k)]

yields a decomposition of (3) in terms of local quantities [281

i(k + I Ik) = A { (kI k- 1) + 9%,(k)D(k) - Ci(kIk - 1)]} (4)

This description obviously results in a centialized fusion technique:

#2 Info. Fusion i (k + /k)

Estimator P(k + l/k)

X sensor i loca.

# P Info.

i(k/k-1). P(k/k-I

Figure 3 CCentralized estimation fusion (CEF).

An alternative technique which can be utilzed to achieve a centralized tusion topology
requires the fusion of all the local measurements into a single measurement (with
corresponding covariance) prior to estimation

I=1 tl1
This technique is commonly known as measurement fusion.

,Ts .r oc Estimate

#2 nfo. simler P(k+ l/k)S(k + /k)

(/k-), (kk-)

Figure 4 Centralized measurement fusion (CMF).
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4.4 SequentiaL Fusiiln

A sequential filter which assumes the measurements across the p sensors are

sequenced in time with zero time separation between each measurement [281 allows the local
estimate to be constructed as

.i,(klk) = £,..(kik) + K(k)Ly(k)-C,,-(kjk) = 1.p

where

i(klk) = ip(klk)

The ith sensor updates itself across one "real" sample interval using it's own information as

i,(klk) = Ak,(k- lIk- 1) + K,(k)D,,(k)-CA,(k- Ilk- 1)]

This procedure can be illustrated diagrammatically as shown beiow

sensor 
sensor 

sensor

-(kk- 1) # 1local / 2 local i,(k/k) # p local (,k/A)

P(k/k- 1) processing ( processing -nA k processing '/k)

Figure 5 Sequential fusion (SF).

4.5 DIntralized Fusion

The sequential information fusion technique although being distributed is inherently

time sequential in nature. An incremental improvement in the work developed by Willner
was achieved by Gardner [29] via "gain transfer" wherein local gains were computed at the

local sensor level but the sequential restrictions present 'in his predecessor's work were

retained. These restrictive impositions were first lifted by Chong [301 wherein he described

the construction of i global estimate from local est'mates which are derived independently
at each local node.

01kk) =P(klk)f P-t(klk-1)i(klk-1)+L[1;7(klkA2(klk) -P? -(kjk-1)f,(kjk-1)]j (5)

a=1

where,

1,(k + Ilk) = Ai(kIk- 1) + K,(k)[y,(k) -C,(klk -1)] (6)

The parallel decentralized structure described above in eqns. (5) and (6) is depicted in figure
6 below.
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l(k - I/k) P-(k + 1/,.)i(k + I/k)

In the event that a sensory group should fail, the use of failure detection techniques
should be utilize& A consensus approach to deriving confidence regions within the three
dimensional target motion space has been extensively studied in the context of detecting
abrupt changes in signals and dynamic systems [321.

4.6 £tatiFLusiom

The previously described fusion techniques all provide global estimates which are
optimal ia the linear minimum variance (LMV) sense conditioned on the same global

measurement set In the decentralized fusion case local LMV estimates (1, = E[x/Y,I ) are

used to form a fused LMV estimate (i = E[x/Y , ... '.. Y,]). An often used simplified

alternative, referred to herein as static fusion, is to form local LMV estimates ( U, = E[x/Y] )
then resort to an alternative optimality criterion in forming the fused estimate [34-35]. Thits
fusion of the local estimates is arrived at by statically minimizing the square of the estimation

error, giving rise a fused estimate as [331 (see figure 8)

x(k+lk)= { P lI(k +I k) [Pi(k + Ilky,(k + lk)]}

The resulting decrease in accuracy of the static fusion methodology over that of the
LMV approach has been noted in [34] and explained in [35].

sensor y1(k local dl(k+ l/k)
-. # 1 processing

node #1

sensor Y2 k .loca d2(k + Il/k: Global
r# 2 pocessing Estimate
node #2 + dk+1/k)

-.. r . k local d(k+1/

!.2!,: node _

Figure 8 Static information fusion (SIF) of local estimates.

4.7 A Comparison of Fusion Techniques

A point form comparison of the preceding filc-, techniques is based on the following
categories-

i) Level of fault tolerance. i) computational burden, ti) amount of inherent parallelism, tv)

the ability to compensate for manoeuvring targets, v) the ability to cope with spatially
uncollocated sensors, vi) communications requirement, vi) the ability to handle multiple
information rates, and vit) the ability to fuse active and passive sensors.
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filter Fault Compute Inherent Manoeuvre Uncoocated MNultiple Active &
Tok.rance Burden Parallelism Compensatior Sensors Data rates Passive

CEF low moderate low difficult moderate difficult difficult
CMI low low low moderate difficult difficult difficult
SF low high low moderate difficult difficult difficult
GDF moderate high moderate moderate simple moderate difficult
DIF high moderat high simple simple simple moderat
SIF high low high simple simple simple simple

Based on the above chart the static information type fusion (SIF) technique is the
favoured choice. but due to its slight reduction in accuracy (about 5-10% [341) the
decentralized information type fusion (DIF) technique may be favoured. It should be also
noted that it is very simple to go from DIF to SIF and vice versa, and thus the switch from
DIF to SIF can be made when computational burden takes precedence.

5. A HYBRID MULTI-SENSOR MULTI-TARGET TRACKER

In the case of the multi-sensor multi-target (MSMT) tracking problem two
architectures have predominated most published works [361. One of these architectures is
the sensor level tracker which utilizes local single-sensor inulti-targ t (SSMT) trackers.

tracker #1t
SSMT ocal-tracks

tracker #

- sensor yp(k) local ]local tracks il# ,SSMTOptracker #

Figure 9 Sensor level tracking topology.

The primary alternative architecture is the so-called central level tracking approach
~yl(k)

a global tracks

-.. sensor y (k) -

Figure 10 Central level tracking topology.
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The primary advantage of the sensor level MSMT tracking topology is its fault

tolerance and high level of inherent parallelism, which allows local SSMT trackers to be
tailored specifically for each sensor The almost exclusive use of static fusion techniques to
perform the track-to-track fusion results in a corresponding slight decrease in tracking
accuracy. Howevei. non-static fusion techniques such an the DIF technique can be utilized
to remedy that shortcoming. The central level tracking topology typically allows improved
associations and thus more accurate global track formation.

A hybrid technique which takes advantage of the decentralized sensor level tracking
technique's virtues while utilizing measurements (or measurement sequences corresponding

to tracks) to perform track-to-track associations retains the advantages of both approaches
This approach is illustrated in figure 11 below.

globa track
sensor y(k) local local tracks Z

retracker #(k)i

Teinor i pci opl oca imemet)thseousio[statel tracks ie
#2SSMT 12 glba rak

tracker #21p -a

dirabe that the prce n iro e be track i ti

itemized earlier in section 4.7. Specifically, it is possible to construct a solution to the sensor
fusion problem within the framework of the previously developed sensor and target dynamic

models [41. which is inherently well suited to a distributed (decentralized) processing
structure, thereby allowing processing to be carried out simultaneously with local processing
resources (parallel computing).

The centralized alternative is often simpler to implement [37], while the decentralized
. procedure requires a hierarchy in the fusion procedure to allow local processors to perform
~constructive operations. Minimal communications between local nodes is necessary if real

parallel processing is to be achieved. If the solution o the sensor fusion problem can be
suitably formulated, then the decentralized information type fusion (DIF) processing
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topology can be employed to offer a high level of fault tolerance, and the possibility of real

time operation.

The direct extension of the DIF (or SIF) to the MSMT problem is demonstrated by

the hybrid MSMT tracker. The high level of fault tolerance is complemented by the
measurement level track-to-track association capability. This association can be derived
using previously established elliptical or rectangular gating techniques (pointwise
associations). Alternatively, measurement sequences corresponding to local tracks can be
associated using more sophisticated methods such as Volterra kernel analysis (sequence
associations). The latter techniques are capable of providing improved association by.

i) Accounting for higher order moments
ii) Dispensing with linearized measurement and target motion models
iii) Accounting for serial cross-correlation.

In the event that the the independently operating track-to-track association processor
fails, a back-up track-to-track association procedure can be performed using conventional
sensor level tracking techniques.

At present, the development of a modular structured software environment for the
comparative evaluation of multi-sensor multi-target tracking techniques in clutter with false
alarms. is being undertaken.
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ABSTRACT

1. The key attributes of the ship's air defence problem are reviewed in context
of a NAAWS ship and mapped onto available Al techniques. Some of the main
benefits of using Al vs procedural techniques are presented. From this, a list of
processes is derived showing the best candidates for implementation using Al.

2. It is seen that naval AAW is primarily a distributed real-time Al problem
which is fundamentally different from non-real time Al. Currently available Al
tools, techniques and prcessors may not be capable of satisfying the real-time
performance requirements of large Al-based systems. A case is made for new
parallel processor architectures which are capable of flexible high speed
inferencing in hardware.

3. We contend that at present, the development of mission-critical systems using
Al technology is both difficult and costly because in the military context, a
validated Al technology base does not yet exist. Consequently, to reap the
substantial benefits of Al, NATO needs to make a major investment in the
df ielopment of this technology base. Several constructive suggestions are made
in this regard.

1 INTRODUCTION

4. In 1989, Thomson-CSF Systems Canada Inc was awarded a contract by
DREV on behalf of the NAAWS PMO to investigate the applicability of artificial
intelligence (AI) to naval anti-air warfare (AAW). This paper presents some of
the key findings of this study with thL intention of providing a realistic assessment
of this exciting technology in contt of the system development process.

5. The short duration of naval anti-air engagements, the lethality of airborne
threats and the vulnerability of small ships have been well recognized from recent
experiences in the Falklands War and in the Persian Gulf [deBa90][Hewi88].
Among the lessons learned is that in order to survive, a ship's crews must
effectively manage their ship as well as its defensive and offensive assets.
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6. In modern naval vessels the flood of data from numerous internal and
external sensors is both a blessing and a curse. Clearly, it is indispensable as a
means of perceiving events unfolding in the surrounding environment, and
provides the basis for making command decisions. Yet in the midst of combat
when the need for decisive and effective action is highest, too much unstructured
or irrelevant data becomes extremely stressful and leads to cognitive overload.
When this happens, the ability of the crew to function effectively is greatly
diminished, often with lethal results. The problem is complicated by the use of
electronic warfare (EW) weapons both by airborne threats as well as ownships,
as this generates incomplete, misleading or inconsistent information with which
the crew must cope, ar often places restrictions on how hard and seft kill
weapons may be used i, ;:e-nbination.

7. Therefore, one major thrust of modern naval combat system design is to
reduce the load on the crew by automating the low level decision making in such
a way that command teams will be presented with information which is timely,
reasonably complete, and relevant to making command decisions. Clearly the low
level decision making must be guided by a great deal of knowledge and expertise
in ship's systems and weapons, various threat characteristics, and AAW tactics.
This requirement poses a significant technical challenge to system developers.

8. During the last two decades, major advances have been made within tile Al
research community in the development of techniques to codify vaiious types of
knowledge and then use them to reason about ieal-world problems. This was
accompanied by the development of various development tools such as advanced
programming languages as well as hardware architectures which support the
direct processing of knowledge. Therefore, as a technology, Al is emerging from
the laboratory and has great apparent potential. For developers ot advanced
systems it holds the promise of being able to embed within them highly
intelligent reasoning processes with capabilities which previously were
characteristic of living human experts. Moreover, being computer-based, these
reasoning processes are immune to cognitive overload, fatigue, inattention.
inconsistent actions, outright mistakes, and other human failings. Systems which

make significant use of AI technology are called knowledge based systems
(KBSs).
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9. Thr.-. with respect to the effective management of a ship's defensive and
offensive assets against air attack, Al technology appears quite attractive in its
potential to reliably perform many of the reasoning tasks previously done by
human operators. In exploring this further we will first examine the general
benefits which Al holds for advanced system developers, and then consider the
question of applicability to the naval AAW problem. Finally we will examine the
actual feasibility of developing a naval AAW system in context of the system
development life cycle.

2 THE BENEFM~S OF Al

10. We first need to examine the fundamental question of "Why should one in
the development of mission-critical systems, use a new and potentially risky
programming technology when existing technologies may be perfectly adequate".
We support the general principle that if indeed they are adequate, then clearly
developers should stick to the tried and proven. However it is generally accepted
that the use of Al yields several important benefits which in our view outweigh
many of its perceived disadvantages:

1) More reliable mapping between the real world and the software world. In
conventionally coded systems, all real world objects and their
interrelationships (i.e. knowledge) are represented as collections of variables,
flags, parameters, etc. The mapping to the software world can therefore
become quite convoluted, requiring very strong discipline, organization and
skill on the part of the software engineers. At some point we can expect
to reach an intrinsic limit in the ability of software developers to
comprehend and deal with complexity. In contrast, within KBSs the
expressive power of the knowledge representation techniques allows
knowledge to be represented at a high level of abstraction which is much
closer to the way in which humans perceive the world. This leads to
economy and clarity of representation, reduced numbers of software objects,
all of which reduce system complexity. This in turn can reduce
development time, increase reliability and maintenance costs.
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2) Decoupling between knowledge and control processes. In procedurally coded
software, the knowledge and control processes are inextricably intertwined
in the structure of the code. This certainly is responsible for many of the
difficulties associated with producing and maintaining high reliability
software. In KBSs, on the other hand, the knowledge base is completely
independent from the control processes which are resident in the inference
engine software. Consequently both of these can be developed and
validated separately and then combined in a single KBS application. (This
software architecture has resulted in the appearance of a large number of
expert system shells which contain everything but the knowledge base, the
production of which is completely dependent upon the given application and
is therefore the responsibility of the purchaser).

3) System extensibility yielding improved maintainability. Extensibility is
defined as the ability to significantly extend the capabilities of a system
without introducing significant disruptive changes to the system. In KBSs
the decoupling between the knowledge base and the inference engine
greatly imprcves system extensibility. In order to give a KBS additional
reasoning capabilities, all that is required in most cases is a modification of
its knowledge base while leaving the control processes in the inference
engine intact. In procedurally coded software, equivalent changes would
require a major software rewrite with the ....endant costs and risks.

4) Flexibility and robustness in KBSs is defined as the ability to sensibly
handle situations for which the system was not explicitly designed. In
conventionally coded systems, the software designers must foresee and cater
for wide range of eventualities which the system must handle. Clearly there
is a total dependence on the experience, foresight and imagination of the
personnel involve. As the system is modified to handle ever increasing
numbers of specific operational scenarios, both the complexity and size of
the software will increase. Even with highly disciplined modern software
engineering practices, such systems may become unmaintainable.

In contrast, KBSs are implemented on a high level of abstraction. Their
knowledge bases can be structured to handle multiple layers of issues on
the appropriate level. [Wiel87]. Certainty management schemes can be
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introduced to handle uncertain or missing data and to propagate its effects
throughout the reasoning process. Knowledge-driven classification of
situations can allow KBSs to provide sensible or useful solutions even when
the input data or situation does not exactly match some predefined
stereotype. Consequently, without the developer having to provide explicitly
for them, KBSs can exhibit good operational robustness over a broad range
of situations. Since flexibility and robustness do not necessarily imply a
major increase in the complexity or size of the system, this comprises a
major advantage over the use of conventional software techrologies.

5) Ability to handle ill-defined problems is an important requirement in many
mission-critical systems. Conventionally coded systems are comprised of
clearly defined processes and algorithms which are meant to handle specific
data sets or situations. When poorly defined situations are encountered,
they are usually unable to handle them. On the other hand, humans
routinely handle unusual situations, drawing upon diffuse high level
knowledge, experience, rules of thumb, iteration techniques, or simply make
judgement calls. These help to derive some kind of solution despite the
initial obstacles. Since KBSs attempt to capture human knowledge, in
principle they have the potential of duplicating even this sphere of human
judgement. However, it is recognized that this particular area is still a
research area.

6) Dissemination of expertise is a highly important attribute of KBSs somewhat
related to the capture of human knowledge. Like any other software,
electronic copies of KBSs can be widely distributed to provide judgement
in some domain when and where needed. Moreover, since knowledge bases
are separate from the remainder of the system, they are portable to other
remote systems possessing the same inference engines. In terms of naval
AAW, doctrinal knowledge or experiential knowledge of human operatois
and Tactical Action Officers (TAOs) can be codified, combined, made
consistent, and then distributed among all combat systems in the fleet.
When suitably integrated with the previously deployed knowledge bases, the
new knowledge can potentially improve the operational effectiveness of all
units receiving these updates. Clearly this would be impossible with
conventionally coded software.
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') Fast prototyping. The KBS development tools currently available on tile
market yield the bnetit of fast prototyping of applications which may not
necessarily be related to Al. In order to establish the vabihty of a gwien
technical approach, it is often desirable to test 5ome inital ideas and then
commit to a specific solution. Because of their inttractivitv. poweiful
debugging tools and libraries of utilities, sophisticated development
environments can be particularly effective in getting an application up and
running very quickly. This is particularly true if the application involves a
significant amount of logic or a complex man-machine intertace. Such
environments tytically support hooks to a variety of procedural languages
allowing the developer to produce hybrid KB and procedural code Ysterns
In contrast, few development environments for conventional procedural coce
support such flexibility and degree of interactivity.

11. We see that the use of Al technoiogy does indeed yield significant benefits
to advanced system developers. At the same time it carries with it ome risks
which will be discussed when we consider life cycle issues.

3 HlOW APPLICABLE IS Al TO NAVAL AAW?

12. This queston is best answered by examining a specific ship's combat system
architecture. The NAAWS conceptuai t!ck diagram shown in Figure 3.1 is
quite representative ef modern combat system concepts, and was used as a focus
of the Thomson Systems study, Since the NAAWS ship's sensors and weapons
are a given, the study concentrated on the Core functions. In Figure 3.2 they
have been shown as a functional tree which was decomposed down to level 2.
The investigation consisted of two stages:

1) The identification of NAAWS subsystems which are good candidates for
implementation using AI technology;, and

2) An examination of the system life cycle issues which have a strong bearing
on the successful implementation of Al-based naval AAW systems.
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13. Figure 3.3 depicts the methodology used dunng the first stage of the study.
Each of the NAAWS functions was examined to quickly weed out unsuitable
applications on the basis of inappropriate problem types and high level system
requirements. For each of the surviving functions the characteristics of the
required development tools were established by considering appropriate
knowledge representation forms, inference engine types and inference control
strategies. The detailed assessments of each NAAWS function were recorded in
tabular format and a sample for one NAAWS function car be found in Annex
A. On the basis of these tables a final decision was made whether a given
function was potentially a good candidate for implementation using AI
technology. Finally, a survey was conducted of currently available Al
development tools as a precursor to the selection of a recommended toolset
[Bein89.

14. As a result of the stage 1 analysis process, Table 3.1 below lists the NAAWS
functions which could potentially benefit from implementation using Al.
[Kand39A] contains a detailed discussion for the underlying reasons for these
selections. The study concluded that this list would probably have to be studied
further and prioritised in order to reduce development risks and maximise the
benefits. The remaining functions found in Figure 3.2 were viewed as candidates
for procedural software implementations.

15. Pecause of the large number of NAAWS functions appearing in Table 3.1
above and of course the underlying reasons, we conclude that in general Al
appears to be applicable to the development of naval AAW systems.
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TABLE 3.1: NAAWS FUNCTIONS POTENTIALLY BENEFITING
FROM AT TECHNOLOGY

Sensor Integration & Control
Sensor Control
Multi-Sensor Integration

Local Command & Control
Threat Evaluation
Identification
Command & Decision

Weapon Integration & Control
Weapon Engageability & Selection
Engagement Coordination
Engagement Scheduling
Kill Assessment

NAAWS Launcher System
Launcher Control
Weapon Resource Evaluation

Readiness
Collection of Readiness Data
Operation Readiness Assessment
Mission Readiness Assessment
Evaluation of Actions
Implementation of Actions
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4 BUT IS IT FEASIBLE?.

16. Unfortunately, establishing the applicability of AI to naval AAW is a rather
superficial finding which can make no claims about the feasibility of actually
doing so. This requires an examination in context of the system life cycle of
several critical interrelated issues such as the AI development toolset and the
adequacy of system performance on the available computing platforms.

4.1 KBS Development Life Cycle

17. Of necessity, the life cycle of pure KBSs is very much different from DoD-
STD-2167 or 2167A which are used for mission-critical procedural software
development. Because of the way in which KBSs are developed, these existing
models are totally unsuitable. As shown in Figure 4.1, KBS developments take
place in two separate and distinct Phases: Prototyping and Delivery.

18. During the Prototyping Phase, the system is iteratively evolved in a rich
development environment which is highly conducive to experimentation. The
objective is to progressively create and validate the application knowledge base
by expanding its capabilities in a series of incremental steps. This implies that
the development must go through several passes around a loop consisting of
Requirements, Design, and Build & Test stages. The inevitable logic faults must
be corrected through modification and subsequent exhaustive testing of the system
until it operates correctly. Then the developers face the task of devising a
suitable strategy to deliver the system onto the target platform. We stress the
need for a powerful Prototyping Phase toolset to boost the programmers' and
knowledge engineers' productivity by supporting flexible experimentation and
debugging.

19. The Delivery Phase consists of carefully reimplementing the prototyped KBS
in a suitable procedural language hosted by the target machine such as C or
Ada. This process is virtually identical to conventional software developments:
Requirements, Design, Build, Test, Verify & Validate, etc. The chief difference
lies in the fact that in order to tune the performance of the delivered system,
developers may have to go around an iteration loop to the Design step from the
Testing or Verify & Validate steps.
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Figure 4.1: KBS DEVELOPMENT IS AN ITERATIVE
TWO PHASE PROCESS

20. Clearly, the system must be thoroughly retested to ensure that it still works
correctly. Unfortunately, in order to maximise system performance, ir, its
delivered form the system will no longer contain the powerful features which
supported the debugging process during the prototyping phase. Consequently
developers are left with a difficult laborious task which must be done using
conventional methods with the help of suitable CASE tools. Under these
conditions, the productivity advantages of using AI programming environments
will be lost. This is especially true when the system needs to be extended or
somehow modified in the future. Either a return to the prototyping environment
is needed and followed by recoding, or the delivered system must be modified
with the attendant risks.
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21. The Thomson study found that with very few exceptions, commercially
available development tools are unable to facilitate delivery of prototyped systems
to standard military compu*.ng platforms. The notable exception was the ART
environment which will soon be able to automatically generate Ada delivery code
exactly duplicating the function of the prototyped system.

22. Another finding of the study was that most advanced systems will in all
likelihood be synergistic hybrids of knowledge-based and procedural functions.
Consequently, a new life cycle model will be required to support such system
developments. In all likelihood, it will feature two parallel development streams
which recognise the optimum development style of each type of software, and
with suitable cross-links between them for purposes of integration and testing.

4.2 Development Toolset Issues

23. After the Thomson study completed the examination of the various NAAWS
functions, the summary of findings such as those shown in Annex A, showed that
virtually all known knowledge representation, inferencing techniques and control
strategies will be required in the implementation of the list of NAAWS functions
shown in Table 3.1. Assuming that a single organization is tasked with the job
of prototyping them, then a full capability integrated toolset is indicated with
features such as:

Highly interactive man-machine interfaces;
* A full suite of knowledge representation and inferencing techniques;
* Flexibility to customize/extend inferencing and control mechanisms;
* Easy zccess to various symbolic as well as procedural programming

languages;
A large suite of utilities supporting the knowledge engineering, ano

configuration control processes;
* A powerful interactive debugger;
* Support for the generation of all software documentation;
* Etc.
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24. Such integrated toolsets should really be considered as "environments".
Typical examples of these are KEE, ART, NEXPERT and JOSHUA. These are
quite expensive, but in a large program such as NAAWS, once the personnel
training was completed, they would more than pay for themselves through
enhanced programmer productivity during the Prototyping Phase.

25. One may argue that if the development task was properly partitioned, then
a more modest development environment featuring a subset of the above
capabilities could be sufficient for some groups of functions. However,
development environment heterogeneity may cause problems with system
integration because it is not immediately obvious in which development
environment to assemble the outputs of parallel developments. Moreover, the
individual KBS applications may not be portable to the chosen integration
environment. Finally, multiple heterogeneous environments can create a
nightmare in the maintenance of delivered systems due to increased personnel
training requirements.

26. Therefore, as a guideline the Thomson study concluded that in parallelised
developments of major Al-based systems, a single environment containing a
superset of the required features should be chosen. Moreover, for the
development of mission-critical systems, it is advisable that NATO choose a
standard development environment or toolset which fully supports the
requirements of the new life cycle model mentioned above, with deiNery targeted
at specific NATO standard computing platforms.

43 Real-Time Issues in Al-Based MAW Systems

27., Initially, Al techniques were applied to problem domains where the data
were relatively static and time-critical responses were not required. However, if
we wish to use Al for the development of the next generation of naval AAW
systems, then we must consider the implications of the key characteristics of the
application. Clearly, all naval AAW systems such as the NAAWS are real-time
(or time constrained) distributed processing systems. Consequently, AAW KBSs
must satisfy the following requirements which depends on the capabilities of the
development tools used:
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Asynchronous events. An AAW system must be capable of responding to
asynchronous or unscheduled events as they occur by interrupting its current
work and processing new data according to its importance [Laff88] (e.g. the
sudden appearance of a sub-launched anti-ship missile). Most of the
current KBSs do not allow an interruption of an inference cycle.

Guaranteed response times. The system must be able to produce an
acceptable response within a finite time limit. Some experimental systems
were able to meet response time requirements by providing responses with
various degrees of certainty or completeness.

High performance. The system must perform complex decision-making
based on a massive stream of incoming data in a timely mrnner. In naval
AAW, response times need to be in the order of 0.20 sec. Given the
latency of the data bus connecting the distributed computing assets and the
amount of inferencing to be done at each stage, the performance of the
individual processors becomes a crucial issue. KBSs do not execute very
efficiently in a general purpose Von Neumann monoprocessor.

Optimal use of resources. The system should make optimal use of
resources such as CPU, memory, and communication bandwidth. For
example, in a real-time system an interpreted knowledge base would be
unacceptable because it would unnecessarily burden the processor., A
compiled version would perform far better. Also, features of the
development environment which are not strictly necessary should be
excluded from the delivered system. Many KBS development environments
do not support any tailoring of the delivered system.

Focus of attention. The real-time KBS should service critical events as they
occur, and reallocate system resources as required. For example the
occurrence of a high priority event may trigger the use of a different
knowledge base which is more appropriate for the problem conditions.

Continuous operation. The system must be capable of operating over long
periods of time despite multiple hardware failures. This requires that the
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system monitor its status and intelligently reconfigure its assets to meet the
critical requirements of the mission as long as possible.

Temporal reasoning. In AAW, time is a highly important resource in all
aspects of decision making. As part of the planning process, the system
must be capable of reasoning about past, current and future events and
their sequencing.

Concurrency/distribution. Generally speaking, higher performance can be
achieved through a higher degree of parallelism by partitioning large tasks
into sets of smaller subtasks which can run on separate processors. Clearly,
in multiple KBSs, co-operative behaviour must be ensured through careful
design.

Non-Monotonicity. AAW systems are characterized by the transient nature
of their input data. The validity of incoming data may change with time.
Also facts deduced by the system may " come invalidated by the occurrence
of new events (e.g. the target which was thought to be a hostile is a battle-
damaged friendly aircraft with an intermittent IFF). In both cases the
system requires the ability for non-monotonic reasoning to backtrack and
revise some of its conclusions.

Integration with procedural components. Procedural code will inevitably be
used to implement much of the low level algorithmic processing found il
real-time systems. Means must be provided to integrate the knowledge-
based and procedurally coded components of the system into a synergistic
whole where the strengths of both technologies can be used effectively to
maximise the performance of the system.

28. The development of an actual AAW system requires a development tool
with all the above attributes. However, from the development tools survey
carried out in the Thomson Systems study, the overwhelming majority of the
available development tools were not able to satisfy more than a few of the
above requirements [Bein89]. More important, few tools allowed the developer
customise tnem in order to extend their capabilities. In short, the currently
available tools are inadequate for the task.
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4.4 The aest for ]reimaj

29. Because of the short response times which are required for naval AAW
systems, their component KBSs must be designed for maximum performance.
Traditionally, in the development of time-critical applications, software developers
use several techniques in combination to achieve their performance objectives:

* The fastest possible language plus very efficient code;
* More powerful processors and special purpose hardware;
* Computational parallelism;
* Clever analytical approaches to reduce the problem;
* Multi-levelled vectored interrupts;
* Etc.

30. These approaches certainly apply to the development of KBSs. However
there is the additional complication that the inferencing process is not nearly
predictable as procedural code. This is largely due to the decoupling between
the knowledge base and the inference engine, and makes it virtually impossible
to predict their performance and determine if a given design will be fast enough.
Consequently developers will discover performance inadequacies only during
advanced stages of prototyping and during the development of the delivery
system. This stresses the need for an iterative development approach supported
by a powerful toolset.

31. Estimation of system performance by comparison with similar existing
systems is equally difficult because of the variability in the end results introduced
by implementation features. Without a full disclosure of the processor
characteristics, inferencing technique, ' :uristics used, characteristics and
structuring of the knowledge base, the role of procedural code elements, etc. it
is virtually impossible to make extrapolations to a different system. All that one
can say is: "So and so successfully built a similar system and I probably can make
my system work in the end!" However this can hardly be considered to be a
controlled engineering approach.

NAT 0 U NC LAS S I F I E D

27.18

46



NATO UNCLASS IF I ED

27.19 AC/243-TP/2

32. There is a dearth of sufficiently well documented KBSs in the literature
which would allow new system developers to make intelligent extrapolations.
There are few meaningful published benchmarks on existing systems. In short,
in the area of KBSs, the defeace contractor community lacks hard engineering
design points from which to extrapolate to new systems.

33. The Thomson study also considered whether some system performance
estimates could be obtained from measurements of the number of machine
instructions per logical inference. In the case of the HEXSCON, a rule-based
expert system shell [Wrig86], it was estimated that 143 instructions were needed
per inference. Assuming that this is a typical value the graph shown in Figure
4.2 was derived. It shows response times vs numbers of rules fired for processors
with a computational power ranging from I to 20 MIPS. Given a specific
processor power and an estimate of the number of rules fired on average, one
can ostensibly determine the system response time. If the answer is too large
then presumably some of the performance maximization techniques described
above could be applied. This however is a trap because the number of machine
instructions per logical inference depend on factors such as:

* The architecture of the processor chip;
* The efficiency of the KBS inference engine;
* The average number of antecedent conditions in the rules;
* The mix of knowledge representation types;
* The execution of any procedural code which was part of the original

application;
* The efficiency of the compiler which produced the run-time module;
* Etc.

34. Consequently extrapolations of any kind must be treated with extreme
caution because the results may be uncertain up to half an order of magnitude.
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' Instead, we propose t, look at the potential inferencing rates from currently
~available processor technologies:

* A single conventional processor: the HEXSCCN expert system

running on an Intel 8086 [Wrig86J;
* A fine-grained multi-processor: The Production System Machine with

32 processors [Gupt86];
* A special purpose processor supporting Prolog [Odet87];
* A coarse-grained multi-processor: Expert-5 running two MC68000

processors [Park98];
* A hardware inference engine: AT&T fuzzy inference chip [Toga86].
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35. The comparative graph is shown in Figure 4.3 below. Now let us examine
how the NAAWS case would fare with these processors. Say NAAWS contains
10,000 rules, 20% of which would be triggered in th, course of processing a
typical sweep of new data. Assuming an inference rate of 20,000 rules per
second, it would take the system about 0.1 seconds to perform the necessary
reasoning. It is evident that this performance level, although fast, may become
inadequate if one considers that the system response must a. count 'or procedural
functions, communications overheads, as well as all other latencies and
bottlenecks in the reaction pipeline.

36. It is important to note that the latter applies to the current generation of
anti-ship missiles. With supersonic missiles or hypervelocity projectiles, the
response time would really have to be possibly reduced by more than one order
of magnitude. Therefore in the near future, developers should aim for at least
200,000 logical inferences per second from computing platforms executing AAW
Al applications.

4.4.1 Parallelism to the Rescue

37. According to Shaw, the majority of the processing cycles used in inferencing
are for performing various types of pattern matching [Shaw87]. For example:

In rule-based systems the matching of antecedent conditions to

determine what rules to trigger next;
* In frame based systems the comparison of frames;
* In classical logi-, systems, the matching of strings of symbols;
* Etc.

38. Single processor Von Neumann machines are notoriously slow and inefficient
at pattern matching and when applied to execute KBSs, the performance of the
system cannot meet very stringent real-time performance requirements. Howevw~r,
parallel processor architectures are ideally suited for AI pattern matching tas s,
and also have an important role to play in procedural algorithmic processing.
Ir. KBS applications, architecture flexibility and scaleability are also very
important requirements because of the wide variety of application tasks which the
processor w,ll he expected to perform.
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39. Two architectures known to the author appear to be able satisfy these
requirements. Shaw's NON-VON machine was one of the first to explore fine-
grained parallelism as applied to a wide variety of Al applications ranging trom
machine vision to all of the common forms of inferencing [Shaw87]. The
architecture, which featured custom VLSI processors arranged as a programmable
active memory, was able to demonstrate very large improvements in inferencing
performance. Un-ortunately, to the best of the author's knowledge, the NON-
VON machine was never meant to be commercialized and remains as a research
tool.
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40. A second and more interesting parallel processor machine called the

PADMAVATI is; currently in ar advanced suge of testi*rg at Thomson-CSF in
France. The madine was spedally developed under the European Esprit
Program to explore computationdl parallelism in image processing, speech
recognition, and other Al applications.

41. This machine consists of a VMEbus boardset based on the Inmos T800
processor and a custom VLSI delta switch chip. As shown in Figure 4.4, the
PADMAVATI acts as a special purpose co-processor for a general purpose
master computer. The normal Transputer E-W links are used to individually
program and control a ring of Transputers. The programmable delta network
in the middle of the ring allows any Transputer at runtime to quickly connect to
any other Transputer in the ring and exchange data. The PADMAVATI
currently executes Le LISP and C, with Ada to be available in the near future.

42. The unique thing about the PADMAVATI architecture is its ability to be
scaled to suit the performance requirements of the application. The basic
processor board has 16 Transputers for a total of approximately 2.1 million LIPS
of inferencing power. Multiple boards can be daisy chained up to a maximum
of 256 Transputers yielding 34.1 million LIPS.

43. We contend that an architecture like the PADMAVATI is ideally suited to
the challenges posed by the naval AAW task. Because it can execute signal
processing, general computation as well as Al applications, it can be treated as
a general purpose co-processor in the context of a combat system architecture.

44. Moreover, with the uncertainties in the amount of inferencing power actually
required by an AAW system, the architecture can be easily scaled up at any time
and without penalty, to bring the necessary power to bear on the problem.
Indeed the capabilities of the PADMAVATI or its successors are such that it
should be very seriously investigated by the appropriate technical authorities
within NATO.
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Figure 4.4 ARCHITCTURE OF THE PADMAVATI PROCESSOR

5 CONCLUSIONS & SUJGGESTIONS

45. From the above, we conclude that AI certainly is very much applicable to
the development of advanced naval AAW systems but the task is barely feasible
at the present time. Any Al-based military systems which will be deployed in the
very near future will out of necessity be hand crafted, and will be far more
expensive and unreliable than the an equivalent amount of procedural code. The
chief reason for this is that the necessary validated technology base is not yet
available. Specifically, the development environments currently available do not
have a sufficiently complete set of capabilities to support the entire development
process for military knowledge based systems including delivery to military
platforms. More important, most of them do not support the features necessary
to develop real-time KBSs. Consequently all of these must be added as custom
features by system developers at increased cost.

iV
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46. In order to reap the numerous benefits of Al technology, the various
defence organizations within NATO need to make an investment in the
development of a validated technology base for the development of mission
systems based on Al. This means establishing a new system development model
to replace DoD-STD-2167A, which recognises the requirements of developing
software systems which are hybrids of AI and procedural code. Also, since
commercial tool developers currently have little incentive to develop the tools
with the capabilities required for military real-time applications, NATO defence
organisations may have to jointly sponsor the development of their own standard,
validated development environment. Clearly, this KBS Real-Time Development
Environment (KRDE) would have a far wider applicability than AAW. Ideally
it should have the following features:

* A good graphical man-machine interface;
* Contain a library of numerous standard knowledge representation forms and

supporting inference engines;
* Be highly modular and support the addition of new functions, tools and

capabilities as required;
* Allow prototyping and experimentation on the LISP level;
* Allow easy interfacing with a variety of procedural languages;
* Provide direct support for real-time KBS development and testing;
* Provide various knowledge engineering tools supporting the acquisition and

maintenance of knowledge bases;
* Possess powerful debugging and testing utilities;
* Provide support for the management of the KBS development life cycle;
* Support the generation of all software documentation;
* Able to support special purpose hardware inference engines;
* Highly desirable to be able to select and cross-compile to several specific

delivery languages.

47. If KRDE is developed in the Ada language, then it could be ported to any
military platform which supports Ada, including the target platforms. KRDE
would reduce training costs because programmers would always face the same
environment wherever they worked. An additional benefit stemming from KRDE
is that defense organi7ations would be able to ensure that KBSs would be
developed in accordance with standard processes and methodologies, out of
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validated building blocks, thereby greatly simplifying the system verification and
validation problem.

48. We suggest that Al will not displace conventional procedural programming
technology; merely supplement it in specific important areas. It should be
treated as the next step in the evolution of computer languages. However, the
various NATO defense organizations must come to terms with the fact that Al
languages are unique yet necessary, and may in some specific areas displace Ada
as the standard programming language.

49. Another important task is that of devising suitable techniques to verify and
validate (V&V) real-time as well as non-real-time KBSs. This is a particularly
thorny problem due to the decoupling of the knowledge base and the inference
engine [Karid89B]. It is exacerbated by the lack of diagnostic facilities in almost
every KBS delivery environment. However, without suitable procedures in place,
KBSs can not be adequately tested before deployment. As such, lack of V&V
procedures constitutes a major risk in applying Al technology in mission-critical
systems.

50. Currently available computer hardware appears to be sufficient for KBSs
dealing with present day threats. However they may not be aole to cope with
the next generation of faster, more maneuverable and intelligent threats operating
in a heavy EW environment. These factors may reduce response times by one
order of magnitude and require much more sophisticated reasoning.
Consequently it is suggested that a new class of flexible, general purpose parallel
processors, such as the PADMAVATI, which are capable of doing Al processing
as well as procedural processing, be considered for inclusion into the NATO
inventory. By current standards these may be considered overkill, but by the
time that they are deployed, our ships will be facing the next generation of
threats and may well require such high performance.
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51. Since concluding the study on the role of Al in the naval AAW process,
Thomson-CSF Systems Canada was awarded a contract by DREV to implement
a proof-of-concept TEWA simulator system using AI technology. As such, it was
an important step in the development of a validated technology base for AI-
based AAW. The technical approach consisted of a synergistic fusion of
procedural, Al and object-oriented programming technologies. The resulting
system gives an unprecedented degree of flexibility in being able to experiment
with TEWA concepts through a very powerful man-machine interface. The
TEWA implemented consists of five co-operating expert systems responsible for
different segments of th'e reasoning. Currently the project is nearing completion
and Thomson Systems expects to report the results at the earliest possible
opportunity.
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ANNEX ASSSSET OF NAAWS F1UNIONS

I, This Annex cointains an example of the NAAWS function assessment tables
tromn [Kand89A]. These tables were used to determine whether a given function
could indeed benefit from implementation with the help of Al technology, and
what were the required characteri stics of the toolset to be used in the
imp!ementation of each function.
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FOREWORD

The NA-25 is an advanced modular weapon control
system which may incorporate an integral command
and control capability thu, providing a
comprehensive AIO and weapon control capability in
a single system configuration for small ships.

The NA-25 uses a powerful MARA multi-processor and
a versatile display system which incorporates two
high resolution colour monitors to present the raw
radar and TV/IR video, the tactical situation and
the supplementary information.

The fire control section of the NA-25 is provided
with radar and optronic sensors and is capable of
controlling weapons of medium calibre in the anti-
aircraft and anti-surface roles as well as small
calibre weapons in the CIWS role. Up to two guns
of different calibres can be controlled at the
same time.

T "ire Control Radar associated to the system is
tr,. ORION RTN-25, a fully coherent equipment which
is characterized by anti-nodding, ECCM and anti-
clutter features together with high tracking
accuracy.

An electro-optic system (TV or optional IR/LASER)
can be mounted on the radar director to enable
firing assessment and to provide an alternative
line-of-sight on the same target.

CONFIGURATIONS

Various system configurations can be provided to
cope with different operational requirements;
typical NA-25 configurations are:

a) FCS, incorporating one display console and
implementing only the weapon control functions
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b) SINGLE or TWO OPERATOR COMBAT SYSTEM, incorpo-
rating one or two display consoles and capable
of performing fire control functions and to
act as a small tactical system.

c) FCS INTEGRATED WITH IPN-S COMMAND AND CONTROL
SYSTEM: in this case the NA-25 is not fitted
with its own console but can be controlled by
any display console of the common MAGICS
display system.

The configuration described in this document is
the FCS (point a) above.

DESIGN PHILOSOPHY

The design of the NA-25 FCS is intended to give a
response to the operational requirements of
Navies, both in terms of reaction capability
against the most sophisticated threats, and in
terms of integration, automation, easy handling
and serviceability.
In more detail, the objectives envisaged in the
design are the following:

a) defining a modular and flexible architecture
capable of improving the FCS from a stand-
alone configuration up to a small combat
system incorporating command and control
capabilities;

b) hardware standardization for minimizing the
Life Cycle Cost;

c) man-to-machin3 interface standardization to

cut down manning requirements;

d) ergonomic criteria optimization;

C) performances optimization in the use of medium
calibre guns in anti-air firing and surface
firing actions and, particularly, against low-
level missile targets under stressing weather
and electromagnetic environment conditions;
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f) minimizing response times, both during the
action and in setting-up the system.

The NA-25 FCS uses the MAGICS multi-functional
display console which features:

* multi-sensor interface capability
* multi-sensor display capability on the same
screen (mosaic)

* contemporary multi-mode presentation of the same
sensor
high resolution graphics and display
two operationally interchangeable 20" high
resolution colour monitors
flexible configuration of the operator's desk
standard interface to the application software
(Display Management System)

. a MARA configurable multi-processor system as
display processor.

The computer resources of the NA-25 FCS consist of
two MARA multi-processor systems which feature:

multi-processor computer power
* very high modularity which enables the use of a
small range of hardware module types to
construct systems with a wide range of
processing power, memory and interface capacity

• single configurable operating system supporting
both large and small hardware configurations
strong support for fault detection, fault
tolerance and maintainability

• separation of software into cooperating but
protected functions
high level system programming language. ADA.
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The NA-25 FCS is fitted with The tracking radar
ORION RTN-25 which operates in the J-band
(formerly Ku). The main features of the radar are:

high gain monopulse antenna with polarization
twist
coherent transmission chair wirh olid state
frequency generators and TWT amplifier final
stage
two different waveforms in transmi 'ion
antinodding capability
frequency agility within the transmission band

* coherent multi-pole MTI for effective cancel-
lation of moving clutter
track-on jammer function
extended set of anticlutter and ant,-jamming
features.

Th.e acquisition pattern is optimized to meet the
designation source accuracy; the subsequent target
lock-on is automatic.,

The tracking is automatic. it can be based either
on the tracking radar data only or uiied using the
TV angular data and the radar range, or based on
the optronic sensors data if tht? laser range
finder is installed.

The operational feature,3 cr the NA-25 FCS and, L
particular,

engage process automation
automatic evaluation of thL t'hreat to be
counteracted
availability of operation modes optimized as a
function of the characteristic of the target
efficiency of man-to-machine interacti-,.

allow to minicize the response time and o
alleviate the oprator's efforts.

i
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SYSTEM CONFIGURATION

The tjpical NA-25 Fire Control System

configuration includes:

a) Tracker Section consisting of

Line of Sight (L.O.S.,) including:

. Ser,,oed pedestal capable of mounting the
tracking rad6? antenna and the electro-
optic sensor suite (witl, a reference
aligrment Eight);

* ORIUN RTN-25 tracking radar antenna and
-.ssozi.Ated R-F receiver box
Optronic sensor suite including a TV
camera; (alternatively, TV/IR or IR/laser
can be provided as option

Tracking radar ORION RTN 25

The ORION RTN 25 is a pulse 'ire control
radar operating in the Ku-band; it uses
monopulse technique for tracking targets in
angle.
Functionally it consists of two receiver
channels - one of which is limited in
amplitude and performs target detection and
acquisition functions; the second channel is
linear and performs angular tracking
functions.
The radiated pulse is binary phase codeu.
Matched compression filters and anticlutter
filters (MTI) are provided at the receive
end of each channel.
The transmitted frequency can be either fix
or variable.
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Tracking MARA Computer

MARA (Modular Architecture for Real-Time
Applications) is the name of a
multiprocessor architecture developed by
Selenia-Elsag. The MARA computer referred to
in this document is the implementation of
the MASA architecture oriented principally
to real-time naval applications. However
MARA has all the fea-ures of a general
purpose computer and can be used in other
applications.
MARA is based on the use of the 80X86
microprocessor serieF of Intel. Continued
upgrad.ng is implemented by Selenia-Elsag as
new members of this series are produced and
documented.
In the case of a multi-processor MARA up to
eight microprocessors cana be connected to a
common bus, called the nodel bus. This is
electrically identical to the private busses
of the single microprocessors,, and memory
units and I/0 units can be inserted on it.

Auxiliary Unit housingf

* Pedestal Servo Amplifier
* TV/IR video Tracker
Power Distribution Unit

b) Gun Control Section consisting of

Ballistic MARA Computer
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cl Display Section

One MAGICS display console configured as
follows:

two raster scan high resolution colour
monitors 20" (diagonal)
two video channels (one radar and one
TV/IR)
graphic module

* operator desk fitted with:

multifunctional keyboard
track-ball

* joy-stick
* alphanumeric keyboard
controls located on the monitors'side
each monitor is fitted with 24 keys
located on each side (12 on the left
side and 12 on the right side) ; such
keys are used for monitor control (e.g.
brightness, video controls, etc.), and
for operational functions. The meaning
of each key is displayed in a dedicated
area of the monitor.,

Presentation features

1) Raw Video Presentation

Radar signal selection is performed by
means of manual controls located on the
console: it is possible to select (via
an external Radar Distribution Unit) 1
of 6 radar and 1 of 3 video for each
radar, The following features are
implemented:

- PPI and A/R presentation of two
different radars (one search and one
tracker)

- PPI and B presentation of the same
radar
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- display of the raw video only, mixed
raw and synthetic video or synthetic
video only

- display of the IFF video
- north or bow reference raw video

pr3sentation
- PPI presentation

area: matrix of 960 x 960 pixels
range selection: any tnteger value
in the range 0.5 to 1024 Km, DM, NM
off cent-e: in an. point of the
system area
range marks: selectable 0.25,0.5,,
1,2,5,10,20,50 Km, DM or NM

- B presentation:
area: matrix 256 (range) x 512
(azimuth) pixels
amplitude: +4 Km in range and +5
degrees in angie

- A/R presentation:
matrix type A presentation (range,
amplitude), 512 (X directin) x 256
(Y direction) pixels, or 256 x 128
pixels.
matrix type R presentation (expan-
ded presentation of part of the
track A): 512 (X direction) x 256
(Y direction) pixels, or 256 x 128
pixels
maximum range of the track A is 60
Km, DM, NM; the range of the track
R is 2 to 4 Km, DM, NM.

2) TV presentation

* Matrix 586 x 780 pixels or the whole
screen (960 x 1280)
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3) Synthetic presentation

The console can generate and display the
following synthetic information:

symbols used to display trackq,
specia. points and marks

lines used to display vectors
of variable length, bea-
rings, maps, etc.

curves used to display circular
areas or sectors

alphanumeric
characters used, in association

with the track symbols,
to amplify information
or, independently, to
display other informa-
tion

4) A/N tabular presentation

The console generates a number of
tabular presentations of alphanumeric
characters (ASCII) for supplementary
information (e.g. TOTE area), The whole
screen is used, and for a strip alongsi-
de the PPI presentation consisting of a
matrix of 216 x 960 pixels.
The alphanumeric tabular presentation
has the following features:

management of cursor and standard
ASCII editing functions
scrolling
blink
background colours
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r .STEM OPERATION

The NA-25 Fire Control System can oper'ate both
under command and control supervisiun ond as an
autonomous system. All the operational fuictions,
that is search, acquisition, tracking dnd firing,
can be conducted either in fully automatic mode
(under operator supervision) or under Lne direct
control of the operator.

The NA-25 FCS is capable of performing the
functions listed below:

Autonomous search: by means of its vn tvacking
radar which performs pre-programmed decb -ilt-
compensated search patterns both in azimuth and
elevation; manual overriding with L.OS, control
by means of the joystick or optical search by
means of the TV/IR sensor is allowed at any time

Surveillance on the selected search radar video
which can be displayed on the NA-25 associated
MAGICS console: in this case the ooerator can
directly designate a detected target to the
tracking radar

Interdirector Designation from/to another FCS

* Designation: processing of the designation
orders originated by the Command and Control or
EW System

Optical call: processing of the designation
orders originated by a Target Designation Sight

* Acquisition: can be performed in three different
ways:

automatic detection and acquisition of targets
crossing a preset guard ring
manual detection and automatic acquisition
manual detection and acquisition
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* Automatic tracking of missile, aircraft and
surface targets: it consists of a three
coordinates filtering, through foe vector
regeneration and trajectory prediction; manual
override in angles and range is allowed at any
time

Air/Surface tracking and prediction models

Gun orders computation: with parallax
compensation, for up to two guns of different
calibre; two ballistic alternatives are
available for each gun, both of them loaded in
the computer memory, with quick change-over
capability

* Line-of-sight and line-of-fire stabilization

* Firing modes: anti-air (normal and barrage),
surface, off-set

* Shore bombardment: direct, indirect modes

The NA-25, is fitted with autonomous automatic
reaction capability, used as a back-up in case of
failure to the Command and Conteol SysLem: this
capability is based on the threat evaluation and
automatic selection of the priority target.
performed through the processing of the air tracks
originated by the video extractor connected to the
ship's search radar.
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ABSTRACT

This paper addresses the current capabilities at TNO-PML to assess the lethal

performance of Surface-to-Air Missiles (SAM) against Anti-Surface-Ship Missiles

(ASSM). The effectiveness of an interception of an Anti-Surface-Ship Missile by a

Surface-to-Air Missile depends on the characteristics of the ordnance package of the

defending missile, the vulnerability of the target and the terminal conditions of the

interception

The ASSM threat can be represented by three genenc" target missiles, i.e a Subsonic'

Sea Skimmer,, a Supersonic Sea Skimmer and a Supersonic High Diver The

vulnerability of the targets depends on the kill definition that is applied That is the

target can be considered killed if it is not able to fulfil its mission (mis.ion kill) or it its

structure is instantaneously disrupted (structural kill).

The TNO-PML Lethality Assessment Computer Code calculates the single shot kill

probability of a target for damage that is inflicted to the target by fagments, blast and

direct hits. The computer code includes a fuze model, a warhead model and a target

vulnerability model and requires several sets of input data to specify the interceptions

that are simulated.

A special capability of the Lethality Assessment Computer Code is the ability to

generate computer graphics that display the missile kill performance. ':' r various

warheads and fuze concepts the fragment, blast and direct hit kill probability can be

plotted as a function of the intercept conditions and the time after detection. These

graphics give the possibility to analyse the kill performinnce of a warhead against a

target, to match fuze and war&bad concepts and to establish ap, iopnate warhead burst

control algoritms.
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1. INTRODUCTION

Hard kill weapons to defend surface ships from missile attacks mainly consist of Close-

In Weapon Systems (CIWS), Surface-to-Air Missiles (SAM) and potentially directed

energy weapons. Close-In Weapon Systems intercept Anti-Surface-Ship Missiles

(ASSM) at shorter ranges from the ship while Surface-to-Air Missiles are able to

engage attacking missiles at longer ranges.

To engage an Anti-Surface-Ship Missile, a Surface-to-Air Missile is launched from the

defending ship and guided towards the attacking Anti-Surface-Ship Missile. In the

following the defending Surface-to-Air Missile is called the missile and the attacking
Anti-Surface-Ship Missile is called the target. During the terminal phase c" the
interception the proximity fuze of the missile detects the target aid initiates the warhead.
The explosive effects of the warhead may inflict fatal damage to the target, that causes a

kill of the target.

This paper deals with the lethality assessment of Surface-to-Air Missiles against Anti-
Surface-Ship Missiles. The effectiveness of a missile and target interception is

expressed as the single shot kill probability (SSKP). This performance characteristic is
used as an input parameter for studies that analyse the overall performance of ship

defence systems utilizing Close-In Weapon Systems, Surface-to-Air Missiles or other

systems.

Current and future Surface-to-Air Missiles are required to have high kill performances
under difficult circumstances, i.e. low vulnerability of the target, large miss distances,

high missile and target velocities and high crossing angles. To achieve these high

performances it is important that the characteristics of the fuze and the warhead of the
defending missile are properly matched in order to hit the target with fragments. The

TNO-PML lethality assessment method pays special attention to the subject of warhead

and fuze matching, as will be explained in the following.

2. ANTI-ASSM MISSILE LETHALITY ASSESSMENT

The lethality assessment of Surface-to-Air Missiles against Anti-Surface-Ship Missiles

'ekes account of three damage mechanisms that may inflict damage to the target:

r- blast
- fragments

- a direct hit

Blast is caused by the high explosive charge of the warhead and is only effective up to
small miss distances. The lethal radius of a warhead can be enhanced by the addition of

30.2
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fragments, that may damage a target up to large miss distances A direct hit occurs if the

atarget collides with the missile before warhead initiation or with residual parts of the

missile after warhead initiation

The kill performance of a Surface-to-Air Missile against an Anti-Surface-Ship Missile

depends on a number of parameters:

- the characteristics of the ordnance system of the missile

- warhead

- total warhead mass (casing and high explosive)

- number of fragrments

- fragment mass and velocity

- fragment distribution

- proximity fuze

- single or double antenna beam

- the vulnerability of the target

- (single and multiple) fragment

- blast

- the conditions of the interception

- missile ond target velocmities

- crossing angle between missile and target velocities

- miss distance and miss orientation

- missile and target angle of attack

- the intercept range from the ship

For the lethality assessment calculations, the Anti-Surface-Ship Missile threat is

represented by three generic target missiles:

- a Subsonic Sea Skimmer (SBS)
- a Supersonic Sea Skimmer (SSS)

- a Supersonic High Diver (SHD)
The vulnerability of these geneic targets is reflected in three target vulnerability models

that take account of the blast, fragment and direct hit damage mechanisms.

The vulnerability of an Anti-Surface-Ship Missile target does not only depend on the

characteristics of the target but also on the kill definition of the target. With regard to

this, a distinction is made between a mission kill, a structural kill and a recognizable kill

of the target.

A rmssion or system kill occurs if the damage inflicted to the Ann-Surface-Ship Missile

target is such that the missile falls outside the minimum range at which its warhead is
NATO UNCLASS IF I ED
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capable of causing significant damage to the target ship. A typical mrussion kill is caused

by a small number of fragments that penetrate a vulnerable section of the target.
Mission kills can be achieved out to large miss distances. Given a certain quantity of

damage, the mission kill probability of the target depends on the target range-to-go, that
is the distance from the ship at which the interception takes place. At longer ranges

essentially all systems of the target are vulnerable, while at shorter ranges only the
warhead of the target may be vulnerable.

A structural or catastrophic kill of the Anti-Surface-Ship Missile occurs if the damage
inflicted to the target is such that the target breaks up instantaneously It is difficult to

achieve a structural kill because it requires small miss distances. A structural kill is
usually the result of damage caused by blast, by a high fragment density on a
vulnerable section of the target or it is caused by a direct hit between the missile and

target.

A recognizable kill of the Anti-Surface-Ship Missile occurs if the responses of the target

after being damaged are such that the defending ship identifies the target as being killed.

The identification whether or not a target is killed is called target kill assessment Kill

assessment is used to re-engage targets by another Surface-to-Air Missile or by a

Close-In Weapon System. The recognition of a target kill does not only depend on the

quantity of damage that is inflicted to the target, but also on the capabilities of the

defending ship, i.e. the resolution and accuracy of the sensors of the ship, the duration

of the observation and the knowledge of the target. A structural kill or water impact of a

target is often recognized as a kill, while slow target reactions that result in a mission

kill may not by recognized as a kill.

A Surface-to-Air Missile usual.y has either a fragmentating or a continuous-rod
warhead. The characteristics of the warhead have to be carefully chosen to achieve

optimum kill performance. The fragment mass and shape can be controlled by using a
warhead casing with preformed fragments or a casing with in or external grooves to

control the break-up. The fragment velocity can be controlled by varying the ratio

between the mass of the casing and the mass of the high explosive. The fragment
distribution of the warhead can be controlled by the shape of the casing. A wide
fragmentation beam can be achieved with a convex shape and a narrow beam by a

concave shape of the casing.

The kill performance of a warhead can be optimized for a mission kill or for a structural

kill of the target. A mission kill requires a wide fragmentation beam and small
fragments whereas a structural kill requires large fragments and a narrow beam.

NATO UNCLASSIFIED
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3. TNO-PML LETHALITY ASSESSMENT COMPUTER CODE

The computer code used by TNO-PML to assess the lethality of Surface-to-Air Missiles

against Anti-Surface-Ship Missiles is a part of a more extensive Vulnerability and

Lethality Assessment Code named TARVAC (TARget Vulnerability Assessment

Code). This code is used to analyse the vulnerability of all kinds of targets such as

vehicles, aircraft, helicopters and ships and the effectiveness of all kind of ammunition

types such as armour piercing ammunition, shaped charges and fragmenting warheads.

As is shown in Figure 1, the code which is used to assess the lethality of Surface-to-Air

Missiles consists of four connected computer programs. For each program specified

input data is required to simulate a particular engagement letween a missile and a target.

The first part of the code is a computer program that simulates the operation of the

proximity fuze This program calculates the time at which the proximity fuze detects the

target.

The detection of a target for a 60' crossing angle interception is shown in Figure 2 The

target just touches the fuze cone that represents the leading edge of the sensitive area of

the proximity fuze. The missile velocity Vm,, the target velocity Vt and the relative

velocity Vmt of the missile with respect to the target are indicated by vectors. The

interception is drawn for a late miss of the surface-to-air missile, that is the missile

passes behind the target.

Three sets of input dat are necessary for the fuze program. First, the intercept

conditions of the simulated engagements are required. The intercept conditions are
described by the missile and target velocities, the crossing angle between the missile

and target velocities, the angle of attack of the missile and the miss distance between the

missile and target trajectories Secondly, the fuze program needs a geometmc

description of the target. Finally, the proximity fuze has to be characterized by a

number of parameters.

The fuze program also calculates the moment of warhead initiation and the warhead

burst point with respect to the target. The moment of warhead initiation is found by

adding the time delay to the moment of target detection The time delay is calculated

with the help of a warhead burst control algorithm, which may use several input

parameters provided by the fuze and the terminal guidance algorithms

The second part of the lethality assessment code simulates the fragmentation of the

warhead. A large number of fragment trajectories is generated originating from the

warhead burst point as provided by the tuze model. The tiajectones are generated in

correspondence with the warhead fragmentation pattern as indicated by the warhead
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characterization data. This data compnses fragment velocities and masses, the total

number of fragments and the spatial distribution of the fragments. To ease the operation

of the warhead program all fragment trajectories are generated relative to the target. To

calculate the relative fragment velocities the warhead model takes account of the missile

and target velocities and the static fragment velocities.

The second part of the computer code also generates a number of trajectories that are
used to determine the occurrence of a direct hit between the missile and the target. For

this purpose a missile direct hit model is used that consists of a number of points

representing the external geometry of the Surface-to-Air Missile. Just like the fragment

trajectories a number of trajectories is generatec that pass through the points
representing the external missile geometry to simulate the translation of the missile.

The third part of the computer code determines whether or not the fragment trajectories
and the trajectories simulating the missile translation intersect the target. For each target

section this part of the computer code calculates the number of the hitting fragments and

the strking obliquity of the fragments with respect to the surface of the target. For this
purpose the target is represented by a three-dimensional model. This model is

composed of several combinations of simple geometrical shapes that represent sections

of the target.
Figure 3 shows a missile and target interception at the moment of warhead initiation

which takes place at 0.5 ms time delay after detection. In this figure the impact

positions of the fragments on the target are plotted by little dots.

Finally, the last part of the computer .ode calculates the single shot kill probability of

the target for each simulated engagement. The single shot kill probability is computed

by combining the total fragment kill probability, the blast kill probability and the direct
hit kill probability. These probabilities are determined with the help of the vulnerability

model of the target.

The total fragment kill probability of the target is calculated by combining the single

fragment kill probabilities for all hitting fragments. The target vulnerability model

ascribes these single fragment kill probabilities to each hitting fragment as a function of

the fragment mass and velocity, the striking obliquity and the section of the target that

has been hit.

The blast kill probability of the target is a function of the warhead mass and the distance

from the warhead burst point to the target. A blast kill occurs if this distance is smaller

than the critical blast radius as indicated by the target vulnerability model for each

section of the target.
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The occurrence of a direct hit kill is determined with the help of the trajectones that

simulate the missile ranslatio i. If one of these trajectories intersects the target, the

missile and target collide and the target is assumed to be killed.

4. SINGLE SHOT KILL PROBABILITY AS FUNCTION OF TIME AND

MISS ORIENTATION

A special capability of the TNO-PML lethality assessment computer code is the ability

to generate computer graphics that display the single shot kill probability of a missile

and target iaterception as a function of time and miss onentation angle. These computer

graphics can be used to analyse the kill performance of a warhead against a target for a

certain miss distane or to match fuze ard warhead concepts. Fuze warhead matching

implies the tuning of the fuze and warhead characteristics to obtain good kill

performance for all occuring intercept conditions

The computer graphics are made with the help of an ima'.,inar, cylinder that consists of

the relative trajectories of the target for all miss orientations of the missile, as shown in
Figure 4. This figure depicts a 600 crossing angle interception of a missile and two

targets for different miss orientations of the missile. The e,irly niss occurs if the missile

passes in front of the target and a late miss occurs if the missile passes behind the

target. For a certain miss distance magnitude the miss oricntation can vary from 0' to

3600, that is from low to late, high, early and back to low again A low miss occurs if

the missile passes below the target and a high miss if the missile passes over the target

In Figure 4 the targets are plotted at the moment of detection by the proximuty fuze. The

intersection points of the fragment trajectories with the relative target trajectory cylinder

are plotted to indicate the direction of the relative fragment velocities all around the

warhead.

The unfolded surface of the relative target trajectory cylinder with the intersection points

of the fragment trajtictones is shown in Figure 5. The targets for respectively a low,

late, high ar, early miss of the missile are piotted for the moment of detection. The line

marked by 'Detection" indicates the position of the target for all miss orientation angles

of the missile at the moment of detection. The lines marked by "I ms", "2 ms" and "3

ms" indicate the position of the target after 1, - and 3 ms time delay after detection.

Finally, the line marked by "PCA" indicates the point of closest approach of the missile

and the target,

The fragment impact points on the targets for a low, late, high and early miss of the

missile are dcpicte dinn Figure 6 The figure i,; made for warhead initiation at 1 ms after

detection.
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For these 600 crossing angle inter.;eptions the fragment velocity is perpendicular to the

longitudinal axis of the target if the miss is late and parallel to the longitudinal target

axis if the miss is early. This i. why it is most difficult to hit the target in an early miss

of the missile.

Finally, the single shot kill probability as a function of time and miss orientation angle

is shown in Figure 7. This figure depicts the fragment, blast and direct hit kill

probabilities by means of different colours un the surface consisting of the relative

target trajectories. As is indicated, time is defined to be zero at the point of closest

approach between missile and target. 00 and 360 miss orientation angles relate to a low

miss of the missile, 900 to a late miss, 1800 to a high miss and 2700 to an early miss of

the missile. Just as in the previous figure the curved lines indicate the positions of the

*target at the moment of detection and at 1, 2, 3 and 4 ms after detection.

This kind of computer giaphics depicting the kill probability as a function of time and

miss orientation can be made for various warheads, fuze concepts and intercept

conditions. The pattern of fragment, blast and direct hit kill probabilities depends on the

* dimensions of the missile and the target, the warhead characteristics, the target

vulnerability, the target range-to-go, the magnitude of the miss distance and the

* crossing angle between the missile and target trajectories. The lines that indicate the

position of the target only depend on the characteristics of the proximity fuze.

This kind of computer graphics can be used for a number of purposes. First, the kill

performances of various warheai concepts against a specific target cai be compared.

The characteristics of the warhead with optimum kill performance can be found by

plotting a number of these graphics for different warhead concepts.

Se.ondly, th: kill performance of a specific warhead against a target can be analysed

for varying intercept conditions Figures 8, 9 and 10 show the kill performance of a

warhead against a target for respectively 0', 60' aad 1200 crossing angl- interceptions.

The kill performance of the warhead can be seen to decrease for increasing crossing

angle of the interception.

Thirdly, the compute, graplv.s can be used to match fuze and warhead concepts. As is

shown in Figures 8 and 9. the warhead and fuze match properly for 0° and 600 crossing

angle interceptions as good kill performance is achieved if the warhead is initiated

immediately after detection of the target. For 1200 crossing angle interception the

warhead and fuze do not match properly as large time delays are required to achieve

good kill performance.

Finally, the computer graphics can be used to establish warhead burst control

algorithms. These algorithms compute time delays that are required to give the ordnance

package of a Surface-to-Air missile good kill performence for all conditions of the

NATO UNCLASSIFI ED
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interception. To compute the time delays the warhead burst control algorithm may use
several input parameters provided by the fuze and the terminal guidance.

5 CONCLUSIONS

To assess the kill performance of a Surface-to-Air Missile against an Anti-Surface-Ship

Missile a lethality analysis has to be performed using the results of warhead and fuze

studies. The result of the analysis can be reflected b. a number of system lethality

curves that display the single shot kil, probability as a function of for example the miss

distance, the crossing angle or thr, target range-to-go.
TNO-PML has the capability to perform such an integrated lethality analysis for

fragmentating warheads against three generic Anti-Surface Ship Missile targets. The

TNO-PML Lethality Assessment Computer Code calculates the single shot kill

probability of missile and target interceptions for damage that is inflicted to the target by

fragments, blast and direct hits. A special capability of the code is the ability to generate

computer graphics that display the missile kill performance as a function of time and

anss orientation. The computer graphics can o.e used to compare the kill performances

of various warheads against a specific target, to analyse the kill performance of a
specific warhead tor different intercept conditions and to match tuze and warhead

concepts.
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LETHALITY ASSESSMENT COMPUTER CODE
) :1

Target fuze model

,I.

__________________ Fuze Model; Fuz ModelFuze geometry and-
Intercept conditions of Target detection and warhead burst
s enones burst point calculation

Wahed area tModel . Missile directWaha Modela

chrceiain Generation of fragment hit model
and missile representing

trajectories

Intersection Model", "i "Target geometr-y
T eoetr Intersections of

trajectories with target
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Target vulnerability

model Blast, direct hit and
fragment kill
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Figure 1: Lethality Assessment Computer Code
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Anti-Ship Missile

Vm v

Vmt

Fuze cone

Surface-to-Air Missile

Figure 2: Detection of the ASM by the proximity fuze of
the SAM (Late miss of the SAM)
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Anti-Ship Missile

Impacting fragments, .Fuze cone

,j Surface-to-Air Missile

Figure 3: Impacting fragments on the ASM
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Cylinder consisting of the relative
target trajectories for all miss
orientation angles of the SAM

A M for late miss of SAM '-\

SAM ASM for early miss of SAM

.frhtersections of fragments with
the relative target trajectories

Figure 4: ASM for early and ASM for late miss of the SAM and
the intersection points of the fragment trajectories with
the relative ASM trajectories for all miss orientation
angles
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Targets at the moment of detection projected on
the opened out su,'Tace of the cylinder that
consists of the relative target trajectories

Low Late High Early

miss miss miss miss

IT -

D te ti.. '7 "

\2 ms, , • •,.' . . . -.

3 ms;' _,
~PCA

Figure 5: Lines indicating the target position after a certain time
delay and the intersection points of the fragment
trajectories with the relative target trajectories for all
miss orieniation angles
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Low Late High Early
miss miss miss miss

iA

)I

*

, / ,,0

Figure 6: Impacting fragments on the ASM targets for warhead
initiation at 1 ms time delay after detection
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P.O. Box 45
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ABSTRACT

For years technological research for defence purposes was mainly aimed at the

ammunition itself. Most attention was paid to things like manufacture, storage capability

combined with keeping qualities and the terminal ballistic effects of the ammunition.

It was about 18 years ago, that people in the terminal ballistics section of the then

Technoloi"al Laboratory TNO started to consider the behaviour of a target being hit by

a specific projectile, and how the residual value of such a target ,.uld be quantified
Following research institutes abroad an approach was chosen in which use was made

(and still is) of so-called vulnerability models. In these models firing at the target is

simulated by the computer.

One of the associated problems is the validation of the model, as well as the reliability

of the results. The proposed paper describes the recent research on the assessment of

the vulnerability of surface warships to fragments and blast performed at the Prins

Maurits Laboratory (PML/TNO), which is one of the institute. of the Netherlands
Defence Research Organization TNO. This work was started in 1980.

Further, some of the results are presented of a series of firing trials carried out in the

last 3 years on two small frigates of the "Roofdler" class, which were taken out of

commission by the Royal Netherlands Navy. The main objectives of those trials were

the validation of codes and testing specific aspects related to vulnerability problems.

senior scientist, air systems branch
chief terminal ballistics branch of the Research Group Ballistics & Rocket Technology
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1, INTRODUCTION

In addition to the understanding of the weapon effects from a ballistic point of view, it

is necessary to assess the vulnerability of targets subjected to these effects. This

research should provide a better understanding of the correct employment of weapons

in addition to a better defence of "ugets to those effects. From recent experiences, e.g.

during the Falklands crisis, it became clear that surface ships are quite vulnerable to the

effects of a hit from an anti-ship missile. Apart from the fragmentation effects, the

violent forces from the internal blast may cause considerable damage and loss of life.

In addition to the "standard" vulnerability method addressing the effects of fragments

and/or projectiles, a structural failure model due to the blast from internal explosions

was also required. To assess the complete or overall vulnerability, the results of both

models should be combined. To address this problem in more detail, a certain scenario

is assumed, where a surface ship is attacked by an anti-ship missile, see Figure 1 This

scenario yields two possibilities.

I. the missile warhead explodes outside, albeit close to the ship

2. the missile hits the ship, and aetonates in a compartment

In order to defend the ship from this missile, air defence weapons should be employed

to counter the missile threat, by premature detonation of the warhead due to (multiple)

projectile impact (e.g. Goalkeeper system) or by destroying critical components of the

missile guidance and control system leading to a pre-emptive destruction It should be

borne in mind that destroying the guidance system or other flight-critical systems will

not be sufficient to avoid a hit when the missile is too close. In the Weapon

Effectiveness Group at PML/TNO models have been developed to compute the flight

trajectory of missiles with damaged controls or degraded stability. With these models

the possible point of impact of the crippled missile can be computed.

When a missile hit cannot be avoided, the ship must be capable of surviving the internal

explosion of the warhead.

2. VULNERABILITY MODEL

In order to assess this weapon-target interaction more precisely, vulnerability models

were developed. In the past, most efforts in this field were performed by the United

States, followed later on by European countries. In the vulneraoility models, the target

of interest is modelled using a solid model technique. With such solids the complete

target can be designed to a certain accuracy with respect to geometrical layout. Each
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component present in the target consists of solids, such as boxes, spheres, cones,

parallelepipeds etc., or by combinations of such solids. Furthermore, the weapon effect

is simulated by shotlines intersecting 'us target model according to specified penetration

criteria assigned to the solids. Once the intersections are known, the computer can retain

all critical components being penetrated, and the damage to the components is assessed

according to specified damage or kill criteria When all damaged components are

known, and their degraded states, the final kill probability of the target is assessed for

this particular weapon-target interaction Following US institutes dealing with

vulnerability matter, in the past, PML/TNO also developed their vulnerahility code,

culminating in the Target Vulnerabilit\ As ,cssment code ,TARVAC), see Figure 2

Tins code is intended to assess the vulnerabilit\ ot targets subjected to the eftects of

projectiles and fragments.

However, -when dealing with missile warhead explosions in ships, the main damaging

effect was understood to be the blast from the internal detonation. The violent forces

emanating from this explosion are sufficient to rupture bulkheads, walls etc,

jeopardizing the structural integrity of the whole ship. Due to the ship's structural

layout, a different approach to the "usual" vulnerability method was required Instead ot

a solid modelling technique,, the ship's stiucture is divided into structural elements.

such as walls, decks, hull plating etc. Given certain specifications of the structutes, e.g

plate thickness, stringer pitch, allowable yield stresses etc., the non-linear dynamic

response of all loaded elements are computed, given the location of the detonation

centre The blast and the quasi-static pressure are calculated for the different structural

elements in the explosion compartment Specified failure criteria are included to

compute the maximum response of a certain structural element, before failure occurs.

Should a wall fail, the pressure is allowed to expand into the adjacent compartment.

where additional walls can be loaded. This whole process of dynamic panel/wall

response in conjunction to a loading assumption fiom internal blast, culminated in the

DAMINEX code, the acronym for DAMage from INternal EXplosions, see Figure 3.

The main intention of DAMINEX is the intermediate solution between complex Finite

Element/Finite Difference methods on the one hand and simplified methods on the other

where the physical parameters are evenly distributed before calculation.

However, neither code had the opportunity of being tested and results were mainly

checked with foreign experimental results.
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S3. "ROOFDIER"-CLASS TRIALS

Fortunately, a few years ago the Royal Netherlands Navy offered the possibility to set

up experiments with two decommissioned frigates of the "Roofdier" class

("Roofdier"=beast of prey), named the "Fret" and the "Wolf' respectively. Despite their

small size they nevertheless offered the possibility to check both codes in detail, using
explosive charges TNT, sca)ed warheads, live warheads etc.. In addition, PML/TNO

was able to perform measurements on board during the shots, e.g. pressure/blast,

accelerations (shock), strains and thermal effects (temperature) and to check their

measuring techniques.

The main objectives for those rials were:

Testing the TARVAC code

Investigating Ballistic Protection measures
Testing the DAMINEX code

Testing the Critical Blast Distance definition

Investigating the capabilities of n,, val shells

Investigating the blast resistance of watertight ship doors

Investigating the internal blast induced by external explosions

The trials were conducted over a period of three years and were extensively
instrumented and recorded. The results of all those trials are still in the process of

evaluation and will subsequently be reported.

4. TARGET VULNERABILITY ASSESSMENT (TARVAC)

The main issue for testing the TARVAC code was to investigate the fragment

distribution and perforations from High-Explosive shells against actual components.

The shells used vaned from 76 mm up to 203 mm (8 in) artillery shells. The particular

set-up of this test is depicted in Figure 4, where an artillery shell detonation is
simulated located near the steering room of the "Wolf' frigate. Figure 5 shows the

actual experimental results, which should be compared with the computational results of
Figure 4. In the simulations, the code allows the presentation of the actual penetration

hole size, depending upon the shape number and mass of each individual fragment.

With these tests an update of the correct shape number and ;,s random selection for

natural shaped fragment, could be derived. In addition, the measures with respect to

ballistic protection could also be investigated, see Figure 6. These measures depend on

the necessity to apply additional armour and the material used. To this end, special
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warheads were designed, in particular to create high velocity fragmenb with a pre-

determined mass and fragment distribution. During the "Roofdier" trials several

industrial materials were applied and the results were subsequently repored or are still

in progress.

5. DAMAGE FROM INTERNAL EXPLOSIONS (DAMINEX)

The testing of the DAMINEX code was one of the major objectives of the trials

Numerous charges from 0.5 kg up to 15 kg TNT were detonated in several

compartments to check computational results, to test structural adaptations and

measuring equipment. Figure 7 depicts a (DAMINEX) computer model of the

"Roofdier" class frigate, showing the decks and walls of this vessel. The code has been

applied to compute the effects ot ai internal detonation of a ligh-Explosive charge

TNT equivalent to a missile warhead detonation. Fragment effects, however, are not

included This simulation was tested with actual firings of TNT charges, e.g. as

depicted in Figures 8 and 9, where 8 kg TNT was detonated in the aft sleeping room

(Volume = 77 m 3) Note the ,enting plume jetting through a hole in the hull, which was

deliberately cut so as to simulate the entrance hole of the missile The damage from this

explosion is depicted in Figures 10 and II showing the exterior and interior damage

respectively. It must be noted that the structure in this case was loaded to its maximum

capability.

Apart from unexpected events during actual live firings, the results from the tests

corresponded with the computational results quite well.

A dramatic picture is shown in Figure 12 where a charge of 15 kg TNT was detonated

in a compartment, so as to simulate the effects of a real missile warhead detonation

inside the Command and Information Centre (CIC) of a frigate. Pressure-time records,

both from the explosion compartment and the adjacent compartment are depicted in

Figure 13, where the effect of venting is clearly visible As might be expected, the

damage was severe, as may be seen in Figure 14, where the upper deck was torn off

completely.

One of the results was that the code generally offers a good prediction capability, but

falls somewhat short in predicting the pressure in adjacent compartments if the
interfacing wall fails. This effect is presently being studied in more detail,
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6. THE CRITICAL BLAST DISTANCE (CBD)

The critical blast distance (CBD) is the distance at which the structure starts to crack due

to the external blast load. The blast load simply consists of the reflected pressure upon

a panel, which can be derived from classical blast wave theories. Usually, normal

reflection is assumed and the panel is assumed to be loaded instantaneously. Based on

dynamic response calculations of a panel using two-dimensional single-degree-of-

freedom approximations for the panel response,, the critical distance can be derived

where failure jf the panel would occur. Figures 15 and 16 show a 50 kg charge

detonated in front of the superstructure. The damage from this external explosion can be

seen from Figure 17, showing the deflection of the wall. Fr.)m theoretical

considerations, the CBD curves were derived for the hull and superstructure

respectively,, which compares very well with the measured deflections, see Figure 18.
It should be noted that these curves are valid for all loading realms For distances

closer than the CBD,, ballistic protection is not useful,. because blast damage will

prevail On the other hand, for distances greater than the CBD, ballistic protection may

be useful, because fragment damage will prevail there.

7. CAPABILITIES OF NAVAL SHELLS

An interesting aspect performed during the "Roofdier" class trals was the investigation

of the damage potential of general naval calibre shells The shells considered were the

76 mm and 120 mm shells, as used by the RNLN Figure 19 depicts the layout of the

76 mm shell,, and the damage capability is illustrated in Figure 20. In general, the

damage inflicted by this calibre yields perforations extending over one bulkhead, while

blast effects were negligible.

The largest calibre, the 120 mm shell, see Figure 21, gave a better performance, see

Figure 22. Here, the perforations extended over three bulkheads, while the blast was

quite considerable.

8. BLAST RESISTANCE OF SHIP DOORS

One of the additional flaws encountered during the 120 mm trials was the unexpected

behaviour of the doors, as found in this frigate. During the blast tests, four doors

situated over a distance of 20 m were blown out from their mountings. Figure 23

shows a door frame bulged due to the blast from a 120 mm shell. This event marked a
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series of trials to investigate the behaviour of the standard door used in the RNLN

frigates due to the internal blast Figure 24 show a standard door, indicated GW-door

(GW - Guided Weapon). Figure 25 and 26 show the damage after the explosion of
1.5 kg TNT in the cable locker to, the framt and door respectively.

Based upon these results scientists at PIML/TNO designed a blast-resistant door, based

on membrane action. This door, designated the PML-door (Figure 27). was tested

during the trials. A close-up of the clamp mechanism is shown in Figure 28.
From the results obtained during the "Roofdter" trials it may be concluded that the

membrane action is very etficient in carrying severe blast loads but that clamping forces

arc also very severe It should be noted that the door tested was an adapted version of

the ,tandard door, due to budgetary reasons. A completely new design would behave

even better. Despite its lower mass, the PML-door succeSsfully ',ustained the ultimate
loads of the conventional door Reports ot the tests are still in progress anri the result,,

will have a positive impact upon the design of newer developments.

9. CONCLUSIONS

From all activities performed or still going on in the analysis of the , ulnerabilhtv ot

surface ships threatened by anti-ship missiles, it may be concluded that the e isting
codes could be updated by the data obtained. The fragmentation effects are better

understood and could be simulated with better accuracy The internal blast trom
warhead detonations inside compartments is also better understood with respect to

phenomenology The damage to the "Roofdier" class frigates enabled an improvement

in wall panel response methodology and blast loading concept These subjects are still

tinder development At present, directional effects of internal blast from a failing wall

are beng studied in more detail. The e-ternal blast effects could be comprised into the

critical blast distance concept (CBD) and may be usetul in further analyses

Finally, it may be concluded that the "Roofdier" trials proved to be very successful,

both from the managerial and scientific point of view. The vast amount of data are still

being processed and evaluated. The roar of the "Roofdier" will echo for many years.
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Figure 10. Exterior damage from the 8 kg TNT charge
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Figure 11. Interior damage from the 8 kg TNT charge
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Figure 4. Simulation of fragment distribution on the "Wolf' steering room

po

Figure 5. Experimental results of a 203 mm shell in front of the steering room
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Figure 6. Ballistic protection measures

Figure 7. Computer model of the "Wolf 'frigate
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VII

Figure . Set-upio of 8 kg TNT charge
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Figure 12. Simulation of Exocet warhead inside CIC of an S-fnigate (using 15 kg TNT)
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Figure 13. Pressure-time histories in explosion and adjacent compartments
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Figure 15. Testing the CBD-concept with 50 kg bare charge TNT

Fig. 16. Detonation of 50 kg charge in front of superstructure
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Figure 17. Damage frow 50 kg charge
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1. INT ROD UC TICON.

A Sea skimming Missile is a higly dangerous threat be-

cause of its small size, high speed and damaging capability.

With the exception of intentional evasive manoeuvres, the

missile guidance system drives the missile towards the

target trying to go through the shortest path.

It is commonly assumed that the trajectory of an attack.nq
missile, during the homing phase, is straigth, but the pre-

sence of tracking errors induces variations on the missile
trajectory also in absence of intentional manoeuvres.

The principal contribution to the tracking errors is the
"Glint" phenomenon.
it is well known that the apparent radar center of a target

moves during the flight due to the target motion.

This movement, in combination with the proportional guidance
law and the missile transfer function, causes variations
around tne theoretical trajectory,
Since the "Glint" amplitude depends on the apparent target,

angular dimension with respect to the missile, in the case
of a ship target, the effect of tne glint noise is

appreciable,

In this paper simplified models of the missile homing and of

the radar glint noise are utilized to reproduce the glint
and its effect., The validity of the results of the models

used is confirmed by experimental data.
The missile model considered is a typical sea-skimming mis-

sile of the fourth generation, characterized by inertial and
active radar homing guidance, with a cruising speed of 0.9
Mach and height of flight of 2-3 m above the sea level in

the terminal attack phase,
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The targets considered are small and medium size military

ships as Frigates, Corvettes and Fast Attach Craft.

The principal and indesidered effect of these manoeuvres is

the performance degradation of a direct impact gun based de-

fence system like CIWS.

The extent of this degradation is calculated by a complex

simulation of gun defence system and of the missile motion.

Intentional disturbance on missile seeker, created on board

ship, ECM - CHAFFS, can increase the missile manoeuvres and

then influence the CIWS performance.

The coordination in the use of active and passive defence

system are useful to optimize the ship survivability.
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2. DESCRIPTION OF GLINT PHENCMENA AND MISSILE MODEL,

2.1. MISSILEGUIDANCE.MODEL.

The missile guidance model has been realized considering

the mathematical representation of:

- Autopilot and aerodynamic transfer function.

- Homing guidance law.

- Seeker transfer function.

- Glint Noise.

2.1.1. Autopilot and Aerodynamic Function.,

The missile is modelled as an object flying above ne
sea at the speed of 0.9 Mach.

The autopilot drives the missile by a lateral acceleration
setting the rudders. The representation the complete auto-
pilot, including stabilization loops and the aerodynamics
response, is a first order transfer function:

F(s) = 1

Ts + 1

where T is the time constant of autopilot.

The maximum lateral acceleration of the missile is fixed to
10 g.

The height of the missile, controlled by the autopilot is,
in the final approach to the target, very low to avoid
enemy's radar detection and to achieve the hit against the
low ships profile.

The height above the sea depends also on the sea level,
The effect of the altimeters errors, sea motion and guidance
law is a slow variation of the altituae of the missile
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around the designed meaium ievel. A medium height of 2 me-

ters above the sea with fluctuation of 0.5 meters and a pe-

riod of 2 seconds was considered.

2.1.2. Homing Guidance Law.

The guidance law is a proportional navigation that pro-

duce a rate of change of the missile trajectory (Tf) which is
k times the rate of change of the sight line (O . K is call-

ed navigation constant, e.g.*

Typical values of K is Detween 3 and 4. In the missile szmu-
lation we used the value cf k = 3.

In Fig. 2.1.2.1. a picture of the missile and target refe-
rences is shown in the horizontal plane.

U)

X AXIS

SHIP

Fig. 2.1.2.1. - Modelling Reference System.
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Tne vae of tne angle of sight e is measured by the homing

radar % tts rate is calculated by the seeker.

2.1.3. Seeker Transfer Function.

The seeker represents the homing radar and the homing
head that computes the angular rate of change of the sight
line. Internal radar errors and noise errors are not con-
sidered since theirs effect on missile guidance is negi--
gible with respect to the glint noise effect.
The derivative of the line of sight angle is calculated by a
filter with the following transfer function.

G(s) = S
TsS+1

wnere Ts is the time constant of the Seeker.

2.2, GLINT NOISE MODEL.

The radar echo received from the missile is the form
combination of a great number of scattered echoes along the
ship, Because of the target and missile motion, the phase
and the amplitude of each echo from the scatterers vary and
so the global echo and the apparent center of the target
cnange.
A frequency analysis of the time records of the glint from
some snip targets and complex electromagnetic models of
ships showed that the glint noise spectrum may be appro-
ximate with a noise passed tnrough a first order filter lag
of time constant TG.

The amplitude (mean square values of the glint may vary
considerably with the target aspect and from target to
target. A good estimate of glint noise amplitude is given by
the following formula:

2

gm 24R2

where:

glintmeans square value of glint
L effective radar target width (Fig, 2.1.2.1.)

R range from target to missile
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The noise spectrum of the glint is generally not stationary
but it changes by relative radar-target angular rate and
target aspect.
For the purpose of this study the noise spectrum has been
considered constant corresponding to fixed sea state and not

target evasive manoeuvre.

In Fig. 2.2.1. the glint noise simulation scheme is shown:

WHITE o LOW PASS FILTER GLINT 2

NORMAL Kg NOISEo 24 R2
NOISE Tg S + 1

where :whe L=Effective Radar Target Length

R=Ship - missile Range

12 T

AT=Simulation Sampling Period

Fig. 2.2. 1. - Glint Noise Model.

The desidered final mean square value, as a function of L,
R, Tg is obtained by setting:

t Kg=L .T,

R 12 DT

DTis the sampling period of the numerical simulation.
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2.3. M:SS:LE TRAJECIORY GENERATION MODEL.

The wissile trajectory are obtained as the combination
of tne previous models added with the necessary parts to
complete the simulation as coordinate transformation, time
intearation, etc.
Fig, 2.3.1. shows the block diagram of the complete model in
the horizontal plane.

From the missile and target position, the true line of
sight angle is computed in the absolute reference plane Cxy
(Fig. 2.1.2.1.), The glint noise is added to the true angle
of sight and the seeker calculates the derivative of this
angle. The autopilot computes the lateral acceleration to
obtain the derivative of the missile trajectory that is k
times the rate of change of the line of sight. The value of
the controlled lateral acceleration is K, V. 0 where V

is the missile speed.
The lateral acceleration in the missile body axes is then
transformed into the absolute reference to have the missile
motion by time integration.

Examples of trajectories are shown in Fig. 2.3.2. with and
without glint noise against a fixed target with effective

length of 50 m.

The Figure shows the effect of glint noise on the missile

motion. An example of lateral acceleration due to glint
noise is shown in Fig. 2.3.3.
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Fig. 2.3.2.,- Example of Attack Trajectories.
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3. MISSILE TRAJECTORY MODEL RESULTS.

With the model of Fig. 2,3.1. several attack trajectory

of a sea skimming missile has been obtained, in presence of
glint noise, against different target size as follow:

Target type A 10 meters

Target type B 25 meters

Target type C 50 meters

Target type D 80 meters

These values represent the effective length of the small
ships considering the real size and angles of attack between
0 and 90 degrees with respect to the main ship axes.
To simplify the analysis of the results, the target is
steady in the origin of the reference axis and the missile
is steered on its beam. The initial homing phase of the mis-
sile is 8 km from the ship.

Fig. 3.1, shows the RMS value of tne missile lateral displa-
cement with respec: to the theoretical straigth trajectcry
as a function of range. The medium value of the displacement
is very close to zero.

Fig. 3.2., shows the spectral power density of the lateral
displacement.

The results show that as 'he glint noise increases, with the
inverse of range and with the target size, the lateral mo-
tion of the missile increases producing a random, and not
predictable deviations around che medium trajectory.
The missile lateral motion can be modelled as a colored
random noise with amplitude function of the range and of the
target size. The transfer function of the autopilot and the
proportional navigation law cut down the band, and the prin-
cipal lateral motion is limited to 0.1 Hz.
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4. INFLUENCE OF MISSILE LATERAL MOTION ON CIWS PERFORMANCE.

4.1. INTRODUCTION.

A gun based defence system estimates the missile tra-

jectory parameters to predict the future impact point. This
is done by the estimation of the actual point, the kinematic
parameters of the missile and the prediction of the missile

position at the expected instant of shell impact.

If the missile flies straight, the errors in the estimate of

the impact point are only due to 'he sensors measurement
errors.

If the missile manoeuvres around a nearly straight tra-

jectory, a non zero lateral velocity generates an excessive
expected lateral motion of the missile, proportional to the

prediction time, (time of flight of the shell) on the impact

point predictor.

In the reality the missile moves oscillating around a

smoothed line with impredictable random manoeuvres,

The performance of a gun based close in system (CIWS), which

aim is to hit and detonate the missile warhead, is strongly

influenced by the lateral missile motion due to the glint

phenomena.

4.2. CIWS MODEL.

To investigate the influence of the missile movements on

the CIWS performance, typical CIWS data have been inserted
in an existing ship defence weapon system model (SHIPDEF).

The computer model includes the missile trajectory model de-
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scribed in Chapter 2.3. and simulates the whole defence sy-
stem engagement as:

- target tracking;

- target data smooting and evaluation of target kinematic
data;

- computation of gun aiming point;

- ship motion stabilization and gun aiming;

- firing action.

The results is the probability of hit the missile computed

through a Montecarlo statistic method.

The data utilized to characterize the CIWS were:

- Muzzle velocity 1400 m/s

- Rate of fire 5000 r/min

- Global dispersion 2 mrad (1 sigma)
- Burst duration 2 sec

- Type of shell direct impact

- First intercept range 800 m

- Last intercept range 300 m

- Tracking filter 2 states

- Sensor accuracy 0,7 mrad (l sigma)

4.3. ENGAGEMENT SCENARIO.

The engagement range for the CIWS was selected between
800 and 300 meters where, due to the short time of flight
and the short engagement range, the effectiveness of the
weapon is the maximum possible; engagement at range less

than 300 m was not considered useful because the residual
time of flight of the missile is less than 1 sec a d also
the warhead detonation does not avoid the ship damaging.

NATO UNCLASSIFIED
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The missile warhead section, used to compute the hit proba-
bility, was considered of 0.2 m radius.

4.4. CIWS PERFORMANCE.

The CIWS performance is shown in the figures from 4.4.1

to 4.4.3.

The figures show the cumulative hit probability of the CIWS
as a function of the impact range and effective radar target
length.

The hit probability has been computed for the case of at
least one, two or three hits.

4.5. REMARKS ON CIWS PERFORMANCE.

To blast the missile warhead one or, probably, more hits

are necessary depending on the missile warhead and the am-

munition characteristics.

The results show how the missile natural manoeuvres due to
glint noise drastically reduce the CIWS performance.

Fig. 4.5.1. summarizes the cumulative hit probability at 300

m (last impact range) as a function of the effective radar

target length.

The performance degradation is mainly due to the

impredictable random manoeuvres generated by glint effect

and marginally influenced by the sensor accuracy.
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Figure 4.5.2. shows how the use of an ideal tracking sensor

and optimized predictor algorithms does not improve signifi-

.atively the CIWS performance.

On the basis of the previous results, it is suggested tha
under an attack the bow of the ship be beared towards the
threat approach direction; this will partially avoid the

CIWS performance degradation and reduce the missile proba-

bility to hit the ship.
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5. EFFECT OF INTENTIONAL DISTURBANCES ON MISSILE TRAJECTORY

AND CIWS PERFORMANCE.

A ship under attack can generate disturbances on missile

seeker to reduce its hit probability.

Considering, as example, chaff disturbances, they can be

utilized as follow:

CHAFF DECOY: when the chaff is launched during the
missile acquisition phase it can deceive

the missile seeker producing a false

target.

CHAFF CLOUD: when the chaff is launched during the
missile homing phase it can alter the
missile seeker estimation of the ship

angle of sight.

Fig. 5.1, shows examples of chaff utilization.

5.1. INFLUENCE OF CHAFF CLOUD ON MISSILE TRAJECTORY.

A chaff cloud, launched when the missile is in the hom-
ing phase can disturb the missile seeker, increasing the
glint noise and creating a new apparent radar target center,

Normally, tne chaff cloud is launched close to the ship, to

allow its istection from the missile seeker, which is
"range" locked on the target and then the ship goes away
from the chaff.

Fig. 5.1.1. shows the effect of chaff cloud disturbance on

missile trajectory for chaff launch when the missile is at 2
and 4 km from the ship.
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VIEW 2 -EFFECT OF CHAFF ON CENTROID

ACQUISITION

\ : ! .ANGLE
L _ SIMULATED RANGE GATE

- TRAJECTORY TO TARGET oo
CENTROID OF RADAR ECHO

ACQUO N I. IN CENTRE OF TARGET

... CHAFF LAUNCH AND TRAJECTORY

/ VIEW 1

o MISSILE LOCKED ON TARGET

Example of Chaff Clouds Utilization.

DISTRACTION MODE OF OPERATION - MISSILE VIEW

DECOY LAUNCH AND TRAJECTORY DECOY
HORIZON / ,' ' . -' HOZN

TARGET SHIP BELOW HORIZON
ILLUSTRATED AT ABOUT x 10 SCALE

TRAJECTORY DEVIATED TO DECOY

NTI.SHIP MISSILE

Example of Decoy Utilization.

Figure S. 1.
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The bhip is moving along the y - axis at the speed of 19
mph. The chaff cloud is launched benind the ship at short
distance in order to remain within the missile seeker range
gate and beam.

Fig. 5.1.1. shows that the effect of chaff launch increases
if it occours when the missile is far enough from the ship.

The chaff cloud, as glint effect, induces additional missile
lateral manoeuvres; Fig. 5.1.2. shows the missile lateral
displacement (RMS values) in presence of chaff launch

compared with the glint of the target only.

5.2. EFFECTS OF CHAFF CLOUD 00 CIWS PERFORMANCE..

The increase of missile lateral manoeuvres due to chaff

use produces, as secondary effect, a further reduction of

the CIWS performance.

Considering the example of a 50 m target length and a chaff
launch at the range of 4 km, the CIWS hit probability is

shown in Fig. 5.2.1. compared with the case of glint only,

5.3. POSSIBLE CQORDINATION IN THE UTILIZATION OF CIWS AND
INTENTIONAL DISTURBANCES.

The results of the study have shown how the CIWS

performance depends on the entity of missile natural
manoeuvres in the final phase of the attack.

Because of the entity of missile manoeuvres is relate to the
glint noise amplitude (and thus to the ship size seen by
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missile seeker) and to the use of chaffs, coordination in

the use of CIWS, intentional disturbances and navigation
control is useful to maximize the ship survivability.

Considering that every tactical consideration have to be re-

lated to the knowledge of the performance of the active and
passive defence system on board ship, possible indication
about the coordination of passive and active defence system
can be done.

On the hypothesis that the chaff and missile behaviour re-

flects the results of this study, possible coordination can
be as follow:

" Missile detection at medium range (8-15 km)
(before homing phasel

Utilization of:

- Chaff decoys to deceive the missile
- Long/medium range weapon system (if available),
- Orientation of ship prow toward the missile
approach direction to decrease missile hit
probability and to increase CIWS effectiveness.

- Use of CIWS

" Missile detection at short range (3-8 km)
(during homing phase)

If the missile approaches

- near ahead: only CIWS utilization
- abeam: utilization of chaff and CIWS
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6. CONCLUSIONS.

A set of computer models has been realized to investi-
gate the sea skimmimg missile natural manoeuvres in the
final part of its attack trajectory.

Simplified model of glint induced by the ship target on mis-

sile seeker has been realized and inserted in the missile
guidance model.

Results have shown the increase of the missile lateral

manoeuvres, proportional to the target dimension and to the

decrease of the missile distance.

Experimental results of sea skimming missile trajectories

confirmed the results of the models.

A model of a representative Close In Weapon System CIWS)
has been used to compute the hit probability in various en-

gagement conditions.

Results have shown that the probability of hit is generally
not very high and the glint effect produces further

reductions.

Intentional disturbances on missile seeker created on board
ship produce effect similar to the glint noise on missile

trajectory.

Siiplified model of chaff cloud decoy has been realized to
investigate its influence on the missile manoeuvres; results
have shown an additional increase of the missile lateral

displacements and then the reduction of CIWS hit probability
when used together with chaff.
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The probability of chaff to deceive the missile has not been
investigated in this study and then the increase of ship
survivability when using combination of intentional distur-
bances and CIWS has not been determined; neverthless a
cocrdination of the defence systems is necessary to maximize
the defence capability of the ship.

The knowledge of the expected performance of CIWS and inten-
tional disturbances in the various engagement conditions
keeps in the selection of the more effective solution for
the defence action.
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