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PREFACEF

Technological ad vances have made possible Ithe development of system capabilIit ies which allow more effective "ceapon
system operation under difficult conditions, such as low altitude, high speed, night and all wkeather. Higher Ic% cis of
technology integration and combat automation are now, becoming essential to citable the pilot to accomplish the critical
functions of flight path control, threat management. itavigation attack engagement and vseapon system managemet.
Furthermore. weapon delivery and su rvivability are expected to face further challenges from the complex threat environmnrt
predliictd for the 1 990s.

Several emergitng technologies are now beginning to spawn major innovatiotns in aircralt design, through the use of
combat automation concepts. These technologies carry significant implications in respcct of pilot wvorkload, situat ottal
awareniess, crew station cotttrols and displays. and automated systens futnctions including integrits ntanagetnent. Fffect ise
and efficient harmionisation of this total weapon system. vwhich must alsii achieve the essential features of pilot acceptabilityI and safety. is critically dependent on the pilots vehicle interface. This symposium sought to address these critical issues iml
conmbat automation and !'. man-machine interface. In particular, it considered the nmajor im 'Iicatimnsand trade-offs
involved in varying levels imfairframe and wseapont systems sophisticationi and such fundamenttal choices as, that of single seat

versus twit seat operation. - . - - -

Les progras technologiques ont rendu possible Ie ddveloppement dc systbmes capables de rendre plus efficace la mnisc
en oeuvre d'un svst~mc darmes des conditions difficiles telles que basse altitude. grandi. vitisse. utilisation de nuit em tous
temps. Des nivea'ux supericurs d'integration technologiqucet d'autorratisation du combat deimnnt desormais seniels
pour permettre au pilote d'accomplir les dWicates fitnetimmns die comntrole de li trajeetoire de vol, la gestion de la nmenace. li
navigation. l'engagement du combat et la gestion du systi~mc d'arnes. Plus encore. Ie lar 'a e des irmements eta[i
survivabiime affronteront davantage de ddfis dlans l'enironnement complexe de Ia menace. prevue dain les anntecs I 9M

L'6mergence dc plusicurs technologies commencent Lmultiplier les innovations majeures dans li conception des
aeronefs grace aux cioncepts d'automatisition. 11 s'agit plus particulircmcnt des systi~mes numertqucs dc. bases dc donndes
de Ia tompographie. Ia commande vocale. l'affichage sur Ic casquc. Ia commande integred dv sl et de tir. Iassemblage du
capteur multifunction, Ics strategies de reconfiguration et de prive en compte c lerreur ainsi que des systi~mes experts. De
telles facilit~s entrainent des implications significatives concernant Ia charge de travail du pilote. la prise en compte des
situations,.l'affichage et les commandes du poste dmiquipage et Ics fonctions automatisecs y compris hi gestimn de son
integrite.

Lharmonisation effective ct efficacecl dcc vvvo~mc darmes global qui dimit ausvi satisfaire lev normevs essentielles dc li
se~curit et de l'acceptabilit du pilote est r~ement d~pendante de la relation homme-machine.

Ce symposium v'est efforce dahorder les problemes critiques de Ia relatiomn combat automati& honmne-niachine. 11 a
examinmi notamnment les implications majeurs et Ics bilans qui interviennent aux diffremts iiveaux de sophistication de hi
cellule et des syst~ee d'armes et des ehoix aussi fondlamentaux que le monoplace oppose an biplace.
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MAN-MACHINE INTERFACE - OPERATOR'S VIEWPOINT

by
John R. Walker

Air Vice-Marshal, RAF
Deputy Chief of Staff Operations

HQ Allied Air Force Central Europe
Ramstein Air Base

D-6792 Ramstein-Miesenbach 3

SUMMARY

Man is the complex variable in the man-machine equation. Already his limitations are
influencing aircraft design,

As the reach, accuracy and lethality of modern weapons increases, air combat will be-
come ever more complex and gladiatorial. With such a hostile environment, the man in the
cockpit will have to be confronted with only the best tactical information and concerned
only with how best to engage the enemy; many of the subsidiary tasks, such as managing
the aircraft systems, need to be undertaken automatically.

Reliability and maintainability have a great influence on the effective ratio of
forces and will become increasingly important in the years ahead. Similarly, new systems
should be designed in their entirety for operations in a hostile chemical and electyonic
environment.

It is a great pleasure and an honour to be invited to give the Keynote Address at
this AGARD Symposium, and to start off your week's deliberations. Particularly so because
my association with AGARD in the past has proved so stimulating and !has allowed me to meet
a group of dedicated engineers and scientists who are specialists in fields quite different
to my own. For I address you today as an 'operator', not as an engineer. I am the 'man'
in your 'man-machine' interface.

'Man-machine' interface has become a buzz-phrase and it may be appropriate to start
the week's proceedings with at least a quick examination of it. It rates with 'cost-
effectiveness' as one of these frequently misused combinations. Scarcely a week passes
without someone using 'cost-effectiveness' as a synonym for 'cheap', or alternatively
using it to justify some piece of equipment which patently does not work. Yet it is
neither of these things. A 'megabuck' piece of equipment which does something is still
'cost-effective' compared to a cheap piece of equipment which achieves nothing. So it is
with 'man-machine' inteiface - it is the sum of the parts and we must be ware of being so
fascinated by one that we forget, or deliberately ignore, the other.

There is a strange contradiction in our man-machine combination. One part - the
machine - obeys laws and can be explained by formulae. The other part - man - follows
few such logical laws, indeed he can be annoyingly unpredictable. He is not even con-
stant - They are all a combination of idiosyncracies, prejudices, likes and dislikes;
they do not even come in the same shapes and sizes, and their performance defies any
reliable measure. You might be excused for complaining that if God did indeed create
man, then he was certainly not a qualified engineer.

The men who fly aircraft are generally drawn from the physically fit and the moder-
ately intelligent. In a number of western countries the demands placed upon intelligence
are high-degree standard in many cases. Yet as demographic trends start to bite, and as
industry places its legitimate, and welcome, demands on the graduate market, the military
may have to take second place, not only on the basis of supply and demand, but as a
matter of policy in the national interest. It may take such pressures to make us ask
ourselves why great academic capability is necessary to fly and to fight an aircraft
effectively? Maybe it is needed to produce a future career officer, but it is difficult
to justify as a necessity for flying an aircraft. Give me a 16-year-old who urgently
wants to fly fighters - and who can ride a bicycle - and I will produce a passable
fighter pilot. Great academic ability is not a pre-requisite for a combat pilot as so
many of the 'aces' of the past proved so convincingly.

Physical fitness certainly is a requirement and we have probably reached the point
where the curves cross. We have aircraft able to penetrate at 600 knots and above and
which handle well enough to be flown at those speeds down to about 100 feet. But not too
many pilots can fly an aircraft - and use it - much better than 600 knots and 100 feet;
maybe the odd von Richthofen-clone but not the crowd. The nine 'G' aircraft is also upon
us and already 'G'-induced-loss-of-consciousness is raising its ugly head as the two F-20,
and possibly the Hawk 200, accidents showed so tragically. Yet there is no reason why
the designer should stop at nine 'G' - the missile, after all, pulls 40 'G' or more -
but he is artificially constrained while he has to keep the man in the loop. So one of
the first questions to pose - at least in some of the roles - is why worry about man-
machine interface; why not just remove the man?
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Taking one step back from that precipice, let us look at the modern comb .t scen,.
The fi-st thing which should be borne in mind is its great lethality. It always has beer.
leth., and a look at some of the experiences of the World War Two 'Experten' puts the
point Erich Rudorffer's kill rates on a number of occasions: eigh' aircraft downed in
32 minutes, seven in 20 minutes 13 in 17 minutes. Emil Lang who !illed 18 in one day
closely followed by Marsielle w'th 17 in one day. Hans Hahn who killed 40 aircraft in
only seven missions. All this was with fixed forward firing guns and cannon, Now, no,
only has the close-in combat missile entered -he equation - and missiles make 'aces' of
those who gunnery would have weeded out - but the Beyond-Visual-Range (BVR) battle must
be won, or at least 'survived' before the classic high-';' dogfight is ejLered.

This extension of the field of battle out into BVR ranges has put a new impera, ive
on 'situational awareness' - another buzz-phrase - but translated, means 'what-on-uarth-
is-going-on'. If the AIM-5'. Phoenix is to be our par then the area f interest starts
as much as 100 nautical miles ahead of the nose and that is a lot of sky, particu,arly
in northwest Europe where on day one of World War Thre, there are going to be many
thousands of sorties flown.

These ranges are, of course, way beyond visual Perception and our situa'ijnal awtre-
ness is going to be dependent upon help from sensors. Raw sensor input would be enauih
to swamp our inadequate human operator and the information may have to be processed and
then fed to him, carefully, in brain-sized chunks of digestible information. And now we
start to toy with what man-machine interface is all about. In the modern cockpit there
is going to be DATA DELUGE - and there needs to be - but how can we use it and under-
stand it?

So, what is this new data deluge? What causes it? System complexity has somethinc
to do with it and the difference is vast betwecn an F-15 or Foxhound on the one hand and
a World War One Fokker on the other. But we must not get so fascinated with the system
complexities that we forget the tactical complexity, for technology has added so much to
this area that it could become the dominant problem.

For a moment consider what aviation in its short history has done to the 'ninuie'
In World War One, two fighters, heading for each other, would cover just four miles.
By the start of World War Two that had become 10 miles. By Korea, a step increase to
17 miles and today, 38 miles. Now also, we have both 'loik' and 'reach' to match these
new 'minutes', indeed far more than one minute. Phoenix has hit in test in excess of 100
nautical miles - modern radar, particularly the big ones in the larger fighters, will
have 'look'into this region - well beyond visual range.

Such weapon system performance, in both 'look' and 'reach', has increased the area
of vulnerability by some orders compared to that applicable to the fixed cannon armament
Consider just how much. An aircraft could be vulnerable from a Phoenix-type of missile -
from all aspects - over an area of nearly 39,000 square kilometres. In the early sLages
of a NWE war there could be well over 100 aircraft in that area - on average - and con-
siderably more during periods of concentrated operations. So when we congratulate our-
selves on our new generation radars with track-while-scan on 20-or- ;o targets we need no.
to be too self-satisfied. It still only scratches the potential problem, a problem made
immeasurably more complex by the lack of an effective identification system.

Putting our eyes in the cockpit may not be a healthy thing to do. History has some-
thing to say about that. One study shows that 80% of aircraft Killed in combat did not
see their attacker. Another showed that 70% of aircraft shot down had less than 30
degrees of bank on when hit. The Soviets believe that of those aircraft killed by unseen
assailants, 73% fell to opponents coming from the vertical plane. It is easy enough to
imagine combats, head-in-cockpit, against a single opponent but this will probably be
the unlikely event. Multi-aircraft combats are much more likely to be the ncrm and that
makes enormous de-ands on both situational awareness outside the cockpit, and system or
sensor interpretation inside the cockpit,

This is a real problem. To come alongside an aircraft after creeping up behind un-
seen to find that the pilot, in his 360-degree vision cockpit, is flying along, his head
bowed studying all those expensive devices designed to keep him alive, oblivious to your
presence, initially is amusing - then it is sad - then it is worrying.

Some argue that the answer is to split the load and to use the two-man crew. Up to
now there have been good performance reasons for retaining a single-seat design if
possible. Fuel, weight, added complexity and theri-y less performance. Now, when we are
at the point of nine 'G' aircraft, maybe a performance penalty is no longer a necessary
price to pay. Perhaps the factor arguing against the multi-crew aircraft now is man-
power costs - costs both financial and in terms of recruiting and retaining sufficient
high quality people,

Come with me through some first order mathematics that would be applicable to my
own service. The average length of aircrew service in the Royal Air Force is 18.3 years

of which about one-third would be spent on the front line. A couple of years ago it was
estimated that it cost about 1.6 million pounds to train a navigator. Take a force of

100 aircraft manned at an aircrew-to-aircraft ratio of 1.5-to-I, therefore requiring an

on-line force of 150 navigators. Over a 20-year life we need 3000 navigator-man-years
and we get just over six years front-line service out of a navigator. The answer comes

out to the need for 491 navigators to make our aircraft two-place.
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Amortising training cost and pay and pensions we find that the premium we pay for two-
place could buy another 27.5? of aircraft at 20 million pounds each That is an
impressive premium to pay for a two-place solution.

If we costed things pronerly - not that we do, but if we did - that would give you
working in tan-machine interface a handsome budget to solve the problem of information
handling short of the two-man answer. You may have to try anyway - already we have NATO
air forces unable to man their aircraft even to a 1-to-I aircrew-to-aircraft ratio and
airline recruiting has yet to reach its peak, and European economies are still to emerge
fully from the recent depression. Such are the imperatives.

So how do we - more correctly, you - go about doing it, Let me give you an oper-
ator's viewpoint.

In my travels around industry - and my previous exposure to AGARD - I am impressed
at the quality of our engineers, scientists and designers. But I have sympathy with
tiem, because knowing what is required in the cockpit of a combat aircraft if you have
never been there is difficult, some may suggest approaching the impossible. Whatever may
be said for the specifications written by operational requirements staffs, the last thing
that could be said for them is that they transmit the 'flavour' of the environment. Yet
I have also been around the operators on the squadrons, and a very splendid group of
young men they are too. But, how often do we get them together? Too often what we
think is 'liaison or 'rapporL' between the services and industry turns out to be the
expense account lunch between the Generals and Air Marshals and the Managing Director.
I acceot that as part of 'life's-rich-panoply', but it is not the forum where some
bright designer is going to hear of an operitional pr~blem and cry 'Eureka'. That is
more likely to happen oser a barrel of beer or some chipped coffee cups. So m; first
suggestion is to get the young men talking together. Do not forget how the Manchester
became tie Lancaster - the designers went to talk to the operators in the field and vice
versa. There was not a little of the same thing happening during the Falklands when no
British aircraft went to war unmodified in some way or the othe,. Must we wait until
someone shoots at us first? Of course not - we just need to get the act together.

Whereas we can improve the 'machi we' part of our interface these days by adding
biards or chins, we have less scone wth the 'man'. Here we are limited bv the Lord's
somewhat dated design and if we are to put a great deal more information into the man,
we first need to make room for it - we must reduce the load commensuratelv elsewhere.
1here ?

The difficult part of air on rations should be the 'operations' it not the 'flying'
'f the aircraft Yet currently, flying the aircraft, and managing the systems, takes up
cot oo much time. In many respects the man is used merely as a servo-mechanism and

thlt, these days, is a waste. Consider a typical task. A light comes en to warn, sa,
of Low fuel pressure - the pilot refers to Flight Reference Cards (if he is of the new
schlol) which tell him that he throws a fuel cross feed switch and places another
booste r pump on line. Meanwhile his head - and more important, his attention - is in
the cockpit. But why? Why does not that original sensor throw the other two switches -
more correctly, make the circuits - without bothering the pilot at all. Why do we hove,
in the 'electric aircraft , lengthy take-off checklists requiring hands to flash about
the cockpit during a scramble? Where is the one switch marked 'TAKE OFF' whi h sets up
"to aircraft for take-off?

In current aircraft there are far too many demands on the pilot's att'ntion mainl'
due to bad design - or am I being too cruel there - let us say thougLghtless' desi n.
lust take three examples- a design in which th, engines can quietly go into silent-
surge resulting in the aircraft shelter floor having to be swept clean - literally - of
buckets full of turbine blades Another in whicn an electrical failure can cause the
emgiites ro overspeed to destruction - sorting out the electrical problem is not helped
bh the engine turbine discs sawing off your tailplane! Yet another whose computer
control laws so prevented an o'erstress that pilots could not overstress even to avoid
hitting the ground This sort of desirn makes the human ser'o-motor spend too mucl. of
his limited intelligence worrying about things which are 'flight' critical rather 'hat
Imission critical. So, one of your early steps should Te to unload the 'man' bit fro.t
much of its present unnecessary system management load.

Then we come more to the crux )f the mistier - the cockpit, or 'office'. If indus-
trial firms provided an environment for their workers anything like some cockpits, there
would he strikes ard prosecutions Indeed, if only some animal rights organisations
would make pets of pilots! But generally this is in area of progressively good news and
just a little danger.

The good news is that the day of the ergonomic slum seems to be over - at least in
the west, even if it remains enshrined in aircraft such as the Flogger. The slight
danger is that our efforts to improve the cockpit do not go too far. Glass cockpits,
multi-fanction displays, head-up displays and the like are all excellent in their own
right but we must he careful. We are not talking of airliners in their benign operating
conditions. Combat aircraft live a hard life and must be resilient to it. The cockpiL
environment has to be looked a' not as a series of individual systems crowded into a
small place, but as an integrated system. As engineers youi may justifiably say "tell me
something new" But the difference between your good intentions and my front-line cock-
pit is a mass of committees, financial parsimony and lowest common denominators.
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We tend to get a 'consensus cockpit' and that tends to satisfy only 'consensus-man' -

and he does not exist. Man is a remarkably adaptable creature - after the first sortie
, he will complain loud and long - after the fifth he takes it as the natural order of

things - he has 're-programmed' himself. He can adapt reasonably easily to the black or
the white, but will complain for years about the greys which are neither one thing nor
the other, So, a danger in your business of man-machine interface is the 'multi-pilot-
cockpit-committee'.

What we incorporate as new technology in our cockpits, however, must be that which

it needed to be there not that which coul' be there. .:e must watch for tchnological
'circus tricks' or project manager 'ego-trips'. Let me give you a few examples of those
circus tricks which cause me some disquiet.

Let us start with digitalisation. Because we can show things as figures, so do so,,
hence, our head-up displays are full of them. And iUI was an airline pilot - perish
the thought - I would have no argument with the trend. But how do I get RATE out of a
digital read-out? If I am flying an aircraft which can go up - or down - by tens of
thousands of feet a minute, a digital read-out of altitude is little more than a meaning-
less blur; for that I need an analogue presentation. In a fighter-bomber - "hich will
remain nameless only to protect the guilty - we have a digital fuel presentation; however,
not in one single gauge but in three. To find out your fuel state you have to read
three gauges - then add them up. At 600 knots and 100 feet with a MIG on your tail, that
is the sort of hassle you could do without. An old- - and less expensive aircraft -
had two big clock-like fuel gauges. You didn't have to 'read' them; if the necdles were
better than 11 o'clock you were all right - nine o'clock you wanted to know where you
were landing - eight o'clock was the last circuit. One quick glance told you your fuel
state - no need for the exercise in mental gymnastics.

Hands-on-Throttle-and-Stick (HOTAS) must be the norm rather than the unusual in any
aircraft capable of more than a sustained six 'G'. Cockpit designers ought to have a
couple of trips in a centrifuge as a matter of essential education, A nine 'G' arm is
effectively unusable unless it is supported.

A development which does woroy me is the fascination with voice-operated controls.
Again, I have no argument about it in a Boeing 747 - although why they need voice-
operated controls when they have 16 stewardesses is beyond me - but in combat how do I
programme the computer to recognise, not my steely-eyed crewroom voice, but my hvsterical

pseventh-octave garble when I have spotted the SAM missile heading my way? We must also
be very clear as to what exactly is a legitimate command. Fighter pilots urider the
stress of combat and high 'G' are renowned for their immoderate, if not even coarse,
language and if in a moment of crisis they use certain expletives, there must be a way
of telling the computer that they don't mean it to be executed literally!

We have a long way to go with colour. It is said that a picture is worth a thousand
words. Recent studies have proved that it is worth much more. Colour can make a pic-
ture worth even more again and its use in two ways immediately springs to mind. The
obvious use - to indicate friendly as green, hostile as red, or unidentified as yellow -
can be useful particularly when a complex air situation has to be indicated. Less
popular, perhaps only because we have given insufficient thought to it, is the use of
colour to indicate the timeliness of information. A plot of a target derived from
cemory or from prediction needs to indicate how old is the hard evidence of position.
Changing the colour of the presentation according to its age can be an excellent use of
colour and can save the man - the operator - a considerabl. amount of mental anguish.

In combat aircraft we have already seen that keeping eye; out of the cockpit is
vital. The head-up display is a big step in the right direction - a very good step at
that - but a 'step' nonetheless. Although the new holographic HUDS have much increased
the field of view, HUDS remain fundamentally forward-looking devices. In combat, as
close to a 360-degree view as is possible is required. Two information flows are re-
quired: the first, feeding data on targets into the weapon system and the second,
feeding data from the weapon system to the pilot. The answer, at least in the immediate
future, seems to be Helmet Mounted Sights (HMS). It is a matter of amazement that so
little emphasis has been placed by the requirement community on HMS when they are quite
happy to contemplate agile missiles with capabilities some way beyond the gimbal limits
of radars. one would seem to go with the other.

This is not to say that there are not problems. Putting further weight onto already
heavy helmets, which have to hold other devices, like Night Vision Goggles, then having
it all survive an ejection, is asking a lot.

But let us not be so tunnel-visioned on man's primary sensor - the eyes - to the
detriment of the ears. When you are looking 'over-the-shoulder', aural messages, in the
form of bells, whistles, horns or whatever, have a lot to offer. Be careful with voice
warnings. There can be a lot of radio traffic in a combat situation and it must not be
blockeL by some seductive voice telling you that the cockpit temperature is high.

Let me mention three practical engineering points of great concern to the opera-
tional commanders.

p



The first of these are the so-called 'ILITIES' - Reliability and Maintainability.
I have sympathy with designers who have to battle for funds at the early stages of
projects, with accountants who are more interested in short-term rather than long-term
budgets. Life-cycle-costs have weighed too little in the consideration of projects at
this early stage. As manpower becomes scarce, training more expensive, and amortisation
more important, the reliability and maintainability factor will carry more weight. In
my own Ministry of Defence, life-cycle-costs are being talked about more seriously than

ever before and I am encouraged by that, but I sense that we shall l f. '.' it, Lravel through
the 'realisation-gap' where it will be unreasonably expected that reliability and main-
tainability will be produced by exhortation rather than by conscious investmentd

Let me give you just two examples of why R and M is vital. We already have in NATO
aircraft whi-h can be operated on very long missions as we capitalise on the heavy in-

vestment in air-to-air refueling. The operational pay-off of such operations can be
enormous, allowing our numerical inferiority against the Warsaw Pact to be partially off-
set. But how much sense does it make when an air-to-air refuelled mission time call be

three t mes the mean time between failure of the primary operational sensor? Again we

return to he necessity of looking at our investment decisions from a total system view-
point rather than in slices of the problem. Easy to say, difficult to do, nd impossible
to start with a clean sheet of paper.

The other importance of R and M also falls from our numerical inferiority. We start

,he northwest European air war about 2 to I down on the Warsaw Pact. It is vitally
important for us to optimise sortie rate in the first couple of days - and nights - of
operation. With disrupted bases, casualties amongst our technicians, our clean-air
avionics workshops with holes in them, and everyone looking at their thick neoprene s-la e;
through their respirators, that is no time to find that your servicing manual calls for
tweezers and micrometers. Whatever wonder mechanism is the light of your life, the-e-
tore. Gentlemen. IT HAS TO STAY ON-LINE.

You may wish to ponder whether you should go for high technology for its own sake.
Some 'ime ago ,i piece of Soviet equipment fell into western hands. It caused amusement
tn-r. * wistern technicians because of its rough and rude, indeed old-fashioned, desion.
Their "'iles were fied by the time it failed on test after some 600 hours - our western
hi'h-',ch version had an ITBF of a little over 25 hours. We have already been through
the lesn - koe:c the circus tricks and the technological ego-trips for the airlines.
'f -he 'warplanes' break, we lose more than profits. The military do not want 'aero-
planes' - thev nced 'warplanes'. If the other side',; 'warplanes' allow them just a 10'
he'' er availability than our own. and they can keep them on line for just one more
so-, ic per da !han we can. then our numerical inferiority has just gone from 1 to 2
do; ' I to I dosn in terms of practical air operations. The highest pa-off in urac-
tice ould le putt ing hi-tech to work on the ' TLITIES'

Th , ecnd of i.' final points is somewhat along the same lines. When you desio n
-our ''man-macitne wonder kit . ask !oarsel how it will be able to he serviced in a

e'yt iro-ienh Easy, take it out of the chemical environment. tt what use is
............... hai, cooled it by forced air ventilation? You could have persistent chemicail

,J! var ;r l-iards and chips. It is too convenient to neglect the chemical threat.
Soi!,', save 300,000 tons of the stuff; it has been used in the IRAN,' IRAQ war:

C~if ecd Lhoi.stds of casual ties in World War One and, even then, it was not new. I n
I,$-

} 
"le Co i-nder CORIBUT, during the seige of Carolstein, had 2000 carIloads of daun

cl*tapultid i'ti tte town to spread disease and pestilence. And, as an aside, just check
i e 'West penetrative chemical agents will not ruin the insulation on your micro-

II ,p- I'"i icro-elecLronics do not produce as much heat, and do not need as much
forced-air coolin, as did older equipment. But that brings me to my third and last con-
corr, 1-lec'ri :agnetic Pulse. We are all aware of EMP as a by-product of the nuclear
",I ion hut - let us be honest - how seriously do we take it? After all, if the
primarv defence policy of the west is to use the nuclear weapon as a deterrent., that. is.
to ::ike war un'hinkahle - by either side - then one cannot be too hard on designers who
do not ake FVP vulnerability as seriously as they might. But, the Soviet press are now
quot ini,. verbaim, ilong passages from the American press on non-nuclear EMPl, that is,
'he mcan. oI procacing CI T by conventional means. Western scientists, on the other hand,
clait that their interest in the subject has been sparked by scientific articles pub-
lished openly h the Soviets. We might expect a little sparing about this sort of thinpc

i:. !ie pr'iden': parent of a new 'man-machine interface' idea might be well advised to
:'akv the case o t of lead and not to connect them all together with wire - or should we
sav in this environment - aerials.

So. in sum. what is my operator message. The combat pilot is faced with data deluge
which. 'n an increasingly lethal air environment, is essential to his survival - but only
if he can absorb it. It is going to require a close partnership between the operator and
the designer if success is to go to the side of the angels. But let us not spend too
long talking about it. For those who have not noticed, the great technolagical lead with
which we have reassured ourselves over the last 30 years is rapidly being eaten away, in-
deed, in some areas has long since gone. We can, however, afford another week - and I
wish you all an enjoyable symposium here at AGARD in Stuttgart and hope that someone
will go away as a result and eventuaily cry - 'EUREKA'.
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SUMMARY

Mission planning in tactical fighter operations is as important today with our highly integrated,
software intensive aircraft as it was in any tactical operations of the past. As we move into the next
generation, its importance will grow--not diminish. The mission planner's task, whether performed by a
pilot or a systems operator, can be made easier and less susceptible to errors if designers understand the
planners task and design to both move the workload to the planning room and minimize planning by proper
choice of operational modes and aircraft sensors.

There is a special connection between planning requirements and the design of the avionics suite to
include its cockpit layout in a tactical fighter. However, this relationship should not be a simiple func-
tion; that is, we do not wish to see cockpit workload decrease at the expense of ever increasing preflight
workload. The move should always be to design cockpits and avionics suites that move as many functions as
possible to the preflight planning room thus easing the pilots inflight duties and allowing him to focus
his attention on flying his craft and keeping abreast of the tactical situation. But a corollary to this
move is one to design cockpits with operational modes and sensors which will reduce the time needed to
plan a mission, thus reducing reaction time for our tactical forces.

This paper is simply one man's opinion of the importance of mission planning, now and in the future.
This opinion has been formed over 22-years of flying a wide variety of tactical fighters, running the
gamut of tactical operations. Most of this paper is spent on what I believe is the key to both successful
mission planning and successful mission execution--proper cockpit design.

MISSION PLANNING: KEY TO SUCCESS

The image of the role of mission planning in modern warfare that prevails in the ,,Inds of many people
is more akin to what they have seen in movies like "Star Wars" than the actual c.se. They see tighter
pilots scurrying to their aircraft with seemingly no preflight planning save for a quick gqiae plan and pep
talk briefing prior to entry into a battle against a complex and formidale enemy. Maybe someday--Dut not

today. Mission planning is even more important to today's fighter pilot than iT was to those first
aviators who took the battle airtornc ,I World War I and its importance is expanding--not contracting.

In the dawn of airpower, the fighter pilot required litt'. more than a clear day and a road map. His
planning was simple--a few lines drawn on the map, pinpointing of known enemy defenses, fuel usage com-
putations, and target area study. nis most difficult planning task was to "visualize" how map features
would appear in three dimensions. His craft was well matched to this simple planning, having a speed that
allowed his mind to easily keep pace with the mission and a display (the real world) which required no new
interpretive skills. As simple as his mission planning seems, failure to accoipiish this pldnning dooied
the pilot to entering the battle with little or no situational awareness. Success without proper planning
was doubtful.

Employing the next generation of fighter aircraft will require even more detailed planning than what
we have seen in recent times. The aerodymnamic efficiencies of the present and future aircraft coupled
with improved performance engines allow tactical fighters to cover longer distances. A low-level mission
may easily require 2U to 3u steerpoints which have to be chosen and programmed into tee inertial naviga-
tion system. Sophisticated enemy defenses must be studied and the decision made whether to avoid them or
attempt to defeat them.

As the missions of fighter aircraft have expanded, the dependence on human vision has decreased.
being displaced by radar and infrared devices. Such systems allow visibility beyond the capabilities of
human vision, but require an extra ctep in premission planning. where our World war I pilots had to
visualize how ..p features would appear in the real world, pilots using radar and infrared sensors must
first determine which features will even be displayed and then predict how they will appear. In the case
of radar systems, the axis of attack becomes extremely important because a target which may be an easy to
find radar target from one direction, may be totally invisible from another. The advent of synthetic
aperture radars has helped significantly in radar interpretation, but has added new dimensions to the
planning task such as the requirement for off-axis approaches, that is, not flying directly to the target
while obtaining the radar map. Infrared systems are very much time of day an' weather dependent. Pilots
employing these systems must be aware of possible thermal crossover, the point at which an object either
becomes colder or hotter than its background. High absolute humidity significantly degrades the range of
an infrared sensor and thus affects the type of targets and turnpoints the pilot should plan to use.
Additionally, whereas the World War I pilot had virtually unlimited visibility, pilots using radar and
infrared sensors look at the world through a window which can only be correctly used if detailed planning
precedes the mission. Weather conditions being one of the most unpredictable planning factors, pilots
must prepare for the worst, but be able to take advantage of improved conditions. This is especially true

in night operations where both poor weather operations using radar and clear weather or under-the-weather
operations using infrared sensors require significant display prediction.
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As the number of sensors available to the pilot grows, the mission planner is faced with a matrix of
traCe-offs which must be considered as planning for one system affects another. Mission success will be
dependent on making the right compromises which allow for near optimal use of seveial systems, thus
allowing them to compliment each other. Failure to do this ay doom the mission to failure due to an over
dependence on one system vice another. For example, consider the pilot who plans a mission using only his
infrared sensor without considering radar predictions in the target area. If he arrives at the target
shortly after a rain shower, he would see nothing of infrared significance on his IR display, but his
radar display might have several strong returns any of which could be his target. Alas, at 5(U knots too
little time exists to make sense of the radar display without premission planning. Th,, is clear that
proper mission planning considering all available information remains an essential ingredient to mission
success.

DESIGN FOR SUCCESS

As our world gets more complex, inventors have come up with a plethora of labor saving devices which
populate our homes and work places. As many of us have learned, however, these devices can become our
masters if not properly integrated and controlled to allow life to go on as we want it. So it can be with
the present and projected tools of the air battle. Choosing the right systems and designing them with the
operator in mind, will not only reduce his inflight and preflight workload, but allow him to remain master
of his machine.

The Right System

The ideal situation for the air battle commander would be to have specialized weapon systems operated
by specially trained crews for each type of mission. Each aircraft would be less expensive than a
multirole system because of its limited capability. His pilots would be experts in their mission because
they would only have to train for one type of mission. Of course, this ideal force presupposes crystal
ball knowledge on the part of the commander. If his look into future requirements turned out to be less
than totally accurate, he could well find himself with a ground attack force which could not prosecute the
air-to-ground battle because he had misjudged the size of the air-to-air force necessary to gain air
superiority over the battlefield. For very practical reasons then, all modern aih forces 6ave turned to
multirole tactical aircraft. These aircraft place great demands on the pilot because of their diverse
mission capabilities. The pitfall is that the real air commander maay find himself in a similar predica-
ment as the commander in the previous "ideal" case. Unlike the ideal commander, he always has the right
mix of aircraft, but he may find himself with the wrong mix of "expert" pilots. Thus, the first tenet of
choosing the right weapon system is to make it user friendly so that an operator will be competent in many
mission elements.

Software intensive, integrated systems are ideally suited for the cockpit of multirole aircraft.
Software designers could literally come up with a routine for every conceivable mission and every possible
technique for executing the mission. However, long before the computer storage capability of even today's
aircraft has been exhausted, the gray matter in the pilot's head has registered an overload. The trick is

to limit these runaway designs to what we see as viable requirements. Military planners must set these
limits because it is not in an aerospace contractor's best interest to offer anything less than everything
he can develop. The second point then is to limit the scope of the multirole capability to match
realistic requirements. An example of where I think we are going awry will illustrate. At present, we
are trying to give all of our frontline fighter aircraft first strike survivability against Soviet type
defenses. At first glance this might be applaudes until we see the cost of such a decision and realize
that it assumes we will not follow the reasonable tactic of rolling back enemy defenses with a specialized
force prior to committing the bulk of our fighter aircraft. Additionally, such a reliance on over-capable
weapon systems fails to consider low intensity conflicts. During such situations, military tacticians
will have to weigh the economic feasibility of using and thus risking such high cost, high-tech weapon
systems against low cost targets.

One argument concerning aircraft design is long standing and directly bears on the problem of
choosing the correct weapon system. One side of the argument contends that the proper aircraft should be
a basic multirole airframe with an integrated avionics suite capable of accepting a large range of strap-
on sensors and systems. Their rationale is that this is the least expensive route and allows for a more
rapid change of force structure to meet a given threat. On the other hand those who favor fully imbedded
systems are quick to point out that strap-on systems tend to have a significant impact on aerodynamic
efficiency. Additionally, because strap-on systems are for use on several different aircraft, they are,
at best, a compromise on each aircraft. Neither camp is totally correct in my view because strap-on
systems have definite limits which may fall short of the threat and totally imbedded systems (all aircraft
equally capable) would cost too much. The proper solution is a mix of the two--strap-on systems like the
Low Altitude Navigation and Targeting Infrared for Night (LANTIRN) system for the bulk of the fleet;
imbedded systems like the EF-lll for specialized mission aircraft.

Any discussion of the right weapon system would be incomplete if it did not consider an alternative
to manned fiqhter aircraft. After the Space Shuttle Challenger disaster, many people questioned whether
NASA astronauts were unnecessarily risking their lives doing tasks such as inserting satellites into orbit
which could have been done much easier and with no risk to human life using unmanned launch vehicles. In
like manner, military planners need to consider the use of unmanned vehicles when the workload gets so
high that the pilot becomes a passenger, merely monitoring automatic systems. Similar to the space
program, military planners must decide when the cost of putting a human being at iisk exceeds the payoff.

Focus on the Operator

With the strength of modern structures and the speed and capacity of state-of-the-art computers,
there is little doubt that the limiting factor in todays tactical aircraft is the pilot. Most frontline
fighters presently can sustain higher g's for a longer period than the man who commands the machine.
Likewise integrated software intensive cockpits already display more information than any one man can
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interpret and use. The price we pay for overloading the pilot's g capability has been demonstrated all
too often with a g-induced loss of consciousness accident. Overloading the pilot with too much infor-
nation in difficult to understand formats has led to similar incidents due o the pilot becoming
disoriented and thus losing situational awareness. The task is to provide a comfortable cockpit with user
friendly equipment, and built-in, limited flexibility.

Lets first look at the pilot's "office," for cockpit environment is of utmost importance to efficient
and optimum pilot performance. One way to improve the cockpit environment is to reduce the amount of phy-
sical work and movement needed to operate the aircraft systems. The HOTAS (Hands on Throttle and Stick)
switch mechanization has done a great deal to ease the pilot's cockpit workload. The movement toward
HOTAS has to be controlled, however, or the throttles and control sticks in the next generation aircraft
will be so overloaded with multi-functional switches and buttons that no pilot will be able to remember
all the possible selections.

As cockpit mechanization has improved over the years, one area has not received its fair share of
attention--cockpit noise. Noise fatigue is a real phenomenon which can adversely affect pilot perfor-
mance. In two place aircraft, the problem is compounded by intercom systems which are frequently inca-
pable of filtering unwanted noise. The increased computer power in future aircraft will exacerbate this
problem even more since increased computer power seems to go hand in hand with larger demands for cooling
air--a primary source of cockpit noise. New active noise reduction systems are undergoing tests now which
hopefully will alleviate this often overlooked problem.

Equipent designed with the pilot in mind must be user friendly in more ways than the words imply for
desk top personal computers. It is true that this type of user friendliness is necessary, but the harsh
cockpit environment requires consideration of display size, format and controls along with switch and but-
ton design. Displays must be large enough and clear enough that the pilot can quickly focus on them. A
display whose information can not be registered and interpreted at a glance can be more a hazard than an
aid. Aircraft control suffers during any use of such a display. However, size is only part of the
equation. Information must be displayed in a format which does not require study to decipher its value.
If too much information is presented on a given display, the pilot will have to literally read the display
looking for the needed information, regardless of display size. When flying at IOU feet at night, reading
a 'book" can be deadly. Finally display brightness must be easy to adjust with nominal default settings
for day and night. There must not only be a balance among displays, but different formats on a given
display must also be balanced. This is especially true when changing the input to a display from a video
input like radar or infrared to a text display or vice versa. Display brightness and contrast should only
have to be adjusted once in a given lighting situation.

Workload in the cockpit can be tripled simply by selecting the wrong type of controls the pilot must
use to control his software intensive cockpit. Touch sensitive screens are efficient and well suited for
the laboratory or simulator environment, but their suitability for operation in the cockpit of an aircraft
flying at IU feet at night is in question. If you add the effects of turbulence which is frequently
found when operating at low altitude, the problems associated with such controls become more than an occa-
sional switch error. They drive the cockpit workload up to a point that aircraft control is sacrificed
for something as simple as a mode change of the radar system. The pilot finds himself fixing his enitire
attention on trying to place his finger in a specific place and touching that place only once. Again, at
lOu feet at night such fixations can be fatal. The solution is to use controls which give tactile feed-
back when operated. Keyboards should be designed with handbraces to allow operation in turbulence and, in
some cases, should allow for "blind" usage through the use of various shapes and surfaces.

As mentioned in the previous section, the software intensive cockpit is ideally suited to the
multirole aircraft. The versatility which high speed digital computers brings to the cockpit of even the
smallest fighter aircraft is impressive. It allows for a degree of flexibility which is hard to compre-
hend. Literally any cockpit set up or mission profile can be progranmned allowing satisfaction of every
whim of every pilot. This flexibility, however, breeds complexity which at best presents a tremendous
training challenge and at worst breeds confusion which may be fatal in a low altitude tactical situation.
One example of this can be found on the early prototype, LANTIRN-compatible F-l6 aircraft, the original
version of the Multi-national Staged Improvement Program (MSIP). The flexibility which was built in to
the design allowed the pilot to have nearly any combination of displays and system submodes available to
the pilot through his own tailored master modes. The problem was that since the system remembered the
last pilot's selections for master modes, each pilot had to program each possible master mode or risk
being surprised in the air by a combination he did not recognize and could not use. The ultimate problem
of this flexibility was evident when the LANTIRN system was installed. In this case, a pilot who had
failed to properly program his master modes could easily lose his terrain following guidance due to an
accidental switch activation. The loss of this guidance while flying at night in the mountains at 2U
feet will cause the heart of even the most stalwart pilot to miss a beat. Such an experience is a rapid
cure for proponents of rampant flexibility. My experience in operational fighter squadrons is that only a
small percentage of the pilots ever use the flexibility sewn into the modern cockpit. The average fighter
pilot does not want to have to choose every display combination and format for each mode of operation.
Thus, as important as it is to have the right amount of flexibility built into the software intensive
cockpit, it is even more important that well thought out default formats be available for each mode, for-
mats which will automatically be displayed upon initial power-up if the pilot has taken no action to
change them. Additionally, there must be an easy way to get back to these default modes if in the heat of
battle the confusion factor becomes so high that the pilot wants to get back to basics quickly. In sum,
make the flexible cockpit a pilot option not a m-ndatury planning task.

Finally, keeping the pilot in mind during cockpit design means unloading cockpit duties to the
planning room. The beauty of the software intensive cockpit is that with a simple interface all flight
planning, whether it's navigation planning, threat planning, or delivery planning, can be completed away
from the cockpit and loaded into a small cassette for transfer to the aircraft computers. Planning and
data entry can be completed in the quietness and comfort of an office environment with all available tech-
nical data within easy reach. Entries can be quickly checked and double checked to elt.inate keyboard
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errsrs which could easily turn a successful mission into a confusing failure when nasLily typed target
coordinates later proved to oe in error. Such data Transfer units are in use now ano cie;r use shoulu oe
expanded. Threat data from the intelligence branch should be included 'so that the latest information on
enemy defenses is displayed on the digital map presentation. Moving data entry from the cocxpiT. to the
planning uo

0 
allows the pilot to concentrate oi his primary task of flying the mission.

In summary, designing for success in the next generation of tactical fighters must start by choosln

the right systems and then remembering the l imitations of the hoten

MAYBE SOMEDAY

Mission planning continues to be the key to mission success. With proper systems design, we can mini-
size the workload of both the pilot in the aircraft and the pilot in the planning rooma. We can even
transfer some of the pilots preflight planning to "others," but mission planning will always be with us in
some form.

Perhaps someday as the mission comnander oriefs his pilots on the details of their mission prior to
stepping to their aircraft, his words will be "heard" by a voice activated computer which will change his
briefing into individual fully planned profiles for each pilot. The computer, which is constantly updated
with weather, intelligence and tactics information, plans the profiles based on its near perfect knowledge
of weapon and system capabilities. Attack routes are chosen to bypass defenses or to defeat thei if the
capability exists within the mission aircraft. Since the computer does all the planning for this strike
force and interfaces with all other mission planning computers, conflicts in attack routes are eliminated.
After the commander completes his briefing, each pilot picks up his cassette containing all the data
needed to complete the mission.

Once airborne, the pilot is presented with a briefing approaching each turnpoint by the aircraft
central computer through voice and graphics describing the charcteristics and any dangers associated with
the turnpoint. Approaching the target area a similar refresher from the mission briefing is given along
with any updated information about threats received through on board sensors or down-linked from airborne
surveillance platformls.

Throughout the mission, the pilot is constantly fed information to help him fly the mission safely
and successfully, This information is presented to him in the easiest to interpret formats for human
beings: voice and pictures. Mission success is practically guaranteed, Sound like Star Wars? Yes.

Well maybe someday--but not today.
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SUMMARY

The biodynamic effects of high speed flight can produce sudden loss of
consciousness without warning whereas most aircrew are used to the prodromal loss
of vision. New advances in anti G systems design can improve G tolerance but
training is foreseen as the short term answer to this problem. Later aircraft
will use pressure breathing and improved garments as these alone offer
substantial gains in G tolerance.

Amongst the environmental stresses that limit performance are thermal,
vibration, noise and NBC defence. Personal conditioning is of benefit under high
thermal stress, active noise reduction can limit the reduc'tion of noise at the
ear and NBC defensive ensembles protect against NBC agents. Much remains to be
achieved in the field of vibration attenuation.

The design of the man machine interface can both enhance and detract from
crew performance in flight. Head up displays, night vision goggles, helmet
mounted displays, computer graphics, digital maps and integrated sensor displays
can be viewed as new features which greatly increase mission capability. The
requirements for audio recognition of electronic threats and the use of colour
are areas which can, if used unwisely, mitigate against crew efficiency.

Finally, cockpit and system automation offers the chance of significant
advances in cockpit design as management tasks can be completely relegated t-o the
electronic crew member, leaving the human as the ultimate decision maker involved
only when absolutely necessary.

INTRODUCTION

There can be little doubt tht man will continue to crte combat aircraft
well into the future. Remote piloted vehicles have been with us for some time
but their utility can be measured in terms of their limited gro.wth in number's.
Battlefield surveillance in VMC is perhaps one area where they have ouch to
offer. In all other conditions, the inclusion of the human computer is sen as
the most cost effective payload in combat aircraft despite the limitations of the
crew in advanced combat and high threat environments.

This paper will examine some of the human limitations in flight and some
possible remedies as a guide to designers who have a significant role in the
sophistication of the man machine interface.

BIODYNAMICS

The principal hazard for limitation of performance is the haemodynamic
effect of the sudden or rapid application of acceleration forces on the crew
consequent upon rapid manoevres which change flight path vectors. The belief
that the more manoeuverable the aircraft the less vulnerable it is to hostile
action has bred a new generation of high performance aircraft which have large
thrust weight ratios and high manoeuverability. In fact, some of the newer
aircraft are designed to be inherently unstable in flight so that the response to
the manoeuvre is enhanced. These aircraft require computer control to guarantee
stable flight at all times.

The cardiovascular demands of high sustained acceleration (G) forces limit
human performance because when the perfusion of the eye and brain fails, sight
and consciousness are lost. This problem has been realised since the 1920s and
many protective measures are now incorporated in aircraft systems. However,
within the last few years an added hazard had found prominence which concerns the
rate of application of the acceleration rather than the level of acceleration
itself. Figure I shows human tolerance to applied positive vertical acceleration
(+Gzl with respect to time. The more gradual rate of application (line x) shows
that there is a warning area (cross hatched) where sight is impaired befor, the
loss of consciousness (G - LOC). This is because although the eye and brain are
at a similar level above the heart, the intra-global pressure of the eye causes
orbital blood perfusion to fail before that of the brain. Thus the pilot knows
that when his vision dims or colour perception is impaired, loss of consciousness



is not far behind. However, when the rate of application of G is high (line y),
the warning zone of loss of vision (grey out) is absent and the pilot looses
consciousness without any warning. This loss of consciousness has a mean tiiMe
course of 15 seconds because although the manoeuvre demand from the pilot ceases
when he loses consciousness, it still takes some tim for the 11rciraft to change
its flight path and for the blood pressure to recover sufficiently to restart
perfusion in the brain. At any flight level this loss of consciousness Is
unacceptable. At low level it is fatal.

Both the USAF and the RAF have surveyed their airerew to determine the
frequency of these occurrences. Both the USAF (Pluta, 1984) and the. USN
(Iohanson and Terry, 1986) found that 12-14% had experiencecd ccne or m re
episodes of unconsciousness in flight and in one high performance aircraft, the
F-16, the incidence rose to 30%. Prior (1987) found in the RAF that 19% reporte d
at least one episode of G-LOC and that the majority occurred in jet aircraft of
modest performance (trainers) where no anti G system was provided. ie also
reported prolonged recovery times in many incidents with a variety of symptoms
reported. The USAF have attributed several fatal aircraft acidents due to, G-lO
and all western Air Forces are actively pursuing methods of enhancing G
protection. The USAF and other NATO Air Forces use centrifuge training as the
experi *ce of G-LOC under controlled conditions plays a vital role in its later
avoidan7e. The centrifuge experiences enable aircrew to watch their performance
on video, to refine their anti G straining manoevres (AGSM) which can be further
developed in flight.

Some new developments to counter the hazards of G-LOC are as follows:

It has been shown that the higher inflation pressure schedules
(lg p,=1.25 Gn - I) do provide enhanced G protection but when severe
discomfort is produced, systemic blood pressure and hence G tolerance
is reduced. The USAF ready pressure valve which pre-inflates the suit
to 0.5psi produces improved G tolerance as the time to full inflation
is reduced. Gas flow times can be further reduced by electronic servo
valves which have the great advantage of being easily programmable as
mannevre demands change. However, these valves have yet to show
improved G tolerances. The pulsatile types of valve ("bang-bang"
Albery et a], 1987) have demonstrated improved G tolerance but only as
far as the mean pressure is increased relative to steady state values.
Perhaps the non-linear valves (Cammerota,1987) now under development
may show improvements in G tolerance which have evaded other designs.
Although it might be considered that early or eveic pre-inflation of the
anti G suit might enhance G tolerance, experiments have failed to
demonstrate any improvement with these schemes.

The suit which applies counter pressure to the abdomen and lower limbs
has seen few radical changes of late. The suit works by increasing
peripheral vascular resistance in the areas covered which, in turn,
elevates the systemic arterial pressure to permit perfusion of the head
under applied positive vertical acceleration. Basically, the garment
comprises an inflatable bag supplied with gas under the control of anti
G valve with the bladder tailored for comfort and movement. The
internal anti G suit worn next to the skin and undergarments works best
as there are fewer compressible layers between the suit and the
arterial tree. However, this makes for difficulty in doffing the
garment between flights hence the development of an external garment.
This is worn over the coverall and corporates the pocketry and other
external features of that garment. There are small but demonstrable

differences between the protection of the internal and external suits
but most aircrew have made the choice ccf the external suit on comfort
and ease of use. Extending the coverage of a garment maiy improve the
protection somewhat but at the risk of worsened comfort. In
particular, the extension of coverage to the buttocks may well reduce
comfort under the lap restraint straps as the pelvis is elevated by the
expanded buttock bladder.

One of the more signific-ant improvements in G tolerance has cime from
an increase in breathing or intrathoracic pressure when G forces
increase. The anti G straining manoevres that pilots are taught
increase the intrathoracic pressure which increases the arterial

pressure as a whole. However, this can be fatiguing. The pressure
breathing valves that are necessary to maintain tissue oxygenation at
altitudes above 40,000 ft can be adapted toc become acceleration
sensitive so that they increase breathing pressure when G is applied.
Recent experiments using these techniques have shown not only a
considerable reduction in fatigue but also a considerable enhancement
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of G tolerance. The changes in the chest wall size can be minimised
by counter pressure garments such that gas is applied not only to the
anti G suit but also to a similar garment worn over the chest. The
pressure gradients between anti G suit, pressure breathing and the
chest counter pressure garments can be varied to select the optimal G
tolerance. Speech difficulties can be minimised with training under
such regimes and the enhanced G tolerance more than compensates for
these disadvantages.

As perfusion in the head under +Gz is an inverse function of the
distance of the head above the heart, reduction of the head to heart
distance by reclining the aircrew seat rearwards or even forwards
(prone) will enhance G tolerance. Rearwards reclination provides a
more comfortable position as a sitting position is achieved with all
body weight including the head being supported by the seat. A peone
lying position can reduce the head to heart distance to zero but at
considerable ergonomic disadvantages in the positioning of controls and
displays and the much reduced fields of external vision. The reclined
sitting position also restricts rearward vision somewhat as a high
degree of tilt is necessary to provide significant G tolerance
improvement.Furthermore, both prone and reclined positions introduce
new problems of assisted escape in the security of the ejection path
and successful escape path clearance. It is for these reasons that few
aircraft either in service or projected use extensive reclination or
prone positions as ways of enhancing G tolerance.

The problem of G-LOC at low altitudes and the need for adequate ground
clearance at all times has prompted some authorities (Lewis, 1987) to
advocate the use of the electro-encephalograph (EEG) as the detector of
G-LOC. During unconsciousness, the EEG changes and slower rhythms

V appear. It is proposed that a detector circuit would seek these
rhythms and then take over control under G-LOC to provide an upward
flight path vector until consciousness was regained. It remains to be
seen whether the reaction times of this device together with the
disadvantage of scalp electrodes makes this a viable strategy for
improved flight safety.

ENVIRONMENTAL

The environmental hazards that present and future aircrews will be exposed
to are legion. None are particularly new but the severity and combination of the
types of hazard increase markedly as aircraft performance increases. High speed
low level flight is often accompanied by thermal stress as the sources of heat
from solar glare, cockpit avionics, crew metabolism combine with that of
aerodynamic heating to make efficient cockpit conditioning essential. However,
such is the complexity and insulation of aircrew clothing needed to combat
hypothermia following cold weather immersion after ejection that personal
conditioning rather than cockpit conditioning is required. Personal conditioning
can be effected by passing a cooling medium, either air or liquid, by means of a
special garment over the skin to extract heat when required. These systems are
particularly useful when cockpit conditioning is inefficient for example on
standby on the ground, taxying or in very hot climates. The same system can be
used to warm the crew under cold conditions. Vapour pressure refrigeration or
thermoelectric devices can be used as heat sinks or heat sources.

Thus the combination of cockpit and personal conditioning offers the
possibility of ensuring thermal equilibrium of the crew under all conditions of
flight and, with separate portable supply systems, even after emergency escape.
Unfortunately it has proved difficult to add these systems late in aircraft
development despite their comparative simplicity. Newer efforts are required to
define more accurately the predicted thermal loading in flight in new aircraft
and instal systems early while engineering options are flexible.

High speed low level flight introduces severe vibration spectra as the more
complex aerodynamics permit faster flight closer to the earth surface where
detection by enemy forces is more difficult. Higher wing loading usually permits
the avojdance of many of the more damaging and high amplitude vibrations but in
turbulent and gusty conditions the vibration imposed upon the aircrew makes
external and internal cockpit vision difficult and induces spurious movements to
the body and hands which increases control difficulties. Although the criteria
for permissible vibration in flight have been accepted for some time, high
performance aircraft and their crews are subjected to the hazards of vibration
and there seems little that can attenuate it. In helicopters, vibration
attenuating seats have been used leg Westland Lynx) but the attenuation in axes
other than the vertical were less than ideal and much remains to be done.
Vibration attenuation in ejection seats has rarely if ever been attempted.



Noise in aircraft is generated by power plants, gear boxes, propellers or
rotors, aerodynamics, avionics and armaments. Few aircraft exhibit all these
types but high speed low level flight in fighter aircraft have the critical
combination of severe aerodynamic and engine noise coupled with particular noise
patterns generated by engine intakes and canopy designs. The impulsive noise
from guns or missiles is intensive but usually brief. Against this severe noise
background aircrew are required to listen and communicate with a multiplicity of
ground and air stations, to interpret audio signals from missiles and radars,
both hostile and friendly, and to listen for and act upon audio warnings of
varying degrees of urgency both verbal and non verbal,- in all a sevcre conflict
of requirements. Noise exclusion can be provided by improved types of helmet and
ear telephones and filtering devices can be incorporated to permit only the
essential audio spectra to be heard. Active noise reduction can be produced by
measuring the unwanted noise at the ear by a small microphone, inverting it
electronically and reinserting it in the signal to the ears so that the noise and
its inversion will cancel each other, so leaving the incoming signal unimpaired.
Laboratory and flight tests have shown that this system to be feasible and it
will be incorporated in many new aircraft. Better aerodynamic design may also
reduce noise in flight but the requirement for more powerful engines and
complicated electronics are likely to negate any noise reduction from improved
intake and cockpit canopy designs.

The tactical advantages to an enemy of nuclear, bacteriological and chemical
(NBC) weapons is undeniable. However, providing aircraft and aircrews can he
protected from these hazards and allowed to complete their missions, the
advantages of these weapons to an enemy is severely reduced. Of the three, the
chemical is judged to provide the greatest threat to aircrew because of its speed
in action and the varied methods of deployment. Much effort has been expended by
all NATO forces in the research and development of methods to protect aircrew
from chemical toxic agents.

All methods rely on absorption of the agents by suitable filters and
impenetrable clothing to prevent the agents reaching the skin, conjunctivae or
respiratory passages. That adequate protection can be provided there is no doubt
but the physiological load that such protection imposes is considerable. Reduced
immobility, reduced fields of vision, slower and more complex donning and doffing
procedures and heat load are amongst the more serious effects of using NBC
defensive ensembles. Rest, relaxation, ablution and feeding all become much more
difficult when wearing NBC apparel. The reduced efficiency in flight caused by
NBC clothing is difficult to quantify but has often been reported.

Exercises have proved that aircrew can complete their mission successfully
with effective sortie generation and repetition. In these exercises the
complaints of aircrew about the ensembles usually revol|c around minor
irritations that subsequent modifications have rpmoved to a large extent.
However, the heat load remains in hot climates and the application of personal
conditioning by closed loop liquid systems would do much to answer the complaints
here. Experiments have shown that the NBC ensembles and their associated drills
become more acceptable the more they are worn and performed. Experience should
improve the confidence of aircrew and minimise the reported reduction of
efficiency in flight.

COCKPIT INTERFACE

The role of the aircrew in modern high speed combat aircraft is becoming
more of a manager of systems than pilots, navigators or weapon operators in the
conventional sense. Modern aircraft have computers that can fly the aircraft,
navigate over the whole sortie, detect and acquire targets and fire weapons
completely automatically if required. However, if it were as simple as that
there would be no need for aircrew. In truth, the most space efficient computers
of all are the aircrew themselves.

Although much of the management process can be delegated to automatic
systems, there is still too much for the aircrew to do. One of the current
problems is situational awareness where the aircrew need to know enough to hold a
true model of reality of the outside world to ensure the efficiency of the
flight. On occasions they may become overloaded and thus cannot prioritize the
inflow of data so that important messages are lost and awareness of the true
situation suffers. It is not only what data are required but when and in what
form. Vital information which requires an immediate response to avoid disaster
must take precedence over all but there are many other information sources of
lesser importance which, if neglected, could lead to loss of control, loss of a
way point or misidentification of a target. The mass of data that must be made
available to the aircrew has led to the information implosion in the cockpit. As
an example of the multiplicity of data streams and associated controls of a
current high performance aircraft, the F/A 18 Hornet cathode ray tubes display
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675 acronyms, 177 symbols, 73 threat and danger warnings, 40 multifunction
display formats and 22 headup display configurations. In addition, there are 200
film strips and maps on the horizontal situation indicator, 59 indicator lights,
6 auditory warning tones, 19 push buttons on the up-front panel, 9 swit.hes,
mostly multifunction, on the throttle and 7 switches on the stick (Taylor, 1986).

The Head Up Display (HUD) was developed as a means of permitting the pilot
to see the outside world while still viewing the instrument display. Of its
utility, there can be no doubt, however, the increase in the amount of data that
can be displayed on it leads to considerable cluttering such that many modern
HUDs have a "declutter" mode where only essential data are presented. That this
particular feature is necessary is seen by the occasions, in simulators, where
attention to the HUD detail has diverted attention from the landing runway seen
through it such that attempts have been made to land on obstructed runways
(Fisher et al, 1980).

Computerised recognition of radar emissions and electronic counter measures
will play a significant role in any future combat. This is because many of the
weapons acquire targets by radar. The various types of weapon have differing
electronic signatures and evasion from the weapon will require recognition of the
type of weapon and thus its capability. Moreover, one will need to know whether
that weapon is in flight and how far away. This recognition will be computer
assisted but recognition of an audio analogue of the radar may well be the
responsibility of the crew. As many of the weapons that are likely to be
deployed in war may be unknown to the opposing forces, recognition is likely to
be an all or nothing case. Furthermore, the computer memory may well be deficjent
if new types of weapon appear. Thus the audio channel will grow in importanc, as
a data source and high audio workloads may well impair audio discrimination.
Whilst electronic counter measures may well be deployed automatically on the
receipt of certain signals, manual control is likely to be required over missiles
and their signals as crews will be reluctant to devolve this control which will
have such a marked effect upon the success of the sortie.

Visual enhancement devices or night vision goggles (NVG) magnify the ambient
light to levels that permit operations at night solely by visual reference to the
outside world. These devices have reached a level of sophistication that permits
sorties to be flown almost regardless of light level or weather conditions. The
devices increase capability and operational flexibility considerably but increase
the workload on the crew as the devices are limited in instanteous field of view,
they lack depth appreciation or stereopsis and have as yet no colour
discrimination. Thus other clues are need for successful mission completion or
terrain avoidance. More frequent head movements and cross checking with
instrumentation or maps are activities which improve confidence but the limited
field of view at high turn rates can limit operations in hilly terrain. In order
to prevent NVG saturation, all cockpit lighting can be screened at 600nm so that
a blue green colour reflection of the instruments is seen by the naked eye below
the goggle but the reflected light is too short in wavelength to be amplified by
the goggle itself.

An extension of the technology of visual enhancement devices is to display
flight and other data on the aircrew helmet itself utilising the reflective
properties of the protective visor. This means that unlike that the HUD which
only projects information when looking along or near the aircraft bore-sight
axis, whatever the direction of the head is pointing data are displayed into the
eyes of the crew. These displays can be used both for giving information to the
crew and to the aircraft system itself. In the former case, warning, engine or
flight data can be collimated at infinity and occluded if necessary at extreme
head angles.In the latter case,the display can act as a weapon sighting device.
For this the head and eye axis is measured accurately by a cockpit sensor system
and the head position is used to direct missiles or guns. The operational
advantages of the device tend to overload the visual channel of the crew with the
added problem that any differential movement of head and helmet caused by
vibration reduces the accuracy of the system. Moreover, displays on helmets
usually mean more complex and heavier helmets which have to be borne by the
crewman magnified many times under acceleration. No one has yet proposed a
counter balanced system whereby the helmet weight is carried by the aircraft or
seat. Although this is an obvious solution, the problems of ensuring freedom for
all degrees of head and neck movements during flight and the precise separation
on emergency escape are difficult to overcome.

We are all aware of the importance that colour plays in visual
discrimination. Because it can now be easily simulated in electronic displays,
there is a tendency to provide colour in symbolic displays as an aid to
discrimination. Unfortunately, the colour coding is unnatural and is not
intuitive. Furthermore, there is already an international agreement about the
use of three to five colours for cautionary and emergency warnings. These
colours should be avoided otherwise confusion arises. The skilful use of colour
in all types of displays should reduce workload but unless the coding is simple



to understand and unambiguous, it becomes another variable in the visual channel
which is already well overloaded. Colours can be used to group data and when no

search is required, tasks can be simplified by colour. Hue is useful to signify
qualitative differences whilst tone can present quantitative data but care must
be used less the hue and tone differences become eroded with changes in :ockpit
illumination.

The ability of wave form and signal generators to create a wide variety of
presentations in shape, size and boundaries can be used to present simulations of
the outside world when the external view is denied or dis,-rimiration too poor to
be reliable. Fixed symbols are already widely used but the ability for the
electronic symbol to change shape, size, colour and position as dala dictata
presents an almost limitless array of display formats. No wonder that modern
aircraft cockpit resembles the video arcade and computer games already in
widespread use. Guidance principles for computer graphics recommend (Easterby,
1970) that symbols should present a strong boundary with high contrast against
their background, the form or shape should be simple in outline rather than
detailed, the shape should be stable and unambiguous and symmetry is an advantage
in recognition. Where symbols are grouped or classified they can be enclosed in
open structures for ease of recognition. Other approaches are to display
pictures in action such as branching diagrams which can be used for various menl
selections or sequential actions as in check lists with the correct procedure
highlighted or accentuated. In this manner the eye is guided through the detail,
the correct action paging sequential displays. These concepts follow the logical
thinking process and lead the pilot through the displays rather than requiring
him to drive it. "Help" sequences in computer systems have a similar function.

One item of cockpit equipment that can be more simply and accurately
replaced by computer software is in the realm of cartography. The ability to
store limitless areas of maps, over many scales, with relief contouring or colou-
coding, bearing tactical notations,updates or alphanumeric overprints has
enormous advantages over the older methods of pre-prepared hand held maps. Land
form recognition is essential for navigation, terrain avoidance and survival in
hostilities and the digital presentation of the land mass under the aircraft
moved by the inertial navigator in accordance with the aircraft flight path
promotes a dramatic improvement in operational capability. Topographical data
are static but tactiral situations are dynamic and require constant refreshing.
This can be effected either pre-flight or in-flight as new targets are located.
They can be marked and stored in the digital database for post-flight- debrief.
Track ball or skew controls can be used to move symbols and co-ordinates as pen
controls or to interrogate the display for height data. Scroll sele-tions can bc
made to look well ahead or laterally or to search for other featurcs at some
distance from the present position. North or track orientation is sele-table
with the alphanumerics and overlays always appearing the right way up. Finally,
illumination can be made automatically compatible with all ambient levels and
with all types of visual enhancement device. Digital maps can thus be seen is ,
major advance in cockpit design that diminishes the limitations of the human
operator.

The use of forward looking sensors can provide vision at night, in cloud and
in poor visibility. This is especially useful when the aircraft must remain
passive and no radar emission is permitted. Under these conditions forward
Looking Infra Red (FLIR) systems combined with NVG can be used as each
complements the other. FLIR data when presented head up in raster form and then
visualised in turn by a NVG produces a greatly enhanced view of the outside world

by data matching. FLIR detects the thermal image of the ground in monochrome butis obstructed by heavy precipitation, cloud or fog. However, particle size is

important and FLIR is often available when normal vision is completely
obstructed. Any temperature or absorption difference is shown in FLIR, cold
areas where shadows have been can show the previous locations of parked aircraft,
colder patches on aircraft wings can reveal newly filled fuel tanks. NVG in
contrast only use reflected ambient light and highly illuminated areas appear as
bright spots on the display. The NVG mounted on the head represrts all round
vision with head movement whilst the FLIR data is concentrated in the narrow head
up display. The integration of these two separate sensor devices produces the
capability to operate in conditions never possible before.

The visual channel is well utilised in all modern aircraft and over used in
many. As workloads have increased, the voice channel has been developed both as
means of receiving data and also a means of control. Audio systems are by no
means new features in aircraft. Bells, biizzers, warnings and chimes ar- all i,
regular use and analogue tone changes have been used as speed warnings ort Naval
atrcraft where it proved diffii-ult to dilsplay analogue ii r sp.eed dlta head lip.
New systems use both verbal and nn verbal warnings and the p,,ken "pull-up"
demands in ground proximity warning systems have lrcll ,stablisned their worth.
However, the newer applications are in the areas of verbal contiil ,f aircraft
systems where no other control channels remain availa.ble. Experimints hay,
shown that with even fairly ineffective microphones in noisy masks, skstems can



recognise accurately up to 92% of a 50 word vocatulary I- Ing inski I td opor.turs
(Poston,1986). Moreover, when comparing voice data entry to that by keyto,,ard,
responses to (,ies for data entry were faster by voice. Errors were made mor,
frequently with voice but this was due to the greater number of data bits
required by voice than by keyboard but subjective preference was nverhliniqly
for the voice channel. Furthermore, this experiment permitted ,-is k. .,od us,-.
Where there is no possibility of fast keyboard entry, vi-e ntrv i io,,n to, its

own even under conditions of severe vibration.

To offload the aircrew during a difficult and ccnpl\ missiotin,.i svsty 5

required to manage all those aspects of the mission which d- r-tt rt, ji the.
crews' direct intervention. Most systems hay l,i ii It In .iitI,,t , , wh.'

microprocessor control regulates much if I he technology at ready in, 'eh, i r,
only warned where urgent rectification is required. H,owevr, it -t, hi argued
that if the crew can rectify the problem s, could the syst-m this vly['Is*..- the.
crew. Only when operational capability is serliously threa,t,net -h,,u]. the" -rew
be involved. Now that philosophy can be extended to other r-ar ,,f the
aircraft, particularly the weapon system. The amto is I p, iriic.' I I I I I,,'
automatic assistant, a software pa-kage to aid the pi lots thri'gh atta,.k ri ss i
by managing displays, tasks and performing much of th, attac-k it 1 tf. One vst-m
under development for the ITS Navy (McE ro-..1986) uses a r.idar moli ,Ie which
recognises radar profiles by reference to , huilt In I ibrIry irid hl 'hIjht , I,-
recognition and classificat ion features if the individual Ipr,ifi I. FI I It r.k I ,, r
and averaging techniques over many Images forth,r r flme, t he Lit, arnd , m uroth
profile is identified and presented for pilot acceptan-,.. Arther -, 'dle" y,.se
video data to track and counter hostile surface ti air missiles (SAMs). Th,'-
system analyses the radar signal and selects the appropriate <-ouni r ricsur,-. It
tracks the SAM, confirms its type and -apahy I ity and, when opportne, ry.,li,,sts
the pilot to authoris.' the counter measures. A third modul, -ariaoge tb- vow
inti fac'-. It senses arid aralyses a l

I 
data either *orrivin , lea-vinq ir , ri.rit -t

within the a ircraft. It tracks the airc-raft ps i on and th- [lst i rns t,f I
other a ircraft and ships, host yI oI r friendly. It .ciminy's pro idbli' asil It-ill'
moves and counter moves of other atr'raft and shs and presents ,lit i-- i, th.
pIl ot updat Ing his s ituit tonal w rnc'ss. It Irl.'I' o-s 1l t ' hi -It s itI
automatically moves on to other tasks. inly w hen the syste- 1,-m ind, ,t
authorisat io,, from the crew- ar" they ,ddresse'd. Ths 1 hI . i'r- I,...ru i ir' I
the sttuation only when they need to, and in sm. si they) cat ra+++t I,. it. Ode t

when the system fat Is is manual 'unttrIl aq hIt ry'ujt i,,l. F tir I- I I 'fuy'm.ut I I
this concept surround the ability of the -,sslco tor Ilearn is II .,,its, fin- I u I l,:
the de-'istons it takes., requi ring less and less Irt,-t%,nt ion frio, th ,-r,'w. t

is expected that much will be a,'hieved iri this oportant are, -is it ,ff,.iv t .
greatest -eljef to th. 'rew in the mission iriuiblituj thrl t,- fltitiiyy maskIvia{l

visual search and aircraft cont rol at .Ix r, so,-ds low. ''vi. , t h. e-ily t fliJ
regime in hostile areas where sturvival is likely.
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THE PILOT IS NOT THE LIMITING FACTOR
IN HIGH PERFORMANCE AIRCRAFT

R.R. Burton, DVM, Ph.D., and W.C. Alexander, Ph.D.
Crew Technology Division

USAF School of Aerospace Medicine
Brooks Air Force Bask, Texas 78235-5301

U.S.N.

SUM14ARY

4 The physiologic requirements tc validate a +G tolerance model based on arterial
pressure (Pa), eye-heart vertical distance (h), and Kydrostatic pressures (PH) are inves-
tigated. Venous return (VR) and intrathoracic pressures (PI) are considered the major
physiologic parameters involved in supporting this model at levels above 9 G.

Venous return was determined to be adequate to support Pa during either relaxed
lower-level G tolerance or high sustained G. Some concern exists regarding VR during long
duration G exposures, because of the delayed compliant nature of veins.

PI, the physiologic basis for the anti-G straining maneuver (AGSM), was found to
be a function of inspiratory volume (VI); and, therefore, as the subject is reclined
(+Gx ) to reduce h, the reduction in VI prevents a maximum AGSM limiting tolerance to
15 G. On the other hand, pilot pronaton (-Gx) may not limit V3 , and higher G tolerance
may he possible. Neithei physiologic function, P. or VR, appears to limit G tolerances up
to 15 G.

Fatigue was recognized as an important dimension of G tolerance and, as such,
was examined as a limiting physiologic function at high sustained G. Primarily, because
of the functional coupling between G-level and G-duration tolerances, if one is not C-
tolerance limiting, neither is the other.

INTRODUCTION

Recently, we developed a model for predicting pilot G rolerai.tces that considered
all proven methods for increasing G tolerance (1). This model included various seat back

F angles, as large as 75 (from the vertical), that are considerec. practical for piloting
aircraft. Although this model was developed to interrelate various rethods of G protec-
tion so thut a sean G tolerance could be calculated up tt. 9 G, G tolerances of 20 S are
predicted--a level that far exceeds the 9 G of today's fighter aircraft (Fig. i)T. Yet,
today, we frequently hear that the pilot is the limiting factor in maneuverability (the
development of G forces) in today's high performance aircraft.

Figure 1. G tolerances are shown using known methods of G
protection for a group of pilots (1).

The pilot has always, to some extent, been considered the limiting factor. G-
induced loss of consciousness (G-LOC) frequently occurred in pilots flying "high perform-
ance" aircraft in World War I (WWl). Snoopy and the Red Baron were the limiting factors
in such advanced aircraft as the Sopwith Camel and Triplane, and the De Havilland 4 (2).
Yet, today's pilot easily tolerates higher G levels than those hat occurred in WWI, not
because the pilot's G tolerance evolved with advances in fighter aircraft technology, but
because of the evolution of the pilot's life support equipment. Therefore, when we state
that today's aircraft and those on the drawing boards are "pilot limited," we really mean
that these aircraft are "anti-G equipment limited." This assumption, however, is valid
today if we are only aware of life support equipment that has been developed, tested, and
is ready for operations. If suitable equipment is potentially available and as effective
as the model suggests, why, then, is the pilot considered the limiting factor?

t-



This seemingly paradoxical situation requires that three questions be answered--
the last of which will be the topic for this article: (a) Is the pilot necessary in
future fighter aircraft, or has the time for pilotless (robotics) aircraft arrived?
)b) If adequate anti-G methods are known and available, why are they not operational?
Cc) Is our model really G-tolerance predictive above 9 G?

The first two questions have been considered recently, in Aviation, Space, and
Envizonrental Medicine, in a Guest Editorial entitled, "A Perspective on Human Perfor-
mance As the Limiting Factor in Aircraft Performance" (3). In this article, the author
concluded: (a) that the pilot was not the "limiting factor," but the "enabling factor" in
current and future fighter aircraft, thus clearly relegating the robot to a role in the
sore distant future; and (b) that, in regard to G protection which is available but n
operational--the limiting human is not the pilot in the air, but "can be fcund in a num-
ber of places on the ground."

The final question, therefore, invokes the validity of our model in predicting G
tolerances above 9 G for pilots using various anti-G methods, in combination or sepa-
rately. Using known technologies, this model predicts that pilots could conceivably tol-
erate 20 G. Of course, as data are extrapolated in the development of predictive models,
variables that cannot be necessarily identified nor predicted may cause these "far reach-
ing" extrapolations to become meaningless.

That the human can function at a 20-G level is not inconceivable. Humans have been
exposed to +15 Gx without serious physiologic consequences. The limiting factor was
apparently the inability of the subject to breathe, because of the work required to
expand the lung against the applied +Gx forces (4-6).

But, if an individual is not completely reclined (thereby possibly reducing the
consequences of this problem), and if he uses such available anti-G methods as assisted
positive pressure breathing (PPB), what are the physiologic limitations that can now be
accurately predicted? If none exist, as determined by use of the physiologic data we now
possess, then maybe a pilot using assistei PPB can tolerate 20 G in a 75o reclined or
pronated seat. In this article, therefore, we shall explore possible limitations; and we
shall consider some physiologic functions that must prevail if this model is to have any
significant predictive value. To this end, we will examine the physiologic bases that
make this model predictive, using appropriate research that supports the validity of this
model's p.edictability.

In addition, we shall consider the other dimension of G tolerance: fatigue. Over
the last decade, this measure of G tolerance has grown in significance until it is now
considered as important in pilot protection as G-level tolerance.

PHYSIOLOGIC BASIS OF THE MODEL

The development of this model was completely mathematical, based on simple hydro-
static pressure principles. If this model is to be predictive for high G tolerances, how-
ever, some basic physiologic concepts must be considered.

Venous Return:

A major physiologic premise regarding this model, as it predicts "relaxed" G-
tolerances, is that adequate venous return is available to support the arterial pressure
at head level during increased +G,. Our model is based on Pa, generated by the heart,
that is opposed by hydrostatic pressures that develop within the body during exposures to
+G7 forces. These hydrostatic pressures, caused by an increase in G, can be calculated:

PH = hdg ................................................................ (1)

where:

PH = hydrostatic pressure in mmHg

h = height of a fluid column

d = specific density of the fluid relative to that of Hg

g = ambient accelerative inertial force (G)

Using Eq.(1) with a column height of 330 mm (eye-heart vertical distance in an average
erect human), and a fluid st'c'f;c density for blood relative to Hg (13.6) = 1/13.6, the
effect of any G level on PH at heart level as measured in millimeters of mercury can be
calculated. In the erect human body, this pressure is opposed by a m-an Pa of approxi-
mately 100 mmHg. As P increases and Pa-PH approaches intraocular pressure of 15-20 mmHg
at eye level, arteriay blood flow to the retina ceases, and G tolerance is established,
in which case:

Pa = PH or Pa = hdg, or

G = Pa * d/h ........................................................... (2)
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where:

G = 0 tolerance (blackout)

Pa = arterial pryssure generated by the heart
(98.4 mmHg)

d = 13.6

h = 330 mm.

This equation, if predicting relaxed G tolerances in humans, assumes the very
important fact that there is sufficient venous return, so that the heart has the required
blood volume to maintain adequate cardiac output.

Three studies have measured relaxed rapid onset rate (lOR) +G z tolerance and the
eye-heart vertical distance (7-9). The results of these studies are compared using Eq.(2)
and, in Fig. 2, showing the existence of a very close correlation. We can assume, there-
fore, that venous return is adequate to support cardiac output, and with vasoconstriction
(sympathetic responses) maintains Pa at a level that opposes PH as calculated using
Eq.(2).

Eye-level direct Pa has been measured during peripheral light loss (PLL) in humans
at the onset of G, both with and without an anti-G suit (10). As expected, and as shown
in Fig. 3, Pa decreases with the increase in +G to a level at which PLL should occur;
but apparently, because of energy reserves in t~e retina and brain, vision is not lost
and some Pa recovery occurs. This latent period, during which light loss and loss of con-
sciousness will not occur, is about 5 s, and has been measured by Beckman et al. (11)
and, more recently, in our laboratory. At about 5 s, a rebound in Pa occurs. However,
this increase in Pa does not continue. In fact, a decrease follows, resulting in PLL; and
the G tolerance is established.

.. ............ a 50 . . .. _
6 50-

No=-G2F _
SO 10 0 IiO 2402i0 2510 270 290 010 330 3;0 )4-9 SEC-4

PERIPHERAL LIGHT LOSS

Figure 2. G tolerances of relaxed subjects Figure 3. Eye-level Pa responses of humans
wearing an uninflated anti-G suit, to increased +Gz exposures
as determined using Eq.(2) of text. resulting in peripheral light
Data represented by: open circles loss (10).
(0), (mean ± S.E.M.) are from
Burns and Whinnery (7); open
squares (0), from Burns (8); and
closed circles (0), from Crossley
and Glaister (9).

It is important to realize, therefore, that a dynamic cardiovascular system is
functioning during this initial exposure to +Gz; and although the hydrostatic pressures
do affect Pa considerably, both higher and lower Pa occur before the "tolerance" Pa
develops, thus causing PLL. This temporary rebound phenomenon does indicate an increase
in cardiac output, possibly caused by a mobilization of blood reserves from the lungs
(12). Nonetheless, venous return is proceeding at a level to support Pa until the occur-
rence of a G-tolerance criterion at a G-level significantly affected by PH.

This P effect on G tolerance is even significant on an individual subject basis,
and has been Netermined to have an inverse, significant correlation with relaxed G toler-
ance of r=-0.41, with systolic arterial pressure (Pa) having an additional correlation of
r=0.48. Their combination for individuals has a multiple correlation of r=0.70 (13). On
a group basis, with individual variabilities statistically removed, a higher PH effect is
anticipated, and shown to exist (Fig. 2). The physiologic basis, in support of venous-
return during reductions in Pa, is venoconstriction of the large veiis in the legs and
splanchnic region via the carotid sinus baroceptor reflex, and the distensibility charac-
teristics of these veins (14-18). This particular venomotor reflex has been examined in
dogs during exposure to increases in +Gz , and the response of this reflex has been shown
to be directly correlated with the percent -eduction in Pa at onset of G (19). The major
veins of the body, during short duration , osures to increased venous pressure (because

IThis value for Pa is calculated from data fiom Burns and Whinnery (7)--refer to

Burton (1) for details about its derivation.



5)-4

of increased G), tend to be non-compliant and resist blood pooling, thereby supporting
venous return during the onset of G. On the other hand, extended duration of increased
venous pressure (discussed later in this article) causes reduced blood flow because of
"delayed compliance" (14).

Therefore, because of several physiologic functions that support venous return,
adequate Pa appears to prevail, at least during lower levels of +G, exposure, to support
this Pa-based model.

Venous return at high G levels, when the AGSM is used by pilots to increase their
G tolerance (Fig. 2), has only been studied in miniature swine (20). The increase in the
intrathoracic pressure (PI), during the forced exhalation portion of the AGSM, would
impede venous return--but to what extent is unknown.

Venous flow (VF) in the inferior vena cava at the level of the diaphragm was mea-
sured at +3, 5, and 7 G. for 60 s in swine, with and without a pressurized anti-G suit
(20). Astonishingly, venous flow was maintained at 5 and 7 G, even during the straining
part of AGSM in pigs, and even without the anti-G suit; but VF was much greater during
the no strain portion of the AGSM, especially in pigs wearing the anti-G suit (Table 1).
As VR declines and can no longer adequately support heart function, heart rate slows with
dramatic bradycardia, and loss of consciousness occurs. The importance of the anti-G suit
in V is clearly demonstrated in this study, particularly during sustained G exposures.

Venous return, therefore, can be maintained (not surprisingly) at high C levels
where the AGSM is required; and an indicator of adequate VR is heart rate. Venous return
does not appear to be a limiting physiologic function at high G.
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Intrathoracic Pressure in Support of Pa:

Our original model bases 4 G of protection at 9 G on the P1 generated by the AGSM.
We assumed that Pa was increased by 100 mmiHg with a P of 100 mmHg for a group of indi-
viduals who rcpresented a maximum AGSM effort (Fig. i). That is, we assumed for model
simplicity, that the relationship of the intrathoracic pressure (Pi)--that increases dur-
ing the AGSM and is the basis for increasing Pa--to Pa was 1:1, even though we were
aware, because of prior animal and human studies, that the PI:Pa ratio was more realisti-
cally 0.8 (20,21). This comrromise did not significantly affect our original model, since
we were concerned with "lower" C levels of S9 G. Howeve, as we extrapolate our suode.
above 9 G where the AGSM becomes the major modality of G protection, possibly allowing a
subject to tolerate 20 G, a more accurate PI:Pa ratio will be incorporated into the
model. That is to say, as the eye-heart vertical distance (h of Eq.(3)) becomes smaller
(as toe subject is reclined or pronated), G tolerance increases exponentially with an
increase in Pa; i.e., 4 G protection results from an increase in Pa of 100 mmHg in the
upright subject, whereas reclining that subject to 750 results in eye-heart vertical dis-
tance of 150 mn implying that the same 100 mmHg of Pa produces an increase in 0 tolerance
of 9 C. However, the physiologic effect of P1 on G tolerance retains as a simple surisa-
tion with Pa, so that:

G = (Pa + 0.8 P,
)  

• d/.................................................. (3

v ere :

P- = Intrathoraci¢ presso'_re'.r nt-fg

G, Pa, d, and n are the same as Eq. (2)

The:efore, the following physiologic question arises regarding the model's G-tolerance
predictability: Is it possible fcr a siuject to continue to increase the Pa witn the sul-
port of P: at these nigh G levels?

Two variables must be considered regarding the ability of a sufject to increase
ti'e Pi, with a voluntary effort, in this envitonment: (a) the ability to develop an
inspiratory volume at these high C levels; and (b) ti.e effect of change in posture (supi-
nation or pronation) on developing an ircreased P,.

First, however, does T, at tie levels required to develop an increase in Pa of
approximately 100 utHg occur in humans using the AGSM? In our original model validation,
adequate F, as measured with esophageal pressures (Pes), did appear to be generated b,
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subjects during exposures to increased G at different seat-back angles to produce the

required Pa (Table 2). However, data showing the maximum PI, that can be developed by
human subjects, were not available.

TABLE 2. ESOPHAGEAL PRESSURES (P ) IN mnmHg IN
GROUPS OF SUBJECTS (N) H RELATED TO
SEAT BACK ANGLES AND h (1)

Seat h P

L_ (mm) (m~g) Na

13- 334 52.9 3

30* 334 44.8 2

451 280 40.7 3

55- 250 29.2 2

65* 220 15.3 3

750 175 16.7 2

45- 280 76.5 2

65* 220 27.8 ?

aNumber of subjects per c~oup.

Recently, maximum P, was deteriined in subjects in various postures at 1 G per-
forming an AGSM. Their spine-to-'hign angles ranged from 70- to 1050 (four different
angles), with a maximum P, ef urt by each subject at each angle. Angle did not affect the
results that showed the maximum P for a group of subjects to be approximately 110 mmHg
for the initial strain (Fig. 4) . These maximum P, efforts resulted in increases in Pa of
about 80 mmHg, once again showing that the Pa:PI ratio is approximately 0.8 (Fic. 5'.
Successive efforts were less effective, indicating that subject fatigue was plain. a
role in tbeir AGSM ability. The probable role of fatigue on this model is discussed
briefl, later.

200
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Fiyu e 4. Maximum P1 developed by subjects at Figure 5. Effect of maximum PI (see
1 G performing an AGSM (22). All Fig. 4) on Pa in subjects per-
subjects wore an uninflated anti-G forming the AGSM at 1 G (22).
suit. Three AGSM efforts were per-
formed during the 15-s time period.

Extrapolating G tolerance predictions above 9 G, using our model, has never been
previously attempted. At these high levels of G, very little interest appears to have
prevailed regarding human G tolerance studies. According to a review of the literature,



only one study has been conducted to determine the maximum G level tolerance possible in
a reclined seat configuration (supine +G ) using the AGSM, and no studies have been con-
ducted using pronation (-Gx). Wood (23) gid report on a study, conducted in 1945 on the
human-use centrifuge at the University of Southern California, that had 8 subjects expe-
riencing -12 G, without any visual symptoms. The maximum -G. tolerance of these subjects
was apparently never attempted.

Unfortunately, the one +G
x 

study which used a 75a seat, also used inexperienced
subjects, as well as the pelvis-and-legs elevating (PALE) seat that does not reduce the
eye-heart vertical distance substantially (6). Consequently, these subjects achieved only
a mean G tolerance of 8.4 G using the PALE seat, anti-G suit, and AGSM. This level of G
tolerance is easily obtained in the upright seat, using well trained subjects wearing the
anti-G suit and performing the AGSM (24). In that PALE-seat study, however, the authors

noted that one subject tolerated *14 Gx for 45 s without any peripheral light loss or
'any other undesirable symptoms." It is worth noting, moreover, that, at a 75- back angle
with the head extended along the back angle, 10 G is obtained in relaxed individuals as
predicted by the model (25).

In considering, therefore, the ability of a subject to perform the AGSM in a high
0 environment (>9 0), various protective methods must be evaluated, as well as how these

relate to increased seat back angles that reduce "h" of Eq.(2).

The relationship between the inspiratory volume (V,) on eI, as ge;eatcd ' hr
AGSM, has been developed and has shown that, for peak pressures above 80 mmHg up to a
maximum of 108 mmHg, more than 10% of the maximum inspiratory volume is required (26).
However, it is interesting that significant levels (80%) of P, can be obtained using only
12.5% of the maximum inspiratory capacity of the subject (Fig. 6).

Lung volumes are affected differently by supination or pronation. The former,
because of the increased weight on the chest, causes large reductions in most lung vol-
umes so that, at +8 Gx , the inspiratory reserve (IR) is about 25% of the inspiratory vol-
ume found at 1 G (27). This relationship between level of +G and IR volume is shown in
Fig. 7. This sigmoidal function suggests that the reduction in IR, although progressing
at higher G levels, is doing so less rapidly than at the mid-G level range of 4-6 +Gx, so
that an IR of 12.5% is reasonable for high G levels of z15 G.
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Figure 6. Maximum PI generated by percent of Figure 7. Relationship of insriratorl
V, (26). reserve with 780 back angle.

Developed from data from Watson
and Cherniach (27).

Cote et al. (26), in their study, found that at an IF of 12.5% the maximum P_ was
80 mmHg; so, by using the same PI in Eq.(3), a tolerance of 14.8 G is predicted. This G
level is the maximum that has been demonstrated on a centrifuge that a husan can tolerate
in the +Gx vector (4-6). Therefore, as a person is supinated, the reduction in; the !R
significantly limits the level of AGSM that is possible. We may conclude that, even
though a given increase in Pa at greater seat back angles results in proportionately
greater increases in G tolerance (Fig. 1), because of thi limited ability to do an A(-SM,
the increast in G tolerance provided by the AGSM at 750 seat back angle remains at about
4 G.

Unassisted PPB, at moderate levels of 2-3 mmHg per 0 up to 20 rmHg at 8 G, signif-
icantly reduced the decrease in IR found at .8 Gx . Therefore, instead o only 26% of 1 (
values, 1R was 41%, yielding an increase in projected P of 12 mmHg. Witt; an h of 151 mm.,
this would result in an expected tolerance increase of i G (Eq.(3)). Greater benefits
might be possible with increased levels of PPB, including the use of chest counterpres-
sure (assisted PPB). Recent studies with subjects positioned upright experiencing +G-,
have shown tolerances up to 70 mmHg of assisted PPB, although 50 mmHg was considered the
most beneficial (28). 8ifty mumHg of assisted PPB is expected to increase +G, tuoerance by
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approximately 2 G (Eq. (3); Fig. 1) . Recently, test flights in both the F-15 and F-16 at
the Air Force Flight Test Center (AFFTC), Edwards AFB, have demonstrated that this level
of assisted PPB increases +G tolerance (as subjectively evaluated by pilots) by 2 G.

Pronation does eliminate these large reductions in lung volumes as h is reduced
(29). The maintenance of a large inspiratory reserve, therefore, would allow the subject
to perform an effective AGSM, thus suggesting that extremely high G tolerances (such as
predicted in Fig. 1) could be obtained with an h of 150 mms. A shorter h, relative to seat
back angle, is possible as a human is pronated (as opposed to supination) because of the
eye-heart vertical relationship (Fig. 8). During the beginning of reclining, h actually
increases, whereas h becomes shorter immediately at the initiation of pronation (30). We
must assume, at this time, that our model is valid regarding h relationship to C toler-
ance, regardless of the direction of the reclining subject--whether supine or prone.

- *A. A.

- d2

Figure 8. Change in eye-heart vertical distance (d) with supina-
tion (d2 ) or pronation (dl). RA'= retinal - aortic
line; and AZ = anatomical a (longitudinal) axis (30).

Since maximum G-tolerance studies with subjects in the prone position have never
been performed; the relationship between this position, anti-G suit inflation, and AGSM
with or without assisted PPB, is unknown. Generally, studies in these more reclined or
pronated postures have been concerned only with "relaxed" tolerances, usually without the
anti-G suit. In order to validate this model above 9 G, carefully planned studies defin-
ing the roles of various G protective systems (as each acts alone and interacts with the
other systems) must be conducted. Only then can we define the maximum G levels possible
for humans using proven G protective methods. However, our present level of understand-
ing suggests that man can tolerate 15 G with a reduced h. Consequently, it ia doubtful
that any aircraft in our lifetime will perform at a maneuvering level at which the
pilot, if properly protected by using known anti-G protective systems, will limit air-
craft performance.

G-INDUCED FATIGUE

Until recently, tolerance to increased G had a single dimension that was only G
level. The amount of time (duration) that a pilot could tolerate an increased G environ-
ment was not considered. Even today, pilot limitation to the G environment is recognized
primarily as a G-level phenomenon. The importance of fatigue and the interest in its
relation to G level tolerance have increased recently, however, because of the caoability
of operational high performance aircraft that can sustain a high G enviroTcnL (9 G) for
protracted periods (31-33).

Fatigue, as an acceleration tolerance criterion, is usually measured on the cen-
trifuge using a stylized aerial combat maneuver (SACM) G profile. This profile maintains
the same alternating levels of C until the subject can no longer continue because of
exhaustion (31; Fig. 9). Since fatigue can clearly limit human tolerance to the high G
environment, is it then possible for duration tolezance (fatigue) to make the pilot the
limiting factor in high performance aircraft? The answer, as with the presumed G level
tolerance limiting factor, is a resounding not

There are four reasons why pilot fatigue tolerance can be significantly increased:
(a) G-level tolerance and G-duration tolerance are tightly coupled, so that increasing G-
level tolerance increases C duration tolerance; (b) a reduction in the effort required
to increase the PI (such as with assisted PPB) increases G-duration tolerance; (c) an
improved ability to increase PI (such as with anaerobic muscle-strength physical condi-
tioning) increases G-duration tolerance; and (d) improved physiologic support with an
improved anti-G suit also increases G-duration tolerance. The last three increase G-
duration tolerance without necessarily increasing G-level tolerance; i.e., thus demon-
strating that G-duration is a different tolerance dimension.

G-level-duration Tolerance Coupling:

Burton and Shaffstall (31) reclined subjects to 65a supine, and exposed them to
the SACM until fatigued (Fig. 10). A direct coupling between relaxed G-level tolerance
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and G-duration tolerance is clearly demonstrated. Therefore, as G-level tolerances are
increased with advanced protective methods (as discussed previously in this article), G-
duration tolerance will also increase. On the other hand, as subjects become fatigued,
their ability to perform an AGSM is diminished, so their G-level tolerance is reduced.
This reduction in G-level tolerance has been estimated to be approximately 1 G for each
30 s of ACM (33).

7F- 
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6-UNTIL 7
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Figure 9. Simulated aerial combat maneuver Figure 10. Relaxed G tolerances are com-
(SACM) used on the centrifuge to pared with SACM tolerances at
quantify G-duration tolerance (31). four seat back angles (31).

Improved Methods to Increase PT:

Assisted PPB at 30 mmHg has been shown to increase G-duration tolerance to the
SACM by 35% (34). Higher levels of assisted PPB of 50-70 mmHg increased G-duration tol-
erance to a +5 to +9z SACM by 110% and 72%, respectively (28). Additionally, the G-
tolerance coupfing between G-level and G-duration is particularly evident in assisted
PPB. As discussed earlier in this text, assisted PPB gave pilots what they considered was
a "2 G" advantage that significantly reduced their fatigue level.

Improved Ability to Increase PT:

Physical conditioning, by improving anaerobic capacity and muscular strength, has
been shown in three separate studies to increase G-duration tolerance--in one study by as
much as 77% (35-37). The Air Standardization Coordinating Committee (ASCC), Working Party
61 is in the process of adopting an Advisory Publication 61/1031 "Physical Fitness and G
Tolerance" that proposes methods of strength training and increasing anaerobic capacity
for pilots to increase their ACM tolerance. The U.S. Air Force (USAF) and U.S. Navy (USN)
are coordinating efforts to develop a common physical conditioning regime. In a recent
field study, USN pilots found anaerobic and muscular conditioning particularly beneficial
in improving their ACM tolerance (39). The USAF encourages pilots of high performance
aircraft to participate in muscle-strength building activities.

Improved Anti-G Suit:

The anti-G suit was modified by increasing the leg support with uniform coverage
of the entire leg, instead of the "spotty" bladder leg pressurization of the operational
anti-G suit. This suit modification increased SACM tolerance 133% (Fig. 9)--subjects were
now capable of 497 s of the SACM, as compared with only 213 s with the standard anti-G
suit (38).

During the SACM, heart rates in subjects with this suit also were significantly
reduced. Since the only modification in this suit was improved support for venous return,
this physiologic parameter in the development of fatigue during the SACM has become a
very important consideration in anti-G suit design.

The physiologic importance of venous return during prolonged exposures to high G
levels is much greater than during short duration exposures to G. For this reason, the
leg support of the anti-G suit in increasing "relaxed" G tolerance is insignificant, but
leg pressurization is most effective during high sustained G (HSG) exposures in signifi-
cantly reducing heart rate (39).

Good evidence shows that venous return, because of blood pooling, is G-tolerance
limiting during sustained exposures to high G--a physiologic problem that apparently is
nor an issue during short duration exposures to G. This phenomenon appears to be caused
by "delayed compliance," induced by venomotor fatigue, visco-elastic effects in the
venous walls and, possibly, recruitment of peripheral vessels due ti the change in pres-
sure (14). The delayed compliance response accounts for a significantly greater volume
change than the rapid elastic distension that occurs at the initiation of increased G.

In support of this venous system, particularly during the delayed compliance
response which tends to reduce venous return, adequate venous wall pressure support is
required and can be managed with a uniform pressure anti-G suit. This concept has now
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been incorporated into a prototype anti-G suit, using a single bladder design; and
encouraging results are reported by the laboratory.

CONCLUSIONS

At the present time, we must assume that the pilot with current operational pro-

tection is probably the limiting factor in high performance aircraft. This assumption was
demonstrated in a recent flight test of assisted PPB at the Air Force Flight Test Center
(AFFTC), Edwards AFB, California, where pilots of the F-15 or F-16 were reluctant to fly

aerial combat maneuvers (ACM) against each other unless they both had assisted PPB. The
pilots thought they had a 2-G advantage, and were much less fatigued with this improved
anti-G protective system: assisted PPB.

Fortunately, the pilot need not be the limiting factcr, as that scenario clearly
demonstrates. In this article, we have shown that pilot acceleration protection technolo-
gies are apparently available to potentially extend tolerance into the 12 to 15 G regime.
Developing and incorporating these technologies into operational systems will produce a
real advantage in air combat as currently conceived. But in this regard, more time is
needed, because the basis for G protection is reducing the eye-heart vertical distance--
an undertakinq that will require a serious commitment by engineers who design and build
airplanes. Chat commitment will no doubt be, for them, a significant challenge; but
increased aircraft performance, enabled by improved pilot performance, should amply
reward their efforts.

REFERENCES

1. Burton, R.R. A conceptual model for predicting pilot group G tolerance for tactical

fighter aircraft. Aviat. Space Environ. Med. 57, 1986, 733-44.

2. Burton, R.R. G-induced Loss of Consciousness, Definition - History - Current Status.
Aviat. Space Environ. Med., In press, 1987.

3. Raddin, J.H. A perspective on human performance as the limiting factor in aircraft
performance. Aviat. Space Environ. Med. 58, 1987, 393-4.

4. Clarke, N.P., S. Bondurant, and S.D. Leverett, Jr. Human tolerance to prolonged
forward and backward acceleration. Aerosp. Med. 30, 1959, 1-21.

5. von Beckh, H.J. Positioning of aircrews - ultima ratio of G protection? Aerosp. Med.
43, 1972, 743-54.

6. von Beckh, H.J., V.M. Voge, and J.S. Bowman. Centrifuge evaluation of the G-
protective P.A.L.E. (pelvis and legs elevating) seat concept. Aerosp. Med. Assoc.
Preprints, San Francisco. CA, 1975, 49-50.

7. Burns, J.W., and J.E. Whinnery. Significance of headrest geometry in +G, protective
seats. Aviat. Space Environ. Med. 55, 1984, 122-7.

8. Burns, J.W. Reevaluation of a tilt-back seat as a means of increasing acceleration
tolerance. Aviat. Space Environ. Med. 46, 1975, 55-63.

9. Crossley, R.J., and D.H. Glaister. Effect of posture on tolerance to positive (+G
acceleration. In: Adaptation and acclimatization in aerospace medicine. AGARD NO. 82,
1971, 6-1 to 6.

10. Shubrooks, S.J., and S.D. Leverett, Jr. Effect of the Valsalva maneuver on tolerance
to +G z acceleration. J. Appl. Physiol. 34, 1973, 460-6.

11. Beckman, E.L., T.D. Duane, J.E. Ziegler, and H.N. Hunter. Some observations on human
tolerance to accelerative stress. Phase IV. Human tolerance to high positive G
applied at a rate of 5 to 10 G per second. J. Aviat, Med. 25, 1954, 50-66.

12. Sjostrand, T. The regulation of the blood distribution in man. Acta Physiol. Scand.

26, 1952, 312-27.

13. Klein, K.E., H. Bruner, D. Jovy, L. Vogt, and H.M. Wegmann. Influence of stature and
physical fitness on tilt-table and acceleration tolerance. Aerosp. Med. 40, 1969,
293-7.

14. Alexander, R.S., W.S. Edwards, and J.L. Ankeney. The distensibility characteristics
of the portal vascular bed. Circul. Res. 1, 1953, 271-7.

15. Alexander, R.S. The participation of the venomotor system in pressor reflexes.
Circul. Res. 2, 1954, 405-9.

16. Rashkind, W.J., D.H. Lewis, J.B. Henderson, D.F. Heiman, and R.B. Dietrick. Venous
return as affected by cardiac output and total peripheral resistance. Am. J. Physiol.
175, 1953, 415-23.



6-10

17. Saslzman, E.W. Reflex peripheral venoconstriction induced by carotid occlusion.
Circul. Res. 5, 1957, 149-52.

18. Heymans, C., J.J. Bouckaert, and L. Dautremade. Carotid sinus and mesenteric venous
motor reflex. Comp. rend. a la Soc. de Biol. 105, 1930, 217-9.

19. Salzman, E.W., and S.D. Leverett, Jr. Peripheral venoconstriction during acceleration
and orthostasis. Circul. Res. 4, 1956, 540-5.

20. Burns, J.W., M.J. Parnell, and R.R. Burton. Hemodynamics of miniature swine during
+Gz stress with and without anti-G support. J. Appl. Physiol. 60, 1986, 1628-37.

21. Wood, E.H., E.H. Lambert, and C.F. Code. Involuntary and voluntary mechanisms for
preventing cerebra] ischemia due to positive (G,) acceleration. Physiol. 24, 1981, S-
33-6.

22. Van Patten, R. (Personal Communication). AAMRL-LDF-85-8, Wright-Patterson AFB, OH,
1985.

23. Wood, E.H. Development of anti-G suits and their limitations. Aviat. Space Environ.
Med. 58, 1987, 699-706.

24. Burton, R.R., S.D. Leverett, Jr., and E.D. Michaelson. Man at high sustained +G.
acceleration: A review. Aerosp. Med. 45, 1974, 1115-36.

25. Voge, V.M. Comparison of several G-tolerance measuring methods at various seat back
angles. Aviat. Space Environ. Med. 49, 1978, 377-83.

26. Cote, R., L. Tripp, T. Jennings, A. Karl, C. Goodyear, and R. Wiley. Effect of
inspiratory volume on intrathoracic pressure generated by an L-1 maneuver. Aviat.
Space Environ. Med. 57, 1986, 1035-8.

27. Watson, J.F., and N.S. Cherniach. Effect of positive pressure breathing on the
respiratory mechanics and tolerance to forward acceleration. Aerosp. Med. 33, 1962,
583-88.

28. Burns, J.W., and U.I. Balldin. +G. protection with assisted positive-pressure breath-
ing (PPB). Aerosp. Med. Assoc. Preprints, 1983, 36-7.

29. Rogers, T.A., and H.A. Smedal. The ventilatory advantage of backward transverse
acceleration. Aerosp. Med. 32, 1961, 737-40.

30. von Beckh, H.J. G protection by an extreme crouch position. NADC-84, 4 Sep 1984, 162-
60.

31. Burton, R.R., and R.M. Shaffstall. Human tolerance to aerial combat maneuvers. Aviat.
Space Environ. Med. 51, 1980, 641-8.

32. Burton, R.R. Human responses to repeated high G simulated aerial combat maneuvers.
Aviat. Space Environ. Med. 51, 1980, 1185-92.

33. Burton, R.R., J.E. Whinnery, and E.M. Forster. Anaerobic energetics of the simulated
aerial combat maneuver (SACM). Aviat. Space Environ. Med., 58, 1987, 761-7.

34. Shaffstall, R.R., and R.R. Burton. Evaluation of assisted positive-pressure breathing
on +Gz tolerance. Aviat. Space Environ. Med. 50, 1979, 820-4.

35. Epperson, W.L., R.R. Burton, and E.M. Bernauer. The influence of differential
physical conditioning regimens on simulated aerial co-tat maneuvering tolerance.
Aviat. Space Environ. Med. 53, 1982, 1091-7.

36. Tesch, P.A., H. Hjort, and U.I. Balldin. Effects of strength training on G tolerance.
Aviat. Space Environ. Med. 54, 1983. 691-5.

37. Murdock, D.M., L.G. Meyer, R.P. Crissman, and O.G. Blackwell. The effects of anaero-
bic conditioning in an operational environment on muscular endurance and the ability
to perform SACM. Aviat. Space Environ. Med. 58, 1987, 509.

38. Shaffstall, R.R., and R.R. Burton. Evaluation of a uniform pressure anti-G suit
concept. Aerosp. Med. Assoc. Preprints, Anaheim, CA, 1980, 96-7.

39. Burton, R.R., and R.W. Krutz, Jr. G tolerance and protection associated with anti-G
suit concepts. Aviat. Space Environ. Med. 46, 1975, 119-24.

! - c -..



7-1

A MODEL TO PREDICT VISUAL PERFORMANCE
AT THE MAN-DISPLAY INTERFACE IN THE COCKPIT

Diana F. Johnson

British Aerospace PLC
Sowerby Research Centre (FPC 267)

P.O. Box 5, Filton, Bristol BS12 7QW
Great Britain

SUMMARY

This paper summarises some of the problems which are typically encountered when
viewing displays in the military cockpit. It is suggested that design and development of
display configurations can be made quicker, cheaper, and more effective than present
methods by using mathematical models of the man-display interface to predict visual
performance. The requirements for such models are discussed. A state-of-the-art model
which has been developed at British Aerospace is reviewed. The model comprises spectral
manipulation routines to calculate how the emission spectrum from a display is modified
before reaching the eye, together with a psychophysical vision model which provides an
objective measure of visibility. The benefits of using such a model are described.
Finally, suggestions are made for future work to extend the present models. A detailed
description is not given of the calculations in either part of the model but further
information may be obtained from the references or by contacLing British Aerospace,
Sowerby Research Centre.

1. INTRODUCTION

British Aerospace (BAe) is a major producer of civil and military aircraft, guided
missile systems for air, land and sea use, and also satellites and space platforms. The
company thus has a wide and varied interest in many types of displays. Of particular
importance are displays for use in the military cockpit. For a number of years work has
been carried out within the Military Aircraft Divisions and at BAe's corporate research
centre (the Sowerby Research Centre (SRC)) with the aim of improving methods to solve
problems with the visual perception of displays in cockpits.

Colour displays form an integral part of modern fighter cockpits. Complex
information has to be presented so that it can be assimilated easily and acted upon.
Various forms of coding are used, the dominant ones being shape, size and luminance.
Colour is mainly used to de-clutter displays. To gain full advantage of colour displays
and avoid their use for purely aesthetic reasons, the benefits of using colour need to be
quantified.

There are many problems with displays in cockpits. In addition ta the physical
problems of size, weight, power consumption and reliability, display legends must appear
legible, clear, and of a required colour in very high ambient lighting conditions. They
must also perform satisfactorily in low ambient conditions without adversely affecting
vision through night vision goggles.

At British Aerospace we believe that the way forward lies in modelling the
man-display interface mathematically and attempting to define quantitatively the
performance required of it. A better understanding of visual performance and efficient
use of modelling techniques will reduce time and costs for equipment development and
improve the man-display itnterface.

2. BACKGROUND

A pilot must be able at all times to interface effectively with both the outside
world and the various displays within the cockoit. His attention will be divided
visually between the two as the situation demands. It is therefore essential that
neither environment inhibits his view of the other, i.e. they produce the same degree uf
relative visibility. When flying during the day the external environment will tend to
dominate and conversely at night it is the cockpit displays which will appear bright to
the oetriment of the pilot's perception of the world outside.

Clearly, neither the pilot's vision system nor the external ambient conditions can
be changed, therefore it is the cockpit display configuration (including the complete
display environment and viewing aid or visor) which must be designed to compensate for
the limitations of the pilot's visual capability and those imposed by the ambient
lighting conditions. The real world natural ambient illumination is both too varied and
too complex for every condition to be considered in the design of displays. A compromise
solution is thus sought whereby a display's performance is modelled in limiting ambient
conditions; if it is found to be acceptable then it is assumed to perform satisfactorily
under other conditions.

Practical flight experience has identified two high ambient steady state limiting
cases when display performance will be most severely tested. These are both associated
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with a low elevation bright solar disc. The first is when flying away tror, the sun
(' un rear') and direct solar illumination reflected from the display face causes a
reduction of luminance contrast and desaturation of colours on the display. The secondcase is when flying towards the sun ('sun forward') as direct solar glare reduces thepilot's perceptual capability, thus degrading the appearance ol the display.

A common way of alleviating the problem of the sun rear case is to place in front of
the display a contrast enhancement filter with an anti-reflection coating. This may be a
narrow bandpass absorption filter matched to the display's spectral output so that,
ideally, it absorbs all wavelengths incident on it apart from those emitted by the
display. For the sun forwaro case the problem of solar glare on the pilot's visual
perception can only be overcome by a very bright display output, i.e. if a contrast
enhancement filter is used it must have a high transmission.

Low ambient conditions pose different problems. External vision is enhanced by the
use of night vision goggles (NVGs) which amplify electromagnetic radiation betweeu 400
and 900 nm and reproduce the scene as a single phosphor image. Using NVGs the
operational limitation on the aircraft to perform a low-level, high-speed role can be
extended from dusk or bright moonlight down to the starlight environment. NVGs have a
limited depth of focus, therefore cockpit displays must be viewed with the naked eye.
The brightness of the NVG image will be too great for the pilot to achieve scotopic (ro0)
vision, so displays must be sufficiently bright to be clearly legible photopically,
though not so bright as to cause flare in the NVGs. Unfortunately, just controlling
display luminances is not sufficient, as emissions from displays at wavelengths to which
the NVGs are sensitive can produce unwanted glare and wash out the reproduced image of
the external scene. Display outputs must therefore be carefully matched to NVG
performance.

The requirements for the three cases (sun rear, sun forward, and night) are thus
contradictory and display/filter combinations which satisfy one requirement may not
perform well in the others. A compromise is needed which will perform reasonably well in
all conditions. Mathematical modelling enables the design engineer to evaluate the
various compromise options in an objective way and find the optimum solution available
for a specific case, judging performance against cost.

X ithout an objective measure, the engineer must base his design on the last
generation of displays and his personal experience. The prototype display configuration
enters an iterative subjective evaluation loop as it is assessed by experienced aircrew,
reviewed and modified, then submitted for reassessment. This method is tried and tested
and generally produces some level of acceptance, although it can be both time consuming
and expensive. The other main problem with this technique is that, as it involves
subjective evaluation, it is obviously dependent on the visual acuity and experience of
the pilots performing the assessment. If the system can be modelled for the average
pilot, including observer variability, and an objective 'figure of merit' provided, then
it should be possible to increase the probability of first time acceptance, i.e. reduce
the number of iterations by dismissing unsuitable configurations without the need for
repeated costly flight trials.

The man-display interface essentially consists of two parts which must be
represented mathematically. The first covers all physical interactions with the object's
emission spectrum from leaving the display to entering the eye. The second, psycho-
physical, part deal with the visual interpretation of this spectrum within the eye. Of
these two, the physical part is easier to model as it consists of well-defined
calculations for the various spectral paths leading to the eye. The psychophysical part
presents more of a problem. The CIE (International Commission on Illumination) has
defined equations for evaluating the colour difference between an object and its
immediate background (Refs. 1 and 2]. One of the recommended colour spaces for colour
difference calculation is the CIELUV space. The total difference AE* between two colours
in the CIELUV space is defined as the vector distance between them:

AE* = [(AL*)' + (Au*)i + (Av*)2] (1)

where: L* is psychometric lightness;
u* and v* are components of perceived chroma.

Unfortunately, the presently available equations are only applicable to small colour
differences and large uniform objects and are therefore not relevant to most real tasks,
which may involve small, irregular, brightly coloured objects on cluttered backgrounds.
The size of the object is not given as a variable, although it obviously has an effect on
visual performance. There are several other important factors which will alfect the
perception of the object, including the quality of display and the type and complexity at
the task being performed, none of which are included in the simple CIE equations. To
include all of these factors requires a sophisticated vision model.

For a number of years the Sowerby Research Centre has been developing and refining
models to predict thresholds of visual performance for a variety of tasks. The models
can handle a wide range of visu.l tasks from the detection of simple stimuli on uniform
backgrounds to form perception and visual search in noisy or cluttered background scenes.
The modelling is based on the results of laboratory studies and field trials, and the
known physiology of the eye.

One of the models, ORACLE [Ref. 3], has been developed as a threshold model for
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stimuli with simple profile structures and little internal texture. ORACLE provides a
probability of detection for an object by comparing retinal cone responses for the object
and its immediate background. A detailed description of the ORACLE model is beyond the
scope of this paper but details of the equations may be found in References 4 and 5.

As well as using the basic information about an object (luminance contrast,
chrominance difference, size and shape), ORACLE takes into account other factors such as:

(a) Foveal and peripheral performance - This is based on a comparison of receptor
responses across the regions of maximum illuminance gradient of the image, i.e.
along the object's perimeter. ORACLE models performance based on the length and
strength of the perimeter imaged on the retina.

(b) Mean scene luminance - This determines pupil diameter, which controls the amount of

energy falling on the retina.

(c) Search - The modelling of peripheral detection allows search performance to be
predicted.

(d) Observer variability - Statistical variations due to normal observer populations are
included.

(e) Object movement - It is possible to model the effects of retinal image motion on
performance.

(t) Image quality - ORACLE can model the effects of viewing imperfect images blurred by
optics or discretely sampled by noisy, raster type displays. A visual efficiency
term is calculated which relates image quality of the total system (including eye)
to that of the eye alone. Image quality is defined in terms of a modulation
transfer iunction (MTF) varying with spatial frequency.

(g) Complexity of task - The most simple visual task is the detection of an object
against a unitorm background. For most real tasks some degree of discrimination
must be made between the object and potentially confusable background objects. This
is included in the model by looking at detection of a part of the object.
increasing levels of task complexity are modelled by considering smaller fractions
oi the target perimeter, as more detail must be resolved.

(h) Spatial and temporal integration - ORACLE models the effective interaction of
the spatial and temporal integration of a display with that of the visual system.
This allows consideration of factors such as phosphor persistence, raster decay
properties and refresh rates, random and systematic noise, sampling pitch, spot
profiles, and display MTiFs in vertical and horizontal directions.

ORACLE was originally developed as a threshold achromatic model and this is nuw well
validated, however, it has only recently been extended to consider both colour and
suprathreshold objects. Thus it is still undergoing validation in these areas and the
data to test it fully are only now being obtained. Although ORACLE has been used
successfully to model various optical sights, a version which considers the use of NVGs
is not available at present. The present form of ORACLE is thus not an ideal, fully
comprehensive vision model, but it is representative of the state-of-the-art and is a
versatile and useful design tool.

For complex stimuli (highly textured objects) a computer simulation, called VISIVE
[Ref. 6, is used to model the known early interactive neural processes in the retina an
striate cortex. VIIVE provides a method of characterising or coding stimulus
information in a similar manner to that which is believed to be available for
interpretation in the brain. The modification of the stimulus by VISIVE can be used as
an objective input to ORACLE. The amount of processing performed by %ISIVE is quite
considerable which means that it can only be implemented on a mainframe computer.

A simple empirical psychophysical model has already been shown to be useful in
assessing the performance of displays in the cockpit. This model is based on the concept
of the 'Perceived Just Noticeable Difference' (PJND) jkef. 7] and is similar in approach
to RAE Farnboiuugh's 'IDEAL' display design tool [Ref. 8]. 1 PuND is the threshold
colour difference (composed of both luminance and chrominance differences) required to
just detect an object from its background. Above this threshold condition (which may be
achieved by an infinite variety of luminance and chrominance combinations), the colour
difference between the foreground and background is equivalent to a number of PJNDs
greater than one.

No. PJNDs = [(No. LJNDs)
2 

+ (No. CJNDs)2 (2)

where: No. LJNDs is the number of luminance just noticeable
difierences = og (Luminance ratio)

log (Threshold luminance ratio)

No. CJNDs is the number of chrominance just noticeable
differences Chrominance contrast

Threshold chrominance contrast

Chrominance contrast is measured in the CIE 1976 UCS diagram. Threshold contrasts for
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both luminance and chrominance are functions of object size and background luminance.

Assuming that supraihreshold visibility increases with CIE colour difference, then
for a greater number of PJNDs, a greater degree o visibility will be expected. Thus it
is possible to relate visibility to a directly measurable quantity. Experiments using
calibrated stimuli in a representative environment have determined ranges of acceptable
FJNDs for various tasks. The model is limited in terms of the object sizes to which it
is applicable and also assumes that the CIE 1976 UCS is uniform.

The PJND concept has been combined with the physical manipulation of spectra to
provide a simple system model. This model is being used for designing display systems in
a number of aircraft (Tornado, Jaguar, Harrier, EAP). However, it is severely restricted
by the limitations of the simple PJND approach. The model introduced in this paper
extends this basic model, making it more flexible and generally applicable by adding a
version of ORACLE. The use of such a versatile and comprehensive model incorporated with
the display system and environmental model greatly extends conventional and recommended
methods tot evaluating colour and luminance differences. In particular, such a model
will allow display characteristics and other components of the man-display interface to
be optimised as functions o object size and shape, peripheral viewing angle, observer
task etc.

3. REQUIREMENTS OF A MATHEMATICAL MODEL

Figure I shows the basic elements required for a man-display interface model. The
cirst is a display model to calculate the spectral output of a display for an object and
its background. The second is a physical model to calculate how the display output is
altered in both luminance and chromaticity before reaching the eye. A vision model is
then needeK' to calculate the perceived difference between the object and its background.
Finally, this must be interpreted by cognitive user model, taking into account
workload, task, experience etc., before an evaluation of the system can be made. Not all
elements of this system model exist at present. In particular, a model which can account
fur the cognitive aspects ot vision is not available, and vision models are generally at
an early stage of development. Until suitable cognitive models become available it will
be necessary to use empirical metrics to evaluate display systems (for example, the CIE
system, the PiND method or empirical use of ORACLE output).

Ambient
Ilkimination

Viewing
Conditions

MAN -DISPLAY
IN TER FACE

DISPLAY PHYSICAL , VI SION COGNITIVE
MODEL MODEL r--- USER

I MODEL' 1 MODEL i

Spectral Viewing METRICS

Data Device

EVALUATION

FIGURE I SCHEMATIC OF MAN.OIPAY INTERFACE MODEL

For a man-display interface model to have as wide an application as possible it
.hould cover the complete range of cockpit displays, including emissive (ranging frn

light emitting diode or incandescent lamp cptions to multi-function full colour cathode
cay tubes), reflective (liquid crystal displays) and transmissive (head-up and helmet
mounted displays) technologies.

The modei should consider the environmental extremes of uay-time and night-tim
viewing. For these two conditions performance requirements must be specified in
different %ays. In high ambient conditions a measure is needec of the relative
visibility oi an object (e.g. display legend) with respect to its immediate backgrund.
At low ambient it is important that displays are sufficiently bright to be viewcd
photopically with the naked eye, whilst not being so bright as to saturatc the hVGs. qh5
critical measure is thus the ratio ot the perceived brightness ot the object as vewec
with the naked eye to its perceived brightness viewed through hI;(,s.

A versatile form of tl-e model would be a progran written in a high level ianguag,
composed of programming modules and implementeo on a common micro-computer. Tb- woi.ld



enable the model to be dely available, portable, and easy to update as new data become
available or additional/alternative specificatiors are established. In addition, ilput
requirements should be clear, and preferably absolute measureent data oerivec trot? the
aisplay or the component parts making up the interface, while outputs must be easy tc
interpret and compare with specification requirements, e.g. Dy providing a table of
ty ,':'!ly acceptable model visibilities for various tasks.

4. STRUCTURE OF THE MODEL

The model is implemented on an IBM PC. It is programmed in Pascal, which supports a
suitaole modular form to allow easy updating without disrupting the basic torm of the
model.

The two halves of the interface (shown in Fig. 1) are treated separately; the
display-to-eye part by a physical model composed of spectral calculations an~d the eye's
interpretation by ORACLE.

Whilst effort has been given to making the model reasonably straightforwaro to use,
with simple menu-based options, it is not an 'expert system' ano does require a
reasonable amount of experience of this sort of problen to be used effectively.

5. PHYSICAL MODEL

This model calculates how display emissions are modified before reaching the pilot's
eyes, thus establishing the spectral power distributions representing the oisplay
foreground and background as they enter the eyes. At present the model is limited to
consideration of emissive devices on'y, however, it is planned to extend it to include
both reflective and transmissive displays. Although capable of considering any ambient
illumination condition, the model is configured to represent only the two limiting high
ambient cases, sun rear and sun forward. Table 1 shows the conditions associated with
these cases in the Tornado cockpit.

lable 1. High ambient limiting conditions for lornado

Sun Rear Sun Forward

Solar elevation 30 deg 15 deg
Eye illumination 12,500 Lux 109,000 Lux
Display illumination 94,000 Lux 6,500 Lux
Helmet visor Up Down

%/,

FIGURE 2 SUN REAR SCHEMATIC FIGURE I StIN FORWARD SCHEMATIC

It is theoretically possible to consider every conceivable spectral path, however,
to simplify programming the model has been limited to the primary paths only. Figures
are 3 show schematics of the spectral light paths involved with these two condition.
The calc-ulations involve modelling transmission of the object and background spectra
through filters, the inclusion of glare and reflections trom both the display lace and
arcund the cockpit. Each of these simple stages is performed by a separate programming
maoule, to allow easy recontiguration by replacing, adding or removing modules. One
module calculates the resultant spectrum after being transmitted through a filter and
another calculates how a spectrum is modified by reflection from a surface. Other
modules perform simple arithmetic operations such as addition or multiplication. When
looking at the etfects of glare, both specular light from the solar disc and diffuse
illumination from the sky dome must be considered. Both of these contributions are
included in a glare module, using equations based on those in Reference 0. Figure 4
shows an example block diagram containing calculation modules for the sun rear case 1se
also Fig. 2). Note that emission spectra are normalised to give a luminance of I Cd/m
when stored and therefore need to be multiplied by their respective emission levels
before use. Output, in the form 01 calculated luminance and chromaticity "oordinates,
may be obtained at any point in the calculation, allowing termination of the model before
completing the full calculation. This may be a useful feature when optimising a single

part of the interface, such as a filter.
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The model assumes that the pilot will use his helmet visor to gain relief from
direct solar glare in the sun forward case. The display arrangement can be set up to
represent either displays in the head-up area, where solar glare will be most disruptive,
or in the general head-down position, where glare will be less critical, It should be
noticed that specular reflections of the pilot's flying suit may be caused on the display
lace, having implications on the colours worn.

The required spectral inputs are:

(a) Emission source.
(b) Solar radiation (defined in program).
(c) Diffused sky radiation (defined in program).
(d) Transmission of canopy (defined in program).
(e) Diffuse reflectivity of display.
(f) Specular reflectivity of display.
(g) Transmission of contrast enhancement filter (if used).
(h) Transmission of helmet visor (defined in program).
(i) Reflectivity ot flying suit (defined in program).
(j) General reflectivity of cockpit (defined in program).

An additional input is the angle subtended at the eye between the horizontal and the
display. This specifies where in the cockpit the display is positioned and hence the
efiect of glare.

The main outputs are the spectra for the object and its background which are used as
input tor ORACLE. As a secondary output, the number of PJNDs between the object and its
background is calculated (see Section 2), which may be used as an indication of display
performance, though for a more rigorous evaluation ORACLE should be used to calculate
visibility.

6. PSYCHOPHYSICAL MODEL, ORACLE

The version of ORACLE which has been implemented in this model is for basic object
detection and visibility calculation. It does not include such retinements as object
motion or the consideration of optical sights (though these may be include Later it the
need for it is identified).

The inputs to the model are:

(a) Object and background spectra.
(b) Peripheral angle (less than 2 degrees for foveal detection).
(c) Mean scene luminance.
(d) Size of object (in milliradians, mr, subtended at the eye).
(e) Image quality.
(f) Task complexity.
(g) Time for detection (there are two values depending on whether the observer is

searching the scene or fixating a point.

Further information on these parameters is given in Section 2.

The output appropriate to the perceived visibility of cockpit displays is not a
probability of detection (as all object stimuli should be well above threshold), but
ORACLE's measure of suprathreshold visibility, which is related to the ratio of measured
suprathreshold contrast with threshold contrast. The program is written to give graphs
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and tables of predicted visibility against peripheral angle, Using this information it
can be easily seen at which angle a particular configuration's performance may fall below
specification. At present there is little data available giving ranges of acceptable
ORACLE visibilities for various real tasks. To use the model effectively these ranges
must be defined.

f .. Object Ae Ap
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FIGURE S. EXAMPLE MODEL OUTPUT SHOWING VARIATION OF ORACLE VISIBIUTY WITH
PERIPHERAL ANGLE

Figure 5 shows curves obtained for some hypothetical cases. The lines show the
variation in visibility of a plain amber caption plotted against peripheral angle up to a
maximum angle oi 10 degrees. Three object luminance levels and three areas (including
two aspect ratios) for the caption are shown. As might be expected, greater visibilities
are predicted for larger sizes and higher luminances. It can be seen that the fall-off
in visibility with peripheral angle becomes less rapid as object size increases. Suppose
that a minimum required ORACLE visibility of 1.8 has been specified: from Figure 5 it is
clear that none of the low luminance captions (lines 1, 2 and 3) would be suitable and
that all of the high luminance captions (lines 6, 7 and 8) would be acceptable when
presented within 10' of the instantaneous point of fixation. Similarly, the largest
medium luminance caption (line 6) could be used out to 10', but the small and medium
sized medium luminance captions (lines 4 and 5) would fall below specification at 2' and
8' respectively.

7. BENEFITS OF MAN-DISPLAY INTERFACE MODEL

The model can be run repeatedly very quickly so many combinations oi display
phosphor and contrast enhancement filter can be assessed easily, rapidly, and hence very
cheaply. Of course, there is still a need fur testing by aircrew in representative
environments and this will remain at, importantt design stage, but, if objective
specifications have been achieved, the system should be close to an acceptable solution.

The use of this model will allow many more display configurations to be tested than
it would be practically feasible to assess by flight testing with aircrew. Innovative
ideas can be evaluated at the initial design stage and, if thought to be of value, can be
developec with the minimum of risk. Hence, it will enable designers to make better use
of available technologies. Another major use of the model will be in the drawing up or
equipment specifications. Once the requirements for a system have been defined in terms
of working conditions, user tasks and necessary itllormation to be conveyed, the
specification can be given in terms ol an objective measure of minimum visibility.

8. THE FUTURE

The model covered in this paper represents the state-of-the-art in display and
vision modelling, but there is still work neeoed to achieve all the requirements set down
in Section 3.

The viaiin model, ORACLE, is under continual review and extension. Presently
experiments are being carried out to provide validation data for the colour aspects of
ORACLE and to investigate its suprathreshold performance. Preliminary results of one
current experiment, looking at suprathreshold luminance contrasts in high ambient
conditions, show very encouraging correlation between ORACLE's predicted visibilities and
experimentally measured relative conspicuities (see Fig. 6). The method used in this
experiment was by paired comparison of two simultaneously displayed objects on a computer
controlled display. The objects used were rectangles of different size ai'd aspect ratio.
Iwo levels of ambient illumination were used. It is clear from the data in Figure 6 that
objects ol varying luminance contrast, size, and aspect ratio under different ambient
illumination conditions can be accommodated by ORACLE. These results confirm that ORACLE
is a suitable model for optimising display configuration components in aircraft cockpits,

rwhere it is necessary to judge objectively the combined effect on visual performance of

I
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such parameters. Other work is being carried out to produce a module [or ORACLE to look

at the effect ot NVGs on observer performance.
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FIGURE 6. PREUMINARY RESULTS OF EXPERIMENT SHOWING CORRELATION OF MEASURED
RESPONSE WITH PREDICTED VISIBIUTY

The physical model is presently limited to emissive displays. Work is therefore
needed to make it applicable to a wider range of display types, including coloured flat
panel displays. To consider a different type of aircraft presently requires the model
program to be edited, as the data used in the equations for manipulating spectra vary
with different aircrait. A menu selection for aircraft type could easily avoid the
necessity of changing the program at code level.

A possible future form of the model could be an 'expert system' allowing the design
of a complete display system and the specification of any particular requirements for
visual performance. The model could automatically iterate different display/filter
combinations to find the optimum solution(s).
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SUMMARY

This paper describes the flight test methodology that was successfully used to
assess the effect of the integration of a fighter aircraft and a specialized sensor
augmentation system on pilot workload and single-seat effectiveness. This methodology
also permitted collection of subjective date pertinent to the issues of cockpit controls
and displays, situational awareness, task complexity, survivability and safety. Two
different subjective workload metrics, supplemented by structured interviews, formed the
basis of the data collection procedure. One metric was the Subjective Workload Assessment
Technique (SWAT), developed at Air Force Aerospace Medical Research Laboratory
(AFAMRL), and the other metric was a modified Cooper-Harper-type scale that was tailored
for the project with the inclusion of a performance factor.

The test method mandated that each pilot qualitatively estimate attack performance
according to prescribed parameters and then use both metrics to assess his perceived
workload. Because we had trained the pilots on the subjective methods to be used during
the data collection phase, the pilots were generally very comfortable with providing the
workload assessments real time (immediately following task accomplishment). To elaborate
on the ratings and related comments, extensive reviews and discussions of onboard video
were accomplished after flights among pilots and human factors engineers. This method
culminated in a detailed picture of the integrated system with the pilot as the key
system operator, with particular emphasis on the pilot's overall workload for mission
performance.

INTRODUCTION

This paper summarizes the methodology recently employed to assess systems integra-
tion and pilot workload during flight tests at Edwards Air Force Base, California. The
tests involved the integration of the pilot with the Low Altitude Navigation and Targetin
Infrared System for Night (LANTIRN) and the F-16 fighter aircraft manufactured by General
Dynamics. The test aircraft were two F-16B aircraft and one F-16A modified with F-16C/D
avionics systems.

The LANTIRN System is a revolutionary new system that consists of a Navigation Pod
(NVP), a Targeting Pod (TGP) and a Wide-Angle Raster (WAR) holographic ead-up Display
(HUD). This system was designed to provide pilots with the ability to navigate at low
altitude and manually follow and avoid terrain while operating under (and to a limited
extent through) the weather, both day and night. LANTIRN literally "opened up the nightwindow" for realistic tactical warfare. AS a result, it was Tactical Air Command's

highest priority test program at the time of this test. Additionally, the system was
designed to facilitate pilots' abilities to find and attack a variety of interdiction and
tactical targets using conventional, self-designated laser guided and stand-off, launch,
and forget weapons in a single-seat aircraft.

The NVP included a Forward-Looking Infrared (FLIR) system composed of a Fixed-Imaginj
Naviqation Sensor (FINS) and a Terrain-Following Radar (TFR). Together, these provided a
day or night, under-the-weather, low altitule terrain following (TF) capability. The
pilot interfaced with this pod through the WAR HUD and controlled pod functions from the
cockpit via the multifunction displays ()FDs) and the up front controls (UFC). the TGP
included a target acquisition FLIR (TAP), an image tracker, a stabilization system, a
lissile Roresight Correlator (MBC), and a Laser Designator/Ranger (LDR). These allowed
a day or night, under-the-weather target acquisition and recognition and first pass
weapons delivery capability. Pilots interfaced with this pod through the MF0s and the
hands-on controls on the side stick controller and throttle grip.

The specific objectives of this test were categorized into four main areas of con-
cern. The first was to assess operability and controllability of the F-16/LANTIRN System
integration mechanization, insuring that the controls and displays permitted proper
operation, efficient and effective control, and provided sufficient feedback to the
operator/pilot. The second was to assess pilot workload, verifying that the pilot could
accomplish all navigation, TF, threat response, target acquisition, and weapons delivery
tasks without undue workload.



The major thrust of this phase of Development Test and Evaluation (DT&E) testing for
LANTIRN was to assess the overall impact of the TGP to the LANTIRN mission. The third
objective was to assess the overall contribution of the LANTIRI TGP to the low level
navigation task. (The TGP was not specifically designed to provide low level navigation
capabilities. That was the intent of the NVP. The TGP was expected, nonetheless, to
enhance low level navigation, and the extent to which it did was the intent of the third
objective.) The fourth area of concern was to verify that the LAITIRN Fire Control
System (FCS) and F-16 test aircraft were adequately integrated to provide the pilot a day
or night, under-the-weather capability to detect and recognize targets, permitting
successful weapons deliveries on the first pass at the target. It was determined during
the planning phase of testing that, to a large degree, all these objectives could be
achieved within a comprehensive workload evaluation that employed the various aircraft
subsystems associated with the F-16/LANTIRN mission.

The objectives were satisfied with a flight test program that consisted of 56
nighttime, low level sorties conducted in a simulated operational environment (unfamiliar
terrain, unfamiliar targets, etc.) unA-r simulated operational conditions (mission plan-
ning folders, simulated attacks, etc.). Due to the complexity of the avionics suite which
comprised the F-16/LANTIRN System, the task of flying these sorties under these conditions
was difficult and often hazardous. As a result, the test methodology that was used success-
fully to satisfy these objectives had to be, and was, as unobtrusive as possible.

OVERALL TEST ETHODOLOGY

The testing was conducted and data were collected during three distinct phases;
training, Systems Integration (SI), and specialized demonstrations. The test method
employed during the training phase was very similar to what was used in the SI phase.
The bulk of this testing centered on the SI phase, therefore, our discussion will concen-
trate on this phase of testing. In general, the demonstrations were based upon another
set of objectives and have been excluded from the remainder of this discussion, with the
exception of one demonstration. This demonstration was the verification of F-16/LANTis'.
System single-seat effectiveness. This was a special phase of testing wherein the pilots
did, in fact, fly the F-16/LANTIRN mission single seat. This demonstration followed the
SI phase and, in terms of the assessment of systems integration and pilot workload, was
conducted exactly like the preceeding SI phase. Therefore, once again, the bulk of this
treatise will be a discussion of the method used during the SI phase.

Five experienced test pilots participated in the data collection aspects of the
training and SI phase of testing as well as the single-seat effectiveness demonstration.
They were from a variety of backgrounds and their actual flight time in an F-16C/D
aircraft varied from 86 to 380 hours. The following table presents the test subjects'
overall flight experience.

LANTIRN PILOT FLIGHT EXPERIENCE

Total Total
F-16C/D F-16 FTR/TNR Total Other
Hours Hours Hours Hours Aircraft Flown

Pilot A
(AFOTEC) 86 1162.1 1648.4 2760.7 F-4, T-38
Pilot B
(TAC) 380 956.5 1895.4 2164.1 F-4, T-38
Pilot F-4, RF-4, T-33,
(AFSC) 359 1497.7 4408.7 4986.2 T-38, F-102, F-104
Pilot D F-4, F-15,
(AFSC) 371 469.3 2634.7 3024.1 T-38
Pilot E
(AFSC) 170 782.4 2077.5 2346.1 F-4, AT-38B

NOTE: Fighter/Training (FTR/TNR), Air Force Operational Test and Evaluation Command
(AFOTEC), Tactical Air Command (TAC), and Air Force Systems Command (AFSC).

The training phase consisted of sorties which were conducted to increase pilot
proficiency with the system as well as to facilitate pilot familiarity with the data
collection procedures prior to the SI phase. As mentioned previously, the S1 phase was
the most critical phase in terms of data collection. However, the training phase was
crucial to the overall successful collection of subjective data during the SI phase as it
provided the invaluable opportunity to train pilots as psychophysical observers. The
training sorties were a combination of low level navigation and weapons delivery maneuvers
exercising all NVP and TGP functions to be tested during the SI phase. These sorties
were flown in the Edwards AFB complex, with attacks on familiar targets, so that emphasis
could be placed on achieving proficiency with the F-16/LANTIRN System as well as with the
subjective test method.

The SI phase consisted of six different mission scenarios that were flown low level
at night, terminating in one of three different types of simulated weapons deliveries,
with three attacks per scenario. These scenarios were initially flown in two-place F-16B
aircraft with two LANTIRI-qualified pilots. The rear cockpit pilot functioned as a
safety pilot and was familiar with the route flown and the targets being attacked. In
general, the rear cockpit pilot was not permitted to prompt the front seat pilot unless a
safety of flight event were to occur. He did, on occasion, assist the front seat pilot
with the subjective portion of the test.



The front seat pilot saw both the actual route and targets for the first time during
SI. One of the constraints of this test was that these simulated operational mission scenar-
ios would have to be flown, to a large extent, over terrain and against targets that might
be familiar to the pilots. However, the particular routes, comprised of specific low level
navigation legs with specified target assignments and target headings, were new to the
pilots. Planning for each mission was confined to the day of the sortie (all sorties were
flown at night). It began several hours before "step time" when the pilot received his
"intelligence data" (which was a mission folder containing route information, weapons data,
specific rules of engagement, pictures, infrared (IR) film clips, detail maps, etc.) giving
him what was thought to be operationally representative, detailed information relative to
the test sortie. After the mission was planned, it was flown and completely debriefed.

Performance Measurement

Simulated attack performance was evaluated immediately following an attack by the
pilot. The parameters used to make the assessment had been defined prior to the start of
the test and were specific to the type of weapons delivery. Accuracy of the real-time
assessments was not always constant. On numerous occasions following the mission, during
the video tape review, the initial assessments were revised to comply more exactly with
the defined parameters.

SUBJECTIVE TEST METHODOLOGY

The operability and controllability evaluation was conducted primarily in conjunction
with the training and Si phases. Two subjective forms were used to document pilot
comments and opinions. To obtain pretest or baseline information, an operability and
controllability form was administered to the pilots prior to SI testing. This form
solicited their impressions of the integration of the two systems (LANTIRN and F-16) as
they knew it from their training phase of flight, as well as from their flying during
earlier developmental testing of the F-16/1AUNTIRN System. At the termination of the St
sorties, pilots completcd the operability and controllability form again. The two sets
of responses were compared and analyzed. This particular test procedure yielded informa-
tion pertinent to all objectives associated with the test effort. Results from these
forms indicated specific areas where there were still significant mechanization issues
which needed to be addressed within the existing deficiency reporting system.

The workload evaluation was accomplished during the SI phase. There exists a
plethora of definitions on workload in the literature. However, it appears that most of
these definitions can be placed into one of three broad conceptual groups: those related
to the demands of the flight tasks--input load, those associated with the response to
those demands--operator effort, and interpretations of workload based on work results or
performance (Reference I). For this test, workload was viewed as a multidimensional
construct which was a mixture of each of these interrelated conceptual groups.

It was well known from earlier developmental testing, as well as from the training
phase, that the complexity of the F-16/LANTIRU System had elevated the pilot's role
primarily to that of a systems manager, wherein the pilot must allocate his workload to
monitor four displays, evaluate threats, terrain follow and terrain avoid, select weapons,
employ electronic countermeasures (EC), etc., and fly the aircraft. This task complexity
suggested that perhaps the Most important criterion for selecting a metric for this test
would be intrusiveness. This fact, along with the basic complexity of the workload
concept, suggested a global indicator of workload (i.e., subjective indication of overall
workload) would be the most appropriate analysis technique. One global workload assess-
ment tcJiniiue that is capable of ;-Lisfying all selection criteria requirements (i.e.,
sensitivity, diagnosticity, intrusiveness, validity), plus possess universal accept-
ability, does not exist. We decided that a comprehensive approach to workload assessment
would result if two subjective techniques were employed. Both metrics would be supported
and validated to a large extent by the structured interviews and ancillary subjective
narrative to be elicited from the pilots. The plan was to develop a modifiod
Cooper-Harper-type scale specifically for F-l6/L5IITIRM SI testing applications. This
scale would be used in conjunction with a subjective procedure known as Subjective Work-
load Assessment Technique (SWAT).

The workload scale developed for LANTIRN SI was patterned after the well-known
Cooper-Harper handling qualities rating scale (Reference 2). The Cooper-Harper Scale
(CHS) has been used so extensively for assessing handling qualities that it has becone a
standard in the flight test community. The CHS is a global rating technique that combines
a binary decision tree with a 10-point scale. In spite of the fact one half of the
words on the CHS are workload related, research indicated that the scale is best suited
(i.e., more sensitive) to tasks that are predominately motor or psychomotor in nat1re
(Reference 3). This was by design because the CHIS was originally conceived to assess
pilot motor or psychomotor activities required in the piloting of an aircraft. However,
with an integrated aircraft/avionics system as complex as F-16/LANTIRN, pilots rely on
cognitive abilities (perception, communication, monitoring, evalua.:ion, problem solving,
etc.) to a greater extent than on motor or psychomotor skills.

The original CJIS has been modified by many experimenters (Reference 3). In these

instances, the modifications to the original CHS did not incorporate a major change to
the overall emphasis. However, beginning in 1981 and continuing through 1983, the
researchers, Casali and Wierwille, with the intent of creating a scale that cooild be used
specifically for assessing workload, developed and tested a modified version of the origi-
nal CHS that stressed the more cognitive aspects of task accomplishment (Reference 3).



The studies performed by Casali and Wierwille demonstrated that certain modifications
could be made to the original CHS with the modified scale retaining the sensitivity,
reliability and validity of the original scale. The modifications involved the wording
within the scale, aligning it with the cognitive aspects of workload. As a result of
their research, they produced a statistically reliable scale that could be used as an
overall indicator of mental workload. They called their scale a Modified Cooper-Harper
Scale (CH) (igure I).

A scale similar to the CHS or the Casali and Wierwille "CH was determined to be the
most appropriate choice for one of two subjective opinion measures for SI testing for a
variety of reasons. One justification was that the test pilot community is very familiar
with the original CHS. It is well known that people tend to ascribe legitimacy to tech-
niques that are familiar to them. As a result, a priori acceptance of a scale that
resembled the original Cooper-Harper was expected and received. Test subject acceptance
of test methods is one of the most important elements in subjective evaluations.

The Casali and Wierwille 'ICH scale was not considered appropriate for direct
application to SI testing without ,odifications. Their 'ICH scale did not incorporate
performance criteria associate] with variods levels of workload. We needed a measure that
integrated perceived workload ani .1 performance. We assumed that minor modifica-
tions to their MCH scale coul.d be made without significantly altering the validity of the
scale. The format, and in particulaz, tie inclusion of a binary decision tree, were
thought to be the most important attrlbites that should be retained in the development of
a LANTERN workload/performance assessment 'ICH scale.

Our goal was to design a scale that (1) closely resembled the format of the original
CHS as well as the Casali and WierwilLe 'ICH scale, (2) integrated perceivel workload
associated with perceived attick performance,(3) involved some measure of F-16/LANTtRN
System integration, and (4) was succinctly worded to fit on a standard 5-inch by 8-inch
flight card.

The LANTIRN-specific ICH scale that was finally developed was called the LANTERN
Workload Scale (LAWS) (Figure 2). The attack performance descriptors, "DES" for DESIRED,
"ADQ" for ADEQUATE, and "INADQ" for INADEQUATE, were defined by performance parameters
relevant to three different weapons delivery categories. Although somewhat artificial,
as they were not exactly representative of the maneuvering tactics that might have been
employed in a true operational scenario, the parameters did, nonetheless, provide general
guidelines for standardizing pilot performance. This permitted comparisons between
individual pilot performances specific to the three types of deliveries,

For this test, perceived workload was divided into three major categories to indicate
increasing levels of workload. Each workload category descriptor (minimum, moderate, and
extensive) was associated with a respective F-16/LANTIRN System characteristic, attack
performance rating (as above), and LAUWS n merical rating. For example, the "minimum"
workload descriptor was associated on the scale with P-16/LANTIRN System characteristics
like "good--negligible deficiencies" and "DESIRED" attack performance, with a numerical
rating of 2; or "minor but annoying deficiencies" and "ADEQUATE" attack performance, with
a numerical rating of 4. The LAWS was divided into three groups of three, with a separate
group for major deficiencies where improvement was mandatory (numerical rating of 10).

The SWAT procedure referred to eirlier and incorporated into this test as the second
subjective opinion measure, was developed by the Air Force Aerospace Medical Research
Laboratory (AFAMRL). For background development information on SWAT see Reference 4.
SWAT defines relative perceived workload in three dimensions: (1) time load, (2) mental
effort load, and (3) psychological stress load. The following descriptions of each
dimension developed by AFAMRL were given to the test subjects:

Time Load

Time load refers to the fraction of the total time that you are busy.
When time load is low, sufficient time is available to complete all of your
mental work with some time to spare. As time load increases, spare time drops
out and some aspects of performance overlap and interrupt one another. This
overlap and interruption can come from performing more than one task or from
different aspects of performing the same task. At higher levels of time load,
several aspects of performance often occur simultaneously; you are busy, and
interruptions are very frequent.

Mental Effort Load

As described above, time load refers to the amount of time one has avail-
able to perform a task or tasks. In contrast, mental effort load is an index
of the amount of attention or mental effort required by a task regardless of
the number of tasks to be performed or any time limitations. When mental
effort load is low, the concentration and attention required by a task is
minimal, and performance is nearly automatic. As the demand for mental effort
increases, due to task complexity or the amount of information which must be'
dealt with in order to perform adequately, the degree of concentration and
attention required increases. High mental effort load demands total attention
or concentration due to task complexity or the amount of information that must
be processed.



Psychological Stress Load

Stress load refers to the contribution to total workload of any conditions
that produce anxiety, frustration, or confusion while performing a task or
tasks. At low levels of stress, one foels relatively relaxed. AS stress in-
creases, confusion, anxiety, or frustration increase and greater concentration
and determination are required to maintain control of the situation.

According to the SWAT procedure, each of these three dimensions was assigned three
levels, corresponding roughly to high, medium and low loading. A precise definition for
each level, as developed by AFANRL is shown in Figure 3. The SWAT procedure started by
having the test subjects perform what is called a "card sort". The card deck consisted
of 27 cards with all possible combinations of the three levels of the three dimensions of
workload. The test subjects rank ordered the workload descriptors according to their
personal perceptions of workload. The individual card sorts from the test subjects were
combined through a mathematical procedure known as conjoint measurement. Conjoint measure-
ment tests the ordered data to determine the combination rules used by the subjects. An
additive model leads to a combined workload score, incorporating time load, mental effort,
and psychological stress, on an interval scale ranging from zero to 100.

The SWAT card sort information obtained from each test subject was analyzed with the
AFAHRL SWAT computer program. This program determined prototypes for the individual
subjects. For example, a subject that was a "time" prototype considered the time load
dimension to contribute the heaviest to his perception of workload. There were six
possible prototype groups. The two highest correlation coefficients of the six determine
to which group the subject belongs. Of the five test subjects who participated in SI
testing, three were prototyped "stress", with "time" the second factor; and two were
prototyped "time", with "stress" the second factor.

Group scaling was also provided by the SWAT computer pr6gram. for group scaling,
the data from all subjects was averaged together and conjoint analysis derived a single
scale for the group. To use group scaling, the derived Kendall's Coefficient of
Concordance had to be greater than 0.78. The SI test subjects had a Kendall's Coefficient
of Concordance of 0.897 which indicated a high level of agreement among test subjects.
If the coefficient had been lower than 0.78, either prototype or individual scaling would
have been used for the scalinq in this test.

The combined values were broken down at the end of the SL testing phase into five
categories representing various levels of workload (Table 1).

Table I

SWAT DESCRIPTIVE LEVELS OF WORKLOAD

SWAT SCORE WORKLOAD LEVEL

0.00 - 15.99 Minimum
16.00 - 29.99 Moderately Low
30.00 - 55.99 rNoderate
56.00 - 69.99 Moderately High
70.00 - 100.00 Extensive

The combined SWAT scores were not normally distributed. By selecting the categories

shown in Table 1, an approximate normal distribution of the data set was achieved. The lack
of normality for the combined SWAT data was probably an effect of sample size or selection.

The two subjective metrics employed during this test were LAWS and SWAT. Immediately
following an attack, the test subject/pilot rated the attack sequence using these two met-
rics. Therefore, pilot workload was evaluated per attack sequence, including ingress and
egress. In addition, to gain some workload information relative to the low level portions

of the flight, the subjects rated these segments using the SWAT technique. As LAWS was
attack specific, it was not used to evaluate the low level navigation portions of the test.

The six routes used during the SI phase were designed to test the navigation capability
of the F-16/LANTIRN System over various types of terrain and targeting/attack capability
against targets of several thermal contrasts. Terrain varied from the flat, dry lakes of
the "lojave Desert to the rolling hills of the central California coast and rugged mountains
of the Sierra Nevada. Weather conditions also varied from the clear, low humidity condi-
tions found in the desert, to low overcast, high humidity conditions found along the

central California coast.

Each profile required that the pilot navigate past three turnpoints prior to reaching
a simulated target. Three targets were included on all routes. Although in a true opera-
tional scenario there is generally no more than one target/attack sequence per route, we
included three separate target/attack combinations to maximize Iata acquisition. More
than three targets would have drained the pilots' mental and physical reserves and would
have confounded the test results, in particular the workload results.

Pilots were asked to evaluate the F-16/LANTIRHl System performance and its contri-
bution to pilot workload for each attack sequence using the LAWS and SWAT. To facilitate
data collection, most routes were designed with an orbit following the attacks. The orbit
gave the pilots an opportunity to pop up out of the low altitude environment so that they
could provide the necessary workload information without impacting the workload associated
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with setting up for the next turnpoint or attack. In addition to rating the attacks, pilots
were requested to comment as often as they could "real time" (their comments were recorded
by the onboard video recording system) on the operability and controllability of the
LANTIRN system, and on F-16/LANTIRN System capabilities, deficiencies, and workload.

A flight card containing the abbreviated LAWS narrative and a SWAT mnemonic was
designed to allow quick interpretation and use by the pilots in the flight environment.
Approximately 10 variations of a flight card were flight tested during the training phase
of SI. Finally, an acceptable flight card was created that contained the most salient
workload related words with associated attack performance and SWAT information (Figure 4).
To rate the attacks, pilots would "step" through the flight card beginning with the boxed
question in the upper left-hand corner. For the SWAT score the pilots could use the SWAT
mnemonic provided, or, if they preferred, the rear cockpit safety pilot could read them
the full SWAT descriptors that were listed on the reverse of the flight card (Figure 3).

The pilots were very conscientious about giving accurate scores using both metrics.
With very few exceptions, they were able to "walk through" the binary decision tree
associated with the LAWS and arrive at a LAWS rating that unambiguously reflected the
perceived workload required to achieve a certain attack performance. To a large extent the
acceptance of the method was a result of their total familiarity with the procedures and
the subjective metrics that they were exposed to during the training phase of testing.

On a couple of occasions, a situation occurred wherein the pilot would report a
performance rating of "INADEQUATE" which he attributed primarily to pilot error. The
error was in attacking the wrong target. There were no LANTIRN System malfunctions,
aircraft integration problems, or workload issues. Often, during the extensive postflight
video tape review, the error could be shown to be attributable to excessive workload
before the target acquisition phase, to the less than optimum (small) display size for
TGP FLIR, to INS drift, or to a deficiency in mission planning by the pilot. The LAWS
did not provide for these anomalies. This type of situation occurred very infrequently.
Consequently, it was decided this anomaly did not invalidate the general use of the LAWS.
In addition, these anomalies had little effect on the overall workload test results.

Subsequent to each flight a debriefing was held to evaluate the overall effectiveness
of the mission. A review of the recorded video, with particular emphasis on the attack
sequences, occurred afterwards. During these sessions, test subject/pilots participated
in a structured interview.

At the completion of all testing, overall mission effectiveness was defined as the
total of all DESIRED and ADEQUATE attack performances.

DISCUSSION

As a result of using the two subjective metrics, supplemented by pilot narrative, a
global view of F-16/LANTIRN System integration and workload was achieved. In addition,
we were able, as a function of the LAWS metric, to compare and contrast attack performance
for the three types of weapons deliveries and derive an overall effectiveness rate. All
actual test results were classified. Therefore, the "results" contained within this
section are listed generically and may only be interpreted as general representations of
the data we received as a result of this test methodology.

A summary of workload ratings for the three weapons delivery types was derived from
the LAWS metric (Table 2) and from the SWAT (Table 3).

TABLE 2

LANTIRN WORKLOAD SCALE (LAWS) SUMMARY FOR SYSTEMS
INTEGRATION WEAPONS DELIVERY TYPES

Weapons Numbers of LAWS Ratings
Delivery
Types Minimum Moderate Extensive
A I 9 5
B 3 - 9

NOTE: The totals for each weapons delivery type, across LAWS and SWAT ratings, do vary.
Some test sorties were deemed ineffective due to extenuating circumstances, like weather
or aircraft subsystem failures.

TABLE 3

SUBJECTIVE WORKLOAD ASSESSMENT TECHNIQUE (SWAT) SUMMARY FOR SYSTEMS
INTEGRATION WEAPONS DELIVERY TYPES

Weapons Numbers of SWAT Ratings
Delivery Mod Mod
Tyes Minimum Low Moderate High Extensive
A 5 7 8 2 3
B 5 4 6 3 11

TOTAL 20 13 22 9 20
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Phe data in Table 2 suggested a global workload assessment of "moderate" for these
three weapons delivery types. This statement was corroborated by the SWAT results
presented in Table 3. However, note the number of "extensive" responses on boti tables.
In all cases (Tables 2 and 3), these "extensive" ratings suggested the occurrence or near
occurrence of "overload" sitjations. "Overload" sitiations are those subjective expeclences
in which the entire complement of elements that comprise workload for any given event
results, generally, in degradation of performance. Overload may occur at lifferent
levels for different individuals. "Extensive" ratings also suggested that little workload
reserve capacity existed for other unplanned elements of a complex task.

As mentioned earlier, both metrics were compared to a large volume of narrative
information obtained from the pilots both during and after flight. The primary reason
for measuring workload was to identify conditions under which attack performance could be
expected to deteriorate. As a result of this methodology, we were able to determine and
report on the extenuating factors that either did, or could realistically be expected
to, contribute to the "extensive" ratings and subsequently impact overall workload and
performance. The factors thus identified varied tremendously between what could be
controlled (e.g., mission planning, known deficiencies or limitations of the test,
tactics) and those factors which could not be controlled (e.g., a shift in pilot priori-
ties, humidity, weather, target characteristics that were less than optimum, system
anomalies that interfered with or caused the pilots to have to compensate in order to
execute the attack precisely, etc.). In addition, two other factors that may have impacted
workload and performance were not controlled in this test: work durations and proficiency
levels.

When we isolated the three possible workload categories from the LAWS scores
(minimum, moderate, and extensive) and plotted them with the SWAT combined workload
ratings, the data showed a positive relationship between the two workload techniques.
When we plotted LAWS combined workload and performance scores (numbers 1 through 10) with
the SWAT combined workload ratings, the data tended to show a positive correlation and
were somewhat homoscedastic (Figure 5). This correlation is not conclusive.

In general, despite the extensive training, and to a certain extent, terrain and
target familiarity, the workloaJ responses, from both techniques, were distributed
throughout the range of workload possibilities, across weapons delivery types, and were
not always dependent upon level of performance. This was probably due to the same
combination of effects or extenuating factors, as mentioned above.

For the low level navigation ssessments, we relied primarily on subjective narrative
elicited by structured interviews. This procedure revealed that, in general, the TGP
served to increase overall pilot situational awareness. In addition, the pilots evaluated
a limited number of specific navigational segments using SWAT. These resalts yielded
important relative workload information and enabled us to make definitive statements
regarding the overall contribution of the Targeting Pod to the low level navigation
portion of the F-16/LANTIRM mission.

CONCLUSION

The general conclusion from this effort was that it was impossible t, predict
potential workload from observing performance. This is consistent with other reports
(Reference 5). However, due to the test methodology just described, it was possible to
identify those factors which degraded performance, or forced the requirement for excessive
pilot compensation with a concomitant increase in pilot workload.

REFERENCES

1. Roscoe, Alan I., Assessing Pilot Workload in Flight, In: Conference Proceedings No
373, Plight Test Techniques, AGARD, Portugal 1984.

2. Cooper, George E., Harper, Robert P. Jr., The Use of Pilot Rating in the Evaluation
of Aircraft Handling Qualities, NASA Technical Note D-5153, April 1969.

3. Wierwille, Walter W., Casali, John G., A Validated Rating Scale for Global Mental
Workload Measurement Applications, Proceedings of the Human Factors Society-27th Annual
Meeting, 1983.

4. Reid, Gary B., Eggemeier, F. Thomas, Nygren, Thomas E., An Individual Differences
Approach to SWAT Scale Development, Proceedings of the Human Factors Society-26th Annual
Meeting, 1982.

5. Wickens, Christopher D., Yei, Yu Yeh, The Dissociation of Subjective Ratings and
Performance, IEEE International Conference on Cybernectics and Society Proceedings, Oct
28-30, 1982, pp 584-587.



2 2

t t

2 42

4

0 00 < o o o 2

4 - 04 04"

<0 00 00 -

0" 

044

4~~~~Z o44 4. '

~ ~ £~ <



LANTIRN WORKLOAD SCALE
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SWAT - FULL NARRATIVE

I. TIME LOAD

0 Often have spare time. Interruptions or overlap
amonq activities occur infrequently or not at
all.

O1 Occasionally have spare time. Interruptions or
overlap among activities occur frequently.

EO Almost never have spare time. Interruotions or
overlap among activities are very frequent or
occur all the time.

II. MENTAL EFFORT

0 Very little conscious mental effort or concen-
tration required. Activity is almost automatic
requiring little or no attention.

r13 Moderate conscious mental effort or concentra-
tion required. Complexity of activity is moder-
ately high due to uncertainty, unpredictability
or unfamiliarity. Considerable attention re-
quired.

ED Extensive mental effort and concentration are
necessary. Very complex activity requiring to-
tal attention.

III. PSYCHOLOGICAL STRESS

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

U3 Moderate stress due to confusion, frustration
or anxiety. Noticeably adds to workload. Signi-
ficant compensation is required to maintain
adequate performance.

rO High to very intense stress due to confusion,
frustration or anxiety. High to extreme deter-
mination and self-control required.

FIGURE 3

SUBJECTIVE WORKLOAD ASSESSMENT TECHNIQUE (SEAT)
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PILOT WORKLOAD FOR COMPLEX TASK CONDITIONS
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SUMMARY

Workload research has led in the past to the development of various measures, mostly concerning

different aspects of task workload, in a separate and isolated way. In addition, present opinion assumes
more and more that, in order to achieve a satisfactory workload evaluation, a natrix of measures is

needed.
This paper discusses a number of considerations concerning the problem of being able to draw conclusions

from a variety (i.e. a matrix) of experimental measures in a complex task situation. Several implications

are pointed out, such as the problem of dealing with contradictory outcomes, the designating of artefacts,
and the problem of formulating final conculsions without the (a-priori) availability of a superior method

for evaluating other methods.
These considerations have been examined in detail in an In-flight study concerning the assessment of pilot

workload under various instrument approach conditions for a fixed-wing (civil) transport aircraft. The

experimental findings have been compared with the results of a former in-flight experiment dealing with

pilot workload and performance during helicopter (instrument-flying) tasks.
A discussion is given of the results consisting of subjective ratings, physiological measures, and task

performance measures. A strategy is discussed, dealing with the formulation of final conclusions based on

the outcomes of a matrix of measures.

ABBREVIATIONS

ABP Average band power

ACL Above ground level
AP Autopilot

ATPL Airline transport pilot licence
b.p.m. Beats per minute

CPL Commercial pilot licence

dB Decibel

DME Distance measuring equipment

e Error (or: residual) variation

FD Flight director
G Groningen airport

IF Instrument-flying

[ILS Instrument landing system

KT Knot(s)

M Mean
%DB Non directional beacon

NLR National Aerospace Laboratory
p Pilot

R Rotterdam airport

RMS Root mean square

RMSSD Root mean square of successive differences

SD Standard deviation
SYNC Synchronizer

T/L Take-off and landing
VHF Very high frequency

VOR VHF omnidirectional range

VTRR Threshold speed

WL Workload

INTRODUCTION

During the last two decades considerable research efforts have been devoted to developing a proper
franework from which pilot workload can be analysed in a systematic manner. In this context, several
attempts have been made to come to an unequivocal definition of the concept "workload" as well as to find

an adequate method for its "measurement". At present it must be stated, however, that these efforts have

not yet produced a satisfactory result. Although there is general agreement among investigators about tie
existence of differeat measures which could be used in some way as workload indicators, there is still no

agreement about which these are, about which are the most effective, or about how (combinations of) these
measures can be related to changes in the workload of an operator.

This situation has resulted in the development of a large number of measures for "quantifying" the
operator's workload, whereas relatively little systematic research has been devoted to basic aspects, such

as estimating the sensitivities of specific measures with respect to different task conditions and the

relative practical usefulness of different techniques within different operational environments.

Furthermore, it has been assumed in a growing number of workload investigations that we are dealing with a

multidimensional concept, hence a combination of measures is needed, or alternatively one measure with

sensitivity to several dimensions, in order to come to a satisfactory evaluation ct the operator's

workload. This idea has had little impact, however, on the development and use of workload measurement

techniques.



The foregoing outlines some reasons for developing a new approach towards the study of workload
measurement. Such an approach should be based upon the presumption that the concept of workload
encompasses various task- and operator-related aspects, for which each measure will most likely have a
different sensitivity. In addition, the data obtained with these different measures must be integrated in
a proper way in order to arrive at valid conclusions.

In the following, the implications of such an approach are discussed in detail . The resulting
consequences are judged on their merits on the basis of the outcomes of two in-flight workload studies.
The first study deals with instrument approaches carried out on a (civil) fixed wing aircraft under a
variety of approach conditions. The second study concerns helicopter instrument-flying tasks, such as
hovering and tracking.
The considered workload measures include subjective ratings, physiological measures, control activity
measures, and (mathematical) model measures. The pertinent outcomes are discussed in connection with a
strategy to arrive at an overall conclusion on the basis of the individual results of different measures.

BASIC IDEAS AND AIMS

The basic ideas and aims behind this study, can be formulated more specifically as follows:

(1) It is assumed that workload generally encompasses several components, such as time stress, effort,
etc. It is not clear which components play a part in a specific situation, nor what the impact is of
each upon the overall perception workload. It is therefore advocated that attention be paid to the
sensitivity of specific workload measures to different aspects of the task.

(2) As a further consequence of (I) it can be stated that research on workload measures should not be
based upon any underlying assumptions about the existence of a superior method which can be used as a
criterion (e.g. "task complexity") for the evaluation of other methods. Any such a-priori selection
of task conditions according to a particular criterion, which may emphasize specific properties of a
given task situation, could conceivably suppress the usefulness of certain other measures, due to an
insufficient degree of variation of other task variables to which these measures are specifically
sensitive. In other words, any assumption which supposes that "degrees" of work'oad can be indicated
on the basis of one criterion exclusively, is contradictory to the idea that workload is
multidimensional. Investigations of workload measures should therefore not start from an a-priori
ranking of task conditions with respect to the expected "amount" of workload involved in the tasks.
Instead, the underlying rationale for drawing certain conclusions should first be considered care-
fully .

(3) Most workload studies focus exclusively on identifying differencr in workload. It is important,
however, that such studies focus also on the problem of indentifying similar workload levels with
respect to different tasks. This can have considerable consequences for the experimental design.
Equivalence in workload level has, for example, still not been demonstrated in cases where measured
differences do not reach a significant level. It is necessary in workload studies, therefore, to
establish the power of the intended statistical tests in an early stage of ce ..vestigation. Only in
cases of sufficient power of the statistical tests being used (larger than, say, 0.7) it is possible
to identify - with a reasonable certainty - both possible similarities and differences In workload
for different task situations.

(4) As a consequence of (3), minimal differences of interest ("indifference margins") have to be
specified with respect to each workload measure. The smaller these minimal differences are, the
larger the sample-size must be in order to obtain the same power of the test. It is usually of little
interest, for example, to detect "small" differences between two tasks, such as differences in
average heart rate of, say, 0.1 beat per minute, or differences on a 10-point rating (interval-)
scale between values of, say, 6.2 and 6.3.
By carefully selecting plausible indifference margins, it should therefore be possible to use
workload measures as indicators of differences as well as of similarities in workload at an a-priori
specified power. Clearly, there is a need for a general agreement in connection with the
specification of the indifference margins for workload measures.

(5) Once the data from a specific measure have indicated that either a (positive or negative) change or
an equivalence in workload has occurred, it is necessary to define a strategy for drawing conclusions
on the basis of a number of different modality measures, including some possibly contradictory
results. Such a strategy should preferably be uncomplicated in its utilization so that the final
(overall) conclusions will not give rise to problems of interpretation. An obvious strategy would be
based upon the degree of homogeneity in the results. The desired level of homogeneity must be stated
by convention. That is to say, when using several measures simultaneously, it should be acceptable to
tolerate a certain percentage of diverging results when formulating the final conclusion.
Alternatively, all deviating outcomes must be inspected on the presence of, for instance. artefacts
which could raise the cost of an investigation considerably. If a critical amount of deviating
results is exceeded It is necessary to carry out additional investigations of the considered cases
until the desired level of homogeneity in the results has been obtained.

(6) The task situations to be selected for workload experiments must correspond to the ultimate complex
operational environment for which the methods are intended to be used. This objective also supports
the need for in-flight research programs, to be used as a common basis for different investigators
for comparing and collating measures, evaluating strategies, effects of task aspects, etc. Such
programs can be extended by including progressively more relevant task situations, ultimately
arriving at a general framework from which operationally oriented pilot workload studies can
proceed systematically
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(7) The development of any workload assessment method should have the objective that the ultimate
application of the method must not rely on the availability of an extensively equipped research
aircraft for the necessary data recording. Neither should the data analysis and the interpretation of
the outcomes require the knowlegde of an expert. Otherwise, workload research will possibly never
surpass the laboratory environment.

IN-FLIGHT EXPERIMENTS.

The foregoing considerations have led to the development of an in-flight experimental program by
which the feasibility of such an approach can be iay stigared. The program deals with various instrument
approach conditions for a fixed wing transport aircraft. Besides, the outcomes of a former, in-flight
workload study concerning helicopter instrument-flying tasks are used as an additional basis to
investigate the validity of the obtained results. Both experiments will subsequently be discussed in the
following.

Fixed wing aircraft instrument approach experiment

Experimental Program

The experimental tasks in this experiment (Ref. 1) consisted of flying procedural approaches (with an
external view occluding visor) with each experimental run starting on "downwind", approximately 10 minutes
before touchdown. The independent task variables have been based on (i) the different approach aids, that
is, ILS+FD, ILS. VOR+DME, NDB, (if) the manner of pilot control, that is, automatic, manual, or manual
with simulated trim malfuntion (i.e. retrimming prohibited after downwind), and (iii) the number of crew
members, that is. 2 man versus I man crew. The experimental conditions are presented in table I.

The approach pattern (for the ILS case) is illustrated in figure I. All approaches consisted of four
compatible segments: downwind, turn/intercept, 1st segment final (above i000 feet), 2nd segment final
(below 1000 feet), which are very suitable for making comparisons between scenarios on the basis of the
workload data obtained. The approaches were terminated with an overshoot (at approximately 50 feet) to
increase the flexibility of the program. (Note that some of the approaches must be flown in opposite
direction to the rest of the landing traffic due to local circumstances of wind and beacon locations).
At a suitable moment before the overshoot (mostly just after passing the middle marker) the subject-pilot
was reliefed from his IF-cap so that he could fly the last part visually.
Subjective ratings had to be given at the end of each segment (resulting in 4 ratings per approach). The
ratings should concern the previously flown segment exclusively. Ratings were obtained from both the
subject pilot and the safety pilot.

During the 2-man crew task conditions the safety pilot had to perform the duties of the first
officier; i.e.: be should take care of ATC communication, select beacons, set flaps on request, read out
checklists and perform such other activities as would be expected from the first officer. In the I-man
crew task conditions, the subject-pilot had to take over these duties in addition to the normal duties
required for flying the aircraft.

The considered workload measures in the approach study are listed in Table 2. They cover a broad
range of well-known workload assessment techniques. Besides, the selection of these measures have also
partly been based on ground of considerations regarding the practical implications of their utilization in
an operational environment.
The following discussions will be restricted to the most interesting results. For an extensive treatment
of the separate results of all considered measures, the reader is referred to reference I.

The experimental sessions have been carried out with the NLR Swearingen Metro II research aircraft
(Fig. 2), which is a twin engine turboprop with a gross weight of 12,500 lbs. The relevant experimental
parameters have been recorded by means of an aircraft related data acquisition system and an inertial
reference system or are computed off-line from the recorded data (e.g. wind, thrust). The experimental
data are partly grouped over the four segments (with exclusion of the rating parts at the end of each
segment and the 'visual' part at the end of the fourth segment) and subsequently reduced to their relevant
statistics. The data from some variables (among others, the flight path data) have also been stored on a
time, and distance-to-go basis.

Each experimental session contained the 8 different approach conditions, which have been presented as
much as possible in a random order. The sessions have been carried out at two airports (Rotterdam,
Groningen', and were terminated, each time by means of a full stop (single or dual pilot) ILS approach at
Schiphol airport; this time without requesting ratings from the subject pilot. By this, eventual effects
due to the rating procedure, or the overshoot in stead of landing, could be traced (for the ILS type of
approach).
The experimental program included in total 21 sessions, which have been carried out by 5 subject-pilots

and 2 nafety pilots (CPL and ATPL pilots).

Nasults

The experimental results have been based on analyses of variance upon the considered workload related
data with respect to the N experimental conditions. Also analyses of covarianc

0 have been carried out to
adjust for eventual effects of the uncontrollable conditions of gust, wind and (ATC) communication load.
The important experimental results can be summarized as follows:

- First of all, a further selection among the workload measures had to be made (in addition to the
aforementioned selection based upon considerations regarding their practical usefulness). This time the
selection process was necessarily based upon aspects of sensitivity of the measures: a number of measures
(e.g. heartrate variability and control activity measures) appear to lack sensitivity to task differences,
due to large interaction effects between the factors subjects and tasks, or because of large intervening
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environmental related effects (e.g. gustlevel). In addition to this, a number of measures is rather
restricted with respect to their coverage; for instance, primary task performance measures reflect also
inherent differences in the approach accuracy which can obviously related to the available approach aids
in the pertinent conditions. Consequently, it becomes a complicated manner to adjust the pertinent data
for these effects.

- Analyses of variance did not indicate any significant interaction effects between the experimental
conditions (table 1) and the four approach segments (fig. 1). For all measures, except heartrate measures,
the third segment results in the best discrimination among the experimental task conditions. Heart rate
measures are the most discriminative in the fourth segment, possibly due to time-lag effects.

- The utilization of different measures tends to result - on the average - into similar workload
patterns with respet to the different task conditions. Measures, which are to a less extent sensitive to
different task conditions show more or less a fragmentary part of the aforementioned workload pattern.
Figures 4 and 5 illustrate the workload patterns resulting from 2 measures of different modalities, namely
4ubjective ratings (McDonnell's 10-point demand scale) and heart rate level. These figures show that both
measures result in rather similar outcomes. Furthermore, the sensitivity of these measures to the
different task conditions is concentrated within the last two segments.
The figures also show some specific aspects: for instance, the subjective ratings for the first segment
reflect a difference in workload between the dual pilot NDB conditions with and without trim mal function,
although the difference in trimmalfunction was not yet present during this approach segment. Note that
this peculiarity did not occur in the average heart rate measure. On the other hand, the difference
between single pilot and dual pilot conditions are for both measures more appearent during the first
segment(s) than during the third segment, although the third segment involves the highest time pressure of
all segments. Analysis of the video recordings for these conditions with respect to completion of the
final checklist and the complying with ATC instructions showed a significant reduce in the accuracy of
these cockpit activities during the single pilot cases (mainly due to failing to report compulsatory
reporting points, and to complete the final checklist). This finding (for which the accuracy of the
cockpit work can be regarded as a kind of "secondary task" performance) clearly indicates a higher
workload level for the single pilot tasks in comparison with the corresponding dual pilot tasks
(especially in the third approach segment).

The foregoing results, and also additional findings mentioned in reference I, show that a matrix of
measures is needed in order to arrive at reliable conclusions. Although different measures tend to result
- on the average - in similar outcomes, each individual measure seem to have its specific weaknesses which
can be compensated for by the additional use of other measures.

In the approach study also some attention has been devoted to examining the usefulness of
mathematical pilot-aircraft system models for workload analysis. Two models have been considered, which
are both based upon the optimal control model framework of the human operator. One of the models, the so-
called control effort model (Ref. 6) reflects - in terms of the optimal control model framework - how hard
the human controller has to work to achieve a given performance (criterion). It can be applied to manual
control tasks, provided that an adequate aircraft system model is available and that the manual control
task can be stated in model terms. The other model is an adapted version of the so-called Procru model
(Ref. 5), and is capable, among others, of generating timelines for the relevant events during the

execution of a ("raw" ILS) approach. Within the context of this investigation, the results of both methods
are (because of the afore mentioned restrictions) compared with experimental data for a limited range of
conditions (Ref.l) and are not used further for the purpose of the overall workload assessment of the
different task conditions. Within the context of this paper it can be mentioned that the results from both
methods agree fairly well with the corresponding experimental data. Besides, some findings with respect to
control effort model parameter (E) will be discussed further in the following section in connection with
the estimation of the so-called "indifferenc, murgins."

Overall assessment strategy

An important objective of the approach study concerns the investigation of an assessment strategy which
satisfies the basic ideas and aims, as stated in the foregoing. One important issue concerns the power of
the tests to be performed, in connection with the formulation of the mentioned "minimal differences of
interest". The power of an analysis of variance depends, among other things, on the relative magnitude of
an observed difference with respect to the standard deviation of the residual (i.e. error) variation, and
also on the sample size. This is illustrated in figure 6 for the hypothetical case of an analysis of
variance involving two experimental conditions. The figure shows that powerful assessments can already be
obtained on the basis of a few observations, if the observed differences between the mean values (AM) of
the pertinent variables are larger than circa 0.8 of the standard deviation of the residual random (error)
variation (SD ). Now, a safe strategy with respect to the choice of the magnitudes of the aforementioned
indifference margins, would be, to let these margins (for each workload meaure) be larger than the
s'andard deviation of the remaining ranrom variation (occurring in the data of the pertinent workload
measure).

Figure 6 shows also that it is not useful to trace differences between conditions (AM) which are
smaller than about 0.1 of the standard deviation of the residual error variation (due to the small power)
even if large sample sizes are used. Such small effects can adequately be considered as non-existent as
their eventual presence cannot be confirmed with a reasonable power even under strictly controlled
laboratory conditions.

If an observed difference falls within the region between 0.1 SD and the magnitude of the chosen
indifference margin. it should be qualified - by convention - as being eo-neer .Intesuy h

term "slightly different" is used to reflect the possibility that in the case of multiple comparisons
among conditions, several succeeding "non-interesting" differences can accumulate into a difference
(between conditions which lie relatively far apart) of such a magnitude that it exceeds the magnitude of
the chosen indifference margin. As a consequence, the outcomes of workload assessments (if based upon a
comparison between different conditions) can be categorized by one of the three aforementioned
qualifications. That is to say, the workload levels at different conditions can be qualified as being
either mutually "identical", "slightly different" (i.e. practically Indentical), or (clearly) "different".



Now it is important to determine for each measure the magnitude of (the standard deviation of) the
error variation (SD in figure 6) which remains after all tracable effects (from the experimental
variables, from interactions between factors, and from covariates) have been filtered out. The more we can
reduce this random variation in the data, the smaller the magnitudes for the indifference margins can be
chosen (if it is desirable).

The determination of the magnitudes of SD for different measures needs the utilization of a research
aircraft for the recording of the relevant parameters. Subsequently, also an extensive statistical
analysis process is needed for filtering out the (non-random) effects of the experimental variables,

Once, the magnitude of the error variation is known for a specific variable, it can be used as a
environmental "given" for assessments under similar operational conditions. Consequently these values can
he used as a guideline for the determination of the criterion values with respect to the foregoing three
assessment categories. Table 3 presents the derived SD values for some workload measures considered in
this investigation (The criterion value of the model parameter E has been based on a comparison with
subjective ratings for the pertinent task conditions). In this way, separate assessments can be obtained
from the individual measures (if they are sensitive enough) for pairwise comparions between conditions.
With respect to the possible outcomes, for instance concerning the workload (WL) involved in conditions A
and B, the following notation will be used:
WL(A) """ (or: '", "="* ">", "o") WL(B). This notation, and the corresponding pictorial representation is
shown in more detail in figure 7.

Now, in order to combine the separate outcomes . individual measures to obtain the final assessment,
it is necessary to valuate the individual outcomes, for instance by means of a five-point scale ranging
from -2 for the situation WL(A) c WL(B) upto + 2 for the situation WL(A) > WL(B). This commonly used
valuation scale has also been applied in this study. The final assessment can subsequently be based upon
the sum of all individual scores (each referring to a different measure), expressed as a percentage of the
maximal attainable score. (for which situation the individual outcomes are unequivocally either ">" or
"<"). As criterion percentages for deciding between "similar" and "slightly different", and between
"slightly different" and "different", are chosen the values of 30 percent and 60 percent, respectively
(This relatively simple decision strategy is based, among others, upon the experimental finding that no
serious contradictions occurred ((WL(A) c WL()) against (WL(A) < WL(B))m J

The resulting final workload assessment wite r to the dual plot appcoac
5 

XakA is presented in

figure 8 (which is based on subjective ratings of subject pilots and safety pilots, and on the heart rate
of the subject pilots as these were the only measures which could cover the whole range of
taskconditions).
The final assessment with respect to the single pilot versus dual pilot conditions is presented in figure
9. (This assessment is based on the aforementioned measures, and on "error rates" reflecting the accuracy
of the cockpit work). The results, which are of course open to future adaptations, can be used as a basis
for collating and integrating the results of other workload assessment techniques.

Helicopter instrument flying experiment

Experimental program

The experimental study has been carried out in 1976 as part of a research prograv for the Royal
Netherlands Air Force (Refs. 7,S). The aircraft used was an Alouette III helicopter which had been
modified for the instrument flying tasks and for the measurement and recording of the relevant
experimental parameters. The instrument flying tasks consisted of hovering at 600 ft above ground level
(AGL) with minimal horizontal (ground) speed and of flying along a track of approximately 6 NM with an
indicated airspeed of 60 kts, at either 600 ft or 150 ft AGL. (These latter tasks are referred to as the
high navigation and the low navigation tasks, respectively). The instrument information consisted of the
three attitude angles (provided by a three-axis ADI), height deviation, horizontal velocity components (in
case of the hover task and indicated by the flight director bars) and cross-track deviation (in case of
the navigation tasks and indicated by the vertical flight director bar).

Four military helicopter pilots participated as subject-pilots in the experiment. Besides, a safety
pilot was responsible for the flight-operational aspects of the measurements. Each experimental sortie
included two 3-minute hovering runs, and four 5-minute navigation runs (150/600 ft). Subjective ratings
were requested aftec each run. To prevent outside view during the instrument flying tasks, a yellow screen
was installed and the subject-pilot was wearing blue goggles (Figs. i0 ab). In total 24 sorties were
compleceu. The workload measures included in this investigation are summarized in table 4.

Results

Some important results from the helicopter dlying study can be summarized as follows:

- A factor analysis of the data to indentify different (i.e. orthogonal) dimensions constitued by
combinations of measures from different modalities, showed no indication for a conmon dimension which
could characterize the whole set of data with loadings from all four modality groups of measures (i.e.
physiological, subjective, performance, and control activity). Moreover, different tasks (navigation,
hover) result in a different composition of the dimensions (see tables 5, 6). So, although a combination
of different measures offers the best possibilities to quantify a complex concent like workload, there is
no indication in favour of a superior combination.

-Similarly, large intercnrrelations among the data from different measures bave been found. The

intercorrelation matrix, however, shows a different pattern for different tasks. This indicates that the
considered measures tend to result (on the average) in similar outcomes, but their sensitivity seems to be
dependent upon the task in which they are used. (This finding indicates also the need for an examination
of the specific sensitivities of the measures - according to the rules outlined in the first study -
before arriving at final conclusions).
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- The hover task has been assessed as the most demanding task, followed by both navigation tasks at an
identical workload level. This conclusion has been based upon subjective ratings, heart rate variability
scores (RMSSD and log ABP), and respiration frequency which did discriminate the best between the tasks
(Ref. 7), as well as upon an model analysis (control effort parameter E; Ref. 8).
Besides, the strength of association between the data from different measures appeared to be larger in a
relatively high workload task condition (hover task) than in a relatively low workload tasks (navigation
tasks).

- Control activity easures and skin resistance/conductance measures appear to the least discriminative
with respect to workload aspects. Especially in a relatively high workload situation it apprears that they
constitute a ceparate group of measures (see table 6).

- Finally, table 7 shows the average values for most parameters related to the three task conditions.
The underlined results concern measures which are also considered in the first study. The table shows that
the indifference margins derived in the approach study (namely 2.5 b.p.m. for M heart rate, 0.2 b.p.m.
for RMSSD heart rate, 0.3 for the demand scale and 1.0 dB for the control effort parameter E), would also
be a useful reference criterion for deriving conclusions from the helicopter flying tasks: a final
workload assessment of tasks based on these four measures according to the rules set forth in the
foregoing would lead to the same conclusions as drawn in the helicopter flying investigation.

Note that the performance index J indicates the same conclusion. The results from other measures
(e.g. SCL, SSR, and safety pilot rating) do not indicate such a pronounced differentiation in workload
between the hover and the navigation tasks. Whether this is due to ' reduced sensitlvlty of these
measures or not, could not be traced anymore. (The discussions in references 7, 8 suggest a reduced
sensitivity, due to interaction effects, as a possible cause).

CONCLUSIONS AND RECOMMENDATIONS

The workload measures considered in both studies tend to give rise - in the case of a sufficient
sensitivity - to similar outcomes (There were no serious contradictions found between the individual
results of different measures).

All measures have their specific deficiencies. Therefore the simultaneous use of different measures
is needed to increase the reliability of the assessment.

The sensitivity of several workload measures seems to be dependent upon task related aspects. This
is especially apparent under relatively low workload conditions. It is therefore recommended to assess the
sensitivity of each measure first (e.g. on basis of observed interactions between different variables, or
based on effects of intervening variables) before drawing conclusions. Subsequently, it can be expected
that a relatively simple decision strategy will already be sufficient with respect to the formulation of
the final conclusions (based on different measures).

IL seems satisfactory to formulate the conclusions (concerning possible differences in workload
between different task conditions) on the basis of the categorization "non-different". "slightly
different", or "different". These categories are related to so-called "indifference margins" with respect
to the observed variation in the data.
Subsequently the drawing of an "overall" conclusion in which the individual outcomes of several measures
have to be integrated can be based also on a relatively simple decision strategy. The criterions for these
decision strategies are stated by convention. These criterions should eventually be refined in future
investigations. Also, the utilization of a weighting function with respect to the separate outcomes of
individual measures is to be considered In future investigations.

Measures based upon subjective ratings (McDonnell's demand scale) and heart rate level appear to be
suitable for utilization in a wide range of tasks. The overall performance index J and the control effort
(model) parameter E (Ref. 6) seem also to be useful workload measures for manual control tasks which can
adequately be specified in model terms. Skin resistance measures and control activity measures seem to be
less adequate as workload indicators. The usefulness of measures of heart rate variability and respiration
frequency ( in non-verbal tasks) should be considered further.

There is a clear need to include more measures of different modalities within a matrix of workload
measures. Such measures should preferably be sensitive to workload aspects for a wide variety of tasks.
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TABLE I
Task conditions for the fixed-wing aircraft approach experiment

Task Control Number of Approach
Condition Mode Crew Members Aid

a Autopilot 2 ILS+FD/AP

Manual 2 ILS+FD

c Manual 2 ILS

d Manual 1 ILS

e Manual 2 VOR+DME

f Manual 2 NDB

g Manual 1 NDB

h Manual with 2 NDB
trim malfunction i

TABLE 2
Considered workload measures in the fixed-wing aircraft approach study

Pilot Ratings
1. McDonnell's 10-point demand scale (Ref. 2, Fig. 3)
2. SWAT 3x3 rating matrix (Ref. 3)
3. Pre- and postexpenimental ranking of task conditions

Physiological Measures
I. Heart rate: basic statistics of the instantaneous heart rate (M, SO, RMS, RMSSD)

Primary Task measures
1. Task performance (flight accuracy)
2. Control activity: basic statistics

Model Measures
1. Control effort (Ref. 6)
2. Task "busvness" (Ref. 5)

Other Measures
1. Cockpit work accuracy ("error" frequencies)

P_



TABLE 3

Magnitudes of the standard deviation of the (residual) error
variation for a variety of workload measures

MEASURE SD error

Task Demand ratings* 0.33
(IO-point scale) (0.50)

SWAT ratings 7.5
(100-point scale) (8.5)

M Heart rate 2.5
(b.p.m,)

RMS Heart rate 3.0
(b.p.m.)

SD Heart rate 0.5
(b.p.m.)

RMSSD Heart rate 0.2
(b.p.m.)

Control Effort (E) 1.O**
model parameter
(dB)

(..): safety pilot ratings

McDonnell's demand scale

** Corresponds - in model terms - to circa 20 percent
reduction in the attention

TABLE 4

Measures considered in the helicopter flying experiment

Pilot ratings
I. McDonnell's 10-point demand scale (Ref. 2, Fig. 3)
2. Task effort 10-point scale (only the numbers 0 up to 10 are indicated in this scale)

Physiological measures
1. Heart rate: basic statistics; average band power (ABP) in the frequency band .06 to .21 Hz
2. Respiration frequency: the average number of inhalations per minute.
3. Skin resistance measures: resistance response (SSR) and resistance/conductance level (SRL/SCL)

Primary task measures
I. Performance index J:

hover - (RMS h/hL)
2 
+ (RMS vh/VhL )2

Jnav - (RMS h/hL)
2 

+ (RMS y/yL
)

'

in which: h - height error, vh ' horizontal speed, y - cross-track deviation, L - display limit

2. Control activity: longitudinal cyclic control input (6e), lateral cyclic control input (6 ) tail

rotor pedal control input (Sr) and collective pitch control input (CP)

Model Measures

I. Control effort (Ref. 6)



TABLE 5

Rotated factor matrix for the different variables of the navigation
tasks (4 subjects, 42 runs). Only variable-factor correlations > .40

.re given (ref. 7)

2aI . te .60o__i .......... '

hoot mess square succesie,
l.fferrnce (iMSSD) .58 .58

K Log aversge tand pooer (Itg U0P)

- Oespjration frequenc.y .5 V

Skin -duc ce level (SCL) _ i

-k;, e ist-cc response (200' ]2
O7Iversll porfoniece ie .2 .43 J .55-f~~y p ' r-iI

, .. d :Set g 785

ongitudinsl cyclic ctrol I
activity ,o0 -.90

": L~ter~il c orocctrol tivity {

ac~va IL I

it- -c

TABLE 6

Rotated factor matrix for the different variables of the hover tasks

(4 subjects, 33 runs). Only variable-factor correlations > .40 are
given (ref. 7)
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TABLE 7

Average values of various workload measures

for the helicopter flying tasks (Refs. 7.8)

TASK Nay.- Nay.- Hover

MEASURE TA High Low

M heart rate (b.p.m.) - 77.8 77.7 . _ 87.4

RMSSD heart rate (b.p.m.) 2.0 _2.1 -1.8

log ABP (-) 0.8 0.8 0.7

Respiration freq. (inh/min) 18.0 18.3 19.8

SCL (uMho/n
2
) 36.8 38.1 34.2

RR (kicm') 0.27 0.22 0.28

Safety pilot effort rating 3.5 4.8 5.6

Subject pilot effort rating 4.9 5.4 6.2

Subject pilot demand rating 5.5 5.7 - 6.6

Control Effort (dB) .1 . 15.0 _ 16.5

Overall performancel(-) 0.25 0.20 0.95

. ..p

I- - - ---



)-I t

CYLA BRIEFING
APPROACHF CHECKLIST
SPILO )b 6K I

DUOVNWIND SEGMENT

[IV INAL I ISGMENT i55) 10FT-

INIO 
SLOPELO 

E

GEAED VTOWN

- PROP SYNLOP'

OP SINALT CHCLIST

Fig. 1 ILS approach

Pig. 2 NLR Metro 11 research aircraft



v y e; + .

S-{+-+: ... .:,/.7

Fig. 3 M!cDonnll's 10-point rating scale for task demands on pilots

T T\F <

p L

- -

I L/ OPERATION

Fig. 4 Results of subjective ratings for the approach tasks (McDonnell's 10-point demand scale)



4

'-1

.8 . .ONFF'F F ..... -s ,,t,38,0F0 F

RA r 'A "I- A

.I

IR 'L . i -
I USI HLA TiT

t F - 8%

kIg. 5 A,-ig, hIart ra Fesults I-r thE' 3EpprFach tnsk,

4-i /

t2

N APL I SAPE

SDe STANDARD DEVIATION OF ERROR VARIAT ION

AM SPECIFIC E FFECT

2 3 4 5 6 0 5

Fig. 6 Power functions for analysis of variance F-tests involving two crndir
(k-2) for Various sample sizes



S I WL WL I

A B A B A B

CONDITION CONDITION CONDITION

WL WORKLOAD
I IDENTICAL WORKLOAD LEVELS
U SLIGHTLY SMALLC NON INTERESTING ) DIFFERENCE IN WORKLOAD LEVELS
M DIFFERENCE (I.E, FIRMLY ESTABLISHED') IN WORKLOAD LEVELS

Fig. 7 Pictorial representation and corresponding notation (inserts) cf the

categorization of workload assessment results

WORK- l
LOAD

AP ILS ILS VOR NDB NDB,
TRIMF

FD DME

Fig. 9 Final aorkload assess-eit for the dual pilot approach tasks

I [ I
I 1 WORK-

Ip 2p 1p 2p

ILS NDB

Fig. 9 Final workload assrstent for the single pilot versus dual otlox approach tasks



Fig. 10a General lay-out of the innstrument panel and nounting of thii YLou

oindow-panel (Ref. 7)

Fig, 10b5 Safety pilot, subject pilot (with respiration sensor and blot goggles)

and VL5 obsereer (Ref. 7)



ADVANCES IN WORKLOAD MEASUREMENT FOR COCKPIT DESIGN EVALUATION

Marts M. Vikmanis
Armstrong Aerospace Medical Research Laboratory
Wright-Patterson Air Force Base, Ohio, U.S.A

,UMMARY

The stressful mission environment for tactical aircraft in the 1990's will require improved integra-
tion of pilot and machine to assure successful operations. A key to these improvements will be the
development and proper use of combat automation to control and reduce pilot workload. Concepts such as
decision aiding, automation of fire/flight control, on-board terrain data bases, and sensor fusion are but
a few of the technologies that will potentially contribute. The selection of technologies for full-scale
development and final integration in new aircraft, and upgrades to current ones, will require trade-off of
cost and effectiveness. Techniques for quantitative measurement of pilot workload and performance are
needed to assist in this selection and ensure that final cockpit integration does indeed result in reduced
workload and improved overall pilot/vehicle effectiveness.

Research at the Armstrong Aerospace Medical Research Laboratory (AAMRL) has focused on the development
of these quantitative pilot performance and workload measures. Improved methods for defining pilot
functions, tasks, and performance variables have been developed along with test design and data analysis
techniques to support cockpit evaluations. Significant advances in the measurement of workload have been
made over the last several years using subjective and neurophysiological techniques. Research on measures
of pilot situation awareness and decision making, critical toward understanding the pilot interface with
automated systems, is underway. The approach in these efforts at AAMRL has been to establish a solid base
of Laboratory research followed by the test and evaluation of measurement techniques in complex flight
simulators and then actual flight experiments. Finally, technology has been packaged into computer-sased
aids and instrumentation systems so that they can be transitioned to the cockpit development and design
community.

INTRODUCTION

The tremendous strides in sensors, connunications, and electronics, to name a few, appl ied to tne
development of advanced combat automation will allow the modern pilot to become a tactical battle manager,
significantly reduce his overall workload, and improve the mission effectiveness of our future tactical
aircraft. True? We all hope that it is, but it is more accurately a statement of the objective of design
and not a given outcome. Rather, new combat automation technologies will allow the opportunity fhr
exciting new cockpit design options, but also significant challenges with respect to technology selection,
detailed design and cockpit integration. Some early applications of automation technology indeed have
resulted in workload problems reportedly due to poor display of relevant information and a lack of pilot
confidence in the system that was designed to help him. Pilots have allegedly "turned the black box Oit"
as a result of these integration problems. Clearly, this is not a desirable outcome of the design process.
particularly since properly integrated automation should help the pilot, and indeed may be essential to
safely and effectively accomplish missions under difficult conditions such as low level, high speed,
night, in weather, and in high density threat environments. Quantitative methods for design evaluation
that consider both mission and pilot performance are required to ensure proper cockpit integration.

For most complex design problems, measurement of actual performance and comparison with desired
performance is an iterative process as the design evolves and shortcomings are fixed. This is not
necessary if system elements have known model s or performance characteristics, in which case the design
can be determined analytically and the actual performance predicted with good reliability. Note, however,
that quantitative predictive models of human information processing and cognition do not currently exist.
Traditionall- ,ocKpits have been designed by yet another method that can best be described as the stbject
matter ee;,rt approach. Here, designers that are familiar witi past practices and their good and bad
features, extrapolate a new design and often consult the opinions of the users, that is the pilots. This
works well where new requirements are not significantly different from the past. It is argue( that ihi,
approach is not sufficient to meet the challenges of "the Man/Machine Interface in Tactical Airtrait
Design and Combat Automation," which is the subject of this symposium. The emerging technologies mentioned
earl ier and their innovative use in combat automation will change the traditional role of the pilot.
Therefore, cockpit design and the integration of combat automation will have to rel y on q antitative
methods to measure goodness and performance of the various options. Indeed qL,antitative rneas ores ei
design goodness will help replace some of the art in cockpit design with engineering practice.

MEASURES OF GOODNESS: MULTIDIMENSIONAL ASPECTS

In the end, a tactical aircraft's worth is measured by its survivability and bil ity to dc ifer
weapons on targets. Combat automatios, other aircraft systems, the enemy, environment, mission
objectives, and of course the pilot contribute to this overall effectiveness. Toward that end the
pilot's performance of mission tasks must be measured as it relates to cockpit and automation optivis.
In general, these measures are in terms of arcuracy, t ime iness, and prehabilit ies Lt actions. On tie
surf ace then pit ot performanc me asu remen t seems easy, fi rst specify the tasks, then the appropr i ate
measures, run a test, and analyze tire data. Several factors compl icate this process howewuc.

Pilot functions and tasks are difficult to formally specify and many of them involve complt
processes such as problem solving, planning, and decision making. A very useful framework for- levels _,f
human behavior was developed by Rasmussen (ref. i) (Fig. I). Skill-based performance involves sensory-
response activities, for example control of the aircraft flight path over easy terrain. Rule-based
performance involves complex series of actions such vs the execution of a weapon volivery sequence in a



ground-attack mission. Finally, knowledge-based behavior is characterized by unknown situations, decision
making and planning. An important role of the pilot in today's and any future aircraft is to handle
uncertainties such as threats, weather, malfunctions, and changes in mission objectives, which is
characteristic of the knowledge level. Measurement of this performance is difficult. What is the
probability of making a good decision, assessing the situation correctly, making an error?
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Figurc 1. Levels of Pilot Performance

Other factors affect or help shape a pilot's performance of these complex tasks. The imposed demands
of the mission (goals, environment, scenario, aircraft design) combined with personal characteristics
(capabilities, skills, experience, biases) result in his level of workload. The concept of workload stems
from the psychological construct that humans possess various mental resources which are depleted during the
performance of tasks. As functions are automated in future aircraft, pilots will still be responsible for
monitoring the health and status of this automation. The attention required for this new function must be
compared to the benefits of the automation. Does the level of pilot workload really matter as long as the
mission gets performed? Yes, in the same sense that we design electronic circuits within their capacity to
handle required power levels. Components that operate outside design ranges have higher probabilities of
failure. To carry this analogy to its end, heat is probably not a performance variable for the circuit,
voltage or current is of interest. For the pilot, workload is a necessary variable to be factored into
the design problem.

The use of machine intelligence technology in future combat automation will require an assessment of
pilot confidence in the system. This will reflect how well system statedynamics, and even limitations
are understood by the pilot. This type of information may have to be displayed to enhance confidence and
trust, so that the pilot will properly rely on the advice and performance Df thw machine aid.

Pilot physical and psychological state ,ariables affect task performance as well. Some enamples are
levels of fatigue, the effects of acceleration, and combat stress just to name a few. These are
essentially initial conditions and also must be measured or known in order to make assessments of overall
pilot performance.

Asses-nent of the goodness of combat automation and cockpit integration requires the measurement of
oultidimensi sal aspects of pilot state and performance. Research at AAMRL is focused toward the develop-
ment of measurement methods and tools to aid in the evaluation of cockpit designs and combat automation
alternatives. Some of the results of this research are summarized in the following sections.

SYSTEM ANALYSIS

A necessary first step in any design evaluation is system analysis. Formal descriptions of sys
t
em

performance goals, functions, structure and detailed design are a part of the analysis process.
Electronics, aerospace, mechanical and most other engineering fields have evolved formal procedures and
conventions for analysis. The field of human engineering, or human/machine system design, has traditionally
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used techniques such as task analysis to support this process. These have not however been sufficiently

formal and complete enough to capture goals, function allocation, information flows, and overall human/
system structure.

Research at AAMRL has resulted in the development of the User-Assisted Generic System Analyst's
Workstation (GENSAW) to support a structured and disciplined human/machine system analysis. GENSAW will
eventually provide a cohesive set of computer-based tools to aid systems description, performance data

base management and analysis (Fig. 2). All of these capabilities have not been fully developed, but
Version 2 of GENSAW has three tools which are currently available for use in cockpit design and evaluation.

COMPUTATIONS/ . RESULTS

USER HELP/ REPRESENTATIONS ANALYSIS

GUIDANCE TECHNIQUES

SYSTEM REPRESENTATIONS TO T- I ANALYSES TO INCLUDE

ANAYSSLOUNCUD

o BLUE PRINTS iDATA BASES o EVENT ANALYSES
o PHYSICAL LAYOUTSi DBMS |o RESOURCE

o SET OF TASKS HUMAN PERE DB ALLOCATION
o SET OF FUNCTIONS HARDWARE D8 o BOTTLE NECKS

o NETWORK OF TASKS REFERENCE DB o CRITICAL PATHS
o SIMULATORS o MODELING
o ETC o COMPUTER

SIMULATION (e.g.

MICROSAINT)

Figure 2. The GENSAW Concept

First, is a user-assisted Automated System Decomposition (ASP) program that allows one to develop a
structured functional representation of a system. It uses a technique called IDEF (ICAM Definition, ICAM
in turn is an acronym for Integrated Computer Aided Manufacturing) which was developed by the Air Force
Wright Aeronautical Laboratory's Materials Laboratory (ref. 2). This is based on an approach from
structured software definition and accounts for a system's functions, inputs, outputs, controls and
resources. These features are very useful in describing human/machine systems such as a pilot's interface
with his cockpit, aircraft systems, and outside environment. Controls represent constraints or guidelines
in performance of a function such as, for example, tactical doctrine or other required operational

paocedures. Resources are the physical entities that actually accomplish the function which could be the
pilot, combat automation, or other aircraft system. This feature provides a useful audit trail during
design function allocation and the dettcivioatiur uf performance measures. The ASD program allows a user
to interactively decompose a system into parts starting from the top level mission function. The display
screen graphically depicts the resulting human/machine function architecture. In addition, the performance
measures that would be assigned to individual functions could be related to upper level functions and

eventually overall effectiveness.

The ASP computer program also provides for the development of matrix data indicating the relationship
between inputs, outputs, resources, and controls. Diagramming logic is checked automatically and tables,
bar graphs, information traces, and the matrices can be displayed. ASP is currently hosted on a VAX 11/780
computer and a Micro Vax II Workstation.

An interactive computer-based analysis tool called the User-Assisted Test and Evaluation Methodology
Asistant Program (TEMAP) has also been developed. This aids a user in management of a complex man-in-the-
loop test and evaluation program, such as a full mission simulator evaluation of cockpit design or actual
flight testing. The program actually uses IDEF to structure the steps of the test and evaluation. Each
step is accompanied by helpful material on factors to consider, techniques, guidelines, solutions to
problems, and applicable references. As a user specifies the details of the test and evaluation program,
a data file is created that can be used to document the overall project. Examples of data to be specified
are performance measures, numbers of test pilots, scenario details, and data collection schedule. TEMAP
has been hosted on a VAX 11/780, MICRO VAX II Workstation, and IBM compatible personal computers.

The third computer program currently available is the User-Assisted Automated Experimental Design
Program (AED). Proper specification of independent and dependent test variables for a complex evaluation
in a full mission cockpit simulator can be difficult to accomplish manually. Interactions between
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studies rather than one large test. AED allows a user to create or call pre-stored full and fractional
factorial experimental designs. It is an aid for performance data management and obtaining statistically
meaningful test results. AED is hosted on the same computers as TEMAP.

SUBJECTIVE WORKLOAD ASSESSMENT

The subjctive assessment of workload is an effective method particularly in operational and complex
simulator evaluations. It is based on the premise that if an operator feels loaded and must use consider-
able effort while performing his tasks, he really is loaded and effortful. This may in particular be
true prior to actual performance degradation when subjective feelings indicate the added effort that is
being expended. Subjective measures offer the potential of being relatively nonintrusive to the
performance of - primary mission tasks.1Research at the Armstrong Aerospace Mdical Research Laboratory has resulted in the development of
the Subjective Workload Assessment Technique (SWAT) (ref. 3). SWAT solves some of the historic problems
with subjective assessment that suffered from limitations because of nonstandardized measurement scales.I A technique called conjoint measurement is used to construct interval workload scales from purely ordinal
rankings of subjective load levels. SWAT uses algorithms that are directly identified from the subjective
data to represent the joint effect of several underlying factors. These rating factors have been adopted
from a theoretical framework for workload assessment developed by Sheridan and Simpson (ref. 4). SWAT
assumes that subjective workload can be represented by a combination of three levels of time load, mental
effort load and psychological stress as defined below:

Time Load

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

2. Task planning, execution, and monitoring are often interrupted. Little spare time. Tasks
occasionally occur simultaneously.

3. Task planning, execution, and monitoring are interrupted most of the time. No spare time. Tasks
frequently occur simultaneously. Considerable difficulty in accomplishing all tasks.

Mental Effort Load

1. 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 workload and requires
significant compensation to maintain adequate performance.

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

Consider briefly the procedure for the application of SWAT to the evaluction of a particular cockpit/
automation design alternative as implemented in a piloted aircraft simulator. Prior to actual simulator
runs, the pilot subject pool is thoroughly briefed on the purpose of the study and then asked to develop
overall rankings of Lhe combined workload factors. That is, the 27 combinations of the three-dimensions
and three levels for each are ranked from lowest to highest by each pilot. Numerical values for each
combination are derived using the conjoint scaling procedure. The specific mission phases and tasks to be
scored should also be determined prior to the data collection. Next during the actual simulation run,
the pilot is asked to rate each of the three load dimensions for the event of interest. The pilot usually
accomplishes this verbally following a verbal prompt by the experimenter. Some preplanning of this
administration should be accomplished so that it does not interfere with the mission tasks and yet be
taken temporarally as close as possible to the scenario event to be scored.

Both laboratory and applications research has been conducted to assess the validity of SWAT as a
workload measurement tool. The stability of subject's judgment over time was measured in several studies.
Thirty Air Force pilots participating in a study of air-to-air combat in a high fidelity simulator performed
the ranking procedure four months apart. Predictions of the second ranking were 80% correct based on the
original one. Another check was performed on twenty-two military subjects participating in a control room
design evaluation. These checks were two months apart and all except one subject had ordering correlated
.90 or greater. It can be concluded from these studies that subjects' internal model for workload is
generally stabled over time.

Several independent studies have investigated the metric properties of SWAT. In a significant
Laboratory study (ref. 5) involving over one hundred subjects SWAT data was collected on nine computer-
based cognitive tasks, termed the Criterion Task Set (ref. 6) (Table 1). Parametric research has



established well defined loading levels for each task as well as training requirements and testing
procedures. The results of this major study indicate that SWAT ratings were significantly different
(p < .05) for the load levels on all the tasks.

Task Processing Function

Visual Display Monitoring Visual Perceptual Input
Continuous Rec&;nition Working Memory Encoding
Memory Search Working Memory Storage/Retrieval
Linguistic Processing Symbolic Information Manipulation
Mathematical Processing Symbolic Information Manipuldtion
Spatial Processing Spatial Information Manipulation
Grammatical Reasoning Reasoning
Unstable Tracking Manual Response Speed/Sccuracy
Interval Production Manual Response Timing

Table I - CTS Tasks and Associated Processing Functions

Other laboratory studies have investigated procedural aspects of SWAT. An experiment was conducted
to determine the effect of a reporting delay of up to thirty minutes for three levels of loading on a
display monitoring task (ref. 7). SWAT responses were not statistically different as a function of the
response delay. A similar experiment (ref. 8) was run using short-term memory tasks, This type of task
was chosen because subject recall of the actual SWAT ratings should also require the use of short-term
memory, therefore constituting a more rigorous test. Again, however, the delay conditions did not
differ significantly from the initial rating. Another experiment was conducted that explicitly varied
the type and load level of intervening tasks between the one to be rated and the actual solicitation of
the of the rating (ref. 9). Here, no significant differences were found as a function of the type of
intervening task. All these studies indicate that delay in obtaining workload ratings, as may occur in
operational situations, may not have a large impact on the overall ratings.

In addition to carefully controlled laboratory experiments, SWAT has been evaluated in flight
simulators as well. A series of experiments on B-52 and F-16 ground-based high fidelity simulators have
been conducted over the last three years (ref. 10). The degree of realism in these simulators make it
possible to generalize the laboratory results to more real world situations. In one of these tests, line
pilots from a B-52 squadron served as subjects and flew the flight simulator at Carswell Air Force Base,
Texas. A scenario was constructed to have three different levels of piloting workload as follows:

Low: Straight and Level Flight
Medium: Normal Descent and ILS Approach
High: Descent to ILS Approach with Successive Engine Failures, Runaway Trim, and Crosswinds

Results of this experiment indicated that the SWAT scores clearly differentiated between the three levels
of task demand.

Another simulation study used an F-16 simulator flying an air defense mission. This was a fixed
base F-16D with essential controls and displays functional and a limited field-of-view outside visual
simulation. Four defensive counter air scenarios were designed to capture from low to high workload as
follows:

Low: An F-16 Chases three enemy aircraft making an "S" weave escape.

Medium Low: Five enemy aircraft approached the F-16 head-on.

Medium High: One enemy fighter approaches the F-16 head-on an S-weave pattern; two enemy fighters
approach head-on; four enemy bombers approach the F-16 head-on behind the fighters.

High: Seven enemy fighters approached the F-16; two of the aircraft split in opposite
direction to catch the F-l6 in a pincher maneuver.

This experiment resulted in SWAT scores significantly different between high workload and all the
others only, although the expected trend can be seen in the data (Fig. 3). Interestingly physiological
and performance data had a similar result, indicating that there is perhaps not a significant overall
workload difference between the first three levels. The whole series of studies, two of which were
highlighted here only, provide good support for the sensitivity of SWAT to variation in task demand in
complex simulators.
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Figure 3. SWAT F-16 Data

The real objective for the development of a workload measure like SWAT is to provide a tool
for use by designers to evaluate cockpit/automation alternatives in ground-based simulator and flight
tests. SWAT has been applied extensively for this purpose by government and industry to evaluate design
alternatives, procedures, and other various crew factors. Table 2 is a list of some of these evaluations.

Simulator Operational

F-16/F-15 Air-to-Air F-16 Flight Test
KC-135 Flight Deck Modernization A-iO Flight Test
A-300 Approach and Landing Laser Guided Missile Flight Test
B-52 Long Mission
DC-10 Approach and Landing
B-52 CG/Fuel Level Advisory System
Helicopter Nap-of-the-Earth
General Aviation Training

Table 2 - SWAT Applications

A personal computer version of SWAT (PC SWAT) along with a detailed user's guide is now available.
Required equipment is an IBM PC or compatible, 512K internal memory and two floppy disks or one hard and

one floppy disk. The program supports analysis of data for up to 30 subjects.

NEUROPSYCHOLOGICAL WORKLOAD TEST BATTERY

The use of the body's physiological signals to assess mental workload has some promising features.
First, if the signals can be easily obtained, it could be relatively unobtrusive, that is the pilot could
perform the actual mission tasks without interference. Secondly, the measure may be rather immediate,
allowing assessment of workload in narrow time intervals, as may be needed in rapidly changing tactical
aircraft scenarios. Historically, however, they have not been very successfully ipplied. Experimental
res, s were inconsistent depending on task and environment, all measures were equated in terms of providing
an overall level of "arousal," and there were many differences between individuals. As a result of
research sponsored by the USAF and others, selected measures of brain electrical potentials, eye blink and
heart rate have emerged as useful indicants of mental workload. These selected measures have bepn
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incorporated into a computer-based measurement and analysis system called the Neuropsychological Workload
Test Battery (NWTB) developed by AAMRL (ref. 10).

Research over the past three years has been aimed toward evaluating the measures and NWTB system in
Laboratory, flight simulator and limited field settings. Systematic laboratory expcrimentation using
several of the standard cognitive tests of the Criterion Task Set has been accomplished (ref. 11, 12).
In general, it was found that components of the brain electrical evoked potential varied systematically
with workload levels on the different tasks. The evoked potential is the brain's response to a discrete
stimulus such as an auditory or visual input. The eye blink closure durations in general were shorter
when subjects were performing the tasks versus a no-task resting condition. The eye blink data did not
however discriminate between loading levels on the tasks. Taken as a whole heart rate was not sensitive
to workload levels on these laboratory type tasks, At first glance, these results may not seem very
supportive of the utility of physiological measures. It will be shown in the discussions to follow on
simulator and flight testing that the important point is that the proper measurement be selected with
regard to sensitivity and time responsiveness.

Ground-based flight simulation is an important tool for the evaluation of cockpit and automation
design alternatives. Because of this, the measurement of workload in these contexts is important. To
support the development of such a capability, the NWTB was used to collect and analyze physiological data
during the following B-52 and F-16 simulator exercises (ref. 10).

1. The pilot station of a B-52 flying an Instrument Landing System scenario which included three
workload levels: straight and level flight, normal descent and approach, and approach with engine failures
and crosswinds.

2. The tail gunner station of a B-52 involved in a hostile target encounter scenario with three
levels of workload: high-altitude, low-altitude, low-altitude with radar system malfunctions.

3. Daytime and nighttime F-16 low-level interdiction mission with ingress, weapons employment and
egress workload levels.

4. Weapon system operator station of a modified two-seat F-16 performing four air-to-ground weapon
deliveries with varying levels of workload.

Measures of eye blink were emphasized during these tests and several of the parameters were clearly
sensitive to the manipulations in scenario workload. These workload manipulations were determined to be
valid based on their face validity to experts, that is pilots, and also a formal analysis and rating of
type and level of demand imposed. The blink rate and closure durations both decreased as a function of
increasing workload, in particular visual input load. These parameters were most sensitive when keyed to
particular mission events and thus will be useful in evaluations that require time sensitivity.

A study of physiological measures of fighter pilot workload during actual A-7D training flights was
also recently completed (ref. 13). Here brain electrical potential, eye blink, and heart rate data were
collected for a battle area intero .'ion mission profile. The data were recorded on a miniature battery-
powered device which fit in the pilot's flight suit.

Data ias subsequently processed on the ground and analyzed by the NWTB. The A-iD mission required
low-level high speed flight, navigation and weapons delivery. Results of this study have been very
promising in that all the physiological measures provided useful information on pilot workload. Heart
rate in this case appeared to index aii overall level of workload and was not sensitive to G stress as
were the other measures. Significant effects as a function of mission events resulted and also
differences in the same pilot when flying the lead versus wing position. The flight environment provides
interesting opportunities to observe real world type events. An actual bird strike occurred to one pilot
after he had just cleared some power lines (Fig. 4). Note the pattern in the variability of the heart rate
inter-beat interval as well as the heart rate itself. High workload after the bird strike was a result of
aircraft damage assessment activities.

"PULL UP OVER POWER LINES" BIRD STRIKE

zZ I

4

oi -. ..

Figure 4. A-7D Physiological Workload Data

AAMRL has pursued systematic research and testing of physiological measures of mental workload for
application to the design and evaluation of cockpit and automation alternatives. Results to date
indicate that physiological measures have utility, but each has its own sensitivity to loading and temporal
factors.
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Although further research to determine specific rules for application is ongoing, a preliminary
guideline based on our experience is as follows. The brain electrical measures allow detailed analysis
of processing workload, but work best in well controlled laboratory settings. Eye blink measures have
utility in complex simulators particularly where visual processing load is of interest. It also allows
relatively fine grained time analysis of workload. Heart rate is a viable measure for use in limited
flight tests where overall workload as a function of mission events is of interest.

SITUATION AWARENESS: AN EXAMPLE ANALYSIS

No one questions the fact that pilots must have good situation awareness to successfully accomplish
missions. Also an important goal for new sensor, combat automation, and cockpit technologies is to
improve pilot situation awareness. What is situation awareness and how do we know if it is improved, or
degraded? Research at AAMRL has begun to address these issues and to develop quantitative measures of
situation awareness needed for design evaluation.

Although situation awareness lacks a formal definition certainly many are possible depending on
purpose. In order to provide a framework for our research, a working definition somewhat analagous to
a state space representation of a dynamic system has been proposed (Fig. 5). Current state information
includes geometry and status information, i.e., this is a pilot's knowledge of where he is in his mission,
physical space, relationship to friendly and enemy forces, and also overall aircraft condition. In
addition, knowledge of priorities, probabilities, future trends, and consequences of the current state is
required. It is proposed that this t5'tal set of information and how it relates to the mission objectives
represents situation awareness.

SPATIAL AWARENESS
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Figure 5. Pilot Situation Awareness

A measure of a pilot's degree of situation awareness should necessarily represent these multi-
dimensional FLk,. Qeca, .1 at AAMRL has applied a statistical technique called multidimensional
scaling (MDS) to investigate pilot performance and situation awareness, in simulated air combat
maneuvering (ref. 14). MDS is a tool for studying the structure of data through measures of relatedness.
This technique was applied to an existing performance data base obtained from thirty pilots during
simulated one-versus-one air combat maneuvering free engagements. The performance measures are defined
in Table 3. For this analysis, pilots were rated as expert or novice depending on their experience. The
MDS maps for each are shown in (Fig. 6). The axes and respective scales reflect the dimensionality of the
data, and require rather complex interpretation. For the purposes of this discussion points that are
closer are simply more related. Experts had a well defined cluster on the left that was energy related.
The cluster on the right represented air combat maneuvering variables. These pilots associated mission
success with offensive and defensive maneuverability. The novice pilots lack these more well defined
clusters. Note that gun kill was not strongly related to anything, perhaps a reflection of luck, Also,
the mix of energy management variables with offense and gun range indicat. a dependence on throttle
activity for offensive air combat maneuvering. Numerous other insights can also be obtained from this
data. To sumarize, mission effectiveness data also indicated that the experts got more kills
and used less fuel.
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Performance
Measure Definition

Altitude Rate Mean Absolute Vertical Speed
Roll Rate Mean Absolute Roll Rate in Deg/Sec
Idle Number of Times Throttle in Idle Position
Mil Power Number of Times Throttle in High Mi Position
Speed Brake Mean Speed Brake Deflection
Fuel Flow Mean Fuel Flow in LBS/HR
Energy Mgt RMS Energy Management Index
Start Position Initial Simulator Configuration
Out of View % Time Out of Opponent's View
Offense % Time Opponent Positioned at a Single Angle

of Less than 60 Degrees
Gun Range % Time Opponent Positioned within Gun Range
Gun Kill Probability of Gun Kill

Table 3 - Simulated Air Combat Maneuvering Performance Measures

Expert Pilots Novice Pilots

GUN KILL

OFFENSE

* ALT RATE
MIL POWER * OFFENSE

ROLL RATE
AFTERBNER *1 SPEED BRAKE 0 START FUEL

IDLE GUN RANGE GUN RANGE POS FLOW*
. 0 IDLE tNERGY MGT

FUEL FLOW START POS
ENERGY MGT AFTERBURNER' 0 OUT OF

0 ROLL RATE VIEW

SPEED BRAKE MIL POWERO ALT
0 OUT OF VIEW RA;E

* GUN KILL

Figure 6. Air Combat Performance Space

This type of statistical technqiue allows the analysis of the complex dynamics of air combat and
insight into the underlying pilot situation awareness. The same procedure could be used to evaluate the
effects of combat automation options and cockpit designs on a pilot's ability to manage his overall
situation awareness.

FUTURE RESEARCH

Many challenges remain to be solved toward the development of quantitative performance and workload
measurement techniques for design evaluation. Future research projects at AAMRL will address some of these
challenges. The Generic System Analyst's Workstation will be upgraded to include a network simulation
capability. This will allow model prediction of mission performdncLe from aircraft and pilot task data. A
next generation Neuropsychological Workload Test Battery is in the early stages of development. This system
will be ruggedized, include more automated data analysis and have a hardware/software architecture that
allows improved interface with ground based simulation and advanced fighter flight testing. The multi-
diensional scaling and other approaches toward measurement of situation awareness will be refined in the
context of design evaluation. A new initiative aimed toward assessment of decision making in the cockpit
has also begun. This will develop measures of judgement variables, correct decision likelihood and error
avoidance as an example. These new methods and tools will further refine the drsigner's ability to make
quantitative evaluations of combat automation and cockpit designs.
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1. Introduction

In 1984 we presented a paper on "Cockpit automation requirements derived from
mission functions data" /l/. This was the first step to develop a method by which the
Cockpit Moding and the Cockpit Data Management can be established systematically. This
first step included:

- Definition of the design driving mission.
- Breakdown of the mission into phases, segments and tasks.
- Assessment of operationally required levels of automation for information and con-

trol functions of tasks.

Meanwhile the method has been extended. It includes:

- Assessment of access time allowed for information elements and control functions.
- Differentiation of the mission tasks according to demand type (importance, frequency

of use).

This method developed so far renders the "operational requirements" for the

cockpit moding.

The steps of specifying the cockpit moding are as yet not so well defined. That
is the reason why we used the term "Moding Strategy" instead of "Method" in the title
of this paper. The paper deals with the method of deriving the operational requirements
and with the subsequent tasks to be performed within the process of cockpit moainq.

The design driving mission is not detailed in this paper. The criteria applicable
to define and breakdown missions in different scenarios are dealt with in the Report of
the GCP Working Group on "Improved guidance and Control Automation at the Man-Machine
Interface" /2/.

In this paper data of the Air-to-Air combat mission phase, and thereof the medium
range mode are used for exemplification of the method.

2. Deriving the Operational Requirements

The method used comprises tasks of different type. These are:

(1) Analytical Tasks

(2) Tasks to identify and scale assessment criteria.
Such criteria are forming the "rule base" for deriving the Cockpit Moding.

(3) Assessment Tasks.

(1) Analytical tasks

-Definition of Design Driving Mission
- Mission Analysis

Breakdown into Phases, Segments, Tasks
- Identification of Operational and System Functions related to the Mission

Tasks
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- Listing of all Information Elements and Control Functions applicable to
the Mission Tasks and Segments.

- The compilation into groups of elements/functions was already described in
the 1984 paper /I/ and in /2/.

For the purpose of cockpit moding the information element grouping had to be
extended as shown in Fig. 1.

(21 Tasks to identify and scale assessment criteria

Access Time allowed per Information Element and Control Function related

to the associated mission segment. Scale:

o Essential Information for the mission task; immediate access required
o Highly Desirable Information; reasonable access time allowed
o Desirable Information; access time non-critical.

- Task Demand Type applicable tj the mission tasks. Scale:

o Priority task/function within the mission segment
o Intermittently required tasks
o Tasks to be performed continuously.

r Automation Levels applicable to the functions performed by task execution.
These automation levels were already presented in /l/ and /2/. Applying
the automation levels within the system engineering process required a
slight modification of the scale. The levels are:

1. Manual
2. Manual augmented
3. Manual augmented - Automatically limited
4. Automatic-Manually limited
5. Automatic-Manual Sanction
6. Automatic

f(3) Assessment tasks

The assessment includes:

- The information elements for access time allowance within the mission seg-
ments.

- The mission tasks and related functions for task demand type and automa-
tion level recommended.

The assessments require involvement of experienced use; pilots/aircrews. It
can be done in different ways: either by every pilot doing the assessment
individually, or by having a group exercise.

The individual assessment has been applied by General Dynamics /3/ using
specific questionnaire techniques. It also was done by MBB /1/ using a guided
interview technique. These techniques render statistical results. We found
these statistical results being a reasonable guideline. However, they are not
easily to be transformed into operational requirements.

Therefore we chose a group exercise for an air-to-air mission application.
The assessment formats are identical for both types, the individual and the
group exercise. The group exercise has advantages and disadvantages.

Advantages:

k- Individual opinions can be discussed and reinforced or turned down.
- The assessment results in agreed operational requirements.



The major disadvantage is the number of sessions required with all group mem-
hers present. The exercise required 3 sessions for automation level assess-
ment, 2 for access time assessment, and 2 to arrive at an agreed Cockpit mo-
ding concept, the step which is described in the next paragraph.

Fig. 2 shows the block diagram for the elements (1) to (3) of the method for
deriving the operational requir'ments for the cockpit data management in an integrated
avionic environment.

Fig. 3-a shows the summarised results of the assessment of the information ele-
ments for access time requirement. 61 of the 70 information elements requiring imme-
diate access (or 87 %) in the combat phase are related to combat and threat management
and to flight reference and the respective systems. Most of the 11 systems information
elements ire related to sensors, defensive aids and to the flight control system.

This information is required for the cockpit moding.
The access level requirements determine the moding hierarchy for the information

elements a-I their relevant control functions.

Fig. 3-b shows the summarised results of the assessment of task demand types and
automation levels for the tasks identified applicable in the medium range combat phase
in an air-to-air mission.

Exemplifying information:

- Priority tasks are -in this phase- mainly combat and threat management tasks
as target detection, assessment, prioritisation; situation evaluation, esta-
blishing attack procedures etc.
A number of functions relevant in those tasks are initiated manually (Automa-
tion Levels 1 and 2), and controlled automatically (Levels 4 and 5).

- Intermittent tasks are defense management and C31 tasks controlled manually
augmented.

- Continuous tasks are monitoring tasks concerning systems, resources, data
link.

The group exercise rendered agreed ratings of the automation level operationally
required for the mission tasks. These operational requirements form a sound data base
for the discussions between cockpit and sub systems specialists concerning the func-
tions specification for the sub systems.

3. Establishing a Moding Strategy

These operational requirements are one set of moding factors to be applied for
the definition of the cockpit moding. Other moding factors have their origin in:

- The Man-Machine-Interface knowledge and rule data base
- Operational conventi)ns and/or agreements
- The sub systems capabilities

A method to define the moding of cockpit systems, of displays and control func-
tions was not developed as yet. Such a method would have to be

- based on defined principles
- performed step by step in a controllable procedure
- reproduceable and applicable to all kinds of aircraft/helicopter cockpits to be

designed.

Fig. 4 shows the block diagram of the tasks to be performed in defining the cock-
pit eoding, together with their interrelation:



(1) Operational requirements (para. 2):

- A .essment of access time allowance to information elements and control func-
tions.

- Assessment of mission tasks.

(2) Operational conventions/agreement:

- Allocation of information packages to display surfaces for moding levels de-
fault, level 1 and level 2.

(3) Moding

- Define basic moding functions and principles.
- Define categories and moding of warning functions.
- Allocate control functions to devices.

(4) Identification of related subsystems functions

This task block refers to the interface between cockpit moding and subsystems
specification.

rn all tasks performed during the course of cockpit moding the associated subsys-
tems functions must be identified. The requirements must be harmonised with the
capabilities. This is an interactive task throughout the design and development
process, and is not detailed in this paper.

The ergonomic requirements are shown in Fig. 4 as influencing set of conditions.
They comprise ergonomie data, knowledge, rules, standards, and specifications appli-
cable in the course of cockpit moding, which is only part of the total SOW task block
of Man-Machine-Interface Engineering.

The allocation of information packages to the display surfaces is entitled
"Operational convention/agreement" in Fig. 4. The reason therefore is: The requirements
for allocating information packages to areas in the cockpit is not a specificdtion item
for sub systems. It is an operational requirement, to be established within the systems
engineering process in direct cooperation with the user community, i. e. the pilots/
aircrews.

To perform this task we used the following approach:

a) Develop a draft modinq proposal based on data collected with the operational
requirements assessments (para. 2):

- Information elements availability time requirement
- Information elements assigned to task groups (Flight Control, Navigation

etc.)
- Evaluation of information requirements for mission phases

b) Assessment of the draft moding proposal in a group exercise with experienced
user pilots - same group and procedure as described in para 2-3).

In both steps, the development and the assessment of the draft proposal, informa-
tion from previous and contemporary aircraft cockpits as well as from recent simulation
experiments was taken into account.

The results of this exercise are the operational agreement of the basic modina
requirements. A generalised example is presented here to illustrate the information

load for the display surface in the 3 basic hierarchy levels of the moding.

The table (Fig. 5) lists the number of information elements (parameters) of th-
various information groups allocated to the display surfaces in the mission phase:
Combat-WVR.



The information element groups used are the same as detailed in Fig. I.

In other mission phases the allocation is considerably different. However, the
relation between display and primary task resp. information allocation is kept con-
stant. This is because a high consistency is required for the information allocation to
displays.

The pilot must not be confronted with unmotivated changes of display contents or
with specific information being displayed at different positions in different mission
phases.

In general the information allocation in the RVR mode of the combat phase shows
the following:

- BVR is a headdown operation, and there is no SEN or weapon STA information displayed
in the HUD.

- The default level has high priority. Only the Right MFD allows certain switching to
level 1 and 2.

- The HUD is used as the primay flight instrument.
- The Left MFD is the primary sensor and attack display.
- The Center MFD is the primary tactical management display.
- The Right MFD is used as multi-purpose display.

With the completion of this exercise the information allocation is sufficiently
defined as far as the operational requirements are concerned.

Further definitions into a greater level of detail, and down to the subsystems
functions level are subject to close coordination between the cockpit ai'd the subsys-
tems specialists.

Fig. 4 contains other task blocks we have not dealt with in this paper. These
are:

moding definition
- Allocation of control functions to devices
- Warning categories and moding
- Subsystems functions identification.

The descrijtion thereof can not be included here.

These tasks are so far performed in a more heuristic approach. And there is no
other way.

Further research is required to develop a systematic method, which can be used as
a tool guiding the systems engineer through the process of cockpit moding.

Glossary

A/A Air-to-Air
A/G Air-to-Ground
C31 Command-Control-Communication-Intelligence
CMFD Center Multi Function Display
DASS Defensive Aids Sub-System
GCP Guidance and Control Panel
[ID Head-up Display
IFF Identification Friend Foe
JTIDS Joint Tactical Information Distribution System
LMFD Left Multi Function Display
POI Point of Interest
RMFD Right Multi Function Display
RWR Radar Warning Receiver
SIF Selective Identification Feature
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Information No. Of Access Time Requirements/No. of Elements
Element Group Elements Immediate Reasonable Non Critical n. a. Warnings

Flight Reference 26 11 3 9 3

Navigation 36 5 5 1 25 -

Systems 83 11 23 21 17 11

C31/Data Link 13 3 4 4 - 2

Combat Management 34 26 8 -

Threat Management 31 14 11 - - 6

General 14 1 4 6 3 -

Fig. 3 Example of Deriving Operational Requirement

a) Assessment of Information Elements
for Access Time Requirement

Tasks No. of Condition Automation Levels
Demand Types Tasks of Assigned to Task,

Segments 1 12 3 4 5 6

Priority 30 initiation 7 10 -5 1

control 2 7 13

Intermittent 6 initiation 3 3
control 1 3 2

Continuous 6 2 4

Fig. 3 Continued: Mission: Air-to-Air
Phase: Combat-Medium Range

b) Assessment of Task Demand Types Segmentsidentified: 5
and Levels of Automation Tasks identified: 42

Operational Requirements Moding Definition Moding Definition

Assessment of Apl rooi
cModng levels Define modng of data base and

- Information elements - Access to hierarchy levels- Moiglvl eiemdn 1I standards

grouped into levels - Control functions within levels
- Control functions - Reversion to previous

for levels access display lormat/level
- Display failure cases__,[Assessment of i_

mission tasks Allocate control Define categories
- Task demand type functons to devices: and moding
- Automation levels - HOTAS of warning

- Other dedicated control inormaIion
Operational elements - visual
Convention/Agreeent- MF-controi elements - aural

- Manual data entry - voice
Allocati .,ofinfoatin- Direct voice input - and combinations

packages to displays- HUD

- MF-HDDs Identify related
- HMS/D subsystem luncltons Iteratiny Process
- Reversionary indicators of harmonising

requirements
and capabilities

Fig. 4 Moding Strategy
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STA 2
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A MAN-MACHINE INTERFACE SOLUTION:
THE EAP GLARE SHIELDS

by
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SUMMARY

Continuous improvements in capabilities of military aircrafts require sofisticated
r-vigation, communication and weapon systems. In the mean time pilots require to inter-

c with these systems by using data entry facilities or synthetic data displays. Con-
trol panels using traditional push-buttons with fixed legend cannot be enough flexible
to meet these new requirements. This paper presents an original solution to control the
systems through an integrated alphanumeric keyboard facility using custom push-button
matrix with programmable LED display legend. Design and development activities have been
carried out by the authors and two equipments named LEFT and RIGHT GLARE SHIELDS are now
operational on the EAr demonstrator.

INTRODUCTION

Cockpits of modern combact aircrafts are requiring many new man-machine interface in
order to program and control systems and visualize synthetic information. interactions
between the pilot and these input/output systems need to meet requirements sooh as very
limited space environments, HOTAS operations compatibiiity, enhanced capability in recon-
figure the input/output functions and friendly interface with the crew.
As an answer to the above general requirement AERITALIA Avionics Systems and Equipment
Group has developed, in collaboration with RAE Warton, two equipments named GLARE SHIELLS
presently in use on the EAP prototype.
In general, the GLARE SHIELD is a shaped head-tp mounted metal structure use- to av d
the lost of contrast in the cockpit instruments due to incident sunlight.
En the EAP this feature still exist but the GLARE SHIELD mechanical structure contains a
complete programmable data entry facility with sunlight realable alphanumeric display.

OPERATIONAL DESCRIPTION

The main task of the GLARE SHIELD is to provide the Manual Data Entry Facility MDE
a mean whereby system data and information can be tyted,-in, uel.plrvd. d lay-d n,J ip -
ted using one common centralized and imrtewrt-i device.
It fulfils the data entry functions of severald ted jnits l on cnv'eti-,nal ir'--
craft allowing, in the EAP application. data entry t,

- the Inertial Navigation Unit (ENUS
- the TACAN
- the Communications Sub-systemn.

The MDLEF takes orr different functions by op-r at ing in 'Level-'. At the top 1-v-1 o. fiv'
multi-function Sub-system Moding Keys r SMKs are available to ailow re-mcdiig to lev'l I
where data can be entered to the above sub-systems.
Alphanumerical data are inserted by uising bats Entry Keys (DEKs) and Iisplay- I n tw,
Re- jout Lines (ROLs). The concept a Illows for many leveis, bUit only twn are used on j the
h AP.

come control functions are carriud -1t- by lining lediorrtid contrln, i . e. 'osms h;rrii .'-
leon rn arid change dent inatierr.
The MEEF funct.ions are implpmentd in two cLimil jr unito, named lEST HAN[D GLAHE :IH!Fi [
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L m o u ntSe and RdHT HAND GLARE SHIELD RHGS) mounted in the upper part rf cockpit fig. I

a n onec ed to [tie Cockpi Interface Units (CIFU) thrcught a de ica e dual rd an. t'

P53 erial Data Bus fig. 2) used to send pilot demand data air,! to receive dis,ay an,l
g data to be transmitted or received by the relevant sub-systems on the Aviora -

L e B- s CAIM', !NU , TACAN) .

The LHGS ffig. 3) contains controls and displays. Controls consist off:

Eleven System/Sub-system Moding Keys (SSMKs) used to select the require) ur:,

- The Data Entry Keyboard (DEK board) used for data insertion

A dedicated communication channel selector (including present/manual mode selector)

- Dedicated ed ting keys as ENT (enter) and CLR (clear)

- The three-position centre biased toggle switch for cursor positioning

and displays are:

- Dedicated Set and Destination Waypoint displays (SWP and DWP

- Two Read Out Lines (ROLs).

The RHGS contains three display areas where are shown communications selected channel and
frequency, the selected communication mode and TACAN selected channel, beacon mode and
operating mode. The MDEF allows data to be entered to Navigati,n ([nertial Navigation
Unit and Radio Navigation Aids) and Communications (Main Radio) sub-systems.

The navigation data to be entered are:

- Set Waypoint (SWP) number

-Latitude and longitude against Set Waypoint number

- Alignment latitude, longitude and troe heading

- Time (hours. minutes, seconds)

- TACAI channel

- TACAN operating mode (receive only or' tr-nsmit/receive)

- TACAN beacon mode (X or Y).

In addition, position fixing errors are displayel arid accep te, or r'eject' - vita nheo .F-

Toe Comms data to be entered art:

- R-cciver mode Transmit or Transr)'- iird)

- Narrow or broad bandwidth

- perating channel/frequen,, entry

- Manual or present mode sel.et[)n.

As ete mont .rc,)I. I,1 :; n! kill) at,, st 'warc ar ,rgr'amm" ',, '' ' ii, ',-,. .
"hI i-t'sre ttk's avantag e from h i' ''' 'h a'n! ''.

A' t ,'v,-I ;i"MK " ' Aat Ci- rn t In.,:

loMw- ''[n to'[i,)ss,' t ag''i ''i': C

'",' I'SME''

I

~~~~~~A! ';rl ,Ar'A I lo ,:', ! t ryv r f" ,l i g! " r ' b 1"i , 111-- in,'rt 1 N i. 1 ' o : ;, L

Al1_w 1 i A-

i., i[W,[.i~ ~ ~ ~ ~~~a low [ rtW , .t 1V I [; I ' I "tb..[1. . ]I ,i! ,i *;, "
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Tie .mbined uset of programmable legends, dedicated display areas, cursur ma rker edit ig
lnctions as clear, enter and restart allow flexibility and friendly interface wstn toe

operator.
As an example the COMMUNICATION mode data entry facilities are presented.
After the power-up, at the completion of the BIT procedure, the LHGS presents the level 0
display xfig. 51).

By pressing the ISIMK with the legend 'COMM', the level 1 communication data entrv facili-

tier ar- scioN'ed a-1 the LIiGS display layout is presented to the operator fig. 5)
When in COMM level I , three data entry suoode are avai lable, the Destinat Icti and -et Way

puint display remain as previously programmed, tile Change Destination 'CHD' switch is
software disabled, the ROL I visualizes the word 'MANUAL' to indicate that the manual fre
quency change mode is selected and ROL 2 shows the previously stored manual frequency.

The Data Entry Keyboard becomes operative showing digits, clear and enter latclled k,.ys
allowing the operator to enter a new manual frequency by typing in the desired entire va-
1 uie.
If only partial correction of the actual value is desired the marker has to be positioned
under tile uncorrect digit by operating the cursor toggle switch and by pressing the new
digit. When the switch labelled 'ENT' is pressed the frequency value displayed by ROb 2
b-,omes imediately operative only if the manual mode is also selected on the communica-
tion control switch. Otherwise the new manual frequency is stored and becomes operative
whenever the manual mode on the CCS is selected.

The three available SSMKs on the top of the LHGS are programmed to act as momentary swit-
ches with toggle labels. They are used to select the optional mode of operation available
and the current operative option is displayed with the appropriate mnemonic legend.
At any time it is possible to leave the actual data entry procedure to return to the main

menu (level 0). by pressing the SSMK marked 'COMM RST'.

MECHANICAL DESIGN

The equipment is fitted on and forms the upper part of the cockpit.
Its ,xternal profile defines the maximum viewing angle of the 1_ilot ah, -ostitutes the
cover for the cockit with anti-glare function while at the. bottcm the shape is limitel
by the shape of other equipments.
Fhe GLARE SHIELDS are Line Replaceable Units. fixed on the aircraft structure by bolts
and h inged to the central create in ,rder to swing and to allow replacement of other cock
pit equipment without requiring their disassemoly.
The front shape of the units looks like two triangles joined at a corler, and *he left
unit is approximately the mirror image of the right unit.

o both units the upper part contains the power supply module, a front panel and the main
connectors on the rear while the lower part contains the electronic modules and another
front panel.
The two front panels of LHGS carry push-button matrix with programmable legends: on the
upper panel are located the System/Sub-sy tm Modlng Keys (SSMK) and on the lower panel
are lcat d the Pita Entry Keys 'DEE:
The cec-hanicai design was carried cut also taking into tht account maiotainab ility spee t.
The e.lectronic circuiry is spIitted into three plug-in cards cosneeted together by means
of a mother-board and front panlls are interfaced with the wiring narrress by means of con-
riec tors in ordo to allow their replacement without removing the GLARE SHIELDS from the

arrcraft.
The plug-in cards and motherboard are supported by a metal frame with fins on the exter-
rial side and guides for cards on the opposite side.

On the bottom surface of the upper par, of the case a flood light is installed for nigot
flight. The flood i - is a custom electroluminescent deve, plug-in mounteld wit.h a
thickness of 2 ml ters.

The metal structure of the case is obtained by aluminium alloy investment casting. 'his
technology was selected beca ise is allows to realize the complicate shape, Joe to th in-
stallation requirements, leaving the maximum possible internal space and furthermore it
assures the necessary strenght in the critical area: tire joining point between the irian-
gles. The material used for the casting assures also a good thermal dissipation anl relu-

ces manufacturing time and cost.
Each case after cast ng process is checked with penetrant fluid and x-rays to prevent
cracks arid the dimension, are controlled to guarantee mechanical tolerances.
The GLARE SHIELDS do not require forced air ventilation.

The thermal management of the GLARE SHIELD is performed by conducting tc heat flow to
the main frame of the equipment.

The main areas of heat generation are localized on the electronic modules, power slpply
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and displays.
The thermal dissipation of the electronic modules is assured by means of heat sink bonded

on PCBs joined to the finned metal frame by metal clamps, the power supply layout is desi

gned to have the high power devices placed on a large finned plate to form an external
.all of the unit and the LED displays dissipation is carried out by means of heatsink and
front panel surface.

PROGRAMMABLE PUSH-BUTTON DESIGN

Many features of the MDEF are achieved by using a new developed push-button assembly
that combines the typing performances of a true push-button with the flexibility of a LED

display used for the legend.
Design problems were mainly in the combination of these two requirements that have impact
on the mechanical design of the push-button by minimizing the size, the number of moving
parts and the thermal management of the item.
Fig. 6 shows an exploded view of the legend programmable push-button.
It consists of a miniature switch module containing the momentary single pole contact and
the mechanical parts to provide the correct actuation travel and force.
The moving part of the switch is shaped as two fins providing the interface with the front

cap of the push-button and are designed to pass through the printed circuit board, by the
side of the display package to the filter acting as a contrast enhancer media and moving

cap. The multilayer PCB connects the switches and the display packages to the electronic
modules and acts also as a mechanical support for the switch module on the back and the
LED display package and the relevant heat sink on the top.
The front panel covers the switch assembly, acts as a guide and retainer for the filter
and provides the mechanical separation between switches.
The displays selected to realize the programmable legend in the push-button assembly are
a sunlight readable version of the high performance green four characters 5 by 7 dot ma-
trix alphanumeric display HP-2303.
Each four character cluster is contained in a 12 pin dual-in-line package with front glass
window.

The light emitting diode array produces an alphanumeric character 5 millimeters high and
is driven by an on-chip serial input/parallel output shift register and associated con-
stant current LED driver.

This feature allows an easy interface between display chips by connecting the shift regi-
sters in serial mode and driving the character array with the -lock, the serial signal

and the decoded column number.

The peak wavelength of the LED array is 570 nanometers, falling in the greenish-yellow re
gion of the CIE Standard Observer Curve.
This wavelength has been selected because the emission of the LED in the region in which

the night vision goggle are sensitive is very low (at 645 nm. the emission is about three
hundred times lower than at 570 nm.) and a complete night vision goggle compatibility can

be easly acheived by using of filters.

ELECTRONIC DESIGN

The electronic circuitry of the GLARE SHIELDS is organized in four replaceable modu-
les connected together through a common motherboard (fig. 7).

They are:

- Processor Module
- Keyboard and Display Driver Card
- 1553 Remote Terminal Card
- Display Power Driver Card

The processor module contains all the ciruitry r-,'1ated to the somp Iting tacilities imple
mented in the GLARE SHIELDS.
It is designed around a Z8002 1 bit microprocessor running at 1 MHz of i1:-ck-Heed with

t rogram and data memnry realized with an hytri! circui t nt ining iPiSM and RAM.
To support real time processing four progrimmatl ounters are Vvc:1at al - ise
nerate masler syrtshr,jn ism fo Cr the displly ,r ,ie,
7t;e processor medule contains al;o e ircuit ry t) ae s-- s , shoner ir:s ,:ine:
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Fi g. 1 GLARE SHIELDS COCKPIT INSTALLATION
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Fi g. 2 SYSTEM BLOCK DIAGRAM
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SUMMARY A real-time, pilot interactive demonstration and test of a large area fighter
cockpit display has been conducted. The test of this large area (38cm X 51cm), full
color display was conducted in a mock-up cockpit at the McDonnell Aircraft simulation
facility. This display used essentially the entire instrument panel area to present a
moving map with symbology and other information overlain and also presented sensor
imagery and other information as required. The informaticn presented could be
customized for a particular mission phase or other need. A touch sensitive display as
well as other advanced control concepts were also demonstrated in conjunction with the
large area display. This display and control concept simplifies and automates many of
the control and display functions for the pilot of an advanced fighter aircraft. The
results of demonstration and testing with ten pilots will be presented.

INTRODUCTION
Poor "situation awareness" is the area cited by aircrews as the primary

deficiency of present day fighter aircraft. The information that the aircrews need to
know is: (1) their location; (2) the location, type and capability of the friendly
forces; (3) the location, type and capability of the targets and (4) the location of
all threats and their associated lethality. Moreover, we feel this information needs
to be fused, integrated and controllable in a single color display for easy
understanding. Most of the above information is presented in todays aircraft, in
various display formats and to various scales, on discrete displays located throughout
the cockpit. The crew must mentally fuse these various sources of information to
obtain a picture of the total situation.

A number of new display concepts aimed at improving situation awareness and
simplifying the aircrew tasks can only be implemented properly using a larger, more
flexible and controllable color display area. In this context, "large area" is meant
to imply a display area of at least 1200 sq. centimeters viewing area. Flight-worthy
color display technology does not exist, neither direct view or projection, flat
panels or cathode ray tubes (CRT), to provide such a large area cockpit display in
high brightness, high resolution, and full color. However, existing display
technology is adequate to build a cockpit simulator (ground based) version of PCCADS,
where packaging, volume, and environmental limitations are less constraining.

The PCCADS proqram evaluated (with ground based equipment) the benefits of a
large area color display and advanced control concepts which are unconstrained by the
information placement and formatting afforded by today's small area cockpit CRT
displays. This PCCADS evaluation is the first step in pursuit of the cockpit
technology which will replace today's limited capability by a large area display
having flexible formatting and information placement capability. PCCADS allows custom
formatting of displays to provide the most appropriate use of the instrument panel
surface during each mission segment. Advanced PCCADS touch panel, helmet mounted
sight and voice control devices were used along with the PCCADS large area color
display to demonstrate a simplification of the pilot's task and provide a more
effective pilot/aircraft interface and weapon system.

BACKGROUND: In recent years, fighter aircraft and missions have been growing more
complex and difficult, for the past two decades the growing problem of system control
has been approached by simply adding displays and controls to the crew station. This
process has continued to the point where the large number of controls has very nearly
become unmanageable by the aircrew. Simultaneously, display area for sensors has
decreased. For instance, the F-1lIA (1960) radar has an 18 centimeter diameter radar
display. The F-16A (1980) now has a 10 centimeter square radar display which must be
shared with control functions. In essence, multi-million dollar sensors are now being
interfaced with the aircrew through miniature, time shared displays. This problem is
now being addressed by creative thinking, less constrained by existing technology, and
by a consideration of both the information displayed and the control techniques in
relation to the capabilities of the pilot. Prior to the PCCADS program a study
entitled "Display Techniques for Advanced Crew Stations" was completed. The study
explored advanced control and display techniques and their effect on future
fighter/attack aircraft crew stations. The emphasis was on new and developing
technology with innovative applications to integrated avionics systems. The study
reviewed anticipated future mission requirements, established display requirements and
reviewed display technologies as well as information placement, formatting and use.
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SITUATION AWARENESS

To be successful in air combat, the tactical fighter pilot must establish
situation awareness at the start of each mission, then maintain it throughout the
mission. Pilots continually state the importance of situation awareness, and recent
studies indicate it is the decisive factor in determining the victor in air combat.
Defining "situation awareness" is not simple. This study has chosen to adopt the
Tactical Air Command definition as set forth in the final report of the Intraflight
Command Control, and Communications Symposium. It states that situation awareness
consists of the following elements:

(1) Knowing where the friendlies are and what they are doing.

(2) Knowing where the threats are and what they are doing.

(3) Knowing what my flight knows and what our options are for offense/delense.

(4) Knowing what other flights know and what their intentions are.

(5) Knowing what part of the above is not known or is missing.

Current cockpit display systems present problems in gaining and maintaining
situation awareness. This is because of the evolution of fighter aircraft from simple
aircraft with guns mounted on them to jet aircraft possessing an airborne radar
system, and ultimately, to the present generation of advanced fighters containing a
multitude of sensors for detecting both ground and air targets, detecting threats,
navigating and maintaining communication with other aircraft and command and control
elements. The systems which make use of these sensors have been added to fighter
aircraft one at a time. Each has brought to the aircraft its own display formats and,
in many cases, its own dedicated display system. As a result of this evolution,
present day fighter cockpits often provide the situation to the pilot by means of
several different, often dedicated, displays. Each of these displays provides the
data obtained from one type of sensor. Each of these displays uses its own unique
format, and often each is set to a different range scale. The pilot is faced with the
problem of mentally fusing the data provided by these dit'erent displays into a single
mental picture of the tactical situation. Because it takes time to do this, gaining
situation awareness is difficult; maintaining it in the "heat of battle" is nearly
impossible.

A sample fusion problem is shown in Figure 1. Radar information, displayed on a
B-scope, must be interpreted, then correlated with the data from navigation (NAV),
electronic warfare (E), and Toint Tactical Information Distribution System (JTIDS)
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Figure 1. Example Information Fusion Problem
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displays. At a minimum, the B-scope radar format will differ from the other three,
which normally employ a 360 degree planform format. Normally, each of the four *
displays will be set to different range scales. This problem is further complicated
by the fact that some targets will show up on all displays, occupying slightly
different positions as a result of the different formats in use. These must be
recognized as being different depictions of a single physical object. Conversely,
some items may show up on only one display, and must be recognized as unique elements
of the situation. Thus, as part of the overall fusion problem, the pilot must
determine similarities and differences in the various displays in order to accurately
assess the situation. As technological advances continue, these problems will
continue to grow in magnitude.

PCCADS/BIG PICTURE SOLUTION

One solution to this problem is to integrate the available data and then provide
all information relevant to the situation on a single display. However, the display
must be large enough to display this data without becoming to cluttered. Currently,
cockpit CRT displays provide only 150 - 250 sq. centimeters of display surface. If
radar, JTIDS, EW, and NAV data are all displayed simultaneously in this small area,
the resulting display will be too cluttered in all but the most simple situations. To
present a complex situation without excessive clutter, the overall display area must
be increased.

The main goal of this study was to evaluate the improvements to situatLio,
awareness that could be obtained by the use of a single, large area, color display. A
single display is required to fuse all sensor data into a single picture of the
tactical situation, with all elements plotted on a single format and using the same
scale. A large scale is required to handle the clutter problem; consequently, a

.a . of 190C zq. cc;,LIctcrs was a p empl e, c..-a the display occupied
essentially the entire instrument panel of the cockpit. Finally color was used to
encode some of the information, so that certain aspects of the situation could be.seen
at a glance by the pilot (e.g. hostile vs. friendly aircraft).

Another aspect of the problem to be investigated was pilot interaction with the
aircraft. As pointed out previously, the pilot must presently expend a great deal of
time and effort in direct control and coordination of on-board sensor modes and
displays. Several improvements are possible in this area. First, to accomplish a
certain task, all onboard sensors are simultaneously directed to obtain the necessary
information. Second, several aspects of sensor control can be automated to tha-
selection of an operating mode for the system will automatically place all sensors in
the optimum modes and parameters for the task at hand. While override modes may be
required to handle special situations, the more common situations can be automated so
that less pilot effort is required. This frees the pilot to concentrate on tactics
instead of sensor selection and operation.

Unfortunately the display technology does not currently exist to provide a large
area display with sufficient brightness and resolution in an acutal aircraft.
However, a large area display with sufficient brightness and resolution could be
provided in a simulator to demonstrate and test the value of such a display. In
addition to the large display and the integration and automation of sensor operation
mentioned above, we wished to demonstrate the value of advanced control concepts such
as HOTAS (Hands on Throttle and Stick), Touch Panel, Automatic Speech Recognition, and
an HMS (Helmet Mounted Sight). The HOTAS control approach allows the pilot to control
various runctions and subsystems without removing his hands from the stick or
throttle. The pilot is able to perform various control operations by using either
dedicated switches or controls on the stick and throttles, or by controlling a cursor
on the display to select options present on a particular display format. The touch
panel uses an overlay grid of infrared beams which are interrupted at a particular
location when the pilot touches the display. Using this touch control he can
designate iteLas on the display, make selections from menu items, draw routes and move
inset displays. Voice control is used either alone to perform various operations or
in conjunction with touch control. The use of voice and touch simultaneously allows
the pilot to designate an item with touch and then with voice have the system perform
some action on the display item designated. The helmet mounted sight may be used
similar to touch to designate an item on the display or to control a cursor on the
display.

PCCADS SIMULATOR

The display in the simulator cockpit is a 38 X 50 centimeter rear projection
screen. Two video projectors were used to project onto the screen. One projector
provided the background display which was usually a moving map, while the other
projector provided all of the overlay information which included ownship position,
friendly positions, positions of other aircraft, threat locations, target locations,
route-of-flight, and other information as required to perform various mission tasks.
Insets in the display formats could also be provided. These insets included radar and
FLIR imagery and graphic insets such as weapon status and fuel status depicted in
pictorial format. The insets are always available, but they are only displayed when
the pilot selects them. Once displayed they can be enlarged, reduced, moved to any
location on the display, or completely removed from the display. The intent is that
they are used only as needed by the pilot tc provide additional information. Figures
2 to 5 show typical display formats which are in color in the actual simulator.

A graphics system was designed to generate the required display elements. Key
components are the MIGS (Map Image Generation System), the Compuscene, an IRIS, a
Graphics Processor, and a projection system. A functional block diagram depicting the

1
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entire system is shown in Figure 6 and key components are described in the following
paragraphs.

I Compuscen

HOst Computer
SEL 32/78

Figure 6. PCCADS Simulator

Map Image Generation System (MIGS) - The MIGS is a McAir developed system that
combines an Image Processor, a 300 megabyte real-time disk, and special image

generation circuitry to produce digital maps. The "real-time disk" is a magnetic,
fixed disk that is capable of transferring the 256 kilobytes required to form one
frame of video in 33 maec. Thus, the MIGS is capable of supporting a 30 hr. video
frame update rate, which gives the appearance of a continuous, real-time video image.
The MIGS is used to provide moving map backgrounds for the head-down display. Since
it is capable of a 30 hz. update rate, it can provide a map display that moves
smoothly and continuously as a function of aircraft motion. The MIGS is also used to
provide Synthetic Aperture Radar (SAR) imagery by inserting prestored SAX frames into
the map when required.

Compuscene IV - Compuscene is a General Electric graphics system that is used
primarily to provide digitally generated, realistic visual displays. This system is
used primarily to provide the out-the-window (0TW) scene. However, Compuscene can
provide up to four independent channels; therefore, one of these channels is used by
the head down display to provide the perspective view terrain background employed by
the terrain following/terrain avoidance (TF/TA) format. Compuscene is also used to
provide simulated FLIR imagery, which is available as an inset.

Integrated Raster Imaging System (IRIS) - The IRIS is a graphics engine produced
by Silicon Graphics Inc. that is capable of zoom, rotations, scalings, perspective
views, etc. The primary purpose of the IRIS is the production of overlay graphics;
i.e. aircraft symbols, route of flight lines, threat rings, etc. The IRIS is also
used to produce many of the pictorial format inserts that are employed.

PROJECTION SYSTEM

The HDD projection system, including the two projectors, is physically located in
the "nose" of the PCCADS cockpit shell. This is shown in Figure 7. All other
elements of the HDD graphics system are physically remote from the cockpit.

The HUD is a projected display, the PCCADS crew station only simulates a HUD.

Map I~m ma--gie Ge 12 IRnISim iH
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Si.ice the PCCADS cockpit will only be used as an evaluation tool, it was decided to
project the HUD displays on the OTW scene. This has the advantage of allowing all
individuals present to view the HUD display, as opposed to an actual [UD that can only
be seen by the cockpit occupant.

OTW Projection f.r the main PCCAOS testing was performed in a 12 meter diameter
dome. This provides a full 360 degree visual display. Compuscene is used to produce
half of the visual scene, which is projected onto the forward inside surface of the
dome, the remaining portion is produced by a dynamic earth/sky system which projects
simple low resolution imagery on the remainder of the dome.

GP63.0386 39 R

Figure 7. PCCADS Projection System

PCCADS EVALUATION

The PCCADS crew station was evaluated in both air-to-air ano air-to-ground full
mission piloted simulation.

Each pilot flew both the air-to-air scenario and air-to-ground scenario once.
Each scenario was divided into segments for the purpose of data collection.

The air-to-air scenario was a defensive counter-air mission. As part of the Blue
Force, the participating pilots had the mission of defending Blue airfields from
attacking Red bombers and accompanying fighters. An overall view of the air-to-air
scenario is shown in Figure 8. The defending Blue fighter encountered two waves of
four ingressing Red fighters. It was required to defeat both waves ard return to base
within fuel and weapons load limitations.

The air-to-ground scenario was an air-to-ground interdiction mission as depicted
in Figure 9. The participating pilot was lead in a two ship flight directed to strike
an armored column behind the FEBA using infrared guided missiles. A second strike
employed CBU weapons against personnel carriers designated by a laser-spot tracker.
Both surface 'nd air threats were encountered during the mission. mission replannin4
was required during ingress to minimize threat and maintain time-on-target. Air
threats and a fuel emergency were encountered after the second strike.

PROCEDURES

The PCCADS crew station was evaluated in 80 hours of pilotei simulation including
all major phases of air-to-air and air-to-ground missions. Extensive training
consisting of eight hours of "ground school" academic training and six hours of
hands-on familiarization was given to all participants. The eighty hours of
simulation were divided between 40 hours of simulation in a domed facility with a
complete 360 degree out-the-window scene and 40 hours of simulation with a 40 degree
out-of-the window scene (see Figure 10). Air Force pilots participated only in the
domed facility. Performance data were collected in real-time by the PCCADS computer
system. Missions were divided into a series of initial conditions at significant
points. Subjective situation awareness and workload data were collected by
questionnaire during breaks between initial conditions.
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PILOTS

Ten pilots were employed in the evaluation. Six of these were Mcflir pilots with
previous operational fighter experience. Each of the four pilots supplied by TAC also
were previous or current fighter pilots. The total group encompassed more than 5,000
hours of experience in F-15, F-4, F-1ll, F-l00, and F-106 aircraft. All pilots
participated in all phases of both the air-to-air and air-tn-ground missions at least
once.
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RESULTS

P rformance data and subjective workload data and situation awareness data were
collected during testing in both the stall and the dome. At this writing only the
subjective data from the stall testing has been analyzed. A situation awareness
measure devised for evaluation and the Subjective Workload Assessment Technique (SWA;,
weLe useu. The situation awareness scale, shown in Figure 11, was based on the
definition of situation cireness givei at a symposium sponsored by the
57th Fighter Weapons 1. j. The preliminary results shown in Figure 12, indicate the
missions were perf- - i with high levels of situation awareness and moderate levels of
workload.

COMPLETELY COMPLETE-I
DISAGREE AGREE

1. T always knew where the friendly forces 1 2 3 4 5 6 7
were and what they were doing.

2. The positions and actions of threat 1 2 3 4 5 6 7
forces were always determined easily
and without effort.

3. I was always aware of my owr options. 1 2 3 4 5 6 7

4. The status of my own aircraft could 1 2 3 4 5 6 7
always be determined easily.

5. I could easily determine the position 1 2 3 4 5 6 7
of my own aircraft.

6. It was easy to realize when important 1 2 3 4 5 6 7
information was missing or inconsistent.

1. "position" includes heading, speed, attitude and relationship to the ground.
2. "forces" means all forces air/ground.
3. "status" refers to internal conditions of the aircraft fuel, sensor

availability, etc.

Figure 11. The Situation Awareness Scale

FRIENDLY THREAT OWN OWN OWN INFORMATION WORKLOAD
FORCES FORCES OPTIONS AIRCRAFT POSITION QUALITY

SEGMENT

AIR-TO-AIR

TAKEOFF 4.3 3.7 5.0 4.7 5.5 6.0 18
SCI TO CAP 5.2 4.7 5.2 5.7 5.7 5.2 19
INTERCEPT ONE 5.5 6.2 5.7 5.5 5.7 5.3 48
INTERCEPT TWO 5.8 6.5 5.3 6.0 5.5 4.8 42
C3 TO TARGET 5.8 5.5 5.7 5.8 5.5 5.3 44
VISUAL ID 4.5 4.7 5.3 5.7 5.8 4.5 52
APPROACH 6.0 5.7 5.3 5.7 5.8 5.3 62

AIR-TO-GROUND

DEPARTURE 6.0 5.5 5.5 5.2 6.0 5.0 16
HIGH INGRESS 5.5 5.8 4.7 5.3 5.2 5.0 36
DESCENT 5.8 5.7 5.3 5.3 5.7 5.3 34
LOW-INGRESS 5.7 5.8 5.0 5.2 5.3 4.6 61
SAR 5.5 5.5 4.7 4.3 5.5 4.2 69
FLIR 5.5 5.7 4.5 4.8 5.5 4.0 81
DELIVERY ONE 5.8 5.7 4.8 4.7 5.2 4.2 82
DELIVERY TWO 5.5 5.5 4.8 4.7 5.3 4.5 77
AIR ENGAGEMENT 5.8 5.0 5.5 5.3 6.3 4.3 79
EMERGENCY 6.2 6.2 5.0 4.8 5.3 4.5 57

Figure 12. Mean Situation Awareness and Workload Ratings

During Stall Testing
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MULTISENSOR TARGET RECONNAISSANCE
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Summary:

An example of the concept of a knowledge based sensor fusion system will be
presented, which combines a radar primary sensor with an IR secondary sensor. The
radar's wide range of view is used for Target Recognition over a large area, while
the IR sensor's high resolution at a small angle of aperture is employed for target
classification.

1. Basic considerations

Although much has been done in the field of target fightin, to reduce the exposure
time of one's own platform (e.g. Third Generations-, Fire & Forget - Missiles),
modern target reconnaissance still depends largely on the performance of the human
ubserver, which is, of course, governed to a large extent by the degree of stress
felt in the prevailing battlefield situation.

Enhancing combat efficiency and improving the survival rate of friendly weapon
systems tnerefore requires a greater automation and, in consequence, acceleration of
the processes of target reconnaissance up to weapon alignment.

Since no single sensor will be available1 even in the distant futule to provide al
the required information by itself, it will be necessary to have an aggregate of
sensors supplementing and supporting each other by virtue of their specific qualiti,:.

However, it will be a special feature of future sensor systems that not the
improvement of individual sensors will enhance scope and efficiency of any weapon
system, but the combination of several sensors with powerful methods of
Multisensor-Processing.

There are three basic principles to combine sensors in a target-acquisition-systee
(fig.1):

- the use of several sensors of the same type (monospectral) with the same quality
and the same parameters to enlarge the field of view (FOV)

the use of different sensors with identical FoV's, but in different spectral rangers
to enhance the efficiency in detecting and identifying targets even on adverse
conditions (bad weather, counter measures, camouflage) and to reduce failure
probability by redundancy.

the comhination of a Wide-Field-Of-View (WFOV) and Narrow-Field-Of View (NFOV)
sensor in a hierarchical structure to get the advantages of the first called
possibilities:

- Monitoring a large area by sensors with less resolition but with a great power in
detecting (e.g. Radar)

- Identifying targets by sensors of high resolution (e.g. IR-Camera), but NFOV.
- Cueing the NFOV-Sensor by the WFOV-Sensor.

This report contains first results of a sensor fusion with this cueing idea.

2. The Senso-Fus',n-Concept

On condition, that the sensor combination has to observe only objects on a plain
area, it is possible to transform the pixels of one sensor to the pixels of the other
one. By this way it is possible to emphasize certain macro structures in the
NFOV-Sensor (here: TV-Camera), e.g. streets, tracks of fields, edges of forests. It
is not possible to enhance smaller objects, because the resolution of WFOV-Sensor
(here: Radarfrontend) is not good enough to distinguish shapes.

Effectively this condition does not exist. We are forced to detect low flying objects
(e.g. helicopters); the countryside never will be a mathematical plain; the radar is
ambiguous in the elevation, the reproduction of the perspective sensor is ambiguous,
if the ground is unknown. So, this kind of fusion is unusuable, even the needed
computer power would be tolerable.



Possible alternatives are:

Mode 1 Generating frames within the NFOV-picture to mark the regions, in which the
WFOV-detected tzrgets could be.

Mode 2 Marking the position of NFOV-identified objects in the WFOV-picture to get
track of the situation.

Mode 3 Generating a synthetic picture like fig.3, showing the situation like mode 2,
combined with clipped windows like mode 1.

Mode 4 Reducing the information of mode 3 to a statement like this:
Target of type Z in position x,y, priority 1

In future systems (e.g.armoured helicopters of the next decade) modes 3 and 4 are
needed. Mode 4 is necessary for automation of the target acquisition to the target
alignment process.

To reach this goal, a system like fig. 2 is needed. For each sensor we need two
control loops. One loop is to control the operating mode of each sensor, e.g. pulse
rate, scan center, scan width and height, transmitting power of the radarfrontend or
visual line and focal distance of NFOV-Sensor.

The second loop is to adapt the necessary preprocessing algorithms to the actual
situation. The resulting informations of all sensors are gathered and interpreted in
the knowledge based system, supported by object modelling data bases. The result, a
compressed information like mode 4, is sent to displays or to the arms directly.

Fig. 3 shows a display in mode 3. The background shows the information of the used
radarfrontend. The system is positioned on the top of a tower. The height is about
25 m. The r.nge of the radar scan is about 3500 m. The five displayed windows show
the information of the used TV-Camera (NFOV-Sensor).The equivalent areas are marked
by circles.

Fig. 4 shows a clipped area of the rough radar-data of fig. 3. We can notice, that
the target (marked by the arrow) is alike other echos of chimneys (upper side of the
figure), road signs or clutter.

This figure proves the necessity of radar preprocessing. Fig. 5 shows one example. On
the left side you see the rough data, on the right side the selected targets after
preprocessing.

Fig. 6. shows the picture of the used TV-Camera, equivalent to fig. 4. The marked
window (compare mode 3) shows the position of selected target. It is very difficult
to detect the target itself without the help of the sketched frame. It is obvious
that the hierarchical structure of the WFOV and NVOV-Sensor is very helpful.

To identify the target, look at fig. 7. It shows the enlarged window of fig.6. On the
left half you can see about 64 different grey shades and you can identify them as a
small bus (in German: Kleinbus). To gain this information automatically, it is
necessary to preprocess the NFOV-pictures, too. On the right side, there is an
example of an equivalent segmentation process. Only 3 grey shades remained. To
identify the remaining pixel-areas as a Kleinbus, it is necessary to extract
additional features and to compare them with stored features of object models. This
work is in progress and must be discussed later.
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PIWVES SUPERVISSIRS ET GESTIONNAIRES BE SYSTUIES AU'EaATIQUES
UN NOUVEAU ROLE BIN RISQUE POUR LA FIABELETE DU COUPLE HONME-RACHINE
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RESUME

Is materiel autocatind. hautecest fiable, dispenible A Lord den aviess a fain dooluer le partag3e des
tlche S homse-machine. ten observations faites a ce jour et len acqain de la psyoholcism 'ejsni-vr desostrent
en fait que cm pilote ne supervise pan tute l'actavit6 de la nachine vain simplement quelgues "novads" gui
sent den rdsultats u den 6tapen de l'activittd o6 lo pilote nit darectemest impligud. L'opdrateur a recentre
la reprdsntation de la tiohe nor cv dulil parait ktm nsa tlche". Ce gue tait le nyirdee re figure alorn
qu en rename dans cette m~me reprdnentatios.

11 ent notanmest ddinuntrd A1 partir d'6tuden rdalinden en aviation nilitaire et civile que Ia reprdner-
tatton gue in pilute nlasnigne dass Ia relation home~-maohine nit fortenent conditionide par la capacicd et
la fiabilat& ga'il affecte ao nynthme. A partir doun certain snail de fiabilit6 cofdrdv au sync~mv, le
partesaire husain in d~sengage de Ia t~cde falte par ce nystdme. La reprdnentatics de nun travail n'appaavcit
guant A cette tdohe devesue autonatinde. Bans on can, la capacit6 de l'opdracear A ddpinter len errearn diii-
nun, quail s'aginse den erreurs de Ia machine u, plus noavent, den errears de ci m~ne opdrateur au moment
u ii a paramdtr6 la machine 00 find non mode de fonctionnement (et on da fait da cuandre contr&1e.

Cet Atat de fait, bross grace A den approohen de recherohen relevant do champs de Ia psychelugie
cognitive, snuldon den probidmen trdn onorets dass la ddfinition den futurn interfaces horoe-cachive. via-
sanurs solutions de rdponmem snt envisaglen en fin de onsunaoation.

INTRODUCTION

Sophmntication, condensation, dlecronigse inforcatigne, autecatinmes sent autant de caractdristigavs
den nouveaus materiels Adironautiguni, partscalirijn,I oux -oicerent 1 'interface hoeme-vahine (H/(M).

Estruordinaire terrain den peroden den technologies souvellen, de leers applications .... S aeresaus-
gun volt in ddvelopper den nyntilen dosne oompldiitd et daune fiabilit6 imprvsnsesnante.

Aisii, in taux de passe rouge d'un Airbus Alto nit rdduit A preigani c~re star use annoy.

Aimna encore, Inn centrales A isertans donbidvi vosre tripiden pour s'aatocontreler, peiveon arvoerI

avec use incense fiabilite Ilavion A plon de 6000 kns de son point de ddpart er A coins de 120 msdtrvu diun
point d'arriode ohoisi A l'avance.

Us goals de sable pout pourtant apparaltre dais cet ecdan de certitude.., coest celui gui cecue
Ia flabilitil du partenaire haxain. L'esesple In plus trivial restn Idgasipage gui miu re den suvaisen
coordonds du point A atteindre. . .. to can dranatiguo da Beeing de Korean Air linen ;gar, si, vrrior
nonidiie en nit use expression cdld-bre (WITKCOWSKI, 1985) . In parudexe est l- guy Sa certituide lie ddvelsp-
pe IdgqUipage vs A vii de la fiabilittd de non syitdme de navigation l'enourage, A n pan odrifie, rou
ties de la navigation pourtast de plus en plis aberrante par rapport ai bat find.

Poor plagier us terse adrenautigie, il nit cononoable de dire gie l'6squi-pesct doss cv Cai so-rts
de Ia boucle". II iv rdalise plus de cuntrdle de precensus, le procesnas Oviluant pour son propre voempte.

Cvi eunsiddrations iv sent pan nouvellen. Ellen n'innoriveit dais le cadre dune vdritable transf--
cation de la tlche du pilote (SANTUCCI et Coll..1984.

In pilote nit naintenasnt deveni in vdratable gestionnaire de nyntlees complexes. 11 touchy veins (o.
pan do tout) aus connanden de vols et i1 g~ry plus lem systl ei d'armement et de navigation.

Mass gav'e nit-il esactecent de cette rche de glention? flle sele n plan indluce us coitr~le dv Pre-
census ninutinus pour clagon nyntlee (gui a on r~le?, . .. leordinateur de herd?). Elle re senble pas indluce
son plan, nt cela nit paradomal, sercasnen facettes do r~le de supervisear gun l'os croit Acre partie prenastv
de la tAche do pilote.

Cet article a ]aitenent pour but de cospreedre oin certain sombre d'errears en Adrosautigie vs asalysast
le codd-le mental gun ddveloppe In pilote chargd en fail d'un coetrdle de vol lot aniguvexet de on contralel.
Ins inaddgu~ation dv -v meddle face ass enagexes reguimen apparassni ceene aitont d'esplicitos poles-
tiellss den erenors.

Notuns encore avant de cuimencer l'analyso gun len Anudes clanniguen suer lerreur evlvint I accent -rr
la fiabist6 du eatdriel pour certainen, nur la fiabilitd de 160ome pour dositres.

See conception ddsornais clasnigue (symposium OTAN, 1984) cunniddre mdiv I'hocce comue le factear li-
eitxt den nyntdmes darces.

noun Voidrioss dais cette appreche noun ponitiosser de faq;on paradosale piar rapport aus del 's attitudes
enoscten en inpatant le eanglUe de fiabilitd; de 110comm A l'ends de fiabilit6 du systleme. Cettv side a Ii
ct6 deogode notanceet par WIENER (19185). Oe peat en effet faire l'hypothdsv triviale guy le mudd.le mestal
de l'action ddveloppd; par l'opdrateur et en grands partie ddpendant du nyntie nur leguel it trasaille en
de la conassnce de son systoie ga'it acquiert prugrennnveeent.

L'idtde doun opdraceur deveni sapervinvur n'est pan propre A l'Adrosautigiue, (sOar par esesple RISSERMI,
1984), vain inn consegquences sent parlscili~reet iportantes dans cettv brandye d'arniustds.
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Pour divelopper len 6leientsen faveur d'une telin thins, noun nnvisagerns ion apperts de lu littera-
ture dann ie dosanne du fonctienfnssent et de l'acqunsition de ['expertise dans is coctrdie de processes. Des
enesples Aerosautiguen issun de nos propres travaux iliustreront des connaissances idictdes neuveit dais
den dosannes autres gun ixerenautiqun.

I - ONCEIONWDT aGNITF DNE B CNTRLSDE PROCESSUS

La t~ctic de contrhle de procesnus en pioetagepent Atme difinie zenne in cotr~le en tems ridl par
i1horne dun dipiacesent dais inespacs gir4 par des systinen (prepulifs ou de guidage). ibsme nit capable
de corriger, nurveilier, 6seintuellesent arriter li6velutnon grace a un certain neinbre de conanden et de
oont roles.

ins oiananden sont, nur len scions aetuels, girees sutenatoquereit par Is systise (pour sne large part)
sass in pilete pent surpasser cnn autonatisnen a tons monents et faire nanneilenent len corrections qu'il
nouhaite (exesple type Inl pilote aitosatii))

L'eseinble den centrdlen (icran de visalisatlon, cadran divers, etc...) inn fouri n ustat cedi, ins-
ntansi dui twocensus - en qucique norte use reprisentutnon do rcmi - Qette reprisenitatin du tint nut L'one-

ore du constructeur et den sanufacturiers deplancheide herd, file n prend pan signification pour in pilote
gun nlil a appris is codage proponi.

Losgtenpn stable, on codage a iolui rapidesentoes derniires annins du Pant den pessibistis de i'iiec-
treniqun et den affichnurs. Len inforsations de systhine (systhise dn pluninus autren infornations) sent
saistenant affichins et anisies en temps rcmi. flies sont cennies iconomser A Ilopirateur in travail gu'ii
devait jungun iA, rialiser luc-sise poor dineloppet us jugenent. En on nens [nor apparition a fair se diplacer
[a frontire do partage den ticbes H/M. Au-deiA du sns, de la signification ds ['inforsatin, ia formse
d'aifiobage a iguiesent isoluin [ 'analogigue a envabs ins icrass. Par ensiple c'nst iii dessin de pints gui
in projette our in parebrise iors de l'atterrinsage et gui in superpose A la pints rieiis (systine Persepolii
et dirnidvs) . La encore, iI s'agot de faire rialiser par in spitine use partie do truitesent sental gun ['e-
ratnur riaisuit auparavait poor obtesir us risuitat sisiiaire.

Den systises encore pius sophmstnquis aident ['opirateur dans in diagnostic et in truntesest den
panics. Dais certainsn situations, cnn syntinmen amnnt ['epirateur A nauter den itapes dais son raisonneseot.
11 vs pius cite, si6vits use analyse en profendeur, dispose dijA de conseiis d'actios, main sa represents-
tion sestale de la situation change en consignce. RASMUSSEN et GOOSTEIN (1985), REASON (1986) soliqinit
is potentini danger de cette ivelotion gui laisse A ['opiratent l'ent/ire meipensabiliti de l'exicuties
duoctes pour iniqoels ii a trooniu sa disarobs isteliectuelie d'anaiise de ia situation.

Ces faits ceidnisest a siitorroqer pricisinent nut in cruinenu de ia reprisentation sentale :ii sagit
avant toot de censainsasces, regroupies feotionnsllesest, it tranfiries de la sineire a long terse vets la me-
sore de travail rrpltE/i par den ilisents faitnels de [a situation ;quand ii sagit de nehman, uls sent part-
cularnis aux valnurn de cette situation factunile.

in feictienesest de ostre reprisentaties sesrais nit nnsntnei an contchie de precessus OXHAS4ENE a
dionioppi la thiotie de llopirativoti (1981) poor bin souligner in caructirn isointif, diforsi, laconique,
centr6 sur In but ponruivi, du centen de cette rsprissntatiei.

Get sutnur ditingue justenent cette teprissntatsos epiratove, rigulattice de l'actuon, d'une autre
catigorne de representation dite cognitive qui ext n instrument de cossaissasce ntri sr us objet en
ensapant de in refuter de is Paqes ia plus exhaustics possible.

LEPLAT (1985) prifire an terse de representatien opirative. celun de reprissitatien feotionnelle. 11
live ainsi use unbigniti possible asno lns stades epi ratoiren de Piaget. L'esipt mite onpendast in sine
is reptinentutles apparsit cosie is source de is pisnificatien, du guide et de Ia tiguatin de ['action.

lie itude ricente mnse A sotre laberstenre (AMALBERTI, VALOT,l98S; AKALBERTI et Al., 1986-1987) con-
Pinme in tile esnenti de La piuntuonti de cette reprisentaties en fonotion dc ia perception subjective par
leopitateor des centrantes de iasintuation et den ouriis ms A sa disposition.

ions seems sup use durne de quatre ass ms A plat ['expertise d'un pilote de cesbat par den sithodni
aliiant diffirentes techniques d'entretiess et d'obervations en vol ties. Ce travail cenidirable nit
poursoivi actuelisnent par use sedilistion isfernatique den activntis mntales du polote de cesbat. Cette
sodilisatios nit rialisi dais is perspectice do Ci veleppesent d'un systiss de ditectien et de rioupirstien
pricece d'erreorn hussines luau nut us anulyseur de contexts teips reei.

Ii senst pan de prepon dais ret articie de dictice tout in ditail den rinnitats ebtenus sans sons en
retiendross treis aspects disenstratifs qoant A is planticiti den sedilen sestaux et au r; le de is connsin-
sanos de l'unager nut son syntisme.

1.1. ions avons cospati en pilots expert et on 3euns pilone opitatiessni lots de is priparatins dose snisnion
de pisittaties trins basis altitude en sauvaises conditions sitieroieglqnei (TBAGV). Leon nepriseitaties du
s~ne ordrn de sissies sit de fait cesplitesest doffireste is leeuse censacre ins 2/3 de son teips de pripa-
ratios A is phase de navigation TRACY A l rialise use approche scola/ne de leobjectif et niglige cenpiitssent
is tactique de stout. I1 a interpriti i'erdre de mission en fencien de on qu-on esige de ioi habitneilenent
compte tens de son siveau. Sa reprinentatien de l'actios A ener nit diforsie, lacenuque pour certains aspects,
tnin riche pant d'autres.

Insersesent. in pilots expert censacre pen de tems Ala pripataties de ia pisittatien tnis basin alti-
tide gu sait bin saitriser et itudne pins partncniirsssnt ls cadre tactique de i'ebjsctnf et du inet.
LA encore, is piasticiti de is reprisestatios st clairesent seuiigsie. L'esiontien de ia sissies refute
dais Inn deux can len partiosiaritin de cette priparatien et, hoes s~t, ins tisuitati en sent sessibisnent
di! Prents.
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1.2. C'est in eden type de rdsultat gun Pos observe guand en denande a des piotes d'espdrssnces diff6-
-tese in dvumposer in pius profoeddent possible in cestess de lsiir mission. Les ddcoepeosjions nont us
bon toilet de leur represntation persosniele de la difficult6 de rhalusatiosn de haqan phase de vol :plus
is phase est vospless ausns perception de danger et exigesces en tevhsleit6, plus nile ent ddtasills et
inversnmnt, plus eile est ssmple, nois elnle nst ddtaille (figure 1).

Ces deus rdsuitats ddsontrest gun iopiratsur code comne use cosnaissasce particulidre instisatnon
de on gu'il croft savour ;ii associn A chague sehhna d'actien urne nets connaissasee deerivant is difficult6
concrete de ia rdaiisstsos pout li. Cette consasssane est prebabieent revinde spins ebagas esdnstios. 11
reserve one place prinidgade dans sa rnprdsentatios de laction A la description dee sdgussves guuil
-r0it avoir du mal A secuter et tdsune inversemnt ins sdgusens gu'il croft consaitre buss.

1.3. Ce type de plastucit6 est 6gainnest induits par la vonnacssanee gusil deloppe nur ins outils msA
udisposition.

Au nieas de l'esdeutuonsunr is svstdne pssdant in vol, in contens des schdnas et largennnt ddpendant
den consainsanees d'univers possdes apr ailisurs nor is fcabilst6 du nysthee.

Asnss, en navigation trbs base altitude sans visibulutp, is pilots dispose du schdna pretotypigue
suivsnt

posed is vertucais du point toursast,
]n cite A is nouvslln route,
je rdnnclnrb in PA,
d~n gun l'avios st revesa aimes A plat,

je edrifin gun jisi bin prograned nut lerdinatest in bon bat suivant,
is vdtifis gun j'ac is bosne route, is bonne distance, la bonne vitesse par rapport a es
prdvinuons de prdparation,

jnnstime is dutdn de is branche,
je ye ddtend et j'attend l'arrinds a 5 nautiquns du but nuivant.

Cette rnprdsnntatien feealisd sur ins points d'intactiosenntrn in piots et son nysten sentient
pe5 vs pan de centthies sur inn automates de pilotage et de navigation. Le pilots sait gu'il dispose d'outils
fsaben en reeperrsnt certsinns conditions : ttn nut in boo mode pout in piiotn autonatigan et pout is
centrain A innrtin, avoir vdrifi6 tceent (il in fait en ddbut de branobs) qu'eue et encore esacts. 11
sait gun Si la centrals es esacre A us point dosed, sune sera ndcsssasrnnnnt nuffisasuvent snacts A la fin
d'unn brance dn guolguns nautiguns de long.

Inversement, dsautrns eempins de sa connaissane ddmnotrnnt convent ii pind en eonptn in easgun dn
pricisi-on 0 dn fisbilitd Oes systdnes :iil dispose solsenmeer d'un bostier de commands de rap trds seprdcis
pat rapport A sns ddsiddtata. Il nn ddduit On vkritabins schdnas de contesrement avc den prc.

4
3, de O

pilotage manuel pour ud6vitet lunags de e syste.

be eden il dadte de is fiabilsit du radar dans certaiss nodes (sotannest de is stricte hetuzontaiitd-
do plan de diroipe) . Contrairneent su pilote autoestigan u A ia centrale A innrtie, Ins schdsas at: lisant
-n ssde sent en consequence nstrdnnnnst ddtaillds en terse de surveillance du bon fonctionnnnnsr. Le pi-
lore pense gun pour cnn can prdcin, son costrln doit 6tre permanent et gu-il e peut tin di~idguer dura-
blecest A cn type dautenate. Ce nystdnne de cossasssance sat is fiabilit6 dns automatns, mis en place par
i'espdrinnce, modifie progressscennnt et profondisent sa rnptdsentaties de l'actios A sener.

Cbagsn portun assuede par in systlee disparact dons partinlieent de is representat ion operative eden
ni inn vonnaissancen attnnt A es actions sent posscddes pot in pilete (ellen e sent dans e can plus
actives et ne font p lus partis istdgrantn de etle reprdsestaiton foncrionneile nais peuvent dttn recueil-
lies lots de is nine A plat de lespertise).

Es can dn failite du systhen, in pilote est cestraiint A rnvosstrsire use reprdsnntstion adsptde
suxnsoavelies exigences du contr~le de precensas.

In rdsued, is vostens On la rsprdsestatius de ladties ddveloppdn par in piotn est fosetsonnelinsent
difors par rapport A lactios r~nile. TI et ventr6 (6gocentriqnemest!l vets ins points tdels d'inrnractc..
entre systiimn Pt hose. Tout ce gun in syStdse fait snul disparact presgun de vette reprduentatien et est
repiac6 par us "rdsun mental".

e nest pan is t~cde de l'iotertace H/M gui est reptdsestds, v'est la tiche de inHoeme gdtant 1I'm-
terfae El/M.

Des lets, chagan autematisne dii systbme deerait leg4iguement voncourir a an sppauvrisssmnt de la repr6-
seetation. eels est vrai nt fasx. In fair, il s'agit d'un ohangenent de contesa dn is teptdsnntatios.

11 y a rndcstributuos do partags den tlchns. Ls pilots g4es isla --- n in aol eL ri;se: doss zuis
pris9estatios use place plus grande sue vonsssssanvns nut igUnivers ds is tlchn. 11 peat sersmesnt 6eoguer
plus dn nednarios poseibles en se prdparer mesralenent A lest rdseluties. Cette attitude st finsienent
lattitade recherchdn par ins cesvnptnure de systhee. tile et done A consddrnr connie sariefainants. on
ddveleppe den sutonstinses en vol pour lihdrnr ins naine et Inn yeas do pi-ete . .. et son esprit. L~a fiabs-
lint Pt Ins9 performances do systiine jettest densouvellee frontieres dans in portage des tiohes H/M.

Ness venons de veir vomment in vontssu de is rnprdnnntatios se cestrait nut is tlohe du piete et son
our ls tlche du systhee. Cnni suppose iseguisities prdalaisle d'une consaissance de vs gus est vupacit6 die
obacun, et notassent capacit4 du synte isi-edme. be second chapitre envinag6 sets done ventr6 sat lacqus-
nition den vosnaiseseces gui pereet juntement vs partags de tlrhns.
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11 - ACQUISITION DES CONNAISSANCES ET MOIDIFICATIONS DUI PAETAGH DR TACit

Le parallelse entre acquisition des connainnancen et nodifications de fonctionnmet de l'opirateur est
mainteniant use notion bien classigue. FITTS et POSNER (1967) Puis ANDERSON (1985) distinguent en effet 3 ita-

pe.Litape 1 cot dite cognitive. tile correspond A l'acquisition de connainoancen diclarativen our l'ac-
nion fconnaissanceo nor la compositioni des syntirms et lear usage formel dans laction).

A ce stade, ceo connainsances diclarativen vienment se greffer a des concaisnancen ginirales our len

prociduren d'actions, l'esicutioc proprement dite st nicensairemeot rialinie pas A pan en taisant appel A
routes leo rigles posoidiss.

One deuime phase dite 'assoccrive"succide A cette pretniire itape. Les preeiren erreurs dais la
comprihensiom initiale soot pregreonivemeot iliminien. Den renforcenents soot cniins entre connaussances qui
"servent" - la comnainoance diclarative est trarosfomie en connainnance procidurale.

1i s'agit do premier stade cii is sujet peot &tre considiri comie conp~tcot. Ins troisibme itape dute auto-
none, parachive la formation et pernet lacquinition dlautomatismes. Les progre peuvent se poursuivre A

* iii..

Le point essentiel de cette acquisition de l'exyertine ent finalement lexsitence d'uo double codage
'den connainoancen d'un c~t6 des connaisnancen descriptives thionigoen, et de l'autre den connainsances
fonictionnelles pratogues. Ce soot ceo dernibres gui conposent leo ochiman d'actiono et dooc la repricentaion
mentale de Ia situation en cuss, be pilote n'a ci le tempo ni le noubait de rappoler Ie ditail den concais-
nancen goail ponoidesnut on syotime donni chaqas Loin ga'il a A se ervir de ce syotime. Ainmo, toujouro
dans le cadre de li6tude our Ia nine A plat de l'enportise dun pilote is combat, ii apparait gus insxport
ent capable des dicrire trio priciniment lindicateur d'incidecce dont ii dispose our son tableau de bord
mais st loin de or servir dans faction de toates sen possibilitis.

Get indicateor fourcit l'angis du men de lavion aver la trajectoire au deni-degri pri!s (ichelle clif-
Erie) ;Ia valeur ent doublin d'une redundance par voyanto colons codant langie de trois degris et, tLrois
degris.

En navigation basse altitude, la seule connaissance fenctionoelle poonidie st gus "rert, cent biem".
l'empert ajoule goofl st inotile de lire Ia valeur pricise de ret angle poisgue gus de touten faqocs

-it m'a pan benoin directement de cells information pour la inus den actions,
-et ii nlest pan capable de contrdler la pertinence 'Is cette information ;if me salt pan comment mile
st contruite danis l'ordinateur !

II supligue ga'il n'a janais dioposi d'imdicateur d'incidence nor len scions pricidento. Cette indica-
tion Wst pan strictement utile dams la menie de l'action puisgo'il a toujoarn no faire sans slm.

It utilise almrs l'informarion disponihle en la ditournast partiellement de l'intention do cometruc-
tear :ii me cherche pan A avoir one valeur pricise d'incidence, ii virifie nimplement la prisenc do vent
parce ga'il a constatii gail st vert chague fois gas Ia situation st mommale St stabilisie.

Ce can st am eremple d'une rigis plus gicirale .lopirareor utilise prifireotaellsment s informs-
tions de synthise gaill peat, par an raisonmement, reconstruire de Ici-ime et dccc veifier. I se nailt
capable d'estimer linnidence A 3 prin, dccc utilise cette finesse dainfermation - plags colonse - ;incer-
sein, if ocutiline pan le demi-dlegrii parce ga'il st incapable d'intsrpriter et de virifier Ia pertinence
de cette anformation.

Il conidire ga'il peat d'autant plus faire ronfiance au syotime ga'il se sait capable de Is cfirifier.
be paradons des cette analyse st qus le Pilots, one fobs son opinion faute, inveotit l'informition dune
certaine fiabiliti ga'il ne remet plus en cause par Ia suite. 11 fail cenfiance. Poor reprendre len termes
d'Andersos, is connaissance fonictionnelle ent ilaborie a partir den cemmainsances diclaritivs avec den
justafications pnisen en termes de facilili d'esplostation et is fiabiliti. Main par 1a suite, cette
connaisoance devient autoneme et 8s justifications initiates me sent plus ivoegossnystimatiguement.

fin autre snemple concerns I acquisition 'Is comnainsancen par len michmmlytes de, sals des cootrdlse den
meteors sat bateaux 'Is guerre (BOURGET et al. 1987). Ins alarms remontait piriodigusment oar Is dispositif
iediguast on miveau ban carter d'huile.

be machinists disposait par ailisumo den riglen de connaissances nuasantes "si are alarms apparait,
alums appayer our Is beaten d'effacceent" et
"01i lalarms dioparaut. alone conclure gus c' st ins fausse alarms".

bin Ic can Iii proble, lalarns diopanaiosast dean fos snun troin fern s delappab oar Is beaten ef-
facement. f'opinatean a aicro diveloppi ins interpritnation cohirente de cette situation :if n'a pan rems
en cause len nigies ga'il conmaissait, il ma pan amalyni is panne, Al a namplemeor didult gee pooctuellement
Is beaten pouvait se coincen i: 1 tait prisonsir d'une reprisentatien mentale en-rement noutinuirs 'Is
Ia situation. Poantant, Is niveao d'huile italt riellenent ban, is captear se dicouvrait chagas fois gus is
bateau prenait dua gits. diclenchant ainsi lalarme gut si6teignalt sontantiment guand is bateau remenait A
I'horizontals. Lteffacemeet d5 A l'appai du beaten itait nieplesent use colncidence.

Dass ce can, l'opinatear st prisonnien d'une certaine simpliciti 'Is la reprisentatien nentale ga'il
uiline, largement basiesour des proeesus autimatiuas. 11 st tout A fait capable 'Is faire l'analyne A
postniori staisnme lest pan sun is moment ;if rherche A ninoudre son problie dano Is cadre de sa repri-
selutatlon sans faire l'effent deIs l riviser.

Il n'agit biso Ia dun autne point fonctionnel essenliel 'Is la reprisentarson shele guide l'opiratear
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ears cule lenferme 6galenent dans one eaisieri linitd do monde" soffisante et pertinente dans Ia tes

gronde sajorit6 des can (et partnroliirenent 6cenonugue en terses dn ressouroes sentales, dot,6 son acan-
tagel eats ponctuellesent dangereose. i ent entrdnenent difficle pour lopdratrur de rospre cette repre-
sentation pour en rechercher use sleus adapter.

Or, et r'est la on trait fondanental, Len systdnes autonatigues favoessent considdrablenent l'eoutenco
de repentations snoplifiden.

C'ent ce cas gue i'on observe typiuesent aver len directeors de vols en Adronautigue nonie (ANALBERTI

A paraitre) -

Len pilotes apprenne-. rapidenent voire a lorts dipens. gun Te- indications donnies par ce direetour

de vol sont plus pertunestes gue routes variations porsonnellen (canr nile intigrent A la fois la pente, Ta

ostesne, etc...). Cette infermation de directuon de vol ens construite en permanence par To calculasour

de hoed, on constate, en noivant la progression des 6guipagen trois phases hues individoalien:

- one preire , forrello, vi ir s 6l6ves apprennent on certain nonbre de e~gles de bane nor inn prefabs

dn vol A respecter, (pence nax -.. m in; vitense nax . .. sin .... ) ainni goosne ronnousnonce appronfon-
die nor len modes P.A. et irs directeorn de vois enbargois. Il s'agit en qoe'lo sorte de ronnaus-
sonces ddniaratioes.

- one neconde, o6, in ddcoovrnt rinllirnent in direrteor de vol. en nulat eur. in en nont s-sont
sorprin car s on soi vo nanoel denande de la co ncentratio0n. Pre sgue syntinatigu ernt len can oLlei
dicectoor dn vol est nai soivi se noident par den digradations do vol, objets do coonsentairns ot
d- dehlefings do ia part do noniteor et ronstatin datilleurn par lilive lot-n~me. C'ent le temps
de lesdcution An la tache pan A pan. Len resfoecenents ponituls sorrensits Couin do directeur de
veil et ndgatis (digradation par non nuisi) aninene prog)restonsent i'6iive a bien snuace ce
direrteor. inn portin den connaunsanres de banns a 6te prociduraline. Cetre partan ent pratiqun et
s-appoin nor one anionatigor de fiabolit6 do directror An vol. T1 n'y a jarcats o acquivotion do
ronnois-res runes nor la lugigur o tilinie doss in directeor An vol A tells 00 telin phase de vol.
i y a ceansfert de "fiabilitL;" par one e~gle do type "ni in constrorteur a dii gue c-ent bon ot
gue 3Vat vricid nor gonigons con ennopins gun coest boo, aloes rlest nirennaresent et teujourn
boo'.

Or, on certain nonhee de costentes lost que In zoloolatnor proc -Str anenti pendant plonteurs nerondes,
et notasnoent days Ann phases de vol te~s dilicatos A foorsie don infoenatuons erroshes. Ti poor on itre
aiat ions ln con 01 le puloto ordenne par dorerteor interponi den vatenses o den altitudeo trop tdt, trop

lard ... auqoel ran In directeor de vol applique lordee et cede on 6cart potentieli aver Ia trajectoirn quO

voodrast suivm in pilote.

Le palote ye sodifie pan Ta e~gle do hone dont 11 dispose nor la fiobilit6 do sysrine ;il 3ustaposn
1-1. - 1,-1 -le dr portin linitie ;"st a0 dicoliage 00 A Ta remos den gao, In darorteur do

vol andiuo on pitch infirinor a 5-6-, aloes affacher TO" et attendee on soment poor resoavre To ui-ecteas".
La fiahilit4 do synte nest pay encse on rouse et cc goall en reste dass la reprisentotien mentalo Ar
lactios mst toujoors aossu d66od d'anolyses et de contedlen r:ospinentoires. Ln pilote no place luT-none

en situation d'endrutant.

ITT - CONCLUSION - DITSCUSSION

Lees doun travail, l'honor anlicipo et so reprisente mntainoret in travail goail va avoar A faire. Ln
costeno de cette enprisentatten va sevir de guide ot de rigulatror lees de l'enicotion. Ce qui senst pan
dons la reprdsentation se nero pan dons loaction soul ni 11 y a renlaberacaun doune nourolle enpri sentatron
den faits, on gui est touours coolns en tres Ar temps et Ai6nergor.

La reprentation do travail gun T'heme slasnigne does Ia relatton hoson-narbase not fertesont condi-
tionnie par Ta capacit6 et Ta liabulit6 qoill allerte 00 nyst~ne. A poetic doun rertain neonl do flabalit4
confir6 00 systdne, le partonairn honoin so disengage de la cachr faire par le systise. La ropreotatien
de son travail noappauveit goast A cette toche dovenur auteotusin. Cet appouvrissnsont pout n'acconpagner
don enrirbisneeno dans dooutres dosainon notannest :Ia tartugue, Ia refinnion nor la ninnion .. . etc.

i s'agit bin do hot poorsoivi en aviaton caliaire.

Colte position de superviseur face a des systises hautemnt fuohies senst prohabienent et nalherrunenent

Dlrennect6 do c-r-nele. do processos, posdant p00 do connaissoncen sue le systise bri-sine gui no-ent
otilisables eflicacenont (ii foodrait Ann cennaisonres procidorales et non ddrlatotives) 01 ce, essentiel-
lemnt, parre gun la prologue est earussino, lo polote ddvnleppe aver beoucoop de Aifiltis one repeisen-
lotion sentair de sa tache coerenpondant elfertivonent A one torhe dr supervisron. T1 diligue broucoop a0
syst~me et nr garde dons so reprinentatnen do l'artios gun gurigoen "nocods" de passage qei rorrenpondent
6crangenent aon senles 6tapas connunes ontre re quo 6taut avant "noa lache" 01 cc gui ens naintenant "la tacbo
den nyntines-. TT no supervise pius in controe de prorossos au sns orai do terse oats suspieenst in passage
a den norods, acressiblen A so cenprihennion, gui loi tineigne gon le systine sarche huen, et gui peovont
Ctre dantosts de plusirors montes.

La tamhe de supeeviseor et effertiornent elfectuin poor irs norods eats n Ilest plus do loot pour los
sigoences inteeniatres aver tens irs risguns gun cola cosporte.

One loin acgosse, crttc croyance dans Ta fiabilit6 agit remine on filte dons inn rigien de cosnaissasces
gui vent &tme procidoraiisdes poor 6trn utilisins rffecttvrnnnt cunne procidores d'artuons et rostenus den
repeisencotions.



&. conclusion, les systdmec lacremeer frances peuvent Arre catdgortsds em deuc

- cede dour l-operatmur per(;ozt Ia haute liabulurd et dust le lomcricmmmment est autonome cas des
centralen A inerriec, cas du pilote autucatigue ... etc.
Dueis -Ce cas la representation it l'actium Aeeoppe par 1 'ophrateur me contiest plus qumu resume
superliciel Ace lo -'-'uence automatisee er l'opdrareur dhceerre ua reprdsestaros sur le dhut et 1a
lie des sdguences -maristrms, la o6 ii a A inrernenir. 11 nenerce pas de contr~ie particulier sir
ias uEnce automarigue car ii my a plus dams la reprdsentarlon mecrale de l'action de rdgims ups-
cifidues pour le cutrdle de ces actions automatiudes Ice qui mm eit pas dire qlue cen r6gles

ieitrrpau ... es. sonr mace parlor possddesl.

1 c'apt dm lair dccn partage Vrai des m~clies estre hocce at sysrb!me qui eniste m6-icci its cocci-
utes recummamdmnt d'utres mores.

Loc-prateur 'sort compldrecent de Ia boucle" au nieas de ces automatiumes. Toote situation incidem-
relic est alors grave a de multiples #gards:

*detection difficile par masque de montrole,
*diagnostic dillicile par masque os par paucrerd de la represeotation de Ia situatiom
rIncttllt.

En I-elu, carte, plus it matriel inst liable, coins l'opirateur esr lul-ine liable face a den
un-crclies Lit ce miatrmi.

- aeon Aunt l'operareur perqitit ia inaurn LallitQ et Acer t lo nctionuemeer suppose us oprutetir -n
positi d'esotutunt A'ordren : irecteur de ccl,..

itaris ce -us, Ia rmprtise:;truoi tie 1 'actio mc connecnt pa: floe plus dc structure uc )tr~l Au sy'
tore, rile me lirie A l'eel cutro manuelie er uamu Acurt deo actions coammand6-

be, par 'dose cot alors gue I'home crot go' il cot -'auau plon liable guill ouit le nyct lic, oar;
gui l it -at encoe plus liable ]ue iii.

L'ereoc sorcitut ccucut Aino -e cud on rut C itllueit den ocenuedo" i'ncost--
a-- ie provennus main don1t 1. reprdcenitatirt ce-tai JIicoci len robt liu, u-sc A,

0 ulft ear-s.

WI NPR Ct CURRY (1980) 5'.'i~e. i ocr -s ruonc q-' pc-,nt Lro2Ivnvt Icc T '-IC t -it-s -t
mticer dc plus en plus poingum I-on) air I~n etleto nnt. q-o-la -mp rt sur laI u ,
!Is Lvoqccnt plusimurs raisouns teobmo(lugic disponibit, scoo..it.-', "'--,t-'Cvi-1-oilcitI
matmtenance, reduction de ia chugqe de travail, pr-cisi des nunoeues d titi oc. j-o
.c ec.

uls proposmer 6Agaleent use solution, cell.v Ac "flilt r'anuje'iont 1-i -t11
lieus em en depit de routes r glee A auroricer. le pilot, a Yarit' -d ii t ''cc' -,,it;o -sy
cce cignulant gum Its sorties d, dommasne de uevurtte-. I1i 1 de "nveror '0"gti toteml ' tdoe a
tonice et, rout en Jardant. la teolnologrie, Ac remire -roglc temtvnt 'nT'lla I-nd'In iLt'
;CrCpocittto ddfcndafle, main gui a hiem olin ceo itnttvu.

taos p mctrrnu n~te A c~re one aurre ide t Icc icteriuco- fl/So rito ctrts to , p pel-tt
1' cc-'iareur de dirige'- Its cachises. Pendant loiouttcp, on a adapto len rnl-trmattons et icc -c-'eon ioni- o
gluciles deniecuest utilisahies par I'homme. rela suappelait i'ngoomcemcaic le "r n'enicrurt a.

Aujourd 'hci on veort trouver use p1-oce A 1 ',pdrateur 1ui es, pr-uent face a Aec cyct--natma ie

naurement hiabits. Oin 1cc alfecre Ie r~le de s-tpcrmiutw... ,. main on ajocte guuil ott-aitrncrentubln -it' 1l
unterviemuce cur Ie cpstect cans raisom juutilidv. Lie ICIOIC1 s Action resultant cur -itroct. BRATNRIDGE 1, rc
in RISSERET, 19841 contre porrant gue plus un ypstm- Ac cour-Ale e-t act-arinA plus Ia contributinon dc
lopdrarcor homain p et cruciale. En dffet, ce gui reste au 'ucvscr ent justetenr ye clue le cocce-
teuc nia pa0 di astomatlsen parve godl m'a pas cc le prbvoir. BISSERET dass le m~nre article. s'oppacanr A
WIENER et CURRY, pence gum la slutom cylst pa, lt urtincer ice act1-ctttcc Cu 'v- !rtt-i -em"
At l'orareur ceraut interacttve, "rdglnie", mt dve routes latio nun 'arderart pan A la resolorto, l'ic-otc.
11 sonnet lv le dommer ace sp~t-ate drc -icc t3,he, -oli ats luruct ims p6n -icc de tom1 Cs III:, 0uu 11cr1c
prdparer A faire lace. aun situations anormales. toecor cc point -dc vue est ddlendabie mats concait sec
Itette.

AInmi, as hilan, maistenant gut l'ergonotte clarcigue c'ent ddccoppdc, force cut Ac -nustatr I- le
champs dcs dtmandtm impome ume noueelit Avolurtion roAtoule Aecvert dis rctpl ine 10cur rdtitedre A :ic', rim
doune extrdm compiduird portaet sot It fonvtinnenenn mental tie l'opdrarer.

(es rdponsec cm pecoent pllus S;tre Ac neulic-ta tie de I 'ergjomome car tilts to~ho aC letla phiCltcophuo
de is place de i'homom dans le traeail.

Poirtacl, ii y a plui gum Jamats a fatre et a dire .,....... A motnn gut Ien tng6mteus nm uuitect
c-cc ,-t '-c-oots
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INTERFACE HOMM E/MACHINE EXPERTE

POUR I TNE CARINE D'AVION DE COMBAT

par

lean SAULAIS et Pierre LARROC. IE

AVIONS MARCEL DASSAULT-BREGtIET AVIATION

78, quai Marcel DASSAULT

92214 SAINT-CLOUD (FR ANCE)

ABSTRACT:

Through developping navigation and attack systems on combat aircraft and by analysing the new operational

concepts, an always increasing workload is required from the pilot.

AMD-BA have been concerned with this problem for many years in designing each different combat aircraft.

An important part of the workload lies in getting the management informations by the pilot. In case of
very low level flying, getting these informations become especially tight : the pilot cannot divert his attention
from outside the cockpit to watch over the vehicule and its system.

For this reason, modern fighter's cockpit - such as on the different versions of the IRAGE 2000 and now
on the RAF .LE - are already oriented on using head-up terminals for displaying built-up informations. Enhancements
have been made on displays in order to increase the capacity of collimated data.

In addition, synthetic voice warnings are already used and days after days, the place of speech processing
is increasing.

For the future, AMD-BA are studying the benefit of artificial intelligence technics for improvement of
displays and spoken messages in working at two levels :

- in the pertinence of information depending on the phases of the mission and especially on the pilot workload
which is inferred by the expert Tstem,

- in the suitable synthetic information to help the pilot in decision making.

AMrD-BA are working or an Expert Stst- which pUrpose ' be pTCeiseh so operate at these two level
depending both on its importance with respect to the mission and on the workload inferred b th. Expert System
in the different steps of the mission.

INTRODUCTION

Le but de cette pr6sentation est de 7-ntrr tout d'mhocd quels sent les soins apportms depths longtemps
a'organisation des postes d'6qtiipage des thasseurs amv AMDi-RA, qiielles sont fps tendances qit so d6gagent et
surtout, de quelle faton les techniques d'intelligence artifit ielle peuvent intervenir pour famre progresser la conception
de nos cabines.

2. ORGANISsTION DES POSTES D'EQUIPAGE

Nous considrerons quatre thmes principalx, dterminants dans la conception he la -abine d%n chas ir

- installation du pilote,

- le pilotage tste haute assori6 au fonrtionnement des come-andes de vol.

- 'aide au pilote pour [a conduite de la machine,

- les nouvelles technologies des 6qmuipements de dialogue.

a. L'INSTALLATION Dl? PILOTE

Dans l'6tude de Ia cabine, comme dans celle de tout poste de travail, in grand som doit Mtre apporte
1lenvironnement du pilote. La tendance, pour les chasseurs nodernes, est de faire appel a des simges 6jestables,

"inlines" par opposition aux si rges 6jectables installes fusqi'oi tant stir les avions des AWD-B-A (%iRAGE Ill.
MIRAGE IV, MIRAGE 5, MIRAGE Fl, MIRAGE 2000, SI IPEI-%iRAGE 4000, ALPHA JET) que sur los avms
etrangers, en particulier les F, Ff4, FI 5, F IS ou TORNADO. L'installation dun si ge conferant tn angle de
dos siiperieur a 30' d'inclinaison par rapport 51 la r6fhrence verticale du fuselage sur le R AFALE A actiellement
en essais en vol, nous a permis de conforter les r

6
smiltats que nomis avions obtenus amj tours d'etmdes prhlinminamres

rnen
6
es aver le soiitien des Services Officiels franc ais, et en liaison avec Ie LAMA" et le (ERMA. Cette installation

permet d'exkuter des manoeuvres soitenues a fort facteur de charge dont est capable )a machine en dimintuant
notablement la charge impose au pilote, ce qui lui permet tine meilleure effiracit6. Ce gain se retrotiVe atissi
dans les acc

6
l&ations transitoires.



Ces bans r6nultars sant les fruit,. duin travail important men aun AMO-RA o6i ltilination d'un si~ge-
incline n'a pas 6t6 coesidWde isnl6ment mais a fait lobjet d'une 6tuda camplite as approfandia d. taus las
6l mants ralatifs a linstallatian dui pilote

* ccaudairs

*manche et manette et

*cammanden temaps reel associ6en

*terminoun de VisLialisatian

*vinibilit6 cnt6rieure

b. PILOTACE TETE HAUTE ET CONMANOES DE VOL

Les AMD-BA accordent tine trbs grande importance ass 4sraites relations que len cammandes de vol
daivans avair asec toss len 6l6ments de Pavian et le pilate. Les technolagies nouvelles des cammandes de sol,
en particulier luitilisatian de calculateurs num6riquen et de liaisons 6lectriquas et biant6t aptiquen, permettent
des saphisticatians qui d~cuplent leur puissance et qui rendent cette 4traitesna de liens encore plus tanidamaentala.

C'ent en particulier le cas asac les informations de pilotage A pr~senter au pilate. 17lepuis langtamps,
len AMO-BA ant d~snontr6 l'int6t du pilatage tkte haute, dans tastes les configurations de vol at, en particuliar,
en can de vol A banse altitude.

11 est sans doute inutile de sappesantir ici sur le fait qua le pilotaga tete haute constitue sine nouvelle
m6thoda de pilotage dont l'int&r&t ant de prsentr directemant dune part la trajectoire da lavion, avac le
sectaur-sitenna (par r6f~rance A I'horizon), at, dautre part, l'

6
volution aCl la vitense stir trajactaira, avac le

rep~re d'6nergie potentielle. tin esemple da figuration tgte haute compl~te ant donn6a (figure 1) o6i se trouse
notamment, an plus den symbalan cit6n ci-dannun, in r6ticule de guidaga ILS, tiljisable comma unt directaur
daordre pour le contr6le de ]a trajactoire.

La coepdration antra cetta pr6santation at Ian commandan de vol ant iat~grala at trouve na puissance
dans Ie fait qua le pilate past agir de facesn d~coupltie, A court tarma, nur le vactaur-sitasna par action sir
Ie mancha (deveno manche lat6ral), at nor l'6sergia par action nur la manatte. Caste fates de centrlr lavien
permet de 'neilleurn temps de r~panse qua le pilotaga dujn paramntra intarm~diaira (ansiattan e.g.) at son principe
ant tallamant s~duisast qua, Ian AMO-BA ant propon

6 
puin asp6rimenti an sal asac Ie RAFALE A, sna estannion

da cetta m~thode as dannast a Ia masata non plus Ie r6la de cammanda den mateurn main Ia foniction globala
de commande du hilan train~e-paunn~e. 11 fast d'ailleurs ramarquar qua, cantrairamast aus usages, caste masatta
ant unique alarn qua Pasian ant bimaotaur

FIGURE I Prksantatian d'informations de pilotage t~ta haute



Comme les commandes de vol int~grent les limitations de domaine, on aboutit a un pilotage sans soucis,
tout en augmentant la pr&ision, l'efficact6 et le niveau de sdret

6 
du pilotage. La superposition des r6ticules

sur Ie monde exterieur supprime le besoin dWaccommodation entre exterieur et planche de bord et ameliore
la perception des diff6rents dangers : reliefs du terrain, superstructures telles que antennes, pyl~nes ou lignes

haute tension, autres aeronefs...

Enfin, le pilotage t6te haute permet une bien meilleure transition entre les diff6rents modes de pilotage
automatique ou assiste et le pilotage 'manuel", le pilote restant beaucoup mieux "dans la boucle", ce qui est
fondamental pour sa rapidit6 de r6action en situation anormale.

Pans l'6tude des avions futurs, les principales tendances recherchees par les AMr-BA sont

* lutilisation de collimateurs tate haute holographiques qui apportent S la lois un agrandissement du champ
(tant instantan4 que total) et de meilleures caractristiques photom6triques permettant d'obtenir a la fois
de tr~s bons contrastes de symbologie, meme soleil de face, et une tr~s bonne perception du paysage, en
particulier en cas de luminositi faible. C'est d'ailleurs avec beaucoup de satisfaction quin collimateur de
ce type, r6alis6 par THOMSON-CSF, est utilis

6
, depuis le premier vol, sur le RAFALE A ;

Ilaugmentation de la fiabilit6 de la pr6esntation des informations en tate haute, pour rendre ce mode de pilotage
encore plus sOr et chercher S 4viter Ies comparaisons entre informations tate haute et tate basse, encore
de mise dans de nombreux chasseurs ; I

la mise en oeuvre, par des r6ticules simples, fonctionnant toujours en trajectoire/6nergie, de guidages de
trbs haut niveau,

* int~grant Ies nombreuses donn6es quest susceptible de connattre la machine,

* optimisant diff~rents crit~res, en fonction du type de mission et de la phase en cours: depense de
p6trole, respect dun horaire, 6vitement d'obstacles ou de menaces...

Pans ce domaine, on verra plus loin que lintelligence artificielle peut avoir des retombees interessantes.

c. ASSISTANCE AU PILOTE

En tant que concepteurs du syst~me complexe et tr~s intgr6 que constitue un chasseur moderne, Ies
AMP-BA ont la volont6 de fournir au pilote une machine dans laquelle celui-ci se sente en confiance.

La r6guiation de diffrents 6quipements complexes (moteurs, e.g.), le fonctionnement des circuits et
des servitudes, l'e &ution automatique de certaines t ches sont conrus avant tout pour lib6rer le pilote. En
fait, i] est classique de constater que la juxtaposition de es "automatismes" aille l'encontre du but initial.
Certains ne manquent pas de parler alors d'automatismes mal congis, en particulier lorsqu'ils n6cessitent une
surveillance de la part du pilote, d'autant plus difficile a mener que les moyens de contr(le sont alors, dans
bien des cas, r~duits et Ia conception des alertes ou alarmes, peu adapt6e.

Dans la demarche men6e aux AMP-BA, Ia mise en place de toutes ces assistances entratne une refonte
complte de Ia conduite de la machine dans le but (id6al) de r6aliser une cabine libre de toute surveillance.
L'int6gratior -es syst~mes ost , la base de cette refonte qui permet aussi de simplifier les proc6dures, de reduire
ls signalisations et les postes de commande sp6cifiques. Un exemple, ponctuel mais r6v6lateur : Sur le RAFALE,
Ie rel~chement du frein de parc fait passer ls centrales a inertie dans le mode Navigation.

Jn domaine capital a ce titre est la philosophie de d6termination et de pr6sentation des alarmes. L'int~gration
des syst~mes permet de gros progr~s dans ce domaine, d'autant plus appel6 a 6voluer, que les traitements informatiques
se repandent a tous Ies Flments de 'avion et que le traitement de l'information devient possible a differents
stades. La r6duction significative des moyens conventionnels d'alarmes (voyants lumineux) op6re sur le RAFALE A
est un indice refltant cette 6volution. L'annonce des alarmes fait appel a une voix synth6tique, capable d'annoncer
plus de trente squerices sonores et vocales diff&entes, bien discernables par le pilote. En parallele a une signalisation
visuelle dans les terminaux de visualisation, elle constitue un moyen tr~s efficace de pr6sentation au pilote
de toute situation anormale, a condition qu'elle soit dtect~e par la machine.

Les progrs S faire sont bien stir dans la d6termination de cns 
6

tats anormaux qui doit 6tre S la Iois
la plus pertinente possible, tr~s sOre tt tr s liable. VoilS bien sOr un domaine clef o lJtilisatios des syst mes
experts peut se r6v6ler prometteuse afin d'aboutir a une signalisation

au moment opportun,

au bon endroit,

conseillant la bonne action.

d. NOI IVELLES TECHNOLOGIES PES EQIJIPEMENTS rE DIALOGUE

Les AMP-BA sont trs attentifs aux possibilit6s ofertes par Ies nouvelles technologies dans tous ls
domaines participant a la conception des avions. L'intsrat technique du RAFALE A a 6t6 d'ailleurs de demontrer
la validite de plusieurs dentre elles que ce soit pour les structures (composites, aluminium-lithium...)pour ls
commandes de vol, ou pour Ia cabine.

Le cas du collimateur tate haute en est bien sOr un tr~s bon exemple. Mais cette cabine a permis aussi
de juger d'autres r6alisations.
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Un terminal de visualisation djn type tout a fait inhabituel est aussi utilis6 depuis Ie premier vol du
RAFALE A. 11 s'agit d1un Collimateur Tete Moyenne (CTM), situ6 en-dessous du collimateur t te haute, en
continuit de champ avec lui. II procure une image collimate dans un champ bien plus important que le champ
qu'aurait un terminal classique de surface iquivalente situ en cet endroit. Cette image peut Stre purement
synth~tique pour la pr6sentation classique d'informations mais on peut aussi utiliser ce terminal pour pr6senter
la viddo issue dun capteur, et m6me, de fagon plus originale, pr6senter limage g6nr

6
re par un capteur 6lectro-

optique angulairement conforme S ce que le pilote verrait si la planche de bord 6tait transparente.

D'autres technologies prometteuses sont aussi en cours d'6valuation : cristaux liquides, synth~se vocale,
commande vocale...

Au-delS de ces exp&imentations, les AMD-BA recherchent par la mise en oeuvre de ces techniques,
l'obtention dun dialogue plus 6troit et donc plus efficace entre le pilote et la machine, et ces etudes de niveau
technologique sont accompagnees dune r~flexion sur leur utilisation et sur les principes de repr6sentation de
linformation les plus adaptees. Un axe de recherche tres riche est la representation d informations connues
dans des bases de donnies, relatives au terrain en particulier, cette repr sentation pouvant s'imaginer en deux
dimensions, trois dimensions et m6me en relief.

Clest dans ce contexte que les techniques de l'Intelligence Artificielle ont bien str parues dignes dintdr t
et cOest ce que nous en attendons qui est ddvelopp6 dans la suite de cet expos6.

3. APPORT DES TECHNIQUES DE L'INTELLIGENCE ARTIFICIELLE

Dans le futur, le calcul symbolique, utilisant les techniques de l'Intelligence Artificielle peut apporter
des solutions efficaces et intressantes pour les interfaces homme-machine des prochaines generations d'avion.

En particulier, des "systemes a bases de connaissances" embarqu6s permettront de rendre ces interfaces
tr~s adaptees au pilote, sa charge de travail et S sa mission.

a. Approche n6cessaire

Pour utiliser avec profit des "systemes a bases de connaissances" S bord, il faut avoir resolu un certain
nombre de problmes de natures diverses :

Assembler et formaliser lexpertise correspondante. Celle-ci porte sur

* des aspects techniques comme :

le savoir-faire tactique (6vasives, proc6dures durgence, mise en oeuvre des armes)

Ie savoir-faire syst~me (lavion et ses ressources, l'nergie, larmement, l'avionique...);

le savoir-faire opdrationnel relatif lenvironnement (relief du terrain, ddfenses adverses...);

- e savoir-faire stratfique relatif 5 )a mission (AsaJuation des risques et efficacit) ;

+ et sur des aspects plus 4psychologiques" dipendant d'avantage de la nature humaine et de son comportement
dans un milieu stressant (evaluation des capacit6s de raisonnement du pilote en fonction de Penvironnement
et des situations).

Difinir des traitements symboliques embarquables capables de performances temps rdel.

Dans un tel environnement les temps de r~action n
6
cessaires '6chelle du pilote sont de Iordre dine

fraction de seconde A quelques secondes.

Avoir la possibilit6 d1utiliser toutes les informations disponibles S bord : tant au plus bas niveau comme
Ies rdsultats bruts des mesures des capteurs quS un niveau plus 6labor6 S Ia sortie d'algorithmes sp cialis4s
dans le traitement du signal. Cette deuxi me cat6gorie d'information sera dailleurs prdponddrante dans
la 'ase de faits" des "syst~mes S bases de connaissances".

b. M6thode envisagde

Le but est de fournir une aide "intelligente" au pilote au moyen dune interface experte ou module de
communication expert.

Cette interface doit donc rdaliser les fonctions suivantes

Filtrer de favon pertinente les informations disponibles & bord

Fournir une aide a Ia d~cision

+ en pr~sentant les suggestions d'action et les v~rifica dhypothises,

* en effectuant des pr&ictions sur I'6volution de la situation et sur ]a charge de travail du pilote,

+ en rendant compte de la surveillance de lavion et de ses syst mes : c'est-a-dire ttnoigner de la bonne
prise en charge des tAches qui rel]vent d'automatismes ou dont le temps de reponse demandd est tr~s
court alors quelles exigent lexamen dun grand nombre de paramtres.
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Linterface experte doit donc se situer dans la boucle Pilote-Systime.

La r~alisation de cette interface passe par:

* L'itude de la d~marche du pilote (actions et raisonnements) dans )a mission de pinktration basse altitude,

* La rialisation duin mod~le g~n&al qualitatif de celle-ci qui peut se symboliser de la fa4;on suivante

I) Suivi de la bonne ex~cution de la mission (mode normal) puis en cas d'6cart:

2) Ditection de l'4vinement "anormal" (4v6nement perturbateur dans le d~roulement pr~parii de Ia mission).

3) Evaluation de la situation en fonction de ces 4vinement et des autres param~tres caract&isant cette
situation.

4) Prise de d~cision du pilote en foniction de cette situation qui se traduit par une ou plusieurs actions successives
entreprendre.

5) Ex~cution des actions d~sir~es.

Pour r~aliser ce type de d~cision-action, certains travaux (1) ont permis didentifier trois types de comportemests
humains qui sont coh~rents avec le mod~le ci-dessus.

* Le comportement r6flexe o6i, une situation reconsue donn~e, correspond une action imm~diate pour laquelle
ii ny a pas d'optimisation.

* Le comportement tactique oili, une situation reconnue donn&e, us raisonnement bas6 sur des r~gles issues
de l'expirience, permet de d~cider de laction & faire (raisonnement a court terme).

*Enf in le comportemest stratiique basi sur la reconnaissance d'une situation nouvelle, mais o le raisonnement
bas6 sur des esp~riences variees permet de determiner le comportement qui correspondra "au mieux" &
la situation d~couverte et qui pourra iventuellement 8tre remit en cause ult~rieurement (raisonnemess
i long terme).

Ces deux derniers comportements r~sultent 6galement des capacit~s de pr~diction du pilote sur IlAolution
de la situation en fonction des donn~es pr~sentes.

De plus, des travaux r~alis~s en France au CERMA orit eu pour but de "'mod~liser" le comportement
sp~cifique des pilotes dans ce type de missions et ont permit de realiser des 11sch~mas types"I d~finissant la
structure de leur raisonnement, leur faion de g~rer le temps et de g~rer leurs propres limitations.

Ces travaux pourront 8tre le point de d~part de l'4laboration de la base de consaissances sp~cifique
du moduile de commication expert Cette base servira au module pour 6valuer la charge de travail du pilote
dans les diff~rentes phases de la mission.

4. EXAMEN DES PROBLEMES SPECIFIQUES DE LA COMMUNICATION PILaTE-INTERFACE EXPERTE

a. Communication pilose-module (figure 2)

Comme dans le cas d'un op&ateur durant un processus complexe (2), Ia communication avec le pilote
doit s'4tablir en tenant compte des contraintes suivastes:

* Donner as pilote let moyens de reconnaitre l'&at de fonctionnement de set syst~met embarqu~s et !s
caract&istiques du costexte ext6rieur (situation tactique, menace, m~t~o, etc...),

* Donner as pilote les moyens d'6valuer Ia situation r6sultante,

* De prendre en compte let exigences particuli~res des pilotes dans ce type de mission

Cela impose d'avoir, dans ce "module de communication expert":

Use certaine repr~sentation de lavion et de set systimes.

* Des moyens de visualisations tr~s souples et riches, adapt6s au probl~me (mission).

* Des moyens de communications pilote-machise complimentaires comme Ia commande, [a synth~se et
le dialogue vocal pour lintroduction dobservations du pilote.

* Use base de connaissancet sp~cifique adapt~e au probl~me de la communication pilote machine.

Un accis & Ia base de faits commune ass autres syst~mes experts du copilote 6lectronique, ce qui pose,
bien sOr, le problime de lutilisation dkine architecture "multi-experts".



b. Fonctionnalit~s du mwodule de commamricatian expert

Ce module doit permettre les fonctionnalitis suivantes

*Utiliser les informations (synthitis~es) sur le contexte op~rationnel et sur l'4tat des systimes embarqu~s
disponibles, dans [a base de faits du copilote 6lectronique.

* Evaluer en fonction des phases de la mission (donc: de la charge de travail connue, ivalu~e et pr~vue, du
pilote) et de l'importance des 6v~nements, Ia sneilleure prisentation des informations au pilote (sous forme
de visualisation ou de message vocal).

* Avoir la possibilit6 d'ttre interrog6 par le pilote (sous forme de dialogue vocal par exemple) sir un raisonnement
ou sur des pr~dictions en fonction de certaines hypotheses (What if ? ... ).

*Avoir une, base de connaissances ind~pendante des autres systimes experts embarqu~s mais 6tre capable
de partager les informations de tous niveaux.

-Module
doi communication

expert VSAIAIN

II

ITI
m Bde expfarts I

CIT EETNIE I-------------------

5times do navigation at deattaquei

-SyVstimeas- avny
-J -- --------------- j

FIGURE 2 : nt~gration du module de communication expert

5. ACTIVITES D'AMD-8A DANS LE DOMAINE DES INTERFACES POUR L'ASSISTANCE AU PILOTE

a. Dans le domaine, de Ia presentation des informations de pilotage

Nous avons vu lea travaux rialis~s par notre socikt! ; Ia. symbologie a dj fait lob jet de longues 6tudes
et a abouti aujourd hui a une, cualit6 reconnue des pilotes.

Par rapport aux m~thodes de calcul classiques, Ie calcul symbolique pourra permettre Ia prise en compte
d'un plus grand nombre de, donn~es et plus de souplesse de traitement pour flanimation de cette symbologie.

Nous avons en particulier prdvu d'itudier un "lsyst~me base de connaissances' sp~cialis6 dans la gestion
et Ia pr6sentation de Pi'nergie, de lavion pour le pilotage.

b. Dans le domaine des m~canismes de raisonnement

Nous avons entrepris avec le soutien des Services Officiels Frangais

*une 6tude avec le Laboratoire, dlInformatique Fondamentale et d'fIntelligence Artificielle (LIFIA) sur
Ie raisonnement temporel et incertain;

* une ktude avec lElectronique Serge Dassault sur le th~me de 'aide i la compr~hension des pannes et
la gestion des procedures d~urgence bord des avions de combat.
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Dens cette itude nous abordons deux points essentiels

" L'aspect systime expert temps r~el embarquable o6 seront itudiis la compatibiliti de lapproche
Intelligence Artificielle avec: les contraintes impos6es par le temps r el, let capacites memoires
et les traitements mettrc en oeuvre pour respecter ies temps de reponse imposes par l'embarquabilit6
duin systirne davionique.

" L'aspect g~n&ation dinformations pertinentes correspondant i une analyse de la situation de lavion
et a un choix, en fonction des rkultats de cette 6valuation, des informations pr~senter au pilote
en fonction des phases de la mission. Par exemple, la d~tection dune anomalie dans le freinage
ne doit pas 8tre trait~e et prisent& au pilote de Ia m~me faion lorsque lavion est Mach 1,6 30.000 ft
ou lorsqu'il est en approche avant atterrissage.

c. Dens le domaine de laide a la dicision embarqu~e

Nous avons entrepris, 6galement avec le soutien des Services Officiels Frangais, une 6tude de faisabiliti
dPaide Ia decision par un copilote ilectronique dans une mission davion de combat. Dens ce cadre pr~cis,
et aussi de mani~re plus gonerale, nous 6tudions llad~quation de lergonomie de pr~sentation Ia charge de
travail dui pilote dans les diff&entes phases de sa mission. Nous cherchons en particulier ktablir let possibilit~s
d'un dialogue entre le pilote et sa machine par 116tude de:

* La comnpl&nentarit6 des messages visuels et sonores

* Lapport de Ia pr~sentation st&r6oscopique des aides au pilotage et de Ia symbologie

* La possibilit6 pour le pilote dintroduire dans son syst~me (au moyen de Ia commande vocale) des informations
relatives des observations faites au cours du vol.

11 sagit dans ce dernier cat, d'6tendre let capacit~s de Ia commande vocale actuelle Ia comprehension
d'un vocabulaire assez d~fini et structur6 adapt6 aux observations potentielles du pilote.

On imagine facilement l'int&Lst dune telle possibilit6 pour enrichir Ia base de faits du "syst~me embarqu6"
et de mettre jour l61aboration de Ia situation.

d. Dans le domaine des techniques de Illntelligence Artificielle

AMD-BA fait un effort important en Recherches et D~veloppement (en particulier :langage naturel,
diagnostic de panne, rcpr~sensation structurelle et fonctionnelle de syss~met, aide aux sp~cifications, CAO,
architecture "Multi-experts" ...) qui auront des retomb~es dans laide au pilote et dans sa communication avec
Ia machine.

6. CONCLUSION

11 ressort de cette analyse que let cockpits des avions d'armes ne cessent d'6voluer au fil des possibilit~s
offertes par let nouvelles technologies. Cet technologies font 6voluer let principes de conception et de fonctionnement
des interfaces entre le pilote et ta machine.

LlIntelligence Artificielle slinscrit dans cc mouvement et va tinstaller bord des avions darmes. Son
apport pourra se riv~ler capital, car il va contribuer a d~placer Ie niveau des rapports que le pilote entretient
avec son avion et constituer un v~ritable copilote 6lectronique. Celui-ci, d~j capable de fournir au pilote detinformations tSr les diff&ents constituants des systimes embarqu~s, sur le viicule, sur le monde ext~rieur
et ses composantes favorables ou hostiles, va bient6t pouvoir raisonner en utilisant ces informations et assister
le pilote en lui fournissant en outre des privisions d'6volution, des conseils sur lattitude adopter...

Ce niveau sup~rieur de rapport entre fliomme et ta machine va contribuer a Pefficacit6 op&ationnelle
de lensemble. Lest ibne des voies qui permettront de faire face aux situations complexes et men-Aantes que
let forces a~riennet auront A at fronter dans let ann~es venir. It sera envisageable d'itendre le domaine d'emploi
des avions et de leurs syst~mes & des conditions difficiles telles que Ie vol & trks batse altitude et & grande
vitesse, Ilattaque de nuit et/ou par mauvait tempt, le combat multi-cibles, etc...

Le r~le du pilote 6voluera mais set facult&s seront encore mieux mites & profit pour Ia conduite g~n&ale
de Ia mission, et surtout, pour Ia prise de d~cision face & des situations impr~vues. Ce qui rendra sa place dansIa machine toujours aussi importante.
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RESUME.

Lestension de l'iformat isation A herd des avions do combat pormet
d'iotrodnire de nouvellem formem d'ioterfacoes pilote-machino.

t arch itctore do I a cuhili du dbmoos tratour KAPA.E em t conpuc a
partir do oe" techniques. Ainosi l'angle d ,inclinaimon muperieuc A 30* du siboc~
pilote , destin6 A am~liorer Ia rdmistance mum facteurm de charge eleobs.
eatraone des c on s quencem importantes. Parni ces conmequenoem on pent citer In
position trdm covchbe du piloto. le pilotage par sarcho lateral, is
centralisation des cosmandem mur clavier multiplesh!. la pecte do l'acobs
physique A is sajenre part ic du tableau do bord qn i i apliq igoIa nticoss it1 do
ddmignor des 6tiquetiem sur los horses A partic d'un "joy-stick"

Avsnt d'Ctre complebtemont impianthe muc RAFALE. In commando vooalo a
fait l'objet d'essaim en vol muir MIRAGE fIIet dommsais en simulation.

O'une nani~re gbndrale. on pent dire quo oem nonivolios commandos moot
tochniquement mu point on en passe do le dovonir rapidomoot. L'emobrionce en
vol a r~v~lib que lea conmbqnenoom do In position tr'6m conoIeI ' dIU piloto sacr I
cont'ori et Is paychologie 6tafont hdodfiques, contrairomont sum oraiotes qnaos
avait pu avoir. En rovanohe. l'ampoct ergonomique du dialogue acec 1(os
ssatbmes demande encore beaucoup do travail do 1la pact dos, bqi ipos ohs ogios do
los sdapter A l'utiimmtion opdrationnile.

Gnast mmmsi qu 'on d o it baiter noT des to too eIs olasmiqurs do
I 'infocmatiqne qai conduit A ace sucabondanco d 'inormatiaos pr&_sentbcs. 00

qni ost pacticnlihromeot faoheum A bard dun aon do chose oci los faculttis
intellootnellem du piloto dbcroissont notahiemeoc avoc In difficultb, do Ia
mission. En revanche, an tomitomoait judicious do i inform)altioo accessible amI
systbme dolt permetre do libbrer lc pilote do Ia plipart des unalyses
Albmenairem. en no lvi laissant quo lea tlohes sohios. cosine ie ohoim des
options iaotiquos. pour lesqaclovs il ost irce-Mytatable duos. Ie Lonnto des
operatins shriennes.
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1. INTRODUCTION.

Sur les avions de la generation du M1R~h0E 2000, 1'informatisation
eat liaite au systdme d'armes; lea donnoes relatives au porteor restent
classiquement acheajo~es par des rdseaux cabl s snalogiques. En cabine. on
retrouva une diacrimination bien marqu~e entre les instruments relatifs au
porteur at ceux consacr~s au syst~me d'armement at de navigation.

D~sormaia. on avion d'arae sera on ensemble informatique coh~rent ou
chaque 6l6ment qoi Pa conatitue paurra avoir acc(ds & l ensemble des
informationa disponibles A bord. En cabine, on pourra proc~der AL une
restructuration complAtn de 1'architactura.

Nous allons voir qua le d~monatrateur RAFALE possede tea
caractdristiques A on niveao dtj& trds &lav6. La commanda vocale avant d'y
dtre implantde a fait l'objet d'essaia 6tendus en simulation at en vol.

L'utilisation ao cours de seances d'essais de tea syst !mes nouveaux a
6te men~a en gardant toujours A l'esprit ia nature des contraintas qu'impose
au pilate ia mission op~rationnalle. Pe cas experiences, nas pouvons tirar
des ensaignamanta. Noos verrona en particulier quoun systese techniquement as
point na suffit pans forcement a remplir one mission donn~e s'il ne prdsente
pins de surcroit one escelante adaptation aux caractdristiques homaines bias
particuli~res d'un pilota de combat en coors de mission.

2. LES PRINCIPAUX SYSTEMES NOUVEAUX UTILISES.

2.1. Architecture de la cabine du RAFALE.

Lea caract~ristiques sarodynamiques en configuration d'atterrissage as
d'aPPonlage. le chois du type de si~ga Ajectable. at las exigences en matibre
de visibilit& vera l'avant fisent A priori on nombre important de paramdtres
g~om~triques de la cabine. Capandant, l'angle d'inclinaison do sidge, qoi peut
dcre pris dana one plage asoz &tendue, conatitue le chois le plus determinant
dans l'architacture do paste de pilotage.

La rdsistance do pilate so facteur de charge ddpend en particolier de
I'angle qua fail son dos avec in vecteur accdleration. L'augmentation de cet
angle s'accoapagne de consequences importantes sur l'organisacion de la
cabina: perle de l'acc~s physique A la majeure partia do tableau de bard.
diminution de la surface de ce dernier, n~cessite de piloter avec on manche
lat~ral, perle de 1'acc~s facile ax banquettes latdrales. Hormis son dasaine
de fonctionnament A l'6jection, la limita da linclinaison do sidga eat fixee
par l'apparition des genoux do pilate dana in champ visual en approcha. Dans
ca cas. is surface do tableauo de bard eat 6videmsent annoide.

Le chaix d'un angle sup~rieor A 30' qoi a 6t6 recana permel de
conserver on tableau de bard capable de recavoir deux Visualisations T~te
Besse (VTB) non accessiblas A Ia main do pilate. Cello dernikre
caract~riatiqoc intardit de laur associer sur le paurlour des touches de
d~signation, comae on en trouve par example sur F 18.

Cal Acran cooleur t~le basse Paul pr~sentar diff~rantas pages
concernant l'avion ou ins syat~mes. La chats des pages feat se faire de
difforantes mani~rna. On past d~signer one etiquette par one alidade pilotdn
par "joy stick" o n paul faire d~filar ins pages grAce A an bouton poussoir,
on Paul appelor diractenent en cas de panne la page carrespondant as circuit
concernA. ou encore appaler lea pages par casmanda vocale. Lea pannes 00 lea
anomalies sadt annonc~ns par on Avartisanur d'Alarmes Vocal (AdAV).

La "joy stick". pilotA! par in pooce gauche, fonctianna classiqunmant
salon le principe doune cosmande en viteasa.

La Collimateur Tete Haute (CTH), monochrome A grand champ. presanla us
ensemble de r~ticulna de pilotage directemant d4§riv~s de caux do MiPAGE 2000.
Le "jay slick" paul conduira lalidade dana Pa champ dn is VTH. On Paul asi
d~signar certaina r~ticuins at lea modifier.

La Collimataur T~te PMoyanne (CTM) , Agalament monochrome. conslitue un
prolongament contino do CTH. 11 pourra sinai, associd A on capteur TV 00 FLiR,
Atandre vera in baa le champ de vision do pilate. Ce collimalaur Paul
presenter comma la VTB diffdrentes pages s~lectionn~es de manibre semblable.

Sous Pa CTM. an trouva in Clavier MultipiexA' (ClaM). piacA inclin6
entra lea ganoox do pilate. Ce clavier deviant le paste de commande de chacune
des radios, do VOR ILS, des cantralas 6 inertia loraqon partant de ia page de
base (le "menu"), on anfonce is touche correspondant A la fonction choisin.
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Le manche lat~ral est A faibies debattements. 11 comporte de
nombreuses commandes dites "temps r~el". Le manche et is manette Sont conqus
pour un pilotage seion le concept 3 M (Mains sur ie Manche et Is Manette) dans
toutes les phases opdrationnelies du vol. Les avant-bras du Pilate raposent
sur des accoudoirs r~glabies.

Une manette unique commande las deux moteurs. On peut Aventuellement
dissocier chaque moteur grace A ma petite manette auxiliaire. Cette manette
unique comporte sur sa surface un grand nombre de commandes "temps rdel".

Sur ies banquettes lat~ralas se trouvent des commandas secondaires qui
ne Sont susceptibles d'4tre actionnies qu'au sol. ou au cours de phases de vol
stabiiis~es Sans acc~l~ration.

Si ie tableau de bord principal n'est pas ac- ssible. il a 6t6
cepandant possible d'am~nager deux petites surfaces lat~rales qua l~e piiote
peut atteindre de Is main. On y trouve principalement Is commande de s~curit6
g~nhrale d'armement, Is commande de manoeuvre du train d'atterrissage, des
interrupteura de secours de commande de voi, et ie Paste de Modification de
Param~tres (PMP).

Ce poste est constitu& de deux nouronnes concentriques. La couronna
ext~ricore perset de s~lectionner le param~tre A modifier (caisge
baro.6trique. but de navigation, canal radio), is couronne int~ricura permet
de faire varier le param~tre choisi. La compta rendu dea Laction eat pr~senta
:2 la VTH. On bvite sinai, pcur I-a modifications simples, une prochdure plus
lourde au clavier ou ao "joy stick".

2.2 La commande vocale A mots isol~s.

Apr(Is une phase d'essais an simulation, ca syst~me avait 6tA implante
Sur un MIRAGE III R. Ii comporta trois fonctions assantiellas:

- Las annonces at lea alarmes. Par example, "fin de transfart dea
voilure" "incidence imop forte', grace au syst~me de synthisa
vocale.

- La r~ponsa A des questions. Par asespie, "vitessa ?" , "vitassa
430 ft" , grAce au syst~me dea reconnaissance et de synthesa vocala.

- L'action sur des orcira. Par exampLe, "autocommande V
"autocomanda aabray~a", at ambrayaga dea l'autocommanda.

Ca syst~me de reconnaissance Monolocuteur poss~de un vocabutaira cia 22
mots isol~s avec des temps dea r~ponse inf~rieurs A La acconde. L'ordrc ou ia
ouastion doivant 6tra formulas apr~s on appui bref sur on poussoir avant de
prononcar le mot.

L'apprentissaga saefractue 3- '<'1. En v, .I an t possible de
riapprandre on sot riguli~rasant mai raconno. La qualit& dea l'apprantiasage
eat contrle par un test de reconnaissance,

La systdme dea reconnaissance vocale rend compte de ce qu'il a compris
an r~p~tant 1'ordre ou la question. Pour certains ordres, uric confirmation est
nh ceasaire. Par exemple, le Pilate demande "Ia tour !", la syst~me r~p~te
"Is tour", la pilote confirme "go !". at la fr~quance da Ia tour dea contrdla
se s~lactionne Sor la poste at s'affiche sur le clavier de commande. En cas
d' incompr~hansion, on des diagnostics suivants peut A5tra ratourn6:
"trop fort", "trop faible" , "trop long", "r~p~tez" -

2,3 La comimande vocala A mots anchain~s.

Ca systdme a 6t6 implant6 sur la simolataur d'6tude MIRAGE 2000. Ii a
eta assayd dana le cadre d'une mission classique d'intarcaption avac usage des
diff~rcnts armaments at systdmes.

11 parmet de commander:
- lcs fr~quences des posies radio, do VOR ILS, do TACAN, du
tranapondaur,
- l altitude A tanir par le Pilote automatique,
- Lea modes do Syat~me dc Navigation at d'Armasant (SNA),
- lea fonctions do visaur,
- lea Achalles ct ies modes dea fonctionnemant do radar.

11 s'utiiise par appui bref Sur on poussoir de La poign(!e pilote
pric~dant la phase dea parole. Les fr~quancas 00 lca canaus des postes dea radio
00 de radio navigation doivant 6tre Apal~s chiffrc par chiffrc.

La vocabulaira eat de 62 mots e' dea 51 chaises.
La metor vocal dea lorira compria par La machine n 'east pas

systimatiqua.
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3. RESULTATS OBTENUS. COMMENTAIRES, EVOLUTIONS SOUHAITABLES.

3.0 A quoi sert le pilote ?

11 serait ambitieux de vouloir r~pondre compl~tement en quelques
lignas A cette question, mais ii n'est pas inutile de rappeler ici quelques
Points importants.

Dans une mission op~rationnelle, les capacit~s intellectuelles d'un
pilote d~croissent d'autant plus que les conditions du vol soot difficiles:
zone hostile. mauvaises conditions m~tsorologiques, grande vitesse, basse
altitude. vol de nuit ...

L'int~rdt majeur de 1a presence de l'6L~ment humain A bord de l'svion
r~side dens a cspacit& A s'adspter A is situstion du moment. A effectuer des
choix tactiques dens un conteste qui restait a priori grandement impr~visible
avant le ddbut de l'action elle-mine.

On a donc deux r~alit~s antagonistas. D'une part Is puissance
intellectuelle affaiblie du pilote, et d'autre part 1a n~cessitA pour lui
d'analyser una situation complasa avant de proc~der A des d~cisions tactiques
qui peuvent souvent avoir des cons~quances vitales. 11 taut donc s'arrangar
pour qua le peu de capacitA d'analyse at de jugement qui raste mu pilote soit
exclusivement consacr6 A l'6scution des operations qu'il ast saul A pouvoir
accomplir.

Dens ca but. un avion moderne doit poss~dar daux caract~ristiques
tondamantales en ce qui .oncerna l'organisation de ma cabine:

- Automatisation trds pouss~e do la gastion de l'avion at des systdris
par des logiciels "experts" capables d'eft'actuar las intarpr~tations
Al(amentairas.

- Pr~sentation simple, salon des sch~mas prochas des schdmas mantaus
humains. dam 6l6ments d'information dont le pilota aura basoin pour
Alaborar ses d~cisions.

3.1 Position de pilotage.

On a pu craindra qua is position de pilotage tr~s inclin~a, qui
rassemble A is position qua l'on a dana una chaise longue. tandrait A dmousser
l'ardaur comative du pilota.

En r~alito§ cette position entraina one augmentation de contort tr~s
sensible. en particulier sous facteur de charge dont las et'fets n~fastes soot
nettament att~nu~s. De ca fait le pilota n'appr~henda pas lam Avolutions
moutenuas sous forte acc&l6ration. 11 me sent naturallamant prot~gA. Ainsi son
agressivit6. vertu cardinale chaz un chasseur. maen trouveamu contraira
consolidde.

Las avant-bras bien tanus par lea accoudoirs r~glables, associ~s A des
lois de commandes bien adspt~as, parmattant on excellent dosage des gastes de
pilotage. Ces derniars mont plus pr~cis qo'avec un manche classique oO
l'avant-bras repose le plus mouvent sur Is cuisine drolta. ella-m !ma rav( tue
d'un pantalon anti-g qui se gont'le oo ma d~gonfle su gr6 du tactaur de charge.

3.2 D~signation des Atiquettes dana lam visualisations.

La parte de l'acc~s physique A la majeura partie du tableau de bord
interdit de disposer sur le pourtour das 6crans de VTB dam touches de
d~signation comma caest le cam en particulier sur F 18 ou sur las FMS des
avions de transport. Toutes las d~signations d'6tiquattas s'op~rent grAce mu
"joy stick" qu'on pilota du pouce gauche.

Caest une commande dite "en vitasse". caest A dire qu'A un ddplacemant
donnA de is commanda correspond une vitesme de d~placament de l'alidade.
Cella-ci paut ma mouvoir dans lam troim visualisations. Ella saute d'une
visualisation A l'autre lorsqo'ella atteint one limita d'6cran.

Rappelons qua Ia grande majorit6 des op~rations posmiblas par
"joy stick" l'est &galement par un autre moyan, PMP. clavier. course-page,
interrogation mor panne, commanda vocala.

On paut dire qua le pilotage d'un rtticule par una commanda an vitassa
n-est pam one nouveaut6. On trouve ce systOme A bord das avions de combat
depuis l'apparition dam radars embsrqu~s. Il naen rasta pam momns qua ca geste
de pilotage demande use cartaine habilatA de ls part du manipulateur. l'autre
part is d~signation ella m~ma. qui s'op~ra par appui sur le "joy stick".
demande un gasta bias vertical si on na veot pam glissar sur l'6tiquatte d'A-
c6t6.
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Avec i'habitude. on ne me rend plus compte que ces op~rations
mobilisent tout de mdme une part non n~gligeable de l'attention. Ceci va dans
le Sans de l'accroissement de is charge de travail. C'est f~cheux.

One commande en vitesse. m~me associ~e A des lois de d~placement tres
bien 6tudi~es. ne se manipule pas sussi facilement qu'une cosmande dite "en
position", o6 la position du r~ticule eat asservie A celle de la commande. La
mani~re naturelle de modifier la position d'un objet est bien de faire das
l'espace le geste qui correspond au d~placement souhaitAs. La "Souris" des
micro-ordinateurs eat une commande de ce genre. Bien entendu on l'imagine mal
directement adapt~e A une cabine d'avion de combat. Maim ii en existe d'autres
moddles.

Par example ia boule de d~signation qu'on trouve souvent sur les
consoles de contr~le de la circulation aerienne. Elle est unanimement reconnue
comae un moddle de commande en position, d'emploi particuli~rement ais6. On
devrait pouvoir l'adapter sum cabines d'avions. Ii faudrait pour cela
concavoir une boule sembiable. mais de tailie r~duite, qui pourrait dtre 10g6e
dens la tdte d'une sanette des gain ou d'une poign~e pilote dont is forme
serait adaptse A lusage de cat accessoirs.

La aisa au Point d'une telle commande. qui remplacerait trds
avantageusamant lea "joy sticks". contribuerait A diminuer Ia charge de
travail A bord des avions. Notons ici qua son smploi pourrait s'6tandre aum
avions de tous types. Ii y a 1A pour las industrials un effort tachnologique A
faire. Ii est digne dint~rdt.

3.3 Utilisation du clavier multipiex6.

Las postes de commands des diff~rents 6quipements de radio, radio-
navigation, ou de navigation A inertia sont habituellement diss,§min~s dans Is
cabins. Ca clavier parmet de lea placer tous A l'endroit ie plus accessible at
is misux en vus.

Cat avantage consid~rable se paie dun inconv(!nient: i1 faut
configurer le clavier avant d'acc~der au posts de commands souhait6. Cat
inconv~nient peut 6tre s~rieux. voire r~dhibitoire. si lam logiques adopt~es
pour las tou ches S ont meal 6tudi~es. En effat, pour cheque posts de commands ii
exists plusieurs niveaux de sous-pagas. Si par example on se trouve dans is
darni~lre sous-pags du posts de com-ande de navigation at qu'il faut tr( s
rapidament changer de frdquence radio, on doit pouvoir reconfigurer
imm~ldiatement le clavier en posts de comma.-.de radio. Or, en cours
d'utilisation, is page de menu n'est plus pr~sent~e.

Cat inconv~nient potentiel du ClaM peut etre 6vitC de deux mani~rem.
On peut faire un clavier plus grand avec une page do menu pr~sent~e en
permanence, maim on prend alors plus de place en cabins, ce qui vs A
l'encontre d'un des buts recherchds. Ou bien on adopts une logique de touches
tals qua is proc~dure de reconfiguration puisse s'6xscuter par un geste
m~canique du pilots sans demander Is moindre r~flexion de ma part. Sut ie
clavier du RAFALE. quails qua soit Is configuration du clavier, un appui
r~p~tA Sur la touche suptrisure gauche conduit dana tous les cam A is page
menu.

One autra difficultes vient des r~gies d'inmertion. La question ext de
savoir si on doit ins~rer lea paramitras par is touche appropri~e ("insert" ou
"enter") , ou bien si la param~tre doit dtre ins.§r6 automatiquement dAs qu' il
attaint un format qui correspond A ce qui eat atlendu. Par example pour entrer
une route, dimons La route 005. on peut adopter deux logiques: soit frapper 0-
0-5 at is format A trois chiffres pour uns route dtant atteint is valeur ext
ins~r~s. soil frapper 5 "insert". La m~ma question se pose pour chaque
param~tre pouvant Atrs frappe Sur is clavier.

Calls question n'est pas nouvelle. Ella s'eat pos~s bora de Ia
creation des postes de commands de navigation. Les r~punses qui isi 001 AIlA
apporls n'ont d'ailleurs pam toujourm 4Al6 tr~s heureuses. Leur ant~riorit6
ne justifie pam qu'on lea reconduise Sur lea nouveaux avions. Aujuurd'hui le
dialogue alphanum~riqus s'6tend cons id~rabiement . 11 eat imp~ratif de
standardisar xt d'homog~nLiser lam proc~dures de dialogue par clavier. A ce
propos on paul regretter qua is disposition des touches des claviers embarqu~s
moit diff~rente de calls de loues les calculettas du commerce (la ligne 1 2 3
ext en haul au lieu d'etre an bas) . VoilA un cam oil un automatisme quotidian
aurait pu 6trs exploit6 at na las pam 6t6.

Cam d~stails ne mont Pam anecdotiques. One accumulation de petites
difficult~s de dialogue dont aucune n'eat r~dhibiloire. peut finir par randra
lam Achanges lourds et p~nibles. accaparant inutilement l'attenlion du pilots
qui n~gligera donc la conduits de ma mission. El en fin de compte las
cons~quencas op~rationrneiies mont aussi graves qua si lea performances de
lavion ou du radar 6alient insuffisantes.
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3.4 Utilisation dui Paste de Modification de Paramtres.

Cette commande d'aspect estdriess t res simple, desa cosronnes
concentriques dent see sesle gradude, tres accessible, st un meddle de
facilitt d'utilisatie. . On sny adapts instantan(dment.

Ce Principe eat A retenir. Lissags d'une telle commands doit Atre
rends possible pour la modification de toss lea parametree simples, qu'ils
acient Iiu5 .. _ -La-r -' ystdme d'ames.

3.5 presentation des informations

A partir du moment eQI l'infermatioe sbit un traitement avant da6tre
prdseecde as pilote, ce traitement doit effectuer testes les interprb tations
qu'il est possible de programmer.

Cs Principe pest s'illustrer par sn esemple. Sur RAPALE, lersqse lea

reservoirs de veilsrs sent Presque videm, et qse lesio',n est en pique

accentsd , le jasgeege i ndiqse "vollsres vides" prdmatsrhment. En effet Ia
qsastit6 de carbsrant cessoasde correspendant & cette phase ds tranafert n'est
pins encore atteinte. La page carburant prodaentde en iTS indique alors use
anomalie de tranafert voiisrs. On a 1A so traitenent incemplet de
I information concernant le carbsrant qui n'apperts pas daide as pilots,
psisque ce dernier doit tost de name se livrer A ue interpretation. Cette
anomalie. quf sera repidemes~t corrigds. sontre qse l'infornatiation n'apports
sne aide efficace que dens Is messrs 00 shle eat capable d'effectuer shle m~ne
les interprdtations systdsatiqses. et de les faire cosphitement.

Ces opdrationa concernent la sdcsrit6 de l'avion. Cest pourquei ha
fisbilitd de ces logiciels doit atre compatible avec l'importance des tiches

k qui lesr sont confides.

L'alarme vocals apports see side considdrabie si shle est bien
sdaptde. Ills attire heascoup l'aztentien, Ce qsi eat see qualitb. Mas ds ce
fait on ne pest pas accepter lea daclenchements intempestifa.

Comae le syatdme est riche et puissant. il pest dire et 6crire
beascoup de choses pour chaqus cas de panne. La tendance des concepteurs eat
de donner beaucoup d'infermations. Si cette information 6crite sur lea
visualisations et dnoncds par h'alarme vocals eat trap abandante, prdsentds
sans distinction entre ce qsi eat see annonce St CS qui st see consigns a
appliquer, on me trouve dana sos sitsation oil une bonne partie des avantages
ds systdms eat perdus a casse d'une prdssntation sal adaptds. pes rigeursuse,
et pl~thoriqus.

3.6 Commands vocals

L'utilisation en vol de Ia commantds vocals asocid e A Is parole
synthdtiqus (pour is systdms A mots isolds) . os n~me en simulation (pour is
syst~me A mots enChaines)., montre que cet outil n'est pan use panacde as
qu'il pest rendre de trds grands services aui eat utilisd dana son domains ds
pleins efficacit&.

Pour la commands A mets iselda. en pest dire que Is technique st au
point, et que lea lass de reconnaissance hers facteur de charge 6lsud sent
satisfaisants pour des commandes non essentiills.

La reconnaissance st asses honne pour des premiers vols. Nesnmcins is
prononciatien de certaina mats cease "vitesas" change sensiblement aelon is
Phase de vol. Lors de l'apprentissags, pariode calms, IS "e" final eat pius
marqu6 qu'en approche finale, pdriode plus intense. CVeat A ce moment nO on a
ls Plus besoin Is l'inforsetion que Is machine ne comprend plus.

lie des intdrdts deflects do ls commands vocals. asquel on pen
d'emblas, eat Is fourniture d'isforuatiens, os iasealection de fonctiona
d'armerent. as cours Is combat, sous facteur de charge, Pendant qus Is regard
rests fimd sur l'adversairs. Pass ce domains, lea rdssltats sent ddcsvaots. En
effet. sous facteur de charge. si is comprdhensien rests A peu pras cOnstante
jusque vera 4 g, she se ddgrade nettemeot as desaus. A 

6 
g, ii fast piusieurs

tentatives pour obtenir use comprehension aprds avoir essyd phusieus
"mains fort" et 'rdpetez".

Ce probiams ne se reecontre pan Pour lea changements de fraquesces
radio os de radio navigation qui ne a'effectuent en gdnoral pins sous facteur
de charge 6levd. Cette fonction eat intdressants car shle effectue en pius as
traitement de l'information. Pile traduit an ordre hussniad "LA TOUR", en
valeur nuadrique "268.10".

Bien qus is vocahulaure soft limita., il arrive que is pilots sit du
Mal A retrouver is met correspondent A Ia fonction qu'il soshaite. In essais.
il pest sortir son hemique. C'est alers use damonairation d'isefficacitd Es
opdrations il deersit pouvoir stiliser des synonymes.
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En ce qui concerne la commande A mots enchain~s teile qu'ele a 6t&
essay~e en simulation, l'&tat de mise au point 6tait beaucoup moins
satisfaiSant.

Le principe do base d'utilisation - appui bref sur la commando
d'ouvertare de micro, puis parole - ne correspond pas ens atomatismes
habituels acquis avec los radios de bord. Ce systeme conduit souvent A ne plus
savoir oil en est Ia reconnaissance, si on peut poursuivre la locution, Si on
doit reprendre A t~ro. ou si onl doit dire "effacez'.

La modification q,,i autorise l'appui permanent a 6tt grc'f"Ae ear ce
systtme mais ne constitue pas une v~ritable commande A appui permanent. En
particalier, une interruption moycenne. (entre 0.2 et 2 s) Oct souvent suivie
d'une incompr~hension.

La reconnaissance eel beaucoup plus sauvaise quo pour les mots isol~s.
On bute par moments sur telle on telle expression. puis cola s'arrango alors
quo la prononcietion parait conctento. S'il y a des difficull~s avec an mot
donnA, il faut r~apprendre loutes les chaines qai 10 contiennent.

On a rapidemont vu los dangers d'un systome sans compte-rendu
systilmatique: en cas do confusion, on no cait poas ce qu'a faitlLa commando.
Ceci pourrait avoir do graves consequences!

Le vocabulaire est A l'6vidence trop Atonda pour la capecite do
m~moire d'un pilote en vol. Les stances so font le lexique A la main.

En particulier. l'affichage dune frtquence V.OR. en Apelanl chiffre
par chiffre est une charge do travail nettomont plus lourde qa'un affichage
manuel. Do plus. la prononciation des chiffres vanie beaucoup suivant lear
position dans la chaine lors d'une prononciation courante; il fat donc
adopter uno prononciation tres peu naturelle, ce qui Oct tr~s p~nelisant. En
revanche si on ponvait dire "VOR NEVERS" . il y eurait un b~n~fice
consid~rabie. On retrouvo 1A 1lint~r~t que prscente la commande vocalo ci ello
permot d'humaniser davantage la cabine.

Souvent. on ne trouve pas d'emblie la locution osacte pour oblenir an
rilsultat, mais son cynonymo. Par exemple on demande "viceur approche" on bien
"passer approche" pour "select approche".

IL faut r~duire lee actions possibles et utiliser la vasle capacilA de
m~moire pour l'esploi do synonymos.

4. CONCLUSION.

L'informatisation gtn~raLis~e des avions do combat rend
possible des architectures de cebine et dec syste-mes do commando radicalement
nouveaens.

Dans ces interfaces nouvolles, l'information qni Oct 6chang~e entre le
pilote et la machine peat cubir dec traitements e1 prendre des formes
estr~mement vari~s.

Le champ possible do ces Irailements et do ces formes Oct Prosque
illimit6 techniquement.

L'exprience do l'utilisation do certeins de ces A1tments, 'Ocrans.
claviers. commande vocale. sontre que coest l'adaptation orgonomique. au sons
physique et eurtout mental qui manque le plus convent de mice au point.

Il faut on conclure qne Les Iravans A venir cdevront faire appei pour
ane Ires large part ens avis des prircipaus inl~ress~s. los pilotes. Do lear
cit6. coo derniers devront faire l'effort d'analycer rigoureusement ce qu'est
leur comportement. e1 to dont ils ont becoin au cours d'une mission
op~rationnelle. De cello analyse devraient d~couler los Al6ments dent 001
besoin lee constructours pour donner ens Achanges entre le pilote et con anion
des formes bien appropriiles.
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SUMMARY

this paper describes some of the fundamental performance and design parameters that should be
considered for the successful evolution and integration of a new type of helmet mounted display (HMD)
system intended for use in military aircraft cockpits/simulators. It is called a virtual panoramic
display (VPD). The parameters discussed include field-of-view (FOV), exit pupil, image quality, eye
relief, collimation, alignment, size, weight, system integration issues, and several others. For the
first time the associated helmet system is considered as an integral subsystem that must be designed to
support the requirements of the lIMD. Trade-offs relating to the intended VPD applications (i.e.,
cockpit simulators/rotary wing aircraft), HMD design and its impact on the associated image source and
display electronics are discussed. Design issues and considerations are developed primarily from the
viewpoint of the VPD system integrator.

INfTRODUCTION

A virtual panoramic display (VPD) is a subset of helmet-mounted display systems (systems being a
key word) that provides the pilot or operator with a large instantaneous field-of-view, whose displayed
information has been organized both temporally and spatially to maximize the effectiveness of the
man/machine interface and, therefore, maximize operational/situation awareness 105J. The VPD system
concept seeks to optimize its electronic interfaces ith the aircraft or simulator system and the
human's cognitive and sensory systems. The concept oecomes an application-specific design problem
involving not only the VPD hardware itself, but the design and operational specifications of all other
hardware subsystems with which it must be interfaced. In this paper, discussion will include only the
VPD visual subsystem hardware whose major components are outlined by the heavy dotted line in Figure I.
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FIGURE I
GENERIC VPD SYSTEM HARDWARE BLOt, UiAtARAM

The VPD visual subsystem includes a binocular display whose visual fields are either fully ot
partially overlapped, permitting, if desired, the presentation of stereoscopic images. The binocular
optics are driven by miniature cathode-ray-tubes (CRTs) of an advanced design. he optics and CRIs ar
i;tegrated into a custom helmet system. The CGRs are interfaced to specially designed analog helmet-
mounted display electronics which "tailor" the displayed information to the requirements of both the
optical and CRf design. The analog display electronics accepts inputs from both external Lysten
sensors and computer-generated graphics systems, as well as a VPD graphics processor that supplies
application pecific, customized, interactive symbology and graphics. The VPo graphics processor ma IT

may not bc present in a given VPD system configuration. Because the graphics processor's impact on the
helmet system components is minimal, its functions will not be discussed further.

As shown in Figure 2, the head mounted CRTs must image their visual information through a set of
relay optics, which may use fiber optics and/or conventional refractive elements/prisms,'oitrors. A
combiner or combiner/beamsplitter arrangement that may or may not be part of the helmet visor, reflects
light from the eRr and transmits the outside scene. The CRrs and optics are part of an integrated
helmet system (IHS) that maximizes optical system stability/functionalitv on the head, minimizes
modifirations to the helmet/bead weight n, center-of-gravity (CC), and protects the wear- frey
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ostiI ambient e n r.n.el.to. To a o splih these functi ona, the IHS denis mont ,ne adtaeed

materials and structures, and optimize adjustment and alignment hardware and earphone/micrphine'

oxygen nask components.
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VPD HEAD/VISUAL SYSTEM RELATIONSHIPS

This paper is concerned primarily with sinulator and rotary wing aircraft applications, and

therefore, the breadth of discussion is somewhat specialized, although much can be inferred concerning

the design of such systems for other types of aircraft. Before discussing design considerations, it is

worth noting why a binocular head mounted display system was selected, instead of a cockpit mounted

system, where weight/size limitations are not nearly as severe. As Figoro 3 shows, there are a nuber

of design alternatives for a wide FOV cockpit display system. A major goal of the VPD was to maximize

situation awareness regardless of the operator's line-of-sight (LOS). This can be accomplished either

with a reduced instantaneous FOV display that is head mounted and updated rapidly, based upon head

orientation and position, or with an extremely large instantaneous FOV display that is cochpic-oeintol.
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SOURCE SOURCE & HELMET WINDSCREEN SURFACE
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FIGURE 3
VPD DESIGN ALTRMATIVES

The choice bet.men these major design alternatives was limited by a number of perfrmaince and

technology issues. During the early design stages of the VPD program, it was decided that sterenc-op-:

cues losing visual disparity between the two eyes) might aid the operator in ordering the relative

importance of critical display information. From either a cost or performance viewpoint, current

technology does not permit construction of either a cockpit-monted or a combination cockpit/head
mointed system providing the above features, therefore these were eliminated from consideration.

Further, a wide FOV head-mounted display system utilizing a remote image source, coupled to the head,
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using either re ractive or fiber optic image conduits, suffers from a number of severe design problems,
including red 2ed display resolution/contrast, the possibility of excessively rigid and heavy optical
conduits bet,.een the head and cockpit, and stray light. Therefore, a display configuration including
head mourted optics and image sources is the only alternative considered here. The reader should also
note that, for the remainder of this paper, the term helmet mounted display (HMD) will be used
interchangeably with VPD when referring to the helmet mounted components.

VPD DESIGN CONSIDERATIONS

OPTICS

Textbooks and engineering handbooks list many design parameters and attempt to specify and
organize design parameters associated with optical systems, including helmet mounted displays (HMIDs).
Table I depicts a representative list of parameters and generalized numerical figures-of-merit (FOM)
for each parameter. However, CMD design is tightly coupled to the intended application, and the use of
a generalized table of parameter values or generalized design approach will not usually lead to
satisfactory results. The relevant technical literature also provides scant help, and there are many
large gaps in applied research that, if available, might provide for better organization of the design
approach. One must, then, gather as much information as possible about the intended application and
system interfaces, and hope that the available technology will support the development of an adequate
design.

TABLE I
HMD OPTICAL SYSTEM DESIGN PARANETERS

QUANTITY TYPICAL RANGE TOLERANCE

FIELD-OF-VIEW (INSTANTANEOUS) 70' TO 120' HOR x 30' TO 60 ° 
VER NA

PUPIL SIZE
HELMET MOUNTED 10 TO 23 MM ± 1

EYE RELIEF
HELMET MOUNTED 35 TO 45 MM ± 3

FOCAL LENGTH 10 TO 30 MM NA
f-NUMBER 0.7 TO 2.0 ± .2

CONTRAST RATIO (APPARENT) 0.2 TO 0.80 ±0.1
DISTORTION 0.2 TO 5% ± 1
ASTIGMATISM 0.1 TO 1 DIOPTER ±-.1

CHROMATIC ABERRATION 1 TO 6 ARC MIN ± 1

COLOR B/W TO FULL COLOR NA

CONVERGENCE 1 TO 30 ARC MIN 1

DIVERGENCE 1 TO 3 ARC MIN 1

DIPVERGENCE 1 TO 15 ARC MIN ±3

DISPLAY REFRESH 60 TO 240 FIELDS/SEC NM

To proceed with the necessary system analysis, which organizes the relationship of the available
technology to rhe requirements of a specific application, one must arrange the parameters listed in
Table I in order of importance. Due to the lack of definitive guidelines, this ordering is often based

upon experience with current similar systems. However, the choices are complex, because of the various
possibilities of constroining the types of displayed information for a given set of environmental
conditions, and then mixing/matching display components to support those constraints. An example of
such a scenario, of which thore are many, is as follows:

a) Require that, during the high ambient luminance of daylight VPD operation, the display be
limited to portraying vector graphic stroke inforoation. It can be refreshed at higher rates and at
wider line widths than raster infiroation, to obtain maximum luminance contrast. This stroke-written
inf)rmation is then ,erlayed on the ambient scene background using a see-bthrigh display combiner.

b) Doring night or low ambient luminance conditions, permit the display of sensor or computer
gonerated raster information with adequate contrast at lower maximum luminance levels. The normal
ambient scene would then be replaced with a sensor-produce, reproduction.

the inderloing issuo of this exasple iq that display tontrast, and therefore, the holman operator's
ability to see/use the information being delivered to him either day or night can be considered an one
choice for the mst important design parantor rhis etrast parameter, then, drives all others in
system designs that wee sltimately evolned an built.

Figre 4 depicts the principle design Itr ot optica
l 
systems that nicht be e- !ited to

implement a collimated optical design suitable for use in a VPD. these categories are delineated by
the system's prinary basic operating principle, realizing that a particular design will combine more
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than one principle to maximize performance. For the VPD systems covered in this paper, only system

types I through 4 were finally considered for hardware implementation.

OPTICS
COLLIMATED

- I I I
REFR ACTIVE CATADIOPTRIC LASER SCANNER

M (3) (5)
REFLECTIVE HOLOGRAPHIC MULTI-APERTURE ARRAYS

(2) (4) (6)

FIGURE 4
MAJOR DESIGN ALTERNATIVES FOR COLLIMATED RN Ds

The design process is extensively modified, however, by the display hardware system's operating

modalities. These might range from a system that must perform throughout the range of ambient
conditions, to a design that will permit alteration of some of its components to match its performance

to the extrcmes of the operating environment. Two separate designs, meant to accosmmodate separate
portions of the environmental parameter ranges might also be reasonable. Given the many varied

operational configurations for the VPD, only the more significant configurations and their associated

performance are discussed in this paper.

Table 2 lists the systems and approximate values for some of the more important characteristics of

each of the VPI) IiMD optical designs, for which working helmet syst,m breadboards were fabricated.

Systen 1 using a special version of the Farrand Pancake Window, emplys a unique combiner design to

obtain extremely large instantaneous FOVs, albeit at the extreme sacrifice of light transmission

efficiency. Systems 2 and 3 are catadioptric systems using a combiner/beamsplitter combination to

obtain large FGVs with reduced weight and improved, but still low, light transmission efficiency.

Systems 4 and 5 are essentially refractive optical systems, using either a holographic or aspheric
combiner mirror. that can provide very good light transmission efficiency, but with increased weight
for FOVs comparable to systes 2 and 3. This sumnmary is presented here so that the reader may be

familiar with and reference this table as the VPD design considerations are enumerated and explained

throughout the remainder of this paper.

TABLE 2

VPD RMD OPTICAL SYSTEM CHARACTERISTICS SU'MMARY

SYSTEM 1 SYSTEM 2 SYSTEM 3 SYSTEM 4 SYSTEM 5
FARRAND O.D.S. FARRAND HUGHES FARRAND

CHARACTERISTICS PANCAKE CATA- DUAL HOLO - OFF.
WINDOW DIOPTRIC MIRROR GRAPHIC APERTURE

EXIT PUPIL (am0 ) 19 21 15 IH . 10V 17115

MONO FOV (DEG) 80H x 60V 53H , 40V 60H 45V 60H c 30V 50H x 375V

TOTAL HOR FOV IOEGI 120 76 90 80 70

OVERLAP (DE) 40 30 30 40 30

EYE RELIEF mrnn 39 72 32 90 60

POLYCHROMATIC NO NO YES NO NO

CRT TO EYE TRANSMISSION 001Cr 0 25C, 0 06Cr 0 65C r  0 9C,

SEE-THROUGH TRANSMISSION 008C 0 5C, S 5C, C, C t

APPROX WEIGHT OF OPTICS ASSEM (gm) 490;LEG 250LEG 2101LEG 350 LEG 460 LEG

INPUT FORMAT HOR (mis) 19 16 19 19 16

EFL mmin 136 169 18 1 18 1 172

Cr z COMBINER REFLECTANCE

C t - COMBINER TRANSMISSION

SIZE OF FIELD-OF-VIEW (FOV)

Selecting this paraeter is often the single most important decision that the system designer or

integrator must make, It can have a major impact on the maximum obtainable display combiner contrast
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for a desired ambient transmission condition. Large FOVs mean more head-supported weight, and
unacceptable modification of the military headgear center-of-gravity (CG), less light transmission
efficiency from the image-source-to-eye (ISTE), and, ultimately, more severe performance requirements
for the image source and its associated display electronics. Designers must usually place greatest
weight on the primary application for the system. If the display system is intended for ground-based
use in simulators or other similar functions, then the designer may opt for the largest practical FOV.
Large FOVs create a panoramic visual input and a feeling of being immersed in the environment or
situation being depicted. However, operational field use, particularly military cockpits, places a
premium on low weight, compactness, maintenance of vision to the ambient background under all head
movement and aircraft acceleration conditions, usable contrast for both the displayed and ambient
visual stimulus, and survivability in hostile environments. These considerations drive HMD designs
toward smaller FOVs.

Figure 5 depicts the total instantaneous FOV for the human binocular visual system, over which the
instantaneous display FOV for one of the largest binocular HMDs ever built, has been drawn. It is
isnediately apparent that the instantaneous display FOV (120 degrees horizontal by 60 degrees vertical)
is much smaller than that for unaided eyes, yet the display system needed to achieve such performance
is already too heavy for general use in operational rotary wing aircraft. It also suffers from very
low ISTE transmission efficiency, and thus either very poor see-through capability, and/or very low CRT
contrast. In additional, the monoculars have been turned out, allowing only the overlapping central
forty degrees of horizontal FOV to be seen by both eyes. This places severe constraints on both the use
of the optical design [01,20) and image source performance [18).

121 00 NOMINAL FOV

NOMINAL FOV 6 7 I[ , ,, RIGHTEYE

LEFT EYE /140

150 50 30

170, 20100 0
\20 160/I RIGHT

30 40 15 DISPLAY FOV

5 LEFT
40 6 411 0/ DISPLAY FOV

NOMINAL HUMAN 5_ 0 7 30 / VRA

BINOCULAR 1 20 -/ DISPLAY FOV
OVERLAP FOV 80 9 0 10 _M

FIGURE 5

RELATIOWSKIP OF 81D/9U FOV

Binocular optical designs, particularly those employing partial overlap of their monocular FOVs,
demand compatible mapping schemes for the display system's resolution elements across their angular
FOVs [20]. For VPD optical designs, this usually means that P-theta mapping is the preferred mapping
scheme (where the angular distribution of resolution elements becomes uniform), rather than F-tangent
theta or even F-sine theta mapping (where there are excess angular resolution elements at the edges of
the field). For partially overlapped systems, P-theta mapping offers the only practic.l suolocu to
matchind resolution elements for the same object at thp edge of one eye/display monocular field to
those that will be at an alternate, interior location to the field for the other eye/display monocular
viewing the same object. F-theta mapping also eases the difficulty of the optical design process,
allowing larger exit pupil sizes to be obtained for a given FOV [02,031. If a full overlap condition
is used, it might be desirable to introduce spline distortion. For this type of mapping, more of the
resolution elements are located in the center of the display FOV than on the edge, thus approximating
more closely, the foveal/peripheral topology of the eye's resolution.

For the conditions shown in Figure 5, the inboard -40 degree off-axis location for the right eye
monocular, represents the 0.0 degree location on the left eye monocular. The implication of this fact
for the image source, is that off-axis performance must be very similar to on-axis performance, as the
central viewing portion of the display represents an off-center viewing location on the CRT, as shown
in Figure 6. Further, to properly align the display formats for the eyes, as well as compensate for
residual optical distortion, the CRT image source, must have its imagery predistorted to obtain proper
perspective and overlay of the left and right eye display images. This is one reason why CRTs are the
image source of choice over solid state image sources, because their resolution can be altered or
mapped and is not constrained to the fixed patterns, positions and sizes of solid state image source
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resolution elements. Display resolution and addressability issues relating to the use of HHDs in
vibrating environments, may also be used as part of the total system analysis, but these considerations
play a much more important role in vertical FOV selection.

-40 DEGREE HORIZONTAL
POSITION FOR RIGHT EYE OPTICS

RIGHT EYE CRT FORMAT
/ LEFT RIGHT

MONOCULAR MONOCULAR/

+I 1

/

/ / CRT QUALITY AREA
OVERSCANNED

0.0 DEGREE HORIZONTAL HORIZONTALLY
POSITION FOR LEFT EYE OPTICS LLOCATION ON CRT FORMAT FOR

"STRAIGHT AHEAD" VISUAL CENTER OF OPTICS

OPTICS MONOCULAR FOV= 80 HOR x 60* VER

BINOCULAR OVERLAP FOV = 4O°HOR

FIGURE 6
CRT FORMAT FOR PARTIALLY OVERLAPPED WIDE FOV OPTICAL DESIGN

Another important circumstance, affecting FOV selection, is the frequently levied requirement to
have the sensor's FOV displayed in a direct 1-1 mapping on the HOD FOV. An example, is a FLIR system
with a 50 degree horizontal by 37.5 degree vertical FOV, which must have the same apparent FOV when
presented on the HMD. A requirement of this type for a panel mounted presentation would clearly be
waived, because the resulting cockpit mounted display would be unacceptably large. Such a design
requirement is feasible for the lMD which can have an angular subtense to the eye (apparent FOV) this
large (22). Further, if the display of more than one sensor input is required, and their associated
FOVs are quite different, but their scan formats are similar, as is usually the case, then a primary
sensor (normally the one used for pilotage tasks) must be chosen. The display FOV is then selected to
accommodate 1-I mapping of the primary sensor's FOV. Display magnification (or inification) must
usually be accepted in analog systems, for the display of other sensors' information, because the
dynamic range of the image source cannot usually support 1-1 mapping of all sensor presentations.

Having accepted this criteria, one must determine its impact. Setting aside, for the moment,
sensor/display system design issues, the major design considerations become the scanning format, the
number of pixel elements spread over the HMD FOV, and the scan format/pixel rate capability of the
image source. A hypothetical set of sensor/HMD conditions is depicted in Figures 7a and 7b. In this
example, a 4:3 aspect, 50 x 37.5 degree sensor FOV, with 750 visible scan lines and approximately
square pixels, is to be presented using a I-I mapping of sensor-to-display resolution elements on the
OHS. Assuming nighttime utilization of this sensor format and a see-through combiner, then the image
source can be run at modest luminance conditions. For these conditions miniature CRTs can achieve 500
cycle (1000 pixels) per display width. Since the example sensor is providing !000 pixels per line for
simultaneous display, its format and the capabilities of the CRT image source dictate the mapping of
resolution elements and ultimately the conditions for maximum HHD FOV. The two example conditions are
diagrammed in Figure 7.

For the conditions shown in both 
7
a and 7b, the mapping of resolution elements reflects that of the

sensor, while the overlap condition and the total number of sensor pixels displayed by the right and
left eye image sources, has been changed to achieve different binocular horizontal FOVs for the HMD.
Area ABCD for both figures indicates the entire binocular FOV that the CRT's addressability/
resolution performance can support, given the requirement for 1I mapping of the sensor FOV onto the
HMD FOV. Area WtYZ represents possible overlap conditions that the HMD GRTs can support for the given
total sensor resolution and the total/overlap FOVs for the HMD. Areas RWZU and XSY represent the
remainder of the sensor presentation, which can be seen by only the right or left eye. Areas ARUD and
SsCT represent the remaining display FOV, which the CRT's resolution/addressability performance can
support for the stated drive conditions.

In those portions of the instantaneous display FOV, where sensor information is not displayed,
additional peripheral motion/reference cies, such as artificial horizon lines, heading tapes, etc.,
might be drawh during the video vertical retrace interval, if vector graphic atroke symbology
capability is present. Which FOV condition is designed into the HD is application-dependent, although
the preponderance of the sparse human factors data on this topic seems to indicate that maximum
performance benefits occur at 50-60 degrees, increasing at a much reduced rate for still larger FOVs
13!.
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FIGURE 7
SCAN FORM1 RELATIONSHIPS FOR HYPOTHETICAL SENSOR/HMD COKBIMATIOR

A complementary approach to establishing horizontal FOV allowing direct analytical calculation isto base the FOV determination on the overall system resolution (161. The relationship shown in
equation I, relates resolution performance of the miniature CRT image source and the addressable
resolution elements available from a given imaging sensor. These relationships may be combined to
calculate the desired horizontal FOV for 1-1 mapping of the sensor FOV on the lMD. Using equation I
and the assumed CRT/sensor performance, the desired horizontal FOV of the se,.sor display is 50 degrees.

Completing the determination of the maximum display binocular FOV, then reduces to computing the
amount of binocular overlap that is attainable. This can be computed using the relationship shown in
equation 2 [16). Using equation 2, one computes an overlap FOV of 40 degrees. The computed horizontal
and overlap FOV conditions, using both relationships, conveniently results in a format very similar to
that diagrammed in Figure 7a. Of course, a mixture of the two approaches and widely dissimilar system
conditions, might be combined to yield significantly different results.
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CRT FORMAT SIZE (mm) x CRT RESOLUTION (Ipmm)

17.5 (mradiOEG) x SENSOR RESOLUTION (Ipimrad) ( ")

WHERE: ASSUMED
CRT SPOT SIZE = 19.0 MICRONS (0.019 MILLIMETERS) OR

26 LINE PAIRS PER MILLIMETER (p/mm)

ASSUMED
CRT FORMAT SIZE 19.0 MILLIMETERS

ASSUMED
SENSOR RESOLUTION = 0.57 LINE PAIRSIMILLIRADIAN (Ipimrad)

EYE SEPARATION (mam)
BINOCULAR FOV OVERLAP (DEG) = 2 x ARCTAN

2 x EYE RELIEF (mm) (2)

WHERE: NOMINAL EYE
SEPARATION = 65 MILLIMETERS (mm) GIVEN 58.72 (mm)

OF NOMINAL ADJUSTMENT

Having an approach for determining the vertical FOV is also important, especially since human
anatomical factors make vertical FOV more difficult to obtain for pupil-forming HMD systems (01,
Nominally, the monocular FOV will have a 4:3 aspect ratio, whose vertical FOV will be determined by its
horizontal FOV and overlap condition, even though the total binocular presentation will differ
significantly from such an aspect ratio. However, it is important to consider certain other closely
related technical factors whose origins are partially in the psychovisual domain and partially in the
system designer's domain. The psychovisual considerations pertain most importantly to the required
size of the subtended angle of display resolution elements to the eye when such imagery is viewed in a
vibrating environment [06). The basic assumption is that the vertical vibration component (normally
having an orientation approximately perpendicular to the HlD scan lines), is the largest and most
important component 06). Here, the literature relating to the viewing of HMDs, during vibration
suggests that scan lines should subtend an angle to the eye of 2 to 4 arc minutes. This statement must
be viewed with caution, since observer angular resolution is dependent on a number of interrelated
factors, such as display luminance and contrast which are not always specified with the data. In
addition, display operating conditions normally require that CRT scan line width be adjusted so that
the scan line structure is not visible. However, sufficient dynamic range should be permitted between
the minimum and maximum luminance levels, such that usable contrast is maintained between adjacent
pixels imaged at different luminance levels on adjacent scan lines. To accomplish this goal, the
display system designer needs to establish an acceptable scan line merge condition as shown in Figure
a. The merge condition selected should allow a reasonable tradeoff of scan structure contrast and
vibration induced artifacts which affect visibility of the scanned image.

25% MERGE CONDITION 40% MERGE CONDITION

- os o.S C -O
2o ox

(a) Mb
SLSMC = SCAN LINE STRUCTURE MODULATION CONTRAST

FIGUR 8
IKfPACT OF ME RGE POINT SELECTION FOP, ADJACENT SCAN LINES

The CRT beam width conditions depicted are 12 - 14 microns at the 50 percent response point. At

night, display of sensor imagery at this condition is easily supported by current miniature CRTs.

Given the previous example condition of 750 visible scan lines, the distance between scan lines has

been adjusted to 18 - 19 microns. This allows scan lines to subtend about 3 are minutes of v , I

angle for the 37.5 degree vertical FOV of the example HMD, which falls right between the 2 - 4 arc



minute requirement suggested in the literature. Ideal gaussian response is portrayed, although, for
some miniature CRTs, the tails of each spot profile may, at certain CRT drive conditionas, extend out to
greater distances than indicated here (08!. When adjusting CRT performance and HMD ROV to match or
preserve most of the initial sensor performance, the designer usually wants to insure that the scan
line widths and merge conditions are adjusted to achieve minimum scan line structure modulation

contrast (SLSMC), when adjacent pixels on adjacent scan lines are at peak luminance. Conversely,

maximum modulation contrast is desired between adjacent scan lines, when every other scan line is at
peak luminance levels and the adjacent pixels on adjacent scan lines are at their minimum luminance
level. These relationships are shown, for two separate merge conditions in Figures 8a and 8b. A
reasonable design procedure is to select a FOV and merge condition where, with adjacent scan lines at

full luminance levels, the SLS)4C is kept below the human operator's visual demand threshold for the
modulation contrast/resolution conditions obtainable from the system [see reference 23, (Figure 29)H.
It slould be oh-ious that the 40 percent merge condition represented by Figure 8 comes closest to
meeting the stated criLuria.

Finally, something must be said about attempting to predict the relationship between total
anticipated weight for the HMO optics and FOV. One predictor, sometimes employed for this purpose, is

the Lagrange invariant [021 given by equation 3. It expresses a relationship for a constant level of

LAGRANGE INVARIANT =Q = (EXIT PUPIL SIZE/2)(FIELD ANGLE/2) (3)

complexity, as FOV is reduced from some defined maximum, to obtain an estimate of the reduction in the
complexity of the number of HMD optical elements needed in a specific design. However, many other

factors affect this relationship, such as the basic optical design, inclusion of polychromatic versus
monochromatic performance, image source format size, and materials, used in the design and fabrication

of an RHMO. Thus, any useful general purpose relationship is difficult to formulate, although, for a

specific design restrained to the same conditions, equation 3 can provide useful predictive benchmarks.

DISPLAY OVERLAP FOV

Among persons involved in the use and development of binocular RMO systems there is much

controversy about the amount of display overlap to use between the monoculars. Figure 5 depicts a 40

degree overlap condition for monoculars, with an 80 degree horizontal FOV, or a 50 percent overlap
condition. The approximate theoretical maximum for the eyes is 60 degrees. This condition might be

obtained with certain HMO designs if the total FOV, exit pupil, and eye relief conditions were
optimized to support it. However, helmet slippage on the head, the requirement for eyeglass

compatibity, and therefore greater eye relief, etc. make it difficult to obtain. Experience with the
Farrand Pancake Window simulator display system developed for the Visually Coupled Airborne System
Simulator (VCASI) facility, which can be adjusted for fixed overlap conditions of 20, 40, and 60
degrees, has provided subjective indications that a display system with more overlap provides a more
pleasing panoramic display. Recent, but not yet published experiments conducted by the Army Night

Vision Laboratory with narrower FOV HMOs seem to suggest similar findings. However, no definitive

study exists on this topic. As a minimum guideline, it can be stated that, with narr w FOV systems
(those with monoculars having a horizontal FOV less than or equal to 40 degrees), a full overlap

condition is desirable and, for larger FOV HMOs at least 30, and probably 40 degrees of overlap is

desirable.

EXIT PUPIL SIZE

The exit pupil of an optical system that has one, is a disc to which all of the light from the
system converges and from which it diverges, all of the light available to the eye. .1-en tuoe eye Pupsi
is entirely within the exit pupil all portions of the HMOD POV may be viewed instantaneously and at the
maximum brightness that the system can provide. The definitions one usually reads in optical texts to

define exit pupil are usually for conventional telescopes and microscopes, where the entering light

rays are nearly parallel and close to the optical axis. For these designs, the aperture stop, and
therefore the exit pupil, is usually easily defined and explained. However, the design constraints for

HMODs require that a relatively large object (the CRT phosphor) be viewed from a short object distance,
while still providing a combination of large visual angle, large exit pupil size and enough eye relief

to accommodate eye glasses. The relatively large CRT format, being close to the relay optics lenses,

produces light rays that enter the optical system at large angles from the extreme off-axis points of
the CRT format. The HMD optics aperture stop may be a combination of stops in the system and is not

easily determined. It is usually left to the optical designer to define it and insure that it is
obtained for the desired eye relief and FOV. However, the system designer must supply a reasonable

justification for the desired exit pupil size based upon the anticipated luminance conditions, expected

pupil sizes for the human eye, the anticipated quality and stability of the helmet system design into
which the optics will be integrated, expected environmental conditions during operational use, and the

realities of the optical design and weight penalties associated with increased exit pupil diameters.
It should be noted that pupil size, as described in this paper, means the cross sectional dimension

over which no vignetting of the HMO light occurs.

Figure 9 shows a simplified diagram of the human eye, taken from the 1ilitary Handbook of Optics
(MIL-HDBK-141) with certain optical constants included, which can be used to obtain a first order cut

at calculating the required exit pupil size. For this analysis, the entrance pupil of the eye has been

assumed to be physically approximately 3.0 millimeters behind the cornea. The optical distance from
the cornea to eye pupil is the physical distance divided by the index of refraction (3.05/1.337), of
the aqueous humor, which is 2.25 millimeters. This is about the location, where HMOD optical designers
like to design for the exit pupil of the optics to be located. The center of rotation of the eye is
approximately 13 millimeters behind the cornea, and thus the rotation center of the eye is I0 (13-3)
millimeters behind the eye pupil, not at the pupil.
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FIGUREU 9
OPTICAL CONISTANTS FOR A "STANIDARID EYE"

Figure 10 depicts the essential relationships needed to calculate eye pupil movement, as the eye is
rotated to view off axis portions of the HMD FOV. Although eye pupil diameter can vary from 2 - 7
millimeters, depending upon display/ambient luminance conditions, the calculations were performed for
eye pupil sizes of 2 and 5 millimeters, which is representative of variations that might be observed in

a rotary wing aircraft HMD application. Using the dimensions and relationships shown in Figures 9 and

10, equation 4 can be derived.

EYE PUPIL EDGE HEIGHT = h= rsinlw + vII (4)Cos V

WHERE: cos v = rl(r +,ar), SO (r +A r) = rlcos v
AND sin (w + v) = h/(r +At)

For the 2 and 5 millimeter eye pupil diameters, equation 4 reduces to

h2 = lOO0lsin (w + 5.739°)]

and

hs= 10.26[sin 1w + 14.10°)j
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The results of repeated computations using equation 4 for each pupil condition, are plotted in Figure
II out to 50 degrees off-axis, representing a hypothetical HMD design with a lO degree horizontal
monocular FOV. The inherent assumptions made here are that there is no field curvature for the IIMD
exit pupil at the design eye relief (accomplished either through highly corrected optics or optical/
electrical compensation at the CRT), and that the eye is moving along its horizontal axis. One must
also consider the movement of the edge of the eye pupil edge back from the plane of the HMD pupil as
the eye rotates, because the HMD pupil becomes smaller at some rate dictated by the optical design, as
one departs from the pupil location at the design eye relief point of the optics. This distance
denoted as "x" in Figure 10 can be computed in a fashion similar to that for equation 4 using the
relationship shown in equation 5.

DISTANCE BEHIND PLANE OF HMD PUPIL = x = r - h1cot (v + w)] (5)

The results obtained applying this relationship are plotted in Figure 12, out to an eye rotation angle
of 50 degrees, which again represents a binocular HMD system with a monocular FOV of 100 degrees. It
remains for the optical designer to specify to the VPD system designer, how exit pupil size decreases
as one moves away from its plane ot maximum cross sectional area.

In addition to HMD FOV and eye movement considerations, the effects of exi', pupil size on optical
system weight must be considered. For wide FOV display systems, exit pupil sizes beyond about 10
millimeters cause the weight of the HMD optical elements to increase so substantially that they quickly
become unacceptable for aircraft helmet systems. One can achieve a first cut approximation of exit
pupil size and weight impact, on a particular optical system design, using the relationship defined by
equation 6 and illustrated by Figure 13 [201. To use the relationship expressed by equation 6, one must
insure that the optical design is corrected for the Abbe sine condition 1201, a relationship that
expresses a condition that applies to optical systems free of certain aberrations for off-axis points,
particularly primary coma (21,241. Most high quality HIMD designs are corrected for these aberrations.
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FIGURE 13
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For an F-Theta mapped system, such as the Farrand Pancake Window HD and, indeed, most binocular HMD
designs, the effective focal length (EFL) for the whole system can be computed from equation 7.

EFL [CRT FORMAT SIZE (HOR)] (180')
[HMD HOR FOV (DEG)! 11'

Results, originally formally presented in reference 1201, for both the growth in semi-convergence angle
and relay optics weight, are again presented here, by Figures 14 and 15, for completeness and to stress
the difficulty of obtaining large exit pupils, for the range of system focal lengths normally
obtainable for HDs (see Table 2).

o OLD PANCAKE WINDOW SYSTEM

o ORIGINAL DESIGN FOR NEW PANCAKE WINDOW SYSTEM

A FABRICATED DESIGN FOR NEW PANCAKE WINDOW
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22-14

300

2E
Z 200'C

21 20 19 18 17 16 15

~EXIT PUPIL DIAMETER (mm)

FIGURE 15
PLOT OF RELAY OPTICS WEIGHT VERSUS EXIT PUPIL DIMETER (PANCAKE WIEDOW END)

The remaining major factors affecting exit pupil size are the environmerntal operating conditions and
the design of the headgear. Clearly, aircraft operating in a high 'C" environment may need a larger exit
pupil to prevent display vignetting due to helmet slippage on the head. Thi, may be largely overcome by
designing a system with a smaller more compact FOV with less eye relief, which in turn prevents the
creation of significant inertial moments that would accentuate display movement from external forces.
Also, as will be presented, the design of an integrated headgear which anticipates and attempts to
prevent large helmet movements can also reduce the need for very large exit pupil sizes.

Hence, a generalized worst case condition might be hypothesized based upon, (1) feasible operational
designs, which will probably not achieve a monocular FOV greater than 60 degrees horizontal by 45 degrees
vertical (resulting in maximum off-axis angles of +/- 30 and 22.5 degrees respectively, and therefore, a
radial angle of 37.5 degrees), and (2) the sparse human factors data related specifically to HMDs, which
suggests that the human operator does not usually move his eye off-axis when viewing the HMD by more
than +/- 20 degrees before moving his head. An important qualifier here, as mentioned in (201, are
binocular display systems which rotate the HMD optical axis to achieve greater horizontal FOr, using
partial overlap of the monoculars. Figure 16 depicts the exit pupil cross section, as it would appear
located normal to the eye with no tilt of the binocular optical axes (which would be employed for a
system having partial overlap of its monoculars). Also portrayed are important H8D system physical
relationships. The relationships portrayed by Figure 16 should be considered a worst case condition,
because th -,it pupil size is based upon a full field condition. If the portion of the field (or
object size), which must be visible simultaneously is reduzed, then the diamond shape area, over which
the reduced field can be simultaneously viewed, will become proportionally much larger. As Figure 16
shows, the only honest specification for eye relief/exit pupil size, is one that results in the proper
positioning of the maximum cross-sectional pupil area on the eye. Other positioning points result in a
reduced effective exit pupil size for no vignetting. If the orientation of the HMD exit pupil is
normal to the cornea, then symmetric movement of the eye is possible with similar vignetting or lack
thereof. However, if as noted in )20), the monocular HMD optical axes are turned out to obtain a
partial overlap condition, then the movement to one side of the exit pupil (normally the direction for
divergence of the eyes), is restrained for the nominal interpupillary distance (IPO) This must be
compeosated for by adjusting the optics to a somewhat wider-than-normal IPD (usually by 3-5
millimeterj).

Given the preceding considerations, a worst case condition can be picked tor the 5 millimeter pupil

size at th, 20 degree otf-axis position, which results in a nominal indicated translation of + or - 6
millimeters. if one then addu to this + or - 3 millimeters of translation due to helmet movement Ia
reasonable amount for a well designed integrated helmet system, used for a ro'ary wing aircraft or
simulator application), one arrives at a nominal exit pupil size of about 18 millimeters. In practice,
at least for the breadboarded designs listed in Table 2, an exit pupil size of 14 - 17 millimeters has

+ been found to be sufficient. For applications where weight is extremely important, a pupil size toward

the low end of the range would probably be selected.

• I . m
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As depicted by Figure 16, the distance used to specify eye relief, should be measured from the
viewing center of the final optical surface closest to the eye, to the optimal position for the largest
cross-sectional area of the optics' exit pupil with respect to the eye. Table 2 lists a range of
different distances for the five optical breadboards, which were developed as part of the VPD effort.
Generally, designs providing 35 millimeters or more of eye relief, present no major operational problems,
and allow moast eyeglasses to be accommodated. However, it is prudent to keep eye relief as small as
possible, because for a given FOV, as eye relief increases, so does the size and weight of the optics,
in a manner proportional to the design approach employed. Another similar figure-of-merit (FOM), csed
to describe display system positioning around the eye, is eye clearance. The g-arally accepted
meaning of this term is that it defines the point of closest approach of the 1HD combiner and/or
beamsplitter assembly to any part of the eye. A curved/tilted combiner assembly can often yield much
smaller eye clearance distances than those given for eye relief. Experience with the breadboard
designs listed in Table 2 ehows that eye clearance distances of less than 20 millimeters present major
ditficxtlties, particularly when its use in an iperational aircraft environment is contemplated.

COLLINATION

For the VPD application, it is usually required that the display imagery, which is overlayed on the
ambient or outside-of-cockpit-scene be at optical infinity (collimated). This permits minimal or no
refocusing time between the H1D display and the outside world scene. It is also important because the
helmet -ghting system (as shown in Figure 1) uses the VPD HMD t image its sighting reticle. The reticle
is electronically aligned with the helmet sensor during the system boresighting process. If the reticle
image is not collimated, then there will be parallax error between the helmet sighting system and
external scene for targets being designated by the display sighting reticle. Collimation can be checked
by placing a powerful (20x magnification or higher) telescope focused for infinity in the HMD exit pupil,
and checking for sharpness of the display imagery. If the imagery is in focus, one can usually be sure,
that the display is collimated to within a small fraction of a diopter, which is normally sufficient.
Display designs which have their combiner surfaces separate from the helmet lens or visor, usually
maintain collimation much better than designs that use the helmet visor as the last display imaging
surface. This is because visors are normally susceptible to deformations during helmet flexure, etc.,
which alter the focus of the display system. Attempts were made, early in the VPD 1MD program, to
develop an alternate focus or image location for the display format, so that the display imagery might
also be optically located at the same distance as the cockpit instrumentation when the pilot was
attempting to interact with internal cockpit instruments. The two conditions would be monitored by the
helmet position/orientation sensing system and the image location would be rapidly shifted automatically.
However, no compact, lightweight adjustment mechanism could be found and attempts to achieve this
function were abandoned.

NAPPING/DISYOITION

For binocular HDM designs, particularly designs where the monocular fields are partially overlapped,
F-theta mapping, which provides constant angular resolution over the display FOV, is often the beat
choice for the mapping of a display system's angular resolution [03,201. However, F-tangent theta
mapping, where the tangent of the field angle is proportional to the image source chordal height,
represents the no-distortion mapping condition. F-theta mapping, where the image field angle is
proportional to the image source chordal height, yields pincushion distortion. Therefore, some form of
compensating distortion, nominally representing barrel distortion, must be introduced into the CRT
imagery. The distorted CRT imagery corrects or linearizes the virtual image of the CRT when viewed
through the H1MO optics. Figure 17 depicts, in simple fore, the mapping relationships between the eye and
CRT, and shows the derivation of the relationship for the required correction. Alternate explanations of
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this problem may be found in 101,02,20,22. The CRT drive electronics' deflection circuitry must be
dezigned to support such correction. The VPD syqtem inegrator must be sure that the required
correction, and, therefore, expansion or compression of CRT pixel spacing at different portions of the
CRT faceplate, can be supporteo uy %.Xe inherent performance of the CRT and its drive electronics. The
arctangent function is difficult to implement with analog display electronics. Therefore, CRT deflection
geometry correction is usually implemented by a truncated polynomial approximation, using terms out to
third order, as discussed later in this paper.

Residual field curvature may also be left in the optical design because its complete elimination
would result in a larger number of optical elements and, correspondingly, a heavier design. This
residual field curvature is usually reduced to negligible proportions by adding a corrective curvature to
the CRT faceplate, resulting in some additional cocplexity for the CRT, but adding almost no additional
helmet system we;ght. The shape of this curvature may be either convex or concave, depending upon the
requirements of the optical design.

LIGHT MANAGEMENT (TRASNISSION EFFICIENCY/MODULATION CONTRAST)

As mentioned much earlier in this paper, the contrast achieved for the displayed imagery and the
amount of see-through permitted to the ambient scene is probably the most important design relationship
for most HMD applications. This is especially true far the VPD, where the head mounted display is
supposed to be the pilot's primary display device, and is critical for maintaining the required level of
"situation awareness." For the systems listed in Table 2, the key to light management and the
establishment of the pruper transmission efficiencies for image source and ambient light is the design of
the display combiner and/or beamsplitter elements.

The two most common configurations for the HMD combiner/beamsplitter (C/B) components, and their
relationship with respect to the image source/relay lens input and observer's eye position, are shown in
Figures I8a and Ib. The coatings used on each of the C/B surfaces are optimized for the intended range
of applications including day/night viewing with symbology and/or imagery. They must also accommodate
the performance of the image source, and its capabilities to adjust for the relative transmission
efficiencies, for light arriving at the eye from the display image source or the outside scene. The most
often used figure-of-merit (FO) describing the quality of C/B light management (derived in reference
(221), is again listed here in equation 8 for completeness and the convenience of the reader who might
want to compute hypothetical cases for the systems listed in Table 2. Equation 8 specifies the maximum
amount of HMD contrast that can be achieved for a given viewing condition and the coatings design used in
a particular lNMl design. The value obtained in Equation 8, can oe convoluted with (multiplied by) the
system MTF computed for the CRT-drive electronics and optics, to obtain an estimate of total system MTF
(22,231. The derivation of systez XTF relationships, fir the CRT/optics combination, has been explained
in reference 22, and will not be repeated here. Values for Cd of 0.2 to 0.3 are generally accepted as
providing enough contrast to view line graphics symbology. Values for Cd of 0.8 to 0.9 are felt to
provide enough contrast, to portray approximately 8 discernible linear mf- 

gray shades of imagery
[22,231.

Insertion of a few values into equation 8, and a review of reference 22, should be sufficient to

emphasize the importance of the type and quality of the C/B coatings. Systems utilizing a combiner

r system like that shown in 18a, such as systems 4 and 5 in Table 2, are, with current technology, much
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more efficient light management systems, since they do not ster the approxinate 75' loss ,f luminance

at the beamsplitter's metallic coating surface, as shwn in l~b, and exemplified by systems 2 and 3 in
Table 2. However, for the same FOV, systems like 4 and 5, which use primarily refractive optics to

convey the CRT image to the eye, are a.saly much heavier than catadioptric desigms, like systems 2 and
i. A described in 1I41, narrowband high efficiency mnLtilayer dielectric -ostines have been developod,
which are tailored to reflect the primary spectral band of CRT phosphors, such as P43 and P53. These

.0,* linI allow most if the external ambient light to pass with minimal atteniation, except in the band
set ass Ator reflection of the CRT image searce light. A drawback to these coatings is that they
requjire combiner designs where the incident angle of the image source light is alost constant across the
entire Ft, ard they attenuate a wider (60 to 80 manometers) bandwidth than desired of the ambient visial
spectrum 1I1x. % relatively new type of reflective/transmissive lamer, dubbed a holographic simple
mirror, has recently become available, and attempts are being made to incorporate this technology int,

1ID systems. Holographic simple mirrors are made from nolume-phase reflection t ype hilog rams embracing
ph-tochemical, interference and refractive phenomena, and diffract light as conventional mirror-s reflect
light 109]. they sem to hold promise for moderating the angle-seonsitivite and bandwidth priblens

associated with multi-layer dielectric coatings (091. multilayer dielectric coatings, with wido

r.eflect me handwidths "notch out" a significant portion of the amieint spedtrum, ftem adding a sight
pink tinge to the ambient scene. In contrast, the holographic mirror techn logv offers the possibility
of ibtaiiing very narrow reflective bands of 10 t, 20 nanoineters ,r less, which can be tailired to the
primary emission peak if the phosphor, thus allowing transmission -if more of the outside ambient light.
Antireflection fAR) coatings can be formulated from a number of materials [14, 15, and must be applieI
to prevent unwanted reflections that cause second sarface ghosting, as explained in (221). Problems with
secondary image ghosts may be farther reduced by striking -in appropriate balance for the attennu.tion of
ambient light, from the outside scene, using both surface coatings and continuous absirptive media

throghat the combiner material.

An additional issue, not iften discissed for ITOM) design and difficult to assess, is the optical

system lrF and the relevancy of data supplied by the optics' manufacturers concerning 'lI. A relation-
ohip, that can be used to cmput, a clis,a ipproximation to tested optical system Mit' performance, based
upon preliminary optical design data, is gi en in equation 9. Using system 2, Table 2 as an exam 1 n,
the system fo would be 16.I/21, which equals 0.8. Roweer, equation 9 m, st he modified to reflect the

system 'F ( that of the measurement system/FMD, optics), or the "relative aperture" of the system. A
reasooblo setting f-r the measur.,ment system is an aperture of 'mm, which r-flects a midpoint for the
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eye's range of pupil sizes. The f# of the measurement system is then 16.9/4, which equals 4.225.
Using the wavelength for peak green light for P53 phosphor of 545 nanometers (0.000545mm), equation 9
gives a diffraction limited resolution of 434 ip/mm. Using the normalized values for MTF, for an ideal
aberration free system [211, as a function of percent of cutoff, given in Table 3, one may plot the the
ideal theoretical MTF curves for the HMD/test instrumentation system, (assuming it is well corrected
and free of significant aberrations), as shown in Figure 19.

TABLE 3
NORMALIZED NTF VALUES AS A FUNCTION OF PERCgNT OF CUTOFF

PERCENT MODULATION PERCENT MODULATION
OF CUTOFF CONTRAST OF CUTOFF CONTRAST

0 100.0 55 33.7
5 93.0 60 28.5

10 87.3 65 23.5
15 81.0 70 18.8
20 74.7 75 14.4
25 68.5 80 10.4
30 62.4 85 6.8
35 56.4 90 3.7
40 50.4 95 1.3
45 44.7 100 0
50 39.1
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The bracketed area of Figure 19 highlights the region of interest, where the nominal performance of
current CRT image sources fall. Current miniature CRTs resolve less than 40 lp/mm. Similar plots can
be made for a particular HMD design, and used to check both the results of optics acceptance testing
and combined with equation 8, to hypothesize more exactly expected HMD system performance. It must be
stressed that the curve shown depicts highly ideal on-axis conditions. Measured values for the
bracketed area of spatial frequencies, that depart markedly (i.e., down to about 50 percent response)
from the representative curve shown in Figure 19, do not necessarily indicate an inferior optical
design. However, the aircraft sensor system designer usually insists on reserving about 60 percent of
the total sensor/HMD system MTF for the sensor system. The implication of this requirement for the
optical design, is that values close to those shown in Figure 19 must be obtained, to allow total
system MTF requirements to be met. In practice, it has been possible to achieve such values for
certain HMD optical designs.

COLOR

The incorporation of a color-corrected design into the VPD HMD optics is certainly a desirable
feature because color image source inputs can add significant additional information and cues. Color
imagery may also aid "situation awareness," especially when the HMD sensor scene is the primary input
from the outside world. More importantly, CRTs using narrowband phosphors, which may have significant
spectral emission peaks at other wavelengths in the visual spectrum, need not be filtered, and
therefore, all of their light can be used to maximize luminance contrast at the display combiner.
However, color-corrected optics usually result in a system with many more optical elements, increasing
helmet weight significantly. As Table 2, shows, only one of the five VPD HMD breadboards is a
polychromatic design because of the extreme weight penalties, that are associated with full color-
corrected designs. An even more important factor is that the combiner, must now incorporate lower
efficiency broad spectrum reflective coatings for tl.e HMD image source light, and, consequently, the
advantage of using a narrow band reflective/broadband transmissive coating scheme, to maximize
transmission of both the image source and ambient light, is lost. Luminance contrast ratios between
the MMD imagery and the ambient scene may also be reduced.

Monochromatic HMD designs require narrowband phosphors to avoid lateral and axial color. Lateral
color artifacts produce a blurred second image of a different color, due to differences in image
magnification. The result is different image sizes for different wavelengths of light [21]. Axial color
artifacts show up as longitudinal chromatic aberrations, due to light rays of differing spectral
wavelength, undergoing different amounts of refraction [21]. These color aberrations are often most
noticeable at the edge of the HMD exit pupil. Tolerances for axial and lateral color that seem to have
worked well for the VPD systems are provided in the section concerning miscellaneous optical
specifications in Table 4.

The phosphor of choice for the VPD HMD designs has been P53, because of its extremely rugged thermal
and emission life characteristics and luminous efficiency. The yellow-green primary emission spectrum of
P53 provides good color contrast against colors found in land/sea terrain, aud is close to wavelengths,
where the eye's spectral response is at a maximum. P53 though, has significant red and blue emission
peaks which must be removed for proper operation with the VPD HMD monochromatic designs. For systems
that require glass CRT faceplates, attempts were made to utilize multilayer coatings developed by Optical
Coating Labs Inc. (OCLI) between the CRT phosphor and faceplate that would both filter out the red or
blue peaks, and allow more of the green light to exit the faceplate [15]. These antihalation coatings,
when used with a compatible antireflection coating on the outside surface of the faceplate, also enhance
the display contrast obtained from glass faceplates CRTs. Preliminary experience with these coatings
shows that improved contrast and luminance are obtained, but some residual and noticeable red and blue
light is still transmitted. This has required the inclsion of a green transmissive filter, to
completely suppress remaining red or blue emissions. For VPD HMD monochromatic designs which require a
shaped fiber optic faceplate, the green transmissive filter is also needed. Use of the OCLI coatings
with fiber optic faceplate systems has not been possible to date, because their physical properties do
not provide necessary tolerance to the high temperatures to which the coatings/faceplate are subjected
during the coating deposition process.

MISCELLANKOS VPD OPTICAL SYSTEM SPECIFICATIONS

Remaining miscellaneous VPO HMD system paraseters and suggested toletances that have produced
satisfactory results for the breadboard systems listed in Table 2 are listed in Table 4. Some
additional explanation should be given here concerning the requirement for IPD adjustment and alignment
(allowed divergence, dipvergence, etc.). The calculations for ,aximum exit pupil size, covered
earlier, do not include provision for centering the HMD exit pupils for an individual's eye center-to-
center distances. Interpupillary distances vary from between 55 to 74 millimeters for the lot to 99th
percentile for adult humans, so some reasonable allowance must be made for this variation to prevent
vignetting, while minimizing the range of adjustment allowance, which can have a signiticant impact on
the helmet/display optics interface and system weight. The variation given in Table 4, specifies a
range that appears to have produced satisfactory results, but should not be considered definitive.

Alignment tolerances are also felt to be ritical, because, while human accommodative (focus) and
convergence powers are s',ubtantial, failure to insure proper alignment, may result in fatigue and
Vsychovisual problems of unsuspected origin during extended operational use of a misaligned system.
Divergence, which is an unnatural and difficult condition for the eyes, should be set to zero. This is
normally easily accomplished, because the binocular HMD is adjusted to error toward some convergence,
during mechanical/electronic alignment. However, convergence can produce false stereoscopic cues between
the monoculars and, therefore, should also be minimized. A reasonable convergence setting should produce
an accommodation error of less than a tenth diopter. This setting can be computed using the
relationship, that convergence distance in millimeters, equals the interpupillary distance l[PD) in
millimeters divided by the convergence error in radians. For a nominal IPD of 63 millimeters, and 12 arc
minutes of convergence, as given in Table 4, the convergence distance is 10,938 millimeters or 10.9
meters. Since diopters equal the reciprocal of distance in meters, the convergence error reprcsents
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less than a tenth diopter, which is an appreciably smaller error than that in prescription spectacles.
It remains for operational testing of the VPD binocular HMD to verify that this criteria provides
satisfactory results, or should be modified. Dipvergence should also be made an close to zero as
possible to prevent mismatch between symbology or scan lines. Normally, a dimensional tolerance of one
scan line width (about 3 arc minutes) is desired, but cannot be provided by the optics/headgear
adjustments alone, so proper electronic alignment patterns and adjustment capability, must be
incorporated into the CRT display electronics.

TABLE 4
SUIMIARY OF MISCELLANEOUS REQUIRENTS FOR VPD HMI OPTICS

ABERRATIONAL DISTORTION
C ENTER ........................................................................... UP TO 0.2 PERCENT
MAX OFF-AXIS .............................. .... .......................... UP TO 0.5 PERCENT

COLOR (MONOCHROMATIC APPROXIMATION) ......... 535-555 NANOMETERS
AXIAL COLOR .................................................................. LESS THAN 1.5 ARC MINUTES
LATERAL COLOR ............................................................ LESS THAN 3.0 ARC MINUTES

MAGNIFICATION IMBALANCE FOR
BINOCULAR DISPLAY CONFIGURATIONS .................. LESS THAN 1 PERCENT

SEE-THRU DISTORTION ................................................... LESS THAN 2 PERCENT

MAXIMUM CONVERGENCEIDIVERGENCE .................. 1210 MINUTES OF ARC

MAXIMUM DIPVERGENCE ............................................... 6 MINUTES OF ARC

PERIPHERAL VISION OCCLUSION ................................ MINIMIZED

IMAGE-TO-GHOST RATIO ............................................ 120/1

MAXIMUM ACCEPTABLE LIGHT IMBALANCE ............ 0.5 PERCENT (OPTICS ONLY)

BINOCULAR IPO ADJUSTMENT ..................................... 58 TO 72 MILLIMETERS

VFD EO IMAGE SOURCE

As explained earlier during the discussion concerning VPD design alternatives (see Figure 3), the HMD
with head mounted image source was selected as the only viable alternative, given the current state of
technology. Great strides are being made with solid state image sources, and laser generated displays
loom on the horizon as a potentially powerful alternative. Even so, significant advancements have also
been made in miniature CRT technology, which still makes them the current best choice for a VPD HMD

application. Besides their basic light conversion efficiency and resolution, there - e other reasons for
selecting the CRT. One is that CRT image source technology does not impose a strict allocation of
display elements across the display format whose relative size and activation characteristics are
fixed. Therefore, horizontal/vertical smoothing lantialiasing) techniques, may be applied to smooth
the appearance of straight edges (particularly from man-made objects), that cross the scanning format
diagonally, producing staircasing effects and visual artifacts, Generally, a solid state display
requires several times the inherent resolution of a CRT to match tae apparent smoothness of the CRT's
imagery. Since current miniature CRTs can provide in excess of I million resolution elements, solid
state displays for HMDs have significant performance barriers to overcome. In small sizes they
currently have much lower resolution than CRTs. In addition, a CRT image source may present randomly-
written vector graphic information, providing only smooth line segments at any orientation on the
display. This symbology may be updated at refresh rates much higher than normal video field rates to
achieve much brighter peak line luminance levels for daylight viewing. This is possible by taking
advantage of optimum charge pumping techniques, which some of the new rare earth phosphors permit t041.
For these reasons, only the CRT image source is considered.

Figure 20 depicts the direct impact on miniature CRTs of certain image source parameters due to the
requirements for good display contrast and resolution on the HMD, especially when employing a see-
through combiner. CRT Line widths must be kept small, and active area format sizes made as large as
possible, given an overall maximum allowed CRT diameter of about one inch. Line rates, refresh rates
and, as possible, anode potentials must be increased to balance resolution and light conversion
efficiencies. At the same time, faceplate contrast must be preserved so that individual adjacent
resolution elements remain distinct and discernible to the eye. This requires a higl efficiency, fine
grain size phosphor formulated for optimum light emission/transparency and thermal conductivity,
coupled with a faceplate system, such as those using fiber optics, which offer improved contrast.

To bring about substantial performance gains in the CRT during the VPD HMMI effort, an attempt was
made through a number of studies [04,17,18], to identify major problem areas, where improvement had to
be made. These are listed in Table 5. Improvements in the problem areas listed in Table 5, had to be
made in the context of the design limitations imposed, by the electromagnetic deflection(EMD)/
electrostatic focus lens (ESFL) system, which has been found to be most suitable for miniature CRT
applications. A representative CRT design, showing the major relationships between internal
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FIGURE 20
DISPLAY KEQUIRENENT IMPACT ON IMAGE SOURCE PERFORMANCE

TABLE 5
MAJOR PERFORMAINCE LIMITING PROBLEM AREAS FOR MINIATURE CRTS

CRT FACEPLATE SYSTEM ELECTRON OPTICS OTHER PROBLEMS

MAINTAIN HIGH LUMINOUS ELECTRON OPTICS CAPABLE ACCELERATION VOLTAGE
EFFICIENCY DURING ALL OF FOCUSING SMALL BEAM
CRT DRIVE CONDITIONS DIAMETER AT HIGH BEAM

CURRENTS CRT's PHYSICAL SIZE

MAGNIFICATION
THERMAL LIMITATIONS

MINIMIZE PHOSPHOR'S
CONTRIBUTION TO BEAM GETTERING
SPREADING/LINE WIDTH

SPREADING DEFLECTION YOKE
PERFORMANCE

IMPROVE CONTRAST ABERRATIONS CATHODE LOADING

components, is diagrammed in Figure 21. Although new and promising alternatives are being investigated

1181, nearly all ESFL designs for CRTs use either; (I) bipotential lenses or, (2) unipotential or
einzel lenses. In general, better center resolution is achievable with bipotential lens CRTs than
unipotential lens CRTs, because of the more favorable beam diameter magnification value associated with
bipotential lens designs 117,181. A first cut at determining the magnification and, therefore, beam
spot size (ignoring the effects of the phosphor faceplate system) may be made as shown in equations 10
through 12.
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GEOMETRIC MAGNIFICATION = M, DIQP (10)

WHERE: 0 = DISTANCE FROM DEFLECTION CENTER TO SCREEN

P = DISTANCE FROM GIG 2 CROSSOVER TO DEFLECTION CENTER

ELECTRONIC MAGNIFICATION = M2 =(V 31/4) (11)

WHERE: V3 = CAT FOCUS VOLTAGE

V= CRT FINAL ANODE VOLTAGE

OVERALL MAGNIFICATION = M3 = M, x M2 (12)
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For the CRT shown in Figure 21, which might operate at an acceleration potential of 13 kilovolts, and
nominal focus potential of 2.5 kilovolts, a value for M3 of 0.266 is obtained. This value may be
multiplied by the virtual crossover diameter, supplied by the CRT manufacturer, to determine a first
order approximation to spot size, ignoring phosphor/faceplate system contributions. Unipotential
lenses give better center-to-edge uniformity than bipotential lenses [17,181. This advantage can be
overcome by using shaped fiber optic faceplates, which minimize deflection defocusing and using dynamic
focus voltage correction, which minimizes focus lens aberrations while maintaining the significant spot
minification advantage demonstrated by equation II. Therefore, for the VPD HMD effort, bipotential
lens designs were given primary emphasis.

An accepted method of determining a FOM for CRT performance, which is in essence one for spot size
or resolution, for a given luminance level, is to determine the RSS (square root of the sum of the
squares) of the individual contributing factors to CRT spot size. Such a relationship, presented in
slightly different form in many references [12,17,181, and taken from 118], is given in equation 13.
For the VPD effort, the major design emphasis focused on maximizing the CRT's final anode potential,
while remaining within safe operating limits, investigating the effects of increasing the G2 voltage
and raising Gl cutoff, maximizing the effective cross-sectional area of the focus lens, improving
deflection yoke characteristics, and optimizing phosphor grain size/composition/deposition techniques.

d2o d + d' + d' (13)TOT dst ORD + dPHER + dSTIG SP dCHO HSCR(3

WHERE: dToT = TOTAL SPOT DIAMETER MEASURED AT CRT VIEWING
SURFACE

dt OR, DIAMETER OF FIRST ORDER CONTRIBUTION
(MAGNIFICATION OF GRID 1/GRID 2 CROSSOVER)

dsP, = DIAMETER OF SPHERICAL ABERRATION
CONTRIBUTION

dASb = DIAMETER OF ASTIGMATISM CONTRIBUTION

dsp CHG = DIAMETER OF SPACE CHARGE CONTRIBUTION

dpHOS scR= DIAMETER OF PHOSPOR SCREEN CONTRIBUTION

Raising the final anode potential effectively provided more luminance for the same beam current.

Utilization of a lower current, and a higher voltage operating mode meant that, for particulate
phosphor screens, longer phosphor life was achieved. Also, at 12 kilovolts or more, space charge
spreading effects became negligible with the beam currents and beam travel distances found in miniature
CRs. However, the higher anode potentials meant a stiffer beam for the magnetic deflection yokes to
steer. Therefore, new, higher current, low inductance/low capacitance deflection yokes were designed
[101. These new yokes also run cooler at higher deflection coil currents. The deflection yokes are
driven by appropriate highly linear deflection electronics circuitry that can support the high video
line rates, often needed for VPD applications.

Maximum focus lens diameters and gun limiting apertures have been successfully implemented in an
integrated CRT design 117,181. These improvements coupled with shaped faceplates, the implementation
of dynamic focus correction into the CRT drive electronics, and lengthening the CRT slightly so that
the deflection yoke assembly does not overlap the focus lens element [101, have effectively reduced
aberrational/astimatism contributions to about 10-15 percent of the total spot size. This may
represent a practical limit to a reduction of these contributions to spot size, and left only first
order contributions and phosphor screen effects, where further reductions might be obtained.

The major factors that contribute to first order spot size are interrelated and expressed by
Langmuir's equation (equation A3.19, reference [121), as given here by equation 14. Its form is
derived for narrow-angle beam assumptions; i.e., higher order contributions to spot size are
negligible, because the radial displacement and angle of the beam are kept small [181. Equation 14
then represents an upper limit for display performance (ignoring phosphor screen contributions), and,
once a CRT has been optimized for a given set of operating characteristics, indicates the only possible
ways, that higher current densities (more luminance for a given spot size) can be achieved. A closer
look at equation 14 shows that therp are essentially four parameters which may be varied to increase

P, = P, [(eV/kT) + 1] sin
2 

0 (14)

WHERE: , = PEAK CURRENT DENSITY AT SCREEN

P = PEAK CURRENT DENSITY AT CATHODE

V = FINAL ACCELERATING POTENTIAL

T = CATHODE TEMPERATURE

e = ELECTRONIC CHARGE

k = BOLTZMANN'S CONSTANT

0 = MAXIMUM HALF-ANGLE OF CONVERGENCE AT
CRT SCREEN
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peak current density at the phosphor screen; (1) increase the acceleration potential, (2) increase the
angle of convergence at the screen, (3) reduce the operating temperature of the catmoe, and (4)
increase the peak emission current ,apability of the cathode. The acceleration potential has already
been raised, and 13 kilovolts appears to be a maximum reliable operating potential. Modifications to
the triode and focus lens design within the allowed dimensional limits of miniature CRTs, have also
brought the angle of convergence to near its absolute maximum. Therefore, the designer is left with
the option of reducing the object beam diameter. A practical way to accomplish this reduction is to
reduce the G aperture (see Figure 21), which increases the peak cathode loading. Projections for plak
cathode loading in advanced CRT designs currently predict peak emission densities of 5 to 10 amps/cm
which is well above, that which can be obtained for standard oxide cathodes, providing reasonable life
characteristics [181. The search for cathode designs, that can meet these operating requirements is
perhaps the chief remaining breakthrough to be achieved for miniature CRTs with the performance needed
to accommodate most VPD applications.

The remaining area left for obtaining performance improvements is the phosphor screen
characteristics. A significant impediment to past performance improvements in this area, had been
knowing what the actual beam diameter was, just prior to beam impact on the phosphor. This dimension
could then be compared to the spot size of light, emanating from the phosphor, after impact of the
beam. At the start of the VPD effort, AAMRL had a significant parallel effort with AT&T, Bell
Laboratoriesito develop improved versions of single crystal phosphors (SCP) that had superior thermal
characteristics and did not suffer coulombic degradation which causes diminished light output for the

same power input. Their cathodolumiescent qualities, also produced a spot of light that was almost the
same diameter as the electron beam spot, impinging on the rear surface of the phosphor 104). While
these materials exhibit superior contrast at all drive levels, they have not produced the external
luminous efficiencies originally hoped for. However, they have proven to be very significant design
tools, and have provided important technical insight into the improvement of particulate phosphor CRT
screens. Fabricated in split-screen versions, where one-half of the CRT screen has an activated SCP,
and the other half a given formulation of a particulate phosphor the CRT designer could then know the
contribution to spot size made by the particulate phosphor by measuring the change in spot size as the
electron beam scanned across the two media. This has allowed the importance of a number of particulate
phosphor parameters to be investigated, including; (1) the optimization of phosphor thickness, and
therefore, its transparency to light generated by the e-beam for a given acceleration potential, (2)
the optimization of grain size mixtures, to achieve high resolution, high luminous efficiency, good
thermal conductivity and good operating life characteristics, and (3) the evaluation of phosphor
deposition processes that yield good percent coverage of the screen, and optimized phosphor grain
packing. These processes, although much refined, are still undergoing further improvement.

Figure 22 depicts the performance gains achieved for an improved miniature CRT developed as part of
a joint AAMRL/Hughes Aircraft Company development program. For the reference CRT, shown in Figure 22,
measured at 50 percent peak luminance line widths of 0,75 mils (19 microns) and 1.0 mils (25.4
microns), luminances of 1100 at,, 1300 ft.-Lamherts were obtained. For the improved CRT measured at the
same line width conditions, peak line luminances of approximately 4300 and 7350 ft.-Lamberts
respectively, were achieved.

The peak line luminance FOM is useful for indicating improvements made for operating conditions
that might be expected of an HD for the presentation of symbology under daylight viewing conditions.
CRTs of this type are also expected to provide similar improvements for raster imagery presentations.
However, comprehensive CRT measurement at different spatial frequencies and luminance conditions, made
with CRT drive electronics which are capable of preserving the inherent performance of these new GRTs,
were not available in time to include here.

Operating a miniature CRT at the high luminance, high current levels indicated in Figure 22 does
exact a toll, primarily a shortened operating life. The current family of improved CRTs is expected to
provide only 70 to 80 percent of its peak performance after 400 hours of operation. The prime culprit
appears to be the emission characteristics/life of the cathode, and not coulombic degradation of the
phosphor. Improved cathode materials and designs, such as new low noise variants of dispenser
cathodes, which operate at power levels that do not produce severe grid emission, are being sought, but
no clear replacement for refined high grade oxide cathodes has been firmly established. At the same
time, further iterations in electron gun design and phosphor screen compositions are expected to
produce further improvements of at least 20 percent above the CRT performance depicted in Figure 22 by
the first half of 1988.

INTEGRATED HELMET SYSTEM (IRS)

GENERAL ONSILDERATIONS.

During the VPD HMD development it was determined that a successful VPD design effort would require
the design of a helmet which optimized the integration of the optics and image source components about
the head. Other requirements, such as the need to demonstrate a helmet system that protected the human
in hostile chemical and biological environments, also had an impact on the types of helmet systems that
were evolved. Indeed, probably almost all HMD applications, including narrow FOV HMDs, would benefit
substantially from a custom integrated helmet system design. A perfect example is the Kaiser, Inc.
"Agile Eye" helmet system which incorporates a helmet position/orientation system and a HMD, which can,
for two different design variants, provide a monocular visor projected display, with an instantaneous
circular FOV of either 12 or 20 degrees. Because of the small FOV, this system was able to improve
upon helmet weight and CC characteristics currently found in unmodified operational flight helmets
intended for use in fighter aircraft.

For the VPD effort, the integrated helmet design attempted to provide the necessary operational
safety while minimizing weight and optimizing CG, enhance the operation of VPD components, ninmize
the impact of environmental factors on the visual/auditory functions, and as possible, provide the
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FIGURE 22
COMPARISON OF MINIATURE CRT PERFORMAUCE IMPROVEMENTS

necessary comfort for extended periods of wear. Design features and considerations that proved to be

most important to the successful integration of each optical system design were as follows:

1) The select. .-d performance of the HMD :,tlcs design

2) The helmet/optics head stabilization methodology

3) Helmet/optics interface issues affecting adjustment capability for the optics

4) Basic helmet design alternatives

SELECTION OF HND OPTICS DESIGU/PERFOR MANCE

The selection of a particular optical design configuration is just as important as its required
performance in its effects on the effectiveness of the final system hardware. The selections made
often affect head/helmet CC more than weight. Figure 23 illustrates the most feasible HMD optical
system configurations. The location of the optical system's head-mounted image sources imply a
particular relay optics design to bring the image to the human's eyes. Location 1, which indicates a
mounting location anywhere across the top or crown of the helmet, permits a reasonably simple and short
relay optics, but results in a significant modification of the head/helmet CC and a "topheavy" feeling.
Locations 2 and 3 still normally utilize relay optics of modest complexity, but are located lower on
the head, and have a lesser, but still significant (especially location 3) effest, on head/helmet CC. A
problem with location 2, is that it normally occludes peripheral vision, and therefore, necessary
peripheral motion cues that are important to military pilots during the performance of low level and
hovering flying tasks. One noteworthy advantage of location 3 is that it provides the optimal path for
achieving large HMD vertical FOVs. However, it also presents a more difficult problem for eliminating
stray images emanating directly from the relay optics to the eyes. Location 4 provides an optimal
location for achieving "operationally positive" modifications to the head helmet CG, but results in
excessive helmet weight for a given FOV. This happens because, in supporting the high resolution/large
FOV operating conditions, either heavy refractive optics or fiber optic image conduits, must be used to
relay the CRT images to the eyes. Location 5 presents a compromise that permits shorter fiber optics
conduits or reasonably-sized high efficiency refractive relay optics to be used, while still resulting
in a head/helmet CG modification that is altered in a desirable direction. Normally, location 5
employs a refractive relay optics design, that carries the CRT image up and over the ear, to the



display combiner without significantly occluding peripheral viqinn. The VPD helmet ,stems described

in this paper have made use of only mounting locations 1, 3, and 5.

HELMET ORIENTATION/POSITION
SENSING TRANSDUCER
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5 FIGURE 23
IS MOUNTING LOCATIONS FOR VPD RMI COM1ONENTS

The alteration of head/helmet CG is a criti'al p'raner f fecting the scIln Of tl , HAD optical
design. The VPD program is now in the breadboard stage, where designs and materials are fluctuating,

and it has not been possible to predict head/helmet CC modifications, based upon dimensional

predictions of helmet relationships and the densities of the materials used. tnstead, the breadboards
are being completed, and then 'he %'Tn; "-rties Instroment built by Space Electronics, Inc. and

located at AAMRL, is being used to measure the center of mass/gravity and determine mass moments and

products of inertia. These measurements will then be used to predict CG based upon desired
modifications to a given design, as improved systems are fabricated for operational tenting.

One additional important consideration that can have a direct impact on integrated system design in

the susceptibility of the optical design to stray light. Stray light paths can produce unwanted

reflections of ambient structures within the lMP FOV that compete in a very objectionable manner with

the display imagery. The two major factors affecting thin problem are the selection of the image path
for a particular optical design, and the eye relief provided for the display's combiner. Greater eye

relief leads to mor severe problems. Light originating from behind helmet, or overhead otten presents

the most severe problem. These problems, cannot be fully corrected through the use of antireflective
coatings, and usually require the addition of opaque sections around the optics or the extension,
and/or thickening of the helmet shell/liner combination, to block objectionable stray light paths.

HELMET STABILIZATION

The inclusion of relatively large exit pupils and IPD adjustment in the optics/helmet design is not

enough to insure, during normal viewing/operating conditions, that the helmet system will not move

sufficiently, thus vignetting a portion of the display's instantaneous FOV. Therefore, some sort of

stabilization scheme must be incorporated. While there are several options, the approach chosen for

the VPD HMD effort was one which incorporated an oxygen mask that could be rigidly hed with respect to

the rear portions of the helmet, as suggested by the helmet concept illustrated in Figure 23. Thin

arrangement allows a rigid lever arm to he formed, between the nape of the neck and the bridge of the

nose, that resists both vertical and sideways movement of the helmet. This scheme has proved to be
very successful, and eliminates most helmet position hysteresis following rapid head-slaving movements.

Comfort/facial access must also be considered, and most designs allow a mask design that can be opened

to one side, although a design employing mounting location 3 sometimes effectively eliminates this
option. An additional benefit of this type of helmet design is that the optical design and associated

This scheme offers one of the most stable, reliable reference methods for the eyes, given human

anatomical characteristics.
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HELMT/OPTICS INTERFACE ISSUES

Three types of adjustments must be provided to properly position the optics with res Oct to the
eyes: horizontal (IPD), vertical, and depth (eye relief) adjustments. IPD requirements ' 've already
been discussed in sufficient detail, except to stress that the helmet system must permit separate
independent adjustment of each monocular, and the adjustment must be parallel and colinear to insure
that misalignment of the binocular scene does not occur for different adjustment points, anywhere in
the allowed range of movement. Vertical and depth adjustments imply a personalized custom mounting
scheme. For the VPD designs, this has been accomplished through the use of a custom "thermal plastic
liner (TPL)," developed by Centex, Inc., and inflatable air bladders whose internal pressure may be
controlled through the use of a miniature helmet-mounted finger pump and valve assembly, operated while
viewing alignment patterns on the display optics. Investigations aimed at determining whether this
mounting/adjustment technique provides the desired amount of stability and comfort are ongoing. Major
features of the VPD IRS are depicted in Figure 24.

FEATURES:
1 LIGHT WEIGHT KELVAR SHELL 4. PROTECTIVE POLYCARBONATE VISOR 8. AIR HOSE CONNECTOR
2. PLENUM (PART OF LAYERED SHELL, 5. OXYGEN MASK ASSEMBLY 9. FINGER AIR PUMP FOR EARPHONE/

AIR DUCT FOR VENTILATION) 6. HEADPHONE EAR CUP ASSEMBLY DISPLAY ADJUSTMENT BLADDERS
3. STYROFOAM LINER 7. TPL CUSTOM FITTED LINER 10. EARPHONE ADJUSTMENT BLADDER

11 VERTICAL AL IUSTMEN
T 

BLADDEP

FIGURE 24
IHS HELMET SYSTEM CHARACTERISTICS

HELMET DESIGN ALTERNATIVES

The integration of the VPD optical prototypes into representative military headgear systems, using
advanced lightweight Kevlar shells, has resulted in a number of interesting helmet configurations.
These designs were driven by a number of considerations, including the desire to achieve the largest
FOV/exit pupil for a given HMD design approach, expected operational conditions in flight test
aircraft, abuse that normal personal equipment undergoes, difficulties with doning complex helmet
systems of this type, safety, particularly for rapid egress from a damaged air vehicle, and the
physical properties of the Aeigns as discussed for CC, etc. Several of the more interesting !I1S
breadboards are presented here in Figures 25, 26, and 27 for systems 3, 2, and 5 respectively, from
Table 2.

The Dual Mirror system, Figure 25, provides the second largest FOV of any of the designs and
achieves the lowest optical system weight. Its design is closely integrated with the oxygen mask,
which aids in referencing the optical alignment to the eyes, but complicates the ability to resnsv the
mask when the helmet is worn. The close integration with the mask, led to a rear entry design, which
eliminates cumbersome, overhead doning of the helmet and streamlines the placement of the oxygen mask

and optics over the face. The folds and contours of the helmet shell at its base provide rigidity,
while reducing the number of evlar plys which must be used. The thickness of the helmet liner has
been increased to provide improve headform acceleration performance, and to reduce unwanted reflections
in the beamsplitter due to stray light originating from above and behind the hel--et.

The Catadioptric system, shown in Figure 26, has a 10 percent smaller FOV than the Dual Mirror
system, but provides much greater eye relief and improves image source transmission efficiency by a
factor of three. The improved eye relief and image source/optics integration achieves a design, that
permits the optics and image source assembly, to be detached from the helmet and stowed in the cockpit.
Such a design prevents an expensive assembly from becoming a piece of personal equipment subject to
greater abuse. However, this capability is gained at the expense of increased helmet weight and
rotational moments, and stray light problems resulting from a large combiner/beamsplitter assembly
located a relatively large distance from the helmet. Upward vision, in particular, is greatly
restricted, to prevent severe overhead stray light problems.
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The Off-Aperture system, shown in Figure 27, depicts yet another novel optical system/helmet design

approach. This design locates the CRT image sources vertically, at the rear of the helmet, to improve
the head/helmet CG characteristics. This location precludes a rear entry design, but its lack of
direct involvement with the stabilizing oxygen mask permits the mask to be removable when the helmet
system is worn. The design utilizes a high efficiency refractive optical design to transport the CRT
image to the combiner mirror viewing surface. This permits achieving image source transmission
effi enries of 80 to 85 percent, and also allows greater ambient transmission, while providing good
image contrast. Excellent eye relief and clearance are also characteristics of this design. However,
system weight is high, although use of plastic optics and other system refinements could greatly
improve this condition.

1RELAY OPTICS
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SOPTICS/R EE

HELMET LENS

COMBINER OXYGEN MASK
•ASSEMBLY RELEASE/PIVOT

~BOUNDARY

FIGURE 27
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IjAG SOURCE DRIVE ELECRONICS

Although sometimes given secondary consideration, the image source or CRT drive electronics, which
controls the binocular optics CRTs as shown in Figure 1, are extremely important components, for VPD
H8D applications. Their performance is a fundamental factor in the modulation transfer function (MTF)
that the CRT can attain. The drive electronics also control most of the important factors relating to
the customization/integration of the CRT formats with respect to the optical design. For this paper, a
relevant discussion of design issues need only concern it-elf with those factors, which are critical to
the proper integration of the CRTs and their image formats, with the optics and headgear. The issues of
greatest importance are felt to be:

1) CRT-to-optics mapping correction

2) Derotation

3) Electronic alignment

11 mrha,. r- X:Y Deflecti-n issues

5) Power Supply performance

CRT-1O-OPTICS MAPPING CORRECTION

As the discussion associated with Figure 17 has already explained, the F-theta mapped optics
produces a type of pincushion distortion which must be corrected by implemzt:ia0 barrel distortion of
the CRT image format. As mentioned in [01,02], partially overlapped optics, which have their optical
axes turned out, can also produce mild perspective distortion which is trapezoidal in form.
Ordinarily, such distortions could be specified by the optical designer, and the system designer could
insert the appropriate corrections using a truncated polynomial approximation with sufficient
correction terms in dedicated correction circuitry associated with the deflection subsystem. However,
given the variation experienced between individual CRT electron optics, the deflection yoke, and the
physical alignment of the deflection yokes with the electron optics during the manufacturing process,
these ideal conditions cannot be obtained. Therefore, each CRT must be calibrated for the particular
HMID design, and the correction coefficients recorded and entered into the control elements of the CRT
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electronics. Normally, correction terms to third order are sufficient, which is fortunate, since each

additional order implies a commensurate increase in deflection electronics bandwidth 1221. The
correction terms most often used are listed in Table b. Their respective effects on the CRf's X and Y

axis can be found in reference [07).

TABLE 6

CRT NAPPING COEBECTION TERNS

X-AXIS DEFLECTION Y-AXIS DEFLECTION
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DEROTATION

For (MD applications it is sometimes desired that the display format be maintained at the proper
orientation with respect to the aircraft's or simulator's roll axis, regardless of the roll orientation
of the head, and therefore, the display presentation. Maintaining the proper orientation is usually
accomplished through the use of roll sensing provided by a helmt orientation/position measurement
system whose roll output is fed directly to the drive electronics or, if a 2 or 3-dimensional graphics
processor is being used, directly to that subsystem. As shown in Figure 6, for a partially overlapped,
binocular system, the visual ccotcr of the optics is oft center from the CRT, and the derotation to be
performed involves both a translation and derotation on the CRT. Particular characteristics are set by
the VP design conditions. This correction must be performed at the field rate, at which the display
is reireshed. The resolution to which this correction oust be accomplished has already been discussed
in su.ficient detail in reference 122). Due to noise and bandwidth considerations in the display
deflection electronic's subsystem, and system implementation issues concerning the use of sensor
systems, derotation of imagery is usually performed by the CRT electr, nics. Derotation of vec
graphic symbology is best accomplished at its source, and then transmitted in corrected form to the CRI
drive electronics.

S~EICTRONIC ALIGNMENT

As preiously discussed, some electronic alignoent oust be performed, to correct for residual
errors in the alignment of the optics and in the reproducible characteristics of individual CRTs.
Although complex alignment patterns have been employed to carefully che'- the -ct h-rizontalf
vertical alignment of partially overlapped binocular display, the simple patterns shown in Pigure 28a
and 28b are usually sufficient. The pattern shown in Figure 28a has been recommended in the
literature, however t e pattern shown in Figure 28b appears to produce better results, because there
are no identical structures presented to both eyes which the eyes might attempt to converue to
identical retinal correspondence points. In addition, the pattern shown in 28b provides exact endpoint
match capability, not provided by some of the open reticle patterns, which provide onlo horizontal
lines to one eye and vertical lines to the other. Also, results obtained at AAMRL show that these
patterns must be flashed in order to prevent improper convergence of the display. A doty cycle pattern
that seems to work well is to repetitively flasn the patterns on for about 75 milliseconds, followed by
a 100 to 125 millisecond dark period.

OTHER CRT DEFLECTION ISSUES

In addition to issues relating to CR X:Y deflection quality, a number of other issues are
deserving of some discussion. Due to the high resolution i.agnified CRT format imposed by the VPD FOV
conditions, where the same image point is transmitted to each eye through different portions of a
partially overlapped optical system, on-axis deflection linearity is critical. Linearity is usually
specified to be in the range of 0.5 to 0.25 percent. To achieve such linearity with miniature GrIs, a
class-A linear deflection amplifier design is normally required. Class A amplifiers cause heat
dissipation to become an important design issue. VPD CGT design which stresses higher acceleration
potentiIs and, therefore, stiffer e-beams, exacerbates this problem. To support this performance, low
capacitauce cabling and low inductance/capacitance, high current deflection yokes using only ferrite
cores are employed. These requirements, coupled with the desire to achieve small dimensional sizes for
the electronics, often requires the use of conductive liquid cooling, rather than convective air
cooling for the CRT electronics.

Also, as can be observed from Figure 6, the CRT is overscanned in the horizontal direction to (I)
obtain the largest format possible for the normal 4:3 aspect ratio, and to (2) ease the optical dcaign
problem. To prevent damage at the edge of the CRT caused by electron beam heating, the beam must be
blanked (turned off) automatically at a given radial distance, using an operating mode normally
referred to as "circular blanking". The extinction of the e-beam is controlled by the magnitude
(IX+Yl) of its radial distance from the deflection center of the CRT, based upon CRT quality area size
and any additional deflection ,orrection control that is active. There are several methods employed to

accomplish circular blanking, however, methods that employ slow square root circuitry are to be
aunided.
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SUMMARY

This paper outlines the main design of the cockpit of the EAP (Experimental
Aircraft Programme) aircraft - a technology demonstrator produced by British Aerospace
and Aeritalia in cooperation with the British, Italian and German Avionics industries.
The structured design process that was followed is described. The main features of the
resulting cockpit are outlined, together with some of tile rationale behind their design.
These include:

- Display moding: how the format hierarchy is managed, how the formats were
constructed and how colour has been used on the displays. A selection of the formats
are illustrated and described.

- The Hands On Throttle And Stick concept and how this applies to the EAP.

- A Manual Data Entry facility capable of controlling ten different subsystems
through totally multifunction devices.

- An intelligent warning system based on the use of a digitised voice.

These facilities have been flying for over one year now and the experience gained
during their design and subsequent flight testing is helping to form the basis for the
European Fighter Aircraft (EFA) cockpit design.

I. INTRODUCTION

In the late seventies and early nineteen eighties various Euro[-en acum[patlios wsre
pursuing national designs for a future fighter aircraft. Ln 1982 British As-r~sace ut
Great Britain, Aeritalia of Italy and MBB of West Germany joined forces to investigate
tile possibilities of producing a joint specification to meet their individual national
requirements. Work progressed over the next year on this collaborative aeroplane known
as the Agile Combat Aircraft, A.C.A., with the intention of producing two demonstrator
aircraft, one to be built in Britain and the other in Germany. However towards the end
of 1983 Italian and German government support was withdrawn and work on the German
aircraft was curtailed. The design of the remaining British demonstrator was rat tona I ised
and at the beginning of 1.984 the project was renamed tile Experimental Atrcraft Programme
or EAP. The project was jointly funded by British Aerospace and the British government
with support from Aeritalia and the British, Italian and German avionics suppliers.
Work progressed between these industrial partners ler the nost t.n a-
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achieve a first flight of the EAP in August 1986. A photograph of the EAP aircrati can
be found in Annexe I.

The aim of the EAP was to integrate a number of advan - concepts and technologles
into a single aircraft to demonstrate tile feasibility of a high pertormance fighter of
tile l9s. These concepts included:

- advanced structural design

- active control technology

- a utilities management system and an avionics system utilising a Mil Std 1553b
data bus

- an advanced electronic cockpit

It is tile description of this last point which forms the basis ol thin paper.

2. THE EAP COCKPIT PHILOSOPHY

The basic cockpit configuration can be sen from tie diagram in figure 1 . The twenty
five degree ejection seat, providing a pilot back angle of twenty one degrees, faces a
wide angle head up display and three full colour raster/cursive multifunction head down
displays. These displays are used under normal conditions to present to the pilot all the
information lie requires to fly and manage the aircraft. However should there be a
catastrophic failure resulting in tile total loss of these displays, the pilot is provided
with a suite of 'Get-U-Home' instruments which present the necessary flight reference,
engine and fuel data via a mixtur, of display technologies, LCD, LED etc. Forming the
left glare shield is a multifunction manual data entry facility to allow in flight



HI-,,t X01n alt oration of navigation, communications etc. data. Flight control of the
,iici. it is allowed by a centre pedestal mounted short stick, minimum displacement rudder
ela I sand linear slider throttles. This entire cockpit has been designed to be operable

by a pilot falling within the three to ninety nine percentile UK and Italian pilot
pop la t 10n.

FIGURE 1 BASIC EAP COCKPIT CONFIGURATION

The RAP is not a weapon system aircraft, it is a technology demonstrator, however
it was the intention from the beginning that within the cockpit the concepts, in terms
of the man machine interface, be developed with consideration of the implications of a
full weapon system. The aim was to develop philosophies, for such things as moding the
electronic displays and the warning system, which would allow future graceful expansion
to include the greater complexity of a more sophisticated attack and identification
system, without significant changes to hardware and with no change to cockpit operating
philosophies.

The advent of high performance systems processors and the digital data bus, together
with new cockpit technologies such as colour displays, multifunction panels and digitised
voice, meant that the potential design that could be achieved, in terms of flexibility,
was staggering. However equally staggering was the potential to create an unmanageable
cockpit caused by 'technology gone mad'.

It was this fear of 'technology gone mad' which made it essential that the ergonomic
aspects of the design should be considered at all stages and in fact ergonomic implications
formed an integral part of the design process.

This design process followed a top down structured approach that began with Mission
Analysis. The Mission Analysis provided the hulk of the raw material required for the
detailed moding process, however before the detailed moding began various cockpit
philosophies were written which set out the principles behind the cockpit design. Such
philosophies are necessary to establish a basis for the cockpit design that ensures that
the subsequent detailed design, which involves greater numbers of people, follows a
consistent and logical path. On EAP they were of additional value to establish basic
principles for the imolementation and integration of the new technology into one cockpit -

something that was necessary duo to the lack of practical experience that was available.
These philosophies covered:

- Display Moding
- Hands on Throttle and Stick
- Manual Data Entry
- Warning System
- Cockpit Layout
- Lighting
- Colour

Get-U-Home
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These cockpit philosophies were a fundamental first step, however they were
theoretical and it was considered that an important factor in trying to design a cockpit
for pilots, rather than engineers, was to adopt an empirical approach. Therefore the
principles outlined within these philosophies were soon manifested into various forms of
simulation, the main vehicles being a static cockpit mock-up facility and an active
cockpit.

The .atic mock-up (see pl.-._grapn in Ann- ... a = -.2 -it which formed an
accurate representation of the current aircraft lines. It was used extensively 'o designr
and evaluate the cockpit geometry and layout - the hardware aspects of the man machine
interface.

The active cockpit (see photograph in Annexe 3) on the other hand provided a
functionally representaive simulation of the cockpit displays and controls and was used
more to develop the software driven aspects of the cockpit. Initially local simulations
were produced of, for example, the Manual Data Entry Facility or the Warning System and
these were assessed in isolation. Once these individual aspects were considered
satisfactory they were driven dynamically, backed up by simulations of the various
aircraft subsystems and the outside world. At this stage the various elements (formats,
warnings, layout etc. ) were brought together and the overall moding assessed during part
and full mission simulation. Throughout all these stages the simulations were feeding
into the design process. This is perhaps one of the biggest lessons which can be learned
from the undoubted success of EAP - that is that facilities, such as static and active
cockpits, be available at a sufficiently early stage in a project to have an impact on
both the hardware and software specifications.

It is the design which initially resulted from these philosophies and that was
developed and refined through practical experience in the various simulations, that forms
the EAP cockpit as presented on the following pages.

3. DISPLAY MODING

All the main flight reference, navigation and systems information on EAP is presented
1o the pilot using electronic displays, in the form of a Head tip Display (HOD)
(30 x 20 degrees) and Multi Function Displays (MFD) (154 m x 116 mm) head down.

In order to successfully integrate these displays within the overall cockpit moding,
certain aims were established early on in the SAP programme. These aims were:

- To present information to the pilot in a relatively simple manner. The pilot in the
midst of a demanding mission cannot be faced with an overly complex picture and symbology,
but requires fairly obvious and straightforward information.

To display what the pilot needs to know. Phis does not mean solely that information
r,_,lating to functions under pilot control. It is important that the pilot always has a
instsntal picture of where lie is - both within the outsioe world scenario and within the
various cockpit processes. The information presented on his displays should provide him
with this impression so that lie can assume the role of an overall ranager.

- To make the overall structure of the format hierarchy easy to manage. It could be
very easy, with a suite of multifunction displays which are capable of providing a
multLtUde of formats, to produce a format hierarchy in which the pilot could get lost -
riot knowing where he is in a tree or how to get to the particular format he desires.
This was prevented on EAP by making all information available Wuti 11 Imore tLhan two
buttori presses and essential information available with no more than one button press.

These aims gave rise to the development of the principles of format management,
format construction and colour usage as described ir, the subsequent sections.

i. I FOIMAT MANAGEMENT

As one of the prime aims of the display moding task was to produce a manageable
format hierarchy, a system was developed for SAP which could be extended to also
satisfactorily accommodate future weapon system formats. ne of the methods used to
manage this hierarchy are as follows:

Various phases of fiight were identified, e.g. Ground Procedures, Take Off,
Navigation, during which the pilot requiies different types and levels of information.
Tire ,i lot has tire facility to select the phase of flight Ie desires and the system then
presents on the displays that informaton he needs to carry out that phase of flight.

- Dedicated push buttons are provided on the multi function displays to allow direct
selection of certain important formats.

- A dedicated push button is available (PRE), on each multi function display, to allow
direct selection of the furmat that was presented before the currently displayed one.

- A dedicated push button is available (NRM), on each multi function display, to
return to the format that is normally presented on that display for tho particular phase
of f I igiht

dl t- - , " a
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- A dedicated push button is available, on the stick top, to directly call up on to
the head down displays information to allow the pilot to recover the aircraft attitude
from any unusual positions.

A soft key is always available, in the same position on each format, to allow the
pilot to step through all the formats in a predefined sequence.

- The title of each format is always presented in the bottom right corner of each
format.

3.2 FORMAT CONSTRUCTION

To ensure usable displays, rules applying to the detailed design of the formats were
determined. The following are some examples:

- All symbology on the EAP displays is drawn cursively, thus providing clear symbols
and smooth lines, whatever their shape or orientation. To ensure adequate visibility
the minimum character height was defined as 3.6 mm, with special emphasis being provided
by characters of 4.8 and 6 mm. These sizes represent 17, 22 and 28 minutes of arc
respectively when viewed in the EAP cockpit and provide good readability in the
environment.

- To ease any potential problems the pilot might have in locating information on the
formats, it was ensured that wherever the same information is presented on a different
format it is presented in the same position. For example, whenever heading information
is presented, either head up or head down, it is presented at the top of the format in
the centre.

On the EAP the control inputs are either initiated manually by the pilot, using
soft keys around the displays or on the manual data entry facility, or automatically by
the system. To ensure that the pilot is always aware what is currently selected, a
-zelected option is always indicated by the appropriate legend on the display being boxed.

J.3 COl.OuxJ, HILUSUeHY

One of the main factors which distinguishes the EAP from other military aeroplanes
is the full colour capability of the three head down displays. An extensive colour
philosophy has been developed, based on theoretical and experimental concepts, the
principle aim of which is to use colour for functional rather than purely aesthetic
purposes. This does not in any way mean that the aesthetics of the formats were
disregarded, only that this took second place to consideration of the functional use.
To meet this design aim the majority of human factors research recommends a limited use
of colour in order to decrease the probability of habituation and hence increase the
attention getting qualities of the colour when it is present. Starting with this, the
approach taken was to initially consider the formats as achromatic and then add colour
in line with the colour usage philosophy.

It was considered that the use of colour on the displays should always have a task
related meaning, and be used in areas to maximise its effectiveness, such as:

- to provide realism, e.g. on an attitude format for sky/ground.

- for cueing or alerting to critical features, e.g. high priority threats, scales
exceeding limiting values.

- whcLe strong associations already exist with a colour, e.g. green, red, amber.

- for relating important similar information on a clutterel format.

- to allow a distinction between symbols on scales which are located together.

- to provide contrast between a sensor video picture and overlaid symbology.

N.R. It should be noted that while the benefits of colour were exploited other 'coding'
methods were also continued, such as shape and position coding.

Within this general usage philosophy, specific colours were nised as follows:

WHITE: Basically all symbology started off as white and was then coloured as
necessary. Two whites have been used, a Bright White and a Dull White. The Bright White
is the most visible of all the colours under all ambient illumination conditions and has
been used for all changing or dynamic symbology and alphanumerics. The Dull White, while
still quite visible, does not appear as compelling as the Brigh' Whi- and tends to appear
more in the background. This has made it a most suitable colour for'symbos or
alphanumerics that are fixed values and/or do not change their position.

GREEN: Green has been used where a positive good or go indication is required. In
addition it was also used on the Horizontal Situation Display (HSD) as a trial to see if
the format would benefit by linking together all the navigation information relating to
where the pilot should be flying. This has proved to be very useful in flight.
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RED: Red has been used only when related to red warning situations or threats. In
order to retain the impact this colour can have, it only appears when the 'red, situation
is reached, e.g. there is not a red zone permanently shown on the engine temperature scales
indicating overtemperature - they turn red only when warranted by the situation.

AMBER: Amber has been used only when related to amber warning situations or certain
threats. As described for the colour Red, Amber only appears on the format when it is
required.

BLUE: Blue was shown not to be a very compelling colour ;nd was basically used in
two ways. It was used as an infill to provide realism to a format, for example to
represent the sky on an attitude format or to represent the fuel in the format showing
the aircraft fuel tanks. Alternatively it was found that Blue could be quite easily
deliberately ignored when looking at a format so that any lines d:awn in blue could be
seen if required or if necessary they could visually fall into the background and not be
noticed. This use proved convenient for drawing demarcation lines on a format or even
for drawing range scales which could be quite numerous on a format and hence potentially
distracting.

CYAN: Cyan, or sky blue, is the only colour used which can sometimes be confused
with other colours, i.e. in high ambient with white and at the low ambient end with
green/blue. However it proved to be a good bright and visible colour. It was decided
therefore to use it for those instances where the actual colour used was not important
but it was felt the information concerned would benefit by being a different colour from
the information around it to allow visual discrimination.

BROWN: Brown has only been used to provide realism on the attitude iormat by
representing the ground.

In practice the use of colour on the MFD has proved successful on EAP. When problems
are indicated on a format the pilot can very easily and rapidly identify the area of
interest.

The principles and techniques described in the previous sections resulted in a suite

of thirteen formats. The next section outlines a selection from these formats.

3. 4 THE FORMATS

STATUS

HYD L GO CAB ALT 25000 BIT RAD
RY NOGO , A L

FUEL GO Z, IBT TCN D
ENG L O L CONTS ~ TVUF [

N' R IT V/UHF

SPRE! _r~

FCS GO lair OSY [
INlo RK BI ECS K

IN O N01M EMERG NOGO

H SU ANTI-SVID -ANTI-SKID WFG
NOGO NOGO W1T j|

T COO PTOM STEP CT 'T T

FIGURE 2 : THE STATUS FORMAT

The Status format presents, on one surface, essential information on the health of the
various aircraft systems, to save the pilot the task of paging through the individual
systems formats. An important use of this format is on the ground, during aircraft start
up. With it the pilot is provided with much of the information that he requires to
initialise the aircraft and prepare it for flight. It supplies him with information on the

state of various systems such as hydraulics, fuel and the engines and tells him if these
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systems are 'GO' and therefore ready for flight. The Status format also provides the
pilot with the facility to initiate, if required, the pre flight tests on various
subsystems such as Oxygen or the TACAN and presents the results, in the form of a 'GO' or
'NO GO'. Individual test selection in this way is considered acceptable for EAP, however
for an inservice aircraft it will be desirable to initiate all such tests with a single
key.

In addition the Status format is used as the hub format to the entire format

hierarchy and as such it provides direct access to all the other formats with one button
press.

PRE TAKE OFF MONITOR (PTOM)

CANOPY ICKO NYDS AUTOIAUTO C

NWS EN AIRBRAKE IN

D TRIM TIO MASS LIVE

D FLAPS AUTO

SOL TEST OFF

D PROBE HTRS ON AIRORIVE AUTO

BOOST PUMPS AUTO EPS PIN STOW 0
X FEED OFF MDC PIN STOW

LP COCKS AUTO SEAT SAFE DOWN

STEP IPTOM

p 0 0
00 0 0

AFIGURE 3 PTOM FORMAT

While the Status format is used throughout the ground procedures the PTOM is called
up just before take off as a last check that the aircraft is correctly configured. This
format acts as a form ot electronic checker that tells tne pilot that any manual
selections under his control have been appropriately selected for take off, this applies
to such things as airbrakes, canopy, nosewheel steering etc. Full use is made of colour
coding on this format. The status indications, that is whether the canopy is locked or
unlocked, the nose wheel steering is engaged or disengaged etc., are written in green
for GO or red infill for NO GO for take off. The pilot then basically looks to the
format expecting to see all green - he does not actually have to read anything - and if
anything is highlighted in red he knows that one of the pre flight actions has been
forgotten. Such a format is seen as essential for an operational single seat cockpit,
where the pilot does not have a second crew member to prompt or remind him of necessary
pre flight actions, but where the pilot must remember for himself what must be done.

p.
L
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ENGINES
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FIGURE 4 : THE ENGINES FORMAT

The Engine format presents digital and analogue information on a variety of engine
parameters, for both left and right engines, on one compact format. Engine speed and
nozzle area have been combined on to a single scale as, although these parameters are
unrelated in engine terms, to th3 pilot they indicate the thrust level of the engine.
Some engine control is provided by the soft keys and those controls that should only be
used on the ground are occulted from the format, and the function deenergised, in the air.

HYDRAULICS
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FIGURE UTIE HYDRAULICS FORMAT
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The Hydraulic format comprises two schematics which represent the left and righthydraulic system. Each schematic includes scales and indicators to present informationon pump and valve positions, pres-ure indications etc. Again the basic presentation of
the format appears green and whi4 when the systems are GO and areas of red appear
surrounding indications of any faulty or dangerous situations. As with the engine format,the analogue indications are supported by digital values or word captions as appropriate.
Of interest on this format is the way the digital read outs move alongside their
associated arrowheads on the analogue scale. This serves to reinforce the position ofthe arrowhead - making it more obvious and provides the digits themselves with a kind ofanalogue cue by their position along the scale. Because the scales are all relatively
short and none of the arrowheads move at a particularly fast rate, there are no problems
with locating and reading the digits.

FUEL

INT 3918 1572

INTER
423 , 440

SEL F

CD REAR L LP OPEN R LP OPEN

FIGURE 6 : THE FUEL FORMAT

This format represents, in pictorial form, the layout of the fuel system on EAP.
Soft keys also provide the necessary control over the fuel system. The tanks areinfilled with blue and the level of this infill in each tank descends as the fuel level
decreases. Pilots have felt that this presentation of fuel quantity gives a good clear
picture, at glance, of how much fuel there is in total on the aircraft. Digital readouts
are provided of the exact quantity of fuel in the main tank groups. Transfer and boost
pump states are indicated in the appropriate tanks.

Qh-
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ATTITUDE FORMAT
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FIGURE 7 THE ATTITUDE FORMAT

The Attitude format presents similar iniormation to the HUD, in a head down situation.
The coloured blue/brown ball mimics a conventional attitude instrument, however the
presentation here is deliberately kept similar to the HUD to allow very easy transfer
between the two displays. as this is an electronic display, the pitch information can be
sourced to present either attitude or climb dive information, as preferred by the pilot.

As well as being available from a soft key, this format can be selected via a stick top
control, on to themultifunctiondisplay. This HOTAS function allows the pilot to immediately

call up stfficient information to recover t.,e aircraft, to straight and level flighL, f-eM
any unusual attitudes.

HORIZONTAL SITUATION DISPLAY (HSD)
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FIGURE 8 THE HSD FORMAT
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The HSD provides navigational information based on a compass rose format. As well
as an indication of own heading and track, direction to the next waypoint and TACAN
beacon are provided against the rose. Each of these symbols have been carefully drawn
so that they can be easily distinguished from each other and if they are positioned over
each other they can still be individually identified. Own aircraft position is indicated
at the centre of the display and the position of the next waypoint in the route is
indicated relative to that. Additional information around this centre compass rose
includes at the top some details on own aircraft, on the left details on the selected
TACAN beacon and on the right details of the destination waypoint and an indication of
wind speed and direction.

4. HANDS ON THROTTLE AND STICK (HOTAS)

The Hands on Throttle and Stick (HOTAS) concept is considered to be fundamental to
the cockpit design of our next fighter aircraft and as such has been catered for in ihe
EAP design. Because EAP is a demonstrator the combat/sensor related controls are not
active, but the design proceeded in this way mainly as an exercise to gain experience in
the hardware design process and also to test, in the air, just how far the concept can be
practically and usefully extended. Candidates for HOTAS on EAP wer considered to be
those functions which the pilot needs immediate access to during high workload and
stressful mission phases, such as combat, and those functions to which the pilot
frequently requires immediate access.

Results of mission analysis and detailed design indicated a high number of controls
as candidates for inclusion on the HOTAS. This necessitated a particularly good design
of the Throttle and Stick tops, which could physically satisfy the full percentile range
to which the EAP has been designed and which also could allow the pilot to know, without
hesitation, the exact position of the control he requires at any one time. This design
was achieved as follows:

- A good basic shape was first derived which enabled comfortable positioning of the
pilots' hands and arms.

- Having determined the required functions, they were allocated to which was
considered to be the most appropriate platform, i.e. throttle or stick. In general,
weapons related controls were allocated to the stick and the sensor related controls to
the throttles. In addition, conventions, where they existed, were respected, e.g.
airbrakes to throttles, trim to stick top.

- Functions were next allocated to control types, e.g. push button, toggle action etc.
To aid in absolute identitication of control functions different 'tactile' tops were used
tor many of the controls. This was considered to be particularly important for controls
operated by the thumb, as generally a finger would be used to just operate one control
but the thumb, being more dexterous, was allocated with several controls and thus their
identification could be aided by shape coding. A basic design premise at this stage,
aimed at reducing pilot mental workload, was that there should be no n-lti tunctioniq
of HOTAS controls used in the air.

- Controls were then positioned taking into account how accessible a function should
be, how frequently it would be used, any necessary sequential operation with other
controls and allocating the control to the digit which would be best suited to its
operation.

This entire HOTAS design process was extremely iterative, starting with Plasticine
models in a static cockpit mock up, progressing on to wooden mock ups and then finally
metal models in an active cockpit facility. A diagram of the final items, showing the
distribution of controls, is figure 9.

F0

FIGURE 9 :THROTL E AND STICK TOPS
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5. MANUAL DATA ENTRY

It is now well accepted that the single seat cockpit creates the nend for arranging

the data entry controls for the various aircraft subsystems (traditionally scattered on

the side consoles or other head down locations) in an operationally acceptable manner in
a centralised and relatively head up location. To permit this en EAP, a single integratied

keyboard facility was developed and this forms the left hand glareshueld area of the

cockpit (see figuro 10). This allows easy head up operation by the pilot - providing a

good steady platform fcr the arm and hand under vibration conditions and yet causing no

visual obscuration to the displays during operation of the keyboard. To complement this
concept the right glareshleld contains dedicated read cuts associated with data entere

through the Manual Data Entry Facility.

FIGURE i0 INSTALLATION OF MDE IN THE COCKPIT

The type of data to be manually inserted or altered on the MDE on an operational
aircraft would include:

ai Navigation data: waypoint data (latitude/longitude, UTM, Georef, elevaton, time
on waypoant etc.)

b) Navigation aids: TACAN channel and mode

c) Navigation modes: route planning and update

d) Comunications: radio channel/frequency selection, modes Ie.. V/HF, antenna
selection, bandwidth, secure speech modes)

e) IN alignment modes

f) Time (system time, GMTI

g) Engine placard data

h) Identification system: IFF/NIS codes and modes

i) Defensive Aida Subsystem: Chaff/flare dispense programmes, modes etc.

j) Armament System modes

kr Data Link (e.g. JTIDS): modes, message input etc.

i) Landing Aids: MLS chanrels and modes etc.
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At this moment only items a) to f) are implemented on the EAP, however, as with the
entire cockpit design, the hardware and moding concept could encompass the remaining
items with the necessary software.

The amount of data to be controlled by the facility and 'he fact that the hardware
occupies a relatively small area of the cockpit, leads to the requirement for many of the
controls to be multi function. However this has not created any problems with tne final
design, as experience has shown it is easy to learn how to operate the unit and it has
proved to work well in flight. The following is a description of the facility which
should be read in conjunction with figure I,.

, 5

FIGURE ii MDE LAYOUT

p

System Selection and Moding Keys (SSMK) (1): Multi functioning of these keys is
4 allowed by the fact that each key head legend comprises two rows of four 7 x 5 dot matrix

LED symbols. In the first instance these keys are used to select the approp tate syseen,
e.g. communications. When the required system has been selected, the )egends on the keys
change to present any moding options that are available for that system, e.g. for
communications this could include bandwidth selection. Additionally, at tnis i (me thse
keys also allow the pilot to state the type of data he wishes to enter (if anv choices
xist), e.g. for cominications he has the choice to enter either a manual frequency 0r

alter the frequency against a preset channel. Whenever the keys are configured to tni.
moding level one of the keys is always reserved as a reset functiton to return the entire
keyboard back to allow system selection.

Data Entry Keyboard (DEK) (2): As soon as a system has been selectel on tne l4S,_
the DEK is configured as appropriate to input the necessary alphanumr ics. Thus ;ith
the above example of communications, to insert a radio frequency a u to 9 keyboard sill
be presented, however to insert a waypoint coordinate in UTM the approniate alpia or
numerical keyboard will be presented as nquired.

The multifunctioning of this keypad is made possible by a single 1 x 5 dot mat rix
LED symbol within each keyhead.

Read Out Lines (ROL) t3): Once a system has been selectcee a, the dMK, tie R01 .ilI
reflect the data that is currently stored within the aircraft against that system.
Therefore with the Communications system key solected and with th,- manual fi-eciuelnny moiinl
key selected, the ROL will display the manual frequency that is curiently stored within
the radio. As the pilot then changes this frequency using th, DLK, this ncew freqgney
will be reflected in the ROL.

Each of the two ROL comprise twelve 7 x 5 dot matrix 1,1111 lytol s. indeane at h acne
symbol is positioned a writing marker which illuminates as a[izoria, to irilica:,eu : .h ,t
the next character, inserted via thie LiEK, will appear.

Writing Marker Toggle Switch (MTMS) (4): Under normal orat tin thn Writin asser
w I automatically move along the SOL to indicate where the next chiract er inseli ut i,i
the DEK will appear, however otr uri coitentionl purpose !!I'e - u-'t> Io atitlatl
move the writing marker to position it below the character the pilot wishes to alter.
Movement of this sprig.q loaded toggle switch to the left causes tie w rit ini ma rker it
move to the left and jice versa for movement to theh i'LghL

Communication Channel Selector (Cs) (5): The cCS allows selection of ciny lailo
channel and direct selection between a preset or manual frequency at any timi,, itirespentiv,
of current SSMK selections.



Waypoint Indicators (61: The Destination WayPoint (DWP) window indicates the waypoint
which the aircraft is currently flying to and the Set WayPoint (SWP) window indicates the
waypoint which follows the DWI in the route. Dur ing waypoint data entry the SWP window is
also used to display the number of the waypoint on which the pilot is currently working.

Change Destination (71: This push button IS usetd to enter the set .aypoint ad oh-

:cow dt!stination waypoint. This control can be operated at all times it respect ive of what
is selected on the SSMK.

MD[- Meemr 7 (8): The MDE memory provides a permanent read OUt o, data and moocng
slections (at have been made using either the SiMK or ti(ce DEK. Phs ensures that
reqardless of what is stccl on tih- -SMK at any one time, thc pilot can always b,- b5,.',
at a '1 lance, of how the war iows MDE cent rolled Ocywtcms .rc mooed.

Ann,x 4 etovidcs an -xample of now the MDE can be use d to input a manual radl
r&-Cpic incy .
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It was clear from the beginning of ie diefinition phase± of the EAP projc'ct teat i
basiC princ:pll, in an advatcd aircraft was the necessity to telit,.w the (single) piert
irom ttte burden of dealing with health monitoring of on-board equipments, sab systems
anti systems, in addition, in order te limi te pilot workload following an on Doard
failure or external hazardous situation, an 'intelligent' warning system wat required.
Fel'-ting these basic requirements, a healci monitoring and warning philosophy was
'Ieveiopoci which provide-d under normal operating conditions automatic healto monitoring
trough equipment, sub system and system continuous or interruptive BIT facilities.

Adoptton of this plilosophy requres that, where practical, detection and diagnosis of a
falt and correction of that fault automatically takes place without pilot interventicn,
with tt I ilot g Involved at tie diagnostic and/or corrective stage when the nat
a I hit. ,t It r, l 1 re, .

AllalsIt, of ;;straditional warning systems showed a lack of eonsistenc in handling
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, 
cotainl a c-ct: a

: r.n n, , a - Lin t a t't ot' pL tt itng tot master caution) lights !or the major i I L oI
• .. - :i., Y;,,v at aitngc woal) st- I I t t t oir own iniq,' cneiicac :ccs t i on,

, [, l :,s d1 z ' ')(Litt , '. ".o ic, '

lr, Fi, i bas ;pr b c [I'I ]osophi is t hat t.,, warn ino - act,', i ts -,re t, L ,l rc inform ir
i. < 'h, 1 l Iot ( a t :a:loc t ,h n stal t and mlsl , 'ad! Ic .'' ti i::-(:n ! i : at I .i

fcc P, ,ligtItraI or syst-," ltat-, noold b- handled by ,n s'ct'n it' '1
i. , i illI o d I il ts oi tone 1 repllc d w y a cont'-stent approach.

7,1
.
, iI st (-topl inl devtloping th" wainlni 1,111 ou., p '." -l, .o 'I" in,.' thle ill tf ', :-

a t' 1't 1c l

' VI ttt 1 i-t ofc cd'. Ic ft] I c 1

.'d ' .q } l '-[,. lh [, c. ,I , ,:! '.,' h i :.t e~ l i p~o li ::a l,.;: { , .> , [, ( . f t

%,f~~~~~~~~~~~ ~~~~ 1< 1. tt If' 1a L5 ' , $ i , , 'tt< i < i , , , ,: , ; ', , ,,I h ' ., nl . 1

"I: , ,J , , i!Ii ) S ,I 31 ' N '] '.d : ; [¢: %' I r [[ It t [ I ' ¢} i~ ] '2 k ~ %.n i5I a .n11 : I 'I



pilot'*s aural antil-' , ii, teI, cas" oi eatoejory 2 and 3 warnings trie voice is onls used toe

in form the,, LI Ij iii nir ' ti warn i ngs

-A weii- 'a1 CIpt -0 rr;- present-I ti the, multi function display format to visually
infom the ot I. a , -- '- ri- tite tire warning situation. Colour lired or amber as
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Pilot Integration and the Implications on the Design of Advanced Cockpits

R.S. Kalawsky M.Sc., B.Sc., C.Eng., M.I.E.E.
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United Kingdom
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A totally enclosed cockpit nay quickly become the driving factor for the next generation of tactical
fighter aircraft and will deny access to the pilot of essential outside world cues. Furthermore, the number
of sensory systems carried aboard the aircraft is increasing, with the threat of unacceptable pilot
workload. Pilot and aircraft reaction times may be a decisive factor in any conflict situation in the
future, so the pilot must have a greater situation awareness than ever before.

The future cockpit designer must have a greater appreciation and awareness of the human factors related
issues, and in addition tailor system performance to match human performance limitations.

This paper assesses the cockpit situation and examines how the pilot can be successfully integrated with
newly emerging technologies to overcome the problems introduced by a closed cockpit philosophy and increased
workload. It concludes with an insight into one possible cockpit solution.

I. INTRODUCTION

Today's conventional cockpit designs do not provide an optimum man-machine interface for the pilot, due
mainly to physical constraints in the positioning of displays and controls in the cockpit. Recent advances
in technology have resulted in electro-oechanical instrumentation being replaced by computer generated
graphic displays, either mimicing conventional analogue instrumentation or presenting highly processed
information. The head-up display is still considered to be the primary display surface, which can provide
an image over a 40 degree x 30 degree field of view. Other cockpit displays are typically high
resolution, colour, cathode ray tubes. These colour displays are mounted in a head down situation so as
not to compromise out of the cockpit views, whilst providing some measure of protection against high ambient
lighting effects. The positioning of these displays is generally governed by physical installation
constraints. The illustration given in Figure I shows the advanced cockpit that has been used with the
Avionic Systems Demonstrator Rig (ASDR) at British Aerospace, Brough. Compromises had to be made during the
design of the cockpit such as the positioning of the centre head level display. Installation of the head tp
display at the correct design eye position forced the two standby instruments to he sited below the tip-front
control panel of the head up display. Immediately below these instruments is the head level display. In
essence the positioning of these devices was governed by the depth of the standby instruments which had a
behind panel depth of some 200 millimetres. These instruments now have a behind panel depth of about 20
millimetres. This now allows them to he fitted in place of the up-front control panel, thereby raising the
head level display to it's correct position.

The future fighter pilot will be expected to wear bulky protective clothing to c'ahle him to
withstand hostile battle field threats. The resulting combination of very restrictive head gear and gloves
means that the pilot is being denied access to his machine. (Refer to Figure 2) A fully suited pilot can
hardly reach more than 25 percent of the available control panel area. Add to this the effects of 'g',
(perhues caused by even a gentle manoeuvre) then the pilot can be in serious trouble. About fifteen years
ago the advent of micro-processor based systems was seen as a means of reducing pilot workload through
priority and scheduling of pilot tasks. Unfortunately, pilot workload has increased due to a more capable
enemy. The aggressor's smart weapons will demand even faster reaction times from the pilot and his defence
systems. Any time advantage, that the pilot can gain over his aggressor will be a decisive factor in any
hostile engagement. Aining weapons through a relatively narrow field of view head up display will require
the pilot to position his aircraft so that the target is within the field of view of the head up
display. A definite time advantage could he gained if the pilot could designate the taLget by his line of
sight which effectively operates over a wider field of view. This will mean that multiple target attacks
could be performed more effectively.

Any reduction in pilot mobility will tend to decrease his time advantage, and so make him more reliant
on his on-board sensors and processing systems. Today's technology has reached the point where
significant computational power is available. The over-riding weakness lies with on board sensors and their
level of integration with the avionics system, and the pilot's ability to assimilatc the ._ amount of
available data. The future cockpit designer needs to consider inforoation transfer sore carefully than

ever before, because this area will be the 'bottle-neck' between the man and his systems. Understanding
human cognitive processing will feature highly throughout any future cockpit design process. Designers
will have to interface the plt very closely with his systems to ensure an effective solution. Whatever
approach is taken it will be necessary to consider the effectiveness of the interface under faiLu e
conditions, in other words, 'How will the system operate in the event of system failures, and will the
pilot be aLle to c,,.Linue his tackoa ?' Un-no we are yeooared to accept fully automated attack and defence
systems then the cockpit will be a critical source of mission success. The pilot will remain accountable for
the actions of the aircraft. One of the main requirements of the future military cockpit Is the need to
communicate a three dimensional spherical awareness to the pilot, such that his overall situation awareness
is not compromised. Existing cockpit displays are constrained to a two dimensional presentation, A major
difficulty facing the designers of the next generation of advanced cockpits is the lack of understanding or
even definition of situation awareness. Clearly it Is important to measure how well the future cockpit
design c, municates overall situation awareness to the pilot. Without this metric designers will not be able
to assess the benefits of integrating the pilot U.l a particular way.
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1.1 Current Visual Cabity

The normal human visual field is shown in Figure 3 which shows the position of binocular vision.
The standard MK4 flying helmet and oxygen mask reduce the visual field to that approximately given in
Figure 4. It should be noted that these illustrations are for a static head position. Any attempt to move
the head quickly to track a target will result in the helmet lagging behind head position, with a
consequential reduction in the visual field. The standard issue Nuclear, Biological and Chemical (NBC)
respirator further compounds this problem because it allows the head to move more freely within the
helmet. Under high 'g' levels the pilot will be unable to move his head. Therefore, any compensatory
movement of the head to get a good visual field will be impossible. It is well known that the pilot's
performance is severely impaired with a reduced peripheral vision. Low level high speed flying can put the
pilot and aircraft at risk. Even the wide field of view head up display presenting a field of view of 40
degrees in aztth and 30 degrees iv elention does very little for look into turn. Although the geometry of

the aircraft has an impact on the pilot's visual capability it seems that the pilot's protective
clothing may be the limiting factor. Miny pilots bave been overheard saying "In combat conditions I shall
wear my old MKII leather flying helmet." The lesson to be learnt here Is that pilots are crying out for an
Increased visual capability. The pilot's dominant sensing system is his sight. Therefore, in any future
cockpit design we must take a look at new tichnolngles that will improve the visual field. The closed
cockpit essentially closes down the outside world view, and the pertinent point here, is the visual field
capability of the sensors used to convey the ootside world scene to the pilot. It might be tempting to
present a monocular scene to the pilot, but what will the loss of depth perception ;c. to his overall flying
and weapon aiming capability? The problem becomes particular:

1  acute when trying to l-' a vShOl.
aircraft where all round vision and depth perception becomes particularly important. if binocuair vision in
required then what angular separation and binocular disparity is required at the stereo sensor unit?

1.2 Dual Interface Crisis

The closed cockpit will cause sensory deprivation to the pilot. Wbhi It this is a seri-s problem another
-r. lly serious prohlcm i due t, the pilot being dcpr';d of sciccoot. This immohilit" or "I

restraint is caused by restrictive clothing and high 'g' levels alhich takes maual lsks stci as slitch
selection very difficult. Therefore, the cockpit designer is faced with a dual interface risis:- the
visual and control interfaces.

The remainder of this paper describes a route through this 'oo s tl-rt cc Crisis'. I1 will prid,

the futore cockpit designer with to answer to his interface problem.

Soonver, tile designer should take particular c-re iti semi and fuly ltomat-i svsitts to Ttro tlit are
matched to the capability of the human operator.

1.3 Pilot Interactlon with Automated Sstems

ALtomdted routine pilot FtLnctio sai, -as aut, ati, swith n ki (uring th ztt p - ' ,
and aoto-pil -t tonetions, cnold be dscrihed in ,1 ll y III-IV ilt0, , -,A ,t i 1 v, sot rt 1, I '

,ission urrvi i lity of the air-raft.

Other automated anrtions siIcI ita threat .tnd un-ote to , -rrtie- pu,'eile n
egress rtmtes. Tiheo are the hiiti handwidth stell vine', the piot would he Ill, L i -TL1l1 p
i Ii large tint. , f Iota, -I the ti-sitt -urt i ti lit, ,I the IT r' - ! ill t at -,t 0 -'!1

continuatl atnd rapid asessment of the ctic;,i seent. I t n L s ,ir-th,,r t i- .:i t-
Il portant. There is little p-int in pre [d in rllIT" 1-tt ell ,! 1 t oIa t tllyd t' "I t t t ;)11 It
responsel tinit, due to data ,eitiiT ti , is very ] ,w. Even thtigh th r-i i ti ii I i1 dye iotta '--n 'igli.

processed it is importatt to communicate tit troe itiution icretmes. d is i -
it the pilot has to readt t the oittoation by preeing th, trpece tt t clot i, r,. e c--at L
latncIh his eiponsI The atltr ,ao seen co-tples it I tictital , j: dilj, I 7,, T
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dilscrete event points. As time proceeds thse -tent poiots ire spit , v dT to rder to , aTminiot-. it7

oteralI sitmiatittn awarenesv. Eve a t,-otent's iftracti.n Till r-tu i t smL t: icIt ioutnt It t,, E
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is presented to the )ilot. line possible i spmlay te-liIq e I , gi ven n iet F te 6 ahc, nhte the same three
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display, full colour will be tsed.) Nevertheless, It is still necessary to mets-ire It,, level of sittatiti
awareness that these displays cummtnicate over ad ab-te the erlI presentations. 

t
ven tiugh we do not

yet have defined measures of sttuitltn awareness, perhaps pilot reaction tites are one -tf tite key pirametere
that ould be used is a first order assessment.



2. PILOT CONTROL

2.1 Intuitive Direct Voice Input

Much has been written on the subject of voice control. Indeed, there are many excellent systems available

off the shelf which can achieve a high recognition rate. Application of these systems to the military

cockpit has been siow and generally ( ofined to research vehicles. The restrained pilot will have to rely

more on the spoken command il order to interact with his systems. Although there are questions relating to

the use of voice command in high 'g' levels and high stress situations, it is necessary to consider whether
or not the pilot could use the system to his advantage in less arduous situations.

Most modern aircraft employ some form of centralted briefing system which allows the pilot to enter the

aircraft with a small portable data store containing route information, tactical data and weapon
configurations. This data store is used to brief all the necessary avionic systems and relieve the pilot of

a lengthy and tedious numerical input task. Furthermore, each navigation point may require as many as ten or
more separate data values representing latitude, longitude, overfly height, etc. If the aircraft is
operating from a dispersed or make-shift airfield without access to a briefing ground station, then the

pilot Is faced with a daunting task. Voice control would seem to he a reasonable solution to deal with this

unwieldy moss of data.

Aly roduction in control panel space for whatever reason will require on alterrative means of inputting the

sinle data.

Early efforts with voice input have been directed towards high recognition rates and large vocaholarien. A

somewhat contradictory requirement In a noisy aircraft environment. A spin-off from data bus orientated
aircraft is the large data base that is potentially availahle on board Lhe aircraft and which could he

used to determine the context of the aircraft. this context will typically describe aircraft state, flight

phase vte., all of which could be used as a filter or mask for a speech recogniser'5 vocahulary.

Contextual decoding in -hv 'peech recugolae would redice the ul y of the vocahulary search, and

inrease ieognition accuracy. The total oc-board vocabulary will be very large and could be broken down

into sub-sets according to context requiremests. Studies suggest that this contextual decoding could he

performed with very little computational overhead, providing the whole aircraft system is driven by a
series of Finite State Processsors. (Finite State Processing is dealt with in Section 4.2.)

A technique requiring fur :her research is 'pre-emptive prompting'. Here the pilot would be prompted with

key words appearing on the read-out line on his display. Th-s key wrds wotIt i be those Msst appropriate
for the action currently being formated. If it is not possible to devise a free and flexible syntax

structure, then 'pre-emptive prompting' may guide the pilot through the correct sequence. It still has to he
determined whether or not only command displays are to be permitted. Nevertheless, in the test equipment

world, demonstrations of 'pre-emptive prompting' have proved to be a very effective method of controlling a

complex system. Clearly, the technique coutld be applied to both direct voice input and menu selections

on a display head.

2.2 Eye_ r Control

imploying the eye as a switching mechanism has been proposed for some titne as a hiocvhernetic control
approach that may he used to reduce pilot workload. The pilot would move his line of sight to a contrctI

surfae iv order to select weapons, dispit muides, etc. Eye control would eliminate tie need f r selective

manual responses. Eye tracking and oculometer systems have been in use fir a number of years to assist in

basic workload experiments and in research connected with producing television advertismnts. Early eye
tracking systems were bulky and required a fixed head position, but more recent ly systems have become

sinalir, and therefore do not require a fixed head position, making then more suitahle for consideration as

a cockpit system. Research reprted by Calhorn 1986 has shown that eye switching is a feasible alternative

tv manual witciiIng, and would be foster than a voice activated system. When the pilot is 'hed out' of the
cokplt they eye switching would allow certain essential control tasks tn he completed, without the ptl ,t

having to direct his attention inside the cockpit.

Eye tracking systems are colucerood with saccadic eve movements. These are the rapid ccvugat mvecents by

which we ehi;e fiviti-i{ from ive pota1 to .inotler voutiarilv, and IToulode the uo cod rest ti-u -

moveme-ts ohserved in scauning a visual sceule. Thy arte characterised hy very high iniial accnlrati,-n and

- fl,! delertion A, -i- 1reeslse1c. An ecclilent survey of eye -ouent reccording ceth-,do is
given by Young 197 and 'ii oat b repeated lere.

To ak,t i tlu ohkpit it will he nesary to he alhi t,- trick eve yisitios -5

lilft,- tilt ni ,d p11 ;e ie, ci tf il u in tio levetc. (ui,.i, clv ii the clined coikpit

do-; huecome i ru Tier ,, t bn , i hunt lI[,ttio i tv ] is - I i hi u cefoIlI v ,trlituIi. th-e r intor - sti l

-1u.a111 g u mer ,,t l uuioeurtng ts ih, af integrating the eye tricker iptics with the heIlet nocetod

dispuilay. Boti ste,'ss ull tic to share tllen s ul ptieal path it the cvif ines of a staroiri t lit h ,let

hot fist nt mluv Io,-e t, gt ,f th, holmet.

r;vt -cu,- it ,ru u r . i i- this tr- t ul u uct taud basic huuman fuit'r issue o. A equal y imp rtt- t

u-Iv , I- dd,--l i ,, iittr it I I n ,ri e u- poi int if regulrd -- ,nur with hvluetis untyd uicytis.
If - c tahut Ihit this i,' 1- ,Iti.-vnl, then we must -onsider how to use eve ,lusiti i seving iv tihe
cuiectpi t .

2._3 LoR& IcaI_-L P1iy.lsa l C on-t-roI t n.t

iedlIcrtI-d c, Itro ,rrangd -in supa ra te ctrti panels, (perlorming finer I ,05 such is ,c-mouiat ion

saiigam,-t, rid.-r riding, etc.) have lde rut, existing cockpit fairl rigid with regard to up" t

protocol. xperimental aircratt, with speech recognl ers, still need to have dedicated back-up contrl in

the event if cycechI recngniser fai lure.
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In the cockpit of the future, where there may be a multiplicity of sources of control information such as
voice command, eye fixation, and tactile and aircraft system state, we need some means of managing this
interface. It would obviously be possible to connect these signals together in parallel, but that could
lead to contention in the event of failure or where pilot must over-ride any automatic selection.
Fortunately, if we look to the computing fraternity there is a ready made solution that has been designed
to manage multiple channel access to a finite set of resources. This is the mapping of logical or
pseudo devices onto physical devices. The operating system assigns pseudo devices to the user and
connects them to physical devices. The user never needs to worry about the physical devices, indeed
the physical devices may change according to resource management. Access priorities can be
established easily and avoid conflict. It is a simple matter to apply this philosophy to the cockpit by
assigning the various input systems as pseudo channels, and allowing a cockpit operating system to
effectively manage the resources. The operating system could disable inputs in the event of failure,
and allow backup channels to gain authority. It would seem appropriate to address contextual decoding as
a means of filtering on the control input. (Refer to Figure P.) The author believes that the Finite
State Processing technique as described in Section 4.2 could be used to easily implement the cockpit
operating system. The concept of pilot intent engine has been indicated by Furness, 1986, and It would seem
possible to run this system in parallel with the cockpit operating system, and compare pilot action
with predicted action. This would provide some measure of pilot cross monitoring with perhaps some
form of visual feedback in the event of disagreement.

2.4 Flight Control Inceptors

Irrespective of the type of technology employed for the cockpit there will always be a need for the pilot
to manually fly the aircraft. Active control technology, has removed the direct connection between the
pilot and the aircraft's control surfaces, to ensure that the aircraft remains within the safe part of
the flight envelope whilst auto-pilot functions reduce the amount of time the pilot spends correcting his
course.

Thrust demand can similarly be controlled, and is particularly important for vertical or short take off
aircraft. Even though these automated systems relieve the pilot from cetain tasks, he must still be
able to input demands into the system and be able to achieve control in the event of failure. The VSTOL
aircraft presents a fairly difficult task for the pilot to fly in a semi-automatic or manual mode. The
pilot has to manipulate thrust and nozzle control to maintain the fine balance in the transition stage
between vertical take off and conventional flight. Combat manoeuvrers in the Harrier using nozzle angle
requires manipulation of both thrust and nozzle levers in conjunction with pitch or roll demands on the
stick. The net control interface is rather awkward and difficult to maintain. An integrated
left-hand inceptor with an advanced flight control system which has integrated nozzle angle and thrust
demand onto one assembly will be required. This arrangement will result in a 'natural' control interface
with ample room for the inclusion of several HOTAS controls to compliment those on the stick. Figure 9
illustrates the integrated left hand inceptor that has been used in the ASDR Advanced Cockpit.

Flight control inceptor transducers are particularly vulnerable to the effects of electro-magnetic pulse
(EMP) and lightning strikes. Transducers used to sense either rotary or linear position currently employ

electronic means to sense position. Complete screening against iMP can be achieved, but the associated
wiring remains vulnerable. It is conceivable that the future flight control computer will have pure optical
interfaces with the outside world. All the sensitive electronic equipment would be housed in tightly screen
enclosures.

2.5 Optical Switches

An optical switch system has bee) proposed (patents applied for) and makes use of a small bar code or
similar code etched onto the moving part of the switch mechanism. As the switch is tctivated the bar cod
modulates the light bean that is transmitted over the fibre-optic cable. A remote bar ode reader will

decipher the signal before informing the appropriate control computer. Error correcting and checksum
techniques can be readily applied to the system to Improve the integrity of the overall system. A
refinement of the system will be the utilisation of an optical bus that would be used to connect the
individual switch units together and reduce the anount of interconnecting fihres. A single fibre-optic cable
and bar code reader would thus serve a number of switches.

The resulting switch system will not be susceptible to electro-magnetic interferesce whilst being very
'quiet' In operation with no radio frequency emission.

3. PILOT VISUALS

3.1 Helmet Mounted Displays

Conventional head tip displays tend to have a practical limit on the total field of view they present. This
limit tends to be governed by the size of the combiner or holographic elements used to relay the imago
into the pilot's eyes. The maximum value is around 40 degrees in azimuth and 30 degrees in elevation. The
other disadvantage is that the image is borc-sghced to the aircraft which means that flight
Information is constrained to only a small part of the total 4L steriadian field of view.

Tie helmet mounted display presents an image at Infinity that is bore-sighted to head line-of-sight. The
optical combiner is positioned much closer to the eye than a conventional head tip dis,'ay which results in a
very wide field of view. Either monocular or binocular displays can he considered, each osla-. presentin
Instantaneous fields of view of about 80 degrees in azimuth and 60 degrees in elevation. -, combined
binocular field of view will be 120 degrees in azimth by 60 degrees in elevation, allowing a 2D degree
overlap for tre binocular viewing, with the total field of view being Limited only by a head movement.

The attraction of a very wide field of view is enormous, but helmet weight must be considered. Thp standard
MR4 flying helmet Is Just about acceptable under vonditlons of high 'g' hut any Increase in weight c-osed
by adding helmet mounted displays is clearly goln to be a problem If we consider helmet mounted miniature
colour cathode ray tube (CRT) then we must address the problem of practical display cesolution. The display
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4.2 Finite State Processing

The finite state processor (FSP) is a mechanism for defining system state changes that ressir from
externally or internally generated enents. These events could be pilot inputs or routts from r ioo.;
avionic ssh-systens. The technique is potentially the most powerfl method of specifying and Implen oting
complex system interaction. These techniques hane been used extensively on the Ministry cf Defence Aionc
Systems Demonstrator Rig with significant savings in the production of software. A sT in-off fr,. rte
technique is an unambiguous, yet highly visible system specification that can he us,-d by the system's
integrator or equ ipment sub-c on tractor.
The SP is based on a series of fnte state tables that describe a system via a seriet, of cells, which

define a sequence of actions to a given Input signal according to system state. A complete system may
be represented by a large finite state table, or a number of smaller finite state tables some generating
signals for other tables.

The finite state table comprises a series of cells which define a series of actions. The various states are
listed In rows and the signals are listed in columns. Each eell representing a valid state contains two
entries. In the upper left corner is the state that will be entered when the given signal is generated, and
in the Inwer right hand corner is a po nter to the action requiring to be performed prior to the state

change. For cases where a state change needs to occur without a corresponding action, then the lower right
part of the cell remains blauk, if the system Is in a st te where a particular signal may occur but the
system must not act upon it, then both halves of ie cell must remain blank but separated by a diagonal
line Undefined states remain blank but separated by a diagonal line. Undefined states remain blank, and
shood never be entered. The best way of explaining the technique is by way of an example. Figure 12 shows
a typical comnunication system control panel. The finite state table used in the communication sub-system
is shown in Figures 13 and 14. In the example the FSP state 'SYSTEM OFF' represents the powered down state
of the system. Whilst in this crote the only valid signal is 'POWER APPLIED' which initiates a change of
state to POWERED UP and causes Action 17 to be performed. Action 17 in this case initiates a procedure which
checks whether the active transmitter is on HF or on V/UHF. State 2 is then entered. if the active
transmitter is on H then Action I is performed and then State 3 is entered. Action I causes a state
response to be sent to the avionics bus controller. State 3 is the selection of the HF T/O active hut not
transmitting. If the Press To Talk (PTT) switch is pressed then Action 3 is performed which gases the
transmitter to start transmitting before moving to State 8.

The operation of the FSP relies on discrete event signals initiating state changes within the FSP table. In
some cases it may be necessary to delay or inhibit the generation of signals that normally act directly on
the FSP while the system is in certain states. This is achieved by means of the procedure or process.

Procedure: A procedure can be defined as a series of Instructions that are executed whenever the procedure
is called. Procedures are under normal circumstances, self terminatin and can only be called from within an
action, another procedure or a process.

Process: A process can be defined as a procedure which upon initiation from within an action will
automatically execute at a defined rate until it is halted, either from within a subsequent action or by the
process Itself.

Although the concept of the FSP seems fairly straight-forward the real benefits come from the fact that A
series of software tools have been developed to take the PSPs directly into high level code. The engineer
can design the FSPs using a graphics work station during an interactive session, and generat the high level
code via an automatic program generator. Modifications or additions can he made quite simply. The whole
process being essentially self documenting. Other tools are being developed that will allow cosplete
standalone testing of the newly created FSP prior to generating the code.

By representing an avionic system with hSPs we can build a completely deterministic topresoetation of Ill
the states that the system c-an enter. The author has applied a variation of this technique to nycr Fy an.
control the display moding of a single seat fighter aircraft, Kslawsky '983.

5. VIRTUAL CREW WORK STATIONS

Cockpit designs, as we known them today, will have to change radicallv if we are to retain an advantage
over an aggressor. We cannot be too sure whether the battle will be fought with stand-off missile,
such that th, pilot never sees the other aircraft, or, whether the pilot will be engaged in air to air
combat. But we can be sore that the battle field will he very hstile and fast reaction times will have a
marked effect or the outcome of the battle.

Installation constraints will continue to impose restrictions on the nan-machine interface. Tirvfore,
any solution which overcomes these limitations will increase mission success The virtual -ckpit
which will now be described is such a soution, and could he a ih'eeed with today's rechnolog.

A virtual ce work station is a visual presentation of a control panel, and perhays an outo ie wartI
scene, that I. projected for the operator. The display is generated by a computer graphic machine and
could be projected onto a reflective surface, or presented to the eye via on optical combiner and a series
of lenses. The sstem provides a visual yet virtual representation of a real control area.

Helmet mounted displays and sighting systems to date are only target designation systems to allow
off-bore sight weapon aiming, with perhaps slaving of an off-bore slight sennor. The InitLial role ,f
the helmet mounted display was to generate head stabilised weapon aiming cues perhaps supported by
additional attack symbology.

The concept of a visually coupled system has been published as early as 1980. The visually coupled
system is a display system that is Integrated with i head position sensor so that as head position is
v naried a new helmet nounted display Limage Is compurd, thus A.llowing the possiili ty of space tabilised
imagery to f. presented to the pilot.
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will have to he measured to provide a precise measure of situation awareness.

A basic system architecture is shown in Figure 15.

7. CONCLUDING REMARKS

This paper has alluded to the dilemma facing cockpit designers of future aircraft. An enclosed cockpit along
with protective clothing will limit the pilots ability to Intervc with his systems and maintain an
awareness of the outside world. Recent advances in technology have been lscanssed with a view to identifying
candidate technologies that could solve many of the cockpit designers roblems. There is no doubt that the
next generation of cockpit will have to be based on a considerable amount of human factors research. One of

the most critical areas of research Is the definition and measurement of situation awareness so that it can

he osed in the design process. A series of new design tools will also be required to deal with the
integration of cockpit systems, especially where more automation is demanded.

The techniques of Finite State Processing have been described with particular reference to an existing
system. The applicability to contental decoding has been described but one potential application for future
avionics is the concept of a FSP system that can leat . British Aerospace engineers have conceived the idea
of a large FSP or series of interconnecting FSPs that can update their own cells to provide a self teaching

capability. Little can be said at this stage except to say that the techniques and tools developed to date
lend themselves to this appilcstion. Application to fault colerant or self repairing systems is obvious.

The most significant concept to emerge in the cockpit world is the virtual work st itlon that can be software
re-configured. Since the virtual crew work station is based on a visually c)upled system the cockpit
designer is no longer faced with an inflexible physical structure. The designer wil, be able to -' --- the
pilot's visual capability in a way that has never been possible before. The pilot 'ill be able to interact
intuitively with his systems in a natural manner.

Although this paper has dealt with a single crew station the virtual work station col he applied to any
work station in the future where a human operator has to interact with a machine. The visually rvoplcd
virtual work station will completely revolutionise the man machine Interface as we know it today.
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Figure 1 Mk 5 Advanced Cockpit

a) Front View of AR5

bh Side View of Protective Helmet worn over AR5

Figure 2 Aircrew Protective Head Gear (NBC Hook and Mk 4 Helmet)
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Figure 6 Threat Assessment - Probability of Kill
Good Situation Assessment

Figure 7 Threat Assessment - Probability of Survival
Good Situation Assessment
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PILOT CONTROL DEVICES
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SUMMARY

Advanced cockpit design requires geometry improvements to accommodate greater pilot
percentile ranges, to reduce pilot fatigue and discomfort, to increase G-load resistance,
and to allow a different ejection path.

Simulator trials have been accomplished to optimize the installation positions of control
devices for different seat angles, the control parameters including gain and force gra-
dients as well as the use of force and displacement signals. The simulator results will
be scaled for inflight use. Adaptive gain shaping and a reduction of control forces using
nigher controller damping have been tested.

A method for reducing the risk of loss of consciousness (LOCi and means to increase
pilot efficiency will be discussed.

1. INTRODUCTION

Great advancement: have been made in the development of mission adaptive control
systems, but no serious attempt shows up to fit the pilot's environment to human require-
ments. Looking at present cockpit and control layout, you will find workable compromises
only.

COCKPIT GEOMETRY

There are several new aspects which affect advanced cockpit design.

Anthropometric dimensions - These dimensions increase at a fairly constant rate, but the
flight medical center of the German Air Force recently discovered an unproportional
increase of the upper leg length. This dimension interferes essentially with the ejection
clearance of the cockpit.

Seat ejection path - To avoid back injuries during ejection it is requested to have the
ejection line not only parallel to the back tangent line, but rather at a negative angle
(e.g. CREST program). The resulting ejection path again interferes with cockpit and wind-
shield structures.

Pilot comfort and endurance - A seat back tangent angle of 22 degrees seems to give the
most comfortable and relaxed sitting position for most of the mission phases except short
range air to air combat. Using an adjustable seat in the simulator, the majority of the
pilots adjusted the seat back to 22 degrees, some preferred less but no one more.

Those familiar with cockpit design know that the required anthropometric ranges
cannot be accommodated at 22 degrees back tangent position by the use of center stick and
standard seat height adjustment.

For the simulation trials, however, the control devices have been optimized to fit
the 22 degree seat installation position because some human research development programs
include better adjustable seats.

SIMULATIONS TO OPTIMIZE CONTROL DEVICE PARAMETERS

Being well aware of some fundamental divergences between simulator and inflight
results in the past, efforts have been made to avoid recognized deficiencies.

Therefore every simulation setup was checked, using a very selective handling quali-
ty criterion which also includes the control forces, A lead-lag element of the flight
control system was shaped in order to move the individual setups as close as possible to
the optimum within the level I area.

To compensate the low stress and lack of motion feedback of the fixed-based simula-
tor, a very demanding or even exaggerated pilot task was selected to enforce continuous
closed loop control.
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2. SIMULATOR TRIALS WITH SIDE AND CENTER STICK

The purpose of these simulations was to determine parameters and transfer gain
shapings for future airborne application.

EQUIPMENT DESCRIPTION

A fixed-base simulator with HUD and a single channel visual system were used for the
trials.

The total time delay inciuding all elements was between SO and 90 msec.

The electro-hydraulic force loader for center and side stick allowed the variation
of the following parameters:

control forces maximum velocity
displacements dead band
force gradients friction
breakout forces damping

Force, displacement and rate sensing signals were available for further processing.

INSTALLATION GEOMETRY

The position of the grip reference point in relation to the neutral seat reference

point (NSRP) and the operation axes of the controls were optimized in order to achieve
the highest level of comfort, ease of handling and be operable within the required per-
centile range. The attained installation positions for both applications are shown in
figure 1.

INSTALLATION POSITION SIDE STICK CENTER STICK

Sa back tangent 220

Grp reerence ponI 15 75 I n 400 tr 20 3 in (1S5 ii

lrordof NSRP

Grp referemne vpont 10 6 In (270 9 8 249 )
ao.. NSRP

Offle ,lgh, of cenleIhn. I 1 8 in (300 -1 0 4 110c

Plane of pitch siemrn
9m rel-ton to X &-i ISO clock wie19 50 cc

n .u-n 1. Z Acs 1
4 5' cloil se 8 r scc

PI.-. o n cell c1crmng 19 cOnter clckw'sn

ial'cn I.o Z

Figure 1

Note that the operating axes attained for the center stick installation are diffe-
rent from conventional use, but were positively accepted or even passed unnoticed by

pilots used to standard geared center stick installations in fighter aircraft for up to
20 years.

SIMULATION SETUP

Pilot task - The pilots had to track an airborne target which was programmed to execute
40 fairly erratic maneuvers following some steady fl 'ht phases. Figure 2 shows an
example of the targets flight behaviour.

8'vs

0.

Figure 2 Target maneuvers



Frequencies and rates for pitch and roll commands were varied considerably and the
maneuvers have been rearrarged on a random basis, for every run, to avoid control antic,-
pation, forcing the pilots to a closed loop interaction at any time. The task was also
set up to exceed real flight situations in magnitude and duration in order to compensate
the low stress fixed-base simulator trials.

Control input limitations - To minimize distractions caused by the requirement for addi-
tional control manipulations, the power control was done automatically, the rudder con-
trol disconnected a-d a fixed sight was used.

Selection of control parameters - Because it is virtually impossible to change all rela-
ted parameters within one simulation campaign and still achieve a statistically relevant
number of ratings, some factors had to be preoptimized, such as control friction, break-
out forces, dead band, damping and switch-over points.

As shown in figure 3 for the side stick and in figure 4 for the center stick, a
large number of positions within the initial force/gair and force/displacement diagrams
have been selected to shape the total gradients used for the simulator trials.

Figure 3 also shows the recommended boundaries of previous inflight simulations
downscaled for fixed base simulator use.

• [ ,.. -- /_ T T

/ E O l

.. . . 1 I- - -- -- +

I nc Osruc/s

+_ i

Figure 3 Side stick gradients

Figures 4 and 5 show, in addition to the selected positiors, the downscaled gra-
dients of experimental and operational fighter aircraft in use (02, 2, 04, 4) as well as
the lower dynamic and static boundaries according to MIL-C-9785C.
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Figure 5 Center stick gradients

Gain shaping - or the initiaI force/gain gradients line used for ptc+l

21 61 404 8 _~sopsw

and nd up to 8 percent of the total mneuverl for the side stick and

15 percent for the center stick. The remaining potential is controlled via a parabol c
shaped gain gradient. This approach was used to attain the necessary scaling for preci-
sion tracking in combination with acceptable force levels at the maximum maneuver points
and to avoid corners at the switch-over points. These points have been preoptimized and
it was amazing to see that the preferred initial force/gain gradient was larger for the
side stick compared with the center stick.

Control forces and roll asymmetries - As a reference for the selection of control
forces, all available information on experimental and operational fighter type aircraft
have been considered. The forces for roll command inputs to the right have been reduced

until both directions were reported to require similar effort (Figure 5).

Flight control system - Pitch and roll rates have been used as main control parameters

with maximum attainable G-load, angle of attack and roll rate as limiting factors. During
every cycle the maximum attainable loads and rates ha,,e been -omputed as a functicn of
airspeed and the direction of airflow. The gain shaping then was adjusted to achieve
correlation between maximum stick force/deflection and the momentary aircraft potential

in any phase of flight.

By these means the flight handling characteristics are almost similar to a conven-
tionally coritrolled aircraft, and any distracting dead-stick portions - with the pilft
out of the loop - are avoided. Figure 6 shows an example of the force/gain shaping for
the roll and pitch command signals the asymmetric roll forces and the matching to the
momentary maneuvering potential give the pilot the opportunity to sense the aircraft

potential without wat oing indicators.

o , i 4/
PITCH

CO N COM N l
_ i/

FORCE ront 01 ,

6 2

FORCE L i

Figure 6 Example of force/gain shaping



To measure the pilots' command inputs, force and displacement sensing arrangements
were available, as well as the combination of both.

Flight handling criterion - To compare stick parameters and transfer shaping it was
necessary to have identical handling characteristics with changing force/gain gradients.
Looking for a criterion to determine the handling qualities of a digital flight control
system including control forces and aircraft parameters we found the Phase/Gain Margin
Criterion the most selective (Reference 2 and 3).

Figure 7 shows the BODE plot where the Phase/Gain Margin Criterion takes the pha~e margin
6m at the crossover frequency, the gain margin Gm at the 1800 phase point and the maximum
overshoot of the frequency response IGImax.

10dB - 0d

dB 0 GAIN/ PHASE

MARGIN
CRITERION

B BANDWIDTH
90 CRITERION

Am1l d 03 PIO CRITERION

01 0.5 1.0 -Ph -0 f[Hz 50

Figure 7 BODE diagram

By adjusting the lead-lag element of the flight control system, it was possible to
shift most of the force,'gain combination to the area of the expected optimum for figlhter
type aircraft within Level 1 (figures 8 and 9).

For the side stick arrangement the shapings number 23-27 and 74-77 exceed the
Level I area of the gain/phase margin diagram. Number 74-77 also exceed the Level I
boundary of 10 dB for the maximum frequency overshoot. For the center stick the shapings
number 2, 04, 4M and 11-14 also exceed the Level 1 boundary of the frequency overshoot.

35 o.-.'

30-

I.0 - - xpecied opiimum\ I'" i.m: I f o( fighter type of airc iaft

25 - LEVEL I-

o20 ---

7 80 90. LEVE 2 i 2

LEVEL 2

6 m [D~eg

PHASE MARGIN

Type of m InI Grn [dBJ IGIrn IdB]
shaping

2 = 23 .26 96.5 35.1 201
3 33... 36 923 322 3.9
4=43 .. 46 1013 29; 78
5-53 56 10 4 291 9.6
6=64 67 1047 272 96
7 . 74 .77 1084 248 122

Figure 8 Side stick
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LEVEL 2

LEVEL3

70 g0 90 100 110 120 130 6mOgl

PHASE MARGIN

Type of 6m  I Deg] Gm 1d8 wC Irad/seclI IGImux IdBI
shaping

DK.02 99.480 29.7363 0.4924 .5800
DK.2 103.8127 291407 0.6654 13.9883
DK 04 101.9304 26.6711 1.0817 19.0779
DK,4M 98.9399 23.6093 1.5720 22.8522

K .11.14 104.4526 28.8845 0.6355 13.3432
DK,21 24 98.9019 30.4964 0.5254 9.9859
DK.31 34 97.5827 30.3590 0.4627 7.1676
DK.41 .44 103.4325 28.4512 0.4362 6.0304

Figure 9 Center stick

SIMULATOR TRIALS

Every setup was tested to the point where the respective pilot was sure of his in-

tial rating. Thereafter the complete target program was started and the air target had to

be tracked as close as possible. After every simulator run, the pilot was asked to rate
this setup using the Cooper Harper Rating and a refined Pilot Opinion Rating (figure 10).

- .u s'.. s s v e ,

,Cd,,, ,;, mt,00 ' .tr -

0,, ,.cooot qooo 4,,., 0., ~

F r 3

ofosimulatoroime-,as used

- On., , ~ o c.,x 0

Figure 10 Pilot opinion rating

Pilot background

Fo r the side stick trials 7 pilots were availabe; 4 pilots were holdtng a class I
flight test ratin and 3 are experienced military fighter pilots. Approximately 50 hours
of simulator time was used.
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The center stick trials have been accomplished by 10 pilots - 4 flight test and 6
operational military pilots. A total of 110 hours of simulator time was used.

The individual rating as an average of the Cooper Harper and the Pilot Opinion
Rating and the average ratings of all pilots are shown in figure 11 for the side stick
and in figure 12 for the center Stick.

In addition to the individual ratings, 10 task related parameters have been collec-
ted at every computation cycle and accumulated over the total task period to see whether
there was any correlation between individual ratings and obvious tracking deviations.

454b 11 45 54 145 5b 15 .4 -4 153 363 1 S 1 4 3 432 L35 bi 17

tp

C33

Figure 11 Side stick ratings
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DISCUSSION OF RESULTS

Compared with similar simulation trials the spread of the individual ratings can be
considered normal. But as the number of pilots gave a sufficient data base, the average
ratings point fairly straight towards a specific area of the force/gain and force/dis-
placement diagrams.

There are two possible explanations for the relative, low overall rating

m The tracking task was exaggerated on purpose to enforce closed loop control

0 Some roll/yaw coupling effects of the aircraft model which were slightly distracting
especially during rapid reversals.

Side stick - It was amazing to see that the best ratings among the side stick results
showed up for the initial force/gain ratio of 4 and 6 Lbs/G in the area of 15 to
17 Lbs/inch for the force/displacement but the setups at 5 Lbs/G were downgraded
(figure 3). The reason of these rating deviations was uncovered to be that, because of
the shapings of force/gain and force/displacement gradients, the displacement/gain
gradient ended up with a reversion point. Thus we learned that the human controller is
not only sensitive to force/gain shaping but to displacement/gain shaping as well.

Another main difference between the best rated shapings number 46 and 66 M was an
increase of damping for pitch command input by a factor 10 for number 66 M.

During the side stick trials mainly the force sensing signals were used to drive the
flight controls system but some tentative simulations showed that a mix of force and dis-
placement signals would improve the ratings.

Center Stick - The center stick simulations showed the best average rating at approxi-
mately 2.5 Lbs/G for the initial force/gain ratio and 7 Lbs/inch for force/displacement.
For most setups a 12 times higher damping factor for pitch control compared to roll con-
trol and a blended force/displacement sensing signal was used (figure 13). The forces for
roll input right were reduced and a noticeable difference between the dead band required
for pitch and roll commands was discovered.

FORCE SIGNA*LPTC

CONTROLCOMMAND

T 
DITESPLCMN

Figure 13 Force/displacement blending

The additional letter markings behind the shaping numbers in figure 12 stand for:

O ... equal damping for pitch and roll commands
F ... force sensing signal only
G ... reduced force/displacement gradients for roll inputs to the right.

During the first portion of the simulation trials setups which attained level 3
ratings were dropped.

After continuous comments like 'forces to the right feel heavy and not harmonized'
with a reduction to 66 percent of the forces for left roll commands, the force/displace-
ment gradient to the right was reduced maintaining the previous forces until it felt
equal in both directions.

Comparison between side and center stick results - Looking at the diagrams of figure 14
and 15 which show the best rated simulator solutions scaled for inflight use, some
remarkable differences can be seent

Initial force/gain ratio

5.1 Lbs/G for the side stick
3.75 Lbs/G for the center stick
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Forces

Slightly higher forces for the center stick for pitch steering but smaller forces
for roll control compared to the side stick.

0SD STICK-

ROLL ROLL/
m N .,. -- F AS O ESAT ON

-Em m PITCH . .

Figure 14 Side stick results scaled for mtflight use
116

$ CENTER STICK

O RIGHT "%/ILR.. /i C-GLOAD COMPeNSATiON

... ,:/I. IO

ED I

Figure 15 Center stick results scaled for inflight use

Di spl acement

In general, the displacement for the center stick turned out to be twice the size
compared with the side stick, 1.7 inch (44 ee) versus 0.8 inch (21 mm) for pitch and
left roll.

Force/displacement ratio

The side stick gradients for pitch and roll deflections are almost identical and
show no differences between left and right roll steering. For the center stick, a
definite reduction from pitch to left roll and to right roll input can be seen.

3. RECOMMENDATIONS FOR INFLIGHT USE OF 6-LOAD COMPENSATION

Figures 14 and 15 depict an area marked 6-LOAD COMPENSATION. This, of course, was
not tested in a fixed-based simulator, but figure 16 shows the dip of the human load
factor tolerances starting at the point where residual oxygen is no longer sufficient to
the point where body compensation takes place. A workable solution to get around thin dip
and avoid or compensate the pilot's loss of consciousness In to program the flight con-
trol system to reduce the initially commanded 6-load automatically, along a present time |
scale to a more tolerable level, unless the pilot is overriding this function with
increasing control force. In this manner the flight path behaviour Is also similar to a
dynamically stable aircraft.

IF PITC

E JNI
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Until the moment when unmistakable medical indications of approaching LOC were dis-
covered, this type of load compensation could be used mainly because the muscle tension
was found to be kept constant for an extended period of time after LOC occurred.

To command emergency G-load conditions or angles of attack in excess of maximum
lift, further increase of control force will be required.

LOAD FACTOR COMPENSATION LOADFACTOR TOLERANCES

LOC
Iol Fgen

- - - --
N. ~p-u breathin

.. ~ ~ -- / yQP. Gnn sun

r Cardioasular iisilnsn

t j/d,0""u..J

.. 0 5 su 15 2; 25

Figure 16 Example of G-load compensation

MECHANIZATION OF CONTROL DEVICES

During the simulation trials all parameters have been used and optimized from the
point of view of simple and inexpensive mechanization for inflight use to avoid additio-
nal equipment and systems being installed, just to generate unnecessary sensations to the
operator.

Friction was reduced to a point which may be expected from the mechanized device.
Velocity limit was set to a setting where it had no influence on the rating. It also was
found that varying slopes for the force/displacement gradients were not required.

Damping was kept at a constant value and differed only for pitch and roll control.

Therefore only a simple spring and damper arrangement is required for airborne
installations.

Blending of force and displacement signals - The simulations showed that the blending of
signals improved the handling of momentary response and precision tracking for most of
the gradient combinations.

Figure 17 shows a scheme of the signal shape as a function of rate and damping.
Plots showed up to 70 msec spacing between signals at maximum manual input rate. This
indicates that there is room for optimizing the system to the pilot inputs - especially
rate and size - to fit the momentary aircraft potential and the pilot's intentions.

FORCE / OIP
LA

CE
M E NT

SIGNAL DI~ ,'SIGNAL

Fie1

Figure 17



25-11

Safety aspects - As the installation position of force and displacement sensing trans-
ducers may well be separated and either package is sufficient for aircraft control, there
is additional redundancy in case of damage. Even a totally stuck controller will allow
aircraft control at slightly degraded modes.

Active control devices - Using optimized signal blending and gain shaping an advantage
for the application of an active control device is not visible, only disadvantages, viz.
extra weight, cost, complexity, additional time lags and flight safety risks.

Arm rest - The center stick installation should be arranged to give the majority of the
pilots the chance to rest their arm on their right upper leg.

For side s'ick installations an armrest is mandatory. The armrest has to be adjust-
able to fit all anthropometric dimensions and compensate normal and sideloads. Up to this
point, it was self-explanatory, but simulations showed that tracking performance as well
as pilot ratings improved with an armrest installation that supported but did not lock
the natural geometry of movement. At the same time it was found that the movement of the
armrest must by no means introduce additional motion patterns.

This may require adjustable pivot points and well defined force/displacement
gradients for maximum pilot comfort.

4. INCREASING PILOT EFFICIENCY THROUGH WORKLOAD REDUCTION

Information display and system handling - Due to increasing specialization and diversi-
fication of equipment sLppliers as well as new or additional system functions, we see a
culminating tendency to increase the number of information and controls in the cockpit.
This increase of workload causes a decline of pilot efficiency.

The introduction of data entry keyboards optically reduced the number of controls
and switches but did not reduce workload because the pilot has to memorize codes and is
forced to identify optically numerous push-buttons which takes more time than flicking a
designated switch.

Therefore we must look at any system function and information requirement for the
primary and secondary mission to identify sequential, parallel or commonly triggered
functions to reduce the controlling effort.

If, for example, the pilot wants his aircraft to be electromagnetically silent, it
does not make sense to page half a dozen system layouts to the displays trying to iden-
tify the respective RECEIVE ONLY switch, whereas a single button press 'SILENT-ON, as
HOTAS function can take care of all active systems at the same time.

Any detailed analysis of system functions and operational requirements will uncover
numerous possible interconnections and means to streamline the controlling effort to
improve pilot efficiency.

Data input inflight must be kept at an absolute minimum, which means manual entry of
frequencies and codes for communication, navigation or identification will not occur
during a standard operational mission. Every effort must be made to have sufficient per-
manent and premission storage capacities available and have the required data either
automatically available or easily accessible.

Tentative research work at our simulator shows that Direct Voice Input may be a use-
ful means for data input but only under relaxed environmental conditions and not on a
routine basis.

HOTAS functions - Parallel to automatic system functions optimized HOTAS arrangements
are considered the best means to increase pilots efficiency. Rut on the assumption that
the hand position at stick and throttle tops must not change and all switches must be
accessible throughout the anthropometric range, only a limited amount of functions is
available. In addition, switch handling must not interfere with aircraft control and
simultaneous switching functions at the same grip should be avoided.

In order to have immediate, unrestricted and unobstructed access to any switch -
which is of vital importance especially during air to air operations in a multi-bogey
environment - no additional safety covers or guards (like late arm switches etc.) can be
tolerated. The required operating speed for associated functions in combination with
rapidly changing body positions, introduces the risk of repositioning these obstructions.
Which means the switch functions are not available if required and there may be no second
chance.

Figures 18 and 19 show possible arrangements and functions. Especially the 4 and 5
position switches and force transducers allow various related functions, e.g. combined
control of sensors, seekerheads, HUD, head-down display and helmet mounted sight.

These stick and throttle tops are in operation at the simulator cockpit. Future
trials will be required to achieve the integration of main function and deviations
thereof.
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Figure 18 Stick tops for HOTAS function
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ACTIVE AND PASSIVE SIDE STICK CONTROLLERS:
TRACKING TASK PERFORMANCE AND PfLo0 CONTROL BEHAVIOUR

by

R.J.A.W, Hosman and J.C. van der Vaart
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Delft University of Technology

Delft - The Netherlands

SUMMARY

A servo controlled side stick featuring hydraulic actuators with hydrostatic bearings
was developed at Delft University of Technology. Due to its smooth operation, low noise
characteristics and high bandwidth (70 Hz.), a great variety of dynamic characteristics
(apparent mass. damping and spring force gradient) can be simulated. This research tool
can very conveniently be used as a conventional "passive" stick to assess, for instance,
the desired side stick dynamics for future Fly By Wire aircraft.
Still more important is that with a servo controlled side stick, stick force and stick
displacement can be controlled virtually independent. This characteristic can be used
for experimental research to investigate the perception and feedback of stick force and
stick displacement by the pilot's neuromuscular system in the control task.
After a short description of the side stick controller hardware, results of a tracking
experiment in the Aerospace Faculty's moving base flight simulator will be presented. Ii
this experiment the side stick was used as a passive as well as an active (aircraft
output feedback via the stick position) controller. Considerable improvement in tracking
performance and significant changes of measured pilot control behaviour were found for
the "active" when compared to the "passive" control stick.

1. Introduction

A recent paper by Johnston and McRuer on Limb-Side Stick Dynamic Interaction on Roll
Control gives a review on the problems encountered in almost every new aircraft with Fly
by Wire control systems. See Ref. 1. Pilot induced oscillations, roll ratchet,
biodynamic interactions, etc., are well known problems often highlighted in literature
during the last decade. Interaction of the high performance flight control systems and
neuromuscular system dynamics seems to be the major cause of these problems. Besides the
roll control problem just mentioned, it is known that the development of the side stick
in the Fly by Wire controlled Airbus A 320 did raise many questions from the evaluation
pilots of the airlines and still does so.
At the Faculty of Aerospace Engineering of the Delft University of Technology a long
term research program directed to a better understanding of pilot's behaviour in
aircraft control was started around 1980. The program is especially direcLed at the
information processing by the pilot when controlling the aircraft. Since th information
processing by the human controller starts with perception, the research program was
initially aimed at the perception of the motion state of the aircraft. This work
provided insight in motion perception from central and peripheral visual cues
(instruments and outside word) and vestibular (motion) cues but also provided methods
and experience in investigating the pilot's use of these resources when performing his
task. See Ref. 2.

After the success of the initial program on motion perception a second program directed
on pilot's certrol was started. It was realized that in order to investigate the control
behaviour - eopecially the way the pilot generates his control output and how he reacts
on the per-ived stick force and stick displacement - a special manipulator had to be
built to obtain the possibility of modulating subject's control output during laboratory
experiments. It was decided that a servo controlled side stick was most appropriate for
this purpose. The advantage of such a ianipulator is that the stick force and stick
displacement can be made independent. This yields the possibility to influence
subject's output generation. Given the broad experience on electro hydraulic servo
systems available at the University, obtained with flight simulator motion and loading
systems, the development of a electro hydraulic servo controlled side stick was started.
Electro hydraulic servo motors have the advantage of a high bandwidth (w. qO Hz.) of
the position control system and therefore can generate fast changes of stick position.

With such a side stick the following research subjects can be tackled:
- static and dynamic characteristics of the neuromuscular system of the arm
- design criteria for side sticks i.e. zero position, maximum deflection, breakout

forces, spring stiffness, damping etc.
- the use of the side stick as a passive or active manipulator.
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The first step was to develop a single axis servo controlled side stick based on a
modified servo motor of the electro-hydraulic control system of our laboratory aircraft.
In addition a literature study on the ergonomic aspects of side stick controllers was
performed. See Ref. 3. Some experience with that single axis side stick was obtained and
is reported in this paper.
After the design of the single axis side stick control system was completed, see Fig. 1,
a two axis side stick was developed which side stick is now available for research. See
Fig. 2.

So far two experiments have been performed with the single axis side stick. One was
directed to the perception of static values of stickforce and stick displacement. This
study showed clearly the asymmetry in the sensors of the neuromuscular system when

perceiving static stick force and displacement in the roll axis.
The second experiment was a tracking experiment to investigate the influence of the
feedback of perceived stick force and stick displacement on the tracking behaviour of
the subjects. As will be shown in this paper a remarkable change in control behaviour

and performance can be obtained if suitable variables are fed back to the subject by way
of the stick position.

In the next chapter the principal difference between passive and active side sticks will
be discussed. In chapter 3 the test facility and in chapter 4 the tracking experiment
will be described. The results are given in chapter 5 and in chapter 6 the conclusions
will be drawn after a short discussion.

2. Passi-e and Active manipulators

In the tracking experiment reported in this paper, the side stick was applied as a
passive and as an active controller.
Before going into the details of the tracking experiment, it seems appropriate to stress
the distinction between the two controllers. When a servo controlled manipulator is used
to simulate the dynamic characteristics, breakout forces. etc. of a side stick as used
in a fly by wire controlled aircraft, such as the F 16, then it may be called a passive
side stick. In Fig. 3. it is shown how a passive, servo controlled side stick fits in
the control loop. The measured stickforce is the input to the model of the side stick
dynamics in a computer. The stick displacement, the model output, is the control signal
to the aircraft, as well as to the position control loop of the side stick.

In the last ten to fifteen years research has been performed at a number of research
institutes on the subject of so called active controllers. See Refs. 3. 4, 5 and 6.
Although the meaning of the term "active controller" may vary among authors, common to
all active controllers reported in literature is the use of a servo system for the
control of the manipulator. In this paper the term "active" is used when the stick force
is the input to the aircraft control system and an aircraft state or output variable is
the input to the position control of the side stick. See Fig. 4.
In case of a passive side stick the side stick deflection is the control input, whereas
in case of an active stick the deflection is proportional to system output or an
arbitrary combination of state variables.
Stated differently, see Fig. 3. and 4, with a J.ssive side stick a pilot feels simulated
stick dynamics. With an active side stick, he "feels" aircraft dynamics, since they are
included in the feedback loop. (If control surface deflection is considered as an
aircraft state variable then conventional mechanical controls would fall into the
category of active controllers.)
If, for instance, the lateral deflection of an actual side stick is equal to aircraft
roll angle and the lateral stick force is the input to the roll control system, then the
pilot can stabilize the roll angle by holding the stick in a fixed position. A deviation
of the aircraft roll angle will give a deflection of the side stick. The pilot will
automatically exert the appropriate force on the stick and correct the roll angle
deviation by simply holding the stick fixed in the same position. One might say that the
pilot virtually holds the aircraft in his hand.
By including the active side stick in the tracking experiment, a comparison of the
different feedback methods of passive and active side sticks, in one experiment, could
be made.

3. Test facilities

The experiment was performed in the research flight simulator of the Faculty of
Aerospace Engineering of the Delft University of Technology. See Fig. 5. In order to
limit the number of experimental conditions in this preliminary exp(riment, the motion
system of the simulator was not used. The subject was seated in the right hand seat and
held the side stick in his right hand. See Fig. 6. The system dynamics of the roll

control task was a double integrator (K/s ) see chapter 4. The roll angle was displayed
on a CRT display (simulated artificial horizon) In front of the subject. See Fig. 6.
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The manipulator used in the experiment was a single axis servo controlled side stick
already mentioned in the introduction. See Fig. 1. The position servo was an electro
hydraulic servo motor with hydrostatic bearings with a Coulomb friction of approximately
I Newton. The maximum deflection of the side stick was t 30 degrees. The position of the
servo motor piston rod is measured by using a L.V.D.T (Linear Variable Displacement
Transducer). The control of the servo motor was obtained with a Moog electro-hydraulic
control valve. The position control loop is shown in Fi. 7. and the electronic
components of the control loop are positiored close to the side stick. The dynamic
characteristics of the position control loop can be described by a second order system
with a natural frequency a, = 70 Hz and a damping ratio = 0.5. The measured transfer

function is shown in Fig. B.
The stick force is measured with strain gages so that they are sensitive only to a force
exerted laterally on the stick and not sen,;itive to a moment. In case of a simulation of
a passive side stick, the stick force is the input to the side stick model. This model
may include second or higher order dynamics and non-linear components such as a breakout
force.

If the dynamic characteristics of the simulated side stick can be described by a second
order system then:

F(t) = my(t) - w((t) * cy(t) (3.1)

where F is the stick force and y is the position of the piston rod of the servo motor.
Due to the geometry of the side stick the transfer function describing the relation
between the stick displacement s. in degrees and the stick force F a in Newtons is:

S (s) 1000 ( 2)

Fa(S) as, - ws c

There in: m simulated mass
a = simulated damping
c = simulated spring stiffness

For stability the simulated mass m and damping are limited to; m : 0.5 kg and w I K
Nsec/m.
The spring stiffness can be varied over a wide range of values, provided that the
natural frequency of she simulated dynamics remains well below the natural frequency of
the position control loop (w,= 70 Hz). See ram a summary of 'etails Table I.

Passive or active side stick dynamic characteristics were simulated with the analog part
of a EAI Pacer hybrid computer.

A Textronix 604 CRT display was used to di spla a simple riificial hocrion. See Fig. .
The repetition rate was 250 times per second. Th image was g-,aerat,.d ty toe noa )g part
of the hybrid computer.
The digital part of the hybrid computer was used to control ti. -expe, imnt . gr'
the forcing function, to record the measurments during the p'. dr uc'mc: c,, the. c,'nt mel
tasks and to process measured data.

14. Thee eriment

The aim of the ,xper iment was to cmmpare the subject 's performane and contro I he,: lour
in a tracking task using the servo controlled side stick simulating difmerent side stick
dynamic characteristics and to investigate the influence of stick force and or stick
displacement feedback. The rather academic dynamics of the roll control task (equal to

those of a double integrator (K/s i). were chosen simply because much experimental data
is available in the literature, see Ref. B and 9. In this way results could be compared
with others obtained with the same system dynamics.
Two distinct control tasks were used in the experiment. In the first, the disturbance
task, the disturbing function was made to act on the controlled system, as shown in Fig.
9. This task is quit comparable to the case in which the pilot stabilizes an aircraft in
turbulent air. In the second control task, the target following task, the displayed
signal on the artificial horizon e Ois the difference between the forcing function i and

the roll angle 4 of the controlled system. See Fig. 10.

Three passive side sticks with different dynamic characteristics and two active side
sticks were used in the experiment. See Table 2.
The first passive side stick is a simulation of a isotonic or postion stick. It is
simulated by a second order system with a spring stiffness equal to zero and a mass m
0.5 kg and damping w = 5 Nsec/m. The describing function between the input stickforce F

and the output stick deflection s is:
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Sa(S) 2000 (4.1)

F a(s) s(s - 10)

The second passive side stick is a simulation of a hardware manipulator developed by the
National Aerospace Laboratory N.L.B. in Amsterdam for research applications. See Ref.
10. The static relation between stick force and stick deflection is given in Fig. 11.
Between i 18 degrees stick deflection the dynamic characteristics can be described by:

Sa(S) : K (4.2)

Fa(s
)  a 2 s -

where in w = 20.8 rad/sec anu C = 0.95.

The third passive stick was a simulation of a isometric or force stick by simply keeping
the stick deflection fixed to zero.
Th,, input signal for the system to be controlled in case of the isotonic and NLR stick
is the stick deflection, while the stick force is the control input in case of the force
stick.

The stick deflection of the two active side sticks used in the experiment were

proportional to the roll angle 0 or the roll rate 4. The choice of the roll angle # will

be clear from the example given in chapter 2. With the feedback of the roll rate * to
the side stick position, the subject feels the roll rate of the simulated aircraft
dynamics via the stick displacement. The control input for the system to be controlled
was the stick force F

The gain of the system to be controlled Hc K/s was K = 4 when the stick deflection a

was the control input and K = 12 when the stick force was the control input.

The forcing function consisted of th( um of ten sinusoids whose frequency. amplitude
and phase are given in Table 3. The standard deviation of the forcing function was a.

1.975 degrees.
Two subjects, one university student with a commercial pilot license and experience on
general aviation aircraft and one university staff member, qualified jet transport
pilot, volunteered in the experiment. Lutensive training was done until stable
performahce. as expressed by roll angle or roll angle error standard deviation was
reached.
All ten experimental conditions, five side sticks and two control ta~ks, were performed
during the final measurements. Both subjects performed the disturbalce task. one subject
the target following task. Five replications of each combination (side stick, control
task and subject) were recorded, in total 5x2x5 = 50 runs for the disturbance task and
5xlx = 25 runs for the following task were reccrdd and analysed.

Each run lasted 110 seconds of which the last 82 seconds were recorded. From ach run
the standard deviation of the control signal, F. or sa and the standard deviation of the

roll angle $ or roll angle error e, were computed. In addition the subject's transfer

function H (ju) )between subject's input and output was computed. From the open loopp
transfer function H c (jui the crossover fr-quency uc and the phase margin Om were

determined.

5. Results

In Fig. 12. the standard deviations of the roll angle I or the roll angle error e, and

those of the control signal Fa or sa are given for both control tasks and the five

simulated side sticks. For both control tasks with the passive side sticks the subject-
have the best tracking performance with the force stick. Active side sticks show a
distinct improvement in tracking performance relative to the passive side sticks. Better
performance also corresponds with a decrease of the standard deviation of the stickforce
(control input). Performance improvement with the active sticks in the disturba:ice task
could be expected because subjects can stabilize the controlled system by simply holding
the stick fixed in the mid position.
In the target following task however, the subject has to follow the forcing function i.
Given the small value of the standard deviation of the roll angle error, it must be
conceived that the feedback of the roll angle or rll rate in the position of the side
stick distinctly gives the subjects extra information which they apparently use to
improve their tracking performance. The standard deviation of the roll angle for both
active side sticks is approximately equal to the perception accuracy found in perception
experiments with the same artificial horizon display. See Ref. II. Hence accuracy of the
performance obtained seems to be limited by the perception accuracy.
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The dynamic behaviour of the subjects changed only slightly due to the different
dynamics of the passive side sticks, as shown by the open loop describing functions in
Fig. 13. As could be expected from the results of experiments reported in the
liLeature, see Ref. I, the gain and phase of the open loop describing function for the
force stick provides the highest phase margin and gain margin.
The dynamic behaviour of the subjects changed considerably when chan-ing from the
passive to the active side sticks. This is clearly demonstrated by the changes in gain
and phase of the open loop describing function H pHc(J) in Fig. 13. These changes lead

to an increase of the crossover frequency .. and/or phase margin 0. as shown in Fig. 14.

The large difference in phase margin Im between the active side sticks with roll angle

and roll rate 0 feedback is nut surprising bearing in mind that in the frequency domain
roll rate leads roll angle by 90 degrees. In the disturbance task the phase margin
remains approximately equal for all five side sticks, while the crossover frequency
increases. For the target following task the changes in the crossover frequency ad
phase margin are just reversed. This phenomenon is also found due to the influence of
cockpit motion cues although it is stronger with the active side sticks than with
motion. See Refs. 2. 9 and 13.

6. Discussion and conclusions

The results of the experiment presented in the present paper show that a servo
controlled side stick, as developed at the Faculty of Aerospace Engineering of the Delft
University of Technology. provides the possibility to simulate a wide variety of passive
side stick dynamics. This offers the opportunity to evaluate proposed side stick
dnamics for future Fly by Wire aircraft.
In addition it has been shown that, when using the servo controlled stick as an active
controller, feedback of aircraft state or output variables offers a possibility for
improvement of handling characteristics and workload reduction which is worthwhile to
investigate further.
Looking in more detail at the results of the expe-inent it is clear that changes in
feedback, from passive to active, via the neuromuscular system have a direct influence
on subject's control behaviour. This is basically not due to the change in the feedback
path, but due to the characteristics of the neuromuscular system, a "smart" system which
may be used more effectively in aircraft control. More fundamental research is necessary
to understand the way the neuromuscular system interacts with the information processing
the pilot performs in aircraft control. The physiology of the neuromuscular system is
well known but speed and influence of the feedback of the stickforce and stick position
on the perception and control nt the aircraft state is still unknown.
As shown by the results of the experiment described in this paper, the use of an active
side stick in s tracking task provides the subject with distinct information which he
can not obtain with his visual system from the artificial horizon display. This
observation is not sufficient to explain why proper feedback of a state variable in the
position of the manipulator helps the subject to improve his control.
There is a striking similarity of the influence of the addition of real motion cues to
the artificial horizon display, see Refs. 2 and 9. and the change from a passive to an
a-ti-e manipulator on the change in subjects dynamic behaviour and performance. The same
changes in subject's performance and transfer function and corresponding crossover
frequency wand phase margin 05 were found ;'or both the disturbane' task and the

following task as in the present experiment, see Fig. 15. IP has been shown, see Ref. 2,
that in case of the addition of motion cues the improvements are mainly caused by a more
di rect and faster perception of rate. enabling subjects to generate lead and or to
decrease their effective time delay. In the normal frequency range of aircraft movements
the outpit of the vestibular system leads the rotational rate signal, hi it has to be
perceived from the artificial horizon or the outside world. Py approximately 150 msec.
Given th" .ncrease of the phase angle as shown in Fig. 1 3 when comparing the active sIde
stuvks with the force stick. a tentative conclusion could be that the change in control
behaviour of the subjects between the use of th" passive and the active manipulators is

anused by a lead of the neuromuscular feedback of the controlled variable relative to
'be vsual ',f dbck,

-mo.sr...ig the results of the tracking experiment as described in this paper it c;n be
-', .. i i that:

- a srvo con trol led side stirk is an ideal Ioonl for the Ivaluat ion of proposed passive
, ' si ! -k dynam i s.

- active side sticks (feedback of aircraft state variables in the stick position) offec
the possibility of improved hand) ing characteristics and workload veduction which has
"0 be i "r. i ated fuarther.

- the improved tracking performance and increased lead in pi lot 's descr ibing funct ion
due to the active side stick seems to be a result or the dyno:mics of the neuiroauscUlar
sys tem.
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Table 1. Details of the position servo.

MOTOR
piston mass m = 0.495 kg
piston surface A 0.13 10 m

maximum stroke S 0.06 m
max. piston

velocity y = 0.47 m/s
max. force (restricted) F = 100 N
hydraulic pressure p = 210 Bar

CONTROL VALVE
Moog series 30 type 235A
.. ,a - .i-4. w.= 1050 rad/s

damping = 0.90

max.flow Q = 7.0 10 m s

POSITION TRANSDUCER
Hottinger Baldwin Messtechnik L.V.D.T.
type W 50 K (0.2)
gain K 120 V/m
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Table 2. Side stick configurations used in the tracking experiment.

_type description transfer function

P passive position stick sa(s) 2000
Fa(s) s(s . 10)

N passive NLR stick sa(s= K

Fs)
a S a 2u,*s 

F passive force stick sa(s) = 0

* active roll angle feedback sa(s) = O(s)

active roll rate feedback sa(s) = O(s)

Table 3. Frequency. amplitude and phase angle of the components of the forcing
function.

frequency amplitude phase
W 0

rad/sec degrees degrees

0,153 1.106 4
0.230 1.099 151
0.383 1.083 43
0.537 1.058 122
0.997 0.957 324
1.457 0.842 184
2.378 0.646 281
4.065 0.428 194
7.440 0.247 1 162
13.576 0.136 43

Disploy Plot S de sti ck
sd noeics yc

o position

servo

Fig. 3. Control loop with a servo

controlled side stick as a
passive" controller.

D isplay P it s in'iO 'r

position
servo

Fig. 1. The single axis servo
controlled side stick. Fig. 4. Control loop with a servo

controlled side stick as an
"active" controller.



Fig. 2. The two aw a servo controlled
sidestik.

Fig. 5. The flight simulator.
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The Use of Integrated Side-arm Controllers in Helicopters

J.M.Morgan and S.R.M.Sinclair

Flight Research Laboratory
National Research Council of Canada

Ottawa,Ontario, KlA OR6
Canada

Summary

This paper reviews work conducted with integrated Side-Arm (Sidestick) con-
trollers in a variable stability helicopter at the Flight Research Laboratory of the
National Research Council of Canada. The investigations have covered an eight year
period and involved the use of three different types of controller. The advantages and
dis-advantages of integrated controllers are discussed and an "informed opinion" of
their applicability is presented. Finally, data acquired during a succession of
piloted experiments, indicating that Level 1 handling qualities are achievable with
these types of controller, are summarised.

Symbols (Used in the Illustrations)

BARE Direct drive from inceptor to actuator
I TRIM Integral Trim on Pilot's Command, direct drive
RD+IT Light Rate Damping Augmentation plus I TRIM
RC Rate Command (Very high level of Rate Damping)
RCAH Rate Command, Attitude Hold
ACAH Attitude Command, Attitude Hold
RCHH Rate Command, Heading Hold (Yaw Axis)
ACRH Acceleration Command, Rate Hold (Yaw Axis)
LOW Low Bandwidth (0.75 to 1.5 rad/sec)
MOD Moderate Bandwidth (2.0 to 2.7 rad/sec)
HIGH High Bandwidth (2.8 to 3.5 rad/sec)

Introduction
The aviation community has, over the past two decades, become more and more

interested in the high technology cockpit, to the extent that exotic electronic dis-
plays are becoming commonplace, while the term "Glass Cockpit" has definitely entered
the vocabulary of the industry. The same rapid advances in electronics and computer
technology have permitted the augmentation or modification of aircraft responses to an
unprecedented level, even to the automation of some of the functions traditionally
assigned to the human pilot. Research conducted at the Flight research L-boratory
(FRL) of the National Aeronautical Establishment (NAE, a Division of the National
research Council of Canada) is contributing to both these aspects of modern aircraft
design specifically as they apply to the helicopter. For the past eight years the
Laboratory has been conducting piloted experiments into the use of integrated Side-,Ar-
Controllers (SAC) using the Airborne Simulator (a highly modified fly-by-wire Bel!
205-Al, illustrated in Figure 1 and fully described in Referenc I) as the primary
research tool.

This paper will review the research which has been conducted using three types of
SAt, these being Isometric Force Sensing, Limited Compliance Force Sensing and Large
Deflection Position Sensing respectively. These controllers (Figures 2a, b and c)
were all capable of providing outputs in four degrees of freedom as shown in Figure 3.
Support structure for the controllers, incorporating arm rests wero attached directly
to a standard Bell 205 seat (Figure 4). The controllers were used both with primi'ive
(open loop) and a variety of closed-loop active control systems.

A variety of controller configurations has been used, from the simplest in which
the SAC simply replaced the conventional cyclic controller to the fully integrated
four function application in which the SAC was the only inceptor of the pilot's
commands. Fully integrated controllers have been installed for ambidextrous 'se also.

Justification

When the decision to initiate SAC research was taken, little was known about the
practical application of these devices in helicopters. There did, however, appear to
be considerable advantages to be gained from their use if it could be accomplished
without a significant degradation in handling qualities and if the prima facie dis-
advantages in their use could be overcome.
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Advantages

Improved Pilot Efficiency

Since conventional helicopter controls require the use of all limbs, ancill-
ary tasks must be performed on a stolen-time basis by abandoning a primary
control, normally the collective lever. In some flight phases this can be done
with impunity, at otkhr times it is inappropriate if not dangerous and subsidiary
tasks must be delayed. Integrating primary control functions onto a single
device such that one arm is freed indefinitely for other uses has the potential
to reduce workload and relieve stress in the cockpit. The provision of two
controllers for ambidextrous use can free either hand for alternate duties, not
only assisting the pilot, but also freeing the designer to produce ergonomically
more attractive co.kpits than is presently possible. This is, perhaps, the most
compelling single argument for the use of integrated SAC, always assuming that
vertical axis control would be the first function to be integrated with pitch and
roll.

Additional Usable Cockpit Space

Upon the installation of SAC the volune previously swept by the cyclic stick
is released for alternative use. Since this is centrally located and within easy
reach and sight of the pilot, it must be considered a prime region. Addition-
ally, existing areas not presently attractive because of visual obscuration by
the pilot's arm and cyclic stick or because of inaccessibility to the left hand
also become usefully available.

Simplified Control Grips

Current helicopters carry a plethora of ancillary controls on the primary
control grips to accommodate the fact that the pilot may not always abandon a
controller at will and must therefore have any essential secondary controllers
placed so that they can be operated without removing the hands. This constraint
detracts from the desireable practice of the functional and intuitive grouping of
controls and displays. The restriction evaporates with SAC installations; in
fact, the opposite approach is indicated since informal investigations show that
there are difficulties in placing ancillary controls on a multi-function SAC in
such a way that they can be operated without degrading primary control activity.

Reduced Fatigue and Improved Pilot Health

The rapid onset of fatigue compared with that experienced by fixed wing
pilots and the prevalence of lower back medical problems amongst helicopter
pilots are well recognised phenomena. Amongst the quoted contributory factors of
the former is the inability of the pilot, when flying current machines, to make
those body position changes useful in reducing muscle tension and easing dis-
comfort. The latter stems largely from the 'helicopter crouch' a poorly support-
ed, curved spine sitting posture frequently adopted by helicopter pilots as a
necessity in handling the controls and which they have to maintain in a very
vibratory environment. The upright seating and upper body support provided by
the armrests implicit in SAC installations eliminates the hunched position and
permits tension relieving body movements.

Reduced Inter-action with Active Control Systems

Experiences with high gain active control systems at the FRL has indicated
the existence of a pernicious problem in the form of a relatively rare type of
Pilot Induced Oscillation (Pro). This is not the classic PI0 in which pilot-
induced lag interacts with the vehicle dynamics to cause periodic closed-loop
instability but is due to uncontrollable bio-mechanical-inertial feed-back.
Aircraft motion,; feed back into the control loops via the seismic sensor formed
by the pilots upper body, arm and cyclic stick, causing, under some conditions,
outer loop instability. This can result in gross and rapidly divergent aircraft
motions or can excite unusual aircraft structural modes, usually at frequencies
higher than those associated with the classic PIO. These effects are still
present with SAC, but are of much higher frequency still. Not only do the devices
themselves have a higher natural frequency than the usual cyclic stick, but the
armrests tend to force a node at the pilot's fore-arm. This effectively isolates
the upper body from the feed-back system, reducing the effective seismic mass and
further raising the system resonant frequency. Generally the frequency of oscill-
ation with SAC is well above the pilot's bandwidth and the tendencies can be con-
trolled by relatively simple conditioning of the SAC signals. To control the
condition when using conventional controls it has been found necessary to simulate
a stick with very high values of viscous damping and inertia, characteristics
generally detrimental to the handling qualities of the machine.

Disadvantages

Manual Resolution

Typically in present helicopters, control throws are in the order of plus
and minus 10 to 15 cr for the cyclic stick and 25 to 30 cm for the collective
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lever; the human pilot is capable of making consistent changes in the position of
such controls to within a few millimetres. Inputs of this level are frequently
used in the stabilisation task, often as the open loop first response to external
disturbances. The largest full scale displacement at mid hand position amongst
the side-arm controllers evaluated is approximately 2.5 cm and therefore an
input at the lowest possible resolution is a much larger proportion of the total
control throw than is the case with traditional controllers. With isometric or
low compliance force sensing devices yet more cues are lost, since the human
being is far less adept at estimating the force he is applying than the skeletal
position he is in. Moreover the body tends to wash out the tactile sensation
from a sustained force causing a tendency to increase the applied force with time
in the absence of other cues. Pilots appear to compensate for both the latter
effect and the loss of good positional feed-Lack cues by using pulsed control
strategies for very small inputs.

Controller/Controlled Element Relationship

In current unaugmented helicopters, there is a fixed relationship between
the controller and the controlled element (actuator), from which the pilot gains
a great deal of information. In the cyclic stick he has a direct analogue of the
orientation of the thrust vector, essential information during some flight phases,
while pedal position provides him with information regarding the ambient wind or
his lateral velocity. From all controls he obtains an immediate indication of
incipient control saturation, a very real threat to the helicopter pilot. This
immediate information is irrevocably lost on conversion to SAC, but that may not
be serious. It is most unlikely that SAC would ever be considered for a primitive
machine, while once closed-loop or response command control systems are used the
direct relationships cease to exist. Also, with well designed control systems
some of the information may no longer prove to be essential.

Inter Axis Cross Talk (Cross Coupling)

All the side-arm controllers used at FRL have exhibited some degree of cross
talk, the most common being pitch to vertical and vertical to pitch in the force
sensing units and vertical to roll in the early models of the displacement controller.
The characteristics in the force sensing devices were greatly reduced by a re-deign of
the grip (Reference 3 and Figure 5) and by a reduction in ball size in association
with modified grip geometry for the displacement controller. Both types of SAC have
low level residual cross talk, but this is not obtrusive and does not produce any
adverse commentary from evaluators.

Historical Summary

The various investigations conducted into SAC at the Flight Research Laboratory
have generally been triggered by much larger programs initiated by other agencies. In
late 1979 FRL was approached by the Sikorsky Aircraft Division of United Technologies
with a request that it conduct a feasibility study into the operation of a four degrees
of freedom, isometric, force-sensing SAC in the Airborne Simulatc'. A joint research
project with Sikorsky was undertaken and completed in mid 1980, following a compre-
hensive development period and a systematic evaluation by test pilots from both FRL
and the company. The results (Reference 21 were not published until some twelve
months later due to a confidentiality agreement between FRL and Sikorsky.

Following this, a series of in-house experiments was conducted, inspired by
research being conducted both at Boeing Vertol in Philadelphia and at NASA(Ames) in
support of the US Army ADOCS (Advanced Digital Optical Control Systems) project. The
FRL had a close but informal link with this project, a NAE pilot taking part in many
of the early simulations (References 4 and 5). Observations made at these suggested
that for investigations in low speed visual flight, ground simulation data should,
where possible, be validated in the air. By 1985 this had given rise to the work
published in Reference 6.

For the past two years FRL has been involved as a co-operative partner (its
activities being supported and partially funded by the Canadian Department of Defence),
in the US Army sponsored MIL-8501-A update project. This generated additional SAC
research, since it was felt that specifications to which a future generation of milit-
ary helicopters were to be designed should cater for the possible use of SAC. Detailed
results of part of this work appear in Reference 10.

Finally, CAE Ltd of Montreal wished to develop a displacement SAC for helicopter
use as an offshoot of their work on multi-axis inceptors for space vehicle applic-
ations. Another joint research project initiated a period of iterative development,

I Flying attitude command systems in the Airborne Simulator, off level landing
became a single input task. From a stable hover one simply had to lower the collective
lever and as the aircraft made ground contact and rolled onto the slope the attitude
loops made the required inputs to position the lift vector in the correct direction
and by the correct amount.
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with successive engineering models of a four-function displacement SAC being evaluated
in the Airborne Simulator. While the development aspect of this program ended in late
1986, the final model remains available to FRL for further generic research. Data
from this activity has been published in References 7 to 9.

The extended series of formal investigations was supplemented throughout by
familiarisation and demonstration periods for a wide range of interested groups. SAC
systems have been flown and evaluated by helicopter manufacturers (Sikorsky, Bell,
Boeing, Hughes, MacDonald-Douglas and Westland Helicopters), NASA, the RAE, DFVLR,
DND, US Army and US Navy. Whenever possible these sessions were used to acquire
further HQR data and some of these, taken in a recent US Army (AEFA) and NASA(Ames)
evaluation, are presented in this paper.

Summary of Experiments

It is always a problem when researching radically new technologies to determine
the best course of investigation with the limited resources available. Each SAC
experiment raised further questions, or indicated new facets for study. Despite this,
SAC research at FRL has followed a logical path; the original feasibility study con-
centrated on applications in the primitive control system environment, while sub-
sequent investigations progressed to the use of active control systems. Rate
Command/Attitude Hold (RCAH) and Attitude Command/Attitude Hold (ACAH) systems have
been flown in pitch and roll, Acceleration Command/Rate Hold (ACRH) and Rate
Com nd/Heading Hold (RCHH) in yaw.

Discussion and Summary of Findings

Discussion

Pilot Acceptance. In discussing the results achieved in such a long program, general-
ities will be the rule, also, results based on Cooper-Harper ratings can never tell
the entire story and in particular they do not address the issue of pilot acceptance.
In verbal debriefings and informal discussions with evaluators, it has become apparent
that there exists, amongst a small but not insignificant proportion of them, a tendency
to reject SAC on emotional rather than technical grounds. This is by no means sur-
prising when one considers that they are highly experienced pilots, heavily conditioned
to conventional machines and that they generally received no more than two hours
training on SAC prior to evaluation

2
. Despite this, such pilots would frequently

assign Level 1 HQR to the systems even while expressing a dislike for or lack of
comfort with them. This is considered significant and it is expected that the
antipathy towards SAC would fade with increased exposure.

A Personal Note. This section represents a radical departure from tradition and from
accepted practice tor technical presentation in that it presents a personal view.

" Having been intimately involved in the Side-Arm Controller program at the NAE
from the very start, having flown in all of the programs both as development pilot and
evaluator and having created most of the control system software, I feel that I have a
unique viewpoint on these systems. I feel also that this is justified as a counter-
balance to some of the adverse comments that one hears, I acknowledge, nevertheless,
that this is just one pilot's view.

I have now acquired over 250 hours of actual SAC flight time, have flown a similar
amount as safety pilot observing others and have flown a number of ground based SAC
simulations. Now, even in projects unrelated to SAC, I usually employ them for the
development phase as a matter of preference. I find the improved comfort and the
ability to interact with a computer system when actively flying to be great benefits,
while I have no more consideration as to how or whether I should perform a required
-anoeuvre than I do with conventional controls.

SAC have now been experienced, briefly, by quite a large number of pilots, very
few of whom have ever acquired more than a handful of hours in actual flight. More-
over, in the typical handling qualities experiment they will have been exposed to a

range of control systems of varying response types and quality, good and bad; this in
about the same number of flight hours the military typically allocates to cross train
a pilot from one type to another. It is to be expected that they would come away from
the experience with, at best, a certain ambivalence towards integrated controllers.

It is my unequivocal opinion that Integrated Side-Arm Controllers are a viable
and rational approach to interfacing the pilot with his machine. In no way do they
detract from his capability to control the aircraft, nor do they demand any unusual or
excessive skill: Integrated Controllers do not reduce the usaole normal flight
envelope. A certain measure of pilot assistance is required, but no morn than is
currently considered necessary for future helicopters in their envisioned tasks and
roles.

2 It has been found that two hours training or familiarisation is adequate for
the great majority of pilots prior to evaluating SAC tasks, with a significant pro-
portion signifying that they feel themselves to be sufficiently capable with the
system to commence evaluation before the end of this period.
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My experiences have led me to believe firmly that many of the misgivings felt
about SAC are due to lack of experience. Overall workload does not, I feel, increase
with well designed integrated controllers mated with well designed control systems,
though it does seem to transfer between the axes. Many of the adverse comments heard
regarding vertical control with Side-Arms stem not from intrinsic difficulties in the
task, but rather because the workload in that channel is higher in proportion to that
in the other axes than is the case with conventional inceptors. Evaluators, largely
because of their training, tend to focus on difficulty rather than ease.

Finally, my comfort with and complete acceptance of fully integrated SAC are not
recent phenomena, they have been with me sufficiently long that I cannot remember the
early discomforts. This is the logical extension of the pattern of rapid pilot adapt-
ation which we have observed many times over in the great majority of pilots, even
those who have shown a marked bias against integrated controllers." (Morgan)

Summary

HQR Level
From all the experimental data gathered so far, one fact emerges consistent-

ly: it is possible to achieve Level 1 HQR using a fully integrated SAC with very
ittie augmentation of the basic aircraft responses. This has becn a repeatable
observation in data provided by a wide variety of pilots using all three cn-
troller types in a wide range of tasks. This finding is illustrated in Figure 6
which summarises all available data for fully integrated configurations. While
the unaugmented aircraft, with the SAC driving the actuators directly via a
simple gain is shown as a borderline Level 2 vehicle, the addition of such a
simple pilot assist as an integral or follow-up trim brings it to a high Level 1
while the further addition of a small amount of rate damping augmentation in
pitch, roll and yaw makes the aircraft a definite Level i aching.

Level of Integration

If the level of controller integration is reduc.d by retaining the Yaw
pedals the results of Figure 7 obtain. In this case even the unaugmented but
self trimming vehic:e is firmly Level 1. In view of this observation there wo';.d
appear to be no pressing argument for the use of levels of integration greater
than this from a piloting point of view (though this does not preclude other
considerations from making full integration an attractive proposition). Revert-
:ng to yaw control via the feet still achieves one of the main objectives of
controller integrationit releases one of the arts for ancillary tasks yet it
does not make as many demands on the pilot's neuromuscular control system as does
th, fully integrated configuration. This is an important step in the humanising
of the helicopter cockpit.

Control System Sophistication

Automation of one or more of the stabilisation tasks normally carried out by

the human pilot can have a very beneficial effect on overall vehicle handling
qualities. This is illustrated in Figure 8, taken from Reference 6. Here a
lightly rate damped aircraft in pitch roll and yaw was brought to an overall
Level 1 by the implementation of either of two advanced control system in the
yaw axis only, Rate Command/Heading Hold (RCHH) or Acceleration Command/Rate Hold'
(ACRH). This result was confirmed in later experiments, when the provision of
RCAH and ACAH systems in pitch and roll produced good Level 1 HQR.

Control System Characteristics

One of the 8501 Update investigations was concerned with the effects of
control system bandwidth on HQR for Rate Command,RCAH and ACAH systems in pitch
and roll. Data was taken both with conventional controls and a displacement
fully integrated SAC. Close examination of the results presented in Reference 1-
and re-plotted as Figure 9 indicates that pilots were more tolerant of low band-
width systems when using the SAC than when handling traditional controls. This
observation may have been influenced by the method used to measure bandwidth
(Computer generated frequency sweeps) and will be subject to further investi-
gations.

Concluding Remarks

The Flight Research Laboratory now is the repository of some eight years of
experience in the operation of a helicopter in all regimes of flight with fully inte-
grated side-arm controllers in place of the conventional inceptors. This experience,
together with informal investigations indicate that Integrated Side-Arm Controllers
are a viable alternative to the traditional control levers and pedals for helicopter
use and demand only low levels of vehicle response augmentation, to produce handling
qualities equal to those achievable conventionally. They do not limit the pilot's
ability to control his machine nor limit the normal flight envelope. It is

The detailed results of this experiment, showing approximately even preference
for either RCHH or ACRH systems was quite different form a similar experiment conducted
in ground based simulators which indicated very poor HQR for the ACRH system under all
conditions.
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acknowledged that there is still a great deal of work to be done in this area to make
such devices acceptable to the helicopter community at large and it is the intention
of the laboratory to continue with this research and to expand our understanding of
these radically new inceptors.
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FIG. 2: THE SIDE ARM CONTROLLERS
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FIG. 3: CONTROLLER SENSING AXES

FIG. 4; BELL 205 SEAT WITH INTEGRATED SAC
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(a) Oriyina 
(b) Modified

FIG. 5: MODIFIED HAND GRIP
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FIG. 6: SUMMARY OF ALL AVAILABLE DATA FOR FULLY
INTEGRATED SIDE ARM CONTROLLERS
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ABSTRACT

A digital/optical flight control system has been implemented on a UH-60 Black Hawk
helicopter to determine flight control system requirements for Nap-of-the-Earth (NOE)
fliqht. Small-displacement side-stick controllers with unique force trim positions were
an integral part of the control system design. Controller configurations could be
readily altered from a fully integrated four-axis side-stick controller to separated
controller configurations including (3+l)Collective and (2+1+1). Control laws were
implemented with a model following architecture that facilitates variations of control
response characteristics.

The Automatic Flight Control System (AFCS) was designed to provide level 1 handling
qualities and the Primary Flight Control System (PFCS) was implemented to achieve level
2 handling qualities. The interrelational effects of controller configuration and
piloting task on handling qualities was investigated. Handling qualities were e,,aluated
using precision hover and low-speed tasks typical of NOE flight as well as tasks
performed at airspeeds from 80 to 120 knots. Piloted results are presented with
recommendations for future systems utilizing small-displacement side-stick controllers
in their design.

NOTATION

AATD - Aviation Applied Technology Directorate
ACC/AFCS - Advanced Control Concepts/Advanced Flight Control System
ADOCS - Advanced Digital Optical Control System
AFCS - Automatic Flight Control System
AGL - Above Ground Level
BUCS - Back-up Control System
DOCS - Digital/Optical Control System
FCP - Flight Control Processor
FCS - Flight Control System
HQRS - Handling Quality Ratings
IGE - In Ground Effect
LHX - Light Helicopter Experimental
MSSP - Mode Select Status Panel
NOE - Nap of the Earth
OGE - Out of Ground Effect
PCDU - Parameter Change and Display Unit
PFCS - Primary Flight Control System
PlO - Pilot Induced Oscillation
SCAT - Scout/Attack
SSC - Side-stick Controller
VMC - Visual Meteorological Conditions
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INTRODUCTION

The Advanced Digital/optical Control System (ADOCS) Demonstrator program was initiated
in 1980 to develop the technologies required to implement an ADOCS on the next
generation of scout/attack (SCAT) rotorcraft. Distinct technology elements of the ADOCS
design include fiber optic links for communication between system elements, multi-axis
side-stick controllers (SSC), and digital flight control laws developed specifically for
the SCAT mission with emphasis on Nap-of-the-Earth (NOE) flight.

The primary objective of the ADOCS Program was to demonstrate feasibility and evaluate
performance of a Digital/Optical Control System (DOCS). Program goals were to achieve
Level 1 Handling Quality Ratings (HQRS)l for augmented flight, and Level 2 HQRS for
flight without stability augmentation. More specifically, the DOCS was designed to
provide unaugmented handling qualities equal to those of the production unaugmented
mechanical flight control system (FCS), and augmented stability and control
characteristics which demonstrate improved handling qualities and reduced pilot workload
for the SCAT mission tasks.

Flight testing of the "Light Hawk", a modified JUH-60A (Fig. 1), began on November 7,
1985 with the first fly-by-light maneuvering performed using the PFCS. The flight test
program was carried out in two phases from Nov. 185 to the present. The first phase was
directed toward development of the Primary Flight Control System (PFCS); the flight
critical link between the pilot and the swashplate actuators. Subsequent testing, which
started in January 1986, concentrated on optimization of the Automatic Flight Control
System (AFCS) which included refinement of both the stabilization loops and the command/
response characteristics based on flight evaluation results. This paper briefly
describes various system components comprising the ADOCS and documents the results of
piloted handling qualities flight evaluations of the system.

SYSTEM DESCRIPTION
Elements of the ADOCS design most influential in affecting the aircraft handling
qualities are summaiized in the following paragraphs. Additional details of the system
design including system hardware and testing can be found in Ref. 2.

SIDE-STICK CONTROLLERS (SSC)

Three side-stick controllers were installed in the ADOCS Demonstrator aircraft as
indicated in Fig. 2. A 4-axis controller is located on the right-hand side of the DOCS
pilot seat, while a single-axis collective controller is provided on the left-hand side.
The DOCS pilot station is also equipped with small-displacement force pedals. A second
4-axis controller is installed on the right-hand side of the DOCS observer station
(located in the rear cabin area) solely for evaluating the control laws for transfer of
control between the DOCS pilot and copilot (and vice-versa).

Three controller configurations were evaluated on the Demonstrator as shown in Fig. 3.
Initial simulation results obtained during the ACC/AFCS program 3 recommended separation
of the collective controller for high workload tasks. Isolation of the collective
controller, as in both the (3+1)Collective and (2+1+1) configurations, resulted in
improved pilot ratings compared to the (4+0) configuration.

Force/displacement characteristics of the ADOCS 4-axis side-stick controller are
presented in Table 1. These characteristics were determined through a series of piloted
simulations reported in Ref. 3. Characteristics of the flight hardware met recommended
values with the exception of the breakout forces which could not be reduced to desired
levels because of mechanical limitations of the transducers. The friction levels in the
transducers were reduced to levels which did not degrade handling qualities. Pilot
comments obtained during evaluation flights indicate that the force/displacement
characteristics of the ADOCS controllers were acceptable for the tasks performed with
the possible exception of the yaw axis. Some pilots felt that the yaw axis force/
displacement gradient was too high for NOE tasks.

PRIMARY FLIGHT CONTROL SYSTEM (PFCS)

The PFCS (Fig. 4) provides the only link between the DOCS pilot and the control
actuators and is designed as a flight critical element of the FCS. A complete
description of each PFCS element is provided in Ref. 4. The following is a description
of those PFCS elements which were modified during flight testing including: control
filtering, dynamic shaping, and automatic trim follow-up.

Snotch filters were provided in the PFCS in all axes to eliminate the feedback of
structur brations into the control paths. Flight test data were analyzed to select
the filter frequency requirements. Second order algorithms were selected for all notch
filters.

Dynamic shaping (Fig. 5) was included in the PFCS control path to provide control
quickening because the basic response characteristics of the unaugmented UH-60A are
sluggish, particularly in the pitch and yaw axes. The dynamic shaping was designed to
alter the short period basic aircraft response by effectively canceling inherent short
period roots and substituting poles which provide a more desirable response
characteristic. Basic response characteristics of the UH-60 in the roll and vertical
axes were judged acceptable without modification due to the inherent damping of the
aircraft.



28-3

Automatic trim follow-up algorithms are provided in each axis to eliminate requirements
for the pilot to hold steady-state control trim forces. As shown in Fig. 5, a
non-linear digital integration path is used to store trim requirements. Actuator
positions are demixed to provide equivalent cockpit control displacement used as the
input to the trimming algorithm. In this manner, the most current rotor control
position is used in the trimming loop. Automatic trimming is disabled by logic when the
controller is returned to its unique neutral position to eliminate any long term drift
which may occur.

AUTOMATIC FLIGHT CONTROL SYSTEM (AFCS)

Control Law Architecture

The ADOCS control laws employ a modified explicit model following concept
5 

as shown in
Fig. 6. The PFCS feed-forward path transfer function D(s)/P(s) is intended to cancel
aircraft inherent short period modes while substituting roots of a desired response.
Ideally, even without an AFCS, the aircraft response to a pilot command input would
reflect the dynamics in D(s) and not in P(s). The AFCS command model generates
predicted aircraft states based on the dynamics containen in D(s). State errors (the
difference between the expected state and the sensed state) are formed and passed
through appropriate stabilization gains. Any state errors existing in the AFCS are
due to inexact cancellation of the aircraft dynamics in the PFCS and external inputs
such as gust upsets. The total AFCS command is passed through a port limit into the
PFCS. Since the model following architecture provides a cancellation of closed loop
aircraft dynamics, feedback design can be performed independently of feed-forward
design, thus greatly reducing the optimization task.

Several issues as reported by Chen
6 

have not been included in the above simplified
presentation of the model following concept. Significant delay inducing components
between the rotor command and the sensed aircraft states need to be considered in the
analysis. These components include: DOCS driver actuators, UH-60 upper boost actuators,
aircraft rotor dynamics, and sensor dynamics. Model following theory would include
these dynamic elements as part of the aircraft model [P(s)]. However, analytical
methods result in a PFCS command model which has an impractical amount of lead
compensation because of noise resulting from high-order derivative terms. For this
reason, these components have been excluded from the aircraft model, and accounted for
by placing their approximate transfer function in the AFCS command path. A simplified
block diagram of the control law implemented in the yaw axis is provided in Fig. 7. The
AFCS state commands are effectively delayed to provide good matching between commanded
and sensed aircraft states.

AFCS Modes of Operation

The Mode Select Status Panel (MSSP) (Fig. 8) provides the pilot with the capability of
selecting various AFCS modes in flight. Selectable modes of operation include: Heading
Hold (HDG), Barometric Altitude Hold (bARu), Radar Altitude Hold (RAD), Velocity
Stabilization (VELSTAB), and Hover Assist (HVR). The "basic" mode of operation of the
AFCS (referred to as the "core AFCS") results when all selectable modes are disengaged.
Core AFCS functions are outlined in Table 2. For low speed operations, the core AFCS
provides an attitude command/attitude stabilization (AT/AT) system in pitch and roll, an
acceleration command/rate stabilization (AC/RA) system in yaw, and an acceleration
command system in the vertical axis whic' -tains no stabilization signals. In forward
flight, the core AFCS provides a pitch at-_,de/airspeed hold (AT/AS) system, a roll
rate/roll attitude (RA/AT) system, an AC/RA system in yaw, and an acceleration command
system in vertical. Turn coordination is also provided in the "core" AFCS.

Selectable AFCS mode functions are defined in Table 3. Pilot comments indicate that the
Heading Hold feature should be included as part of the core system since this feature
tended to reduce pilot workload significantly for most tasks.

CONDUCT OF TEST
PROGRAM SCHEDULE
Test activities accomplished on the ADOCS Demonstrator aircraft from April 1985 to date
are shown in Fig. 9. Integration of the DOCS on the UH-60A aircraft was validated
before actual flight testing using the Boeing Vertol simulation facility. The aircraft
was placed adjacent to the simulation lab. Flight characteristics of the basic UH-60A
were represented with a six degree of freedom, non-linear total force/moment math model
programmed on a Perkin Elmer Multi-processor computer used for real-time piloted
simulation. The entire PFCS comprising side-stick controllers, optical transducers and
signal paths, digital FCPs, DOCS actuators and other subsystems were operated closed
loop on the aircraft for pilot in-the-loop validation testing. The simulator
camera/terrain board system provided visual cues to the pilot via four television
monitors mounted directly in front of the UH-60 cockpit windows. Thorough testing of
all PFCS hardware/software interfaces and control logic was accomplished during this
simulation task.

Following hardware-in-the-loop simulation, the aircraft was transferred to the
Wilmington Flight Test Center where a five week period of ground testing was conducted
prior to first flight. Because of the major modifications made to the UH-60A, both the
DOCS and production systems were ground tested before flight releases were granted.
Flight testing of the ADOCS aircraft began on October 23, 1985. First flights were
conducted to insure production UH-60 system integrity and to confirm that the newly
installed DOCS did not interfere with normal Back-up Control System (BUCS) operation.
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During these initial tests, the DOCS was powered, but was mechanically disconnected from
the UH-60 upper-boost actuators, i.e. the DOCS could be flown open-loop. These flights
were used to evaluate sensor performance and interfaces by monitoring internal flight
control processor (FCP) parameters.

The first closed-loop DOCS flight took place on November 7,1985. This flight was thefirst of many which were used to evaluate and develop the PFCS. Evaluation of the PFCS
included testing of the DOCS Monitor (safety system) performance, aircraft response and
pilot recovering from simulated AFCS failures, and evaluation of unaugmented handling
qualities.

As the PFCS evaluation phase was nearing completion and unaugmented design objectives
were being met, AFCS testing began. Initial AFCS evaluations included reviewing the
system's digital effects on aircraft stability while optimizing feedback paths to
provide desired levels of gust rejection and damping. With the stability loops defined,
command model response characteristics were optimized to provide the pilot withdesirable responses throughout the flight envelope. Selectable modes were also
optimized and evaluated in this phase. Finally, NOE evaluations were conducted as well
as air-to-air tracking and air-to-ground target acquisition tasks.

DATA COLLECTION

In addition to numerous data parameters monitored in real-time and recorded in-flight,
pilot Cooper-Harper ratings and supporting pilot comments were obtained to evaluate the
DOCS handling qualities. Averaged data presented herein consist of combined ratings
from all evaluation test pilots when possible.

TASK DESCRIPTION

The evaluation tasks selected specifically to evaluate PFCS handling qualities are
described below. Typically, Category B and C tasks

? 
were performed for PFCS evaluation

as they were felt most typical of degraded mode operation. Tasks used to evaluate the
handling qualities with the AFCS operating were based on the proposed handling qualities
specification - ADS-339 which includes more aggressive and precise maneuvers typical of
NOE flight. PFCS evaluation tasks demonstrated "get home" capability in the event of
multiple AFCS system failures. Tasks included: mild turns, climbs, descents, traffic
pattern maneuvers, low-speed flight, and landings. AFCS tasks were designed to examine
all facets of NOE flight and put more emphasis on precise maneuvering. Low-speed tasks
performed in the evaluation of the AFCS included: lateral jink, accel/decel, slalom,
hover turn, bob-up/down, precision hover, and takeoff/landing. Tasks performed at
higher speeds included: roller coaster, high angle turns, approach to hover, and
simulated autorotation. A detailed description of the evaluation tasks performed during
these evaluations are included in Refs. 4 and 9.

PILOTED EVALUATION OF THE PFCS
Modification of PFCS system parameters and algorithms was performed during piloted
testing to obtain Level 2 handling qualities and meet design objectives. Final results
of the PFCS handling qualities evaluation are summarized in this section with a
discussion of the results organized as follows:

- Requirements for automatic trim follow-up and control shaping
- Notch filtering for elimination of pilot/airframe coupling
- Side-stick controller configuration effects
- Comparison of DOCS and BUCS

AUTOMATIC TRIM FOLLOW-UP RATES

Control trim follow-up rates were increased in all axes during flight test optimization
of the PFCS. Both the maximum integration rate size and the trim lag time constant were
altered to increase the effective trim follow-up rate. The need for reducing trim
forces at a faster rate was attributed to the increased stability of the actual aircraft
compared to the simulator. The stability level of the unaugmented UH-60A math model in
the simulator was perceived to be lower than the actual aircraft. This occurred because
of the limited visual field-of-view and weak motion cues particularly when performing
large excursion maneuvers from one trim flight condition to another. Thus, normal pilot
control techniques tended to be less aggressive in the simulator resulting in slower
automatic trim follow-up rates.

DYNAMIC SHAPING

Dynamic shaping, consisting of a lead-lag shaping network, was provided to increase
pilot perceived bandwidth in both the longitudinal and directional axes. Significant
changes to this shaping occurred during flight testing because of the simulator
limitations previously stated. Fig. 10 presents the frequency response of three
longitudinal axis lead-lag filters evaluated in flight test. As shown, simulation
studies resulted in a filter design which provided the least amount of phase advance.
This shaping when evaluated in flight test resulted in pilot complaints of response
sluggishness. When the lead-lag was modified to provide a maximum of 35 degrees advance
instead of 10 degrees, the pitch axis was judged too snappy and responsive causing a
tendency to over-control in pitch. The final configuration selected provides 15 degrees
phase advance and is actually the closest to the analytically predicted requirements
previously described under system description. The final configuration succeeded in
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minimizing the high frequency control inputs in the pitch axis and provided enough
quickening to effectively reduce pilot workload. Similar results were obtained in the
directional axis. Flight test results confirmed that no shaping in either the lateral
or vertical axes was required tu achieve Level 2 handling qualities with the PFCS.

PILOT/AIRFRAME COUPLING

Under certain flight maneuvers when constant SSC force inputs were required and aircraft
structural vibration levels were high, a bio-mechanical feedback through the pilot's arm
and into the control paths resulted. This condition most frequently occurred during
forward flight climbs or d ;cents. The pilot, while holding a steady collective
command, experienced a high level of cockpit vibration at 6.5 hz (Fig. 11) which fed
directly through the pilots arm into the SSC. Removal of the control force eliminated
the vibration by effectively opening the structural feedback loop. A digital notch
filter was designed and implemented in the collective control command path to
essentially attenuate all 6.5 hz control inputs. Similar notch filters were included in
all axes to eliminate any Pilot Induced Oscillation (PIO) tendencies. Since the
addition of these notch filters, no PIO tendencies have been noted.

SIDE-STICK CONTROLLER CONFIGURATION EFFECTS

Initial flight test evaluation of the PFCS was performed using the integrated four-axis
controller configuration, i.e. (4+0). with this configuration, pilots found it
difficult to isolate problem areas because of inherent controller induced coupling
effects. The use of separated controls (i.e. the (2+1+1) and (3+l)Collective
configurations) allowed pilots to concentrate on responses axis by axis. In this
manner, single-axis responses as well as automatic-trim rate could be optimized before
multi-axis maneuvers were evaluated. Following the evaluation of the PFCS with the
(2+1+1) controller configuration, testing of the PFCS with the (3+l)Collective
configuration was conducted. The majority of flight testing was devoted to this
configuration. Finally, after successful integration of the three control (pitch, roll,
and yaw) on the SSC was completed, attention was again focused on evaluation of the
four-axis configuration.

Average pilot ratings for the three side-stick controller configurations evaluated
during PFCS optimization are presented on Fig. 12. In general, separated controller
configurations yielded improved pilot ratings compared to the four-axis configuration.
The largest benefit indicated, and supported by pilot comments, resulted from the
separation of the power (collective) control. Removal of collective control from the
right-hand SSC allowed pilots to set power at a desired setting and concentrate on
controlling the other axes.

When the collective control was implemented on the right-hand SSC (i.e. (4+0)
configuration), control inputs in pitch, roll or yaw tended to couple into the vertical
axis resulting in a significant increase in pilot workload. This added workload was
most noticeable for precision tasks performed near the ground. Pilot performance during
liftoff and landing was degraded significantly when performed with the (4+0)
configuration. Fig. 12 shows that ratings for these two tasks were degraded by two
pilot rating points compared to either the (3+1) or (2+1+1) configurations. For less
demanding tasks, pilot ratings with the (4+0) configuration were typically degraded by
approximately one HQR point compared to the (3+l)Collective configuration.

Best pilot ratings were achieved with the (2+1+1) controller configuration. Evaluations
of the (2+1+1) configuration (performed briefly during initial PFCS testing) indicate
the added benefit of fully separated collective and directional controls for most tasks.
Level 1 ratings were obtained for multi-axis turning tasks with the (2+1+1)
configuration without stability augmentation. In addition, Level 1 pilot ratings were
also obtained for the hover and taxi tasks.

DOCS-BUCS COMPARISON

Handling quality comparisons were performed between the DOCS PFCS and the UH-60
mechanical controls (BUCS) to assess how well design objectives of the PFCS were being
met. Evaluations by the BUCS pilot were performed with both the production SAS and
force-feel systems selected off.

A comparison between the average pilot rating data for the (3+l)Collective configuration
and the unaugmented BUCS system is presented in Fig. 13. As shown, comparable pilot
ratings were obtained for both configurations. Pilot comments indicate that some tasks,
specifically the up-and-away turns and approach to hover tasks were performed better
with the DOCS. High workload tasks, such as landings and takeoffs were performed more
deliberately with the DOCS. Much of this cautiousness was attributed to pilot learning
and/or experience. It should be noted that numerous evaluation pilots successfully
performed hovering and landing tasks in an unaugmented state during the second hour of
their DOCS flight evaluation.

PILOTEQ EVALUATION OF THE AFCS

STABILITY AND COMMAND CHARACTERISTICS

By applying both analytical techniques and in-flight test optimization, the ADOCS
control laws achieved an excellent level of stability in all axes. Table 4 presents a
summary of system bandwidth and stability margins as predicted by a system model which
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includes a 6-DOF aircraft model. Data presented in Table 4 are for the hover flight
condition. The system parameters presented in this table reflect the closed loop
response of the aircraft to external inputs as opposed to pilot commands which pass
through the ADOCS command model.

The command characteristics of each axis are presented in Table 5. System
characteristics have been selected to be acceptable for all tasks. Both the stability
and command response characteristics will be verified by in-flight frequency response
testing

10 
scheduled to be conducted later this year.

Attitude Command Systems

Many hours of piloted simulation were utilized during the ACC/AFCS program
3 

to optimize
the pitch and roll attitude command systems for low-speed NOE tasks. During flight test
optimization, a modification to the desired response characteristics of the pitch/roll
command model was required. Initially, both the pitch and roll command models included
very low trim follow-up gains. These gains were increased significantly during flight
testing changing only the low-frequency portion of the desired response definition. It
was critical to quickly minimize steady-state forces being held by the pilot. The
frequency response of the pitch axis AT/AT command model is indicated in Fig. 14 for
both the initial and current definitions. The overall sensitivity and response shape
(frequency and damping) of the short period response did not change significantly from
the results of previous ACC/AFCS simulation efforts.

VERTICAL AXIS RESPONSE CHARACTERISTICS

"Core" AFCS

The "core" vertical control laws provided a normal acceleration proportional to pilot's
force input. The response is very similar to the response with only the PFCS operating.
The acceleration-type response enabled the pilot to set engine power at a desired value
while eliminating any requirement to hold constant forces. However, precise control of
aircraft rates of climb/descent required much learning and concentration. Pilot
comments indicate that there was an exceptionally high amount of compensation required
to control the vertical axis. As such, the performance of almost all low-altitude tasks
was degraded because of the high pilot workload in the vertical axis. It should be
noted that overall control of the vertical axis with the "core" system was accomplished
with an unacceptably high amount of attention paid to the engine torque indicators in
the cockpit. Pilot comments indicate that this is primarily due to the lack of tactile
feedback provided by a collective force controller combined with the long lag associated
with the aircraft's vertical response characteristics.

Altitude Hold

Both radar and barometric altitude hold systems are included in the ADOCS demonstrator
aircraft. RADALT can be selected if altitude is less than 1000 ft AGL. With either
system selected, vertical control laws are configured to provide a rate-of-climb command
system. The vertical rate command response in conjunction with the long-term altitude
hold feature dramatically reduced pilot workload for many evaluation tasks. However,
because of complementary filtering performed on the radar altitude signal, RADALT did
not provide as tight an altitude hold as desired during aggressive maneuvering in other
axes. For example, during a 20 deg nose up deceleration through the translational lift
region, altitude deviations of up to 15 ft were recorded. This system characteristic
requires further analysis and modifications to meet SCAT mission requirements.

YAW AXIS RESPONSE CHARACTERISTICS

During testing to optimize yaw rate response in hover with heading hold engaged, a
compromise was necessary between the time constant of the desired rate response and the
deceleration response of the aircraft to lock onto a heading. That is, pilots desired a
rapid rise time to start a yaw maneuver, but preferred a slower rise time to stop at a
new heading reference. Typical pilot technique for yaw control with the SSC involved
the smooth application of control forces followed by a rapid release. In order to
handle this non-linear control requirement, the yaw axis derivative rate limit (DRL)
parameters were adjusted to soften accelerations jerks for rapid release of control
forces. The DRL did not affect yaw response for normal modulation of control input
forces which resulted in crisp and precise heading changes.

PILOT RATINGS

Handling quality comparisons were performed between the DOCS AFCS and the UH-60
mechanical controls (referred to as BUCS) to assess how well design objectives were met.
Evaluations on BUCS were performed with both the production SAS and force feel systems
selected on. Pilot rating data presented consist of averaged ratings for each pilot.
All data presented were obtained with the (3+l)Collective SSC configuration.

An assessment of task performance with both the ADOCS and 01-60 control system was
performed by the Boeing evaluation pilot. A comparison of pilot ratings for each
control system configuration is given in Fig. 15 for low-speed tasks and in Fig. 16 for
forward flight tasks. AFCS mode status for ADOCS evaluations are noted on each figure.
A discussion of pilot rating data including pilot comments is given below.
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Low-Speed Evaluation Tasks

Pilot ratings with ADOCS were on the average slightly improved over ratings obtained
with the BUCS for most of the low-speed tasks performed (Fig. 15). Level 1 ratings were
not obtained for either control system for the hover about a point and dash/quickstop
tasks. The hover about a point task required continuous pilot control activity in all
axes and average pilot ratings of 4.0 were given for this high workload task. Ratings
for the dash/quickstop varied from CHR 3 to CHR 5 depending on how aggressively the task
was performed. Large commanded pitch rates and attitudes caused control deficiencies in
the vertical axis to become more evident. Higher longitudinal SSC forces required to
perform an aggressive accel/quickstop maneuver also produced a porpoise or PIO tendency
in pitch.

For certain precision low-speed maneuvers including the hover turn, slalom, rearward
flight, bob-up, and lateral jink, pilot performance was noticeably better with the ADOCS
than the standard UH-60 system. Pilot comments indicate that the small-displacement SSC
improved their performance of these tasks, especially if vertical axis control workload
was minimal.

Forward Flight Evaluation Tasks

For all tasks except autorotation, Level 1 HQRS were obtained with the ADOCS (Fig. 16).
The DOCS lateral axis controllability was judged superior to existing rotorcraft. The
box pattern, a precise lateral/direction task, was performed easily. Sixty degree bank
turns were made with no apparent overshoot using roll rates in excess of 40 deg/sec.
The pilot commented on "feeling in control" and "very comfortable" while doing these
tasks. Evaluation of the BUCS resulted in Level 1 ratings for all tasks except the 60
deg bank turn maneuver. For this task, lateral controllability was judged deficient
when compared to the ADOCS. Autorotation, as expected from the PFCS evaluation, was
more easily performed with the BUCS large displacement collective controller. Based on
this task, as well as low-speed altitude/thrust control tasks, a medium displacement
collective controller to provide improved tactile feedback to the pilot in the vertical
axis is recommended.

SUMMARY

A fly-by-light Black Hawk has demonstrated state-of-the-art flight control technolog'es
since November 1985. Development of a PFCS and integrated multi-axis side-stick
controllers was successfully accomplished achieving Level 2 handling qualities. An
AFCS was designed which, for most SCAT mission tasks, yielded reduced pilot workload and
Level 1 handling qualities. Major findings resulting from flight test evaluation of the
DOCS are summarized as follows:

1. An attitude command system in the pitch and roll axes resulted in level 1 handling
qualitiesforlow-speed NOE flight.

2. Higher trim follow-up gains in both the pitch and roll attitude command systems
were required to more quickly trim out steady state forces and achieve level 1 handling
qualities.

3. Non-linear shaping to obtain desired control sensitivities for small precise
maneuvering and to minimize control forces during large maneuvers is necessary for pilot
acceptance of force-type controllers. However, it was found that for some conditions,
large sensitivity changes produced by the non-linear shaping causes pilot induced
oscillations.

4. Heading Hold was found to dramatically reduce pilot workload during near-ground
operation.

5. Hover Assist, though it tended to drift as a function of the Doppler
ground-speed sensor, was found to decrease pilot workload for the precision hover task.

6. Phase delays introduced by all system components, including digital effects due to
asynchronous operation of processors, must be accounted for in predicting system gain
requirements and system performance.

7. A unique-trim force vertical controller degraded pilot performance in high
workload situations where the pilot requires a continual cross check of torque in the
cockpit (i.e. power setting and control position). Based on these results, a medium-
displacement collective controller should be evaluated and compared to unique trim
force controllers with improved control laws and/or displays.
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Figure 1. ADOCS Demonstrator Aircraft.
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Figure 2. SSC Locations in ADOCS 2 + + 31- *}COLLECTIVE

Figure 3. ADOCS Controller Configurations.

AXIS DISPLACEMENT MAX. FORCE STIFFNESS

LONGITUDINAL t 8.8 DEG 18.4 LB 2.09 LB/DEG

LATERAL t 8.8 DEG 14.7 LB 1.67 LB/DEG

DIRECTIONAL t 7.5 DEG 37.5 IN-LB 5 IN-LB/PEG

VERTICAL k 0.166 IN 15.77 LB (UP) 95 LBIN (UP)

14.11 LB (ON) 85 LB0IN (DN)

Table 1. ADOCS 4-Axis SSC ForcelDisplacement Characteristics



2 8-10

DEMWS
ACTUATOR
POSITION

AUTO-TIM ALORITH

HPIN LMIE ACTUATORSACAT
COMMM~DCOMMANDC

AFCS T= 04SE

Figur4. leent o. ADOCS Pmodel Flig Conct. ytm



ISCS AFC.. ..... -....

ENAG RESET HTION

K ¢,
Figure ADOCS Model Follower - Yaw Axis.

v

C AD CONT

M PUSH T P RESET

S ]- 
AFCSHD

G

L I ENGAGE RESET T TU

- ALT HOLD -- VEL HOVERBARD RADAR STAB ASSIST

Figure, 8 AFI-CS Mode Select Status Panel

V Y HOVERYLOW SPEED FORWARD FLIGHT

AXIS

COMMAND STABILITY COMMAND STABILITY

LONGITUDINAL PITCH PITCH PITCH AIRSPEED
ATTITUDF ATTITUDE ATTITUDE HOLD

ROLL ROLL ROLL ROLL
LATERAL ATTITUDE ATTITUDE RATE ATTTUDE

IHOLD

YAW YAW YAW YAW
DIRECTIONAL ACCEL RATE ACCEL RATE

TURN CooRni

VERTICAL VERT VERTV ACCEL NONE ACCEL NONE

Table 2 Core AFCS Functions.
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BANDWIDTH

AXIS (RAD/SEC) PHASE MARGIN
W/O COMMAND (DEG)

MODEL

PITCH 2.5 50

ROLL 4.0 50

YAW 3.0 45

VERT 2.5 70

Table 4. ADOCS Stability Characteristics.

AXIS RESPONSE FREQUENCY DAMPINGTYPE (RAD/SEC) RATIO

PITCH ATTITUDE 2.0 1.0

ATTITUDE 2.5 1.0
ROLL

RATE 5.7 1.0

YAW RATE 2.0 1.0

VERT RATE 2.0 1.0

Table 5. ADOCS Command Model Characteristics.
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Figure 14. Longitudinal Axis AT/AT CommandlResponse Characteristics.
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MATCHING CREW SYSTEM SPECIFICATIONS TO HUMAN PERFORMANCE
CAPABILITIES

Kenneth R. Boff Ph.D.
Human Engineering Division

Armstrong Aerospace Medical Research Laboratory

Wright-Patterson Air Force Base, USA

SUMMARY

Despite spectacular advances in display systems and data handling technologies, modern crew systems
confront their operators with a staggering volume of codified information which competes for scae
attentional and control resources. Unabated, these increasing psychological and physiological demands
have potential to undermine critical technology gains in system performance. While it is generally
accepted that the human operator's ability to acquire, process and make effective control decisions using
task critical information is a key contributor to system effectiveness, there are significant
difficulties in translating this to meaningful action in the processes of crew system design and
acquisition. Recognition of this problem has spurred concerted efforts across DoD to attempt to
influence early design tradeoffs in favor of an improved match between crew system specifications and
operator capability.

Achieving an optimal fit between system capabilities and the perceptual and performance
characteristics of the operator requires the presence of at least three elements: (I) Usable Data
Resources. Human performance data are needed in a form and level of precision that can be traded off
against other design variables; (2) An Effective Interface providing methods and media to support
accession and evaluation of these data with respect to equipment requirements. To be effective, this
interface must act to lower the cost (time, resources, risk, etc) of acquiring pertinent data
proportional to its perceived value. (3) Sophisticated and Motivated Users. Designers, design management
and system acquisition personnel need to understand and place value on the use of ergonomics in the
design of effective systems. Designing for active presence of these elements requires
understanding of and assumes some ability to influence individual, organizational and regulatory
variables that jointly support the design and acquisition processes.

INTRODUCTION

The evolution of the flight crew system from the early days of aviation to the present has involved a

stunning growth of complexity in terms of the demands on the pilot and the sheer number of controls and
displays needed to support wide ranging mission requirements (Fig 1). While dramatically extending the

capabilities of modern military systems, the technological advances in avionics and information handling
technologies over the past few years have also pressed at the limits of operator performance
capabilities.

Current attempts to overcome this problem have fol lowed two fundamental ly different approaches.
First have been approaches typified by the use of multifunction and/or computer driven menu display

technology in recent crew systems (Fig 2) which are aimed at reducing the apparent volume of information
simultaneously competing for the operator's attention. Aside from any human factors advantages, these
approaches provide the major engineering benefit of freeing up scarce crew system real estate thereby
permitting the integration of additional avionics technologies that are clammoring for tickets to fly.
The major disadvantage of this approach is that critical information may not be immediately available at
the moment of need in the rapidly shifting dynamics of modern air combat. Concern over this potential
problem has spurred the research and development of new technologies aimed L rapidly reconfiguring the
crew system information suite in a manner adaptive to changing circumstances. For example, proposed
.plications of machine intelligence in the crew system -- as in DARPA'S Pilot Associate -- are expected
to be able to aid the operator in both the rapid interpretation of information and in the performance of
mission tasks -- thereby altering the allocation of man-machine functions in future flight crew systems.

The second major approach is concerned with reducing operator load by matching the bandwidth of crew
system controls and displays to the physiological, psychological and psychomotor capabilities and
limitations of the operator. This approach stems from ergonomic concerns over the human operator's
ability to integrate information from a disparate array of highly codified bits of information into a
unified awareness of the situation vital to effective mission performance. A major weakness of this
approach is that it depends on driving the state-of-the-art of control/display information portrayal
technologies based upon il ldefined, little understood and at best controversial models and notions of
operator performance. Because of the risks and uncertainties associated with this approach - i.e. it
has tended to be research rather than development - it has, in the past, lacked the threshold level of

support needed to attain critical mass. More recently, research sponsored by Reising (1,2) coupled with
spectacular accomplishments on virtual display interfaces by Furness, Kocian and colleagues (3) have
provided the fundamental technology breakthroughs needed to rekindle "development" interest in this
"human-centered" approach.

The crucial link to the success of either of these approaches, or a hybrid of the two (i.e. a "super
cockpit"; fig 3; ref 4) is the ability to translate our fundamental understanding of the human operator
into relevant and applicable actions. While a staggering volume of research findings exists, it remains
difficult to pinpoint a direct linkage between the implications of this research and the basic insights
needed to design these human-centered systems. While human factors researchers typically rationalize or
justify the relevance of their projects on the basis of real problems, they generally believe their
responsibility to actually solving these problems ends with publication of their findings. Overall, there
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appears to be a lack of sensitivity on the part of the behavioral research community to the designer as
an end user of this information. In particular, there is little or no understanding of the factors that
influence the ability uf desigr.ers to acquire, process and make effective decisions using ergonomics. As
a result, ergonomics information and the knowledge, tools and metrics to use this effectively in system
design are urgently in demand. The principal objective of this report is to identify and discuss these
factors in the context of the pragmatic options available for the human factoring of crew system design.

II. HUMAN FACTORING ERGONOMICS DATA TO SUPPORT CREW SYSTEM DESIGN

Systematic consideration of ergonomics data in crew system design decisions and tradeoffs appears to
be hampered by a variety of interdependent factors stemming from the nature of design problems and
process, organizational and regulatory environments, the nature of designers, and the availability and
utility of relevant technical knowledge resources (5).

Much has already been documented in the literature on the general logic and formalisms associated
with the process of design (6,7). Likewise, many accounts exist of the apparent and hidden complexities
associated with the design of military systems (8). In formal descriptions, system design is frequently
characterized as an orderly, hierarchical process. However, in reality, it tends to be somewhat chaotic
involving many iterative steps, stages and procedures dependent on the control and communications of
multiple individuals and organizations with their respective skills, biases and inclinations (9,10).

Fundamentally, the goal of system design is to onceive an artifact whose form and function match a
set of defined needs and requirements within defined cc't, schedule and material constraints. It is a
cumulative function of a multitude of design decisions and tradeoffs which are, in turn, dependent on the
information and experience factored into them. Hence, design decisions made vithout consideration of
potentially leveraging information may be suboptimal and may collectively, depending upon their impact on
system function, undermine design effectiveness (9,11).

The design decision process (simply schematized in fig 4) is best represented as a subjective
integration of information resources and personal experience which is, in turn, constrained by
limitations of available time and resources. The nature of this integration is not well understood
though it probably involves a variety of cognitive processes including analytic and analogic reasoning,
pattern recognition, informal hypothesizing, and mental modeling which are often collectively referred to
as creative intuition. At different times, single individuals or individuals working together as a team
may be involved. It is an iterative process, recurring at all stages and levels (i.e. system through
component levels) of a given design.

The interdependence among the myriad factors which contribute to the design of complex systems makes
it difficult to predict the influence of any single factor, bit of information or decision on a given
design. In contrast to this apparent unpredictability, the pressures of limited time and resources
typical in system design drive designers to bias decisions and tradeoffs toward reduction of uncertainty
and risk. Hence, the selection of appropriate baselines - a proven system or subsystem analogous to
the one under development - will generally account for the largest portion of variance in a given
design's effectiveness. In other words, choosing good baselines should reduce the risk to a given
system's effectiveness. In military systems the temptation to consider new technologies - well beyond
the initial design phases -- introduces a sizable risk to design effectiveness. All in all, it is not
surprising that few complex system designs are original or new. Rather, they typically are variants or
adaptations of existing designs.

Effective design, therefore, involves a skillful blending of past baselines with new decisions and
tradeoffs, counterbalanced to minimize risks to achieving pre-defined functionality within material,
cost and schedule constraints. Raising the efficiency with which information is considered and factored
into dcsijn deciaion-making should, by inference, raise the probability of design effectiveness.

Ironically, enhancing design effectiveness by improving design access and utilization of design-
relevant information may be hampered by the fact that designers are already deluged by too much
information competing for their time and attention. In a series of studies, Allen (12) has convincingly
shown that well over ninety percent (90%) of the information factored into technical decisions by
engineers already resides, at the time it is sought, in personal files or in the files of trusted
colleagues (Fig 5). This observation is particularly interesting in view of the information explosion in
a range of technical areas of potential value to system design. The extremely limited channel capacity
for consideration of new information suggested by these data indicates that the opportunity for human
factors information to impact system design decisions is, at best, highly constrained. More
specifically, this finding suggests that an optimal strategy for improving the impact of human factors
information on system design must focus on raising the perceived value while lowering the perceived costs
of this information for the system designer. Indeed, simply understanding the key variables that drive
the variance between perceived and actual values and "costs" associated with technical information by
system designers should be a principal area of concern for human factors researchers and practitioners.

III USABILITY OF ERGONOMICS

Achieving an optimal fit between system capabilities and the perceptual and performance capabilities
of the operator is dependent on a complex set of factors dictated by the nature of design, the
inclinations and biases of designers, and the availability of usable data resources. In particular,
human performance data are needed in a form and level of precision that can be traded off against other
design variables.

While a good deal of potentially useful human performance data exists, these data have had very
little direct impact on the design of crew system interfaces. In large measure, the failure to translate
relevant research findings to applications seems to lie with the "perceived" value of these data in terms
of the costs and risks in their accession, interpretation and efficient application to system design
problems.
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A. ACCESSIBILITY. This refers to the ease and precision by which information may be acquired. Needless
to say, accessibility is a significant contributor to the perceived "cost" of information by designers
(12). Hence, while it is important that ergonomics information useful to a given crew system
specification problem may exist, it is likely to be embedded in a staggering volume of extraneous
information distributed among countless journals, periodicals, government and industrial technical
reports, etc. Furthermore, the contextual and theoretical frameworks within which researchers typically
generate, disseminate, and otherwise organize technical information are not necessarily common with the
logical framework or needs of the practitioner. For practical purposes, designers may not readily find
needed information where it is expected to be located (11).

B. INTERPRETABILITY. This generally refers to the ease with which information content can be deciphered
and understood. This too is a critical problem with traditional sources of human factors information and
knowledge. Researchers typically feel little responsibility to the "applications world" beyond reporting
their findings into the scientific literature. Hence, interpreting -:-ntific cannunications will likely
add considerable overhead and in fact may be a barrier for the practitioner in terms of his or her
ability to evaluate the relevance of human factors information to the problem at hand (11,13). The
human factors profession is particularly guilty of not "human factoring" the presentation of human
factors data for practitioners (14).

C. APPLICABILITY. A major contributing problem to the usability of human factors are the obvious
difficulties and continuing controversy regarding the relevance and translatability of research data to
practical applications (15,16). Independent of the highly controlled circumstances under which data are
collected, the experimental conditions posed by researchers are often so synthetic that it requires a
major stretch of the imagination to find analogous circumstances in the real world to which these
conditions might relate. The concern is that data collected under such highly limiting conditions cannot
be reasonably extrapolated to multivariate conditions where many contributions to variance from
interaction effects remain unaccounted for. Unfortunately, this criticism is also true of most applied
multivariate studies in which the problems of comparision and extrapolation between experimental and
dynamic "real world" contributors to variance are severely compounded. Therefore, if one gauges the
applicability of ergonomics based solely on the assumption that it is to be used by designers seeking
"cookbook" answers, then ergonomics as a viable discipline is doomed to failure. Neither the time nor
resources are ever likely to exist, particularly in the midst of design problem solving, to

parametrically evaluate (with any certainty) the conditions active in an interactive real world system
problem (17). The usefulness of these data seems to lie not so much with their direct translatability to
multiractor conditions (though some "cookbook" answers exist for some "cookbook" questions), but rather
with their use as an aid or means to answering questions by providing cues, clues and confirmations
supportive of the designer's reasoning processes.

Designers coamonly decompose design problems (e.g. systems to subsystems as in Fig. 6; Ref 18) into
logical subsets of design questions and tradeoffs while attempting to hold associated risks constant
through baselining (Fig 7). Depending on factors such as the availability of "cookbook" answers, high
value issues for which uncertainty remains may be further decomposed into higher resolution questions for
which the '"est" answers within time and resource constraints will be sought. The process of generating
higher resolution questions and matching to the best resolution answers probably involves informal
theorizing, pattern recognition, analogical reasoning and Other pocesses all of which may be subsumed as
design "intuition" and creativity (19). Hence, for example, designers of controls and displays
frequently ask questions of human factors practitioners in which the variables of interest are highly
constrained (20). While, in many instances, this may facilitate a "direct" match to the empirically
based research literature, more often than not, matches to the extant data are made on the basis of
inferences, the seeking of cues or clues, or in the confirmation of informal predictions.

It is interesting to note that while this process is not wel I understood, it is also somewhat
analogous to that followed by researchers in the piloting phase of research when they are seeking the
"sweet spot" among the variables of interest to study. Though this phase of research is rarely treated
explicitly in the empirical literature, it clearly involves skills critical to good research --
independent of our current state of understanding of the processes which govern it. Similarly, examples
of 'good' human engineering abound in which the supporting rationale for key decisions or tradeoffs is
nothing more than an artifact of retrospective reasoning. Perhaps, therefore, the major differentiating
element between "good" researchers and "good" designers is that researchers are compelled to formalize
their observations of causes and effects in a procedural context while designers find satisfaction in the
informal confirmation of their inferences and predictions in the "trial and error"-like synthesis of a
design.

The "bottom line" to this discussion is that while much apparently relevant ergonomics information
exists, its application to system design problems is not at all straightforward. it is difficult to use
as a basis for prediction and its use carries many risks for the designer. Coupling this difficulty with
the risks associated with its accession and interpretation severely reduces its perceived value to the
system designer. The successful matching of crew system specifications to human performance capabilities
is ultimately dependent on (1) raising the absolute value and lowering the costs of ergonomics in system
design while (2) manipulating the perceived value and costs of this knowledge within the crew system
design community. The first issue is dependent on a reassessment of responsibilities and roles within
the profession. By this, I mean an assumption by the profession of greater responsibility in closing the
gap between responsive research and application needs while effecting a shift in focus toward developing
the models, methods and metrics needed to transition the state-of-the-art of iuman engineering knowledge

i.
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and practice to the system design process. The fact that this is beginning to happen in cynjunction with
concerted attempts at consolidating and institutionalizing the ergonomics knowledge base

I ' 
leeds me to

believe that the perceived values and costs of ergonomics in system design should naturally begin to
shift in response. Facilitating this shift in the US are major changes in DOD system acquisition
policies which are placing new emphasis on requirements for human factors specification (e.g. MANPRINT in
the US Army; Manpower, Personnel and Training System Project Office in the US Air Force). Emrerging
information access and decision support system technologies integrated into computer aided design and
engineering systems (CAD CAM) such as the AF Cockpit Automation Technology Program, the AF Designer's
Associate and the Army/NASA C

3
I Program will eventually aid future designers to efficiently access and

tradeoff human performance data with other technical information germane to the effective design of crew
systems.

IV. CONCLUSIONS

Matching system specifications to human performance capabilities and limitations has acquired greater
legitimacy as a design goal for future crew system interfaces. Meeting this goal with respect to human
sensory, perceptual, cognitive and psychomotor capabilities cannot presently be achieved in a systematic
fashion employing traditional engineering practice. The problem results from the costly accessibility and
uncertain applicability of ergonomics data coupled with the conservative inclinations of system designers
and the cost/schedule pressures of the acquisition process. In the peast, the perceived gain of using
ergonomics has been too low given the costs (time, money and risks) of accessing and practically applying
this information in the system design process. The emergent availability of application-oriented data
sources, access and decision support system technologies and shifts toward regulatory demand for
ergonomics in the DoD system acquisition process will collectively raise the value for designers of
factoring ergonomics into system design.

1 There is a critical need to distill and consolidate useful human factors knowledge so that it may be

available as a resuzce -- - lesigners. A sionii xit effort in this vein is the Integrated
Perceptual Information for uesigners (IPID) Project which is a US/NATO AGARD multiagency supported effort
to develop human performance data resources for system designers. IPID has supervised the review and
evaluation of many thousands of research studies. The small percentage rated as reliable and applicable
has been consolidated and packaged into a variety of comunications media. The first is a two volume
reference Handbook of Perception and Human Performance (21,22) for human factors specialists. Second is
a four-volume Engineering Data Compendium (23) in which the presentation of these data has been human-
factored to enable their direct use by system designers. IPID is also sponsoring and developing
educational opportunities to train and sensitize system designers in the value and application of human
performance data to crew system design.

2 The Crew System Ergonomics Information Analysis Center (CSERIAC). Under the auspices of the DOD and
in conjunction with the Tri-services and NASA, the AAMRL will establish and host in mid-1988 an
institute with responsibility for the maintainance, update and analysis of ergonomic knowledge resources
needed to support crew system design (24). CSERIAC will provide a full range of technical information
services in support of crew system research, design and development serving the government, and
industrial and academic sectors in the US and abroad. The key function of CSERIAC will be to build a
network among relevant experts and other knowledge sources while developing the resources and media to
draw upon ad focus this expertise to solve problems, achieve expert cuncensus, and aid planning for more
effective use of ergonomics data in the system design process.
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ABSTRACT - The Integrated Control and Avionics for Air Superiority (ICAAS) Program is a
United States Air Force Advanced Development Program to design, develop, and demonstrate
selected fighter aircraft technologies needed to kill and survive when outnumbered in air
combat engagements. Design emphasis is placed upon functional integration of sensors,
fire control, flight control, weapons and interface with the pilot to achieve improved
beyond-visual-range (BVR) multiple target attack capability with effective transition to
close-in combat (CIC). Data from multiple onboard sensors is blended for improved target
detection, track, and identification functions. Fire control algorithms compute multiple
target prioritizations and missile launch solutions using active or passive sensor modes.
Flight control algorithms include attack and defensive guidance functions which aid the
pilot in maximizing launch opportunities while minimizing threat exposure. Evasive
maneuvers with countermeasures ire used to survive attack by threat homing missiles.
Improved cockpit presentation t engagement data enhances pilot situation awareness to
allow informed engagement decisions. Data link internetting between friendly aircraft
reduces dependency on verbal communication and greatly enhances incraflight coordinated
attack. Piloted simulations and flight testing will be used to develop and validate ICAAS
technology in a realistic multitarget environment. This paper presents details of the
ICAAS concept and design approach.

INTRODUCTION - Recent literature is filled with descriptions of an increasingly complex
air combat environment which will challenge the ability of USAF tactical fighter aircraft
forces to establish and maintain air superiority. Fxperts generally agree that enemy
forces will have a significant numerical advant-ge. Accordin5 to Col Jeffrey G. Cliver,
Chief of the Tactical Division at the Directorate of Operations, Pq USAF, "In the next
war we could be outnumbered by six or more to one in any given air battle" (1). Current
USAF operational fighter aircraft are very affective in attacking single targets, but
sensor, weapon and subsystem design limitailons inhibit performance capability against
multiple targets, especially at beyond-visual-range (BVR). Onboard sensors seldom provide
sufficient information to detect all potential threats or to identify non-cooperative
targets. The pilot must visually confirm identification, thus forcing him into sb .t
range dogfight situations where a numerically superior force usually has the advantage.
Semi-active missiles, such as the AIM-7, require continuous radar coverage in radar single
target track mode all the way from launch to target arrival. This allows only the highest
priority target to be attacked at any given time. If a pilot is surprised by a higher
priority threat during z missile fly out, he must abar.don radar illumination of the
original target resulting in the missile going ballistic. Dedicated control are display
formats for each subsystem force the pilot to mentally integrate data at hand to assess
the situation and make engagement decisions. Communication with friendly aircraft using
r:dio conversation is time consuming to the pilot and very prone to errors as messages
become garbled with multiple eIrcraft. For all these reasons, attacking pilots attempt to
isolate and engage single targots one at a time. The primary commandment of air-to-air
warfare is: "If at all possil-, engage only if you have the advantage. This means that
a flight of two always attempts to engage a single bogey" (1). This tactic can be used
very effectively to counter an enemy force of limited numbers, but when the enemy has a
significant numerical advantage, major improvements in onboard system capabilities are
needed. Multiple targets and threats must be addressed simultaneously, with different
actions appropriate to each, rather than a series of actions against a single target. As
stated by Col Hoffman (2), "Clearly the challenge for our future fighters remains with our
abfllty to build In the technology to counter a numerically superior enemy".

New technology developments :,re taking place which will provide tactical fighter pilots
with much needed system enhancements. Advanced sensors will provide greater accuracy in
surveillance and target recognition (3). For example, infrared sensors can augment radar
by providing target position data without emitting signals which can be detected by
electronic countermeasures. The Advanced Medium-Range Air-to-Air Missile (AMRAAM) will
allow a fighter to engage seve-al enemy aircraft at the same time, since constant target
illumination is not required (4). Advanced countermeasures will provide additional
information about the enemy and reduce the effecriveness of his onboard systems. Digital
data internetting will provide an intraflight exchange of situation data and target
assignments without depending on voice communications. Increases in onboard computer
powe, will enhance data processing capacity. These are only a few of many ongoing
developments, but enough to make an important po!nt. Future fighter aircraft will be
capable of generating an enormous amount of data from a multitude of subsystems. However,
more must be done to help a pilot manage these subsystems, derive critical situation
information and sort out the beat engagement options to consistently engage and defeat a
larger enemy force. This cannot be accomplished with a collection of Independent or
self contained subsystems. Integtated configurations must be developed with
capabilities to provide the pilot with a summary assessment of the combat stuation,
recommended engagement options, and automatic execution of tasks requested by the pilot.
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The ICAAS program was originated to address these design challenges. The program is
sponsored by the Air Force Wright Aeronautical Laboratories, Wright-Patterson AFB, Ohio.

Development activity will be divided into three major categories; attack management,

flight management, and pilot/vehlcle interface. The Flight Dynamics Laboratory will be

responsible for overall program management, with attack management development and
integration support from the Avionics Laboratory. Flight testing will be performed at the

Air Force Flight Test Center, Edwards AFB, California. Contracts for system development

were not yet announced at the time of this publication. This paper discusses content of

the three ICAAS development areas followed by the program approach to system integration

and test and evaluation.

Attack Management - Algorithms are being developed which form an interface between the

pilot and the onboard sensors and weapons. The purpose is to provide the pilot with
information to maintain a high level of situation awareness. These algorithms will

perform functions of a) sensor control, b) data fusion, c) weapon control and d)

Internetting (intraflight data exchange).

a. Sensor Control - Pilot workload associated with the task of sensor control can be

extremely high. A modern radar can have more than twenty different operating modes and a
pilot can easily dedicate most of his attention to operating the radar. Most pilots will

become familiar with some of the modes and ignore the rest. Since future fighters will

likely have multiple sensors, it is easy to see how the pilot of a single seat aircraft

could easily become overwhelmed with manually operated sensors. ICAAS automated sensor
control will support particular attack modes desired by the pilot, including active mode

with sensor energy emissions allowed (such as radar), low probability of intercept mode
with limited energy emissions allowed, and covert mode with use of only non-emitting

sensors (such as infrared). Individual sensor functions such as on/off switching and
sensor pointing are included, with provisions for pilot manual control whenever necessary.

Coordinated use of multiple sensors allows maximum total scan volume coverage (see figure

1) or other control strategies depending on needs driven by the battle scenario.

FICURE I

b. data Fusion - Any individual sensor may not be able to assemble all desired data

concerning a particular target, especially for confirming positive identification of BVR
non-cooperative targets. ICAAS data fusion algorithms combine track file data from

multiple sensors to derive a total summary of known target characteristics, resulting in a

much higher probability of identification. Another valuable output of data fusion is a

target kill assessment. It is important for a pilot to establish whether a BVR missile

launch killed the intended target. If so, he may turn his attention to other potential

threats. But, if the target was not destroyed, he may become vulnerable to attack from
the original target by redirecting his attention. Data fusion from multiple sensors

improves confidence in the kill prediction; if both an infrared flash is detected at

expected missile impact time and radar velocity goes to zero, a kill is highly probable.

c. Weapon Control - Baseline weapons for ICAAS fire control system functions are

AMRAAM, ATIM-9,-Wd2" m gun. Data from target track files are used to compute ownship

missile launch envelopes and threat envelopes against the ownship. In addition,

recommended target priorities will be established considering such factors as weapon

status (quantity & type), relative geometry to the enemy aircraft, guidance requirements

of in-flight missiles, and pilot designation of priority target. Fire control algorithms

enable simultaneous launch against several targets, with appropriate post-launch guidance

provided to the missiles. An all-aspect director type gunsight is available to take

advantage of gun opportunities if the engagement collapses to close-it combat.

Finally, the pilot can use information provided to make decisions on how to attack and how

much automation to allow from the onboard weapons control.

d. Internatting - Intraflight digital data link capability will be implemented to

permit exchange of sensor data (track files), targeting sssignmenti and tactics. This

allows extension of data fusion algorithms to include known target data from all

cooperative sensor sources. A sample benefit of this approach is the case of a covert

attack using an infrared (IR) sensor. A single IR sensor can precisely measure



31-3

line-of-sight to a target, but cannot directly determine target range. To get an
accurate range measurement, a burst of radar energy may be required and the target may
be alerted. Two internetted fighters can triangulate using line of sight measurements
to accurately determine target range while remaining covert. In addition, all
internetted fighters get a consolidated summary of situation data and indication of
targeting assignments. Fighter effectiveness will increase dramatically compared to
coordination using voice communications. The ICAAS program is not developing data link

technology, only developing functions which depend on its presence.

Pjhasajeoent - ICAAS flight management involves guidance and control of a fighter
aircraft during the engagement mission phase to achieve combat positional advantage.
The previously discussed a-tack management algorithms will only provide the pilot a high
level of situation awareneis. When a flight is opposed by superior numbers of enemy
aircraft, the best engageuent option of several alternatives may not be obvious, and
more than just good situation awareness is required. Flight management algorithms
consider factors relevant to planning and executing flight trajectories which position
the aircraft for maximum probability of target kill and maximum probability of ownship
survival. Flight trajectory information must be displayed to the pilot for manual
control, or coupled to the flight control system for automatic flight. The level of
automation needed to achieve the most effective combat performance is a critical issue
to be examined throughout the ICAAS program. In any case, the pilot must be able to
alter the recommended solution.

Due to the extremely dynamic nature of air combat, computation of flight trajectories
within appropriate time constraints is a significant design challenge. The design must
minimize decision errors due to incomplete, imprecise, or false sensor information.
Control solutions must remain unpredictable to the enemy yet reactive to enemy actions.
Defensive flight maneuvers enhance survival against threat homing missiles by properly
timed evasive maneuvers in conjunction with use of expendable or electronic
countermeasures. Offensive and defensive trajectory computations must he properly
balanced so that attack can be executed with defensive contingencies in mind, ard
defensive maneuvers can be implemented without abandoning an offensive posture.

Flight management algorithms must interact with attack management. In many cases flight
management information affects attack management target prioritization solutions. For
example, when assigning attack priorities for enemy aircraft, higher priority should be

assigned to aircraft which are in a position to defeat defensive maneuvers. Flight
management must also consider wingmen status and shared data sources which are available
from the internetting function of attack management. Mutual support from cooperating
fighters will enhance overall effectiveness. Specific functions of ICAAS flight
management include:

a) Navlrat1on - A precision navigation capability is being developed for computing
ownship inertial position and state information (attitude, velocity, acceleration, etc)
throughout the tine of flight. A common source of state data is used for navigation
computations, flight control inputs, stabilization/correlation of multiple target
sensors, and fire controi calculations of missile launch envelopes. This supports
efficient functional integration while reducing the required number of onboard motion
sensors.

b) Attack TrajEctory - Algorithms provide the pilot with multiple-target attack
trajectory control references and recommended control solutions which can be coupled to
the flight control system. Automatic control modes a-la he autivated only by positive
pilot action. BVR attack trajectories are based upon avoiding threat launch zones while
solving ownship missile launch constraints. Transition to CIC includes a precision weapon

pointing control system for short range missiles and aerial gunnery.

c) Airframe Performance - Flight management aids the pilot in maintaining aircraft
performance which is appropriate for the combat situation. Energy Maneuverability (EM)
information permits full exploitationi of aircraft maneuver potertial to achieve combat
positional advantages. EM will relate ctrrent state conditions t, available maneuver
potential and compute the best combination of altitude, airspeed. power setting, etc. to
mininize a mission critical corponent ot airframe performance. F'r example, a pilot mao

desire to fly to an energy state which provides maximum launch r-ge for a medium range
missile, then quickly transition to corditions for optimal endime evasive maneuvering.

McAtne (5) has emphasized the Importance ot an aircraft's ability to rapidly transition
from one flight condition to another, rather than attempting to maintain greatest energy
state. In other situations, the pilot may want to present minimum radar cross section or

infrared niprature to a particular enemy aircrait. lie may want to fly a minimum time or
minimum tuel intercept trajectory. These are examples of conditions which are being
invcstigated during ICAAS flight management development. Modes which are implemented will
be prioritized by the expected payoff in combat performance. In any rase, the flight
management implementation will assist the pilot in sorting feasible from infeasible
engagement options and optimizing aircraft performance appropriately.

d) Missile Avoidance/Evasion - Studies have shown that precisely timed and controlled
endgame evasive maneuvers can defeat attack by a threat homing missile (6). ICAAS flight
management computes avoidance and evasiqon flight trajectories f,,r pilot manual or
automatic control. Avoidance maneuvers ace defined as actions plior to threat missile
launch, or early in the missile time of flight, which are intended to fly the aircraft to
a safe location beyond the missile flight envelope. Mid-course or endeame maneuvers are
performed to create a safe miss distance when avoidance is not possible (see figolre 2).
Information from ownship and inte-rnetted senvars is used tol gather information aloot the



31-4

inbouti missile and to compute appropriate defensive maneuvers. Coordinated use of

available countermeasures provides greater miss distance than possible with maneuvering
alone. Significant increases in probability of survival are expected compared to manually

flown "rule of thumb" defensive maneuvers which pilots are forced to use at present.

ricRE 2

e) Resource Manajement - Available onboard resources are considered when computing
ICAAS flight trajectories. Resources are defined as weapons, fuel, and countermeasures.

For example: a) the pilot will be informed if a minimum time intercept trajectory would
exhaust his available fuel supply, b) if all medium range missiles have been expended, BVR
attack trajectories would be discarded in favor of CIC weapons or egress from the
engagement, c) missile evasion algorithms should not consider an option for dispensing a

flare against an infrared missile if all flares have been expended.

PilotlVehicle Interface - Pilots make decisions based on perceived information, so by
obtaining more complete information and presenting it more concisely, situation awareness

can be improved, and the best engagement decisions made. Techniques are being developed
to display both ownship and supporting aircraft status. Pilots may then make appropriate

decisions in coordination with friendly aircraft. For instance, display of targets
designated by other friendly aircraft reduces the probability of two pilots attacking the

same target (unless hep is requested).

Significant cockpit design issues must be addressed to enable a pilot to maintain

situation awareness with reasonable workload in complex aerial engagements. Efficient
data management techniques must be utilized to provide timely and relevant information in

a format easily understood by the pilot. The pilot/vehicle interface (PVI) must be
integrated with the rest of the aircraft to achieve the necessary data transfer efficiency
and resulting pilot effectiveness. The ICAAS program Is examining cockpit control/display
features and automation versus manual task allocation to define an advanced air-to-air

cocpit design. Color multifunction displays will be used to present tactical situation
data, weapon delivery information, threat warnings, and recommended flight trajectories.
A helmet mounted sight/display is being used for sensor cueing and threat warning.
Interactive voice control is used as an alternate to manual control for functions such as

primary mode selection, display control, and data requests. All of these crew system

technologies are planned for ICAAS flight demonstration.

A major ICAAS goal is to provide functional harmony between the pilot and the advanced
attack and flight management algorithms. The amount of automation that a pilot needs,

such as recommended engagement decisions and automatic control coupling is an Important
issue. According to Moss (8), this depends upon the kind of task and level of pilot
performance. A task such as BVR target Identification must be automated because the
pilot cannot contribute to the process. Automated defensive maneuvers in response to a

threat homing missile may be automated, with pilot consent, due to the precision control
and timing requirements. Offensive attack steering is a task where the pilot might best
apply his inherent flying skills. A proper balance of manual and automatic task
allocation will be required to achieve the desired combat performance.

- The ICAAS program is emphasizing system integration as a technology.
not just an implementation detail, thereby leading to higher system performance levels

through synergistic combination of information. Integration is an interactive process
which begins with concept definition and Is continued through final testing. Complex
interactions between attack and flight management functions and interfaces with sensors

and weapons must be identified This process is not complete until both known and unan-
ticipated problems are solved. To accomplish this, a well structured test environment is
required to control the number of variables at each integration step for isolation of
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error sources. Rapid prototyping is being used as soon as possible, before actual
hardware and software exist, to validate the overall ICAAS concept, as depicted in
figure 3. Software modules will be introduced as they are developed with early emphasis
on executive and built-in-test functions. Hardware emulation will be used until actual
hardware is available, with off-the-shelf processors used to minimize risk to the
program.
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Software development and integration is a major task within the TCAAS Program, The
Department of Defense standard Ada software language is being uses for all software
development. Use of Ada is expected to reduce software develop-ent cost, provide better
insight to the integration process, and maximize technology transition opportunities.
Past and ongoing flight demonstrations of flight critical software in the Ada language
have provided sufficient confidence that Ada is suitable for the ICAAS Program (9).

Hot bench and hardware-in-the-loop simulation testing is being used to integrate software
and hardware components. The total system must perform according to design specifications
and must operate in real time. Pilots evaluate the ICAAS system as it matures, to assure
Information is presented in a manner resulting in effective decision making with
acceptable workload.

Test and Evaluation - The primary objective of ICAAS test and =valuaclon is to demonstrate
feasibility and performance capabilities of the ICAAS technologies. The overall
performance goal is a ten to one kill ratio when outnumbered by four times as many enemy
aircraft. Capabilities of enemy forces are based on 1995 projections. Pilot in the
loop simulation and flight test experiments are used to evaluate ICAAS performance in
realistic air combat environmeus (see figure 4).
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Formal, high fidelity, interactive piloted simulation will be conducted to measure the
combat performance of four internetted ICAAS aircraft ergaging up to sixteen enemy (red)
aircraft. An orderly buildup in complexity is expected, starting with two blue versus two
red. Blua aircraft utilize two cockpit domes which include crew stations fully configured
with ICAAS controls, displays, and information processing. Out of cockpit visual scenes

include threat and friendly aircraft, appropriate sky/earth references, and missiles.
Manned stations are used to represent the remaining two blue aircraft. Red forces consist
of an equal number of manned stations and digital aircraft models. Test conditions
include a variety of realistic mission scenarios.

An advanced baseline tensor suite is being modelled during the ICAAS simulations. The
baseline suite consists of a multi-mode radar with an Electronically Steerable Antenna
(ESA), Infrared Search and Track System (IRSTB), Laser Tracker/Ranger (LTR), Radar Warning
Receiver Fire Control Interface Software (EFIS), Airborne Self Protection Jammer (ASPJ),
Missile Warning System (MWS), Joint Tactical Information Distribution System (ilDS),
Identification Friend or Foe (IFF), Global Positioning System (CPS), and Inertial
Navigation Assembly (INA). Tradeoff studies refine this baseline into a final sensor
configuration which results in the most effective combat performance. Realistic sensor
configurations and capability limitations force attack and flight management algorithms to
cope with less than perfect situation information.

Flight testing will demonstrate that ICAAS system algorithms can be hosted on a tethed
fighter aircraft and integrated with actual sensor derived target data while operating
in realistic flight conditions. Capabilities to effectively handle simultaneous events
needed to fight and win when outnumbered will be exercised. Complete encounters will be
performed with the ICAAS testhed aircraft versus up to four aggressor aircraft, as
depicted in figure 5.
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Engagements will be initiated at BVR and proceed through simulated weapon employments.
Test conditions will be structured in a progressive buildup to examine full ICAAS design
features and levels of automation. Initial testing will utilize an embedded Air Combat
Engagement System (ACES) to provide onhoard computer generated synthetic targets for
verifying algorithms under controlled conditions. As described by Lt Brady (7), embedded
scenarios are comparable to what the pilot would encounter In air combat maneuvering
exercises. ACES is also expected to contribute to reduced cost of testing since target
aircraft are not required, more encounters can be performed during each flight and an
excellent software test capability resides in the system. Flight testing will then
proceed using onboard sensor measurements of up to four aircraft acting as aggressors. A
wingman aircraft will be internetted with the ICAAS testbed for a limited demonstration of
two cooperative fighters versus four aggressor aircraft.

A special test not involving the ICAAS aircraft is envisioned for validation of the
missile evasion capability. Missiles obviously cannot he fired at the ICAAS testhed.
Therefore, a missile will be launched at a PQM-106 drone over a test range. Evasion
algorithms hosted in the ground based range computers will determine control commands
which will be transmitted to the drone. This will provide a direct demonstration of the
capability to evade a threat homing missile which has been launched within "no escape"
parameters.
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Correlation of simulation and flight test results will receive special attention.
Simulations will demonstrate the final or full-up ICAAS technology regardless of whether
the actual equipment can be demonstrated in flight. Flight testing will provide selective
validation of simulation results using components which can be flown during the program.
The combined results of both types of testing are needed to achieve the best design trade-
offs. If a disciplined system integration approach has been followed through this final
step, then an effective ICAAS concept will result.

Summary

The ICAAS program will achieve significant technology advancements for fighter aircraft in
the functions of attack management, flight management, and pilot/vehicle interface. These
functions will individually provide combat performance improvements. Systematic
integration of these functions, which is a primary goal of the ICAAS Program, will derive
additional performance which would be otherwise unattainable.
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ABSTRACT

The Advanced Fighter Technology Inteoration (AFTI)/F-16 Joint Test Force recently completed a
developmental flight test program investigating a fully automated weapons delivery system. The AFTI/F-16
boasted an impressive array of automatic systems that increased the effectiveness of both the pilot and
airframe as an overall weapon system. The highly modified F-16 testbed was fitted with a digital flight
control system, a conformally mounted infrared sensor/laser ranqino pod, integrated fire/flinht control
computers, a digital color moving map, and a voice recognition system. The AFTI/F-16 intearated these
sensors, avionics, and flight control systems into an Automated Maneuvering and Attack System (AMAS)
capable of full authority automatic air-to-surface weapons delivery with profiles down to 200 feet (60
meters) above ground level. Long range target detection, lock-on, and tracking was accomplished by the
forward looking infrared radar tracking pod. The pilot managed the system by identifying the target and
commanding the sensor tracker system to track. With AMAS engaged, the pilot could alter the guidance
solution or refine target track via hands-on controls. During ingress for an air-to-ground delivery he was
aided by a low altitude radar autopilot. Target position was updated by laser range information and the
advanced fire control computer. The only feature not automated was airspeed control. Cockpit management
was aided by a fully integrated Voice Interactive Avionics (VIA) system capable of more than eighty
functions covering communication, navigation, and sensor and weapon management. The VIA had the ability to
recognize connected speech and generate synthesized warnings and advisories. The effects of this level of
cockpit automation were studied for all phases of surface attack. This paper will present test results of
the developmental flight test program and provide an assesment of the individual AMAS subsystems on the
overall workload of the pilot and the pilot acceptance of a fully automated weapons de

1
very system.

ABBREVIATIONS

AFTI - Advanced Fighter Technology Integration
A/G - Air-to-Ground
AGL - Above Ground Level
AMAS - Automated Maneuvering Attack System
APPT - AMAS Pre-Planned Target
FCC - Fire Control Computer
FOV - Field of View
g - Acceleration Due to Gravity
GCAS - Ground Collision Avoidance System
HUD - Head-up Display
IFFC - Integrated Flight/Fire Control
IKP - Integrated Keyboard Panel
MDA - Minimum Descent Altitude
MFD - Multifunction Display
NWL - Non-Wings Level
OSB - Option Select Button
RALT - Radar Altimeter
STS - Sensor Tracker System
SWIM - System Wide Integrity Management
VIA - Voice Interactive Avionics
VPS -Vertical Planning Scale

INTRODUCTION

In today's high threat combat arena, the pilot with the best available technology has a clear
advantage. For air-to-surface weapons employment, a very low altitude, high speed inaress, coupled with
accurate weapon delivery and some capability to standoff from the target is a frequent tactical resuire-
ment. In today's combat environment of numerous weapons, multiple sensors, and extensive counter-
measures, the key to success will be rapid assessment of available informatinn and esually quick weapon
employment. Thus, the interface of the pilot with these advanced technologies is of paramount
importance.

The AFTI/F-16 Joint Test Force conducted a test program to develop a fully automated attack system for
fighter aircraft between July 1984 and April 1987. This proaram was conducted at Edwards AFB, California
and consisted of 237 flights and more than 347 flight hours. Testing was accomplished by seven Pilots
representing Air Force Systems Command, Tactical Air Command, and National Aeronautics and Space
Administration. Flight test disciplines included flying qualities, avionics, qeapnns, and human factors
evaluations.

One of the major objectives of the Automated Maneuvering Attack System (AMAS) phase of the AFTI/F-16
flight test program was to determine the level of pilot acceptance, adaptability, and workload associated
with the automated low altitude weapons employment. This determination consisted of a laroe range of
considerations, including a broad-based study of which flight control modes should be automated (and to
what degree), examination of the overall contribution/distraction of each avionic subsystem, and detailed
assessment of individual cockpit displays, controllers, and switches. Due to program delays and financial
constraints, the air-to-ground automated attack was the only capability that was fully developed;
therefore, that system alone will be the subject addressed in this paper.
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TEST AIRCRAFT DESCRIPTION

The AFTI/F-16 (Figure 1) was a highly modified pre-production F-16 
aircraft. The modifications

included an asynchronous triplex digital flight control system which provided multiple task-tailored

flight control laws (including decoupled aircraft motion). Twin canards were mounted on either side of

the lower portion of the engine inlet. A fuselage dorsal fairing was added to provide internal space for

avionics and instrumentation hardware. A forward-looking infrared laser sensor tracker system (STS) was

mounted conformally in the right wing root with an aerodynamically similar "dunmny pod" mou nted in the left

wing root. A radar altimeter (RALT) usable at all roll attitudes was installed in the forward fuselage.

New and modified cockpit controls and displays included a sidestick controller, a linear motion throttle

with a twist action for controlling AMAS functions, a wide field-of-view head-up display MHUD), anti three

multidiuplay cathode ray tubes for system display and control. See Figure 2 for cockpit layout.
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The baseline avionics hardware and software for AlIAS was Block 25 from the F-16C. The hardware was

essentially unmodified and the software was hiolhly modified to accomplish AMAS functions.



AUTOMATED MANEUVERING ATTACK SYSTEM

The overall goal of the AMAS installation was to maintain the weapon delivery accuracy of current
bombing systems while increasing the survivability of the delivery platform in a high threat environment.
This increased survivability dictated high speed, low altitude ingress and egress, and a siqnificant "g"
authority for the system during maneuvering and weapon delivery.

This tactical capability was developed in the AMAS phase of AFTI/F-16 testing through an automated
bomb delivery system. The forward-looking infrared sensor and coaxial laser rangefinder were used for
precise target location. Target position was then input to the Integrated flight/fire control (IFFC)
system to allow automatic lateral toss bomb deliveries. The complete automated delivery mode was called
AMAS Pre-planned Target (APPT). The APPT attack could be separated into three distinct segments:
ingress, curvilinear weapon delivery, and egress (Figure 3).

AMAS BOMBING PROFILE
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Figure 3 APPT Bombino Profile

The pilot input three parameters for the delivery. PROFILESELECTION
These were ingress altitude (the altitude above ground

level at which the pilot engaged the system), the
ecress altitude (entered manually through a keyboard), -_ __ _

and the desired bomb range (also a keyboard entry).
The pilot controlled airspeed (with the throttle) nREAS RANGE 6 000 LEVEL
throughout the delivery. All other parameters and .\
inputs were controlled by the AMAS. The pilot could -
define the delivery profile through careful selection

of the three input parameters and airspeed control. A
given airspeed/altitude combination corresoonds to a
certain bomb range for a level release. If the pilot
input that bomb range, the system delivered the bomb R
from an essentially level Sg turn. If the pilot 000060 Soun 1_0

selected a larger bomb range, the system would toss or
loft the bomb; similarly, a smaller release range
resulted in a divinq delivery as shown in Figure 4.
Real time adjustment of the desired bomb range was

available to the pilot through throttle twist.

SDIVE

Figure 4 APPT Profile Determination: - ---
Level/Loft/Dive -- -

Curvilinear APPT deliveries were successfully conducted from 200 feet (60 meters) to 2000 feet (600
meters) above ground level (AGL), at I to 5.29's load factor, from 7 degrees of dive to 34 degrees of loft,
with up to 115 degrees of bank angle. Airspeeds ranged from 440 to 560 knots true airspeed.

APPT PILOT ACCEPTANCE

Pilot acceptance of an automated maneuvering system with a 5q authority and 200 feet (60 metersl
minimum altitude was by no means auickly or easily attained. The following quote is from a pilot's report



32-4

of the eighty-first test mission: "Trying to deliver an APPT bomb... the workload was so high on this flight
that half the time it was impossible and the other half of the time it was more work than I had done in any
other aircraft at any other time." This comment was from an experienced F-16 test pilot after his eleventh
sortie in the AFTI/F-16. Yet only fourteen months later, another test pilot, comparing the automated
system to manual deliveries, made the following comments after his second sortie in the aircraft: "Use
of the automated APPT delivery mode greatly reduced pilot workload throuiout the pass. Additionally,
(it).. .generated confidence in the system and allowed for a much less hurried ingress and attack." This
complete change in pilot acceptance required significant improvements in three areas: pilot confidence
in the system, aircraft flying qualities during APPT, and pilot interface with the system (particularly
improvements in STS operation).

SYSTEM WIDE INTEGRITY MANAGEMENT

Pilot confidence in the AMAS was achieved through the development and test of an independent AMAS
monitor called System Wide Integrity Management (SWIM). This not only provided artificial redundancy to
the single strand avionics systems (such as the radar altimeter) but functioned as a ground collision
avoidance system (GCAS) as well. Successful operation of both of these functions was necessary for the
safe operation of the automated attack system at low altitude and high airspeed.

SWIM continually monitored the aircraft's flight path with respect to a pilot selected minimum ground

clearance plane called the minimum descent altitude (MDA). If the system predicted that the MDA would be
penetrated, it would first warn the pilot and then, if penetration was still imminent, fly the aircraft up.
Pilot warning consisted of a verbal "pull u, pull up" and chevrons appearing in the HUD five seconds
prior to flyup (Figure 5). As time to flyu decreased, the chevrons moved together. At flyup, the
chevrons touched (forming a traditional "brak X"); the pilot heard a tone and "fly up, fly u"; the
aircraft automatically rolled to wings level and pulled Sq's until a 3 degree climb angle was achieved.

II I)-UP I)ISI'Ll1', 5 SEC TO I EYU IEAl)-UI DISI'L4}" Al' IL'UI'
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Figure 5 HUD Presentation for Flyup

The SWIM system would continually monitor avionic and flight control systems to ensure proper

operation. If any of the systems were not fully functional, SWIM would prevent engagement of AMAS. If
AMAS were already engaged, it would disengage the system and tell the pilot "you got it." If the failure
occurred when the aircraft was within 500 feet (150 meters) of the MA or within 5 seconds of flyus, SWIM
would accomplish a flyup prior to system disengagement.

SWIM was successfully tested throughout the air-to-ground envelope. Load factors of -I to +6q's,
maximum roll rates, and airspeeds up to 550 knots were tested; 15 degrees of dive and 135 degrees of bank
were tested to !F0 feet (4 *trs) AGL; higher dive and bank angles to 500 feet (150 meters). Successful

completion of this testing was a large asset in building pilot confidence in safety of AMAS. Additionally,
a SWIM validation was the first maneuver flown on any weapon delivery sortie, further increasing pilot
confidence.

SWIM operated flawlessly throughout the flight test program. The only deficiency in the SWIM system

was its use of only radar altimeter data for terrain clearance, with no forward looking capability. It
was designed for level terrain use only (two percent terrain slope). During flight near the MDA, this
tended to produce nuisance flyups when even small obstacles were overflown.

APPT FLYING QUALITIES

The AMAS had full authority for roll rates of 180 degrees/second, all hank angles, and -1 to Sq's in

pitch. Additionally, up to is of direct sideforce could be generated through simultaneous deflection of

the canards and rudder in a mode called "flat turn." This was the only air-to-ground decoupled motion
used for AMAS. Altitude control was achieved through a low altitude radar autopilot, which would hold
selected radar altitude by the use of bank angle/load factor. Pilot blending wa allowed with AMAS
engaged (i.e., pilot stick inputs above a certain threshold would be summed with automated commands).

The AMAS used this control authority in each of the three segments of the APPT attack. During ingress,

the system flew the aircraft at the engagement altitude to a point offset from the target. This point lay
on a sphere around the target defined by a 5q turn radius and the desired bomb release ranne (i.e., the

aircraft would fly to a point where a 5q turn would be required to achieve bomb release at the desired
range). System engagement too close to this imaginary _phere would result in a check turn away from the
target before resuming the attack; engagement inside the sphere would result in the aircraft flying away



from the target and an automatic reattack. During the attack segment of the delivery, the aircraft would
turn (nominally at 5g's) to align the bomb's velocity vector with the target at the selected release range.
One half second after bomb release, the aircraft would enter the euress segment. The aircraft would roll
to 135 degrees of bank and pull up to 5g's in slicing down to acquire the pre-selected egress altitude. It
would then execute a 5q level turn at egress altitude until disengaged.

Pilot complaints while flight testing early ingress mechanizations were frequent. Problems with the
pitch axis (normal load factor) centered on the ability of the autopilot to hold altitude, particularly
during turns. Ingress steering used a maximum hank angle of 75 degrees; altitude control (even over
rolling terrain) was achieved not by changing bank angle, but by varying normal load factor. This
resulted in an aircraft motion va'iously described as bucking or heaving (the latter a particularly
appropriate term). Load factor would vary by as much as +Ig. Roll onset rates caused many complaints;
roll into a bank seemed abrupt, while the rollout on attack heading was very gradual. Additionally, the
last few degrees of heading change (for ingress steering to the offset point) were achieved with flat
turn as the wings were levelled. Flat turn (direct side force) was also used for small but seeminoly
instantaneous heading changes during target update. This apparently unpredictable use of side force was
generally disliked by the pilots. Numerous different control mechanizations for the use of flat turn were
tried, including changing control authority and when flat turn was implemented. No acceptable amount of
flat turn was ever determined and pilot opinion finally prevailed. Starting with the 175th test flight,
flat turn was made a pilot selectable option. Without exception, pilots then chose the control mode that

did not use flat turn. This, however, was a mixed blessing; during ingress this mode frequently resulted
in flight in a continuous small bank (whereas the flat turn mode was able to maintain wings level even for
crosswind corrections).

The biggest flying qualities problem encountered with the attack segment itself was the transition
from ingress to curvilinear or non wings level (NWL) steering. This transition was generally remarked
upon as being "abrupt," although this improved somewhat as the program progressed. The most startling
problem occurred, however, if the IFFC system perceived a discrete jump in aircraft state near the

imaginary sphere delineating the ingress segment from the attack segment (e.g., a large target range
magnitude jump near this border). The aircraft might, after having smoothly transitioned to the 5 NWL
steering, decide it was really not yet to the sphere and transition back to a g ingress condition
(followed shortly thereafter by another transition to 5g NWL steering). Needless to say, this certainly
caught the pilot's attention at very low altitude. This problem was alleviated to some extent by
increasing the reliability of the range inputs to the fire control computer. Additionally, adding some
hysteresis to the range at which the aircraft transitioned to NWL steerina smoothed this considerably.
Prior to this change, as many as three mode changes in less than one second were occassionally seen during
the transition (at which time SWIM disengaged AMAS).

The most frequent source of pilot interface problems during the delivery phase of APPT involved the
mechanization of pilot blending. As mentioned earlier, pilot stick input (above a certain threshold
level) would be summed with the automated flight control commands. It was the level of this threshold
(breakout), that caused the most problems. Frequently during bomb delivery, the pilot would unknowingly
input a significant amount of left roll stick (up to ten pounds (4.5 kilograms), certainly above the six
pound (2.7 kilograms) breakout). These inadvertent pilot inputs would "corrupt" the APPT delivery,
causing roll angle errors at bomb release: indeed, pilot inputs right at the breakout level would result
in neither the pilot nor the flight control computers controlling roll. The cause of this inadvertent
pilot-induced roll error was twofold. First, it was a human factors problem. The release consent
(pickle) button was offset to the left of center on the control stick - holding the button down with the
thumb during the delivery resulted in a left roll input. Second, it appeared to be a result of pilot
apprehension during the low altitude attack maneuvering. This was indicated by the fact that little pilot
induced roll error was experienced in the simulator, and during flight test, the severity of the problem
increased as altitude decreased. It is noteworthy that a left stick input commanded a climb during our
attacks (all deliveries were accomplished in right turns due to STS location in the right wing).

Pilots had three major complaints with the egress segment of the APPT manuever. The first was a sort
of dichotomy in that although the egress maneuver itself was not as aggressive as most pilots would have
flown it "hands on," the 5q, 135 degree slice back to the egress altitude was certainly violent enough to
be uncomfortabls (again, the roll-in seemed particularly abrupt). It the" seemed to ease off too soon
approaching the egress altitude, resultino in a qranual descent during the last few feet. This was not
aggressive enough for combat maneuvering. The second complaint was more significant. On numerous
occasions, the egress maneuver would pull down towards the ground hard enough to result in a flyup. While
this was not a particularly frequent occurrence, pilots were not willing to accept an automated system
that would satisfactorily perform a low altitude ingress and weapon delivery in a simulated hinh threat
environment only to subsequently fly them up and expose them during egress. Finally, the endpoint of the
egress maneuver (a 5g level turn upon reaching the egress altitude), while acceptable for flinh test, was
inappropriate for combat. Pilots agreed that egress to a preselected heading or steerpoint would be
preferable.

SENSOR TRACKER PERFORMANCE

The final stumbling block to acceptable automated low altitude attack concerned the level of pilot
workload during the delivery profile. Most workload was associated with the use of the infrared sensor
tracker/laser range finder. Thus, successful integration of the STS into the system became a major
concern. Weapon delivery on inertial target coordinates did not satisfy accurac%" requirements; precise
target state Information was required for the fire control computer. This meant that the STS had to be
able to support low altitude operation with the capability to acquire, lockon, track, and lase a target
from far enough out to enable automated maneuvering to weapon release ranges of up to 20,000 feet.

Target acquisition was the first problem solved, but always required considerable pilot familiarity
with the target area to ensure proper target identification. Early in the proqram the STS would present
target video to the pilot at sufficient range to support bombing objectives. Suitable lockon and track
capability, however, came much later. Pilots found it very frustrating to he able to locate the target in



the STS video, but not be able to achieve lockon. When lockon finally was achieved, it was freaent.ly
lost soon thereafter, a further source of pilot frustration. Lockon/track ability was enhanced by
eliminating noise in the video, improving tracker simbal stability, and improvino tracking logic schemes.
Providing better cue range and target height data to the STS enabled better ground stabilization of the
video scene by reducing apparent target drift rates; this facilitated lockon by the pilot and enabled a
quick relock if STS track were lost. These improvements allowed consistent STS track capability early
enough in the run to enable use of the laser for taroet range update. This reduced time compression and
workload for the pilot; it allowed him time to monitor aircraft altitude and airspeed, system performance,
weapon system status, planned delivery profile, etc., increasing pilot situational awareness durins the
delivery. This breakthrough, occurring in late November of 19R6, was a major change from earlier episodes
of head-down operation wherein the pilot continually attempted STS lock and relock all the way through
release. It significantly changed pilot perception of AMAS ease of operation, capability, and
applicability.

These improvements in flying qualities during AMAS maneuvering, coupled with STS performance that
supported accurate APPT weapon delivery with a tolerable pilot workload, backed with pilot confidence
through SWIM, finally allowed the AMAS to achieve the payoff originally hypothesized for the automated
system: improved weapon delivery capability for a high threat environment.

PILOT VEHICLE INTERFACE

In addition to the areas already discussed, pilot acceptance of the AMAS was closely tied to the pilot
interface with the system. In this regard, the following areas will be discussed: cockpit controls (the
stick, throttle, and multifunction displays), the cockpit displays (HUD, STS display, digital map) and one
additional interface, voice interactive avionics.

HANDS-ON STICK AND THROTTLE

The AFTI/F-16 cockpit was designed for "hands-on" operation to the maximum extent possible. To this
end, ten switches were located on the sidestick controller and eight more on the throttle. To increase
the power of this arrangement, several of the switches had multiple functions, deoendino upon flight phase
or maneuver (see Figure 6).
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AMAS functions controlled on the stick included manual engagement/disengagement of the independent
flight control backup mode, cockpit display management, enqaginq/disenqaqinq IFFC, alternate mode
selection (alternate flight control mode, execution of a less than 5g curvilinear delivery, execution of
an alternate i wings level profile, reversion to curvilinear attack from wings level attack), laser
consent, manual STS field of view changes, STS lock/break lock command, weapon release consent, and
finally, flight path control through pilot blending. AMAS functions on the linear throttle included
cursor control of STS aiming, release range adjustment through throttle twist, and airspeed control.

Needless to say, switch errors with the above arrangement with were not uncommon 6crurrences during
the course of the flight test program--regardless of pilot experience. These errors ranged from merely
embarrassing (transmitting on the wrong radio), to the annoying (entering a rotary requiring numerous
switch actions for recovery), to serious (hitting the wrong paddle switch, thus inadvertently disengaaing
the system and aborting a test run), t2 potentially catastrophic (engaging the throttle cut-off instead of
the twist grip release). The AFTI/F-16 certainly explored the limit of usable hardware on the stick and

throttle.

The engagement/disengagement of the system through the lower paddle switch was straight-forward. The
four different alternate mode selection functions of the upper paddle switch (which did not remain the
same throughout the test program) were confusing and prone to pilot errors. Hands-on control of the
sensor tracker evoked much pilot comment. STS field of view change capability on the stick was
convenient, but the rotary involved (narrow-medium-wide-medium-narrow) was unwieldy. If the pilot was
unsuccessful in locating the target in the narrow FOV, use of medium FOV then required four more switch
actions to return to narrow FOV for lockon. STS aiming through the cursor control switch on the throttle
was a continual problem. Maximum STS cursor input never had enough authority to rapidly slew the STS
field of view to the target (or, until the target drift problem was solved, to keep the target in the FOY
even if it were acquired); use of alternate cursor mechanizations for other slew rates through the HUD or
radar cursor controllers proved unworkable since they corrupted target height or other data. Once the
target was in the STS video, even the smallest possible cursor input seemed too large. This, coupled with
a somewhat uncertain orientation of the axes of the cursor button due to its location on the side of the
throttle, frequently resulted in "spiralino in" cursor inputs or pilot induced cursor oscillations until
STS target lockon.

OTHER PILOT CONTROLS

Pilot inputs through the twenty option select buttons (OSBs) around each of the three multifunction
displays (MFDs) and through the integrated keyboard panel (TKP) were generally perceived as being
straightforward. The reduction in the overall number of switches by having the OSs perform different
functions (depending upon MFD format) was particularly appreciated. The MFDs were easily accessed with
either hand; the IKP however, was located under the left canopy rail and obscured by the landing sear
handle, making it inconvenient for inflight use.

The laser arm switch was located on the left armament panel above the master arm switch. While this
was a convenient location, the switch was unfortuiately similar in size and shape to the nearby master arm
switch, causing confusion and switch errors. Additionally, the lever lock switch had two "arm" positions:
down for manual arm (requiring pilot consent on the sidestick trioger for lasing) and uo to auto for
continuous lasing with STS lockon (a position never intentionally used due to the unreliability of STS
lock). In attempting to safe the laser during the automated Sg egress maneuver, it was quite easy to go
from manual arm through safe to auto, with the effect (continuous lasing) being quite the opposite from
that intended. This was a major safety deficiency in the AFTI cockpit design.

HEAD-UP DISPLAY

Visual display of flight information was presented in a wide field-of-view HUID in the form of
stroke-written symbols focused at infinity. The symbols represented information relating to navigation,
attack, weapon aiming, and landinn, includina essential aircraft performance data (Figure 7).
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Figure 7 AFTI/F-16 Head-up Display

The AFT[ HU was equipped with digital readouts for airspeed, altitude, and heading, and increment
marks for analog display of the same. The digital readouts were for instantaneous Interpretation of



airspe;d, altitude, and heading. The analog scales were presented for trend information during rapid
changes in parameters. Airspeed was scaled in 25 knot increments and altitude was scaled in 250 feet
(76 meters) increments. Pilots had difficulty in rapidly interpretino the scale increments and would have
preferred smaller increments (10 knots and 100 feet (30 meters)) on the analog scales. The thermometer
presentation of radar altitude was very useful in the low altitude environment. The analog presentations
of the autopilot reference altitude and the MDA were convenient. This display would have been more useful
if the radar altitude display would have been nonlinear (i.e., large scale increments at higher altitudes
and smaller increments for precise altitude control at very low altitude).

One of the cockpit displays used during an AMAS air-to-ground delivery mode was the vertical pnanning
scale (VPS) shown in Figure 8. The VPS was displayed in the HUD and provided the pilot with his predicted
APPT delivery profile (climbing, descending, or level), anticipated release altitude, and maximum or
minimum altitude. Pilots agreed with the VPS concept but did not like its mechanization. Some of the
problems noted were: the VPS did not appear until late in the ingress maneuver (which left little time to
adjust the delivery profile through pilot blending or release range changes); the VPS did not smoothly
transition from lofting to diving deliveries durinc. pilot blending or release range changes; the digital
data was not found in the same location for different delivery profiles; and the display presentation was
not easily interpreted.
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Figure 8 Vertical Planning Scale

MULTIFUNCTION DISPLAYS

In addition to the HUD, primary cockpit displays consisted of two monochromatic four inch (1.6
centimeter) cathode ray tubes and a five inch (2.0 centimeter) color tube called multifunction displays
(due to the variety of formats available). Display capabilities raned from built-in test, to flight
control functions, to stores management, to sensor information (radar and STS). The cockpit setup of
display format (primary and backup for each MFD) was pilot selectable for each flight mode; although time
consuming during preflight procedures, it certainly was an asset during flight to have the cockpit
customized to the pilot's personal preferences.

The MFD format of primary importance during an APPT TRACK CONTROL
weapon delivery was the sensor tracker page. In
addition to target video, this display presented target -- m '
range, laser and weapon status, and an artificial 0I .J ] ] HOR1 ON
horizon (Figure 9). Early testing showed that pilots i ,o n

were much more comfortable with a "sky up" presentation v
of the target, as opposed to presenting it with respect 7
to aircraft body axis coordinates. Major pilot 0 W,

complaints with STS mechanization concerned cursor HOT
control and FOV changes, is already discussed. Other
complaints concerned poor video quality (requiring
extensive pilot interpretation of the scene and
background to confirm proper target identification) and
the lack of any definitive means (such as a gray scale)
to adjust video level and sensor gain prior to entering t .LSNS
the target area. These deficiencies decreased .r1 D T CURSOR
probability of a successful "first pass" APPT delivery. L-i' ZERO
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The center MFD was a five inch (2.0 centimeter) color tube that could present a moving map, flight
instrument displays, or flight control information. Unfortunately for the evaluation, the brightness and
contrast of the center MFO were insufficient to support Inflight use. This prevented comprehensive flight
evaluation of the digital map and terrain data base incorporated into the system.

VOICE INTERACTIVE AVIONICS

The one pilot/vehicle interface that generated much interest was the use of voice interactive avionics
(VIA). Certainly, in a single seat cockpit that had already approached the utility limits of displays and
switches, an aircraft that could talk to the pilot and, more importantly, respond to verbal commands,
seemed to be the ultimate answer. The voice interface between pilot and aircraft could be divided into two
parts: synthesis and recognition/response.

Voice synthesis was provided for warnino and caution annunciation; Advisories for prneet altitudes or
fuel states were also available. Operation of these features was satisfactory. VIA response to pilot



voice inputs was also synthesized, providing feedback to the pilot for VIA activations.
Pilots could control communication, navigation, cockpit displays, weapon selection, sensor management,

and check on aircraft parameters through the voice system. Three different VIA alaorithms were tested.
Tne first algorithm tested used a linear predictive coding scheme that used pattern matched words within a
particular grammar. Once a match was made, the node within the grammar was switched to provide reensnition
of only valid phrases. Figure 10 presents a typical nodal structure used. This algorithm provided a
connected speech capability. Testinq of this algorithm was terminated early in the pronram due to software
and hardware integration problems. The second algorithm was designed for isolated word recognition. it
also used a nodal structure to increase recognition accuracy and decrease response time. It provided an
audio "beep" as feedback to the pilot for successful word recognition. The majority of flight test results
presented apply to this algorithm. The final algorithm used connected speech lonic, lookins at the entire
phrase spoken for recognition. Extremely limited flight test of this algorithm was conducted due to its
introduction at the end of the fliaht test program.
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Certainly the voice activation of aircraft functions will require hiqher recognition rates and more

robust recognition templates for general pilot acceptance.
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Figure 1I VIA Flight Test Results

SUMMAPY

Pilot acceptance of an automated maneuvering surface attack system was achieved during the AFTI/F-16
AMAS flight test program. Automated attack with the final system confiquration was preferred to manually
flyino the deliveries. Pilot confidence in the sytem was gained through system wide inteqrity management
and its associated qround collision avoidance system. Improvements in aircraft flyino qualities during
automated maneu ring, and improved capability and interface of the infrared sensor tracker, ultimately
allowed the pilot to satisfactorily accomplish coupled deliveries as low as 200 feet (60 meters) AGL.

Problems were identified with the pilo,/vehicle interface of the system. The limit of usable hardware
o. the stick and throttle was reached. Deficiencies in the presentation of the curvilinear prnfile and
parameters in the HUD were identified. Use of voice activation for aircraft and avionic functions was
found to require better recognition rates for general pilot acceptance.

Overall, the AFTI/F-16 automated maneuvering attack system was found to provide an increase in aircraft
weapon delivery capabilities.

IU
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ADVANCED HELICOPTER COCKPIT AND CONTROL CONFIGURATIONS
FOR HELICOPTER COMBAT MISSION TASKS

Loran A. Haworth, Adolph Atencio. Jr.. Courtland Bivens.
Robert Shively. and Daniel Delgado

U.S. Army Aeroflightdynamics Directorate. Moffett Field. California 94035. U.S.A

SUMMARY

Two piloted simulations were conducted by the U.S. Army Aeroflightdynamics Directorate to evaluate
workload and helicopter-handling qualities requirements for single pilot operation in a combat Nap-of-the-
Earth environment. The single-pilot advanced cockpit engineering simulation (SPACES) investigations were
performed on the NASA Ames Vertical Motion Simulator, using the Advanced Digital Optical Control System
control laws and an advanced concepts glass cockpit. The first simulation (SPACES I) compared single pilot
to dual crewmember operation for the same flight tasks to determine differences between dual and single
ratings, and to discover which control laws enabled adequate single-pIlot helicopter operdtion. The
SPACES II simulation concentrated on single-pilot operations and use of control laws thought to be viable
candidates for single pilot operations workload. Measures detected significant differences between dual-
and single-pilot operation and between single-pilot task segments. Control system configurations were
task dependent, demonstrating the need for an inflight reconfigurable control system to match the optimal
control system with the required task.

GLOSSARY

ADOCS advanced digital optical control system

AGL above ground level

ARTI advanced rotorcraft technology integration

ARMCOP Army copter

ASE aircraft survivability equipment

AT/AT attitude command/attitude stabilization (hold)

AT/VH attitude command/velocity hold

CGI computer generated imagery

CRT cathode ray tube

CSRDP crew station research and development program

E&S Evans and Sutherland

FPM fllghtpath management

HAC helicopter air combat

HQR handling quality rating

HUD head-up-display

KIAS knots indicated air speed

LHX light helicopter family

MM mission management

MD mission management display

NASA National Aeronautics and Space Administration

NOE nap-of-the-Earth

OGE out of ground effect

RT/AT rate command/attitude stabilization (hold)
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SPACES single pilot advanced cockpit engineering simulation

SWAT subjective workload analysis technique

TSO tactical situation display

UH-60 U.S. Army Utility Helicopter - 60 (Blackhawk)

VMS Vertical Motion Simulator

1. INTRODUCTION

The missions, tactics, and crew-task demands of the Army helicopter operations have undergone rapid

and extensive change. One such change is the emphasis to fly only a few feet above the terrain and as
close as possible to obstacles for maximum protection from perceived air defense threats. Given past
technology, both pilot and co-pilot workload is high during NOE flight. For one pilot to perform both
flightpath management and mission management, both tasks will have to be simplified or automated to

achieve adequate performance.

The overall problem is to define aircraft stability, control, and performance characteristics, that
when combined with the appropriate cockpit devices (e.g. integrated CRTs, helmet-mounted displays, touch-

pads, voice input/output, moving map displays), allow adequate mission and flight performance. Several
efforts have been underway to address these broad advanced rotorcraft is jes such as the ARTI program
(Ref. 1), the CSRDP (Ref. 2), development of the ADOCS (Ref. 3), and on-going work to rewrite the rotor-

craft handling-qualities specification MIL-H-501 (Ref. 4).

The SPACES experiments grew primarily from the desire to initiate the development of a single-pilot

data base for the Army's LX program. Previous handling-qualities specifications data and pilot compensa-
tion data were generated primarily in a two-crew context; that is, the evaluation pilot has been requested

to perform only flightpath management tasks. A single-crew LHX pilot would have to simultaneously perform

all the flightpath management tasks plus the mission management tasks previously performed by the co-pilot

or other crew member, thus affecting performance.

SPACES I experiments were exploratory looking at 20 flight-control configurations in a single-pilot

and a dual-pilot mode to help determine which combination(s) were most effective for tasks performed. The
results from the first SPACES experiment are reported in Haworth, et al. (Refs. 5 and 6). The dual-pilot

evaluations, with mission management tasks removed, served for baseline data collection and for comparison
with single-pilot ratings during SPACES I. The SPACES It evaluation concentrated on single-pilot opera-

tion using the two best-rated systems from the SPACES I experiment and two additional control-response
types. The two additional response types were thought to have potential for single-pilot Gperation based

on flight tests for the proposed N8501 LHX Handling Qualities Speification (Ref. 7).

2. PURPOSE

The primary purpose of the SPACES effort was the investigation of single-pilot performance in the

combat low-level and NOE flight environment using advanced rotorcraft cockpit and control law concepts.
More specifically, these were investigations of the effects of adding mission management tasks :o flight-

path management tasks to simulate single-pilot operations in an advanced concepts cockpit.

3. FACILITY

3.1 Vertical Motion Simulator

The SPACES investigations were conducted in the NASA Ames VMS facility shown in fig. I. The simula-

tor has a large-amplitude motion system with six degrees of freedom. The VMS is capable of large excur-
sions in translational motion in two of the three axes (Z and either X or Y depending on cab alignment)

and limited rotational motion. The pilot cab is mounted on a hexipod which provides the rotational motion

and very limited translational motion. The pod is mounted to i carriage ;h-ch i rt4.., d and travels
along the large horizontal beam. A rack and pinion gear system provides X or Y motion; and the large
horizontal beam is moved in the Z direction by two large rams mounted under the beam.

3.2 Simulation Visual Model

The visual display consisted of a four-window CGI system (Fig. 2) utilizing the HAC data base
(Ref. 8). The HAC data base with supporting CGI models provided moving visual ground and air threats for

combat realism and forced task time lines. The primary visual ground threat was a ZSU-23 4 that was pro-
grammed to follow up to six paths through the data base. The tSU-23-4 was also programmed to acquire and
fire at the own ship (the piloted simulated helicopter) following acquisition logic when line of Sight

existed with the own ship. The visual air to-air threat was a HIND-A helicopter that was modeled to fly
multiple low-level flightpath routes.
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In addition to threat/targets, special effects were added to the data base. Tracers were simulated
when the gun was fired, a missile flash was simulated for missile launch, target hits were displayed, and
air defense artillery bursts were simulated for visual indications of enemy fire. Own ship destruction
from weapons firing was indicated by graphically drawn cracks on the HUD. Appropriate sound cues were
coupled to the visual effects.

Visibility was reduced to 2 kilometers at the surface of the data base with a simulated cloud ceiling

at 200 ft above the data-base floor. This simulated adverse weather, and forced low-level air-to-air
engagements and operations. Wind and turbulence were also introduced during the simulation helping to
demonstrate the usefulness of Earth-referenced stability systems for low-airspeed and hover tasks.

3.3. Advanced Glass Cockpit Hardware

The SPACES glass cockpit was designed to emulate a limited number of fundamental augmentation/
automdtion concepts for advanced rotorcraft. Prior ADOCS experiments on automated/augmented control
design and the design of an advanced concepts cockpit based on LHX/ARTI cockpit proposals served as the

design framework and transition for the SPACES development. The physical cockpit design (Fig. 3) incor-
porated two CRTs and a HUD, programmable switches, touchscreens, data-entry device, voice output system,

and side-arm flight controllers.

The HUD (an E&S Picture System One) was placed directly in front of the pilot. The HUD visually over-

laid 90% of the center CGI CRT allowing the pilot to maintain visual contact outside the aircraft during
low-level flight. Navigation, caution indicators, weapon status, and essential flight information were
presented on the HUD for single-pilot operation. A line drawing of the aircraft and weapon stores remain-
ing was shown on the lower part of the HUD.

The upper 13-in. CRT, called the TSD, shown in Fig. 4, presented a moving map display of the HAC data

base and essential situational information. Map information included navigation routes, terrain features,
cultural features, grid lines, and threat and friendly positions. An own-ship helicopter symbol was cen-
tered on the map and moved as the aircraft changed position and heading. Declutter features allowed the

pilot to remove unwanted symbols and grid lines for detailed observations of desired map areas. A zoom
feature allowed the pilot to zoom in and out from overhead as necessary for local area viewing. Line-of-
sight indication was displayed on the moving map by use of a connecting red line between the threat and

the own ship.

The lower g-in. CRT, termed the MMD, was touch sensitive for pilot interaction. This display pre-
sented aircraft and weapon status, system menu items, situation reports, mission updates, and other needed

text information. The interactive screen on the MMO was also used by the pilot to update waypoints on the

TSD. In a degraded aircraft-system mode, the MMD displayed appropriate checklists for pilot action.

Other cockpit hardware included the programmable switches, voice output system, and data-entry key-

board. Twelve programmable micro-switches were situated around the TSD to supplement the menu selections
found on the MMD and allowed for discrete activations of aircraft systems such as the landing gear, weapon
systems, and aircraft survivability equipment. A voice recognizer and a personal speech system were
planned for use for pilot-voice input/output interaction. Most of the reactive menu items found on the
MMD were programmed to be selectable witl, use of the voice system, but technical difficulties and develop-
mental time prevented use of the input system. Voice output from a Votrax provided voice warnings and
caution messages along with checklist confirmation during routine and degraded operations. The data-entry
device located near the leet flight controller allowed for pilot-entered data-burst transmissions for
tactical intelligence and mission updates.

Adjustable side-stick controllers were mounted on both sides of the pilot seat. The controller con-
figuration for SPACES was a 2+1+1 limited-displacement controller setup (Hig. 5), patterned after the
ADOCS Phase 2 configuration. The right-hand side-stick force controller was longitudinal and lateral

cyclic cont-ol, and the left-hand side-stick force controller was collective. The force pedals with small
displacement were used for directional control. A trim button was mounted on the top of the right hand
controller during SPACES I for use with the attitude stabilization systems. A trigger release for gun
firing and missile launch was mounted on the forward part of the right-hand grip. The left-hand control-
ler, in addition to the action bar for collective activation, had two buttons and a proportional control
switch on top of the grip. The upper-left button cycled the HUD configurations, the upper-right button
was the switch to activate position control laws and the proportional switch was used to slew the missile

pod up and down for targeting during SPACES IT.

3.4. Mathematical Models

The mathematical model was the ARMCOP 10-degree-of-freedom helicopter model configured ss a UH-60

(Refs. 9,10). The rotor model assumed rigid blades with rotor forces and mom'nts radially integrated and
sunned about the azimuth. The fuselage aerodynamic mode) used a detailed mode) representation over a
nominal angle of attack dnd sideslip range of ±15". A simplified curve fit operated at large angles of

attack or sideslip. Parameters from the UH-60 were used in the model along with developed stabilator
control laws.
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3.5. Advanced Digital Optical Control System

The flight control system used for the SPACES was the ADOCS design with only slight modifications.
Basically the control system was a model-following system with feed-forward shaping and feedback. In the
ADOCS nomenclature, the systems are referred to as command/stabilization but are thought of as

command/hold by the research community. Two basic ADOCS control-response types were selected for SPACES I
and four for SPACES II.

The basic control laws for the SPACES I investigation were the ADOCS hybrid control system (Table 1)
and the ADOCS AT/AT for both the longitudinal and lateral axes. In addition to the two SCAS, the follow-
ing selectable modes were available: I) turn coordination, 2) heading rate command/heading hold, 3) alti-
tude rate command/altitude hold, 4) airspeed hold (hybrid system only), and 5) position hold (hybrid sys-
tem only). The vertical control system consisted of a vertical-acceleration command/vertical velocity-
stabilization system. The yaw axis was a yaw-acceleration command/yaw-rate stabilization system for low-
speed and forward flight. The flightpath control configurations for SPACES I are listed in Table 2.

SPACES II added two new concepts to the test matrix. The additions were an RT/AT system patterned
after the ADOCS system, but with the hover hold/position hold added and a modification of the AT/AT sys-
tem. The modified system was AT/AT in longitudinal and RT/AT in roll with hover hold/position hold
added. The SPACES I( configurations are summarized in Table 3.

4. SUBJECTIVE DATA COLLECTION TECHNIQUES

Three subjective ratings were used during the investigations: 1) The Cooper-iarper HQR scale
(Ref. II), 2) SWAT (Ref. 12), used as a technique to obtain workload ratings during the actual performance

of a task, and 3) The Weighted Bipolar Rating Technique developed at the NASA Ames Research Center to
record the multidimensional nature of mental workload (Ref. 13).

The SWAT and Bipolar workload data collection was performed to gather additional information that may
have not been collected by use of the HQR scale itself. Additionally, the ratings were collected to
determine the correlation between the three scales and usefulness of the scales as workload measures.

5. CONDUCT OF THE EXPERIMENT

5.1. General

Army engineering test pilots participated in the SPACES experiments. The pilots flew identical

control configurations and performed the same flightpath management tvsks in both the dual- and single-
pilot role for SPACES I. An experienced Army aviator in the simulation control room montoring the cockpit

and CGI visual, acted as the second crew member and conducted mission management functions (co-pilot
duties) for the dual pilot setting for SPACES . The simulator pilot in the dual-pilot context operated
as the flightpath manager maintaining flightpath control of the simulated vehicle similar to traditional
handling qualities investigations.

Only the single-pilot operation was investigated in SPACES I. For single-pilot operation in both
investigations, the simulation pilot was required to perform both flight path management and mission man-
agement tasks. This included flight maneuvering plus concurrent operation on a tactical communications
network (Fig. 6), navigation, threat avoidance and countermeasures, selection of firing points, planning

of engagement tactics, and weapons selection and firing.

5.2. Scenario

The basic mission scenario (Fig. 7) was to depart a forward refueling point and fly a series of way-
points (while evading threat detection and engagement) to arrive at a firing position, and then perform
reconnaissance and subsequent air-to-ground attack tasks. After the ground engagement and damage assess-
ment, the pilot was informed of a threat helicopter penetration which led to an air-to-air engagement with
the threat helicopter. During these activities, the crew was also occupied with communications, naviga-

tion, reconnaissance, targeting, aircraft survivability equipment (ASE) and cther related mission manage-

ment tasks.

Operation in the total scenario was approximately 20 minutes in length. Way points, threat aircraft
routes, communications, and the threat laydown were varied at the end of each run to reduce learned
responses for single pilot operation.

5.3. Data Collection

Data collection was divided into four scenario phases: 1) NOE low-level flight, ?) hovering recon-

naissance, 3) air-to-ground attack, and 4) air-to-air engagement. The phases werc designed to coincide
with specific flight tasks maneuvers such as precision hover, bob-up and bob-dow . Cooper-Harper HQRs and
SWAT ratings were obtained from the pilot for the specified maneuvers at the completion of each scenario

phase. Bipolar workload ratings were collected after all daily scenario phases were completed. Each of
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the above scales are designed to measure pilot compensation and workload. Specific statistical informa-
tion was obtained at the end of each scenario run.

6. RESULTS

The ratings obtained during dual-pilot operation signify performance of distinct flightpath manage-

ment tasks. Ratings from single-pilot operation represent the result of imposing mission management tasks
onto the flightpath management tasks. SWAT and bipolar ratings and figures are specifically contained in
pilot-workload "nalysis section of this paper.

6.1. Nap-of-t:e-Earth/Low-Level Flight

For consistent task-measure comparison, dual-pilot ratings were gathered on a portion of a familiar
low-level course where the pilot was instructed to maintain 60 ±5KIAS and a variable altitude of 50 ft or
less AGL. Single-pilot ratings were given for low-level flight routes at 60 ±5 KIAS while the pilot per-
formed mission management tasks such as navigation, navigation update, communications, and use of threat

countermeasures. Average single and dual pilot HQRs for selected ADOCS control systems for SPACES I
and II are presented in Fi%5 . 8, 9, and 10.

When comparing all dual-pilot and single-pilot HQRs obtained during SPACES I for NOE flight, the
single-pilot ratings averaged 2.2 ratings worse than dual-pilot ratinqs overall, indicating degraded
flightpath performance and higher pilot workload. Only configuration HB with AT/VH in pitch and RT/AT in
roll received satisfactory handling qualities (HQRs less than 3.5 are considered satisfactory of Level 1)
for single-pilot operation in the low-level environment. All 10 of the hybrid configurations flown "dual"
received satisfactory ratings. Configuration HB was the best rated ADOCS hybrid system with altitude
hold, and turn coordination in forward flight.

Altitude hold appeared to be significant for reducing workload and HQRs during the SPACES I
studies. The altitude hold feature was common to the better rated configurations and served to reduce
pilot compensation and workload by providing vertical terrain avoidance. It is predicted that terrain/
obstacle avoidance in the lateral direction if implemented will most likely result in further reduction of
workload.

For the SPACES II simulation, the same configuration as reported in SPACES I with AT/VH in pitch and
RT/AT in roll received satisfactory (Level 1) average pilot ratings. For a similar system (AT/AT) without
velocity hold in pitch but with RT/AT in roll, the average rating was Level 2, but close to the Level I
limit. The configurations with RT/AT or AT/AT in both pitch and roll were solidly Level 2. This verifies

results obtained in SPACES I that velocity hold is important for single-pilot NOE, low-level constant-
airspeed flight modes. The same requirement does not exist for dual-pilot modes with the pilot acting
only as the flightpath manager.

6.2. Air-to-Ground Engagement

The air-to-ground engagement occurred In hovering unmasked flight. In the dual-pilot situation, the
pilot received and followed instructions from the co-pilot/researcher as to the attack position, target
identification, azimuth pointing, selection of weapon, target acquisition, and when to fire. The single
pilot performed the above tasks, including communications without the aid of a second crewmember. The
specific targeting flight task was to maintain an unmasked hover altitude in line of sight of the ground
target, slew in the direction of the target, overlay the HUD sighting reticle on the target within ±1' for
1 sec. and then maintain the target within ±3 of the reticle for an additional 2 sec. HUD symbolo,
changes and audio tones indicated when lock-on and launch parameters were met. If line of sight existed
with the ZSU-23-4 ground tarc t for a specified amount of time after unmasking, the ownship was fired upon
and hit resulting in forced time lines for target acquisition similar to real-world considerations.

For SPACES I (Fig. 11) the average differential in HQRs between single- and dual-pilot conditions
were slightly more than one half of a rating point with the single-pilot condition being higher
(degraded). This general trend probably reflected that the targeting task could not be completely off-
loaded from the pilot in the dual-pilot situation, and/or that the given diplay features of the cockpit
enabled the pilot to perform the task faster and better without the interference of verbal crewember
input. Three control configurations in SPACES I were rated satisfactory for dual-pilot operation in the
air-to-ground attack task as presented in Fig. 11. These were configurations AG, AH, and HB with config-
uration HB receiving the best average HQR of 2.4. Each of the Level I dual-pilot configurations had two
features in common: altitude hold and heading hold. Configuration HB was the only configuration that
received average Level I ratings in both the dual-pilot and single-pilot conditions for the air-to-ground
engagement task. The lowered ratings for the HB configuration were probably due in part to the position
hold feature which is a element of that configuration. Since the ground-attack task for SPACES I was
essentially one of bob-up and stabilizing on the target, the position hold feature was considered an
enhancing feature.

The SPACES II air-to-ground attack maneuvers were generally more dynamic than SPACES I. In SPACES I
the threat location on the moving map display was constantly updated and the pilot was able to plan firing
locations. During SPACES II the threat location was not indicated on the moving map display until line of
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sight existed with the threat. Once line of sight existed the pilot dynamically maneuvered to avoid
acquisition and lock on while positioning to target the threat.

The results of the ground-attack phase for SPACES II are presented in Fig. 12. Only the RT/AT
response-type received Level 1 average ratings. These results suggest that the attitude response-type
(especially in combination with velocity hold) causes a degradation in handliiig qualities for the ground-
attack task. Since the task involved precision pointing, the velocity hold function operated to readjust
attitude to maintain groundspeed by commanding pitch and roll attitude changes, in direct opposition to
the pilot's need for an attitude-stabilized platform. Both the AT/AT and RT/AT response-types produced
attitude changes in direct proportion to cyclic commands, with some slight variation due to gust rejection
with a good ability for precise pointing. The RT/AT was more attractive than AT/AT probably because of
the requirements for larger control inputs to maneuver and the fact that a constant control force is not
required to maintain the selected attitude with the RT/AT system.

6.3. Hovering Flight (Reconnaissance)

After the pilot completed the battle-damage reconnaissance of a specified target area he was
required, while at a hover to send a data-burst transmission to update the tactical situation. This
forced the pilot to maintain hovering flight and to respond to data-entry prompts on the TSD by using the
keyboard near the pilot's left hand. During SPACES I only the ADOCS hybrid system with shown options for
hover received acceptable or satisfactory ratings as shown in Fig. 13. The overwhelming option for favor-
able pilot comments was the position hold feature especially with wind and turbulence present.

One major conclusion of the SPACES I simulation was that the AT/AT response-type was unsatisfactory
for the hovering task, while the AT/VH response-type, with position hold, was satisfactory (Level 1).
There was no evaluation in SPACES I of an AT/AT response-type with position hold. For SPACES It, such a
system was developed. In addition, the RT/AT case was evaluated both with and without position hold during
SPACES IT.

The position hold feature implemented on the ADOCS flight control system and evaluated during
SPACES I was slightly mndified for SPACES IT: the range for engagement was increased from 3 knots to
5 knots groundspeed. In both simulations, position hold disengaged whenever the pilot applied more than
one-half pound of force on the cyclic. When the pilot released the stick after the groundspeed was
reduced below S knots, the position hold system would reengage. Figure 14 shows the influence of position
hold on pilot ratings for the SPACES I hover task. It is evident that all of the response-types were
solidly Level 2 when position hold was not available thus verifying the results from SPACES I. For preci-
sion hover, position hold is required for Level 1 HQRs in the single pilot condition when mission tasking

is imposed.

6.4. Air-to-Air Engagements

Air- -air engagements were started from an OGE hover "ambush point." The air-to-air target was a
th-r,'. *liicopter that flew varying-programmed low-level routes, maneuvers, and airspeeds. The initial
engagement was normally attempted with the simulated air-to-air missile. As the range to the air threat
decreased, the pilot was allowed to select the fixed-gun system because of the increased maneuvering
activity. The change over to the fixed gun system occurred when the pilot felt he could no longer obtain
the necessary missile launch constraints (same as air-to-ground engagement). For dual-pilot simulations,
the experimenter/co-pilot gave the pilot specific 'ocations and tracking information for the threat heli-
copter until the air-to-air engagement became dynamic enough that the co-pilot was unable to aid the
pilot. During single-pilot engagements, the pilot was only given the general location of the helicopter
threat via ground and air communications, requiring the pilot to acquire the air target without the aid of
a co-pilot.

During the SPACES I simulation, the average range for successful missile engagement was 2328 feet
with average range for successful gun engagement approximately one half of that distance. Air-to-air
engagements normally lasted less than 20 sec after establishing pilot line-of-sight with the target.
Attitude command/attitude stabilization, configuration AH with heading hold and altitude hold (Fig. 15).
was rated satisfactory for missile and gun engagements for both dual- and single-pilot conditions. When
the hybrid configuration HA system was simulated, all pilots successfully engaged the threat helicopter
with air-to-air missile system without reverting to the fixed gun even though this configuration received
level 2 rating for the single-pilot condition. The average difference in HQRs, between single pilot and
dual pilot, showed the single-pilot handling qualities being only slinhtly degraded. The air to-air
engagement task was primarily a single-pilot task, because of the required maneuver dynamics, targeting
information presented on the pilot displays and short target-acquisition times. Once the air-to-air
threat was presented, all other mission tasking was ignored while the pilots in both the dual- and single-
pilot conditions concentrated on the target and HUb. For the SPACES II simulation, the results (Fig. 16)
show that the RT/AT response-type was preferred by pilots over the attitude system" for the same reasons
stated in the air-to-ground section of this paper.

6.5. Pilot Workload Analysis

9oth SWAT and the NASA bipolar workload techniques revealed a higher level of pilot workload for the
single-pilot configuration than the dual-pilot configurations as shown in Fig. 17. The techniques also
distinguished between control configurations and shcwed differences between segments In the single-pilot
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configuration. However, neither technique showed signIficant differences between segment tasks in the

two-pilot arrangement. This indicated that the addition of a second crew member served to smooth out

workload peaks and thereby reduced the differences between the workload of the flight segments. In

reviewing the results and similarity between the SWAT and Bipolar subjective workload techniques, the

correlation between the two is significant at R = 0.67. As expected both techniques were significantly

correlated to the Cooper-Harper HQRs at R = 0.75 and R = 0.79, respectively for the Bipolar and SWAT.

Differences between dual- and single-pilot ratings on all scales were relatively small for both the

air-to-air and air-to-ground engagements as found with the HQRs. The above tasks, although aided by the

co-pilot/experimenter in the dual-pilot condition, were essentially single-pilot tasks because of the

short time line for crew coordination, nature of the targeting task, and aovanced cockpit informational
presentation that supplied visual targeting indications to the pilot.

7. CONCLUSIONS

7.1. General

As predicted, superimposing mission management tasks on flightpath management tasks result in

degraded pilot HQRs and higher pilot compensation and workload. Because of the close proximity of
obstructions in the low-level and NOE flight environment, constant flightpath supervision is required.
The addition of mission management tasks further increases pilot attentional demands, contributing to
operator overload and reduced flightpath performance. Handling quality rating, SWAT, and bipolar measures
were sensitive to differences in pilot compensation and performance between the single-pilot and dual-
pilot conditions and between single-pilot task segments. Significant differences did not exist between

task segments in the dual-pilot condition since the addition of the second crewmember smoothed out work-

load peaks.

7.2. Nap-of-the-Earth/Low-Level Flight

1) Airspeed hold was preferred over attitude hold in NOE/low-level flight. However, this probably
reflected the task constraint requiring the pilots to maintain a constant airspeed for consistent task

measure comparison. Holding constant airspeed is more reflective of low-level flight than of NOE dynamic
maneuvering in which airspeed is constantly varied.

2) Altitude hold was also significant in reducing pilot compensation during HOE low-level flight.
Altitude hold allowed the use of the pilot's left hand for mission tasks and provided limited vertical

terrain avoidance, especially when the pilot was unable to constantly monitor altitude as a consequence of
mission tasks. It is predicted that the addition of lateral terrain/obstacle avoidance system would

further produce a reduction in piloting workload for NOE flight traveling.

3) The use of a rate command/attitude hold control response-type should be further investigated for

use in the NOE maneuver environment where the pilot is not constrained by holding constant airspeed.
Observations made during SPACES II indicated that rate command/attitude hold may be a preferable system

for the HOE dynamic flight when combined with limited displacement side-arm flight controllers.

4) Attitude command/velocity hold in pitch, combined with rate command/attitude hold in roll for

bank-angle hold was considered satisfactory for single-pilot low-level flight under the conditions tested.

5) Turn Coordination in forward fliot at 60 knots was also considered enhancing especially when

combined with the rate command/attituw *ld in roll.

7.3. Air-to-Air and Air-to-Ground Engagements

1) For both air-to-air and air-to-ground engagements, the differences between dual- and single-pilot

HQR, SWAT, and Bipolar ratings were relatively small, with single-pilot ratings slightly higher. Time
lines were forced because the ground threat could destroy the own ship and because of the active presenta-

tion of the air threat. This caused the pilot to primarily pilot the vehicle and shed non-essential mis-

sion tasking to concentrate on destroying the threat.

2) Rate command/attitude hold was preferable over attitude command/attitude hold for low-speed preci-

sion pointing tasks for air-to-air and air-to-ground attack.

3) The air-to-air engagement was dynamic, lasting on the average of 20 sec. One of the greatest
piloting challenges was to maintain aircraft alignment with the target to meet the constraints for missile
launch. In the simulated low-level terrain environment targets were difficult to acquire at the longer

ranges desired for missile launch. Missile engagements were further hampered when the pilot was required

to identify the aircraft as friend or foe.

7.4. Hovering Flight

For precision hover, hover hold with position hold, which includes altitude and heading hold, is

required for Level I single-pilot handling qualities. Adtlition of a second crew member has a similar

effect as recorded during SPACES I. As in NOE flight, the close proximity of objects in the immediate

environment drives the need for a precision hover capability. When the single pilot is required to
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accomplish more than flightpath tasks the ability to maintain precision hover decreases, thus increasing

the need for hovering flight stabilization.

7.5. Workload Analysis

The workload analysis showed that single-pilot workload was higher than dual pilot at the conditions
tested. The SWAT and Bipolar workload techniques also distinguished between control configurations and
showed significant differences between segments for the single-pilot case. The correlation between the
two workload techniques was significant at R = 0.67. Both workload techniques were significantly corre-
lated to the Cooper-Harper HQRs at R = 0.75 and 0.79, respectively, for bipolar and SWAT indicating the

sensitivity of the handling qualities scale for measuring decreased task performance with increased
workload.

A number Of factors must be considered in weighing the importance of these conclusions:

I) The data comes from a moving, ground-based simulation. It is important that the results be veri-

fied in a flight-test program.

2) Hover hold as simulated was probably more accurate than current technology allows.

3) Pilot learning and transfer effects were predicted because of the complexity and unique tasking
nature of the simulation. To counter the learning and transfer effect, a randomized block design was

used. Randomization of conditions will increase data scatter; however, the measures of central tendency
will remain valid. Since cognitive load tasking also influences the pilot ratings especially in the
single-pilot situation, the pilot was not allowed to practice the same run several times prior to data
collection. This caused the data as predicted to have more scatter when compared to typical handling-
quality evaluations in which the same task configuration is practiced several times before a rating is

obtained. The obtained performance rating in the SPACES conditions may be more typical of actual world
performance and pilot compensation since the pilot has not recently practiced the same task.
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TABLE 1

ADOCS HYBRID CONTROL SYSTEM - SPACES I

LONGITUDINAL PITCH ATTITUDE COMMANO/GROUNDSPEED

STABILIZATION FOR LOW SPEED AND PITCH ATTITUDE
COMMAND/AIRSPEED STABILIZATION AT HIGH SPEED.
(AT/LV - AT/AS)

LATERAL ROLL ATTITUDE COMMAND/GROUND SPEED
STABILIZATION FOR LOW SPEED AND ROLL RATE
COMMAND/ROLL ATTITUDE STABILIZATION AT HIGH
SPEED. (AT/LV - RT/AT)

VERTICAL VERTICAL ACCELERATION COMMAND/VERTICAL
VELOCITY STABILIZATION FOR LOW SPEED AND FOR
FORWARD FLIGHT.

YAW YAW ACCELERATION COMMAND/YAW RATE
STABILIZATION FOR LOW SPEED AND YAW
ACCELERATION/YAW RATE FOR FORWARD FLIGHT.

TABLE 2

FLIGHT PATH CONTROL CONFIGURATIONS - SPACES I

SELECTA3LE SCAS MODES

CONFIGURATION PITCH/ROLL B C D E F

TURN HEADING ALTITUDE AIRSPEED I POSITION
HYBRID AT/AT COORD. HOLD HOLD HOLD HOLD

AA XX X

AB X X

AC X X
AD X

AE X X X
AF X X
AG X X X

AH X X X
HA X X X

HB X X X X X X
HC X X X X X

HD X X X

HE X X X X

HF X X
HG X X X X

HH X X _ _X

HI X X X

HJ X

: ,,;,,,,,,,.................m mm mm • mmm mmmmmmm m m m



'ABLE 3

FLIGHT PATH CONTROL CONFIGURATIONS - SPACES II

VERTICAL SCAS

- RATE COMMAND/ALTITUDE HOt

YAW SCAS

- YAW RATE COMMAND/HEADING HOLD

LONGITUDINAL AND LATERAL CONTROL SCAS

PITCH ROLL SELECTABLE SCAS MODES

TURN HEADING ALTITUDE POSITION AIRSPEED

COORD. HOLD HOLD HOLD HOLD

HYBRID X X X X X

AT/AT X X X 0 0

AT/AT RT/AT X X X X 0

RTIAT X X X x O

'HYBRID 1 X w'o HH -

*HYBRID -2 X X 0 -

'HOVER AND LOW SPEED ONLY

AXIS OISPL RATE _ CCEL

4 0

25 1 14 2?2
15

I IS n0u5 5
30 15 50

AL NUBRS -,UNTS , d.
SO TWARE LMITS

iq. vr tal moton simuldto,-.



DISPLAY

~~ ~DATA ENTRY PRORMAL

Fig. 2 Computer-generated image. Fi.3SACScP

0.NSP 'AW o 'IROLL
COL LECTIV

Fig. 4 Moving map display. Fig. 5 Control configuration.



VOICE/COMM SCENARIO

PLAYER CALL SIGN VOICE RADIO 1 FREQUENCIES

AIR BATTLE VN644A 1 VHF/UHF 122.9
CAPTAIN 243.5

BLUE I VN644AI 2 VHF/UHF 122.9
243.5

BLUE 2 VN644A2 - VHF/UHF 122.9
243.5

OPERATIONS VN644N 3 FM 33.7

GROUND AN76B 4 FM 36.6

COMMANDER

ARTILLERY EB53D 5 FM 41.2
UNIT

FAC TA59C 6 VHF/UHF 135.3
246.8

SIMULATED COMMAND NET INTERFACE

FMBLUE1

VHF/UHFF

FV A M

WAYPOINT CAPTAIO N

FMF,

FOR.. CO2MRAT O~l.OLRT OMA OL

ARTIL~ L LELRYCIV FM GROUWD

SCEAIO

F ly. S~enar'o ,d 'aLSk (o,- sinutations. Srf'aks irlqirate pausr~s in simulation fir¢ Loouer -lirlr 'In. t,
it Ork oa r Oat iINAI, and IoRtSPentsF
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S9 1 SINGLE PILOT
2

8 o DUAL PILOT

7

CCC DATA LABELS:6 ACCEPTABLE B 
= 

TURN COORDINATION

5I C 
= 

HEADING HOLD
5 D = ALTITUDE HOLD

CE = AIRSPEED HOLD040 4 F = POSITION HOLD

0
0-3 SATISFACTORY

.2

AF AD AC AE AH

D BC CD BD BCD
SCAS CONFIGURATIONS

Fig. 8 SPACES 1--NOE flight task at 60 KIAS: AT/AT control system.

10 1 ., I . I I I

9 SINGLE PILOT UNACCEPTABLE

z o DUAL PILOTI-as
82cr

cc 7
_DATA LABELS:

6 ACCEPTABLE B =TURN COORDINATION
C - HEADING HOLD

HD = ALTITUDE HOLD
E = AIRSPEED HOLD

O4 F =POSITION HOLD
0 T __

3- SATISFACTORY

1
HO HC HE HA HB

BD BIDE DE CD BCDE

SCAS CONFIGURATIONS

Fig. 9 SPACES I--NOt flight task at 60 GIAS: hybrid control System.

UNACCEPTABLE
9

z

70
Z. 6 ACCEPTABLE

4

3 SFACTORY

RT/AT AT/AT AT/AT (PITCH) AT/VH (PITCH)
RT/AT (ROLL) RT/AT (ROLL)

PITCH AND ROLL RESPONSE-TYPE

Fig. 10 SPACES 11--NOE flight at 60 knots.



w - . . . .

-3-14

10
0 SINGLE PILOT UNACCEPTABLE

0 9 0 DUAL PILOT
z

48

m 7 DATA LABELS:
B , TURN COORDINATION

S6 ACCEPTABLE C = HEADING HOLD
D z ALTITUDE HOLD

S E = AIRSPEED HOLD
04 l F = POSITION HOLD
0

04

0
3 SATISFACTORY

12 ,_________ .__ ,, _

AA AF AG AH HB
BC D CD BCD BCDEF

SCAS CONFIGURATIONS

Fig. 11 SPACES I--Air-to-ground attack.
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9
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0

6 ACCEPTABLE

4

3 SATISFACTORY
0
0
0)2-

RT/AT AT/AT AT/AT (PITCH) ATIVH (PITCH)
RT/AT (ROLL) RTIAT IROLL

PITCH AND ROLL RESPONSE-TYPE

Fig. 12 SPACES li--Air-to-ground attack.
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ACCEPTABLE DATA LABELS:
m= 6 B 
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TURN COORDINATION

C = HEADING HOLD
D 
= 

ALTITUDE HOLD
. E AIRSPEED HOLD

g4 F = POSITION HOLD

I.) I 1 .

~3 SATISFACTORY,

HC HH HC HE HB

BOEF BCEF CEF 0EF BCDEF

HYBRID SCAS CONFIGURATIONS

Fig. 13 SPACES I--Hover tAsk with single pilot.
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10
UNACCEPTABLE

0 W/O POSITION HOLD
A W POSITION HOLD

P:8

-. 7

" 6 ACCEPTABLE

5
C
4

3 SATISFACTORY

O

1-

RT/AT AT/AT AT/AT (PITCH) AT/VH (PITCH)

RT/AT (ROLL) RT/AT (ROLL)
PITCH AND ROLL RESPONSE-TYPE

Fig. 14 SPACES ll--ilover and transmit status report (single pilot).
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DATA LABELS:

SACCEPTABLE B TURN COORDINATION
C HEADING HOLD

cc~~ 5 = ALTITUDF -SOLD
E AIRSPEED HOLD

0 4 FPOSITION HOLD

83 ].SATISFACTORY

2

HH HF HD AG HJ AH
BCEF C BD CD BCD

SCAS CONFIGURATIONS

Fig. 15 SPACES I--Ai-to-air engagement task.
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Fig. 16 SPACES 6i--Air-to-air attack.
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70D SINGLE PILOT

o0 0 DUAL PILOT

K-60-

"50- DATA LABELS:
B = TURN COORDINATION

40 C = HEADING HOLD
t4 0 O 0 D = ALTITUDE HOLD

-30 0 E = AIRSPEED HOLD
. D D D F = POSITION HOLD

<420 -

0 0 0 o 0 0 0 1
10 00 O C D

0 AF AD AG AE 0
AF AD AG AE AH HD HC HE HA HB

D CD BD BCD BD ODE DE CD BCDE

SCAS CONFIGURATIONS

Fig. 17 SPACES 1--NOE flight task (bipolar ratings): single and dual piloL.
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