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Senipat’ annplincement was generally very gboa with

»

o

iﬁfi{“* “Qi%é% 993;: h'approximately -ohe ‘third foind their way into the ?
"‘ . ; . ) iroa <o L e SO 4 iy ,\:'. ":}:
orm ﬁi’ ns: "’g" ther third into’ the poster session: ~Papers selected for

ormal ks ons; and andthar’ third™into" ¢ i Pape ]
the p§£§bﬁ%% t§16ﬁ“§@¥kz%h{§iﬂo?'a“ﬁb?é“ipéh1aiﬁzéu naturei: Another third of »
the papers were judged to be of lass d‘rect relevance to the topic of ‘the Semi- ‘
-nar;and were not, included in the programme, The distribution of papers by sub-
“Ject s shoyn on the ancissed flgure. T T T

A0 gt

. ¢ The bulK ofthe presentationd covered three important areas: o

- sensor integration
- coordination of weapons and command and control
- the performance of soft and hard kill weapons.

Some.atiention was also given to the reduction of platform signatures and to
techniques for optimizing system’design. Fbllowing are some remarks on the
coverage of these topics. !

(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 particulariy 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 ESM tech-
nology can provide the required performance.

(b) Several papers addressed the deployment of soft kill weapons, hard
ki1l weapons and the coordinated use of both under control of the
command and control, system. Unfortunately, soft kill deployment
exclusively addpessed RF guided missiies. The problems posed by
seeker systems operating in more than nne regic of the electro-
magnetic “spectrum, combining active ad Jassive _uidance (for

- example, RF=IR or X and Ku band combinations) was not considered in
the presentations.

(c) Several architectures for integration and control of the sensors and
veapons were: described. However, the technology necessary to imple-
meft such systems received 11ttle attention. Issues such as a
Centralized-processing architecture versus a distributed one, the
-associated reqiireménts for data transfer, and the software engi-
neepring.approaches most appropriate to the development of such

. Systems. are:ekamples of topics not addressed.

¥ (d)ﬂzlﬁésérgifbfuhgrd'and séft k111 ‘weapons performance received suf-
S < | coverage, although some discussion on the applicability of
ierdy weapons and the means of deploying decoys would have

5

Kr ket fa, W g W g T T ATy SR
ﬂ*s,?;j by St BN S ARG o

[T N

Aot NCAN S ST £ D

g
Ry
s

‘(
P %

/

e s S e T S L i




— el K

SR AT

AR s g - [N . N A I T TR AR ok o Lt A O

;
2

s

&

k

i

S

A

- NATO UNCLASSIFIED

LAY

S

BN

s

Ac'—'w A3 A . ':.’x -11- v
D Despite some holas ip tha coverage, '~ prasentations offered an :

excmcnt overviw of 2 vast'and -very  complex tr'c, requiring contributions
< from \A\ﬁt&q@n%cp . Rr8as, . This overview was cuylemented by the poster
;k ho ian%mag,tumty for’ spacialis.s to interact. In general,
-She content of.
‘ “h e 111
. ,*:~ W qvu

_Guality. of . the deiiveries were very: good and the
© A *;'q '4'\‘;-

;ig w:ed aaghriy during time allotted to
\ "ﬁ\a success of tMs seminar is due for the most part to the contribu-
uons nf the many authors and to the session cha'.pet»ohs who managed and

stirmt th@ discussions. To all of them, I wish to express my most sincere t
appraciation,
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4P
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OPENING ADDRESS
BY
' DR A J GRANT, CHAIRMAN OF THE DEFENCE RESEARCE GROUP

Dr Schofield, Admiral Anderson, ladies and gentlemen,

As Chai.man 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 exprees our sincere thanks
to the Canadian Department of Naticnal 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.

ey
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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.

JRFRTEs

e wran

Collaboration in 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 natione 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.
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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
inlits 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 ouyr gratitude to Mr
Yansouni 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. ‘
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CMDO _KEYNOTE ADDRESS

TO THE
NATO DEPENCE RESEARCH GROUP (DR&)

30TH SEMINAR ON THE “DEFENCE OF

SMALL SHIPS AGAINST MISSILE ATTACKS"

CONFERENCE CENTRE (EXTERNAL AFFAIRS)

OTTAWA, CANADA - 12 SEPTEMBER, 1990
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INTRODUCTION

,

) BONJOUR MESDAMES ET MESSIEURS ET SOYEZ LES BIENVENUS
: A OTTAWA. C'EST AVEC PLAISIR, EN TANT QUE CHEF DES

: DOCTRINES ET OPERATIONS MARITIMES, QUE JE PROFITE DE CETTE
f OCCASION POUR FAIRE UN SURVOL OPERATIONEL SUR LA DEFENSE
DES PETITS NAVIRES; PAR LA J'ENTENDS LES NAVIRES DE 450
(QUATRE CENT CINQUANTE) A 4500 (QUATRE MILLE CINQ CENTS)
TONNES, CONTRE LES ATTAQUES DE MISSILE. CECI EST UN ASPECT
IMPORTANT POUR TOUTES LES NATIONS REPRESENTEES I1CI ET ETANT
DONNE LES EVENEMENTS RECENTS DANS LE GOLFE PERSIQUE, C'EST

UN SUJET PARTICULIEREMENT PERTINENT. DE PLUS, COMME 3
PRESIDENT DU GROUPE DES ARMEMENTS NAVALS DE L'OTAN, JE SUIS é
PROFONDEMENT INTERESSE AUX RESULTATS DF CE SEMINAIRE. 5

4
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TOILE DE FOND (BACKSROUND INFORMATION)

LA POLITIQUE MONDIALE nsgkguraﬁa DANS UNE PERIODE OU -

LE CHANGEMENT EST LA NORME, LE MOUVEMENT VERS LA
DEMOCRATIE EN EUROPE DE L'EST A ETE DES PLUS REMARQUABLES.

L' UNIFICATION DE L'ALLEMAGNE S'EST REALISEE ET IL Y A DE
NOUVEAUX GOVERNEMENTS DEMOCRATIQUES DANS VIRTUELLEMENT TOUS
LES PAYS DU PACTE DE VARSOVIE, MEME SI CES DEVELOPPEMENTS
FURENT POUR LA PLUPART PACIFIQUES, IL N'Y A AUCUNE GARANTIE
QUE CELA VA CONTINUER DE LA MEME FAGON. DE PLUS, CECI NE
S'APPLIQUE PAS DANS LE MONDE ENTIER. EN FAIT, PLUSIEURS
SONT D'AVIS QUE LE MONDE AUJOURD'HUI EST PLUS INSTABLE ET
COMPLEXE QUE JAMAIS ET QUE CELA VA CONTINUER JUSQU'A CE
QU'UN EQUILIBRE CONVENABLE SOIT ATTEINT.

PLUSIEURS S'INTERROGENT MAINTENANT SUR LA NECESSITE
D'UNE MARINE, MAIS AUSSI LONGTEMPS QUE LES MATIBRES BRUTES
ET LES AUTRES COMMODITES COMMERCIALES SERONT TRANSPORTES
PAR DES NAVIRES MARCHANDS,  '° AURONT BESOIN D'ETRE
proTiGES CONTRE LES ATTAQUES. BT NATURELLEMENT, ON A
TOUJOURS DEMANDE AUX MARINES D'ALLER OU C'ETAIT NACESSAIRE
POUR DEFENDRE LES INTERETS DE LEURS NATIONS.
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THE FORMERLY BI-POLAR WORLD 1S 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 BEEN REPLACED BY THE
MID-INTENSITY CONFLICT AS THE MOST LIV¥ILY SCENARIO WHERE
OUR SHIPS WILL CCME INTO HARM'S WAY, DURING THE EIGHT YEAR
IRAN~-IRAQ WAR IT WAS NECESSARY FOR MERCHANT SHIPS TO BE
ESCORTED THROUGHT THE HIGH RISK AREAS BY FRIGATES AND
DESTROYFRS. THE ECONOMIC SANCTIONS AND OTHER ACTIONS MADE
NECESSARY BY IRAQ'S INVASION OF KUWAIT IS ANOTHER EXAMPLE
OF THE TYPE OF EMPUOYMENT THAT OUR NAVIES CAN EXPECT.

OTHER TASKINGS MAY INCLUDE THE EVACUATION OF CIVILIANS FRCM
AREAS OF CONFLICT, THE SUPPORT OF PEACEKEEPING EFFORTS BY
PATROL CRAFT, AND MINE CLEARANCE. THE DEPLOYMENT OF SHIPS
TC THE P:SRSION 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 NATC NATIONS ARE EXPERIENCING
PRESSURE TO REDUCE THEIR DEFENCE SPENDING. THE NOTION OF A
“"PRACE DIVIDEND" IS ONE THAT YOUS ARE FAMILIAR WITH AND ONE
THAT ALL COUNTRIES WILL HAVE TO ADDRESS IN THE COMING
YEARS. THIS AT A TIME WHEN WEAPONS SYSTEMS ARE INCREASING
IN BOTH SOPHISTICATION AND COST. THE NEED FOR COOPERATIVE

MULTI-NATONAL RESEARCH AND DEVELOPMENT AND PROCUREMENT HAS
NEVER BEEN MORE PRESSING,
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TODAY MANY CCUNTRIES ARE ARMED WITH SOPHISTICATED,

HIGHLY TECHNICAL STATE OF THE ART WEAPONS. THERE ARE

3
;
|
et

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

ST AEL Y,

FORESEEABLE FUTURE. AS YOU WELL KNOW, A SINGLE MISSILE CAN
INFLICT CONSIDERABLE DAMAGE OR DESTROY A SMALL SHIP. IN

ET

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 I8 SIGNIFICANT NO MATTER
WHAT AREA OF THE WORLD SHIPS HAVE TO OPERATE IN. THAT IS

T SR

WHY, FOR EXAMPLE, THE CANADIAN SHIPS TUAT WERE DEPLOYED TO
THE PERSIAN GULF HAVE BEEN SPECIFICALLY EQUIPPED TO COUNTER
THE ASM THREAT.

CarpeaT s

LA MENACE FJUTURE

LA TECHNOLOGIE ASM PROGRESSE RAPIDEMENT. NOUS AVONS
DEJA VU DES AMELIORATIONS DANS LES TATES CHERCHEUSES ET LES
PORTEES, DES REDUCTIONS DANS LES SECTIONS RADAR ET LES
£EMISSIONS 1WFiA~-ROUGE ET LES CAPACITES DE RE-ATTAQUER.
D'AUTRES AVANCEMENTS INCLUENT DES AMELIORATIONS EN

AT R REIEEIVENS RS AT S SO TP A WA N 187

FURTIVITi, VITESSE, AUTOPROTECTION, CONSTANTE ALTITUDE,

ek

RECONNAISSANCE ET DISCRIMINATION DES CIBLES, CONTRE-CONTRE-

> aysn

MESURE ELECTRONICUE ET MANOEUVRABILITE.
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+ THE OPERATIONAL REQUIREMENT

EXISTING MISSILE DEFENCE TECHNOIOGY 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
ILL AT PRESENT AND AszEsum' ™4ERE IS A MUCH GREATLR
EXPENDITURE OF HARD KILL ASSETS THAN MAY BE NECESGARY OR
DESIRABLE. FUTURE SYSTEMS MUST ENSURE THAT THE SOFT KILL
HAS Ties con LT OF TAE 58
SUCCESS RATE & IMPROVED-S0—AS—T® IMPROVE THE MANAGEMENT OF
HARD KILL RESOURCES. FURTHER THE COORDINATION OF HARD AND
SOFT KILL MEASURES MUST BE IMPROVED CONSIDERABLY THROUGH
THE DEVELOPMENT OF BETTER THREAT EVALUATION AND WEAPON
ASSIGHMENT (TEWA) ALGORITHMS FOR SHIPS AND GROUPS OF
SHIPS. AUTOMATED COMMAND 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 FLEXIBILITY AND EASE OF INSTALLATION., IT MAY NOT BE
NECESSARY CR DESIRABLE TO FI'T THE COMPLETE SYSTEM IN ALL
SHIPS FOR ALL SCENARIOS. FSSENTIALLY NATIONS MUST HAVE THE
ABILTTY TO INCORPORATE MODULES AS REQUIRED. THE SYSTEMS
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MUST BE SUFFICIENTLY ADAPTABLE TC ALLOW FOR INSTALLATION IN ¢
A WIDE RANGE 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 TU 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 SYNERGISM OF MULTIPLE
SENSORS HAS BEEN RECOGNIZED AND MUST BE TAKEN ADVANTAGE
OF, SIZE AND WEIGHT CONSIDERATIONS MAY REQUIRE THAT A
SINGLE RADAR PERFORM ALL FUNCTIONS FROM SEARCH THROUGH
TRACKING AND ILLUMINATION. INTBSRATED 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 ZLECTRO-OPTICAL SYSTEMS FROM INFRA RED !
THROUGH VISIBLE AND ULTRA VIOLET SENSORS WILL ALSO NEED TO

NATO UNCLASSIFIED
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EXAMINED AND INCORPORATED INTO THE SENSOR PACKAGE. THESE C
SENSORS WILL FEED INTO A COMPLEX AND FULLY AUTOMATED COMMAND
AND CONTROL CORE. THIS SYSTEM MUST BE ABLE TO ACCURATELY
AND RAPIDLY RECOGNIZE 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 MUST 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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CONCLUSION

EN CONCLUSION, LES PRESSIONS POUR LA REDUCTION DES
FORCES MILITAIRES YONT AvVoiR nsESauDqu MEIT.LEURE COOPERATION
ENTRE LES MARINES ALLIEES. EN DEPIT JE LA REDUCTION, LES
MARINES DEVRONT ENCORE SERVIR LES INTERATS NATIONAUX A
TRAVERS LE MONDE. JE VEUX SOULIGNER QUE LESLEGONS TIREES
DE LA RECHERCHE ET DU DEVELOPPEMENT COOPERATIFS PENDANT LE
PROGRAMME NFR 90 NE DOIVENT PAS ETRE OUBLIEES. PLUSIEURS
REUSSITES ONT PROUVE LA VALEUR DE LA COOPERATION DANS CE
PROJECT MEME SI LE MALADE EST MORT.

MY CHALLENGE "v YOU, THE DEFENCE RESEARCH GROUP, 18
TO RECOGNIZE THAT THE NEED FOR COOPERATION IN RESEARCH AND
DEVELOPMENT IS PARAMOUNT; THAT INTEROPERABILITY OR
COMPATIBLILTTY, RELIABILITY, AND AFFORDABILITY ARE KEY WORDS
FOR THE FUTURE. MAY I WISH YOU MUCH SUCCESS IN YOUR
SEMINAR, FROM MY PERSPECTIVE AS A CANADIAN NAVAL
REQUIREMENTS OFFICER AND AS CHAIRMAN OF NNAG, I LOOK FORWARD

TO THE OUTFUT OF YOUR WORK IN THIS VITAL FIELD OF R&D.
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HARDKILL/SOFTKILL COORDINATION STUDY 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 Systens,
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

vere 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
coorcdinated deployment of softkill and hardkill was a significant
feature of the system as originally conceived. The overall systenm
consists of a mixture of NA*WS and national wvariant 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 (MFR)
Infra-Red Search and Track (IRST)
Local Area Missile (LAM)

Core

Precision ESM (PESK)

T D i R

while the national variant components are:
Volunme Search Radar (VSR)

ESM system

Close In Weapon System (CIWS)
Softkill Weapons (SK).
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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 al
the ESM capability are controlled and their outputs integrated in .
the Core by the Sensor Integration and Control (SI&C) function. g
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.

e ST T M A T T R SR S SR T

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.

I, h AV et s win,

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 Quring
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, hearing, 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 thr:ats. Target tracking for
a hardkill engagement is modeled as well as the deployment of a
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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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.ud the
appropriate directional fluctuations, or glint. ASMD proviu-=s 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.

HYBR WA CH. R S

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 EQUIVALENT

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 1list of hardkill assets includes all possible softkill
techniques that coulc 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 ir.terference 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.

TY OF COORDIN ON

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 cof
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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 S1 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. 1In 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 outlving ships,
contributes critically to hardkill performance. We sought to
determine the improvement possible over this baseline performance
by the coordirated use of softkill.

The coordination defence can be considered as the
superposition of successive softkill actions. The init®al soltkili
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
S1- and sz-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 belter 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

NATO UNCLASSIFIED
13.8

T i S B S JPUUUU

B memniaar Ko G ST~

N

= TN e oY




N b P SRR (] G £ VIR ST S DY

s e B A W SRR A 5 0 R

e 9
£t
3

NATO UNCLASSIFIED

A
ot 8

e
%
-

“q'

fax o,
Lo

&

13.9 AC/243-TP/2

53

L e e s
o B PO

¥

[ S WIS %

N g 1

31

P A R AT

52

1 s e LR BASRPE SAYAT  o

N NAAWS SH1P
51,52 DEFENDED SHIPS
L LAUNCH PQINT

bt

Wndr -

4 L
e

B R e e RS S

Figure 3: BASELINE SCENARIO

SRR

«

NATO UNCLASSIFIED
13.9

T ADR L LRATENS NGB




st | e s 4

aniw

~

UNCLASSIFIED
13.10

NATO

~N
S—
a,
—

[}
o)
<t
o~
-~
(& ]
<

DTN A LMY BT R R £ T8 T a1 Wt 6 s S 0 s

f s

51

52

el

s ores

BRI

SRR

TR IVRRTES

172}
a
— b
T=
psm
o
N =
= =
IS
Zy
o
o
w
-
="

NOISE JAMMING AILONE

Figure 4

R S e AN

UNCLASSIFIED

NATO

P N S dtas Lol

13.10

S L L

e A

L




et s PR - men e n A AR S RN  SESARR I 3 I AIRRIVE T  BT

=
=

95
>y FE
e

3E e

" f{_‘_z
e

oike

P NATO UNCLASSIFIED

-
A
o 5

s ey )
o

13.11 AC/243-TP/2

a8 el 25

; defending ship will destroy more of the engageable threats if these
threats are closing on the defending ship rather than if they were
i 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 ofcen at the expense of increased pressure on N, the
' defending ship. The first phase of the coordination tactic has
o succeeded ir directing the attack to the Force ship which is able
' to defend it.

g A

L
VO AR A i,

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.

CONCLUSTIONS

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

PRI

e a

Cx i
SRR T A

g XL

prediction of softkill or coordinated softkill effectiveness. gﬁ

, Without these data and performance prediction algorithms, weapon Y
! control for combined hardkill and softkill cannot take advantage of i
possible coordination effectiveness. pod
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Ship Prob. of
survival

0.88

si 0.001

\ 3 S2: 0.48

TABLE 2:  Force Survivability - HK alone

Lo N DR Py A

' 3 ship Prob. of
i Survival

Sl 0.84

S2 0.80

1 TABLE 3: Force Survivability - HK and NJ

Ship Prob. of
Survival

N 1.00

S1 0.78

s2 0.80

LS S,

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
recormended in order to augment understanding of complex
hardkill/softkill coordination issuss.

Such studies will serve as the point o departure for the
specification and design of a hardkill/softkilli 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.
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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 [ '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 Iaterface 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 syswem 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 surviveability in low and high intensity conflicts.
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1 10 INTRODUCTION (NU)
P (NU) General Dynamics performed an integrated RAM/CIWS Proof of Principle
> Demonstration in May, 1988. This demonstration was performed at sea aboard the USS David R. 2
Ray (DD-971) using a CIWS Block O fire unit and the RAM launching system test installation. The i
4 successful results from this demonstration supported a top level design concept study to investigate :
v 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 i
] developed under the study. i
i [ Primary Tasks |
¢ . ldentanAModlftcations (If Any) in Ship Combat Systems
£ for RAM/CIWS 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

f Supponlng;fasksJL

- Degree of Automation Required

' — Close in Targeting Reaction

, — Doctrine Establishment

+ Degree of Coordination Between RAM/CIWS
and other Weapons

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

o et NARAOR £ HIEAPNIINNE ad ey

) (NU) The FFG-7 class was studied as the initial ship class for integration concepts for this
increased 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
1R3 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 rade~ computer upgrades (i.e. AN/UYK-7 to AN/UYK-43) would be required for
system implementaticn.  Additionally, only existing ship sensors were to be utilized. In
development of the specific FFG-7 design concepts, the 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 with
QuesTech Inc., San Diego performed this study under Contract No. 605151-L for the Ap,ued
Physics Laboratory of the Johns Hopkins University, Laurel, Maryland. The full study report 1s
obtainable through the Commander, Naval Sea Systems Command, Aun: PMS-420, Washington
D. C. 20362-5101; (703-692-7293).

2.0 RAM/RHALANX 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 Concepts of Application Summary(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.

(NL)) 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 in: weapons assignment of the RAM missiles for the ASM engagements.

Current ground rules assume the CTWS 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 CTWS supplies the SRAAW radar tracks to the RIU instead of the CDS. This situation
arises when the ship's primary radars are down or are heavily jammed or 1n 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 alsc 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, kinneapolis, Min. The study
assumes that 10 strongbacks representing a 20 RAM operational loadout could be carrnied 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 RIU prior
10 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 76mm gun is the second FFG-7 configuration evaluated. (Due to limited space and
critical weight and balance 1ssues on the baseline FFG-7, MK-49 installation options are limited if
existing ship equipment is not remroved). 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 360° of ASMD
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 mussile.
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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FFG-7 RAM/CIWS Configurations
RAM in MK-13 Launcher
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Figure 2.2-1. FFG-7 Integrated RAM /CIWS Ship Configurations (NY).
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3.0 CONCEPT OF SELF DEFENSE FUNCTIONAL INTEGRATION (NU.

(NU) This section covers the functional integration of the combined RAM and Phalanx
systems with existing ship systems. An overview of the RAM and CIW'S systems is first given.
An overview of the functional blocks that make up the integrated self defense weapon system and
the ship systems that are necessary to provide data and control is discussed next.

3.1 RAM Guided Missile Launching Svstem Description (NU).

(NU) The RAM MK-31Guided Missile Weapon System (GMWS) consists of the 21 cell
MK-49 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) udlizing a lightweight 10 cell launcher 1s 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-pois *ing error or
ship sensor designation error. This broad angle coverage also provides a "shoot around the corner”
capability for the RAM system. Transition to the highly accurate Infrared (IR) gurdance 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 [RMU
secker 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 15 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 mucroprocessors and
a servo-driven 21 cell (MK-144) or 10 cell launcher mount.

(NU) The RAM GMLS requires 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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Figure 3.1-1. RAM MK-49 and RALS Equipment (NU).
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(NU) The uniquely flexible RAM GMWS can engage a rarget using radar data, ESM data, or
a combination of both. Once the Block | IRMU seeker RAM is fielded, the RAM will also be
capable of engaging (in IR Only mode) a non-radiaung 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, Prioritization, Threat
Engageability, Engagement Queuing, Weapon Selection, Weapon Assignment/Designation,
Engagement Monitoring, and Survive Assessment.

3.2 Phalanx Close In weapon System Description (NV)).

(NU) The Phalanx CIWS is a fast reaction, high fire rate, computer controlled radar and 20
mm gun system designed to engage ASM, fixed wing awrcraft, 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, firning, automatic kill assessment, and cease tire. The Phalanx
MK-15 CIWS is compnsed of the components shown in Figure 3.2-1

{NU) The Phalanx uses closed loop projectile spotting to provide an increased hit capability
over open lnop 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 automaucally and continuously directc 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
transmutter, receis °r, and signal processor. The gun mounc 1s stabilized and computer directed.
The weapon groap contains the general purpose computer and enviconmental 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 agairst small radar cross section targets. Additionally, a reliability improvement program
15 in place raising MTBF specification from 136 to 350 hours.
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3 (ELECTRONICS
ENCLOSURE)

UNITY
LOCAL CONTROL PANEL (LCP}

UNITS 2 AND 3
WEAPON GROUP

UNIT 4
REMOTE CONTROL PANEL (R(P)

Figure 3.2-1. Phalanx CIWS Block | Equipment (NU).
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3.3 Overview of the RAM/Phalanx Svstem (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
p L »
CDS
SLQ-32 r.
L S
Yoo ANUYK-4s RAM Launcher
RAM G Systems
interface Unit
Ciws
Self Defense
Control Monitor

Figure 3.3-1. Seif Defenc 2 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 RTU. Because the RAM system is a passive radio frequency
homing missile, the S1.Q-32 data is very important to the operation of the self defense system. The
SLQ-32 tracks must exther 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 tn 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 hist of radar tracks and SLQ-32 tracks and indicates which tracks are associated with
each other giving a track list having one entry per threat in the list. The second fur.cton performed
by the RIU is the evaluation or a prioritization of the tracks in the track list to determine the relatve
priority of each threat. Each track in the track list is ranked to determine the order in which they
should be engaged. This 15 done based upon the range and range rate of the track to determine the
time untl that track impacts the ship, the tvpe 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 1s the man
machine interface. The RIU provides the status of the RAM and Phalanx systems, recommends
designanon of a target to RAM, and responds to the controls of the operator.

3.3.1 Integration 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 ia 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 or 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 hoth feasible
and the recommended approach in order to alleviate any additional computatonal burdem to the
WCP AN/UYK-7 computer.
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Figure 3.2.1-1. RAM/Phalanx/RIU to FFG-7 CDS Interface (NU).
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(NU) The data required from the SLQ-32 for RAM engagements include frequency, power
level, and bearing of the target. The {requency and power level are required 10 assure that the RAM
riussile 15 launched in the right RF band and will have enough power to guide in RF once awrborne.
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 1s
passed from the WSP to the WCP, nor 15 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 SL.Q-32 information required by RAM and the pass through of the SLQ-32 data
would be ransparent to the WSP operation. This concept also has the potennal 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.

3.32 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
Compagq 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 1t 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 unhzing 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 1n: 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,

Instrumentation Bus
WCG Data

Antenna Commards
Status Words Junction Box
Target Dam
Track Error Data Line Splitter/Driver
PASS

Target Number + Ruggedized Enclosure

?.::;":: Target 0am + Shock Mounts Computer
¥moact + S12@ = 30°x15°x24" (approx)

ber Of

Boam tauber o1 Tagar + 4 Double-VME size CCAs -

Gyro Information » 80288-type Microprocessor

Sector Data + Powar Supply

LCP Dispiay Oate » NTDS O

Target SmvSwop Data

Clutter informaton

Fiter Tag Cata

Search Input Tables RAM Data

Filter Parameters Status Words

Projectie Data Target Data

Mantenance Data Target Number
Secor Dam
Detailed Target Data

Numbaer Of Scans/Target
Beam Number of Target
Gyro information

CP Dispiay Data

1l
RAM interface Unit
- —— (AN/UYK-44)

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

(NU) The line 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
mucroprocessor. 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 (MIL-STD-1397A).

3.3.3 RAM Interface Unit (NU)

(NU) The RIU 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 AN/UYK-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 Acqusiion System (TAS). The TAS Operational Computer Program (OCP)
incorporates pertinent functions for designating targets to the RAM GMLS. Without an nterface 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
RIU will build upon efforts already accomplished in the TAS OCP and uulize as much of this
developed software engineering as is practical to effect 2 solid basis for RIU development. The
RIU is currently an industry imtiative in the demonstration phase.

(NU) A generalized example of a UYK-44 Military Reconfigurable Computer (MRC) to
support the RIU interfaces is depicted in Figure 3.3.3-2. The RIU 15 being designed to support
inputs from up to 4 CIWS line splitters and provide designations to up to 3 RAM GMLS at any one
time.
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3.3.4 Qperator Interface & Automatic/Semi-Autom: ..c RIU Qperation (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 System
Displa ?
Piay ? Status
Threat Eval
&

Weapons Assign

ALARRARUR LA SRR A

RAM & CIWS
IR Touch Panel Status
(~8"by 8"
SDM
Status

PP I I I rd P I F 2 PP P I PSPPI I FPIIf P I NI PP AP I It b s
-

Rang» 10NM

SDM Contml  Range Display Data  Commands

000 0d ogo adao
Ooog GOgoaod
Self Defense ][]}
Control Panei 000

Buzzer

[I-EIE]
(111
(1=

Figure 3.3.4-1. Self Defense Control Monitor (NU).
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(NU) As 2 minimum, RAM and CIWS engagement zones and SRAAW targets received from
CDS and CIWS shall be displayed. The momitor 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 RTU. 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 completely 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 tie automauc
designaton to the RAM system and can change the target designated using the Self Defense Control
Monitor. The RIU gives a warming indicating that a RAM missule 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 overnde the automatc 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 SL.Q-32 data on a track, but the criteria 1s met
for engagement using one ui *he sensors.

4.0 RAM/CIWS OPERATIONAL PERFCRMANCE SUMMARY (NU).

(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 but at the same range from the ship, and stream scenarios vsing 4 ASMs
on the same bearing with specified arrival spacing were evaluated. For the stream scenano, 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 parametncally 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 are 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 1nto 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-1 system was
allowed to engage the ASMs, providing the CAS CORT radar was avle to establish a track and
providing the engagement timeline was sufficient to allow illuminator acquisttion and SM-1 flyout.
The RAM system used both the CAS CORT 1tracks 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 systers. This integration provided radar tracks against
:ihe lower RCS targets, but required the integrated system to be very fast due to potential close in

etections. :

(NU) Figure 4.0-1 presents the overall operational effectiveness results. The primary results
showed that adding the high firepower, fast reac::on RAM system in either the MK-49 21 round
launcher or in the 2 RALS 10 round launchers reducad the ASMs leaking to the CTWS laver by 50
10 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, 1t
provided approximately half to three quarters of the performance it achieved 1n the stand alone
launcher cases. This p ~ rmance 1s based upon the lower firing rate of the RAMs due to the
requirement to stow or ju ..50n 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 Resuits (NU).
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(NU) Finaily, the performance of RAM using only ESM tracks and the CIWS radar for target
engagement data 1s 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
Rgxx/dcrws system provides strong casuvalty backup for the primary 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 timelines
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
. SM1 RAM o OWs
i1

' Slow Targets Fast Targets

///y/////i//,

777

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/CIWS 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 capabihity (NU)
introduces less dependence on the ASM's RCS and RAM's high speed airframe provides increased
ASM tercept 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 herrispherical layered engagement capabulity. The combination of the two systems
significantly enhances ship serviveabality in both lov and high intensisty conflicts.

Adding RAM to the FFG-7 Provides:

» Increased AAW Firenower —- 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/CIWS 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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missile attack. Widespread use of mcnopulse angle tracking combired
with other ECCMs such as leading edge range tracking and frequency
agility have greatly reduced the effectiveness of traditional on-
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The active decay offers enhanced performance characteristics such as
larger equivalent radar cross-section, less reaction time, and broa-
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REALIZATION OF AN EXPENUZBLE ACTIVE SEDUCTION TYPE NAVAL DECOY

John Nielsen
MEL-DSL

ABSTRACT

This paper will discuss the realizatinn of a practical expendable naval

decoy that is deployed by a chaff rockat. Thc decoy considered is of the

seduction type waich is designed to cour.er the ASM 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 DREC.

1, INTRODUCTION

It is becoming increasing difficult to counter modern ASM’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 eclio off the ship
2. controlling the deployment position for optimum miss distance

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

Active decoys can potentially overcome these problem areas. 1t has been
clearly demons'rated by simulation and actual sea trials that active
off-board decoys are an effective countermeasure against radar guided ASM's.
However, it has also been demorstrated thet 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 shiy
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
illustrated in Fig.1. A delav is incorporated to delay the decoy return to
ensure that it does sweep through the ship return.

Such a profile is possible «}ta a controllable RPV or rocket. The RPV has
been considered but due to on«.ational difficulties, it is not a favored
solution. An attractive alrernative is the expendable Hinnen rocket.
However this is au expensive option resulting in not meeting the desired

cos: specification of less than $50k per vound. A favored zlturnative is tc
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It is irexpensive and uses the
A disadvantage is that the
Also, there is a

use a chaff rocket as a deployment vehicle.
existing chaff launchers on board the ship.
optimum flight path of Fig.l cannot be achieved exactly.
possibility that the missile seeker will use range and angle velocity
discrimination that can be used against the high speed chaff rocket. This
limits the distance the decoy can be deployed frum the ship and consequently

the resultant miss distance.

Fig. 2 illustrates the various phases of the chaff rocket deployment as well
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
vsed the decelerate the decoy. A* a specific time, the main chute opens.
This timing is used to control the deployment range of the decoy.
chute keeps the decoy airborne for about 40 to 90 seconds depending on the
height of the flight apex.

The main

3. DECOY PAYLOAD SPECIFICATIONS

A feasibility study regarding the feasibility of the naval seduction decoy
vas comaissioned 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 7-18 GHz.

3. 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 1bs payload

~ withstand >40 G’s
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4. The polarization of the re-transmitted signal must be agile or at least

svitchable between two orthogonal polarizations.

5. The antenna coverage must be 360° in azimuth ard $45° in elevation. The
azimutih 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

vell 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, pover, anternna coverage anc

small size are all conflicting resulting in an very chalienging design
problem. The most critical and expensive portion of the payload is ibe
transmitter amplifier and antenna which, therefore, forms 'un. center ° the

tradeoff analysis and the focus of this paper.

4. PAYLOAD OPTIONS

In the section the design tradeoffs of the decoy payload vwill be discussed.
The performance of the payload with respect to thc 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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Consideratior will be given to TWT, solid state and magret-on based

transmitter amplifiers.

4.1 Single TWT

A significant amount of effort has been expended on realizing an expendable
wide-band helix TWT with about a 1 to 2 KV output. This is the bases of the
payload developed for the US NULKA program. The tube cost with power supply
is anyvhere between $10k and $30k depending on which source is qucted. Suct
a tube is applicable to the chaff rocket launched decoy payioad. A possible
payload scheme is shown in Fig.3. A single wide-band horn antenna is used
of about 10 to 15 dBi whi-zh needs to be steered mechanically in azimuth and
elevation. In addition, a polarization servo is required to facilitate the
polarization of the thredt. A coax or BAV delay line is used to delay
signal to allow TVWT to turn on and provides time for any EMI filtering such

as frequency or pulse width to be performed.

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

required for steering the antenna in aziruth 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 geduction of high

resolution radar seekers.

4.2 Retrodirective Phased r1ray 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 powver

required becomes excessive, A coupled cavity TVWT wvould have to be used
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FIG. 3 SINGLE TWY CONFIGURATION
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vhich only has a narrov bandvidth. The option of using a phased array is
generally considered too expensive due to the requirement of high powver
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 receive
and transmit elements are connected in this way, the array becomes self

phasing and no additional hardvare 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 array 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 + 15° 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 ¥ midi-tubes to achieve the required EIRP. In addition a phase matched
10 channel 100 nsec BAV delay line is required to allow for the turn-on
delay of the tubes.

One of the disadvantages of the retrodirective arvay 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
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track over temperature and through the powver saturation region of the tube.

In large quantities the projected cost of manufacturing a 30 dB 100 W tube
is in the vicinity of $7.5k. 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 20V of powver 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 sclid state is losses in the powver combining sta -s.
Also designing power amplifiers is a very specialized a.t which requires
accurate measurement of the specific devices to be used. This makes solid
state pover amplifiers rather expensive. Consequently, at present, solid

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

MEL-DSU 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 High Antenna Gain Approach

It i~ difficult to achieve a solid state high pover wide bandwidth
transmitting amplifier at a low cost suitable for the circular array
retrodirective antenna application. Hovever, what is available are 6 to 18
GHz GaAs amplifier MMIC’s which generate approximately 1 to 2 Vatts. To
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make use of these devices, spatial pover 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

dimensien as the array then the EIRP increases as approximately N° rather
Hence if the entire surface of

than N, where N is the number of ¢lements.
the decoy cylindrical body is used, this principle can be exploited to

reduce the radiated pover 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 n Area / Xz

vhich at 10 GHz is 29 dBi. At this gain level, the total transmitted powe:
required to obtain the desired EIRP is only a few watts. The actual gain
vill be less than this since the aperture is only partially filied.
However, offsetting this is th2 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 26° 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 3° bearing accuracy is required in elevation. This

is a challenging design problem considering the bandwidth, input dynamic k
range required and cost limitations imposed of the expendable payload. R

Hence the DF accuracy in elevation will restrict the antenna gain g

achievable.
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CONCLUSIONS

In this paper a very brief ocutline 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 TWT array in a
retrodirective array configuration and the other, a solid state phased array
approach. As the GaAs technology matures, and with it the availability of
vide bandwidth power amplifiers, this solution will become more cost
effective,
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Suppressing the Infrared
: Signatures of Marine Gas Turbines

The exhaust plumes and visible areas of the engine exhaust ducting associated with
marwne 2as turbines are major sources of infrared (IR) radianion on shups. These
high-radiance sources mahe excellent targets for [R-guided threats. In recent vears :
significant effores have been made to reduce or eliminate these hixn-radiance sources .
to tncrease the survivabiiity of naval and commercial ships when sailtng i high-risk
areas of the world Tpical IR signature suppression (IRSS) svstems incorporate
Jilm cooling of wisible metal sources, optical blockage 1o etiminate direct line-o1-
stght visidility of hot exhaust svstem parts, and cooling air injection and mixing tor
plume cooling, Because the metal surtaces radiate as near black bodies, everv attempt
is made to reduce the temperauures of the visible surtaces 1o near ambient conditions
The exhaust gases radiate selectivelv and therefore do not have (o be cooled to the
i same degree as the metal surraces The present paper briefly describes the motivation
| for incorporating IRSS into the exhaust systems of marine power plants [RSS

haraware developed in Canada bv the Canadian Department of Nauonai Detence
) and Davis Engineering Linuted is presented along with details of their operating
principles A tvpreal installation s presented and discussed Design vnpacis on the
ship are described wuh reterence 1o engine back pressure. noise. und weight and
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Introduction

~Naval ships, and in some parts ot the world commeraal
shups, are exposed to the rish ot attack by trared (IR) or
partially IR-guided threats 1R as a means ot gumdance 1s pop-
ular pecause of 11s passive nature Thatis, an IR-guided threar
rettes on the electromagnenc rachation emutted bv the targer,
not on the retlection ot radiation originaung trom the tnreat

The IR signatures given ott by the exhaust uptakhes and the
exhaust plumes ot manne zas turbines make excelient tarzets
tor iR-gurded threats Over the last decade. the Canadian
Department of Natiopal Detence has supported the develon-
ment of devices for suppressing the IR signatures of marine
gas turbines with the ultimarte goal ot titting Canadian Navy
ships with this hardware e devices deserrbed in this paper
are now 1n the construction phases tor the Capadian Patrol
I'nigate (CPF) program and the update program ror the DDH
280 destrovers { TRUMP)

IR Radiation

Thermal :adiation s emtted hv a bedv as a tesalt ot 1t
temperature Any vodv above U Jdee absolute radiates thetmad
energy As described by Hudson (1969), thermal radianon wes
in the range Irom about ¥ | (o 100 um in the ciectromagnetts
spectrum. The IR spectrum lies approximately i the range
trom 0 75 to 1000 um Subdivisions ot the IR spectiam nictude

Contributed by the Internatonal Gas Turbine institute and presented at the
33ed International Gas Turbine and Aeroenging Congress and Exhubition  \m

the near [R (NIR 0 75-3,0 pm), the muddle IR (MIR 30-60
wmd, the tar IR (FIR 6 0-15 um) and the evireme [R (NR
15 0-1000 um)

Common engincering matettals tend to emit radiation
*hroughout the IR spectrum, that 15, thev act approvmatehy
as grav bodies where the emissivities are constant tor afl
wavelengths Cases, however, tend to radiate selectively over
narrow bands ot the electromagnetic spectrum  The exhaust
uptake metat surtaces therefore radiate as near gras vodies
while the exhaust plume radiates selectively

High-temperature bodies tend to radiate more energy at
lower wavelengths (higher trequencies) and low-temperature
bodies radiate at higher wavelengths {lower trequencies) A
<00l stip hull will radiate thermal energy at ionger wavetengths
than the hot uptake metal surtaces, winch wiil tend to radiate
at shorter wavelengihs

The atrnosphere absorbs 1R radiation exeept inveriain regions
ot the electromagnetie spectrum  These regions ot the spectrum
through which IR radiation can pass are known 1s atmospheric
windows  Two important windows are located at apnroxi-
mateiv the 3 to 5 um and the 8 to {2 um ranges Low-tem-
perature bodies wili radiate mote in the 8-12 um range vhuie
hot bodies will tend to radiate more wn the 3-5 um ange
Engineering materials, as mentioned earlier, witl radiate in both
these windows, Exhaust gases containing carbon dioxide and
water vapor will radiate primanly in the 3-5 um range because
ot thewr selective radiating characteristics.

The thermal radiation trom the exhaust plume is due to the

It sterdam, The Netherlands June $-9, 1R& Manuscnpr recened by the lnter

} national Gas Turbine Institute Ocrober 1987 Paper No 88 4T 3 carbon diovide and water vapor in the plume As described N
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by Hudson (1969), strong ermussion bands occur in an exhaust
plume a7 4 3 and 2.7 wm The 2.7 um band is caused by both
the water vapor . nd the carbon dioxide, and the 4.4 um band
15 due 10 the carbon dioxide For detection and traching. the
4 4 um band 1s most useful Because the carbon dioxide i1 the
plume s at a hugher temperature and higher partial pressire
than the carbon dioxide in the atmosphere, it raciates outside
ot the absorption band ot the atmospheric carbon dioxide and
theretore iittle of the plume radiation 15 absorbed by the at-
mosphere (Hudson, 1969).

“ight vision systems use the 8-12 pm range to sce items at
remperatures very near to the background temperatures. Look-
g at objects n the 8-12 ; m waveband tends 1o show the
entire beay and theretore the image ts an extended one IR-
ewded mussites tend to use the 2-5 um range so that thev can
home 1n on hot spots that appear as point sources

Detecuon and Tracking

An tR detector 15 used to discern an ebiect trom i< back-
2round. while an IR tracking device .s used 10 tollow the
position ot a selected moving object

For detection purposes the object must appear ditferenttrom
the background it appears in If an obyect radiates 1n a manner
stmtlar 1o the backeround i which it resides, «t will be ver
difficult 1o detect. For detection of an extended tareer, the
radiation reaching the detector when 1t has the target in its
tield ot view must exceed the radiation that the detector receives
when 1t views ontv the background (Wolfe and Zissis, 1978)
In other words, the object radiance as defined below (Hudson,
1969) must be greater than the background radiance

Nzeog IPow (1
where
\ = radiance (W/sr m®)
7= Stetan-Boltzmann constant
€ = emissIv ity

The radiant power per umit area, or trradiance (W m-),
reaching the detector depends on the object and bacnground
raciance (W, s7 m<}, the object and backeround relatve areas
i the Jetectors tield ot view, the range, and of course the
absoroing etfects of the intervening atmosphere

\With no atmospheric absorption accounted tor, and assum-
ing the tareet does not till the nheld ot yview o1 the aerector,
the irradi:ance resulting trom an estended target in the back-
ground scene will be

H=(N,~N,)0Q,+ V.0 2)
where
H =1rradiance at detector (W/m’)
N =target rachance (W/sr m?)
V.= background radiance (W/<: m®)
0 = detector field of v.ew solid angle (st
Q,=1arget sohd angle = A,/R*
A, =target projected area (m?)
R =range (m)

From the above expression we see that the irradiance seen
by the detector depends on the radiance ot the extended source
relative to the background -adiance !f the rarget and back-
ground have similar radiance then 1t will be difficult to detect
the object, For detection purposes an object radiance shouid
be considered relative to the background radiance

If the target ;s a pont source then 1t1s difficult to asaigr a
distance and area to it and therefore 1t 1s more conventen” to
use the concept ot radiant intensity {W/sr), Radiant intensity
15 the product ot the object radiance and the object urtace
area Lising the concept of radiant mrenaity of the taroer the
above expression can be written as

Hz=(J,=NA) /R + N R ()

where

B SRRSO e o SA TR il STt s £ 2mm 2

J,=target radiant intensity (W/sr)

As with radiance, radiant intensity of a arget should be
considered relative to the background radiance effects.

For tracking purposes the same principles apply, The target
radiance must be different from the background radiance
However, for trackers 1t 1s important to have a signticant
contrast between the background and the target. For ine same
rradiance, a point target 1s easier to track than an extended
target (Wolfe and Zissis, 1978) Trackers design+4 tor pont
targets usually have degraded pertormance wh:n contronted
bv eatended targets. Theretore hot spots make good targets
tor trackers.

Relative Importance of IR Radiation Scurces on a Ship

Sources of IR radiation on a ship include the hull {and
assocrated elements), the visible exhaust duct metal, and the
exhaust plume. The relative importance ot these different
sources will be shown with the tollowing approximate analvsis.

Consider a hypothetical slup where the hull. plume. and
visible uptake surfaces have areas ot approximately 1500, 20,
and 5 mi, respecuvelv  These visible areas would apply ap-
proximately for a side view ot a ship when the plume 1s flowing
straight back trom the funnel The observer’s position includes
a small downward elesation angle so thar part ot the hot
exhaust uptakes 1s vieole. The plume area ot J0 m- apples
for the 3-5 um wave tand (the plume effective area depends
on the waveband of interest vecause of its selective radiating
characteristics)

Let us assume that the baciground is at a umform 15°C
and the hull average temperatu: e 15 $°C sbove the background
temperature. Let us also assume that the ctfective plume and
uptake temperaures are 400°C This case 15, Ot course, a sum-
pithication, Real background ettects, solar heaung, and non-
aniformities in the hull and plume temperaturas have not been
considered 1n the analvsis Table 1 shows the assumed prop
crues ot the different {R sources on the ship, including the
assumed temperatures and areas

It these different sources ot radiation were to radiate as
black bodies, a certain percentage ot the total radiation would
fal within the two atmospheric windows. Table 2 presents the
approximate percentages that result

The hull and the uptake metal surtaces act as gray bodies
and tor the purposes of the present anaivsis it has been assumed
that the ermissivities tor both sources are 0 95 For the plume
the radiation calculation 1s based on the assumption that the
selective radration ot the carbon dioaide can be approximated

Table 1 Assumed conditions for order of magmtude anaivsis
of different sources of IR radiation on 2 ship

source Temperature, Assumed area,
. 3
C m
hufl 20 1500
plume 400 20
exhaust duct 400

Assumed background temperature = (3°C

Table 2 Approximate percentages ot total black body radi-
ation falling within the atmospheric windows for the different
sources of IR

Source Percent black bodv radiation
3-%um 8-12 um
hull 1 26
plume 3 -
exhaust duct 28 19

*Note* For the plume rac.ation the percentage of black body radration
1s based on the 4 3-4 §5 um waveband.
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Table3 Order of magnitude estiumates of radiance and radiant Centre Body
M intensity for the different sousces (0 X background) Exhaust
3 < Fl e
4 Source Radiange, Radiam intensity, i \ A\\\k AW Wy
N W/ m? W. st - ’\\ e '
N ! N -
N 3-8 um 8-12 um 3-5 um 512 um , Nd R N ‘
J - TS - .
K¢ hull i3 13 1950 49,500 D i
pluine 4 - 1480 -
exhaust 985 668 4925 1340 A
\ . duct it S
' Tabled  Order ot magnitude estimatcs ot radiance and radisnt Quter Duct Oiftuser Section
wtensity for the different sources accounting tor hackground Fig 1 DRES Ball IR suppression device (marine application)
. at 288 K
Source Radance, Rad:ant intensus.,
. Standoft
Warm W ."d? Muxing Length
ovum 3-12 um 3-8 um 3 2um D4 -
hull g2 245 0 Ko
plume "1 - 1358 - Exhaust
exhaust RhX] 618 4920 e8 Gases NN —_—
haut A AR
Table § Percentage contnbution of source: to overall ship [> -
signature (background at 288 K) .
Source Percent LORIMIbUNON ' wourees o total - e e e
¢ stup sienature . 4 Nozzle ( rerTr 7 oe—
' 1.5 NEE) Erector - -
Y il f2um Mutti-ning Entraining Diffuses
hul i <3
plume 23 0
\mu:x 6 3 Fig 2 Eductor/ditiuser IR suppression device (marine application)
H 1 the 3-S5 um waveband 4s a erav eas radiatine berween 4 1 Juct surtaces can both be sigmiticant sources ot IR radianion
. and 4 85 u1a with an ettective SISV 0t 0 5 This dssump- Because ot their high temperatures the uptakes and the pume
tion 1s based on an analvas presented by Hudson (1969) tor ~ Mahke good targets to1 [R-guided threats
astimat.ag the IR signature of a jet engine exhoust Based on
these assumpiions the radiance and radiant tensines tor he IR Signature Suppression
i vdnous sour fuve been caliulated  Table 3 presents the The obrect of IRSS 15 10 reduce or eluminate fugh ragiance
i fesuits 01 thes « Hewations. sources of thermal radiation Fo Jo thes 1t s neLessary (o vool

From Tabie 5 s evident that tor the present npothencal ne metal surraces 1o near ambient lemperatures and w ool
wase the plume onc Jhe upta’ @ oare oy 1ar the hughest radiance exhaust plumes 1o 4 temnperature ‘vnere oy selective raaration
>Ourees on the st I terms ot bemg hot spots, the uptake athe -5 wim band 1y of the same order as that trom the cooted
has a radiance TR0 nmes that ot the baid and 13 tmes thar of  merad surtaces on the same waveband
. -he piume in the 3-% um aaveband tnorhe 8~12 pm waveband ¢ the high radiance sources are ehirunated then the ship
. e uptake has a radianee 20 tmes tha O the hull Theretore  becomes an evtended target with no hot spots that act as point
, ¢ ehmnate hot spots the st prionty 15 0 ¢o0l the vivble  targets 1o a threat With the hugh ramance sources elminated
parts of the exhaust duct and the next prority is (o w00l the  :he ettectiveness ot decoy countermeasures is sigmficantiv -

vlume wreased
fn terms o1 the radiant intensity all of the sources are sig- It shoud be stressed that with today’s IR detection tecn-
. aiticant In ihe 8-12 um wavepand rhe h 1 appear 1o dethe  nologies 1t 1s nut possible to ehimunate the IR signature and

dominant source However, this 1s mislea.ting bevawse the ef-  thereby thwart detection, Only a traction ol a degree celsius
tects of the bachground have not been accnunted ror  lable temperature difference 1s needed with todav's technology to

4 presents the same estumates but with tne et ez, o1 a 13°C detect an object The object ot 1RSS 15 to eliminate hot spots .

. background subtracted out thereby making the ship an extended targer. Once this 1s done,
For the presen’ 1 pothencal case. the large hul, area com- hot spots can be araticially introduced using decoys. ’

pensates tor the fow hull radiance and theretore the hull be- Tvpically, engine exhaust [RSS svstems mvolve Blm and

comes the mest signiticant source 1n terms of radiant intensity  convective cooling of metal surtaces, dilution plume cooling,
o the 8-12 um waveband However,in the 3-5 um vaveband  and optical biockawe to ehminate direct hne ot sight view of
all three sources are sigmficar  [n this hypothetical case (v hot metal parts Special himishes are also used to modify the

2,

. the 3-5 um waveband the total shup signature can be reduced  -adiating characteristics ot surtaces
: by Y9 percent if the plume and exnaust dudt are cooled The Two examples of engine exhaust [RSS devices are the DRES '
¥ benetit 15 not as great 10 the 8-12 wm range with a reduction  Bail and Eductor/ Diffuser (E/D) Figure | shows the DRES
i ot the total signature be'ng about 46 percent i} the plume and  Ball device and Fig. 2 shows the E/D device.
exhaust duct ar: cooled These vanious percentages are sum- The DRES Ball device concept «ninated at the Detence
manized in Table 5 and, of course, apply onlv tor the present  Reseaich Estabhshment Sutfield (DRES) in Alberta, Canada.
hypothetical zase. The device consists of a film-cooled outer duct surrourding a
The above example shouid be considered asillustrative onlv  Lonvecnively and film.cooled aptizal Mock cenier 568y aind a
H Actual ship signatures ot course depend on view angles. back-  film-croled diffuser The center body or bail is use¢ 7. block %
& yround conditions, and many other tactors. However.theanal-  the view down into the exhaust duct, thereby elizmnating the % .
;fé ys1s shows that nnaer certain conditions the piume and exhaust  direct line of sight of the hot ducting. All visible metal surtaces P
21.3 I :
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H o R - T e T pressute. Friction losses in the device also result 1n a2 small

i s Crenat Prssurs Lovet | wcrease in the system back pressure.

},z o ey Eaperemants Cuter Body Figure 4 presents the results from scale model tests of a

A L 3 Bl —\ T Exow e e boxy DRES Ball device and a simple uptake. The graph shows the

. LN h b e measured radiant :ntensity relative to bachground versus the
T * . angle of view, For security reasons the radiant intensity scale
s has been removed. As can be seon from the figu, ¢, the DRES

ST 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 tn Fig. 2 consists of an ejector pump
tor entraining cooling air to cool the plume and a nim-.cooled
- diffuser to provide metal surface IRSS for a limited range of
- view angles. This device 1s similar to those studied extensively
by Pucct (for ¢ smple, see Ellin and Pucci, 1977) and are
simafar to systerr sresently in operation in several Navies E’
D devices have bee,i designed and buiit to provide .astal surtace
IR suppression for view angles up to 60 deg below the horn-
contal (looking down trom the honzontal nto the vertical
exhaust duct). Because the cooling air 1s oalv mtroduced at
the periphery of the duct, the plume temperature distribution
shows a temperature peak at the plume centerline. This type
ot plume temperature results 1n a agher plume signature than
that trom the DRES Bail for the same average plume tem-
perature,

'

ovtunzea Prenum s

RES Bali device (for tan

Fig 3 Flowceh
assisted design)

| pressure n

N

Yiew Angte |

b 3t e 2

Ship Design hiapacts

The DRES Ball and E/D devices are tvpicallv installed 1n
the ship’s funnel and replace the end section of the exhaust
uptake, Figures § and 6 show how a tvpreal LM25001nstallation
might iovk with esther the DRES Ball or tne E. D installed.
\ A typical instaliation will invoive sumerous aerothermal and
/,C, vathout DRES Bati Jtruciural consideranons From an imual design standpoint

% the tollowing are the most imporcant
“ i engineexhaust flow conditions, specifically the mass tlow,
! and temperature (for design power and ambient conditions).
2 aliuwable back pressure,

. 3 availabie space, and aliowable weight and location of

N\ a3 sy m wenter of gravity,

N\ 4 cooling air supply,

5 allowable nose levels,
6 desired plume exit veiocity, and
7 desired ptume and metal surtace temperatures

Stack

/

Radiation itensity

b 89 25 m,

7.: Aitn DRES Bail
3 / (32 55.m1
- ey | Flow Conditions. The ¢ngine exhaust flow conditions are
-—-‘:_‘P' |80 123 my
oy m ” p — obtained from the engine manutacturer. as s the allowable

back pressure The engine flow conditions are the starting point
from which the design begins.
The devices are typically designed for tull engine power .
condhtions, Experience to date has shown that at lower engine
powers the devices ~ontinue 1o work effectively. As the engine
power s reduced, the IR sign1tures decrease, as does the system
back pressure, .

View Angle
Fig 4 Mea~ured iR signature for a scale model ‘incoolsd stack and 2
scale model DRES Ball squipped stack fadiant i y scais
removed)

are either convectively cooled or tiim cooled. The ti'm cooling

>R R RN ML 3B SRR A
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&
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lavers eventually mux with the pnimary exhaust s.ream, whe.h
resuits tn effective cooling ot the plume, Cooling atr introduced
ty the center body results 1n cooling of the plume core Cooling
air for the center body is brought into the ievice through the
four hollow support struts for the center bodv The DRES Ball
provides 1R SS for at! angles of view.

Figure 3 shows the flow channel pressure distribution 1in a
fan-assisted DRES Ball device (DRES Ball cun e sither passive
(no fan) or fan assisted). As can be seen trom the tigure, the
presswe distribution 1 the de ace 1s such that a:r 1 induced
to flow in through the various cooling air gaps. This tlow in
through the gaps provides the film cooling layers on the metai
surfaces and is the source of cooling air tor coonug tne pitme
The induction of the cooling air results 11 momentum ransfer,
which 1 turn auses an increase in the exhaust svstem back

S et v vt e

Back Pressure. In both devices the cooling arr pumping
action results 1n back pressure being applied on the engine.
The back pressure penalties depend on the desired IR sup-
pressor pertormance and are typically in the range of 2000 to
4000 Pag (8 to 16 1n W. G., total pressure measured at the
inlet 1o the {R suppressor (total pressure being the static pres-
surs plus the exhaust gas dynamic pressure) Note that this
back pressure includes the piume dynasnic pressure, which 1s
a loss m any exhaust system

The device back pressure is a function of the volume flow
rate through the drvice. When engine power 15 reduced the
back pressure 15 reduced because of the combined effect ot
iower volue fuw of ealiausi gascs and reducsd soshing arr
intake, If the source of cooling air 15 cut off such that less
cooling air 1s drawn mto the device, then tiie momentum trans-
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Fig. S Typical DRES Ball manne installation

Eduetcr Oiftuser

Engine Enclosure

Fig. 6 Typical Eductor/Diftuser marine instaliation

fer etfect 13 reduced and the system back pressure drops In
other words 1f the [R suppressor is turned otf by stopping
cooling air flow then the back pressure penalty ettect 1s re
duced.

It should be noted at this ume that other IR suppressor
designs exist that use shghtlv different methods ot taking in
air tor surface and plume cooling However. no magic method
exists that gives IR suppression for free, 1t must be paid for
in the torm of fan power or back pressure tor the same level
of surface and plume cooling

During the mitial design activities tor an IR suppressor,
disengoron with the engine manutacturer 15 necessarv to ensure
that the exhaust system and {R suppressor design meets the

B L L o
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Table 6 Size, w “ght. and CofG summaries for DRES Kail,
E/D, and simple uptake for a typicsi LM2500 installation

Maximum
Length, diameter, Mass, Cof G,
m m g m
sumple T4 22 4200 37
uptake
DRES Ball "4 29 4250 34
ED 8.2 30 2800 s

Note The DRES Ball and E D above are passive designs and there-
tore do not require tans or sealed plenums,

allowable limits for engine back pressure. To date, every design
involving either the DRES Ball or the E/D has met the allow-
abie back pressure constraints set by the engine manufacturers

Space, Weight, and Center of Gravity, Another cntical de-
sign consideranon is the space into which the device 15 10 1t
and the acceptable weight. Because the devices are mounted
high up in the ship, the weight and center of gravity of the
Jdevices 1s crinical, especiallv in retrotits where much of the
weight margin ot the ship has been used up over the years

Table 6 presents a summarv of the Jevice dimensiors and
approximate weights and centers of gravity for the two devices
sized tor an LM2500 installation, along with the same data
tor a typrcal uptake tor comparison purposes. As can be sren
trom the Jata, the devices require some additional space In
terms ot the device weight, the E. D s lighter than the simple
uptake bv a considerable amount, while the DRES Ball 1s ot
stmilar weight  The weights of the devices have been optimized
through extensive structural analvsis tor the reasons noted
above Note that 1n all cases the uptake and IR suppressor
matenal 15 assumed to be stainless steel sheet metal with ap-
propriate stiffening With use ot advanced material the weight
etfects can be reduced as much as 40 percent at a cost

Cooling Air Supply. Both the DRES Ball and the E. T device
are capable ot naturaliv inducing the required cooling air tor
~ooling the plume and metal surtaces. That is, thev are soth
passive devices and do not require tans

As can be seen trom Figs. 5 and 6. both devices require that
air treely enter the ships funnel Both devices relv on large
volumes of cooling air being available at near atmospheric
pressure. Pressure losses resulting trom the cooling air {low
through funnel louvers must be kept to a minimum Care mus®
be taken to place the tunnel louvers such that air flow can
effictently reach the devices Care must also be taken to po-
sitton the louvers sc that radiation of notse to critical areas 15
minimized.

In some cases ar at above atmospheric pressure may be
available, and where possible this air should be used to boost
the performance of the device [his air may be exhaust air
from an engine room, tor example. Fans can also be used to
boost performance. For designs incorporating fans the fan
intakes must be carefully placed to mimimize losses while at
the same time considering weight, space, and fan noise eftects

Since the devices are completely housed in the funnei the
effects of wind should be at a mintmum, However, circum.
ferential pressure vartations at the cooling air gaps are mnevi-
table, and theretore some surface temperature vanations will
be found n the devices. These temperature vanations usually
have utle effect on the overall IR signature In special cases
where {ocal hot spots rezuit, special measures can be taken,
such as the introduction of transpiranion coohng holes o re-
duce the effect of the hot spots,

Noise. Both of the devices rely on the entrainment of cooling
air by using a venturi etfect The resulting high velocities gen-
erate noise. Noise levels given of by these types of devices are
animpartant design conaideration because high noise levels in
areas where verbal communication is necessary can not be

21.5
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tolerated From a noise standpoint the DRES Ball witt us
relatively closed design 1s supenior to the B/ D, For the purposes
of hmiting notse, maxumum velocities in thy devices are usually
himuted 0 95 mss. However, 1115 not always possible to meet
other design targets and still meet the maximum flow veloaty

Table 7 Approximate notse levels from DRES Ball and E/D
Sound levels (dBA) a1 locauons

shown n Fig 7
Locauon A 8 C
DRES Ball 96 399 38 8
£ D 9990 930 910

Note, Estimated full-scale levels from | 4 scale hot flow model tests
with no acoustic treatment
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Fig 7 Location of noise measurements on ORES Bail and Etctor/
Dittuser modais
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constraint  In such cases special care 1s taken to ensure that
noise levels meet appropriace specifications, In some cases this
will mnvolve the use of acoustic treatment of ducting and other
assoctated surtaces.

Table 7 presents a summary of estimated noise levels tor a
tvpical installation Figure 7 shows the locations ot the noise
levels refative to the pnimaryv noise sources.

Plume Velocity. In some installations the plume velocity 1s
a design constraint. For the plume to clear the ship boundars
layer the plume must have sutficient upward momentum: this
will require a mummum plume velocity The tact that the plume
15 cooled must also be considered, because a cool plume 15 ot
course less buoyant.

Ship boundarv laver model tests will show a required min-
imum piume velocity tor the plume to clear the ship, and this
minimum selocity has an impact on the design of an 1RSS
system, The higher the plume velocity, the mgher the plume
dvnamic head, and this relates directly to the exhaust baca
pressure Tyvpical plume velocities tor LM2500 installations are
in the order ot 40-45 m/s tor tull power operation

The entraining diffuser on both the DRES Balland E D
designed to reduce the plume velocity to minimize the toal
back pressure For installations where the desired plume ve-
locuty and allowable bach pressure constraints contlict, a tan-
boosted IR suppressor design mav be necessary

Plume and Metal Surtace Tem,eratures. The iR suppressors
are designed to reduce the plume and metal surtace remper
atures The degree ot cooling depends on the tvpes ot threat
to be countered and on the tvpes of decov to be used The
desired plume temperature and the engine tlow conditions dic-
tate the total amount ot coohing air that must be entrained
The device size. the cooling air gap areas, and the resulting
flow rates tin the back pressure. The metal surtace cooling
Jictates the placement ot cooling air gaps and the shaping ot
the tlow <hannel

Figure 8 shows an approximate pertormance map tor the
DRES Ball device. The map shown is for a device with uniform
gap sizes and applies tor = specitic device geometrv (fined
number and locaton ot gaps, and flow channel shaping) The
actual scales have been removed trom the map tor securuy

Plume Temperature T¢ x 10

1+ Cooting Mess Flow M*

Fig. 8 Approximate pertorrance map for DRES Ball device (temperature and mass flow scales removed)

.4 P -.
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reasons, the map 1s intended to show trends tor discussion
purposes

The tigure shows a nondimenstonal back pressure \ersus
nondmensional plume temperature and mass flow rativ tor
difterent device contiguiations The ditferent conhigurations
are created bv varving the gap sizes and the rato ot the uptake
Jrameter to the device exit diameter The various parameters
are detined as tollows:

Nondimensional piume temperature

P=T.-THYy (I -1 3)
Nondimensional back pressure
Pr=P. L 2oL (6)
\ondimensional gap size
G*=G D )
Nondimensional cooling air tiow
\r=m m t3)

Nondimensional size
D=0 D il
where

T, = exhaust gas wemperature, ¢

I' = coohny air temperature, €

T, = plume averave temperadaure,
P, =~tate or rotal back pressare, Pag
o = exhaust gas density, ke mp

{ =uptake tlow sciouty. m s

O =nlet (uptake) diameter, m

(= gap size m

O, = enit diameter, m
m o= ozhaust gas mass fow we s
mo=cooling air mass tow wg s

To use the map one munt select 3 desred eneime mass How

4and exhaust emperature  aifonaple packh pressure amoen
semperature, uptake diameter and desied ~lume temperature

Based on the avove, the nondimensional sackh Pressare ind

21.7 AC/243-TP/2

plume temperazure can be calculated. The intersection of the
vertical ine passing through T and the horizontal line passing
through ~* indicaies the requured gap area and device size
ratto One can pertorm tradeot: studies by varying the gap
sizes and device size and noting the etfect this has on the plume
temperature and back pressure,

It must be noted that this map 1s approvunate only and does
not nciude Reynolds number ¢, Mach number ettects. The
map 1s presented tor discussion surposes only, The above map
was gencrated using a com; . er code called IRSCOOL [R
suppressor design studies . re conducted using this code A
similar map can be gener -ad tor the E, D device.

Conclusions

[RSS ot marine power plant exhausts. especially gas turbine
cvhausts, has been shown to have a sigruticant etfect on the
overall IR signature ot a ship [t was shown that the engine
¢xhaust plume and visible metal surtaces are by tar the major
source of radiance or hot spots on a ship. In terms ot radiant
intensity the ship huil was shown 1o be the primary source in
the 8-12 um waveband and theretore the [RSS ot the engine
exhaust plaved onlv a minor role in reducing the signature in
this atmosphenc window However, in the 3-35 um waveband.
the suppression of the plume and the hot metal ot the exhaust
Jduct had a verv signiticant etfect

Devices incorporating tilm and convective cooling ot metal
urtaces and plume diution tor plume cooling were gescribed
[nese devices replace the last portion o1 the exhaust uptake
and have numerous impacts on the ship including back pressure
ctiects on the engine, wetght and center of gravity eftects, and
noise
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High-—Precision Target Traciong in the Presence of Multipath

O |

by
R.M. Turner and E. Bossé

Defence Research Establishmert Ottawa

Abstract

Multipath can adversely affect the performance of fire—control radars against
low—level targets. Specifically multipath causes deep signal fades ard tracking
errors which can lead to reduced kill probabilities. This paper describes a new
technique based on propagation modelling and maximum likelihocd 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 L troduction

One of the most severe threats faced by the madern naval ship 1s an attack
by sea~skimming missiles. Once such a missile has been launchied, 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.

R E PR TN L TP 2S-SR PGS

It is believed that a solution to the problem can be found by using the
apprepriate radar frequency bands combined with the use of array
signal—processing techniques such as those described in this paper. Unfortunately,
the ideal solutior, comprising perhaps a dual X and K, band radar, is probubiy
quite expensive. Less than deal radar systems may well be implemented ir future
ship—defence systems. It is interesting to note that such a wide—bard 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 technigue called the Refined
Maximum Likelirood (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 techmqus, the form
of the RML estimators with a summary of research done on these estimators, the
development of equations for monopulse and performance evaluation using
simulations in which we compare the RML technique with monopulse. Finally, we
discuss the implications for imprev :d weapon—syslem performance.

2.0 Sampled—Aperture Antenna Configurations

A fundamental requirement for application of array signal processing is the
apprepriate antenna configuration. We discuss two possibie configurations one of
which ig illusirated i Fig.1. This is the configuration used in the experimental
low—angle tracking (ELAT) radar developed at DRED for t)e conduct of research
and development on low—angie tracking techniques. ‘The second configuration (unot
illustrated) corresponds to a planar phased-array MFR with subarraying on
receptior. similar to the UK MESAR system [i]. Both these configurations can be
described as sampled—aperture aniennas where the aperture is subdivided into
subarrays. The output of each subarray hae a receiver providing in—phase (I) and
quadrature—phase (Q) ouiputs which are . gitized in Analogue—to—Digital
Converters (ADCs} to give a digital sampling of the aperture. The I and Q
outputs of each subarray can be treated as a complex sample; the tctality of these
outputs can then be treated as a complex vector for vhich the itb component
corresponds to the complex output of the 1th 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 Physical Basis of tke Refined Maxi—am Likelihood (RML) Method
In Fig. 2 w2 illustrate the multipath problem for a low-altitude target with a

strong reflection from the sea. A common physical picture is that of Fig. 2a where
we see the target and its image. Corsider, 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
two—element interferometer with a separation of 2h; where h, 1s the radar Leight
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 h; 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. Ths 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 techmque 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

rocess), the complex reflection coefficient, and the specular scattering coefficient
ffunction 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, s, over a vertical apert ire as

80 = bo fa(h) + "o (1)

where the index m indicates the mth frequency in the case of frequency agility and
where 1y, is the vector of complex receiver noise over the array. This model has
three unknowns, the amplitude and phase of the radar return, by, 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 heigh

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.

e e v - eaen

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 IT; Swerling III and IV led to intractable mathematical problems
L4-—6]. Extensive verification of the performance of the estimation algonithms has

een carried out with Monte—Carlo simulations. Experimental verification has
also been obtained using beacon signals. The baseline for performance comparison
bas 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 will 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 wuen there are errors in the a priori information. The effects of '
N some errors have been studied. Errors in knowledge of own radar height of about a
| & 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.
i 4 In principle, each of the Swerling target models requires its own estimator.
i ; 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
b variance of the estimated height and increase the threshold below which useful

‘ v estimates cannot be obtained. As well, the onset of the threshold effect is much
N more sudden with fluctuating as opposed to non—fluctuating targets [7]. In
addition, fcr Swerling 0, I and III where the target fluctuation is slow enough to
allow coherent integration, it hes 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.

i
| In light of the above remarks, only the equation for the RML estimator for a
j 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.
!
{

X
! s&n(2)]]?

, B Co(h) =
L =1 o2 2
1 , I llsali/o o=1 of (Al

(2)

It has been shown {4—6], that maximizing Cv(h) as a function of & gives the

B maximum likelihood estimate of target height. Here 8y is the coherently
integrated data vector, the superscript "H" indicates the Hermitian transpose,
fm(h§ is the model vector and ¢,2 is the receiver noise power corresponding to,the
mth frequency of a frequency agile racar. The vector product in the numerator of
(2) inside the summation sign is analogous to a Fourier transform of the array
outputs; indeed when the reflection from the sea becomes vanishing small in the
case of very rough seas, this inner product becomes a true Fourier transform. The
superscript "n" in C®(h) indicates a non—fluctuating target. A search must be p
carried out over the expected values of A to determine the maximum of Ca(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 & to determine the RML estimate.

Fig.3 shows the form of Cv(k) for various sea states. This figure also
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
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ELAT —swtable 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 F1g.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 i = 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

(leax%) Sm Dm + an/U%
Vo= (3)
(Qm/%z,) Su Sa + nSm/o'%

where Sy, and Dy, are complex propagation factors given by
Sa = Gsa(ft) + A Gsun(ling) (4)
for the suin channel, and
a = Gpa(6:) + 4 Gpu(Oing) (5)

for the difference channel. Here Gsn(6;) is the sum pattern response in the
direction of the direct signal, Gsn(fiug) is the response in the direction of the
image and Gpa(8) and Dm( fing) are the corresponding quantities for the
difference pattern. The quantities npp/on2and ngqg/oa? 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 Qn/oy? is computed from the radar system parameters,
target range and radar cross—section. We can vary this quantity to meet a desired
system specification. As an example, if a system is required to produce a 10 dB
free—space signal—to—noise for 2 1 m2 target at 25 km then we can define a term

Qo such that:

Qo RCS
— (6

with Q¢ = 3.9 x 108. The normalized term Qqn/~? is then calculated from
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Qu/od = ‘ Qo RCS/R¢ n

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

The error voltage ratio is calculated using the real part of V,, and used to
find the corresponding angle off—boresight. This is done for each frequency with
the final estimate of tie 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 simulatior. The sirnulations 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
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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ABSTRACT

The desire to inciude a multifaceted sensory 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 accomptlish 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.

L

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 (charactenization 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 ctutter

2.  INTRODUCTION

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

single-sensor] multi~sensor
single-target single~target

] ] :

3
. single-sensor| multi-sensor 2
;’ﬁ:ie_';erni‘t’ single-target single-target g
g clutter & FA clutter & FA g

: g
single-senso;‘ multi-sensor g
multi-target ] multi-target 2
clutter & FA clutter & FA J &
; =}
Figure 1 Evoiution of the tracking problem <
L 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
7
¥
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fairly complex attributes of the target’s flight dynamics, such as roil angle [1]. or general
orientational information [2). Typically, 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.

m’odg]‘»":lf

séxti N (- Magkav
TXoy”.”

Bolynonna
. model over
g windo

Applicable
to either
limited

memory
filter

multiple
models

interacting
multiple
model

mems,
ﬁlterry

filter
Figure 2 Classes of techniques for dealing with manoeuvring targets.

The analyucal 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 devices
relied 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 bused on the application of Lie
algebraic concepts to the nonlinear filtering problem [5] have provided motivation for
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increased optimism towards the development of finite dimensional recursive nonlinear
tracking filters.

Estimation techniques based on the consideration or 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 ot fusion in
meeting projected tactical needs is convincingly portrayed in a recent article {7}, 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
information 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 given 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 srrors, 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 ith sensor in a cluster
of n inter-dependent sensors, in terms of its internal state (y, ), dependency on pieces of
information (@, = @y, ... -1, @41, ... @y ) provided by the other n-1 sensors in the cluster,
and the observed target kinematic/attribute information (x, ) of interest can be described
as [10]

»n= 5.(&.%. Aty e Qicts Qrge 1y oor Oy)
S ve @)

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,

[

fy) = fixlrvea) fyvla) fa)
where,

fx|y.@): the conditioning of the observed target kinematic/attribute information on the
internal state of the /™ sensor and information provided by n~1 other states.

fvida):  describes the uncertainties of the internal state which might be depende-it (not
always) on informaticn provided by other sensors.

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

In so doing the contribution of 1he three measurement models have been separated, noting
however that the possibly nonlinear mapping of {, may cause the density function fx,}y, a,)

to be forbiddingly abstruse. In light of this realization, concentrating on developing adequate
observation models should be stressed and contributions of staw: and dependency models
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4

i should be approximated to facilitate the feasibility of real time application of the above
u concepts.

By an indepth investigauon 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,

Ye = hlx) + v
but more accurate ronlinear models ~an 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,

£ = (xyz )
If the sensor relocates by a translation g and a change in orientation 8 . the resulting effect
on the vbszrvation model {non-linear in 8 ) must be accounted for, and the uncertainty
(Ag, Af) 1 1aus motion incorporated via the state model. This consideration 1s analogous
to the problems encountered when sensors with multiple view poiats (spatially dispersed)

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

4.  SENSOR FUSION TECHNIQUES

Assuming the existence of previously constructed models which adequately describe
the sensory measurements, and appropriate dynamic models of the targei(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 hnear minimum variance unbiased estimator

5 (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 [14] and considering

the resulting probability density function (pdf) arrived at by ferming linear combinations

of not necessarily Gaussian! measurements across p sensors, the resulting pdf will be

unimoda! and predominantly characterized by its first two moments, although not

necessarily Gaussian. Therefore, concentrating on optimizing estimates based on first and
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 1s itself a Cauchy random vanable.
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Nonlinear data fusion techniques have also been described in the literature. Inarecent
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 resuiting 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 fuston
nethodology. “Techniques incorporating fuzzy logic [18] and neural networks [19] have also
been suggested.

The majority of generally applicable techniques however. appeal to probabulity theory
to achieve descriptions of the sensor's abilities (qualitative models) with appropriate
statistically based fusion schemes. These probabulistic approaches can be further separated
into techniques utilizing statistical decision theory [20], maximum likelthood techniques [21],
while the majority incorporate linear Baysian estimauion techmques. The viability of the
linear Baysian approach for achieving practically realizable sensor fusion has been
demonstrated for a wide vanety of applications: The fusion of information derived from
infrared (IR) and millimetre wave (MMW) sensors [22]. radar and optical sensors [23),
forward looking infrared and vision sensors [24], sonar and infrared sensors [25].

42 Determini iate information R ion 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 15 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 inaging
sensors at the pixel level. although nixel level sensor fusion has been demonstrated for
specific applications [24]. Feature level sensor fusion, when these features are disceinible,
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 levcl facilitate the inclusion
of orientation information which can at times be used to improve the tracking function [2].
The apphcation of silhouettes for image based tracking of manoeuvring targets has been
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successfully demonstrated [27]. 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, 1n ground based airborne target tracking applications where the desired goal is to
track many distant targets using multiple sensors [9] 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 1ts associated
uncertainty can be accommodated quite adequately.

43  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 k" sample interval can be denoted by

yi(k) = Cdk) + vy(k)

yolk) = Cpx(k) + vp(k)
where the subscript refers to the sensor group number. Grouping the above yields
DT, . y5ONT = [CT o CEITxCK) + (R, ViR
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) = Adk) + Bu(k) + w(k) 2)

The centralized approach would vse Y = {y(0), ., (k)} to construct a global estimate for
x(k+1), the decentralized approach however, would process the local information
Y, = {y(0), .. yi(k)} tosimplify the amount of work that must be performed at a higher level
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1o 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 vartance estimate

of x(k+1) as
Xk + 11k) = Alxtk|k- 1) + K[y(k)- CX(k |k - 1)}] (3)
and assuming the v, 's (local sensor uncertainties) to be independent
Efv(kWT(k)] = R(k) = Block Diag [Ry(K). .... R,(k)]

yields a decomposition of (3) in terms of local quantities [28]

2k + 1K) = A{sklk-1) + i%‘(k)b',(k)— Ciitklic- 1) } (4)

1]

This description obviously results in a centialized fusion technique:

@ 1 loca
Info. Centralized

sensor\ 2 loca g;?ill,:;x,ate
‘2 Info.|  Fusion R(k+ 17Kk
P(k+ 1/K)

Estimator

v, loca
Info.
X(k/k-1 ).’P(k/k—l)

Figure 3 Centralized estimation fusion (CEF).

Analternative technique which can be utilized te achieve a centralized tusion topology
requires the fusion of all the local measurements nto a single measurement (with
corresponding covariance) prior to estimation

Y = [ék:%k)]" [éR;*(k)ymk)]

This techmque is commonly known as measurement fuston,

sensor \ Y1 _loca
#1 Info. ‘21
172}
Al & Global
@ Y2 loca % Estimate
fofo.} 5[ y| Simple (k+ 1/k)
=y
’ : fod Estimator Plk+ 1/k)
2
z "
sensor tocal| = R(kIk-1) P(k/k-1)
#p Info.
Figure 4 Centralized measurement fuston (CMF).
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44  Sequential Fusion

A sequential filter which assumes the measurements across the p sensors are
sequenced in time with zero time separation between each measurement [28] allows the local

estimate to be constructed as
£(k|k) = Za(kik) + K(R)lyik) - Ctmi(k 1K) t=1..p

where

K(k|k) = & (k|k)
The 1th sensor updates itself across one “real” sample interval using it's own information as
p P g

ik k) = Atk =1k -1) + KK)nk) - CAi(k ~ 1k - 1)]

This procedure can be illustrated diagrammatcally as shown below

G
oK) (k)
Sk/i-1) [ #1local | gksky| #2local | fak/k) #plocal | <ik/h)
—*! processing »| processing—* . ——*! processing —=
Pk/k-D 1 “noge | Puk/k)| node | Pak/k) node P(k/R)

Figure 5 Sequential fusion (SF).

4.5  Decentralized Fusion

The sequential information fusion technique although being distributed 1s 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 1n his predecessor’s work were
retained. These restrictive impositions were first lifted by Chong [30] wherein he described
the construction of 1 global estimate from local est'mates which are derived independently

at each local node.

k1K) = PO o { PGk D0k -1+ [P Gk R)5 1) - PGk R-Dkik-D)

t=1

G

where,
ik + 1]k) = Afklk - 1) + K@k) - Chiklk - 1)] (6)

The parallel decentralized structure described above in eqns. (5) and (6) is depicted in figure

6 below.
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#1local | local £y
processor estimate

[}

2 local | local £
% TFusion Global
10Cessor I R efi
pLocessoty egrimate Estimate

! Processor == X

. . . .

¥ loc»zg“ #p locai |_local \;_g
Info.{ PTOCESSOIT aorymate

Figure 6 Generic decentralized fusion (GDF).

The work of Chong {30} represents the first truly “decentralized™ sensor fusion
procedure and+ wides an inherently hierarchical structure. which allows cach local sensor
group to function. without requiring interaction with other sensor groups. and only to conve
information to the fusion centre unidirectionally Tlus procedwie was derived in ar
alternative manner (alzebraic mampulation of the global estumator) by Hashemipour [31]
who furtiter gereralized the approach to allow correlation between state and observation
noises. and a more general state model which facilitates state coordinate transformations

The tullv decentralized approach can be achieved by teformulating the sensor tusion
problemn using the projection theorem {4}, and advantageously exploiting mformation tvpe
Kalman filters at both the local and global levels  This develonment 4] alvo includes the
ability to cope with manoeuviing targets by compensating { d (k) ) local pseudo estimates as
illustrated in figure 7 below

14
dk + 1/k) = A Tdikjk - 1) + Z{uuk bk 4 dk) - AT k- \‘,
S
vtk local hik+1l,  dio] E
1sor i _Ldik+ o ditlg) E
s 521150 —"‘2' processing s S
i_node #1_ | &
. - o = Global
yofky 1 local datk+1/k) .dAk)] % Estimate
— T protessing £ Global
node #2 % [**{Processing~* %
. : : = Node
pe
e — . -
S semsor )yl ocal | dykr 1K) d)) 3
4 processing g
P |_node #p_| &
Figure 7 Decentralized formation type fuswwn (DIF) with sensor management

Noting that the predictive estimate . the global state vector is obtasned by solving the
following sumple linear 2quation
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dik ~ 1/B) = P ik + 128k + 1/k)

In the event that a sensory group should fail, the use of failure detection techniques
should be utilized. 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 [32].

4.6  Static Fusion

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

measurement set In the decentralized fusion case local LMV estimates (£, = E[x/Y,])are
used to form a fused LMV estimate (X = E[x/Yy....Yp]). An often used simplified
alternative, referred to herein as static fusion. is to form local LMV estimates (£, = E{x/Y,])
then resort to an alternative optimality criterion in forming the fused estimate [34-35]. Tlus

fusion of the local estimates 1s arrived at by statically minimizing the square of the estimation
error, giving rise a fused estimate as [33] (see figure 8)

i1 = { S ps o ST+ i+ o] }
=1 =1

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}.

@ ikl local | dyk+1/k)
— processing
node #1 \
sensor™\ yp(k)] local | dak+1/k; Global
#2 processing| Estimate
node #2 B
) ‘ dik + 1/k)
) local ok +1
\ it processing (k+1/
node #p
Figure 8 Static information fusion (SIF) of local estimates.
4.7 AC . { Fusion Techni

A point form comparison of the preceding fueic.i techniques 1s based on the following
categories’

1) Level of fault tolerance, 1) computational burden. 1) amount of inherent parallelism, w)
the ability vo 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 vu) the ability to fuse active and passive sensors.
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tilter| Fault Compute] [nherent | Manoeuvre ncoilocated| Muitiple  JActive &
Tolvrance | Burden | Parallelis} Compensatior Sensors Data rates | Passive
CEFjlow moderate] low difficult moderate difficult  |difficult
CMHlow low low moderate difficult difficult  |difficult
SF {low high low moderate difficult difficult  {difficult
GDHmoderate | high moderate | moderate simple moderate |difficult
DIF {high moderatef high simple simple simple moderate]
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% [34]) 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.

s, J1- =TA TT

In the case of the multi-sensor multi-target (MSMT) tracking problem two
architectures have predominated most pubhshed works [36{. Cuae of these architectures 1s
the sensor level tracker which utilizes local single-sensor muiti-target (SSMT) trackers.

yi(kY local _
/ | Q& local tracks
tracker #1
k)| local
@ yatk) ogal local tracks
tracker #2

~/ sensor ek} local local tracks

global tracks
ot

Track association and fusion

SSMT
fp tracker #p
Figure 9 Sensor level tracking topology.

The primary alternative architecture is the so-called central level tracking approach

. yi(k)
P h

yak)

global tracks

—

association and fusion

Central level measurement

N/ sensor ypkk)
#p

Figure 10 Central level tracking topology.

NATO UNCLASSIFIED

26.13

At rgery
R g e SOVt ey $h
o i




NATO UNCLASSIFIED

AC/243-TP/2 26.14

The primary advantage of the sensor level MSMT tracking topology is its fault
tolerance and high fevel of inherent parallelism, which aliows 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. Howevet, 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.

local tracks 5
o
3
—_— local track E
sensor ocal tracks
? 3
@ tracker #2 & __global tracks
) : ' 2
P
' ® [Tocl ’ g
g oca ) .
~~ @ b/ SSMT local tracks Z.
tracker #p
track-to-trackl

association

Figure 11 A decentralized hybrid MSMT tracker
6.  SUMMARY

The information processing topology required to implement these fusion strategies
dramatically influences the real-world applicability of a given fusion technique. It 1s also
desirable that the processing environment be capable of facilitating the considerations
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 [4], 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 to0 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 1s 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
assoctations). The latter techniques are capable of providing improved association by.

i)  Accounting for higher order moments

if)  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. Frown 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 AI problem
which is fundamentally different from non-real time Al Currently available A}
tools, techniques and processors may not be capable of satisfying the real-time
performance requirenients 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
de selopment 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
DREYV on behalf of the NAAWS PMO to investigate the applicability of artificial
intelligence (Al) to naval anti-air warfare (AAW). This paper presents some of
the key findings of this study with the intention of providing a realistic assessment
of this exciting technology in context 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 soft kill
weapons may be used i.. 2o 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 the Al
research community in the development of techniques to codify vanous types of
knowledge and then use them to reason about 1eal-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 1s emerging from
the laboratory and has great apparent potential. For developers of 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 jmmune to cognmitive 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, Ther=%.:2, 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 BENEFITS OF Al

10. We first need to examine the fundamental question of "Why shculd 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 vanables,
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 tume, increase reliability and maintenance costs.
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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).

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 improves 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 contro! processes in the inference
engine intact. In procedurally coded software, equivalent changes would
require a major software rewnite with the ...cndant costs and risks.

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 involved. 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.

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.

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 remamnder 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 operatots
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 depioyed 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 the
market yield the benetit of fast prototyping of apphcations which mzy not
necessarily be related to Al In order to establish the wiability of a given
technical approach, it is often desirable to test some initial wdeas and then
commit to a specific solution. Because of their miteractivity. powetful
debugging tools and libraries of utilities, sophisticated developmein
environments can be particularly effective in getting an application up and
running very quickly. This is particularly true if the application involves a
signficant amount of logic or a complex man-machine intertace. Such
environments tyoically support hooks to a variety of procedurai languages
allowing the developer tc produce hybnid KB and procedural code Lystems
In contrast, few development environments for conventional procedural coge
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 1t carries with 1t some risks
which will be discussed when we consider life cycle issues.

3 HOW APPLICABLE IS Al TO NAVAL AAW?

12. This question is best answered by examining a specific ship’s combat system
architecture.  The NAAWS conceptuai vlcck diagram shown m Figure 3.1 1s
quite representative cf 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 Al technology; and

2)  An examinaiion of the system life cycie 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 during 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 Al
technology.  Finally, a survey was conducted of currently avaiable Al
development tools as a precursor to the selection of a recommended toolset
{Ben89].

14. As a result of the stage 1 analysis process, Table 3.1 below lists the NAAWS
functions which could potentially benefit from mplementation 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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Technology Screening

Criteria

Classify NAAWS
Appilications According
1o Problem Type <

Establish High Level
System Requirements

L

Estibsh Knowledge
Representaion Forms
Estabiish Inference Engine Establish developmentiool requirements
Types & Architectures *— from characteristics of applicaton
Eswblish Inference
Engine Control Stralegles

¥

Identfy Suitable Choose the best overail development
Development Tools “- oolset

Rejectunsuitable apphcatons

Figure 3.3: SCREENING METHODOLOGY CONSISTS OF MULTIPLE
LAYERS OF CRITERIA
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TABLE 3.1: NAAWS FUNCTIONS POTENTIALLY BENEFITING
FROM AI TECHANOLOGY

Sensor Integration & Control
Sensor Control
Multi-Sensor Integration

Local Command & Control
Threat Evaluation
Identification
Command & Decision

Weapon Integration & Coatrol
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 Al 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 appiication 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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20. Clearly, the system must be thoroughly retested to ensure that it still works
correctly.  Unfortunately, in order to maximise system performance, in 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 Al 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 sujtable 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 access to various symbolic as well as procedural programming
languages;

* A large suite of utilities supporting the knowledge engineering, and
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 contaiming 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 deiivery targeted
at specific NATO standard computing platforms.

43 Real-Time Issues in Al-Based AAW 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 manner. 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 F >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 componenis. Procedural code will inevitably be
used to implement much of the low level algorithmic processing found 1a
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.

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 requrements [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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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.

[ NN R 2R B

30. These approaches certainly apply to the develcpment 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 knowiedge 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.
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32. There is a dearth of sufficiently well documented KBSs in the literature
which would allow new system developers to make intefligent extrapolations.
There are few meaningful published benchmarks on existing systems. In short,
in the area of KBSs, the dzfence 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
mstructions 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 1 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 1s 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 effictency of the KBS inference engine;

* The average number of antecedent conditions 1 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 magmtude.
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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 [Wrig86);

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 MC68G00
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 the 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
mnadequate if one considers *that the system response must a..count [or procedural
functions, communications overheads, as well as all other latencies and
bottlerecks n the reaction pipeline.

36. It 1s 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 magmtude. Therefore in the near fuiure, developers should aim for at I=ast
200,000 logical inferences per second from computing platforms executing AAW
Al apphcations.

44.1 Paralielism to the Rescue

37. According to Shaw, the majority of the processing cycles used in nferencing

are for performing various types of pattern matching [Shaw87}. For example:
* In rule-based systems thc 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
systeir cannot meet very stringent real-time performance requirements. However,
parallel processor architectures are ideally suited for AI pattern matching tas s,
and also have an important role to play in procedural algorithmic processiiig.
Ir. KBS applications, architecture tlexibility and scaleability are also very
important requirements because of the wide variety of application tasks which the
processor will be 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 parailelism 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 knowiedge, 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 cailed the
PADMAVATI is currently in an advanced stage of testing at Thomson-CSF in
France. The machine was spedially developed under the Europeanm Esprit
Program to explore computatiomal 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 umque 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 cnallenges posed by the naval AAW task. Because it can execute signal
processing, general computation as well as Al applications, 1t can be treated as
a general purpose co-processor in the coritext 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 PADMAVATT or its successors are such that it
should be very seriously investigated by the appropriate technical authorities
within NATO.
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5 CONCLUSIONS & SUGGESTIONS

45. From the above, we conclude that Al 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.
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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 Al 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.

x

%* * ¥ *

* % ¥ x ¥

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 organizations 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&YV) 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 [Kand89B)]. It is exacerbated by the lack of diagnostic facilities in aimost
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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é EPILOGVE

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 Al technology. As such, it was
an important step in the development of a validated technology base for Al-
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 the 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 A: ASSESSMENTS OF NAAWS FUNCTIONS

1

1. This Annex contains an example of the NAAWS function assessment tables
trom {Kand89A). These tabies were used to determine whether a given function
could indeed benefit from implementation with the help of Al technology, and
what were the required characteristics of the toolset to be used in the
implementation of each function.

N ABSHCatION
! Tyce

keeal
iCommand
& Contral

Tats intepreddiod

5 symlests

Nabvy 81 anprage
Fracsa

15aitating
fantrol
Sena ol g
13 wnin

Predictivn

taes s
Repaw?

Toantf aluea | X l

Toate Sase
=LA

Cimmgag gaa ! ]

ey
adaiis

fEat 2 R ET P
o3

)

i
|
|
| !
i |
! |
! i
i E

| 5

" Table 5-3A: Locai Command & Control - Applicaticn Types

NATO UNCLASSIFIED

27.A.1

[P

admarm ersr r




NATO UNCLASSIFIED

AC/243-TP/2 27.A.2

Sysiem
Reats

- ot

Local
Command
& Cantrol

Operaler ACCepl abik
Aol Erers o

Creatiansiictetion
Twse-varyiow

bata

Laguet /Ovt pe
Gr 1y
g /O il

Deep Know ledye
Experiential
1mcertaimy
ingh Data flares
Dl amases

51 andatent
Fixed Execaltor
Tpced Hewomt el

Oparstien

Konwledge
Asmanpl lens
Meguired
Jomamic baa
Access te

[

|
|
]

™™t Lrbiustion

>
*
>
x
x
x| x

>
> I x
x

“-acx Sane X
stz

x
>
b3
x
*x

Jarutsaase XXX

itk
11em.31 X | Xix X | X X X X

Pl SEETEEL T x|x X X] x) xix

PR

vagrny
ranacer 13t

Table 5-3B: Local Command & Control - System Requirements

Knowieage
epresent-
ation
Locat
Command s
& Contro! i

u
Develeper
n Sonrces

AL -Vl
at

Speciit

Devi

o

Partern 18R chIng

iad
Devetoper-sefmnd

felattons
Hewal iviwaks

Proceares

Temporal b R

Franas/onjects
Facis

U jeeL-Vatue
Fak1s Guject-

Thweat Ivatuacion ) 4

x
x
»x

Teoe Sase
nemteance

>

>
>
x

TeaneIfiens.an Xpx|x

v
Ffiivis X{xXix . X1 X{X

et g FUTTERIT)
tanrt

dseirine
i X|x

Table 5-3C: Local Command & Control - Knowledge
Representation Techniquez

NATO UNCLASSIFIED

27.A.2




NATO UNCLASSIFIED

27.A.3 AC/243-TP/2

Inference 3;
Engtne H 2
$153 3 dElth e
-5 - - - g

Local 2|55 g_gs"g‘hg IR
c 3z dyy A = 3.3 =
ommana Gg-‘"'§"§ =853t S{§aes s
& Contro} 1231 2E|adle 2223 I5 5 FAEEEEE
Threst Dratustion X x| x! %xix X
Traex dae
lati i gl 1)
FEUUE HEL) X X iX | xt xXix X
Fiiia X x| x| x] xix x| x
5;;-;1: Jegd0nse X X
T
anage e

Table 5-3D:

Local Command & Control - Inference Engine
Types/KBS Architecture

I\t
irategies . ol AR
HEE 12 E
‘chcal HER i3 25 ;‘
Commana 2133 el el
4 Control Xixt =13 3 £
e Soaluation X x{xixix x| x ]
Trace Sase
Hamteranct
LN N x ix{xfx}x X
3=eang a3
leernan XX px{xjx H X} X

pE--T o

el S e

2ect

WG Nt

Table 5-3E:

Local Command & Control - Control Strategies

NATO UNCLASSIFIED

27.A.3




-

NATO UNCLASSIFIED

28.0

REPORT DOCUMENTATION PAGE

—

. Reciptient's Referenca:

2. Further Reference:

3. Originator's Reference: 4, Security Classtfication:
NATO UNCLASSIFIED
AC/243-TP/2, Volume 1 5. Date: 6. Total Pages:
12.04,91 12
7. TitTe (NU):
"NA-25, A Multipurpose Weapon Control System for Shipborne
Application®
8. Presented at:
DRG 30th Seminar on the Defence of Smali Ships
Against Missile Attacks
9. Author's/Editor's:
R. Renzi - F. Baroni - C. Mantelli
10. Author(s)/Editor(s) Address: 11. NATO Staff Point of Contact:

Elsag S.p.A.

Via Puccini, 2

16154 Genova Sestri P.
Italy

Defence Research Section
NATO Headquarters

B-1110 Brussels

Belgium

(Not a Distribution Centre)

12.

Distribution Statewent:

This document is for official use only. It should be announced
and supplied only to NATO, Government Agencies of NATO nations
and their bona fide contractors. Distribution to other recipients
requires authorization bv the Head of the Defence Research
Section.

13.

Keywords/Descriptors:

NA-25, MULTIPURPOSE WEAPON CONTROL SYSTEM, SHIPBORNE APPLICATION

14,

Abstract:
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Control System. It is based on:

. one single-operator dual-monitor multifunctional console
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. a tracker system
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can accomplish all the tasks asked to an advanced Combat System
on small ships, saving space and manpower.

NA-25 is a product of the Naval Systems Consortium SELENIA-ELSAG.
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FOREWORD

The NA-25% is an advanced modular weapon control
system which mav incorporate an integral command
and contrcl capability thus 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
a8 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
tin . VRION 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, incerpo-
rating one or two display consoles and capable
of performing fire control functions and to
act as a small tactical systen.

¢} 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

1s
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 1mproving 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;

¢) man-to-machinz interface standardization to
cut down manning requirements;

d) ergonomic criteria optimization;

€) performances optimization in the use of mediunm
calibre guns in anti-air firing and surface
firing actions and, particularly, against low-
level missile targets under sgtressing weather
and electromagnetic environment conditions;
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f) wminimizing 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 comuputer 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 ihe tracking radar
ORION RTN-25 which operestes 1n the J-band
(formerly Ku). The main fastures of the radar are:

. high gain monopulse antenpna with polarization
twist

. coherent transmission chaicr with .o0lid state
frequency generators and TWT amplifier final
stage

. two different waveforms in transmi:~ion

- antinodding capability

. frequency agility within the transmission band

. coherent wmulti-pole MTI fo¢r effective cancel-
lation of moving clutter

. track-on jammer function

- extended set of anticlutter and ant-~-jamming
features.

Th2 acquisition pattern is optimized to meet the
designation source accuracy; the subs=2quent target
lock=-on is automatic.

The tracking is automatic? 1t can be based either
on the tracking radar data only or wixed using the
TV angular data and the radar range, or based on
the optronic sensors data if the laser range
finder is installed.

The operational featuree ¢t the NA~25 FCS and, 1
particular:

. engage process automation

. automatic evaluation of the threat 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 minimize the response time and .o
alleviate the opcrator's efforts.
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SYSTEM (ONFIGURATION

The tspical NA-25 Fire Control Systenm
configuration includes:

a) Trackesr Section consisting of
¢« Line of Sight (L.0.S.) including:

. Servoed pedestal capable of mounting the
cracking rade- anteuana and the electro-
opt.c sensor suite (witli a reference
aligrmen® ¢ight);

. ORIUN RIN-2% tracking radar antenna and
.ssocisted R-F receiver box
Optronic sensor suice including a TV
camera; {(alternatively, TV/IR or IR/laser
can be urovided as option)

Tracking radar ORION RTN 25

The ORION RTN 25 is a pulse fire control
radar operating in the Ku-band; it uses
monopulse technique for tracking targets in
angle.

Functicnally it consists of two receiver
channels - one of which is limited in
amplitude and performs targec 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 (Mocdular Architecture for Real-Time
Applications) is the name of a
multiprocessor architecture deveioped by
Selenia-Elsag. The MARA computer veferred to
in this document {8 the implementation of
the MARA architecture oriented principally
to real-time naval applications. However
MARA has all the fga.ures of a general
purpose computer and can be used 1n other
applications.

MARA is based on the use of the 80X86
microprocessor seriegs of Intel. Continued
upgrading is implemented by Selenia-Eisag as
new members of this series are procduced 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 1is
electrically identical to the private busses
of the single microprocessors, and wmemory
units and I/0 units can be inserted on it.

Auxiliary Unit housing:
Pedestal Servo Amplifaer

TV/IR video Tracker
Power Distribution Unit

Gun Control Section consisting of

Ballistic MARA Computer
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¢) 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:
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+ multifunctional keyboard

track-ball
joy-stick
alphanumeric keyboard

. controls located on the monitors'side

each monitor is fitted with 24 keys
located on wach 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

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

~“racker)
~ PPI and B presentation of the same

radar
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play of the raw video only, mixed

raw and synthetic video or synthetic
video only

~ dis

play of the IFF video

- north or bow reference raw video
prasentation

- PPI

presentation?

area: matrix of 960 x 960 pixels
range selection: any integer value
in the range 0.5 to 1024 Km, DM, NM
off centre: in any poaint of the
system area

range marks: selectable 0.25,0.5,
1,2,5,10,20,50 Km, DM or NM
presentation:

area: matrix 256 {(range) x 512
(#zimuth) 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 che
following synthetic information:

used to display tracks,

symbols
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

4y 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 PPI1 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

PRy 0 -

NATO UNCLASSIFIED
28.10

2
i

2,

.

w
v
s

B0, 5 PR e TR A S AR 2 0 ™ e e




£
o

Te g

ya Aty

NATO UNCLASSIFIED

28.11 AC/243-Tp/2

wi1STEM OPERATION

The NA-25 Fire Control System can operate both
under command and control supervision wnd as an
autonomous system. All the operationsl [fuactions,
that is search, acquisition, tracking and firing,
can be conducted either in fully automatic mode
(under operator supervision) or under tne direct
control of the operator.

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

. Autonomous search: by means of its ~wn tracking
radar which performs pre-programmed dech cilt~-
compensated search patterns both in azimuti and
elevation; manual overriding with L.C.S. 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 overator can
directly designate a detected target to the
tracking radar

Interdirector Designation from/to anocher FCS

Degsignation: processing of the designation
orders originated by the Command and Contrcl or
EW System

Optical cell: 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 detecwion 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 Control Sysiem: 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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ASSESSMENT OF THE LETHAL PFRFORMANCE
OF ANTI-ASSM MISSILES
(presented at the 30th DRG Semunar on the Defence of Small Ships
against Missile Atacks, 12-14 September 1990, Ottawa)

L.W.M. Zuidgeest
Research Group Weapon Effectiveness
TNO Prins Maurits Laboratory
P.O. Box 45
2280AA Rijswijk
The Netherlands

ABSTRACT

This paper addiesses the current capabilities at TNO-PML 1o assess the lethal
performance of Surface-to-Air Missiles (SAM) against Anu-Surface-Ship Misstles
(ASSM). The effectiveness of an interception of an Anti-Surface-Ship Missile by a
Surface-to-Air Missile depends on the charactenstics 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 generic target missiles. 1.e a Subsonic
Sea Skimmer, a Supersonic Sea Skimmer and a Supersomic High Diver The
vulnerabiiity of the targets depends on the kill defimtion that 1s apphied That s the
target can be considered killed :f 1t 15 not able to fulfil its mission (mussion kill) or it s
structure 1s instantaneously disrupted (structural kiil).

The TNO-PML Lethality Assessment Computer Code calculates the single shot kil
probability of a target for damage that 1s inflicted to the target by fragments, blast and
direct ts. 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 15 the abihity to
generate computer graphics that display the missile kill performance. For 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 performance of a warhead against a
target, to match fuze and warkzad concepts and (o establish apiopriate warhead burst

control algoritms.
MATO UNCLASSIFIED
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1. INTRODUCTION

Hard kill weapons to defend surface ships from mussile 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
Anu-Surface-Ship Missile 1s called the target. Duning the terminal phase c¥ the
interception the proximity fuze of the missile detects the target aud initiates the warhead.
The explosive effects of the warhead may inflict fatal damage 1o 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 mssile and target interception is
expressed as the single shot kill probability (SSKP). This performance characterisuc is
used as an input parameter for studies that analyse the overail performance of ship
defence systems utlizing Close-In Weapon Systems, Surface-to-Air Missiles or other
systems.

Current and future Surface-to-Air Missiles are required to have hgh 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
*akes account of three damage mechanisms that may inflict damage to the target:

- blast

- fragments

- adirect hit
Blast is caused by the high explosive charge of the warhead and 1s only effective up 1o
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 1o large nuss distances A direct hat occurs if the

target collides with the missile before warhead inttiation 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 characteristcs of the ordnance system of the missile
- warhead
- total warhead mass (casing and high explosive)
- number of fragraents
- fragment mass and velocity
- fragment distnbution
- proximity fuze
- single or double antenna beam
- the vulnerability of the target
- (single and multiple) fragment
- blast
- the conditions of the interception
- missile ¢nd target velocities
- crossing angle between mussile and target velocities
- miss distance and muss orientation
- missile and target angle of attack
- the intercept range from the ship

For the lethality assessment calculations, the Anu-Surface-Ship Missile threat 1s
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 generic targets is reflected in threz 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 defimtion of the target. With regard to
this, a distinction 1s made between a mission kill, a structural kill and a recogmizable kill
of the target.

A mussion or system kill occurs if the damage inflicted to the Anti-Surface-Ship Missile

target is such that the mssile falls outside the minimum range at which its warhead 1s
NATO UNCLASSIFIED
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capable of causing sigmificant damage to the target ship. A typical mussion kall 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 1s caused by a direct hit between the missile and
target.

A recognizable kill of the Anti-Surtace-Ship Missile occurs if the responses of the target
after being damaged are such that the defending ship identifies the target as being kalled.
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 1s 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 mussion
kill may not by recognized as a kill.

A Surface-to-Air Missile usually has either a fragmentating or a conttnuous-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 aarrow 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.
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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 1s 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 tetween a missile and a target.

The first part of the code 1s a computer program that simulates the operation of the
proximity fuze This program calculates the ume at which the proximuty fuze detects the
target.

The detection of a target for a 60° crossing angle interception 1s 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 mussile velocity Vm, the target velocity Vi and the relative
velocity Vmt of the mussile with respect to the target are indicated by vectors. The
interception is drawn for a late muss of the surface-to-air mussile, that is the missile
passes behind the target.

Three sets of input dats are necessary for the fuze program. First, the intercept
conditions of the simulated engagements are required. The ntercept conditions are
described by the missile and target velocities, the crossing angle between the mussile
and target velocities, the angle of attack of the mussile and the miss distance between the
missile and target trajectories Secondly, the fuze program needs a geometric
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 10 the target. The nioment 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 algonthm, which may use several mput
parameters provided by the fuze and the terminal guidance algonthms

The second part of the lethality assessment code stmulates 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. ‘T'he trajectories are generated in
correspondence with the warhead fragmentation pattern as indicated by the warhead
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charactenzation data. This data compnises 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 velociues the warhead model takes account of the missile
and target velocities and the static fragment velocities.

The second part of the computer cede 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 mode] 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 generated 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 striking 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 1s
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 inttiation
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 probablity of
the target for each simulated engagement. The single shot kill probability is computed
by combining the total fragment kill probabulity, 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 hitung 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 hut kil 1s determined wath the help of the rajectones that
simulate the missile wanslano . 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 ontentation angle. These computer
graphics can be used to analyse the kill performance of a warhead against a target for a
certain miss distanze 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 occunng ntercept conditions

The computer graphics are mude with the help of an imacinary cylinder that consists of
the relative trajectories of the target for all miss orientations of the missile, as shown n
Figure 4. This figure depicts a 60° crossing angle interception of a missile and two
targets for different miss orientauions of the missile. The early miss oceurs if the missiie
passes in front of the target and a late miss occurs if the muissile passes behind the
target. For & certain miss distance magnitude the miss oticntation can vary from 0° 10
360°, that 1s from low to late, high, early and back to low again A low miss occurs 1f
the mussile passes below the target and a high muss 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 relauve target trajectory cylinder
are plotted to indicate the direction of the relative fragment velocities all around the
warhead.

The uafolded surface of the relative target trajectory cylinder wath the intersection points
of the fragment trajeciones s shown in Figure 5. The targets for respectively a low,
tate, high arJ 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 hines marked by "1 ms”, "2 ms" and "3
ms” indicate the position of the target after 1, 2 and 3 ms ume delay after detection.
Finally, the line marked by "PCA" indicates the pont 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
missiie are depicted in Figure & The figure i< made for warhead mitiation at 1 ms after

detection.
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For these 60° crossing angle wnterceptions the fragment velocity 1s perpendicular to the
longitudinal axis of the target it the miss is late and parallel to the longitudinal target
ax1s if the muss is early. This is why 1t is most difficult to hit the target in an early muss
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 :ndicated, time is defined to be zero at the point of closest
approach between missile and target. 0° and 360° miss orientation angles relate to a low
miss of the mussile, 90° to a late miss, 180° to a high miss and 270° t¢ 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 detecuon.
This kind of computer giaphics depicung 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 characterisucs, the target
vulnerability, the target range-to-go, the magnitude of the miss distance and the
crossing angle between the musstle and target trajectories. The lines that indicate the
posttion 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. Furst, the kill
performances of various warheaa concepts against a specific target can be compared.
The characteristics of the warhead with optimum kil performance can be found by
plotting a number of these graphics for different warhead concepts.
Secnndly, the 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 wrger for respectively 0°, 60° and 120° crossing angle interceptions.
The kill performance of the warhead can be seen to decrease for increasing crossing
angle of the interception.
Thirdly, the computer graph:cs 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 60° crossing
angle interceptions as goord kili performance is achieved if the warhead is initiated
immediately after detection of the target. For 120° crossing angle nterception the
warhead and fuze do not match properly as large time delays are required to achieve
good kill pe:formance.
Finally, the computer graphics can be used to establish warhead burst control
algorithms. These algorithms compute titne delays that are required 1o give the ordnance
package of a Surface-to-Air missile good kill performence for all conditions of the
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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 funciion of for cxample the miss
distance, the crossing angle or the. targst 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 15 inflicted to the target by
fragments, blast and direct hus. A special capability of the code is the abihity to generate
computer graphics that display the mussile kill performance as a function of time and
.85 orientation. The computer graphics can te used to compare the kil 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

G‘arget fuze model)

simulated encounters

Cntercept conditions o

Fuze Model
Fuze gcometry and
f Target detection and warhead burst
burst point calculation algorithm

'

Warhead Model

Warhead
characterization data

&

Target geometry
model

T

Generation of fragment
and missile representing
trajectories

.

Intersection Model

Intersections of
trajectories with target

Missile direct
hit model

'

Kill Model
Target vulnerability
model Blast, direct hit and
fragment kill
SSKP

Figure 1: Lethality Assessment Computer Code
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x

Anti-Ship Missile

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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Fuze cone

43// 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

ﬁggg cone orientation angles of the SAM

ASM for late miss of SAM s

o N
e AN o
— ;I ,\\I
-
: T : : Y

Intersections 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 suitace of the cylinder that
consists of the relative target trajectories

Low Late High Early
| miss miss miss miss
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NN\ T
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1 msi.:

: Figure 5: Lines indicating the target position after a certain time
k delay and the intersection points of the fragment

B trajectories with the relative target trajectories for all

i miss orientation angles
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Early
miss

Figure 6: Impacting fragments on the ASM targets for warhead
initiation at 1 ms time delay after detection
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VULNERABILITY ANALYSIS OF SURFACE SHIPS
IN THE NETHERLANDS AND ITS
EXPERIMENTAL VALIDATION
(presented at the 30th DRG Seminar on the Defence of Small Ships
against Missile Attacks, 12-14 September 1990, Ottawa)

Willem Haverdings*, Zier C. Verhexj“
Research Group Weapon Effectiveness
TNO Prins Maunts Laboratory
P.O. Box 45
2280 AA Rijswijk
The Netherlands

ABSTRACT

For years technological research for defence purposes was mainly aimed at the
ammunition 1tself. Most attention was paid to things like manufacaure, storage capabihity
combined with keeping qualmes and the terminal ballistic effects of the ammuninon.

It was about 18 years ago, that people in the terminal ballistics section of the then
Technolog1~al Laboratory TNO started 1o consider the behaviour of a target being hit by
a4 specific projectile, and how the residual value of such a targer . .uld be quannfied
Following research nstitutes abroad an approach was chesen in which use was made
{and still 15) of so-called vulnerability models. In these models firing at the target 1s
simulated by the corputer.

One of the associated problems is the validation of the model, as well as the rehability
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 nstitutes of the Netherlands
Defence Research Orgamization TNO. This work was started in 1980.

Further, some of the results are presented of a series of firing tnals carred out 1n the
last 3 years on two small frigates of the "Roofdier” class, which were taken out of
commission by the Royal Netherlands Navy. The main objecuves of those trials were
the validation of codes and testing spectfic aspects related to vulnerability problems.

*
SENIOF Scientist, air systems branch

chief terminal ballisucs branch of the Research Group Ballisucs & Rocket Technology
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1. INTRODUCTION

In addition to the understanding of the weapon effects froin a ballistic point of view, 1t
1s 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 addution to a better defence of tagets 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 intemal 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 s attacked by an anti-ship missile, see Figure 1 This
scenario yields two possibilities.

1 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 mussile threat, by premature detonation of the warhead due to (multiple)
projectile impact (e.g. Goalkeeper system) or by destroying criical components of the
mussile 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 1s 100 close. In the Weapon
Efrectiveness 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 s 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 1s assessed
according 1o specified damage or kill critena 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 matters 1n the past, PML/TMO also developed their valnerability code,
culminaung in the Target Vulnerability Assessment code (TARVACQC), see Figure 2
This code is intended 10 assess the vulnerability of targets subjected to the eftects of
projectles and fragments.
However, when dealing with mussile 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 ntegrity 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 \echnique, the ship’s structure 1s divided nto structural elements,
such as walls, decks, hull plating etc. Given centain specifications of the structuzes, e.g
plate thickness, stringer pitch, allowable vield 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 siructural
elements in the explosion compartment Specified fallure criteria are ncluded to
compute the maximum response of a certain structural element, before failure occurs.
Should a wall fail, the pressure 1s allowed to expand into the adjacent compartment.
where additional walls can be loaded. This whole process of dynamic panei/wall
response in conjunction to a loading assumption frominternal blast, culminated i the
DAMINEX code, the acronym for DAMage from INternal EXplosions, see Figure 3.
The main 1ntention of DAMINEX is the intermediate solution between complex Fimte
Element/Finite Difference methods on the one hand and simplified methods on the other
where the physical parameters are evenly distibuted before calculation.
However, neither code had the opportunity of being tested and results were mainly
checked with foreign experimental results.
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3.  "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 tieir
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/TNOQ
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 technigues.
The main objectives for those tnals were:

Testing the TARVAC code

Investigaung Ballisuc Protection measures

Testing the DAMINEX code

Testing the Critical Blast Distance defimtion

Investigating the capabilities of nzval shells

Investigaung the blast resistance of watertight ship doors

Investigating the internal blast induced by external explosions
The trials were conducted cver 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 YULNERABILITY ASSESSMENT (TARVACQC)

The main issue for testing the TARVAC code was to nvestigate 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) arnllery shells. The partucular
set-up of this test is depicted in Figure 4, where an artillery shell detonation 1s
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 i*s random selection for
natural shaped fragmenic could be derived. In addinon, 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, 1n particular to create high velocity tragment, with a pre-
determined mass and fragment distribution. During the “Roofdier” trials several
wndustrial materials were applied and the results were subsequently repor.ed or are stll
In progress.

. DAMAGE FROM INTERNAL EXPLOSIONS (DAMINEX)

#

The testing of the DAMINEX code was one of the major objectives of the trials

Numerous charges trom 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 fngate, showing the decks and walls of this vessel. The code has been
apphied to compute the effects ot an iternal detonation of a High-Explosive charge
TNT equivalent to a missile warhead detonanion. Fragment eftects, however, are not
included This simulation was tested with actual firings of TNT charges. e.g. as
depicted 1n Figures 8 and 9. where 8 kg TNT was detonated in the aft sleeping room
(Volume =77 m%) Note the venting plume jettng through a hole in the hull, which was
dehberately cut so as to simulate the entrance hole of the nussile The damage from this
explosion 1s depicted in Figures 10 and 11 showing the exterior and intertor damage
respectively. It must be noted that the structure in this case was loaded 10 its maximum
capability.

Apart from unexpected events during actual live finngs, the resuits trom the tests
corresponded with the computanonal results quite well.

A dramaugc 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 mussile 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 1n
Figure 13, where the effect of venting 1s 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 generaily offers a good prediction capability, but
falls somewhat short in predicting the pressure in adjacent compartments if the
interfacing watll fails. This effect 15 presently being studied 1n 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 biast 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 crincal 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. From 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 tnals was the investigaton
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 neghgible.

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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sertes of tridls to investigate the behaviour of the standard door used in the RNLN
frigates due to the internal blast. Frgure 24 shows a standard door, 1ndicated GW-door
(GW - Guided Weapon). Figure 23 and 26 show the damage after the explosion of
1.5 kg TNT in the cable locker to the frame and doer respectively.

Based upon these results scienusts at PML/TNO designed a blast-resistant door, based
on membrane action. This door, designated the PML-door (Figure 27). was tested
during the mals. A close-up of the clamp mechanism is shown in Figure 28.

From the results obtained durtng the "Roofdier” trals it may be concluded that the
membrane acton 1s very etficient i carrying severe blast loads but that clamping forces
are abso very severe It should be noted that the door tested was an adapted version of
the standard door, due to budgetary reasons. A completely new design would behave
even better. Despite 1ty lower mass, the PML-door successtully sustained the ulumate
loads of the conventional door Reports ot the tests are still in progress an. the results
will have a positive impact upon the design of newer developments.

9. CONCLUSIONS

From all acuvines performed or sull going on in the analysts of the vulnerabihity of
surface ships threatened by ann-ship mussiles. it may be concluded that the existing
codes could be updated by the data obtained. The fragmentation etfects are better
understood and could be simulated with better accuracy The internal blast trom
warhead detonations inside compartments 15 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 shil
under development At present, directional effects of intemal blast from a fathng wall
are being studied in more detwl. The externul blast effects could be comprised nto the
critical blast distance concept (CBD) and may be usetul in further analyses

Finally, 1t may be concluded that the "Roofdier” trials proved to be very successtul,
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.

NATO UNCLASSIFIED

31.7

ava

&

O

-

K




NATO UNCLASSIFIED

AC/243-TP/2 31.8

LIST OF FIGURES

Figure |  Mussile attack upon a surface ship

Figure 2 Description of the TARVA  code

Figure 3  Description of the DAMIN.ZX code

Figure 4  Simulation of fragment distnbution on the Wolf steering room
Figure 5 Experimental results of a 203 mm shell in front of the steering room
Figure 6  Ballistic protection measures

Figure 7 DAMINEX computer model of the "Wolf" frigate

Figure 8 8 kg TNT charge set-up

Figure 9 Detonation of 8 kg TNT charge

Figure 10 Exterior damage from 8 kg TNT charge

Figure 11 Interior damage from § kg TNT charge

Figure 12 Simulation of Exocet warhead using 15 kg TNT

B VA

Figure 13 Pressure-tume histones and response records
Figure 14 Damage on rear deck after 15 kg TNT ¢ ‘tonation
Figure 15 Tesung the CBD with 30 kg bare charge

Figure 16 Detonauon of 50 kg charge in front of superstructure
Figure 17 Damage from the 50 kg explosion

Figure 18 CBD-curves for the hull and superstructure
Figure 19 Sketch of the 76 mm shell (scaled)

Figure 20 Damage from the 76 mm shell

Figure 21 Sketch of the 120 mm sheli (scaled)

Figure 22 Damage from the 120 mm shell

Figure 23 Bulged door frame after 120 mm shell explosion
Figure 24 Layout of GW-door (standard)

Figure 25 Damaged frame after explosion of 1.5 kg TNT
Figure 26 Door blown out after 1.5 kg explosion

Figure 27 New membrane-action-based PML design

Figure 28 Close-up of clamp mechanism of PML-door

vy v e em A a

G ¥ e T h e e

NATO UNCLASSIFIED
31.8

G A M RS HN RN W 2 SE UM S e el sl e Sk




4

-
g&,
o
’ﬁ‘%
T
K

Z’(
3
g«

AR M 5 s, .
LRIy SRSAPYIOE ¢ £ (s ane

UNCLASSIFIED

NATO

AC/243-TP/2

mussiie

-
— -

tra quory

-
=
T
b
]

2
~

~

31.9

external
explosion

explosion

31.9

Aigure 1. Missile attack upon a surface ship

UNCLASSITIFIED

NATO

e v

SR UUROUP G |




i’ff:%
A

A3

e

S

e

£3

g

S

3 Ao
TS

&
KN

s

o
oL

LT e g e TR

SRR ppes g

e

< ewgvar

IS THNVERON BB XY AR ST e SR ¢ wr

S0

e
2

FOTR

ARG

P R R L TN

NATO UNCLASSIFIED

AC/243-TP/2 31,10

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. Simulaton of fragment distribution on the "Wolf" steering room

Figure 5. Expenimental results of a 203 mm shell in front of the steering room
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Figure 6. Ballistic protection measures
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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 17. Damage from 50 kg charge

-
d7psi
&
3 1sobar super
DY structure
4 *

10 = ¢ S 10 psi

v isobar
- ) »

*

CBD
hutl

-]

'0 L2 I8 0 I 0 M L B L O 1

0 100 200 300 400 500
Charge mass (kg} TNT

Figure 18. CBD-curves denved for hull and superstructure

SRR T S AN e ©

&5

PR




31.22

2/dL-E¥2/V

G3IIT4I1SSYTINA

UOnBUOIP JJ5YS T Wl y woly afeweq (g 21031y

OLYN

{12us gH ww 94 6] Sy

R

C3I4ISSVYIINN

OL1LVYN

31.22




e Ami Ao o i st o s 5 e+ - . .
m . PR,

G31351ISSVYIINN OLVN .

. .Jadwmn,naw,.,ﬁ.‘.mm‘ ¥

31.23

31.23

{1oUs g ww g7[ woy afewe ‘7z S

'

Z/di-Eve/ oV

G§313i1SSY10NN OLVN

e - PN e o b o R S s, e TR




31.24

0314ISSYIINN OLVN

100p- WD (prepuess) jo 1mo-Ae] "pZ undLy
(u81sap pjo) swey 100p pad[ng €T N3t

24

—
L

2/dL-Ev2/3V

Q3T 4ISSYTINA OLVYN

et kta o Sish At AT AN T SN C e PN e f.m.u..wm.uux‘hq.u,ww.wmswwt 5
s R




e

Lyt
¥

-

(.

& T ISR A v e

s

Py
IR

UNCLASSTFIED

NATO

AC/243-TP/2

31.25

31.25

Figure 26. Blown-out door

Figure 25. Damaged frame
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1. INTRODUCTICN.

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 1s commonly assumed that the trajectory of an attacking
missile, during the homing phase, 1s straigth, but the pre-
sence of tracking errors induces variations on the missile
trajectory also in absence of intenticnal manoeuvres.

The principal contributior 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 targe:t
angular dimension with respect to the missile, in the case
of a ship target, the effect of tne glint noise 1is
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 1is
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 manoceuvres and
then influence the CIWS performance.

The coordination in the use o¢f active and passive defence
system are useful to optimize the ship survivability.
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The missile guidance model has been realized considering
the mathematical representation of:

- Autcpilot 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 the
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 locps and the aerodynamics
response, is a first order transfer function:

1
Ts+1

F(s) =

where T 1s 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 apprcach 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 1s a slow variation of the altitude of the missile
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around the designed mecium ievel. A medium height ¢f 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 () which :is
k times the rate of change of the sight line (8). K is call-
ed navigation constant, e.g.s

YK

Typical values of K is petween 3 and 4. In the missile simu-
lation we used the valusg cf k = 3,

In Fig. 2.1.2.1. a picture of the missile and target refe-
rences is shown in the horizontal plane.

4

o
2
,/\ /‘V
el
///" X AXIS ’
SHIP

Fig. 2.1.2.1. - Moodelling Reference System.
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Tne val.z of tne angle of sight is measured by the homing

radar 31 .ts rate 18 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 errcrs and noise errors are not con-
sidered since theirs effect on missile guidance is negli-
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.

S

Gi§)= — "
TsS+1

wnere Ts 1s the time constant of the Seeker.

2.2, GLINT NQOISE 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
change.
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
0f time constant TG.

The amplitude {mean square value) 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:

where:
o%ymeans 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 manoceuvre,

In Fig. 2.2.1. the glint ncise simulation scheme is shown:

WHITE =0 | LOW PASS FILTER | GLINT 2
NORMAL |-4=L. Kg NOISE, _ o7 =“2|i"§7
NOISE Tas+1
where:

L=Effective Radar Target Length
R=Ship - missile Range

Kg=‘/_Tg__ LR
1247

AT=Simulation Sampling Period

Fig. 2.2.1. - Glint Noise Modal.

The desidered final mean square value, as a function of L,
R, Tg is obtained by setting:

Kg= L \[T9

R 1207

DTis the sampling period of the numerical simulation.
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MISSILE TRAJECIORY GENERATION MODEL.

o
w

The mrissile trajectory are obtained as the combination
of the previous models added with the necessary parts tc
complete the simulation as coordinate transformation, time
integration, etc.

Fig. 2.3.1. shows the block diagram of the complete model in
the hor:izental 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 c¢f this
angle. The autopilot computes the lateral acceleration o
obtain the derivative of the missile trajectcry that is k
times the rate of change of the line of sight. The value of
the controlled lateral acceleration is K+ V- 8 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 1s shown in Fig. 2.3.3.
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Fig. 2.3.2. - Example of Attack Trajectories.
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3. MISSILT TRAJECTQRY 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 betweer
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 initlal 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 respect to the theoretical straigth trajectcry
as a function of range. The medium value of the displacement
is very close to zero.

Fiqg. 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 increa:-s producing & random, and not
predictable deviations around the medium trajectory.

The missile lateral motion car 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 QF 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 the sensors measurement
errors.

If the missile manoeuvres around a nearly straight tra-
jectory, a ncon 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 manoceuvres.

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 ¢.7 mrad (1 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 1s 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

33.17




NATO UNCLASSIFIED

AC/243-TP/2 33.18

The missile warhead section, used to compute the hit proba-
bility, was considered of 0.2 m radius.

4,4, CIWS PERF CE.

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 previcus results, it is suggested thar
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 PERFQRMANCE.

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 1is 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 QF 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 J2tection 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 2z
and 4 km from the ship.
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VIEW 2 - EFFECT OF CHAFF ON CENTROID
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The ship is moving along the y - axis at the speed cf 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 wvalues) in presence of chaff launch
compared with the glint of the target only.

5.2. EFFECTS OF CHAFF CLOUD Qi1 CIWS PERFORMANCE.

The increase of missile lateral manoceuvres due to chaff
use produces, as secondary effect, a further reduction of
the CIWS performance.

Considering the exzample 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. B IBL RDINATION IN THE UTILIZATION OF WS 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 pnase 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 systvem 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:

{before homing phase)

Missile detection at medium range (8-15 km)

Ut:lization 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. N IONS.

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
tradiectory.

Sirplified model of chaff cloud decoy has been realized to
irnvestigate 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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