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PREFACE

I'he need o achieve night all-weather operation of tactical air forees in the face of increasing lethal threats is becoming
criteal und suggests a requirement for inereased automation in order to reduce pilot workload and improve performance
under such adserse operational conditions, Recent studies and recent experience in the tactical fleet suggest an approach to
thus problem i which an integrated and automated suidance -~ control navigation — display system would become a core
structure aroumd which further automattion could be developed as required.

For might all-weather operations, such a core structure might include atded flight path control through generation and
display of optional trajectories, generation of imagery for synthetie visibility, and display of both expected and unexpected
thicats i addition to automation of the functions of accurate positioning, precision tracking and automatic tevrain following
and wvordance, The technigques deseribed in recent symposia on technical integration and on microprocessor applications to
swdance and control. together with continuing rapid developments of technology in integration of multifunctional sensors,
computer architecture, microprocessor and data distribution systems, will permit many different approaches to automated
core structure. The purpose of the symposium was to explore the design characteristics and trade-offs involved in the
camponents, the functions and systems integration required to support the evolution and development of alternative core
structures which are capable of enabling etfective and routine night all-weather operations.

PREFACE

ldevientactuellement essentiel pour les forces acriennes tactiques, face aux menaces mortelles croissantes, de pouvoir
ettectenr des operations de nuit ¢t tout temps; il semble done néeessaire dlacceroitre Fautomatisation afin de reduire la charge
de tavand du prlote et daméliorer les performances dans ces conditions opérationnelles défavorables. De récentes dtudes
At que Fexpertence accumulees ces temps derniers par la flotte tactique semblent indiquer que, pour resoudre ¢e
probleme. on dot taire appel i un systeme de guidage. de pilotage, de navigation et d'aflichage intégré et automatisé qui
devicadrmtunce stracture centrale autour de laguelie on pourrait développer une automatisation additionelle selon fes

hesoms,

Pout les operations tout temps et de nuit, eette structure centrale pourrait inclure un controle assisté de la trajectoire de
vol grace a T'claboration eta Talfichage de diverses trajectoires possibles, un systeme générateur d'images pour visibilité
ssnthetique. ot Padtichage des menaces prévues ou non, qui s'ajouteraient & Fautomatisation des fonctions de positionnement
el de poursaite precise et de suivi de terrain et diévitement d'obstacles. Les techniques exposées au cours des symposia
recents s lintegration technique et sur les applications du microprocesseur au guidage et au pilotage, ainsi que les
developpements technologiques rapides et continus qui caractérisent Fintegration des capteurs multifonctions. architecture
des ordinateurs. les systemes de microprogesseurs et de diftusion de données, permettront d'aborder le principe de la
structure centrade automatisee de bien des fagons differentes. Le symposium a cu pour but d'explorer les caractéristiques ct
tes compronus relatits aux composants, ainsi que Fintegration des systemes et des fonetions requise par Févolution et le
developpement d'un choix de structures centrakes qui permettraient d'effectuer des opérations de routine tout temps et de
nuut
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Les missions par mauvaise visibilité nécessitent d'utiliser dc¢s senseurs adeé-

:b quats, mais auss’ de résoudre le probléme aigqu de charge de travail de 1'équipage. :
Hﬁ On doit décharger 1'équipage dans Jles tdches d'exploitation des senseurs et dans les
ié tiches d'exécution, mais on doit aussi 1'assister dans son rdle essentiel de déci-
;: sion et d'adaptation rapides aux conditions opérationnelles qui évoluent. Ces

considérations doivent orienter 1'architecture et 1'intégration de nos systémes &
partir des possibilités technologiques modernes.

i - INTRODUCTION

Un petit nombre seulement des missions confiées aux avions d'armes peut étre
effectué dans 1'état actuel des techniques, de nuit ou par tout temps. Il est
certain que l'extension des possibilités aux conditions ol la visibilité fait défaut
permettrait une augmentation considérable des capacités opérationnelles des forces
aériennes.

1V est évident que le probléme est de remplac » la vue de 1'équipage partout
oy elle est 1'instrument pour trouver 1'objectif : acguisition directe ou indirecte
{via des recalages de position), navigation vers la cible, etc. Un probléme complé-
rentaire, y compris dans certaines missions ol la capacité tout temps existe déja,
comme 1'interception air-air ou le tir missile air-mer, est de permettre le vol 3
proximité du sol ou de la mer ; ceci nécessite des moyens de méme nature que pour
1'acquisition d'objectif, mais correspond & des durées d'utilisation beaucoup plus
longues encore.

Il va donc s'agir d'abord de trouver des "senseurs" adéquats.

Mais il ne faut pas perdre de vue que la performance globale d'un systéne
d'arre réside non seulement dans les performances techniques d'Gquipements, mais
au.s? dans 1'aptitude & 1'emploi par 1'équipage. En effet, nous parlons ici de
systéries pilotés oG 1'ogpérateur humain est "dans la boucle”.

$31 V'automatisation semble étre, comme 1'indique le titre wéme de ce sympo-
siuri, une clé aux problémes, il est toutefois nécessaire de préciser son rdole. 11 ne
ceut Stre question pour ncus d'imaginer qu'elle permette de se substituer & 1'homme,
bien «u contraire ; elle doit J'assister dans sa tdche de décideur ol son cerveau

reste de facon cvidente la machine 11y plus puissante et la plus adaptative qui soit.

R A R I IR SR D T YT T Ty -, B S . U A U WO, W
by '..- W \.nﬂ\{'\-:" a0 .&:‘:}nf\{‘lli FRRRARE R + — ——

- PRI
',"\.'3‘?..'“ .‘:T.' S S




L A < ot ittt b i R L T L R B R ST -4 am d=a-s b.bE.v 6.0 AdR 0 d 0 e n"e dra ]

C'est de ce point de vue que nous souhaitons placer cet exposé, en tant qu'in-
tégrateur de systémes. On peut d'ailleurs dire que les architectures matérielles et
jogicielles de nos systémes sont dictées autant sinon plus par les rgles de 1'équi-

page que par les aspects techniques purs.

Les considérations qui suivent s'articulent donc avant tout autour de la
charge de travail du pilote et de son impact sur J'efficacité opérationnelle glo-
bale. Les capacités de travail de nuit ou par mauvais temps rendent particuliérement

aigué cette charge.

can g
2 - POSSIBILITES TECHNIQUES DES SYSTEMES MODERNES
De quoi disposons-nous pour construire nos systémes ? Sans entrer dans les
détails, que nous laisserons aux spécialistes, dressons la Tliste des principaux
eléments qui nous intéressent.
.l - Les senseurs
K

- Les <enseurs inertiels. Les techniques se diversifient (centrales & plate- o 4

forme ou a composants 1iés, gyrométres laser ou & bille, etc.) et les per-
formances s'améliorent. Ces senseurs fournissent un paramétre essentiel pour

les conduites de tir, mais aussi pour le pilotage : le vecteur vitesse.

- Les radars voient également leurs performances et leur technologie évoluer.
Les possibilites actuelles apportent en particulier une diversification des
- modes de fonctionnement dans un méme radar (formes d'ondes, traitements
L) assuciés, modes de balayage, balayage é&lectronique,...) permettant wune
adaptation plus fine dux multiples conditions opérationnelles.

A2 A

Des senseurs nouveaux apparaissent ou se développent dans le domaine élec- R

tro-optique : le LIDAR, actif comme le radar mais fonctionnant dans Je

’

Nty
»
'

dowaine infrarouge, permettant une grande résolution ; les FLIR, passifs,

avec de grands champs fixes par rapport & 1'avion (présentables en téte

haute) ou de petits champs gyrostabilisés et orientables ; les caméras
telévision conventionnelles ou télevision bas niveau de lumiere (LLTV) ; Tes

détecteurs de points chauds ou de taches laser, ctc.

- e systénes de radiolocalisation @ NAVSTAR, [LS, MLS... ou fonctions de
tucalisation des systémes de transmission de données (JTIDS, SINTAC) ; ils
néirssitent une "infrastructure" externe,

- Llvs détecteurs de menace fonctionnrant le plus souvent dans les bandes radar,
mnais pouvant s'étendre au domaine laser., On peut mettre dans cette catcigoric ;
les détecteurs_de missiles. Ces dispositifs sont intégres dans des ensembles

d'autoprotection {brouillage, leurrage) aussi autoratisés que possible.

- ¢noopourre associer a  ces sensegrs directe des  sources fournissant  des

donnens gadirectement sur le monde extérieur @ les sytones de transmission

1r dunnées qui deviennent multilatérales, résaistrtes aux rontre-mesures ot
diqcretes (JTIDS, STHTACY ot qui peuvent avoir des fonction, de radioloca-
Tication, et les menoires de masse qui peuvent stocker o bhord des donnces

preperees avent la mission,




- Les dispositifs de visualisation et _de commande

- Les visualisations collimatées téte haute voient leur champ s'accroitre

{optique holographique). Elles sont maintenant capables de présenter des
tracés en mode cavalier, mais aussi des images de type télévision, utili-
sables de nuit (faible luminosité).

- les visualisations cathodiques de planche de bord, éventuellement coliima-

tées (ce qui apporte une solution de protection aux forts éclairements du
soleil et évite l'accomodation lors de transitions té&te haute-téte basse).
Ces visualisations sont capables de tracés cavaliers et de trames (type
télévision). Elles peuvent utiliser la couleur, dimension supplémentaire
aidant & résoudre les problémes de charge dc¢ travail. Elles peuvent étre
complétées et éventuellement remplacées par des écrans plats.

- A ces visualisations sont associées des générateurs d'images numériques

permettant une grande variété de présentations et de symboles.

- Le multiplexage des commandes se généralise et on explore le parti & tirer
des commandes et synthéses vocales.

2.3 - Les commandes de vol

tlles sont entiérement électriques et utilisent Jles capteurs et boucles
nécessaires pour assurer la trajectoire demandée de la facon la plus indépen-
dante possible des conditions extérieures. Elles assurent automatiquement les
limitations nécessaires & 1'aérodynamique, & la résistance structurale, etc.,
et ceci dans les différentes configurations d'emport de charges. Elles sont
sires, assurant a la fois une détection automatique des pannes et une recon-
figuration automatique aprés panne, avec une redondance élevée permettant de
résister & de nombreuses pannes, et ceci avec des temps de réaction extréme-
ment réduits.

Le moteur est maintenant considéré comme une commande de vol! comme une autre.

- Les moyens de calcul et de liaison
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la capacité des calculateurs augmente rapidement. Les systémes actuels com-
purtent déja plusieurs calculateurs dont les unités de traitement effectuent
vlus de 300 Kopérations par seconde ; sont disponibles maintenant des unités
de traitement de 700 Kopérations par seconde et méme 4.000 K (VHSIC).

Les capacités mémoire augmentent encore plus rapidement et réguliérement. On
dispnse de mémoires de masse de plusieurs Mégabits.

L'utilisation des bus numériques (GIMA, 1553 B) se généralise. Leur débit de

I Mport/seconde aujourd'hui sera multiplié par 10 ou plus dans la prochaine
decennie, rythme dejd atteint pour des liaisons spécialisées point & point.

LT, R, .
< ‘.'{’;‘)‘v‘
X 3




o ik ok ae ol 2 e AR e el AT S e RN B =0 - Aa gl

fo 2y 8 A A b Ve R M bk S = 8 e 0

- TACHES A LA CHARGE DU PILOTE

Pour le besoin de 1'exposé, on peut distinguer les tdches suivantes

- établissement de la situation,

Yt - évaluation de la situation,
oy - prise de décision,
.~ ) _ )
;: - réalisation de la trajectoire-pilotage,
SR - mise en oeuvre des armes ou autres dispositifs de mission (matériels de
28 ) )
Sy reconnaissance, de brouillage offensif,...).
5 3.1 - Etablissement de 1a situation
.
-
s C'est essentiellement la mise en oeuvre des senseurs pour recueillir Tles
"‘ Y F3 : - > .
}.4 informations nécessaires sur le monde extérieur : terrain, superstructures,
1A
;?. menaces, objectifs...

Beaucoup de senseurs ont un fonctionnement trés délicat et nécessitent une
intervention importante de 1'équipage. Par exemple pour les radars : adapta-
tion permanente du mode d'émission et de traitement, choix des échelles, des
balayages (site, amplitude, nombre de lignes...), participation & la détec-
tion-identification des cibles, initialisation des poursuites ou contrdle
d'une initialisation automatique, surveillance de la poursuite, etc.

La sophistication des traitements devrait dans 1'avenir amélicrer la situa-
tion, on 1'espére, malgré un accroissement constant des exigences sur les
performances. Les possibilités de corrélation multisource devraient également
apporter une amélioration importante.

3.2 - Evaluation de la situation et prises de décision

C'est 134 qu'il est important de conserver tout son rGle & 1'équipage humain
qui doit rester dans la boucle. C'est son rdie noble.

Mais 11 faut l'assister au maximum dans ses tdches, en lui présentant des
synthéses claires, naturelles, des aides & la décision.

Un type d'aide essentiel consiste dans la prédiction d'évolution de la situa-
tion en fonction des actions envisageables.

rapurd 3.3 - Realisation de la trajectoire et mise en geuvre des_armes

Les prises de décision concernent en permanence un choix de trajectoire et

ponctuellement 1a mise en oeuvre des armes ou matériels autour desquels la

.- mission d'attaque est articulée, ou bien permettant 1'autodéfense ou 1'auto-
nrotection.

Pour ailéger la charge de travail, des automatismes doivent assister 1'équi-
saje dans les tdches non intelligentes en lui laissant le contrdle (évaluation
de la situation). I1 faut le décharger des problémes de sécurité chaque fois

au'on peut le faire de facon automatique, d'autant plus que les réactions
correspondantes nécessitent le plus souvent des temps de réponse trés brefs,

v;E\ hors des poccibilités du pilote ou qui mobiliseraient complétement le pilote
-
-.‘:'._ pour les obtenir,
<
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Muroplace - Biplace

Le question peut étre posée de savoir si, pour résoudre les problemes sigGus de
charge de travail rencontrés dans un ygrand noumbre de missiuns, il ne faut pas

préeconiser 1'utilisation d'un équipage double : pilote et officier systeme.

e n'est pas le role de 1'ingénieur de prendre de telles positions. C'est par

contre son rdle de proposer aux utilisateurs un maximum de solutions techni-
ques et ergonomiques permettant de retarder le plus possible le moment od le
biplace devient indispensable. [1 nous apparait clairement en effet que le
"coGt" humain correspondant (formation, entrainement, permanence,...) est trés

eleve,

5 - INTEGLRATION DES SYSTEMES

S.1 - ttablissement de la situation

tious pouvons developper un peu le concept d'utilisation de fichiers de rensei-
gnements qui peuvent étre emportés dans des mémoires de masse et preparés

avant la mission.
Ces fichiers comportent

des données altimétriques et planimétrigques sur le terrain,
des renseignements tactiques divers, par exemple la localisation de menaces
connues, leur volume léthal, position d'objectifs, etc.

La position horizontale de 1'avion est mesurée en permanence par la centrale a
inertie. Elle peut étre recalée ponctuellement & 1'aide des autres senseurs
dispunibles. Par exemple, ce recalage peut étre réalisé par corrélation d'une
carte radar ou de la hauteur de la radiosonde avec des données prévisionnelles
stockees dans la mémoire de masse.

La centrale irertie’le mesure également les attitudes.

L'eltitude, elle, est entretenue par un couplage adéquat entre les informa-
tisns inertielles et anémoborométriques et peut étre ponctuellement recalée
po7 rapport au sol & 1'aide du radar, de la radiosonde ou d'un systéme d
réediclocalisation.

Avres recalage, le systéme propose donc des données permanentes, pour repre-
sertation au pilote, du terrain en remplacement de la vue directe et des
renselgnements  tactiques dont on dispose. Four la sécurité & tres basse
altitude, cela n'exclut probablement pas de disposer d'un capteur externe de

stécurite,

o peut dreccer e tableau des possibilités d'utilisation des difterentes
resseurces qui doivent étre corréléces en‘re elles pour assurer les différentes

tonctoroans
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fonction Détection
Localisation Recalage _ '
Ressource Obstaecles Menaces Objectifs
fentrale 0
inertielle
Radiosonde 0
Kadar 0 ¢ 0 0 i
vl
Lidar 0 0 0
FLIR, TV, LLTV 0 0 0
LS, MLS 0 0
NAVSTAR 0 0
JTIDS/SINTAC X X X
Détecteur de 0 0
menaces
Fichivrs X X b X X 1
terrain +
renseignements
0 » senscur direct !
£ s renseignements }
i
Gro ne détaille pas ici les nombreuses corrélations envisageables dans les 4
differentes missions air-air ou air-surface. On ne détaille pas non plus les
differentes fonctions correspondantes des radars et des senseurs optroniques.
un notera le rdle particulier joué par les systémes nouveaux de transmission ,A{
de dJonnées protégées a grand débit pour créer une coopération de plusieurs ; IR
avions entre eux et avec la surface. Ces systémes apportent une dimension
supplémentaire a la mise en commun de plusieurs ressources {chague avion
pnarra disposer des informations recueillies par les autres), et une dimension
supblenentaire dans la coordination des attaques.
“eecentation de la situation - Aides a la décision
Avet les donrnées dont on dispose ainsi en permanence ou par détection directe,
vopeut precenter au pilote des synthéses dans le but
: o . 3
- e rerplaser da vision extéricure, ) ]
- 1eneichir catte vision par adjonction de velumes virtuels correspondant 3
et zetes dargareuses, a  des veolumes de manceuvre, axes priéférenticls
Prttanue, .
oty b cae Acheart une anticipation en permettant au pilote de
rrL Tt e vensesgrerents en avance de phase sur le déroulement de ta i
N N
. . : . !
o torme pere den syntneses  doat pernettre ure  intevpretation naturelle,
teotlitant Ta prise de deci-von,
Waus o avune déje dit o que e cguipenents de yvisuelisation rodernes permettaient
urie grande richesse d'imige | crcr est tres utile par exemple pour obtenir des !
repriqentations trés figuratives pour remplacer la vision extérieure. {
) J
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Mais cela ne doit pas nous conduire & des présentations complexes pour le
pilote. On doit au contraire opérer en permanence pour chaque phase de mission
et chaque situation une stricte sélection de toutes les informations néces-
saires mais des seules informations nécessaires. Ainsi, i1 faut faire des

choix et des synthéses.

Dans le processus de prise de décision, la présentation de la situation doit
s'accompagner d'aides & la prédiction des conséquences des décisions. Ainsi,
1'utilisation du vecteur vitesse pour ce qui concerne le pilotage de la tra-
jectoire est-il un moyen évident de montrer la trajectoire future.

L'état de la machine (carburant, moteur,...) intervient dans 1'analyse de la
situation et il est nécessaire de méler aux présentations les informations

correspondantes sélectionnées et synthétisées de facon convenable.

Réalisation de la trajectoire et mise en oeuvre des armes

Ces actions peuvent étre manuelles ou automatiques.

4.3.1 - Reéalisation manuelle

L'assistance au pilote peut consister en "guidages", le terme devant étre pris
au sens large, couvrant aussi bien Ta trajectoire que les actions de mise en
ceuvre d'armes cu d'équipements particuliers & certaines missions (rec~nnais-
sance, brouillage offensif,...). Ces guidages peuvent é&tre élaborés si 1'on
dispose de tactiques d'action fixes ou reprogrammables avant la mission.

Or peut utiliser la notion de "directeur d'ordre" qui dicte au pilote ses
actions, mais i1 est intéressant de noter que e pilote les exécutera d'autant
mieux qu'il gardera une perception aisée de la situation, c'est-d-dire du
résultat permanent de son action, plutdt que de suivre "en aveugie" un direc-
teur d'crdre.

On préférera donc généralement la notion de “couloirs de guidage" présentés en
superposition, dans le méme espace, que la synthése de situation. Et bien
souvent la synthése de situation pourra se suffire a elle-méme, si elle est
bien concue.

C'ect une facon de permettre au pilote de jouer tout son rdle d'adaptation aux
changenents opérationnels. Réfléchissons par exemple & ce qui Se passe dans
ies premiers jours d'un conflit !

4.3.2 - Realisation automatigue

hous avons déja dans nos avions d'armes des systémes Gqui réalisent automati-
juement les séquences de tir, initialisées ou autorisées par le pilote. De
rame, les contre-mesures d'autnprotection comportent des automatismes. Nous
avers egalement dans nos avicns des modes de pilotage automatique : tenue de
routi:, de pente, de virage, d'altitude, approche ILS, etc.

¢ tont ces noticns qui se généralisent dans Tes concepts d'intégration
piiatage/conduite de tir (1FFC).

8
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Ceci est rendu possible dans la mesure ou on dispose dans les systémes moder-

nes

- de commandes de vol sidres,
- des interfaces nécessaires avec le reste des systémes d'armes.

Dans les phases de mission ol des tactiques peuvent étre programmées & 1'a-
vance, il y a intérdt a remplacer le pil .zg9e manuel par un pilotage automa-
tique, laissant au pilote une charge de surveillance (incluant - malheureuse-
ment - la surveillance du bon fonctionnement des capteurs) et une charge
d'innovation pour s'adapter aux variations de 1'environnement. Cela signifie
que le pilote peut modifier & volonté les consignes d'entrée des automatismes.

Problemes de sécurité

Mous avons déja signalé 1'importance de la sécurité des commandes de vol.
Fvoquons aussi celle des informations de pilotage dont dispose le pilote.

Dans les systémes modernes en développement, une redondance d'ordre deux (sans
compter les instruments "get you home") est respectée globalement pour 1'en-
semble de la chaine d'élaboration et de présentation des informations de
pilotage et de conduite machine, & savoir essentiellement

- sources inertijelles et ané&mobarométriques,
- interfaces avec les systémes avion (carburant, moteur,...) et avec les
commandes de vol,

- visuyalisations.

Le but est d'obtenir :

- une détection automatique des pannes de la chaine des informations de
pilotage et d'alarme,

- une reconfiguration pour poursuite aprés panne - si possible avec les mémes

informations de pilotage (vecteur vitesse par exemple).

Préparation/restitution de mission

Nous avons présenté des concepts d'utilisation en vol de données de mission
emportées dans des mémoires de masse :

- fichiers de terrains,

- fichiers de renseignements sur les menaces (localisation, signatures,...),
- programmes d'attaque, de brouillage, d'évasives,

- etc.

Lle réle de la restitution des missions est évident pour 1'obtention des
renseignements, qui seront d'autant plus frais qu'ils pourront étre recueillis
au cours de toutes 1les missions, sans oublier bien entendu les missions
spécialisées de reconnaissance (y compris ELINT).

La ¢réparation de mission recouvre de nombreux aspects, tels que

- nelection des donnéecs & emporter pour la mission,

IR .-
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% - recherche préalable de trajectoires ou manoeuvres optimum (par rapport au
S0 .
-t relief, aux menaces,...),
'?. - familiarisation, entrainement.
",
> .
3 Une compatibilité étroite entre les moyens de restitution, de préparation et
. les systémes avion eux-mémes est indispensable,.
.'-.\
S
’“3 Nous pouvons insister sur le fait que la préparation des missions est, grace &
LY
S, la richesse des moyens disponibles, en particulier grdace & la capacité sans
ﬂr B

o cesse croissante des mémoires, une voie efficace pour la diminution de la e
. eyl v

charge de travail en vol et 1'amélioration des performances opérationnelles
globale- .

Mais en latssant, la aussi, intervenir les équipages, on leur permet leur role
d'adaptation rapide aux conditions opeérationnelles.
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8 Nius avens essaye de presenter un certain nombre de concepts pour illustrer la - '?

o tomt Tes teonniques disponibles doivent permettre d'assurer avec les avions

.

= dtarres des o wisotang de plus en plus complexes, avec des performances croissantes,
malyrs ane charg s de travarl ¢levée pour les équipages.

S “aai avonrt cherche & faire ressortir quel équilibre nous pensons devoir

- realtser entee "lautaratisation et le rdlte de 1'équipage, ce dernier se voyant

- resciumer t onntenu Jdans Ta boucle pour assurer aux systémes le comportement le plus

- sdapt 1t et ante'lligent possible,
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! A Cost-Effective Night Attack System for Ground Attack Aircraft
»
: i
1
" J F Fisher, Marketing Executive, and
' G R Sleight, Airborne Display Divisional Manager
i GEC Avionics, Rochester, Kent, MEl 2XX, UK
i
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SUMMARY ' ‘1

Current ground attack fighters have a good day VFR capability. However, they are . o
generally ineffective at night. GEC Avionics have ueveloped a simple integrated night . ;uﬂw:ﬂ
vision system which allows a pilot to operate effectively at high speed and low level. :

The system uses a fixed forward-looking FLIR sensor to display imagery to the pilot on a
raster head-up display. This allows him to terrain-follow and acquire targets. He then
ases a touch-sensitive head down display to designate targets to his weapon system for
subsaguent attack. The pilot is also equipped with night vision goggles to permit hard
-ineoivring, and with a digital map to enable him to navigate flexibly. By designing the
sntire system as an integrated whole, cockpit workload is minimised. A series of flight
*1iais nas clearly proved the concept. The US Marine Corps AV-8B and RAF Harrier GRS
will snon be oquipped with just such a system.

1. Introduction

“..r rany years, all ground attack and strike airplanes have had an impressive opecrational
‘.panility by day in favourable weather cenditions. This had not however been matched by
oir bal weather and night capabilities, which have until recently, been very limited.
ndend most attack arrcraft have been incapable of flying at low level, acquiring targets
r attacking those targets unless the pilot is able to see a reasonable distance ahead of
is airplane; this distance is a function of terrain, airspeed, weapon, system accuracy

4 pilot skill. 1In general, it can be assumed that most attack airplanes are only fully
fective in day VFR conditions. Figure 1 shows the average conditions which are to be
“uund in Central Europe in winter. It can be seen that in winter the attack airplane is
fally =ftective on average for just 20% of the 24 hour period. This is highly
indesirable both because of the reduction in overall capability of the attack force, and
because it allows an enemy force to operate freely for a large proportion of the time.
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Itowe can give the pilot a full night and all weather attack capability, he will be able
to tly at low level at all times. However, such systems are expensive and he still has

to be able to acquire, identify and attack tactical targets to be fully effective. A 5
cost-effective compromise is to provide the pilot with a full night VFR low level

operational capability; this will not on its own permit all-weather operations, but it
will expand the operational period from 20% to 60% of the 24 hours. GEC Avionics has
oeen instrumental in developing such a system, which has been demonstrated on a Hunter
aircra‘t at the Royal Aircraft Establishment, Farnborough, and on a TA-7C Corsair
aircraft at the US Naval Weapons Center, China Lake. Thesc flight trials have clearly
temonstrated that a relatively simple system can allow A single seat yround attack or
strike pilot at night in VFR conditions to:

N Operate from a totally darkened airfield.

2) rake off and land from a darkened airfield without any ground-bvased visual
assistance.

50 Fly at high speed and low level over a wide variety of terrain without any
active aircraft emissions.

1) Locate both static and tactically mobile targets, including tanks, in a i -4
designated area.

o

Attack those targets with standard unguided weapons using normal day time
tecshnigques.

6) Alternatively, to designate targets for attack by a guided weapons syst.m,
while [lying at low level.

Yraditionally, any one of these tasks would have been considered to be a very hign
workload at low level by night. We have conclugively demonstrated that they can all be
nioved by relatively inexperienced pilots with a comparable workload to normal dayvtime
tuw level operations. The koy to this achievement has been the design of a fully
integrated system, designed to operate syncergistically in the fighter cockpit to minimise
~orxload, Currently GEC Avionics can claim to be the only company in the world with this
capability and oxperience.,

2. _The Operational Task

ine for+t ossential is the ability to sately and consistently fly at low level by night .,




witnout this capability, the aircraft will be too vulnerable to enemy defenses to
survive. However, it is of little value on its own. The pilot must also be able to
navigate, locate, identify and attack targets and, not least, operate covertly from his
home base. We can define the pilot's operational tasks while flying at high speed and
low level as comprising:

1) Terrain following.

29 Manocuvring the aircraft with large (85 degrees plus) angles of bank.
3 Navigation.

4) Target acquisition.

5) Target designation.

6) Weapon aiming.

Plus:

7) Covert airfield operation.

3. The Integrated System

The first task, terrain following, can be achieved using an electro-optical sensor with
its imagery overlaid on the real world and scaled one to one. The scaling and
registration are both necessary to maintain pilot orientation and to allow him to use the
same low flying techniques by night as he does by day. The sensor/display combination
can be either a fixed forward looking FLIR with its imagery displayed on a raster HUD, or
a pair of night vision goggles (NVGs). Extensive flight trials, both in the UK and the
USA, have conclusively demonstrated that either system will allow a pilot to fly a
straight course, following the terrain contours with a low workload.

However, the pilot also needs to be able to maneouvre the aircraft at low level. 1Initial
trials using a fixed sensor/HUD combination showed that hard maneouvring was only
possible when the HUD had a large instantaneous (particularly vertical) field of view.
For example. Figure 2 shows the effect of attempting a high rate turn with a conventional
HUD with a 20° by 15° field of view. The look angle into the turn is not adequate to
clear the aircraft's flight path, and the orientation cues are limited. This factor
dictated the USAF requirement for the raster HUD for the LANTIRN programme, with its
field of view of 30° by 18°. As shown in Figure 3, this offers a greatly increased
ability to look into a turn, and hence maneouvre hard at low level. The LANTIRN HUD uses
holographic optical techniques to provide the large instantaneous field of view while
remaining within the space constraints of the F-16 (Figure 4) and the A-10 cockpits. It
has been sucessfully and extensively tested in both aircraft and is approaching the
production phase. Indeed the F16 LANTIRN HUD has now flown over 750 missions and the
contractor involvement provided by the combined test force has proved to be of
significant assistance in the achievement of the impressive -apability now demonstrated
in the LANTIRN equipped F16 aircraft.

The alternative system using night vision goggles permits hard maneouvering, since the
pilot can look around freely using the NVGs mounted on his helmet. Conventional goggles,
such as GEC Avionics "Night Owl" system (Figure 5) provide electro-optical imagery
directly in front of the pilot's eyes; however, he has to look around them to monitor the
cockplt instrumentation.

NV3s nave one major disadvantage; they cannot detect thermally-significant targets,
unlike a FLIR which can acquire "hot" military targets. Trials at RAE Farnborough and US
NWC China Lake with GEC Avionics' systems have shown that the combination of FLIR imagery
on a HUD with NVGs can be very effective. The pilot uses the NVGs to scan freely, and
the FLIR imagery to detect targets. However, he is then looking at his FLIR imagery
through the image intensifier tubes of the goggles. Seeing an electro-optical image of
an electro-optical image in this way severely degrades the FLIR resolution. In addition,
ther2 is a basic frequency incompatibility between NVGs and a holographic HUD (such as
21tner the F-16 and A-10 LANTIRN HUDs or a conventional HUD with a holographic combiner).
SES Avionics therefore developed "Cats Eyes" NVGs (Figure 6). These have a unique
wtical arrangement., A clear “"see-through® glass combiner is mounted in front of each
vyt With the image intensifier line of sight 1 4/4 inches (3 cms) above the pilot's
direct line of sight (Figure 7). This allows the pilot to view the electro-optical
iragery ‘ror the image intensifier tubes, as on conventional NVGs. In addition, he
r2tains nis direct view of both the cockpit instrumentation and ‘the HUD. This means that

A does rat lose any of the resolution of his FLIR image. Flight trials at both NWC
‘lna Lake and NATC Patuxent River have confirmed the validity of this technique, and the
Marine Corps are buying a number of sets to continue the evaluation,

*loen® in the system is the FLIR. This must be of sufficient performance to

s e necessary resolution whilst also giving an adequate field of view to allow
At oteredy taying oat manoeuvering and also cover wide swathes to give effective ground
Voragee tor o rarget detection,  There are many compiex and subtle trade offs in FLIR/HUD
foonids of viow to achteve optimum performance. In addition, the PLIR benefits from a
teah begree s pgtomation of gain/contrast control to minimise pilot work load in the
wmandicy 1w ait it ude environment.  The very high resolution UK Common module TICM FLIR,
asx qeveloned ror airboyrne applications by GEC Avionics, provides the performance to meet
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pxectlent resolation on the FLIR is a prerequisite for target acquisition and the NWC
trials demonstrated that the necessary FLIR performance levels were achieved. Target
acgiisition can be further enhanced by automated processing technology of the IR detected
~mi1ssions to cue the pilot onto probable targets. This capability is being further
developed and demonstrated in continuing flight trials at RAE Farnborough.

Next, the pilot has to be able to deliver his weapons onto the target. There are two
distinct problems, one for conventional unguided weapons, the other for guided munitions.
*he simplost solution is to directly aim an unguided weapon at the target. The pilot
achieves this by first acquiring the target on the FLIR image displayed on his HUD, and
then aiming using the normal HUD weapon aiming symbols. This gives comparable accuracies
to those achieved using the same display by day.

More complex delivery techniques such as CCRP (Continuously Computed Release Point) or
guided weapon attacks require the target to be designated. For this purpose, GEC
Avionics have developed the "Tactile" touch-sensitive head down display. This uses an
infra-red beam system on a conventional CRT display to allow the pilot to designate a
point on the CRT by touching it with his finger (Figure 8). If the FLIR imagery is
displayed on the head down display, as well as on the HUD, the pilot will be able to
woquire his target and then designate it to his weapon system by touch. He can then
olther complete a CCRP attack or release a guided munition. This technique does,
nowaver, rejquire the head-down display to be positioned on the centre or left of the
.nstrament panel, for obvious reasons.

Tris stiil leaves the task of navigation. It is clearly not practical to constantly
refar o a pap2r map in a darkened cockpit. Navigation at night therefore involves a
comewnat modified technique. The simplest system uses an inertial navigation system to
~toor the pilot to a waypoint where he updates the system. However, the combination of
N dritt rate and limited HUD azimuth field of view means that the system must be updated
crery fow minutes, or the pilot may miss a waypoint because it has drifted ouside his
tield of view before acquisition range. Once he misses a waypoint, it becomes very

it licult for the pilot to recover the situation. In addition, this technique is
telatively intlexible it does not allow for major track deviations because of weather or
wastile accion,  For this reason, a cockpit map display becomes highly desirable. It
mant show not only the aircraft's present position but also his desired flight path
across tihv ground, to offer flexibility and independence from hand-held maps. In the
past tnis has only been possible with complex projected map displays or rcmote map
readers.,  However, their very complexity increases cost and greatly reduces reliability.
Mereover, tne fixed colour palette can cause problems of frequency incompatibility with
it wvision goggles. GEC Avionics has recently developed a novel digital map system.
'niaors g osolid-state system which produces a fully digitised image of a standard paper
nap; this digitisation is done at a base ground station, once for each map to provide
overall map coverage. The resulting image quality is remarkable. The pilot can use a
local planning station to overlay track and other mission planning data immediately
vefore each flight. In flight, the digital map can offer a variety of facilities,
including north or track-oriented displays, zoom, look-ahead and different map scales.
It «<an alsn change the colour palette at night to make it compatible with night vision
ioagleos,  If A DMA data base is available, it can use this as an alternative to the paper
wiap glgitisation. The system also offers outstanding flexibility and reliability

:rnase 1t is solid-state); the prototype (Figure 9) is flying very successfully on a
weysox helicopter at RAE Bedford and this approach is further discussed in paper 36

LY TOW,

4. sSystem Applications

: myutnments and techniques described have been evolved over a number of years. The
“irst significant application was the two seat experimental Hunter at RAE Farnborough.
In.: first investigated low level techniques using a fixed low light television sensor
rosinted in the nose, displaying its imagery on a head down display. Further developments
inzluded the use of a raster HUD, the replacement of the low light television with a UK
ormon wodule FLIR, and the use of NVGs.

weeptional rasults from this relatively simple system gencrated considerable

<o in the Inited States. GEC Avionics therefore proposed to install a similar

. in 1 demonstrator aircraft for the US Marine Corps. The proposal was accepted in
cocmner 193 the gystem flew successfully in a TA-7C at China lake in April 1984, as
Froiest “Cheap Night", 1t consisted of:

A UK Jomnon module FLIR in a pod.
, An A-7 raster HUD, modified to UK line standard.
Aohead down display in the front cockpit.
A Tsctule touch sensitive display in the rear cockpit.

‘ Jats Eve s onicht vision goggles.

Iy Modifved cockpit lighting.

Th> resalts were so encouraging that the trial was extended from its planned two months
o4 mant e, tovering some 80 flights, It was demonstrated to a wide variety of
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Service and Government personnel, including the Secretary of the Navy. As a direct
result of the trial, the US Marine Corps decided to procure such a night vision system
for the AV-8B. The same system will be installed in the RAF Harrier GR5 in co-operation
with the US Marine Corps.

A further similar flight trial is planned for an F-16 aircraft operated by General
Dynamics at Fort Worth. The first flight is planned for next month. A similar system
will then be flown in the Netherlands on an F-16 of the RNLAF. These systems will
incorporate a number of refinements, including the use of a wider angle HUD, a new low
drag 10 inch diameter pod and a revised Mk 3 version of Cats Eyes.

The overall synergism of these various system elements is of vital importance to achieve
«ffective operational capability. The HUD/FLIR fields of view (and any optical
corrections) need to be most carefully matched, the overall colour palette used in the
cockpit and the operating light wavelengths of all displays and sensors nced also to be
subject of the most careful control. 1In addition various peripheral equipments such as
the FLIR/Cockpit TV/Video recording system also need detailed interpretation in order to
achieve a usable operation overall weapon system,

5. Future Systems

GEC Avionics has now developed the integrated night vision system described here to full
production status. We have proved that this system can be safely and consistently
operated as an effective weapon system by the average squadron ground attack pilot. It
i1s neither fully automated nor all-weather. However, it is relatively low cost and is
totally passive. The consequences of installing such a capability will be very
significant. It means that Warsaw Pact ground forces will no longer be able to use cover
of darkness to regroup, mobilise and gain the element of surprise.

We are now studying improvements in this concept. These include the development of
similar systems for attack helicopters, the use of helmet mounted displays with a
gimballed FLIR to provide biocular imagery, and the development of more advanced FLIR
systems. There is no doubt that the introduction of these cost-effective night vision
systems 1s going to be one of the most significant improvements in the ground attack
pilot's capability in the future.

OPERABLE VISUAL CONDITIONS

IGHT 40%

DAY 20%

DAY 13%
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COCKPIT AUTOMATION REQUIREMENTS DERIVED FROM MISSION FUNCTIONS DATA

by

Bernadette Faulkner, R Seifert, K.D.Richter
Messerschmitt-Botkow-Blohm GribH, LHE 143
Postfach 80 11 60
D-8000 Minchen 80
Federal Republic of Germany

1. Description of the problem

It is known that today the human operator forms the bottleneck for the operational
itilisation of manned weapon system capabilities.
The reason is the immense increase in performance based on a great extension of the tech-
nolojical limits of the system /1/.
Tnis is achieved by automating more and more functions of the aircraft's systems,

This development has brought about a gap in the engineering concept of the man-
machine interface. There is a discrepancy between the real functional interface and our
conceptual thinking or our mental picture of this interface, Hudson and Young said /2/:
"The man-machine interface is commonly thought of as the controls and displays in the
cockplt or crew stations of an aircraft.

Thesa cont ls and displays are, in fact, only the tip of an iceberg; the real man-
machine interfaze will be deep in the computer systems of the next generation of air-

craft.”

Counsequently, we have to develop a system engineering concept for the design of the man-
machine interface, which accounts for this fact. Our problem is: we know that we have to
aatomate a great2r number of man-machine interface functions; however we do not know
which functions, by how much, how and why to automate.

We lick a method of defining the concept for automation at the man-machine interface.
Arécker /3 has suggested a set of guidelines and criteria for the functional integration
of man into avionic systems with high complexity and degree of automation.

In the study "Automation in Combat Aircraft" /4/, Summer 1981, sponsored by US Na-
rional Rescarch Council, it was revealed that there is a knowledge gap concerning the
system engineering methodology of the functional integration of man into advanced combat
aircrafe,

In 1983 the Guidance and Control Panel of AGARD established an international Work-
ing Group, *“asked:

o to look into the availability of knowledge in the participating countries

~ to derive guidance information for this functional integration of man from expert
knowledge

o to recomm2nd R & D activities to fill the revealed knowledge gaps.

In 1984 the "Cockpit Automation Technology" programme (CAT) was launched by the
LSAF o develop the tools for automation engineering at the man-machine interface.

We in Germany also started a research programme in 1984, The funding of this pro-
gramme is negligible compared with that of CAT. However, it does represent a first step
in the total task of man-machine interface system engineering,

The first phas2 included the development of:
0 A mission task list for selected mission and weapon systems.

o A metho? for rating the relative importance of each of the tasks related (a) to the
frequency »f occurrence (in the respective mission phase), (b) to mission eflercti-
senoss and () to flight safety.

o Criteria and or cateacries for automation at the man-machine interface, against
whish the individaal mission %asks could be rated.

) A methad for rating the misgion tasks in relation to the automation categories
forivod,

This jregramme 15 a1 trial meant to approach man-machine interface cnginesering fronm
the cperational and the human task aspect, Only if we know the set o tasks man has to
Salfil with his nystem during the coanrse of a mission and mission phase, can we enjinens
the tecstnizal system functions aporopriately to menet the needs and not to exceed the
Lirirs af wan and his capabilities,
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2. Concept for automation at the man-machine interface

The concept fo: engineering the automation at the man-machine interface is to ap-
proach the selection of functions for automation, and to determine the why and how of
thei: automation from both sides, operational and technical,

The general concept of man-machine interface automation engineering is shown in fig. 1.
Based on a mission analysis, basic data for the automation requirements at the man-

machine interface are collected in a first step, using a special interview me+hod. This

is detiiled in fig., 2.

3. The method

The method comprises:

o a mission task list

o a catalogue of defined automation categories

o] an interview format with instructional quidelines
3.1 Mission task list

A mission analysis is performed based on the tactical requirements for the weapon
system in question, and based on expert knowledge concerning procedures, regulations and
technological system options applicable to the design driving mission.

The resulting mission function list will contain a great number of function or task
items, dependent on the level of detail applied in the analysis. This is in turn a func-
tion of the knowledge of the expert performing the analysis.

In an air-to-air mission analysis we arrived at more than 400 mission functions. A
j00d mission analysis should contain no fewer items if operational and technical func-
tions are taken into account.

This very detailed mission functions list is then reduced to a list containing not
more than about 110 to 130 mission tasks. This level of detail is reqguired for the in-
rerviews.,

Too great a level of detail would result in an unacceptable interview duration. An
interview should not last longer than about 6 hours. An inadequate level of detail would
render results which might give insufficient information for determining the automation
toguirements.

An 2xample of a mission phase task list together with typical scenario is presented
in the appendix.

3.2 Automation categories

The determination and definition of distinct automation categories is required for
WO r2dasons:

i) A standardized interview technique, as is presented here, requires defined terms of
reference for the operators and experts involved in the interview.

They should thereby be enabled to make their choice and decision concerning the
suggrsted level of automation, based on a set of comparable cues.

re The automation categories allow the design engineer to decide upon the level of
automation applicable to certain candidate functions.

The Air Force Study "Automation in Combat Aircraft" /4/ contains guidelines for
automation, indicating when and how to automate.

However, the design enginecer does not want to know the workload and human capabili-
tv conditions which indicate automation. He wants to know for which system func-
v1ons he should provide which form of automation and what degree of operator in-
volvement concerning control, serlection and display of information of that function
is required,

2T




3.2.1 Automation categories for the control of functions

fhose catejories are:
O nanual
< nanaal augmented
o manuial augmented with limit-monitoring
o cooperative manual and automatic
8} automatic with variable settings or control laws
< automatic with given control conditions
¢} autonomous automatic.

Flight control functions in modern aircraft cover the range:

o manual augmented, based on augmentation by the CSAS (control stability augmentation
system)

o limit-monitoring, as e.q. manual augmented control with «- or g-limiting

o cooverative, e.g. overriding the autopilot "height hold" function by manually

applied force control
o automatic, autopilot function with variable settings.

In the arca of utility systems control most functions are:

o automatic functions, as e.g. landing gear retraction
> autonomous automatic functions, i.e, hydraulic and electric.

Autonomous functions do not allow manual interference - provided the power is on
nnd the APU or engines are running - the automatic functions, as gear or flaps handling,
regalce manual selection.

3.2.2 Automation categories for the selection of functions

These categories are:

S manual
0 accept/reject
: anzomat ic

Manaal means: switch, set, select, enable following pilot decision.

Accentsreject means: the function could be triggered automatically, however it re-
quires the nrovision for the pilot to decide upon accepting or rejecting the activation
s othe fanction.

Automitic means: an automatically controlled function is activated automatically if
“ae relevant conditions for its activation exist or develop. No pilot action required.
3.2.3 Automation categories for the display of information of functions

I'nese categories are:

3 ontinuously displayed
o displayed only if a selection is made of:
- mission or £light phase

- main mode
sosten mode or function

" displayed owing to conditions:

-  flight condition (n.?, nbstacle warning)
- misgioan conlitton (¢, threat etc.)

ne interview format allows for the additional denotation of displaying the infor-
matios head up, head down or on helmet-mounted sight/display. This addition is important,
Torlaase an extremely oritical challenge for the interface engineering is to predetcrmine
The Lnerational +asks and mission elements, which should be flown head-up and/or head-

HewWn respectave ly.
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3.3 The interview technique

Fig. 3 shows the layout of the interview format. The interview technique allows
assessment of each mission task according to:

the frequency of its use on occurrence within the mission phase or within a duty

° cycle, e.g. attack

<] its relative weighting in terms of mission effectiveness within the total mission

o its relative weighting in terms of flight safety within the total mission

o the automation categories recommended for control, selection, and display of the
functions and functional conditions possible, related to the task

o the responsibility assignment for the task in a more than one man crew.

The number of decisions and statements required during the course of the interview
show that there are limitations regarding the number of mission tasks to be included in
the interview.

If we accept an interview to have a maximum duration of about 6 hours, we can only
allow the inclusion of the number of mission tasks that can be assessed within this time.
The mean time per assessment decision is about 30 s. The interview requires 7 assessment
ducisions per task. Consequently 6 hours allow for 720 decisions, or a little more than
100 mission tasks, to be included in the interview.

The mission task lists show that there is a great amount of redundancy in
individual tasks within the mission.
The number of tasks can therefore be reduced by including only one of corresponding
tasks.

Each assessment made is denoted by a number. This allows easy adaption to computerised
evaluation of the results,

3.4 Evaluation of results

Evaluation is made concerning:

o importance rating
o recommendations for automation
o denotation of task responsibility

The mission tasks listed are grouped in different ways to allow the analysis of the
results to differentiate between mission phases, task function groups, and task types. In
other words: the analysis of the interviews should render results covering:

ol mission,
o systems, and
o human tasks

(1 The mission phases and tasks therein are predetermined by the mission analysis.

(2) The task function groups reflect the systems related to the task. The function
groups are:

- Flight Control

- Navigation

- Weapon/Combat Management

- Threat Management

- C

- Management of Aircraft Systems

(3) The task types reflect the nature of human acitivities related to the tasks. The
task types used are:

- Observation
observe, monitor, scan, look-out, listen

- Sensu-motor precision
detect, acquire, track (manual), lock-on, guide

~ Communication
communicate, report, alert
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- Memory linked functions .
check, follow procedure, inspect, review

- Decision linked functions
ecide, evaluate, assess, update, navigate

- Discrete manual activities
switch, set, select, engage

- Flight Control activities
manoeuvre

A further analysis is then made with the aim of determining the systems, anq the
functional loops and interactions related to each of the operational tasks in a given
mission phase.

4. Further activities

The detailed description of results achieved so far lies beyond the scope of this
paper. Besides that, we could at this time only present preliminary results.

During the first phase of our activities in Germany, two missions were analysed and
transformed into the interview format. One is an anti-tank heclicopter mission, the other
an air-to-air mission. The method was then tested for applicability using helicopter and
fighter pilots. Some improvements had to be made concerning the automation categories and
the mission task redundancy applied.

In 1985 we are contracted to perform and evaluate 30 anti-tank mission and 15 air-
to-air mission interviews.
We expect thereby to obtain a data base, which will help us in better defining the air-
crew-helicopter and pilot-aircraft interface requirements for our future weapon systems.

The rationale is that we use the mission task requirements in combination with the
aircrew's/pilot's operational activity or performance requirements to derive the concept
for automation and functional integration at the man-machine interface.

As far as feasible and possible, the results of our study will be included in the
report of the GCP WG of "Guidance and Control Automation” at the Man-Machine Interface,
which is due for publication early next year.
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Fig. 3 Sample of Interview Format B
Appendix
Mission task list for combat helicopter
Example of two mission phases
F APPROACH TO INGRESS POINT (BATTLE ZONE)
1. Proceed Low Level Under Cover
(Terrain Following Flight)
2. Monitor Radios
3. Maintain Visual/Sensor Look-Out Procedures
4. Update Navigation Data
5. Receive and Evaluate Situation Data
6. Communicate with Ground Forces
7. Recheck Flight Data
8. Monitor Subsystems
9, Observe Obstacle Clearance (Visual/Sensor)
10. Perform Combat Systems Check :'1
. Conduct Pilot/Copilot-Gunner (P/CPG) Intercom.
i
G INGRESS - APPROACH FIRING POSITION !
I
1. Proceed NOE to Firing Position
(Flight Control + Navigation)
<. Conduct P2/CPG Intercom.
3. Maintain Visual/Sensor Look-Out Procedures
(lavigation Combat, Threat)
4, Alert Other Crews if Enemy Attack Encountered
(Threat, Communication) o
5. Provide Self-Defence Security "4
6. Observe Obstacle Clearance (Visual/Sensor) .
7. Solect Firing Position
B, Receive and Review Attack Data
b, Sonduct P/CPG Intercom.
10, Feriorm Final Weapon Systems Check
1, Arnroach Firing Position
12, Fstahlish Suitability of Firing Position
13 Manoeuvre %o new Firing Position)
4, Report Readiness for Attack
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B AUTOMATION AND PLIGT TNTERACTIONS 1H NIGHT
I’ —————e —_——— e ——
\51 GBRALL-WEATHER TACTICAL OPERATIONS
4
:‘_ by
% Mr. W.H. McKinlay . ]
.‘ N S
Oy Ferranti Defence Systems Limited PIRNgOETR X 52
Werry Road
Fr. Fdinburph  EHs 2XS
.l
I-'
:{ cxxmines some ol the areas 1n which automation could be used to reduce
L ' sd when oporating at night or In low visibility. It 1s shown that in
: rilot's task extonds from the planning stage before take off to the
T Lo tactlcal decistons are taken in the alr. The role of the Mission
~ i stemandthe features of a system developed for this purpose are covered.
L Lo ks ont o the noaature of the mln-mivhlne interface including its required
L e an b cuegests the Impact of the latter on the core avionic system including
= Ul D el the EMIL
) Co -
N et lonne slont all-weather operations, pavticularly in single-seat airceraft, will éaﬁﬁ'i.'-
P taee uwoonostantinl escalation of the pllot's task. Although much is now
AS ¢ »Uthe fensibillity of operating at night with the asslstance of electro-
L . sensors the workload will stlll become extremely high when the taskr
A tovwelated with nuvigation, weapon delivery, survivability ete are aggrepatod
;{ trooo fluetuating wperational situation. Tt is partlcularly important for any
., cictem oo cope wWith the peaks in such operations. The purpose of this paper 1
hd T [riee some of the more demanding aspects of the pllot's task and sugpest how -
- o be mitlgated by attentlon to system design and by the use of the
et o les whiech are now becoming avallable.,  In particular the paper considers T ey s gty
, toottieal rouning and workload imposed by navigation together with the assoclated o
;{ lems of Information display and the man-machine interface. In system terms
ﬂJ ¢ are references to the development of a system core structure concerned with
.- actical control, navigatlon and the man-machine interface.
K. R
‘\: Ther PLlov's Task
= ullot's task can only be defined and optimised as part of a total system
: lgn responding to an operational requirement. Subjective conclusions bascd
" pilot handling and workload in earlier systems may be invilid if the
i reratisnnl concept has moved into unknown territory. The first stapge In
::‘ A-Uindng the man-machine interface must inevitably be to sonsider a romplete
- wrabilirecturs In which functions are partitioned between pilot and machine.
'}' ritinlly it 1s also helpful to consider the pllot's task as cecuring at a
: { imber of pussible levels in which the man-machine relatlonship will have
- ront characteristics.  Worklng bottom-up these levels include (see Flgure 1):
[\ - House keeplng:  the control and monitoring of basic alreprsft A
JO servicss capable of belny handled by relatively stimpic 5""‘f“ﬂ
= e ' i o
u...
nh trol tasks concerned wlth power plant or flight control
- nd :ble of belny realised automatically or pilot
-
tire sephistieated tasks Involving decisions abou' or control
':‘.. ' 3TG .y e :[)On:; ctoe,
.": e pateleton ot Informat bon about the externnl Shactlen)
iﬁ st oment throarh sensors, comminleations, plloatta eye et
S
{x sus Involving judement and the control of the
A
s
s wloall theose Lvels may have varying degrees of prld ity u
ot vl lares The pllot must of aour vperiate ot
-; v st onsly dopending on the ptlot/aqat. tes opliv,
"~ : * K P toomoust dLOftenlt o constdering the bl o levelo o
a 7P A S B "lkm;f fo Invalve .
-
‘O .
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! worklowel tmposed on the pllot depends on i number off facrters.  When tasks

Y 4 onumber of areas coinclde they can produce peaks as can any individual degree
w5 Staginy. When dellverlng wespons at hlgh speeds and low altitudes o

= deesston of aevtons with time can arise.  Cther papers have sugygested cuases

$J toowhich a1 series of aetions and declslons required In a weapon alning sequence
‘J vovee t 0 L compressed into times of the order of 15 seconds. When accompanted
o) Uy trer need o control the flight profile close to the terraln, at night, this

cepresonts a4 formidable task.  Simllarly, in navigation, tactical declsions
route changes under pressure must involve judgment which can be

Al ilated tnto nctlon with as little manipulation of the system controls as

3 0.

N
WA '

A . Atwmat Lo nd the MMI

WY theps 1o only one pllot his functlion in the system is inevitably

) 11t hough the system itself may be distributed. The inverface betwecrn

t4 mechine 1s governed by this fact and the resulting architecture before
mo detrtled intertaces through controls and displays can be consldered.

Dmeowey this interaction has been developed with Increasing system integration
wote wiyealtsed historlcally.

stems which were not substantially Integrated separate alreraft
Lullat! s concerned with navigation, communlcations, fllight control, weapon
{olfyery ot were controlled through dedlcated controllers glving complete
Cooexibility in terms of the modes of operation of the different sub-systems at
diy v itme. The pilot carried a mental model of the operation and what he wilshed
Couchiteve ) cetting the sub-systems up manually to achleve the desired response.
Tt two nmethods available to reduce such worklead are Integratlon and automatlon.

A e ey i

w uld te possible to automate the different sensors and sub-systems for at
wo o reasons:  to permit them to do thelr own house keeplng, belng thus
o~ handle, or to allow them some further autonomy in determining thelr
operition,  The second 1s likely to prove an unpromlsing approach

s *he pilot must retain an accurate mental model of system behaviour and
what ter has to do to change 1t.

Jheeonrrtval ot the digttal databus and the presence of computing within
sub-oystems both ifmply additional deslign flexibility. The crucial man-machine
relntionchip becomes that between pillot and whatever controls the configuration
and bohiaviour of the system.

in easence the pllot must have a higher order dialogue with the total system
which the avionics translate Into total system behaviour. One possible
vranslution is from the man-machine relationship to a chosen mode ¢ flight
which implles an unambiguous definition of the modes of operation of all the ; ° -y
o rstituent parts of the system., Fach sub-system is given a blue print for its -
svate ot behaviour: e.p. a radar i{s told whether to switch on or off, how to
©1oand how to choose between any other options as to its method of radiation.
Any sun=system may have lts own means of controlling its internal behaviour
vitdd that it responds with whatever parameters are part of the prevalling
lonyatem mode,

.y

dvsign task now becomes one of devising an effective and comprehensive:
between pilot and system with the behaviour of the latter belne

to o the former whatever happens. This credlbility has to be ref%ected
{olrputs, In the system response to them and in the supporting

s Informatlon supplied to the pllot. Such a system can operate up Lo
wtowhish Intanyible decisions have to be taken, bhased on information
manlottong, geusors or pilot's cye.

It seems more tmpartant that thesystom should oporate reliably
“han that 1t shonld have any ability to take mnchine

: Lo ving anything like artificial intelligence. It would seem easy to
sttt systems driven by osimple rules which would not be ;jairtiscularly

Sharort to the pilet, so that the emphasic should be to muke them so.
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rav bt ten regulirement 15 to pulde the alreraft along a pre-planned

e stine deviation from 14, with an accuracy such that tts chances

S Wwili we greatest and the probablility of acquiring the target

E' . However oan cmphastis oo ooperatlons at nlght or In low visibtility, In
D- Dot o=t ld eonditiens, may change the emphasis of these requirements,
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etes whe advent of automatie navigpatlor systems navipgntlion over short sortles

war o carent tally pliot's eye, uclng experfence wad o tepopraphties] map. The

Lot Lr ddbisltal systems based on Inertial Havipstion made tt posstble to fily a
ting of a number of way-points with an accuracy which, although

Tt e, was penerally dependable.,  Monltoring the propgress of the light relative
S terpaln was still highly destirable, a fact which has made moving map
vopalar.  However at night, poessibly using zensors, the arew of terrain
tur eross—-checking may be preatly veduced.  There 1s “herefore a necd

alvurate navigation system.

[N 1

Cootier concequence of nlght operations in the yenrs ahead s likely to be 2
il Increase in pilot workload, so that the workload due to navigaticn
minimised. To some extent this should be pessible plven greater

and 4 omessure of integrity but there will still be a censlderable
‘ticularly if it is necessary to chanye & mission plun in flight
eventualities such as a return to a ditfferent base. It is then

2 look at the man-machlne relationship concerned with navigation as
rrocess from the flight planning stage Yo the arrival of particular
fitght. It 1is for this reason that Ferrant{ haive been working for
Mission Planning Systeme as well as on Mavigation Systems and

ays. A planning syst can enable a much hichor degqree of planniog
tion without sipniticant additional werkiond hetore take-off,  The
s erented can help to reduce workload in the alr, particularly when
Uiprht plan on the basis of stored Informatlon as wetl ac Information
thHrouich communications.,

stenecd pilats have always set pgreat store on adequate misstion planning ac oa
vl nen workload,  Planning i misslon on the groeund rem:tes come of

{ from the cockpit in both spiace and time, The act of plunning
relative to time, fuel, the terrain, possible threats ete can

tsalon as beling possible as well as reveailny alternutive options.
soare fikely to take place In o glven aren o second removiel ot
dopossible froowhleh alternative mloslons are planned 1o overy sreat

i betng recorded ready for use when required,
Howe ver, varticularly where aircraft huve to respond at short notice, the planning
ot “se it generates 2 workload on the ground. The information which can be
e tooothe alrveraft and then consulted in flight s 1imited 11 1t is

o o paper, topogravhle maps ete.  Therefore, with the advent of digital
T Sy it oo matural to concelve a system solutlon usling dipgltal technlques

sre and transfer the information. Some years 2o Ferrantd
. 1 research programme in this aren which has since led to severul
goversslons of production systems.

utem, Autoplan, consisted of a small computer linked to o map board
any Ulivht prot'ile to be digitised dirccet from the mip. A keyboard
crowere alse included.  An important function wau the ability to load
Lty Atore which could then be plugeed into the alreraft avienies
ERERSH ssion eomputer with a canned flight plan,

sycotems sieh as the Total Avionic Brleting hystwm ('TABS) Lave

Siboe oy ure 2 more comprehensive database whiteh can include both
gt tnneliieenee information. The PODD technique 1s stiil used teo
slropart cystem althogth clearly Iater develepments (n datalinks will

R The more advaneed ctores can also record Intormatlon In £flipht.

fored the results of the briefing Into the alreraft automatically
cosoworkioad In e conkptt pre-flipght and sets no 1imit on the
tlon stored tn the Navipatlon System eoxeept that it must be

n o titghs.,

GREN rndirgs System

. LT ith meovary o dependine o the appileation a typlenal system concts
Yoo gt oundta Loee Flpegres 0 oand 20
o tth e lrdinge o .

Aot nles urdt Inclad b il processor,

e
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plan can be assembled from way-point coordinates entered in several

ot wivs., Keyboard entry or entry through the map table and its cursor
PRI “tpie.  alterratively pre-planned way polnts can be held in the system so
vt stanatrd carned flight plans can be used.

LU0 i uostul Uor prompting the operator through the different stuges of

! comptitog and editing mission data, for displaying error messages
Cinerease the inteprity of the man-machine interface of the
cmottseir. This ts particularly important as 1t may be used under

tllno U prensure,

L,
crrits by

T preesence of 4 processor also means that the characteristices of different
cowraphical maps, .. the grid system used, can be accommodated automatically.
¥y s produced to oo range of scales and projections can be used in any area of
t ‘rld. Ditterent coordinate systems such as latitude/longitude, grid or . iy
cearing and ddlstance can be accommodated. e

b W

Tree Gy eerationnl sonpe ot such oa stem depends on several factors. The data

sasemt bed In thee Portable O o vy bee transferred direct to the atrerafe,

oo sen yoncds in turn on the provicions Included in the airborne mission

L cokplt dicplays.  Apart from the flight plan in terms of way points,

oo tnrtormatt.on or intormation related to the weapon system as a whole can

There 1o also prowth potential to Interface a Mission Planning
suivatle pround-based communication system: 1.e. integration

mote ot operation 1s possible in which in-flight information

rtable Data Ctore for recovery after the mission.

! tow butlr several penerations of these systems. It has been shown
Co, U Latoessy ueveral differeny requlrements must be observed:

raft cyctem, Including the organisation of 1its computer,

the Jdtoplays are used and the pllots controls must all
enred Lo make uce of stored information,

b Loy stem must be specified for use with the
and the capacity of the Portable Data Store must be
w0 a result of examining the total system.

¥
1

mian-machine interface of the Mission Planning System itself
ter deslyned o sult {ts operator's task, his experience
nto o vertal workload in Mission Planning.,

Givers these vequalrenents It 1s possible to enhance the capability of existing or
new avlonte cystems provided that they can accept an additional data store.

D Piliot Facnoprs In The Deslign Of Future Systems Py

paper hag retferred to a number of areas in which the pilot's task 1s made
Jireicult when flying at night, or in low visibility, close to the ground.
pure 1 shows a Hlerarchy of Pilot Tasks which, although highly simplified,
noenule 1 more detalled conslderation of the problem.

ive beern placed In order of the extent to which they require the pilot
2o his highest faeulties,.  Thus house keeping, or monltoring basic
Jotems, 1o ohasienlly o routine task while controlling the aireraft io

: romplex in mental terms,

cntras tcks, controlling sencors and acquiring or assessing information

: rwupy anhoarea in which the workload can be expected to expand when
wht . Informition on threats or hazards can only come f'rom sensors.
visions and controlling the total avionic system are the essential
ot liine the mission and the essential reascn for the pllot's

tderine whether or how to appily automation several questions must be asked:

woalooxtent Do oantcooaation possible Inoa partlcular area?

e vt e mated

tritervent oy

off-load the pilut
coquired?

o dorn possibieoat o all?

. - ot e -
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comatto rlipht contral can remove the pilev Yrom the loop provided tho
telent intepgrity.  The problem 1s more to define the desired flight

sy omore complex problem than merely following a defined two-

|

tanning

n improve thls situation but a viable system of terrain
sunry.  Many of these problems have also been dealt with in
qtout the intepration of Flre and Flight Control.

ihle Lhat, yiven a high intepgrlty system, pllots will hond over to
Sestrol becsuse the mental model requlred to monitor o flight control
Intfvely stmple. Much less Is known about the mental model cmployed
atiny through sensors and acquiring or assessing informaticn.
nave a plcture of cach sengeor in terms of Its mode of

to detect particular features, abllity to produce misleading
nder certain condftions.  Thus the degree of sensor processing and
roequired (o preduce a proper combination of pilot and system must bLe
: Sl . There will also be trade-offs boetweern the eost of

coters s Tt Tons ndd thee extent to o which they coan reduze the pilot?'s

erned with tacticwd decelsicng, and “he way o
votoocontro., both o determine the possibilivy
reter tanetlons. However fhee moot promls

b
Tiothee hehLem o upwiards, re-ne Anpe pllor

et o U Lower arder fgnet | .
. . ‘ . Wi [ CTANS SV S ST B AR Y O TS I
v ; . . (RN Y teechgp oo b ) 1ot
' ! v o ti betwe et pIlar
' ¥ R AN I A ety .
s C o sosnrent Ut it rmat fon e
' T uriiess it is
' S o Taanlt. With
. oW Lo one clmymiy difficult

oo b ol w visoihIlity pllot and

. . . : . . »orrobilem o be conslderced
A cort : o Covhe UUlobs o path from the slightly

s v he ront tegjectopy.,

. , v Steer e afreraft
i T by the naviyation system
PRI . v : ferv recctven haste light
o, HR I PR e e He o can chanee hia Cligh
e RN ot orecalt b e Tlight proafile
. St e VT U s Yo s e rated L o vertous hazards
ST e e e s Teen thee tereatn cond bl Information about
. - whion oo sty hin o enhanzed
i ettt g praximity to the terralin,
FOR oy, e aved in “thostered data to prompi
A st 0 the torpratrn Ceatures which he should
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Lrek or radio facility,  Stnee navigattion belongs in thls area proper

1. Cooperating nedar the ground
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The basic display of attitude information must have a higher
level of inteyrity because of increased dependence on t. he
displays at night when there may be no visual horizon.

it the sensors are to be used to plck up anticipated foatures
or turnitrg points the navigatlion accuracy must be such as Lo
ensure that they appear within the sensor field of view.

It 1s not possible to use a combination of navigation and
stored data about the terrain as a means of hazard avoldunce
unless positlon and velocity are known with sufticient
accuracy and integrity.

As Tne diagram shows the pillot will ultimately want Lo combire visual clucs with
intormatlon from sensors and stored data. This combination muot denl with any
ecrrars in the different systems,

Flegre 6 tllustrates some longer term tactical conslderations.

Jhe pre-planned strategy in terms of a flight profile exists as the flipht plan
14 supporting information received from the Mission Planning System before
ool f, Withont tactiecal Intervention the pllot will f'ly this plan through

-~ lavipation System and the Information acquired at the plammtny stape 1s also
csent 11l when concldering any tactical departure from the pluan.

it ormuat ton about threats, haziards or possible chames of plan will reach
pilot visually but most will come through hls communications or sensors.
Moy oalso have to take account ot the status of the aireraft and {ts rystems.,

f this Informatlon must be handled and displayed in some way it he 1o to be
4ol ta take tastleal decistons. The task of flying low at night ccmpells the

. Coererate hed-up s much s postible so that the tnformatlcon will have
tote rrooessed and divplayed In the slmplest possible form so that he ~un

t* raptdly wnd determine action. He must then be able to control the
oo tn oeh o way 1 to chanpe the demanded flipht profiie and then seo
Dmmectlate ly St Implleations of any change.

' PO

cintmi Lt
LI

peope o at the tacetieanl tevel, the miln Impact on the avionics concerns this
1ot rrinr tntfermation topether and display it tn a way 1n which ft 15 readily
et the pilot and can factlitate his declsions,  One pocsibiiity 1s that

flivht plan may incilude some optlonal alternate routlings which can be
tovether with the most critieal items of tuformation noeded Lo assess
Wwill ifnclude the latest information orn any threats or hazards on
route as well as the abllity of the alrcraft and lts cystems to
savryoony the change fn terms of tuel, recovery to braoe ote,

tonher oeen shown above that In the ghort term and in taklneg tactlical decisicens

the il wll! depend on the core avionics to varylng degreos. Lt 1s inmportant

“riut he should know whether any equipment or system fatlures hive taken place

wiion o w o wid change that dependence. This could be done by miking fatlure

F:rnlnee reliate as much as possible to degradations in system capabllity as well
: 5 of particular functions or sensors.

¥

v o nave all related to an operation In which the pillot l: in the short
wrrol leop as well as taking longer term tactical declsions and belng
. tnoert changed intentions (nto $t,  Various degrees of syvustem automation
this pileture. Automation of flight path control near the ground
o faiiure survival system.  The combination of visuil clues and
HEEEE SRSt t Ulighy information or information from sencors would then provide
i automatics.,  But the monttoring cvsten would have to have an
“1stoas o gtreat as that of the automaties I fallures in monitoring
noto Lo run the rlsk of the automatics being disconnected
This balance may not be easy to achleve because the techniques
. che Intoprlty of a fully automatic sys*em and a pllot partially
Lient s dicplays ara differort

s when considering a degree of automation of the merpging
wation trom cencors and from the noavipgation system, elther

CUoopteture of what 10es nhead or fop fault detection purposes.

sl taere e threess levels of atomation Hkely Lo chanee the pillot's pole:
At o le rileht o cnneol rpplied Lo the plannmed trajectory

el ey U lnee 08 e Cerpnin,

Lo T ikl coro trpaty stored data o provide

sotae v Ee Aty o whee [ len ahend,
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SUME QUARTTTATTYE METHODOTOSY FOl COCLETT DESTUR

Charvles Bates, Jr.
and
Maris M. Vikmanis
Human Enpincering Division
Alr Force Acruspace Medical Research Laboratory
Wright-Patterson Aiv Force Base, Ohio 454733

The rayp idly developing technology in sensor systems, microprocessors, urLificiq] )
S bigenoe and communicalion systems has blurred the traditional lines between avionics d
‘stens and oflers new design options for integrating the aircrew into the weapon
g Mhese developments, together with the stressful [light regimes imposed by
aivate od tareat systems and the night-in-weather environment required for survival in
: oend attack/interdiction, require nmew approaches to crew statien desipn.  Thesce
‘n oapportunitics are limited only by the design tools and data bases availuble
cutton.

A s lilied cockpit desipgn process can be summarized as conceptual design, detailed
anel desipn verification, With the many tools nceded to pursue this process the
inmvolving man/machine interface must provide a decision track quantifying and
LredooUing the wpact of desipgn decisions on crew performance. To meet the objuctive of
the 1ull atilization of the weapon system crew, cach technolopy option under consider-
cion tos incorporation in the cockpit must be judped with consideration of both wission
dt o periormance.  The cockpit design process must be embedded in an adequate human
formance cdata base tailored for use by design personnel and must take full advantage
soevational experience.  The development of a family of cockpit design tools, topcether
the tequired data bases, has been one of the objectives ot the Air Force Acrospace

1ol vescarch Laboratory research program for the last five years. Trom this program
i onenect ~ct of niethods will be described and examples provided.

ihe wockpit by necessity has traditionally been the inteprating focus of the air-

n othe early days of aviation, it gencrally contained a sinple information port

: ~ystets and vehicle status and depended upon the pilolt crew member to pertorm the
cite, atine function.  Indeed, in many instances the human sensory systems were the
direct nensor system as in the case of the Wright Brothers when negative "G" was tirst
vxperienced in the cockpit without a restraint system. This paradigm of a separate
inforuation port lor each aircraft subsystem has persevered to this day albeit with
‘ncreasing sophistication in displays and their information content; a very satisfactory
solutinon in many instances when appropriately human engineered. The carly work of Fitts
arel Sinon (ref. 1) resulting in better alignment and altimeter desipn are excellent
tpivs of parsimonious quantitative solutions to enhance crew member assimilation of
cirgw anounts of individually displayed data. Figure 1 is an example of this traditional
aproach to cockpit desipgn and layout in a modern aircraft.

(AN

Two major developments are clearly demonstrating the deficicncies of this approach
toowovkpit desipgn., We are forcing our aircraft into more hostile environments and f light
fesiswes. e, night and in weather attack, and the tremendous strides in electronic
tevhrosopy present exciting new design options [rom the standpoint of information/display
nent and synthesis,  Early applications of cockpit automation technology in the

e oaireraft to operate in severe environments have resulted in reported workload
ipparent Iy brought about by the subtle integration of information quantity,

cai ostress and display media.  In addition. piecemeal additions of avionics and
swetem capability have frequent ly been added to rather than integrated into the
vrew o stattron.

i

arly. technolopy and weapon system requirements are forcing a whole new look at
the ookpdt desiyn process.  The emphasis must be on quantitative methods, structured
: sbility of design decisions and clear cost/performance trade-offs. 1t is the intent

Pothae paper toopresent examples of the current technolopy of such methods, those that
Wwivso be o avaidabire in the near future, togetber with outyear objectives. The nipht in
cestner e is cenerally accepted as one of the moct difficalt and is the (ramewerk

coun s b thee vethodo oy discussed has been developed.

DDA DLRCEETUAL TMPORMATION PO DESICNERS (1PID)

e deveennent ot data bases has traditionally not bean a popular rescarch and

e LU el avor., It is penerally accepted in the scientific community that an
[ coownsib le data base is necessary for meaningful research and that such a

@t in the toundation tnr the engincering development of complex systems.  Allen,
I sovadent book on program managenent (ref. 2), demonstrated from his review of a

woier ot researchoand deve loprient projects thal engincers view and utilize data bases
Siacen dtterently feom the seientific community: o perfectly understandable result
Tne vtter we LD detined enpineerine discipline, However, the ticld of human
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Figure t.~-A 1950 Cockpit
Ceerine st deal with tundamental data and design principles (rom experimental
peecnodoos s andustrial engineering, physiolopgy and acrospace medicine and, unfortunately.
aoopractical multudisciplinary data base exists. Some excellent attempts have been made ‘
to pronide human engineering data for designers, most notably, Tufts (1952 ref. 3), Heapy |
el Unway Gl vef. 4) and Shurtleff (1980 ref. 5). Examinalion of the cockpit design
pre i the Alr Force has revealed that most of these efforts have had little direct
st et on cockpit desipn. The most probable reason Lor this fact is the degree ot
cnnleration civen the buman enginecering of these data bases with respect to the needs
S othe dntenied user.
coerder to provide o practical human engineering data base {or use in conceptual
R ool crew station design, the Ait Force Acrospace Medical Rescarch Laborvatory
ot the TPID project in 1979 (ref. ). The objectives of this program were to
i the appropriate human perlormance data germane Lo crew station and simulator
fCoteno i format that can be understond by the multidisciplinary desipn team required
ToLw station desian,  This fundamental data will take the {orm ol a4 handbook ot
et ptien ane hrin performance. This handbook will be composed of morce than 40 cubarcas
oLt ny tooals auditory, vestibular, workload measurcment  performance modeling, ecte..
il by oser W0 recopnized experts in the various arcas.  Great attention has been
oot to che farmat and orpanization of the data to enhance its accessibility.  This twa :
et e oo ever 3,000 pages will be published by Jdohn Wiley and Son. ain the swner
Y
1
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k) Phe second phase ol the TPID program is to take the data from the handbook, synthe-
¥ “ise 1t into o problem oriented applicd research format and index, cross-reference and
R srcoanice 1 oanto o an cugineering compendium. Figures 2 and 3 illustrate typical data
ciitries,  Thais engineering compendium will take the form of a loosc-leaf design guide
with the abitity for rapid updates. However, the teasibility of digitizing and further
seteiatan, ot the desipn compendiun is beinp explored.  Sucli a computer aided and accessed
) Gt rase is certainly technically feasible and, in our opinion, has a high probability
N { schicvvenwent in the near future.
Y Throuchout the [PID development process each step has been accompanied by a test

L . . . . . "

2 and evalurtion phase with engincers and typical crew station development problems. The
" daty from these test and cvaluation activities have been fed back into the development
S provess in order to maximize the usability of both the handbook and compendium. The

= practicality of the data base is further tested by the formal participation of the U.S.
11N Atiy. 1oL Navy and the National Aeronautics and Space Administration (NASA).
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Factor Effect on Stereoacuity References

M Leegth of warget o declines slowly as length decreases from 2.5 deg 1o 38 Ref. 2

min, then more rapidly with further decrease to 17 min
Wdth of target o greatest at thickness of ~2.4 min Ref. 3
~,': Ornentation o frontal plane o greatest for vertical orientations CR 1216

..',‘ s declines in proportion to cosine of angle of
Y inclination for ults away from vertical
Laterai monon * unaffected by lateral target motions < 2.5 deg/ sec CR 3.218
s * higher velocities not studied, decline probable with

very rapid motion

l.-,' Muotion i depth ¢ Jeclines with motion in depth >l deg/sec CR 3.219
. . . . . . . .

P Spainal frequency * contlicting results obtained; if stereoacuity varies with Ref. 9

.t spatial frequency of target, effect probably small
" Farget duranon * constant at durations >3-4 sec and <6 msec Ref. 7

e from | sec to 6 nsec, decreases fourfold,
approkimately in proportion to -4 power of exposure
Juration
Tirget comparison ® dechnes fourfold when target and comparison Ref. 8
snsct avachrony presented sequentially with no overlap in time
R lett 1mage ¢ declines slowly with increasing onset asynchrony until Ref. 6
et asvnchrony critical delay is reached beyond which stereoscopic
depth cannot be maintained
e critical delay increases slowly from ~ 100 (0 ~ 250

K msec with increase in exposure time

03 boeeaal reneal dlusminances e ynaffected, prosided target detail visible 1n each CR 3.200;
A half - image 3.500; 3.600
) * under certarn conditions, spectal perceptual etfects

.. obtamned that Jdo not affect sterecacuity { Pulfrich
. etlect, slant effecty
b
{': CONSTRAINTS
- Interactions may occur among the various factors affecting stereoacurty, but such interactions have not

«enerally been studied.
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3.20: STEREOSCOPIC SENSITIVITY

.211: FACTORS AFFECTING STEREOACUITY

KEY TERMS
DEPTH PERCEPTION; LATERAL RETINAL IMAGE DISPARITY

GENERAL DESCRIPTION

Stereoacuity is the visual resolution of small differences in depth or distance by means ot binocular retinal
disparity information. Stereoacuity typically is measured by asking observers {Os} to adjust two targets to
the same distance, or to state which of several targets is nearer, The stereoacuity limit, or smallest detectable
lateral disparity, is defined as the variability in Os’ equidistance settings or as the retinal disparity at which
they reach some criterion percentage of correct responses in identifying the relative depths of targets. The
table lists some factors known to influence stereoacuity; indicates the nature of the effect and summarizes
emprrical studies in the area; and cites entries or sources where more information can be found.

Factor Effect on Stereoacuity References
Hlununation level ¢ maximal at illumination levels of ~3 c¢d/ m?* and CR 3.214
above
e decreases with decreasing ilumination for lower tight
levels
Retnal location ¢ maximal at fovea CR 3.220
* decreases sharply with increasing distance from foveal
center

e declines by >50% for angles 2 deg into periphery,
even more sharply for angles > 6 deg

Absoiute dispanty e maximal at plane of fixation CR 3.212
tdivtance from ptane  falls off sharply with increasing disparity
ot hinanon) ¢ declines by 50% for disparities as small as 5 mun arc
Relative desparity o declines as relative disparity increases CR3.213
o decreases by > 50% for relative disparities as small as
I min are
Fareet background contrast * unaffected by changes in contrast above level Ref. 4
required for target visshility
Presen.e of depth reference o detection of step displacement of single line degraded CR 3.228
by factor of 10 when no depth reference target s
present
rornanion of reterence * almost twice as great with lateral depth reference CR 3.000
RETIHYITIN targets as with vertivally ahigned reference
[ rieta eyl thon ot * reduced by tourtold or more in presence of (fanking CR 3.215
IR LRI contours at distance of about 2.5 min arc

e declines less for smaller lateral separations
® dechnes hinearly with increasing distance lor
separations ">~ 9 mun are
Nooweng dat e e unaftected by viewing distance when aff depth Ref. 4
cues exeept lateral retinal image disparity are
cluninated,

Field sice o berter with R deg field than with 1 deg lield Ref. |
(other sizes not testedy

Frxation condions * greater when fixaton alternates from target 1o depth Rel. S
reference than when tixation maintained on reference
® advantage due to alternating fixation increases with
increasing angular separation of rarget and reference

Figure 3.--1PID Data Base Entry

Computerized Biorechanical Man Model (COMBIMAN)

Traditionally conceptual crew station design has been performed using a threc-
dimensional physical mock-up. The basic dimensions for reachability of controls and line-
ol-sigzht to displays can be specified through actual testing with representative subject .
fhis method, however, was inherently limited because of the difficulty in obtaining
subjects with the desired body-size characteristics to projerly fit the required range of
aser population,

Computer mode ling and graphics offer an effective alternative to the traditional
phesicat wock-up. The Computerized BioMechanical Man Model (COMBIMAN) (ref. ) developed
st AFAMEL has scained wide acceptance by the aircraft design community. Tt allows the

mstructicn, manipulation and evaluation of three-dimensional models of crew stations.
fvoaddition, o peometric representation of the human operator based on anthropometric
uts s oused to evaluate interactions with the crew station designs.
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cher ot crow station desipn features can be interactively ansessed with COMBIMAN
s capability.  They include physical size accommodation, visual accommodat ion,
coomnodation, and operator strength compatibility. The first arceu reters Lo

tit and body clearance in the crew station. Visual field accommodation refers

to analysis of line-ot-sight with displays and outside the cockpit windscreen. Reach
wodation refers to the ubility to operate the necessary controls. This is also
cenbined with the operator strength compatibilitly analysis to ensure ease of usape.

e rator

COMBIMAN programs are coded in FORTRAN IV and are compiled with an IBM FORTRAN G
compiler. The IBM System/360 Operating System Graphics for FORTRAN IV is used to generate
the ORT praphics. Versatec VERSAPLOT-07 software is used tor on-line plotting. The
COMBIMAN program uses about 650K bytes of storage and at least 20K bytes of graphics
butfer. Six external data scets on disk are used for Input/Output operations. A typical
CRT display is shown in fig. 4. The above specifications are tor version &6 of COMBIMAN
which was veleased in 1984, Further improvements are planned in particular to the anthro-
pemetric data bases and graphics capabilities.

Figure 4. COMBIMAN CRT Display with Man-Mol i
P riew g oem R atead oo
tro bt oand 1S Deareon oo v
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Work load_Assessment
2 The final phase of the simplified cockpit design process is design verification.
*2 This phase has historically been neglected, partially because the proper quantitative
- methods have not been generally available. Also, the less complex aircraft systems of i
5\ the past allowed design flaws to be more easily overcome by the adaptive nature of their
v human pilots. Now, however where difficult missions require comglex capgblc aircraft, )
v cockpit design and integration errors must be minimized before final design and prgductxon
decisions are made. This verification must include both system measures of effectiveness
tj and importantly pilot performance and workload.
b In this paper we will concentrate on recent developments to measure operator work- o
‘I load. The concept of workload stems from the psychological construct that humans possess :
}}. various mental resources which are depleted during the performance of tasks. The goal )
P - of measurement is then to tap the appropriate resources within a person to estimate how ]
much of these resources are expended and their interaction with task demands and response -uw.L-““Aq
. variables. X
N The measurement of pilot workload is particularly important in the context of the
"~ theme of this symposium. 1t is recognized that night all-weather tactical missions pose
; high workload and stress conditions on pilots. Technological developments in the areas
t, of guidance, control and navigation automation afford opportunities to reduce this work-
o load und improve the effectiveness of the overall aircraft system. However, as discussed
ear lier, the pilot interface with these automated systems, indeed even the choice of what .
to automate, must be carefully human engineered.
- U'nderscoring the importance of workload assessment in the design of cockpits are some
"\ of the potential pitfalls of interfacing pilots with automation. It is likely that as
Al functions are automated in aircraft systems pilots will still be responsible for monitor- o 4
a ing the health and status of this automation. The attention required for this will ' C
e naturally result in a workload penalty which must be evaluated with respect to the B
L benefits of the automation. Pilots must also maintain their situation awareness and P
L system confidence ‘o perform effectively. This requires the use of resources as well and -
i may become more difficult when some functions are automated.
#

A comprehensive sct of operator workload measures has been developed over the last
five years at the Air Force Aerospace Medical Research Laboratory. They have fallen into
the three general categories of subjective, behavioral and physiological measures. The
deve lopment of these improved measures are individually significant to design and
performance assessment problems, however, their utility is magnified when combined with a
framework on how and when to use them. Research efforts at our Laboratory have focused
on providing this measurement framework as well as the equipment, software, and procedures
for use in simulation and field settings.
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In assessment of operator workload levels related to guidance-control-navigation
automat ion for night all-weather tactical operations, a multi-stage process will be used.
First, broadly based measures such as performance timeline analysis and subjective
opinion will be used to focus further study and identify specific problem arecas. This
initial screening will uncover workload "choke-points,” potential operator overload with
depraded performance, that will then be more intensively studied using specific sub-
jective, behavioral and physiolgoical measures. Results of these studies will then be
used diagnostically to refine crew station designs and perhaps re-examine the functional
allocation of automation in the overall aircraft system. We will now describe the details
of the specific subjective, behavioral and physiological measures that have been
deve lnped.

At e g
.‘r‘

i

e

P,
A a4

t. Subjective Workloud Assessment

First is the use of subjective judgement as a measure of operator workload. Recent
trends in the psychological literature support the inclusion of subjective techniques as
an important element of an overall workload assessment methodology (ref. 8). This
position stems basically from the conclusion that if an operator feels loaded and must
use considerable effort while performing his tasks he really is loaded and effortful. .
This is true despite the actual measured performance level of his tasks because, prior to
actual performance degradation, subjective feelings indicate the added effort that is
being ecxpended. Subjective measurement techniques also offer the potential of being
rel-tively nonintrusive to the performance of the primary mission tasks and can be easily
impiemented in complex simulation or actual operational setting. In any case, howcver,
it must be emphasized that subjective measurement is part of an overall system of wotk-
load assessment and is not necessarily used as the sole technique.
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The Subjective Workload Assessment Technique (SWAT) (ref. 9) has been developed at
the Air tnrce Acrospace Medical Research Laboratory and has gained wide acceptance and
usare throughout the United States and allied nations by both researches and weapon
cystem developers.  SWAT uses a psychometric technique called conjoint measurcment to

-
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construct interval workload scales from ordinal rankings of subjective load levels. This
hias solved some of the historic problems with subjective assessment that suffered irom
- Peitations because of nonstandardized scales. With conjoint measurement only the ordinal
(o redationship or the data is required to produce an interval scale. Also the joint
k. vifests ot several lactors are represented alporithmically by rules that are directly
:{, bientitied from the subjective data. The power of this technique has signiflicant
w-
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advantapes over the strictly ordinal results that were obtained from subjective opinion
the

in past.

The rating factors that have been included in SWAT are adopted from a theorctica{
{runework developed by Sheridan and Simpson (1979 ref. 10) for workload assessment. These
ditensions are time load, mental effort load and psychological stress. Tt is assumcd
{hat subjective workload can be represented by a combination of these three Qimenslons.
the definitions of the three dimensions as well as the levels that are solicited

subjectively are as follows:
Time Load

1. No or very few interruptions in the planning, execution, or monitoring of tasks.
Spuare time exists between many tasks.

!. Task planning, execution and monitoring are often interrupted. Little spare

time. Tasks occasionally occur simultancously.

. Task planning, execution and monitoring are intcrgupted most o{ the time. No
spare time. Tasks frequently occur simultancously. Considerable difliculty in
accomplishing all tasks.

I. Little conscious mental effort or planning required. Low task complexity such

that tasks are often performed automatically.

2 Considerable conscious mental effort or planning required. Moderately high task
complexity due to uncertainty, unpredictability, or unfamiliarity.
3. Extensive mental effort and skilled planning required. Very complex tasks

demanding total attention.

Psychological Stress Load

1. Little risk, confusion, frustration, or anxiety exists and can be easily
accommodated.

2. The degree of risk, confusion, frustration, or anxiety noticeably adds to
work load and requires significant compensation to maintain adequate performance.

3. The level of risk, confusion, frustration, or anxiety greatly increases workload
and requires tasks Lo be performed only with the highest level of determination and
self-control.

Procedures for the application of SWAT have also been developed and validated. As
an example, consider the evaluation of a particular automation/cockpit configuration in a
piloted aircraft simulator. Once the subject pool has been identified and briefed on the
purpose of the study, they are asked to develop an overall ranking of the combined work-
icad factors. That is, the 27 combinations of workload level and dimension are ranked to
vroduce a scale that represents the joint effect of time load, mental effort load, and
prvchological stress load. These results are then used to develop the overall interval
worh load scale. SWAT applications to date have shown that subject ranking data can be
#mrouped into three clusters representing individuals that weigh time, mental effort or
peychological stress load more heavily. Conjoint scaling routines are then used to
Jerive numerical values for each combination of levels that preserve the original
ordering.

Next the actual event scoring phase of SWAT can be accomplished.

Some preplanning

is required to determine what mission phases and tasks should be scored.
should be taken temporally as close to these as possible.
experimental run,
the event of interest.

Ratings

During the actual simulator
the pilot would be asked to rate each of the three load dimensions for
The actual administration should be planned so that it does not

interfere with the mission tasks and events.

The scale value solicited then becomes the

actual subjective workload score for that event.

SWAT has also been used in two alternate modes that prove very useful. Reflective
SWAT (ref. 11) is sed after experimental runs and is usually combined with post-trial
interviews where subjects are asked to reflect on particular events. This allows rating
ot events that could not be obtained in real-time. Secondly, SWAT has been used success-
fully in a projective mode as well (ref. 12). This is the case when a system does not
exist and subjects are asked to rank workload for hypothetical systems and situations.
Projective SWAT is a powerful tool for obtaining cstimates of workload during concept
detinition and early design of avionics and cockpit configurations. Projective ratings
have a,reed well with eventual piloted simulator data.

Applications of SWAT have been numerous within the Air Force and aircraft industry.
Notubly it has recently been used to select from among control/display alternatives for
imp lementation in a transport aircraft. Also initial German and French versions have been
developed.  Further improvements to SWAT procedures and software are being developed at
the Air Force Aerospace Medical Rescarch Laboratory. Two areas receiving attention are
additional validation ot projective SWAT because of its potential importance to the
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evaluation ot Air Force weapon systems carly in development, and automated support for
SWAT application and analysis.

2. Behavioral Workload Assessment

The s-cond major category of operator workload assessment technique being investi-
pated at the Air Force Aerospace Medical Research Laboratory is behavioral. As the name
implies this involves direct measurement of pilot performance, usually in terms of time
and error to perform certain tasks. Workload investigators have historically used a
technique known as secondary task as a measure of primary task workload. In this approach
a pilot is given a task unrelated to his mission responsibilities, for example a tracking
tash. Then as the pilot performs his primary mission tasks, changes in workload are
Jetected by changes in performance of the secondary task. This technique stems from the
multiple tresource theory of human cognitive processing (ref. 13). A variation of this
approach c¢alled embedded secondary task uses one of the routine mission tasks as the
actual secondary task. This has obvious advantages because it is nonintrusive.

The techniques mentioned above have historically lacked a cognitive process f{ramework
in sclection of the secondary tasks and interpretation of performance results. Research
a4t cur laboratory has resuvlted in the development of the Criterion Task Set (CTS) Resource
tramnework to uddress this problem (fig. 5) (ref. 14). The CTS model defines three stages
of processing for input, central and motor output resources (ref. 15). Each stage is also
associated with appropriate modes for input (visual/auditory), output (manual/vocal) and
the central processing code (spatial/symbolic). The central processing stage is further-
more subdivided into a working memory and three different levels of central decision
activity.

The TS framework has rapidly gained acceptance by both researchers and applied
purtormance analysts as a useful tool for organization of human performance studies. It
is being considered as a possible international standard and is currently a major part
of a4 Tri-Service performance battery for the assessment of chemical defense pretreatment
drurs.

In terms of automation for tactical aircraft operations the CTS is not just a
measurement frumework. When combined with the subjective techniques discussed earlier
and the elec rophysiological measures that will be described next, the CTS provides
insight into which operator resource pools (that is, input, output, central) are being
tapped by scenario demands and also the control/display and automation configuration.
Thus further insight into the cause of potential workload choke points can be obtained
tor the purpose of evaluation of cockpit design and impact of automation on the pilot.

CTS RESOURCE FRAMEWORK

STAGE/ PERCEPTUAL CENTRAL RESPONSE
STRUCTURE INPUT PROCESSING OUTPUT
MODE/ VISUAL SPATIAL MANUAL
CODE
AUDITORY SymBoLIC VOCAL
» —— — —— ] —— —— —— — — t—
. WORKING CENTRAL
- MEMORY ACTIVITY
) ACTIVITY!
P FUNCTION ENCODING INFORMATION MAN!PULATION
I STORAGE REASONING
; RECALL PLANNING & SCHEDULING
.
»
I
, Fipure 9. CTS Resource Framework
]
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N 3. Electrophysiological Workload Measures
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ox The third major category of workload measurement technique to be presented is

N electrophysiological. In the past physiological measures of performance, stress and

o\~ work load have not been very successfully applied. The primary problem was that all

r&\‘ measures weoe somewhat equated in terms of providing an oycrull‘levol of "arousal” or

o “uctivation level." Experimental results were therefore inconsistent depending on task
and environment. More recently, however, studies have indicated that specific psycholog-
ical functions are reflected by certain physiological measures. The Air Force sponsored

YR a large number of studies to further validate this construct. A final set of six electro-

2 physiological measures was selected and built into a hardware measurement system called

e the Neurophysiological Workload Test Battery (NWTB). The NWTB provides‘aq easy to

- use work load measurement system for general laboratory, simulator and limited field

assessment of workload. Of particular importance is to provide suificient automation and
explanation so that the system can be widely used by other than psychophysiology experts.

To achieve this goal the initial version of the NWTB is currently being validated on 4
contract with a major aircraft manufacturer. Guidelines for application of the individual
reasures to specific design, evaluation and simulation problems will result as well as
sugcestions for improvement for a next generation measurement system. A brief

description of the specific tests implemented on the NWIB follows.

First is the Transient Cortical Evoked Responsc. This represents the brain's
response to a slow rate (below | hertz) discrete stimulus such as on auditory or visual
input. In medical terminology this measured activity is called the electroencephalogram.
The measurced waveform has scveral peaks, the early peaks correlate with human sensory
function, while the later components are associated with central and output processing.
The P (or P300) peak is most highly correlated with mental workload and decreases in
amp litude as cognitive processing load increases. To acquire the signal surface
electrodes are pasted to several locations on the scalp.

The second category of tests is the Steady State Evoked Response. Here the brain
is stimulated more rapidly (faster than 4 hertz) and eventually rcaches a steady state
so that electrical activity at the same frequency as the input signal can be measured.
Phase lag measures and calculation of the latency of the visual system indicate that the
Steady State Evoked Response is useful as a measure of sensory system workload. Surface
scalp electrodes are again used to gather this data.

Next, the NWTB also measures eye movement and blink pattern data. The ecye blink
frequency has been shown to be indicative of operator attention and fatigue or long-term
work load. Basically, a more demanding task requires increased operator attention and,
thus, data indicate that blink frequency decreases. Preliminary evidence also shows a
comparable decrease in blink duration based on the same rationale. This data is gathered
again by electrodes placed above and to the side of the eyes (often called the electro-
ocu tograph).

A measurte of muscle activity is also included in the NWTB to monitor physical work-
load. FElectrical signals measured by electrodes are used to assess overall muscle
fatigue such as may be encountered in a difficult tracking or manual control task.

The final type of measure included in the test battery is the electrocardiogram
(EKG) which is also acquired through the use of surface electrodes. To date, preliminary
dat. indicate that cardiac variability holds promise as a measure of cognitive workload.

Frow the briel summary of the electrophysiological measures described above, the
izportance of the validation effort is underscored. That is, procedures for when and how
to apply the measures are necessary to effectively evaluate wotkload levels imposed by
crew station configurations. The neurophysiological measures in particular offer the
potential to evaluate fine grain performance associated with particular control, display
and automation alternatives. Plans for the next three years include the development of
an advanced battery suitable for field test and airborne applications.

COCKPLT AUTOMATION TECHNOLOGY (CAT)

As you can see from our previous discussion, it is our opinion that the technology
must provide a comprehensive data base and individual design methodology for the solution
of pecitic problems, e.g., COMBIMAN, but this, of course, is not enough. An overall
“desiyn methodology is required that provides structured quantitative traceability of
desipgn decisions usable throughout the development process from conceptual design through
the inevitable modification programs. To provide this design process the United States
Air Force instituted the Cockpit Automation Technology (CAT) advanced development program.
[T successful, this program by 1989 will provide a basis for the standardized crew station
decipn process [or use by government and contractor personnel which will reduce overall
development rish and result in optimized cockpit design. Most importantly the process

will aitesrate into a unified system including all air vehicle subsystems, e.g., avionics,
iirtenty propuldsion, flight control, life support and escape, etc., insofar as they
tryinge on the cockpit design. Once the methodology is developed in phases one and two of
the progran a specific cockpit crew system will be designcd, mechanized and demonstrated
at thicing pround based man-in-the-loop full mission simulation to test the practicality
ard coodnes« of the process. The night in weather air-to-ground mission will be the

fucus of this test crew system and will, hopefully, represent a point of departure for

tature designs in this difficult mission area. A similar point design will be developed
ter the rit-to-air combut mission in a subsequent phase of the program.
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The Cockpit Automation Technolopy program is contractually structured to cnsure the
appropriste multidisciplinary skills are brought go.beur on Lhe.proplcm, In phase one ol
the prosram, three contract teawms are employed utilizing a combination 9( ulytrnmc _
companies, avionics developers, analysis/modeling houses, and human engincering organiza-
tions. These three teams of primary/subcontracting groups are providing the skills and
techneolopy sets necessary for a unified design process and have already resulted in some
promising synerpistic integration of design approaches.

The Cockpit Automation Technology design process, including the design procedures,
individual design tools, data bases, human performance metrics and models will be
implenented to the extent practical using computer aided design and engineering (CAD/CAE)
to improve both the efficiency and the technology transition of the process to the varied
Jdesian communitly involved. The Cockpit Automation Technology Program will complete phuse
one in 1955 with the development of the three competing design processes. Phase two of
the program beginning in 1985 will fund two independent development ef{forts to further
develop the design methodology and provide the above discussed point design. Phase three
of the program to be completed in 1989 will take the best process/point design and
woomp lish an evaluative man-in-the-loop simulation with simultaneous translation of the
design process into a computer aided design system. Once such a system is in place, it
is anticipated that both user expericnce and technology push will require its periodic
redinement and approaches to accomplish this very necessary function are currently in
p lanning.
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PRESENTATION DE RELIEF SYNTHETIQUE EN TEMPS REEL
POUR LES MISSIONS AEROPORTEES TOUS-TEMPS

% gnn J.N. BOTELLA
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oM RESUME

?-"‘: Duans le cadre des missions aéroportées tous-temps, il s’avére nécessaire de donner au pilote des informations sur le monde exté-
‘.\:-\‘. rieur. méme et surtout en ["absence d'informations des capteurs radar ou optroniques. Le développement des banques de données
,"-'. numidriques altimétriques améne THOMSON-CSF 2 étudier la présentation d’un relief synthétique dans un cockpit. L’étude des diverses
{~ ':' mémoires de masse montre qu'un film couleur a des capacités de stockage remarquables, Les données altimétriques sont stockdes sur
LW un film qui est lu par le lecteur MERCATOR (dont la vocation initiale est la lecture d'images cartographiques). Les algorithmes de

synthése 3D utilisés profitent des possibilités exceptionnelles que permet ["analyse du MERCATOR. Cette étude montre comment
un produit unique, le lecteur cartographique MERCATOR. destiné A présenter des images planes, est utilisé pour réaliser des visua-
lisations tridimensionnelles de terrain,

1.0 INTRODUCTION

Le département Avioni, e générale (AVG) de THOMSON-CSF, division AVS, produit, en particulier, les ta' !»aux de bord LFIS
des AIRBUS A310 et A320, les systémes de visualisation du Mirage 2000 et de 'Atlantique nouvelle génération. Ont été également
développes les lecteurs cartographiques couleur ICARE puis MERCATOR. Ils visualisent sur un écran cathodique couleur la carte choisie,
ainst que diverses informations de navigation et de pilotage. 1.*¢tape suivante consiste a présenter une image synthétique perspective. Le

.;‘J_ systéme que nous allons décrire est directement issu de MERCATOR dont il reprend les éléments principaux, nous y reviendrons.
s Son but - construire un paysage synthétique. Précisons tout d’abord le role que nous voulons attribucr A cette image.
P
- 11 ROLE D'UNE IMAGE SYNTHETIQUE DE PAYSAGE
On peut etre tenté d'utiliser une image synthétique générée en temps réel et projetée en téte haute pour compléter le paysage de
detatls importants qui ne sont pas visibles soit pour des raisons de météorologie ou de niveau lumineux (vo! de nuit), soit pour des

- ranons de masquage par le relief. On conserve ainsi les réflexes de pilotage du vol 2 vue, tout en donnant confiance au pilote par la

’ superposition des images. Ceci est raisonnable pour des symbologies telles que les pistes artificielles destinées a guider le pilote et que
lon peat superposer au paysage extérieur, via une visualisation téte haute. Mais les primitives graphiques de ces «objets» sont le plus
souvent extremement simples (rectangles) ; et les appareils de localisation utilisés (radiolocalisation d’approche) sont trés précis.

[ est beaucoup plus délicat de superposer un paysage synthétique construit & partir d’'une banque de données altimétriques et du
systéme de navigation embarqué. Et ce, pour des raisons de confiance dans I'information présentée. En effet, une erreur minime sur le
positionnement de Paéronef, ou sur une des altitudes stockées, peut se traduire par une image perspective éloignée angulairement de
I'1mage reelle, surtout sur les pluns de vision proche. La cause en est le principe méme de la projection perspective : I'image d’une erreur
teinaltitude par exemple) se traduit & I'écran par une erreur inversement proportionnelle A la distance de 'observateur au point ot se
situe Perreur,

Enfin. n’oublions pas Pincertitude due 2 la couverture végétale.

Duoac. nous pensons pour Pinstant, que ce type d'images ne doit pas étre présenté en téte haute. 1 peut néanmoins servir & Paide au
- pilutage, en tete husse, en prenant en compte l'enveloppe des erreurs possibles, surtout avee les nouveaux systémes de navigation dont la
previion slamchore cnormément grice aux recalages automatiques. 1} est aussi trés utile pour Vaide 2 1a prise de décision. Dans ce but,
Sl cn prut proposer plusieurs types d'images -

Pobservateur est situe & la position avion, le champ de image est large, et la dicection de vision au choix. Une vision faible
hamp (zoom) peut étre présentée dans toute direction,

Vobuervateur est watue A T postion de l'avion, mais 3 une altitude supérieure. On présente dans ce cas la scéne que le pilote a ou
devrat avorr sous fes veux vue d'une position plus élevée. La visualisation de la route A suivre ou des objectifs sol est facilitée,

cnsnppone sur e paysage de synthese les premiers plans. Les zones quiils cachaient sont alors visibles,

Ll
-

-
-

DYantres forctieas ande X la decision pourront étre ajoutees

s .' -l
P ARy Sy

B
»

Fenites vos prcsentations peasent étre effectuces a partic du porat actuel, ow, par exemple. d partir d'un point futur correspondant
aoune phase cnfepe e de Lo mission.

-
’
"

12 AUTRES SYMBOLOGIES

]

Notre propos n'est pas de les décrire. D'autres auteurs Font fat et Vonginalité de notre travail est ailleurs. Cependant rappelons gue
Uen peut saperposer aux images générér des figurations graphiques visualisant ¢n 3D fes zones dangereuses (présence de batteries enne-
mrest M route Je secunté maximale, ete... Précisons seulement que ta méthade de stockage et d'accés aux donndes altimétriques que
nous atlons cxposer facilitera grandement le positionnement de ces informations,
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2.0 MERCATOR

Frudions bricvement Uindicateur cartographique MERCATOR (figure 1). MERCATOR est un analyseur de film couleur 3 spot
muobile (flying spot).

Le contenu du film (une carte, et, plus généralement, toute image) est affiché sur un tube cathodique couleur. Chaque position du
spot du tube d analyse A large bande spectrale «éclaire» le point étudié du film. Le rayon correspondant traverse le film. puis est décom-
pos¢ en ses trois composantes : rouge, vert, bleu, par le séparateur trichrome. Les trois photomultiplicateurs terminent la chaine d'ana-
lyse. Lintérét principal d’une analyse de fitm par spot mobile est que de simples moditications du balayage réalisent des rotations ou
des zooms des images visualisées. [1 suffit d'uppliquer une rotation ou un facteur d’échelle au balayage de type télévision du tube d'ana-
lyse. Le seul sousnsemble mécanique de MERCATOR asservit {avance du film.

3.0 LAMEMOIRE FILM
3.1 INTERET DE LA MEMOIRE FILM

Dans MERCATOR, le film mémorise la carte sous la forme de son image. Le film est en effet un moyen de stockage d'informations
remarquable tant sur le plan volume/poids que capacité. Le tableau [ le montre. It compare les mémoires habituellement utilisées, & une

bobine de 17 m de film,

Deuxiéme point important : le film est une mémoire bidimensionnele. Chaque point est accessible aléatoirement. 1f est possible de
lire les données séquentiellement te long de toute droite. 11 suffit pour cela que le lecteur A spot mobile suive cette droite.

Synthétiser un paysage nous permet de tirer pleinement parti de cette mémoire surfacique en mémorisant sur le film, non plus une
carte, mais des données altimé triques.

TABLEAU 1 : RECAPITULATIF DES MEMOIRES DL MASSE

TYPE LIMITATIONS

1 boitier = 1 Mbits
Mémoires électroniques (épaisseur estimée avee support 3 10 mm)

10 Gbits

10000 boitiers et 1,25 kW en moyenne

1 boitier 5 x §” = 4 Mbits (45 x 15 x 5 mi)

Bulles magnétiques
10 Gbits = 2500 boitiers et 1,2 kW en moyenne

1 disque de 200 mm = 100 Mbits (non formaté) sur deux faces

Disques magnétiques
10 Gbits = 100 disques

Toute la bande défile en au moins 6 min. 300 kbits/pouce**2

Bandes magnétiques
10 Gbits = 3000 m de bande (une bobine de 15™)

Militarisation & faire
Video disque
10 Gbits = 1 disque de 300 mm (1,25 disque de 200 mm)

9,7 Mbits/pouce**2

Film photo
10 Gbits = 17 mde film

3.2 STOCKAGE D'ALTITUDES SUR UN FILM

Nows disposons des frchiers alimétriques numérigues réalisés par IGN (Institut Géographique National). Ce sont des fichiers n.ail-
Ies, Cest-d-dire que les altitudes du terrain sont données selon un maillage tracé sur le sol. IGN code les altitudes sur 16 bits.

Nous ¢tabhissons une correspondance surfacique entre chaque point du fichier et le film. Chaque pixel du film est impressionné de
telle sorte que ses prements portent I'information altitude du point correspondant du fichier.

Pour cela e altitudes sont transcodées en une table de transparence dans chaque couleur, rouge (R), vert (V). bleu (B). Donc 2
Chague altitude eorrespond un tnplet de transparences R, V, B, Le film est réalisé afin que ce triplet soit retrouvé A I'analyse et, ainsi,
tourntse par decodaee une altitude.

Fe codape chost utilise quatre niveaux dans le rouge, huit niveaux dans le vert et huit dans le bleu, soient 256 altitudes possibles.

e diamétre Ju spot d'analyse provoque un effet d'interpolation entre pixels ; notre cade doit en tenir compte pour préserver la
coherence de Panaly se. Cette interpolation sera utile par ailleurs.
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40 TRACE DU RELIEF

141 1YPE D'IMAGES
1 e type Jumages que nous avons chotst est adapté au systéme de lecture des données, 11 s'agit d'images hendes et ombrées. 1] est

Cadement possible Je gendrer uniguement les hignes de cretes «observéesy. Clest en fait les points du terrain A la frontiere des parties
vues et vachees, De meme on peut choisir de tracer des coupes de terrain.

42 CONCEPT DE BA

Dians ce v ut va stvee . nous supposons une vision horizontale. L'image perspective est construite sur un ¢cran de S12 lignes et
S colonnes, couvrant un champ de [ degrés.

Consderons une ligne radiale tracée sur le terrain (voir figure 2). Elle relie la position de I'observateur, projetée au sol, a un point
atue A b distance de viston maximale. De plus, elle appartient au secteur S, projection au sol de la pyramide de vision. La transfor-
malion perspective Ctransformation qui projette tout point du sol sur I'écran) de tout point de cette radiale se trouve sur une colonne de
Veoran Cotat, e au systéme de balayage du tecteur A spot mobile, simplifie grandement le processus de caleul. Le spot déerit tes $12
rales necessaires sur la banque de données, comprises dans un secteur de D degrés, chaque radiale servant A construire chaque colonne

de Pearan,

Modiber
e Champ dobservation,
L dires tion d'observation,
La distance maximnale de vsion,
revient & modifier umguement le balayage Jdu tube danalyse.

La transformution perspective elle-méme, se termine par le calcut de ls hauteur dans 'écran de chaque point échantillonné sur la
radiale. Clest un simple calcul de tangente {vour figure 3).

1.3 TRACE DE L'IMAGE

431 OMBRAGE ET LISSAGE

I aspect final de Pimage et la comprehension de la perspective depend de cette opération

33110 Ombrage tvorr figure 3)

Nous disposons une source fictive de lumiére (solet) qui éclare le paysage e, dong, le rend intelligible. On calcule alors la luminan-
coorattntuer it chagque pomnt du champ de vision.

Pour <¢ tare, on evalue le vecteur normal au point du terram constderé,
Deun radiales successives sont néeessaires, sur lesquelles on utihse tes trows points A, B et C (voir figure 2). A ¢st le point courant.
{2 tnengle ABC constitue une facette dont Uinclinatson est déternunce par le caloul de soninclinaison Jatérale (suivant AC) et de son

i hnatson lonetadmale tsuvant AB).

e deny donnees et le vecteur soled permetient le caleul de la lumimance du point A (produt scalaire du vecteur normal A la
tacetle par le veotens soletl en supposant que Palbedo est constant dans La pyramide de vicon.

Pooar seaplidier e calead, onplace Lo source de lumidre sur L verticale au point d'obaervation. Lo vecteur soled en chagque point ob-

wrve ot otenu par ke plan vertical de fa radiale associée.

Nevr ot done aboaler L tutnence de la trunstormee écran de chague pont du terean.

PAL L e tvour Ligare )

Drane racdiate o Pautre s e hissage ost naturelement réalis¢ par Pinterpolation du spot entre facettes, vt par le fait que Pon travaille
1 benent a lodetimtion ¢cran (512 radiales, 512 colonnes),

e long tane radiale se fot paranterpolation sur les luminances cateulées.

I«

Sy
Lo resuttad obten est assez proche d'un hssage de GOURAUD (interpotation bilindaire sur les luminances en chaque point d’une
Looorrer smons laomethode est plus sample et parfintement adaptée au systéme de lecture du MERCATOR.
oL PEIMINATION DE S PARTIES C ACHEES
Sy it d enaes s e parre aved parties cachées. La méthode d*élimination que nous avons choisie utilise, elte aussi. la particula-

At ewste de b tuee des donrdes, Flle seffectue ke Tong d une radiale (soit une colonne derand, done en série avee les autres trai-

o ey st le savant o Le balavage des données dattitude se fait de Vobservateur vers horizon. Soit I 1a hauteur
! et la distance du pomt 3 Pobservateur. Un point & fa distance db est visible si et seulement si Lo

s ieor
it au vorsmage e dl et st htdD est supérieure au maximum de (d) pour d compris entre O et dl

P -0 et hidh > [ MAXth(D) 10 < d <l )

Con e aniions sont taailes a cabler. §utitisation de e détecteur de parties cachdées rend possible le tracé des lignes de crétes seules.

»
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4.4 SCHEMA GENERAL tfigure 6
O reconnait sur ce schemg les bloes correspondant aux fonctions décrites précedemment. Précisons que la lecture des données est
analogrque. puis Pensemble du tratement est numérique (cablé). On 'y ajoute un filtrage permettant de réduire le bruit de lecture, De
pius un transcodage adéquat pennet de volorer Uimage tinale en fonction, par exemple, de Paltitude.
La cadence de génération des images est réglée par la vitesse de balayage du tube d’analyse. Actuellement, on travaille & 25 images
par seconde.
2.0 AUTRES DEVELOPPEMENTS
D'autres possibiités sont offertes grace A la tecture A spot motule du fichier altimétrique -
siulation radar : les données sont explorées avece un balayage similaire A celui d’un radar,
- déternunanion de zones dintervisibilité - par détermwnation des zones vues ou cachées A partir de tout point,
caleul d'un profit de terrain | ke profil peut ¢tre déterminé selon un trajet quelconque. L suftit que le spot du tube d’analyse sui-
ve e trajet.
6.0 CONCLUSION
Nous venons de décnire Pintéret d'un tel systéme -
e stockage chromatique des altitudes sur un film, utilisé comme une mémoire bidimensionnelle,

acquisition des données par un lecteur de film A spot mobile, ce qui permet un calcul des images en temps réel de maniére simple
«t un encombrement fable de Fensemble,

Les tests d'un prototype viennent de commencer et vont nous conduire 3 évaluer 'ensemble du concept.

Notre objectit ¢ un systeme opérationnel en 1990.
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. 'f SYNTHETIC REAL-TIME RELIEF DISPLAY
)l
b, ALL-WEATHER AIRBORNE MISSIONS
T
LS
n J.N.BOTELLA
" THOMSON-CSF
: . 31, rue Camille Desmoulins
N 92132 1SSY LES MOULINEAUX
S FRANCE
% ,
!‘ .
A Within the context of all-weather airbome missions, it proves to be necessary to provide the pilot with information on the external &
world. even and particulurly when information provided by radar or optronic sensors are failing. The development of altimetric digital
K data banks induces THOMSON-CSF to examine the display of synthetic relief in a cockpit. The study of various mass storages sh(?\i{s
+ that a colour film has remarkable storage capacities. Altimetric data are stored on a film read by the MERCATOR reader (whose initial
. function is to read map images). 31 syathesis algorithms are used and they are provided with the exceptional possibilities enabled by
o the MERCATOR unalysis. The philosophy of this study is to show how a unique product, the map reader MERCATOR, designed to
W display plane images., is used to perform tridimensional displays of relief.
1
*ua
1.0 INTRODUCTION
y , THOMSON-CSF General Avionics Department, AVS division, manufactures in particular the AIRBUS A310 and A320 EFIS ins- )
N trument panels. MIRAGE 2000 and Atlantic new generation display units. Cotour map readers ICARE and MERCATOR have also been v
) developed. They display the selected map on colour screen and also various navigation and control informations. Next step is to display St e o
X a synthetic perspective. The system we shall describe is directly stemming from the MERCATOR system whose main elements, we shall EE
N refer to ths later. are taken up. The purpose of this system is to build a synthetic landscape. It is first necessary to precise the function
wo want to give to this image.
-
- 1.1 FUNCTION OF A SYNTHETIC LANDSCAPE IMAGE
[\ :
‘: 1t 1s possible to use a synthetic real time generated image, head-up displayed in order to complete the landscape with important !
g details which are not visible either for meteorology or light level (night-flight) reasons or blanking caused by the relief. Thus are preser-
- ved the sight controls and the pilot gets confidence via the image superimposition. This is reasonable for symbologies such as artificial HEEN
- runways designed to guide the pilot and which may be superimposed on the external landscape via a head-up display. But the elemen-
. tary graphics of these «objects» are most of the time extremely simple (rectangles) and the used localization devices (radiolocalization
appreich) are very precise.
R .. It is much more delicate to superimpose a synthetic landscape built from an altimetric data bank and from the navigation system
. on board. The reason is the failing contidence in the displayed informations. Indeed, a minor eror in the aircraft position, or in one of
the stored altitude levels, may cause a perspective image to be angularly ditferent from the real image, particularly what concerns the o p
- near sight planes. The cause is the principle of perspective display itself : the image of an error (in altitude for example) will be displayed ’ %E"'j
- un the screen by an error in inverse proportion to the distance from the observer to the point where the error is located. C
. -,
i\ - Finally . we should not forget the error source due to the vegetation cover.
i We thus presently think, that this image type should not be head-up displayed. This image type may nevertheless be of use for the
.; arcraft vontrol in low-head displsy., taking into account possible error envelope, particularly with the new navigation systems, whose
o aceuriey 1s i lot amehorated by automatic updatings. This type of image is also very useful for flight planning. In this purpose, several
A types of images may be proposed
." , the observer s situated at the aircraft position, the image field-of-view is wide and the sight direction may be selected. A small
; . tiehl-ot-view sight (zoom) may be displayed in any direction,
1N
the observer is situated at aircratt position, but to a higher altitude. In this case, the landscape which the pilot has or should
' have under the eyes but from a higher position is displayed. The display of the route to be followed or of ground target, is
w
, Casier,
:1 foregrounds on sy athetic landscape are suppressed, hidden arcas are then to be secn,
- It will be possible to add other functions designed to enable flight planning.
» Al these divplays iay be performed trom the present point or for example from a future point corresponding to a mission critical
pomnt
S
:",'. 1.2 OTHER SYMBOLOGIES
:~;. Ity not nur purpose to describe them, this was the philosophy of other studics ; the particularity of our study is different. Never-
X theless let us recall that itas possible to superimpose on the generated images, graphic figures displaying on 3D dangerous areas (enemy
d:v attack and defenve systems, the maximum sceurity route, ete... Let us only precise that the storage and access method to the altimetric
‘. data wiuch we shall expose, wall enable an casier adjustment of these informations. |
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2.0 MERCATOR

The following 1 a survey of the moving map display teader system MERCATOR (ee turne 1 The MERCATOR 15 a flying spot
colour film analyzer.

The Dim content (a map. or more generatly any iage) o displayed on g colour cathode ay abe Fach posit o ot the spot ot
the wide spectrum range analy zer tube «hghtenss the tlm paint analyzed  The corresponding bean crosses the tilm, 1s than discomposed
into its 3 components : red, green, blue, by the trichromatic separator The three photomuttiphe s are the end of the analysis systen.
The main interest of a flying spot film analysis, 1s that sunple scanning modifications are perforrnng rotations or zooms of the displayed
tmages. It is sutticient to operate a rotation or a scale factor on the television type scanming of the analyser tube. The only MERCATOR
mechanical sub-assembly staves the film progress

3.0 FILM MEMORY
3.1 REVELANCE OF THE FILM MEMORY

In the MERCATOR. the film stores the map under its anage form The Yilm proves 1o he g remarkable information storage device
as well concerning the volume/weight or the capacity (refer to table Uy Lable T compuares the usual memones to a 1 7-m film spool.

Seeond important point : the film s 4 bidimensional memory  Fach pont s randomly accesab-le fhe dataare sequentially readable
along any line. Only requirement is that the flying spot reader follows this line

o synthetize a landscape cnables the full use this surface memory by storing on the film, not anviore a map. but altimetric data.

TABLE 1 . MASS STORAGES SUMMARY

TYPE LIMITS

1 ¢lap = 1 Mbats
Electronic storages (thickness with support, estimated to 10 mm)

10 Ghits = 10000 chips and 1.25 kW (average)

1¢chip 5™ x 5™ = 4 Mbits (45x 15x 5 mm)
Magnetic bubble storages
10 Ghats = 2500 chips and 1.2 kW (average)

1 200-mm disk = 100 Mbits (non formatted) on 2 sides
Magnetic disks

10 Gbits ~ 100 disks

The whole tape runs within at least 6 minutes 300 kbits/inch**2
Magnetic tapes

10 Gbits = 3000-m tape (a 15" spool)

Militarization to be done
Video disk

10 Ghits = 1 300-mm disk (1.25 200-mm disk)

9.7 Mbits/inch**2
Photo tilm
106 bits = 17-m film

3.2 ALTITUDE STORAGE ON A FILM

We have at our disposal numeric altimetric files designed by the IGN (Institut Geographique National). These files are grid structu-
red fes. e the altitudes on relief are given according to a grid structure drawn on ground. The IGN c¢ncodes the altitudes with
I6r bats,

We adjust the surtace correspondance between each point of the files and the fitm. Each film pixcl is printed so that its pigments
carry the attitude nforization of the corresponding point in the files.

In order to pertorm such an operation, the altitudes are transcoded in a transparence table for each colour : red (R), green (G),
Mue thy. Fo each slttude corresponds thus a set of three transparences : R, G, B. The film is done so that the triplet is to be found
durning andlysis amd so that the altitude 1s obtained by decoding.

The selected encoding uses tour levels for red, cight levels for green and eight levels for blue, 256 altitudes are thus possible.

The anaiy s spot diameter causes an interpolation effect between pixels ; our code must take this into account for preserving the
analysis cohierence This imterpolation also will be used.
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4.0 RELIEF DRAWING
o ™
o 4.1 IMAGE TYPE
> The image type we choose, is adapted to the data read system. The images are smoothed and shadowed. It is also possible to
" generate only «observed» peak lines. Actually these are points on the ground at the limits of the seen and hidden parts. It is also
. possible to draw ground cross sections.
4
Q
. 4.2 BASIS DESIGN
' 4: In the following, we suppose an horizontal sight. The perspective image is built on a screen composed of 512 raws and 512 columns
K- covering a D degrees field.
; -~ Let us consider a radial line drawn on the ground (see figure 2). It links the observer’s position projected on ground to a point lo-
cated at the maximum sight distance. Morever, the line belongs to sector S, ground projection of the sight pyramid. The perspective
transtormation (transformation which projects any point of the ground on the screen). Each point of this radial line is located on a
) screen column. Fhis and the scanning system of the reader tlying spot, enables an easier computing procedure. The spot describes the
S12 radial bines required in the film data base, included within a D degrees sector, each radial line being used to build each column
] of the screen.
\
. . .
" To modity :
! observing ficld,
N observation direction,
maximum sight distance,
means to modify only the analyser tube scanning.
b s
o I'he perspective transformation itself ends with the computation of the height on screen of cach point calibrated on the radial line.
.‘-. It is 4 simple tangent computation (ref. to figure 3). - }
ol
‘,.'
B 4.3 IMAGE DRAWING
h 431 SHADOWING AND SMOOTHING
L
:“‘ The image final aspect and perspective understanding depends on this operation.
.:'. 4.3.1.1  Shadowing (see figure 4)
oy We assume a light source (sun) which illuminates the landscape and thus let it become understandable. The luminance value to be
o given to each point of the field of view is then computed.
T'herefore, the normal vector at the considered point of the ground is evaluated.
.: Two successive radial lines are required, on which 3 points A, B and C are used (see figure 2). A is the current point. The triangle it o
l.. ABC builds a facet whose inclination is determined by the computation of its lateral inclination (according to AC) and its longitudinal ar
‘_-. invhnation taccording to AB).
LY
.
; Fhese data and the sun vector both enable the computation of point A (scalar product of the normal vector to the breakage by the
sun vector), supposing that the albedo in the sight pyramid is constant.
) In order to simplity the computation, the light source is set vertically at the observation point. The sun vector at each observed
) point is vontained in the vertical plane of the associated radial line.
; '. We are thus able to compute the luminance of the screen transform at each point of the ground.
%
‘l‘.
. 4312 Smoothing (see figure §)
From one radiat hine to the other, smoothing is performed naturally by interpolation of the spot between facets, and by direct
. working on the screen definition (512 radial lines, 512 columns).
-, ~
;", Smoothing along a radial line is performed by interpolation of the computed luminances. ' 1
> Fhe obtained result is rather close to a GOURAUD smoothing (bilinear interpolation on luminances at each point of a facet) but
47, the procedure is easier and perfectly adapted to the reading system of the MERCATOR.
1.8
F 4.3 2 HIDDEN PARTS DLETECTION
N
' B tmage synthesis 15 associated to hidden parts. The selected detection method uses also the particularity of the data read system.
T It s pertormed along a radial line (it is a screen column), thus being in a serial position with other processings.
> o
P The basis principle 15 the following @ altitude data scanning is pertormed from the observer in horizon direction. If h is the height
» ot 4 landseape point on the screen, and d the distance from the point to the observer. A point located at a distance d1 is to be seen
Y only if the functton htd) mcreases in the proximity of d1 and if h(d1) is superior to the maximum of h(d) for d inctuded within
O.and 1 .
N 20 and hedD > | MAX(h(dh) | 0 < d < di )
' Iese conditions are casy to wire. The use of this hidden parts reader enables the drawing of the peak lines alone.
=
4
-~
™ N
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4.4 GENLRAL DIAGRAM (figure 6)

“J:‘ The blocks corresponding to the above described functions are given in this diagram. Let us precise that the data read is analogue,
N the whole processing is then digital (wired). The read noise 1s reduced by filtering. Furthermore an adapted transcoding enables to colour
~:~.' the tinal image. according to the altitude for example.
" -
- The unages generation rate is adjusted by the analysis tube scanning speed. Present speed is : 25 images/second.
O L
v
& - S0 OTHER GROWTH CAPABILITIES
! -‘:. T'he tlying spot read of altimetric files provides other capabilitics. |
iy
- radar stmulation . the data are scanned via a scanning similar to a radar scanning,
"4 . ) Ty
vy detection of intervisibility areas : the areas seen or hidden are determined from any point, PORRVR S ,,,_«,*
» . .

computation of relief profile : the profile can be computed according to any selected path. Sufficient condition is that the ana-
Iy sis tube spot is following this path,

b 6.0 CONCLUSION

7.

_‘:\ T he above deseribed advantages of the system are the following :
)

chromatie storage of altitudes on a film used as a bidimensional memory,

" data acquisition via a tlying spot film reader enabling an easy image computation in real time, and small overall dimensions of
. the assembly.
PR ey - ,
W Tests on a prototype have just begun and will enable u. to evaluate the whole design.
. <
-
:-‘ Our purpose ~asystem operating in 1990,
h’.
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THF WIDE FIFLD HFLMET MOQUNTED DISPLAY
by
Joseph LaRussa
Farrand Optical Company, Inc.
117 Wall Street
Valhalla, N.Y. 10595

SUMMARY

The Farrand Optical Company, Inc. has been instrumental in developing a very wide
field of view Helmet Mounted Display. This display provides the pilot with an instanta-
necus field of view of 60° vertically and 135° horizontally. The central field of view
consists of an overlap field of 25° within which full stereopsis is available. It would
agtrear that a new design which the Farrand Optical Company, Inc. is now in the process of
desianing for Aerospace Medical Research Laboratory (AMRL) would be applicable for night
all weather operations where such data as flight path control, computed weapon projector-
ies, synthetic outside world views, expected and »riexpected threats and automatic terrain
following paths would be displayed.

Tt is not the intent of this paper to discuss the application of helmet mounted dis-
irlays (HMD's) to flight operations or to interactive virtual cockpit display systems. For
an introduction to such possibilities we would refer you to an article published by Avia-
tion Week and Space Technology.l The articlc was based on discussions with Dr. Thonas A.
Furness, Chief of the Visual Display Systems Branch of the Aerospace Medical Research Lab-
oratory (AMRL) at Wright Patterson Air Force Base. AMRL also provided the published illus-
trations,

This paper then, deals with the parameters that must be considered in designing a wide
field helmet mounted display. Briefly, these parameters are size, weight and balance on
the head, briaghtness of the display and see-through ability of the display. The discussion
assumes the use of a one inch, high briaghtness, high resolution CRT input already developed
and operational althouah other formats which may be beneficial to the optical design are
carrently under development.

The Wide Field HMD was in fact, originally conceived as a simulation device. The
Arrospace Medical Research Laboratory (AMRL) first contracted with Farrand to build a
Visually Coupled Airborne Systems Simulator (VCASS) for cengineering studies. The design
was beaun in 1978 and the first VCASS was delivered in 1981. This device utilized minia-
ture CRT's on the helmet as image inputs. Meanwhile, Canadian Aviation Electronics (CAE)
and Farrand were successful in selling a variation of the same optical design to the Air
Force Human Resource Laboratory (AFHRL) as a high resolution, full color, helmet mounted
display for simulation. This unit was labelled FOHMD for Fiber Optic Helmet Mounted Dis-
t'lay Pecause the input generated remotely is conveyed to the input focal plane of the hel-
met display by fiber optic ropes.

The system was delivered to AFHRL in January of 1983. A comparison of the two sys-
ters fellnws:

VCASS (AMRL) FOHMD (AFHRL)
THEY A taneons 135°H x 80°V to 120°H x 80°V 135°H x 80°V to 120°H x 80°V
TLeld " vriew
ol unlimited unlimited
Treeld b Uiew
Interpupllilary 58 to 72mm 58 to 72mm
Sllustment
roarian 25° to 40° 25° to 40°
See=Throateh 9% X B.T.* 9% X B.T.*
Araliey
npeat high brightness, high res. high brightness, full color
1" (19mm © ‘t) monochrome Iiaht Valve by GE Via Fiber
CRT Nptic Ropes
Tispiav **TR X .01 X .5 30 Ft.-Lamberts minimum
Srichtness
Pesclurion 6 arc minutes 1.5 arc minutes per TV line
in Hiqgh Resolution inset
field 12 arc minutes per
TV line in surround
*RT - Peamspli ter Transmission
**TR - Tubke Brithtrness
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LY VCASS (AMRL) FOUMD (AFHRL)
| L -
" a Ex1t pupil dia. 15mm 15mm
]
Y
N Eye relief 39mm 39mm
S
] weloht (less helmet) N.A. N.A.
\d
(¥ The AFHRI design for simulation utilizes fiber optic ropes to relay the images from
2o the GF color Tight Valves to the HMD and as such the simulator version enjoys full color

and usina two light valves per eye (one for the inset area of interest and the other for

P

) the surround) a very high resolution image is achieved. The breacdboard version at AFHRL

S is shown in Fiagure 1. Here one clearly sees the two fiber optic bundles for each eye,

H\- one servina the high rescolution inset field and the other feeding the surround figld. The

;’? mechanical helmet pick-off is also visible. The new or prototype model to be delivered ] ;

,H; to AFHRL in August 1985 will employ an LED array on the helmet to sense head position and vlwukﬁ,~4
only one fiber optic cable for each eye. The outputs of two GE Light Valves per eye will

Le combined in the one cable which also employs multiplexing to eliminate the visibility
S 2f hath the fiber structure and minor fiber breaks and to improve the resolution. A view
'} of this prototype is’ shown in Figure 2. The Farrand Optical Company has also developed a
< method of Insertina up to two targets in the display for air to air combat.
\
o

An evolution of the AMRL prototype for use aboard aircraft or other vehicles might

AL locok like the assembly shown in Figure 3. Note that one CRT per eye is used. We are pres-
ertly limited to a monochrome display because of the available CRT, however the use of
CRT's makes the HMD adaptable to on board use. With currently available tubes one can cx-

. pect a resolution of six arc minutes over an 80 dearee field for cach ocular. The apparent -
L brightness of the display would be approximately 30 Ft.-Lamberts, adequate for night opera-
:{? tions.
;f{ The advantages of a wide instantaneous field »f view with binocular overlap upon pi- :
o lot performance in target detection, motion detection and tracking were justified in be-
ﬁ\ havorial studies performed with the AFHRL system.</ Because of the excellence of per-
formance of the optical systems, stereopsis could be provided in the overlap area if the
-t left and right images are generated from two eyepoints. This would be very useful in
- terrain following operations.
f{i Before we describe the latest advances in the design of IIMDs and the problems yet
)t\ to be overcome, it would be appropriate to review the advantages and disadvantaqges of
T methods available to achieve wide instantaneous fields of view. An excellent primer

P o

helmet mounted display desiqn considerations exists in reference 4.

A helmet mounted display must project the view to optical infinity in order to elim-
inate focus problems with respect to the backaround. Refractive optical systems may be
emploved, however they must be bent away from the observer's line of sight if he is to see
throuch the display (see Fiqure 4).

Because of this requirement, the instantaneous field of view of such a design is lim-
tted since this field is defined by the angle subtended at the eye by the closest optical
elerent.  Additionally, to produce a large field of view with a small diameter CRT re-
sulres a very fast optical system that translates into many clements and a heavy weight.

; A reflective system is orly slightly better since the flat beamsplitter limits the eye

oy relief available and increasing this eye relief reduces the field of view since the spher-
St 1oal beamsplitter must be moved further away from the eye (see Figure 5).
% £ y y
.n n
1R
;{: A unique optical system patented by Farrand overcomes all of these problems at the ex-
‘23 t 'nse of see-throuah ability. This system has been named the Pancake Window®. It is a
~ “lective system that utilizes polaroids, quarter-wave plates and beamsplitters to achieve
T ; . . X ; s
- . very wide instantancous fields of view (80° plus), and when applied to helmet mounted dis-~
Al tlavs provides very long eye rvelief (39 mm) and very light weicht (20 oz. per ocular).
Plaure & 1llustrates its application to helmet mounted displays.
e
.
d}; When usina a spherical mirror as a collimator the focal plane is at half the mirror
. radius Fragure 7). ’ 3
b T
s . . , . , :

SN Nere o that the input image 1s relatively small for the field of view obtained, a de-
“N led alvantase dn terms Af beino able to ue a small CRT. 1If the spherical mirror werc
.\(‘ e wnte g teamsplitter and o plane bheamsrl it tor were added, the confiquration would look

! 13 Q.
¢\ e the oye relief co very larce, bot Jocating a focal surface as shown would pre-
o cent e cbsmercer fromoseeans Che bacrgroand throuah the displav. In order to get the
e Pooad o ban o of the war, use e made of g f“lat bearsplitter and a relay lens. The flat
Yt . ‘ . ! . Y
o Pear et DIt ler S0t g the OPTomd relay Teme cut o F the oboorver’s line of sight and the re-
e T e trostete g e rial o aepre teo o 0 Tacaegygr of fhe Tocal surface (Fiaure 9).
o

e errase oD s re by e, re ol s el g torreed ot the eve and Lt must be large

o1 oot ol o et vl ateve o s betwoeen the absercer's head end the helmet
- o .
St it the natented Coatures of the Pancake Window  the ol server would see not only

T T R AR U nfinity bat ke wonld also ¢eo the CRT imaage directly.  The
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fancarne Window accomplishes the rejection of the direct input view as follows, (Refer
to Fraure 10):

Tllumination from an image point passes through the first polaroid from left to
risht and is polarized along a vertical axis. This polarized liaht passes through the

spherical mirror beamsplitter unaffected, but the plane of polarization is rotated 45°

in rassinae through the quarter-wave plate. Passing through the plane beamsplitter does
ot affect the rotated plane of polarization but in going through the second quarter-wave
Llate the plane of polarization is rotated another 45° so that the total rotation is 90°
and the direct view illumination is blocked from reaching the observer by the last polar-
oid. Tf we now consider that portion of the light that was reflected back to the left by
the plane beamsplitter, we see that its plane of polarization is rotated another 45° for
a total rotation of 90°. This illumination strikes the spherical mirror beamsplitter on
the concave side so that it is collimated and re-directed towards the observer. Now pass-
irG thkrough both quarter-wave plates, the collimated illumination is rotated another 90°
for a total rotation of 180° which allows it to pass through the last polaroid to the ob-
The drawback here for see-through ability is that the total transmission is on

server,
rre order of 9i multiplied by the front beamsplitter transmission, or somewhat like a pair
¢ ‘darx sunalauses. Note that the first polaroid of the Pancake Window® is not in the
soe-through path., This low transmission may not be important for night operations, how-
vver, under conditions of dusk we would like better transmission. We have embarked on

twr Mfferent approaches utilizina holoaraphic techniques which promise to improve the
see=throuch ability teo 30 percent transmission.

while the Pancake Window: provided us with the wide 'OV, the see-through and the long
vy relief capabilities, another Farrand patent on the overlapping monoculars principle,
~ide nossible even wider horizontal fields of view. By rotating the optical centerlines
Y the twoe limbs outward so that only the right portion of the left eye field of view and
1L portion of the riaght eye field of view overlap, we increasc the total horizontal
¢ view while maintainina an overlap region in the same manner that the human visual
functiens. Fiqure 11 illustrates the overlapping principle. Again we note that
Lecause of the excellence of the optical design, significant off-axis angles can be used
an a ventral field providing binocular vision with the possibility of stereopsis, should
one wish to denerate stereo input pairs.

From an optical design point of view, the remaining areas of desired improvement are
larger oxit pupils, better sce-through ability and lighter weight optics. Our latest de-
siens for AMRL provide for 21 mm diameter exit pupils with the same wide fields of view.
Lerter see-through ability and lighter weight of optical elements will be achieved with
heloararhic Pancake Windowsw, which we have manufactured in the past. FExpected sce-through
will aprroach 30° while retaining a transmission of one percent for the input CRT image.
Such a device would also increase the contrast between the CRT image and the outside world
tecause a reflective hologram reflects almost all of the impinging CRT illumination over
a narrow bandwidth while preventing transmission of almost all of the background illumin-
ation ‘n that same narrow wavelength band. Ideally, the only optical element required
would be holoaraphic and on the visor itself, fed by CRT's and relay systems. Such a
desian would eliminate a qgreat deal of the frontal weight while providing better than 95%
transmission for see-through ability and while reflecting and collimating over 95% of the
‘BT illumination for the observer. This type of system has been manufactured, but the in-

vidual fields of view are relatively small {on the order of 40°). Larger fields of view
~» not practical at present because of wavelength shifts in the reflected images due to
he increasina anales of incidence across the field of the image illumination on the holo-

aram,

R
t

In the interim between currently applicable technology and the holographic visor, all
27 the necessary ingredients for night operations exist and have been demonstrated with
vert o wide field of view helmet mounted displays employing Pancake Windows®, 1In addition,
the very important feature of stereopsis can be readily implemented. Next we must address
nursclves to the physiognomical requirements which will dictate the optical arrangement
within the helmet. Here we are concerned with obtaining a weight balance on the observ-
er's head to relieve strain and to provide comfort for long periods of use. Also, the
opto-rechanical arrangement must not interfere with peripheral vision and there must be
rrovided three adjustments to suit all individuals. These adjustments consist of inter-
pupillary adjustment, longitudinal adjustment and vertical adjustment. An example of
such a desian is shown in Figure 12,

I+ sh 2ld be noted that the helmet design lends itself to a completely sealed unit
with aurfficsient internal wvolume for oxyaen, earphones and microphone.

iastly, »~ne is faced with selecting a helmet pick-off device which is used to orient

the rredected scene with respect to the observer's line of sight using the vehicle axes as
the referenre. There exist several such devices, the best known is probably the Polhemus
maanet e pick-off which utilizes a magnetic radiator on the helmet and magnetic field
sengcrs around the observer,  Most other devices employ infrared radiators usually ar-
racte ! inoa pattern on the helmet and infrared detectors surrounding the observer.

Fxeeopt for the omission ot eye-trackers or oculemeters which may be employed for re-
wote control purposes, we helieve the foareqoing represents the current state-of-the-art in
wide fireld helmet mounted displays.
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A Solild-state Map Display for Rapid Response Operatlon

Aithor D J Powell -~ HManager Alrcraft & Misslle Systems,
T E Crayford — Chief Development Englneer,
Guidance Systems Divislion
GEC Avionlcs Ltd.,

Alrport Works
Rochester. Kent. MEl 2XX

SUMMARY

EC Avionics have developed a means to provide pilots with a presentation of a
moving celour map display on a standard colour CRT. It uses solid-state technlques and
derives the display from a digital database. This paper describes the design criteria
used In *he development of the system and then prescnts an overview of the system
speration.  ¥inally the paper dlscusses one of the many ways in which the system as 2a

ahole may be used Ln operatlion.

1. INTRODUCTION

Since the earliest days of aviation, accurate navigation with the aid of maps or
charts has been of prime importance to aviators. The use of paper charts wlthin the
Ttmited confines ot the cockpit area contlinues to date, due to the comblnation of the
tnherent unreliabllity and inflexibility of existing methods of automatic map
presentation to the ptlot.

Proesent day coewplt map displays generally employ optlcally projected film based
systens with a mechanically complex fllm transport mechanism. It 1s this electro-
rechanteal Piim transport system whicech 1s prejudlectal to reltlabllity, and the
preparation of che film for the area coverage requlred is a long process which implies
flexihility tn an operational scenarilo.

A number of organlsatlons - Including GEC Avionies - have been 1Investigating the
feasibtiity of fully digital map display systems 1in whlch the map imape 1s gencrated
dynamically from a digiltal database. The topographlcal features in thls solution ure
characterised individually. Such systems will offer great flexibility in the display
prodused bhut will require a processling capablility which would create an excesslively
sxpenstive solutlon for alrborne applicatlons. However, at present, the full digital
dnta base 1s not yet avalilable and even when it 1s could still have operationatl
recstrictions.

"his paper describes a map display solutlon which avolds the pitfalls of preceding
“ypes and is especially suitable for rapld response operations. The Input data for the
system 15 created by digitally encoding standard operational Tactical Pllotage Charts or
{ndeed any ''ictorial' data pertinent to a particular mission. The airborne equipment
tn thls sclutlon 1is comfortably within the bounds of current processing technology and
s fully solld state. The diglital map database can be prepared rapidly using portable
and relatively inexpensive equipment.

In additlon to descrihing the methods used in the preparation and manipulation of
the data, the paper discusses how the system can be Integrated with other systems and
sensors to dlsplay information to the alrcrew In relation to mlssion objectlves and
careat avoldance.

The equlpment discussed 1s currently undergoing flight tests in a Royal Alrcraft
Establishment Wessex helicopter and further testing in the fast Jet enviromment is
[ itanned tor later thils year.

e digltal topographical map display system 1s thus close to ohviating the neced
s nav hmatlonal paper charts belng used In the cockplt at times other than those caused
by ousysten fallure, a situation which willl always exist In a simplex systen.

Pl

GN CONGIDFRATIONS

2.1 fiereral

The alC Aviontes Jdigital colour map development commenced in 1983, the atme of

U rrow e woere tod

0 rrove the real time manipulation of diplital map data, l.e. scrolling and
retatling the displayed image at rates compatible wlith flxed and rotary wing
alroraft,

o create A digitising facllity, using avallable commercelal oequiprinnt, wh
4 provide the map database In plxel forn from paper charts.

waols!




[
These alms were achieved with laboratory bench demonstratlons in February 1984 and
oo nrencenient of flirht telals tnoa Royal Alrerpaflt tablishment Wesgex hellcopter in
epr 1984, Three months of successtul flight ‘rialsc have acerued topgether with
1 tions to potentlal customers.

GEC's drive to develop a new form of map display stemmed from 14s experience in
carlicp electro-mechanical, optically projected film based maps used in the British

‘

ftoyal Ale Foree Jiaguar strike alrcraft. To meet 1ts low level role, a nunmber of
aidittonal operatlonal and display features were 1included to facllitate accurate track
weeping, steering to waypoints, and track recovery after diversion. Such features have
nelp o reduce pllot workload in thls high stress environment. The value of the map

itert has been conclusively demonstrated by the experience of more than 500,000 flying

haurs accumulated with the equipment. Thls experlence has also highlighted the
wroovenents to be galned from an electronic multifunction display of map data.

2% Duta Storage Medium

“ur stultes of a colour map reader have consldered a number of alternative
whicnh can be prouped as:

Blyes

ancttorue = in yeneral using optical ftlm to store the map database and
derlvine the colour video stynal via, for examnple a vidicon or a flylng spot

PN .

) thrtnnl - using o dipltal database and thus being directly compatible with

drinal processinge.

Anelueue solutions were quickiy rejected as they suffered from the criticlsms

e st at previous solutions including the loss of display continuity during frame

centen L the north/south direction and scale changing. To these must be added such

. natntatning spot slze/position in a vibrating environment and film
v o tenperature and humidity.

cnrtrtige

wWien

avallable alternatives In bulk digital storage media and the rapid growth
vy wthicvable, a digltal solution was clearly favoured. Four alternative
siierel In detatl; two of these were magnetlc tape systems and two were
X svnluatlion ot these media clearly showed that superior operational
j USRI 5 oacaerue from usingg semlconductor memory rather than magnetic tape.
B e Torthe wldesprend and rapldly expanding use of non-volatile semiconductor memory
; S 1ie fevelapment in this area to date, thls technology virtually guarantees a
Sartioer Dnocreaae I capactty and speed cotneldent with a reduction In cost per bit of

: video wnenetle tape nedium provides a large data storape capability,
tto1 relativily low price, tto environmental performance is limited by the
. treaetion of snech parts 5 the head drum assembly in hellcal scan
H Saree Lhnelfr, Hormette soaling of the cassette package, were 1t

N ! Poexted the tapes lower operating temperature but high operating
P FN Colimtred, It wis consldered that a heater would be necessary
, 8 cnoiation whish would otherwlse rapldly degrade the tape by
- Lt malntenance of the recorder would also be necessary to
PO B SRS »r the heads, with the assoclated problem of reduced siyrnal
. ' ! e cnnotmplted low rellabllity and increased 11ife cycle costs
ot MY l=rnnba o solutton.
et lorn
Str e tied thnt the GHC Avionina Colour Map System would use paper chart as
Pl et near e 1t then became necessary to develop a low cost mechanisation for
oot e et Into tixed data for stocase.  To support the in-scrvice operation of
T Sl alreraft, ttois anticipated that there wlll be a requirenent for at
St tre P cponnd facility:
e und Statlon - typloally Government Apency controlled and
R s, providing the maln digital database libravy Cor nse by loeal
irodnd Ctations - these wonld be avallable at squadron level or forward
s o centealled by operat.tonal personnel.s Thesa loeal facilities
SUbe e mennn st oenter i ntaslon planning or reconnatlsanace data as
Coo the preitniry te o w!thaas tnvalldat e the crelmary data.
[ Coner gt Deal chapto gttt toe the above equlpnent arce shown in Py,
! ' e creastne maom cYonely ol the fxed structure of the dipitised
f - voatt 2 suill L presents aousenble imape. Flge 7 and 8 show the
et e Vel by : Hrttisatlion developments and clearly demonstrate
.t ' VA ' st
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In addition to the generation of pixel data for input to the digital map system,
the wround statlon 1s capable of converting vector type databases such as PACE or DLMS
‘nto a flxed format, thus the services equiped with the GEC Avionles map will have the
flexibility of utilising elther database without modification of the alrborne equipment.

e
wr &t 3

T

3. THE DIGITAL MAP SYSTEM

The [tgital Map System outputs a composite colour video map image together with
overlald navigation symbology. It transmits this image as discrete Red, Green and Blue
colour and monochromatic video signals or as elther AL or NTSC format for display on
Mu.tipurpose Display (MPD) iUnits. These composite video 1images are generated from self
contatned mass semiconductor non-volatile memory within the map system. Data in this
memory !s accessed and then further processed to provide correct orlentation, scale and
positioned according to the alrcraft navigatlon information received. This processing S
task 1s performed in accordance with navigation and mode data transmitted to the map !
system via the alrcrafts multiplexed data bus system from the Mission Computer, or from
previously loaded mission data stored within the map system. The overlald navigation
symbology 1s internally generated within the map system in response to the sauwe
navigation and mode data re:elved over the bus. The digital memory 1s derived from
vither dlgltised paper charts or from DLMS level 1 or 2 data. Both types of database are
preprocessed and loaded tnto nass memory prlor to flight by the purpose built ground
support station. In addition to the composlte map image the system can display
! ston‘intellipence data as an overlay which 1s capable of being decluttered from the
vlay during usc. This misslon/intelligence data 1s also loaded from the ground
support station,

-

b
<
>
-
.
T
\

Ther map systen essentially comprises two sections, the memory, and the map
compiter whilch interfaces the display computer us shown in Fig. 9.

r- T T T T T T T DIGITAL MAP SET 1
| —_— |
I (_ | DISPLAY
DIGITAL
| | vEmORY Uit DIGITAL MAP COMPUTER [— COMPUTER
i L___________J |
| |
L - e e — _ - — - e e — - — — — =4
MULTIPLEX
DATA
BUS

! EXTRA DMU L____J MISSION

i (FUTURE) | COMPUTER

Fig. 9 Map Computer Interface

currently configured the bastc map memory can rctaln approximately 70 square
D oer chart plus 296 kbytes of non-volatile memory avallable for mission and
el e dat overlay. As a conventent neans of Indexing the wmap, each sheet s
oot Lot o small squaree or tlles, Further non-volatlle memory 1!s provided for

R AT (o SN

! ' inttialtsation, BIT and misslon computer to map messape storage. The k
oy corg iter mas oA spare lnout port to interface a further bulk store menory unit should

il ool area coverase be requlred. The map computer acts as an Interface toe the ) <
ety cysterms tn accoedance with the messages recelved over the data bus. These ’

Leoars processed in oreal time to fulftil such functlons as:

thee ot it of pre-lodded atlreraft initlalisation data to the nlsclon computor. 7
troe oo o viideo slenals Lo displays, this wonld tnelude nap data overinatd
Wit atarton ntelllyrence and self pgenerated navigation aynbolowy.

e o v bieo sipnals o 'plotortal' data.

o DD measagres reiating Lo omap sycter perlformanee.
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3.1 System Operation

Th- operation of the map system is depicted in Filg. 10. Alrcraft present position
and headtng ts recelved by the CPU from the mux bus interface together with operating
mofe ant map scale data. The CPU runs through 1ts directory of map areas of the
qppropriate scale and identifles the map data to be displayed. From information within
4o ftpectory 1t calculates the individual map tiles to be cxtracted from the mass
memory Lo provide the appropriate display. These map tile numbers are transmitted
stuyly to the memory to extract map data in a predetermined manner. The specific data
wory location address is determined from the card number and map tile numbers.

The data store caprd is then read sequentially at the data content location for
that particular tlle. The first locatlons glve:

‘a) the total number of bytes to be read to provide the complete tile data.

(b the total number of bits of data which should be received by the map scene
memory for that tile when 1t has been processed. This is known as tile
sum-check data.

pata fa) 1s used to control the read of the data store and (b) is the initial data
transmitted to the map computer to provide a BIT tile sum-check. The data is read as
wo: is of compressed plctortial or compressed pseudo DLMS data and continuously
transmitted to the map computer untll the data store recad 1s complete.

cpu
-------------- I_—_‘T____-°_-____-‘_—'—->_-—_-_T_—___'_-__—-___-"_"l
1 [}
) . ¥ b, oA
- ' '
s ‘ | symeoL |oispav] i
> ' - - * GeNeRATOR | STORE
‘ )
. coor | o1 oraITAL VIDEO 7 RGB COLOR
‘ e 10 OUTPUT
q 4 PA 8_|anALoG STAGES ™) MONOCHROME
b
SCENE DECODE DISPLAY .
MEMORY (DECLUTTER) STORE

1508

Fig. 10 Map System Block Diagram

The conpressed tlle data 1s flrst error checked, corrected if necessary and then
Givided Into elght blt bytes. This serves two important functions:-

{7 to permit the occasional writing crror in the mass data store eliminating the
netessity of perfectly programming Megabytes of store data.

r-

to detect and correct any data transmission error between the memory and
computer should these functlons be contained in physically separate units.

The eight bit bytes of compressed map data are then unpacked by decompression
ctrcutery and loaded into a tile store of 128 x 128 x 4 bits for pictorial data, or
reconflivured automnatlecally under CPU control to a 64 x 64 x 16 bit tile store for DLMS
1atn, As tnts tile store 1s loaded, the decompressed data 1s sum-checked and on
~rietlon, compared with the sum-checked data word rccelved at the start of the %1ile
Hlork.

Thepe are two such tile stores, one beling loaded with new tile data from the
neitory, while the other {15 read into the appropriate scene memory bit planes. FEach tile

b lo: of datna ts oread dtnto the scene memory unttil 64 such bloeks are loadeldl and the

ene nenory s oready for use. Addpressinge cleecuttey extracts the specific data,
ot byt disols Hnage, correctly orlontates and magnifies the Imape data refore
art el T Whe alnpiay nencey.  The dlaplay store 1s read at dlsplay freame rate and the
tndlvibal idspiay plxels of codet dath are passed in sequence through a colour paleotte

exnins losk-up table where they are assipgned digital valu-s for each of the 3 colour
ms of whe video output. Thls look-up table 1g capable of “irlation in 1ts solectlon
decode to provide a readily confipurable selection of palettes suitable for day and
speration. A t'inal Jdipgital to analogue converslion and video output drive stage

1
sh
trovtios she approprlate RGHB video output signals to the display conputer.
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-g-'. 3.2 Intellirence Data and Symbology Overlay
CL
x-“. As onateral extension to the philosophy of digitising standard aeronautical paper
).‘t- charte, 't follows that 'pictorial' or other forms of intelligence related data can be
4,.}.' rapidiy prerared prior to a misslon. This data comes In the followlng forns:
R
v [a} "hat which already e<ists as digital data such as JTIDS, Landsat. and
'y intelligence data transmitted from headquarters via a digital link to forward
LAY positlons.
L7
S 0o Any pilctorlal data such as reconnalsance photographs, marked up charts, sketch
L or data which can be overdrawn on the primary database by a local operator.
A The taclllty to overdraw exists within the capabillity of the local ground
L statlon via the use of a bit pad or light pen. This data is then digitised
[, i and formatted via the normal process. Information prepared in this way has 3

the correct spacial relationship to the malin map. -

A}

¥ " In addition to the Intelilgence data which moves coherently with the map display
""_\..' an additional symbol generator 1s provided which glves the necessary alphanumeric and
:‘C_\' ¢raphiecs symbology which is overlald as a flxed format above the moving map display.
,_{ This data w!l! typlcally provile the crew with the necessary navigational data to acsist
::ﬁ ‘n interpreting the map display. Such symbology willl include ailrcraft track, present
o posttion symbel and indicatlions of speed, heading, and map scale together with
- appropriste range narkers.

> The symbol generator uses a dedlcated CPU (INTEL 8088) and a graphies display
i con'roller (INTEL 82720). This converts mode instructions received over the mux bus,
.‘.\' ‘nto a rorm that enables the generation of the praphlcs symbology detailled above Into a
:,\ ragter scan format, which is then mixed with the map data video format, to give a PR
“_"_-.. compusite video dilsplay. T D

:") Tvplcal intelligence/misslon and navigational overlays are shown in Fig. 11, 12
bt and 13.
-
e

N
Q HOSTILE THREAT AIRCRAFT />] HOSTILE AIRCRAFT
_': T OWN AIRCRAFT )UNKNOWN AIRCRAFT

1‘4: OPTIONAL COLOUR CODED ERIENDLY AIRCRAFT
* %% AIRCRAFT /9
s a RED - ENEMY :
‘- b YELLOW - UNKNOWN
‘o ¢ GREEN - FRIENDLY
1
- .
3 + TANKS < SHIPS

3
! GROUND TROOPS <& SUBMARINES

WAYPOINTS OR

[\~
o VEHICLES STEERPOINTS
- AIRFIELD < RADAR

RECOVERY BASE

GROUND TARGETS ON 40 : o
MILES OR GREATER RANGE R

PRIMARY @ ALTERNATE
RECOVERY BASE

=
%
g0
>
/\ PRIMARY TARGET 2\ ALTERNATE TARGET

@ - FEBA — - —— POLITICAL BOUNDARY

#ig. 11 Typlcal JTIDS Symbology

|
|




3

gy

Y X
Pt S’ g
e P 3ar Tty o

573
il

.
oy

{ ll t‘ l'\l'

IS
N /\ .
5 ] 31 32 33
] 1 1
MAG 1.0 A
Flg. 12 Typleal Traee p Symbology Flg. 13 Typlcal North Up Symbology

3.3 Area Joverage

=, expand o the previously stated 70 square ft of chart coverage, 1t is first
necessary to tdentify the phys'eoal construction of the map memory system. At present
the Adestrned FPHOM hybett card module contalns 3 Mbytes of compressed map data as a
it tlayer teeutt boarl. This equates to 13.5 square ft of paper chart or in

‘-"-1. Tour tandtard U8 serviee 250,000:1 JOG sheets (Joint Operations

tte o canflrured to contain elght such cards, of which at

. : A;!'r-ivnxxuﬁiny to 67.5 square feet of chart. However, as
previonsiy ! v rapty vivanelng memory technology, thls coverage should
exnant Lo o IERER N e ot sheets) or a total future system capablility of up

tor g s e Dot Lt N
rooraer prepree et Wt nysten, as presently configured, would be organised
St viap daty o perr o oatnsloon, o tyLkteal scenario has been gelected to show a 1
e s e b e T b Tt Pedd Play range with a strike attack in the Tolicha
The mtoston Y heen osverlatd on “he 500,000:1 Tactical Pilotage Chart (TPC) which
Letely enbrooerees the Nollts Ranve area.  Actually some 17.5 in x 18.75 in of
o covergse s oregqatred Lees 203 square feet of chart. However, in this case
T st mrdole 1305 sq ) totalling the whole of the relevant TPC chart (G-

NEITI] wittee i,

‘n oatittton, the area coverage of the misslon would also be covered at 250,00:1
JlaiAa T 130l sarles charts {e 10 sq fte In this case a single card module would be
: / T osheets NOO11-8) NJ 11-9, NJ 11-11 and NJ 11-12 which completly covers

Sl e, Bt

store cord nodule woull be devoted to the general 1,000,000:1 low
10t gl mavigatton 1% nm/in chart whleh glves heacons, VOR bearings etc. covering an
ey f TR s x 030 am !neclusive of Nellils Aler Force Base 1.e. 5 sq ft. If in transit

Coo MUt AR two such o atJacent charts could be iIncluded in one module giving a total
sorgte or o rmox 1250 nmoor H00 x 625 nm. This would result in three store card
Pl bt o ey,

U e ottt omap o) the Intttal Polnt (1P) to target (Tet) 1s required then a

o meedute eard contalining U8 serles Topographical Map scale 62,500:1 (15
i o3) Newvada sheet name Toliecha Peak can be carried. Thus a maximum of U pre-
NS M ocards could be directly drawn from stores for this typical mission whilch
Ao b than adogquately cover the mlisslon and 1ts gsurrounding environs. With the
Pt rodule fltted to the Ground Statlon, the necessary nission overlay data could

teorenttly toaded into one fltted FFPROM card. Assuming that an absolute maxinmum of 1
o the total 500,000:1 map tlles are affected then a total of 208 intelligence
are Joaded 1.n. some U1 kbytes. Thus excluding planning time tie unit could be

«ithh the appropriate store modules and one FEPROM loaded with misslon overlay
oot approximately 2 minutes.

TITHAL USE OF THRE MAP SYSTEM

are many npossible ways of nsing the map systenm in operation. This sectlion

HAN] GaLoon y pot+ntial Implementations.
ayapatton of 1‘"<r1.t datat aces fronm paper charts is a multi{-phase process,.
o sharts o are pltised nt 1 central ostablishment and distributed to
; A A “w’ ‘ntelltmence jata are continually added and updated {(n
HEER next phanoe. T™is final process adds data which s specifle to the
N Tar tsslon fwaypouints foroexanple) and ensures that the assenmbled database is

Lo ot Lhe atreral™ datobace modales These processes are descrelibed tn nore detatl
ot sl lowing o nlons.
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i chart Digltisation

The digltisation of the paper charts is a two stape process. The first of thesc
'3 the »oneration of large, potentlally global, areas of map database. Thils is carrled
out 1t a limited number of Main Ground Stations (MGS) which are controlled by a
government agency such as the Mapping and Charting Establishment (UK) or the Defense
Mapplng Agency (US). The charts are dipitised using a flying spot scanner or other
suitable Aigitising equipment. These arc then processed into a contiguous whole in the
correct format for the map system by an integral mini-mainframe computer. Map data of
areas of Interest are then distributed to Local Ground Stations (LGS) by telemetry or on
magnetlc discs or tapes etc.

These Local Ground Stations, which are operated at squadron or unit level, extract
tre map data required for any particular mission from 1ts database. It 1s lmportant to
note that the database held by the LGS covers areas likely to be of local interest. Any
further map data required by the station can be obtalned from the MGS at short notlce.

4.2 Alrcraft Database Preparation

The preparation of the database for a particular mission 1is carried out in a
stmilar fashlon to the preparation of conventional paper charts. The database module 1s
tondel Witk cards which contaln the equivalent of sixty (60) square feet of paper chart.
".ese carls are deslgned so that, once programmed, they may be placed anywhere 1n the
tatabase module. Each memory card could, therefore, be programmed with, say, a
repreaentation of an existing paper map shcet. Thus 1if the cards installed in the
dntabase module do not cover the total area of a mission the appropriate cards may be
Apawn tf'rom stores and fitted to the unit.

“he 1S has the capabllity of of entering alphanumeric and graphlcal symbology
t1to the database. This may be considered a two stage task. First the war situation,
thelatlne rapldly changing intelligence data, 1s entered. This data might be entered
foiritily by the Statlion Intellipgence Office or, possibly, automatically from an
ntellteonee wathering system such as Wavell. In practice this would probably be a
st tnutng process and would have little impact con the time to prepare the database for
sttt ar nisstion. The LGS stores all of the intelligence data relevant to 1its
qtre of operations. In preparing the database for a mlsslon the operator deflnes the
-1 required. The LGS then extracts the intelligence data pertinent to thls area and
25 !t in non-volatile memory together with a directory of contents.

Finally mission specific data - such as planned track, waypoints, 1initial points
:. - are added. The area of operations 1s displayed on a TV screen and the symbology
cred using kKeyboard, light pen, bit pad or '"mouse" as required. This is loaded Into
iatibase nmolule as an extra level of overlay. Once again 1t 1s possible to automate
process to some extent. The operator could, for example, enter waypoints and allow
~puter to calculate the best track for radar avoldance. Other criterla for the
caloaniations could be substltuted as required.

Sinese the data required to be loaded using this process 1s small - typlcally
Fine two or three minutes to load into the memory - the preparatlon of an aircraft

tbase need tike no longer than the preparation of a conventlonal paper map for a
4150 once prepared for a single alrcraft this can be duplicated merely by
sther database modules in paraliel.

4 Turther alternative here 1s that, since the intelligence and misslon specific
v e held In electrically erasible read only memorles, they may be programmed to the
R same time but with the untt in situ on the aircraft thus saving the time
Pt i vn prenove and re-install the unlt.

e passible disadvantage of thls method is the potentially large spares
-rent for the basle map data. Fach map sheet that the station is ever likely to
w11 be programmed and kept in stores in as many coples as might be required. This

e swercomne At the expense of the time neceded to load the database. In this second
s e st e cards taken from the database module to be used are first erased and
th the new map data. The time penalty - approximately one hour -may be
Lewlingee Lhe operator to enter the mission specific data Into the system
et o and Intellipence data are bheingy loaded.

cuations the sixty square tfeet of map coverage carried by the unit arce
» oty ocater for the needs of all the rilssfons that a statlon's alreraft

; without changine the basle map data. Tt is, thercfore, expected
yooreprogranming of the map data s desceribed above will be
s mdertaken in ounusaal areas or L0 the battle Zone hag moved
squiadron to mnove 1t's hase of operatlions.

of tatabase preparation only the actieons of intelligence and

e oentry nermally regulre manmal interevention. Gnee Lhe operator haco
T sy tred o area of cover the loadinge and cheekling of the database 1f
o i reratar will be prompted 17 caeda meed to be chanrcad or cerared or 1f

Tred.
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4.3 slecraft System
e lonied the database module is installed on the aircraft elther as a plug-in
sartridee Lo the mup or as a completely separate unit. On swltch-on the processor in

the nap system scans the directories of the store cards In the database module and
canstructs a table of where the various data are contained together with the area
coversd by each map scale 1in the database. Thus no operator Interaction is required in
the alrcraft to initialise the map system. It is this, together with the extremely
powerful overlay facility, that gives the digital map system the flexibility and rapld
response to operatlonal demands that a traditional electro-optlc map system cannot
achleve.

.4 Yossible Fnhancements

The haslc philosophy outlined so far may be enhanced in many ways. Two such
ievelopments recently examlined serve to itllustrate the point:

1 "'se in Alrcraft Carrlers

uy tae addition of a simple digitising equipment to the LGS, perhaps a TV camera
an:t X, Y table, the system 1s capable of digltising single map sheets and
processting them into database format in two or three days. This obviously
enhances the performance of a carrier-borne squadron which is dependent on
commntcations wlith land and allows entirely autonomous actlon provided the baslc
paper maps are avallable.

2 Use: at Forward Poslitions

The L1185 1s capable of preparing a complete database. At the forward post thils 1is
unnesessary.  All that 1s required here is the ability to update the intelligence
and nm fon data segments of the database. A subset of the LGS including only the

raphiss precessing and store loading facllitiles fulfils this function.

SONCLEELON

Jhe iFC Avionics map system, then, provides a very flexlble solutlon to the
roieen of providing the pllot with a moving map display. The expensive components of
«p iatabase production are few 1in number and located at central agencles. The
for individual alrcraft are prepared on-site using the latest available
2 llpence data and includes mission speclfic data overlays. When installed on the
‘recraft the pillot is presented with a moving map display capable of continuous
rrolling In all axes over the entire database, virtually instantaneous change of
rsented map scale and a number of selectable and removable overlays. The preparation
the map dlsplay, including the mission planning, 1s all carried out prior to the

clivht. The alrcrew are only left with the tasks of data management and interpretation
whiteh conslderably eases thelr cockplt workload. The system thus provides one of the
st powerful moving map display systems available today.
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APPLICATIONS OF DIGITAL TERRAIN DATA IN FLIGHT OPERATIONS

G. W. Cantrell
Manager, Digital Cartographic Programs
Harris Government Aerospace Systems Dlvision
M. S. 100-1117, P.O. Box 94000
Melbourne, Florida 32951 U.S.A.

SUMMARY
with the availubility of a world-wide digital terrain data base becoming a reality, it
i»> now possible to carry and display on a tactical aircraft all of the map information
needed for a misstion.  Along with the map display on a color cathode-ray tube (CRT),
current turgets and wassion-specific data can be shown. The limitations of today's
commonly used film readers are eliminated by using a digital data base which contains
vlevation 1ntormation; one such data base is the U.S. Defense Mapping Agency's Digital
Land Mass System (DLMS). The terrain data can be digitally compressed and efficiently
“tored so that large area coverages may be achieved. With this information readily
aviullable, alrcratt mission effectiveness and survivability can be enhanced. The system
deveioped by Harris Corporation for accomplishing this task is called a Digital Map
Generator (DMG).  The DMG architecture encompasses data storage, data access and recon-
~truction, data display processing, and data formatting for use by other aircraft sub-
systems.  The Harris Corporation has developed a DMG architecture for application in
low-1level or nap-owf-the-varth tactical missions, as well as long range strategic missions.
Wisston capabilitices are enhanced by using this new DMG to support terrain following/
terran avaldance (TF/TA), autonomous navigation, threat avoidance, and weapons delivery.,
in wddition, the same digital processing approach is usable for pre-flight mission
plunntng,  The ability to  plan a flight using the actual mission data base gives the
rlot the ability to see exactly where he will be at ull times and to determine safe
srrrdors tor eatry and departure, making maximum usce of terrain shielding. Similarly,
the terruin data moy be used for refercnce during post-mission debriefing, in which
the: prlot can refey to in-flight annotations made through the DMG subsystem.

SLGLUTAL MAP SYSTEMS: A SYSTEMATIC APPROACH

[ order to exploit the availability of a terrain data base, the full spectrum of aata
Handling and display must be addressed in a systematic way. For instance, there would
be no peneti1t o in attempting to develop a digital map system for aircraft operations
ttothe sigze, weight, and power were not consistent with modern tactical aircraft limita-
ttons,  Likewise, it would be useless to develop a flyable system without some flexibility
and prowth potential; and it would be peointless to have a system architecture which
requires excesslive effort in preparation of the data base. It is necessary, therefore,
to tie together all of the aspects of the problem and address them interactively. The
<oy oconstderations 1o oa declision to employ digital mapping techniques are as follows:
o Avaitubility of source data.
e Muthodology for data preparation for aircraft use.
e lMircraft mission requirements.
e Complexity of the on-board equipment.
e Atrcraft compatibility in terms of available volume, power and subsystems
tntertaces,
e Mission enhancement and survivability improvement gained from use of a digital
mup system,
e Flexibility for future growth,

Marttabrtaty of source data from agencies such as the Defense Mapping Agency (DMA) is a
cality.  The DIMS data files alrceady exist for approximately 20 million square miles

of the earth's terrain,  Limited geographic digital data bases also have been created

by the governments of other countries, such as the United Kingdom, for specifically
detined arevas of coverage. The DMA continues to expand, update, and improve the accuracy
ot its drgital data base. Studies at Harris Corporation and at other locations have
tndicated that the accuracy and availability of the source data are adequate for usc in
tactical wareraft operations.

Where source data do not exist, several approaches may be taken to obtain digital terrain
data. 0f these, the following are the most practical:
e Hijuest through formal channcels to the Defense Mapping Agency or similar government
(LA (RN
e v of puper maps through simple two-dimensional digitization.
e Manunl generation of an alternate three-dimensional data base (i.e., a data base
Aslth clevation parameters in adJdition to the pictorial information normally shown
Vi paper map).
Hayp ol tarnaronnd ot data wonld normally dietate against the first alternative except
1 the case of high nattonal priority. The sccond and third alternatives, however, arc
cranently teasible tnoa digital map svstem. Simple color seanning and digitizing of any
rorap will produce a data base capable of beiny used by equipment like the Harris DMG.
peeneratiton, aided by appropriate computer software, is also possible through use
rap-tracin: techniques, In tracing a paper map, the contour lines are identified and
f»llnA'J Hy the tracer, which provides an input to a host processor that converts the data
to o BEANC =T tormat, Thus it is possible, using readily available techniques, to pro-
wodzrral dnta base inoa tfairly short period of time, using any available paper maps
sonres, Inoa o similar fashion, any other two-dimensional or pictorial sourcoe (such
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as Pecoinnainsance photographs) can be digitized for entry into the data base. The entire
~ource data basme may be manipulated digitally to adapt to the needs of using equipment.

A dutn soanipulation and preparation methodology must be developed to allow usetul applica-
tion ot the source information. The original source data (such as DLMS data) is normally
provided 1n o tormat which separates the terrain clevation information from the cultural
ttormation, and because of this separation it is casier to compress the data. The process
Gl compression is necded because the volume and format of the source data are toou great for
practical usce in their originat form. The compression technology must be selected on the
biusls ot available cost-effective digital storage techniques. The complexity of data
compression and reconstruction, which dircctly affects the on-board system complexity,

must ulso be consitdered. When all these factors are taken into account, a data compression
concept can be selected.

Ouvieusiy, aireratt mission requirements will dictate the need for certain functions in a
digital map system. It is taken for granted that a color display of the actual map scene
1» 4 necessity; still, the matters of display scale, color selection, terrain shape de-
ir1otion, cultural feature illustration, and similar issues must all be addressed. The
availiubllity of color CRT's with adequate brightness for daylight readability is also

40 1ssue, but for night missions there is no problem. Recent CRT developments show a
potentiul for daylight readable displays to be available within the next two years in
production quantities. Other requirements besides the display will have a bearing on

the system design; these include the entire family of uses which other avionics subsystems
nay find tfor the terrain data once it is available. Terrain following/terrain avoidance
(T, TA) and general low altitude navigation are certainly the most predominant; but others
include use of the terrain elevation information for anticipation of turning maneuvers,
Shielding from hostile weapons or radar detection, and support of wcapon delivery calcu-
lations. Al ot these will be discussed in more detail in following sections of this
paper. IU suttices to say at this point that the digital map may be considered as a

Lew avionices sensor, and that it opens up a broader range of mission uses and applica-

i,

Avother mujor tactor in the evolution of a practical digital map system is the complexity

of the on-board equipment needed for the digital map function., On the assumption that

valtitanction color display heads are coming into common use in most modern aircraft,

The aispias 1l=elt 1s not considered to be a part of an airborne digital map system.

The part. to be considered are those elements which store and process the digital terrain
frta tor display or other uses. Desipn tradeoffs for the airborne cquipment must take

cto sceount the basie display tunction while retaining the flexibility for providing
tala to other arrcraft subsys-tems,  Consideration must be given to whether the data

ool b partially or completely preprocessed before being shipped out to the other on-

Lowrt ye-tng subsyvstems,  Data rates, processing flexibility, and adaptation to existing
jatjment nedst 1l be evaluated.  The ultimate decision on a system design concept can-

Lot tap il addr the added digital map equipment; it must also consider any additions

o omoditieations needed in the remainder of the aircraft subsystems.,

caion ccnhancement is a difficult topic to address in a new system., Analvses
cit to show the benetfits of the added investment in terms of overall crew
co, minsion suceess probability improvement, increased survivability, and

Hther teatures (such as extended useful life, or broadencd tactical capa-
the aircraft).  All of these items have been addressed by Harris analysts,
Tude that the addition of a three-dimensional terrain data base in usable form

' Ty tnerease the range of airceraft capabilities while improving the probability

St v ton suceens. In o some fields, this effect has come to be known as "force
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PATA PREPARATION AND STORAGE

iven, the current state ot the art in digital data storage, it is necessary to compress
“he rather voluminous source data in order to carry it on board an aircraft in any reason-
cule vodlume . A sipnificant advantage in on-board storage can be gained if the source

e ocan be compressed and reconstructoed with a high compression ratio and good fidelity.
Dwro tvpes ool elevation data compression algorithms are currently under consideration as
Crididates:s O trequency domain compression and (2) spatial domain compression. The
Cpe it oo Urchniques within these two catepgories may vary, depending on the approach used
Lot rtate Ty too umplemen “he alporithn .n data preparation and in-flight data reconstruc-
Tron. arris currently cses the frequency Jdomain compression technique with some pro-
vty notltreations, resulting in oa very high compression ratio (256 to 1) and excellent
. Spnatronooob dnitial elevation data accuracy.  The block truncation technique, a
foprdt r bt vonpression approach in the spatial domain, is less efficient in terms of
o cion o tatto, bt it s also somewhat simpler to o implement in digital processing

Caevat con data jreparation proce: s o typiceally goes through the following steps, regard-

eoo- Cothe cotpression methodolory 1 Traagstormation of the source data (DIMS, for

R ot aratude tommitade coordinates to x-y type grid coordinates; (2) Partition-
Voo oo rranatorwed data o anto disercte aomnents or blocks for convenient processing;
& g vt o e the elevation data, usoang the selected alporithms, to produce a compressed
L s penshy tor bt storagre; (b Transfer ol the compressed data from computational
caaa ool v computer disk or o tuaped to the opesational storage media for use in the
P Thee applicable types of operational media will be discussed later.,

e abeve stepsoare typically performed with the aid of a general purpose computer.
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The tourth and tinal step (transfer to an operationul storage medium) must of necessity
include provisions for cultural data addition as well as elevation data addition. This N
mayv be accomplished simultaneously or in separate steps, depending on the overall data
handling approach. The addition of cultural data can also be done in a variety of ways;
arris his chosen a technique which consists of scanning a data block and identifying
thee points at which a cultural feature (road, river, city, luke, etc.) occurs. Linear
teantures such as roads and rivers are automatically assigned a two-pixel width (in a

LUu % 50U paixel display format). Area features such as cities or lakes arc scanned by
tdentiiving the points at which left-most boundaries occur, and then subsequently the
points at which the detected boundary changes. Conversion of these scanned points into
A vector tormat during the data preparation process allows compression ratios on the
srder of 1000 to 1. The preparation software also provides for the assignment of color
codes to ocultural features from an essentially infinite selection of allowable colors.
Thus the prilot quickly associates a color with a feature; for instance, red for hard-
surlace roads, yellow for railroads, blue for water, and so on.

R
The data -torage medium to be used in the aircraft may be any type of non-destructive
roendout (NDRO)Y digital storage. Currently, the most cfficient storage medium (in terms
ot bits per unit volume and also cost per bit in small volume) is magnetic tape. Tape
15 alse the only necar-term viable method for digital storage with proven, long term
retulbie operating  performance history. Various magnetic tape recorders exist in fully
qualitied, flightworthy configuration. Tape recording suffers frow onc drawback, however:
a discrete amount of access time is necded in order to retrieve a randomly selected data
group. This drawback can be eliminated in practical flight systems by use of an archi-
tocture which atlows the digital map system to "think ahead" and retrieve data from tape N
betore 1t 1s actuully needed for processing. Other upcoming candidates for mass memory
are alterable Programmable Read-Only Memories (PROM), optical disk, magnetic disk, and
vubit momory.  None of these, however, is operational and proven in flight configuration
vacept lor the bubble memory and erasable PROM's. Storage efficiency, in terms of kilobits
perounit volume, for each of these media is approximately as follows:
e Mupnetlc tape: 1,000 kb/ing
e PROM : 200 kb/in .
e Optical disk : 5,000-10,000 kb/ing e
o Magnetic disk: 200 kb/in% .
e Liubbile memory: 100 kb/in"
it i+ vicar trom the above table that the optical disk is by far most efficient. It suf-
tore, however, from several drawbacks: it is not available in militarized form today; it
Seqgai e o relatively large volume and weight in order to achieve its high data density;
snd the optreal disk memory is normally not alterable in a tactical user cenvironment.
Yo time 1o optical disk, magnetic disk, PROM, and bubble memory contents is much
i ¢ othun tor magnetic tape (many nanoscconds to tens of milliseconds), permitting
b tteront digrital map architecture to be considered. The bubble memory also offers
cach prorise as densities increase.  In its currently available form, a 32 megabit
Cavac ity the bhubble memory is a new but effective product capable of surviving typical
Do tary, enviroaments.  The bubble memory system and the PROM mass memory offer the only ] 4
aicerable storapge with no moving parts. The major disadvantage of the bubble memory is B
odume ot practical systems, currently on the order of nearly 500 cubic inches for
meatabits of storage.  The data transfer rate and access times are also slightly
swer chan that of the disk-based products, but certainly within an acceptable range
b onuch taster than magnetic tape.

PICAT AVIONICS ARCHITECTURES

e r to be usetul, a digital map system must be designed so that its architecture
B voaltaable an havdware and software at reasonable cost, with acceptable volume, weight,
pewer concumption, and maintenance characteristics.  Two potentially different architec-
cures appeitr to be the primary candidates:

1y Uentratized processing architecture;

L¢) Distributed processing architecture.
sithin each of the above categories, there are further tradeoffs related to the scope
b pencral purposce versus dedicated processing, and to the extent of additiona] proces-

ey togqutred in other aireraft subsystems using or accessing the digital map data.  Other

tactores sitecting the architecture include the typoe of data storage medium, the desired
oplay resoluntion and refresh rate, the speed range of the using airveraft, the number
G terent operating modes desired, the data compression technique used, and the need
Conpplemental tanctions such as alphanumeric or graphic syvmbology. For the purpose
casslens cn o this section of the paper, it will be assumed that data compression
Ao b regrianred 1n order to provide adequuate data coverape; usce of uncompressed data is
therelore ocubuet of the general architecture.

o,
?“‘ Yoernery drygatal omap block diavram s oshown an o very simplified form in Figure 1. Ity
:."‘.' et o Lo bl towss

l-.‘">~_ e i red torrarn data arc nccesred by the processing system as required.

.-\.“\ @ iThe moec ooty svstem reconstructs the compressoed data,

(&'ﬂ @ [t duta lormetling system rotates amd translates the input data in accordance

NS with positional or velocity input:.

L] ® Ut r wpectal processing readies the data for output to various avienics subsystems

such as ateplay, t1ight computer, navigation, cotc.
This basie devsvgn applice- to all digital map systems.  The methodology in data processing

cotendle the ot dagital map functions will depend on one or both of the two basic 1
drvehitectare s ceentralized versus distributed), A maximally centralized system performs
all bty manapn! ot tons required for all functions and using subsystems in the aireraft.
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A mastmally distributed system handles only the collection of the terrain data and ships
the data out to other avionics subsystems tor further special processing.  Each architece-
ture hus certarn advantages, many of which relate to the availability of other processing

fti capability on the aircraft and to the feasibility of moving data around the plane in
N large volumes at high speed. OTHER AVIONICS
ol SUBSYSTEMS

.
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Figure L Generie Digital Map Svstem

Most o avionies subsystems are designed with adequate growth margin for known and projected
processing requirements.  The advent of a new sensor such as a digital map with incredible
Gtirlaty and flexibility, will normally necessitate some additional (perhaps unforescen)
prccensimgr. oo distribute the digital map processing load into other (perhaps overworked)
vireradlt processors s probuably o poor solution for two reasons: (1) the spare capacity
provably docs not exist oin current avionices systems; (2) the relatively unprocessced and

! und neated daigital map data will have to be transmitted on some type of very high-speod
. bus, which currently does not exist in most wircraft. Data rates on the order of tens
e o mepabits per scecond may be required. It is natural, therefore, that a maximally dis-
e tributed d1gital map architecture is not desirable for current aircraft in the world's
",;, inventory. A maximally centralized architecture may also be undesirable because it will
el replicate other processing functions aboard the aircraft and will require too much hard-

?_2- wuare and software tor implementation. It is no wonder that a practical architecture takes
wivantage ot the best features of centralized and distributed processing. Harris Corpora-
tion has developed a digital map architecture through three evolutionary generations to

S arrive at oaocounfiguration which is optimized for today's avionics, but adaptable to future
. requlrements.,
- fhe wrcehitoectural approach for the Harris DMG is based on the assumption thut data may
o Le processed more officiently at its source it adequate processing power is available.

) Lierotore the architecture, from an external view of the digital map system, appears
o contratrzed because data are not distributed outside the box under normal operation,

Howover, tnside the DMG the processing is very much a distributed approach. The design
utiliees nultiple microprocessors operating on a parallel bus with a common shared memory.

e gnternally distributed architecture affords the opportunity to process data at high
et without the penalty of sending the data to a remote location. This concept also
]l va recontfipuration of processor tasking and addition of processors to the bus withe-
cutotretarbineg the existing software structure.  The internally distributed, centralized

processtims architecture will be seen to be particularly effective for growth of the system
bLoesond mere display generation. The system also contains an interface which permits access
by orher avionics to the terrain data, but it is expected that most applications will be
handled 1nternally by the DMG processors. A block diagram of the Harris digital map

e architecture 1 shown in Figure 25 a brief description of the system follows,
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The data storage unit consists of a pair of 25 megabit tape recorders, which provide the !
compressed data on request from the data control processor (one of the microprocessors '
in the system). With a microprocessor-controlled memory interface, a simple software :
chunge can be implemented for adaptation to other memory sources. A second microprocessor

controls the basic digital map functions, including the timing of reconstruction, the )
translation and rotation of the map, and the required coordinate conversions. A third i
1dentical microprocessor module operates the dual channel symbol generator, providing :
alphanumerice and graphic symbology based on software/firmware programming. A fourth |
1dentical microprocessor module handles the operation of the autonomous navigation algori-
thm, which will be further discussed in a subsequent paragraph. Spare card slots are
prewired to accommodate two more microprocessor modules for growth of the system's capa-
bility. All of these microprocessors operate on a high-speed 16 bit parallel global bus,
accessing a common global random-access memory (RAM). Each processor also contains its
own local or cache memory as a part of its normal hardwarc complement. Preassigned
priorities are arcitrated each cycle, with additional provisions for prevention of one
processor from totally blanking out all others. With the global bus design, the system : S
15> un internally distributed architecture capable of sharing the overall processing ioad.
External controls and data inputs come into the system through a standard 1553B redundant
intertface; examples of typical inputs are navigation data and mode control data. Outputs
trom the digital map also pass through the 1553B interface; examples arce the status indi-
ciators passed to the flight computer and the display system.

Not directly connected to the high speed internal bus are the other modules: intermediate
memory, reconstruction circuits, scene memory, and video output modules. The intermediate
memory acts as a buffer between the low-speed data storage unit and the high-speed scene
iemory outputs. The intermediate memory feeds data into the reconstruction circuits, which
are separated into an elevation reconstruction module and a cultural feature reconstruction
module.  After each reconstruction cycle, the dual scene memory is loaded with new data

to update the display in the direction of aircraft movement. Two scene memories are uscd
su that two different scenes may be instantapeously available on request.  The final
drgital video outputs are processed through a color mixing RAM before being converted

to analog form for driving the color display. The color mixing RAM is programmed by an
initialization data “lock from the data storage unit, allowing user selcection of colors

tu be chunged at any time. Finally, for the other aircraft subsystems which may need
direct access to the data, an interface module is available and is operated over a sccond
dedicated 15538 bus.,

The tlexibility of the Harvis digital map design permits an infinite variety of functions
and operational modes. Even moure modes of operation are possible by making software changes.
Some ol the major teatures of the system as currently configured are listed in Figure 3.

s Display
e Color or black and white
Elevation shaded or slope shaded
Contour lines at selectable intervals
Cultural features (roads, rivers, cities, lakes, bridges, etc.)
Interest points (targets, threats, etc.) . :
Flight plan points—connected or independent 4
Scales from 3 x 3 to 768 x 768 kilometers
Terrain color above selected altitude
Flight instruments
s Functions
® Provides elevation or coordinate data on request
Process Sitan or other navigation algorithms
Expandable (spare) processing capability
Symbols/alphanumerics may be flashed and rotated
Geographic and cultural or point features may be selectively
added or deleted ("decluttering”) ) )
¢ Remote area display capability :
¢ Provides real-time tape update capability y
» Physical/electrical characteristics b
* 9.6 x 9.8 x 20.5 inches including mounting tray
¢ Power consumption 370 watts nominal
* Weight 52 pounds

i
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Figure 3. Primary Features of the Hareis Digital Map System

Vhe unes ot these features will be covered luter.  Some of the above features will first
be reviewsd o that the reader may gain an appreciation of their sipgniticance.  Pirst,
the display 1tonel! operates inoa variety of modes and c¢olors.  Besides the abitity to
vary the viewed area from 3X3 km to 768X768 km in 2X steps, the DMG can also sclectively
dispray classes of cultural features by a process known as “"decluttering.”  For instance,
1t the pilot wishes only to see major highwavs, the system can be commanded to delete all
ather roads. In u similar fashion, various classes of cities, railroads, vivers, and
other so-called “lincar” features may be displayed or deleted.  "Area” features (cities,
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lukes, torest areas, ete.) are collected in the data base in categorices which may also be
selectively decluttered,  Residential areas, for instance, ray be eliminated from urban-
type locations s0 that only industrial arcas are shown. Dry lakes and normal lakes are
classitied differently and may be decluttered. Forests arce categorized into various
clusses (coniferous, deciduous, cte.) and may also be selectively added or deleted.

Besitdes the indication of "point features'" (such as water towers, broadcast antennas,
agricultural buildings, and the like) from the basic data source, the digital map system
also can display "point symbols"™ which are specific interest points entered into the data
base by the pilot, intelligence officer, or other individual involved in mission planning.
These symbols can even be entered via a data link, and may take on a selectable variety

of shaves and colors for ease of identification. Representative symools include waypoints,
targets, threats, or any other geographically locatable object which the pilot wishes to
keep on file for reference during the mission. Waypoints may be joined by a line showing
the airceraft route, and all of the route data may be changed at any time. All of these
symbols are produced by the self-contained sywbol generator, which also can draw lines or
circles of any size. The symbols can also be selectively flashed or rotated, or they

may be allowed to remain geographically fixed in one orientation., For aircraft which

can provide the appropriate electronic signals to the symbol generator, it will produce
synthetic flight instrument displays in raster format. The symbol generator also has a
~ceond independent monochrome channel capable of producing a separate display output for
use 1n o helmet-mounted display, heads-up display, or other similar displays.

Colors in the Harris digital map are completely selectable.  Many human factors stuadies
have been made to determine the most eftective colors and shades; the digital map allows
the user to select, through the color mixing RAM, any family of colors considered appro-
priate. A different set of colors may be chosen for night missions, for instance, in
order tou accomodate the pilot's night vision goggles or simply to provide minimum dis-
turbance to the naked eye. The color assignments are stored in the mass memory and are
vasily altered oft-line during mission planning and data preparation. Color tables are
loaded 1nto the initialization data block, which will bhe discussed further.

OPERATIONAL. MODES OF THE DIGITAT MAP SYSTEM

An etticlently organized man-m . nine interface is imperative if the digital aon ostor
1~ to be utiliced to its full potential. The definition of this interi.a e begins with
the major operational modes of the digital map system.  These modes, capable of growth
to support other tunctions, are currently as follows:

e Ini1tiulization mode

e Trrrain Jata mode

e Ac-tonautical chart/photo mode

e uilt-in-tTest (BIT) mode

e :etiole mup mode

e tratinlrzation mode operates as follows.  Upon application of power, the digital map
goos through an automatic initialization routine, The processors perform a setup of all
lTocal hardware und then execute a set of pgeneral checks on the health of the system. If
tutad oerrors arce discovered duridg these checks, the errors are logged, the 1553 data bus
1= - nebrled, angd an attempt is made to report the error over the bus to the external air-
cratt v tems, such oas the flight computer. If no errors are found, the symbol generator
~ut-sstoen displays a Ustandby” message to alert the user that the system is proceeding
tooocoetouqp the plobal RAM and other starting point functions by reading in data from the
snory subsyitem (currently the mititarized tape recorder). The injtintization data
tocrk trom o the tape unit might be comprised of the following contents:

e Mixing RAM Loads (three scets of K words)

e luitinl Cultural Preselect (256 bytes)

e [nittial Mode Command

e 3 Pro-determined Video Modes

e Hlternate mode commands

e Tape directory data describing the geographic coverage of tape and map scales on

tip

® 3 Fiight Plan points and 61 Interest Points (400 words)

o MG nternally used software tables (2048 words)

e 118 words of initialization for use by systems external to the DMG

e 100 datu ruames (assuwmes 8192 words)
Wheeno ol b DM anitialization data is received, the digital mup system controller retrioves
St messages from the Symbol Generator processor and formats o Mode Status Echo message.
ihe bgoarpment Ready OQutput Discrete is asscrted, indicating that the system is ready tor
dara oy communteation.  The system is then ready to accept navigation commands and start
r natruction of the roguested displayas. Upon receipt of navigation data over the buw,

the sustenm s oplaced anto the default initialization mode.  When the tirst scene memory

Bloes hie heen reconstructed, the word USTANDBYY is removed from the display. This initiali-
S 0UCe s, tosuming 4 tape cassette 1w oused, is ocompleted in oapproxamately 30 seconds,
Pro ol et pans memory oroa sk memory is oused, the entire process s completed in

oot han e Lecoud,

oo torean deta mode s the normad o operational mode for most osystem operations. fn this

mardee, whir b aatomatieally entered npon completion of initialiczation, the digital map
tem e trtesoes and processes the throe-dimensional terrcin and cultural data stored in

Cos omeemery ., Rlevation data can be displayed in one of three tormats: elevation

snan-ang e shading, or terrain above o set altitude. Display format is user

over the multiplex bus., In the olevation shading tormut, the intensity of

t- o4 tunction of the absolute colevation of the terrain being represented.

t




The intensities are grouped into eight different bands which may be controlled via the
multiplex bus using the following three parameters:
e Maximum Altitude - defines the lower limit of the highest elevation band
e Bund Interval - defines the elevation interval below the maximum altitude at
which shades will change
e Shade Tuble - eight-entry table allows the user to assign the intensity of the
vipght shades
Withou' specific commands, the system will define the elevation shading parameters based
on initialization data from the mass memory.

In the sun-angle shading display format, the intensity of each pixel on the display 1s a
tunction of the slope of the terrain represented by the pixel relative to an artificial
sun angle, yielding an artificial three-dimensional appearance to the display. The sun
angle is artificially fixed at -45 degrees with respect the map orientation angle (i.e.,
in the upper left corner of the display) in order to prevent commonly known display
tllusions.  In the sun-angle display format, 16 shade levels are utilized. The shade
levels represent differences in slope in approximately 2 degree intervals., The system

automatically adjusts for changes in the display scale factor; thus, no external parameters

are required in this mode. The third display format is called "terrain above a set alti-
tud-." This format is a modification to tbe standard elevation shading format, and its
purpose is to provide the pilot with a terrain avoidance display which shows terrain
above a chosen altitude 1in 4 distinct color. Other areas of the display are the same
as tor the elevation shading format. The "scet altitude" can be fixed or dynamically
controlled by the system to correspond to the aircraft altitude plus an externally pro-
vided otfset. The color chosen is fully programmable.

In vach of the three basic elevation formats, black contour lines can be added. The
contour lines represent lines of constant elevation in the displayed terrain. The con-
tour lines can be selected or deselected by external bus control. When selected the
lines are generated at a real-time 60 Hz rate such that they can keep up with any air-
cratt translation or rotation. Two inputs are provided to the DMG via the bus to define

4 reference elevation for contour line location and the interval between subsequent contour

lines. Contour lines will be assigned at the chosen elevation and all elevation values
above and beluw thut level that are integer multiples of the selected interval. Without
specitic commands over the multiplex bus, initialization values for the contour lines
will be used.

Display color is obtained from the three dimensional cultural data base composed of area,
linear, and point features. Within the system, point feature data are processed with all
other symbology in the Symbol Generator subsystem. Area and linear feature data are read
‘rom the tupe in compressed form and reconstructed prior to being written into a scene
remory.  The system can process up to 62 different area feature types and 64 linear
feature types at one time. FEach area and linear feature type can be individually selected
or deselected voo o preselection memory during the reconstruction process. The preselect
memory can be loaded from the mass memory or from the multiplex bus. Each memory load
specities selection/deselection as a function of display scale as well as feature type.
'huw, one can declutter more and more detail feature data while going to larger arca
display scales.  This capability is extremely important becausce it allows the pilot

te voncentrate on only the features of interest, yet it preserves the ability to display
any desipred teatures.

The Harris DMG not only provides full compatibility with the DMA Digital Land Mass Level
! and Level 2 data, but it is also fully capable of being adapted for storing and dis-
paaying large amounts ot digitised aeronautical charts or reconnaissance photos. This
Zives the use, the ability to display a map scene based on existing standurd paper charts,
which would be useful to augment the DMA data scene or to provide the aviator with map

oy eryre an those repgions where DMA digitized data may not be available. The preparation
and digitization olf the acronautical charts into the mass memory is discussed further
under tie Minsion Planning System subjects. Basically, the Harris approach is to use

4 high resolution red-green-blue (RGB) camera digitizer to scan the charts and generate

a duata buse suitable in structure to process and format into the tape, This technique

b beon successfully demonstrated at Harris and has proven to offer high quality, faith-
ful reproductions of the material scanned. It also has been shown to be a very time-
cllleient process providing extremely quick turnaround from initial paper chart to a
tani-hed data base, requiring less than 2 hours for a nominal area of coverage. The
advantages this provides to the military pilot, in terms of displaying the latest

Up te the mainute chart or photographic information, are obvious.

The Harris DM can essentially perform the same motion based modes with the acrenauti-
Cutochart draplavs as it ocan with the DLMS generated displays. It can also overlay
vt s 4ty uch oas flight pltans, intelligence data, ete., and register it to the geo-
craphio position of the underlying map scene.  Any of the symbol gencrator overlay data
ma, of course, be selected or deselected upon command.  The basic motion modes supported
Yo the cceronaitieal chart displays are:

® K al-time tran. lation and rotation synchronized to aiveraft motion
Head oy up dis cay, or North, South, East, West up
Atreratt centered in the display or placed at the lower 20 percent point
Remote scene look-aheod (stationary view of a command arca)
Slew to any other area within the stored coverage upon command

Atnother Laare mode of operation is the built-in-test (BIT) mode, which allows the digital
map to check 1tsedt and report on its operating condition. A considerabl amount of detail




wiil be presented on this topic becausc it is considered critical to proper use of the
digital map system. The BIT function is incorporated in two primary operating modes.

The periodic BIT mode operates continually when the system is in uan on-line configuration;
that is, periodic BIT executes when the system is operating normally, (for exumple,

during flight). lInitiated BIT operates only when commandced, or only when the digital map
is in the off-iine mode, and is used primarily in the alrcraft as a preflight GO/NOGO
indivation. Periodic BIT has the capability to detect faults during normal (in flight)
operation. Both fatal and recoverable faults are detected. Initiated BIT is a compre-
hensive sequence of tests to verify the integrity of the DMG. The philosophy of initiated
BIT 1s success oriented; that is, interaction of the DMG with the pilot or crew chief
prior to {light results in & positive indication that the system is functioning properly
(merely an absence of detected faults does not constitute a satisfactory conclusion of
inittlated BIT)Y). Furthermore, initiated BIT has fault isolation capability where a fauit
is indicated in the associated major subsystem, the affected minor subsystem, and parti-
cutar circuit module.

The BIT desipn concept, for both periodic and initiated BIT, 1s predicated on the system
functions and the associated hardware arvchitecture. The digital map system is a highly
iategrated array of processing functions. Both general and special purpose processing
tunctions are arranged in basically a paralltel pipeline configuration. The generic
fipelines are the symbol gencrator and digital map functicns. Parallelism exists between
those two tunctions and with the controlling processors along with the multiplex bus
intertace.  Of course, within the major functions other parallelism exists, such as

Ui two scoene memories. The functional partitioning is so organized that a fault in

4 separavle tunction is uniquely associated with faulty hardware of a particular module.
As ts described in more detail below, i1nitinted BIT exercises/tests each of the parallel/
pipe e tunctions individually; thus when a fault is detected, isolation is relatively
straighttorward.,

In the digital map sysitem, the firmwarce controls all built-in test activity except for a
minimum quantity of built-in test hardware functions which must be included to cover
processor hardware-related faults which could affect the integrity of the firmware or
proper tirmware execution. The principal hardware functions incorporated as part of
BIT are as follows:

e Processor memory parity

e Multiplex bus interface self-checks

e Witchdoy timer for processor activity
All memory associated with the general purpose processors has word-wide parity associated
41th cach memory location. Both PROM and RAM memories are included with each processor
alomr with the shared RAM on the global bus. PROM parity is permancntly loaded with the
tirmware.  KRAM parity is generated by a hardwarce function as each RAM location is written.
Whe'n readire memory, whether it be ROM or RAM, parity is checked by a hardware tunction.
1t an error is detected, the associated processor is interrupted and the parity error is
thus detected, A memory parity error is a recoverable error. The digital map system's
action after the occurrence of a recoverable error is described at the end of this section.
The muitiplex interface self-checks arce hardware functions which include the test require-
moents of MIL-STD-1553B. In the interface, error conditions detected in the message trans-
ter process are loop test error, direct memory access error, Manchester error, parity
vrror, word count low, and word count high. Upon detection of one of these errors, the
vus 1nterface chip reports the error to one of the general purpose processors and inhibits
Jiidatling 1is buffer status registers. This indicates no message received, which prohibits
bud data trom entering the system. The error condition is cleared upon reception of the
nest valid command word. Additional features include a babbling transmitter shutdown
tanction and mode codes to implement transmitter shutdown, override transmitter shutdown,
wnd rescet termninal electronics.  These foatures provide additional bus integrity and re-
covery capabillities.  The general purpose processors also have the ability to read and
write the status registers of the bus interface. This capability enables the processor
t determine it the MIL-8TD-1553B ping-pong message buffoers are operating properly.

A watehdog timer is o implemented in the event that a processor, specifically the DMG con-
trol processor, tatls pussively or "gets lost” in its own f{irmwiare, For the watchdog
timer not to act, the DMG control processor must periodically rescet the timer., If the
watvirdog timer is not reset, it times out and causes the entire system to reset (comparable
to a4 power~cn reset). Timeout of the watchdog timer is treated as a recoverable error/
tault. It system recovery actually occurs, it reflects the elimination of the cause which
allowed the timer to time out originally. All other periodic BIT functions are controlled
t.y the processors. Prominent functions in this category are:

e irmwarce memory checksums

o Muss memory data integrity

e latermediate memory data intogrity

e uvonsitruction processor function
e »uty path .ntegrity ftrom intermediate memory through scenc memory
.
[

Pixe' plottor and pixe! RAM inteprity

Muictiplex bis and interprocessor communicationy
Phe frrmware memory choecksums are pertormed by cach processor on its ROM as available
processing time permits. Two successive checksum er: ors are treated as a fatal crror.

Intesrity of the miss menory (tape unit) contents i verified by a longitudinal redun-
dancey ch ek (LRC)Y character at the end ot cach data block as it is read from the cassette
tape. I'wo tries to read the data are permitted for each time the particular data block
15 roquestod betore an error is indicated.  An dinability to read the data block is not
con. tdorend aosystem tault if the data are not initialization data or ''e test pattern
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(in the initiated BIT mode only). The consequences of the inability to retrieve map data
are described in the next paragraphb.

bata integrity in the intermediate memory is verified when the memory is read.  Euch block
and subblock (if present) of data has an additional LRC character which is checked as data
are read from the memory. In the event an error is detected, a reread is attempted. If
the reread tails, the intermediate memory data are again read from the tape unit, If the
read of the intermediate memory fails again, a fatal error is indicated. The conscquences
ot the inability to extract map data from the intermediate memory prior to the decision
which results in a fatal error are the same as the inability t . extract valid data from
the tape unit. Map data that is unavailable for placement in the scene memory merely re-
sults 1n the respective geographical map area not being available for presentation. The
video will be blank (black) for that geographical area. Such is the casc when the map
display is positioned at the odge of its on-board data base coverage arca. In the parti-
cular instance of the inability to retrieve valid data from the tape, a scene memory

block will be blanked. If that block comes into view on the display, it will appear as

4 Llack area; in the moving map mode, the aircratft can literally fly through the blanked
area.  Since the inability to read one block of data from the cassette tape cannot generally
be considered a system level or catastrophic problem, the described method of operation

in that event has been implemented.

The digitul map system has two reconstruction processors. The elevation reconstruction
processor operates on compressed DLMS elevation data and the culturul reconstruction
processor operates on DIMS cultural duta and on the compressed imagery generated from
aerconautteal charts of photographs. Neither reconstruction processor is required to
operate continuously. Reconstruction is reguired only when a new scene memory block
must be created.  Periodic BIT takes advantage of the idle times of the processor by
toading a test pattern in an intermediate memory block and then instructing the recon-
struction processors to operate on that data. The reconstructed (test) data are then
veriticd by reaeding the respective reconstruction scratch pads. Every bit of data is
not tadividually veritied; however, representative samples are verified resulting in

a high probubility of correct reconstruction processor operation. Any failure in the
tests ot the recon- ruction processors in considered a fatal error.

The approach to verifying the proper operations of the symbol gencerator hardware i,

similar to that desceribed for the DMG functions above. Tests are initiat..l in the

=ymbol peacrator by instructing the pixel plotter to plot a predetermined symbol or

=huape 1nto one of the pixel HAMs.  The wppropriate locations in the RAM are chosen so

as not to wntertere with active symbology. These locations are then read by the processor
to verity the proper pixel plotter and pixel RAM functions. Those pixel locations are then
cleared prior to that RAM being used for active video generation. The process is then re-
pruted tor the other pixel AM.  Any detected fault is treated as a fatal crror.

The remuinder of the special purpose harvdware in the DMG is dedicated to the generation
of real-time video.o  That hardware is not functionally checked during periodic BIT. Two
~ignificant factors entered into that design decision. First, digital map data used to
sapport other avionics functions (such as TF/TA, threat asscessment/intervisibility, ctel)
are extracted trom scene memory., Earlier descriptions have shown how map data integrity
thrawgh the scone memory is verified by periodic BIT. It is important to recognice that
automated weapon system tunctions relying on the digital map data originating in the DMS,
=uch as o coupled tlight dircctor function for TF/TA, cuan be implemented with the assured-
ness ot data integrity verified autcmatically by periodic BIT. (The particular example
wius chusen since tlight satety is involved.) Second, hardware tfailure s in the video
peheration circuitry (elevation processor, slope shade processor, cte.) affect only the
display quality (l.e., there is not direct coupling to any other function). The conse-
quences ol these types of faillures is a purely subjective issue. It the display degra-
fhtion 1: po’ noticed by the pilot, the failure is ot no conscquence. 14 the problem is
recoantsed, the pilot chooses whether the display is a quality that still provides a
usetal lubetion., It he decides not, he may discontinue the use of the system.

Communications involving the global subsystem occur among the processors and the bus
tntertace.  The plobal bus protocol, including periodic hardware handshaking between

*he processours and data flow to and from the bus interface, inherently provides self-

Tee s cupability.  Any breakdown in the communication protocol will result in the DMG
control processor allowing the watchdog timer to time out. (The rosults of this process
bave been described.s)  Another example which would result in this situation is appropriate
tooalscuns. I the symbol gencrator processor tails or "gets lost'" an its firmware, it
ML cvase jrmper communications with the MG control processor.  The lack of communication
alone results an the DMG control processeor recognicing a problem and, in turn, permitting
. walobdo timer Lo Lithe out. It during reinitialication, the syvmbol genorator
processer recovers, opetation can proceed normally; otherwise, the watchdog timer times
out arain and, finally, recovery does not ocoeur, In all instances of an error/tfuult
~dtuation, the status of that condition is made available for multiplex bus transmission,
it possibl oo Furthermove, it possible, error/fault status and, where appropriate, the
Sumber ol oceurrences thercof are entercd into non-volatile memory.

Ail o! the preceding disussions of BIT have been on the subjoct of periodic BIT. As

will bue recalled, the initiated BIT mode is the other half of the digital map's intornal
test modes. The joitiated BIT function primarily serves ay a comprehensive preflight
syntem readiness check.  Additionally, initiated BIT provides an automated fault isolation
capability which [ inpoints a faulty circuit/function to a specific module., The initiated
BIT mude will only be entered when the system is s0 commianded with the appropriate message
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over the aireratft data bus. The initiated BIT mode may be interrupted at any time. Initi-
ated BIT runs to completion, as is described below, and then remains in that (completed)
state until commanded otherwise. Initiated BIT can only be entered from an off-line

status where no real-time video can be generated., Some initialization is required prior

to entry into the initiated BIT mode. The following typical flight line operational
sequence s oa good example for descriptive purposes. When the initiated BIT mode is
commanded, the processors begin detailed memory tests. Also, early in the process, the
system is commanded to move the tape to the test pattern block. The test pattern block

1s located at the other end of the data blocks from the initialization data. Success-
tully locating and retriceving the test pattern block verifies proper tape unit operation.
The memory tests include local processor memories, the shared global memory and all other
read/write memories in the system, such as pixel AM, intermediate memory, reconstruction
serateh pads, scene memories, color mixing RAM, shade tables, etce. The memory testing
process Likes nearly one minute to execute. When memory testing is completed, the tape
will be positioned ready to read the test pattern block. If the tape has not reached )
that position, then a fault is indicated. The memory testing approach uses alternating '
Lit patterns written and read alternately between different segments of a memory. If a
fault is detected, this process allows the distinction to be made between addressing
problems and actual memory element problems. This is particularly appropriate for fault
1solation where addressing and/or decode functions are not located on the same board as

the memory clements (as is the case with the scene memories).,

The test pattern is a synthetic digital map block with compressed elevation and cultural
data.  The clevation data forms a symmetrical pattern designed to exercise the elevation
reconstruction processor. The cultural data is somewhat symmetrical and is designed to
exe reise the cultural reconstruction processor and act as a background for overlaid
symbology.  The arrangement of the synthetic cultural data is shown in Figure 4. The
tent o pattern us read from the mass memory into intermediate memory. It is then recon-
structed at two ditferent scales with different cultural preselect sets into the two
scene memories.  Since both reconstruction processors are sensitive to reconstructing

to ditfterent display scales and the e¢levation reconstruction processor is sensitive to
reconstruction differences between the X8 scale and any of the other three scales, the

X8 and the X4 scales are used for test purposes. To achieve the necessary display
results for test purposes, certain of the memories must contain invariant data unique

to the initiated BIT function. These data are loaded into the memories at the conclusion
0! the respective memory tests. Included are the color mixing RAM values, the cultural
presclect primary set (with the secondary set loaded after initial cultural reconstruction)
and an initia! configuration for each of the scene memories. In the scene memories,
slevation values are set to zero and cultural values are all set to area feature values
representative ot all green area fill or all red fill (where the colors ave controlied

by the color mixing RAM values). In scene memory A cight blocks each are set to red

atdd yrrecn. In o sceene memory B oall 16 blocks are set to red.
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Figure 4. Synthetic Caltural Data Display

One scene memory block of X8 scale is reconstructed and placed in scene memory A as
shown 1n Figure H.  The scene memory block had been "red™ before the reconstructed
data were entered.,  Note that the cultural preselect set has the X" pattern (shown
in Froure 4y deselecteds This scene memory is then the source of initial video with
the resultant display as shown in Figure 5. Note that the reconstructed test pattern
has o aiven border.  Any static scene memory add essing errors associtated with the
video rocdout funetions will result in areas of -ed appearing on the display. This
dlcpiay watl o be o output tor 20 scconds, during which time it simple, basically symme~
trical pattern can be verified. The figures presented here do not depiet the cleva-
tion asanoctatod presentation; however, the symmetric elevation pattern is part of

the display fuxcept for the final format where symboltogy fs overlaid). In the display
of scene memory A, elevation features are sun angle shaded with a low density of cleva-
tion contour lines.
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Figure 3. Example of Seene Memary and Display Segment
While Loeene memory A is being displayed, test pattern rcconstruction at the X4 scale is «ﬁﬂ,fg ,-1¢

botng processed for scene memory B, All 16 blocks of scene memory B are filled as shown
'n Figure 6. In this reconstruction the spiral linear feature pattern is deselected while

the X7

wemorsy A, scene memory B ois displayed with the initial display window positioned as shown

in the |

The nat

Wik elevation contour anterval more closcely spaced (in terms of differential clevation) than

Aano draplayed troam scene memory A, After ten seconds of a static display, the display
cater bewdns Lo move folltowing the dashed 1ine as shown in Figure 6 (the dashed lines
showrn 1n

slralght

cating to the right along the sccond segment.,  Translation time for cach scgment . @ ten

veonds.

chamges

the elev
when transtating atong the third segment (it appears to move "backward™). One-half of
aloms the thard sepgment, the elevation contour line spacing is incereased to

the way

corne tde

tran-lat

per secondl. At the end of the rotation period, the elevation shades of gray display
mode 1
display.

altered by shade band base altitude such that no gray shading is present on the
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lincar feature pattern is selected. After 20 scconds of active display from scene
e,
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Figure 0. Layout of Scene Memory Translation Rotation Test IR \1
) ) ; . B
’

il clevation presentation trom scene memory B is with sun angle shading and with

thee tigure are not on the display). Display translation continues along the
path segments as shown inthe figure.  The display does not rotate when trans-

One-halt ot the way along the scecond segment, the elevation display mode
trom =un angle shading to shades of gray with cach gray band spanning fcar of
ttion eontour line 1atervals already present.  Again, the display does not rotate

vxactly with the pray shade band interval. At the end of the third sogment,
ton stop and rotation begins.  The period of rotation is 20 sceconds (18 degrees
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The test segquence invoelving scene memory B exercises the scene memory directory function
and the scene memory addressing function. Problems with the scene memory directory will
bee nanitested with portions of the test pattern being misplaced or out of order. 1f the
scene memory had not been loaded properly during the test pattern reconstruction, areas
ot rod will appear.  (Recall that all 16 scene memory blocks are displayed during this
Lest sequence.)  Both the translation and rotation processes require proper operation

ol oscene memory addressing., [f problems ave present in addressing, as a minimum, erratic
molion will be present during translation and/or rotation. Dburing the rotation, corners
Glothe display arcea will pass outside ol the valid scene memory data area. Again, as a
proper tunction of scene memory addressing, black will appear in thosc corners when they
overlay (geographic) areas outside of valid scene memory data. The variations in the
clevation display modes as described verify proper operation of the sun angle shading
process, the clevation shades of gray process and the control of the gencration of
cicevation contour lines.

At the conclusion of the preceding DMG test sequence, the symbol generator is commanded
to pencratoe an alphanumeric and graphic overlay. The overlay is superimposed on the
mup display tormat that remains present at the end of the DMG test sequence. The resul-
tunt display arrangement is shown in Figure 7. The overlay (symbolic) format is designed
tor two primary purposes. The format is a selection of symbols and graphics designed to
exercise the various functions of the symbol generator. Additionally, proper symbology
registration with the map display is verified.
CIRCLE GENERATION
AND SCREEN REGISTRATION

L

1
)
3
coLoR "
BAR 4
[~ s | SCREEN
§ REGISTRATION
RN
e
DASHED LINE
-~ FUNCTION
INSCRIBED N |~ COLOR FILL AND
ot [ BIT COMPLETE - GO [+ BT sTanus
FEATURE ‘ 13691-86

Figare 7. MMphanumeric and Graphic Overlay Superimposed on Map Display

Pl caverlay template is basically self-explanatory. A few notes of explanation will
R P ihe insceribed square not only indicates registration, but also verifies the
i Ao ingr tunction of the symbol pgenerator,  Similarly, the dashed line function is
s1teds The crrele drawing function is verified. Proper cirvcle radius is veri-
Cla ot cangential regtstration as shown.  The arrowhead in the center of the dis-
prebetermined svmbol o shape. The color bar is self-explanatory.  The "BIT
Palt legend s anneribed in oan ocoluded rectangrle. (Recall from Figure 1 that
e ler e roectangle ds oa no feature'™ area - black.) BIT status is also
Pioatef dn the rectangle: "GO for successful completion, and, it possible to dis-
Ly a e detected fault. This display format concludes the initiated BIT
REIN he dieplay will remuin as active video until the system is commanded to exit
ottt BIT mode. During the initiated BIT scequence, the results of BIT status
1 -l aviar lable through the multiplex bus interface.  Also note that after
cer . testare complete and the system bepins the gencration of the synthetice
Poapta, cwrth ot reading ot the test pattern block from the tape), periodic BIT is also
ettt iy, Therctore, status available oves the bus also includes peryodice BIT results

shot perbadls CIT 1a actave,

faral cdement of bhutlt-rn test anvolves the video generation circuitry dtself.  Recall
chee dnrtal o aap system under discussion includes all final outputs necessary to drive

Wovclor hraplay, but docs not inetude the CRT itself.  Beeause of the subjoctiveness of
Vit rctute quality, the test tor the video circuits is a simple test pattern approach.
T test requence ttsclt, involvim the observer, is structured to easily incorporate
Cantit o rsobaticon bn the ovent an cnomaly oceurs, I the Tault is uniquely associated with
teo viden eneration ecaregitry, t.e., the fault is not detected by the digital map system
Prae o1, then a ~tratphittorward tabular approach s used for tault isolation.  The foilow-
ins talble exemplriares this approach.
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Symptom Faulty Module
e No video e Output display
e Elevution parameters incorrect e Elevation processor
e sun angle shading problems, but elevation e Slope shade processor

shadinyg OK
e No symbology e Output display
e Incorrect symbology e Pixel plotter
e Incorrect colors e Output display

The remote map mode is the last major mode to be discussed. In this mode, the digital
map system 1s capable of displaying, on commund, a scene of a remote area not currently
being overtlown. The remote display may be automatically programmed, via the multiplex
bus, to occeur at a specific aircraft position (such as a waypoint) or at a prescribed
time. When the command occurs, the system reconstructs the scene from once scene memory
while the other memory continues to display the plan view of the terrain under the air-
craft. As sooh as the remote scene is reconstructed (requiring a tew scceonds) the remote
scene may be displayed on the aircraft CRT. This scene may also be slewed by the pilot's
command 50 that other terrain in the vicinity may be viewed. Since the remote scene is
nut correlated to aircraft position, it is of necessity a static scene which does not
nove unless 1t is commanded via a slew command input. The usefulness of a remote scene
display may be left to the imagination; a few typical uses are as follows:

e Display of o target area to refresh the pilot's recoliection of details

e Display of the area around a recently located threat to allow the pilot to

determine possible evasive action
e Display of an area containing fricendly force locations
e Display of alternate destinations or targets. .-

UsEFULNESS OF THE SELF-CONTAINED SYMBOL GENERATOR

A brioet liscussion ot the myriad of uses of the digital map system's symbol gencrator
will yive the reader an insight into its unlimited potential. The symbol generator
“draws" all point feature symbology and all other alphanumerics on the digital map,
as, well e a variety ot graphics limited only by the capability of the PROM storage
library. The nymbol generator presents all text and symbols in readable screen-up -
ortentation, but symbols may also be made to rotate if their specific geographical e
orientattion has a unique meaning. For instance, an aircraft symbol on a north-up

fr=play would immediately cue the pilot as to his aireraft heading relative to the

teerraln.,

A typical cxamble of an overlay of point symbols and graphics on a digital map display )
is =hown n Figure 8. Approximately four characters of text may be associated with each

point teature.  The shape of the symbol provides a gencric identification. The text is
used to provide additional data as required. The color of the symbol and text may be
specitred pndependently. A circle centered on the point feature may be specified to
indicate an area of influence surrounding the feature. The radius of the circle may

by s=pecitied. To increase the visibility of the point feature when superimposed on the
map, an ocelusion zone may be specified around the symbol and text. This zone will block
out the map data to provide a featurcless background for the symbology, greatly cnhancing
1t legibrlaty., Figure 8 shows occlusion zones around point features and text, Flight
prlans are andicated by connecting point features together with straight lines. The
srmbol Genorator organizacion permits changing the point features in real time., DPoints
nid be added 1o oor deleted from the flight plan at any time, Commands to edit the list
ot polnt Yeatures may be received via the multiplex bus. Also, multiple flight plans

Ly e stored, with selection made at run time. The Symbol Generator gathers data from
the multiplex bus once cach 50 ms. It ensures that all data transmitted over the bus

1~ displayed even though that data is changing each 50 ms period.

Sumbobowy may be champred in oreal ime to reflect new events. New enemy threat positions,
% pusilicas ol triendly forces, and other similar data may be entered by the pilot or
aitomatically updated over the multiplex bus by a radio link. This flexibility allows
the uanchamring basic terrain data base to be brought to the most current state.  The
abrlinty o add text to a symbol provides an additional cuce for the pilot and minimizes
Snituston., In actual application of one type of digital map system being produced by
Hirris, the symbol generutor will overlay the outlines of restricted air space and Lhe
call osnn ot navigation radios and airports.  These are only ua few examples of the
tiestbilrty inherent an the Harris digital map architecture.

AUPLICATIONS OF THE DIGITAL MAP SYSTEM

Dugital terraan data avarlability has already been shown, through the design of the Harris

dipttal map sten, to be the source of many modes of visual display of the terrain. The
Jevel aencrator an the diymrtadl map provaides an overlay of text and praphics which furthoer

enhance the usabilbity of the display. Display of any two-dimensional information, such

e photopraphie data or coprtes of ordinary paper maps, is ai=so possibhble with the digital

T . The endles varicty of visual presentations presents o challenge to determine which
socie display methodolom is best for a particular type of mission, or for any part of a

wlooaon.  Still, gencration of o planimetric view of terrain i only one of the many
tunctron:s ot o digital map.  This section will cover the other ayplications as well, con-
centrating on the revolutionary new capabilitios which may e added to an aireraft avionics

sutte bause of aodigrtal data base and a properly designed digital map system.
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Figure 8. Symbology Overlay on Elevation-Shaded Display

e [ieviw o! Vaooual Display Applications

Ve various disolay modes and features have boen covered; theiv potential applications are
prosented in this sections First the terrain display will be addressoed. It is clear that
tio colar dasplay provides terrain information not easily extracted from ~tandurd paper
i, id that the ability of the map display to move under the aircratt at the airceraft
crount siecd frees the pilot ftrom any need to handle documents in the cockpit.  From the
clovation shwding and artificial sun shading, the pilot gains a "fcel™ for the real
toentoure ol the terrain. In onight tlight, such a display coupled with radar serves to

e prlot's confidence in his knowledge of the surrounding terrain. Placing the
iy in the "height above terrain” mode pives an even more graphic indication of rela-
Uive s titude, axs the portions of terrain at and above the pilot's altitude take on a

Lo tinctaive volory As the pilot climbs or descends, the display patterns shrink or grow

Do niarn oo real-time dindication of relative altitudeo A1l "area’™ features such as lakes,

torve e, and crtres are ddentitied in unique coltors readily associated with cach feature.

A are turther subdivided in classes which, 1n the digital processing archi-
[ e deleted or decluttered at any time. Examples of such classes are as
M

e Villaw: e Fresh luake e Deciduous forest

e iown e Dry luake e (‘onilerous torest

e Lty e Salt lake e Scrub forest

o the DMA data base also allows, for instance, the identitication of ridge lines and
Voo wdraan Lines, o These foeatures oceasionally provide distinctive identification
! crtasn tyvpees of toerrain,

catares such as rowds, rivers, railroads, and power lines are displayved
e eodors. As with o the arvea teatures, the Tincar (entures are classi-
)

tesories to allow colection or deiction.  An examrple o such catopories
te Y liovae:

[
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Sreeve botwo tane roads
S b e e e ded o unque e s0 that they may be o quickly Tocoted in the displiay,
ALt AT e volor anslghiment,
[T o Chargaes may be Selected Prom oo barpe nunber of asoolable ceales and seate
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a4 display scale of about 12km x 12 km to 24km x 24km, according to interviews with various
pirluts. At w nominal ground speed of 400 knots, the pilot flies across these display
Llces 10 one to two minutes. This rate of display movement scems to be in the most satis-
factory range. A much large area display may be called up to orient the pilot to the
total misstion area or to provide additional peripheral information. The usce of color

plus minimum }incar feature widths of two pixels will always provide more information

:noa large area display than is needed or desired; this is analagous Lo attempting to
~hrink a4 tull-size (ubout 0.6 x 1 meter) tactical pilotage c¢hart toa standard airborne
display size of 5 x 5 inches (12.7 x 12.7 cm) and then trying to read atl the information
on it. Some form of automatic declutter, therefore, is normally advisable, leaving only
the key teatures one would normally seek on a larfe area display. The system may be pro-
vrammed to retain only the key linear and area features for very large display areas
(usually any display coverage of more than 24 x 24km will benefit from some amount of
Jdeeclutter).

¢, 1n planning the mission, the pilot knows ahead of time that he will be interested in Foomemfnnie o
certain terrain display modes and certain key features, he may program the type of dis-

play to conform to his specific interests. The display can be programmed to change auto-

matically, bascd on an elapsed mission time or on passing a preset latitude or longitude.

A remote display may also be programmed to occur automatically, as previously mentioned.

In u digital map system with the capability to display diritized paper maps or photographic

data, a preselected view of the image may also be automatically displayed. The capability

to show an actual reconnaissance photo of the target area, for instance, acts as un imme-

diute update of the pilot's memory. The target terrain or photo image may even be over-

luid with specitfic symbols and routes by preprogramming of the symbol gencerator as well.

Whoere data may become available only after a mission is planned, it is still possible b
to update the digital map's data base by means of a data link or by munual pilot entry.

New largets, threats, vertical obstructions, or any other data may be keyed or linked into

the wystem at any time. New points of interest identified by the pilot during a mission

iy be entered into the mass memory for retrieval and debricfing upon his return, This !
opoeration is normally accomplished by means of slewing a cursor to the point and keving

1o Cmark point” notation, Many aircraft already have such a capability; if they do not,

Thee digital map syster software can accommodate the generation and trackine of a cursor

provided that a means of pilot control exists. R

Ihee symbol generator capabilities desceribed earlicr may be applied to a tactical mission in T
many wavs.  The capubility to produce any form of alphuanumerics permits the display o!f such
tliems as chee K Tists or special instructions.  Megsages may even be linked to the airerafy
acb dirg baved on the CRT. Other status information or warning information may be displased,
oo ~tandarsd abbroeviated notations stored in the symbol gencrator's memory.  The display
spproach plates for an airfield may be accommodated by calling up a digitized image of

be approach plate; again, this kKind o. capability greatly reduces the pilot's workload.
In wiveratt wich the capabilaty to transmit basic flight purameter data over the multi-
plex bus, the symbol generator in the digital map will display an clectronic image of
selected flight instruments.  Harris is currently demonstrating an integrated flight
daispoay tnooone of dts digital maps; this display includes the attitude i1ndicator as well
s atrspecd, altitude, heading, and key steer point duta. Other functions and parameters
are casily oadded, as oare other tlight or engincering instruments.  Another use ol the

abol gvnerator 1s for weapons status display; o color graphic display of weapon loca-
Cae uned s tatus may be employed to aid the pilot during the mission.  As already noted,
warpulutls displayed by the symbol generator may be linked in a sclected order with a route
fine, amd the route or waypoints may be changed at any time during the flipght. For in-
~tance, o ochamge during flight to an alternate target or a different route could normally
chtail o lot of oftort on the part of the pilot. With the digital map's symbol generator,
alternate routes and wavpoints may be stored ahead of time or centered in real tine 1o pro-
display of the new route. A scale change to a large display area could
ull or much of the new route. Other display capabilitics of the symbol
conerctor w bobe coverod in the remaining review of applications of the digital map's
cap b bt

e Ovorview ot THF/TA Applications

[heo oo U premising use of the digital map is not in its ability to displ , the ‘terrain;

rothat were all o1t could do, it would ofter little advantage over film readers or simple

Pigrtrsed pager maps. Ly far, the most exciting application is the use of the elevation
B to increase mission effectiveness.  An immediate benefit can be gained, for

rn UF/TA flight regimes, where the digital map can provide terrain protfile

ataoan ctdrtion to, or o in place of, o radar tem. In this application, the digital
tata L Drovessed by the system acts os o new sopgor, providion terratn clevation to
A PO S R ETE B TR stens through the thipght compater., For tirst time, o pilot can

Coro e e tor e tned contidence in his o position during Jow=lovel nicht o attack misstion:
oo v W dtner o terrain. The tollowin discussion will preseoe an overview ot TF/TA
Gl ateen oy o speentie wireratt o dynaae rocontral law restrivtions are not addrecssed

oo ciee e e aple ot the divital omayps o applios to oall e e

Lol the ddevedopme nt o of the dirital map osovstem, the prim vy oseasoroin TV/TA t1icht was
theoradar oo tems Wt h che nigition of the digital map, the vadar may be cither rele-
Gt b de W e critienl role or (in o the fdeal cased climinated completelye Proctica’
couit Lt s ke tate o of che art owail! o lead to g oconclusion that iotal elimination
e ot r e tion b untiacly. In practical near—term opplication, the diggs
e ratte sty o wo b o supplerent the radar data o nng provide o osoecondarvy input foroo

nodne Lo che et conputer. Where the digital map is ured, the vadiacted voads
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power and the freguency of radar scans may be reduced considerably, lessening the proba-
bility ot clectromagnetic deteetion and thereby increasing survivability.

seweral technigues have been suggested by various authors for the application of digital
terrain data to TF/TA flight. Any set of algorithms used to define a TF/TA methodology
will pussess some basic characteristics:

- Access to terrain elevation data at o specified frequency

~ Processing of terrain elevation inputs in accordance with TF/TA cquations

~ Application of the calculated results to the aircraft flight control system.
The obvious purpose of the TF/TA process is to optimize the aircraft path over a nominal
course while maintaining a specified terrain clearance. The TF/TA equations all seek
to maintuin the sct clearance by mancuvering the aircraft within a set of geographical
and flight dynamics related constraints. The Harris digital map system not only provides
the required access to terrain clevation, but also performs the computations in one of
1ts auxiliary processor modules. The results of computation are then passed to the
flight computer, where they are combined with results calculated by the radar system
in a weighted computation., Of course, other sensor inputs are also used to arrive at
a swlution to the control equations.

In one TF/TA mechanization, the reference path is established as a line segment between
two wuypoints., The aircraft enters the path segment at the first waypoint, where the
algorithm is activated., The aircraft path is then under TF/TA flight control, with the
digital map processor providing the nccessary computations. A continuously updated data
patch of about 14 x 14km, roughly centered around the aircraft position, is maintained
in the digital map memory. Since the clevation of horizontal "posts" or points within
this data patch 1s immediately available to the processor, there are no scan angle
conversions involved in determining elevation. The system looks ahead continuously

tat w 5 He rate) to pick up clevation points within a nominal corridor around the refer-
ence path., The decoupled TF/TA algorithm in this example adds a heavy penalty as the
aircraft moves away from the reference path and toward the edge of the corridor. Look
ahcad distances up to about 4 miles (6.4km) are used. Simulations of the algorithm
using digltal map data have shown that the nominal processing load on the auxiliary pro-
cessor is well uuder 50 percent. The decoupled TF/TA algorithms operates by selecting
TA (lateral) commands through extraction of an optimum close-in path (about 3km long)
from u family of possible choices, based on terrain avoidance and aircraft flight enve-
lope constraints. The TF (vertical) commands are gencrated by looking ahead along

the current heading and determining the elevation of points under the ground track for
thut heading. The appropriate vertical rate command is issued to maintain the aircraft
aititude at the desired level.

PR R 9

The varticular advantage of the digital map system is that it provides access to all points
tn the data base and is not subject to the limitations of terrain shadowing inherent in
microwave or optical radar. Since radar cannot see around the hills and cannot always
be puinted ahead of a turn, the digital map can provide heretofore unavailable information
to improve TF/TA maneuvers. High-g turning maneuvers are cspecially enhanced, particular-
ly in rugged terrain. Where large, abrupt transitions of terrain contours occur in a
horizontal or near horizontal turning plane, the digital map can generate more timely
TA signals, reduce the resultant '"g" load, and smooth the overall ride. In the suame
way, the TF maneuver can be smoothed by evaluating transitions between successive points.
The protile of a TF flight path is easier to visualize and illustrate. As indicated in
Figure 9, a profile involving steep transitions will cause radar-aided TF to contain
unnecessary control actions when compared to the profile which can be generated by
the digital map. The processing sequence to achieve this benefit contains the following
mujor steps, all performed by the processor module inside the digital map system:
(1) Locate the highest terrain within the area of the projected heading and provide
a scaled TF command for a path to fly over it.
(2) Store and compare enroute negative slopes within the scan area to an established
maximum negative slope; retain the position of all slopes greater than maximum.
(3) Provide modifications to the basic TF command output when reaching the locations
doefined 1n (2) above.
Obviously, the purpose of a second order algorithm incorporating the above steps is to
uvoid the useless control inputs which would result from forcing the aircraft to begin
4 downward corrective maneuver, then to have an upward corrective signal follow because ) : p
of the rising terrain past the negative slope. It is the ability of the digital map ' !
system to see this negative slope that provides the clear advantage over radar alone.
It the vertical plane profile shown in Figure 9 were turned 90 degrees and the same
type of approach were applied to a high-g turn, it is casy to sce how the TA algorithm
could also be modified for a smoother ride.

Brcause of inherent small inaccuracies in the existing digital data base, it is unlikely
tnat an aireraft will ever operate autonomously on digital map data in TF/TA flight.
However, it should be emphasized that when the TF/TA mode is combined with an autono-
mous navigation mode using the digital map (to be covered in the following section), true
autonomous TF/TA could be achieved with a perfect data base. Lven considering the exist-
1y rmpertections, the DMA DLIMS Level 1 data base is quite acceptable for radar-aided

drgital map tlight, and DMA is continuing to improve tho quality of the data. Another
positive factor is that the relative accuracy of terrain elevation points in the  DMA
data appears to be consistently better than the absojute accuracy; and it is the relative
weeuraey which counts most in TF/TA or autonomous navigation. The most likely usctul

pipliontion of digital terrain data in the next ten years is to combine with radar for
Letter low lovel flight, and to allow the forward looking radar power and repetition
rate ta be preatly reduced.  The algorithmic approach being further investigated by Harris
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P is the use of digital terrain data for distant clevation or negative slope information,
A combined with low power radar for confirmation of altitudes over terrain at close_range.
;} The reduction of radar power and repetition rate means thgt near}y covert flight is
7 a real possibility. The combination of position update via GPS inputs, terrain7a1QGq
e navigation, and nearly covert TF/TA will provide a powerful tool which should significantly
* improve survivability in most missions.
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1‘. Figure 9. Comparison of TF Flight Paths .
w
12 TF/TA calculations in support of other aircraft subsystems have been briefly covered.
There 1s also the counsideration of TF/TA display to increase pilot confidence as well
w~ to improve mission performance. The plan view TA display showing all terrain above
a the aircraft altitude has already been mentioned., A perspective view display is also a
o possibility and will be discussed separately. On either of these displays, additional
-, wraphics and alphanumeric notations may be added. Some examples of these displays are
~ as follows:
4, - A real-time calculation of distance to collision at present altitude can be made
] by the digital map system's TF/TA processor. In the simplest implementation, the
by distance to the nearest terrain within a few degrees of current aircraft heading, 69
and at the current aircraft altitude, is continuously calculated and displayed. )
Combined with the radar information available to the pilot, this additional data
) provides an improvement in pilot confidence, especially in night missions.
.| - A vertical elevation profile of the planned mission may be prepared during mission toed
[-. planning and stored in the digital map system for display. The profile would indi-~
- cate in distinctive colors both the terrain outline and the planned flight path as
- viewed by cutting a vertical plane through the flight path. During flight, the air-
- craft's actual position relative to the profile would be indicated by a moving
[\ symbol,
- Luring flight, preselected distinct features capable of being seen by radar and also
' stored in the digital data base could be compared in position and their correlation
y shown on the plan view map display. There are many ways to accomplish this; one
c- approach is to use small circles of different colors to indicate the positions of
- the feature as viewed by the radar and digital map. The congruency of these circles
- would again improve pilot confidence in his position.
:j ® Overview ot Autonomous Navigation Appl! :ations
. In the third-generation digital map system described in this paper, there are three vacant ¢
processor module spaces available for growth functions. Insertion of one processor module
"o and the appropriate software gives the system the capability to perform all calculations
‘; necessuary for operation of the airceraft in the autonomous navigation mode. The SITAN
. Ssundia Inertial Terrain Aided Navigation) algorithm developed by Sandia Laboratories . "
a has been implemented and will be flight tested in 1985, The SITAN algorithm is a Kalman
2
2
" I
-
A .
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Filter approach which utilizes the digital map data, a radar altimeter, and an Inertial
Navigation System (INS) to calculate aircraft position. Whercas typical unaided INS
positions may vary by several kilometers per hour, the SITAN algorithm has the potential
ot reducing the position crror to less than 100 meters. Considering that the aircraft
may not carry a GPS receiver and that the digital map system may be carried for other
reasons, the addition ot the autonomous navigation capability is essentially a free
enhancement with tremendous payoff in improvement of navigation accuracy.

The addition of a standard processor module in an availuble space in the Harris digital
map svstem provides the capability described above. Figure 10 illustrates the processing
tltow. The data base for the algorithm resides in the processor module memory, which
provides 4 terrain clevation update for processing at approximately a 3 Hz rate.  New
duta from the terrain data base are added for cach 100 meter incroement traversed by the
aircratt, und "old" data (terrain alrcady behind the aircraft and out of range) are
dropped from the memory. This continuously updated clevation information, configured

in a 70 X 70 point array with the points 100 meters apart, is summcd with radar altimetcr
duta and tfed to a Kalman filter array. Once the aircraft position has been acquired
(1.e., covariance values are small) the filter array is replaced by a single, more robust
filter centered on the aircraft position. This filter then provides a position error
vstimate to the INS summing junction. Simulations with flight test data have shown that
pusition crrors less than 50 meters may be achieved.

Other terrain-aided navigation techniques have been evaluated and analyzed by Harris,

wnd several reports have been published comparing their effectiveness. It is not the
purpose of this paper to assess the various techniques, but rather to demonstrate that
one lairly well established technique (SITAN) can be handled casily within the architec-
ture ol the digital map system. The reguired code is about 7 kilobytes of local RAM,
well within the capacity of the Harris DMG., In the acquisition mode, when the entire
triter array is being processed, the loading on the processor module is about 50 percent.
[+ the track mode, where only one filter is operating, the processor loading is well
welow 50 percent. In fact, it is feasible to utilize the same processor module for both
~1TAN und TF/TA computations. The system architecture utilizes the same data point array
tar both types of calculations. If these processes were performed outside the digital
map system by other aircraft computers, this kind of efficiency could never be achieved.
Nor could the data be easily transmitted and updated at 100 meter intervals without
~igniticant replication of digital map system processing by the object computer, not

to mention the necessity for sending very high rate data (for which a standard bus con-
tiguration does not exist in most aircraft).

e Overview .t Threat Analysis and Display Applications

A otrue optimized path calculation, taking into account all relevant parameters such as
tareat envelops, threat directionality, threat response time, probability of aircraft
dereviton, and arrcraft speed/altitude, is a formidable task which is typically approached
orly o in o computer simulations by techniques such as dynamic programming. Such a calcula-
tion on real time is beyond the practical capability of any on-board aircraft processor.
ILicwlly, however, this type of processing would be used to minimize exposure to threats
and to improve survivability. It is possible, though, to perform some much simpler
processing by use of the digital map system, and to combine that processing with pre-
prepared mission planning data to yield an effective solution to threat avoid-

NV1OUng)

e,

The f1rst step in threat avoidance is taken during mission planning. With the aid of a
Mi=~»ion Plunning/Evaluation System (MPES) including appropriate software, it is possible
toopertorm analysis of optimum flight routes. The MPES architecture and design concept
v oovered 1n a later section. On the assumption that some type of initial planning
can oo oaccomplished, the use of the digital map system on board the aircraft begins
with the turther processing and display of data generated during the mission planning
shase. It 15 reasonable to assume that even rudimentary mission planning has produced
the faliowing results:
- ldentification of preferred route(s) for the mission.
- ldentification of known threats and their lethality envelopes for likely
benetration parameters.
- Cataloging of the characteristics and likely locations of other unknown but high
probuability threats. With this amount of preprocessing, appropirate data is avail-
able tor storage, further analysis, and display by the digital map system.

storiye of the previously known information described above can be accommodated in the

ma s memory of the digital map system, and certain shapes and outlines also may be allo-
ot v the symbol generator memory. As the known threat positions are approached, the
dagplay ot thee threat envelope may be ealled up by the pilot or automatically displayed

N accordance with a programmed cvent, It is not the known threats which present the
Lroutest problem, however, under conditions of a predetermined mission profile. IL is

thee new or unexpected threat, or a significant deviation from the preplanned route,

that pre-ents the prlot with a dilemma. Tt is for this situation that the processing
capability dn o che digital map system may be used most effectively. The recommended imple-
mentalion 1s to utilize o spare processor for genceration of ncear real time intervisibility
putterns, and to provide the resultant intormation to the pilot in a form which will

alliow him to make a decision as to the most appropriate course of action.

soartien and situlaiions of antervisibiloty calceulations have been made by Harris, with the

2 * Sy -
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1N conclusion that the intervisibility parameter gives an immediate first-order indication
ot most threats (assuming line of sight is a necessity for a threat to be activated). If
3 a threat location is identified during the mission and cntered into the DMG manually or
,i- automatically, the complete intervisibility pattern can be calculated and displayed in
o abuut 2 seconds. A typical flight scenario would probably disregard any processing of ﬂ”
" threat patterns within a close range, although this is always a possibility; the more t
b tikely application is in the display of a pattern in a remote area, using the remote
';' ~cene capability of the digital map system. The location of the new threat could be
B cntered as the center of a remote display, and the pattern could be calculated and dis-
* pluyed 1n static form in the remote scene. In that same scene, the pilot would be able
to observe other threats as well as his preplanned route, and he would be able to make a
- iecisieon as to any e¢vasive action. There is also a possibility of developing an addition-
) uogeniliy term in the TF/TA equation to take into account the added threat, but so far
L.~ no signiticant analysis has been done to determine whether this is a practical or cffec-
Nl tive approach. Other threat display techniques have been considered for the perspective
»;? dispiay and will be discussed under that heading.
,': e Overviewn of Perspective Display Applications
fhee dd1g1tx) map system is capable of providing all the data nceded to display a realtime,
[) i tteh and roll compensated scene in perspective to replicate the actual terrain to be scen
[} " sy the pilot during the mission. At the present time, this capability is not contained ' o 1
- ‘no1de the Harris digital map system because it is considered to be more applicable to . ;
4 ciss1on planning than to in-flight use. However, some features of the perspective display
#I mu . become more useful in flight, and their operation and implementation is possible with-
o .n the digital map architecture.
1‘ 5
» Since the perspective view is formed by arithmetic operations on the basic digital data
bace, the =uurce data for generation of the perspective scene already exists. A typical
ff fow-.vol tlavht at about 100 meters above the terrain will present a rather restricted
i view . term of distance) in all but the most desolate and flat areas. This close-in
- ctaera e st re may be utitized to pencrate a very simple perspective view which includes
} crteocrdge line detinitions and may be casily processed by an auxiliary processor in the
- Lrrta) map system, plus some additional processing hardware that can be added to other
o woarlable card slots in the Harris digital map system, TFipure 11 illustrates a potential
(' f1spiay approach, which is much more lepgible and distinctive when shown in color. The
bl generator defines ridge lines extracted from the data basce and paints the visible
" terrain in different colors related to the terrain distance; lighter colors or shades 0
RS s0uli be used for the distant terrain. Figure 11 also shows a concept gaining in popu- ' J
N Jarity as a pnssible means of giving more meaning and usefulness to the perspective dis-
Y
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play. It includes a broader view of the terrain as if observed from behind and above the
aireraft, and it also shows the planned flight path., There remains some controversy as

Lo whether this concept or an out-of-the window type of perspective display is preferable.
Either display may also be considered for monochrome projoction in a head-up display or

A hetmet-mounted display.
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Figure 11, Typical Perspective Displays

Earvis as developed and demonstrated a full-capability perspective display system which
atlows tne pilot to pre-fly his mission over the exact terrain to be encountered. This
=tom displays the oxact terrain shapes and provides realism by means of slope shading
similar 9o the process used in the planimetric view map. With this digital perspective
gensrator (DPGY, the preparation of a mission data base also becomes the source of per-
spevtive display for the flight. Once the mission has been planned and the route deter-
M1 d, the pilot may actually use the DPG to fly the mission in real time or accelerated
t ineluding all pitch and roll mancuvers, with a completely authentic terrain view
tor reterence,  Goenerated in color with realistic terrain and sky colors, the DPG image
gremises to be anvidduable in pre~flight planning. For most in-flipght uses, the DPG is
oo very desarable because it permits immediate terrain comparison (in daytime) or pro-
viddes adited paiot contidence (at night). A photograph of the display is not included
toccar e thian puper can only be produced in black and white, and much of the cffect of

Chee ittty s lost o when sshown without color in a static photo,

el o Goctul oapplireation of the perspective display is the generation of threat patterns.
Avthonth threeats may be indicated in several ways, any of the dizplay techniques operates
trom the sane type of intervisibility algorithm already discussed. The problem with
tttemptinyg to display a threat in three dimonsions on a two-dimensional CRT is obvious;

it us ditticult to show depth in the dimension perpendicular to the face of the tube.

Gt ractteal threat pattern displays are illustrated in Figure 12. Others arc likely

.

toosvalye an more uses for the perspective display are discovered.
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Figure 12, Typical Threat Pattern Displays in Perspective

e Overview of Weapons Delivery Applications

The use oy the digital map system to support weapons delivery is basically an extension
ot the TF/TA and intervisibility capabilities of the system. Mcethods of enhancing wea-
pons delivery include the following:
- Inclusion of weapon delivery maneuvers in the TF/TA flight plan, with different
constraints on the flight envelope.
- Calculations of target intervisibility patterns to ensure that exposure to defended
targets is minimized.
- Calculation of acceptable delivery cnvelopes taking into account the masking of the
terrain (i.e., a blending of fire control computer and terrain processors).
- Determination of acceptable routes to and from the immediate target arca.
- Display of weapon status and storage of weapon-related data.
- Transfer to autonomous weapons of the target terrain characteristics.

It is probably most desirable to develop as much as possible of the the weapon delivery

caleulations ahead of time, at the time of mission planning. If, however, a change in

the mission scenario occurs and an unplanncd approach must be executed, the digital map

system can ald the success of the mission. In the final phase of the mission, two types

of mancuvers cun be used as examples of the value of the digital map system:

(1) A high-g turning maneuver designed to minimize the encmy's opportunity to lock on the
airerafe;

(2) A pop~-up mancuver to permit weapon release, target designation, or the like.

In the high=-g turning maneuver, the digfital map system provides TF/TA type inputs which
tilow the execution of a tight turn in near horizontal planes with assurance that no
terraln collision will occur. As alrcady mentioned, the data base allows anticipation
vt terrain protiles which cannot be seen by line-of-sight sensors such as radar or FLIR.
The sttt maneuver after weapon delivery is also aided by terrain avoidance and collision
asvoadance data from the digital map. The intervisibility pattern generation capability
w111 lsno be useful to the pilot in displaying hig position relative to the threat enve-
Lo trom the target area. In pop-up maneuvers, the TF/TA type of function becomes
svocandary and the intervisibility function becomes primary. With the ability to display
the threat intervisibility pattern, the digital map system can provide the pilot with
knosledge of the extent of his exposure at the pop-up altitude.

MISSION PLANNING: CONCEPTS, SYSTEMS, AND APPLICATIONS

The last pertion of this paper deals with a topic which must actually be considered first
ihoany mission -~ the planning of the mission itself. In general, the planning of a
miooslon can he considered to exist in two categories:

5, S
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?. (1) Preparation ot the topographic data basc. 4
i 2y Preparation of mission-specific data.
i preparation of the underlying topopraphic data can be gccomplished well ahead of any
o ® miasiton.  In fact, the current operating concept is to maintain a small library of tape ,
‘:- cuasselles or other source data which cover the genceral arca of interest, and o update
. cach memory unit (tape, bubble memory, cte.) with mission-specific data in the process
ud ol mission planning.
Y
AN Preparation of the underlying topographic data primarily involves the translation and
- compression of original source material (such as DMA data), and the subseguent transfer
S Ol the compressed material to the final storage medium (in the current Harris systems, B
Lupe casseties), If the digital map system has the capability to process acronautical -
-~ chutis or photographic data, the preparation activity cncompasses that source data as
- well.  In some cases, however, a last minute photograph of a target area may become
L availuble; if so, the photograph may still be added after preparation of the original -
compressed data. In fact, given the existence of a basic mission planning system, there
15 almost no restriction on the lead time for data preparation. Good practice would
! dictate, however, that the data be prepared in advance if possible. All basic topograph-
1¢ data are compressed for maximum storage cfficiency, including aeronautical or photo-
praphic data.
Topographical data base enhancement may be nceded for source data such as DLMS. Although
" terrain elevation data is complete, cultural data (particularly linear features such as
- roads and rivers) are lacking in some cases. Harris has developed a software package
which enhances the cultural data base by tracing additional features from a paper map,
pp ustne o digiticer tablet. This software is an element of an ove‘nllAmission plagning
- ~ottware packiage which also provides the capability to trace three-dimensional (i.e.,
Co terrain elevation/contour lines) information into the data base where no DLMS-type source
. s avatlable.
"{\.
F Proparation of acronautical chart data involves a seven-step process which is relatively /ﬂ,—»f“
T stmple Lo accomplish. These steps are as follows: o
oy - Digitization
p The aeronautical charts will be digitized using a scanning camera which captures
the charts in 16 inch by 16 inch blocks. Each color in the RGB images will be
separately digitized. This process will digitize a 12-inch x 12-inch nonoverlap-
. ping arca. The time to digitize the arca is approximately 6 minutes. Note that
e the overlapping area will be used tor distortion correction and mosaicing purposes.
,;J The cumera resolution will result in 2048 x 2048 pixels in the 16-inch x 16-inch
.. area at a line density of approximately 132 pixels/inch.
k- - Distortion Correction
The tunction of this process will be to correct for geometric distortions resulting
\ primarily tfrom the video camera lens cffects.
~, - Orientation/Rotation
» The function of this process is to align the orientation of the digitized image to - . -
47 "chart-up' operation. This will accommodate slight errors in map rotation and o E
) placement on the workstation illuminated surface.
3 - Map Projection
} The junction of this process is to project the digitized chart onto the TM coor-
k. dinate system for the DMG. Most charts are in UTM or Lambert Conformal projections.,
- Mosaicing
oy fhe tunction of this process is to assemble the digitized areas (subcharts) together
;*4 ta form u contiguous data base. The overlapping border areas of the digitized
N~ frames will be used for this purposc.
A0 - tolor Normalization
-’ The tunction of this process is to normalize the color contenl of the digitized map
ML arcas.  This process can be conducted at various levels: within a digitized area,
-{ within a map shect, or within the overall data basc.
The preparation of mission-specific data is handled in the Harris system by moditfying the
N inittalizution block of data in the mass memory (airborne tape unit). The concept of
.t imitialization, regardless of the type of mass memory, applics to any processor-based
}' syotenie In this case, the mission-specific data is added just as arce processor scetup 1
-~ tables, color mixing RAM loads, conversion tables, and the like. Some of the initiali-
oo Zation data, such as software tables, arce not directly accessible to the mission planner
n; or pirlot because they are transparent to the user, Other tables, such as the color mix-
- - 1 RAM loads, may be readily changed if color assignments are changed. The overall data
proparation process, including mission planning and data dissemination, is illustrated
. tne Froure 13, which also tllustrates the data cycele through mission debriefing.,
! A Yo o sammarige the mission planning offort with respect to mission-specific data, the
A totiowing tist of misnsinn-related tioks is offered as an oxample of the types of activity
N Atirch may tadie placi:
,jk - Review and editing of the basic topographical data:  addition of interest features,
a5 seloection of declutter groups, decisions on automation of displays.
-{‘ - Preparataon of mission-specific data:  routes, waypoints, threats, targets, alpha-
: Gumeric notations.
~ - vreiising the mission in plan and/or perspective view display, and in real time or
‘-$ acveelorated time,
\J = ratry oot new data or specia’ data such as checklists, approach plates, emerpgency
:Q procoedures, alternate mission prompts, weapon statun requirements:,
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X All ot Lo above tasks can be performed casily and quickly in an appropriate user-inter-
- ot v nvaronment such as the systems developed by Harris. A typical mission planning/
DA o preparaton system configuration is shown in Figure 14,
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\ ) ABSTRACT

I

SR rhe need for accomplishing relatively automatic low altitude high speed maneuvering

T.ﬁ fl1g 't for key mission phases has long been recognized. A central building block for

7\) accomplishing this goal is the computation of the aircraft trajectory according to the

iﬂl mission rejuirements for the current mission phase. To mcet some mission requirements,
Ty t

swveral seconds) for updating the global route in response to threats or other mis-

m contingencies. Other mission functions require faster trajectory solutions on the
rder of a second for TF/TA, and often faster trajectory solutions if pop-up threats are
1nctuded, Further, at some staqg , TF/TA trajectory generation must account for aircraft
crtormance constraints and provide the capability for automatic coupling to the air-
raft tlight control system. This paper presents a new real-time optimization technique
cnar citiciently jenerates a robust, optimum TF/TA trajectcry, and has the structural
rility for adding threat avoidance.

he automatic trajectory generation can utilize relatively slow techniques (on the order
R
31

b
N

ire Te/TA technique presented here is based on definition of a perfermance measure that
L spatemarically sptimized in real-time. The approach uses on-hoard DMA digital ter-
rir clevation data extensively, as updated by real-time sensor inputs., The optimiza-
tian ot the performance measure emboudies the real-time trade-otft ot flying over (TF)
ercoin tlying around terrain teatures (TA),  The performance measure 1s defined to gen-
crally penalize large excursions from the nominal {globally-defined) route, while rewar-
;1 trajectory that achieves better terrain masking than contained in the nominal,
miecion-pianned route, (It is the real-time sensor information that necessitates this

> veos =f1me THSTA computation, since otherwise much of the computation could be carried
L4 in mission planning.) Direct incorporation of limits on the flight control vari-
e -, v s coank angle, roll rate, normal acceleration, etc.) is included within the proce-

e TFTA technigue also addresses additional considerations that apply when combining
< CLESTA fl1jht trajectory computation with maneuvers through mission waypoints., This
. ~ral subtleties associated with the relative importance of the turning man-
sired versus the normally applicable TE/TA performance measure.

Fiaaily, the relevance of this work to other advances i1n trajectory computation is des-
cribvedd. This includes the relationship_to global trajectory generation, and to integra-
teed IFTA with Threat Avoidance TF/(TA)

INTRODUCTION

tease and mobile threat environment that present and future ajircraft will encounter
Gives rise to the nced for a low-level, maneuvering penetration, which is made possible
ty terrain following/terrain avoidance, threat avoidance, and global flight path gencra-
*1 v algorithms,.  Such low altitude tactics can equate to increased survivability and,
wooridingly, to improved overall mission pertormance.

‘urrently ddeployed systems such as the F-111 and B-1 have a terrain following (TF) capa-
Dlotty only; motion is limited to be within a vertical plane with heading as defined by
hee m1ss1 N waypoints., More generally, TF trajectories along mission planned curvili-
near groand tractks have been considered in some analyses: such trajectories are still
casent tally ry in nature, In contrast, Terrain Following/Terrain Avoidance (TF/TA) as
Caoppetteet an Brgare 1oaddresses an integrated, fine-resolution capability to accomplish
Camt ane s o vertical (pitch axis) and lateral maneuvering to obtain maximum benefits of
nas=an ). This TE/TA problem is a real-time flight control problem.

taipe
et

Mooters apgoroaches [1,20 to the problem of simultancous TE/TA have evolved to the concept
ctoheparating the trajectory generation and trajectory following functions. The trajec-
tory enerarion fanction calenlates o reference TH/TA trajectory that is "optimum" with

T e e ehined vortical/horizontal performance measure.,  The trajectory follow-
e gt tunct ton deterrines appropriate quidance cemmands for the aircraft
. e gt b canture and track the desired tratectory.,

Cyome cp o ot TETA with the tlight control syctem is oone way ot distinguishing

CAor o v oent gl D rorte cpoperat fon deve lopments as o cesceribed in oreterences 1,3,
PN g lebal flight plasning technigues result in jround trach resolution of a
MLhe r o e anse they are oot ained relatively "open loop” from othe [light control

system, Chey Cequire turther processing to obtamn actually tlyable trajectories, T4/ TA
v oas the roans for processing the gtobhal route, accounting for real-time
- L ten, lateral and vertical mancuvering deqgrees of frecdom, and current
ooty sttt goformation, to ontain the desired three dimensional flyable trajec-

L 'roceast der Ly both bateral and vertical degrees of frecdom in oan integrated man-
cer, IE A 10 tras o substantially aore incolved than gen-ration of A VF oproefile starting
fromothe g0 ol route cgroand track an pnpat.,

Tan
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Figure 1. Terrain Following (TF) and
Terrain Following/Terrain Avoidance (TF/TA) irajectories

The work in this paper may be viewed as a sequel to a previous AGARD prescntation (1],
which described the main concepts and technique. associated with global flight plan-
ning . The geal in this development was to explore the applicability of similar mathema-
tical technigues to the higher resolution TF/TA problem solution. These techniques in-
volve use ot dynamic programming optimization, which is attractive in that the "best”
tavrical solutlon is tound automatically. This is in contrast to other techniqgues such
35 yradient searches which, being more sensitive to the particular initial conditions,
Tay sometimes rosult in solutions that are not the tactically "best" solution (7). 1In
rarnematilcal terms, "best™ solution is the globally optimal solution according to the
tactical performance measure being used, while other solutions that may exist correspond
to lecal optima in the performance measure, Needless to say, it is a non-trivial exer-
Cine to establish that the "best" mathematical solution corresponding to a given perfor-
man.ce measure indeeod corresponds to the "best" real world tactical solution.

Although dynamic programming techniques typically have the globally optimal solution
featare described above, which has been cxtensively exploited in global route determina-
ticns (1), such techniques have traditionally not lended themselves to a detailed coup-
linj with the flight control variables, as is necessary on the TF/TA temporal quantiza-
tion scale of approximately one second. Such a quantization scale is necessary in ob-
taining truly flyable TF/TA trajectories that are then fed through to the flight control
system via ¢ pitch-roll decoupler. The innovation in this development was to achieve
tris high fidelity coupling using dynamic programming. Thus, flyable three-dimensional
rrecectoaries are obtained efficiently without the need for any additional smoothing to
ssur- *nar all flight constraints are met. The dynamic programming path generation al-
goritrm descrited here has been given the name "Dynapath."

As oceenttoned already, a combined vertical/horizontal performance measure must be selec-
tent tor the TEF/TA computations. The Dynapath Algorithm is well suited to use of perfor-
marece measures that may also include threat templates associated with nearby SAM or

“er thrests,  This has important implications for the manner in which TF/TA is inte-
;e it with threat avoidance, Specifically, the Dynapath technique provides a framework
roornding mancuvers to account for threats in the immediate proximity of the flight

Gyt
2l .

noiroviding a general frarowork incorporating threat considerations, the Dynapath tech-
Aipie L applicability to several development programs. For example, it would be use-
tul oo supporting the AFTI/F~16 Automated Mancuvering Attack System (AMAS) in integrat-
tn; teerraln considerations with the target attack maneuvers. The Terrain Following/
Terrarn Avoldance/Threat Avoidance Program within the Air Force Wright Aeronautical Lab-
ot ries will also need a capability such as described in this paper. Finally, similar
Sapabiirties are necessary for Nap-of-the-Farth flight* and contour flying by helicop-
rers o osoto v an the Army LHX Program.

SYSTEM CONTEXT AND TF/TA PROBLEM DEFINITION

A cdook dragram ot the Dynapath Algorithm interfaces is shown in Figure 2, The solution
v pateh in front of the aircraft as shown in Figure 3 and corresponds to an opti-

mum o calae ot the performance measure in the vicinity of the global reference path. pRe-
forrang tooFrgnre 2, the globhal reference path is o an input that has been calculated on a
relat owel, coarse scale an o described in several reterences [1,6], 0 The global path in-
r ot mission considerations (nission destinatian, minimum exposuro to
Sitrnin o ang tuel consrtraints, ete,),  The Dynapath Alg-rithm utilizes this gleo-
e path, rerraan o intormation, and varioons other paranctric inputs to conpute

FioTa rrajectary solution over the carrent patch,  The trajectory solution

S0 D e T e involve s addir bonal complexity as well due ta an expanded set
stee o s tanles anomodeling the belicoprer motion in the NOE altitade/speed rogime
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S then converted via Horizontal and Vertical Command Generators to consistent inertial-
reterenoood commands (py, ... pPy,...' that are fed to a pitch-roll decoupler. The pitch
Sit decoupier provides the interface to the tlight control system; it sc¢rves the track-
i tuncrion of always guaranteeing adequate authority to the vertical channel to main-
altirude, while assuring that lateral deviations from the commanded trajectory are

O
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Figure 2., WBlock Diagram of Dynapath Interfaces
St e Key parag cters reterred to o in Figure 2 are as follows:

Set Clearance - In seeking out lower altitude corridors, there is a minimum
horizontal terrain clearance at the current flight altitude.

Clearance - The flight altitude above ground level (AGL) must be above the
altitude, from flight safety considerations. In this work, set clecarance
~anoaimply taken as a constant bias above the local terrain value. The constant bias is

A eeroinput,

Mooxmun fateral Deviation - A maximum lateral deviation from the reference path can be

itied. A large value can result in significant computational requirements, while
* small o4 value constrains the trajectory to essentially terrain following behavior.

and Alrcraft Model

The range ot normal g's that are permitted relate to ride comfort. The
factor limits indicated in Table 1 are incorporated into the algorithm

e, i .
bt Limits - The anygle between the aircraft vector and the x-y plane
: ‘mmet rically as shown in Table 1, These limits are used in the
e : jenerator,

iirnm_ kBank An - These are used explicitly in generating the
worobl accels ion is important in establishing the appropri-
sation used an the trajectory computations,

.

M el = A peant mass model was used that parallels the one used in the FDA

Pt bem o the current atreratt location is portrayed in Figure 3. This fig-
T Sl rhat b dew adt iteddes Che actunlly sensed terrain may only extend out for
. v I R L tlight Fimo, Simulations have shown that this limited soan-
v ! ty cutticient anricipation for achieving adequate TF/TA perfor-
, o iy tand itself o inoa "box canyon.”  This problem is avoided
' TeLA ! coepr by combining the relevant DMLS terrain elevation data bhasc
' . wrooin Figure 3 owith the auailable sensor information.  The combined
: Coen Hptvte toe TEIA frajectory determination to result in an adequate
| R i Dottt PIMS tervyaan data, we sre adopting a relatively aggressive pos-
v I Corte saecaegstul poar-term implementation of this technoloqgy in an ac-
] L et ds worth oy minor digression to address the "box canyon® issue in
o 0 e the Frgure 4 portrays o citvation where the patceh length being used

v oy o e extreme casae af oA short patceh length s when the guidance com-
e el an the prmadiate senaor range, which is very limited at low alti-
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tude. When the performance measure rewards solutions that search out low_altitude cor-
ridors, for example, the apparently best solution can lead inadvertently into a box can-
yon. When the aircraft reaches the end of the box.canyon, it is then forced into a.fly-
Up maneuver that results in excessive exposure. With a longer pagch length, which in-
volves use of the DLMS terrain data, box canyons can often be avoided. Thus, the per-

formance is improved.

TOP DOWN VIEW

TF/TA Computation Patch

Terrain
Contours

Reference Path~\\

Misston
Waypoint

Senged

Terrain

Tervain
Data

SIDE VIEW,
ALONG GROUND TRACK

TF/TA Trajectory
;n::77=n==;r7—\:;:7r’ﬁ§:—ga-

Hy SET CLEARANCE ALTITUDE

Figure 3., TF/TA Calculation for Current Patch

Ncell ¢

On the other hand, the improved performance carries its own price in terms of both added
system complexity and increased computational requirements. The performance/computa-
tional tradeoff for the Dynapath Algorithm is sketched in Figure 5, and shows that com-
putational requirements can increase drastically for only marginal improvements in per-
formance. Benchmark studies [7] have shown that extending the anticipation beyond the
immediate sensor range (i.e., using DLMS elevation data) brings significant performance
enhancement, while the marginal return drops off once one has an overall patch length
corresponding to approximately 30 seconds of flight time.

Path Chosen :::::ﬂf:!{

Using Short
C
Patch Length Box (anyon

—- e

Longer X

Patch Length
"Recognizes"
and Avoids

RBox Canyon

Figure 4, Look-Ahead Effects

Returning now from the digression, the Dynapath TF/TA algorithm designed in this study
applies to a single computational patch that was shown in Figure 3, where the patch may
include a waypoint within the patch. (In the latter case, a turn is executed as part of
the patch calculation.) During the time that the TF/TA trajectory calculation for the
current patch is being carried out, the aircraft is flying a previously computed trajec-
tory with predicted initial conditions for this current patch calculation. By the time
the aircraft enters the patch, the trajectory calculation has been completed and stored
1n a butfer. This trajectory is then flown, while calculations for the next patch pro-
ceed, etc,

In practice, only the first 5 seconds or so of a given patch solutinn is used, so that
individual patches overlap one another. Flying only part way into a patch assures that
there is always an adequate look-ahead distance (for adequate patch length of at least
30 seconds or so). The upper limit for calculating the trajectory for a single patch is
then tt » patch update rate, or 5 seconds. However, this limit does not take into ac-
count the new information that is made available due to the real-time sensors. Such in-
formation may require an immediate maneuver. Depending on the manner in which such re-~
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jutrements are taken into account in the system operation, the TF/TA processing may nced
to te accomplished in much less time--in some cases in less than a second,

Performance,
Computational Requirements

Performance

Measure

» Computational
Requirexents

Patch Length

Fijure 5. Associated Computational Impacts for Improved Look-Ahead

Tne It/ TA performance measure used in this study is given in Eq. (1):

g =% (wn?s ud (H
- i i
i
whe e w = TF/TA ratio
by = Lateral deviation from reference path
Hy = Altitude above a uniform reference altitud.
1 = {x,y) cell location, with cell dimensions of order of 300 ft on a side

This measure uses the global trajectory as a baseline for developing the fine-tuned tra-
jectory, in that lateral deviations from the global path are penalized, while flight at
higher altitudes is also penalized. In evaluating all possible trajectories using this
penalty function, the best trajectory generally seeks out low altitude corridors ("val-
leys") in the acighborhood of the global reference trajectory. The relative weight w
between these penalties is called the TF/TA ratio. A large value for this ratio results
in essentially TF flight along the reference path, while a small value permits large
dev:iations (TA flight) in the search for low altitude corridors,

The general philosophy behind this performance measure is that low altitude corridors
atrord terrain masking from threats, and thus represent good candidates for improvement
over the global reference trajectory. However, recent testing [7] has shown that
threats and terrain masking should be incorporated explicitly for best performance.
Otherwise the TF/TA trajectory may go through a threat region unnecessarily. Mathema-
tically, inclusion of threats can be achieved by adding to the TF/TA performance measure
a term B (Pk)i, associated with the threat danger P, in cell i.

Having defined the performance measure, the actual optimization problem is:

Find the trajectory in inertial coordinates that corresponds to a global minimum of
the performance measure, subject to the following constraints:

- Initial boundary conditions (aircraft position in (x,y,z) and velocity vector) given

- Final boundary conditions unconstrained so long as aircraft exits at rear of patch

- Satisfy the aircratt equations of motion with varicus associated param ter ranges as
shown in Table 1.

Table 1. Parameter Ranges Used for Tactical Aircraft

PARAMETER RANGE
Vertical Clearance setting 50 ft to 1000 ft
Horizontal Clearance Setting 50 ft to 1000 ft
Mach Number 0.5 Mach to 1.2 Mach
Fligjht Path Angle -15 Deg to +30 Deg
fe1ide Tervue)
® '{ar (Noermal! 1LE) 0 g to +3 g
e Modium (Normal LF) +.5 g to +3 g
e Hofr {(Normal LF) +.75 g to +3 g
swormal PF Rate (piteh Jerk) ~1.5 g/sec to +3 g/sec
Maximum Latera! -2.5 NM(Left) to
Excursion trom Nominal Path +2.5 NM(Right)
Pall Acceleration ~75 ch/sec2 So

+75% Deg/sec

33ink Angle -75 Deq to +75 Deg
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SOLUTION APPROACH ~ THE DYNAPATH ALGORITHM

To solve the TF/TA problem, an integrated application of dynamic programming (DP) and
tree Scarching was devised, The tree structure handles the dynamics of the aircratt and
the dynamic programming reduces the number of possible trajectories. $o, basically, the
problem is solved by a forward running DP algorithm where the state transitions uare han-
dled by a tree structure,

Two versions of the Dynapath Algorithm were developed. In one version, the aircraft 1is
free to move in all three dimensions subject to aircraft equations of motion and all
contraints in carrying out the TF/TA optimization described in the last section.

The second version involves the determination of the lateral (ground track) first, fol-
lowed by a determination of the vertical commands. In this version, the ground track is
found by essentially assuming that the aircraft can fly perfectly in the vertical set
clearance surface. This surface is a surface above the terrain surface but displaced by
a constant set clearance bias. The TF/TA tradeoff is made under this assumption, resul-
ting in the lateral ground track. The vertical command generator then relaxes the
assumption that the aircraft flys perfectly at the set clearance altitude, and treats
the set clearance altitude as a minimum altitude constraint.

The approximation of flight, initially, on the clearance surface leads to fewer computa-
tions, Depending on the terrain statistics in the scenario, it is expected to give re-
sults that are almost always the same as those of the first version. It is this second
version that will be discussed further in this paper.

For any location of the aircraft, a tree describing its potential future positions can
be generated by quantizing in bank angle as the control variable. The number of bank
anyle quantization levels, possible restrictions on transitions between levels, and the
solution time step are interrelated, so care is needed in setting these parameters. For
a tactical aircraft a solution time step of one second was chosen to afford adequate
sampling of the underlying terrain data. Five equally spaced bank angle quantizations
ranging ftrom full bank in one direction to full bank in the other were used, and ~» con-
sideration of roll acceleration for the tactical case restricted transitions to be pe-~
tween adjacent levels,

In the implementation, it turned out that a convenient parameterization of possible con-
trols was in terms of the inverse turn radius (i.e., curvature) associated with coordi-
nated turns:

=1 9
b =7 =00t ¥ tan (g . /2), t35 tan (g . ).

A tree is constructed by using all possible values of , to exhaustively generate every
branch of the tree to a depth of N seconds. An example tree is given in Figure 6. This
is a tree ot N=3 stages, or time steps. Of course, the branch lengths and turn radii
have b-en exaggerated to better demonstrate the tree structure,

10 M

Figure 6. An Example Tree
At each nnode k of the tree, the following information is stored:

e Pasition (x,y)

e llvading

e Parent: node that has generated node k

e Cost: cumulative cost up to and including the present node (for the perfor-
mance measure being used)

e (urvature control used to arrive at node k (quantized in five values, for
zimplicity referred to in terms of controls -2, -1, 0, 1, 2 with negative
controls being a right turn)

P et Agn . |
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At tree generation time, branches can be discarded according to any one of several pos-
sible criteria. In this problem we have chosen to set a maximum lateral deviation from
the reference flight path and an absolute maximum deviation from the reference path
terading . The use of such criteria to accomplish pruning is denoted as "constraint prun-
ineg, "

ol ’
b ags, 04,

«
4

oynamic Programming Overlay

N The above description applies to a single tree. In actual operation, the Dynapath Algo-
rithm grows many trees, selectively prunes them, grows more, etc., until there is vir-
tually a uniformly dense forest of only the best trees. From this forest the single
best tree corresponding to the optimum in the performance measurc is selected. It is
the dynamic programming overlay that accomplishes this selective pruning.

., "overlay," as shown in Figure 7. This is shown as a rectangular grid that is oriented
along the reference track. (Other grid geometries have also been used during the devel-
opment; the particular shape of the grid can be altered if desired.) Subdivisions are
indicated as a two-dimensional spatial classification of the space according to the zone
and Jdivision dimensions. The subdivisions in turn are divided according to an angular
classification into one of n possible cells (possible azimuth directions). Thus, the
end nodes of a tree are classified according to a cell of dimensions x, y and y. An im-
portant consideration in this development was that memory of the actual (x,y) location
of an end node within a cell be retained. As a result, the classification of an end
node within a cell does not introduce any quantization artifacts.

. The end nodes of the initial and later trees are classified into a dynamic programming I

-~
.
"

el -

-
5D

For a yiven tree, a DP state is associated with each end node of the tree. The DP state
for an end node "k" contains a label designating the trunk (source) of the end node, the
cumulative cost to that end node, as well as state and control information. We note
that many end nodes may have the same source, namely, the end nodes for a given tree.

- Also, dynamic programming states will be selected on the basis of the best cumulative
cost at the end nodes, but do not require storage of the full set of controls and states
in traversing from the tree source to a given end node. In short, the DP states "leap-
» frog" trom end nodes to trunks without storing the intervening branches. However, note
that storage ot the immediately preceding two curvature controls p is all that is neces-
sary to smoothly restart generation of a new tree from any given end node.

i A

Zone Dimension

R

: o o -
P

Divisions

b
Subdivisions
-, Reference

Track —> % Cell within subdivision

with example angular
orientation as shown

Figure 7. Dynamic Programming Overlay

Optimization Procedure

A Starting from the initial position and heading in the patch, an initial N stage tree is
generated. The value of N is typically seven or eight, i.e., seven to eight seconds of
tlight time. The initial tree corresponds to approximately 2000 nodes. Constraint

u pruning of this tree and subsequent trees will occur according to criteria such as the

5 maxinum lateral deviation from the reference track being exceeded.

X

b~ In parallel with the pruning, the dynamic programming selection proceeds. As a tree is
il generated, the cell corresponding to each end node is computed. 1If the cell is empty

i the end node including its cost is registered as being in the cell, If the cell is al-
ready occupied by an end node, the cost of the current end node is compared with the
previously registered cost and the end node with lower cost is kept. This forms the

;ﬂ basis for the dynamic programming (DP) operation for selecting the best trees.

’

Y Many trees are used by this technique in propagating to the end of the patch. Once the
\ cnd nodes of the last trees are past the last zone in the patch, the optimal path is de-
" termined hy selecting the end node with the lowest cumulative cost. (Additionally, var-
h 1ous patch end node boundary conditions such as a maximum lateral deviation or heading

with respect to the reference track can be imposed.)

The optimum path is retrieved by tracing through the DP structure until arriving at the
' initial tree. This is possible because we have kept track of the source at cvery
N staye, We note that the full set of controls--in one second quantizations--is available
: for the first tree due to the way the solution is constructed and stored. For subse-
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quent trees, the retrieved solution is sampled on a coarser time scale correqunding to
the source=-to-und-node time. This was done for memory storage efficiency and in recog-
nition that only the first five seconds or so of a patch will actually be flown before

the patch is updated. However, the optimal solution is of course based on the uniform

one second guantization over the entire patch length due to the manner in which the DP

solution is constructed. Indeed, OUP state memory has been designed to permit retrieval
of the precise path, if desired, with very minor computational increase.

Vertical Trajectory Generation

Prior to generation of the vertical and horizontal commands, the vertical trajectory
must be generated. To achieve this, there was a requirement in this development to sim-
ply emulate the operation of the ADLAT terrain following algorithm. Since the horizon-
tal path (ground track) is known from the above sections, actual ADLAT software could be
used to generate this vertical trajectory along the ground track.

However, the ADLAT software involves a large number of aircraft-specific coefficients.

Although use of this software is straight forward, it was felt to be unnecessarily cum-
bersome for a simple emulation of ADLAT. Thus, the same techniques used in generating

the yround track were used for this emulation.

vertical and Horizeontal Command Generation

The trajectory parameters were combined with a point mass aircraft model similar to that
used in Ref. [2] to generate inertial axis motion. The heading y and flight path

angle y are known at one second intervals from the trajectory determination. Thus, all
inertial commands as indicated in Figure 2, as well as bank angle ¢, can be specified in
terms of y, y, and the horizontal and vertical controls used at each time step.

RESULTS _",f'.-. ;;. i

The Dynapath Algorithm has been implemented on a VAX 11/750 in FORTRAN. Lateral path
examples are shown in Figures 8 and 9. The terrain altitude in these figures is coded
in gray levels, with dark corresponding to lower altitudes and light to higher alti-
tudes. The terrain is not real terrain, but rather, has been designed to test out feca-
tures of the algorithm, {(Unfortunately, the full dynamic range in gray levels has been
lost throuygh the photo reproduction process.) The computed ground track in Figure 8
starts on the left side of the patch and makes a sharp turn to exit in the lower right
hand corner of the patch, corresponding to the lowest altitude corridor. Here the maxi-
mum bank angle was 60°, and for the aircraft speeds involved the sharp maneuver was pos-
sible. For this patch computation the boundary conditions accepted the lowest cost tra-
jectory that exited anywhere at the end of the patch.

Note that the path has several kinks (discontinuities in the first derivative), in ap-
parent contrast to the assertion made earlier regarding smooth trajectories. Here, the
kinks are due to the display of only the dynamic programming states after the initial
tree. The dynamic programming states are from a source to an end node, and do not in-
clude the intervening branches. The straight lines connecting the sources to end nodes
then result in the kinks. Since only the first part of the track is actually flown, the
downstream kinks do not matter. As noted already, the actual path - without kinks - can
be retricved if desired.

Figure 9 shows the same scenario but for a maximum bank angle . . ° instead of 60°.
Here the turns are necessarily less sharp, which prevented a maneuver to reach the lower
right hand corridor. Instead, the less deep upper right hand corridor was optimal for
the given aircraft constraints,

Fijures 8, Patch Calculation, Figure 9. Patch Calculation,
for 60”7 Maximum Bank Angle for 309 Maximum Bank Angle
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Figure 10. Achieving Global Figure 11. Achieving Global
Optimality - 60° Maximum Optimality - 30° Maximum
Bank Angle Case Bank Angle Case

Figures 10 and 11 suggest how global optimality is actually achieved in this TF/TA ap-
vreach. Figure 10 shows the complete set of trees that is generated when the maximum
bank angle is 607, These trees have been selected using the dynamic programming over-
lay, the trees are successively pruned, from which new trees are generated, etc., to the
end of the patch., The optimal path is then selected. When the maximum bank angle is
enly 30°, then the number of possibilities is much smaller as shown in Figure 11. Al=-
though the entire region is covered, the coverage is much less dense than when the air-
craft maneuverability is larger as in Figure 10.

Vertical Profiles

For the lateral ground track that is found, the vertical profile is then computed. It
15 hased on an emulation of ADLAT, where the vertical set clearance is a constant bias
avove the terrain. Figure 12 shows a typical example, where the trajectory follows the
general terrain features while staying at or above the set clearance. The aircraft can-
not dip lower into the troughs because this would violate either the maximum dive angle
=t 152 or the maximum negative g load used in this example.

Notice the tollowing interesting distinction from ADLAT operation. Whereas ADLAT opera-
tion imposes the somewhat arbitrary boundary condition that the flight must be at a 0°
flight path angle at the top of each hill in the terrain, this boundary condition is not
imposed in the optimal control implementation., Generally, the condition of 0° flight
path angle will result at pushover in the present approach if the terrain is symmetric
in its altitude profile on either side of a hill. However, if there is a systematic up-
wards or downwards slope to the terrain, then the flight path angle at pushover will be
non-zero accordingly.

Figure 12. Typical Terrain Following Profile,
Along Ground Track

Tradegrorg Ahout A Waypoint

Frjure 13 s ws 3 case where the waypoint exit direction is shown as a straight line
witnoan o arr-w, and the entry is from the left, The performance measure usced in this ex-
mple bas o rwn torms,  The first term rewards a close approach to the waypoint without

4ctualiy requiring ftlight over the waypoint as a hard constraint., The second term is an
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altitude penalty tmplemented as an H2 contribution. As a result of this second term,
the jround track is not perfectly along the suggested waypoint exit direction. Ratherf
*ree jatn abeviates slightly to the right to gain the advantage of the low altitude corri-
der.  uther examples could be shown for paths about waypoints, but they are all fairly

samiloar,

Figure 13. Wwaypoint Example

Trus, trajectories about waypoints can be developed as a fairly straightforward exten-
ston beyond the normal TF/TA patch calculations. The interesting feature of this exten-
s1on is that a desired motion around waypoints, the aircraft maneuvering dynamics, and
terrain proximity considerations are all treated in an integyrated manner.

The previous AGARD paper [1l] indicated how threat and target masking, combined with tar-
get illumination constraints, can be combined with a curvilinear weapon delivery profile
that enhances survivability. The above techniques for treating trajectories about way-

oints can also be used to address the complex curvilinear weapon delivery problem.

Here also, terrain features are an integral part of the weapon delivery profile and are

directly incorporated through the real-time optimization process.

CONCLUDING REMARKS

The Dynapath TF/TA Algorithm appears to have achieved the original goals of being compu-
tationally and memory efficient in optimizing the TF/TA performance measure. The three

dimensional TF/TA trajectory requires no smoothing before handoff of the associated com-
manids to the pitch roll decoupler; in short, the trajectory is flyable.

Twio versions of the algorithm were implemented in computer code, although only the ver-
s1on reportsd in this paper has undergone simulation testing in the Air Force to date.
In + system context, the Dynapath Algorithm must interface with a fast-response process-
tn; aljorithm associated with the immediate sensor range (cf. Figure 3}, as well as with
tre roader considerations associated with threat avoidance such as in Tactical Flight

Management (6], It presently appears that the interface with a fast processing sensor
a1 je aljorithm can be achieved in several ways. Indeed, it may c¢ven he possible to use
tie Dynapath algorithm itself for this near-term processing function.

It anoarrborne implementation there is typically interest in parallel processing archi-
tectures to accelerate the processing. The Dynapath Algorithm lends itself to an imple-
ment gt ion usiag such parallel architectures. As a result, we believe a subsecond pro-

Cessing taime requirement is a realistic ygoal for this algorithm,
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UTILISATION D'UN LIDAR A LAJER ("0?
PONR LE VOL ET LA PENETRATION A TRES HBASSE ALTITUDE

Bernard UTEPHAN

Respongable Ju Secteur Capteur Optronique
S F E NA
Ac¢rodrome de Villacoublay
Bp 59
78141 VELIZY-VILLACOUBLAY l
France
Al
RESUME
Frésentation Jd'un senseur optique & laser CO, du type télémétrique permettant l'acquisi-
t:on les dlstances porteur-terrain en champ large. Les données acquises en temps réel par

environnant le porteur en coordonnées géographigues. Cette carte rend possible 1'élabora-
tion d'une trajectoire optimale de navigation & trés basse altitude, optimiséc pour 1'6-
vitument de terrain. Ce senseur a 6té cxpérimenté sur le site de Villacoublay en 1984 et
subit actuellement des e¢ssais en vol au C. E. V. Les résultats des expérimentations au

s>i, en analyse statique et dynamique, sont présentés.

rn calculateur de type UMP 7800 permettent de générer et d'entretenir une carte du terrain

1. INTRODUCTION
Le senseur étudié et réalisé par la SFENA a pour vocation de permettre & un avion d'armes
d'effectuer du suivi et de l'évitement de terrain a trés basse altitude dans des condi-
tinrs de sécurité satisfaisantes. Il est constitué principalement d'un télémdtre hétéro-
iyne 3 compression !'impulsions, d'un dispositif de balayage et d'un calculateur permet-
tant Je traiter en temps réel les informations de distance et de direction de visée.

$es avantages par rapport A des radars centimétriques sont ceux liés a l'utilisation du

laser

- tres forte directivité du rayonnement d'old une grande résolution spatiale ;
- iiscrétion d'utilisation et insensipilité au brouillage ;
- compacitd compatible avec un montage en pod.

Le choix Jdu laser CO2 (10,6 Fm) apporte les avantages dus 4 la longueur d'onde

- meilleure transmission atmosphérique que celle des rayonnements visibles et proches
infrarouges ;

- bonne cohérence spatiale ;

- bton rendement électro-optique du laser ;

- sdcurité oculaire accrue.

<. OESCRIPTION DU CAPTEUR OPTIQUE

La confiquration optique retenue est celle d'un interférométre de MACH-ZENDER modifié
vfiqure 1), Elle utilise notamment

- an laser C02 quide d'ondes de QUANTEL d'une puissance de 5 Watts ;
- un molulatelr acousto-optique (M. A, O.) qui permet de superposer a l'émission laser
ure modulation lindaire de frégquence ;
- une combinaison afocal dioptrique-afocal catoptrique qui réduit la divergence d'émission
0,5 mrd o
- un systéme de balayage du type diasporamétre 3 prismes tournants ; e
- un détecteur HqgCdTe refroidi a 77 K.

Les émissions du capteur sont déclenchées a partir des informations de codage du systéme
de balayage. Celui-ci génére une figure invariante dans le repére du porteur, inscrite a
l'intérieur d'un cdne dont l'angle au sommet est de 40°., La fréquence de répétition des
émissions est {ixée par le nombre de gravures déposées & la périphérie des prismes et par
la vitesse de rotation du diasporamétre. Elle est de 10 kHz au maximum, avec une p¢riode
d'image Jde 200 =ms, La trace de la figure de balayage correspondant a ces conditions expé-
rimentales a &été reportée en figure 2.

le signal émis, aprés réflexion sur la cible et focalisation sur le détecteur, est conver-
ti, par idétection hétérodyne, 3 une fréquence intermédiaire dans la bande 96-150 MHz puis
ccmprimdé par des composants & ondes acoustiques de surface.

e captedar optique délivre donc les informations suivantes

- des impulsions Jd'environ 100 ns de large, permettant la détermination de la distance

porteur-terrain ;

- les teops de ddéclenchement {ssus du dlasporam@tre pour identifier la direction d'émission
dans le repére du porteur ;

- Jdes tups de recalaqge périodiques pour surveiller le fonctionnement du diasporamé@tre.




3. DESCRIPTION DE LA CHAINE DE TRAITEMENT

L'alquisition et le traitement des mesures issues du capteur optiqur ainsi gue 1l'acquisi-
t1on Jdes informations nécessaires a ces opérations sont assurés par une unité de traite-
ment numérique articulée autour d'une unité centrale de type UMP 7800. La planche 1 mcntre
1'architecture de cette unité. :
Outre la Jdétermination précise des distances porteur-terrain, elle permet d'élaborer et
d'entretenir en temps réel une carte altimétrique du terrain environnant le¢ porteur en

conrdonnées géographiques.

Ces taches sont assurées par un module microprogrammable de gestion automatique des ¢échan-
J¢s, associ¢ a un module de comptage et A une extension comprenant notamment les cosinus
Jirevcteurs des directions de visée. La carte terrain élaboré¢e par le capteur LIDAR a les
caractéristiques suivantes :

- dimensions de l'espace enregistré : (10240 m)3 ;

- sycteémes d'axes géographiques (Nord-Est-Verticale) ;
- résolution horizontale : 40 m ;

- résolution verticale : 10 m ;

- volume de mémoire nécessaire : 36 kmots de 16 bits.

Cette carte, centrée en permanence sur le porteur, est découpée en blocs de 320 m de cOté.
Gans chagque bloc sont mémorisdes les 32 informations les plus récentes. Les informations
anciennes sont éliminées automatiquement par une gestion circulaire du contenu des blocs.

mptre architecture permet d'obtenir une bonne connaissance du relief par accumulation
1'imates successives et autorise & la fois l'indépendance, l'asynchronisme ou la simulta-
ré:te des processus d'acquisition et d'exploitation de l'information. A partir de cette
carte de terrain, de la trajectoire de navigation définie au cours de la préparation de
rmission et des limites d'évolution de l'avion, il est possible :

- i'¢dlaborer une trajectoire optimale de navigation 4 trés basse altitude optimisée pour
Itovitement de terrain, ainsi que les commandes successives permettant A l'avion de
silvre exactement cette trajectoire ;

- de calculer la courbe de dégagement ct de la faire suivre 4 l'avion si un obstacle est
détectd tardivement.,

4. PERFORMANCES ET RESULTATS EXPERIMENTAUX

Cans sa définition actuelle, le capteur LIDAR offre les performances suivantes :

Aamp d’aralyse : cdne de 40° d'angle au sommet {(valeur typigque) ;

chantillonnage angulaire variable du centre au bord du champ (valeur maximale 1,5° pour
40° de couverture totale sur une image, 0,75° sur une période mécanique) ;

récisio>n de la mesure de distance : inférieure a 20 m ;

ériode de renouvellement des mesures : 200 ms &4 1 s ;

omvre maximum de points analysés par image : 2000.

Le2s escals en statique (axe de visée pointé dans une direction déterminée sur le site de
villacoublay) ont donné les résultats suivants :

- dérection de pyldnes métalliques 4 6,6 km de distance (réflexion spéculaire) ;
- Jetection de terrain herbeux (giffusion pure) & 2 km de distance sous incidence rasante:

————— = 13 dB
Nmoyen
- dévecticn d'immeuble & composagte spéculaire modérée a 4,2 km de distance :
S———— = 30 dB
Nmoyen
< . S
- lédrecrion d'arbres a 3,5 km = 10 dB
Nmax

e ore-ultats ont été obtenus dans des conditions atmosphériques favorables (atténuation
rharique inférieure a | dB/km). Le tableau de la planche 2 montre 1l'évolution thén-
ie mortie du capteur en fonction des conditions atmosphériques.

Ine analyse statistique effectuée sur des échos provenant du terrain a 1,5 km de distance
s moners gue poudr un rapport signal & bruit moyen de 16 dB, environ 8C % de ces &chos se-
1

ronme late -t avec un seuil &4 10 dB au-dessus du bruit.

v trsnre 7 oreoprésente les points le la figure de ba.ayage ayant donné lieu 4 au moirs un
. cente aoquisition correspond ioun temps d'analyse de 9,6 5, conduisant & 31680 ¢émin-
v1 crwriode P'dmiscion 0 200 gt Klle falt apparaitre un taux glebal Jde diétection de
i ¢ rour dles obutacles Jdtalds entre 8 moet 2231 m. Compte tenu du nombre important de

en lirection «du ciel et de la préasence d'une fencétre temporclle limitant la
tn, on pcut prédire que la probabilité de detection du terrain sur plusieurs
stves, -1 hait, est de U'ordre de 20 %, tous obstacles confondus.

Al

et oatgntlsitions ont 4rd traftses hors temps rdel par un calculateur HP 9836 et présentées
CERP ;e par les plans verticaux perpendiculaires a4 1l'axe moyen de visde. Ces découpes
rar un filtrage médian sur trois points pour déliminer les points isolés
ooy Uhne ot arbres afin d'en faciliter l'interpratation.

Leao
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Les rdcultats obtenus, superposdés 3 une photographie du site de villac~ublay, sont présen-
tes e flianre 4.

o

5 resultats expérimentaux acquis en 1984 sont conformes aux objectifs de performances
1Xx¢s au systéme LIDAR.

oL

Le capteur, intégré dans une configuration compacte, subit actuellement des essals en vol
sur hélicoptére au C. E, V. avec soutien du STTE.

Parallélement des travaux d'étude sont menés pour accroltre les possibllités du systéme.
Parm: les fonctions envisagées on peut citer :

- 1a détection de mobiles ; ‘
- la navigation Doppler ;
- l'aide 1 la conduite de tir.
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fnregistrement M02 du 01/03/85 ===> 13386 mesures

v
Nombre d’ images analysées -=-=> 0008
Nombre d'émissions effectuées ---> 031680
Nombre de mesures effectuées ~--> 012386
Taux global de détection (mesures/émiszjons) -==> 42.3 7
Nombre d"axes de viszée par image ~-=> 3960
Nombre d axes de visée couverts =D 20€5
Taux de couverture du champ -—=> 52.1 %

3

FIGURE 3 : POINTS DE LA FIGURE DE BALAYAGE AYANT DONNE LIEU A AU MOINS UN ECHO ‘ 4
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UN SYSTEME DE NAVIGATION ET DE GESTION DE LA MISSION
POUR LES HELICOPTERES MILITAIRES MODERNES

par

J.I.Roch
Crouzet S.A.
Division Adrospatiale
25 rue Jules Vedrines
26027 Valence Cedex
France

RE SUME .

L'évolution des exigences des hélicoptéres militaires modernes entraine une évolution de leur
cystéeme de navigation qul, de stmple senseur de position, devient un véritable organe centralisé de
qestton de mission.

Aprés un rappel des besoins opérationnels modernes, et des systémes de navigation autonome
encore uttltsés aujourd'hul, on trouvera une présentation du systéme de navigation et de gestion de
misston NADIR MK2 développé par la Société CROUZET pour satisfaire ces nouvelles exigences.

1. INTRODUCTION.

Le besoin d'une ravigation de haute qualité a toujours été présent pour 1'accomplissement des
missions dévolues aux hélicoptéres militaires.

Ains), selon les différentes phases d'une méme mission, et selon les diverses missions
realisées, on retrouve des caractéristiques majeures qul s'appliquent au systéme de navigation, telles
que 1a précision, la fiabi11té, 1a redondance d'informations, 1'autonomie, 1'automatisation.

Aujourd'hul, les capacités et les performances croissantes des hélicoptéeres induisent un
accrodssement du nombre de missions spécifiques pour un méme type d'hélicoptére, la complexité
crotssante des systémes d'armes un accroissement de la charge de trava)l de 1'équipage, dans un
environnement menagant.

Les technologies modernes utilisées dans les systémes de navigation pour hélicoptéres
permettent désormals de satisfadre ces besoins et d'assurer de hautes performances tout en 1imitant le
polds, le volume et le codt des équipements. Des fonctions nouvelles sont introduites. Peu & peu, le
systeme de ndvigation se transforme en organe de gestion compléte de la mission.

2. LES BESQINS OPERATIONNELS.

Les besoins opérationnels en matiére de navigation peuvent étre répertoriés selon trois types
de vol

- vol de cratstére,
- vol tactique,

vols specifiques des missions navales.

2.1. Vo) de croisiére.

Cette phase de vol est commune & toutes les misslions navales ou terrestres, mals son importance
varie selon la misstion. €1le constitue par exemple 1'essentiel du vol pour les missions de transport
tacttque ou d'évacuation sanitaire.

Durant cette phase, les premiéres qualités demandées au systéme de navigation sont certainement
Ya précision de positionnement et 1'autonomie, c'est-4-dire 1'indépendance vis-d-vis des aides a la
radlo-ravigation, qui pourralent @tre faussées ou détruttes en cas de conflit.

Ainsi, pour Tes missions de transport tactique par exemple, chaque hélicoptére peut naviguer
indépendamment des autres et déposer ses troupes en toute sécurité au point de ralliement choisi.




. La navigation autonome doit pouvolr &tre recalée alsément au passage a la verticale de points

’ de report caractéristiques, ou & partir d'informations de radio-navigation lorsqu'elles sont présentes.
! Le vol est ainst constitué d'une succession de segments rejoignant ces différents points pour former un
plan de vol que le systéme de navigation doit gérer, chaque point étant repéré par un code alphabétique

y ou numérique.

v Enfin, 1'économie du carburant constitue un objectif important de 1'équipage durant cette phase

f ou le profil du vol doit &tre ®ptimisé en fonction des conditions de vent, de 1'horatre prévu et de la

R masse embarquée.

il )

< 2.2 Vol_tactique. ) B

Les phases de vol tactique se retrouvent dans les missions de type “Aéromobilité terrestre®
telles que la reconnaissance, 1'identification de cible, les missions Air-Sol et plus particulidrement
les misstons anti-chars. Durant une telle phase de vol, 1'hélicoptére vole au ras du sol, effectue des
évolutions serrées ou des vols stationnaires entre les arbres. La trajectoire est fortement perturbée et

\
1'équipage est concentré sur les tiches de pilotage d'une part, et sur 1'éxécution de sa mission propre
] d'autre part.
i)
:} Cette phase de vol peut comprendre 1'éxécution d'une mission offensive avec attaque d'objectifs
au sol! ou en vol au canon, 4 1a roquette, au missile.
. Les conséquences pour le systéme de navigation sont :
.- - maintien d'une bonne précision de positionnement, & basse altitude et dans un environnement
.- difficile ;
3 - sécurité indispensable de 1'information de position ;
> - Minimisation de la charge de travall de 1'équipage : le systéme doit 1ibérer 1'équipage de 1
3 tout soucl concernant sa navigation ;
.: - d'autres fonctions sont également souhaitables, pour fournir une alde maximale a 1'égquipage,
- par exemple :
b « calcul continu du vent, méme & treés basse vitesse,
+ alde a la gestion des fréquences radio,
K- « prédictton de conditions marginales telles que le survol de zones interdites, 1'approche
: - d'une 1imite de puissance disponible, 1'attente d'une réserve de carburant préaffichée,
etc ... S |
i )
q - enfin lorsque la mission comporte 1'utilisation d'un armement, toute puissance de calcul
A disponible a bord de 1a machine peut é&tre utilisée pour optimiser T‘efficacité de
1'armement : cela peut &tre le cas du calculateur de navigatton.
[
2.3. Profils de vols maritimes.
[ Les misslons navales incluent :
| les missions de recherche et sauvetage (S.A.R.) ;
. - les missions anti-surface (A.S.f.) ;
; - les missions anti-sous marines (A.S.M.).
De telles missions exigent des caractéristiques spécifiques du systéme de navigation, du fait ’
/ qu'elles sont effectuées au-dessus de la mer et souvent & partir d'une frégate ou d'un porte-avions. ,
) . .
On retrouve des caractéristiques déj}a citées, notamment 1'autonomie, mals également des
nécessités telles que :
o ta redondance d'informations pour assurer une sécurité maximale aucun repére n'étant
o disponible au-dessus de 13 mer ;
A
'? la mémorisation de figures spécifiques aux missions navales appelées "patterns® qui
permettent le quadrillage systématique d'une zone de recherche ;
. 1'utilisation de coordonnées grille (x, y), en référence a un centre grille ;
L)
N V'entretien de la position de buts "mobiles®, c'est-a-dire affectés d'une vitesse (par
. exemple : le porte-avions) ;




_ 1texécution de corrections fonction de 1'état de la mer (vent de surface) ;

- le couplage aux divers organes du systéme d'armes, en particulier :

-

-

le pilote automatique, pour une conduite automatique de 1'hélicoptére vers un but ou le
long d'une trajectoire pré-déterminée,

le radar de recherche pour d'une part permettre & celui-cy 1'entretien d'une situation
tactique, et d'autre part introduire en but de navigation tout écho particulier choist par
1'opérateur radar,

le systéme de lancement de missiles,

le systéme de détection (SONAR, systéme de bouées acoustiques, MAD).

3. LES SYSTEMES DE NAVIGATION ACTUELS.

Les

hélicoptéres militaires actuels sont généralement dotés d'un systéme de navigation autonome

comprenant les éléments suivants :

- un radar doppler léger, adapté aux besoins des hélicoptéres ;

- un calculateur de navigation léger, disposant d'une face avant permettant 1'insertion
d'ordres et la visualisation d'informations installé directement sur la planche de bord ;

- un anémométre compensé fournissant la Vitesse Propre (TAS) de 1'hélicoptére nécessaire pour
la détermination du vent ;

- une source de cap de type gyro-compas ;

- une référence de verticale gyroscopique ;

- un (ou plusieurs) indicateur de navigation.

11 en est ainst du systéme de navigation congu autour du calculateur NADIR de CROUZET et
installé sur les PUMA et GAZELLE "HOT" de 1'ALAT Frangalse.

Radar o
Doppler -
Anémométre 1 Indicateur
vp | de NAV
|
{
Calculateur |
NADIR |
)
|
| FPe——————
I
Gyro de L.‘ Indicateur |
verticale b [y de NAV |
i I |
Source de
CAP

SYSTEME NADIR




Un tel systéme posséde des qualités telles que :

. navigation autonome, de bonne préciston (de 1'ordre de 2 % de la distance parcourue sur
terre, dans 95 % des cas) ;

- faibles poids, consommation, volume ;
- alde appréciable fournie & 1'équipage :
- guidage vers un but,
« simplicité d'utilisation,
. gestion d'un plan de vol (1imité & 9 buts),
. éxécution possible de certaines fonctions spécifiques aux missions navales telles que

patterns, coordonnées géographiques polaires ou grille, buts mobiles, couplage au pilote
automattque et au radar de recherche.

Toutefols, face a }'évolution rapide des systémes d'armes et de 1'avionique des hélicoptéres,
ainsi qu'a la diversité des missions envisagées pour un méme hélicoptére, un systéme de navigation tel
que celul décrit ci-dessus s'avere souvent insuffisant.

4. LA GESTION DE MISSION.

Le systéme de navigation des hélicoptéres évolue aujourd'hul vers une définition plus complexe
répondant aux besoins des utilisateurs, et a 1'évolution de 1'avionique :

- nécessité 4'une redondance d'informations de navigation pour assurer la sécurité de la
mission et de 1'hélicoptére ;

- gestion d'un plan de vo)l plus complexe ;
- automatisation poussée de la navigation ;
introduction de fonctions nouvelles permettant d'optimiser le profil du vol :
« gestion carbyrant,
- alde a la sélection des fréquences radio,
« anémométrie tout domaine de vol,
- nombre croissant d'inferfaces avec les autres équipements du systéme ;

- dispontbilité d'une pulssance de calcul tmportante pour assurer des fonctions spécifiques a
ta misston ;

- iIntégration des différentes fonctions dans un méme équipement, afin de diminuer les colts
recurrents du systéme.

5. UN SYSTEME CENTRALISE DE NAVIGATION ET OE GESTION DE MISSION.

Pour répondre & 1'évolution de la fonction navigation sur les hélicoptéres militaires modernes,
CROUZET a developpé le NADIR MX2, calculateur de navigatton et de gestion de mission.

S.1. Description.

NADIR MK2 est composé :

d'un Poste de Commande et de Visualisation (PCV) de faibles dimensions, doté d'un large écran
a tube cathodique et d'un clavier a touches fonctionnelles d'un cdté, alphanumériques de
1'autre ; le PCV est en outre capable de se connecter & un Dispositif d'Insertion de Données
(DID) automatique sur sa face avant ,

- d'un Elément Principal (EP) de tatlle réduite (4 MCU, 6 kg) mais néanmoins doté d'un
calculateur tres pulssant. La technologle utilisée permet de couvrir 1'ensemble des besoins
actuels et de conserver une trés importante provision d'espace pour 1'introduction de
fonctions nouvelles.

e _
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Le coeur du systéme est une unité arithmétique puissante con¢ue par CROUZET pour servir comme
module de base, a différents équipements. Ce calculateur, baptisé ALPHA 732 présente les
caractéristiques sulvantes :

: fonctionnement et échange de données sur 32 bits en virgule fixe et 24 + B bits en virgule
Y flottante ;

; - pulssance de trattement de la classe 1 Mop/s ;
- capacité d'adressage targement suffisante par 1'ensemble des besoins identifiés :

“ 2 x 512 K mots de 32 bits ;

. - Uttlisation d'un langage de programmation de haut niveau, le PASCAL.
.
S
i Un ateller logiciel a été développé pour la production et la mise au point de programmes
_*. complexes, nécessitant 1'intervention de plusieurs équipes de programmation pouvant travatller en

paralléle et sur des sites différents.
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§.2. Fonctions.
Le systeme NADIR MK2 peut assurer les fonctions suivantes :
- gestion d'une navigation multi-senseurs.

OQutre les informations en provenance du radar Doppler, le systéme recoit également celles |
provenant de senseurs de radio-navigation :

« courte distance : VOR/DME ou TACAN,
« longue distance : OMEGA ou LORAN C, bientdt NAVSTAR GPS.

Le systéme assure en paralléle 1'entretien des positions calculées en fonction de chacun de ) . p
ces senseurs, ce qui assure la redondance nécessaire a la sécurité de Ta mission. PR

De plus, la navigation autonome peut &tre recalée sur 1'une de ces positions, ce qui, lors

des vols de croisiére de longue durée, borne l'erreur due & la dérive du doppler, accroissant
ainst la précision globale du systéme en tout 1ieu et quelle que solt la durée du vol.

Automatisation du pilotage et des procédures de navigation :

+ couplage au pllote automatique,

- sulvi automatique d'une route, d'un pattern de recherche, éxécution d'une transition
automatique sur naufragé, raliliement d'un but mobile,

appel de points de report (way points) repérés par un code alphabétique, A -

procédures d'utilisation simples et fonctionnelles, fondées sur le principe du “"meny®
présenté 4 1'opérateur,

Recalage manuel de la navigation ou & partir des informations de radio-navigation.

Réelle gestion du vol

« Plan de vol alphanumérique de 140 buts dont 20 peuvent &tre "mobiles", et pouvant étre
ordonnés en 10 routes différentes.

« Gestion du carburant : calcu) continu de la masse de carburant restant, de la
consommation et de la distance franchissable. Alerte automatique en cas d'insuffisance de
carburant pour rejoindre la base avec réserve. Vérificatton du temps et du carburant
nécessaire pour suivre une route, compte tenu du vent présent sur les différents segments.

» Gestion du profil de vol : calcul continu de la vitesse optimum de croisiére, ]
détermination de la masse maximum décollable, de la réserve de puissance disponible en ’ 4
fonction des données moteurs

Gestion de Ta mission : alde & la gestion des fréquences de radio-navigation et de
radto-communications, alerte & 1'approche d'une zone de menace.
- Intégratton des fonctions anémobarométriques :

« Fourniture des informations d'altitude, vitesse air, vent, température, densité, etc...,
a l'ensemble du systéme d'armes.

« Extension du calcul de ces paramétres & 1'ensemble du domaine de vol de la machine.

Gestion systéme : | o e ]

+ Sorttes vers P.A., indicateurs de navigation, visualisations électroniques (EFIS),
indicateur cartographique, etc...

« Echanges d'informations avec lte radar de recherche, le SONAR, le systéme de détection
acoustique, etc...

« Liatsons numériques de type ARINC 429 disponibles.

« Possibilité d'assurer la gestion principale d'un Bus 1553 B.
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- Gestion d'armement :

« Conduite de tir canon Air/Sol, Air/Air et roquettes.
- Entretien de la configuration et de la masse en fonction des armements tirés.

Toutes les fonctions de gestion de la mission tdentifiées ci-dessus peuvent @tre assurées par
NAOIR MARK 2. De nombreuses fonctions sont basiques et communes 3 1'ensemble de la famille ; d'autres
sont optionnelles.

Toutefots, 1'extensibilité est une caractéristique inhérente 3 la conception de cet équipement,
et les provisions retenues, tant au niveau du matérie) que du logiciel lui assurent la capacité de
tralter de nombreuses fonctions supplémentaires.

Un exemple d'tintégration est celut du DAUPHIN SAR de 1'Aérospatiale od NADIR MARK 2, qu)
constitue le calculateur principal de navigation, est associé au systéme de Radio-Navigation OMEGA
EQUINOX 130 A de CROUZET. L'ensemble est couplé aux indicateurs électroniques et au pilote automatique,
de sorte que le calculateur EQUINOX 130 A puisse assurer la navigation secours de la machine, ce qui
confere & 1'hélicoptére un maximum de sécurité.

Visualisations Electroniques
et Pilote Automatique
[
Doppler >
Cap ! > - Cap 2
verticale —
EQUINOX
VOR 1 - T 130 A
NADIR
MK2
vOR 2 - Antenne Q
Boitter
DME > -— capteurs de >
pression
Radio Sonde >
[
Senseurs
carburant h
4
y L
PCV PCV
NADIR MK? EQUINOX

SYSTEME DE NAVIGATION DAUPHIN SAR
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5-3 ytilisation.
Les procédures de dlalogue avec le PCV utilisent le principe du "menu”, c'est-d-dire d'une

liste d'informations proposées au choix de 1'opérateur. Toutes les données sont classées en volumes,
eux-mémes subdivisés en “pages".

L'accés & 1'information désirée s'effectue par sélection successive du volume, puls de la page
concernés.

Cette procédure simple permet 1'échange d'une trés importante quantité d'informations entre
I'homme et 1a machine.

€11e permet un apprentissage rapide de 1'utilisation du systéme.

NAV

NAY
Volume

osAn - (R3]

«Submenus
D SAR
~ OES LADDER
~ DES.SQUARE
~ DESSECTOR

(L] %]

DES LAD
Page

sack | R4 sack [r4]

VIO SEL : o }
Page K

EXEMPLES 0'ORGANISAVIONS DE _VOLUMES

—rrTra
Adeteds ot

Exemples de trajectoires automatiques

L'exécut!on de "patterns” de recherche peut étre réalisée automatiquement : le calculateur de
navigation, qul mémorise ces courbes paramétrées, guide 1'hélicoptére d travers le pilote automatique
le long de trajectolires prédéterminées. '
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6. CONCLUSION.

Atnst, a }'ortgine simple capteur de 1'information de position du véhicule, le systeme de
navigation des helicopteres se transorme en un organe centralisateur d'informations, intégrant de
nombreuses fonctions nouvelles destinées & fournir une atde maximale a 1‘équipage. Il devient un
verizable organe de gestion compléte de la missien, dont les fonctions devraient encore s'accroitre en
nombre dars les années futures.
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