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Lutraduction

The lact decade han geer: 1 amber o sirerat’t typea developed which
have iwplemented developments in emfine, aerodyvnamic, material and
avionice techno lesien e aenieve improvements in oapevtational efteei-
tvenenst,  To qenjeve cignitioant tenoUite gn tnease Apens, the eont
in termg o resenarch = desigm=dovelopment nag ncreased ol oan
exponential rate, and thio hae been ret'lected in o n weneral decline
in the number of operational front=lLine wireratt, This phencomenon
ig net unlque to the United Kingdomy no Figeol stown, the trend is
very aimilar in the United States, This trend g led Lo the devel-
opment of the multi=role airveratt concept in which an aireraft is
expected to perform both aireair combat nnd aireground attack roles
in some instancen during one missiony this naturally requires all
the relevant cockpit digplay controls for both rles to be installed

within the cockpit,

The uircrat't which have ultimately achieved mervice stalus have

also been faced with a daunting array of highly sophisticated ground
def'ences, through which to puss to u targel, As an example, Fig.?
shows the capabilitiea of .iust Lhree current systems and shows thut
the only real hope of arriving at the tnargetl is to t'ly at high

speed at very low level, thus red.cing exposure time,

The cockpit designa which have developed during this period have
been based lurpely on expediency, nearly alwavs with a lackh ol
design lead time, and the inereusingly less wnrrantalle assumption
that the pllot is adaptive enough to lenrn how to deal with these

even more complex systema,

To make matters worse there has bLeen a parallel trend towards single
seat aircraft, The increasin.« complexity, tupmether with inadequale
thought, or time for Lhought, 10 to the limito of human ability has
led towards the pilolL's being literally "saturated" with displays

and controls.,
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Thia paper will review hintovicenl cockpit development in reaponse

Lo the expanding t1ipght envelope and the need to improve operational
elf'fectiveneny and will shew the impaet off thin on the number and
type of cockpit diaplays: and controla,  Tne paper will then discags
the ~urrently proposed extenuiong in capability tor the next pgeneras
Lion adveratt,  Divscuasion will then be directed townrds the ditte
crultien thene sxtennione will cause and pocsivle meann, aach an
recviined centn, epectes optionl dieplayae, dusital dala transmineien
etc, which can be uned to resoive tuem, Pinally, the paper will
take a short look into the tuture o' cockpit display techniques and

their posgible impucts on caockplt desipgn,

Historical Cockpit Developmernt

The Cirst identitriable airveratt whas the Weight Flyer, The "cookpit!
contuined only twu levera, one for rudder/witye warp, the other for

elevator. Thig atmple layon! wag acceptable as the pilot's taak was

aimple « "Stay slott as long oo possible", Thiz degree of simplicity

did not remaing  as the quent tor inereuped performance grew, monit~
nring/contvol o the wvery Cickle engine beonme as inportant ag cone-
trol of the Ulyine swrtuces and this led to the introduction of
mixture counlrolu, ipniter, pressure, rpm and tuel flow displays ~

the "prot" had atnrted,

By the atart or the Fivat World War, the now commonplace layout of
the covkpit had developed = the pilot seated upright, s central
Joy=ttick, the throttle mounted on the let't, nnd prime diaplays
reflectings the airerat’t'a avetems,  An example of the Pivst World
War cockpit ig that of the BESA, and thio is shown in Fige %, The
SKSAte major role wan Lhal of air defence/nir combat. The pilotias
data ngsimilation Lask was relatively simple, with indiceations ol
gpeed, height, hexding and rpu being presenfed in the cockpit, but
the increasing speed and altitude had dictated the need tor special
clothing, helmetu, pndded Jjackets, goppeles and acarf | As the
alrepalt of the 1[9.0/50's developad and expaunded, the f'light envel-
ope phyniologicn! problemg began Lo appeanr.  One such problem was

disorientntion caused by cont'lichting sanaory intormation,
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burine the carly 1940': tnis prompted the development by two RAF

Officers, Reld qwd Jdohnsaon st BAE yarnborousiy of tie blind flying

pancl (Fip, H)e  Thic panel io locuted dirccetly in front ol the
piloty, below the cowmine, to wllow tie pilol fo move his <ot teation
rapidly between the vital dicplays anl outside wordd amr this 1ed
to the movine of other dicelnys into the nitot’s peoriphe pal ficld

Of views The Spitfirce coclhpit oFipme S0 0 tepieatl, it fhe Bl

e Ere e bt e e, taa b0, gy

Corine paae ]l Gt
World War 1T more copuicticated operational cquipment aloo cim
into service, cuch as pyro pun=cigmhta, air-to=rroubd/air-toenip
carmunicntion. ALl of these required thelr own displays snd

conkrolay the cockpit wier quickly becomine overcrowded,

une woulldy T thinky have expeetedy wilh the introdaction off Yhe jot
enpine nt o the end of the Scceond World ey Ueit the fisht 1 anskpit
would simplify qulte dramaticaily, some wepre convinced that it would,
In fact it did not and the Hunter - cockpit (Fip, ) illuctrater
thic point. A mout siguiticant innovatiton wae the raline by the Adr

Hindstrey in Jdune 1947 that 211 new Aot mdreraft woald hnve anoemerponay
ejection ceat fitted, Pilovss dirine the enrle job myre bepan to

cxpericnce repularly the problemis of e sustained necceloepations,

althouph tue introduction to these probiems dioted bnick to the dive
bembers of the Second World War, 'o corbat thene problems the
Inetitute of Aviation Medicine developed the anti 'e' cuib, o padr of
tron cre wnich infTate in oresponse Lo tneronced et Porecs thue

rectrictimg Yo cyperoreement of Ui Tower bode,Tope w v Bilooa,

Over the next 20 decades, shamiCicnnt developmets i wonron cystem
camplexity took place, topetier with further cxtencion of the u-:tle
Tlipht envelopes  Intereepter aireraft bepnn Lo make use of vadnn,
Biive 7 chows the Lightnings 5 cockpit in which the

soen bieh on the instrument panel,  ailowinge

abttention vers rapidly belween dieplay and the ouieside vorlda

wudar display can be

the: pilot fo trae ter bic

hovelopine olectronic tecinolery provised the pilol wita the Hettdetin
P AN }

Dicplays  thece atlowed the pilot For the firct time to view the
flisht deta superimposed on Uthe outside worlde perationnd offective-
ness o waes ineredaced by the introduction of Tnewep marked tareet -ce Kere,
doectronice count er=meiaresy cte,  Mach ol bheene

inertial navipntion,




c vey et bieploers and e ntraloy wboien Gostled tor position

ot cr ety A e st of fere s capafieant aperrdiionnl
et e e b pee e b s tall them, desipite the
N ' \ aei Lo B
1 casr e o st err ol aeeraft cechipit e of thils prriod,
Tt . L A PR B L oo The ""'ld—”!- 1 ‘.I)l.‘l_‘/
VU e e =i e e T e Tane e ey a

Pt brerven ovine map chieplay oo low, fiicht srotem dicplays on
P 1oty und oo cipnifiecant colicetion ol enpine nnd fuel displays,
Ui el ar tiat cockplita aave buoeome very erovded,  Also during this
porrosl re Uit oporational VUL airerett, the darrier, entered
ervice,  Inoview of the trancitionnd Clipght capability of this
airerafty 00 mipht e thouwrht that the cockpit would cont «in many
unevel Moatare e A Wies 9 chiows 1t doess not, Lhe only unusual
Contaare teine thee aebdibiosal lever on the throttle boxe This, when
pucted forgard, rotaten the now les oft 1o accelerate the aircraft

forwvird.

ih. pilot's “dtire cawird Purlher difficultics daring this period.

In ;hﬁ Hebe the ToAM. developed in responue to the changing
operational nituntioﬁ, various ligquid=-cooling suits, aire-ventilated
it und more up=toedate chiumical defence=s ito, most of which were
introduced into service with various deprecs of success, to the dismay

of seme pilot's whio loneed for silk ccart days.

it in o the car'y O Lhat the prowth in cockpit display/controls
cith all new adreraft weo relentlossly taking an ancreasingly steeper
apwiard trend, virious organisation:s in the UsKe and the U.S. began
investimations into way: of rversing this trend. ‘The first aircraft
likely to uvnter service wnich will have benefitted from these studies
ape the MeDonne il b loes AV nnd FLE Soruets The AVSSE coeckpit is

Shewil 10 Pime 10, O inspection one will neote o Multi-lurpese lisplay

on the 1eft sides Thic display i a significant tepy 3 it allows the

silot access to wuch svatems as navigntien, stores management, via
the peripheral keys and dicplayed legend. It presents, on scelection,
wenron delivery, navipation and radar warning data, This display is

aluo utiliced dipine routine ground maintenance to display check-lists




T

PR

. oy
DN

|t
H 5
v
{'w
fu
gv
§
i
3
i

el to guntrel/dicplar the aircraft's b.ilt=-in test facilities, lhe
important innovat.on witieh hon o atlowed the implementation of such o
ver atle display/eontroller ia dipital dota transmission, the
a=calied lata Bun' o concept, ard it s iwmportant to dwell upon tuig
Yor o comoments Mipe 11 cnows o tvpicnd implementations  in philonophy
te yote er e bPikenad Yo o telephone cystoem by whiich various
Gooerpters,y dn Ui e awvoonies b cbens, mar Le o intertaced,

Vhive

b bus can be structured Loooperate inov nume e oof dfferent
modes (there currently beinr n topie of inteasive otudies within the
acraspace irdustry)s Fer this example I will consider a data bus
Whieh operaten in on commnnd/runpunnu medes  In this mode, when a
conkpit swe votem requires an o action, e.ge o switeh ¢ anpe, a status
werd Loochanged at the RS When the bus controllor which continuonsly
monitore the sub-nvatems reaclhr o the changed status word it inter-
ropatcs bhat cub-cynton to ectablich when contact can be mude.,
Appropriat. contnet is stablished tor o defined periol of times On
complet on of the bask the . tatus word is again chanped :nd the bus
controll-r removes the Link., This provides a number of obvious tysten
advantages,  The most siepilicant in terms of cockpit v oipn is that
subecystens need ng longer be linked by point-to~point wiring. This
providen the ability to rationalire control panel:n, reduce switch body
dizer nnd ro-configure displayed dnta in the cvent of display head or
driver failure,
The 0198 fovnet expunds the concept of the AV-8B -ud for the first
time has achieved a reversal in the trend toward: more nnd more
cockpit displays. Also, an will be seen from Fipgs 12, the dedicated
flight instrumertation has been relepated to a position low down on the
right hand side,  This cockpit haus three displavsy  the Macter Monitor-
bisplay for presentntion of cauation/advisory information, air-to-ground
wearon delivery and management, built-in test and navipation mode
selectiony  the Multi-lFunction Display which presents radar, aircraft
altitude and pertinent sensor or tactical data. ioth of these displays
provides a back~up for the other in the cvent of failure, The third is
a llorizontal Situation Display which shows movins map 'nd other short

and long term navipation atas

At thio point, let us cummarize the theme of the papere Since the

DE=apete

e e
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carly baysoof Froeht the v to the Dnerercanys cophintiention of
rround defenccs and the roquieement e oinerenced miccion effectivencns

e e b Lo bnerence the dicplave and control: within the cockpit,

f Flte 1o ulluctentes thiv prowths Y Uil trend were to proceod

' uneieeked LLo1c ieevitable Cof uot alrealy the crse §) that the pilot ;

| wonld Lo Thtepadty cotentod witn cons ool toud displage. The 9,10 ;
Gorro bt oow that the trend fine been gquite o benilieantly reversod, in E
Py st Ueere oy o b boue Dot e wel T=loved dantep, :‘

believe it shoul i be punoible to reduce this quantity of displays even

furthivr Lo telow the Spitfire, for cxample.

Ye  Coekpit Dbeodipen for Lhe FPuture

Eefore the fulure coukpi! chur be discussed, oo uriet desceription of the

ruture hich perforsrmes Cighter concept is requireds  urrent studies
vithin the Yok, V0 GAD it in Burope sre dirccted fowards aireraft
which aan porform close=turninge combat over their full Mach number i
reonge from their 11t limit to thelr structural design limite at
altitudes up to at leat 20,000 ft, These concepts employ combinations
of sueh aerodvuimic teehniques ns wine/bedy blending, swept-forward
wingo, forebody canards, cte, to allow cxploitation of the high thrust/
weipght ration now provided by the implementation of new engine N

29

technology and structures deaipned using advanced matoprials such as

carbon fibre camponitess 'The benefito of snigh advancen show up in .

terms of turnine capnbility. Fipe 14 chow: how one new desipn, i

sockwe Lls HEMAT Giliphly Manoeuvrenblo Adreraft Teehnolopy), has an

experted turnims capabilite twice that of the 114, the fature high

performancee firhter will o7oo feel a sipnificant impact on it oy-tem ]

design caused by the introducrtion of chioeap computing power and

improving clectro-opt ical display tecimiguet. ]

The problem of Lhe intepration of these new technolopies wnd the ?

reverasal of the old cockpit desipn philosophice 1a the one which is <{

currently beiny mddresced by decign teqms at various Briticsh ferocpace

sitese A wos indilented envlicr, hiph sustnined turnine capability 4

introduces physiolopical problems for the pilot, 'The anti 'p' suit, l
s

owever, relicoves theoe only up to the =6 'g' level. The turning 4

rapibilitics being inversticrated range from 8=12 ‘p' sustained for up &

to % minutes, Tt i obviono that some additional 'pm' alleviation "

10
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mechanism ic regquireds By peclininge the pilot to the 'p' vector

"toleranar ann o be ol tainedy  tnis, nowrver,

sipnificnant inervaces in 'y
cauwes problems relating to vi-w, reseh, cjection, te, cur

campromise approach is the adoption of the articulat.d oty A
particular reat meometry bne bLeen developed to allow the pilot te move
from one pocture to the other with no chinngme 1n the relationstin of the
foot to the rudder, hand: 1o stick or throttie, opd Lo mintain a

fixed cve to dicplay dictagcee, I the pilot b to indtiste clection
from the recline-d vosition the oo U mechamiom cotarn. The sent Lo the
upright position in .05 cecrs  Thiv io phyrioleopically tweceoptunie
(baged upon the constraints used in the desipn of Command bjeetion
System) and is within the time necded to initinte Yturowsh-canopy!
cijection or to jettison the canopyve ‘The u e of wn articulated seat

deesy however, pooe 4 number of design quentionas,

The major quection relating to coskpit display layout 124 "iow

tuch area above the pilot'n kKneet and below the 150 over the none
vision line remadins wheo the pilot i in the reelined sent

poniition ?",  PFrom our work on wlvinced vockpit anthropometry, it was
defined that the critical design-cuse for Lhic elearunece was ooamall
bodled pilot (ise. 4 pereentile sittiug eye heieht) with toth a lurpe
thigh and =hine This combinntion provided @ clearance of w5 inches
in which displays could be inctalled, Plpure 1Y i1lustrates thic
problems  Another rajor question i the locntdon of 'he flipht
centroller = must 1t be located on the ide convole 2 Aloo, 1t the
reclined position, the pilot'c rearwnrd view is impndied (though this
i o problem with fixed beclined cwents too),  Finallw, the piiot
restraint system requiren careofnl consideration to cnsure it docs not

slacken during articul-wtion,

The articulating secat then allow:: the pilot to withstand the ~xtrome
physiological environment but, without rationnlisation of display/
controls, the pilot would till bLe mentally overlonded, 1o ensure
that rationallsation of the cockpit contrcl/dlaplay datn in achicved,
an extensive study has been made of information/task requirements for

the aircraft., '"Thi: employed « technique which deflines a miscion flow

diagram ia terms of broad misnion functions cuch as Climb, Jruine, ;

y
Ground Attack ctes mind then defines within these funetional ystem l
L
1 ’ :
|
|
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requirements, cepe "Monitor and Control the Aircraft', "Navipate',
etce Thene system functions are as: cnsed in terms of the total
information/tasks required by the man/machine system to achieve these
frinctions, this process being followed by an assessment of which tasks

are beust undertaken by the man nnd machine, FPig. 16 shows the concept.

The study is ongoinge but it has allowed the ndoption of the following
display/control systum which in eurreutly under evaluation. IFig. 17
shows the current luayout, As ntated previourly, a aide controller is
installed on the right console and present work in this area is
addressing the preblem of forces and physical displucements, At the
forward end of the left console is the Main mission/system keyboard.
To nid data selection in the high vibration environment a sliding type
throttle hus been developed which provides a wrist rest. This has also
had the beneficlal effect of makirg the throttle less obtrusives. FPFoth
of thesv controllers provide a HOTAs facility. "The forward display
sulte is decigned to comply with various erponomic requirements such
ag optimined subtended visuwal angle at dicplay, minimum eye scan times,
maximum view over the no:e, dnclusion of full alrcrew population in
terms of anthropometry, and additionally to comply with the current
thoughts on Systems Reliability, bDispluy Ueneration Redundancy,
Display Reconfiguration cte. ''he Head=Up Display (1TUD) Unit to comply
with the previous crgonomic requirements, necods to take up little
spoace below the coaming lines Thore sre currently two designs being
investimated, the Marconi Avionics Multi=Combiner and the Smith's/
Hughes Diffractive HUDe  The latter, in an oripminal version by
Hughes, has been flight=tested in the SAAR VIGGEN and received very
favourable pilot comment, Modelled in Fig. 1V ie the Marconi Multi
Combiner, A Head lovel Display (HLD) in installed directly below the
HID, to achieve minimum cye motion and provide the pilot with the
ability to monitor eorential flight data, while tracking a target for
example on the display. The display curvently under consideration ig
the Ferranti COMiD unit, 'This unit has the capability to project a
variety of display formats, including radar, raster TV air-toeair and/
or aireto-ground, horizontal situation data and e - numeric information
from a CRT. A moving map unit is also included, the imape from which

is overlald on that of the CRT, thun allowing uuch data as navigation

12

At w3

L PP S N



track, time~distance Lo way-points vteay to be over=written upon
the map imymes  The HUD cnd HLD present all escentinl flight data

within the pilot's near field of view,

Two MultiePurpoce Displays (MPD':) ape ponitioncd cithep side of the
HUDZLED under the coamingte  Theoe displays reprecent the syntem worke
noraen of the cockplt an they present all systeme information nnd are
nsed in conjunction with the cwiteh pasels on the 1eft console hrntide
the throttle to celect Wenpon, ommunichtion nnd Lnvipation functiong,
The selections are avaitlable, havings been entered Lefors £lipht via n
portnble data atore, the data being penerated during the pre-flight
brief, "he interactive switch-dioplay concept hus been developed in
an attempt to climinate head=down selections which are a source of
erroncous inputs and ulso induce pilot vertigoe, and remove the need to

reach forward to enter selection.

The digplay data 1is normally precented in mission phase packages,
048 take-off, cruise, air gombat, etc. 'hese are selected from the
keyboard located ut the forward end of the left consoles The miszion
phase packages of information contain unly that data relevant te the
particular phase of flipht. Fig. 18 shows pocsible displays for
Cruige Mode, while Fig. 19 shows the changes causcd by the selection
of Alr Combat Mode. 7o allow the pllot uccess to the total packages
of data for a particular system ouch as engine, fuel, ete.y a sct of
dedicated keys 1s also available within the forward keyboard. Fig. 20
showas & display format for the ailrcraft fuel system. Also included
in thig area is a numeric keyboard for the insertion of such data as

new waypoints, new communications chaniels, cte.

Referring back to Fig. 17, the right conrole has an interactive
display located at the forward end which will provide control of
Aireraft sensor :ystems and role chanpe equipment. ‘lhe other controlas
are basically 'once a flight' in nature to reduce the need for the

pilot to remove hic hand from tho control stick.

The last area of interest is the pilot wurning system, this Leing
positicned around the coaming cdge. As the data packages present only
reduced systems information, the warning system takes on a more
asignificant role in the cockpit. Our current approach is that the

13




Liphtss are puch=tutton colectors: wnich, waien depreased, would initiate
corrective setion and/or procest approprintc actions/data to the pilot

in the form ol < loctraniently daplayed pilobts notos,

The curvent ctadics verns anebertadion on Lhiin coekpit relate to the
developtie it ol o fapedianental o peonomic desin data base from which one
can deapen falaee coclpa b, Te o neinieve thiln we are attempting to
develop tcrmoded o e prbot e ntal el phyeden] abilitiens  Fige 21
GoaOb.e st tmpbe Perne shoels Pt oo reanire eonsctdepation for nuch
a models It chowo the pilot havinge input gensors, s central processor
funetion nnd cutput motor function. Also requiring consideration are
external modifying lafluencer cuch s Poatigue, the task, adaption, etc.
For many years poyeholopista have investirated the human's performance
and tewe produced various meacurces, the most common being the ability
to procunn prckipees of data i computer 1ochnolopy = hits/nec.
procesning rate, We are precently attempting to upily this work to
defining a guantitive meaoure of the plleot's performunce during a
typical micesion, ''v achieve this we provide & prime flying task

(esgs & sinpgle axie tracking task), thin is supplemented by a choice-
reaction time lipht crneellation secondary task, VWe mensure the
Yinformation" content of the flying task and the reaction time for the
asecondary task ind allow the subject to achieve a consistent
performance on theses A third taslk io then introduced such as reading
a parameter tor nodicplay or chhmping a cowiteh states The difficulty
of this fank can be mencured in torms: of the amount of attention

(thue deprolation in perfurmanee) the subjeet diverts from the main
Liwslia Hach tack enn Phoen be modified to provide optimum attention

allovcabtlon.

future Congsidepration

Ar Technolopy advinecsy concopta: in diaplay, data catrey ond weapon- '
aiming ctesy which have previously been impract ical for the cockpit
environment, besin to become availables A airveraft manufacturers,
the temptation Lo inttnll new cquipment Ybecuuse it enhances the
product and cverybody clie has 1t" must be feninted, The approach
chould be one i which rach cquipment in critically appraised in terms

of the incronue in operntional enpabilities it offers and the impact

14
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R T ey

¢ it hass on Lhe tetal aystem desip.

If we sturt with «dieplays,y there see varc ue display teclnigues
under developtmoat cuch v Hlgudd ceyctal matpeix oo tnin fidn
trancistor (TFT) matrix 4 cplayve snd Bardened colony 8Ty,
Procentlyy lguid cprvetal apd T prnels o for pedaetions in the

installation volune reived Do the conkpit, while Tolour ORI's offer

the ubility Lo redice contfucion o the precentabion of colour eoded
! data and colour external video, Aluo in the Jdiuplay inlormution
prosentutlion area there Lo o prowing trend townrds the ndoption of
predictive type displayese  One type of landing display s chown in
'ige 22 which chow: the veloelty vector cuperimposed on the desired
flight path datn,  Alvo shiown are angle~of-attack, flipht limitntion
and cnerpy stntune By cuperdmpocsing this on the outside world 1t has

shown thal o aipnificant reduction in work-lond in sehileved,

Kegently 1t han become ponsdble to make use of the concept of weapone

aiming by means of head pondtion censdng in conjunction with 4 sighting
retlele suitably colliimauteds These mescalled Helmet-Mounted Dights
(HMS) have been evalualed in both fixed and rotary wing alreraft for
air-to=air and air=to-pround use, ‘lhe current cystem:: nre 1imited by
the need to point the whole hend townpds the target. 'Thin innot a B
totally natural motlion uinge siphting normally consists of sroass head

motion followed by fine pointing nchieved by cye movementn, Current

rescarch 1 dirceted to the incorporntion of eye motion detectars into

the HM3, A syatem under development in chown in Fige 2% which is baned

on Infra ked Techniqueg involving reflection: from the cornca. hye 4
motion causce: fluctuation: in the amounts of reflected lipght which
causes a correaponding voltage variation in i sultable detector,

\ hene varintion: are inputn to equations which determine cyeball

\ position, thus line of unight.

%, Conclusionuy
' \
B
L Today's operational aircraft eockpit hai evolved from the experience of \ ‘
i b
60 years of poscred flipht, inte an environment in whieh the pilot is Y '
prevented with a very complex nystem management tackes  Tnooome cases
the taok in so complex that operationnd constraints have boen pliced

upon the aircraft because of the pllet'e i{nability to copes 'The

S A LA OO
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"""""""""" = development of techniques such ag dipital dats tranomission (the
Data Bus) and asystems sueh as the micropracessor during the 1970'c

has provided Lhe opportunity to investipnte new methods of precenting

data und contrelling cvatems from within the cockplt, ‘Thene

inventieations i-ve Led tao the introduction of the hiata Bus :ind 8

electroniec multi-function head=down dinpleys into the AV=¥E and F,18,

I
- Thene vystema, while increaning system flexibility, reduce the numbor
of displays wltlia “oe cookplts
2 b,
i Present studiea within the U.K.\aré»devnloping thin cuvncept further
i and are producing cockpit layouts which hear little resemblance to
present generation cockpit layouts. 'These developments pose o number
" ofy au yulunanuwered queutions} such agie=
C flow do we train the pilots ? 1
llow will the Services oupport the proposed

integruted Systemn 7

{low does industry cnsure the product which
is pupplied in an improvement over that
which precceded {t ?

These and many other topics are as important as the technical lssuee
discunsed in this papere. It 1a only when aa increase in capability

baged on an efficlent operntional and design compromise in reached

that the type of pgeneral decline in alrcraft numbers shown at the J

atart of thin paper becomen even modcerately tolerable. ,

finally, when considerin: any new cockpit dealgn it 1is becoming
vory necensary to provide a co-ordinated multi-diseiplinary design ;
team at the coneeptual ctage who arc cupable of asneesing mivasion/ }
operational reqilrements, the human's capabilities and hapdware 1
technologies, 'This iu a somewhat new npproaoh but in this way a

cockpit may be developed which will achieve the AIM (l'ip, 24) of

providing a powerful display/control nystem that reduces pillot worke 4

load rather thean bamboozles him with new gadgets,
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COLOR SELECTION AND VERIFICATION TESTING FOR
‘\5
AIRBORNE COLOR CRT DISPLAYS

Louis D. Silverstein and Robin M. Merrifield

Boeing Commercial Airplane Company

\JRecent advances' in Cathode Ray Tube (CRT) technology
have made the use of multi-color displays feasible for a
variety of applications. Despite the increased capa-
bility and potential advantages afforded by color
displays, there are inherent hardware and human factors
problems which must be confronted.  One particularlﬁ
persistent problem in color display technology 1s the
specification and visual verification of a color reper-
toire, The utility of a color display 1s dependent upon
the display providing suitable chromatic differentiation
and image brightness to ensure reliable symbol visi-
bil1ty and color discrimination under all operational
conditions. These criteria require special consider-
ation when the display must be used in dynamic and
severe lighting environments, such as the flight deck of
an aireraft, This paper details color selection and
visual testing methods used for the shadow-mask color
CRT displays on the Boeing Model 757/767 f1ight decks.
Topics Include analytical methods for initial color
selection, visibility and other discrimination testing
under extreme high and 1ow ambient 1ighting conditions,
color saturation effects, and special display design
considerations and 1imitations...The chromaticity and
brightness specifications for a seven color repertoire,
determined by the methods presented, are also described.

AMP000666

BACKGROUND

Recent advances in Cathode Ray Tube (CRT) technology have made the use of
multi-color displays feasible for a variety of applications. Color offers a
number of distinct advantages for display ges1gn. First are the obvious
aesthetic benefits of color, supported by the general preference for color
over monochromatic presentations. Second, color has the potential for greatly
increasing information coding capability and flexibility, and for reducing
visual search time on complex displays. A third advantage is derived from the
addition of color contrast, which can increase symbol vistbility and reduce
display brightness requirements.

Despite the increased capability and potential advantages afforded by
color displays, there are inherent hardware and human factors problems which
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must be confronted. As Figure 1 {llustrates, a color display analysis can be
considered as a hierarchial progcess. At the tog of the hierarchy are those
visual and perceptual factors which constrain the utility of color. As one
proceeds through levels of the hierarchy, increasingly complex and integrated
human functions come into play. Obviously, the visual and perceptual require-
ments of the display user must be satisfied for a color display to be a viable
concept,

One particularly difficult problem in color dispiay technology is the
specification and visual verification of a color repertoirc, Additional
complexities arise as the number of discriminable colors required increases
and more elaborate display formats using color fields of varying size,
brightness, and geometric arrangement are employed. The problem becomes
critical when the display must be used in dynamic and severe 11?ht1ng
environments such as the flight deck of an aircraft, where complex inter=
actions between display characteristics and the ambient environment make
precise color and brightness specification essential. The focus of this paper
is color selection and verification testing for airborne color CRT displays.
Emphasis 1is placed on the visual and perceptual requirements for color visi-
bility and discernability and the resulting display hardware considerations.

The selection of an effectivae color repertoire must be predicated on
three fundamental attributes of a visual stimulus (Graham, 1965a; Wulfeck,
Weisz, & Raben, 1958). On the display or transmitting side of the system, the
physical 1ight stimulus 1s characterized in terms of {ts wavelength distribu=
tion, luminance, and ﬁur1ty. For the display observer, these physical attri-
butes correspond to the perception of hue, brightness, and saturatiun, respec~
tively. Color specification 1s generally best accomplished by application of
the CIE (Commission Internationale de 1'eclairage) chromaticity system, which
permits a replicable description of the appearance of any color through a set
of chromaticity coordinates (see Wyszecki & Stiles, 1967{. The basic color
space, shown in Figure 2, was standardized in 1931 and provided a convenient
method of specifying the dominant wavelength and purity of any colored sample
(Figure 3). The other fundamental visual attribute, brightness, is measured
and specified photometrically. The recognition that color discrimination was
not uniform across the 1931 color space lead to transformations such as the
1960 Uniform Chromaticity Scale (UCS) shown in Figure 4, in which equa) dis-
tances within the color space correspond more closely to equivalent ?erceptua1
differences in color, Other derivations exist for different size color fields
and self-luminous versus reflective color sources. At this point it {s impor-
tant to recognize that color perception is a complex, multidimensional pro-
cess. Changes in any one parameter of the color stimulus will modulate the
perceptual effects of other parameters.

When selecting and specifying colors for critical applications, and
especially for today's advanced CRT display systems in avionics, a number of
additional factors related to color perception become important. First, color
perception is strongly influenced by the size and brightness of the colored
image; smaller images appear less saturated and sometimes appear shifted in
hue relative to larger images. For small images, the ability to discriminate
between colors 1s reduced, particularly along the blue/yellow continuum
(Farrel & Booth, 1975). Likewise, changes in target luminance cause changes
in both the perceived saturation and hue of the target (Farrell & Booth,
1975), A second majur class of perceptual phenomena are related to simul-
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taneous contrast, whereby the appearance of a colored image is influenced by
the hue and saturation of the surrounding visual field. In general, the color
of a small target is shifted toward the complementary hue of the surrounding
field (Hurvich, 1980). Third, the number of colors in the display set and the
method of color coding will strongly affect color discrimination (Semple,
Heapy, Conway & Burnette, 1971). As the number of colors increases, color dis~
crimination becomes more difficult and tighter color control {is required.
Similarly, color display formats which require absolute color identification
place greater demands on both the observer and display hardware than forimats
employing redundant forms of color coding and comparative color discrimina-
tion. Recommendations on the number of useable c¢olors far coding purposes
have been found to be in the range of four to six colors (Kinney, 1979; Krebs,
Wolf, & Sandvig, 1978; Teichner, 1979)., Finally, consideration must be given
to the visual characteristics of the population of display users. For
example, flight instrument displays must accommodate older pilots who inay be
characterized by a restricted range of visual accommodation (Southall, 1961),
decreased contrast sensitivity (Blackwell, 1952), and a reduced ability to
discriminate between colors. Color discrimination losses have been found to
be most pronounced for the shorter wavelengths, due to chang1n? ocular
pigmentation with age (Burnham, Hanes, & Bartelson, 1963). Color display
design criteria and retated visual testing should represent the range of
visual characteristics of the display user,

Color CRT characteristics, and interactions with the ambient operating
environment, also act to determine the color experience of the display user.
The shadow-mask color CRT, selected by Boeing for use in its new generation
commercial aircraft, uses three separate primary phosphors with associated
electron guns. The basic shadow-mask CRT concept is 1llustrated in Figure 5.
Since color mixture with this type of color d1sp1aK {s essentially accom
plished by spatial color mixing at the retina of the eye, the convergence or
alignhment of the separate color images at the display face will affect the
perceived color of composite {images. Misconverged beams can result in a loss
of color purity (hue shift) and produce color fringes on the borders of stroke-
written symbology. Figure 6 shows the manner in which color purity is
affected by improperly converged beams. The long term stability of the colors
produced by a multi-gun system depends upon how impervious the convergence
mechanism is to ambient vibration and any differential aging effects between
the three color components.

Ambient 1ighting will also have a strong effect on display color,
especially in a dﬁnam1c cockpit environment. Incident ambient 11lumination
reduces both the brightness contrast and color contrast of displayed infor-
mation via increases in display background brightness. As a result, the
visibility and perceived saturation of colored symbology 1s reduced. The
brightness uf CRT-groduced colors is not homogenous because of the differences
in efficiency of the three primary phosphors and the spectral Tuminosity
function of the eye (e.g., Hurvich, 1981). The degree to which a given color
CRT {is affected by ambient 1llumination depends largely upon the colors
selected, symbol brightness, and the qualities of any contrast enhancement
filters fitted to the display. Fortunately, some relief for the degrading
effects of ambient 11lumination may be provided by the fact that the obser=
vers' contrast sensitivity and color perception are generally enhanced as
display background and symbol brightness increase (Brown & Mueller, 1965;
Burnham et. al., 1963),
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Ultimately, the utiiity of a color display is dependent upon the display
providing suitable chromatic differentiation and image brightness to ensure
reliable symbol visibility and color discrimination under all operational
conditions. The brief raview of relevant visual factors indicates that color
selection and brightness specification for airborne coior CRT displays poses
difficult problems for both the display designer and human factors speclalist.
At the present time, thera are no analytical tools sufficient to solve these
problems. Recent attempts to derive a model of photocolorimetric space
(Galves & Brun, 1975; Martin, 1977), which includes both chromatic and bright-
ness dimensions, have not received adequate experimental verification. More-
over, it is douhtful whether any model based solely on chromatic and luminance
differences can provide suitable description of the perceptual factors inher-
ent in complex color CRT presentations. Models offering overly conservative
figuras of merit for discrimination, which may indicate color and brightness
specification that ensure performance, are 1ikely to incur large penaities in
hardware costs and display 1ife. Such analytical technigues are useful engi-
neering tools which must be supplemented with visual verification testing
tailored to the particular display hardware and application. The remainder of
this paper describes the analytical and experimental methods used in the
Boeing color CRT development program.

THE BOEING DISPLAYS

A significant step in commercial aviation was achieved when Boeing de-
cided to integrate color CRT displays into the flight decks of the new 757/767
Jetlinars., After a raview of a number of ?roposaIs. it was decided to pursue
the devalopment of a ruggedized, high-resolution shadow-mask type of display.
The color and contrast capability of the shadow-mask system were primary advan-
tages, but the final decision awaited demonstration of suitable ruggedness and
resistance to vibration.

The shadow-mask display 1s the foundation of two major systems on the
757/767. The Electronic Flight Instrument System (EFIS) consists of alec-
tronic ADI and HSI primary flight instruments. A second system, also composed
of two displays, combines Engine Indication and Crew Alerting functions
(EICAS). Figure 7 shows typical display formats for the EADI and EHSI compo-
nents. The EFIS displays are hybrids in that they write in both raster and
stroke modes. Raster is used for sky/ground shading on the EADI and for
weather radar imagery on the EHSI. Stroke and raster writing modes are com-
bined such that stroke-written symbols may overlay color raster backgrounds.
The EICAS system displays only stroke-written symbology.

Display color capability is 11lustrated in the CIE X-Y chromat1c1tg space
in Figure 8, where the triangular region defined by the three primary phosphor
chromaticities and filter characteristics bounds the region of possible dis-
play colors. Symbol generator hardware allows the selection of up to seven
stroke colors (and black) and four raster colors. Color mixing is controlled
by amplitude modulation of the three component beams, which also permits
selective color purity adjustments for each color. The displays are fitted
with multi-band contrast enhancing filters tuned to the three phosphors and an
anti-reflective coating. Separation between phosphor triads is .012", which
corresponds to approximately 1.2 minutes of visual arc at the designed viewing
distance. Other visually relevant features are an 80 Hz stroke refresh rate,
40 Hz frame/80 Hz field rates for raster, and automatic brightness/contrast
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compensation via integral 1ight sensors.

The incorporation of color CRTs on the new Boeing f11?ht decks produced
the need for & consistent color coding strategy. All displayed information is
redundantly coded and absolute color identification is not required. Color {is
not used as a unitary coding dimension but is always combined with shape,
alphanumerics, location, brightness or some other form of code. There are
several reasons for adopting this strategy. Most prominent is the problem of
partial display or color component failure. In this situation, coding redun-
dancy permits a failure mode of monochromatic presentation without any loss of
essential information. Color shifts as a function of display aging also have
minimal impact on operator performance when colyr coding is used redundantly.
Additional reasons concern the nature of color discrimination performance
required of the display user, When color is used in concert with other coding
dimensions, the basic perceptual mode required 1 one of relative or compar~
ative color discrimination. The demands on both the display user and the
display hardware itself are reduced when comparison between colors rather than
absolute identification of each color 1s required (e.g., Krebs et. al,, 1978),
Color vision deficiencies in the user population are also less critical when
all information {s available through multiple codes.

. | OBJECTIVES AND APPROACH

.. e ey pedr et

Color selection and visual verification testing for the Boeing color CRT
displays involved a number of major objectives. The first objective was
chromaticity and brightness specification for a visually verified set of seven
stroke-written colors and four raster colors. A second objective was the
determination of the minimum brightness levels reguired for color discrimi=
nation under worst-case high ambient 1ighting conditions. It was recognized
that these minimum levels would have a direct impact on CRT tube Tife and were
a major factor in display brightness certification. Third, verification of
color discrimination under low ambient viewing conditions was an important
consideration, Investigation of preferred 1evels of color saturation for low
ambient viewing was also part of this test phase, since highly saturated
colors can produce exaggerated perceptions of agparent depth {chromosteriopsis)
and degrade visual acuity (Farrell & Booth, 1975; Riggs, 1965; Semple et. al.,
1971). A final objective was the accumulation of supporting data for certifi-
cation of displays and pilots' visual performance.

The approach to achieving these objectives consisted of four sequential
phases!

o Initial color selection by analytical computer model

0 Raster color and brightness optimization

0 Stroke/Raster color and brighthess test - high ambient phase

0 Stroke/Raster color and brightness test - low ambient phase

Color discrimination performance was assessed by a comparative procedure

which best reflects the o?erat1ona1 use of color on the Boeing displays.
Discrimination between all relevant stroke colors, raster colors, and combi-

43




nivions of stroke and raster was accommodated by the test procedures used.

INITIAL COLOR SELECTION g

DESCRIPTION OF ANALYTICAL COMPUTER COLOR MODEL

llistorically, luminance contrast has been used as a means of predicting
detection of a symbol against 1ts background or discrimination between symbols
on a common background. With the advent of narvow band phosphors and trie
choric or notch filters, the discrepancy in using luminance contrast ratio as
a figure of merit for a CRT dis?lay became apparent. Even a subjective com=
parison of a neutral-density filtered display with a nertch filtered display of
equal symbol and beck?round luminance levels shows the neutral density d1s§1ay
to have greater symbol to backgrcund discrimination. This {s due to the chro-
minance contrast between symbol and background inherent through a neutral den-
sity filter but lacking in a notch filter.

Any prediction of the display operator's abiiity to discriminate and
differentiate between luminous sources must take into account not only the
luminous contrast but also the chrominance contrast between sgmbo11c presen=
tations and their backgrounds., This is especially true for shadow=-mask CRT
displays where a wide range of chrominance difference s used to code or
enhance {nformation.

Taking into account the extensive work of Judd and MacAdam on the visual
perception of color difference (e.g., see Graham, 1965b) and the photocolori-
metric grid system developed by Kowaliski (1969), Galves and Brun (1975)
defined a model of photocolorimetric space in which the parception of lumi- ;
nance contrast and chrominance contrast.are equivalent, In this s$ace. an |
identical distance between two points, representing two different luminous :
sources, always reprasent an identical difference in visual impression. The
derivation of the Galvaes and Brun model of photocolorimetric space 1s shown in
Table 1 and Figures 9 and 10,

The model establishes two perceptually equivalent axes in photocolori-
metric space which Galves and Brun call the Luminance Discrimination Index
(10L) and Chrominance Discrimination Index (TDC). Starting with two Tuminous
sources with known juminance values and 1960 CIE-UCS color coordinates (Uq,
Vi, Ly, AND Uy, V,, L), the Tuminous difference can be expressed as the *og
o} thl 1um1naﬁce gontaast ratio. Galves and Brun (1975) reported that the
minimum discernable contrast ratio has been determined to be log 1.05%. A
comfortably discernable contrast rat{o has been historically accepted to be a
3 dB Tuminance difference or 1ogVZ. This is approximately seven times the
minimum discernable contrast ratio. From this, Galves and Brun have defined ‘
the Luminance Discrimination Index (IDL) to be the 1og of the contrdst ratio
betwean two luminous sources divided by log VZ, By definition, the IDL will
be one for a contrast ratio of logVZ and can be considered a figure of merit
for the luminous difference between two sources.




The Chrominance Discriminaiion Index (IDC) is defined in a similar and
perceptually identical manner. Using the 1960 CIE Uniform Chromaticity Scale
(uCs), the chrominance difference between two luminous sources is defined as
the root of the sum of the squares of the differences in U and V coordinates.
Galves and Brun (1975) have reported that the smallest discernable color
difference in terms of 1960 CIE UCS coordinates 1s 0.00384, Multiplying this
value by approximately seven, as was done in the derivation of IDL, yields a
comfortable chrominance difference of 0.027. Therefore, the Chrominance
Discrimination Tndex (IDC) becomes the chrominance difference between luminous
sources divided by 0.027. In this manner, both axes of photocolorimetric
space should be perceptually identical and the root sum of squares value of
[OL and [DC become the overall figure of merit of the discriminability between
two luminous sources = the Index of Discrimination (ID).

APPLICATION OF MODEL TO DISPLAY COLOR SELECTION

As a starting point for the selectfon of a color repertoire for the EFIS,
EICAS and CAI displays, a computer program was created which predicted the
Index of Discrimination between Tuminous sources of known primary luninance
value mixes. It must be recognized that the x axis of a CIE (1931) Chroma-
ti¢ity Diagram 1s, by construction, an alcheny or locus of zero luminance
values (Judd, 195i). A1l 1ines parallel to the x axis are therefore nomo-
graphic. Figure 11 shows a CIE (1931) Chromaticity Diagram with the nomo-
graphic color mix model which was grogrammed into the computer to predict
chromaticity coordinates of any color contained in the CRT primary triangle.
With this algorithm, the computer can mix any combinations of lTuminous sources
with a raster and/or reflected ambient back?rounds of known luminance and
chrominance values. The resultant program is capable of predicting IDL, IDC,
ID, X, ¥, u, and v values from the x and y coordinates of tha CRT phosphor
primaries, the x, ¥, and luminance values of the reflected ambient {1lumina-
tion (i.e., display background), and the primary luminance mix of any secon-
dary colors to be investigated.

The computer program described above was used to select those candidate
colors which were equal in 1D from their closest neighbors in an attempt to
create a color repertoire which was perceptually balanced. The balancing
procedures addressed the implicit assumption that the usefulness of the entire
color repertoire 1s limited by the weakest 1ink, in this case the smallest
color difference. A large number of colors and backgrounds can potentially be
accommodated by the color model. It also provided an excellent tool for
investigating color shifts due to reflected ambient {1lumination and
stroke/raster interactions. The nature and importance of these color shifts
will become apparent in subsequent sections.

RASTER COLOR AND BRIGHTNESS OPTIMIZATION

Objectives

The second ?hase of color selection was related primarily to homogenous
color raster fields used for sky/ground shading on the EAD! and weather radar
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imagery on the EHSI. Coding conventions dictated a blue for sky shading and a
brown or black to represent the ground. " Weather radar coding followed stan-
dards of green, amber, and red respectively for increasing severity of weather
returns. Major objectives of this phase were: 1) to establish chromaticity
specifications for the colors blue, green, amber, and red; 2) optimization of
amber chromaticity to achieve maximal discrimination between amber and the
green and red primaries; and 3) to determine the minimum raster brightness

| Tevels required to ensure reliable color discrimination between raster fields !

under worst-case high ambient 11lumination. {

Test Methods and Procedures

| Test Nothods end Procedures |
Participating Subjects

Eight Bneing employees participated in the raster test. All of the
subjects were male and ranged in age 256 to 48 years with a mean of 36.1 years.
: Subjects were screened for color vision deficiencies with the Abbreviated
4 Color Viston Test consisting of American Optical HRR Pseudoisochromatic Plates.

Test Equipment ¥

Visual testing was conducted with engineering prototype units from the
Rockwell=Collins EFIS 700 system. An EADI display unit, which has a useable 1
display area of 2,35 x 2.10 inches, was chosen as the test display because of
1ts built-in capability to present relatively large circular raster fields
with independent selection of colors for the top and bottom halves of the
field (1.e., & bipartite field). This circular raster field subtended a
visual angle of approximately 5.5 degrees at the designed viewing distance (32
inches). The symbol generator hardware was modified to accommodate splite
field raster patterns of any color, and a1so contained software for the test
patterns used during all test phases. A spectally constructed electronics
board and test console was used to control the display system and provided the
following functions: amplitude~modulated control of primary beam currents for
the independent selection of seven colors; independent purity adjustment for
all colors (except white) which allowed purity control from maximum through
pastel to white along a vector passing through CIE Source C; separate display
brightness controls for raster, stroke, and synchronous overall brightness;
color switching for top and bottom raster half-fields; switching for up to 15
multi-color stroke symbol patterns; and total display blanking.

- s

To create the high-ambient 1ighting environment required for testing,
four Berkey-Colortran quartz halogen Tamps fitted with dichroic filters were j
positioned at 45 degreas off-axis from the display face. The particular E
11ght1ng arrangement was calibrated to produce 8000 footcandles (Ft.-c) of

5230 degrees Kelvin at the display face. The 8000 Ft.-c level, considered as |
the worst~case display illumination caused by sun shafting through the side !
windows of the 757/767 cockpit, was arrived at by using an estimate of 10,000

Ft.-c illuminance of sun in earth atmosphere (Semple et. al., 1971) and i
correcting this value by the coefficient of window transmissivity and the

cosine of the smallest angle between the side windows and a 1ine perpendicular

to the display surface. Measurement of illuminance, luminance, and chroma- i

ticity were accomplished with a Pritchard 1980A photomuter and a Gamma Scien- i

tific C~3 spectraradiometer equipped with a spectral scarning system. A

diagram of the color display test setup is presented in Figure 12. ;
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Procedures

The colors green, amber, red and blue were first selected using the
computer color model. Green and red chromaticity was fixed by the respective
phosphor primaries, since maximum purity and sufficient lTuminance was
available by using the primaries for these colors. This was not the case for
blue. The Tuminous efficiency of short wavelength phosphors is relatively low
due to the relative insensitivity of the eye to short wavelengths (Haeusing,
1976; Hurvich, 1981)., In addition, visual acuity in the blue region is poor
(Jones, 1961; Myers, 1967) and degrades further with increasing purity of the
short-wavelength image. These problems can largely be overcome by increasing
the luminance and decreasing the purity of the blue used, and large amounts of
the primary green can be mixed with the primary blue without the resulting
color perception being changed from blue (Hauesing, 1976). For these reasons,
the blue ?r1mary alone was not used, but was mixed with green to produce a
cyan of pleasing appearance, The color amber 1s a mixture of the primaries
green and rod. An effort was made to optimize discrimination between green,
amber and red because of the significance of amber and red for caution and
warning color coding. Five ambers were selected for testing, They were all
located on the green-red chromatic axis and were of equal beam current and
approximately equivalent luminance. The goal was to select that amber which
of fered maximal discrimination with red and green at the lowest luminance
(best display efficiency).

Initial luminance values and chromaticity coordinates of the raster color
set were balanced using the computer model to produce ID values of approxi-
mately .6 between all colors and between each color and the reflected ambient
background. Galves and Brun (1975) have indicated that an ID of .6 would per-
mit comfortable detection and identification under any ambient 1ighting.
Figure 13 shows the four raster colors located in CIE X-Y coordinates, as well
as the five anbers tested. The point marked RA indicates the chromaticity of
the reflected ambient 1llumination. At the 8000 Ft.~c reference i1llumination,
the display reflected 98.5 foot-lamberts (Ft.-L) at the indicated chromati-
city. The vectors emanating from sach color point 11lustrate the chromaticity
shifts resulting from summation of the reflected ambient and display-generated
phosphor emissions. Note that all of the colors decrease in purity and shift
toward the reflected ambient.

A1l raster testing was conducted under 8000 Ft.-c of f1llumination. Since
display brightness was a test variable, brightness steps were calibrated
according to a scale based on the .6 1D value, The display was set such that
the 50% brightness setting corresponded to the .6 ID value for each color.
Fron that point, brightness adjustment was synchronous for all colors and
varied according to a percentage scale.

Prior to beginning visual testing, the test subjects were shown all of
the raster colors under both dark and high-ambient viewing conditions., The
colors were named for them and they were given a chance to familiarize thems
seives with the test apparatus and the color test patterns. The experimental
task consisted of a comparative, forced-choice color naming task. Upon
presentation of a split-field raster pattern, subjects were required to name
the color of the top half-field followed by the name of the color of the
bottom half-field. Only the particular colors being compared and the word
“blank" were permissible responses. The raster test pattern and a summary of
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test conditions are {Ylustrated in Figure 14.

The first test sequence involved the colors green, red, and the five
ambers, i.e., the set of rasters relevant to weather radar codes. Each sub-
Jject was tested under all conditions in a within-subjects experimental design
(see Kirk, 1968). The split-field raster patterns were presented in a counter-
balanced fashion across the eight subjects to minimize order effects. Half of
the eight subjects began the test with the greenest amber (1) and proceeded in
sequence to the reddest amber (5). The other half of the subjects received
the amber sequence in reverse order. Brightness was manipulated within e.ch
amber condition by decreasing the brightness after each series of eight Lest
. patterns. The brightness valuas tested were 30%, 20%, 10%, and 5% on the
3 defined scale, a range determined in a brief pretesting procedure.

The secand test sequence involved only cyan and blank half-fields, and
was designed to accomnodate the relevant raster discriminations (sky/ground)
on the EADI display. The reason for testing with a blank rather than a brown
half-field for the ground texture was that the ground texture was defined tc
be only cosmetic in nature since aircraft orientation can easily be determined
by the position of the cyan sky shading. 1In addition, brown 1s essentially a
blackish amber or yellow (Hurvich, 1981) and can only be produced on a
shadow-mask CRT by creating an amber of low luminance.

The EADT ground shading is a Tow=luminance amber which 1s not required to
be visible under the 8000 Ft.~c test conditions. As Figure 14 reveals, the
cyan~blank (reflected ambient) test involved only two patterns. Presentation
order of the patterns was radomized, and a within-subjects design with bright«
ness as the single independent variable was used. Each subject was presented
a serfes of six patterns at each brightness level, and brightness was in-
creased in steps according to the methods described earlier.

Test Results

Figures 15 and 16 show the individual etfacts of amber chromaticity and
display brightness level on green-amber-red color discrimination performance.
An analysis of variance (e.g., Kirk, 1968) on the mean percent correct color
discrimination scores revealed that both affects significantly influenced
subjects' ability to discriminate between the three colors. Further statis-
tical tests indicated that the middlie amber (3) produced better parformance
than the other four ambers tested, and that increases in brightness beyond the
10% level do not significantly improve prformance. The most critical data for
this test may be found 1in Figure 17, which depicts the interaction of amber
chromaticity and brightness level. This inveraction was also found to be
statistically significant, and basically points to the fact that the middle
ambar (3) produced the best color discrimination performance at the lowest
brightness level. A1l of the test subjects demonstrated error-free color
d1scr%m1n?t1on between green, amber, and red with amber (3) at a 10% bright-
ness level. i

The resulte of the cyan-reflected ambient color discrimination test are ﬁ
shown in Figure 18, Mean percent correct color discrimination performance :
increased with display brightness increments, but an analysis of variance for {
these data did not indicate a significant effect of brightness level. At some
point between the 10% and 20% levels, subjects would presumably reach an error-
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free level of performance. Since the data did not allow a clear decision as
to the required brightness level for the cyan raster, it was decided to accept
the same level (10%) that was found sufficient for the other raster colors.

Operationally, the pilots using EFIS displays w1$1 be confronted with
color raster fields considerably smaller than the 5.5° test field in the
present study. This is especially true for weather radar imagery on the EHSI,
where returns from small or distant storm cells can produce a small color
image. Hardware 1imitations in the experimental test setup precluded testing
with a variety of fleld sizes, so a field-size correction factor was applied
to the raster test results. An estimated minimum raster size of 5' of visual
arc was used as a references The classic contrast threshold data of Blackwell
(1946) were consulted, and it was found that an appgoximate 3 to 1l increase in
contrast was required when extrapolating from a 5.5° to a B' visual field size
for a background brightness of 100 Ft.-L. Following this rationale, bright-
ness values determined in the present test were multiplied by three. Bright-
ness requirements for raster fields were clearly overestimated by the computer
model. For the large fields tested, the brightness values (10%) resuiting in
aisentially error-frae color discrimination performance were only a fifth of
the required brightness values predicted by the computer model (50%). Even
after appiication of the small-field correction factor, the psychophysically
determined brightnass requirements were significantly less than the model's
predictions.

Actual chromaticity coordinates and brightness values for the four raster
colors tested may be found at the bottom of Table 2, It 1s important to note
that these values dre directly applicable only to the particular displays
under taest. Chromaticity and brightness requirements for any color CRT dis-
play must take into account phosphor characteristics, screen geometry, and the
properties of contrast enhancement filters and anti-reflective coatings fitted
to the display.

STROKE/RASTER COLOR AND BRIGHTNESS TEST
HIGH AMBIENT PHASC

OBJECTIVES

The third phase of color selection and verification testing was designed
primarily to complete the specification of a seven color repertoire and de-
termine the minimun brightness requirements for stroke-written symbology. The
visual factors involved in producing acceptable color stroke-written images 4
are somewhat more critical than for raster fields. Images composed of narrow
1ines or strokes require higher brightness to assure adequate visibility and
are more demanding of subjects' abilities to resolve fine details. With re-
spect to color, the ability to discriminate color ditferences for small images
is reduced. Moreover, two aspects of the shaduw-mask type of color display
and the combined use of stroke and raster writing techniques are significant.




First, stroka-written lines which are a mixture of more than one primary
will {nevitably contain some co'..  fringes produced by misconvergence. The
extent to which color perception is affected will be determined by the amount
of misconvergence, the stroke width, and viewing distance. Color discrimina-
tion performance must therefore be tested within the specified operating
ranges for convergence and linewidth. Second, stroke-written symbols which
overlay raster fields of a different color will shift in color. The addi-
tivity of luninances at the intersection of the images will result in a stroke
symbol of increased brightness whose color is shifted along a vector con-
necting the stroke and raster chromaticities. The integrity of the intended
stroke color will depend largely upon the brightness contrast existing between
the stroke and raster images. Obviously, stroke coior discrimination must be
tested against all anticipated raster hackgrounds.

Having established chromaticity specifications for four of the seven
colors in the previous raster tests, major objectives for this test phase
were: 1) to establish chromaticity specifications for three remaining stroke
colors; 2) to determine the minimum stroke brightness levels required to
ensure reliable color discrimination between stroke-written colors under 8000
Ft.=c of ambient illumination; and 3) verification of stroke color integrity
on all raster backgrounds.

Test Methods and Procedures

Participating Subjects

Ten Boeing pitots and flight engineers participated in the testing, All
of the subjerts ware male and ranged in age from 23 to 62 years with a mean of
43,3 years. They were randomly selected from the population of Boeing pilots
and flight engineers possessing current Class 1 medical certificates, and
therefore met the same minimum ¢riteria for visual functions demanded of the
airline pilot population.

Test Equipment

The basic test setup was the same as in the raster study. Prior to
testing, measurements of convergence and line width were taken to confirm that
they were within specified 1imits. Convergence specifications were defined in
prior psychophysical tests (Merrifield, Haakenstad, Ruggiero, and Lee, 1979),
which revealed that image separations up to .008 inches resulted in acceptable
stroke-written color symbols, Display convergence was within .006 inches and
met the display specifications. At the 32 inch viewing distance, .006 1inches
of misconvergence results in a stroke image separation which subtends only .64
minutes of visual arc. Line widths were also found to be within the specified
range of .008 to .020 inches. For the higher brightness levels used during
testing, 1ine widths tended toward the upper end of this range.

Procedures

The initial procedural step was to consult the computer color model in an
attempt to locate those chromatic regions best suited for the remaining
colors. The red-green and green-blue chromatic axes already contained the
secondary colors amber and cyan, respectively; however, the red-blue axis was
unused. A plot of the CRT chromaticity triangle in 1960 UCS coordinates
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revealed that the axis between the red and blue primaries was the longest of
the three chromatic axes (i.e., the greatest perceptual spacing), and the fact
that the blue primary was not used left a large area of potential chromatic
differentiation untouched. For these reasons, 1t was decided to select two
secondary colors on the red-blue axis. The last free chromatic region was the
central area of the CRT color triangle, dictating that the seventh color
should be a white. Chromaticity coordinates of the colors red, green, amber,
and cyan and raster brightness values, which were all established in the
previous test phase, were input to the computer model along with the general
regions for the last three colors. The model selected the precise chroma-
ticity coordinates for the remainin? colors based upon a balanced perceptual
set of seven stroke colors. Balancing involved selecting the chromaticities
and relative luminances of the seven stroke colors such that the ID between
all paired combinations of colors on their worst-case raster backgrounds and
under 8000 Ft.-c of illumination were approximately equal. The colors magenta
(reddish purple), purple, and white completed the seven color repertoire.

Visual testing was designed to assess color discrimination performance
for the following display combinations:

0 Stroke colors to reflected ambient

0o Stroke color to stroke color

o Stroke colors to raster colors

0 Raster colors to reflected ambient

o Raster color to raster color

o Stroke color to stroke color overlaying raster colors

To accomiodate all of these gcomparisons, a series of 10 split-field ras-
ter patterns was combined with 10 stroke symbol patterns. Each stroke pattern
consisted of 18 diamond-shaped symbols arranged in two rows of 9 symbols each.
Within a row, symbols of different colors were randomly ordered such that each
of the seven stroke colors was represented at least once in every row. The
diamond-shaped stroke symbols subtended a visual angle of approximately 20' of
arc and were chosen because their small size was representative of the
smallest symbology elements used for the Boeing display formats. The test
pattern configuration is shown in Figure 19.

The experimental design consisted of a 10 x 10 Latin Square (Winer, 1971)
to counterbalance order effects across the 10 subjects. Rows of the Latin
Square were composed of balanced orderings of the 10 split-field raster pat-
terns shown at the bottom of Figure 19. The 10 stroke symbol patterns were
combined with this Latin Square such that each of the 10 stroke patterns
agpeared once in each row and equally often with each raster pattern across
the 10 rows. The effect of the balancing procedure was to produce equivalent
test rows such that each stroke-background combination was replicated four
times per row. Each subject began the test with a different row of the
balanced Latin Square, and the stroke/raster brightness contrast ratio was
manipulated between rows. A within-subjects statistical model with repeated
measures characterized the design (see Kirk, 1968), with stroke color, back-




ground color (rasters or reflected ambient), and stroke/raster brightness
contrast ratio as the independent variables. Mean percent correct color
discrimination was the dependent measure.

Since the determination of the minimum stroke brightness levels required
to ensure raliable discrimination between stroke-written colors on all back-
grounds was a major test objective, stroke brightness steps were calibrated
according to a scale based on the brightness contrast ratio between stroke and
raster colors. Raster brightness was fixed at the level determined in the
praevious test phase, and stroke brightness was manipulated synchronously for
all stoke colors according to equal steps in the stroke/raster contrast ratio.
The contrast ratio was incremented after each test row (10 test patterns)
until an error free series was completed or maximum display brightness was
ge$$heg. T?e starting contrast ratio value was always a nominal 4.0 on the

efined scale,

Prior to beginning visual testing, the test subjects were shown all of
the stroke and raster colors under both dark and high-ambient viewing con-
ditions. The colors were named for them and they were given a chance to
famil{arize themselves with the test apparatus and sample test patterns. As
in the previous test phase, the experimental task consisted of a comparative,
forced-chuice color naming task. Upon presentation of a test pattern, sub-
Jects were required to name in order: 1) the color of the top half-field
background; 2) the color of the bottom half-field background; 3) the colors of
the top row of stroke symbols from left to right; and 4) the colors of the
bottom row of stroke symbols from left to right. Only the seven display
colors being tested and the word "blank" were permissible responses.

Due to the complexity and length of the test, it was decided that a
criterion of 100% correct color discrimination was unrealistic., Random errors
resulting from subject fatigue or other factors unrelated to color perception
(1.e., "experimental no1se"§ are likely to influence the data under such
conditions, and a criterion demanding error-free performance from all subjects
would either be unattafnable or artifactually result in unnecessarily high
brightness levels, For these reasons, a criterion of 95% mean correct color
discrimination for all stroke and raster colors was adopted.

Test Rasults

The major results are summnarized in Figures 20-22, Each bar in these
figures represents the wean of 200 trials. Stroke color discrimination is
shown averaged across backgrounds (raster colors and reflected ambient) since
an analysis of variance on the complete data set revealed that the background
did not significantly influence stroke culor discrimination performance. This
factor will not be considered further. The obvious trend toward improving
performance with increases in the stroke/raster contrast ratio was found to be
statistically significant. Further statistical tests on this factor indicated
that stroke color discrimination improved significantly when the contrast
ratio increased from 4.0, but that further increases beyond a contrast ratio
of 5.0 produced no reliavle improvements in performance. Al1 seven stroke
colors met or exceeded the 95% criterion at a nominal stroke/raster contrast
ratio of 5.0. The main effect for stroke colors was significant as was the
interaction between stroke colors and conlrast ratio. These two effects
reflected the fact that the colors magenta, purple, and c¢yan produced the
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poorest color discrimination performance at the lowest contrast ratio, and
therefore benefited the most from increases in stroke/raster contrast ratio.
Mean color discrimination performance for the raster colors was 97.6%,
replicating the results of the previous raster test.

Figure 23 shows a confusion matrix which indicates the ID values and
errors between the seven stroke colors at a stroke/raster contrast ratio of
5.0, The matrix reveals three important facts: 1) errors were not uniformly
distributed between color combinations; 2) numbers of errors between colors
wera riot highly correlated with the I} values between colors; and 3) the ID
values between colors were all considerabtily higher than the figure of merit
(ID = .6) proposed by Galves and Brun (1875). In contrast to the overesti-
mated brightness values for large raster fields, the computer color model
tended to underestimate brightness requirements for small, stroke-written
color 1mages.

A further inspection of Figure 23 shows three regions of disproportion-
ately high error rates. Color confusions between cyan and green may be
attributable to small-field tritanopia, a 1oss of color discrimination ability
with small visual fields often resulting in blue-green confusions (see Farrell
& Booth, 1973), The present findings support the general recommendation that
small color fields, particularly in the blue region, be avoided (Krebs et.
al., 1978; Semple et. al., 1971). The two other regions of relatively h1?h
color confusion were between red and magenta and between maganta and purple.
The reasons for confusion in these regions are less clear, but may be partly
explained by the relative unfamiliarity of colors in the purple family. In
any event, all ten of the pilots tested found the color purple objectionable.
Pilots' comments indicated that the brightness and clarity of the small purple
images was unacceptable. Based on these findings, it was decided to eliminate
purple from the repertoire of stroke colors but retain the capability to use
purple for future raster applications.

The final, verified repertoire of seven stroke colors is shown plotted in
CIE X~Y coordinates in Figure 24. The vectors emanating from each color point
f1lugtrate the chromat1c1tg shifts resulting from 8000 Ft.-c of display
11lunination. Post test chromaticity and brightness measurements for all
stroke colors may be found in the top section of Table 2. Again, these data
are directly applicable only to the particular display hardware tested. They
are not intended as general guidelines or specifications for all color CRT
display systems.

The brightness specifications presented in Table 2 are the minimum bright-
ness levels required for criterion color discrimination performance. As such,
they represent display performance requirements. When available, display
brightness falls below these levels, whether by display aging or some malfunc-
tion, color coding of displayed information will be rendered less effective
due to degraded color discrimination performance. In practice, available new
display brightness should be some multiple of these minimum levels to aliow
for decreasing brightness capability as the display ages. The usable 1ife of
a color CRT display is directly related to the ratio of available display
brightness and minimum required brightness. For the Boeing systems, available
brightness for a new color CRT 1s in excess of twice the minimum brightness
levels determined in the present tests. Useable display 1ife has been pro-
jected to be 1n the range of 10,000 to 15,000 hours.
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STROKE/RASTER COLOR AND BRIGHTNESS TEST
LOW AMBIENT PHASE

OBJECTIVES

The final phase of color selection and verification testing investigated
color display characteristics under low ambient viewing conditions. The
verification of color discrimination performance with the specified seven

[ color repertoire was one major objective. In general, an observer's contrast
: sensitivity and color perception deteriorates as display background and symbol
ﬁ- br1?htness decreases (Graham, 1965b; Burnham et. al., 1963). Colors displayed
: aga

nst a dark background are often perceived as being less saturated or ﬁure
than when a 1ight background is present (Pitt & Winter, 1974). Thus, although
a color CRT d1sg1ay exhibits greater brightness contrast and color purity in a
low-ambient 1ig t1n$ environment, an observer's sensitivity to color differ«
ences diminishes. The second major objective of low ambient testing was the
{nvestigation of subject-preferrsd levels of color saturation, since highly
saturated colors can produce exaggerated perception of afparent depth (chromo-
stereopsis) and degrade visual acuity (Farrell & Booth, 1975; Riggs, 1965;
Semple et, al., 1971). Increases in pupil size for the dark-adapted eye would
tend to enhance any undesirable visual effects caused by high color saturation,

Test Methods and Procedures

e e e e R e

Part{cipating Subjects

Ten Boeing pilots and fiight engineers participated in this last test
phase. A1l of the subjects were male and ranged in age from 38 to 62 years
with a mean of 46.6 years. They were randomly selected from the population of
Boeing pilots and flight engineers possessing current Class ! medical certifi-
cates. Four of the subjects had participated in the previous high-ambient
colo” testing.

Test Equipment

The basic test setup has been described in earlier sections. However,
two features were unique to this test phase. The first involves the control
of color purity. The electronics board and test console contained circuitry
and calibrated potentiometers enabling independent color purity adjustment for
all of the colors except white (by definition white is a color of minimum
purity). The range of adjustment allowed purity to be varied for each color
from 1ts specified zero-ambient chromaticity (i.e., its location on the
boundary of the CRT color triangle) through pastel to white along a vector
passing through CIE Source C. The second equ1$ment feature, unique tc this
test phase, pertains to the production of the low-ambient lighting environ-
ment. A reasonable night time level of cockpit 1llumination was estimated to
be 1 Ft.~¢. This ambient 11lumination was produced by adjustment of both
fluorescent and incandescent lighting in the test area until .1 Ft.~c was
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measured at the face of the test display.
Procedures

Visual testing was conducted in two parts. In the first part, color
discrimination performance was measured with the fully saturated color set,
The test patterns, experimental task, and basic grocedures were ldentical to
those used for high-ambient testing. Since display brightness was not a
critical factor with such dark viewing conditions, subjects were permitted to
adjust the brightness of the display to a comfortable level. The stroke/raster
contrast ratio was fixed at the previous1% determined value. An abbreviated
series of counterbalanced test patterns which contained all of the critical
color combinations was used.

Part two involved the determination of subject-preferred levels of color
saturation. Special test patterns were developed for this purpose and are
graphically described in Figure 25. Each of the seven stroke colors was
presented once on both top and bottom half-fields, and the stroke symbols of
each color were vertically aligned such that a given color appeared in the
same position on both top and bottom fields. The top half-field was always
one of the four raster colors and the bottom half-field was always blank. The
patterns allowed a direct comparison between stroke color appearance on the
dark and c¢olored backgrounds, and provided a reference for the effects of
color desaturation. An EADI test pattern was also used, and was modified so
that it contained all colors. The stroke/raster contrast ratio was fixed at
the nominal 5.0 value.

The four steps in the desaturation test procedure are described at the
bottom of Figure 25. Subjects were instructed to request changes in color
saturation individually for each color (either more or less color purity)
according to their preference and changes in display brightness were permitted
at any time. The instructions to subjects emphasized that the 1ma$e quality
or focus of the displayed symbols could be varied by changes in color satura-
tion and that perceptions of apparent depth between colors could also be modi-
fied in this manner. They were instructed to attempt to minimize any undesir-
able image blurring or depth effects by requesting color saturation changes.
Repetitions of each pattern provided a means of checking the consistency of
subjects' adjustments. Color saturation and display brightness adjustments
were recorded after each test pattern presentation.

Prior to beginning the tests in this phase, subjects were shown example
test patterns and all stroke and raster colors. The effects of changing color
purity were also demonstrated for each of the colors. Testing began after a
dark adaptation period of 15 minutes had elapsed.

Test Results

Color discrimination performance under the .1 Ft.~c ambient viewing
conditions is 1llustrated in Figure 26. Each bar represents the mean of 100
trials. The 95% performance criterion was satisfied for all seven colors.

Figure 27 summarizes the results of color saturation testing. The

numbers in the columns corresponding to each test subject indicate whether
that subject chose to du.aturate a particular color in either the first or




second test sequence. The absence of a number in any position means that the
subject chose to leave the color in its most saturated forn. In a number of
cases, subjects requested more color purity than was available. The data,
therefore, show subjects' tendencies to desaturate the individual colors and
not the magnitude of saturation adjustments.

Several facts are apparent from Figure 27. The tendency to desaturate
colors was primarily limited to the colors green, red, and cyan. Desaturation
adjustments were not very consistent; within any given color only three sub-
Jects at must elected to desaturate that color in both test sequences. While
there was a slightly higher fraquency of saturation adjustiments in the second
test sequence, there were no statistically reliable difference in the tendency
to desaturate colors between the first and second sequences.

Subjective comments from the group of pilots tested indicated that
slightly blurred images and apparent differences in depth between colors were
perceived by some of the pilots. However, none of the pilots found these
effects particularly objectionable or distracting. In general, pilots
preferred maximally saturated, vivid colors and were unwilling to sacrifice
color purity for ang potential benefits in image quality. Subsequent opera=
tional testing of the Boeing displays, with many hours spent viewing the color
CRTs in a dark simulator environment, has shown that the colors selected are
highly acceptable for prolonged periods of low-ambient viewing.

OVERVIEW AND CONCLUSIONS

The present paper has described the human factors and display hardware
considerations which impact the selection of colors for today's modern aire
borne color CRT displays. The analytical and experimental methods employed by
Boeing in the development of color CRT display systems for the new 757/767
comnercial jetliners were presented in detail. More important than the spe-
cific data presented is an awareness of the critical factors which constrain
the use of color and the methodology for confronting them. The color CRT
display offers great potential advantages for a variety of airborne applica-
tions; hnwever, the viability of any color display concept rests on the assump-
t1g? #?ag the visual and perceptual requirements of the display user can be
satisfied.

The proliferation of color display technology in commercial aviation does
not 1ighten the task of the military. Problems of display visibility and
color perception caused by dynamically changing ambient illumination will be
even more severe in the bubble-canopy cockpits of many military aircraft.
Color will 1ikely be used to code information in a way which is more
critically demanding of accurate color perception. Recognition of the
complexity and importance of these issues is mounting as advances in color
display technology open up new areas of application ?e.g., Waruszewski, 1981).

here 1s a real and immediate need for more programmatic research

activity on the human factors aspects of color displays. Continued reliance
on extensive human performance testing to verify new display concepts and
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define specifications will hinder future developments. In the area of color
selection, there has been a recent trend toward the development of analytical
models of color perceptfon with the hope that such techniques can solve the
problems confronting the display designer. Currently available analytical
models, while certainly a step in the right direction, are not sufficiently
precise to accomplish this task. There is a basic failure to account for the
complexity of the visual process. Future research must strive to integrate
such factors as field size, number of colors, and mode of color discrimination
performance into the present formulations. The incorporation of more
parameters characterizing a visual display will ultimately produce analytical
techniques which minimize the need for repetitive and expensive human
performance testing. The design of more effective color display formats and
color coding applications will also benefit from more programmatic research
efforts. The payoff {s that today's rapid advances in color technology will
permit the development of more integrated, efficient methods of information
display for tomorrow.

Airborne color displays are here to stay. The burden is on us, the human
fac¥?rsdspec1a11sts and display designers, to see that their full potential is
realized.

ACKNOWLEDGEMENTS

o i reta—

The authors wish to acknowledge the efforts of those who contributed signifi-
cantly to the work reported in this paper. Delmar M, Fadden, Chief of 757/767
Flight Deck Staff, provided continued program support for the project. Arthur
D, Bernstein assisted in conducting the tests and data collection. Amy C.
Kwan and Dr. Patrick C. Pointer of Boeing Computer Services contributed data
processing and statistical support. Finally, appreciation is exprassed to Dr.
Conrad L. Kraft, who was always available for advice and consultation,

37

. S
By T PR A U SR A




REFERENCES

Blackwell, H. R. Contrast Thresholds of the Human Eye. Journal of the
Optical Society of America, 1946, 36, pp. 624-643.

Blackwell, Hs R. Brightness Discrimination Data for the Specification of
Quality of INlumination. 1llumination Engineering, 1952, 47, pp. 602-609.

Brown, J. L. & Mueller, C. G. Brightness Discrimination and Brightness
Contrast. In C. H. Graham (Ed.), Vision and Visual Perception. New York:
Wiley, 19665,

Burnham, R. W., Hanes, R. M., & Bartleson, C. J. Color: A Guide to Basic
Facts and Concepts. New York: Wiley, 1963,

Farrell, R. J., & Booth, J. M. Design Handbook for Imagery Interpretation
Equipment. Boeing Aerospace Company, .

Galves, J., & Brun, J. Color and Bri?htness Requirements for Cockpit
Displays: Proposal to evaluate thelr characteristics. Paris: Thomson CSF

Electron Tube Group, Lecture No. 6, AGARD Avionics Panel Technical Meeting
on Elactronic Displays, 1975.

Graham, C. H. Some Basic Terms and Methods. In C. H. Graham (Ed.), Vision

and Visua] Percaption. New York: Wiley, 1965 (a).

Graham, C. Hs Color Mixture and Color Systems. In C. H. Graham (Ed.), Vision
and Visual Perception. New York: Wiley, 1965 (b).

Haeusing, M. Color Coding of Information on Electronic Displays. Proceedings
of the Sixth Congress of the Internatianal Ergonomics Association, 1976, pp.

Hurvich, L« M. Color Vision. Sunderland, Massachusetts: Sinauer Associates,

1981.

Jones, M. R, Color Coding, Human Factors, 1962, 4, pp. 355-365,

Judd, D. B. BRasic Correlates of the Visual Stimulus. 1In S. S. Stevens (Ed.),
Handbook of Experimental Psychology. New York: Wiley, 1951.

Kinney, J. S« The Use of Color in Wide-Angle Displays. Proceedings of the
Society for Information Display, 1979, 20, pp. 33-40.

Kirk, R. E. Experimental Design: Procedures for the Behavorial Sciences.
Belimont, Caiigornia: ErooEs?CoTe Fu51isﬁing Co., 1968,

Kowaliski, P. Equivalent Luminances of Colors. Journal of the Optical
Society of America, 1969, 59, pp. 125-130.

Krebs, J. J., Wolf, J. D., & Sandvig, J. Hs Color Display Design Guide,
Office of Naval Research Report ONR-CR213-136-2F, 1978,

J8

e




- rrﬁvr'?ﬂ

REFERENCES

Martin, A. The CRT/Observer Interface. Electro-Optical Systems Design, 1977,

Merrified, R, M., Haakenstad, L.g Ruggiero, F. T., and Lee, J. N. Electronic

Flight Instrument System ;EFIS Misconvergence Testing. Boeing Company
Internal Report, SYST-B-8764-10-79-085, June, 1979,

Meyers, W. S. Accommodation Effects i1n Multi-Color Displays. Air Force
F1ight Dynamics Laboratory Report AFFDL«TR-67-161, 1967.

Pitt, 1. T., & Winter, L. M. Effect of Surround on Perceived Saturation.
Journal of the Optical Society of America, 1974, 64, pp. 1328-1331,

Riggs, L. A, Visual Acuity., In C. H. Graham (Ed.) Vision and Visual
Perception. New York: Wiley, 1965,

Semple, C. A., Jr., Heapy, R. J., Conway, E. J., & Burnatt, K. T. Analysis of
Human Factors Data for Electronic Flight Disgla; Systems. Air Force Flight
Dynamics Laboratory, Technical Report AFFOL-TR-70-174, 1971,

Southall, J. P. C. Introduction to Physiological Optics. New York: Dover
Publishing Company, 1961.

Teichner, W. H, Color and Information Coding. Proceedings of thu Society for
Information Display, 1979, 20, pp. 3-9.

Waruszewski, H. L. Color CRT D1sg1ays for the Cockpit. 32nd Guidance and
Control Panel Symposium, AGARD Paper No. 23, 1981.

Winer, B. J. Statistical Principles in Experimental Design. New York:
MeGraw-Hi11," 1971,

Wulfeck, J. W., Weisz, A., & Raben, M. W. Vision in Military Aviation.
Wright Air Development Center, WADC Technical Report, 58-399, 1958,

Wyszecki, G. & Stiles, W. S. Color Science - Concepts and Methods, Quanti-
tative Data and Formulas. New York: ey, .

39

ey TAALY | T SO IR




.
T S R e -

e —— S R

z2odt + NJ_O:,. = Qi
25edg JUBWLIOI00]0Ud Ul UOBUILLIDSI 1O X8pu]

no3 _ (o) vorreuiwuosig n13_ _  (qi) uvonewwiuosig
2NV + ND@» T aoueuiwioiy) JO xapuj gD bo] ~  a8dueuiwnT jo xapuj
_ pioysaiy] uongdadiad _ pjoysaiy] uondadiad
L = Jouasayiq aoueuiwoiu) Arepuf joolied L = Souaseyg eoueuiwn Aepun jooney
N03 = £20°0 = SoudIayg dueuluoyD Arepun N3 = gf\bo7 = 2dudIBYI] SJUBUILMT] Arepun 8
#8€00°0 = Pioysaiy] uondadsad co'1 6o = pioysaiy] uondadiad
ZAV +NYA = 92UdiIdI(g dIURUIWOIYD Hoboy = ﬂmo._ = 9JUdidjji(] SduUBUIWLNT
+
X8pu| LONBUIWILIISI( SJUBUIWOIYD X9puj UceUIWLDSI] SdueuiWwNT

S321N0S SNOUIWINT] OM] USIM]3g Xapu| uoneuluuasiqg
I dlqel

P e TR L) o i famy st - . z
e B b i R L i g i SO TIEE T b TR e i T i s By Tt
L e R SN B R RS L S T L Ry e e T SR e B s a2 e o I R I T R R ey




{ i TABLE 2
L} E Color Verification Test Results
| Chromaticity Primary
Coordinates . Percent || uminance
Color Primary | Primary Level
X Y u Vv Luminance (F-L)
| G 100 30.0
Green 3000 | .5900 | .1266 | .3734 R 0 0
B 0 0
| c] 0 0
' Red B530 | .3230 | .4689 | 3479 R 100 14.0
B 0 0
G 83.3 25.0
’ Amber 4681 | .4628 | .2457 | .3644 R 88.6 12.4
b B 0 0
| G 64.0 19.2
| Cyan 1925 1 2077 | 1504 | .2434 R 0 0
: B 100 5.1
G 0 0
Magenta] .3216 | .1494 | .3107 | .2160 R 100 14.0
B 100 5.1
G 0 0
Purple 2027 | .0B71 | 2227 |} .1436 R 22.1 3.1
B 100 5.1
G 100 30.0
White 3155 | .2750 | .2226 | .2910 R 100 14.0
| B 100 5.1
Green | 4500 | 5900 | 1266 | 3734 | R 0 0
; Raster
B 0 0
Red G 0 0
8530 | .3230 | .4689 | .3479 R 100 2.7
Raster
B 0 0
G B3.3 4.8
Amber | sen1 | 4628 | 2457 | 3644 | R 85.9 2.4
Raster
B 0 0
€] 64.0 3.7
Hcaﬁgr 1925 | 2077 | .1504 | 2434 R 0 0
B 100 97
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Raster Field Test Pattern

: -~ Baster Half-Flelds
. Green
A Red

Amber (1, 2, 3, 4, 5)
Cyan
Blank (Ambient)

Test Conditions

Ambient lllumination = 80001t C
Test Subjects = 8 Boeing Employees - Color Vision
Screen With American Optical HRR Abbreviated Color Vision Test

Red-Yellow-Green Test
Each Subject Tested With Family of 5§ Ambers in Counterbalanced Design

Green Blank Red  Blank.  Amber Red Amber  Green
Blank Green Blank Red Red Amber Green Amber

Cyan-Ambient Test
Randomized Presentatiun Order

_Blue Blank
Blank Blue

FIGURE 14, RASTER TEST PATTERN AND SUMMARY OF RASTER TEST CONDITIONS
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Discrimination Test Pattern
Raster Half-Fields
Green
Red
Amber

0 O ¢ Cyan ]
00 00 0 Blank (Ambient)

00 0900

Stroke Symbols
Graeen 0 O 0

Red
Amber
Cyan
White
Magenta
Purple
Test Conditions
Ambient Hlumination=8000 Ft-C
Test Subject=10 Boeing pilots and flight engineers
Raster Background Conditions:

Upper Half-Field

Green Green Cyan Blank _Red Red _Blank _Amber _Amber Cyan
- RRed  Amber reen Green Amber Cyan Red Cyan Rlank Blank

Lower Half-Field

FIGURE 19, STROKE/RASTER COLOR TEST PATTERN AND SUMMARY OF TEST CONDITIONS
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Desaturation Test Pattern

Top Raster Field
Green
Red
Amber
Cyan
0000909
Stroke Symbols O 0 O o O <>
Green
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it Blank
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Test Conditions
Ambient lilumination= G.1 Ft-C
Test Subjects: == 10 Boeing pilots and flight engineers

Test Sequence
1. Low ambient color verification using phase | test patterns

2. Culot saturation adjusted individually for each color on
Desaturation Test Pattern according to pilot preference

3. Colorsaturaticih adjusted individually for each color on Modified ADI Test
Pattern according to pilot preference

4. Repeatstep 2.

5. Repeaistep 3.

FIGURL 25, COLOR DESATURATION 1EST PATTERN AND SUMMARY OF
LOW-AMBIENT TEST CONDITIONS
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T ?/A-18 HORNET CREW STATION
— Eugens C. Adam
McDonnell Adroraft Company

ABSTRACT

I J’I'ho F/A-18 Hornet Craw Station represents a considerable step forvard in the application of inte-

arated controls and computer controlled displays to the reduction of pilot worklosd and enhancament of
migsion succesm. The Hornet crew stat'on design requirements was to essentially provide the capability
contained fn both the P-4 and A~7 weapon systeame 80 as to perform both the fighter and attack voles, make
it operable by one pilot, and increase mission reliability by a combinaticn of improved hardware relias-
bility and functional redundancy.

. To put this requirement in perspective, the F/A-18 cockpit has 40X less usable area than any of f{ts
i contemporaries. This area constraint nacessitated axtensive integration of the weapon system controls amd
- displays. The resultant crew station festures four multipurpose cathode-ray displays driven by two mis-
sion computers, an integrated upfrant control panel, and numerous automatic functions on the "stick and
throttle”, .{This paper describea the rationals leading up to the configuration and presents a fev examples
of the one-man-operability features of the Harnet and how they would be used by the pilot. The crev sta-
tion design was generated and validated by a vigorous process of snalysis and simulation and is currently
undergoing flight evaluation in eleven Hornet Alrcraft at the Navy test facility at Patuxent River,
Maryland.

INTRODUCTION

The Navy und Marine P/A-18 Hornet strvike-fighter (Figure 1) being developed by MeDonnell Douglss uses
integrated controls and four computer sided displays to allow ths pilot to pasrform both the fighter and
the attack roles of the V-4 Phantom and A-7 Corsair from one cookpit. No internal hardware or software
reconfiguration is necessary to switch fighter and attack roles. The role the ailrcraft will perform i»
determined solely by the axternal sensors and wespons loading and in fact, the Hornet can be configured to
carry missilas, bombs, and gun ummo to perform the combined strike/fightar migsion. This dual role capa-
bility is made possible by the use of multi-function displays with programmable switches surrounding esch
digplay, a programmable Up-Front Control that {integratas many previously separate control and sensor
vanels and the implemantation of numetous sofrware controlled computers and mictoprocessors distributed
throughout the various elements of the weapon system. One-man-operability was of paramount concern during
the weapon aystem definition and integration phases and it was validated by a continuing weries of
pllot-in=ths loop simulatious at the McDonnell simulation facility,
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FIGURE 1
FIA18 HORNET
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COCKPIT SIZE

3

} The quest for good aserodynamic performance, fishbowl viaibility, and miniwum weight resulted in an
airframe whoss cockpit instrument panal and console area was 40% less thun contemporary aircraft such am

the P-4, A-7, or F=~13, yst there were more systems to control and display in that smaller area. It wvas

clear that to achiave one-msn-operability of the numerous sansors and weapons on board, maximum advantage

had to be taken of the recent trend towsrd programmable digital weapon systems and computar aided control

and display techniques, human factors analysis, simulation, and functional automation.

APPROACH RATIONALE

: The Cathode Ray Tube (CRT) was chosen as tha diwplay wadlum for the three {denticnlly formatted
! indicators shown in ¥Figure Z. The CRT has undergone steady design improvements during the past 40 years
: and presently offers the best combination of contrast and resolution in bright sunlight. Acceptable
reliability can be aschieved after a combination of vibration and burn-in cycles. These wmulti-purpose
dispiays, 1in conjunction with the Head Up Display (HUD), provide the pilot with all essential flight
information for air to air, air to surfuce, and navigation phases of the mlansion.

UP PRONT
CONTROL (UFC)

HEAD.UP

MASTER i)/ DISPLAY {HUD)
MONITOR
DISPLAY - MULTH
FUNCTION
DISPLAY
(MFD)

HORIZONTAL
SITUATION
DISPLAY (H8D)

FIGURE 2
FiA-18 CREW STATION LAYOUT
(MORE FUNCTIONS IN 40% BPACE
THAN CONTEMPORARY AIRCRAFT)

Qro30ies 8

The HUD {s the primary flight instrument for weapon delivety and navigation including manual and
automatic carrier landing modes. All aessential flight data such as spsed, altitude, heading, attitude,
alphanumoric cues, and etearing cowuwands are projected on the HUD combiner and focused at infinity for
essy assimilation by the Pilot. The Multi-function Display (MFD) is the primary sensor diuplay for radar
attack, radar mapping, and backup for the Master Monitor Dimplay (MMD). Superimposed on ths sensor data
is own-aircraft data wuch as attitude, speed, altitude, weapon status, and other alphanumeric cues. This
reduces pllot scan tims and allows sesrch-through-reattzck segments to take place on one display. The MMD
is the primary warning, caution, £0 and IR sensor, armament, built-in-test, and scratch pad display. The
RAorisontal Situation Display (HSD) pressnts CRT gensrated plan-view navigation information superimposed on
a color film-projected moving map for easy navigation by the pilot. The HSD {mproves target finding
accuracy during attack missions, simpliiiss navigation updates and radar map matching, snd provides growth
for display of other tacticel data nsuch as ¥W, alectronic order of battle, navigation seguents, and

approximately 200 filwed dats frames relating to aircraft systems,
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Direct benefits of multiple CRT display of flight parameters, armament control, navigation, and other
conventional parameters are: 1) Pilot scan times are reduced because sensor, weapon, ani own-flight
informatinn {s grouped together as required on each display; 2) An armament psnel and more than a doren
low reliability, electro-mechanical servoed {nstrumente have bheen deleted from the ajircraft, reducing life
cycle costs and freeing valuable cockpit space; 3) Miswion reliabllity {s enhanced because each of the
display formats can be presented eslsevhare thus precluding a single and aven dual display failures from
causing a mission abort.

The lower left corner of the instrument panel contains engine and fusl instruments necessary for
pilot monitoring during afrcraft meif-start on battery power. The lower right corner of the instrument
panel contain pneumatic atandby airspeed, altitude, and vertical speed indicators and a 3" Attitude
Director Indicator (ADI) with a self contained gyro for ume {in the unlikely event of total power or
display lows.

The displays are mechanized (Figure 3) such that the MMD and MFD are identical and interchangeable
hlack boxes thum reducing unit recurring costs and logistic support. Fach contains symbol generators
capable of driving two or three displays depending on the complexity of the modes. Thus either the MMD or
the MFD can drive itselt, the HUD, and easential data on the HSD in a backup mode. Thim dual drive fep-
ture provides s significant reliability improvement for the primary tlight instrument function (HUD) and
allows the pilot the tactical flexibility and mission veliability of putting sensor data where he wants
its The two seat trainer version (TF-18) uses thres repeater typs CRT displays in the rear seat which
display information corresmponding to their countarparts in the front wseat. These hardware identical
repeaters use the same modules contained in the front end of the MMD/MPD, further reducing life cycle
coutm.

FIGURE 3
FIA-18 DISPLAYS BLOCK DIAGRAM
(MMD OR MFD CAN DRIVE UP
TO THREE DISPLAYS)

MISSION
COMPUTER 2

MISSION
COMPUTER 1
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ONE MAN OPERABILITY

The one-man-operability problem was approached with a clean slate. The swall cockpit, numerous
sensors to control and display, the Navy's nev look in reliability, maintainability, and lowsr ownership
costs required a fresh, integrated approach to the cockpit design. Yive years of effort went into the
cockpit design starting with aission analysis and simulation and ending with flight verification by a
tvelve sember Navy/Marine and MCAIK flight team.

The problem was broken down into three wajor workload areas: 1) Time-critical weapon and sensor
nanagement during combat; 2) COMM, NAV, snd Ident (CNI) management during all phases of flight, espec-
{ally low visibility carrier operations; 3) Moding and amfscellansous requirements, usually not time
critical but nevertheless cockpit epace and task conaumers {n previous sircraft.

The solution to these three problems was to use computer aided controls end displays to minimise
vartigo snd srror~including console activity by: 1) Weapon and sensor management vis a hands=on=throttle-

and-stick (HOTAS) concept; 2) CNI managsment via the up~frout control (UPC) immedistely in front of the
pllot; 3) Master Monitor Moding via the switches surrounding the three head-down CRT displays.
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RANDS ON THE THROTTLE & STICE (BOTAS)

; The ROTAS concept utilizes switches on the stick and throttle (Figure 4) to allow the ptlot to
: control the weapon, sensors, snd displays during time critical portions of the attack vhile maintaining
¢ full contral of the aircraft, Although at firat glance the number of gvitches might appear to be complex
é ! and confusing to operate, MCAIR simulation and flight experience using flest pilots indicates they ars
f
{
{
%

T i

eanily lesrned becauss the constent availsability of the switches under the pilote’ fingets encourages
practica and thers is always a apacific visual feadback of each selection on one or more of the displays.
Thus an incorrect selection can be corrected in fractions of a second.

The thres primavy HOTAS svitches are the Weapon Selector and Auto Lock-On selector on the stick, and
the Target Designator on the throttle. Waapon selection automatically conditions the radar to nominal
paramaters for range, asimuth, elavation and Pulse Rapetition Frequancy (PRF) for Sparrov, 3Fidevinder, or
y Gun search. In effect, this allows the pilot to conveniently vary the radar search pattern with his right
. thumb, The HUD, MPFD, and MMD each display sufficient portions of those parameters for the pilot to verity
' his selection fmmediately., The three Position Automatic Lock-On switch on the stick is ussd for visual
lock-on and offers a 3° boresight circle on the HUD for pinpoint fly~to lock-on, a 20* circle on the HUD
tor fast search/acquisition within the HUD field-of~view, and a vartical scan racetrack symbol opaning off
i the top of the HUD for off-boresight lock=on wheraby the pilot rolls the aircraft until the target s
AN centarad sbovs the rear-view mirror on the canopy bow. Lock-on is automatic in all modes ard is conveyed
T symbolically to the pilot on the HUU and MFD and via & "LOCK™ 1light on the canopy bow.

L The Targat Designator Contro) (IDC) on the throttle is & Fforce controlled switch which moves the
4 ; appropriate designator wsymbol on the displays in any direction. Computar asnd sensor designation i
- sccomplished by pressing and releasing the TDC switch. The small cockpit space available and the easily
' learned use of the 1DC prompted some early simulator experimentation with TDC control nf essentially all
radar control panel functioms. In a nutshell, when the pilot wishes to changa radar, aeimuth, mode, ber
scan, or any of the numerous selections normally available on a dedicated radar panel he simply slews the
MFD TDC symbol over the displayed quantity he wishes to change and cycles the TDC button until the dusired
quantity appears. After a 1little practice, fleat pilots have demonstrated the capatility of changing a
tadar parameter in less than a second elapsed time without removing their hand from the throttle. This ]
. feature not only increases pilat effectiveness but also deletes & complex radar control panel and, because :
of the display redundancy, actually increases the reliabilicy of the function. &
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The HOTAS concept allows the pilot to perform a complete head-up, sensor aided gun or missile attack
from detsction through weapon delivery without removing his hands from the stick or throttle. Similar
HOTAS functions are performed for air-to-surface wespon delivery and the pilot nesd only select Sparrow,
Sidawinder, or Gun to revert to air-to-air when coming off the target.

GNI MANAGEMENT

The Up Front Coatrol (UFC) panel (Figure 5) allows head-up, either hand control of two UHF/VHF
radios, ILES, Data Link, TACAN, Beacon, #DP, ur asuto pilot modes. The panel ias mounted on the front face
of the HUD within eany reach and view of the pilet. The bottom row of switches select functions and the
upper ares is compoued of a keyboavd and merateh pad readout, and five option windows on the right side
with assoctiated select buttons, For the example shown, the pilot has selected a TACAN function with
channel 125 entersd in the keyboard scratchpad and the five TACAN modes are shown in the option windows
for pilot selection as desired. After the “"enter” button ia deprossed, all data is untered and the UFC
clearass The status of any system or channal frequancy is avajlable by simply pressing the appropriate
function button. The UFC panel 1is located so nesr the over-nose vision line that the pilot can essily
perform numerous ONI functions during IYR conditions in formation £light.

FIGURE &

UP FRONY CONTROL OF RADIOS, IL8, DATA LINK,
BEACON, IFF, TACAN, AND ALL NUMERIC ENTRIES
CAN BE ACCOMPLISHED WITH EITHSER HAND
WHILE THE HEAD 18 LOOKING FORWARD

=z

arp30182

HODING

Each of the multifunction djsploys have 20 puub-button switches around their periphery. Thu display
(Figure 6) lu formatted such that whan sensor data {m called up, 4 quarter inch strip of the perimeter of
the CRT {s available for display of the primary controlu for that sensor. The example shown allows pilot
selaction of wide oxr narrow f'wld-nf«view, pomitive or negative picture formal, freere, snowplow, a pitch
ladder, and othar functisns important to the effective use of that sensor without diverting the pilot's
attention from tha sensov. Tha primary controls and displays extend from the Linstrument pansl about four
tnches but still cutwide of the ejection envalope to ullow the pliot to reach them without unlocking or
straining against the shoulder harness (Figure 7).
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! THE THREE CRT DISPLAYS EACH HAVE 20 BWITCHIS FIGURE 7
' AROUND THEIR PERIPHERY TO ALLOW PILOT FIA-18 HORNET COCKPIT :
SELECTION OF RELATED SENSOR FUNCTIONS J

WITHOUT DIVERTING ATTENTION FROM THE SENSOR

MEAGER CONSOLE ACTIVITY

The HOTAS concept, UFC, and display Moding techniques aesentially eliminate console activity except
for infrequent, low priority items such as instrument lighting, temperature control, wome sensor ON/OFF !
and NAV alignment functions all of which are not time critlcal, thus signlficantly reducing the chance of

' pilot error and vertigo.

SIMULATOR VERIFIED

The simulator program began long before ths award of the F/A~18 contract to McDonnell Douglas to
varify the HOTAS, Up~Pront, and Moding concepts to ensure cradibility of the propomed approach.

The present simulator configuration represents the full-up aircraft weapon system with all the ~uu
trols and displays operatfonal. It {s housed in a 40 foot diemeter dome on which out~the-window graphics

i are displayed for aic-to~ground, air-to-air, and carrier landing. Thim simulater, in conjunction with one
LT : or two other domes, 1s umed for one-on-one and two~on-one air comhat engagements,

L In addition to continuous refinement of the one-man-operability techriques by MCAIR pilotn, A seven

. member system advieory panel consisting of fleet pilots from the Nuvy and Marine fighter and attack

" comrunity fly the simulator for periods up to one week, numerous times a year to verify that flect opera-
tionnl doctrine and experignce are brought to hear on the design as early as poasible. These mimulations
are fully fnstrumentad and provide & etatistical and qualitative figure cf merit for altarnate approaches
to one~man-operability concapts.

The final phasss of the simulator program {ncluded the {nstallatfon of the actual afrcraft hardware
into the simulator for integration and closed loop Ayuamic operatjon by MCAIR and fleet pilots prior to
the initiation of flight testing.

FLIGHT TESTING
Tha Hornct full scale dovelopment program consists of nine aingle place and two trainer (two place)
sircrafe, Tha first Hornet flight took pluce at the McDonnell facility in 8t. Loula on November 1R, 1978 34

. with Chief Test Pilot Jack Krings at the controls, and wince that time the ¥light Test Program has been
progressing steandily ar Patuxent River Maryland, and Point Mugu California prosently mccumulativg over !
4,000 hours flight time. It {s the general consensus of the MCAIR and Navy Marine pilots that the diaplay
concept and weapon system {s {indeed veraatils, reliadle, and one-man-operable. The flight tost program
will continue through mid-1982 at which time fleet introductfon will begin.
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The new look in the U.S8. Navy calls for roliability improvements of three to five times those
currently experienced {n the fleet, and maintenance levals of one~half thome of present carrier aivcraft.
The weeting of this requirement was pursued in s variety of ways:

1. R, M, and cost were considered equivalent to parformance and weight in all deaign decisions.
2. R & M requirenent guarsntees (uot goals) imposed on MCAIR and subcontractors.

3, Incentives were available to MCAIR and selected subcontractors for excesding the R & M require-
ment.

4e A stringent parts screening program, derating requirements, and detafled relisbility desigu
guidelines was implementad,

5. Y¥arly hatdware rveliability davalopment, test, analyme, and fix required on all major systems
giving a two ysar jusp on most past reliability programs,

6. Realistic aircraft opsrational mission environments were imposed during design and development
tests on key systoms.

Mission reliability is further enhanced by the display and computer redundancy, Lifa cycls costa are
reduced by common display modules and test programs. The readiness of the weapon system is coutinually
monitorad by built-in~test providing 98% fafilure detection end 99X failure i{sclation. The MMD in the
cochpit presents suitsble failure indications to the pilot for aasy degraded mode assasament and & Mainten-
ance Monitor Panel in the wheelwell indicates the failed unit to be replaced by the maintenance parsonnel.

FLEXIBILITY

Long term tlexibility {s built into the ¥/A-18. All essentisl systems and their parameters are
available on the multiplex bus, each of the computers and displays have memory and time growth capacity,
and the dimplay formats are programmable. This flexibility provides growth for new systems, weapons, and
mirsions. TFxamplas of seapily assimulated systems include a new EW msuite, modern data transmisslon mathods
(JTIDS), and recce/sensor controls and displays. Of {mmediate benefit to the F/A-18 Hornet is that quick
modifications ware accomplished during development flight testing by this built-in weapon msystem flexi-
bility.
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HEAD-UP-DISPLAY FLIGHT TESTS

Stephen J, Monagan (M)
and
Rogers E, Smithk (AM)
Calspan Advanced Technology Center

\y-Tbis paper describes Head-Up-Display (HUD) flight tests conducted
for the United States Navy and the United States Alr Force by the
Flight Research Branch of the Calspan Advanced Technology Center., The
flight t®st system is outlined, followed by a discussion of HUD flight
testing to date, and finally, future HUD flight test nctivities.\

HUD FLIGHT TEST SYSTEM

AP000668

The HUD flight test system includes the NT-33A variable '"Fly-By-
Wire' research aircraft, a programmable HUD, and a workload assessment

device,

NT-33A Alircraft

The NT-33A in-flight simulator (Figure 1) is operated by Calspan

for the USAF Flight Dynamics Laboratory, and has been used for fighter
An analog/digital

aircraft flying qualities research for many years.

Figure 1~ NT-33A RESEARCH AIRCRAFT
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response feedback variable stability system, together with a center
stick/side stick variable force feel system, are used for simulation
of a wide range of stability and control characteristics., A digital
data recording system collects data for past flight analysis.

Programmable HUD

A programmable HUD was designed by the General Electric Corporation
Aircraft Equipment Division and ihstalled in the NT-33 by Calspan,
under a program funded and directed by the U,S. Naval Air Test Center
(NATC). his program and the resulting variable display system were
called "DEFT" for Display Evaluation Flight Test,

The core of the programmable HUD is a general purpose digital
computer. Signals from various sensors are input to the computer
(Figure 2). Thaese signals include air data; inertial position, veloci-
tiés, and accelerations; and aircraft angles, angle rates, and accelera-
tions., The general purpose computer outputs information to the pro-
granmable display generator, a separate digital computer. The pro-
gramnable display ggnerator produces the symbology which is displayed
on the AVQ-7 HUD optics (Figure 3). A TV monitor/repeater in the rear
cockpit allows the roar cockpit safety pilot to observe the HUD sym-
bology. Mode control is achieved with a rear cockpit mode control
unit, and with front cockpit declutter and flight director buttons,
Magnetic tape drives are used to program the general purpose computer,
apd for data collection. Computzr programs, which control the HUD
format, are developed on a ground integrated test bench.

HOOL COHTROL DECLUTTER
UNTT SWITCHES

=

DUAL ﬂfﬂﬁﬁ?f PROGRAMMAGLE D
raPL R v PO, UL SPLAY ettt - R Pty
PRIVES plolTiL GENLHATOR JP_W UrTiCS
| REAR
O A S S
. REPEATER
l SLevAL CONDIT Tenlus | L S
N W W NTHER
§ et SENSORS
{ SO SO
N PR, S -
5 TNLRT AL AR
g NAVIGATION GhTA e VARIABLE
S SYSTEM STABILITY SYSTEM
A o S
AUTIMETE R
Figure 2 DISPLAY EVALUATION FLIGHT TEST SYSTEM
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Figure 3 NT-33 HEAD-UP-DISPLAY

Workload Assessment Device

A Workload Assessment Device (WAD) was also installed in the NT-33
as part of the Naval Alr Test Center DEFT program. The WAD, designed
by the Systems Research Laboratory, provides a quantitative measurement
of a pilot's reserve mental processing capacity. This measurement is
the result of a secondary task which the pilot performs at the same
time he performs the primary flight task. A rear cockpit control panel
allows in-flight control of the WAD. When actuated, the WAD system
causes the HUD to display a single randomly selected letter at seven
second intervals.

During flight the pilot must decide, as quickly as possible, whether
the displayed letter belongs to a set of ''positive'' letters he memorized
during the mission briefing. Three sets, containing one, two and four
letters, respectively, are used, The evaluation pilot indicates posi-
tive and negative decisions with control stick switches, The letter i-
removed from the HUD when tne pilot depresses a response switch, or
after five seconds, whichever occurs first, Pilots are carefully
instructed to consider the WAD as a secondary task to be accomplished
without interfering with performance of the primary task. A complets
workload assessment requires four repetitions of the primary task. On
the first repetition of the primary task, no WAD letters are displayed.

WAD data consists of pilot reaction time and error rate, as a
furttion of memory set size (one, two, or four letters). The basic
concept 1s that the increase .in reaction time, as memory letter set
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size is increased, will be greater when primary task pilot workload
is high than when primary task workload is low. In-fllght WAD data
is compared with baseline WAD data acquired on the ground prior to
flight.

HUD FLIGHT TESTS TC DATE

During the past year Calspan has conducted four HUD flight tests:

° Instrument Landing HUD Format Test

] Visual Carrier Approach HJD Format Test

) Evaluation of HUD Pitch Ladder Scaling

' A HUD Based Laterasl Flying Qualities Evaluation Task

Instrument Landing HUD Format Test

The objective of the Instrument Landing HUD Format Test, sponsored
by the Naval Air Test Center, was to compare two HUD formats during
blind Instrument Landing System (ILS) approach and visual flare and
landing, from thestandpoint of pilot performance and workload. Two
NATC test pilots served as evaluation pilots,

The primary task was divided into two subtasks. The first subtask
was to fly a "blind", or no visual reference, ILS approach using the
HUD as the primary control and performance instrument. This subtask
began (for analysis purposes) at glide path interception and ended at
decision height. The second subtask was to perform a visupl flare and
landing, ox low approach, using the HUD as the primary performance
reference. The second subtask began at decision height and ended at
touchdown, or at waveoff,

The secondary task was the previously described WAD task,

A transparent amber film on the NT-33 canopy and a blue visor on
the evaluation pilot's helmet allowed the simulation of blind instru-
ment flight. With the blue visor down, the evaluation pilot could not
se¢ outside the aircraft, but could see all aircraft instruments and
the HUD display. With the visor up, the pilot could see outside
normally.

Two different HUD formats were evaluated: the first was a con-
ventional display similar to that used in the U,S. Navy/McDonnell
Douglas P/A-18 aircraft; the second display was designed by Gilbert
Klopfstein, French Service Technique Aeronautique.

Conventional Displuy:

The conventional display, shown in Figure 4, used a combined digital
and analog format., An inertial flight path marker and pitch ladder
(scaled 1:1 with the real world) showed inertial flight path angle.
During a blind ILS approach, horizontal (loculizer) and certical (glide
path) position guidance was provided by horizontal and vertical devia-
tion indicators, referenced to the flight path marker. The sivcraft was
on course and on glide path when the ‘deviation indicators wers ailgnad
with the flight path marker, Displacement of the deviation indicatoxc
from the flight path masker showed the angular localizer and glide
path errors (the deviation indicators «id not show the bank or pitch
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Figure 4 CONVENTIONAL HUD FORMAT
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angle changes required to return to the 1.5 course and glide path.)
Digital heading, altitude, and vertical velocity displays provided
additional positional guidunce.

Digital angle of attack and indicated airspeed, together with an
angle of attack bracket, provided speed guidance, The desired approach
angle of attack was achieved when the bracket was aligned with the flight
path marker. Displacement of the bracket from the flight path marker
showed angle of attack error,

Klopfstein Display:

The Klopfstein display, shown in Figure 5, was an all-analog dis-
play optimized for adverse weather takeoffs and landings. An air mass
flight path marker referenced to a horizon line showed air mass flight
pu;h sngle. Programmed runway duta and ILS receiver information were
used to generate a synthetic runway display which, in effect, overlayed
the gctual runway. During a blind ILS approach, the orientation of the
synthetit runway provided the pilot with horizontal (localizer) error
cues similar to those used during visual landings. Runway heading and
alrcraft track markers on the HUD horizon line provided additional
horizontal guidance.

Vertical (glide path) ILS guidance was provided by the pusition of
a Selected Plight Path Marker (SHEPM) relativu to the synthetic runway.
The adjustable SFPM was depressed below the HUD horizon line at the

ppropriate ILS glide path angle, and was aligned with the touchdown
int when the aircraft was on glide path. 4

A HUD angle of attuck display and a Potentinl Flight Path Marker
(PFPM) provided speed guldance. The angular displacement between the
air mass flight path marker and the longitudinal reference marker, or
waterline marker, was, by definition, angle of attack. Increasing angle
of attack was shown by increasing displacement baetween the waterline
marker and air mass flight path marker. The display included an index
displaced from the waterline marker an angle equal to the desired
approach angle of attack, and an index displaced to show maximum allow-
able anglo of attack., When the alreraft was flown at the doslired
approsch angle of attack, the air mass flight path marker was aligned
with the apex of the approach angle of attack index. The PFPM, when
referenced to the air mass flight path marker, showed the aircraft's
acceleration along the air mass flight path., When the PFPM was aligned
with the air mass flight path marker, the aircraft maintained s constant
inertial apeed.

For this test, the variable "fly-by-wire" system was programmed to
yield "Good," "'Fair," or "Poor'" landing approach longitudinal flying
qu‘liti’s.

Ten evaluation flights were flown in September 1979,

Task performance was evaluated using ILS and angle of attack error
data. Performance results could not be consistantly related to changes
in HUD format or flying qualities configuration. Pilot workload was
evaluated using numerical control stick force, pitch angle, and bank
angle data; pilot ratings and comments; and WAD data (Figure 6).
Akthough pilot ratings and numerical data were inconclusive, pilot
comments and WAD data shdwed that pilot workload was lower during ILS
approaches flown with the Klopfstein HUD format, as compared to
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Figure 5 KLOPFSTEIN HUD FORMAT

HORIZON LINE WITH 2 DEG. HEADING MARKS (OVERLAYS REAL HORIZON),
WATERLINE SYMBOL.

TRACK MARKER

AlR MASS FLIGHT PATH MARKER

; SELECTED FLIGHT PATH MARKER (DEPRESSED BELOW HORIZON LINE AT GLIDE
A PATH ANGLE).

6. POTENTIAL FLIGHT PATH MARKER (AIRSPEED INCREASING. AIRSPEED INCREASE
WILL STOP IF THRUST I8 REDUCED TO LOWER POTENTIAL FLIGHT PATH MARKER
TO ALIGN WITH FLIGHT PATH MARKER, OR if FLIGHT PATH MARKER (8 RAISED
TO ALIGN WITH POTENTIAL FLIGHT PATH MARKER!,

7. ANGLE OP ATTACK TRIANGLE. (ANGLE OF ATTACK LESS THAN COMMAND, .
COMMAND ANGLE OF ATTACK IS ACHIEVED WHEN APEX OF TRIANGLE 1S TOUCHING
THE FLIGHT PATH MARKER).

8.  LIMIT ANGLE OF ATTACK. (LIMIT ANGLE OF ATTACK |5 ACHIEVED WHEN LIMIT
SYMBOL 18 ALIGNED WITH FLIGHT PATH MARKER).

9 SELECTED FLIGHT PATH ANGLE (ANGLE BETV/EEN HORIZON LINE AND SELECTED
FLIGHT PATH MARKER = GLIDE PATH ANGLE).

J 10.  SYNTHETIC RUNWAY (THRESHOLD AT GLIDE PATH INTERCEPT POSITIONI,

g uN

1. EXTENDED RUNWAY CENTERLINE.




approaches flown with the conventional format. Pilot workload during
visual flare and landing was not related <o HUD format, but was related
to flying qualities configuration, As expected, pilot workload was
higher for the poor flying qualities aircraft during flare and landing.
Flight test rosults indicated that the Klopfstein HUD format was
better than the conventional format for ILS approaches because of
reduced pilot workload. WAD pilot workload results correlated with

pilot comments. This correlation may be of importancs to future
fiight test programs.

an 4 F-18 HUD FORMAT / s04- KLOPFSTEIN HUD FORMAT
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Figure 8 WAD RESULTS FOR ONE EVALUATION PILOT

Visual Carrier Approach HUD Format Test

The Visual Carrier Approach HUD Format Test was also sponsored by
NATC. The objective was to detemmine, within test constraints, if the
Klopfstein HUD format improves task performance and reduces pilot work-
load during visual carrier approaches, compared to a conventional HUD
format. Three NATC test pilots served as evaluation pilots,

The primary task was A land based gimulated carrier approach to
minimum altitude waveoff, using an optical landing system. The second-
ary task was the WAD task. The two HUD formats were the previously
described Klopfstein and conventional formats, modified for visual
appreaches. The ILS error pointers were romoved from the conventional
format, and the synthetic rlinway was remoyed from the Klopfstein format.
Seven test flights were flown in April 19!0.
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\ Glide path and line up errors, determined from laser tracker data,
and angle of attack errors were used to measure task performance.
Pilot workload was evaluated using pilot ratings and comments and WAD
data,
Results showed no real performsnce or workload advantages of one
J format with respect to the other, However, pilot comments indicated
that the potential flight path marker was very helpful for angle of
attack control, Also, the selected flight path marker may be &
backup glide path aid in the eveht of optical landing system failure.

g Bvaluation of Pitch Ladder Scaling

Recent ''lost vinpsxan' accidents involving tactical aircraft which
employ a HUD as the pr .mary instrument reference, and recent ground
simulator HUD xesearcn, indicate that pilots may have less attitude
awareness when using a HUD as a primary instrument referonce, than
when using a conventional attitude indicator. To date, HUDs in U.S,
tactical aircraft have generally had 1:1 pitch ladder scaling, and a
flight path marker control index. This format maximizes precise
£1ight path control, perhaps at the expense of sttitude awareness.

Some non U,S. aircraft, for example, the British Sea Harrlier, havo

been equipped with different pitch ladder scaling and contrel index
formats, in an attempt to improve the pilot's attitude awareness during
maneuvers in instrument meteorologicml conditions.

. These considerations resulted in the third HUD flight test: an
evaluation of HUD pitch ladder scaling, conducted as part of the USAF
Test Pilot School curriculum for Class 798, The objective was to
compare pitch ladder scale options and flight index options during
large amplitude mansuvering and during instrument approaches. ;

The conventional HUD format, with the following three pitch ladder !
scule options and three [light indew options, was used:

Pitch Ludder Scaling

o 1:1 (NORMAL) plteh ladder lines correspond to the
real world at all ti@es. o
o o:l (COMPRESSED) only 30°, 60", and 90° pitch ladder

lines are shown (Piggre 7). With respect to the
horizon line, the 30, 60", and 90 pitch lines
are located in the sane position on_the 6:1 pitch
ladder scale as.the 5, 107, and 15° lines on the
1:1 scale. Pitch ladder ycale does not correspond
to the real world.

e 1:1/72:1 (DUAL SCALBS) pitch ladder scnlsng is 1:1 when :

pitch attitude {s less than 20", and compressed
2:1 when pitch attitude oxceeds +20° 4

Index Formats

° Flight Path Markar (Velocity Vector) i
0 Pitch Marker (Fixed Reference Mark) !
° Combifhed Pitch and Flight Path Markers i
112 H
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Figure 7 HUD PITCH LADDER SCALING

A sequence of maneuvers in simulated Instrument Meteoxological Condi-
tions (IMC) and Visual Metoorologicnl Conditions (VMC) was porformed
with pitch ladder scale/£flight index combinations. IMC flight was
similatod with the bluc/amber vislon rostrlcetion system.  IMC manouvelrs
included aerobatics and unusual attitude recoveries. VMC maneuvers
included aerobutlics and simulated weapons deliveries roquiring precise
flight path control., Sixteen evaluation flights were performed in
Juhe 1980,

Pilots completed opinion questionnaires following each evaluation
fllght, All agreed that the 6:1 pitch ladder scale resulted in
improved attitude awareness compared to the 1:1 scale, although pre-
clglon flight puth control was somowhat more difficult. Tho majority
of purticipsting pilots preferred 6:1 pitch ladder scaling over 1:1
scaling, and the pitch marker over the flight path marker, for the
lurpge amplitude IMC und VMC maneuvers performed during evaluutlon
flights, All pilots preferred 1:1 pitch ladder scaling and most pre
ferred the flight path marker for IMC instrument approaches. Thus,
optimum pitch ladder scaling and optimum £light index appear to depend
on the task and on the environment,

The results of this limited ovaluation suggest that U,5. tactical
pircraft may not be oquipped with optimum HUD formats for IMC attitude
awareness, Hxisting formats emphasize precisisn flight path control
sven when the aircraft are equipped with automatic weapons aiming
systems,
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Lateral PFlying Qualities Evaluation Task

HUD based tasks were used to evaluate lateral flying gqualities
during a recently completed USN/USAF NT-33 research program. The
purpose of this flight test program was to investigate the lateral-
directional flying qualities of fighter aircraft with highly augmented
flight control systems. A secondary program objective, agsaciated
with the HUD, was to determine if selected HUD baged tasks yleld
lateral flying qualities evaluation results similar to rosults for
precise ganeuvering fighter tasks such as formation, gun tracking,
air refueling, instrument approach, and visual landing. Heading
tracking and bank angle tracking tasks were therefore superimposed
on the conventional HUD format.

HUD based £lying qualities evaluation tasks are useful because
no support sircraft is required; further, HUD based tasks are repeat-
sble and tracking errors can be susily recorded for post flight
analyais.

Command heading or bank angle, as a function of time, was programmed

in the DERT general purpose computor (Rigure 8). Step changes and
ranp changes. of co nd angle were programmed. For heading tracking,
a heading error cross (Figure 9) was displaced along the HUD horizon
1ine away from the flight path marker a4 distance proportional to head~
ing error (the difference betwaen command heading and actual heading.)
The pilot turned towards the heading cross to eliminate heading error.
For bank angle tracking, & command bank angle 1ine (Figure 10) which
intersected the center of the HUD horizon line, was rotated With

+1W

COMMAND
ANGLE
0 —t 4 i I Il & |

i
) L) v v AJ Y T
10 L_Jzu 3 a| sol e | 70 |so| g0 TIME

(SECONDS!

TIME SCALE SHOWN FOR
BANK ANGLE TRACKING.
1 TIME SCALE EXPANDS TO
21 - 270 SECONDS FOR HEADING
TRACKING,

1,0 COMMAND ANGQLE = 60%, BANK ANGL.E TRACKING, LANDING GEAR UP
30°, BANK ANGLE TRACKING, LANDING GEAR DOWN
30%, HEADING TRACKING, LANDING GEAR up
18°, HEADING TRACKING, LANDING GEAR DOWN

Figure 8. COMMAND ANGLE VS. TIME
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Figure 8 HEADING TRACKING TASK FORMAT
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respect to the horizon line to show command bunk angle. The pilot
banked the aircraft until the "wings" of che flight path marker symbol
were parallel to the command bank angle line, thereby matching actual
bank angle to command bank angle, The mugnitude of command angle
changes, and the interval between changes, were chosen to require the
evaluatlon pilot to fly the HUD tusks as precisely and agressively as
the primary fighter maneuvering evaluation tasks,

Initial results indicate that the HUD bank angle tracking evalua-
tion task ylelds pllot ratings and comments, for a given lateral-
directional flying quallties configuration, similar to those for air-
to-air gun tracking and probe und drouge alr refueling.

0f course flying qualities research must be primarily based on
t:tual mission representative evaluation tasks; however, HUD based
1asks may be useful as secondary tusks. Also HUD tasks may assist
comparison of ground simulation results with in-flight flying qualities
evaluation results,

FUTURE HUD TESTS

Possible future DEFT programs include:

® Missile launch envelope display, This display would
provide the uilot with information on the probable success
of an air-te-air missile launch against a target with
constunt muneuver parameters, and with worst case
maneuver purumeters,

o USN and USAF Test Pilot School DHFT programs.
8 Hvaluation of proposed changes to operational HUDs.

o Improved HUD target. This HUD target would have three
dimenslonnl perspective, and would be programmed to
maneuver in an earth based reference system.

o Improved WAD, The WAD is being modified to include a
"Computalk' aural letter presentation over the aircraft
interphone system simultaneously with the existing HUD
visual letter presentation. Also, the interval between
WAD letters will be automatically adapted to the pllot's
WAD reaction time and error rate. When the pilot is
responding correctly and quickly to the WAD, the
interval between letters will be reduced,

CONCLUSION

Head~Up-Display flight testing involves not only the display itself,
but also the total environment, including aircraft flying qualities.
Results must address pilot workload as well as task performance.

The intmgration of the Display Evaluation Plight Test system and
the Workload Assessment Device with the NT-33 {n-flight simulation
aircraft has resulted in an advanced systems research aircraft for USAF
and USN flight research. During the past year, this aircraft has proved
to be'a powerful tool for invessigating the relationships between dis-
plays, flying qualities, and pilot performancer and workload.
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ENALUATXON OF A PILOT WORKLOAD ASSK.SSMENT DEVICE
TO TEST ALTERNATE DISPLAY FORMATS AND
CONTROL HANDLING QUALITIES

by
Samuel G, Schiflett, Fh.D.
Naval Air Taost Centesr
Patuxent River, Maryland

Paul M, Linton
Naval Alr Development Centar
Warminster, Pannsylvania

fionald J, Spicuzza
Systams Research Laboratories
Payton, Ohio

SUMMARY

This {n=flight research project wvaluated the utility of a Workload
Assaspent Devica (NAD) to measure pilot workload for approach and landing
tagks undur simulated {nstrument meteorciogical condielons, alcternate HUD
formats and control stability variationa, The flight teats were conducted
{n an NT=)IA research aircraft, extenalvely modified for the U. S. Adr Force
and U, &, Navy by the Display Eveluation Flight Test program. The hardwate,
softvare, and test procedures associated with the WAD funetioned efficiently
with only miner discrepancies and minimum pilot distraction. 7The project
establighed the feasibility of using An [tom~recoyhition task as 4 medaure
of sensoty-response loading and reserve (nformation processing caphcity
while £lying precisien approdches, Ih & degcripti(ve statistical treatment
of the data, the results indicate an appreciable Increase [n resction time
and arrors with degraded handling qualities as compared to ground baseline
medsures and yood handling quaiities. The preliminary findings alsc reveel
conaistent trends toward the availability of more mantal reserve capicity
when flying predominantly pictorial/symbolic RUD configurations 48 compared
to eonventlonal HUD formats with soales and alphanunerics, Tt (&
recommended that further evaluations be conducted to establiah the efficacy
of ubilleing the WAD to measure mental workload (n & wide variety of
afrerew taaks.

INTRODUCT ION

BACRGROUND

New developments in cockpit display designs and integrated waapons system avionics
have significantly alterad the role of the pilot from that of a skilled, manual control
oprator to an executive manager of an (ntegrated weapons system. Emphasis on psycho-
motor control has been augmanted by an interest in more cognitive skills repreasenced by
such functions as short~term memory, information procassing, and decision making. Fow
measurement techiniquas exist which are able to provide un objective, reliable, and valid
estimate of the subtle differences in workload introduced by these new systams. To date,
methodology for objectivaly quantifying workload has not been effectively applied to the
flight test and evaluation of aircrew systems (references 1l and 2),

This proicet introduced a noval approach to the traditional manner of measuring pilot
workload. Alrcrew workloadm are typically measured by subjective assessment rating scalas
which are based on pilot opinions that relate operational task demands to system rasponse
characteriutics, 6.9., Cooper-Harper Handlihg Qualities Rating Scale, The new approach
applied in this project i{s an ltem-recognition task first identified by Starnbety
(reference 3} and modifiad by the U. 8. Altr Force (refevence d} to measure the reserve
capacity of cthe pilot, The approach assumes that an upper bound exista on the ability of
the pilot to gather and process Information, As the pilot's workload increasas on the
primary tawk, 1.e., flying the aircraft, reserve capacity for processing secondary
information decreames until a polnt of overload is reached b{ the pillot. At this point,
the information processing demands of the task uxceed the pilot's total workload capacity
and {s manifested by degyradation in performance ({,s., increase in errors and response
times) on the secondary Ltem-recognikion task,

The theorstical formulation of the ftem~recognition task, as proposed by Sternbexrg
(fiqure 1), “as several attractive features which make it i(deally suited for evaluating
the sourle of increase in task-loading in atrcraft test environmants., The theory assumes
A least-pquares, linear regression fit of the data where the intercept represents the
input,/output component and zhe slope depictathe mental information processing component
3f the Ltem-recognition task, If, for example, the menacry-response mode (i{.e., input/
output), (s response ovarinaded the theorstical sxpectation is a change in the y~intercept
0f the regrassion line wizh no changs {n slope, Conversely, if the source of tasx-loading
was one which affected the pilot’'s mental information proceasing capabilities (e.g., short-
tarn memozy overload), the expectation is a change in the slope of the curve without a
ot cesponding changs {n the intercept value. Either result would be a decrease :n the
pilot's ressrve capacity for processing informati=n.
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The use ¢f the Ltem-recognition task to assess primazy task workload is nnt a new
Joncept in aircrew flight simulation studies (raferences S and 6), However, the
iniqueness of Lty application in this project is that a Workload Assesamant Device (WADI
that gyenwcrates and controls the secondary (teme-recognition task was designed, fabricated,
and i1nstalled in 3 NT=31A ressarch aircraft =o measure and analyze the pilot's ressrva
wotkload capacity for the Display Evaluation Flight Test (DEFT) program as reporcad in
reference 7.

PURPOSE

The purpose of this project was to avaluate the utility of the WAD to measure pilot
wokkload for approach and lapnding tasks under simulated Instrument Meteorological
Conditione (IMC's) for alternate HUD formats and aircraft control stability variations.

DESCRIPTION OF AIRCRAFT/LQUIPMENT

The NT-3IA variable stability alrcraft (s an extensively~-modified, T=3l jet trainar.
The elevator, aileron. and rudder controls in the front coekpit were diaconnected from
thelr respective control surfaces and conhentad to saparatea servo-mechanisme that
comprase an "artificial feel" wystem. In additjon, the elevator, alleron, and rudder
control surfaces were connacted to individual servos which were driven by a number of
different electrical ihputs. This arrangement, through & response-~faedback systanm,
allowed the normal T-11 stability derivatives to ba adugmented to the extant that the
nandling qualitiss of tha hypothetical research configurations could be simulated. A
more comprehensive deseription of the NT=l3A can be found in refareance 8.

The DEFT progrénd also provided a fully software-programmable display system ¢o
complement the variablu stability features of tha host-modified NT-3] Adrcraft. FRelative
to the alveraft configuration, the DEFT system provided the capability ¢f changing
display formats and changing the algorithms and dynamics of the display driving signals.
The display system consisted of a HUD, two digital computers, a magnetic tape syatem, INS
sensors to augment the exiating airzcraft sensors, and a displuy repeater and mode control
unit for the aft cockplt.

The software prograus provided an in-flight choice of two uhiquely different display
configurations for use in the approach and landing phasas of flight, Thesa displays were
of a canventional HUD format (figure 2) and the predominantly symbolic Klopfstein format
(figure 3). As deplctad {n the figures, the conventional display used a HUD format with
a fiight path ladder, scales, and alphanumeric readouts of various £light parameters.

The Klopfstein display, however, is predominancly symbolic/pictorial depicting the
thLt?h. and artifical runway overlaying the actual runway, and other flight guidance
symbols,

HMETHQD

After several practice sessions and prior to the start of the evaluation flights, a
haseline measurement was obtained on the item~racognition task. Each pilot wam given the
item-recognition taésk for each memory set size while sitting in the cockpit of the
dlrcraft stationed on the ground. The task required the pilot to memorize sets of one,
tWe, or four letters, i.e.,, A, RJ, 2PNW. The pilot was then instructed, prior to testing
with each memory set, which set of letters would be presanted for memory recall. The
prememorized lettwrw {(positive! or other letters {(negative) wers presented on the HUD
0e at 3 time every 7 sec. The positive and negative letters werae preasented individually
With a .S5-probability of occurrence. Each letter appeared on the HUD onw at a time until
the pilot responded or S secs. elapsed. The pilot responded to a latter presentation by
prassing one of two designated buttons on the contriol scick, One button indicated that
the lettear was a member of the prememorized set (positive) and the other indicating it
wag not a member of tha prememorized set (negative!. Positive letters never appaared as
negative letters and the same positive letter ssts were used throughout the test. A
total of 30 letters, 15 positive and 15 nagative, was presented for each memory set for
the baseline conditions.

The same procedures were used in flight as durisng the baseline test conditions with
the exception that the pilot was fIyIng the aircraft while performing the secondary task,
An additional experimental control allowed one approach per handling gquality/display
format coembination to be flown without any letter presantations to svaluats the impact of
the secondary task on the primary task of flying the aircrafse

The reaction times &nd response errors were collected and analyzed by the WAD
controller and gyound-based analysis system. After aach response, the reaction time was
measyurad from the onset of a letter o the physical response of preassing tha correct
button. The reaction timas for both the positive and negative letters were stored on
cassette tapes. The reaction timas for the correct responses were then averaged and
plotted as a function of the memory set sizes. The response errors wers coded, tabulaced,
and categorized by type of error and frequency of occurrence. A response was considerad
an error i{f the nilot pressed the wrong key (reversal error}, responded corraectly but
atter 1,500 mesec (out-of-bound srror), or did not respond before 5 sec (time=out error:,

The basic flight scenario for each approach and touch-and-go was a3 follows. The
Evaluation Pilot (EP) was given control of the aircraft by the Safety Pilout (SP) with the
desired display-aircraft handling quallity combination., The EP then flew on instruments
while using an orange filter over the windscreen and a blue visor attached to the helmet
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to simulate IMC.! Afver intercepting the glide slope, the EP descended to 1,000 meter
MSL to sntercept tha localizer a: 8 nmi. At this point, the SF turned on the digital
recerder and tha WAD controller which were used to racord the primaxy flight measures
and the sscondary task messures, respectively. The EP proceeded to fly the glide slope
and the localizer £o pexform the approach, The outar marker was at approximately 4
nmiles, At 200 meter AGL and approximately 1l/2 nmi from the runway threshold, the EP
"broke out" {(i.e., he lifted the blue visor) and flaw visually for the remainder of the
low approach (7 mecers AGL) . I2 conditions permitted (fuel state, crosswind, etec.), the
EP then performed the touch-and=go landing, minimizing the sink rate on touchdown to less
than | meter/sec. The touchdown point was a l70-meter zone, 500 meters from runway
threshold., Afvay liftoff and at approximately 70-metar AGL, the SP turned off the WAD
contraller and tha digital re¢order. After four approaches, the SP awsumed control of
the aircraft, then changed the pitch handling quality to the next desired setting and
again released control of the aircraft to the EP

Aftear each block of four approaches was completed under the same pitch handling
quality, the EP and SP rated the approach and flare/landing megmants of the flight
profile using the Cooper-Harper pilot rating scale. Additional commentary data ware
gathered from the EP and SP throughout the flight tests by use¢ of an audio tape recorder,
¢.g., comments on degres of sir turbulence.

The WAD consists of two basic unitm: the airborne controller and the ground-based
analysis center. The controller is configured for inatallation in the front avionics bay
of the NT=3)A research aircraft. The unit provides the alectronics, power supply,
software, interfaces to the HUD and the aircraft intercom, rear cockpit inisialization
switches, control stick response awistches, and data recording system necessary to parform
a complete saries of Letsm=racognition exparimants, In addition, the controller can
operate as a stand alona laboratory system capable of performing the same tasks as when
airborne, The ground-basad data analysis cunter im used to {nitialize several saftwars
options of the controller and to reduce and analyze response time data, A description of
the functional capabilities of the hardwara and softwarea is discussed in appendix A, A
datailed description of the complete WAD system is contained in reference 9,
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Each pilot flew two evaluation flights using the conventional HUD format and two with
the Klopfstelin format., Ouring each evaluation Zlight, & pilot performed elght approaches
terminating in elther a Low approach or touch-and=go landing for a total of 32 approaches
per pilot. One-half of the approaches for each flight were made using "good" handling
gualities, the other half were made using either "fair" or "poor" handling qualitias,

The handling qualities vers manipulated by changing the pitch response (130 msac or 200
msec tima delay) of the aircrafec after every four approaches. The response of the roll
and yaw axes was held constant throughout the tests.

RESULTS AND DISCUSSION

GENERA

The test and evaluation paradigm used in this project was a repeated measures design
in which type of display format (conventional versus Klopfstein), flight handling quality
(good versus poor), and secondary task difficulty (memory set sizes, 0, 1, 2, and 4) wera
fractionally combined to form 16 diffsrant conditions, It was planned that the two EP's
would be exposed to each of the 16 conditions twice, However, each EP was able to
complete all combinations of the test conditions only once. Out of & total of eight
1.9=hr avaluation flights, a complete set of sacondary task data was analyzed for four

flights only.

The results showad that the general procedures established for the conduct of the
evaluation flight tests of the WAD were acceptabla to the pilots., The in-flight test
procadureas provided the EP's and SP's with reliable guidelines for efficient and safe
craw coordination during successful approaches and during incidents of all squipment
malfunctions. Pilot comments aided in the investigation of the most salient
charasteristica of vhe item-racognition task including the selectlon, location, and
ciming of the letters as presentad on the HUD, A thorough testing of tha WAD procedures
durins cthe project resulted in only minor software changes and hardware replacements and
clearly astablishad the feasibility of using the {tem-racognitcion task for in-flight tests.

PRIMARY FLIGHD® MEASURES

The primary flight measurement data taken from the digital racorder weras divided into
twe defined categories of approach and flare/landing., Because of the length and com-
plexzty of the analyses of the primary flightc measurement data, the results ware
published under ssparate cover in refarence 10,

The summary results ¢f thcse analysea indicate that the primary flight performance
paramezers and Cooper-Harper ratings showed a genaral inconsistengy between displays
and handling qualities during the approach and flare/landing phases of the flight task.

Jverlaying the two complementing colors produced a parceptual environment similar
to night IMC when the pilot attempted to view the axtarnal world,
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Lack of systematic differences {n the primary flighe measures and Cooper-Harper ratings
suggests that pilot performance remained the same for all conditions, That is, no sig=-
nificant differences wera found in the primary flight measures between dLlPll{ formats,
handling qualities, or memery set sizes. These findingm indicate that the pillots com=-
pensated for the increased task difficulty by maintaining primary flight pearformance at
an acceptable level. However, this pilot compensation was not without cost, A loss of
information processing reserve capacity can be clearly shown from the results of tha
secondary cask measures,

-t kg

SECONDARY TASK MEASURES

Sacondary task measures consiasted of reaction times in which slopes and intercepts
waze calculated after solving linear regression equations for sach set of data.
Sacondary task errors for the item recognition task wers calculated for all incorrect
responses, late responses, and no responses.

REGRESSION FQUATIONS (REACTION TIMES)

The zeaction times associatad with each correct response ware averaged for the
complete flight profile for each m-set size (letters 1, i, or 4), handling qualisy (goxd
or poor), and display format (conventional or Klopfstein). Linear regrasaion squations
were then calculated to indicate tha slope and intercept of the plotted data as shown in
fiqures 4 and 5. The data reveal that both the intercept and slope of the curves for
each pilot increased from baseline conditions when the handling qualities were deqraded.
The results indicate that the WAD is sensitive to the increased sensory/responss and
mental Eroontlan requirements imposed by the addition of asscondary task and to the level
of difflculty of that task., For example, the largest intercapt and slope changes
occurved betwesn each subject's relative baseline and poor handling quality cendition.

A olosar axamination of the data reveals that the differences in the magnituds of
change in the slopas wera consistently larger for tha conventional HUD format than the
pictorial Klopfatein HUD format under either good or poor handling qualities, This trend,
ralativea to each subject's shift in alops magnitude, suggasts that more mental reserve
capacity was available to process information while flying the Klopfstein display than
the conventional HUD format and while good handling qualitias indepandent of the type of
display format used.

Raviewing the remulting changes in intercapts revealed a similar trend with regard to
the handling quality parameter. The avarage increase in the magnitude of change in inter-
cept was less for conditions of good handling gqualitiern than for poor handling qualities.
Howaver, with regard to the display variable, the trend was reversed from that observed
for the changes in wlope: i.e.,, the average intercept value changad leas for tha con-
ventional format than for the Kiopfstein, Asguming the obsearved trends would persist in
a larger daca sample, the results indicated that degrading the handling qualities had a
connistent effect on the input/output stages of the item-recognition task, whereas the
affact of the display format variable on the Llnput/cutput stages of the task was sublect
to inconsistant individual differences. The lack of consistent trends in the changes in
intercept relative to the display variable nay be due to: (1) individual diffarences in
establishing a tiig-error tradeoff,? (2) locations of the letter in relationship to
diffazences in eye scan patterns, and/or (3) different strategies of memory recall.

These rasults suggest that degrading handling qualities had a consistent and
predominant effect of reducing the pilot's raserve capacity for all three stajes of the
information-processing, sescondary task. Changing the display formats appeared to yield '
sim{lar results but are subject to the influences of individual differences with regard !
to the mental component of the information processing task,

The reader (s reminded that these data reveal only trends and were gathered from a
sample of two pilots., Addicional f£li{ght data are raquired with a larger pilot sample
and more veplications of test conditions before definitive conclusions can be made con-
cerning the reliability of the results of these measures, A further discussion of the
reliability of the item~iecognition task that guestions the day-by~day stability of thae
slopo and intercept (s found in reference l1.

PERCENT ERRORS

The WAD provided an accunulative record of the nunber of errors. sequence of
occurrance, type of error, and reaction time assoclated with each error for both positive
and negative latters. The combined percent of secondary task errors for both pilots is
shown in figure 6. The error dats show that as the difficulty of the sucondary task was
increaased, i.e., as the m-set size increased, 1 corresponding decrease in response {
accuracy was observed which supports the expectation of increased error rate under cone
ditions of task overloading,

The increases found in secondary task res) snme arrors under conditions of pour han-

dling qualities for both display fo-mats are consistent with the results of the slope and
intercept reaction time data with ragard to th: influsnce of degraded handling qualities,

2 The EP's wers only instructed to respond as guickly and accurately as possibla to
the mecondary task while flying a precision approach and landing.
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That is, undar test conditions producing a reduction Ln reserve capacity, & corresponding
increase in response errors occurred.

In contrast, the reaction time data indicated that the type of display format differ-
entially influenced beth the inpur/output and mental stages of the information processing
tasks, whersas response error data showed a gonsistently higher dagree of response
accuracy under conditionm of the pletorial Klopfstein display formac.

To further explore thess results, the total percent errors were classified into type
of arzor for each handiing quality and display format, The sacondary task errors reveal
that the total percent errors were evanly distributed between incorrect responscs
(teversals), late responses (cut=of-bounds), and no responses (time=cuts). However when
the total percent errxors are differentiaced batwaen display type and handling quality, i~
clearly shows that three times as many reversal errors were committed by the EP's flying
the conventional HUD than the Klopfstein display format. Degrading the handling qualities
incxeased the percentage of time=cut errors for the EP's tlying with the conventicnal
display and incressad tha outeof-bounds under the Rlopfatein display format, Sinca it
was assumed that & tame~out error would reflect a greater dscrament in reserve capacity
than an out-of-pcunds erzer, these rvesults would imply that tha EP's had less reserve
capdcity while flying under “he conventional HUD and degraded handling qualities than
the Klopfstain display format.

In summary, tha percent of secondary vask errors incresased whenever the memory set
size increanmed, the handling qualities wers degracded, and the tauk was performed in
£light under the conventional display format conditigns. Poor handling qualities
primarily induced erroram of delay or no response while the type of display affected mainly
the accuracy (correctnmas) of responsa,

CONCLUSIONS

The hardware, softwars, and test procedures assoclated with the Workload Assassment
g.vlcl (WAD) functioned elficlantly with only minor discrepancies and minimum pilet
'istraotion.

The project established the feasibility and sensitivity of using 4 sacondary {tem=
tecognition task am a measurs of sensory/responss loading and reservae information pro-
cessing capavity while flying precision instrument mateoroloqical conditions approaches.

The pllots showed an appreciable increase in reaction time and pezcentage of errors
on the secondary task flown under poor handling qualities as compared to good handling
qualicies and ground basaline conditions.

The WAD revealed that the pllots had less secondary task errors, more mental reserve

sapacity, but longer reaction times attributed to sanacry/responsa delays while flying
with pictorial/symbolia HUD configurations (Klopfstmin) than conventional HUD formats.
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WORKLOAD ASSESSMENT DEVICE
S8YSTEM DESCRIPTION

TABK

The Workload Assessment Device (WAD) presents to the subject an Lltem rwaogniticn task
that vaquires him/her to respond to aural or visual stimuli that are composed of alpha=~
betic characters Or symbols. After & stimulus has beash presdnted, the subjedt responds
hy pressisy one of two awitches to indicete the wtimulus is (1) part of a pre-mamorized
set of lettars, or (2) is not part of ths net (1), The data collected ate the reacuion
timas, in milliseconds, from the onset of a4 stimulus presantation to the physical
responss of prassing a burtton,

When & trial i# completed, the subject is given another set of letters to memorize
and the sequance is then repeated. Umsually four triale are included (n a given session
with the mamory site ranging from one to four lettars. Data analysis consimta of detar-
mining mean reaction time o & numbar of presentations, and the standard deviation of the
tesponse reaction times.

SY8T ¥l 1

Givan the above task, its complexity, number of posulble deviations, &nd timing
considerations, & microprocesssr was chosen for the main controller, Peripharal devices
ate manipulated using nofeware locatud in programnabls memory, (RAM). All data collected
are temporarily atorsd in memory and subsaquently recorded on & digital cassette tape,
When the mission iLs completed, the tape is retrieve! from the real-time controller and
taken to a grournd~based data analysis computar, Prior to sach mission, certain
pArametexs are enterad into the ground-baded computer and weitten, alang with the opera-
ting software, to the cassetts taps, These parameters are used by the main controller in
order to preasant variations of the task demcribed,

The systen oonltgutnetnn {s shown in Figure A=l and consimts of a ceal-timu consroller
and data colleotion deviaa, software, and & ground=based data analysls package.

tn order t& provide for portability, a chassis was constructed to filt into a specific
location in the nose of the NT=3)A aircraft, The chasals is small enough te £it into a
standard off-the=shell snclosure and light enough to be hand portabls, The gontrol pansl
of the WAD has three connsctors that provide all lnterface signals requirad for operation.
In the portable mode, thass connectors provide 1/0 lines that can be interfaced to various
dtlglay devices and reasporse keys such as used {n many simulators and laboratory
environnents,

ARDWARE

The Workload Assessment Devics (WAD) was designed a¥ound the IEER 696.1/02 buse,
18=-100) . This buse configuration was chosen for the size of the printed circuit board,
availability, and cost, Most $~100 devices manufactured today are raliable and wel)
gonstructad, and thare exists a large base of different peripherals to choose from,
Since thia IIIGOM i8 axperimental and cost 4 major concern, it was not raguired to nmuat
yovernmene/mil specifications for reliability, temperature, and vibration.

The WAD mainframe contains 5 slots that ara used for the various peripheral interfacas,
mamory, and CPU., A single board computer manufactured Ly Cromemco, Ine,, is used for the
main controllexr., 1Tt contains a serial 1/0 port, several parallal I/0 lines, raal time
clock, Read Only Memory (ROM), Programmable Memory (RAM), and all pnecessary system timing
signale. A L6K RAM board is used for program and date storage. The naxt buss Location
cgontains the digital cassette interface which (s connected to the NFE Corporation digital
tape recorder located on the front panel of the WAD. The fourth slov contains a 16
channel analoy to digital (A/D) oonvertér and interface. This unit is connected through
cables =0 the aireraft's analoy oomputer and can be used to monitor up to ¢ differant
contzol surfaces that will be used in a dezivation of the descrihed item recognition task.
The £1f:h position containy the speesh aynthesizar board., This board contains the new
National gemicondustor speech processor IC along with 4ts ROM vogabulary 1Cs.

SYSTEM OPEPATION

Whan power 4s applied to the system, a boot program lovated in ROM loads a fila from
the cassette cape recordar. This file contains a program that controls all operations of
the Ltem recognition task. After loading, the program gains control of the system and
wadits for a gommand from the serial port, The exwperimenter has saveral options at this
time. Caually. he will enter a command for the aystem to load a specific parametsr tile
from the tapa, This f4le contains all the parameters umsed in this presentation of the
task, such As Inter-stimulus Interval (131), Memory fet Sise (MSET), use of visual mode
versus auditory, ato, After the experimenter entars hie selection the subject is
presanted the task., During the task presentation, all the error scores, reaction times,
and other usaful data are stored {n filesof the camsette tape containing all the col=
luoted resction times, error scores, and various other parameters. The program than
recycles to :he experimenter's consols and walts For another command. When the axperi~
mogt;: .tollon is over, thu cassette taps i» retrieved for preliminary data reduction
an splay.
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In order to creAte & cansette baps containing the operating program and mtimulup
parameters, & microcomputar is provided that contains 2 floppy disk drives, ma{nframe,
CRT terminal, printer, digital tape recozder, apd Disk Operating System (DOSY., Located
on diska are several user progqrams that allow the experimenter/gcientist to create
patamecer files. Also located on the disk Ls a program that contains the cperating
software for the WAD along with a linker. When the expacimenter wants to create a
parameter vape ha links togethes the previously creatsd parameter files to be used with
the task and the WAD operating softwara. This newly created link file is then written
Qut to the caBsette tape.

During data reduction or analysis, the cassette tape containing the newly recorded
data im placed in the tape transport and a loading program is run, This program creates
filea on the disk containing all the experimentdl data collectad. The experimenter is
then able to dimplay the dats on the CRT, print it out on the line printer, or submit
the data to several data reduction or analysis programs.

SOFTHARE

The WAD uvoftware consists of several programs mentioned above, Most of the hardware
drivers and gontrelling software are written in assembly language, but some of the com=
plex data handling routines are written uaing Pascal, All of the data andlysis sofcware
cuns under the CR/M disk operatin |¥|ecm (DO8) . This DOS was chosen because many
Agpltccttonl software packages and high level languages are designed to use CH/M for
their t/0 and file structures.

EXRANDAMLITY

Since the main controlling software for the WAD is located at tha beginning of each
paramater tape and the source is on the floppy disks, it i{s very sasy to modify. The
exparimentar simply makes his changes uming the taxt editor and recompiles the program,
Whan hs makes & parameter tape the new controlliing software will be inuvluded provided
the £ile name wam not changed, Thia provides the ougcrimcntcr/ldiontllh with a very
varsatile system that ¢an be modified for oustom applicaticna and has the capabilicy of
adding new tasks. 8ince the peripherals provided are under software control, any
seguence of operation can be programmed, thus allowing many different tasks to be
included in the data base.

In addieden, 16 channels of analog to digital (A/D) converters with interface are
belny installed. ‘This will enhance the system by allnwing it to sample up to six
primary control surfaces from the NT~YJA, or any othey system/simulator. By arranging
the dltukugd.r software control, many derivations of the Ltem-recognition task can be
2onatckucted,
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Good morning, ladies and gentlemen, Ypeaking for the Air Line Pilots
Association, I wish to exprass cur appreciation for the opportunity to address
this distinguished assembly on a subject that is very olose to our hearts, a
sub ject of the greatest importance to airline pilots, namely, the information
required for supervising and assessing the quality of automatic landing
operations,

I won't be desoribing exotic hardware, Tnstead, T want to talk about some
fundamental concepts, because, in ALPA's view, the industry is losing touch
with some very basic prinoiples concerning the responsibilities and the
funotions of the pilot during approach and landing in low visibility., This
tendency 1is aspparent moross the whole spectrum of approsches, from quasi-visual
approaches through nonprecision ILS and full ILS approaches, right down to
those with the lowest authorized or contemplated minima., But today I want to
zero in on a relatively narrow aspest of that total problem,

Automatic landing systema have bden introduced for use in very low visibility
without adequate information for pilot supervision and assessment of the
performance of the approach and landing., 'The pilot does not have adequate
means for ensuring that the airplane ogn continue safely to an automatic
landing, he acunnot adequately determine when the automatioc sy:stem must be
disconnected, and he cannot be sure that he will be able to implement the
optimul backup maneuver after disconnect.

Automatioc landing systems incorporate elaborate annunciator and warning
systems, Tn faot, the absence of an alarm or warning is the means by which
the pilot is most often expeocted to deduce that the airplane will land safely,
In ALPA's view, warning syastems ocan be very useful adjuncts to the information
system, but they can never be the principual means for asseasing either the
performance of the approach and landing or the status of the automatioc landing
system, Alarms tend to come toc late, and they give too little information on
the reason for the problem or the rate and direction of departure from the
desired flight situation, Furthermore, some types of failure do not trigger
the alarm system,

Well then, what information is required for supervising the conduct of an
sutomatic landing in low visibility? In the opinion of the Alr Line Pilots
Assoclation, the required information is that which is needed for asseasing the
position and direction of movement (i.e., the veloelty vector® of the aircraft
in both the lateral plana and the vertical plane,

Let's take a look at conventional instrumentation to see whether it satisfies
this requirement. May we see the first view-graph, please? (See attached
reproductions,)

This is an Attitude Director Indicator (ADT), The ADT includes the artificial
horizon, the fl{ght direator, the ILS glideslope, the expanded-saale TLS
localizer, a fast-slow indicator of eirspeed error, and a "rising runway"
indioator of radio altitude (below 200 ft,)., Despite all this information, the
ADI is not an adequate instrument for supervising the oonduct of an automatic
landing, Why? For a number of reasons:

o The ADI i{s dominated by the flight director, The flight director gives
attitude commands which, I{f they are correct and if they are obeyed, will
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cause the aircraft to follow the desired flight path, But the flight
director gives no information which can inform the pilot of the existence,
size or direction of any deviation from the localizer or glideslope path,
Moreover, as a means for monitoring and assassing the path of the aireraft
during automatic approash and landing, the flight director is poorly
qualified because {ts logic and procasses are too similar to those of the
automatic flight control system. In fact, in some systems the flight
director commands are simply another ocuiput of the same computer that
drives the autopilot.

5 o ILS situation information is given in the ADI (snd elsewhere on the

o conventional instrument panel) but is not given in a manner suitsble for
effective use during the final stages of approach and landing. The

. situation information iy inoomplete (no flare guidance) and is presented in
; a format that is not properly integrated for sufficiently timely

: assimilation, Even though the various indicators are located in oclose
proximity, they are still meparate indicstions with different scale factors
and different sensitivities: they are not connected by any common frame of
reference; and their information must be picked off by a scanning process,
Morecver, as a practical fact (demonstrated by NASA testing with
oculometers), attention to situation information tends to be severely
inhibited by attention to flight director commands,

0 Finally, the information presented on the ADI ian't adequate for the
supervisory and assessment process because it doesn't display the veloaity
vector (the direction of movement) of the airoraft. From experience on the
line and in simulator exercises at Ames Research Center and in France, we
have found that on very short final approasaoh, position information beocomes
inoreasingly less urgent, while knowledge of the velooity vector becomes
increasingly more urgent, The ADI, with respoct to airoraft movement in
the lateral plane, provides only roll data} it includes no display of
either heading or track., The information it provides regarding direction
of movement in the vertioal plane is, to say the least, chaotie, There is
pitch, piteh command, airspeed error, and glideslope deviation informe-
tion, Elsewhere on the panel, rate of descent information iz given,
Nowhere on the panel is there a direct indication of the vertical vector,
the angle of descent, Given plenty of time and stable flight conditions,
the pilot could mentally integrate the scattered blts of vertical data that
are presenred and could estimate the angle of descent; but in actual
conditions on very short final he simply doesn't have time - nor would the
resulting estimate be accurate enough to be useful,

In sharp controst to the sonventional ADI, we uave flown simulations and
research eiroraft with well-integrated electronic vertiosl situation displays
based on "airplane" symbols representing direction of flight (velocity veator)
instead of boresight, These displays contain all elements of the airplane's
position, direction of flight, and cerodynamic status, in a format whose use
requires no special mental process, One aspect of this type of display whioh
{s particularly important for assessmant of an automatic landing is that
inappropriate control inputs end destabilizing atmospheric effects show up very
quiakly in the "airplane" symbol, which is a s nsitive indlcator of the
airplane's direction of flight,

131




8 e i

e N At

T T AT T

At this point I would like to show you a series of 35-mm slides which we
believe dramatically {llustrate the crusial impcrtance of veloalty vector
information - particularly with respact to flight path assessment in the
vertical plane, These photographs were made in the now-defunct Fog Chamber

at the University of California in Berkeley. They were made by positionling a
camera in various attitudes at intervals along the final approach oourse
corresponding with data taken at one-second intervals from the flight recorder
of a turbojet airiiner. The incident from which these data were taken occurred
during & late night Category II approsch with the RV reported at 12C0 ft. The
aircraft struck approach light stanchions 1800 ft, short of the runway and
succeeded in landing with no other damage chan ruptured tires, This first
slide shows the profile of the flight starting at a point where the airoraft
was on the glideslope 225 ft. above TDZ elevation and ending at the puint of
initi{al impact 1800 ft. shopt of the runway. The following twelve slides
represent what should have been visible to the crew at one-second intervals
along *hat profile,

This next slide {s a picture of the approach light structure which was
contacted,

The fingl twelve slides show the same external soenes, but this time some very
rudimentary "head-up display" symbology has been added. The single green line
with a g=p at {t3s center shows the position of the horizen, The two parallel
green lines represent the ILS glideslope, The green circle is fixed three
degrees below the horizon, When the circle is centered on the glideslope
symbol, the aircraft is on glideslope, When the glideslope symbol is above the
cirrle, the aircraft is below glideslope, The two red wedges together
represent the velocity vector of the alrcraft, When they superimpose the
circle, the aircraft is descending at a three-degree angle. When they are
super imposed upon the horizon, the aireraft is maintaining a constant

altitude. You will note that the first and most dramatic indication of trouble
is provided by the velocity vector wedges,

Now may we see the other view-graph? This is a partial illustration of
symbology used in the PERSEPOLIS program in France. The two "poles" standing
on the horizon line mark the heading of the runway. The "synthetic runway"
symbol 15 generated from ILS data. The rectangular window is centered on the
ILS centerline at a point approximately 1/4 of the distance between the
aircraft and the runway., The relation between the "runway" symbol and the ILS
vwindow" constitutes an expanded scale indication of deviation from the
centerline of the ILS localizer and glideslope, The winged circle symbol
represents the velocity vector of the aircraft, If the vector symbol is in the
ILS window, the aircraft is doing what needs to be done for the purpose of
staying on or returning to the centerline of the ILS. When the alrcrsft
resches the height at which flare should be initiated, the vertical dimension 4
of the "window" decreases to the size of the vector circle, At touchdown, the
window narrows laterally, extends vertically and becomes a rollout guide. The
most immediate indication of improper performance by the automatic flight
control system during any phase of the approach and landing occurs when the
vector circle moves out c¢f the ILS window,




B e

Our purpose here is not tc advocate or recommend a particular set of
symbology. This is just one example of the kind of display which can transmit
to the pilot the information reguired for essessing the conduct of automatic
landings and for exercising emergency menual backup control., What are the
essential charscteristiacs of such displays?

o First, they are well~integrated displeys, Some flight information is
{inherently related to “"earth," some to "airplane," and some i{s simply
scalar, But all the information required for approach and landing is
displayed in a coherent scheme geometrically related to the pllot's real-
world view in the windshield or at least fully compatible with that view,

o Second, the displays are based primarily on situation, not command,
information, They enable the pilot to be in command of the situation
rather than heing a servo for the flight director,

© A third characteristioc has already been mentioned but is sc important that
it bears repeating: these displays are centered on an "airplane" symbol
that represents direction of flight (veloecity vector) rather than aircraft
attitude,

Let me expand that last idea just a bit. The velocity vector has two
components, lateral and vertioel, The lateral component can be represented by
heading, though track = if drift angle i3 asvailable - is preferable, The
vertical component is flight path angle - angle of climb or descent -~ and can
be referenced to the air mass (e.g., pitch angle minus angle of attmek), or can
be inertial (e.g., slope = vertical speed divided by groundspeed), or can be a
hybrid approximation of insertial (e.g., slope = vertical speed divided by true
airspeed),

In our experience, either the inertial or hybrid inertial form gives the best
display, with only minor differences easily handled by the pilot. To make the
airplane (velocity veator) asymbol flyable, the symbol needs to include some
kinds of antieipation cue which will give immediate and somewhat predictive
response to ocontrol inputs, 3uch anticipation is esasily provided by pitoh rate
and/or a vertical accelerometer mounted somawhat forward of the airplane's
center of gravity.

A direot, sensitive, flyable indicator of direction of flight is particularly
important in assessing the performance of an automatic landing system, Any
inappropriate movemant of that symbol can be the first indication that the
avtopilot is going bad, Also, it provides the central element of the
information the pllot needs either to make a correction or to initiate a safe
go-uround.

Finally, and of very great importance in our 1list of essential display
charscteristics, the display should be gvailable heac-up. The advantages of
head-up display in see-to-land approaches are well-known, so I won't dwell on
that aspect of the matter. What is less obvious is the need to have the
disploy head-up for very low visibility operations that are defined as not-see-
to-land, so let's examine that question.
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As noted earlier, some manufacturers and some airlines have proposed nonvisual

landing operations with no provision for pilot assessment of the final oritical

phases of the approsch and landing., When pushe. very hard, some of the people

representing these proposals will admit that some form of monitoring is

required, but they contend that adequate monitoring can be accomplished by some
! combination of:

(a) automatio warning systems,

i (b) reference to oconventional instruments (primarily ILS localizer and
' glideslope deviution), and ‘

(e) in those cases where some degree of visual reference is required, by
split crew functiops, wherein one pilot is head-down on conventional
; instruments while the other pilot is head-up on the external visual
: cues,

When pushed very, very hard, some of these people will agree that (a) sutomatic
‘ warning systems can not be the primary basis of the information system,

S (b) that conventional instruments are not fully adequate, and (o) that split-
crevw procedures for handling flight-oritical information are & significant R
[ : compromise of the principles upon whioh redundant instrumentation and crew

- duties were founded.

At that point we reach the ultimate fall-back position of the anti~HUD forces:
they may be willing to provide (eventually, not rnow) an improved advanced
elactrenic display, perhaps based on flight path, but head-down, not head=up.
Since Cat IIIb is defined not to require external visual reference until the
end of rollout, they ask, What is wrong with having all the information head-
down?

What is wrong ls that Cat III approaches will be conducted in the real world, ,
not on paper or in a simulator., In the real world, the average pilot will
seldom if ever see a truly nonvisual landing. It is well established that
there is almost always "something" to see, and that "something", no matter how
dimly seen, has the overwhelming advantage of heing real, so there is an
irresistable temptation for the pilot to look up and establish some kind of
visual contact before landing,

Furthermore, applicable eaxperience in line operations will be obtained in
visibility which is very much better than the minimum for nonvisual landings.
In these better conditions, it is not only irresistible to look up, it is
required by regulation, Unless the display for the so-called nonvisual
landing is also fully adequate for visual and quasi-visual landing, the pilot
skills required for effective use of the display will not be developed.

Now one final point regarding advanced head-down displays. ALPA {s certainly
not opposed to having the best possible electronie flight instrument diaplay
presented head-down, Our point is only that it cannot substitute for a

good head-up display. Ultimately we must have proper instrument information
displayed head-up, and at that time it will almost certainly be found necessary
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to have the same information displayed head-down as well, If that is the case,
then it seems obviocus that the head-up and the head-down displays should be
perfectly compatible -- in fact it appemrs to us that they should be virtually
identical., By that line of reasoning we arrive at the following position
regarding advanced head-down displays: An advanced head-down display should be
8 good head-up display presented head-down. This {8 because there are gertain
constraints on the design of a head~up display which do not necensarily apply
to a display that is intended solely for use head-~down. HUD must be fully
compatible with patterns of geometry and lighting that ocour in the windshield
view, HUD must be somled to matoh renl-world geometry, HUD must have dynamics
which matoh the apparent movement of real objects in the windshield view as the
airplane is mansuvered, These constraints would not necessarily socur to the
designer of a purely head-down display, but they must be allowed for right at
the beginning L{f we are to obtaid compatible displays hesd-up and head-down,
Therefore, we say that any interim improvement in head~down displays should
take full account of head-up design principles,

“In.glosing, let me recap the muin points: ‘

1, ~~The pilot~in-command is fully and solely reaponsible for supervising
the approach and ensuring that the airplane will land safely in the
touchdown zone, no matter what the visibility, and no matter whetler
control {s manual or through an autopilot.

2. Absence of an alarm is not sufficlent information upon whioh to hase
any essentlal part of this assessment or decision,,

3, * Fituation information, not a flight director, should be the primary
~outent of the display, and it must be delivered in a fully integrated
furmat, head-up,

U, .Even if in theory nonvisual landings are permitted, oconsiderations of
pilot psychology, practical experience, and training require the
digplay to be available head-up. .

Thank you for your oourtecus attention,
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THE MANEUVERING FLIGHT PATH DISPLAY - AN UPDATE

BY

J. F. WATLER, JR,
W. B. LOGAN
NORTHROP CORPORATION, AIRCRAFT DIVISION

ABSTRACT

———Te———

The subject of flight trajectory displaya has claimed the attention
of a conuiderable body of engineers and enginesring psychologists over the
years, and a number of imaginative concepts have resulted from thair efforts.
Only within the last few years, however, did the computer technology advaace
to the state that some of these concaepts could be implemented, One such
concept is the Maneuvering Flight Path Display (MFFD) ,which was first
advanced in the early 1950's, ' The MFPD providil to the pilut an anticipatory,
real-time presentation of the command flight path. The presentation depicts
the "wolution'" of the desired trajectory, thus telling the pilot '"what to do"
and "how to do 1it", Thim information is displayed without resorting to the
traditional diale, scales, pointers or alphanumeric readouts,

An earth-stabilized, perspectively transformed, command £light path,
8,000 feet in length and 60 feet wide, is generated on the basis of flight
plan inputs. The flight path is then portrayed graphically in real-time
as an "inside-out" presentation on a head-up display or a head-down vertical
situation display., The elements comprising the flight path are analogous to
tarstripa on a highway, and move on the display in a corrssponding manner.
The continuum of "tarstrips' depict the projected command attitudes, alti-
tudeas and directions of the aircraft. Command speeds are provided by a
miniature lead aircraft, located 20 feet above and immediately to the left of
the flight path, which is programmed to fly at command speed.

The pilot, by controlling his aircraft to fly just above the flight path
in & loose cruise formation with the miniature lead aircraft, is aosured

of precise 4~D (i.e., %, y, z, and time) trajectory control,




The concept formulation, the davelopment to date, the varicus oparational

fesatures, and contemplated future refinements of the MFPD are descridbed,

INTRODUCTION

“This paper discusses the reasults of IRGD and contract work paerformed at
the Aircraft Divieion of ths Northrop Corporation on the Mansuvering Flight
Bisplay (MFPD), The contract work was done under the dirsction of
Measers. W. G, ~;,y and 8. M, Filarsky of the Naval Air Development Center.
Mr. G. W. Hoover sarved as a consultant on the project during part of the
stfort.

The concept of the £1light path display was first formulated and defined
undar the Army-Navy Instrumentation Program (ANIP) in the 1952-1963 pariod.
The ANIP wap organiced and, until his retirement in 1959, directed by
CDR George W. Hoovar of the Office of Naval Rasearch. Tha objective of the
program was to define and develop nesded improvemsnts in the man-machine
interfaces for both conventional and V/STOL aircraft. The flight path dis-
play was one elament of a compfchcn-ivc. integrated, display system designed
by ANIP to satisfy all of the identified pilot information requirementa so
as to achisve greator aircraft weapon system performance, incroased flight
safety, and decreased pilot training., The theneprevailing limitations in
computer technology frustrated development of the £light path display at
that time,

In early 1975, Northrop initiated action under its independent rapearch
and development (IR&D) program to extend the earlier work on the flight path
display and, in January 1977, was awarded a contract by the Naval Air Develop-
ment Center to demonstrate the feasibility of the Northrop approach. This was
accomplished on the Northrop Large Amplitude Simulator (Figure 1) using a six- f
degrea-of-fruedom F~5E aircraft dynamics program. The rasults of the feasi- i
bility demonstration are described in Referencs 1.

The feasibility demonstration contract was extsndad to cover the- study
of tha transition path, the velocity index, the texture of the flight path
alemaents, and the MFPD field of view raquirements. Referance 2 describas the
studies involved in the extended effort and presents the relsted findings,

conclusions and recommendations.
Since receiving the first MFPD contract award in Janumry 1977, Northrop
has also maintained an active IR&D project on the dimsplay concept. The IR&D
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effort has baen concerned with the fundamental imsues of 4-D (i.e., x, y, 2z,
and tims) trajectory genaration and display, whereas the contract work has
baen devoted to specific applications of tﬁolc fundamentals to implement the
current version of the MFPD.

Referencas 3 through 6 constitute the principal technical papars pre-
sented on the MFPFD since the start of tha flight path development activity
at Northrop. These papers setved as progressive reports to the technical
and oparational communities on both the 1ndépendent research and development
effort and the contract work involved. Additionally, btiefings on the pro-
ject and demonstrations of the MFPD in a functional laboratory cozkpit, pri-
marily to goverumett parsonnal, were provided by Northrop as the angineering
of the concapt proceedad and the design evolved. Tha functional cockpit is
located in the Northrop Avionics Integration Laboratory (Figure 2),

The MFPD was developad with the intention that, sventuslly, the display
would ba presented simultaneously with a high fidelity contact analogue dis-
play. Tha complete, integrated presentation would be provided at all tinmes
on the head=down verticul situation display (VSD) and horizontal situation
display (HSD) end, during periods of reduced visibility, on the head-up dis-
play (HUD) aws well, This combined presentation is shown in Figure 3,
Normally, only the MFPD and the horiron line would bhe presented on the HUD,
In other words, the MFFD fulfills the critical need for real-time director
information and fits very compatibly into the complex schame of an advanced,
integrated display aystenm,

THE PILOT WORKLOAD PROBLEM
The tactical aircraft pilot is facad with two major concerns in the

course of flying his misaions - controlling precisely the trajectory of his
vehicle, and opersting effectively the various elements of his system sc as
to execute the required mission functions. The pilot's principal problem
arises from the necessity of dealing with these two concernis simultaneously
and, often, under highly dynamic and hostile circumstances. Simply stated,
the pilot has too much to do and too little time in which to do it.

In the interest of gaining some insight into the crew workload problem,
Tet us consider for a moment the nature of crew tasks in genaral. Groealy,
thess tasks iteratively involve the perception of conditions of interest, the

datermination of the specific crew action required, the execution of that




FIGURE

THE NORTHROP AVIONICS INTEGRATION LLABORATORY
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action, and the observation of the effects of the action. In short, all
crew tasks raquire that information be provided to enable the crew member
to dstermine what is happening, what should bs done, and how the required
taak should be done, Further, it is neceseary to keep the pilot apprised
of how ha is doing as he dcas it.

In the case of present tactical aircraft, the pilot is callwd upon to
contribute significantly to the sffectiveness of the total system. Systems
of the future are axpected to impose even greater demands in this regard, despite
the incresssd upse of sutomation which is anticipated, This expectation poses
particularly serious problems to the craw station designer, since the pilot is

already operating at or very close to his performance limits.

The operational environment nsad not include an overt threat by the enemy
in order to create a pilot overload condition, As reportad in Asrospace Safety,
August 1979, "Approximately half of tha aircraft that collide with the ground
do so on low leval navigation/tactics missions which do not involve bombing,
cavgo dropping, or aerial combat but simply navigation £rom point to point with
minimum exposure",

The practice of supplying the pilot with dedicated, single~function, con=
trols and displays started in the aarly days of aviation and, in some cases,
has peraisted to this day. As sach new capability was added to the systenm,
the new capability was uasually uccompanied by its own unique display and vontrol
provisions, This practice served to iucreasss the complexity and clutter of the
cockpit and, correspondingly, the workloads. Concurrently, vehicle performance
capabilities were increased, further compounding the problem of the crew. For
example, an increase in vehicle speed decreases the time apan within which the
pilot must act, theraby adding internal stress to an alresady critical situatien,

Given a high threat environment, the pilot tasks associated with the
operation of a modern aircraft weapon system bacome sven more numerous and
complex and, almost without exception, the associated crew workloads become
unacceptably high.

The related need for improvement changes in the man-machine interface
has become generally recognited and, in recent years, significant efforts
toward that end have basn launched by the ontire asrospace community. For
instance, Air Force programs currently under way include an Integrated Flight/
Trajectory Control prnject which sesks to implement a four dimensional

{i{.¢., %, ¥, 2, and time) navigation system for on~board flight trajectory




control. Other related Air Force programs, also underway, include Integrated
Flight/Fire Control and Integrated Flight/Weapcns Contrel.

Northrop's present effort is based on the assumption that the man-
wachine interface can be improved to facilitate pilot decision-making and
control in the cockpit. The Maneuvering Flight ¥ath Display (MFPD) develop-
‘ ment -~ctivity 41s an important part of that effort and addresses directly ;

the more important of the two major pilot concerns previously mentioned -
trajectory control. :

I BASIS OF THE CONCEPT
Lo Combat aircraft capability has been expressed traitionally in terms of

ﬁ ; such air vehicle performance characteristics as speed, altitude, maneuver.

' ability, range and payload. In the continual race to produce tantically
superior aircraft, {t {s of course «ssential to concentrate on increasing

h air vehicle performance. As observed above, there ‘s one technologically

- tieglected area -~ the man-machine interface = which could, 1f properly ex-
ploited, augment air vehicle performance significantly. 1In fack, & properly

designed man-machine interface is capable of independently providing a
significant tactical edge in either the ajr-to-air or the air<to-ground en-
' vironment,
Reviewing the man-machine interface of a typical single-seat combat
aireraft with a view toward providing a tectical adge, several observations

may be made. ¥Firat, the pilot's primary interface with the world outside
his cockpit in all tactical phases of flight is visual, und the chief visual
; display device involved is the head-up display (HUD). Second, tvhe pilot
' must eBcan continuously the world outside the cockpit and, except for limited

ﬂ periods, cunnot concentrate exclusively on the HUD presentations, Third,

in any engagement, two first-order considerations are pavamdunt - positlon

and energy ~ and, together, they determine uniquely the vehicle's trajectory

requirements, both in terms of what to do and how to do it. Fourth, the |
beet means of ensuring success in any engagement is to be cepable of cperating
within the adversary's reaction time lag - in other words, to be able to

react more quickly than the enemy. Translating these observations into a
fingle. specific, man-machine interfuce requirement, it is clear that an \

eapy-to-understand HUD trajectory control presentatlion which muy be flown

effectively with peripheral vision is required.




.

Looking first at the matter of trajectory control, Figure 4 shows the
complex array of parametric flight data which is typically presented to
the pilot on a head-up display. F- . this collection of symbols and numbers,
the pilot must determine his dynamir flight status and then relate that
status to the desired flight trajectory. But the parametere being duspluayed
are not independent. A slight change in aircraft pitch will affect not only
tng pitch ladder but the altitude, the vertical velocity, the angle of
attack, and the airspeed as well. Simultaneously, the pilot must maintain
a high state of vigilance outside the cockpit. In this situation, the audition
of any complications such a8 a system malfunction can result in unacceptable,
and possibly fatal, deviations from the desired trajectory.

The problem then is to provide & better means of presenting trajectory
information to the pilot, For example, the presentation must be capable of
talling the pilot what to dn and how to do it and also be capable of providing
sufficient anticipation to ensure that it is done at the proper time. The
MFPD satisfies this requirement, Recalling the specific elements of the over-
all requirement, the corresponding capabilities of the MFPD may be stated as
follows:

o The MFPD provides a visual presentation which is perceptually

compatible with the real world (that 1s, it 1s earth-referenced)
and electronically compatible with the HUD,

o The MFPD presentation is a graphical analogue of a real world
entity (a highway) for which human response is well known and
with which peripheral vision in particular is used succesafully,

o The MFPD portrays the vehicle's command trajectory in terms of
its attitude, altitude, direction and speed; therefore, the
prevailing position and energy requirements are satisfied
implicitly along with the 'What"and"how'of the maneuvers involved.
However, the pilot is free to accept, postpone, or reject the
solution being presented as his judgment dictates.

THE MFPD CONCEPT

The MFPD is an electronically generated, flight director presentation
which provides the pilot with a dynamic, graphical representation of the
trajectory to be flown. Thus, the MFPD obviates the traditional need for
the pilot to visualize his flight trajectory, correlate a number of indi-
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vidual flight parameters to his mental image of the trajectory, and execute
the trajectory by controlling his vehicle to the desired value of each of

the individual flight parameters. Indeed, the MFPD eliminates the entire
visualization and correlation process, and simplifies the execution process
by computing and perspectively transforming the pilot's flight plan and then
displaying the flight plan to him as if it were a visible "highway in the
sky", The pilot responds to the display presentation in much the same manner
as, when driving his car, he responds to the highway scene as viewed through
the windshield.

Only two unique display elemente are used in the MFPD presentation to
provide the pilot with all of the guidance and control information needed for
trajectory control of the vehicle: the flight path elements which define the
alreraft's attitude, mltitude and direction; and the velocity index through
which the vehicle speed is controlled. A horizon line is always provided
with the MFPD to preserve the pilot's real world orientation, but that feature
is not regarded as part of the MFPD,

The flight path elements are analogous to "tarstrips" on a highway and
in their aggregation from a discernible, perspectively correct continuum
which is perceived by the pilot as the delineation of hie flight path. When
the aireraft is "on path', the flight path appears to extend out in front of
the aircraft like a highway and thé flight path elements appear to move under
the vehicle at a speed equal to the vehicle's ground speed. The flight path
elements properly depict, out in front of the vehicle, the aircraft pitch and
bank commands required to achieve the altitude and course changea necessary
to conform to the flight plan. Hence the pilot is provided with the antici-
patory information he needs to "stay ahead" of his aircraft. Since the MFPD
is earth~stabilized, these pitch and bank commands remain fixed geographically
while the ailrcraft approaches them. In other words, the aircraft closes with
a turn in the MFPD axactly as an automobile closes with a turn in the highway.

The velocity index appears to the pilot as a miniature airplane which is
flying just to the leaft of, and about 20 feat above, the flight path. The
pilot controls his vehicle's speed by flying a loose, non-taxing formation
on the right wing of the miniature airplane (i.e., when the aircraft is
“on speed", it appears to the pilot that he 1is holding position on and is
about 700 feet behind the miniature plane). Thus, when the miniature airplane
moves away from him, it denotes that he is too slow; and, when the little
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plane moves toward him, it indicates that he is too fast. The velocity index
also serves to enhance both attitude and altitude control. The miniature air-
plane flies in a plane parallel to that of the £light path. Thus, if the
pilot is flying at a proper speed (and, therefore, 700 fest behind the little
plane), he can obtain valuable, additional, anticipatory attitude cues by

obeerving the mansuvers of the uninilature craft as well as the £1light path,
Further, 1f the pilct takes an altitude about midway between that of the
miniature airplane and that of the flight path (say, stepped down 10 feet

references and will be "on altitude" and able to maintain that altitude with
precision and ralative sase.

The pictorial nature of the MFPD and the inheront redundancy of visual
cues it affords (such as attitude and altitude information from tha velocity
‘ index) enable the pilot to fly the display with his peripheral vision. This
Ff‘ by-product provides another cignificant benefit to the tactical ajrcrafe
' pilot ~ the ability to stay "head-up" throughout most of the mission, Thus

:g below the little airplene), he then enjoys both upper and lower altitude
¥
!

the pilot, when he fiies his mission, can look around with the same safety
and confidence an the car driver proceading down a highway, Figure 5 shows
the MFPD as it appears when commanding a straight climb,

The MFPD computer program provides real-~time presentations in both
horizontal situation display (HSD) and vaertical situstion display (VSD)
formats simultaneously (see Figures 6 and 7). The entire flight plan may be pro-
grammed or reprogrammed in flight, The flight plan, or an approprdiately scaled
segment of the flight plan, appears on the HSD as a plan view of the command
course, Thip command course would normally overlay a wap of tha geographic
arsa involved. As the flight proceeds, the flight path in the VSD presentation
is generated avtomatically to display the eight thousand feat of command tra-

jectory immediately in front of the aircraft.

To snsure that vital velocity (V) and normal acceleration (N) informa~
tion is always displayed and that, during deviations from the f1light plan,
the most effective means of returning to the original flight path is pre-
sented, a featurs known as the transition path is provided in the MFPD, 1In

tEe present mechanization, a transition flight path is generated as scon as !
(petually, with soms small intervening delay) the last flight path element

has disappeared from the VED and the aircraft is approximately in level

flight. Figures 8 and 9 depict the process of "losing" the flight path. B
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FIGURE 5, THE MANEUVERING FLIGHT
PATH DISPLAY DEPICTING A
STRAIGHT CLIMH
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Figure 10 shows the VSD and HSD apsects of the transition path immediately
after its generation. The VSD presentation shows only the transition path,
The HSD presentation shows the original programmed path as well as a second
offahoot segment which is the transition path.

Figure 11 shows the two aspects of a second transition path,. As the
pilot continues to loose each path from the VSD, the program generates a nev
transition path to guide him back to the original f£light path., When the pilot
turne away from the progrummed direction of flight by more than 180 degrees,
the direction of the transition flight path will be reversed automatically
to depict the "shorter return path”, Throughout this process, only the
activa tranrition path ia ailplnynd in the V8D pressntation. In the HSD
presentation, only one tranaition path appears at any one time but the
original flight path is always displayed. 1In this way, pilot orientation
in the real world is maintained.

The present implementation of the transition path with the built-in time
delays was chosen purely in the interest of demonstrating the concept. 1In an
operational mechanisation, a transition path would be generated as soon as the
aircraft violates some predetarmined "window of maximum accaptable deviation"
about the flight path baing flown. Such a window would not be dimplayed, but
the corresponding limits would be included in the MFPD computer program. In
effact, the window would be located about the £light path to denste those
deviation limits beyond which the VN information being portraysd by the MFPD
presentation no longsr would be valid.

The presant version of tha MFPD computer prougram is the avolutionary
descendant of the computer program which was first unveiled in the feasibility
demonstration affort, As such, tha program incorporates all of ths improve-
ments luplewcnted in that and subsequent contract sfforts. In brief, this
latest version of the basic MFPD computar program may be described as in-
cluding the following features:

a. inflight programmable and reprogrammable,

b. sutomatically generated as the flight plan is flown,

c. capable of accepting present position inputs in either x, y

coordinates or latitude and longitude,

d. partially textursd surface (first thres flight path elements),

s. niniature airplane velocity index which flies in a plane

parallsl to the flight path plane,
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FIGURE 10, FIRST TRANSITION PATH

FIGURE 11. SECOND TRANSITION PATH
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f. upper altitude limit depicted by the velocity index,

g. simultaneous VSD and HSD praesentations,

h. transition path back to flight plan trajsctory automatically
generated when flight path is lost from display field of view,
and

i. poesition fixing capability.

u THE PILOT INTERFACE

}?5 The MFPD may be programmed for any flight plan. Once programmed, it
will generate automatically the command flight path presentation appropriate
for the particular flight plan segment than being flown. Alterations of the
programmed plan will of course result immediately in corresponding changes in
: the MFPD. Such altarations can bs input to the computer program in exactly
ﬂg— the same nanner as the flight plan was programmed initially.

;g

L Mode sslect switchlies covering every phase of flight will be required to
assura that the presentation of the MFFD baing displayed at any time is
appropriate for the phase of flight being flown at that tims. Thus, for ex-
ample, pilot selaction of TAKEOFF would produce a takeoff MFPD, and so on.

In the cruise mode, for those aircraft having an energy managemant capability,
tha MFPD would command an altitude and a speed that will yield maximum range
unless one or both of those parametars have been fixed by the prevailing
mission requirements., BSimilarly, selection by the pilot of HOLD (or LOITER)
would result in commanding maximum endurance conditions on the MFPD, and
selaction of a combat mode would cause the MFPD to be configured for minimum
time, ensrgy consarvative flight.

It is believed that the general operability of the cockpit can be im-
provaed aven more, and the effectivenass of the MFPD snhanced simultaneoualy,
by the judicious integration of all related control and switching functions,
For example, any pillot settings of flight-path-affecting cockpit controls such
as the HSI, TACAN, VOR, ILB, ADF, and INS should rarult in appropriate changes
in the MFPD, It may also be advantageous to effect radic frequency changes
sutomatically as the flight modes are selected, or vice versa., In short,
iﬁa MFPD may well prove to ba the long-awaited catalyst for much needed

idprovements in cockpit switchology as well as symbology.




CONTEMPLATED IMPROVEMENTS AND EXTENSIONS

As is the case with any concept undergoing develeopment, arsas of the
MFPD implementation in need of further improvement have boen identified.
The more prominant of those areas are the basic flight path generation
algorithms and the behavior of the velocity index,

The basic flight path generation algorithms require further develop-
ment to increase their efficiency, These algorithms transform the flight
plan inputs of present position, way point locations, destination coordi-
nates, and anroute altitudes and spaeds into the sarth-referenced command
q trajectory which is subsaquently used by the tarstrip generation algorithms
| as the basis for producing the MFPD presentation. The development of tha
flight path ganeration algorithms has continued undar the Northrop IR&D
program and is resulting in the desired refinements to the MFPD computar
program,

The presant implementation of the miniature airplane velocity index
is atill in & preliminary state of development and is earmarked for further
study in the very near future to assure its complate parceptusl compatibility
with the flight path pressntation. In particular, the movement cof the
valocity index will be programmed to be more consistent with the prevailing
mods of flight, less distracting in its motion, and mors discernible in
conveying information to the pilot. First, the valocity index in the
TAKEOFF flight mode should start from rast and lead the pilot through the
takeoff and initial climb, The velocity index should be gimilarly appro-
priate for every other mode of flight. Second, the motion of the velocity
index and the method used to recycle it should bte smoothed, clipped and
otherwise altered to provide a more natural and perceptually accaptable
portrayal of speed differentials. In other words, the little airplana should
not fly back to a given point along the flight path and start ita motion over
sgain, Finally, the location of the velocity index should bs varied to
assure that it is always clearly visible to the pilot. For instance, the
present velocity index is clearly visible in a right turn but masked in a
left turn as shown in Figures 12 and 13, To avoid such masking, the little
lféplunc should always be on the high side of the turn. One possible means
of -mechanizing this scheme is to allow ths little airplane to fly on sither
side of the flight path during wings-laevel flight, and to exscute a cross-

over if required just prior to the turn. After the turn, the little airplane




FIGURE 12. VELOCITY INDEX (VI) APPEARANCE IN A RIGHT TURN

FIGURE 13. V1 MASKED IN A LEFT TUKN
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would remain on that side of the flight path until required again to execute
a crossover in preparatiova for a turn in the opposite direction.

The MFPD 4s truly a total system integration vehicle in that, sventually,
it will embody in its formulation almost every aspect of the mission. The
inclusion of flight trajectory related MFPD constraints dictated by con~
siderstions of vehicle performance, optimal control, navigation, the tactical
pituation, eunergy maneuverability, survivability, fire control and weapon
delivery, and emergencies can be foreseen readily. But what about informa-
tion that is usually urgent but not trajectory relatad, such as engine fire,
landing gear status, unsafe stores? 1It is believed that much, 1if not all,
of this status information can be incorporated in the basic MFPD presentation,
For example, the miniature airplane velocity index can be used to depict engine
status (including firve), landing gear status, unsafe stores, and probably
all first notice vehicle status data. Since the velocity index is & prominent
slement in the pilot's scan, it affords an excellent means of providing
additional snformation, By adding specific pictorisl cues (like, for example,
the landing gear) and augmenting those cues with color and intensity and flash
coding, it should ba possible to elicit the proper pilot response quickly and
conaiptantly,

Theae possible extensions of the MFPD are mentioned mors in the interest
of expressing the vast potantial of the display concept than in advocating
their early implemsntation. In fact, therea may be many other features that,
from the standpoint of priority, should be added to the MFPD bafors those
nentioned. Naverthelass, the Northrop approach has besn planned to ultimately
extract from the MFPD tha full measurs of its information presentation
sffectiveneas,

Any contamplation of sxtansions to the MFPD should recognize that the
display provides diractor information primarily and should be augmented with
appropriate oriantation information. The principal elemant of this orienta-~
tion information is the ground plane, or contact analogua. The laboratory
implamsntation of tha MFPD at Northrop includes a simple ground plane con-
sisting of two orthogonal line sets. The subjective anhancement of the MFPD
afforded by the ground plane is significant. The Northrop approach also
includes plans to, firat, augment the MFPD with a simple, flat, ground plane
and, eventually, implement a full capability VSD presentation including a
ground plane with topographical information.
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One of the critical tasks a tactical aircraft pilot must perform is
energy managemant, Specifically, the pilot is required to fly his aircraft
to tie point of engagement in such 8 way that he enters the engagement with
as much fuel aboard as possible. Then, in the course of the engagement, he must
maneuver the aireraft in the mowt energy-efficient manner conpistent with a
successful engagement, wonitor his fuel consumption, and break off the
engagement with sufficient fuel remaining to return to base. Finally, he
must attempt to reach his base {n the most fuel-efficient manner.

In order to satilsfy thaose requirements, the pilot must be able to achieve
a "maximum range" condition of speed and altitude when flying enroute to and
from the engagement, a "maximum endurance' condition during any intervening
loiter or holding parioda, and a "minimum time/energy conservative' condition
during the engagament.

The Maneuvering Flight Path Display (MFED) is inhevently capable of provid-
ing energy information in that it provides for complete vehicle trajectory control,
including the vehicla's potential and kinetic snergies. Therefors, the MFPD
would serve as the primary energy manmgement display. Specifically, the "command"
and "actual" altitudes (potential energy) and speads (kinetic energy) are implicit
in the MFPD presentation. Once the energy management computations are performed
and the uppropriate (ea.g., fot "maximum range" or "maximum endurunce') "command"
altitude and speed are establishad, thowe "command" values will be reflected in
the MFPD presentation., Proper response to the MFPD will thus assure the desired
snergy wansgement.

CONCLUDING REMARKS

The succesa of the MFPD development to date and the consequent waturation
of the concept has stimulated a widespread interest in advancing the program to
flight demonstration as quickly as possible. 1In light of this aituation, a
few observations appear to be in order.

The complete developmant of the MFPD will requira that the laboratory
developnent wctivity be continued, that both simulator and flight demonptra-
tions be carried out progressively to sustain the development, and that
operational applications of the concept be made available whan they become
feanible - ¢ven as the development proceeda. The complete development of the

MFLD, becsuse of budgetary limitations, may axtend over a protracted period of
time. Yet even the relatively simple present varsion of the MFPD, if it were
available to the opsrating commands, could increase substantially the opera~-




tional safety and effectiveness of the users involved. Therefore, the MFPD
should be made available operationally as svon as possible after its flight
validation, and more capable versions should be released progressively

thereafter.

Simulator demonstrations of the MFPD are particularly desirable because
the concept is novel with no operational precedents and it, conceivably, 3
coyld induce mome adverse coupling effects in the pilot control loop. When
atstract symbology is used in an aircraft display presentation, it is customary

to harmonize the display with the aircraft involved so that the presentation

can be flown with relative ease, This harmonization is effected by adjusting
the response of the diasplay symbols to movements of the aircraft so as to
achieve symbol motions that are perceptually compatible with the handling
qualities of the aircraft,

In a display presentation such as the MFPD, which features and relies on

one-to-one correlation with the real world, this procedure for achieving
control-display compatibility cannot be used. Any such adjustment of the MFPD
display presentation would destroy che required real world relationship. There-~ 1
fore, any compensation added to the system for purposes of harmonization must be
incorporated in the control augmentation system of the aircraft. 1In other
words, if the pilot camnot fly his aircraft on the MFPD without experiencing
pilot induced oscillations (or even undue difficulty for that matter), the
handling qualities of the aircraft must be adjusted, not the display. 1t is
clear from this requirement of the MFPD that man-in-loop simulations, in
which the aircraft dynamics involved are represented in a relatively accurate
manner, should precede all but the moat elementary implementations of the MFPD
in an aircraft,

Reflecting for a moment on the future development requirements of the
MFPD, 1t becomes clear that the MFPD development must be complemented in the
near future with similar work on compatible display concepts. Otherwise, the
full operational effectiveness of the MFPD itself may never be realized. For
example, the MFPD provides guidance and control "director" information only,

This information is presented in a "solution" format to facilitate pilot
response and is not intended to replace pilot judgment. 1In fact, the effective g
application of the MFPD will rely on the active participation of that judgment.
Thue, the director information of the MFPD must be supported with all avail-
able "situation" or "orientation" information which is also in u compatible
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Yeolution" presentation format., This supporting information will ensble the
pilot to maintain his orientation in the real world, to be apprised continuously
of the pravailing tactical situation, and to be aware at all times of the state
and condition of his weapon system, Enriched with such information, the pilot
can then critically monitor the situation, actively update his flight plan,
and intelligently execute the required actions. Specifically, in the case
of the MFPD, he can knowledgeably accept, postpone, or reject the solution
information teing offered.

This need for a "systeo'approach to cockpit design can be appreclated
if one does not regard the crew station as a separate subaystem but rather
takeas the approach that the cockpit is simply the most visible part of the
total system., In other words, the total system ¢an be likened to an iceberg
and the crew station to the visible tip of that iceberg. Accordingly, the
cockpit is perhaps the most sensitive index of the sophistication and in-
tegrity of the syatem involved. Weapon mystems of the future will require crew
stations which are significantly more advanced than those flying today., 1If the
MFPD i3 indeed a step in the right direction, it must be remembered that it is
only one of many steps which will be necessary in the very near future.
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. ABSTRACT

“~~{Head-Up Displays(HUDs) using diffraction optios(often called .
"holographic HUDs") have been in development for nearly a dscade, ]
sesking to explolit the potential of diffraction optics for impreved |
fleld of view, brightness, and ses=through efficiency., But no
operatlional HUD has ever been bullt using diffractlon optics, partly
because of limitations in head motion box, overlapping binccular field
of view, and producibility; partly because past mission requiremente could
be met with simpler, cheaper, and proven conventional optivs., The Low
Altitude Navigation and Targeting Infrared for Night(LANTIRN) progran,
however, requires a field of view too large to be achisvable using
oconventlional optlos, necessitating the use of diffractlion optios in
production quantities for the first time. The LANTIRN HUD will use new
approaches in optical design and fabrioation techniques to meet the
: LANTIRN requirements and overcome the previous limitations of diffraction
[ : opties. This paper describes these advances in thu application of
{'7 diffrection optics to HUD technology.
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DIFFRAQTION OPTIOS IN HUDS AN

The term "Diffraction Optlos' as used here refers to any optiocal
slement that uses the principle of diffrection in ite workings., Such an
element will have a fringe pattern that takes an incomlng wavefront and
recreates & rew wavefront heading in a dlfferent direction. This
recreated wavefront may be elther an exaoct reproduction of the original
(in which case the element is acting as & plune reflector) or & modified
version eltered by optical power, Diffractive optical elements are
somewhat similar to holograms(often even called holograms) both in their
operdtion and manufacturing methods, but diffractive optloal elements store
optical properties where holograms store image informatlon.

Designers of HUDs have been looking to diffractlon optics for
improvements in major performance characteristlics wlth good reason, For
diffraction optics have a very large potential for such Improvements as
the result of two nropertles(Figure 1)t (1) an angle of incidence g
selectivity) (2) a wavelength selectivity. The angle of incidence
selectivity dictates that only those rays arriving from a narrow renge of
dirsctions will be reflected, while those arriving from all other
directions will be trensmltted, both with very high efflolencoy, Similarly,
only those incident rays that fall wlthin a narrow band of wavelengths will
be reflected, while those of all other wavelengths will be transmitted. 4
These two effects are interrelated, so that from a dlfferent directicn a
different wavelength would be reflected. There are iwo other properties
of diffraction optics that are significant to HUD designi (1) the ability
to carry optical power; (2) the presence of aberrations which become
increasingly larger as the angle of reflectlon is inocreased(especially

1
t
:
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when optical powsr is present).

In & conventional HUD design(Figure 2), which uses a plate glass with
partial silvering on one surface as the combiner mechanism integrating the
display with the outside world scens, there is a fundamentel tradeoff ;
between the effliclencles of transmission of the display versus the outside i
world scene which extends over the entlre visible spectrum. Typleally, ‘
about 70% of outside world light and 20% of display ligi® incldent on the
combiner reaches the pllot's eyes. A look at the properties of diffraction
optles reveals a great opportunity for improvement here. For the cathode
ray tubes(CRTs) used to generate HUD displays use only a small portion of
the spectrum, providing a use for the wavelengtih selectivity property. A
. diffractive element designed to reflect a wavelength band matching that
. of the CRT phosphor oan be used as Lhe combiner, replacing the silvered
} surface, Now the dlsplay versus outslide world scene tradeoff has been
! reduced from the entire visible spactrum to the spectral bandwidih of the
5 ORT phosphor, This is especlally effective if & nearly monochromatic
- phosphor 1like P43 is used. In such a case, taking nearly all of the ‘
: light in that band out of the outside world scene has a negligible effect 4
(a slight coloration changs), 8o that the tredeoff ocan be resolved heavily
in favor of the display efficlency. The net result is that both efflclencles
E are inoreased simultaneoualy by the use of & diffrective element,

Conventional HUDs also have field of view limitations which exist .
because cockpit space limitatlions impose upper limite on the size of g
each optical element. In coockpits such as the A-10 and the F-16, the ,
element imposing the most severe limitatlon on the instantaneous flsld 1
of view 1s the collimating lens, whioch i1s there to cause the dlsplay 4o
appear to be fooused at infinity rather than on the combiner glass. To
got rid of this limitation, this lens must be removed from the system,
but this can be done only if the collimmtion function 18 relocated to the
combiner., This means & combiner with optlcal power ls needed, A
diffractive element for a ocomblner can provide this, both by the ability
to carry intrinsic optiocal power and the facilitating of the use of
curved reflecting elements, where the ourvature provides optlical power.

In this yay, the past limitationg on instantaneous fleld of view of
about 20  ocan be increased to 30 ox more within the same space limltations,

Experimental HUDs and separate combiners have been bullti during the
19708 which substantlate that such improvements in major HUD performance
parametors can be achieved using diffraction optios. The most active
organizations have been the Hughes Alrcraft Company, the Envirommental
Research Institute of Miohigan%ERIM). and Marconi Avionics Limited,
Hughea built the only HUD uasing diffractlon optics to be flight tested to
date. All of these have been in a configuratlon similar to that of Figure
3, which differs from the. conventlonal HUD only in the removal of the
collimating lens and the introduction of the diffractive element lnto the
combiner, which has taken on curvature, Desplte these successes, no
production HUD has ever used diffraction opties. Why not?

For ore thing, conventional optlcs have been able to meet all of the
firm requirements imposed on HUDs despite the limltatlons previously noted.
The larger field of view was certalnly desired by pllots, but a firm
mission requirement for it was never demonstirated, The brightness of the
display was always sufficient for mission requirements, even 1f 1t was
achieved by driving ORTs so hard as to account in large measure for the
notoriously poor reliability of HUDs., Cutside world scene visibllity was
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always good enough to get by with, So there was no good reason to take on
the higher cost and risk of diffraction opties. Alwso, certain limitations
asgoclated with diffraction optics in HUDs were discovered,

The angular selectivity property of diffraction optics results in a
limitaticn on the range of positions from which the digplay is visible,
The total volume of positlons from which the diaplay is visible is called
the head motlon box, It can hecome significantly smaller than that for a
conventional HUD unless a sufficlently large range of angles 1ls reflected
by the diffractlve element. Thls range, & sort of angular bandwidth, ocan
be controlled by the design process,

i Also from angular selectlvlity oomes a limitatlon on the overlapping
binocular instantaneous field.of view(OBIFQV), that pertion of the
instantancous fleld of view(IFOV) that is visible by both eyes at once,
In the Precision Attack Enhancement(PAE) program, the small CBIFOV wae
found to be enough of a problem to requlre correctlve actlon, Again,
pufficlent angular bandwidth is needed. A OBIFOV requirement was
inocluded in the speclfications for the LANTIRN HUD as a result of the
PAE problem,

The abarrations asscolated with diffraction optics have turned out
to be large enough to reaulre correotive action If accuracy and display
! quality requirements are to be met, The large angle of reflectlon at the
: diffraotive element ls the prinoipal reason for this, The usual approach .
‘ is compensation by additional olements in the relay lens, These have teen
affective, but they have added greatly to the complexlty of the relay
lens, often demanding elements that are aspherio, anamorphlc, tilted,
or off=-center, More recent efforts have involved compensation of the
diffractive element itself by aberrating the wavefronts of the beams
of the exposure process durlng manufacturing., The Alr Force Avionlcs
Laboratory is sponsoring a program at ERIM in which holograms are used
for such aberratlon,

The manufacturing process in general 1s oonsiderably more complicated
for dlffraction optics, and stlll undergoing reflnement, The deslign
requires the use of speclalized ray-tracing computer programs. Fabrication
requires preparation of a photomensitive dichromated gelatin, coating it
onto a glass substrate, exposure wlth overlapping coherent light bteanms,
photochemical processing, baking, and finally sealing lnto a glass
: sandwich, Facilities requirements include stabllized optical benches,
] clean rooms, and lasers, Cost iz much higher and yleld rates lower
than for conventlienal optice. B8pecific performance problems have bheen ,
, traced to the manufacturing process, most notably secondary images caused |
X by stray holograms in the diffractive element, A Manufacturing Technology '
program oonducted by Hughes for the Alr Force Materials laboratory has
resulted in advances in the manufacturing proceas,

‘ So both lack of requirements and technology problems hive hindered !
s the use of diffractlon optics in operational HUDs, By 1980, solutions

. to the technology problems had progressed to the point that the technlcal

§ risk was reduced to acceptable levels, All that remalned was & requirement i
: that conventional optlcas could rot meet, The LANTIRN program provided such
E 8 requirement., :
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LANTIRN REQUIREMENTS

LANTIRN is a navigation and fire control system designed primarily
to enhance weapon delivery in battlefleld lnterdiotion and close ajr
support misslons, It is subdivided into two parts: (1) a Fire Control
System(FCS), contained in two pods, including two Forward Looking
Infrared(FLIR) sensors, terrain following/avoldance capability,
automatle ‘arget recognition and trecking, and laser designation and
ranging; (2) an improved HUD. The LANTIRN system will be installed
on F-16 and A-10 aircraft, some of which will get only the HUD.

The LANTIRN misslon requires from the HUD all of the capabilities of
the HUDs ourrently used on these airoraft plus two additional ones:
(1) display of FLIR imagery simultaneously wlth the present symbology
displays (2) fleld of view of at least 25 in the horizontal direction,
The fleld of view requirement is the hard driver, as it 1s well in exocess
of the 20° limitation previously noted for conventional optics given A-10
and F~16 cockpit constreints, The need for diffraction optics has arrived.

An RFP for the LANTIRN HUD waa released in February 1980, A design

using diffraction optlcos was expected based on the field of view
L requirement, but was not mandated by the specifilcations, The

speclfloations did include speolific requirements to avold past problems
with diffraction optiocs, such as head motion box and OBIFQV, The RFP I
called for a full scale development program plus production options for A
several hundred units in both F-16 and A-10 configurations(which are g
necessarily diifferent because of cockpit constraints), B

After a competitive source seleotion, the contract was awarded to
Maroconi Avionles. The winning design involved diffractlion optlos, as
oxpacted, But 1t dld not follow the conflguratlion of Filgure 3.

LANTIRN HUD DESIGN

The LANTIRN HUD optival conflguratlon as devised by Marconi Avionics
is shown in Flgure 4, The large, highly curved single pilsce combiner has
been replaced by an assembly of three comblner elements, all of which use
diffraction optics., All three have flat glass surfaces, and the two labelled
"upper™ and "rear" have flat diffractive elements as well. Only in the
"forwvard" combiner 1s the diffractive element curved, and even here the
curvature is considerably reduced from that of the single combiner deslgns,
The physical slze of each is significantly smaller than single-plece
combiners in the same situatlon.

Following a display ray trace through this combiner assembly 1s an
inatructive exercise, It first is reflected from the upper combiner,
belng properly matched to its diffractive element in angle of inoldence
and wavelength., It next reaches the forward combiner where 1t is
transmitted, not reflected, The reavon is that the angle of incidence is
not matched tc the diffractive element's designed angle of incidence, It
next reaches the rear combiner, where condltions are right for a
reflection, and arrives at the forward comblner a second time. This tinme,
the angle of incldence is right for a reflection. The ray returns to the
rear combiner at a different angle of incidence and 1s transmitted to the
pllot's eye, The angle of incldence selectivity has enabled the dleplay
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ray to experlence both transmission and reflectlon at the forward and
rear combliners,

In thls design, the angles of reflectlon at the diffractiive elements
are much smaller than they are for the single combiner configuration. This
means reduced abesrrations in accordance with the baslc aberration property
of diffraction optles, The benefit of this to the HUD design is the
slimination of the need for hlghly complex elements in the relay lens.

Only simple lens elements are needed for the LANTIRN HUD relay lens,
despite stringent accuracy and display quality specifications,

The collimation funotlon is contalned entirely in the forward combiner.
In the configuration of this combiner there are availlable three sources of
optioal power:t (1) the curvature of the diffractive element) 223 the
optical power that can be bullt Anto the diffractive element; (3) the
lens action of +the rear half of the combiner, The lens action, which
ocours only during the reflection passage of the display rays(and not
at all for outside world rays), is a unique feature of this demign, and
is practical only because of the small degree of ourvature of the
diffractive element. Higher ocurvature would necessitate an excessive amount
of glass for such a construction, The lens effect together with the
curvature of the diffractive element provides all the power needed for the
collimation, so that the diffractive element liself ham no optical power,
a featureo that also tends to reduce aberrations,

A significant result of all this is that the sgetem has three elemenis
that are much easler to produce than the single element of previous
designs, The total flatness of two elements, the slight curvature of the
third(and even for that one its external surfaces are flat), and the
absence of optloal power in the diffractive elements provide producibllity
benefits in many stages of manufacturing(e.g. glass grinding, eslement
@xposure).

The price paild for thess gains is surprisingly small., Aside from the
need to manufacture and assemble the three pleces(instead of one), the
only penalties are losses in the display and outside world transmlssion
officlencles caused by the additlonal opticul interactlons.

PRODUCTION METHODS

Marconi has introduced several improvements intc the manufacturing
process, not all of which can be discussed here., One of the most notable
1B in the exposure of the diffraction elements. It ls required +o have
overlapping coherent beams in the element as deplcted conceptually 1in
Figure %2, This arrangemeni \s not a practical one, and early procedures
used an arrangement similar Lo Flgure 5b to achleve the same result,
This arrangement has deficiencles, including severe stabllization
requirements, so that Marconi has switched to the back reflection method
deplcted in Figure 56, where the overlapping beam ls generated
immediately adjacent to the vlement. The need to malntaln the two
separste beams stabllized with respect to each other over a large area
has vanished, This eliminates some optical elements in addition,
roducing the risk of exposure t'laws.
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Additlonal improvements inveolve the exposure, geletln coating, and
senling processes, Benefits from these improvements will include better
porformance, lower cost, increased yleld rates, and greater service life,

PERFORMANCE

Thia analysis deals with predlcted performance, as the first LANTIRN
HUDg are still belng manufactured.

In the important area of fleld of view(FOV), the expected resulis
are as followsi

F-%é Version A-10 Versio
307H, 20

Total FOV 0K, 20,25
TFOV 302}{. 18% 303&. 19y
OBIFOV 20%, 18% 201, 19%

They meet all of the specifilcation requiremsnts for field of view and
excesd some of them. The existing HUDs on the A~10 and F-16 mircrmft do
not oome olose to matching them.

The outside world scene transmission efficlency will be about 78%,
The contrest retlo of the symbology agalnst a 10,000 foot~lambert
background will be 1.3811, significantly exceeding the specification
requirement of 1.211. These are also improvements over the performance
of eximsting HUDs. Their achlevement demonstrates that the small losses
in efficlency compared to the single-plece combiner design will be 7o
hindrance to mlssion performance,

The HUD will also meet a detalled set of positional accuracy
requirements ranging from 1 to 7 milliradians as well as tight
specificatlons on positlonal and dimensional stability, display quality,
and symbol-to-raster regilstration., This is a relatively sasler achlevement
for the LANTIRN HUD because of the reduced aberrations in the threu-
plece comblner design.

Deslign problems do exlst, but solutlons are well within reach for
all of them. Oonsiderable attentlion has been given to solar aund
environmental effeots, both well known problem areas for HUDs with
diffraction optics, Solar effects can cause elther beockground washout
or bright spots in the fleld of view in the manners shown in Figure 6,
Deslgn refinements have reduced thelr level io the point that ihey are
not expected to pose a slgnificant threat to mission performance or
safety, BEfforts at further improvements are continulng.

Diffractive elements can be vulnerable to moisture, heat, and
ultraviolet radlatlon, The effeots are changes in optlcal
characteristices, Marconi is introducing several refinemenis into the
manufacturing process to minimize thess effects., Testlng on current
samples shows only negligible effects from the environments encountered

P .




T T

T e

TR T AT

PRS- 7y

by the combiners. This will of ocourse be further verified in qualifiocation
testing.

The use of the Gockpit Television Sensor(CTVS) with the LANTIRN HUD
poses an lnteresting problem. The OTVS normally monitors the scene
looking through the HUD, symbology and all, The video output is tape
recorded for ground playback, This procedure will not work with the
LANTIRN HUD; for If the QIVS canere is placed outside the head motion
box, it will fall to see the symbology; while if it is placed inside the
head motion box, 1t will interfere with the pilot. This forces the use
of a composite video, The OTVS oamera ims place to view only the outside
world scene, The symbology is then slectronically inserted into the video
by the HUD electronlom. The tricky part im to get the symbology
acourately regiatered with the video, An alignment procedure ie being
devised to do this,

STATUS

The design is nearly complete for both F-16 and A-10 versions of the
LANTIRN HUD, and manufacturing of the developmental units for the F-16
is underway. The delivery of the first unit is expsoted in eaxrly 1982,
Qualification and flight testing will be conducted in 1982 and 1983,
Deliveries of production units could begin in early 1984, depending :n
the progress of the test program., As many as 608 F-16 and 255 A-10
HUDs ocould be delivered if all production options are exercised,
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1. INTRODUCTTION

The AFTI/F-16 program is divided into two major phases:
Digital Flight Control System (DFCS) and Automatic Maneuvering
Attack System (AMAS). The first phase culminates with the
flight test of Digital Flight Control Syatzk (DTCS) technology
and the second phase culminates with the flight test of Inte-
grated Flight and Fire Control (IFFC) technology. Pilot=-vehicle
interface advancements will be in conjunction with the major

-program technologies.

‘In the development of an effective pilot-vehicle interface
(PVI), a variety of configurations must be evaluated in an oper-~
ational context. General Dynamics is performing thils iterative
process with the aid of the Research and Engineering Simulator,
Initial in-houge evaluations were conducted to establish an
acceptable configuration for the cockpit and its multipurpose
display set. - The in-house evaluations resulted in two display
mechanization concepts for the multipurpose displays which were
evaluated by the AFTI/F-16 program pilots in the simulator.

. The primary objective of the multipurpose display (PD)
evaluation was to assess the effectiveness of two alternative
display mechanizations. A secondary objective of this test was
to conduct a preliminary evaluation of the individual display
formats. Data obtained during the evaluation was used to assess
pllot acceptance of the AFTI/F-16 cockplt and to develop display
formats and mechanization concepts that improve operational
utility.ytp

~
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FLIGHT TEST

D e

FLIGHT MANAGEMENT

DISPLAYS AND CONTROLLERS INSTRUMENTATION

ACTUATOR (NTERFACE
UNIT
TRIPLEX DFCS
MULTIPURPOSE T.E.F.
ERTICAL g‘ .gl'" '"'L"t""
v R s Dirset Lift
SENSOR _

CANARDS * Pitsh Pointing
« Diveet Sid Foree TRACKER

3 *Yow Pointing 3

N PROVISIONED ¥ LOCATION (T8C;

Y OURING DFCS N

3 MODIFICATIONK:

N

Figure 2-1 The AFTI/F-16 aircraft incorporates a number of {

advance features.

178



IR

The

2. WEAPON SYSTEM
CONCEPT OVERVIEW

basic air vehicle of the AFTI/F-16 demonstrator is the

Full Scale Development (FS$D) F-16 single-seat aircraft. This

alreraft

has undergone Cluss II modifications to accomplish the

changes required by the AFTI/F-16 contract, These changes pri-
marily involve electronics and controls, although significant
structural revision was necessary for installation of auxiliary
flight control surfaces, CHIN, canards, and dorsal fairing for
avionic equipment. A list nf equipment and systeme to be in-
stalled on the AFTI/F-16, Figure 2-1, aircraft is presented in
Table 2-1.

The
studies,
peculiar
tems was

2.) COCKPIT CONTROL CRITERIA

AFTI/F-16 control configuration is defined by the AFTI
a review of the F-16 control system, and the AFTI/F-16
requirements. A one-button mode selection of all sys-
a primary requirement while providing the pilot the

information and choices appropriate for the selected mode of
operationn.

The
features:

1 L

AFTI/F-16 control criteria incorporates the following

One-button (mission-phase switches) selectlon of
all systems to provide the appropriate information
and choices for the selected mode of operation.

o Normal

o Alr-to-Alr Guns

o Air-to-Air Missile

o Alr-to-Surface Guns

o Air-to-Surface

Compatibility with the F-16 single-switch operations

A means to effect control in event of failures

Capability to reconfigure text overlay and video underlay




un

10.

11.

Table 2-1 AFTI/F-16 EQULPMENT AND SYSTEMS

DIGITAL FLIGHT CONTROL
SYSTEM PHASE

DUAL MPDs

Radar

Threat Warning
sM8

FCS Control
Weapon Video

onn oM

HUD (WIDE FOV)

RADAR

RADAR WARNING SYSTEM

BASIC FLIGHT INSTRUMENTS

INERTIAL NAVIGATION UNIT

FIRE CONTROL COMPUTER

- Direct

- Dive Toss

- Continuously Computed
Impact Point

- Lead Computing Optical
Site

- Snapshoot

. Missiles

20 MM GUN

AIM -~ 9

ECM POD (as required)

VOICE COMMAND

AUTOMATED MANEUVERING
ATTACK SYSTEM

All DFCS Systems

Plus
Helmet=Mounted Sight

sensor/Tracker (FLIR)

1FFC - Air-to-Air Guns

- Air-to-Surface Guns

- Air~to-Surface Rombs




5. Control of sensors at the display
6. Declutter of display presentations
7. Capability for data-entry

8, Consistent operation in all modes.

This philosophy accommodates flight control and control of
weapons, avionics, and sensors. Implementation of this philosophy
makes use of the mission-phase switches and the MPD displays.

2,2 MULTIPURPOSE DISPLAYS

There are two Multipurpose Displays (MPD), Figure 2,2-1,
in the AFTI/F-16 cockpit. Each MPD consists of a CRT surrounded
by twenty switches; option select switches (0SS). On each CRT
any combination alphanumeric characters, moveable symbology, and
external video can be displayed. Alphanumeric characters can be
displayed in a 30-column by 20-row matrix. The alphanumeric chara-
cters conaist of two types, normal or highlighted. The moveable
symbology set consists of symbols esuch as steering bars, cursors,
a horizon line, etc, The external video options consist of radar,
FLIR, sensor/tracker, threat warning, and weapon displays,

2.2,1 Interactive MPD Cobuntrol Operation

The twenty switches on the face of the MPD allow interactive
operation. The function of each switch is determined by an alph-
numeric label displayed on the CRT adjacent to the switch. The
alphanumeric labels may vary depending on the display being pre-
sented,

There are three levels of system options selectable on the
MPD (Figure 2.2-~1). Level 1 system options appear at the bottom
of the MPD. The following system options are available:

o FCR - Radar

o SMS - Stores Management Set

o FCS - Flight Control Systems

o EOP - Electro-Optical Pod (Sensor/Tracker)
o TW =~ Threat Warning System

0 WPN - Electro-Optical Weapon (selectable when
an EO weapon is loaded)
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AFTI/F-16 COCKPIT ARRANGEMENT
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When one of these systemn options is selected, Level 2 options
are automatically displayed at the top of the MPD. The Level 2
options provide control of the system operation display modes
(Level 3 options). Level 3 options appear along sides of the MPDS,.

In addition to the Level 1 through 3 opt ons, a keyboard
display may appear on MPDs, Figure 2.2-2. The keyboard display
is used to enter data for the Level 3 options.

2.2.2 Displav Technilques

: Various techniques are used to indicate special conditions,
available options, selected options, or to provide feedback. These
4 techniques consist of the following:

o Flash ~ Whenever an option select switch (0SS is
depressed, a momentary flash appears by the sawitch
whether a label is displayed or not, This pro-
vides feedback that the switch action was sensed,

o Rotary - A rotary is a series of options assoclated
with an 085S, Successive depressions of the 0SS
will step through the series of options. When the
last option of the series is displayed, the next
0SS activation will call the first optionm.

o Menu - A menu is a list of selections that appear
when there are too many selections to make a
rotary usable., The selected option will appear
highlighted along with the other options. To
select an option, the pilot should depress the
085S adjacent to desired selection.

o X - X's appear as place holders in the appropriate
location when numeric data is selectable,

option or system currently selected. It is also
used in the keyboard display to indicate the lo-

o Hiphlight - Highlighting is used to indicate the ﬁ
cation of the datum to be entered,
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2.2.3 Display Mechanization

ated

The two alternative display mechanizations that were evalu-
are described below.

Mechanization A. An initial text and video selection for
each display results whenever a mission-phase switch 1is
selected. The Level 1 options allow independent selection
of text and video. The test 0SS (option select switech) is
a 2- or 3-position rotary and the video 0SS is a 4-position
rotary. The four video switch positions are VID (video),
FCR (fire control radar), EOP (electro-optical pod), and
TW (threat warning). The text rotary positions are FCS
(flight control system) and SMS (stores management set)
when VID overlay is selected and FCS, SMS, and SEN (sensor)
when VID is not selected. Whenever the VID (video) selection
switch is depressed, the text rotary is positioned to SEN.

The keyboard display appears when an 0SS next to

selectable data is depressed. The current data is then
displayed in a central window along with the data label.

Upon successful entry of new data, the keyboard display

is automatiecally replaced by the parent display incorporating
the new data.

Mechanization B, An initial primary and secondary Level 1
selection for each gdisplay results whenever a mission-phase
switch is selected. The initial selections may be repro-
grammed by the pilot, if desired. The Level 1 options are
selected from a menu that appears when the 0SS is depressed
for the currently displayed (highlighted) option. The

menu selection allows only paired text and video selections
(e.p., radar text with radar video). Selection of a secon-
dary Level 1 option reconfigures the display to that pre-
sentation. An alternate means to reconfigure the display
is the display option switch (DOS) on the side-stick con-
troller. Successive actuation of the DOS changes the pre-
sentation between the primary and secondary Level 1 options.

The keyboard display appears when an 0SS next to selectable
data is depressed. The current data is then displayed in

a rcentral window along with the data label. Upon successful
entry of new data and depression of the ENTER button, the
keyboard display is replaced by the parent display, incorvor-
ating the new data.




K METHODOLOGY
The procedures employed in the AFTI/F-16 multipurpose dis-
play evaluation were designed to extract the maximum amount of
relevant data concerning

1. Selection of options from a menu.

2, Selection of options from a rotary,.
3. Mixing nonrelated text and video.

4. Sequential selection between two sets of paired
text and video.

5. Speed of display reconfiguration.

6. Preselection of displays and display options by
mission phase.

7. Manual and automatic data entry from a keyboard.

8. 1Individual display formats.

3.1 PROCEDURES

The following section contains the specific procedures and
experimental design used for this evaluation. A total of six
F-16 qualified pilots served as subjects in this experiment. In
addition to their F-16 experience, the pilots had participated
in previous AFTI/F-16 simulation evaluations.

3.1.1 Training

After a preflight briefing, the pllot received hands-on
training with the display mechanization, MPD formats, and mission
specific procedures. The pilot then flew a mission profile re- .
presentative of tho one used for data collection. When the j
flying task was mastered, the display task was combined with the ,
flying task and was continued until proficiency was reached. The ‘
two flylng tasks are described below:
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0 Scenario 1 -~ Daytime VFR Fighter Sweep at Medium to
High Altitude
The pilot completed the tasks on a preflight checklist,
The pllot maintained a tactical spread formation line
abreast of lead and about 700 feet out. Flight leader |
was at 20,000 feet and 500 kts. Lead detected a long-
range target which may Le hostile. Pilot adjusted his
radar range as the target closed, turned his AIM-9L's ;
to COOL, and began to search for FLIR acquisition in
hope of positive ID., After adjusting FLIR controls, he
noticed a Master Caution list and associated FLCC
warning light, Pilot checked the flight control fault
page, acknowledged the fault, and continued with FLIR
search. The Missile Launch light illuminated .and the
pilot called up his threat warning display.

o Scenario 2 - Low-Altitude Night Attack Mission
The pilot completed the tasks on a preflight checklist,
The pilot navigated with the INS to steerpoints at 1,000
feet MSL (the simulator's visual scene will be turned off)
to simulate the night low-altitude workload. In the
approach, the pilot used his radar in the ground-map
mode with moving target indicator for target acquisition,
FLIR was used to identify radar targets and for final
attack tracking. Pilot detected a possible radar tar-
get and adjusted radar range as target closed. As the
target closed to maximum FLIR range, the pilot began
monitoring the FLIR for targets. After finding a
target the pilot switched the FLIR to B-W, He then
selected the WPN display to replace the radar display.
The AGM-65 was switched to B-W. Missile Launch light
illuminated and the pilot called up his threat warning
display.

3.1.2 Data Puns/Experimental Design

A single data run was flown for each test condition. A thirty-
second pre-event period of baseline flyinpg performance was recorded
before each '~sk instruction was given. The experimenter followed
a written script to insure that each pilot received the same in-
structions for a particular task and mission. All the experimenter's !
instructions to the pilot were given over the headset except for




those on the preflight checklist. If an error was made, the
pilot was required to repeat that task or subtask. If the pilot
was incapable of completing the task, the flight was terminated
for additional training. The flight resumed with the task that
aborted the mission.

The planned schedule for the performance of the specific
tasks is presented in Table 3.1-1. The task order for pilots one
through four is a balanced Latin square design, The task order
for pilots five and six uses a different scheme with the display
mechanization comparisons confounded with the effects of the sce-
nario and time. This construction allowed conclusions to be drawn
, about the display mechanizations, scenarios, and the ability of
. pre-test training to null the carry-over effects.

3.1.3 Post=-Flight Briefing

A questionnaire designed for the test period was completed
by the pilot at the end of each flight. A general questionnaire
was administered following the completion of all data flights.

A meeting was convened in the Simulator Operations Room after the
pilot completed the general questionnaire. The purpose of this

; mee:ing was to discuss the conclusions reached by the pilot
during the simulation.
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4, RESULTS

The data taken from the experiment were divided into three
areas of analysis. The video tapes were used to determine the
times required to do each part-task. The results of this analysis
is presented in Table 4-1. The strip charts permitted calculation
of the number of excursions from predetermined criteria, Table
4-2, The results of this analysis are presented in Table 4-3,

The qualitative data, questionnaires, and debriefing notes were
analyzed collectively,

The times and deviations of times in the part-tasks across
pilots was statistically analyzed by use of a two-way analysis
cf variance, in which the null hypothestis, Mechanization A
equals Mechanization B, was tested.

The number of excursions outside the fixed boundary set was
first normalized across pilots by acquiring the percentage of
time each pilot was within the boundary set. These results were
then statistically analyzed by use of chi-square (two-tailed)
analysis, in which the null hypothesis, Mechanization A equals
Mechanization B, was tested,

In each of these two #tatistical analyses, the test was
shown to be inconclusive, We believe this was due in part to
two factors. The first being the small sample size of our
subjects (5), and therefpre, the small number of degrees of
freedom in the statistical analysis. The small number of pilots
did not allow the intersubject variability, which in our case
was very large due to the difference in background (NASA, AFFTC,
and NAVY pilots) and experience, to wash out. The second reason
for inconclusive quantitative results was the small amount of
time (15 seconds) allowed each subject between each part-task.

A close analysis of the data showed that after each part-task
there were substantial amounts of carry-over effects, and by
not allowing enough time between part-tasks, these effects in-
terfered with the next part-task in both the flying and task
performance parameters. This carry-over effect was only ob-
served in the part-task that involved multiple pilot actions.
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X Table 4-3 TOTAL NUMBER OF TIMES EACHK PILOT EX.CCED CRITERIA

Scenario 1 Mech A Mech B
Pilot 1 14 11
: Pilot 2 14 §
fl Pilot 3 4 2
2 Pilot & 5 12
Pilot 5 7 16 4
PLlot 6 19 19 '

Scenario 2

Pilot 1 12 14
Pilot 2 6 1 ]
Pilot 3 0 0 A
Pilot 4 5 12 |
Pilot 5 1 1

Pilot 6 12 14




5. CONCLUSIONS

b Due to the inconclusive results of the quantitative data,
conclusions were drawin on the basis of the qualitative re-
sults. The following conclusions were derived from bcth the
questionnaires and each of the pilot debriefings.

‘ 1. Menu selection was preferred over rotary selection
because all options are displayed at once. A rotary
was judged useful when the number of options was
limited to three or less.

2. Sequential selection between primary and secondary
text and video displays is preferable to mixing
, unrelated text and video displays. This was con-
I ¢luded because an unrelated text display may mask
' or clutter a video display and sensor control may
be lost during this time. It may be possible to
mix an unrelated text display with a video display
if sensor control is present,

3. When access to more than two video presentations on
two MPDs 1is desired, Mechanization B was preferred.
This conclusion would have to be reconsidered pending
the addition of different types of video displays
(1.e., terrain following).

4, Preselection of displays and display options by mission
phase was desired, This was due to the reduction of
pilot workload during high-stress periods. The pro-
cedure for preselection of displays (primary and secon-
dary options were selected separately) was confusing
and should be redesigned. The preflight task times
for Mechanization B appear to support this conclusion.

5. The consensus was that manual entry using a keyboard
display was preferred to automatic entry due to
verification of the final digit to be entered:; however,
automatic entry in a high-stress situation was con- '
sidered to have merit. W

6. The display option switch (DOS) on the side~stick
controller was considered very desirable due to its 4
hands-on-the-controls capability. There was some
concern with the DOS in that the switch operation
was not intuitively obvious.
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7. Display of the CCV (decoupled) engagement status by
changing the schedules in the FCS base page windows
was not easily interpreted and was determined to be
inadequate.

8. Preselection of the FCS decoupled options and
authorities was identified as needing improvement,

9. Pilot performance and comments during training indi-
cated that the nomenclature used to describe the
aircraft's capabilities needs to be standardized across
all systems. The most confusion existed when AAM and
NAV mission phases were selected.

When the AAM mission-phase switch is
depressed, the flight control system
does not have a specified AAM mode so,
therefore, AAG mode is shown.

When the NAV mission phase switch is
depressed the flight control system
does not have a NAV mode but uses
NORM, and the SMS uses STBY,

The conclusions from this experiment were reviewed, and it
was decided that Mechanization B with alterations should be used.
The alterations included making use of manual entry for all key-
board tasks. A menu selection will be used at all times except
when the options availlable are three or less; then a rotary selec~-
tion will be used. Another capability added to this mechanization
was the use of a 'swap' feature. This is a Level 1 option that
when depressed on one MPD would replace both the primary and
secondary Level 1 options from that MPD with the primary and
secondary options from the other MPD. This effectively gives
access through one MPD, four Level 1 options with one button
selection,

Even with a superior MPD mechanization, effective control
of the avionics also places demands upon the single-seat fighter
pilot's hands and eyes. 1In the AFTI/F-16 program an attempt is
being made to alleviate the situation by the use of a voice
command system as an alternate method of achieving ..atrol inter-
action between the pilot and the weapon system.




To validate this concept, three fundamental questions are
addressed: (1) Is the use of voice command a viable alternative
to the more traditional methods? (2) Assuming that voice
command 1s viable, which functions best lend themselves to this
approach and offer the highest payoff in terms of overall weapon
system performance? (3) Can the voice recognition technology
base be extended sufficiently to provide reliable operation in
the stringent combat aircraft environment? These questions are
now being systematically answered through laboratory testing,
man-in-the-loop simulation testing, and ultimately flight testing.
For phase one (DFCS) flight testing, the voice control system
is mechanized to provide complete voice command control of the
MPDs by assigning a voice command word for each switch on the
MPD. This allows contruvl of the SMS, FCS, and video selection.
The four mission-phase buttons will also be mechanized with the
voice control system,

In recent years, advancements in technology have made it
possible to perform more functions in an ever decreasing
cockpit space. Increases in system complexity have created a
high-workload situation for the single-seat multi-role fighter
pilot. With the use of an advanced MPD mechanization, (four
system displays within one-button selection), mission-phase
buttons that can be task tailored to each individual pilot and
situation, and a fully integrated voice-control system that
compliments the previous two mechanizations, the AFTI/F-16
pilots will have an environment of decreased workload and a
greater situation awareness.
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INTRODUCTION

Monochrome electronic dilsplays already form an easential part of the
equipment installation of many types of military aircraft. Colour weather
radar displays are now widely avallable for commercial ume, and flight

and systems information displays using colour cathode riy tubes (CRTs)

are under development for several new transport aircraft, It is probable
that displays of this type will form the baris of both military and civil
airborne displays systems.

Although much effort is being devoted to the development of various types
of flat-panel displays, primarily for use in domestic television receivers,
it is likely to be many years bafore any such display device is developed
to a stage where it can compete with the colour CRT in brightness, contrast,
resolution, colour capability, and case of addressing. Consequently, this
paper will be confiined to a discussion of CRT displays, although it is
likely that for certain limited applications, where only alpha-numeric
characters have to be displayed, matrix diaplays may come into use,
particularly if there is no requirement for colour.

Until recently, CRTs capable of meeting the environmental requirements for
airborne display devices were only able to produce monochrome displays, or
by the use of the penetration phosphor technique, a limited range of colour.
In the case of monochrome tubes a number of methods of generating displays
have been used, from the various types of rasier used for radar to the
cursive (or stroke-written) generation uped for head-up displays (HUDs),

The former gave a display which was frequently too dim to see in bright
Aaylight conditions without the use of a mask to exclude ambient light.

The use of cursive generation enables very bright displays to be produced;
these are obviously necessary for HUD applicatiens, to ensure that the
display can be seen against bright outside world backgrounds. Penetration
tubes have generally used cursive generation, in the interests of minimising
EHT switching complexity and of producing the brightest possible display:
the maximum brightness which can be produced by this type of CRT is
generally less than that cbtainable with a monochrome tube.

During the last few years rapid developments in CRT technology have
occurred, and these have led to the development of high brightness mono-
chrome tubes capable of meeting military environmental recquirements fully.
Rugged shadow mask tubes have also been developed which are robust enough
to meet at least the requirements for transport aircratt, and are likely
to prove capable of use in combat aircraft; such tubes provide a full
range of colour.

Although the possibility of using monochrome CRTs for flight information
displays has been discussed for many years Iin the context of transport
aircraft operaticns, and much experimental work has been done in this area,
the advent of colour displays has brought about a rapid swing in pilot
opinion to the view that a full colour capability is essential when CRT
displays are proposed as a replacement for conventional instruments.

among pilots who have become thoroughly familiar with what the new
technology can offer, the view is already being expressed that, except

in the standby role, conventinnal flight and navigation instruments are
obsolescent, as far as large transport alrcraft are concerned.
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CURRENT ELHCTRONIC COLOUR DISPLAY ACTIVITIES

Three types of commercial transport aircraft being built at present will

go into service in the next few years with a significant amount of flight,
navigation, systems, and warning information provided by colour CRT displays.
There are two main reasons for the nove away from conventional instruments;
firstly, the cost of procuring and maintaining electronic equipment is
decreasing relative to that involved In the case of complex electro-mechanical
devices, because of the high level of labour with specialised skills which
these require; secondls, the use of electronic displays for navigational
information makes it possible to provide the crew with moving map displays
on whiclk can be superimpesed the weather radar information, and this has
operational advantages as well as possibly obviating the need for a

Jdedicated weather radar display.

The electronic displays now being used for flight and navigational information
form substitutcs for the corventional attitude director indicators (ADIS)

and horizontal situation indicators (HSIs); air data and other flight
information are being displayed conventionally. The sizes adopted for

the electronic ADI (EADI) and HMSI (EHSI) are such that the conventional
lay-out of the transport aircraft panel (with the ADI situated above the

HSI) can be retained. Figure 1 shows the layout of a typical panel using
this configuration.

It 18 interesting to note that 1u one of the current aircraft programmes,
the primary display of airspeed and Mach number has already found its way
into the EADI, because of the various advantages offered by the flexibility
of the CRT. In this aircraft, a conventional alrspeed indicator is
retained in its usual position in the panel, but is used only as a standby
instrument.

In the areas of systems and warning ir.ormation the current aircraft projects
use CRT display in slichtly diftering ways, but in general, one display is
used in conjunction with a number of conventional indicators, to present

the information required for control and monitoring of engines and aircraft
systems such as electrical supply, hydraulics, pressurisation, etc. whilst
the other CRT displays cautions and alarting messages, This second
electronic display is backed up by conventional warning lights and audio
signals.

It is clear that these display systems still use conventional instrumentation
for a considerable proportion of the total information, &nd considering

the problems in gaining certification and pilot acceptance which wight

have arisen if an attempt had been made to proceed directly to a full
electronic display system, 1t is not surprising that develcpments have
occurred in this way.

However, on an experimental basis, work started nearly ten years age on a
programme aimed at investigating the feasibility and desirability of
replacing virtually all the conventional instruments on the f£light deck
of a transport aircraft with CRT displays, retaining only the instruments
required for standby purposes. This work was carried out at the British
Aerospace plant at Weyhridge, England, and led to the construction of a
flight deck simulator® which was equipped with seven monochrome CRTs,
providing raster-generated displays. Of these, two displays in front

of each pilot provided primary flight and navigational information, amd
three units in the ¢entre panel supplied engine, systems, and warning
information. Because of the size of the displays (approximately
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£ in x 6 in) it was necessary to install the primary flight display
(PFD -~ attitude, air data and heading scale) and navigation display i
(ND -~ compass display or electronic map and radar) side~by-side, instead '
of in the conventional positions with the PFD above the ND, Pllot
acceptance of this configuration, with its consequent modification to
the normal scan pattern, was one of the aspects of the display system
subjected to a particularly close scrutiny during the trials in the
simulator,

As a result of providing a full range of CRT displays, with their inherent
flexiblliity of information content, it proved possible to configure the
simulated flight deck so that all controls and displays were within the
reach of the two pilots, and the Flight Engineer's station was eliminated.
The resulting workload on the pilots was anoth~r subject of close scrutiny.

o S

The result of extensive trials in the simulator was that there was general
agreement that the basic concept of thie type of display system and flight
deck lay=-out was sound (though it was generally felt that only two systems
displays (SDs) were required), that the side-by-side positioning of the
PFD and ND posed no particular problems to the pilote, and that the
technical feasibility of operating a large transport alrcraft with a
two-man crew was established.

The next stage of the development of the Advanced Flight Deck was to confirm
the results of the simulator experiments with flight trials, and it was
agreed that a BAe 1-11 aircraft operated by the United Kingdom Ministry

of Defence at the Royal Aircraft Establishment, Bedford, England, shouwld

be used for this purpose. It was originally propcsed that the displays ‘
should be raster-generated on monochrume CRTs, giving close similarity with T
those used in the simulator, but during the early satages of the development f
of the flight trials hardware, rugged shadow-mask colour CRTs became

available, and it was declded that the final installation must incorporate

tubes of that type. The monochrome displays were completed, and used

for checking out the aircraft installation and for initial flying, but the

system was designed so that display units could be changed, and so that

minimum modifications to symbol generators would be necessary, as soon

as colour display hardware was available.

Consideration of the possibility of reducing the number of CRTs in a
complete system to six (two PFDs, two WNDs, and two SDa) led to the
proposal for a panel lay-out of the form shown in Figure 2, enabling the
display unit size to he increased to 8 in x 8 in, For the first stage
of the flight trials programme, only the PFD and ND at the Captain's
position are installed, the existing instrumentation being retained at
the First Officer's position and in the centre panel.

Figure 3 shows a block diagram of the experimental installation in the

BAE 1-11. Being a relatively old aircraft, it is equipped with a very
varied collection of sensors which supply data in a wide variety of
formats, and a separate interface unit has been provided, to accept all
the sensor signals and convert them to the serial dig.tal format

(ARINC 429) required for the input to the symbol generators; this unit
would not be required in a modern aircraft, in which the interfacing would
be accommodated within the symbol generators. One symbol generator drives %
the PFD and the other drives the ND, but each symbol generator has the
ability to drive both displays, if necessary, and the full display
capability is retained even if one generator fails.




An external core-store and a paper tape reader are provided so that changes
in display formats can be made during the flight trials, without removing
the equipment fram the aircraf+, Interfacing with a general purpose
computer in the aircraft im provided to enable the display system to be
used in conjunction with an area navigation system being used in concurrent
flight trials,

Operation of the aircraft with monochrome display units started in 19€0,
and the colour displays will be in vse in the Summer of 1981,

DISPLAY SYSTEM CONFIGURATION

An advenced flight deck display system can be configured in a number of
different ways, depending on the performance capability of the individual
units of the system and on the scale of redundancy required, A typical
architecture for the flight and navigatlon information subsystem in a
trangport alrcraft is shown in Figure 4. This is based on Symbol
Generator Units (SGUs) capable of accepting multiple data inputs from

the aircraft sensors and able to generate two separate display formats
(PFD and ND) simultaneously. The display units are each capable of
accepting inputs from either of two 5GUs. Discrete signals from the
pllots' control panels (Pl CP and P2 CP) select the data source to be used
by earh SGU, and the 5GU to provide the dlsplay data for sach display unit.

This system configuration provildes maintenance of full display farilities
aftar the faillure of a SGU or of a data source, and leaves each pilot with
access to all display data, by time sharing, after a CRT failure,

Figure 5 shows 4 possible configuration for the systems and warning displays,
in which each SGU normally drives one display unit but is capable of

driving both in the event of fallure of the other SGU. The arrangement

of the inputs to the 8GUs depends very much on the particular form of
warning system adopted for the aircraft, but is likely to involve warning
computers which provide outputs to both SGUs. Engine and systems
information is likely to came via data converters which change the large
mumber of separate sensor signals to a common serial digital data format.

Tt is clear that the systems configurations depicted in Figures 4 and 5
are only appropriate to aircraft with twin, near-identical display u.ystems,
such as are normally used in transport aircraft, In a military combat
ailrcraft, similar display system integrity would be achleved by the
provision of multiple symbol generators, amnd by the facllity to transfer
data from one display to another in the event of failure of a CRT or its
assoclated circuits.

UNITS OF ELECTRONIC CISPLAY SYSTEM

General

Display system hardware currently beiny proposed for military transport
esircraft applications is generally designed to conform to the civil
requirements defined by ARINC Charxacteristic 725, This lays down interface
and equipment form-factor requirements bhased on the current state-of-the-art,
and it may require amendment in the light of future developments. At
present, it leads to a useful degree of standardisation of equipment without
inhibiting developments required for specifically military applications.
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Display Unit

Por the flight trials in the 3Ae 1~11 aircraft described above, display

units designated Form Factor 'D' in ARINC 725 are used, These units

have overall dimensions of 8 in x 8 in x 14 in, and incorporate a CRT

which provides an active display area of 6.5 in x 6.5 in. For installations
requiring smaller digplay units, other sizes, such as ARINC Form Factor 'c!'
6.25 in x 6.25 in x 14 in, giving an active digplay area of 5 in x 5 in

are availadple.

The rugged shadow-mask tube used in these display units typically have

a resolution of approximately 76 colour triads per inch (about three

times the resclution of the tuke in a domestic television recelver), each
colonr dot being approximately 0,004 inch in diameter. The interstices

of the screen are normally matt black, giving a low reflectivity to

ambient light, and therefore improving the contrast of the display. Further
contrast enhancement may be provided by an externally-mounted filter. Both
delta and in-line electron gun configurations have been used for these CRTa;
the in-line arrangement is generally accepted as enabling simpler methods

of convergence correction to be used, and giving better spot definition.

Flgure 6 shows a block diagram of a typical display unit. It has provision
for dual deflection, video and chrominance inputs, to allow for connection
to two saparate 5GUs, and selection between the two ia by means of a
discrete from the PCP. The daflection signals are shaped to provide the
necessary screen geometry corrsction, and are fed to the deflection
amplifiers. When operating in raster mode (for radar display, for example)
an energy recovery clreuit is switched into operation, providing famt fly-
bagk for the appropriate deflection signal with minimum power penalty,
Convergence correction ip derived from the deflaction signals via a matrix,
and operates on the convergence yoke of the CRT. Writing speads of
approximately 0.04 in/microsecord in atroke writing and 0,12 in/microsecond
in.raator, are achieved.

Video and chrominance signals are fed to a microprocessor, together with
inputs from a display brightness control on the PCP and from ambient light
gendors fitted on thae front of the display unit case, The microprocessor
controls the operation of colour selection and video drive circauits. A
pliosphor protection system is provided, which blanks the display in the
event of faults msuch as failure of the deflection system, which would
otherwise be likely to rasult in burning of the screen.

All the powaer supplies required in the display unit are derived from the
airoraft 115 V 400 Hz single phase supply. The powsr dissipation is
typically in the region of 100 W, and provision is made for cooling by
means of air which is arranged to circulate round the CRT neck components
and the electronic circuit blocks grouped in that region.

Symbol Generator Unit

Figura 7 shows a block diagram of a typical 8GU. For the civil market,
such a unit is contained in a 6 MCU case as defined by ARINC 600, with
overall dimensions 7.5 in wide x 7.64 in high x 12,5 in long. It has
provi 3ion for forced cooling, and dissipates approximately 110 W. The
mass of the unit is lese than 10 kg. Alternative modes of packaging the
unit could be developed to meet the particular installation raquirements
of combat aircraft.
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Provision is made for dual inputs of data in each of three formats - serial

digital (ARINC 429), discrete signals, and high sreed digital data from weather
radar equipment. Selection between the dual inputs is made by means of
discrete signals from the PCP., The digital inputs are decoded and checked

for transmission integrity and are then loaded into a buffer store; the
processor extracts the information from the store and manipulates it into a

form suitable to drive the vector generator. Deflection and bright-up signals,
together with colour descriptions for the symbols in the cursive part of the
displays, are produced by the vector gnnerator, which also generates the outline
of the sky/ground shading of the PFD and writes it into the flight display
video memory.

The selected weather radar input is decoded and passed to a processor, where

it is converted from the polar co-ordinate form in which it is transmitted

to the cartesian form in which it ls displayed, and is also scaled and combined
with aircoraft hoading and groundspeed data, and stored in the navigation
display video maemory.

The digital outputs from the vector generator and the two video memories are
time multiplexed to produce the flight and navigation displaya, Two buffered
outputs of each display format are provided, @o that it is poasible to drive
four display units (in two pairs) from a single 8uU.

The cursive symbology in the displays is refreshed at 80 Hz, and the 2 : 1
interlnced raster used for the sky'ground shading in the PFD and weather radar
overlay in the ND is refreshed at 40/80 Hz. Cursive symbulogy can ba called up
in any one of fifteen colours, and raster areas of the displays in seven colours,

Pilots' Control Panels

The form of control panel used in an electronic display system depends upon
the particular system configuration which is used, but certain functions are
necessary for all types of system. These include controls for overall
display brightness, brightness balance betweaen cursive and raster parts of
display, map/compass rose, map scale and radar range, radar on/off, decision
height selector, and tmnst mode,

DISPLAY FORMATS
General

Much ground-based work to establish optimum display formats for transport aircraft
operations has already been carried out in a variety of simulators, but there
exists a relatively gmall amount of experience in the use of colour CRT displays
actually in flight. It ls to be expected that as flight experlence builds up,
some modifications to dimplay content and to the shape and colour of symbols

may be reaguired. It is at the same time the great advantage of an electronic
display system (to the operator) and the great disudvantage (to the hard-pressed
ergineer) that such changes can he effacted late in the development of a system
without disastrous costs for re-design and re-installation of hardwoare.

The total amount of information in each display clearly depends on the area
available, and as has already heen stated, the relatively small display

shortly going into service in commarcial aircraft have to be supported by a
significant number of conventional instruments, whereas the large displays

being evaluated in tha BAe 1l-11 aircraft require only a amall number of stand-by
instruments.

Primary Flight Display

The format used in the 8 in x 8 in displuy in the BAe 1-11 is shown in
Figure B, This shows how the basic T-configuraticn familiar to all
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‘ transport aircraft pilots i{s provided, although the full navigation display
; is located at the side of the PFD rather than below it. The forms of the

! individual parts of the display have deliberately besn made to resemble

: those of conventional instruments, to minimise the familiarisation periocd

' for pilots transferring to the new display system. At the same time, a

3 mumbexr of features are provided which are only possible because of the

4 flexibility of the CRT display. These include a full range, single acale,

. single pointer airspeed indicator, with a sensitivity of 100 kt par revolution
: of the pointer, limit speed data which are only in view during the appropriate
! phase of the f£light, and specific indication as to whether the datum setting
for the altimeter is QFE, QNH, or standard.

Colour is used, in addition to pousition and pattern, to differentiate

between the varicus types of information in the display. Thus, at the

prosent state of development, white is used for glements indicating the

present parformance of the aircraft (speed, height, etc), magenta ia usmed

to indicate selections made by the pilot (selected speed, height, heading, eto),
green ls used for fixed scales, ard red for warning information., Pictorial
parts of the display ara presented in traditional coloursy; for exampla,

an amber airoraft aymbol is used in the attitude display, together with

blue 'sky' and brown ‘earth'.

Full information is given on the state of angagement of the autopilot/

flight director and auto-throttle systems, showing both armed and engaged
modes. In the case of an ailrcraft equipped for automatic landing, )
the landing phase indicator would also be incorporated in the PFD. "

Smaller sizes of display are generally similar, though with a restricted N
information content. Figure 9 shows a typical € in x 5.5 in PFD, p

Navigation Display

Figure 1O shows the BAe 1-11 ND in the map mode, The same conventions have
been adopted for the ume of colour as in the PFD. The weather radar return
can be overlaid on the map, giving an immediate indication of the position
of storm activity relative to the planned flight path, The scale of the

map and the range settiny of the radar are selected by a single control

on the PCP to ensure compatibility at all times. In the electronic —_—
display systems currently under development, the storage and processing :
of the data required for the construction of the map display is carried
out in the flight management system rather than in the display system.

.t

Full details of the operation of the radio/navigation system are given
in alpha=numeric form at the sides of the ND. These include selected
frequencies, waypoint data, and time and groundspeed information.

In the compass rose mode, selected on the PCP, the centrae part of the ND
provides heading and radio/navigational information in the same format |
as in a conventional HSI. :

Systems Displaye ' i

Since the experimental display system installed in the BAe 1-11 ajircraft

at present includes only the PFD and ND in the Captain's panel, less

detailed work has heen carried out in the systems display area than in ;
the case of the other displays. However, preliminary studies have
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generated various display formats, of which Figure 11 shows an examplas,
This is a display of primary engine information for a 2-engine ailrcraft, to
togethar with performance monitoring data for main aircraft systems.

It is perhaps in the systems area that the flexibility of the CRT diasplay |
becomes most useful, 3ince it enables detailed information on the state ‘
of any of the aircraft systems to be displayed on demand. It is also

possible for the appropriate format to be displayed automatically in

the event of a malfunction, so that corrective action can be initiated

with minimum delay.

Caution and warning information (which will be displayed on the second
Systems Displa‘v' is processed so that in the event of multiple warnings
{such as would occur in the event of an engine failurae) the appropriate
priority order for corrective actions can be indicated in the display.

HUMAN FACTORS

When CRTs were first considered as a possible means of displaying flight
information to pilots, doubts were expressed as to thelr acceptability
from the human factors point of view. Although £light experience with
these displays is limited, there are no indications that any serious
problem existas, VArioulalgudics of human factors aspects of airborne CRT
displays, have been made “’'", and these have provided ground rules for

the design of the equipment for evaluation in the Bhe 1l-1l1 airoraft.

The rate at which a CRT display is refreshed must be considered carefully,
in order to avoid perceptible flicker, which is likely to be most apparent
in display units viewed peripherally. The actual refresh rate that is
acceptable depends on the particular phosphors used in the CRT soreen)
short persistence phosphors raquire a higher refresh rate than long
persistenca types, to avold flicker. In the case of phosphors of the P22
type commonly used in colour CRTs for airborne displays, a 50 Hz refresh
rate is satisfactory for most observers, and the 80 Hz rate commonly used
provides a wide safety margin., The higher frequency also reduces the
noticeability of the jump effect (which is in any case not perceived by
all observers): this is manifested as an apparent movement of the display
when the observer's point of fixation ecans across it, and it due to the
interaction between the moving fixation point and the refresh pattern of
the display. The effect is not peculiar to colour CRTs, and may be detected
by some observers in any periodically refreshed display.

It is frequently suggested that the use of a large number of CRT displays
in the flight deck may cause additional crew=-fatigue prcoblems; a number of
lengthy operations carried out in the BAe simulator falled to produce
any svidence of this.

Much work has been carried out on the use of colour in CRT and other displays
ard magy of the asrociated perceptual problems have been stiudied in some
detail”. Typical of these is the apparent change in the parceived colour

of a display element with changing display luminance, amblent conditions,

and state of adaptation of the observer. It will be impossible to say with
certainty that the solutions found to these problems are fully satisfactory
until squipment of thip type has been in service for an appreciable pericd

of time. One of the functions of the micro-processor in the display unit,
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deacribed earlisr, is to adjust the colour content of the display in such a
wvay that the subjective bhrightness and colour contrast between different

elements of the display remains balanced cver the whole luminance rarnge of
the display.

Any light emitting display must have its brightness varied when the ambient
illumination changes, if uniform display contrast is to be maintained, and
in the case of airborne CRT diaplays this is done by an automatic system
controlled by signals fran sensors mounted on the front of the display
units. In addition, to counteract the effect on the pilote' eyes of high
light levels ocutside the aircraft (such as sunlight reflected off white
clouds) an additional input to the automatic brightness control system can
be provided from a forward-loocking sensor.

Although the screens of the CRTs used for airborne displays normally uase
pigmented phosphers in a black matrix to minimise reflectance of anbient
light, it is still necessary to provide some form of optical filtering

to ensure adequate display viamibility under all conditions. In single-seat
cockpits directional mesh filtars provide useful contrast enhancement,

but the acceptance angle of this type of filter is inherently low, and makes
it unsuitable for use in a transpert aircraft, where cross-monitoring
between Captain's and First officer's displays must be possible. The
simplest form of filter for this application is a neutral density type,
which provides twice as nuch attenuation of unwanted ambient light as

it does of the light emitted by the CRT, An alternative approach, aleo
suitable for wide-angle viewing, is to use an abmorption filter with three
pass bands arranged to match the wavelengths of the principal emissions

of the three colour phosphors. Such filters provide a somevhat higher
performance than the neutral density type, but currently at higher cost.

Any filter which is used ia required to be bonded on to the CRT face, and

to have an anti-reflection coating on its outer surface, in order to minimise
the effect of the additional, potentially reflecting surfaces.

Application of available technology has made it possible to design and
manufacture colour CRT displays which should be capable of meeting all the
requirenents imposed by human performance capability. 1f extensive f£light
experience shows that modifications are desirable in such areas as the
colour or shape of particular symbols, these can be effected, as has already
been pointed out, without major hardware changes.

ADVANTAGES OF ELECTRONIC DISPIAYS

When considering the desirability of equipping a cookpit or flight deck with
a fully comprehensive electronic display system, there are two major issues
to be gettled:

e what advantages and disadvantagaes does an electronic display
system have comparad with a conventional instrument fit?

e vwhat advantages and disadvantages does a system based on
colour CRTs have conparsd with a monochrome system?

Regarding the first question, there are both economic and operational
advantages in equipping an airoraft with electronic displays.
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From the economic point of view, an electronic display system already offers
an advantage over conventional displays in cost of procurement; a recaent
study indicated a saving of more than 30% in the cost of a complete display
installation for a large transport aircraft, and a corregponding advantage
can be expected in the case of a combat aircraft. A similar, or greater,
saving in cost of ownership will be achieved, since electronic displays

are amenable to a high degree of automatic testing, and require a relatively
anall amount of highly skilled labour for their maintenance. In addition,
application of the flexibility of electronic displays provides the
possibility of configuring a transport flight deck for two-man operation,
the economic advantages of which may be of more value in the military
environment than in the civil, where there is strong opposition to the
two-man crew concept from many pllots' unions.

Thie same fllexibility provides the main operational advantage of the
electronic display system: info-mation in which the pillot is not currently
interested can be suppressed i1uim the displavs, Whereas in the past the
pllot has heon wonfronted wiii 2il the information all the time, and has
had to fllter out mentally the items in which he is interested, it is now
possible to effact at least some of this filtering by suitable organisation
of the programming of the display symbol generators, which has the effect
of reducing the pilot workload. There is8 also the advantage of being

able to integrate information from various sources in a way which has not
been possible previously.

A further advantage which ariges f£rom the flexibility of electronic displays
is that all information ls still available to the pilot, on a time sharing
basis, after the failure of one display unit. In a conventional display
systam, in the event of failure of an instrument, the information it
provides can only be obtained from a standby source, or by deduction from

the readings of still-serviceable instruments, The two types of display
system can ba made comparable in their ability to withstand the effects

of failures of data sources and processing devices with minimum inconvenience
to the orew.

Thus both operational and economic considerations favour the introduction
of electronic display gystems, and the economic belance is likely to tvome
down even more firmly in faveour of the advanced displays in the future
than it does at prasent. -
Considering now the ccmparison between monochrome and colour display systems,
it is generally accepted that there is a clear (though unguantifiable)
operational advantage in using colour. In a purely symbolic display,
although sound design dictates that correct interpretation of the information
provided should not depend absolutely on colour contrast between symbols,

the appropriate use of colour reinforces shape and position coding of
information, and makes interpretation of the display easier, In the

casa of the display of sansor-derived imagss there will in some cases, such
ag low light television, be no use for colour, but in other cases, such as
infra-red and radar, the use of colour genarated during the processing

of the msensor data can greatly oase tha interpretation of the display.
Similarly the ability to superimpose colour rather than monochrome symbology
on a real-werld image has great advantages operationally.

208




R ettt

From the point of view of resclution a shadow-mask colour CRT inevitably
compares unfavourably with a monochrome tube; although the high resolution
type of colour tube already described provides entirely adequate cursively
generated symholic displays, it would not exploit fully the available
resolution of an 875 line raster picture. This limitation would not apply
in the case of a penetration phosphor type of colour CRT, although the
problems make this type unsuitable for raster displays,

The brightness of the display produced by shadow mask CRTs is at present
less than that available with some monochreme tubes, but with suitable
contraet enhancement filtering, such as that provided by a narrow-angle
directional filter, adequate visibility of the display can be ensured, even
when raster generation ls used.

The question of the relative complexity, and therefore reliability, of
monochrome and colour display systems is being studied in wome detall

at present. It is anticipated that, although a decision to instal
colour display equipment is likely to involve a marginal loss of overall
reliability, thims loss will be 80 small that it will bes offset by the
greatly improved operating characteristics of the colour system.

. . CONCLUSION

~ Alrcraft instrumentation is on the point of taking what is probably the
biggest single step forward ghat has happened in the whols history of
flying. From the earliest days of flying until the present day, virtually !
all the primary information available in the cockpit has been presented by :
mechanical and electro~mechanical devices, Now, within the space of
a few years, CRT displays will be appearing in sver-inoreasing numbers
of aireraft, both military and civil, At present only a limited amount
of information is being displayed electronically, but that amount will
soon include much of the information that is vital to the safe and
efficient operation of the aircraft.

It seems likely that before many more years have passed, all high performance
alrcraft will be equipped with all-electronic display syatems, with
conventional instruments retained only for standby purposes., This will
realise to the full the operational and economic advantages which modern
display technology can offer.
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HELMET MOUNTED DISPLAY SYMBOLOGY FOR HELICOPTER LANDING ON SMALL SHIPS

Shawn T. Donley Theodor A, Dukes
Naval Air Development Center Dynasyst, Inc,
Warminster, PA Princeton, NJ
\ SUMMARY

\

~“Helmet Mounted Display symbology has been designed to aid in landing a
specific helicopter, the SH-2F, on small ships, utilizing the NAVTOLAND
Precision Landing Guidance System. A "maximal' display for single-pilot opera-
tion and a "minimal" display for two-pilot operation have been developed, both
without head tracking. The "maximal' display provides all the necessary fliazht
information in three modes for localizer acquisition, approach, and hover,
Novel symbology is introduced for aiding the pilot in localizer acquisition
under high wind conditions and for glide aslope and localizer tracking during
approach., The "minimal" display symbology relies on adtive participation by
the co-pilot via verbal communication. In this display the prasentation of

the positioning information is based on the doppler Nirection Velogity
Indicator panel instrument format throughout approach and hovar.h(

A

AN -

~

A
INTKODUCTION

The Navy has undertaken an integrated program for the development of V/STOL
(rotary and fixed wing) hover and landing capability under adverse conditions.
Criteria under consideration include vperations in obscure ceiling/700-~foot
visibility and through sea state 5, on both aviation sud non~aviation ships
(Figure 1).

The Navy Vertical Takeoff and Landing (NAVIOLAND) program is addressing
all elements of the V/STOL shipboard landing problem, including the Precision
Landing Guidaunce System (PLCS), aircraft flight controle and cuckpit displays,
Visual Landing Aids (VLA) and pileting techniques. For manual apprcach and
landing in adverse weather, effactive integration of cockpit displays with
aircraft control characteristics is required. Status information must be
matched to the plloting task, and command information must account for the
alreraft flying qualitiee as augmented by the alectronic f£light control system.

Display media must also be appropriate for the task and compatible for
installation in a pacticular aivfvame, The Head~Up Diasplay (HUD) and heuad down
Multi-Purpose Display (MPD) in fixed wing V/STOL (AV-8B) provide adequate
display medin for Instrument Meteorological Condition (IMC) approacl, and to
some degree for final hover and landing as well. Representative reviews on this
subject are Rererences [1] through [11].
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- only for the approach’ and landing task, the Helmat Display Unit (HDU) of the

The head-down instruments found in helicopters, however, require strict
crew coordination procedures for IMC approach and pose problems for effective 4
transition to head-up flight after breakout, especially with reduced weather

minima. Head-up displays are typically found only in attack helicopters and
provide a limited field-of~view,

In recent years, the helicopter community has effectively pursued use of {
delmet Mounted Digplaya (HMD) for target designation and for enhanced low
visibility, low altitude operations., Visual augmentation using infrared (IR)
or low light level sensors nomhined with artificial symbology has been
investigated (References [12] through [16]).

it 1s appropriate then to consider the potential of an HMD for the ship~-
board IMC approach and landing task. In this role, the HMD is envisioned as
a medium to display symbology only, since unaided vigual contact with the ship
is possible during the final phase of the approach even in the weather condi-
tions under counsideration. Furthermore, utilization of an HMD without head
position tracking would simplify aircraft installationm.

There are undoubtedly numerous human factor questions raised by such an
implementation (e.g., disorientation)., In order to begin addressing these
questions, two candidate dimplay formats for an HMD without head tracker have
been developed for use in an SH=-2F helicopter. Since the HMD is to be used

—~

oS

Honeywell Integrated Helmet and Display S8ight System (IHADSS) has been -%
selected as the baseline hardware set (Figure 2), The HDU elipm onto the 1
pilot's helme: and thus alleviates the need of carrying the extra HDU weight

(12 oz) throughout the missuon,

The goal of the Helmet Mounted Display aymbology design presented here is P
to aid the pilot in performing landings on small non-aviation ships by means C
of utilizing the information available from the NAVTOLAND Precision Landing
Guidance System and from other alrborne sensors. 'The following constraints
are significant:

(a) The specific helicopter to be considered is the SH-2F with ita
present Automatic Stability Equipment (ASE) and the instrument
panel left unchanged

(b) No head tracker is to be used

(¢) Extra training and proficlency flying required for the display
18 to be as little as possible,

Constraint (L) implies that the display should not be of the contact
analog ("forward looking") type. The concept employed can be calied a "helmet
mounted instrument panel,” enabling the pilot to avoid confusing overlapping
of symbols and certain elements, like light sources, in the vies of the ship.
This combination of symbology and outside view is similar to helmet-fixed
symbology superimposed on an IR display where the orientation of the swivelling
IR sensor is governed by the pilot's head movements. Such a system is being
flown successfully in the Surrogate Trainer for the U.S. Army Advanced Attack
Helicopter,
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Constraints (c) and (a) dictate a design philosophy that strongly utillzes
the present training and experlence of SH-2F pilots with the existing flight

control system and cockpit instruments.

Two solutions. different in format and in content, have been synthesized
and are presented here, A "maximal" display, intended for single-pilot opers-
tion, has three different modes, from localizer acquisition to hover, utilizing
a moving-map type horizontal format throughout and introducing novel vertical
digplay symbology derived from visual and instrument information used today.

¢ A "minimal" display is synthesized based on the assumption that the co-
pilot actively participates in the approach by providing the pilot with
monitoring information verbally. This display utilizes essentially a single
; format throughout the approach, using error and error rate symbology derived
' from the Direction Veloeity Indicator (DVI) panel instrument, with true

. situation shown only near hover,

The following principles were formulated as guidelines for the detailed
design:

TR

1. The information displayed on the HMD should eliminate the need to
look inside the cockpit, except in response to warning.

v

2. Motions of display elements should not be in conflict with any
panel display of similar information, especially insofar as
avoked control modes are concerned,

3. The symbology chosen for various display modes should be 'natural"
in order to minimize the time and effort needed for familiariza-

tion and training.

4, Digital display of information may be used for wonitoring purposes
but not for continuous control loop closures.

In the following, the proposed display symbulogy is described in detail,
including the ressoning for the choices of its various elements and features.
The availability of a stroke-writing symbol generator is assumed.

i A "MAXIMAL" DISPLAY FOR SINGLE-PILOT OPERATION
i

The Basic Display Format

The format common to sll display modes of the "maximal" display involves

elements of flight Infourmation that are available on the basic Instrument ‘
panel. The central area of the display is to be regerved for various modes
conveying positioning information, from localizer acquisition to hover,
Because no head tracker is to be used, any reaemblance between symhol move- |
mente and relative movements of outside objects should generally be avoided. !
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Display Principles 1., 2. and 4. govern the design of the basic display
format. In order to minimize the difficulty of transitioning from cockpit
instruments to the HMD symbology, as much information as possible is arranged
resembling the instrument panel (Figure 3) so that the basic scanning pattern
is not very diiferent, Therefore, much of the important instrument informa-
tion is arranged at the hottom of the display area. The center piece in this
area is the sketch of the attitude gyro, with bank angle indicator, turn needle
and side slip ball., Several of the instruments indicated iu Figure 3 are not
represented in the basic HMD format; some, bezause they convey information that
i8 to be included in the appropriate displuy mode in the central area, others,
because they are not considered primary information for the flight phases at
hand. Automatic warnings muet be flashed on the display when instruments not
shown on the HMD indicate trouble (Figure 4),

In addition to the gyro display the following information 1is shown in
the bottom area: radar altitude, barometric altitude, ground speed, air
speed, percent rpm and percent torque, Given the use of the ASE, all of
thiese indications are only to be monitored while positioning of the helicopter
is to be performed based on the centtal-area information., For this reason it
is proposed that these instrument readings be shown in digital form, The
arrangement shown in Figure 4 resembles closely the relative locations of the
respective instruments on the panel in relation to tha gyro, Exceptions are
that the rpm information is moved to the left of the air speed read-out so
that 1t doea not .ntrude into the central area, and that the ground speed is
shown below the airspeed, in placa of the bearing~distance-heading indicator.
The moving heading scale is across the top of the display area, A rate~of-
¢limb scale is shown on the left-hand side of the central area. An area on
the right hand side is reaerved for warning information.

In order to minimize the chances of disorientation, it is important that
the pilot be aware of his head angle with respect to the airframe at all
times., The fixed elements on the HMD provide a "frame" which can be related
to cockpit features (e.g., instruments, windshield frame).

In the following sections, central-area display modes for localizer acqui=
aition, approach and hover are described.

Localizer Acquisition (LA)

In the sequence of flight phases during approach and landing, the purpose
of the firat digplay mode is to aid the pilot in localizer acquisition, In
high sea states the mean wind velocity is likely to be high which complicates
the prediction of the flight path in a turn. Thie is considered the dominant
problem in this £light phase,

The display needed for enhancing localizer acquisition is eseentially a
navigation mode with nominal approach path information to be added. Only a
horizontal display is needed in the central area because this maneuver is per-
formed at an altitude which can be held adequately by the AS8E, or by the pilot
using the altimeter and rate of climb information available on the diaplay.
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The acaling of the horizontal display in the LA mode is determined sc that no
scale change should be neceasary during several minutes before localizer
acquisition 1s completed. Assuming an air speed of 80 knots during this
flight phase as the deaign point, a range of 3 miles allows seeing ahead for
more than two minutes and gives adequate lateral range for a standard turn
diameter.

The first significant element in this display mode is the presentation of
the nominal approach path when the helicopter's relative location (range and
azimuth) with respect to the ship and the nominal approach angle are known.

In addition to the nominal approach line the following information is
considered quite useful for the horizontal situation display: the orientation
of the ship with respect to the approach path and its direction of travel, and
the point on the approach path where tip-over should be performed assuming
that the helicopter stays at the same altitude., The ship can be shown as a
small aymbol or as an arrow at the end of the approach line (Figure 5). 1If
the ship itself is off scale then it should appear where the approach line
terminates, with a gap between the line and the ahip symbol; the gap 1s to
disappear when the ship is within range and then the ship aymbol appears
attached to the end of the approach line,

It order to assist the pilot in planning his turn onto the approach path,
two dotted antennae~like aymbols emanate from the aircraft symbol. These
lines represent the ground tracks for left and right nominal turning flight
paths, In the simplest case, with no wind, these paths are half circles
which are calculated based on the helicopter ground spead and the predetermined
turn rate for a 2-minute 360° turn. For cross-checking purposes, and also in
the case of inoperativc automatic turn coordination, the needle-~ball presenta-
tion at the bottom of the gyro can be used, Ideally, a turn should be flown in
such a fashion that the nominal approach line becomes tangential to the nominal
turn path when localizer acquisition is completed. Only constant-heading-rate
turns are considered here.

Automatic turn coordination (zero side force) has been ranked among the
highest priorities for feedback augmentation of helicopters and it is assumed
avallable under the flight conditions considered here, The aketch in
Figure 6 indicates that a horizontal force component perpendicular to the
helicopter x-axis has components both perpendicular to and along the flight
path. The former causes the flight path to curve while the latter represents
an accelerating or decelerating forca component depending upon the direction
of the turn. The implication is that longitudinal control must be applied by
the pilot or by the ASE in order to maintain the airspeed. Changes in
ground speed occur during a turn unless a significant effort is made to main-
tain it constant, but no good reason can be seen to make this a requirement.
The kinematics of turning helicopter flight 1s analyzed in Reference [17]; &
simplified approximation for level turns with constant airspeed, based on a
quasi-stationary analysis, results in very simple on~line calculations to
obtain the dotted "antennae'; each consecutive dot represents a 15 deg
absolute heading increment, Figure 7 1llustrates the changing shape of the
antennae as the wind direction changes in the course of a turn. The accuracy
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of the predicted turn path can be monitored easily throughout the turn and
appropriate modifications of the turn rate can be made to compensate for
approximations and instrumentation errors, or for inadequate turn rate
tracking during part of the turn,

Two more features might be added to the LA display if unused computa-
tional capacity is available. The first addresses the problem of timing the
turn initiation when the approach path 1s moving aideways because it 18 at an
angle with respect to the ship's line of travel. If the ship's speed is
known, then a straightforward calculation can predict where the apprvoach path
would be located when it came ncarest s nominal turn initiated immediately
(see the double line segments in Figures 5 and 7). Under ideal conditions the
turn should be initiated when the predictor path slement becomes a tangent of
the turn path, This element then remaina tangential to the turn path through-
out the standard turn while its distance from the actual moving approach path
decreases to zero by the time localizer acquisition is completed. In the
absence of such a predictor symbol the pilot must perform the prediction,

The second feature that might be added at significantly greater expense
in computational capacity would provide bank angle commands throughout the
turn, At each polnt along the nominal path the bank angle needed to provide
the required flight path curvature can be calculated. In view of the small
bank angles and the rather lax accuracy requirements in localizer acquisiton,
this feature is only mentioned but is not recommended.

The localizer acquisition takes place at an altitude and a distance from
the ship where head-down flying is quite acceptable, Therefore, the informa-
tion and symbology devised here is not tied uniquely to an HMD but could be
shown instead on an available panel-mounted tactical or other CRT diaplay.

Approach and Deceleration to Hovar (AP)

Localizer acquisition can be considered accomplished when the helicopter
is in approximately straight line £light, its flight path orientation is
within only a few degrees from the nominal path, the helicopter is within
localizer range, and the range to the ship is decreasing. Switching to the
Approach Mode can be done by the pilot when he deems it appropriate, or
automatically based on the criteria above which have been formulated so that
mode switching does not occur during an excessive overahoot.

The various horizontal velocity components playing a role in approach
path tracking are shown in Figure 8. The helicopter motion with respect to
the nominal approach reference line is affected by the airspeed, the inhereut
side slip, the wind velocity and the ship velocity vectors. In the case of a

atern approach the situation is eimplified by the fact that the nominal approach

reference line doas not translate orthogonally to its direction.
In order to enhance the pilot's tracking task a velocity vector must be
displayed, There are two alternatives available. The ground velocity vector

along the ground track, in general, must be at an angle with the nominal
approach line in order to stay on the nominal path. This angle can be
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calculated as Sp, = -1n’1((v, 8in v,,)/Vyg) where Vg and Vpo Ore the ship and
helicopter velocities and vy, is the angle between the ship velocity vector

and the nominal approach line. The nominal end point of the halicopter ground
velocity vector can be calculated and shown on the display.

The other alternative, using the same information, is to display the
helicopter ground velocity component as referenced to the nominal approach
. line. This {18 the alternative proposed for the approach mode because tracking
3 the nominal approach line is then essentially the same in the case of y,, % 0

5 | a8 when Yga = 0 (Figure 9). From the pilot's viewpoint, the effect of &«

i laterally translating approach line ia the same as that of an additional wind
; component orthogonal to a non=-translating nominal path.

As the approach speed is decreased, appropriate heading changes must be

] made, An experienced pilot is likely to anticipate moat of thae required
change. Throughout, it is assumed that the pilot is uaing the ASE and is
flying longitudinal trim while the automatic turn coordination keeps the ball
. centared even if there is no banking. It appears desirable to have the ASE

, in altitude=hold in this phase of the approach. For the present discussion it
3 : is assumed that the initial altitude before tip-over is such that after this

: maneuver there is adequate flying time available to establish glide slope
tracking before the decelerating phasae bagins.

As long as the altitude is held constant or is not yet a crucial flight
variable, the horizontal display provides sufficient information. When the
explicitly marked tip-over point is approximately one-half nminute flying time
away, a horizontal scale change is in order and glide-slope referenced '
vertical information must be made available, A presentation of ILS nesdles
might be used for this purposej this alternative ham been rejected because the
cross hair panel instrument above the gyro, the Diraction Velocity Indicator,
reprasents @ horizontal display and therefore evokes a different control
responsea.

In the search for a solution the following line of thought evolved. The
dominant reason for using an HMD or a HUD is that the pilot wante to make
visual contact with the ship as soon as he can, Therefora, it is considered
desirable that the pertinent information during approach be presented in the
central display area in an uncluttered way, Today's pilot training and
experience is based on visual approaches, with valuable cues provided by a
Fresnel lens system (''meat ball") or other vertical guidance and the "hockey 1
stick" appearance of approach and drop line lights. Tho clomer the symbology i
resembles conditions flown routinely the less extra training and additional ]
proficiency flying is necessary. The symbology for the vertical plane infor- A
mation proposed below combines and enhances the cues available from the '
hockey stick and the meat ball, ’

Figure 10 shows sketches of three different views of a landing platform J
and, below them, the symbology derived from these views, The vertical informa-
tion (above/below nominal path) is derived from the fact that a shallower/
steeper than nominal view of the platform changes the aspect ratio of its
visual image. This is purposely exaggerated in the Figure in order to enhance
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the resolution along the vertical axis. The centers of the two circles repre-
sent the points where the drop line and the extended approach line intersect
the deck surface. The reference line, not available in the outside world, is
provided so that the top circle is halved when the helicopter 1ls on the nominal
glide glope. The circle radius represents an angular glide slope deviation

and the nominal spacing of the two circles is such that they would coincide

at zero degree. As the absolute glide path deviations indicated by the circles
shrink with decreasing range, there is to be a change-over from the angular
repregentation to a linear representation,

The upper half of this symbology is designed to make it resemble a Fresnel
lens systeam. In other words, the reference lines can bae thought of as
stabilized datum lines for a meatball at the bottow of the extended center
line. For vartical error rate information, an arrow is added to the upper
eircle, as indicated in the sketches in Figure 10. No special symbol for loca-
lizer error rate is added because that information is perceptible from the
changing ehape of the hockey stick and is shown explicitly by the approach
veloulty vector In the horizontal display.

The vertical plane symbology set is placed above the horizontal display
aree so that the ship aymbol of the horizontal dleplay and the vertical display
symbology set move together at all times, Thim assures a rather natural
ralationship by seeing the vertical information '"looking down'' along the
approach line. A composite sketch of & "anapshot" of the resulting approach
digplay mode just hefore tip~over, with glideslope and localizer errors,
is shown in Figure 11,

Throughout the approach mode a digital readout of the closing rate
appears at the left of the stationary aircraft uymbol whare it ie crous-
checked easily with the airepeed (as long as that is reliable) and the ground-
speed shown at the left of the gyro. When a sensor output is unruliable ite
read-out is to disappear., The digital read-out of the range to the ship is
shown next to the ship symbol at all times.

The approach of the tip-over point 1s shown by a bug traveling along the
nominal approach line, and it can mlao be percelved on the hockey stick display
because the upper circle is moving more rapidly toward ite reference lines as
the helicopter approaches the nominal glide path. During and after tip-over,
until decelaration begins, the primary information for approach path tracking
can be obtained from the vertical plane symbology.

The next phase of the approach is the daceleration to hover, identified
by smome pilots as the most taxing part of the approach under adverse condi-
tions at night, It must be assumed that under extreme conditions the ahip is
not yet visible when deceleration is to be initiated, Fortunately, with the
NAVTOLAND PLGS, Lt is possible to give the pilot adequate position and error
information 1f mome simple kinematic relationshipe are utilized, The point
along the approach path where deceleration is to be initiated can be determined
eanily based on the known initial closing rate if the nominal deceleration of
the closing rate im assumed to be a straightforward function of range only.
For the purpose of this paper, constant deceleration 1s used as refurence.




It {9 proposed that the pllot have the optlon of welecting a deceleration
of =.1g or -,05g. Under adverse weather conditions pilots may well opt for
the alower deceleration if they have appropriate information on their display
to set up the deceleratlion and to stay within acceptable tracking errors even
before they have a direct view of the ship. The display feature described
below is deaigned to provide significant help to this effect,

The U.8. Army Avionics Research and Development Activity has developed and
simulator-tested a nonlinear scaling of the veloclty vector in the final
approach phase (Reference {18)). The essence of this idea is that keeping the
tip of the properly scaled velocity vector on the desired landing spot as
displayed in a horirontal plane results in a prescribed deceleration time
history depending on the scaling of the velocity vactor. For example, linear
scaling results in an axponential decay of approach speed, It can be shown
casily that quadratic scaling, 1.e., making the approach velocity vector
proportional to the aquare of the closing rate, would yileld conatant decelera-
tion under idealized conditlons. Such a feature is incorporated in the proposed
display.

Dapending on the preselected value of deceleration an automatic scale
change is to occur at a range of 1,000 ft or 2,000 ft and at the same time the
ship symbol changes to a properly oriented landing pad. In this final approach
mode the magnitude of the approach velocity vector at any given initial closing
rate 1is equal to the eamily pre-calculated distance of the ship symbol from the
point where decelaration is to Legin, The transitioning from constant airspeed
to deceleration occurs when the ship symbol reaches the vector tip; from that
time on the pilot must keep the vector tip on the ship symbol while making
appropriate collective adjustments based on the glide slope error information.
The described feature allows the pilot significant freedom to modulate the
idealized procedure., He may choose the location where he wants to come to a
hover and he may choose to apply larger or smaller decelerations over parts of
the final approach. Making the appropriate corrections in case the initiation
of the deceleration occurred somewhat late is also straightforward. In order
to improve the tracking accuracy a final scale change 1n the approach mode
should occur at 500 ft range,

In order to assure a smooth transition tou hover the approach mode of the
display 18 to be terminated at 100 ft from the nominel landing spot and the
display should switch automatically to the hover mode described in the next
section, ’

Hover Mode

By the time the switching to the hover mode occurs, detalled features of
the ship are in sight, It is an unresolved question whether, from this point
on, artificial symbology - ' the moving image of the ship would. be used by
pilote in actual flight alchough, at least in principle, the stabilized and
well defined position information on a display may make hovering and maneu-
vering near hover easier than flying based on the moving ship reference. The
goal of devising & hover display mode is to provide the pilot with the best
posaible information ao that he may use the symbology as a significant source
of information,
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The hover display symbology is rhiown in Figure 12, The stationary air-
craft symbol is inscribed in a circle representing the rotor to scale in order
to provide {nnate perception of the horizontal scaling factor. The ship
landing area is represented by a rectangle, also to scale, shown at the proper
bearing, with the proper orientation. The nominal touch~down point is marked
by a cirecle. For a linear control law the velocity vector tip should be kept
on the "target" as mentioned in the preceding section in connection with
proportional vector scaling.

The scale on the left can be used both for vertical position error and for
rate indication if the center reference point on the scale denotes the nominal
hover height and zero rate of climb. The actual hover height is indiceted by
two symbols moving together on the two sidea of the scale; they are shaped to
suggest a palr of wheels,

For illustration, the bottom of the vertical scale in Figure 12 represents
the deck if it were not moving at a nominal hover height of 50 ft, The small
reference circle shown there together with the two assuciated reference lines
can be moved to any desired nominal hover haight, Significant realism can be
added to the display 1f landing spot motion information is transmitted to the
hovering helicopter, This information can be used to show deck displacements
in heave and sway as well as the deck roll angle. This motion being confirmed
continuously by the moving background outside may contribute asignificantly to
the confidence in the information displayed via the symbology.

No matter how good and successful a hover display proves to be, a nagging
question remains to be addressed: what if the display fails while hovaring?
Obviously the pilot must have the capability to land safely based on visual
cues with the help of the Landing Signal Enlisted (LSE) personnel and VLA
unless a divert option exists. This means that he must have the proficiency
to perform such a landing., The implication is that {f he uses the display
regularly because it makes his task easier, he actually looses proficlency in
hovering and landing visually, These last two phases have been siugled out
for the above question because the close vicinity of hard surfaces makes
proficient and quick reaction mandatory while the preceding phases might be
handled relatively easier by simply slowing down. The conclusion 1s that great
emphasis should be placed on devising a satisfactory stabillized hover VLA and,
if that can be accomplished, the pilot may prefer to fly the VLA, with the
central display area vacant, after the 100~ft hover range has been reached.

A "MINIMAL" DISPLAY FOR TWO~PTLOT OPERATION

The display modes described in the preceding sections have been intended
for single~pilot operation so that all the needed information is shown
Including some redundancies for enhancement and crosschecking. It was con-
sidered essentilal to provide s{tuation information at all times. A much
reduced display can be devised 1f two-pilot operation is assumed,




The design of a "minimal" display is based on the principle that most of
the monitoring and slowlv varying information can be communicated verbally to
the pilot by the co~pillot. The elimination of such information from the
pilot's display results in a reduced scan and therefore allows him to focus
his visual attention entirely on the immediate flying task, All the instrument
readings on the left hand side of the gyro, except for torque, can be elim-
inated from the basic display. The two altimeters on the right hand side are
replaced by a single altitude read-out clsewhere on the display.

The minimal display does not address the localizer acquisition problem.
It i{s assumed that, flying at a safe altitude, the pilot can arrive within
localizer range flying on the cockpit instruments, using the available naviga-
tion alds and the tactical display. The tactical display, with some modifica-
tion, could be augmented to provide most of the Localizer Acquisition mode
described earlier. Consaquently, most of the basic format can be reduced to a
somewhat sketchy representation of the gyro, with turn needle and ball
(Figure 13). Because only relatively small bank angles are used during the
approach, only 'wings level” references and + 10° marks are shown at the two
sldes of the horizon line; these symbols move up and down with the pitch
ladder., This modification is preferred to a pointer on top (as on the panel
instrument) because with the elongated horizon line 1t provides improved
resolution. The heading scale is eliminated entirely.

Percent torque is shown at the left of the gyro., A scale format has been
chosen because no other numerical information has been retained near the gyro
on the minimal display. Only absolute position information is shown in the
form of digital read-outs: altitude on the left and range on top of the
display area. Rate of descent and range rate can be perceived from the
"ticking" of the corresponding absolute values., The closing rate can be shown
explicitly below the range, 1if thia {8 found necessary or highly desirable in
the course of simulation experiments, For the pilot's assurance, the co-pilot
should call out various flight information, like descent rate and airspeed,
from time to time.

The minimal nature of the display is the result of eliminating monitoring
information from the basic display and much of the situation information in
the central area of the '"maximal" display, and of having a single mode for
localizer tracking, glide slope acquisition and tracking, decelevation and
hover (Figure 13), This is accomplished by using the DVI format and augmenting
it with error information. The symbology haa been chosen so that control
responses learned and exercised with the DVI instrument are maintained and
utilized over the entire approach speed range, down to landing. Vertical,
lateral and longitudinal display elements and control are discussed separately
below.

The vertical symbology on the left is eimilar to that in the hover mode
of the maximal display, but the meaning of the scale is modified in order to
cover the entire approach, The center of the scale denotes a point on the
nominal path, traveling along with the helicopter so that the ralr of wheels
show the altitude deviation from nominal. The acale itself 1s an altitude
error scale and an altitude error rate scale at tha same time with the iranges
of + 5°, changing to + 50 ft near the ship, and + 500 ft/sec, respectively,
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The symbols are made to behave in the following way as the approach
progressed, While flying on localizer before glideslope acquisition the ASE
i aititude~hold mode should be on., Accordingly, both the altitude and altitude
rate indicatlons show deviations from level flight. There is a negative glide-~
slope deviation not shown to the pilot uneil this error reduces to -1 deg '
which occurs, assuming 4 3 deg nominal glideslope, at 1,5 times the range of
the tip-over point for the glven flylng altitude. At this point automatic
swlitch-over to glidealope error presentation occurs. Some flashing tmay be
used to call the pllot's attention to this occurrence, From this time on the
altitude deviation symbol fndicates the glideslope error which [s negative
initially, while positive error rate indication stows that the negative ervor
1s being reduced in level flight. Before the error reduces to zero the
altitude<hold mode must be turned off, The pilot's goal is to reduce error and
error rate to zero at the same time, using the collective, while the airspeed
is held constant. The vertical error scale, being in degrees, becomes more
sensitive as the approach progresases; the sensi{tivity remains constant after
the range has been reached where the one=-degree error cone interseuts the ten-
foot radius error cylinder. The numerical values cited above are subject to
modifications based on future simulator teats,

i fi{gure 13 illustrates the case where the nominal glideslope terminates

ot 4 50~Ft hover haight over the deck mean, Actual height-to=deck information
1y shown by a rising deck symbol which at hoever should come to rast hetwaen

, the two reference lines slightly below the vertical scale, The gap between

A these reference lines and the bottom of the scale 1is such that In calm water

[ the altlitude "wheels" indicate touch-down when the balicopter wheels make

i contact with the deck., If ship information is available, the deck symbol can
indicate the rolling and heaving of the landing area.

The horizontal display has been developed based on the pailr of needles on
the DVI which is essentially a velocity command display in helicopter axes,
The same symbology is augmented with a position error symbol in such a fashion
that keeping the needle on the stationary double citcle reaults in a satlsfac-
toty control law for making a correction. The cross halr components are
driven by poaiton error and error rate eo that with zero error rate the cross
hair ig on the "target.” This way the "fly to" nature of the DVI iustrument
- is maintained., For simplicity, the minimal display employs constant gains for
the rate components so that an exponential approach to the "target" is made if
] the c¢ross halr 1s kept perfectly on the reference clircle. It is recognilzed
E easily that the crose halr in effect leads the target metion with the speed
' being propotrtional to the distance between thz cross hair and the target. This
' known relationship enahles the pilot to deviate from the exponential law In a
controlled fashion., He can lead the target anywhere he wishes and can stop X
! the helicopter's relative motion with reaspect to the target by simply placing k-
. the cross halr on the target.
i
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Lateral directional control throughout the approach and hover can he )
dividad into two sections depending on the ASE control mode used: coordinated |
turn and heading hold. In both modes lateral smtick motlons control esscntially
the force component along the hellcopter y-axis. As long as the altrspeed is
) held by the ASE, longitudinal motion is not controlled by the pilot and the

' target box representing nominal position moves only laterally representing the
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localizer deviation proportional to the angle, changing to & linear scale as &
one~degree error becomes less than a ten-foot error. When the airspeed is
high enough to allow for turn coordination by the ASE, only lateral stick
inputs are needed for localizer tracking. At such speeds the drift angle is
not very large and localizer error correction can be made using very gentle
turns controlling the rate of change of the error rate,

The time coustart of a perfect correction, keeping the cross hair nulled
at all times, is determined by the ratio of the error rate and error display
galns, Ratios of three to five, corresponding to time constants of three to
five seconds, have been found satisfactory ia the past, A ratio of five means
that, e.g., a symbol displacement for a 2 ft/sec error rate is the same as
that for an error of 10 ft. 1In practice, the nolsiness of the rate information
is usually the limiting factor on the display yain,

After deceleration has been iniciated the same control policy can be used
ag long as ASE turn coordination is effective and keeps the side force zero.
As the airspeed 1s decreasing a continuous heading change is needed, excapt
in the very simplest case when all the velocity vectors involved are aligned.
At low speeds the controlled task becomes more difficult because the pilot
must use the pedals to keep the ball approximately centered. In summary,
localizer tracking throughout most of the approach, with the ASE on, can be
accomplished in a straightforward manner keeping the cross hair "nulled" by
means of ba " angle corrections only.

For x=axls control the horizontal bar of the cross hailr is used essen=-
tially as a velocity command symbol like the corresponding needle of the DVI,
While the ASE holds airspeed this bar can be used to indicate deviations from
the set value. Deceleration can be commanded by this bar as follows. As
dlscussed in connectlon with the Approach Mode of the maximal display, given
the range to the ship and the closing rate, the range at which deceleration
is to be initiated and the velocity profiie for a given deceleration can be
predetermined in a stralghtforward manner, The bar would remain nulled
throughout the deceleration 1if the varying closing rate were always controlled
to the value pre-calculated for the decreasing range, This can hardly be done
perfectly, considering the lag between an attitude change and the corresponding
speed change. The deviations of the bar are to be proporticunal to tie closing
rate deviations from the pre-=calculated nominal profile., This raw error
Information may have to be augmented by lead information in order to reduce
the work load during deceleration. In order to minimize the transient effects
at the initiaticn of the deceleration, warning of the upcoming maneuver may be
provided by flashing of the horizontal bar and only a gradual increase in
deceleration should he commanded. 1In addition, the pllot knows the pitch
attitude change neaded for a given decelevation.

During most of the deceleration a longitudinal position error is not 1
really meaningful, In the minimal display true longitudinal situation is
shown iu the central area only near hover. If the approach is flown
correctly, hoth the target box and the cross hair are near the null circles at
all times. At a range of 100 ft from the nominal hover point the box refer-
ence switches to the nominal hover point. At the instant of switching, the box
jumps from the vicinity of the null circlea to the nomlnal hover point in
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helicopter axes, near the top of the display area, with the proper orienta-
tion, and enlarged to scale to indicate the size of the landing area, From
this time on both cross hair component. move with the same error and error
rate gains, leading to an exponential final approach to the hover point if the
cross halr remains centered, it should be noted that the ship is a'ready in
view well before the reference point switching to hover occurs so that the
situation information can be verified instantly,

In summary, the minimal display for two-pilot operation described above 1
employs symbology derived from the DVI panel instrument used as a hover aild,
oo That symbology is augmented to provide localizer and glide slope errors
throughout the approach and situation information in three dimensions necar -
hover, The veloclty command feature of the DVI format is used to command a :
predetermined deceleration profile.

A great deal of attention has been given to choose the arrangement, the
various display modes and the symbols in such a way that any disorientation
arising from the image of the moviag ship behind the display be possibly
eliminated, Nevertheless, exploratory simulator experiments may well lead to
spome modifications in both the "maximal" and the 'minimal" displays, and final

verification can come only from £light experiments because of the difficulty
of duplicating in the simulator the details of actual ship lighting conditions.

T T T s

3 An evaluation of the HMD is planned as part of a NAVIOLAND SH-2F simula-
tion to be conducted at the NASA Ames Research Center in 1982, The moving
base simulation facility to be used incorporates a wide field-of-view computer
generated image system, Figure 14 shows the simulator and the actual field-
of-view available from the right seat of an SH-2F, A calligraphic symbol
generator will drive the Honeywell HMD, The existing SH~2F mechanical flight
control and ASE will be simulated. The experimental task will be a decel-

3 erating IMC approsch to breakout and subsequent landing aboard a DD-963 class l
: destroyer.
,4
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Figure 2. Honeywell Helmet Display Unit,
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' HEAD UR DISFLAY OPERATIONAL FROBLEMS

—

Rlicherd L Newman

Crew Sqatems Comsultartse

Yellow Sprinas, Ohio F
Iy
i
o BACKGROUND
The hesd-up diespleyw (HUD) le a0 owitgrowth of the i

, ; * reflecting qursight of World Wer IT.  In sweh quosiahte, the
L aiming  symbol was  Qenersted oe @ beam of liaht, projected
3 wpwards  from  the top of the irnstrument parel, and reflected
towarde the pillot by 8 semitronspsraent mirvor pleced in his

[ view through the windehield, I the design de coreect, the
AN pilot will wsee the symbol "flosting” in his view of Lhe
h outuide scene., Several adventages erise from this type of

i aunsliaht?  the wiming  wymbol car be moved to compensete Tor
rarqge, drift, or other factorsl the imege of Lthe siming
sumbol  csr be focuwsed to Torm o virtual imeyge overlying the
tarqet with ro  accommodetion shift reeded and elimireting
parasllax evrvorsd and the brightness of the symbol carn be
eoelily adjusted to sllow for veristlons 1irm ambiert light
lovels,

It tabkes no qreet amount of imagination to see the rewt
sthep i the development of the HUD «~ the addition of flight
intformation to  the vivtusl imoge, T fact, this can be our
working deflmitiorn of a8 hesd-up diepley! o cockplt displey
that prewents flight date i the form of @ virtusel imege in
the pilot’e view of the resl world, The requirement for
flight dets diwaqualiflies simple reflecting gqunelghle, The

read for & virtusl imege eliminstes sueh devices swe
angle~of-atteck irndexer lights or periphersl cues sueh ae
movimg barber poles., A waeful as thews devices maey be, ,‘
they are to HUDs what dron sights are to lesd-computing ¥
reflectirg aunelahte. Most such diupledw shouwld be celled 4
peripheral coes, not hasd-uwp displads. i

In the mid-to-late 19604, the HUD wsw developed to the
point where 1t couwld be 1ncluded in the wesponm delivery
sqetems of militery ftighters, The Fflirat two significent U
aivoraft to wse hesd-up dreplevye were the A-7D/E (Corseidr
T arnd the AV-84 (MHarrier), Both of thaese aircraft sre
single~sent stteck alveraft., In both ceves, the driving

_ s i
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rationale for weing & HUD was to upgrade the gqun/bambaights
weerd ir previous attack airpl . 28,

The two HUDs differ from orne another in their datas
preserntationyg., The AV-8A HUD is & direct outarowth of the
early Eritish approsch to head-up displays which suaqgested
that the symboloay meed not be conformal to the real world,
but rather only an  approximate overlaying of symbols and
real world cues is desired (1), The primary symbol in the
Harrier HUD 1s an "aircraft wsymbol” which indicetes the
piteh attitude of the airplane. The pilteh and hesding
seales are compressed from the real world by 8 factor of
i1,

The A-7D/E; arn the other hand, derives ites dete from an
inertisl platform anrnd the flight path date i¢ scaled and
presented o that 1t conforme to the real world cwes, While
the display referencves are conformal Lo the resl world, this
digplay cean not be said 1o be 8 contact analoq, but rether
is 8 conformal, symbolic displagy, The primaery flight symbol
in the A-7 HUD is the velocity vector showing the aircraft’s
flight path,

In additiorn to other fighter/sttack airplares, certaln
£=130 arnd CH-3 helicopters have beern eauipped with HUDs as
anm ald im recoverirng parachute packseges in mid aivre These
HUDs are electromechanical HUDs which conformal within the
limites of +the electromechanical display, They sleo include
a director cuwe withinm +the displsey desiarmed to auide the
pilot in flylng &8 precise trajectory to & given poilnt, The
pilot swerimposes the aiming symbol orm the HUD with s
target (a8 ronwey threshold or i thie cawe a parschute) snd
fliea the sircraft orm 8 preclioe trajectory to the taraet.

The fimal HUD type, mentioned briefly above, i the
contact amalog. The major proponent of sweh & display le
Klopfeteln (2). In this riwplay (8 sublype of the conmformal
HUD)Y, the display corsists of realistle cues mimicking the
real world cues -- sueh  a@s arn artificlsl runwadg. I the
extreme, no quantlitative datse at ell i1s presented, only the
relstionshipe between variouws angles qives the pilot his
speart, altitwde, and flight path cQues. NG operational
alverafi, to our knowledae, wses thise type of dieplag.

Each of these HUD displads has proponents who can show
b Meams of simulator and flight experiments that a
particular desian 1les euperior for & qilven task.,. These
emperiments, particulerly simalator experiments, do not
adequately reproduce the operatiornal environment, With this
i mindg, we set Lo wse the very lsrge store of  HUD
experience in  the US militsry today se 8 mesans of exemining
the adventages and disadvanteges of the various HUD desigrs
presently in operationasl vse.
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T Thie study was  an  owtarowth of an earlier survey by
Barnette (3), who surveged A-7D, F-15, arnd F-111 pilote.
Hie conclusiorns were that there were problems with the
instrupment corosscheck betweer HUD anrd panel. Thieg problem
was made more acvte by the lack of adequate HUD failure
monitoring arnd  the lasck of required fliaght dats, Barnette
also reported that many pilots indicsted an  increased
terdancy towards vertigo or disorientation while fTlylng vy
reference to the HUD im  instrument meteoroloqical
conditiones. The fliaht procedures necesssary to uvse the HUD
as & primary flight reference were mot sdequately covered in
the variows poublicastiorns and technicel orders. Barnette
congluded that “extensive research is required to determine
it  the HUD cam be used as & primery flight reference syatem,
In the absence of thie research, the full potential of
head-up display may rever be reaslized.,"

A firel factor influencing this paper wan the long
learning times noted in previows HUD flight experiments. In
two particular evaluations, fairly long learning times had
beern noted for the pilots to resch steady state performance
(4) .,

HUD BURVEY

. The objective of the sasurvey was to obtain from
operstional (as opposed to engieerirg) ‘pilots their
sesessmant of how well the head-up displade do their job of
helpimg the pilot to fly the airplore. The surves was
restricted to the wso-called common modes of Tlight, rot to
tactical wegee of the HUDs in weapons deliveryg., Over four
hundred questiornnedires were circulsted to pilotse flying
HUD~equippred asirplanes.

Becausn of the vast wmajority of HUDs today are in
fighter o attack aircraft, most of the aquestionmaires were
sernt to pilote flying fighter or attack asirplares. A few
were sent to pilote flgime transports, such as the Lockheed
Hercuwles <(both militery 8rnd civiliarm), the Boeimg 737 and
the Degsault Mercure, Some were also sent to pilots fluying
the HUD-equipped CH~3E (MARS) helicopters. The balance of
this paper will concentrate on fighter/attack head—w
displags.

The issues covered irn these questiormnaires imcluded an
estimate of the deqree to which the responding pilot felt he
veed the HIID in various phases of ftlight and in variows
weather conditions. He was aleso asked to describe seny
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particular  problems  that he had encouwntered while using the
HUDY
~

AN

The remaining auestions dealt with specific items of
intevesty his  pevception of HUD training, srnd hie views of
what date was reavired i a8 HUD to be wsed ss B priMary
flight reference.,

Additionsl follow-up aquestionaires ard interviews were
aivern to selected pililots during theidr first gesr of flying
HUD~equipped agircraft. All of these pillots were Air
Nationsl Guard pillote flying A=7D airplares. This lawet
effort was an atltemet to determine 1f their HUD probviems
ochernged  durdng  their first tuwo Lo three hundred howrs ws
they beceme more exparierced with HUDs,

Broasdly epeakingy, the repsulte cen be divided into three
gerneral cataqories! hoerdwere-relasted, soviwesre-vrelsted, arnd
procedural problems., The hardwasre-related problems most
oftern reported by the pilote include an lemproper locwtion of
the desiar =9e reference point (DERF)Y of the HUD and
iradequete  control  of  the brightress controel, particulerly
#t the miriman levels of brightrneos resded at niaght, Haeny
pllots also commernted that thew would prefer o wider field
of view.

The pilots complained that the locstion of the DERF was
aenerally oo low, It would seppesr that the location of the
HUD  exit pupil does not teke into account the practice of
fighter pillote vitbtirng a8s high as possible in the cockpit to
morimize theie extormal fisld of view,

The brighthneds complaints qenerally are critical of 4ne
minimem  useful levels of  brightress. The intensity (et
miaht) seems Lo o from  "too bright"  to  "off." These
hardware complainte sppear for 8ll of the HUDs in the survey
and sees to be genevice problems.,

The software problems include complaints about the
dieplay dynemics, ircresserd tendoney towerd disorientation
while flyimg with the HUD a4 the primary fliaht reference,
ard  problems esssocisted with fluying the ilrmstrument landing
syutem (ILG) approach veing the HUD., Thove problems will be
srplified im the next section of the paper,

Frocedursl complaints include 8 lack of HUD checkowt,

the leserning times necessery to reach stesdy-stete
performamnce, arnd o leck of procedures with which to fly the
sgirplarne by refererce to  the HLD. Thede too will be

amplified later in the paper.,

Details of the survey incloding the popolation sample,
and the results are svaillebhle (85,
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HUD DYNAMICS

The response of the HUD aumbols does not sppesr Lo be
adequately controlled by the specificeations. Tuypical
cescriptions by the pillotes inelude expressions wse  "too
senvilive" or "Jjitter.” The preserct day HUD specificstions
o ot addresws  this dsswey, bt simply describe the sgmbols
gy 8 "131l  correspondernce wWwith the roll and piteh of the
wircrsft"  (4), No mention is mede of the dunemic respornse
of the eymbole, Tt must be emphesized that the descoription
of  ary  cdiwpley canmol be of o staetic ploctures The relative
motion withim the diepley in resporse Lo control impute or
disturbaences must bhe gshown s well,

according  to  the miltary sterderd for electrondie snd
optacal displasyes, the velocity veetor 16 normelly damped to
make At weeble, but  the amount of demping e deperdent on
the esyshem (2), T™his seme document sleo states that the
velogity vector showld show the velocitw veetor of the
sircoratt  certer of qravity (cqde I bests reported by SAAR,
the pllot’‘e Souk d¢ moch easder i Yome displesy dulckenlng
i provided by having the swysabol éhow the veloolty vector
wnome  tletarce dn froct of Lhe slreveft g (8)s T the csuae
of  the Viagirn, & locetiorn eight feet din front  of the
s#lvereft og wes  weed. Thiw, together with a plteh rate
teedback, helped the pilot control the sirplane much more
seourately.

“r adoditiomnel  conplication te  tho lack of mechanicsl
lages in elettronie displegs. Bueh  lages  are present in
virtually a8l rvourd  dial dnsbruments and their abeence may
explalin  bthe frequent comment of  "too much Jitter." This
will #luo bhe a» conslderstior as electronic hesd-down
lrmtrument dieplays DeCome COMMOM.

The cohodee of o one~lo-une scaele For the primery sumbol
may ot be optimums  The early British sohool swggested that
woMe  dearee  of  pitelh and roll  compression  provicged for
better trscking vcoves irn simalator tests (), In recent
tewte, reported by Moregen  andd Smith (10), indicstes thet
the piteh aceling prefered by the plilots depends lergels on
the partliculasr menvevers belrng performeds  One~to-one pilteh
sealing wos preferred for the TLS tesk, ublile larvge amounta
of pitern oompression were oehowmen for large seamplitude
MBrLIAVeT 4.

T view of the lack of  asdequate cormtrol of the HUD
dynmamics by the wpecificalion, 1t is rot surprising that
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thowse HUDs which had 0 w9t compleints seemed to have some
form  of dissetisfactior with  the response charscteristics
Migh o the List, It would wsppesr thal s better control of
the display dynemics die¢  vecaulved, Unfortunately, this is
ot poseible at present withouwt defining whaet ls deslred for
which airvplane and For which flight towak.

Ferhaps  the most digturbing facet of this survey and
EBarmette’s earlier asurvey (3 ie  the reported increaned

tendancy towards spatiasl disovientation. ApproxiMmately
thirty percent of the responding pilots reported that the
HUD tended to incresse vertigao or  disorientatlorn.

HUD=4rdueaed disordientation 1% reported to  be common in a8
rmuMber o inflight sltustions, The most common of these is
wher flyimg the airvplsne Lr-and-owt-of clowvds. Anrpther
scenario involves corfusing  cwes while flyinmg the HUD on
goldd  dnetruments in 8 strong crosewlind,  The latersl offeet
of the veloodty vector waes the ceuvse in thie situation. The
other Irstences reported were the high susceptiblility
sltuvetions aw niaht  pull-upe, ursuel attitude recoveriaw,
formation fluying, amd air combast mamvevering (ACM) .,

There Moy be useversl fesctore csusing thisw potertislly
seviouwes problem dirn the wae of HUDs instrusent flight, The
primery cause of pilot disvorientastion le conflictimg cues aw
to his orientetion, A possible cawee could be 8 subtle
migallignment of the HUD cues with the resl world cuwews, If
the pilot hes strong expectatioms  that the HUD cue will
overlie the resl world, any missligoment may Creste o
reduction in  the percelved scoursey of either cwe, possibly
below the consclouws level of peresiving the missligrment .,
It this 1e the coese, ther irmertislly deriven HUDs could have
# different degree of promoting disorientation. An irertisl
HUD should bLe much more acowrste than s alr mess HUD.
However, if the inertisl date doesrn’t sstisfy the sccursey
reeds, thern air  mass date may drduce less disorientetion
becawes the pllot maey heve leswer expectations snd not have
difficulty with misalianments. The auestion of piteh and
rall compressiorn abould impact areatly or this igsue. ’

Arnother factor 1is the reinforcemernt of the optokinetic
wtimulus by vestibular nystegmuc au & rapldd roll is entered
(11). This mesns that objectes im the externasl field sre
¢lear while the ilastroments are bluered esrly in the roll.
Ae  the roll progresses, the opposite ds true ~ tLhe external
view 18 blurred sand the instrosents become clesr., It is rot
clesr what the effect of viewing & virtual image, part of
which 1s attitude wstebilized and psrt of which d1s not,
during sueh » Meruever.

Ariother factor that may be lmportant 1 cawslng

disorientation wher fluing by referrnce to the HUD is the
visual backqrouwnd, ever if rno asligrnment is possibles If a8
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pilot flies throuwgh & clouwd using the HUD, the backarouwnd
will be sween to be approaching rapidly, It i9 o well krnown
illusion thet if we remove & rapidly moving backgrownd, the
remaining images will appear to move in the opposite
direction. In our case, the HUD symbolse would wppesr to
recede from the pilot. A second fTactor was reported by
Roscoe (12) who likerned the problem to the moorn dllusion,
While the HUD is focwssed ot infinity, the clouwd msy act as
arn "accommodation trap" wmeking the pilot’s eves focus at »
closer distance. This wouwld make the HUD images appear Lo
"hloom."

Other factors cowld influence the termdarncy towerd
spatial disorientwtior -- corfusimg backgrouwnds, the lack of
# raster imn 8 set of lime images, lack of pilot confidence
are amoung these, Again, further resesrch Lo needed to
quaritifty the problem snd lsolate the calse Or COLBEE.

TRAINING ISBUES

I+ waw apparenlt during the course of thiw atudy thet
very little attentiorn i1¢ beirng directed to indtisl (or

recurrent) HUD trairning for the milltary pilot, The
overwhelming observation is thet the problem is beinag
larored in both the alrplere flight marvaels  and  dn

instrument flight publications. The general seporsch to HUD
checkowt dnm  the airplane le to provide o brief descrlption
argd @ short cockplt orlentation of the the switeh locatlions.
& agiagpifticoent problem with the wee of HUDs mey be the
orqanizetionsl sttltudes of the particulsr unite flulng the
gdlrplanay.

Saversl particulsr HUD trainling problems waere observed
cduring  thie wetudy -~  the wee of the velocity vector as a
fliaht comtrol parvemeler, the irnstrument procedures, and
lookirg throuagh the HUD.

HUD have  Lntroduced 8 naew  dimension  into  Fliaht
comtrol, +the wvee of the wveloclty vector LYo replace orp
supplemnent sircveft plteh as 8 control perameber.  This
corncert i 8 new one Lo most pilote and may not wsppesr to be
matural et firat, Thid may cresate problemse for thowse pilote
trajned L attitude flyina, Urforturnetely, many pilols do
reeat, reslize that thew don’t  understend the difference
hetween flight peteh and plteh reference.s Ome plilot In owr
survey  sald "I know I’m nose hiagh, but the velocity vector
whows level fliaht." Several pilots who were followed
durdimg  their flret wesr of HUD flying appeasred to change
theldr  ontrol strateqies with respect to the wue of the
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velocity vector we time went one Some devioped problems
with control streteqlies only safter one or two hundred hours
of HUD flying.

The second btraining problem lnvolves Just how Lo uwee
the HUD. In some airplarnes, the HUD is the primary flight
reference, wet irstrument procedures  are tsught weilng the
conventionsl panel inetrumente. The instrument checok
fliahte may sleso e flown walng rourd diale slone. Some
pllots reported difficulties im  switchinmg quickly from
flying o velocity vector and srnale of attack 4trateqy Lo a
pliteh attituwde, vertical veloclity, and sirspeed stratequ.

The wse of +the HUD has several facets thet mast be
addressed during tralning, The student must be teught where
and how  to look at the specific cves of interest, He most
aleo be ahown how the HUD respondy to control irpute and
outeide disturbarnces. It de drnetrwetive +to compare the
conial HUD training inm the militery with the cesreful
irwtruetion HUD vendore gqive durdng flight demorstrations
ang with  the HUD trainimg eyllabus of Alr Inter, the French
alvrlirne wealng HUDB for teteqgory TII operatlioms (13).

The HUD would aleo be extremely useful during primary
pilot tralning a8 o mesns of demomstrating the different
comncepts of piliteh, angle of attsesck, flight path snqle, and

other control parsmeters, The pillotes in our survey
indiceted that euch o vwse of HUD would be auite bhemeficial.
Although cormeaenrn about the student pilot becoming

oveardaeapondent om the displey, there is some eviderce that
having beer exposed 4o a8 HUD maehes 8 more proficlent pilot
ever after the HUD is taker away (14),

CONCLUDING REMARKS

A number of operationel problems associsted with
hesd=-up displaye have beer identified, While we have
ldemtiftied problem areasas, it woet be remembered thet the
HUDs were gqernerasally so beneficisl in helping the pilot fly
better, that +the pilots readily veed the HUDw, problems and
all, There 19 ro questiaon that meny of the HUDs in wvee
todey, which were not desigred for use as an instrument
fligqht reference and which have certain deficiencies are
bhetter than mery of our hesd-down instrument parela, The
bottom lirme i1s that the pilots use HUDs bhecavse they work,
Solving the few problems will meke them work better.

Several areas ere recommended for further research and
development. A flight experiment ise necessary to eveluate
variations in the dynamic response of the display symbols in
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fliaht for variouws sets of flight mernvevers and for variows
types oOf alrplanews. The results of thie ewperimernt will
ensble ws  toH write bhetter specificstions desling with the
dyriamic resporse of HUD swymbole, The seme flight test could
aleo  evaluste the asccuracy requirements (1. e, inertisl
versus  alr  mass  date) for HUDss This experiment must he
perforned 1in  flight since we car not fully model all of the
cdyrmamic cues in simulstors. The DEFT NT-33 1w an ldeal
vehicle for such o flight teat (10).

At the same tine, prefersbly in the asme vehicle, we
need to further determirne what ceuses the incressed tendency
toward epatisl disorientation. Agoin becevse of the many
cues Lo be modeled, sweh 8 test must be conducted i Tlight,

The trainirmg o maximize the bernefit of HUD use, both
im terms of HUD coheckouwt amd in terms of primery pilot
traiming  shouwld be examined, Frocedures to maximite the
abrility of the pilot to fly usimg the HUD arnd wtill momitor
hig  obther ilrstruments (ard discrepoarcies in the real world)
must  be  developed, evaluwated ard incorporated imto our
initial and recurrent traininmg, The instrument ftlight
publicstiorns must be wpdated to reflect these procedures.

In colosing, we wish to emphasize that we were looking
for problems. We found somes In splte of these problems,
with the exception of certain hesd-up displeys with obviouws
hardware deficiencies, the mabjority of the pilots surveved
ugerd the HUDs becauvse the HUD provided somethima they
wanted. The bottom lime 18 HUDs work end thewg work now,
What we reed to do is take o little time and meke them work
hetlar,
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"LIGHT BAR" ATTITUDE INDICATOR

In November of 1979, the Wing Commander of the 9th Strategic
Reconnaissance Wing at Beale Air Force Base made an informal
request to the Dryden Flight Research Center for assistance in
cagsing the task of high altitude night flying., The types of
aircraft being flown - the SR-71 and the U-2, are less tolerant

of attitude upsets than most, In both airecraft, unusual attitudes
can develop rapidly while the pilot is coping with other dif-
ficulties,

The problem was discussed with the pilots at DFRC and Einar
Enevoldson recalled a Canadian magazine article describing

ah installation in a helicopter for arctic night flying. We
later discovered that this was a description of an instrument
developad by Dr, Richard Malcom, To achieve the same result as
Dr. Malcom's instrument - the projection of an artificial
horizon across the instrument panel for pitch and roll information,
DFRC modified a standard four inch ADI. A light bulb was put

in the center and a thin slit out on the horizon., This resulted
in a thin horizontal sheet of light projected from the instru-
ment., We had used a similar instrument in 1968 as an aid in
simulator £lying (figures 1 and 2).

Because of a lack of priority, funds and officlal program status,
it was mid-February 1980 before we had an instrument installed

in the ground cockpit of a remotely piloted (RPV) Piper PA-«30.
The instrument was mounted beside the pilot's head and projected
its light beam on the instrument panel., This proved to be an
aid in {lying the RPV,

About two weeks later, we heard of Dr. Malcom's work with the
Varian of Canada Corporation, through Lyle Schofield of the

Alr Force Flight Test Center. We tren invited him to observe

a PA-30 ilight using the instrument. Varian, incidently has

the patent rights on the concept. Subsequent to this, we
installed it in a Cessna T-37 jet trainer, attached to the canopy
between the two pilot's heads. The %irst flight was made on the
night of April 9, 1980,

The intensity of the projected ba2am is such that it can only be
seen in a darkened room or at night., Figures 3 through 7 show
the beam on the instrument panel of the T-37, depicting various
attitudes. The alrcraft's attitude indicator uoes not correspond
to the attitude shown by the light bar as the pictures were taken
on the ground.
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We have since demorstrated thelLight Bar A.I., as we call it,

to approximately 80 pllots of varying backgrounds, SR-71, U=-2,
A-10, Test Pilot School instructors, Brooke's medical staff,
Human Resources Lab staff at Williams AFB, the Navy Post Graduate
School staff, and one Navy pllot., We have not had any adverse
comments and most of them have been enthusiastic,

st i’

A .-
A summary of pilots' comments are: /v ' Tty

P (1) A 1l/4 inch high beam with sharply defined edges is
. desirable. :

(2) A dimmer for light beam intensity is required to fo
accommodate ambient conditions, 5

3 /!

; (3) The center of rotation of the roll axis should be

' located in front of the pilot, otherwise roll appears /. , /-

L as pitch. T

- Ay

{ (4) A means of slewing the beam vertically is required to

' position it on the desired location on the ilustru-

ment panel or canopy bow when flying formation.

(5) It eames pilot workload generally and allows constant i
monitoring of the performance instruments.

(6) There is a need to inveatigate roduced gearing in
the pitch axis in order to maintain the beam's position
on the instrument panel.

Some possible uses for such an instrument to ease the pilot task
are:

(1) High altitude flying, both night and day. f
(2) Low level night or weather penetration.

(3) Night dive bombing under flare lighting (bright light
into darkness on pull-out).

(4) Night carrier landings.
(5) Formation flying at night or in bright haze. i
(6) Aerial refueling at night or in bright haze.

(7) General I.M.C. flying both "up and away" and
on approeches,
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Two potential problems exlst in using the dovice:

(1) Becausu of the easc in flying instruments with it,
a pilot might become complacont. Tt ls our belioef
that the light bar should be used as a supplement to,
and not a replacement for the "8-ball" and when an
"of{ condltion" is deotected, an immediate transition
should Lo made to the AD.1,, or basic ingtrumonts
for recovaery.

{2) An uprlght-inverted ambiguity exists with our instru-
ment which we realized, and which resulted in one
pilot recovering from an unusual attitude inverted,
It is our opinion that traditional instruments,
espacially the "8-ball", offers the best upset
recovery assistanca.

DFRC wants to stress that our instrument is a conceptual dems
onstrator only. Although it has several shortcomings, it has
been sufficient to yenerate interest within the Alr Force

80 that several evaluations of the Varian instrument are being
conducted.

To adequately demonstrate that the system provides the expectad
benefits: eased pilloting task, improved sense of vertical,
rosistance o disorientation, ls no doubt a formidable task.
However, our esperiences lead us to believe that a thorough,
proper evaluation should be done. "The system tends to generate
enthusiasm which may be based on its novelty.

The Dryden program was to demonstrate the concept only, not
tuv develop an instrument, and we feel that this has baen
accomplished. We will continue to use the instrument as an
ald in the remotely piloted research aircraft ground cockpits
and £ly it in the T-37 an necessary.
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