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INTRODUCTION

par

Médecin Général G.Perdrie l

L’information visuelle est essentielle pour assurer Ia sécurité et I’efficacité de Ia navigation aérienne.

• Elle depend de:

— Ia qual ite des fonctions visuelles du navigant , appréciée lors des examens d’aptitud e et des visit es de
contrö le prati quées a interva lles rCguliers .

- du choix des aides visuelles personnelles et des disposit ifs proposes pour Ia protection oculaire contre les
agressions lumineuses excessives.

Mais elk est ausi liée a Ia presentation des informations disposées dans Ic cockpit et fournies par certains
instruments imagines pour pal lier les difficultés inhérentes a certaines conditions de vol.

U en est ainsi da ns Ic vol a grande vitesse ci a basse altitude of’ Ic pi lote doit pouvoir conjuguer Ia sécurité du vol
et Ic succCs de sa mission.

II lui faut alors disposer a tout moment d ’informations précises concernant son altitude , sa vitessL , les repèr es
essentiels qui ja lonnent son itinéraire , Ic nombre et Ia nature des obstacles a son evolution , et parfois au ssi. Ia
reconnaissance certaine de l’objecti f de sa m ission.

Les instruments classiques sont alors insuffisants pour répondre a ces multiples imp eratifs et des informations
exactes ne peuve nt être four nies qu e par des procCdés sou vent sophistiqués comme I’affichage automatique et
synoptique des divers renseignements souvent présentCs sur écran cathodique.

Les conditions d’ambiance lumineuse du cockpit doivent aussi Ctre parfaitement adaptées aux operations
diurnes et nocturnes.

Enf i n, da ns les phases ultimes d’une interception , Ia visualisation des donnCes pour Ic contrôle du tir et Ia
conduite de l’avion doivent Cue parfaitement conjuguCes , parfois même synchronisées.

b u s  ces procédés ne peuvent Ctre utiles que Si les informations qu ’ils prCsentent sont faciles a apprehender par
Ic pilote. II importe donc de rechercher Ieurs limites théoriques , mais surtout pratiques , d’efficacité.

Les communications qui vont notis Ctre prCsentCes répondent a cette preoccupat ion ci les conclusions qui seront
exprimées doivent nous permettre une meilleure connaissance de ces prob lCmes.

Pour assurer plus d’effica cité a nos travaux , je vous propose de rCserver a Ia table ronde qui doit clore cette
session les questions qui devront Ctre posées par écrit sur Ic formulaire que vous trouverez a votre disposition.

Visual information is essential for the safety and efficiency of aerial navigation.

It depends on the following:

— the standard of the airman ’s visual function , as assessed during the initial fitness examination and subsequent

• periodic re-examinations:
— the choice of personal visual aids and of the proposed devices for protecting the eyes from the effects of

- • excessive light.

Visual information is also related to the display in the cockpit of data provided by certain instruments designed
to overcome difficulties inherent in certain flight conditions.

This app lies in the case of low altitude high speed flight , when the pilot must be able to ensure both flight
safety and the success of his mission.

¼ He must then have instantaneously available precise informati on about his height , speed , principal reference
- • points along his route , number and nature of any obstacles in the way of his manoeuvres , and sometimes also,

• definite identi fi cation of the target.
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Conventional instruments are inadequate in such cases for meeting these multiple requirements and accurate
data can be provided only by methods which are often quite sophisticated, such as the automatic and synoptw display
of data , often on a CRT screen.

The ambient lighting conditions in the cockpit must also be such as to be perfectly suitable for both day and
night operations.

Finally, in the concluding stages of an interception , the data displays for lire control and flight control have to
be perf ectly matched , and sometimes even synchronised.

F However , all these methods are of no avail if the data presented are not easily understood by the pilot. It is
important therefore to ascertain not only the theoretical limitations of such methods , but also , and most particular ly,
t heir practical efficiency.

The papers to be read at this Conference all deal with this matter which is of paramount concern , and the
conclusions expressed are aimed at increasing our knowledge of such problems.

In the in te rests of ef ficiency, I would suggest that any questions you may have , which must be put in wri ting
on the form which you can obtain , should be left until the Discussion which is to close this Session.
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ThE DEVELOPMENT OF AWCRAFT INSTRUMENTS

by

DR E J LOVESEY
Flight Systems Department

Royal Aircraft Establishment
Farnborough

Hants
GU 14 6PD

SUM4AR Y

Aeroplanes have developed more or less steadily, since the beginn ing of the century as man ’s know-
ledge of aerodynamics and aircraft structures has increased. Cockpit instruments have also progressed
but often in an almost cy lical m anner with instrument disp lay format choice depending, apparently, on
current fashion rather than on good human factors reasoning. The ef fec ts  of the cockpit environment
upon display design have often been ignored , though some recent advances in display format promise some
hope of improvement in future aircraft .  Increasing use of cathode ray tube head—down and head—up disp lays
should allow the cockpit designer far more f lexibi l i ty  than has been possible before , but care must be
taken to ensure that their advantages are not negated by trying to cram too much information on to them.

This paper is intended to give a brief history of the development of aircraft coc :pit instrument
layouts and to list some of the short—comings of current instrument displays. An indication of probable
trends for future aircraft information presentations is also given.

INTR ODUCTIO N

Some of the very early aircraft had no instruments at all, but compasses, air speed indicators and
altimeters soon made their appearance and became standard items in an aircraft cockpit 1 , 2, 3, 4. To these
basic instruments there have been steadily added instruments for engine, fuel, radios, weapons etc. This
has produced an almost exponential rise in the number of cockpit instruments (See Fig 1) and a single seat
cockpit of a modern strike aircraft might contain over 300 instruments, indicators, cont rols and
switches5, 6, 7~

An aircraft in service today may have a useful working life of over 20 years, during which t im e it~
operational role may change quite radically. This will almost certainly require additional equipment and
instruments to be added to the already full  cockpit . Very seldom are instruments  removed to make wa , f r
the new. This all leads to very cluttered cock pits which leave a lot to be desired from the ergonoai~ t ’ s
viewpoint. Current developments of both head—up and head—down CRT (cathode ray tube) displays may help
to overcome this problem but they could also aggravate it, if the philosophy of presenting only the neces-
sary information at the correct time is not observed.

HISTORICAL TRENDS

Aircraft  of the 19 14— 18 era contained few cockpit instruments, most of which were poor but a few of
• which were surprisingly good, ergonomically (see Figs 2—5). Features of the poorer instruments were

railway line mark ings, (see Fig 4 ) ,  over—numbering, numbers outside the scales resulting in smaller gradu-
ation separation, gas meter type sub-dials within a dial , dials crowded with graduat ion mark s, excessively
thin pointers and shiny brass bezels. (Sadly, some of these features are still  to be found in rela~ ivelv
modern aircraft .)  Of the better features sometimes to be found , were the clear numbering and graduation
marking, ( see Fig 6),  scales numbered by intervals of one or ten and sub-divided by ten intervals, contr :~r t —
ing white numerals and graduations on a matt—black dial. Both good and bad features have been perpetuated
in cycles until quite recently. It is interesting to note that s t r ip  instruments have come into a i r c ra f t

• cockpits at frequent intervals throughout aviation history (see Figs 6 and 7) .  Usually, they have lasted
for a few years, have then been rejected and disappeared for perhaps a decade before reappearing ag~ in .
Some wartime strip instruments in British twin engined bombers look surprisingly similar to the current
strip displays which have reappeared in American airliners and helicopters.

• The choice of strip displays for an aircraft cockpit would appear to depend upon current fashion
* rather than on good ergonomic reasons. Strip displays are certainly more difficult to read than conven—
p - tional circular dial and pointer instruments under the vibration conditions to be found in helicopters.

One can always detect the angular position of a pointer on a circular dial no matter how blurred it might
•. appear due to vibration. The linear position of the pointer on a strip instrument is far harder to sense,

and usually will have to be very carefully read, since it is more difficult to detect linear positions or
movements than angular ones. This is particularly so if vibration is present. Vibration blurred scales
and pointers can form nodal images which are difficult to relate to one another.

A frequent argument in favour of strip displays is that if used, for example , in a mult i—engined
aircraft  to show engine speed under normal operating condit ions, the vert ically mounted strips can be

~~~ •~ .. scanned along and any deviation from the norm on one engine can be detected immediately. This form of
~~~ rr.in~ for faults  has of course been used in cockpits for many years with circular dial and pointer

¼. instruments, by ro ta t ing  the instrument in its mounting until the pointers are horizontal for normal
operating conditions.

• As a leading aircraft instrument manufacturer
8 states ‘Although the vert ical  tape instrument has some

advantages over the circular scale instrument , it sometimes presents a problem when allocating panel space
• because of its awkward shape as well as presenting an ergonomic problem when used in serried ranks; when

a
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the pilot might not always be able to sort out quickly which of the many vertical lines is the one with
which he is immediately co~cerned~ ,

CURRENT AND FUWR~ TRENDS

Because modern aircraft tend to be very complex pieces of machinery, with many separate systems, all
of which need to be monitored, their cockpits contain almost as many instruments as the panel space allows.
(See Figs 8 & 9). Often the panel space is inadequat e and space saving techniques are used. For example,
2 or 3 pointer instruments are used. These instruments certainly save space , but at the cost of greater
reading di f f icul ty  and increased errors. The fa ta l  accidents which have been caused by misreading the
3 pointer altimeter are well  known examples of the results of poor display design. (A single pointer alti-
meter combined with a digital readout overcomes most of the problems associated with the 3 pointer instrument
giving both height and rate of change of height information in forms readily assimilated.)

Panel space could somet imes be saved by replacing instruments with more simple indicators. Often the
pilot or flight engineer needs only to know whether the system is within limits, which can be indicated
by warning lights or flags. He does not need to know the precise state of the system which requires to be
indicated on the dial.

Even when he does need to know the precise value of the parameter that he is monitoring, he may need
to check it only once or twice per flight, eg the brake accumulator pressure gauge. For the rest of the
time the instrument is cluttering up the cockpit and possibly acting as a distraction.

Today, by using CRT displays in the cockpit only that information which is current ly required need be
displayed. With a CRT display the pilot will probably be given the basic flight information of air speed,
altitude , attitude, heading etc. He could select other quantities such as checklists to be displayed (see
Fig 10), while system malfunctions could be programmed to be presented to him automatically. A separate
CRT display could be provided to give navigational information, fuel state etc. The artificial horizon
and basic flight information might be combined with a low light television view of the outside world for
night operations. Alternatively, the basic flight information may be superimposed on the real world by
using a HUD (head—up display). In this instrument, the CRT image is projected onto a screen in front of
the pilot and collimated, so that he sees the information ‘outside ’ the cockpit at infinity (see Fig ii).
This has the advantage that he can maintain his view of the outside world without having to look ‘head—
down ’ to read his speed from the conventional panel mounted air speee indicator. The HIJD is particularly
useful when , for example, approaching a runway in fog where the pilot needs to keep his eyes skinned.
At this time the pilot has little time to see and to recognise the runway and then to decide whether it
is safe to attempt a landing. Any time spent looking within the cockpit will reduce his chances of attem-
pting a landing. Consequently, a HUD can be of immense benefit in some marginal situations. Despite its
advantages the current HUDs have the serious shortcoming of an inadequate f ield of view. Only a small

• part of the outside world can be seen through the HUB ‘porthole ’. This results in HUD clutter, which
would be reduced if a larger field of view could be provided.

The HUD has the additional advantage of producing a collimated image which is less effected by vibra-
tion than conventional headdown displays (see Fig 12).

Despite the potential advantages of CRT displays there is a danger that their full value will not be
realised. The tendancy to try to put too much information on the display is strong arid must be countered
by good human factors guidance. Since man is effectively a single channel device, albeit one that t ime-
shares, there is little point in trying to present him simultaneously with all the information he needs
throughout the entire flight, when he can only process a relatively small amount of it at any one time.
This is exactly what is happening with the latest display presentation such as the helmet mounted display.
The helmet mcunted display could be described as a development of the helmet mounted sight which usually
consists of a boresight with a limited amount of additional information added to it. The device is
collimated and provides a simple display in front of the operators ’ eye (see Fig 13). Ii is designed
to improve the ~~~~~ ability to aim weapons or sensors at potential targets by merely looking in the
target~ s direction; sensors on the helmet feed data to a computer which calculates where the man is
looking.

The helmet mounted display is a more complex device which produces an instrument display in front
of one eye of the pilot , leaving his other eye free to view the real world (see Fig 14). It has been
claimed that  by presenting a collimated display directly in front of the eye, information can be displayed
over a far greater area than can be done by HUD5 or by cockpit instruments, whose area is limited by the

• need for windscreen and other cockpit equipment. While the helmet mounted display is potentially a most
use~ul device much of the effort, so far, seems to have gone into maximising the amount of information

* 
displayed to the man. Few have questioned whether it is the correct information or how much of it he can
process. Unless these aspects receive the attention that they clearly desire, the future pilot will be
presented with more and more information which will be utilised by him less and less. The cost of his
displays will increase and so will his workload but the overall efficiency of the man machine system will
decline due to the ergonomic shortcomings of the display interface.

5’ ~•
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Fig 2 Avro 504 Cockpit, circa 1915
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Fig 3 Brandenburg Dl KD instrument panel circa 1917

.• ,_

- —~~~~~.- ~~~~~~~~~~~~~~~~~~~~~ ~~~~~
— 

~~~~~~~~~~~~~~~~~~~~~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
-

• _A



_ _ _  
___ • ~~~~~--~~ - - -- -~~~~~~~~~~ —•—-- -• - -- -

C — . -

- • a~.

~~ r ~~~

Fig 4 Sarly instrument panel showing both good and bad features
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Fig 5 Se Havilland 9A cockpit , circa 1918
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Fig 6 A Pioneer instrument panel of 1925
showing strip displays and well designed A5I
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F Fig 7 Lynx helicopter cockpit , 1974 ,
showing strip and conventional circular instruments
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• Fig 8 Mosquito NF 38 showing early use of CRTs
in cockpit, circa 1950
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FIG 10 ¶Pypical checklist showing the versat i l i ty of CRT displays
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FIG 11 Uncluttered collimated BUD superimposed on the outside world
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Fig 12 Collimated HUB image in a
vibrating environment
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Fig 13 An ear ly he lmet -
mount ed sight 
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Pig 14 A helmet mounted display

Fig 15 A possible helmet mounted display of low
light TV with additional flight information
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DISCUSSION

R.A.Chorley, Smiths Industries. Cheltenham. England: In the curves showing how the number of instruments has
changed with time, does “Number of Instruments” mean “number of instrument cases” or “number of separate items
of displayed information ”? The two may be appreciably different , because of the tendency in modern instruments to
combine a number of separate items of information , either for operationa l or for space-saving reasons. The Advan ced
Cockpit , with electronic displays , is only going to reduce the pilots visual work load if the number of items of informa-
tion can be reduced by pre-programming. At the moment it looks as though some people are thinking in terms of 50
items of information compressed into 4 CRTs , which will not help anyone !

Author’s reply : Yes , only the instrument cases were counted. With regards to the second point of the question, I
agree. The advantages of the CRT cockpit disp lay will not be realised unless care is taken to present only the informa-
tion that the pilot require s and can process in the time available.
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CRITIQUE DE L’ECLAXRAGE DES POSPES DE PILOTAGE

F 
L.D. BEYNEMANN — Ingénieur Re.pon .abl. di l’dclajrag.

di bord au Service Technique Adronautiquo.
Président dii Comitd d’~ clairag. do. Aéronefs de is C.I.E.

ot

J.P. CHEVALENAUD Médocin en Chef. .F.A.F.
Professeur Agrdgd dii Service do Sante doe Arméso

Surexpert Ophtalmologi.t. au C.P.E.M.P.N.

Résum é

Lee suteurs so proposont a

—do presenter lee norm.. actuellement en viguour concernan t l’éclairage des postee do
pilotage (instrument., tableaux do bord , pannoaux 4. commando);

—d o cri tiq 1uer éventuelloaent cortaines do ceo norm os ou règies d ’usage , en fonctio n
doe diffdrontee conditions di vol;

—do décriro des solutions rdcentos concornan t en particulier , 1.. mCthodes riouvelles
de presentation des informationo.

Introduction

Li groups aéro—iiédical do l ’AQAR D a déjà diecutd , a dour roprisos au mom s, doe pro—
blèoes d’éclairago dos postee do pilotago et do. prC.ontatione d’informationo luminouses oolorCes
fourni.. au piloto ; c ’Ctait on Octobre 1967 a Bruxoilee , 1. “Symposium cur l’dciairage rouge ou
blanc doe poetoe di pilotag.”, it en Mai 1972, le “Colleque cur lee exigencee di is vision des
couloure dam s los différente s conditions opérationnolles ”. Lee auteurs ont participC A ccc deux
reunions.

Lore do la reunion do 1967 avait etC discutC , essont iolioment , lo choir do is couieur
des information. fourniea su pilots an coiars des vole do mutt afin di no pas perturbor l’adapta—

• tion a is vision oxtérienre.• Deput e cette date , ii point di viii do l’srmCo do l’air franca!.. n’s pa . change a lie
avions de combat franca!. (on construits en cooperation avec tan autre pay s ouropCen) sont toujours
minis di dour modes d’Cclairage a tan Cciairage rougo et tan éclairage blan c (fourni gCnCralemont
par dos sources ultraviolotte . oxcitant di. inscriptions fluorescent..). En offet , ci nous recon—
naisson. qu ’un éclairago rouge oct gCnCrateur do fatigue , eurtout oho. tan su et hyperiiaétrope ou
dov onu presbyto , noue comm.. tuujonrc convaincue que c ’e.t is couueur qui affecto 1. moth. i’ adap—

• 
- 

tation A la vision oxtCrioure do nuit.
Lee norm ee en vigueur , quo nous nous proposone d’oxsminor , no concernent que l’éclai—

rag. di nuit.
Li. nouv.lle. methodic di presentation doe informations a écran e radars, Ccran. do

tubes cathodiques avoc information. aonochromatiquee on coiorCee et touts. is. information, auto—
• lusinousos, posent do. problem .. on vol d, jour A tree haute altitude. En offot , la luminoeltC

dan. 1. poet . de pilotage pout attethdre 70.000 lux on sCm. davan tage .

I— Eciaira~o ola.siguo di nuit

Li. norm.. actuollosont en vigueur , pour is. instru ments di bord it iour éclairage ,
sont .sa.nti.lle~ent lis accord s de etandardisation OTAN (sTANAG) , ClaborCs ot rCguliCromont revue
par 1. Group. do Travail A.I. (Aircraft Instrumonts) du Bureau Militairo di Standardisation (MAS).

• Lee norm.. •ont gCnCraloment in accord avec lee normos ou rocommandations national..
corr.spondantoo .

Nous citorono quolgues—une di cs. STAN AGS a

—3216 a disposition doe principaux instruments do vol.
—5 221 a .mplao.a.nt die commandos do vol.

• • —3224 Cclairag. dee post is d’Cquipa ge .
—3225 a e place .ents des commands. di vol .ur sCronofe a voiluro tournante.
—322 9 isttrss et chiffres dan e 1.. postes d’Cquipage .
—3341 a code d. couleurs pour marquag . doe cosmandee do aecoure.
—3436 a code 6. couieur . pour leo piag.. de fonctionneicont des instrument . do bord.
—3643 a trat suent anti—reflet do. v.rr.e d’instrumonts indicatours it collimateur..

— 
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C.. norms. OTAN ont CtC prCp..rC.s A partir di docuasnts ou d’habitudes nstionalse. Li.
pay s leadir. sont Cvidems.nt lee pay s constructeurs d’aCronsfs , a savoir principa lement los Etats—
Uni., is trance , is Crsnd.—Br.tagn., l’Itali., lo s Prys—Bas, is RCpublique FCdCral. Allomand.. 4

Cee r.ccamandationo oon t eulvi.., dams tout. is soeure du po..ibi. . Eat particuuier , on
ci qui concerne is. STANAGS 3216 , 3221 .t 3225, ii n ’est pa. toujours possiblo de i.e appliquor A
Ia i.ttre CtaM donnC la place disponibis (.ouveri t trbs restr.into) dan. is. post.. do pilotags di.
aVionO d. combat.

Li S!bJAG 5229 fire i.e form.. it le, dimension. die lottzes .t des chiffres. Ii n est
pa. non plus toujours possiblo di i’sppliqu .r, car I.e dia.nsione d.s inscriptions sont plutôt
fonot ion a. is dimension du cadran considCrC et do la quantitC d’inscription a presenter , gui do
is distanc. qui sCpare I. cadran ou ii pann.au di command. do l’oeil du pilote .

Li STANAG 5541 indiqui un code do couieurs pour le aarquage doe commandes do sicours ,
asia. toutefois dCfinir cc. coul .urs d. fsçon précis..

La recommandation gui nous intCress. 1. plus est 1. STANAG 3224 A—I (“Eclairag. dee
pootis d’Cquipsge”).

Ii dCfinit a

~~~~~~~~~~~~~~~~~~~~~~~~~~ (mini.um s imposes) a

—Cclairage normal die instr uma nte ,
—Cclairage do e.cours die instrumonts ,
—Cciairag. des pannoaux on coaasolos ,
—Cclairago do forte intena.it..5 (anti—éclair.).

b)— ~!!_!!maan ~~~~~~~~~~~~~~

—avoc rCglago do i’int.nsitC lu.ineue.,
—en Cclairag . normal •t en Cciairag. d. .ecoure.

c)— Lee niveaux di luminance a

—pour ii. information. prCsentCo .,
—pour 1.. zones noires (on piut8t guts trés foncC) con.tituant lo fond des cadrane
ot I.. zone. ne comportan t pac d’inforsstions luminous..,

— pour lie aigutiles , drapeaux .t autri. ropAr.s,
—pour l’Cciairago anti—éclair .

Pour l’Cclairage intirno des instruments , i.e valoure dos luminancos rocommandéss pour
is tension nominale d’alimentation (~ V on 25 V ± i%), .ont donnée. avec une trés grsrtde toléranc.+ 50%. Ciot ti.nt an fait quo is vietbilitC n’est pas souuosint foaction do la lum inance, elle de-
pend ausei do la taillo et di is densité do. thformationa affiché.a.

Par s xo5pio, dams ii tableau do bord do i’av ion franco—aliemand TRANSALL , doe informa—
tions on ianguo allomande gui no pouvaient $tri abrégées formalont des paves humin.ux gui dCaadap—
tau nt ou Cbiouissaient lea pilot.e. Dana co cas , on a etC oblige de disinuer notabloment la lumi-
nance.

L’expéri.nci prouve d’ailloure quo lea minimas imposes par 1. SFANAG (gui l’Cclalrag.
soit intorrie ou oxtern o, rouge on blanc ) sont trop élivé.. Lee piiotes n ’utilisent jamais la tots—
litC do is puissance Clectriquo misc a leur disposition. II est a notor que la derniCre edition do

• . co STANAG donne tine tolCranci do ± 50% pour i’Cclatrage intern o ot n ’en prévoit aucuno pour i’C—
oiairagi ixterno par projocteurs ou rampes luminous.. sons casquette, ou pour tout autre procCdC
d’Cclairagi externo d’un ensembi. d’instruaents. Ccci nous parait constituer tine iacune.

• d)— ~!!_22 e ~!!_ !~~e~i! 
:

Ellis eon t parfaitiment dCfinias dam s is STANAG et sont conformes aux recommanda—
tions di la Commission International. de i’Eciairage (Publication n 2 2 , 1975), pour lee
Cciairage s rouge et blanc .

I.. STA~’AG no montionn o pas l’usag. di l’ u~travtolo t , peu uti lieC en dihore di la Franc.,
cans douti A cause d’une légind. asses répandue do n~,c~~itC. L’ultrav iolet pour certain ., serait

• responsable do st4rilitél Or, lee statistigues prouvent , qu ’A categoric social. Cquivaionte et pen—
• • daztt dee périodos id.ntiquos, ii. pilotee .ont -s.~r gut ont is phue d’enfants!

• Lee inscription. on peinture f1ucrescen~e D’rD 575 A .xcité.s par do l’ultravioist no don—
pa . vraiment one impression colorCo blanche , taic piut6t beigi, dont los coordonnCes trichromati—
quo. somt a

x = 0,540 + 0,020
y 0,440 + 0,020

alore qus coil.. du blanc incandsscent sont

x compris entri 0,480 .t 0,530
y — yo infCriour on égal A 0,05

~~~ 
‘. Los Etats—Uni s utilis.nt souvont is Blanc incandescent muni d’un fiitre bioti , cc gui set Cgalemont

recoaa.ndé pa? he STANAG . Le Blanc jncandi.oint , ainsi filtrC , rae deviont pa. jauns, (on m&m . orange)
F lorequ ’on bats.. bsaucoup la tension des lampss a fil.mont.

) Nous pensons gui cc “blan c bliutC” (appoiC par c.rtains “blanc hunair.”) abaisco consi—
• dCrabloment l’adap tation A is vision nocturne.

I
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D’ autrs part , ls S5’ANAG us définit pa. i.e couisurs di. drap.sux it autr.s r.pAres co—

iorCs, gCnCral...nt pu nts en couueur e fhuorescentes , gui out tan •xoeilemt facteur ds vi .ibiiitC,
quol gui soit l.ur mode d’Cclairago a ultraviolet , iuaièrs dii jour on luaiCze blanche artificiilis.
Un. étude our ci problems set actuehiosent en cours en Francs. Bile devrait aboutir A is limita-
tion do trois couleur. a virt, 3mm . on rouge. Ccci dsvrait Cviter tout ri.qu. ds confusion , l’ia—
pr .eeion colorCe vicuoiio de coo couusux s variant avec ii mod. d’Coiairag..

I. SP4NAG 3456 Al dorm. 1.. couleurs d.. pisgis colorCss san e dCfinir coo couu.urs.
Lee aCronefs do i’srmCs do l’air française sont CclairCs in rougi it .n ultraviolet

(his avions do Ia marine en rouge it on blanc). Lorsquo 10. inetrum.nts out tan Colairagi intorns
it individusi , ceini—ci eat rouge, Cclairan t doe inscriptions faitus .n pointure fluo~sscont o
(D?D 573 A) . gui p.uv.nt Itro Cgslsmint excttCss par di. projictsuro ultravioluts ds lumiAr s do
WOOD, ds longusur d’ond. voisine di 365 manomCtr.e . Un Cciairage blanc ponctuel p.rmst is lecture
d’ une cart. multicolors.

Li STANAG ricommande comas Cclairag. anti—Cclair , tan Cclairago blanc de tr és forte in—
tsn.it~. Cet Cquupimint n’sst pa. obiigatoir. , co gut non. siabli Cgalo.int Ctr. tame lacune , tout
aCz~n.f pouvant ocoaoionnell.ment so trouver dan e tame zone di trés forte intensitC luminous..

Li d.rnisr STANAG gut noue thtCri.ee oct le STANAG 3543 Al a “traitsasat .mtir.fist des
verrss d’inetrua.ntc, indicateuze it collimatsur o utiiisCs dams los poet.. d’Cquipage” .

La plupar t do. in.tnumonts de bord sont maint.nant minis di “also.. avant” trait Ces an—
tirefist. Li STAIIAG fournit des valour. maximalis du factsur di rCfisrion tolCrC pour tan certain
nombr. di zones di iongueur d’ondi dams Ii spectre visible (do 440 ~ 665 aanoabtr.s). Li STANAG
coaporti Cgai.m.nt, A is demands do is Franc., Un. valour aaximaie du faotour di rCfl.xion pour
la longueur d’onde do 565 aanomètro., csractCrisan t los eourcoe d’uitraviolot . En .ffet , il no
tau t paa qu ’un verre Cli.inant leo reflete dens le vi .ibls, rCflCchi ese davantags do iumièr. ui— -
traviol.tti qu ’un vsrrs non traitC , ot quo lo pilots on 1. co—pilot. salt alor. glue par dO. rC—
fu riou s do cc typo. Los fabricant. français di virros traitCs antirefl.t, savsaa t trés b u n , ac—
tuillssint, rCpondre A cette exigence .upplCmentaire.

2— Nouygs~i srocCU. d’afflohaim dcc Informatione

Los norms. it recommendations gui non. vonons d’examinsr ooncernaient ssssnti.llesent -

l’Cclairago d’in.truments, et do panniaux ds commando. ciassiqu.., CcisirCs indivIduuhlinoct on
Ilobalement.

Nous aseistons actu.llem.nt A uns revolution dam e la presentation 1.5 information . four—
nic, an pilote. Par oxiapli, avoc tan tub. cathodiquo , prCssntant des inforsati ous on trot. on qua—
tre coulsurs, on pout r.mplac.r plusisurs instruments classique . ds vol.

L’Ccran d’un indicatiux do .ituation horizontale (ER si) pent respuacir un indicatour
convsntionnel do situation horizontal. it offrir Cgslement plusioure autris po .sibilitCe a slignor
la navigation cur lo Nord magnCtiqu. on cur is trajoctoire prCd~tsrminCi do l’aCronof. Ii pirmet• dee a present is navigation di son. 2 D (2 dimension.) ot bi.ntdt is navigation di zono 3 D on 4 D
(3 dim.n.ions + paraaètri temp.).

Un indioatsur a tube cathodiqus , do situation verticali fournit A liii sin]. l’ens.mble
des information. do pilotag . corresponden t A l’anCmométrs — mach mItre, i’alt imbtre , i’horizon di—
rsct.ur do vol, ii variosItre , la rad l o—sonde ot l’indicat.ur ILS (Instrument Landing Syotia) .

On prCvoit do montor trés prochainosent dos indioatsurs d. situation verticali st de
situation horizontal. star avtons di combat (aft ichage ~t$t. baee. — “bsad up displays”).

On sees!. Cgalemsnt di fournir an pilot . des information s qui as sup .rpossnt an peyeag.
qu’il volt A travere eon paro—bris.. Co sont pour ii moment dos coili.atsurs optiquss fournisoant
ian. image A l’inf in! (aft ichage “tlt e haute” — “head up displays”). Xis oont generalesent CoiairCs
par des lamps. ~ filament. On a ossayC di remplac.r cos lampis par di. diodse Clictro—iuminsscsn—
too A l’srsCniopho.phors di Gallium (Cs Asp), on par un tube cathodiqus dont projetti il.ag. ds
l’Ccran A l’infini A l aid. d’un coilimateur optiqu.. Cs. affi..hag.s t&t• haute sont surtout uti—
li.Co comm e aids A l’attsrriessgs it an dCoollago .

Un STANAG , en projit (3648), dCfinira is presentation d’inforsatione Clsctroniqui. on
opt iquos; 11 dCfinira los symbols. (form.. it •mplac i.onts).

D’autres procCdCs d’affichsgs sont A l’Ctude a affichage alpha numCrique. on numCriquio
A l’aids do diodss Clectro—uuminescsntee , di cd liii. A plasma, ds oristaux liquids.. Certains

F inctrumsnt s A Cch.ll.e verticales sont CclairCs en Clsctro—luminescsnc. (procCdC DESTRIAU).

3— Cz~j tjg us de ces nouveau x urocCdCs

Ancun ds co. nouvsaux procCdCs rae rCpon d a la totalitC doe exigencss dane lee diffCrin-
toe condi tions ds vol ds n u t  on de jour, A bases on A hauts altitude , en approohs on en dCcollags.

La genie do luminance qu ’on pint obt.nir av.c coc procCdCs •5 rCvIls inouffisunti pour
quo los information. cou nt hue. confortablemant de jour st do unit. S.uis is. instrum ents ciassi—
quo. a cadran o points ot A siguulhes .obilso sont lisibiss ~ la luciIr e .abiant~ .t do unit avsc
ian Cclsirag. artificisi conv .aaabiemint choisi .

• II en oat tout autrs.snt des imformstion s auto—luminous... Pour los tubes cathodiquss
en particulior, l~ contrasts import. an coins sutsnt que is luminanci , gus Is. tubes soient mono-
chromes on multiohrom.s.

Avoc un afflchsgo aonochross, ausei lumin.ux eoit—i l (on sait fairs di. tubos A trés• haute brillanci) touts. 1.. informattons apparaiceont d’uni aCme couleur, donc id.ntifiabl.. son—
ioaont par l.ur form. on i.ur luminance.

• .~ Avec ant affichage multichrome , le, information. apparais..nt de diffCrints . couhiurs
• 

~~~~~-~
- solon tan cods prCCtabli , cur un fond gCnCraiiasnt di couleur diffCrsnts , apporten t ainsi nra trés

grand avantage star lee prCsentatione sonoohro.os a

—densit C d’inforsstions plus importanti ,
— temp s d’acquisttion dss doauaCss bsauooup p lus rCdu it ,
—d iminution (trés notte) du risque d’srrsur d’intsrprCtstion d’un symbol , on d’ uns montre ,
—po osibilitC d’un codags supplésintsir. par is ooul.ur.
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Los couleurs choisiss sont ii.itleo A trots , plus Cvsntusilument, Un. quatrila. conisur pour 1.
fond , A canes de Is déoaturation die coui.ur. son. Colairement imoidint ClevC , gui augnints ii rIs—
gus d’srrsnr d’idsntiflcation . Li. couleurs r.tsnues cant défini.. par ieur ionguour d’ond. équiva—
b a te,

— rouge 612 ran

— jauni A ~~ 580 ram
— vsrt 500 nm< 555 on

Des trsvaux concornant ii. Ccarts do luminance, les Ccarte do oouieur, u s  indices di detection it
de discrimination , leo ssuiis d. perception sinai quo lee écarto di ohro•inance, la eeneibiiitC di
l’o.il an contraste , en fonc tion di is luminance di l’Joren .t 1. facteur d’ ada pt atlon , ant Ctd
prlsentls an 29’ Group. di Travail AVIONICS di i’AGARD (Tschnicai Booting on electronic display s —
Bdimburg, April 1975).

La luminancs duo information. prCsintóos our tubie cathodiquoe doit Ctrs rCdutte de
muit, .t 1* plus CisvCe possib le do jour A haute altitude.

Cependa n t , si 1. soleil tombs directiaint our 1. tub., eussi lumineux it contzs.tC colt—
II , ce d.rnier deviant ihhi.ibho . On a donc Cté anoné A Ctudisr tan certain nombro di dispositi t e
gui o.p$ch.nt is. rayon. du eolsii do tomber star is Lao. avant di tube, sane glner la vision do
c.tte face avant par is pilot.. Cs sont des sortes di fiitros directionnils , •0 prCsentant sotis
fo.~— . d’alvColse ~ parois •incs., noircie., métslllquis , on en oCraaique.

L’Cl.ctro—lumini.c.nce (procéde DESTRIAU) fournit tine luminance ineuffisant. pour per—
m.ttr. anti lectur, par grand. iu.inosisC ixtCrioure.

Leo c.lluls. I gaz on A plasma, et icc cristaux liquides (us. derniors s.raiont trés
iisibi.s ds jour) rae soft pa. incore tichniqne .erat utihicables star aCt onefs.

Carmine ions

Lee noussaux procédCs do pr esentation intCgrC. des informationa our Ccran di tub.. ca—
thodiques trichro.eu aemblent A priori incompatible. avsc l’eclairage rouge quo non, prdconisono
pour conssrver an pilote une bonn. vision nocturne.

lie paraiseont cependan t devoir ltr. do plus en plus utilisC., en raison do is quantité
d’inforaations qu ’ils sont capable. di fournir et ds is rapiditC d’intorprétation de ces informs—
tionc par is. pilot.. gz&co star graphiemec multicolor.. prd.eratCs.

Etan t ddamC quo 1.. surfaces multicolors. cant do petit.. dimension., quo in luninanc.
des tub.. pent Itt. StCnuJ. en vol d. nuit , il non. o.mble quo isur nt ilisation , dana tan posts de
pilotag . don t los instr uments classiquss cant bien CclairCs en rouge , no devrait pas nuirs a l’ a—
daptation ~ la vision nocturne , Lee .ignaux avertisseur, do prudenci, do dangir, ds mauvais ou do
hon fonctionne.snt , oont d’ ailleurs diptais longtsmps réaiisde sons forms di voyants luminous con—
tories A tan cod. di couleurs (STAN AG 3370 A.I.).

Un. dsrniIre objection d’ordre psyoho—phy.iologiqu. pourrait Itre avancée. C.. syste-
ms. occupant in effet la patti. central. di champ visuel, ci qui doit limiter l’oxploraiion ocu—
lair. it in princip., la fatigue. 11 n ate cependant A prouver quo i’oxpioration d’un champ visnol
réduit, contenant tan. ass.. d’informations, n ’intrainera pa. on fonction du tempe tame baisse di is
vigi lance , gCnCrat ric. d’ orrsurs.

L’augmsntation di nolebre di. information. oblige A rijeter certaines en périphdrui du
champ vianol, 1A o~a la sensation chromatiqus oot mains fins.

Enfin, non. connaiseonc b u n  l~nflu.nco do la fatigue cur is porcoption colorCe , anesi
• bien des sujits normaux quo dec dyechromat .e, Ccci impu gns la ndcossitC a no. your di concorvor

des normos etrictee concernant is eons chromatiqu .; LI rae none paralt pa. du tout opportun Comm.
certains is souhaitint d’abaisesr lee exigence..
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Comparative experimental eva luation of twodimonsional and pseudo-perspective
displays for guidance and control.

K —F. Krall3, E. Schubert
Forecliungsinstitut fur Anthropotechnllc
5309 Meckenheim, Germany

SUMMARY

The rapid growth of air traffic arid the steady increase in aircraft efficiency make higher accuracy and flexibility in gui-
dance and control desireable . Flight manoeuvers requiring an improved performance are among others bonded or curved
approaches, terrain following and collision avoidance . Conventional displays for accurate flying along a commanded path
often incorporate three separate aspects of the 3 D—alrspace , showing vertical situation (VSD), horizontal situation (HSD)
and prof ile situation (PSD). As an alternate solution a VSD can be presented to the pilot showing a pseudo—perspective pic-
ture of the actual and commanded future track to the pilot. This display may incorporate a synthetic highway in the sk y
often called channel display, that is HUD compatible.

Since no experimental results comparing the relative merits of both display concepts are available in the literature,
several experiments were performed using two display formats which objectively contain a similar amount of information .
A fixed base simulation of a Do 28 airplane was used. Performance and eye point of rega rd measures were record ed as well
as subjective ratings.

The results show, that the accuracy of guidance and control is comparable for both display concepts. When predictor
information was removed the performance decreased dramaticall y b~ut to the some level for both displays. Subjective ratings
and eye point of regard measures were strongly in favor of the channel display.

I NTR COUCTI ON

The increasing requirements for guidance and control tasks with respect to flexibility and accuracy become obvious when
e.g. comparing the conventional Instrument Landing System (ILS) with the newly developed Microwave Landing System (MIS).
With the ILS the pilot is forced to intercept the glidepath at a large distance from the airport and to continue with a linear
3 degree descent until touchdown. (~t the way down he crosses three markers that indicate to him his actual distance from
the runway. Main instruments to perform this type of approach are a Horizon and Director Indicator (HOl) showing command
information with regard to the glide path as well as an artificial horizon. This is supported by a Course Deviation Indicator
(CDI) showing heading and lateral deviations from the localizer.

Applying the Microwave Landing System may basically influence this standard approach procedure. Here the pilot is to
a certain degree free to select a proper approach profile and glide path angle. He is especially free to approach from the
side and slip in on a curved path. While approaching he can continuously be informed by the ground station about his dist—
once from the touch down point, about the relative position of other airplanes in the terminal area and about other data
he needs.

It is obvious that the conventional type of instrumentation mentioned above is not optimally suited for this type of
approach. It turns out that pilots hesitate to rely entirely on command information in such complex manoeuvers that give
very poor insight into the general situation in the airspace . Sit.ation and predictor displays may offe r here remarkable
advantages.

Two basically diffe rent ways to present such situation information to the pilot are available and will be discussed and
compared in this paper.

Twodimensional (20) display formats : 
-

Coe way to represent the situation of an airplane in space would be three separated twodimensional views being ortho—
• gonal to each other as indicated by figure 1. Here the pilot is confronted with a Vertical Situation Display (VSD) indica-

ting pitch and roll, a Horizontal Situation Display (HSD) indicating heading and range and occasionally with a Profile
Situation Display (P50) that may show trajectori es and height information . If electronic means as CRT—screens are applied,
situation, prediction and tolerance areas may be shown. Mother variable one can make use of is the reference system that
may be inside—out or outside—in.
The described display format is characterized by the fact, that the pilot has to scan all three displays sequentiall y and
combine the selected data into one general picture of the actual situation. This implies a considerable amount of eye—scan
work load. It was proposed, to avoid the spatial separation by superimposing the three described displays, thus achieving a -
higher package density [3]. This of course reduces the amplitude of eye soccades that is required for scannIng. Qi the
other hand there may result some confusion for the pilot by this superposition . He is supposed to simultaneously ‘ see
himself ~rom behind, from the side and from above and this leads to difficulties In interpretation.

-~~~~~~~~~~ -- 
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fig. 1 Instrumentation with three twodimensiona l d splay fig. 2 Instrumentation with one threedimensionol
formats . [ 11 . Indicated are pseudoperspective disp lay format . [2~
VS D: Vertical Situation Disp lay
PSD: Profile Situation Display
HSD: Horizontal Situation Display.

Threedimensionol (3D), pseudoperspective display formats

A second way to inform the pilot about his situation in space would be to provide him with an artificial visual sight simi-
lar to wha t he sees during visj al flight conditions. In case of an approach to landi ng this picture ma inly wou ld show to him
a perspective pattern of the runway, sim ilar to that presented by figure 2. Since this type of information is analog to what
the pilot sees during true vision, the meaning is evident .¼ithout training and can be perceived spontaneously.
While it is quite simp le to readout an actual flight situation qualitativel y from a contact analog disp lay format , it is almost
impossible to get sufficient quantitative information concerning the deviation from a desired flight path. If e.g. the runway
symbol is far ahead, deviations from the glide path result in only very sma ll angular distortions of the perspective imagery.
Such unsymmetries e.g. of the runway trapezoid are hard to read from distance and are no sufficient cues for accurate
fl ying.

Quanti tative readings in this case require , that supplementary perspective cues be synthetically added to the contact
analog vertical s itua tion display. Several pro p osaJs how this could be done are mentioned in the l i te ra ture and some are
shown in figure 3. As a first step an artificial structure symbolizing the command or actual path may be shown in the contact
analog scene. This can be implemented using a vertical pale track as applied in the SAAB—Viggen (figure 3°) or a set of py-
ramid lines (fi gure 3b) . The pyramid lines may degenera te in particular flight conditions to a single line , in which case the
perspective impress ion is lost . This can not happen with the pole track , since poles are arranged redundantly on both sides.
This ensures that under any condition at least one perspective cue is visible.

A command path has not necessarily to be materialized as a structure similar to a street or tunnel . An alternative would
be to have an artificial leader aircraft symbol , that moves with true perspective , fl ying at a constant distance in front of the
airplane (figure 3c). -

Absolute altitude may be indicated in a contact analog di splay by vert ical poles standing on the ground (figure 5o ,d).
Commanded height usuall y is the upper pole end. Absolute altitude may be estimate d by comparison with a reference pole of
known altitude (3 in figure 3a) . -

Relative deviations in altitude and heading with repect to a given command path can also be indicate d with the desired
resolution and still without the use of numerical information . In this case the command path should be given a rectangular
struc ture, the dimensions of which must be known to the pilot . (figure 3e ,F)

Distance and speed are parameters , which are especiall y difficult to read accurately from a perspective picture. The
quantitatIve estimation of depth can be assiste d by indicating regular segments of the artifical command path struc ture
(figure 3f). If these segments move towards the observer , the well known impression of driving on a street is stimulated. This
in addition enables a coarse judgement of the longitudinal speed. A very interesting proposal , that is demonstra ted by
figure 3g separates the command path segments into one large centra l and twu smaller adjacent tracks , w hich can move in—
dependently from eac h other . This arrangementallows to simultaneousl y indicate the commanded speed on the middle track -

and the actual speed on the two neighboring tracks . If the outer tracks fall behind the command track it is obvious, that  the

actual speed is too slow and should be increased.

In case of hovering it is essential for the pilot to know exactl y w here he is with respect to the landing site. While one
of course ofte n would use a horizontal situation display for this purpose a rather ingenious solution was found to include also
this kind of information into a contac t analog vertical situation display. (figure 3h) . The proposed display format shows a
perspec tive view of the landing site and superimposed to it the simulated shadow of the hovering aircraft on the ground .

From the examples given it may be concluded, that all parameters needed For accura te fl ying can be presente d in an -

analog pictoria l way in a Forward looking display format.
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DEVELOPME NT OF COMPARABLE DISPLAY FO4~MATS.

As explained in the previous section , information for guidance and contro l may be presented to the pilot either in two—
dimensiona l or in threedimensiona l form . Each of both solutions may have its own advantages. While both display types have
proved to be fl yable in severa l simulator experiments and various opera tional modes [1 ,8,9,13,14 1, the re lative advan-
tages of both could not be asses’sd quantitatively f rom li te rature . A direct comparison as to the effect of the 20 - 3D para-
meter foiled, because the compared display formats did not contain a comparable type and amount of information . It was
therefore conclude d, to develop two comparable display confi gurations. One of these should strictl y ~se twodimensiono l
cues, w hile the other one should be of the contact analog type.Display design starts wit h the definition of some basic
cr iteria

— both display formats should be given the same panel area in the cock pit
- deviations from the command path should show about the some resolution in both displays
— the reference syste m should be inside—out for both disp lay formats
— both displays should contain predicto r information

In consequence to these criteria there can not always be used true angles in both disp lays . It has also to be mentioned
that display resalution and prediction time are selected arbitraril y based only on some pilot experiments . Both disp lays may
therefore not be optimized with respect to the given task. T his optimization process would presume a systematic var iation
of display parameters , and is not subject of the experiments reporte d here .

The genera l situation to be transfered on displays is indicate d in figure 4 where an aircraft i ‘“ f l ying above and
to the right of a commanded path that is symbolized by solid lines. Predictions of the actual flig i ore shown as dashed
lines reac hing about 700 meters ahead.

Twodimensiona l approach

The display that was developed using three twodimensional formats is presente d in figure 5. It consists of a vertical si-
tuation display (VS D, upper right) showing a fixed aircraft symbo l , scaled reference marks for quantitative readi ngs and an
artific ial horizon to indicate pitc h (8) and roll (~$ )  angle. Below the VSD a horizonta l situation disp lay is arranged. It shows
o horizontal baseline of 200 m ] width and three reference marks at 700 m distance . The scale factor for longitudinal
distance has to be 4 times less than For lateral deviation, since the disp lay area is restricted. A tilted solid line symbolizes
the command pa th being 50 [ m ]  left from the actual position and showing a heading error ~y of about 10 degrees . From the
middle of the baseline, that is From the actual position, a bended dashed prediction line initiates that reac hes to the point
the aircraft would come to within the next 9 seconds if no further control actions were taken.

The profile situation display (PS D) on the upper left side is constructed along quite similar lines . From the middle of a
vertica l baseline a straight dashed predictor line indicate s the pitc h situation and points to the relative altitude the airp lane

would reach at 700 [m]  distance without correcting control actions. A solid line indicate s the vertical command path
being 50 [m]  below the actual position and commanding a c limb of about 3 degrees. Again the scale facto r for longitudinal
distances is four times less than for vertical deviations due to the restricte d disp lay area .

When the aircraft is fl y ing a mission , new sect ions of the command pat h (solid line) move continuously from right to

left in the profile display and downwards in the horizontal display. While new parts are coming in on one side of the dis-
played time interval , those sections lust being passed are simultaneousl y disappearing under the two baselines (compare
schene in figure 4).Thus the observer always sees his actual and commanded situation and the future track of both up to a
distance of 700 meters. Since the predicto r lines are dashed, the forward movements con easil y be observed and on estimate
of speed is possible.

Threedimensional approach

The disp lay format that was developed using perspective threedimensional cues is quite similar to the one proposed by
Wi lckens [81. The basic idea is to provide the pilot with an artificiall y constructe d sce leto n of the command path. This
structure , that is often called channel or tunnel is given a rectangu lar shape . While Wi lckens proposes to have the borders
of the channel ex tended until they intersect with the picture frame (fig. 30 here a cli pped version as shown in figure 3e
is prefered . This results in a concept for a channel display as illustrated by fi gure 6, w here the channel begins at a f ixed
distance of 100 meters in front of the airp lane and reaches another 600 meters into the fu ture . Sca ling in late ra l direction
is 200 meters and in vertical direction 50 meters . Only the lower half part of a tunnel is indicated . Commanded height is
reac hed, w hen the landing gear of the aircraft levels out with the upper edges of the channel walls.

This clipped vers ion of a channel display can of course not mediate the impression of fly ing in the channel . The feeling
is more like continuously fly ing towards the channel entrance . On the other hand this solution R~s the advantage , that
sca led reference marks For quantitative readings can easil y be brought into the picture .

Trans lating the general flight situation of figure 4 into the outlined threedimensional disp lay concept resul ts in a format
that is illustra ted by fi gure 7a and in a disp lay zero—position as illustra te d by figure 7b. The picture contains six rectangu—

¼ larl y arranged re ference points which can be used For quantitative readings of pitc h and heading angles as well  as for the
quantitative estimation of horizonta l and latera l deviations . In zero—position the command channel fits exactl y between the
lower four reference points . Three additional paints in the lower part of the display are references For the roll angle.
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CHANNEL B = 200m fig. 6 Concept of a channel display

For the implementation of the channel display on a CR1 screen , stroke writing techniques were applied. Twelve linear
channel elements were lined up. Bended pa ths had to be approximate d by stra ight lines. In order to perform the rather time
consum ing calculations In three dimensions , very fast transformat ions had to be performed . Spec ial hardware for such purpo-
ses is described in detail in [10]. Perspective stroke written structures usually st imulate no stable perception and tend to
tilt aver. In order to avoid these effects some hidden—line removal and area—hatching techniques were applied to the channel.
As a comparison between figure 8a.and 8b. show s , the channel inside was iven open ends and a dashed center line ,while
the outside bears regular stripes ® ,® . Intersecting lines were removed 3 . These cues turned out to be very effective
in stabilizing the picture . Since the dashed centerline moves towards the observer in the same way as the stri pes on the
channel outside, the observer gets an immediate impression about his actual speed.

a .) b .)

fig. 8 Using hidden—line techniques and hatching of the channel outside to stabilize the perspective picture against til-
ting over. Figures a.) tend to tilt over while figures b.) are rather stable.

In this 3D—display the predictor of the actual track consists of a dashed line that bends in lateral direction occoiding to
bank angles , plus a V—shaped symbol that corresponds to the far end of the channel . From the disp lay zero—position in
fig. 7b.) it becomes clear , that in correct position the V—si gn should exactl y be aligned to the far channel end , in w hich
case the dashed centerline and the dashed predictor line fall together .

EXPERIMENTAL SETUP

During the experiments the subjects were sitting in a modified, f ixed base Fouga Mogister coc kpit. A spring centered
st ick was used as control element . No pedals were available. The environmenta l conditions w ith respec t to noise , illum i-
nat ion and temperature were controlled throughout the experiments.

The experimental displays were generated with a special purpose graphical system 112’  and displayed on a s troke wri —
ting screen in front of the subjects . Above the screen numerals were mounted which were used to give an immediate feed-
back of results to the subjects during some of the experiments.

The simulation of a Do28—D Skyservant was imp lemented on a EAI/TR48 computer accordi ng to equations submitted
in [11 ]. Air speed was held constant at 280 km/h during all experiments. The analog simulation was provided with appro-
priate initial conditions via a PDP/11 digital computer to simulate the desired mission profiles. This digital computer con-
trolled at the some time the sequence of test runs and the registration of data . Data were sampled at a frequency of 10 Hz

• and sto red on magnetic tape .

A Honeywell oculorneter , type Mk IV , was used for eye point of regard measurements . This system allows the eye to
move only within a cube inc h, therefore a head rest had to be installed. It should be mentioned that subjects were not
bothered by this head fixation . A scheme of the experimental setup is given in figure 9.

EXPERIMENTA L EVA LUATION

To determine the relative advantages of both experimental display confi gura tions three different experiments were pe r—
formed. For the comparison of both display formats the following main cri teria were selected

¼- — accuracy in fl ying a complex mission profile
-- ~~.- — assessment of pilot workload by subjective rating and eye—point of regard measures

— quick orientation in space and asymptotically fly ing onto the command path
— the effect of predictor information in both displays. 

~~~~~~~~~~~~~~~~~~~~ . 
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Experiment 1 was intended to compare the accuracy in flying a rather complex mission that can be achieved with both dis-
plays . The geometry of the selected prof ile is presented in figure 10 showing the horizontal path in the upper and the ver-
tica l path in the lower port of the picture . The whole mission is about 56 km in length and it takes about 12 minutes to fly
it at a constant speed of 280 km/h. As may be seen the 19 mission segments contain a holding pattern, curves wi th climb
and descent and altitude transitions of 3 and 6 degrees command path angle.

Experimenta l design Ten male subjects w ith normal or corrected vision, ag ing between 28 and 38 years , participated in
t his experiment , all being nonpilots . From these , two groups of five subjects were selecte d arbitrarily. In the first part of
the experiment each group had to fl y the test mission several times with one display format unti l a well trained status was
reached. Moderate turbulances in vertical and lateral direction were added to the rudder si gnals during all test runs . In a
subsequent test , eac h group perfoimed the same task with the other display until again a high training level was achieved.
It turned out that the subject found it rather difficult to fly the mission accuratel y and therefore an extensive training was
needed. This may be due to the fact , that nonpilots were used during the experiments .

Instructions : The subjects received a picto rial briefing of both display formats while sitting in the cockpit . The meaning of
particular items were explained to them using various flight situations. Subsequently sufficient t ime was given to them to
play with the displays.

The subjects were instructe d about the mission profile and the purpose of the experiments prior to the first session. Addi-
tional exp lanations were given during the experiment as required. The stated task was to”fo llow the indicated command path
as accura tely as possible~’

Data registration and analys is All test runs were registered on magnetic tape . The two ‘best runs of each subject were se-
lected Far in detail evaluation , according to the criterion ’minimum average deviation from the command path~. The following
parameters were se lected as performance measures

— average and RMS deviations from command pa th
— rudder activities
— average and RMS error in pitc h, roll and heading angle

These parameter were calculate d for single mission segments and for the entire mission. In addition transitions from
strai ght to curved segments and vice versa were separate ly ana lysed in order to determine specia l effect in this area . For
these calculations a time interval of ± 15 sec around the joini ng point of two segments was used .

An anal ysis of var iance was performed on the data using the ANOVA program of the University of Arizona. This analysis
was based on the followi ng model

random factor 5 subjects (V)
fixed factor : 2 test series (R)

2 display formats (A)
19 mission segments (M)
2 runs per subjec t (W)

Effects were accepte d as si gnificant for this study if p� .05 and only those are discussed below . The detailed analysis
was confined to display effects . Higher order interactions were generally not significant and were not further analyzed.

Results Display—sequence interactions turned out to be not signif icant. The same is true for the influence of subjects. No
unsymmetrical transfer effects could be observed.

Average deviations from the command path in height as shown in fig. h a  indicate, that the 3D display was flown 7 to
9 [m] too high depending on the mission profile. As compared to the actual picture on the screen , this corresponds to about
one f ifth of the channel walls . In contrast to this finding, the 2D display show s a consistent erro r in height of only 2 [m]
over the whole mission . It ~upposed, that the constant error made with the 3D—format may be evoked by v isual perception
since the channel & -~s a symmetrical Gestalt in vertical direction . This may unconciousl y mislead subjec ts as to
the channels zero edesigned c hannel could supposedl y ovo id this systematic error , so that bath formats would
show comparable oc~ .racy in altitude control .

The average lateral deviation from the command pa th during strai ght mission segments is for both di splay formats statis-
ticall y the same (see fig. hib) . In curved mission segments however this is no longer the case. Here the error made with the
3D format is 35 [m ] and this is much higher than the value of 3 {m found for the 20 display . It should be added, that with
the channel display the error is always directe d towards the inner side of the curve undependent on whether a right or a left
turn is made . One interpretation of this finding could be, that with the channel display the subjec t reall y feels like dri ving
an a roa d . As trained from his doily experience , he approaches the inner border of the street when fly i ng a curve and leaves
the cente r line. This would be an exp lanation for the above mentioned error of 35 :m], w hich corresponds to about 1/6 of

- - the displayed channel width . While of course according to the stated task (Fly as accurate as possible) the 20 format is far
- 

- superior to the 3D forma t with respect to lateral accuracy, the interpretation made above should be considered before a final
ju dgement is made .

As another performance measure the variance of the radial deviation from the command path was calculated . The results
as presented in figure l2a show , that only during transit ions from curved to stra ight mission segments the 3D display turned
out to be si gnificantl y better than the 2D format . ~~her segments show the some tendency but do not reach the required level —

of significance . To support this finding the error variance of the roll angle is presented in fi gure 12b. Again there is no sig-
nificant e t fect  clue to the display format as long as straight mission segments are concerned . During curved fli ght segments
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a significantly higher roll angle variance was found for the twodim.nsional Instrumentation. Both results, the higher roll
ang le variance and the higher variance of radial deviations found for the 20 format lead to the conclusion, that subjects
have more complete command over the aircraft with the channel display, at least when flying curved paths. ~~ viously a
higher amount of lateral stick activity Is applied with the 3D format in order to achieve this improved behaviour In flying
(see figure 12c).

Responses to the display evaluation questionnaire indicate, that subjects feel more stressed by flying the 20 dIsplay and
thought the accuracy of this format to be superior (Questions 1 , 2). The channel on the other hand was considered to be far
more realistic (Question 3) and to permit a far quicker and simpler orientation (QuestIons 4,8). The display quality was ge-
nerally judged to be fully sufficient. Four complains were made with regard to the vertical position presentation in the
channel display. This reflects the objective measures of the average vertical deviation.

Display format 3D 20

1. Which display format could you fly mare accurately 3 6

2. Flying with which display format did stress you more 3 6

3. Which display format gave you a better feeling of realism 8 1

4. Which display format gave you a quicker orientation in 8 2
critical situations

5. Which display format dld you like more 6 3

Yes/No Yes/No
6. Was vertical position information adequately presented 6 4 10 0
7. Was lateral position information adequately presented 9 1 10 0
8. Did you always know your actual situation in space 8 2 3 7

(climbing, sinking, banking) while flying the mission

Table 1. Display evaluation questionnaire . The table shows the number of answers received
from lOsubjects .
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c. ) variance of lateral stick activity 
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Experiment 2 was intended to determine quantitative data concerning the speed of orientation in a randomly presented flight
situation. A second purpose of this experiment was, to examine whether a different flight strategy was applied depending on
the selected display format .

Experimental design Two groups of two subjects, which all hod already taken part in the first experiment, were selected.
The criter ion of selection was the homogenity of control performance. The experimental taik was to fly onto a commanded
path, starting from a random position. At the beginning of the experiment, the subject was sitting in the cockpit, looking
on a blanked screen . Suddenly the display would appeal, showing the aircraft in a random position re lativ to the command
path. The stated task for the subjects was to “fly back to the command path as quickly and asymptotically as poisible until
virtually zero deviation is reached . “ In order to do so, the subject had ft~st to p rc.ive and ~nterpr.t the randomly presen-
ted situation and subsequently initiate convenient control actions. This experimental design simulates the situation when an
observe r casua lly is monitoring a display and suddenly is forced to take over to manual control.

Two experimental series were performed. The first one analysed the performance in flying onto a straight command path
start ing from four randomly selected initial condition (Al , A II, B I, B ll)as shown in figure 13. Each subject had to fly
50 appraches of this type. A second experimental series tested the performance when flying onto a curved command path.
In this case only two different starting conditions (A lii , B III) were randomly presented and 20 trials were asked from each
subject.

Data registration and analysis Horizontal and lateral deviation were registered as a function of time. Characteristic curves
are presented in figure 14 for both displays and all four subjects . In addition the radial RMS deviation from the command
path ( f ( As2 + Ah’) dt) was calculated for each trial and the scores were plotted as shown in fi gure 15.

Results: As may be seen from figure 14 a smooth and quick approach to the command path could be made in all cases. It
appears, that the twodimensional format induces a tendency to ove rshoot in lateral direction before finally approaching the
command path asymptotically. This behaviour very seldomly was observed with the 3D-display. Quick orientation turned out
to be simple with both formats . Afte r some training almost no control reversals could be detected. Subjects reported some
difficulties to fly exact ly onto the curved command path using the 3D display. Sometimes they couldn t achieve to mointain
exact ly zero deviation over longer periods. This caused some tendencies to oscillate . The reason may be that the dynamics

of the predictor are much slower with the channel display as compared the 2D—format. The resolution of the predictor in-
formation is worse, because the perspective presentation means a reductio., of size for objects far away.

The error scores indicated in figure 15 show no obvious differences in total performance. It can be observed, that after

about 15 to 20 trials the subjects reached a relatively stable leve l of performance which was similar for both displays and all
subjects . It is therefore concluded from this experiment, that bath displays provide quick r-ientation for trained operators and
that bath show about the some accuracy in flying back onto a command path from a random position. The strategy by which
these equal scores are achieved is slightly different With a 20 format there is a permanent tendency for overshooting while
the channel y ielded quite consistently on asymptotic approach.
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E~periment 3 was intended to determine the display effect when stabilizing the airplane against heavy turbulances. A se-
cond purpose of this experiment was to assess whether the performance degrades if the predictor information Is removed from
bath experimental displays, or whether the predictors could be substituted by extensive training. To round the picture up,
eye paint of regard measurements were taken during these ex periments.

Experimental design : Two group of three subjects, all of which hod already part icipated in the first experiment took part
in this experimenta[series. Each group bad to stabilize the airp lane against heavy turbulonces while fl ying along a strai ght
command path. The turbulances were derived from a gaussian noise generator (3d B point at 0.15 Hz) and directl y added to
the vertical and lateral stick signal. The amplitude of turbulances was adaptively adjusted to the actual performance level
according to figure 16: When flying within a band of ±25 ml around the command path, the subjects had to stabilize against
100 % turbulonces. This could only be managed if the subjects made use of the full range of possible stick movements and
app lied them immediately and in the correct direction . Any contro l re versal inevitabl y would cause large deviations. When
flying off the commard path, the turbulances immediately decreased down to about 10 % at 250 [m]error.
In a first part of the experiment the subjects of each group had to f ly seve ral 30 minutes runs until for each individual a
stable leve l of performance was reac hed . During the second subsequent part of the experiment, predicbr information was
removed from both displays and another series of test runs was mode until again each subject reached on individual and
stable maximum of performance. When subjects were well trained, eye— paint of regard measurements were registered in
3 minutes intervals for all experimental conditions .

Instructions: The subjects were informed about the purpose of this experiment. It was especially pointed to the f3ct, that the
length of the test runs (30 minutes) would require the full attention and a high level of motivation. The stated task was to
“fly as c lose as possible to the command path and to compensate deviations as quickly as possible. ”

Data analysis and results: All test runs were looked over and for each subject the 15 minutes interval with the smallest de-
viations was selected for further inspection . Tolerance bands around the command pat h were defined and it was determined
how often and how long subjects were flying outside certain borders. Bath measures yield very similar results, therefore only

— the number of violations for various tolerance bands ore plotted in figure 17. It may be seen, that the indicated means are
based only on 3 runs which are symbolized by sma ll dots. Nevertheless the behaviour of subjects is remarkably consistent
and no large differences can be observed with respect to the display factor. it should be realized that e .g. a tolerance of
±30 [ml is only about 10 times violated within 15 minutes. This interval corresponds to about ±1/6 of the indicated channel
width.
When removing predictor information, again only a minor influence of the display factor could be observed . The more in-
terest ing thing was, that even with extensive training no subject could ever reach the same score as with predictor . The
deterioraf ons are quite remarkable , increasing the number of violations o a gve n tolerance band at least by a factor of
100 [% ‘. From these results it may be concluded, that predictor information could neither be adequately substituted by
the twodimensionol nor by the threedimensional display format alone.

Eye point of regard measurements show a basicall y different scanning behaviour as examplified by representative records
in figure 18. As may be expected, w ith the 3D format the pilot is steadily looking to the center of the channel. At and
around this fixation point he finds all information he needs. With the twodimensional format (including predictor) the sub-.
ject sequentiall y checks the profile and the horizontal situation in a surprisingly regular manner. Fixation times on the
horizontal format used to be longer since the lateral axis was more difficult to control then the altitude. Almost no atten-
tion was paid to the vertical situation . The average amplitude of soccades subtended an angle of 8 degrees and about 40
changes in fixation occurred per minute .
When predictors were removed, the scanning pattern of the 3D—format remaireci virtually unchanged only that it becomes
more scattered because of larger deviations of the observed channel. With the 20 format however the removal of the pre—
diction in the horizontal plane forced the subjects to entirely modify their sconnin1, behaviour. Since altitude situation
could now only be picked up from the vertical display, all three parts of the display had to be scanned sequentially. This
of course reduces the time and the attention that can be spent to a particular port of the instrumentation . The subjects re-
ported, that scanning the 20 display over a period of 30 minutes was extremel y tiring. No complains of this kind were mode
for the perspective display format.

CONCLUSIONS

From the experiments described above several conclusions as to the relative advantages of two— and threedimensional
displays may oe drawn. A fi rst and certainl y surprising result was, that both displays permitted about the some accuracy in

• flying a complex mission. With the channel display systematic errors in maintaining a commanded height were observed. This
mistake was attributed to the unsymmetrical Gestalt of the channel and may be avoided by a new design.

When flying curves with the 3D display, a tendency to leave the center line and to fl y along the inner border of the
channel could be observed . This strategy is different from the behaviour with the 2D display. ~~viously subjects really
felt l ike fl y ing along a road and beha ved that way. This means that, in spite of the some instruction, strategy of flying was

p determined by the selected display format.

Quick orientation in a randomly presented flight situ~ition and asymptotic approach to the commanded path was possible
~~, 

‘ with both displays. After some training almost no control reversals did occur. When approaching a curved channel a tenden—
• 

- - cy to oscillate around the zero position could be observed with the 3D display. This may be due to the fact, that in the pers—¼, pective picture the predictor shows smaller movements and slower dynamics than in the tw odimensional formats. Errors are
therefore harder to read .

When predictor information was removed, performance degraded to the some amount for both displays. This decrease
could not be compensated by extens ive training. This means that no adequate mental model of the controlled process could
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be buildt up by the subjects without predictor Information .

Subjects prefe red flying the channel because it gave a better feeling of realism and, subjectively, a quicker orientation
in critical flight situations. Qi the other hand while subjects felt more stressed when flying the twodimensionol display, they
hod the impression to be more accurate with the 20 format. This feeling could not be verified by objective performance
measures.

Eye-point of regard measures were strongly in favor of the channel display. Here no sequential scanning as with the 20
format was necessary and the required eye saccades had a for lower amplitude. Subjscts reported, that the sequential, large
amplitude scanning of the three twodimensional formats was extremel y t iring if Iongsr intervals of observations were required.
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DISCUSSION

R.Bruns , Human Factor Branch , Code 1242 . Pacific Missile Test Center. Point Muger. Calif., USA 93042: What plans
are there for future development and tligh t lis t in g of the t hree dimensional channel display?

Author ’s reply: To my knowledge there are currently very few 3 D-type displays operational. Displays with perspective
cues are in the Harrier and the Saab-Viggen. Kayser has developed a similar display. At the time being there is very
little done in testing and developing guide displays.
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TIlE MALCOLM HORiZON

by

K.E. Money, R.E. Malcolm and P.1 . Anderson

Summary

The Malcolm Horizon is a bar of ligh t which shines across the
instrument panel of an aircraft cockp it and which is driven by motors
so as to move in a manner corresponding to the real horizon outside
the  a i r c r a f t . The m o t i o n  is controlled by servo—motors which are driven
by signals derived from the gyro platform of the aircraft . A series of
s i m u l a t o r  t r i a l s  and flight trials have been carried out on the device
in an a t t e m p t  to  eva lua t e  it and further develop it , and to evaluate
a i r c r e w  performance w h i l e  u s i n g  the  device .  The t r i a l s  showed tha t  the
bar  of l i g ht is very c o m p e l l i n g ,  is in cons t an t  view regardless of where
the gaze may be d i r e c t e d  and does n ot in terfere  wi th the normal reading
of the ins truments . All of the pilots who have flown with the Malcolm
Horizon reacted positiv ely and woul’d welcome the addition of this device
to the cockpit. It  is expected that a license for its manufacture will
be granted pr ior  to th i s  conference, and that the devise will be avail-
able  commerc ia l ly  by la te 1978.

The Malcolm Horizon is a bar of lig ht which shines across the instrument panel of an aircraft
cock pi t and which is driven by motor s so as to move in a manner corresponding to the real horizon Out-
sid e  the a i r c r a f t .  The mot ion  is controlled by servo-motors which are driven by signals deri ved f rom
the gyro platform of the aircraft . The rationale behind this device and some details about its const-
ruct ion were g iven at a previous  AGARD meeting. (I) The - - ose of this paper is to describe some of
the t es t s  which have been done with the Malcolm Hori:o~. -ì l t t e n l p t i n g  to e v a l u a t e  and develop the device
and to evaluate aircrew performance using the device.
Sim ula to r  Trials

Ilte MaT colm Hori zon was f i r s t  tested for two weeks in a Canadian Forces Sea King helicopter aim-
u l a t o r .  Some 35 Sea K i n g  p i lo t s , as w e l l  as a number of p i l o t s  of o the r  types of aircraft flew the aim-
ula tor for various times rang ing from 15 minu tes to three hours . During these trials , a whole range of
i n - f l i g ht emergencies were simulated , both with the horizon bar on and with it off. It was determined
that the improvement in the performance of the pilots brought about by the Malcolm Horizon was roughly
equivalen t to that produced by the Automatic Stabilization Equipment CASE) normally used in this heli-
copte r. That is to say, the reduction in the errors in heading , altitude , ai rspeed , pi tch and roll when
compar ing  pe r fo rmance  with the Horizon off to performances with it on was equivalent to comparing the
p i l o t ’s performance wi th the ASE off and with it on. The pilots report that with the ASE off , th i s  heli-
cop ter is very difficult to fly accurately and feels something like an inverted pendulum which always
tends to f a l l  over .

During s imula t ion of rap id sequences of in-flight emergencies , it was noted that the pilots made
many fewer errors in heading , airspeed and altitude with the Horizon on than with i t off , ye t when de-
b r i e f e d , they all said that they were unconscious of its presence during the emergencies. This is of
course what one would expect from a device which provides information along essentially subconscious
channels wi th peripheral vision .

These trials also showed that the bar of light must be centered in front of the pilot , ra ther  than
centered on the roll axis of the aircraft . This is because the pilot perceives the roll axis of the air-
craft to be directly in front of him , even in a wide cockpit with side-by-side seating. If the bar of
ligh t is centered in the middle of the instrument panel , then when the aircraft rolls to the left , the bar
w i l l  ro tate c lockwise , causing the p ilot in the left hand seat to think his nose is low , whi l e  the p i l o t
in the ri ght hand seat will think that the nose is high.

The Horizon was subsequently tested in a Boeing 747 si.uiator belonging to Air Canada. This airline
was in terested in the device as an aid during turbulence penetration. It was flown by several senior
p i l o ts , including the airline ’s chief pilo t. They felt that it was a most compelling display, and it
clear ly  did not interfere with the p ilot’s abili ty to read his other instruments. They indicated that
the device meritted further testing and arranged for a flight trial in one of their DC8 aircraft , which
will be described later.

* F l i g ht Trials -

The Malcolm Horizon was first flown in a Cl-I 135 ‘Huey ’ helicopter belong ing to the Canadian Armed
Forces . The control si gnals were derived from a vertical gyro platform mounted in the aircraft especia-
l l y  for the trials. It was found that if the bar was prujected onto the windscreen in the manner of a
large ‘heads up ’ display, then the p ilo t tended to try to line it up with the top of the instrument panel.

5. 
- - Since the panel top was curved , the pilot tended to fly with ‘one wing down ’, If the bar was projected

onto the instrument panel itself , then it was very easy to see , and provided good cues even when the p i l o t
was looking out the window .
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D ur i n g  one f l i ght , at n ig ht over a large open body of water (Lake Ontario) the pilot was asked to
f l y towards a s i n g l e  l i g h t , probably a ship, off in the dis tance. The co-pilot monitored the pilot’ s 

-

f l y ing by staying on instruments , and the Malcolm Horizon was off. As expected under such circumstances ,
the p ilo t who was flying towards the lig ht quickly became diso~Th~nted. He apparently tried to track the
autokinetic motion of the spot of light , and was unable to adequately control the aircraft , forcing the
co-pilo t to take control. This was repeated several times to impress each crew member that adequate con-
trol could not be maintained by looking outside under these circumstances. The Horizon bar was then
swi tched on , and the pilot was asked to repeat the test, The instrument panel on the ‘Huey ’ is qui te
smal l , and is located down around the p i lo t ’s knees , ye t wi th the bar of li gh t sh in ing  on i t , the pilot
had l i tt le t rouble  main ta i n i n g  his heading, p itch and roll to within 2°, and his airspeed to within 5
knots for more than 5 minutes , all the while continuing to stare at~.the same remote spot of light .

The device was next flown in a Canadian Forces ‘Otter ’ , a STOL aircraft. The two pilots who flew -
the device reported that it made instrument fly ing ‘almos t as easy as flying VFR ’ . They fe~t that the
device would be particularly valuable during whiteout landings and glassy water landings (procedures that
are done by ins t rumen t f l y i n g  in this aircraft), and that it would provide a welcome reduction in work-
load du r ing  long range bad wea ther  f l i ghts.

The device was nex t ins ta l l ed  in a DC8 belong ing to A i r  Canada . and tested during a check flight
subsequent to a major overhaul , durin g which the aircraft is put into a number of unusual attitudes and -

manoeuvers . The pilot reported that the display is very compelling , and would doubtless be of grea t
assistance during turbulence penetration. This would be so even when attitude hold had been selected on
the au to p i lo t , s ince  under these cond it ions , the pilot must monitor the performance of the auto pilot
to ensure that it is doing its job properly. Apparently dur ing  episodes of severe turbulence , especially
in the long-bodied airliners such as the DC8, the pilot can be bounced around so badly that he cannot
read his ins truments (let alone fly by them) .

The device was nex t installed in a Canadian Forces Sea King Helicopter , and flown operationally
for one week . The report of the squadron project officer contains a statement from one of the pilots
who evalua ted the device . His comments are reproduced here in total.

“I. On 23 Jan 76, I flew aircraft 2423 as Crew Commander. The mission was an instrument
prof ic iency  fligh t and we were also to trial and give our appreciation of the PVHD. Dur-
ing the 1.6 hours of the flight flown at night we spent approximately 15 minutes doing the
f o l l o w i n g  tr ia l :

a. The aircraft was flown to seaward from Shearwater at 1000’. The wea ther was
3000 feet overcast and there was no natural horizon . There were no lights
v i s i b l e  for visual  cues through an arc of approximately 1800. The p i lo t ’s
attitude indicator was failed and the cockpit lig hting on the pilot ’s ins t-
rument panel was turned off. The co-pilot’s attitude indicator and instrument
l igh t i n g  was l e f t  on and he monitored my f l y i n g  to ensure that the a i rc ra f t
remained in a safe f l i ght envelope. Wi th  the a i rc ra f t ’s s t ab i l i z a t i on  sys-
tem engaged , a l t i tude  hold disengaged , and the l ight  bar shining on the p i lo t ’s
instrument panel I commenced rate one turn s through 1800 arc in both d i rec t ions .
I looked out the p i lo t ’ s windshie ld  constant l y p icking up the l i gh t  bar re fer -
ence in my per ipheral  v i s ion .  I performed ei ght 1800 turns gradually increas-
ing the angle of bank to approximately 25°. Feeling comfortable fly ing in this
manner I decided to attempt some burns with the stabilization system disengaged .
I success fu l ly  completed four 180 A . S . E .  off  turn s using approximate ly  25 of
bank. Nine ty  knots  airspeed was mainta ined plus  or minus  f ive  to ten knots
during these turns. Again , the turns were executed by main ta in ing  eyes “out
of the cockpit” using perip heral vision only to note approximate angles and
changes of the l ight  bar ver t ica l l y and ro ta t ional ly .

2.  Under the same condi t ions  wi thout  the l ig ht ba r these turns  would have been impossible.
During the 15 minutes  of f ly ing without  the a l t i tude hold engaged and with no indication
of ai rcraft vertical speed , the ai rcraf t  was gradual ly  climbed from 1000 to 2000 feet. ’

The report concludes “.. . the (Malcolm Horizon) may actual ly improve the accuracy of instrument
fl y ing;  however , this  could not be accurately assessed. It would seem reasonable to conclude though ,
that since the peripheral display has such an impact on heads-up flying, tha t i t would also hav e a sim-
ilar effect on instrument flying in that changes in aircraft attitude are immediately perceived by the
pi lot even thoug h he may not be watching the attitude indicator ; and the (Malcolm Horizon) would appear
to have a valuable  applicat ion for helicopter ni ght operations requiring transi t ions to or concentration
on v i sua l  references in ins t rument  f l y i n g  condi t ions .  This type of f l y i n g  is encountered during n igh t
approaches to shi ps at sea , helicopter ni g ht formation f l y i n g ,  helicopter tactical approaches to darkened
areas etc. ”

irs summary , a l l  of the p i l o ts who have flown the device reacted posi t ively  and would welcom e the
a -idit io n of the dev ice  to the cockpit .

Manufactu re

~~
‘ - A number of av ionics  manufac tur ing  companies are currently putt ing together proposals for the lic-

ens ing  of the manufacture of the Malcolm H or izon . It is expected that such a license w i l l  be granted
p r io r  to t h i s  conference , and that the device w i l l  be ava i lab le  as a “shelf”  item by late 1978.

I . . 
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SUMMARY

The app l ica t ion  of d ynamic sen s o r - gen e r a te d  imagery (SGI) and c omp u t er - g en e r a t  -~ i n -a  g er v  (( GI)
analogous to a r e a l - t ime  contact  view f rom an airplane calls for renewed i n v e s t i g a t i n of the  s~ - - n t  j o t
v i sual  cues for  con tac t  fli gh t .  SGI and CGI s y s t e m s  have application both as con t a c t  analog f l i g ht dis-
plays and as outside v isual  scenes  fo r  f l ig ht s i niu lat o r s .  In ei ther  case , sy st e m at 1~ c i ’  r ir s  in d i s t a n ce
j u d g m e nt s  are encounte red  with all optical  and e lec t ron ic  imaging sys t ems, t h e r e b y r -quir ing conipensa-
t ion by magnif ying their  images .  Resu l t s  of many  psychophysical  e x per im ent -~ p a r t i a l l y  ac - u n t  f o r  t)Ut
do not explain these bias e r r o r s  in size and dj s t a i i ~~ ’ j ud gments .

During the past  s e v e r a l  cen tur ies, coun t l e s s  exper iments  have been c o ndu c t e d  t q u an t i f y  t h e -  ‘f f e c t s
of reducing the cues to d is tance  p re sen t  in the  per i pheral  visual  f ield upon judgments f the  si~-~ and -~is-
tance  of objects  viewed foveall y . Recen t ly  a fe~ experiments  have deal t  \~i th th ~- in f luence  of the pe r i pL-
eral visual surroun d upon visual  accommodat ion, hut no experiment  to date has s ys t em a t i c a l l y r , - l a t c - -- :
these  th ree  dependent var iables :  apparent  size , apparent  d is tance , and v i sua l  acconm - d , t i  u r t l i -  r-
more , textbooks in psychology,  physiology, and ph ysiolog ical optics cons i s t en t ly d i s p e n s e  with - - i su al iccona-
odat ion as havin g no funct ional  relation to s ize  and d i s t a n c e  jud gment s  for  objec ts  beyond a fe’s fe -I .

Despite the a rb i t r a ry  discount ing of accommodation as a media ting  mechan ism in the  p e r c c - p i i m  of
size and dis tance , the experimental  l i t e r a tu re  is rep lete with evidence to the  c o n t r a ry .  To t e  -t  iC-

hypothesis  that visual accommodation , possibly by a t tenua t ing  the size of the re t ina l  in ag e  p ro jec ted  by
the crys ta l l ine  lens , is a principal neuro-opt ica l  reflei~ mechan i sm m e d i a t i n g  s i z e - d i - t a n c e  pe rcep t ion ,
a program of research  is in p r o g r e ss  at the Ames R e s e a r c h  Cen te r , NASA . Mo n o c u l a r  and binocular
jud gments  of size and d i s tance  of objects  p r e sen t ed  by var ious imaging media are  being cor r e l a t e d  S- -- i t l i
d ynamic r easurements  of visual accommodation, using an i n f r a r e d  optorn € ’ter , as a f u n c  t i - n  of the  t e x -
tural  dis t r ibut ion of the visual su r round .

Resulta  of the initial exper iment  support the following conc lus ions :

1. Accommodat ion to t h r e e - d e g r e e  discs  viewed binocular ly  at d i s t a n c e s  b ey o n d  the re - t in g accommo-
dation d is tance  of about one meter  shift s reliably n e a r e r , and the d i s c s  appear  s r i ia i l e r , ~d1 -n one
eve is closed or covered;  the magni tude  of these  sh i f t s  i nc reases  with d i s t ance .

2. There is a sys t ema t i c  shi f t  in acconirnodat ion toward  the res t ing  posit ion f rom ei ther  d i r e c t io n
when one eye is occluded , but the sys temat ic  re la t ionship be tween  sh i f t s  in a c c o m m o d at i o n  and
shifta in perce ived  size were  ev i d e n t  only at d i s t a n c e s  beyond the r e s t ing  pos i t ion , s u g g e s t in g  a
dual proces~

3. Shifts between b inocular  and monocu la r  accommodat ion  and perce ived  si ze  a r e  a l s o  a f f , - c t e d  in ter-
act ivel y by the type of foveal t a r g e t  (plain or f a n c y )  and by the p r e s e n ce  or absen  e of a h o r i z o n t a l
textural  grad ien t  in the lower half  of the  per i phe ra l  v i sua l  f ie ld .

BACKGROUN D

C o m p u t e r - g e n e r a t e d  f l i g h t  d isplays  are on the threshold  of w i d e s p r e a d  u s e  in presenting dynamic
pic to r i a l  images analogous to the  pilot’ s c o n t a c t  vie’ , , i n i t i a l ly in v isua l  sy i~t ( - n i s  fo r  flig ht ~in u l at o r s
and soon thereafter in a i r bo r n e  cock pit d i sp l ays .  Advoca t e s  of c o m p u t e r - g e ner a t e d  imaging  di sp av s
have a s sumed  that  all i n f o r m a t i o n  essent ial  to the pilot for ground-referenced maneuvers such as scof f
and landing is available f r o m  a clear view of the outside w o r l d .  A g r e a t  deal of effort on t h e se  ‘ c mtact

- 
. analog” disp lays  is being d i r e c t e d  toward g e n e r a t i n g  r e a l i s t i c  d ynamic  images of a ir p o r t s  and th e i r  sur-

rounding t e r r a i n  and topography.

Determination of essential graphic c h a r a c t e r i s t i c s  in the  g e ner a t i o n  of v i sua l  ana logs  of the o u t s i de
world r e q u i re s , at the  o i i i sp t , a r enew ed  inves t iga t ion  of a paradox  of visual perception. All computer-
g e n e r at e d . s e n s o r - g e n e r a t e d , and op t i c a l l y g e ner a t e d  d isp lays  tha t  p r e s e n t  syn ’h et i c  images  of i t 0 -  out -

s ide  world have  a co nu n on  c h a r a c te r i st i c :  they  produce  sy s t ema t i c  er r e r ~ in ir e  and d i st a n c e  jud gments .
Bias e r r r s  in depth d i s cr i m i n a t i o n  have b een d iscove r, ’ i i n d e p e n d ent l y by i n v e s t i g a t o r s  svosd :ing w i t C
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submar ine  per iscopes, t a n k  periscopes, a i r c r a f t  periscopes, laboratory microscope s, “one-power ”
scopes for  shotguns , and he lmet -mounted  CRT disp lays in addi t ion to c om p u t e r - g e n e r a t e d  imag ing
systems.

In each of t he se  cases , the  optical sys t em s  mus t  be compensated by providing a magnification
ranging between 1. 2 and 1. 5  to cause  objects  viewed th rough the optical system to appear  at t h e i r  objec--
tivel y cor rec t  d i s t a n c e s .  The precise  cor rec t ion  for each type of synthe t i c  f o r w a r d- l o o k i n g  imag ing sys-
t e m  has to be detc ’rn iined one by one. Although the correct ion needed for  any given system, a n t  in f a c t
for  each individual  us ing  a sys tem , can readi ly be e s t ab l i shed  emp ir ical ly by a simple psychoph ysical
experiment , determination of the causes of the constant perceptual errors presents an e lusive problem
as (hoes the i den t i f i c a t i on  and quan t i f i ca t ion  of the independen t  va r i ab l e s  tha t  a f f e c t  the i r  magn i tude .

‘11th one periscope that  alloweth var ia t ion  of image magnif ica t ion throug h the range of 0. 8 to 2 . 0,
Roscoc  ( 1 9 10 )  found tha t  a magnif ica t ion fac tor  of 1 . 29  yielded subject ive  equal i ty  of d is tance judgments
w h e n  compared wi th  a direct  view of a l a rge  elm t ree  ac ross  an open field ad jacent  to the labora tory .
In flig ht . Roscoe , Hasler , an d Doug h er t y  ( I  966) found no t e n d e n c y  e i ther  to undershoot  or overshoot  on
landings made with  an image magnification of 1. 20 , but pilots sys temat ica l ly  overshot  when landing with
a mini fied  image of 0. h(  and u n d e r s hot  with an image magnifie h to 2. 00 . A magni f ica t ion  f ac to r  of about
1. 25 appeared to be nea r  optimum.

Campbell , Mc E a c h e r n , and Marg  (1 955)  u sed a binocular periscope in a B - 17  to stud y pilot per for -
mance in approach and landing .  Unlike the previous s tudies , in which the image was  projected onto a
viewing screen , the outs ide world , in this case ,  was viewed d i rec t l y th rough  the  l enses  as with conven-
tional binoculars . Again , to make the apparent d is tance  of ob jec t s  appear normal, a magnification of
about 1. 25 was required.  Using  an optical periscope wE] magnif icat ion set  at unity, youn g pilo s have a
s t r o n g  t endency  to overshoot , although they normally can compensate for this tendency with prac t ice .

The problem of biased dis tance jud gments  experienced by pi lo ts  fly ing airplanes with periscopes is
shared  by ope ra to r s  using helmet-niountecl  disp lays , by con t ro l l e r s  of remotely piloted vehicles (RFVs),
and by pi lo ts  fl y ing s imula tors  with opticall y or compute r -gene ra t ed  p ic to r i a l  landing displays. As
s ta ted  previously,  the proper correct ion can be de te rmined  empir ical ly in each case , but a complete
u n d e r s t a n d i n g  of the var iables  contr ibut ing to the e f fec t  and the magn i tudes  of their  individual  influences
would allow general rules rather  than specific tes ts  to guide the engineer  in desi gning systems. Further-
more , such unders tanding  would provide a basis  for  formula t ing  t e s t ab l e  theories  of the visual perception
of s ize and d i s tance .

The l i t e r a tu re  of vision research  is replete with unexplained exper imenta l  f indings and assor ted
“ optical i l lusions ’ that mig ht be explained if it were  shown quan t i t a t i ve ly that the retinal ang le subtended
by an obj ect is a t t en tua ted  sys temat ica l ly  as a function of the d is tance  to which the eye is accommodated.
There is now ample evidence that the relax6d ”resting accommodation dis tance  of the eye is not at optical
inf in i ty , as long believed and taug ht , but ra ther  at about arm ’ s length for  most  people , though vary ing
widel y among individuals (Malmstron-t and Randle , 1976; Leibowitz and Owens 1975). Fur thermore, the
eye is lazy,  and the comp lex reflexive ad jus tments  that  toge ther  comprise ‘ accommodation - drive the
accommodation level away f rom the res t ing  position no more than is needed for the required
d i sc r imina t ion .

Invest iga to r s  of the accommodation process are  repeatedly surpr ised at the fuzz iness  of the retinal
image that  the  brain  will accept uncrit ically as ‘ good enough’ if no fine discrimination is required.  A
partial explanation of bias e r ro r s  in periscopic distance jud gments and in judgments  of the distance of
objects  p resen ted  on TV screens  or viewed direct ly through f r ames , art if icial  pupils , vision reducing
tubes , l enses , or p r i sms, as well as the shrinkage in the projection of af ter  images through a telescope,
may depend upon the fact  that  the eye accommodates  to a distance other than that  of the object being
viewed.

The speculation jus t  offered requires  experimental  verification or refutation, but meanwhile con-
sider available evidence in its support . In viewing images projected by forward- looking  in f ra red  scanners,
te levis ion, or periscopes onto a nearby screen, the eyes converge and accommodate to the d is tance  of the
screen , while objects p resen ted  thereon may appear to be at g rea te r  dis tances.  The interposi t ion of the
screen  provides  binocular cues to the dis tance of the screen , including those associated with the muscular
cont ro l  of the converged eyeballs, but el iminates all binocular cues to the distance of individual objects
imaged on the screen.

But , the increased  curvature  of the crystal l ine lens associated with n e a r - f i e l d  accommodation pro-
jects  an image of an object  onto the re t ina that  subtends an angle smaller than that subtended by the same
object  projected through the lens when accommodated to optical infini ty (Duke-Elde r , 1936;  Kil patrick and
It te l son , 1953; Neumueller , 1948). F u r t h e r m o r e, the mechanism of accommodat ion involves several
a d j u s t m e n t s, including the s t r e t ch ing  of the retina (Enoch , 1975) ,  that would serve  to i n c r e a s e  the bias
e r r o r . Thus , if the  image of an object  that is projected onto the re t ina covers a smalle r  portion of the
re t ina  than  the image tha t  would be projected if the eye were  accommodated  to the actual  d is tance of the
object , the object will appear to be at a g r e a t e r  d is tance than it ac tua l ly  is .

When accommodation inc reases, the anter ior  su r f ace  of the  c ry s t a l l i n e  lens bul ges in a forward
direct ion wi th  a co r respond ing  decrease  in its  radius of cu rva tu re  for  this  sur face .  It is g e n e r a l l y
accepted that this physical  change in the eye ’s dioptric sys tem serves  pr imar il y to  i n c r e a s e  its power so
as to maintain optical conjugacy of the retina in image space and an obje ct  which  approaches  the eye in
object  space.

The nodal points of the schemat ic  eye are used as the r e f e r e n t  axial points in the  computation of the
s ize  of the re t ina l  image. Any ray f rom the object  that  is d i r ec ted  to the f i r s t  of these  points will emerge
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f rom the sys tem as if f rom the second point , and both rays will make the same angle of inclination to the
optic axis (Ogle , 196 1, p. 154).  Since the distance between both the principal planes and the nodal planes
is only about 0. 3 mm, they may be considered coincident  for most calculations, so only a single , inter-
mediate  point for  each need be used.

For calculations of the retinal image size , the following construct  is used:

‘ I

N nodal point

y = retinal image linear size

o object angular size

0 ’ = image angular size

N is point of unit angular magnification , so: 0’ e.

Tan 0’ = y / f n

Tan 0 = y / f 0, and fo r  small ang les ,

0 = y / f n radians

The dis tance , f n , will vary inversely with accommodation and d i rec t l y with the radius of curvature
of the anter ior  lens surface.  Thi s change is i l lustrated by two depic t ions  of the Gulls t rand simplified
schematic eye by Bennett and Francis  (in Davson , 1962 , p. 104). They f i r s t  show the optical constants
for the eye accommodated to infinity ( ze ro  diopter)  where  f~ is taken equal to en ” the vertex focal
length, 16. 97 mm. The retinal image size of , say, the moon , which subtends about 30 minute s of arc
at the ear th’s surface , is thus:

57. 3 - 16. 97

y 0 . 148 mm

However , the same visual angle , with 8. 62 diopters of accommodation, would be smaller , and
would now be 14. 825 (f ~ 2 1 . 6 1  - N , N = 6 . 6 2  + 6 . 9 5/ 2 ) .

0 = 14 . 8 2 5

0.5 0 
- 

y

~‘~T’T - 14 .825

Y = 0.129

The overall reduction in size of the retinal image for 8. 62 diopters  of accommodation is:

0. 148 M = 0. 129 M = Magnification

— 0 . 1 2 9M - 0 . 14 8

- - - M = 0. 8716 about 1 3°~i minification

Thus , to res tore  the ret inal  image to the size it would be if the eye were accommodated to zero diopter
would require a magni f ica t ion  of abou t 1. 15 (0. 148/0.  129) .  A fu r the r  magnification would be required to
compensate  for whateve r s t re tching of the retina is involved.

Such an explanation might account for a major  portion of the necessary  magnification of images
projec ted  onto a cockpit CRT or periscope screen, but a similar, thoug h smaller compensation is¼_ required when objects  are viewed throug h lenses that collimate the incoming rays (Palmer and Petitt, 1976).

-‘ For our hypothetical explanat ion  to hold in the general  sense , it would be predicted that the lens of the eye -

s h i f t s  i ts  accommodation toward the near  f ield even though viewing an im age collimated to optical infinity.
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Recently, Hennessy  and Leibowitz ( 19 7 1 )  investigated the problem of “ scope viewing e r rors” by
measuring the dependence of visual accommodation upon the distance to the peripheral stimulus field
surrounding a foveal fixation object presented at greater distances. Their results are interpreted as the
ini t ial  experimental demonst ra t ion  that the acconunodation reflex is attenuated, though not determined
completely, by peripheral  as opposed to foveal  stimulation. But , as in all previous studies , the relation-
ship between accommodation and jud g men t s  of size and dis tance for objects presented foveally was not
invest igated.

PROBLEM

Surprisingly no reports  can be found of experiments in which the ynamic accommodat ion  of the
eye has been measured  whil e sub jec t s  w e r e  engaged in making size or dis tance  j u d g m e n t s  of objects  at
vary ing dis tances  in va ry ing back grounds . Recent  developments of r e sea rch  optometers  and visual
s t imulators  havin g this  capability allow such exper iments  to be n ade with relative ease (Cornsweet  and
Crane , 1970; Randle , 1971).  The experiment reported here is prel iminary to a systematic, p a r a m e t r i c
invest igat ion of the funct ional  relationships between the perceived size and distance of objects and the
accommodation of the eye in response to varying dis t r ibut ions  of texture in the visual f ie ld .

Ult imately,  experimentat ion will be required to determine the major  e f fect s  of , and in te rac t ions
among, a large number of s t imulus variables embodied in a variety of visual environments  in which unex-
plained visual phenomena are known to exist . Some of the phenomena are c lass i f ied  as optical i l lus ions,
such as the moon illusion; o thers  a re  accepted as normal perceptions, but all re-main inadequate ly
explained. An adequate  theory  of s i ze -d i s t ance  perception, in addition to explaining bias e r r o r s  in pe n-
scopic dis tance  jud gments , mus t  account for  all experimental  f ac t s  assoc ia ted  with jud gments  of th e- s ize
and dis tance of objects , however they may be presen,~ed.

Of the count less  experiments dealing with psychophysical  s i z e - d i s t a n c e  jud gmen t s , the c l a s s i c a l
s tu dy by Hoiway and Boring ( 1 9 4 1 )  is perhaps the most f requen t l y cited . Jlolway anti Boring quantified

— the influence of var ia t ions  in the visual surround on size jud gments . Il luminated discs  w e r e  p resented
af various d is tances  and varied in size to maintain a central  visual angle of one degree . With a fi l led
visual surround from the observer to the object , monocular jud gments  ollowed a vir tual ly perfect  law
of size cons tancy .  Binocular  jud gments  increased linearly with increas ing  object size but overshot the
mark , the more d i s t an t  one-degree  d iscs  appearing reliably larger  than l i fe  size.

Res t r i c t ion  of the monocular visual surround by use  of a 1,8-mm ar t i f ic ia l  pupil positioned 4 mm
from the surface  of the cornea produced a departure f rom size constancy in the direction of angle con-
s tancy ,  and a f u r t h e r  res t r ic t ion  by the in t roduct ion of a tunnel of black cloth between the observer and
the stimulus, thereby eliminating all texture surrounding the target  except for a slight “haze , “ produced
jud gments closely approaching a constant  response to the one -deg ree  angle subtended , as would be pre-
dicted if the eye maintained a cons tant  empty field myopia of one diopter in the absence of d is tance
cues,

The d i f fe rence  between monocular  and binocular dis tance judgments  might be explained if it were
to be demonst ra ted  that  the ch i s tance  to which the two eyes accommodate when one is closed or covered
is a compromise between accommodation to the filled visual field of the open eye and the empty field of
the closed eye. The present  experiment, in which visual accommodation was measured  automatically
while subjects  compared the apparent sizes of discs viewed monocularly and binocularly at various dis-
tances up to four mete rs  (0 . 25 diopter) ,  included a preliminary investigation of the influence of foveal and
peripheral textural detail upon both acconimodation and perceived size.

E X P E R I M E N T  1: B I N OC U L A R  VERSUS MONOCULAR S I Z E

E x p e r i m e n t a l  Var iab les

Subjects compared the perceived sizes of th ree -degree  t a rge t  d iscs  presented at s ix  d is tances  when
each was viewed monocular ly  and b inocular ly .  Six d i s c s , one for  each of the s i x  d is tances , were painted
a flat whi te  to provide re la t ively u n t e x t u r e d  “ pl ain ” t a rge t s , and a co r r e spond ing  set of six d i scs  with
a l t e r n a t i n g  quadran t s  of black and white  we re  “ fa n c y ” t a rge t s , w i th  d i s t i n c t  cen t ra l  focal  points .  T a r g e t s
were  ex tended  toward the sub jec t  f rom a f l a t - b l ac k  r ing  s tand which could be pos i tioned  along a t r a c k ,
p laced on a table , with stopping points at 0 .25  0 .5 , 1 .0 , 1 .5 , 2 . 0 , and 4 . 0  mete rs  ( c o r r e s p o n d i n g  to
accommodat ion  s t imul i  of 4 , 2 , 1, 0 .67 , 0 .50 , and 0 . 2 5  d i o p t e r s ) .  The t rack also insured  that  the sub-
jec t ’ s lef t  eye when posi t ioned a c c u r a t e l y  (by the use of a hard  wax “b i te  board” unique to each subject)
and f i xa t ed  on the t a rge t , would be aligned wi th  the opt ical  ax i s  of the C o r n s w e e t - C r a n e  (1970) ob jec t ive
o p t o m e t e r  wi th  which the subject’ s accommodat ion  was measured  con t inuous ly .  The optomete r output
was recorded  on a B r u s h  r e c o r d e r  and was s imu lt aneous l y in t e r faced  with a PDP- l2  d i g i t a l  computer  fo r
d i r e c t  data acquis i t ion .

In add i t i on  to the type of t a rge t  and the d i s t ance  va r iab les , illumination was manipulated en the fol-
lowing m a n n e r  to p rov ide  e i ther  the p resence  or the absence of a t ex tu red  i n t e r v e n i n g  f i e l d :

In the “Hi g h” ambien t  i l l umina t ion  condi t ion , the d i s c s  were  p r e sen t ed  i m m e d i a t e ly above a horizon-
tal  black and whi t e  checke rboa rd  plane.  When in place , the plane ex tended  f rom j u s t  beyond the subject ’ s
chin  to a d i s t a n c e  of 4 . 5  m e t e r s , where a f l a t - w h i t e  v e r t i c a l  c u r t a i n  was  placed.  The plane , abou t  a
m e t e r  in wid th , was sp lit l eng thwise  to allow the r ing s t and  to s l ide a long i ts  t r a c k ,  Ambien t  i l l u m i n a t i o n
was provided by a d i f f ue e  DC lamp placed behind  and above the subjec t .  Th i s  i l l umina t ed  the l a b o r a to r y ,

¼ g i vin g  an even d i s t r i b u ti o n  of li ght on the t e x t u r e d  f ie ld  and a bri gh tness  level of 0 . 2 0  ± 0 . 0 5  f tL on each
t a r g e t , as measu red  by a Pr i tchard  photometer .  
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In the “ L ow” i l l umina t ion  condit ion , the hor izon ta l  t e x t u r a l  g r a d i e n t  was e l i m i n a t e d  b y rep lac ing ‘1
the checke rboa rd  plane wi th  a black cloth , d rap ing  the background  wall  in black cloth , darkening the labora-
t o r y ,  and l i g h t - a d a p t i n g  sub jec t s  between t r ia ls . T a r g e t s  were i l lumina ted  by a d i f f u s e d  f l a sh l igh t  beam ,
placed so tha t  no v i sua l  s u r r o u n d  was v i s i b l e  and so that  each t a r g e t  r e f l ec ted  a b r i gh tness  level equal  to
th e Hi gh ambien t  i l l u min a t i o n  c o n d i t i o n .

The o rder  of p r e s e n t a t i o n  fo r  c o m b i na t i o n s  of t a rge t s  and i l l u m i n a ti o n  condi t ions  was counterbal-
anced ac ross  s u b j e c t s .  Each sub jec t  v i ewed  t a r g e t s  a t  each of the s ix  d i s t a n c e s  under  one c o n d i t i o n
b e f o r e  p r o g r e s s i n g  to the  nex t  condi t ion . In each of the condi t ions  t a rge t s  were  p resen ted  in both ascend-
eng ( n e a r  to f a r )  and d e s c e n d i n g  ( f a r  to nea r )  d i s t a n c e  s e r i e s .  Ha l f  of the sub jec t s  viewed all four  t a r g e t /
i l l u m i n a t i o n  combina t ions  w i th  the a s c e n d i n g  s e r i e s  f i r s t :  the cond i t i ons  were  then repeated for each sub-  -

ec t  and v iewed  w i t h  the descending  s e r i e s .  The r e m ain i n g  sub jec t s  v iewed the f o u r  cond i t ions  in descend-
i n g  o r d e r  f i r s t , then in the a s c e n d i n g  o rde r .

b

The subjects we re 16 college students between ages 18 and 24. Pr ior  to the expe r imen ta l sess ion ,
it was d e t e r m i n e d  that  all sub jec t s  exhibi ted  2 0 / 2 0  v i s i on  or b e t t e r .  Subjects  were  a l so  sc reened  for
pup il s i ze , s ince  a small  pup i l l a ry  d i a m e t e r  produced un re l i ab l e  accommodat ion m e a s u r e m e n t s .  Subjects
we re paid f o r  the i r  par t ic i pat ion i~ the exper iment , which lasted about f o u r  hours for each sub jec t .

Procedure

Re s t ing  Position. The Crane and Cornswee t  (1970) focus  s t imula to r  was used to d e t e r m i n e  each
sub jec t ’ s res t ing  accommodat ion  d i s t ance .  A black “ X ”  t a r g e t  sub tend ing  a p p r o x i m a t e l y  3 0 was p r e s e n t e d
monocular ly  to the subject ’ s lef t  eye and was focused at 0 d iopter ;  the ri ght eye was occluded v-i th an eye
patch. A f t e r  an in i t i a l  10-sec s t a b i l i z a t i o n  per iod , a 0 . 3 - m m  d i a m e t e r  pupil  was a u t o m a t i c a l l y  dropped
into the opt ical  sys tem so that  it was imaged  at the en t rance  plane of the s u b j e c t ’ s eye , I l l umina t ion  was
s imul taneous ly i n c r e a s e d  to m a i n t a i n  the ini tial  b r i g htne ss level. The artificial pupil  i nc reased  the depth
of f ie ld  so that  the t a rge t  was a lways  in focus ;  th is  s i tua t ion  was r e f e r r e d  to as the “ open loop” mode .
Open loop accommodat ion  was recorded  for  120 sec.  An iden t ica l  procedure  was repeated a f t e r  i n i t i a l
focus  on a 4 d iop te r  t a rge t .  -

Size Compar i sons .  The ‘I X ”  t a r g e t  and the focus  s t i m u l a t o r  were  removed from the f ie ld  of v i e w ,
and subjects  were told they were  to make s ize  comparisons between monocular  and b inocu la r  v iews of
d i scs  under  a v a r i e t y  of condi t ions .  In t h e i r  i n s t r u c t i o ns , the subjec ts  were i n f o r m e d  that the purpose of
the expe r imen t  was to de te rmine  whe the r  or not the use of the monocular  i n f r a r e d  optometer would induce
shif t s  in a p p a r e n t  s i ze , in e i t h e r  d i r ec t i on , between monocular  and b inocular  v i ews .

An index card , cut to f i t  around the nose , was used to occlude the r i g h t  eye du r ing  monocular  view-
ing .  A d ichroic  m i r r o r  on the optometer , t h rough which the sub jec t  looked with the  left  eye , caused tar-
ge t s  to appear slig ht ly  b lue -g reen  while d i m i n i s h i n g  the i r  apparen t  b r i g h tnes s .  To keep the i l luminat ion
level s i m i l a r  between the two eyes , a b lue -g reen  glass f i l t e r , cut in the same shape and s i ze  as the
d i c h r o i c  m i r r o r , was mounted in f ron t  of the r i g ht eye and ad jus ted  fo r  each sub jec t’ s in te rocula r  d i s tance .

Sub j e c t s  viewed each disc  for  20 see , b e g i n n i n g  with e i ther  monocular  or b inocu la r  v i s i o n  and
s w i t c h i n g  to the  opposi te  view when the e x p e r i m e n t e r  sa id  “c h a n g e ’ a ft c ’ r 10 sec . Ha l f  of the  s u b j e c t s
v i ewed  t a r g e t s  b inocu la r ly  fo r  the f i r s t  10 sec of the f i r s t  t r i a l , while the r e m a i n i n g  half s t a r t ed  with the
rnonocu ’ar  view. Af t e r  the f i r s t  t r ial , s tar t ing conditions for subsequent t r ia ls  were simply al ternated

for each subject. Accommodation was con-
tinuously recorded dur ing  each 20 sec tr ial ,

_______________________________________________ after  which the subject verbally reported35
whether the disc looked larger  or smaller

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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This procedure was repeated for each of the

in with one eye or with both. A forced-choice
vi procedure  was employed; sub jects were not
~ 30 - CENTRAL TENDENCY OF “MONOCULAR LARGER ” allowed to report that they saw no difference

: 0
48 trial s.

‘UI
a - 25 

- 

RESPONSES U N D E R  ALL CONDITIONS between binocular and monocular vision.

Re sults
20

Size Judgments .  In predictable agree-<U,  ___________-Jz ment with previous f indings , as t a rge t s  were
us ,

- 

ASCENDING 

positioned at the maximum distance tested
(4. 0 m), the proportion of “monocular smal-
ler ” jud gments approached unity , whereas  at

‘ 0 - the shorter distances the disparity, while
10 stil l evident , was le ss pronounced. The

namely the “monocular larger” judgments ,

~ : 
I 

SERIES 

exceptions to the “monocular smaller” rule ,

z are  graphed in Figure 1 , which also show su the hys t e r e s i s  typical of all psychophysicala
data collected in ascending and descending
series. Ana lysis of the var iance of the

-
‘ 1 1 ,  2 4 responses, summarized and annotated in

Table I , showed the ratio of monocularDISTANCE FROM EYE TO TARGFT , M E T E R S  larger (ML) responses to decrease reliabl y
F IGURE 1, PERCENTAGE OF “ MONOCULAR L A R G E R ”  RESPONSES IN with increas ing  dista nce (p  c 0 . 0 1 ) .
JUDGMENTS OF THE RELATIVE SIZES OF DISCS VIEWED
MONOCULARLY AND BINOCULARLY AS A FUNCTION OF VIEWING Although the other experimental van -
DISTANCE UNDER ALL CONDITIONS (PLAIN AND FANCY TARGETS , able s accounted for relatively lit t le of t h eHIGH AND LOW ILLUMINATION) 
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TABLE I SUMMARY OF THE ANALYSIS OF VARIANCE OF ML RESPONSES

Legend: cell means - proportion ML respo,,ses

Source of Variance 2

Series: Ascending and Descending 7418 1 <002
Illumination: High and Low 4 919 1 ‘0 05
Targets: Plain and Fancy 1 615 1 -0.22
Distances: 0.25, 050. 10 , 15 , 20 , 4 0  m 3.518 5 <001

Cell Means and Macn Effects
Series

A = 0 138 More ML responses were given in Detcending series than in Ascending series.
0 = 0 .216

Illumination Level
H = 0.201 More ML responses were given when a hori~ontaI textural gradient was visible than when there was none.
L = 0 1 5 4

Targets
P 0.195 The frequency of ML responses to Plain targets was not reliably greater than it was to Fancy targets , but the interaction
F 0159 betwee,’ Targets and IlIum,,,ation Levels approached reliability lp 0.09) , the frequency of ML responses to Plain targets

being about 50 percent greater when the textural gradient was visible , at did the interaction between Targets and Diatances
(p — 0 08), the ML responses to Plain targets being less frequent than to Fancy targets at 4 meters and more frequent at the
shorter distances.

Distances
025 m = 0.242 Multiple comparisons for repeated measures indicated that ML responses were reliably fewer a t 4  m (0.25 DI than at any
050 m = 0.172 other distance and that no other pair differed reliabl y
l O O m = 0.242
150 m 0.156
2OO m =0.1 80
4.OOm=0,070

response var iance , r eliable e f fec t s  we re presen t , as indicated and explained in Table I and graphed in
Figure Z. The general pattern of these findings suggests that the tendency for foveally presented objects
to appear smaller when viewed monocularly is influenced in a competitive manner by the peripheral as
well as the foveal cues to distance and that the magnitude of these effects  may be expected to increase
rather than diminish as distances are increased beyond those tested.

Vis ual Accommodation. Inspection of the graphic r ecords fr om the optometer revealed the typically
oscillatory dioptric respon se of the eye with a rap id and generally accu rate central te ndency of response
to targets  presented at  different distances. The central tendencies of responses during the f irs t  and second
halve s of the 10-sec intervals during which a given target was viewed either monocularly or binocularly
were in close agr eement , with the latte r half being generally more stable. Consequently, the variances
of the data for the second 5-sec interval following each target presentation were analyzed f or the two
extreme target  distances of 1/4 meter and 4 meters, shown graphically in Figure 3.

The findings from the analysis are summarized and annotated in Table II. Because the vast pre-
ponderance of response variability is accounted for simply by ta rget distance, the main effects and
interactions of the othe r variables necessar ily appear relatively small. Nevertheless , several ar e
statistically r eliable and meaning ful des pite wide variability of inter- and intra-individual responses.
The annotations in Table II show clearly that , while the main effects of the experimental variables tend
to balance ac ross targ et distances, the reliable interactions among variables constitute the substantial
findings from this experiment.

“MONOCULAR LARGER” RESPONSES DISCUSSION
PER 192 COMPARISONS UNDER EACH CONDITION

This exper iment was a preliminary
TARGETS investigation of the relationships between
COMBI NED ILL UM. visual accommodation and the perceived

COMB INED c~~~~~ o size of objects presented foveally at
various distances up to four meters.

45 46 Bo th perceived size and visual accom-
DESCENDING PLAIN modation were found to vary systematically

S E R I E S  TARGETS with shifts between binocular and mono-
38 29 cular viewing: When one eye is closed or

33 covere d, acc ommodation to eithe r nea r
31 or far targets shifts toward the central ,

27 
30 30 res t in g dis tance of about one meter;

26 ta rgets viewed with one eye only appear
ASC ENDING 

23 

TARGE TS 
~~c reased ,~~~e diffe r~ nces becomtng

,I’, - rela t ively lar g e and statistically reliable
at dis t an ces beyond two meters  fo r most

— Because the magn it ude of the shiftsC - LOW F A N C Y  LOHIGH PLAIN H I G H  in perceived size were not measured
ILLUMINATION TARGETS ILLUMINATION directly, the relative frequencies of

“monocular larger ” responses provide
FIGURE 2, FREQUENCY OF “MONOCULAR LARGER” RESPONSES IN JUDGMENTS only an Imprecise , inferential measure
OF THE RELATIVE SIZES OF DISCS VIEWED MONOCULARLY AND BINOCULARLY of shifts in perceived size. Further -
AT DISTANCES RANGING FROM 0.25 TO 4,00 METERS UNDER THE CONDITIONS more , the traditional psychophysical
INDICATED pr ocedure of presenting stimuli in
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4 0  ascending and descending
serie s elicited the well-

— known but not well-

~~~~~~~ 3.498 effect that was not accounted
BINOCULAR understood hysteresis

2
5~~ 322  

,,_
, 320 MONOCULAR for adequatel y by a corre-

accommodation. And
0 finally, because of the many0

variables affecting Inter-

3.0 ‘~~ — x 3 142 sponding hyste resis in

and intra-indlvldua l dif-00 fere nces both in visual
~ 0.5

perception and in visual
accommodatIon , 16 subjects

0.022
0.0 0. 0.02 

009 
are a precariously small

- . 0 1 1  BINOCULAR sample fo r a psychophysical

0 5

— g - —0 .027 experiment. Despite these
-~ limitation s, the results

of scientific generalizations.
obtained support a number

Q~\C* o’~ ~~~ ~o
T A R G ET S AT ,M[T ER TA RG ET S AT 4 MET ERS

Both perceived size
FIGURE 3. MEAN ACCOMMODATION LEVELS TO PLAIN AND FANCY TARGETS VIEWED AT and visual accommodation
1/4 METER AND AT 4 METERS UNDER HIGH AND LOW ILLUMINATION are affected in coincidental

ways by changes in both
foveal and peripheral

simulus texture, In the case of accommodation , three statistically reliable interactions , Illumination
Levels x Views (p <0. 05), Targe t s x Distances (p < 0 .  05),  and Views x Distances (p <0 . 001),  were
paralleled, respectively, by reliable shift s in perceived size with one eye or two for Illumination Levels
(p <0. 05), a borderline interaction between Targets and Distances (p = 0. 08), and Distances (~ <0. 01) .
Furthermore, cne three-way interaction, Targets x Distances x Views , that most closely co r r e sponds to
the two-way, Targets x Distances , shif ts in apparent size also closely appr oached reliability (p = 0. 055).

TABLE I I .  SUMMARY OF A N A L Y S I S  OF V A R I A N C E  OF ACCOMMODATION DATA

Source of Variance

Series: Ascending and Descending 1.162 1 ~ O.298

Illumination: High and Low 0.86 1 1 ~O.368
Targets: Plain and Fancy 0.439 1 =0.518

Distances: Near (1/4 m( and Far (4 ml 399.544 1 <0.001

V iews: Monocular areS 5iri~tscI~s 8.582 <O.O~

Reliable Interactions

Illumination s Views 5.710 1, 15 <0.05

Targets x Distances 5.095 1, 15 <0.05

Views s Distances 36.408 1, 15 <0.001

Ce)) Means and Effects
Series

A = 1.608 diopters Mean accommodation levels for Ascending and Descending series did not differ reliably.
D — 1.710

Illumination Levels
H 1.624 Accommodation level overall was not reliably affected by the illumination level ,
L = 1.694

Targets
P = 1.673 Accommodation to Plain targets was not reliably nearer than to Fancy targets overall .
F = 1.644

Distances
N = 3.320 Accommodation to Nea, cargets was reliably nearer than to Far targets
F = -0.002

Views
M= 1.583 Binocular accommodation was reliably nearer than Monocular overall.
B = 1.735

Illumination s Views
H/M = 1.518 H/B 1. 729 Monocular accommodation was disproportionately nearer under Low illumination.
L/M 1.647 L/B = 1.74 1

a Targ ets s DistancesC.
P/N - 3 282 P/F — 0 064 Fancy targets , whether near or far , attracte d accommodation away from a central resting position .
F/N - 3.357 F/F - -0.069

Views Distances
M/N 3.142 M/F - 02? Monocular viewing drew accommodation outward from Near targets and inward from Far targets.

- . ‘ B/N = 3.497 8/F - -~- 027

:

~

-

~
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As a fu r the r  test  of the nature of th r= reliable in teract ions  between size judgments  and
accommodation levels at vary ing tar get d i s tances , two contingent probability analyses were made.
Firs t, the relative frequencies  with which the accommodation level shifted toward the mean resting
accommodation for the øubjects  ( 1 .  133 diopters) were counted and tested as summarized in Table Ill.
Shift s toward the mean rest ing position from the two nearest  ( 1 / 4  and 1/ 2  meter)  and the two fa r thes t
(2 and 4 meter )  target  positions were stat is t ical ly reliable , indi ca ting that the accommodation of the
eyes is drawn toward the rest ing position when one eye is closed or covered .

The ef fects of the experimenta l var iables  are clouded by the w ide ra ng e of res t ing accommodation
positions (RPs )  of d i f ferent  individuals , which in the pr ese n t sample va ried by a standard deviation of
1. 020 diopte rs  about a central  tendency of 1. 133 diopters , a mean resting position very close to one
meter .  To test  t he hypothesis that size jud gments depend upon the direction and magnitude of shift s in
accommodation between binocular and monocular viewing, relative to the ind iv iduaU s resting accom-
modation, a second contingent  probability analysis was made. The joint  probability that a shift  in
accommodation in the predicted direction will , by chance , be coi ncident with the corresponding predicted
jud gment of “larger ” or “ smaller ” is 0. 25 ( 1 / 2  x 1 /2 ) .  Table IV summarizes this analysis.

T A B L E  Ill. SUMMARY OF CONTINGENT PROBABILITY TABLE IV .  SUMMARY OF CONTINGENT P R O B A B I L I T Y

ANALYSIS  OF SHIFTS IN ACCOMMODATION TOWARD A N A L Y S I S  OF PREDICTED JUDGMENTS OF R E L A T I V E

THE MEAN R E S T I N G  POSITION (1. 133 DIOPTERSI SIZE W I T H  C O R R E S P O N D I N G  S H I F T S
W H E N  ONE EYE WAS COVERED I N  ACCOMMODATION

Distance to Target , Meters Distance to Target , Me te r s
Predicted

Shift 1/4 1/2 1 1- 1 .2  2 4 Contingency 1/4 1/2 1 1-1/2 2 4
Toward RP 100 87 55 71 79 79 Supported 28 15 29 46 49 57
From RP 28 41 73 57 49 49 Not supported 100 113 99 82 79 71

Chi 2 39.38 15.82 — — 6.57 6.57 Percent support 22 12 23 36 38 45
p <0.001<0.002 n.r . n .r. <0.05 <0.05 Clii 

n.r . <0002 n r <0.01 <0002 ‘ o,OO l

Occurrence of the predicted contingency exceeded chance expectancy (25 percent) in a systematic
way at tar get distances beyond one meter. Although the predicted contingency occurred less frequently
than cha nce for targets  at I / J  meter , no systematic e f fec t  was evident  at the three shor ter  ta rge t  dis-
tances , where other cues such as the convergence of the eye s and binocular disparity become over-
powering. Contrary  to general belief , the co rrelation between relative size judgments and correspond-
ing shif ts  in v i sua l  accommodation increases  with dis tance.  Recognizing that correlat ion doe s not
guarantee  a cause and effect relationship, this  f ind ing  calls for an extended investigation of the functional
relat ionship s among distance and size jud gments , visual accommodation, and the textural  dis t r ibution
of the visual field at distances beyond the 4-meter limit of this experiment.

R E F E R E N C E S

Campbell , C. S., \lcEachern , L. 1. • and Nlarg, E. Flight by periscope. Wright-Patterson AFB :
\VADC TR 55-142. 1955 .

Cornswee t, T. N . arid C rane , Fl . D. Servo-control led infrared optometer. Journal of the Optical Society
of A m e r i c a,  1970 . 60 , 5 4 8 — 5 5 4 .

Davson , 11. The eye, Volume 4 . New York:  Academic  Press , 1962.

D u k e - E l d e r , W,  S. Textbook of op htha lmology.  St. Louis :  Mosb y, 1936.

Eno ch , S. \ l .  M a r k e d  accommodat ion, r e t ina l  s t r e t ch , monocula r  space pe rcept ion and re t ina l  receptor
orientation. American Jou rna l  of Optomet ry  and Phys io log ica l  Optics, 1Q75 . 52 , 376-392 ,

H e n n e s s y,  14. T. and Leib owitz , H. V . The effect of a peripheral stimulus on accommodation.
Perception and Psychophysics, 1q7 1 , 10 , 129-132.

Holway. A. H. and Boring, E. (;. Determinants of apparent visual size with distance variant. A m e r i c a n
Journal of Psychology, 194 1. 54 , 21-37.

Kil patrick , F. P. and Ittelson , W. H. The size-distance i n v a r i a n c e hypothes i s .  Psychologica l  R e v i e w .
195 3, 60 , 223-231.

Leibowitz. II. W . and Owens, D. A . Anomalous  nlyopias and the  i n t e r m e d i a t e  da rk  focus  of accommo-
dation. Scienc e, 1976, 189. 646-648.

Malms trom , ~
‘ . V . and Randle. 14. J. Effects of visual imagery on the accommodation response.

Perceptio n and Psychophysics. 1976, 19, 450-453 .

‘eumueller , J. The cor rection lens. American Journal of Oph t h a l m o l o g y ,  1Q48 , 25 , 2 4 7 — 2 6 1 .

• 
- Ogle, F. N . Optics. Spr ing fi eld , Ill. : Charles C. Thomas, 1961.

Palmer , E. and Petitt , T . V i sua l  space pe rcep t ion  on a compute r  g r a p h i c s  nig ht  v i sua l  a t t a c h m e n t .
Pro~~~~ li,~gs of the A IAA visual and motion simulation conference. New York: Instituts’ of
A e r o n a u t i c s  and A s t r o n a u t i c s , 1976.

L 
‘ 

- .  -- - ~~~~~~~~ ._ -  .~~~~~~~~~ . . . - - 

-.-——-- .-~~~~~~~-- -- 
‘_ _ , .J~__’_.- -== , _ -= =— -. ———= - —~‘



A5-9

Ran dle .  14. J. \‘olitional control of visual accommodation. Proceedings of the AGARD confe rence on
adaptation and acclimatisation in aerospace medic ine .  N e u i l l y - s u r - S ein e , France :  Nor th  A t l a n t i c
Treaty O rgan iza tion. 1971.

Roscoe, S. N . Aircraft pilot performance as a function of the extent and magnification of the visible
horizon. Un publ ished doc tora l  d i s s e r t a t i o n, U n i v e r s i t y  of I l l inois  at Ur b a n a - C h a m p a i g n. 1950.

Ro scoe , S. N . .  Doug her ty.  D. .1 . • and Has le r . S. 0. Fl ight  by per i scope :  M a k i n g  t a k e o f f s  and l a n d i n g s ;
the influence of image magnification , practic e, and v a r i o u s  condi t ions  of f l igh t .  H u m a n  Factors ,
1966 . 8, 13-40. (Or ig ina l ly  issued in 1952 b y the Office of Naval  R e s e a r c h  as H u m a n  Eng inee r ing
Report SDC 71-16-9. )

-: 
~~~~~~~~~~~~~~~~~ . .

-

~~~~~ ~~~~~~~~~
‘.:~~~~~~~~~~~~~~~ _-- .~~~~~~~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

= .



- - -
~

- ‘- -— ~~~~~~~~~~~~~~ - - = -- =---—— --.—-- - --=--— -----=-- = - - -
~~~~~~~~- - -  ~~ --~~~~~~~

TERRAIN FOLLOWING USING STEREO TELEVISION

Ronald A. Bruns
Code 1242

Paci f ic  Missile Test Center
Point Mugu , Califo rnia 93042

SUMMARY

An experittient was conducted to determine whether low—alt i tude , t e r ra in—fol lowing  f l igh t  could
be accomp lished better with stereo television than with conventional two—dimensional television,
Nine subjects, both pilots and nonpilots, flew a simulated F—4 aircraft using only the information
supplied by an a i r—to—ground television system . The simulation system consisted of 12—by 30—
f oot , 2 ,000:1 scale te r ra in  model , a gantry  system carry ing the television camera , a moving base
cockpit , and associated computer hardware that provided the proper control stick responses.

The subject ’s task was to f l y as low as possible across a 9—mile f l ight  corridor without
going below 250 fee t  above ground level. A single path that  varied f rom sea level to 4 ,000 feet
and at a constant airspeed of 300 knots was flown by all subjects .  The subjects could control
only the vert ical  d J,tnension of the a i r c r a f t ’s f l i g h t .

Independent var iables  in the experiment were three television camera downlook angles (6 ,8 ,
and 10 deg rees) and three television camera separations (none , 31, and 52 feet) . Analyses of
variance were perfo rmed on the data from the experiment for the following performance measures:

1. Number of penetrations below 250 feet
2 . Average a l t i tude  above 250 feet
3. Average g on the pilot
4. Standard devia t ion of a l t i t ude
5. Standard deviat ion of g

The fol lowing conclusions were reached :

1. Stereo television was sign i f i can t ly  better than conventional television for  minimizing the
number of undesired excursions below 250 f ee t .  The 52—foot simulated camera separation
was s ign i f ican t ly  better than the 31—foot camera separation.

2. The nine subjects who participated in the experiment were a greater source of var iabi l i ty  in
all f ive  anal yses of variance than any other factor .  No e f fec t s  other than subjects were
s ignif icant  for  minimizing average a l t i tude above the ter ra in .

3. Television camera separations had a s ta t i s t ica l ly  s ignif icant  e f f e c t  upon average g— loading
on the  subjects.  Average g— loading was lowest with the 52—foot  separation and highest with
conventional television.

4 . Both p i lo ts  and nonpilots are able to remotely control an airborne vehicle using only a con-
tinuous video p icture of the ground when vehicle parameters other than pi tch and a l t i tude
are automatical ly control led.

INTRODUCTION

The increasing effectiveness of sensing systems and data processing systems that are able
to present large amounts of data have taxed the operator beyond his ab i l i ty  to ass imi la te  the da ta
through t radi t ional  display techniques . Man possesses a highly  re f ined  sense of depth that  is not
used when viewing cornrentiona l two—dimensional d isplays .  If depth were added to the disp lay ,  one
should obtain both increased system capac i ty  and increased operator e f f i c i e n c y  by t ak ing  advantage
of a previously unused capab i l i ty .  The perception of d is tance and depth plays  an impor t an t  par t  in
low—level flight and becomes vital in the judgment of t e r r a i n  contours  d u r i n g  l o w — a l t i t u d e , h igh—
speed f l i g h t  and dur ing helicopter  land ing  area selection .

Gold (1972) 1 has shown that a major cue to depth perception is retinal disparity. The s e p a r a t i o n
between the eyes (about 2 1/2 inches) means that each eye receives a slightl y different view of an
object. This difference enables an individual with good depth perception (10 seconds of arc) to

• resolve a 10—foo t difference between objects at a distance of 210 feet. If some method were available
for expanding this Interocular separation, theoretically, greatly improved depth perception would
result.

This principle was recognized prior to World War II. Before the advent of radar , antiaircraft
guns were visually directed. Many of the sighting systems incorporated an expanded base stereoscopic
viewing system . These telestereo viewing systems were forgotten whea radar—directed antiaircraft
fire—control systems became cotisnon.

An adaptation of the same principle followed with the early antiaircraft gunsights , wou ld be to
mount one television camera on ea’h wing of an aircraft. Video front the left— and right—wing

• 
- - cameras could be transmitted to the corresponding eyes of the observer with the use of either two

1Gold , I. “The Limits of Stereopsis as a Cue for Depth Perception in Dynamic Visual Situations ,”
in Society for Information Display 1972 Digest of Technical Papers. Pp. 150—151.
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disp lays or a single sp l i t—screen  polar ized d i s p l a y .  Except fo r  t e l ev i s i o n  sys t em r e s o l u t i o n  losses ,
the result should be tha t the  observer would see dep th  as he sould I f  he were a giant w ith wide-set
eyes. Thus, ii a 2 1/2—inch interocular separation allows an individual to resolve a 10— foot d e p t h
difference at 210 feet , a 25—f oot separation (120 times 2 1/2 Inches) should enable a9 i’tisi ’rver to
resolve a 10—foot depth difference out to 25,200 feet (120 ti mer 210). ;riha m 11965) has claimed
that some depth information is available from retinal disparity nut to a dist ance of about 1 ,500
feet. Consequentl y ,  a 25—foot separation should provide some depth cue s out to  180,000 f~’et . Fven
if television system resolution losses cut these fi gures substa n tially, an Improveme nt In depth
perception would have operational utility.

Because the potential benefits to the airborne operator of stereo televlsi (in appeared large.
work was initiated in this area . It was first verified that the concept of stereo television would
work by taking two television cameras to the roof of a three—stor y huilding. Stereo television was
found to be technically feas ible , and it was observed that some scene magnification Is needed to
resolve small details in depth at longer ranges.

STEREO TELEVISION SIMULATION SYSTEM

It was decided that the best way to answer the design questions associ.ited with the development
of stereo television would be to begin a program of simulat i i i  r,’-.e:ir ch with the use of a terrain
model and a gantry carry ing the television cameras. A prot ’ ype stereo television probe tha t
simulated a 50—foot camera separation at a 2000:1 scale was constructed . The terrain image is
rotated 90 degrees by a mirror at the base of the probe and is t Ie! scanned by a 25—millimeter
focal—length objective lens of f/2.O aperture with a 45—degree h eld of view . Behind the lens Is an
interchangeable metal tab montaining dual apertures separated by eIther 3/16 , 1/4, or 3/8 inch . At
a 2000:1 scale , these apertures correspond tc. 31— , 42— , and 52—font television camera separations.
Smaller or larger separations can be simulated by chang ing the simulation system scaling. One of
these apertures is polarized horizontall y and the other is polarized verticall y. When the tab is
removed , a conventional two—dimensional television scene Is generated. This assembly Is held by a
threaded mount that can be moved nearer or farther from the mirror to vary the depth of field.

Both images from the objective lens are divided into two channels by the beam splitter. Behind
the beam splitter are two diagonally oriented mirrors that ali gn the scene image with the center of
the tele”fsion vidicons. Front these mirrors , the image passes through two polarizing filters. The
direction of polarization on these filters is the same as that, on the corresponding objective lens
tab aperture. Consequently, the right—hand camera seem only what passes through the right—hand
objective lens tab aperture and the left—hand camera sees only what passes through the left—h and
objective lens tab aperture. Behind the polarizing filters , each channel contains a one—half power
magnification relay lens that reimages the scene onto the television camera vidicon. The field of view
at the television camera vidicon is 30 degrees horizontall y and 22 degrees verticall y. The cameras
used are two high—resolution , 20—megahertz , COHU series 2000, black and white television cameras.
Scan line patterns from 525 to 955 lines can be generated .

In addition to generating a stereoscop ic television image , the stereo probe also simulates
aircraft or missile roll , pitch , and yaw. Roll is provided by rotating the outer mount assembly to
which both cameras are attached; pitch is provided by rotating the probe mirror about its axis;
and yaw is provided by rotating the cameras individuall y within the moutut assembly.

Video from the television cameras is disp layed to the operator by the use of a dual monitor viewing
system . It consists of two 15—megahertz , CONRAC . R—inch (diagonal measure) television monitors and
two mirrors mounted on a movable slide. Figure 1 is an overhead sketch of the viewing system.

4 i ir ror

9

Leftà bR i g h t
Eve Eve

FIgure 1. Stereo Television Viewing System
To see stereo te levis ion , the observer must be positioned so that each eye sees only the image in

oue mirr or. The mirrors are adjustable fore and aft from the observer , which in turn moves the images
closer together or farther apart. Th is system allows each observer to optimall y adjust the television
disp lay scene to match his interocu lar separation. The mirror system reverses the ri gh t and lef t sides
of the display scene , but the s - n e  appears correctl y because a similar scene reversal was built into
t Ie optical probe. Althoug h the stereo television viewer used in the stud y is quite bulky, it should
be possible to lncorpor te the same princip les into a helmet—mounted television system suitable for
aircraft use. The design characteristics of the stereoscop ic television system just described are
summar i zed in tab le I.

~, 2
1raham , C.H. Vi~ ioi and Visual Perception , New Yo rk , Wi ley & Sons , Inc., 1965. P. 525.
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TabI. 1. D~~g. 
cha,.c,ers,,cs of T.4.s.,ion and Optical P,ob. Syst~nn

T.in,s’an Sy, tern

Tw o COHU Two CONRA C
Sygts,n FSItO’•5 s..~.. 2ooo Cans., class Mo,,,to, s

Bandwidth In,ngahe,tz) 20 15
Line rates 525 729 . 873 , 945 945
Signal-to-nose r.t o Idecibelil 40 --

cente, horizontal resolution l ines) 600 650
certe , v e l v et .esolution no.1 650 600
Grey scale Ishades I 10 10

Optical Probe

Scat. St...o $.pa.ations

Actual I nches) 3/16 4/16 6/ 16 
—

500 1 scale teeth 7 .8 10.4 130
1,000.1 scale feet )  156 20.5 260

2.000 1 sca n lIeu ) 31 3 41 .7 521

F e d  of view 30 degrees ho,izontai a , ,  22 degrees vertica l
Depth 01 new . Adju stable Cr0,, 1/ 4  inch to in finity

Stereo convergence point Adtus,able ho rn  18 inches through 96 inches.

Fligh t Siam/al oe Capabil ity

Rang. Rate Acc.l.net,on
MOt,Ofl 

~~~~~~ 
)O.gt .ss per Secondl lD.g,.es/S.cond/S.condl —

Roil ±360 300 650
Pitch ±45 ~0 100
Yaw ±360 25 tOO

Simulated a i r c ra f t  f l ights  with the stereoscopic television system are flown across a uni que
modular three—dimensional  terrain model f rom which many different terrain configurations can be
bu i l t .  The basic terrain contains no features that relate to a specific scale size such as trees,
roads , or buildings . Scale—model ta rgets  and other fixed scale fea tu res  are added as desired.  This
design approach enables the simulation of scales from about 500:1 through 10,000:1. F l ights  across
the terrain model are made by a gantry system carry ing the te lev is ion  probe previously described.  It
is capable of longitudinal , lateral , and vert ical  motion.  This movement capability combined with that
available on the probe allows accura te  simulation of the movements of a wide range of a i r c r a f t  and
missiles. Table 2 describes the terrain model and gantry system characteristics.

Tabt . 2. O..ign Charactut intic, of Terrain Model and Gantry

P.ater.. Actual 500:1 Scat. 2,000:1 Scat. 10,000:1 Scat.

Terrain size 12 by 30 feet 1 by 2 t /2 nautical n-ales 4 by ‘10 naiatcal miles 20 by 50 nautical m iles

Attitode 3/4 inch 1010 feet 31 to 5.000 feet 125 to 20.000 feet 625 to 100.000 tent

Forw.rd sUeed 010 100 feet per m inute 010 600 knots 010 2.000 knots 0,0 tO .000 knott

Vertical speed 0 to 50 feet per no nute 0 to 250 knots 0 to 1 ,000 knots 0 to 5.000 knOts

Lateral speed Oto SO teem per minute 0 to 250 knots 010 1,000 knots 0 to 5,000 knots

Flights  across the terrain model can be f lown either f rom a s t a t i c  cockpit  or f r o m  a d ynamic
f l i g h t  simulator . Althoug h i t  was original ly designed as a hel icopter  s imula tor , du r ing  FY 1972 it
was modified to simulate an F—4 aircraft. It is capable of limited motion in all six degrees of
freedom. Within these limits , it can be programmed to f l y like any fixed—wing aircraft or helicopter.
An analog computer system provides aircraft equations of motion , and a control loading system provides
inputs that result in flight—control characteristics similar to those present in “real ” aircraft.
This realism can be enhanced further by stimulus generators, which provide aircraft background noise ,
vibra tion , and cockpit temperature variations.

STEREO TELEVISION RESEARCH STUDY

A stereo television research program was initiated to determine:

1. What is the relationship between television camera separation and depth perception?
2. For what tasks does stereo television improve operator performance?
3. If significant operator task improvement results , can a protytype flight system be built and d e m o n s t r a t e d ?

a Answers to the first two questions are being obtained through a program of flight—simulation
P research. Before an acceptable simulation research experiment could be designed , however , it was

necessary to determine what constitutes good terrain—following fligh t performance and to devise a way
of adequately measuring this performance ~n the laboratory . A review of the lit~ rature provided the
answers to both problems. Pelton (1958). as reported in Ruby and Monty (1963), showed t h a t  fo r
penetration against a HAWK—type defense , an aircraft must attain an average clearance altitude that is

3
Cornell Aeronautical Laboratory, Inc. Avoidance Concepts for Terrain Avoidance , by F. M. Pelton ,

4B u f f a l o, N.Y., 1958. (Report No.IH-1224-P—4) SECRET
Cornell Aeronautical Laboratory, Inc. Human Tracking Ability for Maximum Terrain Following, by W. J . Rub y
and R. A. Monty. Buffalo , N.Y., Aug 1963. (Report No. 111—1 7 1 5 — E — 5 , AD 431 116) UNCLASSIFIED .
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less than the rms (root mean square) variations of the terrain profile along the grouiid track. Ills
study also showed that il ying a trajectory tha t attempted to match the profile of the terrain subst .-nt t a l l y
increased the survivability of the aircraft against surface—to—air missiles compared with a profile
that attained the same average clearance by reducing the vertical excursions about the mean flight
altitude. In other words , to achieve the maximum protection afforded by terrain masking, it is tie essary
to fly as close as possible to the terrain at all times. However , as the altitude of the penetrating
aircraft decreases , the attrition due to crashing increases. The ideal terrain—following altitude is
that alt itude at which total attrition is at a minimum.

TERRAIN-FOLLOWING EXPERIMENT

T~ere are a number of possible measures of terrain—following fl y ing gerformance. Ruby and Monty
(1963) recommended normalized average clearance , whereas Williams (1969) uses rots altitude error ,
rms g—loading, and integrated absolute error without indicating a preference. Since computerized data
analys is techniques simplif y the effort required to conduct multiple analyses , all of the above measures -
were used. The use of multiple dependent variables should provide a better estimate of what constitutes
good terrain—following performance than a single measure would , because it is possible to study the
interactions among criteria. For example, flying a low profile that closely f ollows the h ills and
valleys requires more g—loading on the aircraft than does a more relaxed profile , but at the same time
increasing the g ’s too much will either overstress the aircraft or increase the probability of crashing
into the terrain.

It would be desirable from a s imula t ion  stand point to al low the pi lot  to crash into the terrain.
Unfor tunately, this might damage the optical probe and would certainly damage the terrain. Therefore ,
an automatic collision avoidance system was added to the optical probe. It consisted of a wire below
the mirror , which , when it contacted the terrain , activated a microswitch that rap idly elevated the
probe 3 inches (500 feet at a 2000:1 scale). To avoid unpleasant surprises to the pilot , this signal
was not fed to the dynamic motion platform . This system reduced the minimum flight altitude to 250
feet.

The pilot ’s altitude above the terrain was determined with a sonar system similar to the STAR
system developed by North Amer ican Rockwell , Col umbus, Ohio , for use with their terrain model. Our
system was designed and contructed in—house. It consisted of a 200—kilohertz , transmitting and
receiving, ultrasonic transducer attached to the optical probe. Signals from the transducer were
amp lified and converted to a format suitable for recording on magnetic tape and on a strip chart
recorder. With this system , absolute altitude was measured within ±25 feet up to altitudes of 2 ,000
feet above the terrain.

The p ilo t ’s task consisted of flying as low as possible across moderately rugged terrain without
going below 250 f ee t  above ground level (AGL) . A single path across the terrain model was chos en  for
all fligh ts. The flight length was 9 miles, and terrain altitude varied from sea level to 4,000 feet.
A constant airspeed of 300 knots was used. Flight time varied depending on the amount of vertical
aircraft movement. Aircraft altitude above the terrain was recorded every 500 feet of forward aircraft
movement by a chain—driven cam on the longitudinal axis of the gantry. Recording altitude in this
manner enabled altitude samples to be taken above the same points on every pass. Terrain modules
that contained sustained changes in terrain altitude had a mean slope of 21 degrees. The actual
contour of the terrain varied by as much as ±200 feet from the mean slope on each terrain module.

The flighta were flown from the dynamic flight simulator. Since most of the flight parameters
were constant and not under the control of the pilot , onl y two degrees of freedom of motion were
requ ired:  pitch and heave. These were programmed with F—4 aircraft equations of motion . Flight
instruments were purposely excluded from the cockpit so that the Onl y source of flight information
was the television presentation. Independent variables in the experiment were :

Thr ee telev ision camera downlook angles : 6, 8, and 10 degrees
Three television camera separations: 0, 31, and 52 feet
Three television camera depth of fields: 3,000 to 6,000 feet; 3,500 to 9,000 feet; and

4,000 to 13,000 feet.

The simplest way to mount a television camera to an aircraft wing would be to mount it in a fixed
position. If this is done, some camera dow-nlook will be necessary to prevent the camera from seeing
mostly sky whet, the aircraft is climbing a hill. Preliminary simulation flights convinced us that the
optimum camera dovmnlook from the horizontal was within the 6—to—b —degree range. Therefore , camera
downlook angles wece included as independent variables .

The 0—degree television camera separation used a single television disp lay . Both 31—and 52—foot
stereo separations were included to determine whether usable depth information increased linearly
with increased camera separation. It is likel y that it does not , especially in our simulation , beca use
insufficient scene magnification is present to take advantage of the greater range of depth perception

- : theoretically available.

Television camera depth of field in actual flight should be practically unlimited because the large
quantity of light available will permit the use of a small f stop on the cameras. Depth of field was
included as an independent variable to determine what distances ahead of the aircraft are most important
in the terrain—following task.

I- 
5Aerospace Medical Research Laboratory . Predictor Displays for Low—Altitude High—Speed Flight , by
W . L. Williams. Wright—Pa tterson AFB , Ohio , ANRL , Feb 1969. (AMRL—TR—68—llS , AD 857 276) UNCLASSIFIED .
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Each subject f l ew 27 t e r r a i n — f o l l o w i n g  f l i g h t s  in a s ingle time period of about 2 hours . Every
factorial combination of independent variables was flown once by each subject. The fli gh ts were grouped
by downlook , and all flights within a downlook condition were flown before proceeding to the next down—
look. This was done in order to avoid confusing the pilot concerning how far ahead of his aircraft he
was looking. The downlook order for each sublect was determined by a 3 x 3 Latin square; therefore ,
dowtslook presentation order was balanced for every group of three subjects. A 10—minute break was
taken between downlooks. Three training flights were provided prior to each new downbook group of
fli ghts. Previous experience suggested that these trials were sufficient for performance to stabilize.
During the training flights, subjects received feedback of their performance by a continuous verbal
description through earphones of their altitude above the terrain.

Within each group of nine flights all possible combinations fo three camera separations and
three depth of fields were used once. Pairing sequences were partially counterbalanced for each
subject and were completel y counterbalanced for each group of three subjects. These procedures were
followed to minimize sequence effects and unknown interactions.

Nine subjects were used in the experiment . Three of them were F—4 pilots , three were non—F—u
pilots , and three were nonpilota. All subjects except military pilots were tested for near and far
visual acuity and for depth perception using the Bausch and Lomb Master Ortho—Rater . Subjects other
than military pilots were required to have 20/20 near and far acuity in each eye and to be able to
tesolve a stereopsis angle of 9.7 minutes of arc. Qualified military pilots were assumed to have
adeq ua te acuity and dep th perception. None of the subjects wore glasses or contact lenses .

RESULTS AND DISCUSSION

Five analyses of variance were performed on the data from the experiment:

1. Number of penetrations below 250 feet
2. Average altitude above 250 feet
3. Average g on the pilot
4. Standard deviation of altitude (2)
5. Standard deviation of g (3)

Each analysis partitioned the variance into components attributable to (1) subjects , (2) runs ,
(3) downlook , (4) focus, (5) separa tions , (6) downbook by focua interactions , (7) dowobook by
separations interactions , (8) fccus by separations interactions , and (9) downbook by focus by separations
interactions . Detailed descriptions of the statistical model , procedure , and results are contained
in the appendix.

Table 3 summarizes the significant results of the five analyses of the data. Subject effects were
signif icant for all of the analyses. Television camera separations were significant in the analyses
of number of penetrations below 250 feet and average g on the pilot. Television camera downbooks were
significant in t .n analyses of the standard deviations of average altitude above 250 feet and average
g on the pilot. No other sources of varian e including interactions were significant at p<O .DS.

1.51, 3. Sunsw.ry of Anal yses ol Vet,.,sc• Reset ,,

Criterion Rnu)ts

1 Nun,t,r , o’ po,,ehma m,o,,l below 250 ‘i-,

2 Avera g e aim-mode ~bono 250 inch Sut,1erbr p ..~ 0.005

3 Ave rage g 0. the Clot  :~ 
g-~

5
4 Staniia ih de-u,emion of ten-, 2 Soblects ~ ‘

. 0005
Sepamamion s p <, 0.025

5 Sta ida,il o~~iamin n oi rem 3 Sobjects p 0.005
Downlook p . 0005

Subject averaged 20.5 low penetrations overall during tli~. 27 f l i gh t s  comprising the experiment
for  each subjec t .  W i t h  the  exception of one subject (a non—F—4 military pilo t ) who had 42 pene t ra t ions
below 250 feet, all other subjects had between 13 and 21 low penetrations.

Figure 2 presents a comparison of how well the individual subjects performed on correct altitude
maintenance. The grand mean altitude maintained above the 250—foot minimum altitude was 252 feet , wh ich
Ia equal to 502 feet above the terrain. The standard deviation of the mean was 371 feet. Minimum
average altitude error was 39 feet by subject five , and maximum average altitude erfor was 528 feet by
subject nine. Considering the ruggedness of the terrain and the fact that no flight instrument info-
rmation was available , subjects as a group consistently were able to fly remarkably close to the terrain.
Their performance undoubtedly was aided by the fact that they needed to control only the vertical
dimension of the simulated flights. Nevertheless , these results present encouraging evidence that
piloted and remotely piloted vehicles (RPVs) can be flown close to a terrain using only visual information .

Figure 2 also indica tes the exten t to which subjects: (1) were good at bo th main ta in ing a low
average altitude above the terrain; (2) were good at one task but not the other; or (3) were good at
neither. A Pearson product—moment correlation was computed on the data in figure 2 and was found to be
r 0.281. This means there was a small tendency for individual subjects to perform similarly on
both tasks.

Table 4 shows how the three subject groups (F—4 pilots , nonpilo ts, and non—F—4 pilots) compared
in performance.
*
Here g refers to the acceleration force through the vertical (Z) axis of the pilot , ie., g1

.
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TOTAL NUMBER OF PENETRATIONS BELOW 250 FEET DURING EXPERIMENT

Figure 1 Average Altitude Error Versus Number of Penetrations Be/ow 250 Feet.

laSts 4. Aneesgi Altitude Er,oe and Nombar of

P,n.trat ion, salem iSO Feat fee Ss,bj.ct Groupsr Sub~.ct Psnstratioes 
Ait,tode Error

F-4 pilots 16.6 210
I Nonpilots 18 173

[_Non.F 4  pilots 27 377

Since the altitude control system was programmed to respond like an F—4 aircraft , these results are
generall y consistent with a transfer of training model that would anticipate positive transfer of training
for the F—4 pilots and negative transfer of training for non—F—4 pilots. However , the subject groups
ar e ex tremely small (three each); therefore, no generalizations are warranted to the population as a
whole on this type of task.

The use of conventional versus stereo television had no significant effect on average altitude error.
However , television camera separations were significant variable in determining the total number of
low penetrations . A total of 71 low penetrations occurred with monoral television versus an average of
57 with stereo television. The 31—foot separations recorded 68 low penetrations , while the 52—foot
separa t ion recorded on 1y 46 low penetrations.

The authors have no ready explanation why the 52—foot separation was so superior to the 31—foot
separat ion . It is logical to assume that if performance were  to improve using s tereo te levis ion ,
the improvement should be true of both stereo separations , although somewhat better performance would
be expected with the wider separation. One possible rationale for the results is that the simulation
process optically degraded the 31—foot separation but not the 52—foot separation. This could have
occurred if the polarization elements used to generate the 31—foot separation were inferior to either
manufacture or installation to those used to generate the 52—foot separation.

Average g on the pilot during the experiment was 0.900, with a standard deviation of the mean of
0.371. The mean g ’s on the pilot for various television camera separations are as follows:

?f anora l  0 .906
Stereo (31 feet) 0.900
Stereo (52 feet) 0.895

While these differences are statisticall y significant , the magnitude of the differences is small
and probably of small practical importance. Television camera downlook angle had no significant effect
on any of the three performance measures , but it was significant in the analyses of standard
dev ia t ions  of both a l t i t u d e  above the t e r r a i n  and average g on the p i l o t .  Table 5 shows the e f f e c t
of camera downlook on these s tandard  dev ia t ions .

p 
Tabf . 5. Eff ect of lalesmon camera Downtoot, on th, Stand ard Den,at,on,

Down iooh Stand ard Oenmetion Altitude
IFeetI Standard Deviation of

6 405 0 4 5

The increased size of the standard deviation of g—loading , as downlook increases , is pr obab ly
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c aused by the fact that steeper Jookdos,’n ang les restrict the subject ’s ability to antici pate changes
in terrain elevation by looking further ahead . Instead , the subject is forced to make more sudden
correcti ons that result in a wider variance of g—loadin gs. At the same time , this fl y ing behavior
tends t o  keep him from uveranticipating terrain changes. Too much antici pation of terrain elevation
ch an g e s  at a shallow downlook would result in a smouther flight path characterized by more sustained
g—loadings . This path would tend to “scalp ” the top of ridges and be high over valleys. Average
altitud e error and average g—loading over the same path could be similar using either technique , but
the standard deviations would be as described. If the above assumptions are correct , f l y ing with a
stl,illower downlook would demand less attention and should be less fatiguing, but at a possible cost
of greater vehicle exposure. Steeper camera downlook angles demand more continuous attention to the
fl y ing task but tend to prevent flying excessively high over valleys.

At the end of each subject ’s participation in the experiment , he was asked wh ich down look angle
I~e liked best and least. One subject had no preferences. The preferences of the remaining eight
subjects are contained in table 6.

laSt. 6. Sub1.ct Pr.f.r.nc. fee Dow ntoo k Angu s

t~~
;

fOO~ Lead B~.t L,k.d Laa,t

6 2 4

to 4 3

The 8—degree downl ocik  caused the  least p o l a r i z a t i o n  of op in ion  and is acceptable (not  selected
as l iked lear ~t )  to the  l a rgest  number of sub jec t s .

CONC LU SI ONS

1. S t e r e o  t e l ev i s i o n  was s i g n i f i c a n t l y b e t t e r  than  conventional  television for minimizing the number
of un des i red  excursio:ss ~-~~i - -w 250 f e e t .  The 52—foo t  s imulated camera separat ion was significantly
better than the 31—foot camera separation. The 31—foot separation showed better performance than
monoral television , but the difference is not statistically significant.

2. The nine subjects who participated in the experiment were a greater source of variability in
all five anal yses of vart a.ic~e than any other single factor . No effects other than attributable
to subjects werc significant for minimizing average altitude above the terrain.

3. Television camera separations had a statistically significant effect on average g—loading on
the subjects. Average g—loading was lowest with the 52—foot separation and highest with monoral
television. The magnitude of the difference was small (less than 2 percent).

4. Both pilots and nonpilots are able to remotely control an airborne vehicle using only a
continuous video picture of the ground when vehicle parameters other than pitch and altitude are
automatically controlled , although there were important differences in their performances.

RECOMMENDATIONS

The analysis of undesired flight excursions below 250 feet presents encouraging evidence that
stereo television improved low—altitude flig ht performance. It is recommended that a prototype system
be developed through a flight— test program that will have the following objectives :

1. Ver ify that operatiu .al problems such as television camera alignment and aircraft wingflex
can be solved .

2. Explore additional applications for stereo television including target acquisition , remotely
piloted vehicle takeoff and landing , and low—light—le:el use.

3. Determine optimum system characteristics for these tasks.

4. Obtain video tape recordings to document results and demonstrate system characteristics.
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APPENDIX

ANALYSIS SUMMARY FOR FIVE TERRAIN—FOLLOWING CRITERIA

Th is sec t ion con tains a summary of the model proced ures , and results of five analyses of the data
from this experiment. Each analysis employed the same basic model and differed only in the criteria under
analysis: (1) pen etra tion below 250 fee t , (2) average altitude above 250 feet , (3) average g on pilot ,
(4) standard deviation In altitude , and (5) standard deviation in g. For any particular criteria , the
model for every observation (datum) consists of ten additive components that vary with conditions of
observation and a grand average component common to all observations . Names for these components and
their descriptions are:

Subject (S) A component reflecting which of the nine subjects generated the score.

Run (R) A component denoting during which of the 27 runs the observation was collected .

Downlook (D) A component indicating which of the three downlooks was employed.

Focus (F) A component denoting under which of the three focus conditions the observation
was made.

Separation (5) A component indicating which of the three separations was employed .

D * F An interaction term particular to the downlook (D) and focus (F) combination
employed.

D * S A term reflecting the particular combination of downlook and separation under 
-— which the score was made.

F * S An interaction term particular to the focus and separation combination employed .

F * D * S An interaction term indicating the joint focus , separation , and dis play condition
under which the observation was made.

Error The difference between the observation and the sum of the addit ive components ,
i.e., a reflection of the variance not explained by the model.

Both the least squares fitting and the variance partitioning were accomplished by using a generalized
multiple regression analysis computer program: BMDO2R developed by Dixon (1965). As employed , this
program fa l l s  under Overall and Spiegel’s (1969) Method 1: “Complete Linear Model Analysis.” It
sequentially extracted the effects of various sources of variance and printed the amount of variance
contributed by each term independently of all preceding terms.

The order that the terms were removed in the analysis was the same order that the terms were incorpo-
rated into the model , i.e., subjects, runs, downlook , focus, etc. Since the various components were
designed to be orthogonal, the order of incorporation ordinarily would have no effect. Unfortunately,
contrary to the design , there was a loss of four cases (out of 243 possible) for each of the analysis.
other than penetrations below 250 feet. Thus, the intended design was not strictly adhered to; however ,
this was viewed as no practical significance because the very few loss cases occurred f r om “random”
malfunction of the data collection device.

Subsequent to variance partitioning, the terms of the model were printed and the resulting
components tested for significance. Tables 7 through 11 give the results of the partitioning with the
sums of squares percen t, SS(%), reflecting the percentage of the total sums of squares explained by
each component sources of each analysis. From examination of table 7, one can see that only a fair
percentage (29.8) of the penetrations below 250—feet variance was explained. This contrasts with the
good fits seen in tables 2, 3, and 4 where 49.8, 48.2, and 50.3 percent , respectively, of their criteria
were explained. Likewise, the excellent fit (89.8 percent) of the standard deviation in g data ,
cont a ined in table 5, contrasts sharply with the lesser percentages for the other criteria. No explanation
for the differences in the predictability of the various criteria is offered except that penetrations
below 250 feet provide only a discrete approximation of a continuous distribution function while the
other metrics provided continuous estimates of such functions. As a whole, the f it of the model was
satisfactory and further finer—grained modeling of the data was contraindicated.

6Dixon , W . J., ed. BMD Biomedical Computer Programs . Los Angeles , C a l i f . ,  Univers i ty  of Ca l i fo rn ia
Press , 1975.

7Overall , J. E. and D. K. Spiegel. “Concerning Least Squares Analysis of Experimental Data , ”
PSYCHOLOGICAL BUL , Vol. 72, 1969 , pp. 311—323.
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Tabi. 7. Sammas-y of Analyu. of Penetration Below 250 Fast

So Sues of Squse. Degrees of Freedom bi S,I,7. F Ratio Probability

Subject, (SI 10.59 5 1 .324 3.43 < 0.05

Run, IRI 8.49 26 0.327 — MS

Downioc k IDI 1.46 2 0 730 1,90 (45
Focus IFI 0.35 2 0.175 — NS
Separations Is) 2,61 2 1.304 3.39 <005
o • F 0.65 4 0.164 - MS

D • S 0.94 4 0.236 — MS
F S  084 4 0,210 — NS
F • 0 • S 3.84 8 0.480 1 25 NS

Error 70.22 152 0.385 — —

Total 100.00 242 — — —

MS nont,gnificaot.

labia B. Summary of Analy,i, of Auaeags Attitude Abe’s, 250 Fast

Sum of Sqaarea D.gr.a, of Frasdon, F Ratio Probabiltty

Subjects IS) 36.5) 5 4.564 16.29 < 0,005
Runs (RI 5.66 26 0.22 — NS
Dowolook (0) 1 59 2 0.795 2.84 MS
Focus IF) 1.08 2 0 540 1.93 NS
Separations ISI 0 12 2 0.060 — NS
D F  0.49 4 0 245 — MS
o • 5 0.06 4 0.015 — MS
F ’ S  0,4 7  4 0. 117 — MS

F • 0 • S 3 56 8 0.453 1 72 NS

Err or 50.16 179 
— 

0.280 — —

Total 100.00 239 — — —

MS nonsignificant .

Table 9. Summery of Analysis of Asiecag. q on Pifor

Source Sum :f Squar.a 
Degrees of Freedom ~~~~~~~~0r a  F Ratt o ProbabIlity

Sub1ect, IS) 29.60 8 3, 70 12. 79 <0005
Runs 151 1)48 26 0.441 1.53 NS
Dowolook DI 076 2 0.350 1,31 MS
Focus IF) 0,16 2 0.080 — NS
Sepurat,00s IS) 1.93 2 0.965 333 < 0,05
D F  018 4 0.045 — MS
0 S  050 4 0.125 -- MS

100 4 0 260 — MS

F • 0 S 256 8 0.320 t . 106 MS

Error 51 79 119 0.289 —

[ Tota l 100.00 239 — — —

MS . nOns.g n ifica nf.

laSt. 10. Summary of Analysis of S,aedard Des,at,on in Alt,tud.

Sure :f Sqt.aras Degr.,, of Freedom F Ratio Probability

Subtects IS) 35.22 5 4.403 15.85 < 0 005
Run (RI 5 44 26 0.209 — MS
Downlook 101 2,35 2 1.175 4.23 < 0.025
Focus (Fl 0.67 2 0.335 1 ,21 MS
Separations (SI 0.59 2 0.295 1.06 MS
0 F 1 03 4 0.258 — MS
D • S 0,96 4 0, 240 — MS
F • S 0.45 4 0.113 — MS
F 0 • S 3.56 8 0.445 1 .60 MS

Error 49,72 179 0.278 — —

Total 100.00 239 — — —

MS — nonsignificant

Table 11 Summary of Analysi, of Standard Danlatien in g on P,lot

Sourca Sum of Squires Degree, of Fr.adom 
Mea,, Square 

~ Retio Probability(Percent) )Parcqntl
t Subj ects IS) 83 85 8 10.480 183.02 < 0.005

Run (RI 1 37 26 0.05 — MS
Downlook (DI 3. 17 2 1.585 27.68 < 0.005
Pocu, IF) 0,32 2 0.060 1 .05 MS
Sepgrations 1Sf 0.71 2 0.105 1 83 MS

5•_
. _ _ . 0 F 0,20 4 0.050 - MS

0 • S 0.03 4 0.008 — MS
~~~~~~~

. F 5 0. 17 4 0,04 2 — MS
F • 0 5 0.63 8 0.781 1 .38 NS

- 
, , Error 10.25 179 

— 
0.057 — —

- - . Total 100.00 
— 

239 — — —

MS - nonsignificant
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DISCUSSION

J.N.C.Cooke. lAM Farnborough: What effect is produced if there is noise or distortion from one TV camera? Are
t h ere vibration problems in actual use?

Author ’s reply: In fact this effect is very important and can reduce the display ’s quality. There are no vibration
prob lems.
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THE PRESENTATION OF CARTOGRAPHIC INFORI4ATION IN PROJECTED MAP DISPLAYS

R. H. Taylor
Senior Psychologist

RAF Institute of Aviation Medicine
Farnb orou gh, Hants , UK

SUMMARY

Projected map disp lays dramatically reduce the naviga t ion workl oad of low al t i tude h i g h speed flight
in single seat aircraft. Their advantages include automatic disp lay of maps , aircraft present position
and track , reduced head—in—cockp it time , and improved correlation of navigation systems and ground map-
ping sensor data. Yet pilots continue to use hand—held maps in aircraft fitted with map disp lays. One
reason for this is the poor leg ib i l i ty of the map image. Many fac tors a f f e c t leg ibility including the
resolution of the microfilm and optics , the display br i ghtness, the viewing distance and the map reduc-
tion/magnification ratios. A basic problem , however , is the unsuitability of conventional cartography
for use in projected map disp lays . This paper describes recent and on—going human factors research on
the information content , coding and utilisation of naps and charts designed specificall y for projected
map displays. Particular issues are discussed such as clutter , colour coding, red light legibility,
relief representation , reverse fo rmat “black” maps and radar—map matching ; general design principles ~re
also derived .

I. GEOGRAPHIC ORIENTATION IN LOW ALTITUDE HIGH—SPEED FLIGHT

The main tenance of geogra phic orientation is a major problem in single—seat low altitude tactical
operations . A Study (1) of 959 records of low altitude attack training missions showed that 107, were
aborted because the pilot got lost. In another 17% , the pilot got lost somewhere en route , but managed
to reorientate and find the task area , us ual ly  a r r iv i ng la te . Training records of 126 low altitude
pilots showed that 80% got lost on at least one mission and one man got lost on every mission.

The most common cause of geogr aphic dis orientation in the above surveys was mis—identif y ing or
missing checkpoints. En route navigation accuracy of less than 0.5 nautical miles is essential to remain
orientated at low altitude and this can be achieved by conventional map reading techni ques , time and
distance estimation , and accurate heading control , if sup por ted by extensive pre—f light planning. Rut
the workload of controlling the aircraft and maintaining ground clearance places heavy demands on the
pil ot in f l i gh t so map readin g has to be restricted to brief glimpses. The problem is further comp licat ed
by the limited field of view outside the cockpit due to the oblique perspective and terrain masking, and
by the high angular velocities of features. Under these conditions the pilot must think ahead , antici-
pate features and make decisions on information that is often inadequate and unreliable. The pilot is
hi ghly motivated to fly the sortie as p lanned , and in the stress of the situation false hypotheses about
the identity of ground features are made and accepted , without checking, Expectancies are developed
about what will be seen on the ground and when off—track there is a tendency to “fit the map to the
ground” , forcing the view outside the aircraft to correspond to the planned route,

This kind of human error can be prevented by automating the task of monitoring geographic position ,
and thus unburdening the p ilot of navigation workload . A variety of automatic map disp lays  have been
developed to achieve this and three major types can be distinguished:

(1) Direc t—View Ma,~ Di sp lays: A st r ip  map on rnotor iaed  rol l e r s , with a cross—track cursor indicat’-
ing present position , or a fixed map with moving cross wires showing the aircraft ’s location.

(2) Opticall y Projected Map Display s: A microfilm transparency of the original map is back projec-
ted onto a display screen. The aircraft ’s present position is indicated either by a moving symbol
agains t a fixed map ima ge , or by a fixed symbol against a moving map iriage .

(3) Elec tronic Map Disp lays: Al l  the disp layed information , including the map, is generated
elec tronically on a cathode ray tube or by light emitting diodes.

Currently, direc t—view map disp lays are favoured in helicopters and transport aircraft because of
their simplicity and cheapness. All electronic map disp lays are under development and are likely to be
incorpora ted in fu ture genera t ions of str ike aircraf t if the problems of cos t, weight , computer capacitya 
and colour imaging are satisfactorily resolved . Meanwhile , projected map disp lays ar e preferred f or long
range low altitude strike aircraft because the large map storage capacity and flexibility offer signifi-
cant improvements over direct—view displays . More detailed descriptions of contemporary map disp lays are
available (2,3).

The purpose of the present paper is to discuss the human factors associated with the use of projected
map disp lays in low altitude high speed fli ght , and to emphasise the problem s of the presentation of
cartographic information. A summary will be given of recent and on—going research on map design con-

.‘ ducted jointly by cartographers at the UK Mapp ing and Charting Establishment and by psychologists at the
RAF Institute of Aviation Medicine.

2. PROJECTED MAP DISPLAYS

Projec ted Map Disp lays (PliDs) use topographical maps , rec t i f i ed  and pho tographica l l y reduced on to
continuous 35 mm filmstrip, from which a map image is presented to the pilot by optical magnification
and back—project ion.  The f i l m s t r i p  is driven from the a i r c r a f t ’s n a v i g a t i o n  da ta  sources (VOR/DME ,
doppl er , or iner tial platform) and the projected image thus gives a con t inuous , automatic indication of
the a i rc raf t ’s current position and track . The major advantages of PMDs can be summarised as follows :
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(1) Workload: They reduce p r e — f l i g h t  p lann ing  time and provide an ininediate and con t inuous  moni-
tor ing of the a i rc ra f t ’s geog raphical  po s i t ion.  Hence , navigation workload and head—in—cock p it time
are subs tan t i a l ly  red uced and the p ilot can devote more attention to control. Antici pation and
recogni t ion of fea tures  is improved , so hat the updating of the navigation system ip  facilitated .

(2) Map Storage: PMDs store and display large areas of mapping at a variety of scales. Up to
280 m2 of or ig inal  car tograp hy can be stored on 35 mm m i c r o f i lm in some d i sp~ iys , g ivi ng coveragi- of
the whole operational range of the aircraft , without the handling and stowage problems associated
wi th paper maps.

(3) Navi gation Data Storage: A variety of navigation Information can be stored and displayed in
addition to maps , e,g. track marker and steering info rma tion, and digital readouts of positions ,
speeds , and distance and time from destination . By presenti ng navi gation information superimposed
on a map, the data is easily in terpre ted and the l i k e l i hood of gross navigation errors is reduced .

(4) Correlation of Navigation Systems: PMDs provide a means of cross—checking the outputs of
navi gation systems such as doppler , radar , inertial platf orm and visual reference to the ground .

(5) Man—Computer Linkage: They are also a convenient means of comunicating with the on—board
navigation computer , checking its integrIty, updating its accuracy and inputting navigation prob lems.

When considering the disadvantages of PMD5, it is clear that there are many problems associated with
their use , varying in severity with different types of PMDs. Cost and weight are important factors , and - .

the comparativel y large amount of cock p it space occup ied by a PMD is difficult to justif y for a single
display function; a diameter of 150 mm across the disp lay face is common . The inability to annotate the
map image with essential route—plan and tactical information is frequentl y cited as a major disadvantage
compared with hand—held maps. Lack of PHD annotation facilities is one of the main reasons why aircrew
in aircraft with PMDs continue to refer to hand—held maps in flight for route—p lan information. However ,
this problem is not intractible. Film annotation techniques are being developed , and displays are avail-
able that opticall y combine a CRT with the map image , permitting superimposition of route—p lan informa-
tion (Astronautics P—N 110150 and Ferranti CONED) . The development of combined CR1 and PHD disp lays has
the added merit of attaining super impos i t ion  or independent presentation of sensor data , such as radar
and infra—red imagery . This makes the unit a highl y flexible , multi—function disp lay that is easier to
justify in terms of cockpit space.

On balanc e , the advantages of PMDs far outweigh their disadvantages; most aircrew regard them as
valuable systems for low altitude , hi gh—speed flight , and imperative for single seat operations.

3. EARLY DESIGN ISSUES

During the development of PMDs , a number of design issues arose concerning the presentation of the
map information to the p ilot (4). These have largely been resolved through operational experience with
PMD s , but they i l l u s t r a t e  some of the major human factor problems encountered with this form of display.

3.1 Fixed Map or Moving Map

One of the earliest design problems concerned whether the map or the present position indicator
should move. Image speeds of PMDs do not significantly degrade visual acuity so a fixed map disp lay is
not predicated . The major controversy was largely conceptual. On the basis of emp irical experiments , it
was concluded tha t  pilots conceive of the earth as the fixed component of the navigation system (5).
Therefore , in map d i s p lays , the map should be the fixed component against which the aircraft should move.
However , practical experience has shown that the reverse is preferred by most aircrew . This is primaril y
because a moving symbol forma t necessi tates f req uen t map changes a~- the symbol approaches the edge of the
disp l ay ,  where the important ‘view ahead ’ distance is reduced . Consequentl y, nearl y all contemporary
disp lays , both direct—view and projected , employ a moving map format and are thus called moving map
displays.

3.2 Msp Nor th—Up or Track—Up

A re la ted design issue concerned the choice of map or ientat ion; should it be north—up or track—up,
wi th  the  track line pointing to the top of the disp lay ? Ea r l y map disp lays , with a fixed-map format ,
displayed the map orientated north—up on the grounds that it would facilitate reading of map lettering .
More recently, with moving map forma ts , it has become apparen t that when pil ots are given the option they
prefer the map to be orientated track—up . Most aircrew orientate hand—held maps track—up because this
f a c i l i t a t e s  co r r e l a t i on  of the map w i t h  the view—ahead of the  a i r c r a f t .  Onl y occas iona l  r e f e r e n c e  to the
north—up mode is required when lettering needs to be read . Most o p e r a t i o n a l  d i sp l ays  now can ope ra te  on
e i ther  nor th—up or t rack —up modes , as selected by the pilot.

3.3 Centred or De Centred Present Posi t ion

Ear ly  PMD5, with only a north—up mode , were desi gned wi th  the a i r c r a f t  sym bol in the  c e n t r e  of the
d i s p l a y .  This was p a r t l y  for convenience , but it also ensured that at all times half the display was
view—ahead . However , wi th moving map formats and track—up modes , the viewing distance can be increased
by having the present position indicator at the bottom of the disp lay. This also has advantages for
c o r r e l a t i o n  w i th  ground mapp ing radar where the sweep ori gin is at the bottom of the CR1. The centered

- - posi t ion remains usef u l fo r  f l i g ht planning and when programming and reading—in waypoint co—ordinates.

¼ 

Thus, it is retained as an option in the most recent disp lays. Survey data has shown that the preferred
p o s i t i o n  for  the de—centered  a i r c r a f t  symbol is 25% up from the b o t t o m  of the d i s p l a y  (3) .

To sunanari se , most contemporary operational PTIDs have a moving map forma t , wi th optional north—up
and track—up modes, and a present position Indicator centered and de—centered for selection at will.

~~~~~~
=-- ~~~~~ _—~ j—~~~-~~--~~~~ - _ ~~~------~~~~ — -- -_ . -



S -~~~_- __-- -— - _ -—--~ —•- - --.•_-•.------_-- - —-- ----,---. - ------ — 
A7.3~~~~~~~~

’
~

4.  LEGIBILITY

Chart  leg i b i l i t y  is an important  f a c t o r  in low a l t i t u d e  hig h speed (LAHS) f l i g h t , if onl y because of
the l imi ted  t ime ava i l ab le  for  map read ing .  Al though PMD s have a u t o m a t e d  the  moni tor ing of geographica l
positions , the pilot still needs to read the chart to compare present , indicated and p lanned pos i t ions ,
to a n t i c i p a t e  check—poin ts , turns , targets and hazards , and to read off air information , Consequently,
chart leg ibili ty requirements are important for PHD designers as well as for cartographers.

Survey data has shown tha t most PHD users are dissatisfied with the leg ibili ty of the chart image .
A survey of 40 RAF Harr ie r  p ilots found that in s u n l i g h t , 100% felt that the FMD Image was not c l ea r ly
l e g i b l e ;  41% thoug ht that  the chart  image was “somewhat less legib le ’ than an Identical hand—held chart ,
and the  remaining 59% thought that  the  image was “much less leg ib le” . The in f e r i o r i t y  of the PMD image
is one of the  main  reasons , but  not the only one , why PHD users continue to carry hand—held charts.
Hand—held  cha r t s  are also needed to a c t  as a back—up in case of system failure , and to provide tactical
and route—plan information.

Hany factors affect PMD leg ibility. The .ajor parameters are listed in Table I. This table does
not include human factors such as f a m i l i a r i t y  w i t h  the map symbols and the  geograph ica l  area , and the
luminance adaption level of the operator .

TABLE 1 — FACTORS AFFECTING PMD LEGIBILITY

Cartographic  Factors Disp lay Factors  Environmental Factors

Map Scale Photographic  reduc t ion  Viewing d i s t a n c e
Symbol size Microfilm resolution Vibration
Symbol contrast Optical magnification Ambient illumination
Symbol colour Spectral sensitivity
C l u t t e r  of f i l m  emu lsion

Lens resolut ion
Screen resolution
Ref l ec t ance  o f f  the
screen

Open— gate  d isp lay
luminance

Most map disp lay research has assumed that  car tographic f ac to r s , other than map scale , cannot and
need not be mani pu la ted .  It is genera l ly  considered tha t  disp lays can be designed to produce an accep-
table image with conventional maps and charts (3,6,7,8). Consequently, a tt empts to study PMD de sign
requirements have been mainly concerned with the physical parameters of the display design that af f e c t
the resolution , size and contrast of the image.

4.1 Image Resolution

Resolutions achieved in the rnicrofilming and optical processes are major limiting factors on display
leg ibili ty. Up to 100 line pairs per tan are possible in the positive microfilm print , wi th some enhance-
ment of the original contrasts and colour saturations (9). The resolution of the final Image is dependent
on both the f i l m  and lens resol ut ions , and the resolving power of the combination can be determined by the
fol low ing equa tion:

1 1 1

where

F resolving power of the f i lm

L — resolving power of the lens

and C resolving power of the combination .

Resolutions of between 3 and 8 line pairs per mm in the final image have been reported for PMDs, the
maj or i ty falling between 4 and 6 line pairs per tam . It can be shown that simple f orms of al phanume r ic
symbol (e.g. upper case Arabic) can be theoretically resolved by a system of 3—4 line pairs laid across
the symbol , if it subtends more than 6—8 minutes of arc. But more line pairs are required if symbols in
non—optimum fonts  or with low contrasts are to be recognised (3).

Screen gra in  may also affect the resolution of the final image . However , this factor can be elimin-
ated by vibrating the screen , as in the Harrier PHD (10).

4 . 2  Image Size

Within the resolution limits of the microfilm and projection system the map in formation  actually
resolved is determined by the degree to which the maps are pho togra phical ly  reduced on to m i c r o f i l m  and
optically magnified when projected , i.e. the image size. Comparatively high l inear  reduc t ion f a c tors of
about x 15 are common because of the need to provide a large area of map coverage , ss d ic ta ted  by the

*‘
~ operational range of the aircraft. This jeopardises the resolution of small map detail. For a given

area , the larger the scale of the or iginal  mapp ing, the greater  is the r educ t ion  f a c t o r  and subsequent
degradat ion.  

—~.
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When projecting the image from the film , fac tors of optical magnification greater than microfilm

reduction (over—magnification) are used to improve the legibili ty of the chart Image and to compensate
f o r  the  abnormally long cockp it  viewing d is tances  of panel-mounted displays (760 mm) , compared w i t c  hand—
held charts (variable , up to 500 mm). Recent displays magnify the map image by linear factors as large as
x 1.63 to achieve this effect. However , whils t improving legibili ty, over—magnifica tion has the disad-
vantage of decreas ing  the  chart  area disp layed , reducing the important “view ahead” distance. Survey da ta -

has shown that a good estimate of the minimum view ahead distance for light jet aircraft is 20 nautical
mil es , equival ent to 65 mm at 1:500 ,000 and 130 nsa at 1:250 ,000 scale  (3). Given this requirement for
vi ew ahead , the degree of over-magnification of the chart image that can be achieved will depend on the
size of display face , and the location of the present position indicator (centered or de—centered) . It
is unlikely that further increases in display size will be acceptable because of limitations on cockpit
space. Furthermore , the evidence suggests that current sizes (approximately 150 nun diameter) are pre—

~erred by aircr ew and are also close to the optimum for maps viewed at 760 ian , jud ged by the e f f i c i ency
of eye f i x a t i o n s  and search pa t te rns  dur ing  map reading (11).

~3 Image C o n t r a s t

High image contrasts are ex t r eme ly  important r equ i rement s  for PMDa. Ambient cockpit illuminations
of the order of 3 ,000 cd/m 2 and r e f l e c t i o n s  o f f  the disp lay face make it difficult to produce a back—
projected image bri ght enough for adequate image contrasts. To make the map image independen t of ambien t
illumination , field lens optical systems have been used which form the primary map image within the
d i sp l ay ,  where i t  cannot be reached by extraneous l ight , unless  light enters  the d i sp lay  by the exit
pup il of the lens system (10). However , the limited viewing angle of the f i e l d  lens system limits the
pi lot ’s head movement and i n d i f f e r e n t  opt ics  eas i ly  resu l t  in image flatnet i problems and geometric
dis tortion of the map image. Operational experience with simple back—projection systems in which the
image is formed at the display face , such as used on the Jaguar , has shown that adequate contrast can be
obtained for most map symbols if a bri ght light source is used with anti—reflectance screen coating and
enhanced f i l m  c o n t r a s t .  The Jaguar PMD has a scr een br igh tness of approxima tely 3,600 cd/m 2 .

A more detailed discussion of the relationships between the parameters discussed above and their
consequences for PMD design criteria is available (3).

5. CARTOGRAPHIC FACTORS

Cartographic solutions to PHD legibili ty problems are rarely sought because of the high cost of map
production and reluctance to question the e~ccellence of conventional cartography. It is often mistakenly
assumed that , beca use aircrew are rarel y heard to compla in about their maps , there is little need , nor
room , for improvement . This is a false assumption because aircrew are rarely faced with alternatives and
must use the mapa they are given. A ttempts to introduce a new 1:250,000 map series in UK in place of an
existing series met with severe criticism , particularly from fas t je t users , and demonstrated that when
aircr ew have a choice they can be quite discerning (12). Recent attempts to quantify aircrew op inion
using subjective scaling techniques have shown that if aircrew are formally consulted , and if options are
made available for comparison , many improvements can be made to match the map desi gn more closely to the
user ’s requirements (13,14). Speci al purpose maps are needed for  speci al ised roles, such as PMDs and
LARS f l i ght , and it is interesting to note in this context that a survey of users of a variety of PMD s
found that the only PMD whose chart image was considered to be reasonably legible was the one PHD that
used a specially designed map (3).

The unsuitability of conventional large scale topographical maps for P110 app lica t ions has long been
recognised (9,15). The 1:250,000 scale Joint Operations Graphic (JOG) Series 1501—Air has attracted much
of this criticism. Intended for a variety of air and ground uses , the JOG attempts to give as comprehen—
siv e a plan of features as possible , cramming as much detail onto the map as space will allow , and a iming
to maximise positional and representational accuracy. This has forced the adoption of a coding specifica—
tion with small symbols , small type and fine l ine detail ~ihich make the map diffic ult to use in PMDs ,
even with the most favourable microfilm reduction factors. Considerable user dissatisfaction was ex-
pressed with the legibili ty of the JOG when it was fitted in the Harrier PMD and it has since been re-
p laced b y the 1:500 ,000 Tactical Pilotage Chart (TPC) and the AFCENT Low Fly ing Chart (LFC). Although the
TPC and LFC are less accurate and less detailed , their content and coding are more appropriate to the
airborne environment and to the information need s of the PHD user ,

To investigate more closel y the leg i b i l i t y  requ i rements  for  PHD maps , two experiments have been
carried out at the RAF Institute of Aviation Medicine in conjunction with the UK Mapp ing and Char t ing
Establishment .

6. EXPERIMENT I - AN EVALUATION OF AN EXPERIMENTAL MAP (16)

An experimental 1:250,000 map was produced to a specification based on ergonomic princi ples , know-
led ge of map in i c r o f i lm i n g  techniques , and on p r a c t i c a l  cartographic considerations. A laboratory evalua—
tion was conducted in which the leg ibili ty of a variety of topographi c (poin t , linear , area) and alphanu—
meric symbols were compared with corresponding sym bols on a conventional JOG map of the same area and
scale, Forty—eight subjects completed a symbol identification task under normal (paper) and simulated
PHD conditi ons , using two microfilm reduction factors (x 19 and x 14.5) chosen to represent the range of

‘ - practical reductions considering microfilm resolution and map storage capacity. The results showed stat-
i sticall y significant differences (p ~ 0.01) between viewing conditions , maps , symbol sets and individ-
ual symbols. Projected viewing increased response t imes , reduced information transmission and gave 155%
more errors than normal viewing. The orig inal map gave less transmission , more sys tema t ic errors  (sys tem

- 
_ noise) and 33% more errors than the experimental map under projected conditions. The increased errors on

the orig inal map ranged from 3% more errors for area symbols to 84% for al phanumerics.
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Increased map leg ibility was achieved by a varli-t y it symbol and background  coding e f f e c t s .  I t  was
possible to identify five general design princip les , rel~itin g t o  sym bol and background coding , that
would improve the legibility of topograp hical maps for PHI) app lic ations.

6.1 Hi gh Contrasts

The use of white for the lowest elevation interval is p. ittii u la r l y eftec t ive as i n f o r m a t i o n  tends to
be densest in low lying regions. In addition t o  optim ising contr a sts , the white back ground permits the
maximum flexibility in over printed colour coding , eliminating induced colour distortion s . Boxed spot
hei ghts , cleared of background detail , are an essential requirement. As a general rule , r e f l e c tance
differences of 45% between overprinting and background in the origin a l map are minima l for leg i b i l i ty
under PHD conditions .

6.2  Exaggera ted  Ph y s i c a l  Dimens ions

L i n e  h e i g h t s , c h a r a c t e r  h e i g h t s  and s t roke  w i d t h s , minima l f i r  norma l v i e w i n g ,  need to be increased
at least twofold to maintain legibility under PHD conditions. Five point type is commonl y used on
conventional topographica l  maps, but as a general rule at 760 nun viewing distance and x 1.50 overmagnifi—
ca t ion , eight point type (upper case height 1.78 mm , stroke width -L3 nun) are minimal legible characters
in familiar letter sequences. Critical characters (spot hei ghts , grid notation) need at least twelve
point type (height 2.8 mm , stroke width 0,51 urn) to be leg ible in low contrast contexts. These dimen-
sions are subs tan t ia l l y less than normally recommended for visual displays under comparable conditions
and illustrate the extent to which space restrictions and information density on maps are serious con-
straints on design.

6.3 Simp le Symbol Forms with High Association Value

Pictorial symbols are preferable to feature names and functional labels , providing the sym bols ar e
bold and s imple in form and have an easily recognised meaning. Abstract shapes can be acceptable if they
are well known conventional symbols , such as the circle sym bol for railway stations. The primary rules
for designing map symbols are:

a. Contrasts should be maximal.

b. Shape should be distinctive in general outline , but not in fine detail.

c. Minimum size should be determined by the smallest component that has to be recognised .

d. The sym bol should have high association value and compatibility between coding and meaning .

6.4 Low Confusability

Some similarity is inevitable on maps with so many categories of information; it is also desirable
because of the need to show relationships between features (map syntax) by hierarchical coding , using
combinations of similar characteristics (conjunctive coding) and disimilar characteristics (disjunctive
coding) . Confusions tend to occur between symbols that have similar coding and similar meanings , but they
bec ome serious hi gher up the symbol hierarch y where features are qualitatively dis tinct. Colour coding
is valuable for distinguishing major categories of information , but colour d i f f e r e n c e s  need to be gross ,
p robabl y different hues , otherwise serious confusions are likel y to occur , such as be tween r ivers and
power lines coloured in different blues without a distinctive shape code for the latter . Shape coding
should be used fo r d i f f e r e n c e s  wi thin  ma jor  c lasses , such as between normal and narrow gauge railways ,
but again size should be determined by the smallest component that has to be recognised to prevent
confusion.

6.5 Reduced Information Content and Clutter

Information density and clutter are often high on maps and are important determinants of user
acceptability, particularl y in LAHS fli ght. Red uctions in map content and greater visual separability
through colour coding are essential to offset the effects of increasing the size and saliency of import-
ant information on PMD maps.

7. EXPERIMENT II — WOOD SYMBOLS (17)

Isolated woods are useful navigation features in LAN S flight. Methods of portray ing woods on aero-
nautical charts are heavily constrained by the leg ib i l i ty of other car togra phic information. Carto—
graphers use a variety of techniques to alter the balance between woods and base map leg ibili ty, prin—
c i pa l ly  vi gne tt ing (bandin g) ,  out l i n ing ,  and saturation/brightness variation. A laboratory experiment
was carr ied out under simula ted PHD condi t ions , usin g f ive  1:500,000 TPC maps of the same area demon—
strating various styles of woodland symbols. Forty subjects completed a simple pa tt ern recogni t ion task ,
matching selected segments of wood symbols (wood s recogni t ion task)  and map backgrounds (base recognition
task) to the five test maps and to two control maps showing the woods pattern only and the base map only.

C Si gnificantly longer times and more errors (p < 0.01) occurred when matching to the test maps than when
matching to the control maps. This indicated that with a l l  the symbol types, bo th woods and base map
were less leg ible on the test maps than when the woods and base were disp layed independently. Mean
response times for the recognition of woods increased by over 300% , compared with a 135% increase for
base recognition. Analysis of variance of times showed significant differences on times between the test
maps on woods recognition (p < 0.01), bu t no s i g n i f ican t d i f f erences occurred be tween the maps on base
recognition.

The results confirmed the initial assessment that irrespective of the symbol type, it is ex tremely
diffi cult to extract useful information about wood shapes from 1:500,000 scale maps in areas where the
woods pa t t e rn  is d e t a i l e d  and complex .  Furthermore , a l l  the symbol types had a substantial detremental
e f f e c t  on the leg ibility of other map informa t ion , par ticularly relief , and there can be little justifica—
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tion f o r  to le ra t ing  this  reduct ion in leg ibi l it )P  when the a b i li t y  to use the woods shapes is se r ious ly
quest ioned . Uniqueness is a major determinant  of navigat ional  s ign i f i cance, aixi coniequent l y, i t  is
recommended that the woods should only be depicted when they are d i st i n c tI v e  and iso lated . In areas of
extensive woodland , maps should be cleared of wood de t a i l  to min imise  unnecessa ry  e f s .~~ts on map leg ib i ’
l ty .  Cowparisons of the individual types on wood recogni t ion broadl y agree w i t h  what would be a n t i c ! —
pated on the grounds of ink sa tura t ion , brightness and colour contrast; solid , saturated green tints are
superior to v igne t t ing  and l ight  green t i n t s .  Pa r t i cu la r ly  poor pe r fo rmance  on base r e c o g n i t i o n  w i t h
narrow vignet t ing is probably caused by the excessive c l u t t e r  due to the  doubl ing  of edge c o n t r a s t s ;
poor performa nce on the recogni t ion of woods dep icted wi th  v ignet te  symbols may have been caused by poor
figure—ground segregation.

8. COLOUR REQUIREMENTS

Chromat ic i ty  is an important  requirement for comp lex visual disp lays .  Colour coding reduces c l u t t e r ,
increases visual  separabi1~~ty and f a c i l i t a t e s  search for and location of in fo rmat ion  by v i r t u e  of i t s
attention—gett ing qual it i es.

PMD images are f r equen t l y  criticised because of poor colour qua l i ty ,  Many of these c r i t i c i sms  can -

be traced to the use of maps designed to be leg ible under the red lighting provided in cockpits to hel p
maintain dark adaption at night . Specifications aimed at red light leg ibi l i ty res tr i c t map colours to
short wavelength hues (purples , blues and greens) and to colours with large grey/black components,
Al thoug h hue differenc es become indiscernible under red light as the map takes on a monochromatic
appearance , short wavelength colours will continue to show brightness contrast against light backgrounds.
Colours that loose contrast under red li ght , such as reds , or ang es and yel low s, are omitted from map
specifications , al though they may be attention—getting under dayli ght , white light and PHD conditions.
Such e f f o r ts to achieve red l ight legibili ty have demonstrated considerable cartographic ingenuity, but
they are valueless unless pilots use red light to illuminate their maps. A recent IAN survey (18) has
indicated that this is not common practice. A relativel y small percentage of aircrew (21%) claimed to
use red light for the illumination of topographical maps during critical night , low—level operations . - -

The great majority use white (54%) or red—white (pink) mixtures (25’~) ,  though all have Optional red—white
aux i l i a r y  map l ights fitted to their aircraft stations. Use of red lights bears no clear rela t ionship to
operational roles or aircrew duties, to ratings of the importance of night vision, or to age and nigh t
low—flying experience, but depends on the colour of the instrument lighting of the current aircraft type
and on experience of white cockpit lighting. In aircraft fitted with red instrument light ing, the
percentage using red map lights is small (23.8%) but the percentage is even smaller in aircraft fitted
wi th whi te ins trumen t l ighting (10.9%, p < 0.001). Closer examination of aircrew currently f l y ing air-
craf t wi th red ins trumen t lighting reveals that the choice of map light colour depend s on previous flying
experience with aircraft fitted with white instrument lighting; significantly fewer use red map l igh ts
(15.6%) among those who have previously flown with white instrument lights , than among those who have
only flown with red instrument lights (28.2%, p C 0.001). The great majority of pilo ts considered tha t
the advantages gained by using red light ing on maps in terms of improved night vision are far outweighed
by the disadvantages in terms of loss of colour coding. Consequently, most aircrew use dimmed white hand—
held torches to illuminate their maps at night and restrictions on colour coding are an unnecessary
disadvantage (18).

The use of whi te torch li gh ting is consistent with experimental evidence which shows that the saving
in night vision sensitivity with red lights is a function of the duration , in tensi ty ,  and retinal location
of the exposure; if the exposures are short , of moderate intensity and confined to the centre of vision
(fovea), as in map reading, whi te light can be used with little loss of dark adaption (19). Psycholog ical
factors such as training, conformi ty, habits and attitudes largely determine preference for red or white
light. With re—education and training in the e f f i c i ent use of whi te light , and the provision of be tter
map lighting, red light legibility is likely to become an out—of—date requirement, and an unnecessary
restriction on map coding. Map series of the future are unlikely to be constrained in this way.

A further source of poor colour imaging der ives from the microfilming process. When conventional
aeronautical charts are photographed on microfi lm and projec ted in PIIDs, enhancement of the orig inal -

contrast and colour saturation occurs and this may be beneficial to leg ibility. But changes in the
colour hues are also apparent and these may reduce chart legibi l ity,  par ticular ly  at the low disp lay
brightness used at night. Low Flying Charts used in PIIDs in North West Europe have been criticised for
this reason. Inaccurate reproduction of the original hues occurs because of differences in the spectral
sensitivity of the film and the human eye. Changes in the hues are difficult to predict because they
depend on the microfilm emulsion and the spectral composition of the printing inks , which is not normally
known. Further research is needed to investigate the problem and to Identify optimum chart colours , tak—
ing into account the inicrofilining and projection processes and the information requirements of the user.
To this end , the IAN has recently been tasked to determine a colour specification for Low Flying Charts ,
suitable for day and night use in PliDs in North West Europe , which will be reproduced on “Cibachrome”
microf i lm.

In response to this  request , a series of laboratory experiments are being conducted to ob ta in  data
on the di scr iminabili ty  and re la t ive  conspicui ty  of colours from the Di rec to ra te  of M i l i t a r y  Survey Ink
Specimens Booklet.

(1) D isc r iminab i l i t y  Testing

Selected colour chips have been mounted in pai rs  on cards and pho tographed on m ic o f i l m , us ing
~~~~~~~

- the identical process as for PHD filmstrips. Projected images of the colour pairs will be viewed by
trained subjects who will make similarity/disimilarity judgements to provide quantitative measures
of the d i sc r iminab il i ty  or con fusab il i t y  of the colours. This data will be used to develop a low — 

-confusion colour code,
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(2)  Con spicui ty  Test ing

Selected colour chips have been mounted on cards containing a random array of same—size ,
neut ra l  colour (grey) chips , and photograp hed on microfilm using the PMD process. The positions
of the colour chips within the cards are varied . Projected images of the cards will be presented
to subjects  under low br ightness  i n t e n s i t y  and subjects will be required to search for , locate and
i de nt i f y  the target co lours .  Performance on the t ask wi l l  provide a measure of the attention—
get t ing  q u a l i t i e s  or visual  consp i c u i t y  of the projected colours .

From these experiments it will be possible to derive a act of colours that are highly discriminable
and are  not easil y conf used , and whose attention—getting qualities can be matched to the importance of

F the information to the user.

9. RELIEF REPRESENTATION

A parall el programme of research is being carried Out to determine  the optimum layer colours for
representing relief on Low Flying Charts for PHI) app lications in North West Europe. Ear l i e r res earch
indicated that relief representation and clutter are the major determinants of user acceptability of
topographi cal maps fo r  LAHS f l i ght (14). In low—level visual navigation relative elevation and visualis—
ation of relief are more important than absolute height and consequently most topographical  ma ps rel y
heavil y on layer tints and hill shading for relief representation. Currently there are two schools of
thought on how layer tints should be determined . One argument supports the familiar practice of grad ual
colour change , predominantly within one hue , on the ground s that elevation is on a continuous scale and
la yer colours on maps should also appear continuous. The aecond approach, used on the JOG and TPC ,
favours distinctivel y diff erent layer colours as a colour code to specific elevation intervals. These
colours and their corresponding elevation intervals are applied worldwide , and it is assumed that the user
can memorise and r eca l l  them without reference to the map legend .

to order to study the merits of different systems of relief layering, experimental material has been
prepared by the Mapping and Char t ing  Es tab l i shment  i l l u s t r a t i n g  a va r i e ty  of colours , percentage printing
screens and printing techniques, Many colours have been eliminated from consideration on the ground s that

Ithey provide inadequate background contrast (< 45%) .ior overprinted information. Initial experiments have
been cot,iucted using the magnitude estimation technique to establish the psycholog ical dimensions of per-
ceived colour change corresponding to changes in percentage printing screens. On the basis of these
results , ten sets of eight layer tint s , with subjectivel y equal ‘steps ’, have been compiled for further
testing. The number of steps and pr in t ing inks required to produce them have been chosen to be compatible
w i t h  the s p e c i f i c a t i o n  for  Low F ly i n g  Char ts  in North West Europe .

A second experiment is planned to examine the effectiveness with which these sets of tints convey an
impression of change in height and relative elevation when photographed and projected from Cibachrome
microfilm. The tints in each set will be arranged in rows similar to cross sections across a map with
vary ing elevation. These coloured arrays will be photographed and projected . Subjects will be required
to iden ti f y  t in ts represen tin g re la t ively high ground . Performance on the task will provide a measure of
the relative effectiveness of each set of tints under PHD conditions. The most effective set will be
proposed for  use on Low Fly ing Char ts d esi gned according to the colour specification il erived from the
discriminability and consp icuity research discussed previously,

10. COMBINED DISPLAY S

A requ i remen t has recen t ly arisen to produce maps for combined CRT and PHD displays (CRPHDs) in which
the  map image is o p t i c a l l y  superimposed on a radar p ic tu re  (20) . Radar — map matching, as it is called ,
has particular advantages when flying at night or in poor weather conditions when radar is often the only
re l iab le  source of t e r r a in  in format ion .  Viewed by i t se l f , a radar p i c t u r e  is almost  the  u l t i m a t e  in
“booming buzzing confusions ” . But combined wi th  a map of the  same area , pro jec ted  at the same scale , the
radar re turns  immediately become meaningf ul , the map act ing as a very use fu l  perceptual aid . CRPMDs are
claimed to increase radar interpretability, to facili tate the early recognition of features , and to permit
continuous monitoring of the navigation system . When the images appear disp laced the map can be ali gned
by a manual control so that error in the navigation system may be corrected .

One of the basic design problems is to achieve a combined image in which the radar returns are
s u f f i c i e n t ly br ig ht to be seen against the map image . Field lens/transfer lens optical systems are used
to make the combined image independen t of ambieo t bri ghtness. Another possible solution is to reverse the

P format of the map so that the background is predominantly dark with the information items overprinted in
li ght colours. A variety of reverse format “black maps” have been produced and evaluated in a CRPHD aimu—

• lator at the Royal Aircraft Establishment , Farnborough. Ad hoc assessments have shown that although black
maps optimise the brightness contrasts of overlaid radar , they are at a serious disadvantage compared with
conventional formats with regard to relief representation. In mounta inous  reg ions , the  only useab le rad ar
returns come from relief features , such as r e f l e c t ions f r om steep slopes and r i dges, The conven’ ional way
of por t ray ing slopes is by h i l l  shadow shading, but these shadows can only be seen against a light back—
ground . Consequent ly ,  the  shadow shading technique is not applicable to black maps. Failure to give
adequate relief representative on black maps favours the use of modified conventional maps for radar map—

• 
- matching. Hill shadow—shading has to be enhanced and the map symbols design ed for legibility under low

• ‘ brightness conditions. Map coustent should also be limited to radar significant features only (4).

‘
. Empirical experimin ts are planned to obtain data on operator performance on radar—map matching using

diff erent display opticns . In particular , it is proposed to examine the relative merits of a cursive
radar sweep compared w i t h  a permanent and comp lete radar picture. Factors affecting radar—map mismatch
detection performance will be studied and the operator effects of map design parameters will be quanti—
f i e d .  
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11. CONCLUSIONS

Research has shown that  there are  important  perceptual l i m i t a t i o n s  on the a b i l i t y  of aircrew to
ex t r ac t  i n fo rma t ion  from the topograp hical maps used In PMD s for  LARS f l i g ht . Factors  such as image size
and contrast  have been inves t igated in other forme of information displays , and the l im i t s  for  spec i f i c
PMD app l i ca t ions  merely need to be iden t i f i ed . Re la t ive l y l i t t l e  is known about the more comp lex e f f e c t s
of c l u t t e r , f igura l—goodne ss  and visual  balance , yet  they are major  de t e rminan t s  of PHD leg ib i l i t y .
Tradi ti-,nal cartography has been concerned with packing as much information on maps as possible , empha-
sising the ‘ information store” function of maps at the expense of “informat~ ’n disp lay” parameters, But
far more information is normally disp layed than can pos sibl y be used in LAJ1S sl i ght . By taking greater
account of the perceptual  and cogn i t ive  l imi ta t ions  of the LAH S user and by selecting informa t ion for
portrayal on maps on a more rigid need— to—know basis, it should be possible to make dramatic improvements
in PMD leg i b i l i t y  wi thou t  compromising other important requirements such as map scale , accuracy and view
ahead.
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DISCUSSION

M.Chevaleraud , CPEMPN , 5 bis , avenue de In Port de Sèvres . 75015 Paris: Could the author please state the results of
the su rvey on the choice of light ing, with particular reference to the a~’e of the  pil ots a n d the flight phase? May I quote
our ow n results!

Au thor ’s rep ly: I t was in fact a t light phase which was specific to low a l t i t u d e  flying with  target ident i f ica t ion .  This is
one of the most critical phases in operational f ly ing and we obtained the views of p ilots of transport  helicopters and
fast jets.

With regard to the  age of the pilots , yo u will find all details in the text  to be published. I can tell you now tha t the
average age of the  pilots was 30 . w i t h  very sli ght va r ia t ions  above and below this  fi gure .

M.Chevaleraud : I disa gree slightly with your views at the end of your paper on lighting. Following a statistical survey
covering civil and mi l itary pilots , we noticed a significant difference of opinion between pilots  under  30 and those oser
30. Among those over 30 , it was observ ed that the older the pilo ts, the more they favoured white lighting. Further-
more and still arising out of the same questionnaire , it was noted tha t  for take -off  and landing they reduce the in tens i ty  of -

the white light ing and prefer the red , whilst for cruise conditions they again prefer white lighting.

\I.Chevaleraud . CPEMPN . 5 bis , avenue de Ia Porte de Sèvres, 750 15 Paris: Les résuitats de i’enquete sur le choix de
l’~clairage pourraient-ils étre pr~ cis~ s par l ’Autcur  en tenant compte en particulier de !~flgL~ ci de La phase de vol ? Puis-je
apporter nos propres résultats?

Réponse de l’auteur: Ii s agi ssait effcctivernent d’une phase de vol spécifique a basse altitude avec identification dubut.
C’est en effet une des phases les plus critiques de Ia navigation a~ rienne opérationnelle . ci nous avons recuei lli l’avis de
pilotes d’hélicop tères de transport Ct de jets rapid cs .

En cc qui concerne l’âge des pilotes, vous trouverez des donnéc s précises thins Ic texte qui scm publié. Je puis tout
de suite vous dire qu ’il s’agissait de pilotes ayant en moyenne 30 ans. avec des variations trés légéres en dessus ou en
dessous de cet age.

M.Chevaleraud: Je suis en léger désacco rd avec vous stir Ia fin de votre communica t ion  concernant l’éclairage. Après
une étude statistique portant sur des pi lotes civils et mil itaires , nous avons constaté une difference significative entre
I’opinion des pilotes ages de mom s ou de plus de 30 ans . Dans Ia categoric des p ilotes ãgés de plus de 30 ans , on
constate qu plus les sujets vieillissent , plus us recherchent un eclairage blanc. D’autre part . toujou rs a part ir du méme

• questionnaire on remarque que pour un décollage et pour un atterrissage , u s  d iminuent  l’intensite de l’éclairage blanc et
préfèrent Ic rouge , tandis qu ’en vol de croisière c’est a nouveau Ic blanc qui a leur préfCrence.
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SUMMARY

A study was performed to determine the impact of two important matrix display design variables
on tactical target recognition performance. Element density (i.e., the number of individual display
resolution elements per degree as viewed by the observer) and the percent act ive area on the display
surface were experimentally manipulated by adjusting the viewing distance from a rea r projection screen
over which a grid mask was placed . The targets were presented to subjects using zoom imagery at a
simulated slant range which ini t ial ly precluded recognition . As the target size inc rea sed , subjects were
asked to press a remote projector control button when they were “vir tual l y certain ” of the correct
response. The results  indicate little effec t of percent active area ( i .e . ,  down to 55 percent) on target
recognition performance for element angular subtense values between 0 .75 and 3.0 minutes of arc
(corresponding to element densities of from approximately 165 to 40 elements per inch at a 28 inch view-
ing distance) . The effects of element density,  however , were large and conformed to expectations de-
rived from the l imit ing resolution of the visu al system. Geometric mathematical derivations are pro-
vided for the relationships between element density, viewing distance, target size, sensor field of view ,
tota l number of display elements and slant range at time of target recognition.

INTRODUCTION

Liquid ci-vstal display (LCI)) and light emitting diode (LED) disp lay media offer several si gn if icant  advantages
over conventional Cathode-Ray Tubes (CRTs) for display of information in the airborne environment.  The most
important of these are related to electric power consumption and form factor (size). In addition, the operation of
the LCD is such that in high ambient luminance Conditions display bri ghtness increases wi thout  causing a loss of con-
trast .1~~ n excellent discussion of the physical properties ae~ 

characteristics of LCD’S may be found in Lechner ,
et a!.’ as well as in the most recent review by Goodman

To i nsure that LCD devices are applied most effectively as candidate rep lacements for CRTs , several human
factors issues need to be experimentally evaluated . The density of emitters in the matrix array and the percent
active area on the disp lay surface have been identified as areas of greatest concern . However , specific levels of per-
cent active area and element density can be achieved , beyond which no additional improvement in operator performance
could be expected. That is , if the number of resolution elements across the target exceeds the resolution capability
of the human visual system, the operator , not the display, becomes the l imit ing factor in the visual task. If the
number of elements across the target is less than the resolution capability of the visual system, then the display be-
comes the l imi t ing  factor. Figure 1 depicts these relationships for an arbi trary target recognition task .

- I . BE~~) LVINO POWER OF THE VISUAL SY STEM

SUBTENDE D ANGLE OF 1505 VI tA L  RESOLUTtON ELE ME NTS

Figure 1. Subtend ed Ang le of Target for a Given Probabi l ity of Recognition as it Theoretically Wou ld be Influenced
by Subtended Angle  of Individual  Resolution Elements in the Disp lay. 
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Subj ects. Twenty-f ive college students whose ages ranged from 18 to 25 years served as subjects in this study.

Each subject was reimbursed $3. 00 per hour for his pa r t i c ip at ion  and was prescreened to assure either unaided or
corrected v i sua l  acuity of 20/20 . Five males were used in the I’ilot Study, while 17 males and 3 females were used

in the Main Study.

A pparatus. A schematic diagram of the 1.CIi s imula tor  is shown in Figure 2 . A 16mm movie projector was
used to projec t s t i m u lus  imagery onto the rear surface of a hing ed 1/8 i n .  x 8 in . x S in .  glass rear projection screen .

The hinge allow ed photographically produced grid masks to be introduced between the projection screen and the clear

glass front plate. The photographic grids provided a means of s imulat ing the percent active area characteristics of
a matrix disp lay structure. The levels of percent active area simulated were 55, 69 , 81 and 100 ( i . e . ,  no mask)

percent.

The subject sat in front of the rear-projection device with his line of sight in the middle of and perpendicula r to
the viewing surface. A remote control switch was provided for subject control of the projector.

1

- -o

1
L ~~ti~~~A .  16mm Projector E. Clear Optical Glass

B. Bear- Projection Device Housing F. Display I.ight H ood
C. 8 x 8 inch Rear-Projection Screen G. Projector Remote Control

D. Hinge H. Optical Viewing Axis

I. Viewing Position

Figure 2 . Schematic Diagram of Liquid-Crystal Dot-Matrix Simulator (Side View )

Stimulu s Material. The 16mm movie fi lm strips used were composed of (x)ntlnuous zoom sequences of s t i l l
photographs of ta rget vehicle models. There were five target mod ~s used • i t - ’~nk , mobile gun , half-track , uncov er ed
truck , and covered truck. To produce the movies , each target was mounted on a rectangular pseudo-random back-
ground floor tile. A still photograp h was taken of each target positioned in each of four orientations. The longitudinal
axis of the target was always aligned on the tile diagonal. This resulted in a total of 20 still photographs ( f ive targets
in each of four orientations) . Each photograph was mounted on a homogeneous , gray back ground. At the onset of the
16mm f i lming of each target photograph , the camera was started at m i n i m u m  lens magnification . The lens was
zoomed (l ur ing  fil ming to maximum magnification. Min imu m to max imum zoom took approximatel y 20 seconds , and
th e magnification ratio was 10:1. Development of the f i lm was at a gamma of 1. 0 ± 1 ~~. Only one set of the 20 zoom
sequences was filmed , and reproductions of this ori ginal set were made for sp licing.

Twelve fil m strips with random orders of the 20 target presentations were made hr cutting, reordering, and

sp lici ng back tog ether the 20 target zoom sequences to produce 12 copies for use in the experiment.

The vie wing arrangement used resul ted in unmasked disp lay b rig ht ness levels of approximately 500 FtL at the
center of the screen and 350 I - t I ,  at the edges.

Proceduros and I)es igfl. Two studies w’o-e Performed . Th e first of these , referred to as the pilot study, was
d esigned to provide informat ion  regarding t~~~ extent of subject training required , the eff ect of subject instructions on

• ta rget recognition accuracy, and iden t i f i ca t io n of the  appropr i a t e  range of element density values to be used in the
la rger main study effort  . .-\ I ter these i n i t i a l  issues were resolved , the main study was carried on with strict control
over these variable ’. arsl was designed s p e c i f i c a l l y  to address the effects of element density and percent ac t i ve  area
on ta rg e t  rec ogni t ion  perf orm ance.

Pilot study suh i ect s  were i resent~ I zoo m imagery in the unmaske d c . ) i . l i t IO f l .  The in i t i a l  s imulated slant range
(target S I / c )  precluded recognition. As the target size increased, subjects were asked to press the remote tiro~e(-t(i-

control button a~ soon as they were able to recognize the target .

Th ree f i lm  strips were used for subject training . Subjects were prebriefed on the nature of the targets to be

viewed using s t i l l  photographs of the targets together with the actual  target mode ls .  The f i lm st t i p s  were repeated

— =~~-::: — ~~—~~~-- — i__
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u n t i l  the subject showed less than 10 percent increase in mea n per formance  for three successive presentations . This
point was accepted as asymptotic tot the subject and he was then conshtere d ready to enter the second phase of the
pilot  s tudy.

The pu r pose of the second phase of the pilot stud y was to determine the subjec t instru ct ions which wou ld yi eld a
probabili ty of correc t target recognition greater than . 95 . The i ntent of this was to assure that the design c r i t e r i a
develope& t from the data would reflect re la t ive ly  conservative estimates of d isp lay parameter  requirements .  Ea ch
subject was exposed to two series of target presentations. This two-series presentation was  given twice to each huh-
j ect . During one presentation , the subject was required to identif y the ta rget “as soon as he possibl y could” . On the
other presentation , the sub iect was ins t ruc ted  to identif y the target only “when he was virtually certain of his identi-
fication ’.

The minimum viewing distance of the seated subject was set at 2 8.7 inche8. This was established by adjusti ng
the throw distance of the projector to the screen so as to attain zero percent recognition by a l l  subjects , prior to
zooming the imagery.

In the fi nal phas e of the pilot study, subj ects viewed selected fi lm strips under masked conditions . The three
percent active area grids ( i . e . ,  55~~ 69~ • and 81%) were used . No gr id-f i lm strip sequence combination was re-
peated with any subject; nor (lid any subject view the same film strip sequence throug h more than one grid.

With each grid , the subject was positioned at a number of predetermined distances from the screen , shown a
different film strip, and asked to repeat the recognition task. The angular subtense of individual  elements was com-
puted from the measured viewing distance. These values were 3. 0 , 2 .0 , 1. 5 , 1. 0 , 0. 75 , and 0 . 5 mi nutes of arc , and
corresponded to viewing distances of 28.7 , 43. 1, 57 .3 , 86 . 2 , 114. 6 , and 172. 4 inci.es , respect ively.

In the main study, a counterbalanced order of target conditions was established and each subject was randoml y
• assigned to one of these orders , with an equal number of subjects for each ordet used .

Each subject was trained to the same asymptotic criterion as for the pilot study . Upo n comp letion of the train-
ing trials , each subject was exposed to a total of 3 x 3 x 5 x 4 ( i . e . ,  grids x element subtense x targets x target
orientations) , 180 trials under masked conditions of presentation , and to 3 x 5 x 4 ( i . e . ,  element subtense x targets
x target orientations) , 60 trials under unmasked conditions.

For each grid , each subject was tested at the three viewing distances evolved from the pilot stud y to represent
three lev els of element angular subtense ( i . e . ,  3. 0 , 1.5 , and 0 .7 5 minutes of arc) .

The dependent variable in the main experiment was the subtended ang le of the target at time of recognition. The
data were analyzed within the framework of a 3 x 4 repeated measures analysis of variance desi gn.

RESULTS AND DISCUSSION

Subjects in both the pilot and main study efforts required approximately ten training trials (or 200 st imulus
presentations) to attain the criterion of three successive trials with less than ten percent improvement in mean per-
formance.

The instructions to pilot study subjects to respond “as soon as possible” versus “when virtually certain” re sulted
in probability of correct recognition levels of approximately . 80 and . 96, respectively. Therefore , all  main study
subjects were instructed to respond “when they were virtually certain” of correctly recognizing the target . This pro-
duced a . 96 probability of correct recognition for main study subjects as well .

The effects of angular subtense per element on the subtended angle of targets at time of recognition are shown
for both the pilot study and main study data in Figure 3. Due to the small number of subjects in the pilot study, no
statistical analysis was performed on those data .

An analys is of variance on the main study data , however , revealed that the effect of element angular subtense
was highly statistically significant ( F  = 27 .5, p <.001). These data are also plotted as a function of percent active
area in Figure 4 , As is obvious in Figure 4 , percent active area ( i . e . ,  down to 55%) did not have a statistically
rel iable effect on the subtended angle across targets at time of recognition .

The theoretical relationship expressed in FIgure 1 between the subtended angle across individual resolution ele-
ments and the subtended angle across targets at time of recognition is represented ( for  the pilot study data) by the

‘ dotted line in Figure 3. The “break” point between the visual system limited case and the display limited case appears
to be at approximately 1.3 minutes of arc per element. This corresponds to just under 14 minutes of arc across the
target at recognition time for the pilot study data and just over that value for the main study data . The discrepancies in
ordinate values for the two sets of data are attributable to the slight differences in response c’-iteria employed by the
two sets of subjects. That is, as previously mentioned , the pilot study subjects had originally performed under two

- - different Instructional sets. That eaely experience apparently produced a slightly different response bias relative to
main study subjects , even though all the data in Figures 3 were collected under the Identical instructional set .

The data in Figure  3 were collapsed across target types and percent active area ( I . e . ,  grids).  Shown in Figure
5 is a breakdown of main study data for each target type and at one representative gr id condition ( i . e . ,  81%) . The
starred positions represent the mean values across targets for the 81% grid condition. The standard deviation values
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are Identified by the dashed lines.
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SUBTENDED ANG LE ACROSS A N  ELE ME NT (MINUTES)

Figure 3. ComparIson of Target Recognition Data - Actual vs. Theoretical and Pilot Study vs. Main Study
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Figure 4 . Effec t of Grid Condition at Three Element Angu lar Subtense Values - M ain  Stud y

As is usual in studies of this sort , reliable differences were found between the various targets used , the tank
and mobile gun being relatively easier to recognize (perhaps due to the gun barrels)  than were the  t rucks or half t rack.
Figure 5 also illustrates the fact that a major portion of the variance in the data was a t t r ibutable  to target ty p e .

Figure 6 depicts the viewing geometry for a single element on a matrix disp lay surface. The re la t ions  shown in
this figure dictate that the tangent of the ang le e/2 (1/2 the subtended ang le of a single display element) is equal to
the opposite side (d/2) divided by the adjacent side (viewing distance , D ) .  In equation form , then

• tan (e/2) ~~~ = (1)

solving for d

d = 2D tan (e/2) (2)

The lineal element density of the display Is simply the reciprocal of the length of one side of a single element
and Is thus ~~pressed as

Element density = e = d 2D tan (e/2) (3)

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ • ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~
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Figure 5. Effect of Element Angular Subtense on Target Angular Subtense at Time of Recognition for One
Representative Grid Condition (81%) - Main Study

Figure 6. Geometry Relating Viev~ing Distance (D) , Element An gular Subtense (~ () and Element size (d)

The graphs in Figure 7 show a plot of this equation for three assumed values of eye resolution capabil i ty (e
C

)
The impact of the empirically determined value of e

C 
( i •e . ,  1.3 minutes  of arc)  is i l lustrated in Figure 7 for a

viewing distance of 28 inches. As shown with the dashed line , a “break” poin t of 1.3 minutes of arc corresponds to a
requirement of just under 100 elements per inch at a 28 inch viewing distance. Element Iensit~ requirements at
other viewing distances may be similarly derived.

Similarly. Figure 8 shows the geometry relating the field of view of a ~eriso r (~~) to angu lar size of the target
as viewed by the sensor (5) , the perpendicular field distance (h) , an d slant range to the target ( H ) .

From the relations shown in Figure  8

I - 
ta n (4(/2 ) =

- 
- . 

sol ving for R :

R = 2 tan (4/2) (5)

Assuming the target covers some fractional portion of the scene viewed by the sensor , the fraction ( S/h) is
• equal to the fractional portion of the disp lay across which the target appears. Similarly,  for recognition to occu’ the

target must appea r across n elements of a square display having N elements along one dimension. The following
p relationship therefore holds ~ts a recognition criterion:

S/h = nc/N (6)

solving for h:

h = - ~~ 7)
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Substituting into equation (5) NS/n 
NS

= 
2 tan (~~/2) 

= 2nc ~~~~~ 
(8) 

0- VIEWING DISTANCE ( INCHES)

Figure 7 . Required Element Density vs. Viewing Distance Across Alternative Levels of Eye Resolution or “Break”
Points Between the Visual System Umited Case and the Display System Limited Case

SEN5OR

a

_ _ _ _ _ _

Figure 8. Sensor Geometry

The only variable in equation (8) which must be experimentally determined is n~ . The value of n~ depends on
the viewing distance from the display, the lineal element density and the specific target recognition task under con-
sideration . The value of n~ for the target set used in this study can be obtained from the data in Figure 3.

From these data it appears that approxImately 14 minutes of arc acrosr the target is required for target recog-
nit lon . The maximum element size at which the 14 minutes of arc asymptote Is obtained is approximatel y 1.3 minutes
of arc per element . For a square element of 1.3 minutes of arc on a side , the diagona l angu lar size is 1.84 minutes
of arc. Since the target appeared along a diagonal of the display , it is necessary to calculate n~ using the diagonal
measure of the display element.

Th u s,

n — 
14 mInutes of arc r equired for recognition

c 
— 1.84 minutes of arc per element

~ 7 .6 elements

The relationships expressed in equation (8) may be plotted for any particular square display dimension and
target size. Figures 9a and 9b reflect these relations for an 8-foot and 30-foot target, respectively. Note that dif-
ferences In target size produce on ly a change in ordinate scale values.
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300 ELEMENTS SQUARE 64K
16K p 300 ELEMENTS SQUARE

z

2OLOR

$FIT TARGET

•.SENSOR FIELD OF VIEW (DEGREES) •.SENSOR FIELD OF VIEW (DEGREES)

Figure 9a. Slant Range at Recognition for an 8-Foot Figure 9h . Slant Range at Recognition for a 30—Foot
Target vs. Sensor Field of View for Three Target vs. Sensor Field of View for
Square Matrix Display Sizes Th ree Square Matr ix Disp lay Sizes

CONCLUSIONS

The curve relating element angular subtense to target recognition performance corresponds to that predicted.
The “break” point in the curve appears to occur at approximately 1.3 minutes of arc. For a seated operator at a 28
inch viewing dis tance, this yields a desired element density of just under 100 elements per inch . l C D ’s currentl y
being produced with 100 elements/inch will most likely provide adequate resolution for operational applications re-
quiring a direct panel display and a 28 inch or greater viewing distance,

Abov e 55 percent active area, there appears to be no effect on visual performance of this variable ,

Not unexpectedly, training in the visual task and instructional set have a major impact on performance results.

Related CRT research to determine the number of TV scan lines required for recognition of either static or
dynamic tactical target imagery has indicated that 25 to 40 scan lines must cover the target to obtain oper~~~r perfor-
mance43vels con~g~rable to the 96 percent correct responses in the present study (see Scott and Hollanda
Bruns ’ ; Lacey ) .  In addition , evidence from the referenced studies indicate that targets must also subtend at
least 25 to 40 minutes of arc. The angular subtense values at target recognition obtained in the present study (i
appr oximately 11 to 28 minutes of arc) certainly compare favorabl y. However , it must be pointed out that the small
number of targets ( i .e . , five) and the simulation technique ( e .g . ,  incorporating film) used in the present study make
a strict comparison of CRT and simulated LCD data tenuous.
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A TffEORE’rICAL FRAMEWORK TO STUDY THE EFFECT OF COCI~~IT INFORMATION
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P .R .  Weweri nke
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Anthony Fokkerweg 2
Amsterdam
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SUMMARY

This paper deal s with a theoretical framework describing human operator ’s participation in manned
vehicle systems. Herewith , the human operator is described in terms comme’surate with those used for other
system elements, which is desirable because o1 tne complex interaction between human functioning and his
task environment (e.g., cockpit information). The result is an integrated model of the man—machine
situation serving as a diagnostic tool (for existing systems) and allowing the extrapolation to new
situations .

The theoretical framework deals with manned vehicle systems involving the human operator performing
continuous control and/or decision making tasks. In the paper it will be illustrated how the effect of
cockp it information (e.g., type , quality and interference of displayed information, both visual and
auditory ) on human functioning and mission succes can be operationalized and straightforwardly inves-
tigated.

1 INTRODUCTION

In spite of an increasing awareness of the necessity to emphasize the human operator ’s participation
in manned vehicle systems , there are still very few satisfactory tools to describe the human’s role in
these systems. One promising approach concerns the use of mathematical models of human behavior.

Because of the complex interaction between human functioning and his task environment (for Cockpit
information problems the subject of investigation ~~~ se), it is desirable to describe the human operator
in terms conmiensurate with those used for other system elements. The result is an integrated framework
of the man—machine situation so as to fulfil two basic functions .

The first function is to serve as a diagnostic tool. This concerns the analysis of experimental
results and the “explanation ” of system character is t ics .  Especially model parameters related to the human
operator are often more sensitive measures than overall system performance.

The second function is the extrapolation to new situations. Early in the design stage competing
systems must be evaluated. Therefore, the complex interact ion among system components ( task environmental
and human related) and objectives must be investi gated.

Several requirements which the theoretical framework describing the man—machine system has to meet ,
can ‘be derived from the foregoing .

The model structure must allow to treat realistic , complex task situations. This implies a
multivariable approach .

. In order to be predictive , the model structure may not depend on specific task characteristics.
This is one of the main drawbacks of the conventional servo system models (Ref. i), requiring
assumptions about how the human u~ilizes the various inputs and how he executes the various
responses (loop structures).

Dealing with time—varying tasks, the model structure must be formulated in the time domain.
This allows a detailed description of the relevant task characteristics , as Opposed to
“frequency domain ” models , which are strictly valid only for stationary task situations .
For these models any system— or human performance measure is an overall descriptor ( t ime
average) of the manned vehicle system.

• The most general theoretic framework meeting the afore—mentioned requirements , is provided by the
state space optimization— , estimation— and decision theory. It consists of several submodels , correspon-
ding with pertinent human operator characteristics (functions). One submodel describes the manner in which
the human will process the information available to him , to generate an estimate of the system state.
This can be associated with an internal representation of the task environment (internal model) and allows
a systematic investigation of a variety of cockpit informational aspects. This submodel is in the follo-
wing denoted by the perceptual model. Combined with a submodel for human control response this results in
a model for human control behavior , known as the optimal control model (Ref .  2 ) .
The perceptual model is also part of a model for human decision making (Ref a. 3 and 1,). Furthermore ,
interference between several subtasks (control and/or decision making) is accounted for by the task inter—

• ~~• ference model presented in reference 5.
The result is an integrated model of three important human operator functions:  monitoring, controlling
and decision making .

In the next section the afore—mentioned models will be reviewed. The various human operator charac—
teristics will be emphasized in accordance with their relevance for the subject of this paper. It will be
indicated to which extent the various aspects of the framework are validated.

_____  
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In s e ct i r n  ~ , the models will be len, r,.~ trrit ,- I t. r~ v~~de a flexible and powerful tool f r cy r  U - H —
:g and analy zing ;y~~tr’ms involving t ie lun ar. j - , -z-u ’. r performing - . i t  ir a-uS cc-r~ m l  and/or ic r ’ - H a

ta~ks. It will be i I Lu -tx’a t •- .l how the effect -1 vax  r c a -  cockpit rfr r r’a tiona l a c j  e t r ;  ( e .r .  , t~ ,
and in te r fe rence  c i  displayed i rr r cxnu ti cn , bo th visual and u -~~1~~ ry on human f ur. - t i r i ng  perferrar - a rid
workload) can ~e operationalized and r t r a i i t i c - r w a r i cy  i r . ’ . ig i r t~d,

2 Tt1EORE~1’ICAL H AiliW K

H I  Opt imal con trol model

liur axi control behaviur is described y means of the optimal control r r . I - l  (0CM). irr- model Uti Ct .
vc- L~~~-ed by Kleinman and Baron (Ref. 2) i -u oased on op t imiza t ion  and t ’ st i r tu t i c r  ti -cry and can be us - u

to de -c ri t e r. rit iv ariatlrr linear control sLuatioris . As the sic in is f r r n uTr r t e i  in the cinr- — 1 u r a : , t . r c ’-
vrrr’~ ing cr.a r ac t c r rr t icu can be dealt with.

The rsc iel is based on the assumption that the wad—ic t v a t r - U , we i I- t r a l r . - -d human operator L e h uv ec  ir .
a :.e rr optimal rcaru.c-r - u~ j a c t  to h i s  inherent  i ir n i  ta t  r u  atid cc-r.utrairts Uij the e~ t n t  to wr -u h i re
,: r U t n u  the ~.L c ect~~v r ;  of the ta sk. In the next paragraph those l it r i t a t i  ci arc- discussed -,-h ch are

rHur at e d  in the hun t:, ~ d a t u m  icadni. It  can be cc -r u i l ’ -r ru u as a cu r  n O r - u  ~-f tr .r- ~~ 
-
~~ involves

5 s 0  a i~~ cru , ‘ , of tF .e  ca.;c - a i rs  raninent ) and the tu sa  o b j e c t i ve s .

1 . 1 0cc- ar. errtt - - : •  icc.

The- h — w ~~~ - c r . . h y -  i i . ogical 1 i n n  tat icr.: of tr .e human ~ c-rat - r are in - a l  w t i  in n  ‘ 1 ’ -

1 ,  The v-ar~~~~ jr,tei’~ aj  t c r r e  O r - lay s  associated w i t h  n -rca; ’ ~a. n. -~ ~a , .ur r , c - : ’ - ~~‘nr , c ’

cer.trncc ; r c~ u-jug aca ‘ at- n. tot n athwuy : are r u ; r - sen.teJ ~y a - c- - ; -  - ~~- - n .  -ci ’ ‘~~
t i c e  delay , t -

0 . The various sources of human rando~~ ess u r a ii ct ir Ia in car than a u t s ’ c tj c u ~ sense) are
~r esente d  ty ar’rcru in observing .ryntem ccrt ; -ut :  a~~J exnccr.t ing - ‘.r 1:4 Ut .. i y  i r H u

servatd- :. noise ass motor noise in the model.

The f u r , going  can mathematically r e  represented in an. ; u i v . c a r ~~~ perc~~ trial model ar.d an “ ccu : c ’  i t

i - - u ; ~~r .ue n o d a l .

- . 1 . 1 . 1 i er cep tu a :  mosel

:he ie r cHt u al  model ir.ilcatc- r that  the “~~ur ce iveO ” variables , , are .cisy, .ieuayc-d re; c i  c u  c-f

t h e  “ in ur~~ayed
” sarcaclea y ,  according to I

y ( t )  = y l t— T )  + v ( t — T )  ( i )

wr .era r is t he  a forem ent ic-n ed  t ime delay , and V is a vector of independent , wr ite , Gaussian observa tHr .
noises .  y

The - s . n c - r v a t i o : r  noise associated w i t h  a g iven display variable is statistically defined by its a~ tcc~ s ri—
ance w h i c h  ar i cars to vary proportionally with the mean—squared si gnal level and may be represented as

L v (t) v (a) = V (t) ‘S (t—o) (2)
yi Y

~
-sri

= ~ Py 
E ~~ (t)

where P ,, is t i . .  “no ise / s ignal ” ratio and has units  of normalized power (pos i t ive  frequencies)  per rad/sec .

In case of non—idea l i zed  displays a more general expression for the observation noise covariance includes
t h r e s : .u l d  e f f e c t s  ( t o  be associated with display phenomena or “ ind i f fe rence” thresholds ) and lack of
reference  ~r.d i ca tor s  ( i - n i l .  2 ) .

:r t inn a l  e s t ima t ion  (K alman—Bucy f i l t e r )  and prediction (least mean—square predic t ion ) of the system
state , x ( t ) , g i v e n  y ( t ) ,  results in the human ’ s internal representation, 2 ( t ) ,  represent ing a model for
huma n informaticr , pr~ cessing .

2. 1 .1 .0 Response model

-• Human response selection is assumed to be generated by a control—command process which is represented
‘ by a Set of optimal ga i r . u , L , operating on the est imated state , 2 (t), according to

u ( t )  -L 2 (t) ( 14 )

The r.u,-ar ,  response execution model indicates how the “commanded” control , u 0 , results in the rc ’ i r i
-‘~~ntr- 1 input , u , according to

( 5 )

where TN is the “neuro—motor ” lag mat r ix , which can be ident i f ied  with neuro—motor bandwidth l imi ta t ions
and/or p ilot reluctancy to make rapid control movements; V an “equivalent” nc t c r noise vt-Her repre-
sent ing human ’s imperfect  knowledge of generating control i1nputs with autocovariar cc

_ _ _  _ _ _  _ _  
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K Vu i ( t ) v u . ’(  I v 0• (t) (t-a ( h i

2.1 .0 System and task description

lir e human operator ’ s task is to control , rr ~ some wa,, a dy r an . i c ’ -u y -.nt t’nn . h it - linear) ized) systarn.
descri ption comprises the controlled element , a:.:, i:. :c c - :  associated w i t r ~ rc - n r 5 - . r ’ c - n .n - r , t , cor .tr d and d i s p lay
systems as well as the disturbance n-n v 1 r c n r r n n - r . ’ - I ’ ’ - ’  

~
r u’ i r i s  for the iy:.n.n . ucr- are r ep r n serr te-s ly

* ( t )  = A a l t )  + B u ( t )  + K w t~ (‘r 1
wh ere  x ( t )  is t he  vector of the  s yst em  o t a t  a: , u - t )  is t he veer c r  of human - - c r t r c l i npu t s  urn w (t) is th e
vecuor of ls n naar independent , - aur;-uiar,, wh~~t”  f lO i s e S  w r t c  aut o- -variance K w - t -  w (u) } = W ‘S (t—rni .

The display variables , y, are assumed tn in- linear combinations of the state and control v a r i ab l e s

= C x~~t) + D u (t) (8 )

The control task is specified in tcmn,s of a performance criterion that the human is to optiiciZe . This
c r n t e r i n is incorporated in  a cost l’uincti nraa conditioned on the observations , y , which in the steady—
state is minimal fo r  the optimal castro- i input 

p

2 - • u K :, ‘ i t )  u y t )  + u ’’ t - B u(~ ) + rx ’ ( t )  G ü ( t ) (~~)

where . , B and G a r -  the  cost fun cti onal w e i g h t s r . n ’: wr~~~ i , can depend on object ive or sub jec t ive  factors .
lir e w es~’ l t u r g  on control rate  implies the a lor sn - - r t r oun d  “ r -ur c r so t :-r ’ lag mat r ix  ( i f  C = , T~, = 0 ) .

For the nn athemna t ica l  f o rmu l at i o n  of the afor ’ r nne: t i oned  opt imizat ion  problem the reader is referred tc
reference 2.

A variety of measures of system pc-n’fc n’rra rnc i and r n c -~ntr , opera tor— rela ted  measures can be obtained.  I n c - s e
will  be discussed in the next par g r a I n .

2. 1 .3 Oyszem performance and b ursar , cont ro l  e f f o r t

for  s tat ionary processes sy r t c - r n .  n a r f o r n n a r ce can be formulated in variance and probability cc-nc r u t a t o n o .
Huican operator performance is ref lected by variances of control inputs. Also frequency domain n o - a u - a r e s  can
be obtained such as describing functions , remnant and power spectra (Ref. 2).

ii. case of deterministic inputs and tunse —var l-unn O characteristics of the task environm ent , such as
disturbance variations , windshears , variations in displayed information , vehicle dynamics and task in. struo -
tions (different mission se~ nents, approaching the target , etc.), the previously discussed tine—u 
nna rsures are not applicable . h O W , performance is conveniently described by means of covariance prc ;agaticn
methods . Statistucally, this implies ensemble—averaging.

Also the aspect of human controller ’s effort is indispensable for a complete descri ption arar n r c -—
dict ion of nassau operator b e h a v i o r  and i t o  impact on mission success. Because of the adHtive eap a i i l i t n n - n
of the human it is often the most sensi t ive to task character ist ics  under cons ide ra t ion  . A c on t r o l  e f f o r t
model is developed in terms of the afore—mentioned theoretical  framework. The model involves b oth  solar .-
tary at tention ( R e f .  5) and involuntary at tention ( R e f .  6) of the  human operator . The la t t o r -  aspect ear n
be related to the level of arousal and is largely dictated by the properties of the displayed h r n f c r n r a t i c r .
( r e f . T ) .

The optimal control model has been validated against experimental data for a variety of bc-tI. n-tat ):-
nary and non—stationary control tasks (see e . g .  Refs . 2 — 6 ) .  -Zany of its -~~niicrrtio ns have ho-err with
respect to display evaluation. Some examples of these will be contained in section, 3.

~~ .� Human monitoring and dec i s ion  making model

2 .2 . 1 enr era l

Describing human operator ’s participation in manned vehicle systems involves f t c - n  ct in o- r funct ions
• than the control function. Human monitoring and decision making can be crucial functions to  f ulf i l ,

especially in view of increasing complexity and automation of aerospace vc- ln i elcn- .

Human decision making behavior is described by the afore—mentioned perceptual  nnror i r i , however now in
a cascade combination with the subjective expected u t i l i ty  model ( R e f s . 8 and 9 ) .  The percr-; -tuai model
generates an est imate , 2 ( t ) ,  of the system st a t - . In addition , the covariance of the error in t i c S  e s t i n r a t o ,

l I t ) ,  is available. The pair (* ( t ) ,  1( t ) )  conist i tues  a s u f f i c i e n t  statistic for t es t ing  hypotheset
about x ( t )  based on the data , y ( a ) ,  s gt .

• It is assumed that the human ’s dec is ion  strategy in reflected by the following stages

formulate ( N )  possible hypotheses , h .
assess probabilities of all hypothes~ s, based on relevant infornniationr n -., P (h ./ z )

• determine ( t ~) possible decis ions , D.  ‘~

. assign u t i l i t i e s  to each hypothes is~ deci~~ion combinat ion , U~~. ~
- determine the r ,aximum utility—decision D according to D. = ~ for E = I- , where

-‘
— 

~~~~~~~ ~~~~~~~~ ,H~~~ ~~~~~~~~~~~~~~~ 
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K = 
j~~1 

~~ P(h~/z )  (io)

Many decisio n making si tuations involve binary decisions. In that case

- P (h 1 / z )  u
00—U 10 U

00 = D1 
if p (h / z )  > u 11 —u01 iJ~’ (11)

D = D
~ 

otherwise

Once the utilities have been specified , the model can be used to compute the monitoring error prci atr—
li ties (wrongly deciding D

0 
and D1

) .

The model described above is validated for single variable tasks (Ref. 3) as well as for m ult i v a r i at i c-
hypotheses (up to three display variables) situations (R ef. 14 ) .

For multivariable control and/or decision making tasks human attenrtion has to be divided among tOo-
various sources of information (e .g . , aisplay indicators) .  This at tention sharing is described by tie
task interference model of reference 5 which is br ief ly  discussed ~ rr the next chapter.

2.3 Task interference model

Task interference is modelled in terms of the following re la t ionship  between the f r ac t i r o  of at ’ en—
tn cn , f., paid to subtask (source of information ) i, and the c : r r e n n ; - -arn d in n g I c-icc-n ’s internal noise/signal
ratio - , f~.

p , = p  /f, ( i c )
1 O

~ 
1

where P is the ratio corresponding to single—task performance (“ full attention ”). burtr ernrorc- , i t  is

assumed that the amount of information processing capacity is determined by the demand of the  suH asks and
not by the amount of subtasks to perform . In formula

( i ~~)
j=1 1

This model developed by Levison et al (Ref. 5) has been validated for some multivariable control situa-
tions (Ref. 5) and dual decision making and control tasks (Ref. 3) .

Reference 14 deals with experimental results of multivariable decision tasks and combined decision
tasks and (both visually and auditory presented) control tasks . Also in this reference a multivar iable
workload model is presented based on the fractional attention concept.

3 ILLUSTRATION

In this section it is illustrated how the model can be utilized to study the eff ect of cockpit infor-
mation on human control— and monitor behavior. Specifically, some results will be discusued of an experi-
mental program presented in reference 14, dealing with human decision making behavior for various task
situations (in a fixed—base simulator).

The first task was monitoring an automatic approach of a DC—8. The pilot ’s task was to decide whether
or not he was within the “landing window” (speed , glideslope and localizer within their region c-f accep-
table deviations) utilizing a response button (Fig. 1). Based on a single—indicator “calibration ”
experiment and using the afore—meritioned decision making model and task interference model , decision errors
were predicted for both two— (speed and glideslope),  and three indicator tasks (indicated with -‘2 and
respectively). jOu le 1 contains a comparison of measured and predicted scores for each configuration. The
excellent agreement between the scores reveals the predictive power of the models u ns aved.

• Next, the results will be discussed of two combined control— and decision tasks.
The f i r s t  confi guration concerned the longitudinal  ( f l i g ht  director) control of a DC—8 approach and

simultaneously moni tor ing the afore—mentioned three indicators , indicated with M3C. -Iru tclning the control
scores t h e  apparent f ract ion of a t tent ion  dedicated to the control task was determined and us ing the task
interference— and decision making model the monitor performance measures were f-redicted . The result is
shown in table 2 revealing that especially the total decision error agrees surprisingly well w it in the
measured error and that the models apparently provide a good description of human behavior in a relatively
complex and realistic task s i tuat ion.

The results of the second conf igura t ion  are discussed here to illustrate the difference in irnt -r—
ference between visual information and visual/aural information. The afore—mentmoned mo nit or task i t t

- 
- • was combined w i t h  an auditory t racking task. The same model procedure was followed as Before. (i 

“ 
-
. predicted monitor  performance based on the full in ter ference  hypothesis ( I f  = 1)  is worse t i n : ,  the

actually measured performance as can be seen in table - .  Matching the measured monitor i-erfr -- rnc e. -o- co rrern-
ponds wi th  less than full interference ( I f  = 1 .2)  between visual and auditory tasks. H er r - wi l t . ,  i t  is
illustrated t h a t  the models allow a quantitative description of interference betweenr visual ~ r :d aud i to ry

‘ 

informat io n ,

— Referring to the foregoing discussion ai r-I based on several d i n ; 1- l a y  evaluat ion H~ r iins - - - .g .  , I- oh ’r .
1 - 2— 12) it is e- :rr - :lu-le-i that the theoretical framework provides an a~l-~ ; ra r r- description - 1 many r e 1 n - c - r r r . l

- — —-- - -..- --.-- —.. — -—-— -- — --—— —f — 
-

-~~~~~~~ -~~~- 
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man—machine s i tua t ions . It allows a meaningful investigation. - m var  i lu s  tack characteristics , specifically,
a variety of cockpit informational aspects.
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l)ISCUSSION

t l ) .Best . Hawker SIdt! - - e~ -~~ia t i oI1 Ltd . Richmond Roa d , k i i i g s to i i  up on Thames . Eng land: You Y O u  t h at a i)ilot will
react  rr’a~on a h l v  .1 — nu l l  1! to hits  t r a i m u  ng. .iiiul in d eed t h e  m odel correlat ions von ‘,l w~-~j V. e t c  r h o - O h  rag ! hg . On t he

4 r Src . i (  ‘l i , i ~ ’~ el I l hrlill . m acso n. do von i n t e n d  to take  acco u nt  ol pilot  sIre ’, ’, . i t  has been shown t h at u n d e r
oser l oad .mn n l j n c n n m t n n r s output ii i i d erunrmo’ , a con i ’ ,muk’n ,ihlu- hi \  ‘,tc’ru ’’,l~ e h k c t  v , h m i 0 h i  i i i e v i t a b l ~ du ’er ade s  hi s po’r t o r u n s n i r u -

-‘S h i t h i u r  S rep I Vn I did mi nt ic - sn - tulle Ii ‘~p o - nt k  c -b out  the u h i h h r ’rr ’ m t t  workload .  The workload m odel includ e s  the m m m i  mim I
oh nl t lu ’lItjOfl l i 0 0 0 ’’S.I f \  - ~i iirI th in :  s InOss is t h at  t h e  p i lo t .  I i t s  m odel doe’, n ot  take  m I n I m  n i c c i m i m n t  5011K’ n m ” p e u t ’ , n i  titi ,’

-\ c l — u i and I did lot d i r ec t l y  i t t c lu d ~ t hm ~’ -~tR’c -  i i i  t h i s  ou t l i n e ,  i t  ~ poc ’ihi ~ to oh ta i n an in h o r m a t i o n  on th e u m u t c r i , m 0 o
m n a n — t i m n i c h m i n e .  m i u t t a h i l ’, I) ’. nmlr ’ashlrr’ItleII t -~f the  cardiac  di~ i l t i t i .

I. I) .Best - 1 hu _ - card m ,mo - r i m v l h i n m  i n m o [ u ’ni ’ c-’ c h~’t o mu t t h e  sI res ’,. and tot  du n  tg t h e  sI r ~’’,s~

.- tu t l io r ’, rep i s : I .mg n ee .
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CONCLUSIONS

b y

Médecin Général  Perdri el

N unii ’ i  avons cnm nst a t e  que Ic noinbre et La comp lex it é  des ins t ruments  et des cadrans dispos es dams Ic cock p it t e n d e n t  ii
augmenter constanim ent ,  cc r 1ii i risque de flu m e ii l’cf f icac i té  v i sue l l e dii pi lote .

— 
-‘Sussi est ’il du ”, enu nécessair e de réduire cette mul t ip l ica t ion  danger euse ut i l i sant  des pr ocede s nouveaux  p e r m e t t a n t

dc fa eil it er l ’inform at ion visuel le . notamment  dril ls certaines conditions part icui iére s du vo l (basse a l t i tude  itt grande
V i t essc par exemp le) .

Plusieur s de ces procédés ont 8t 8 décrits dan s cette session :

• amelioration des condit ions d ’éelair a~ze din certains instruments.

• projection de cart es c -vi n e u t i l i sa t ion  de coulcurs bien choisies.

• essais de superposition de l ’inform ation cart ogr - - ‘h ique au info rmations radar ’,.

• wise en oeuvre de différentes techniques  pe rme t ) -  - -

( a )  dr’ subst i tuer  l ’information tn id imens ionnehl e  .1 cel le po r t an t  sun deux  dimensions.

(b ) ut i l isat ion d’un horizon artificie l m agnif i anm a representation classique .

l e t application din is stCréovision pour apprCcicr h ’ nispcct du terrain Ions du vol.

(d) am elioration de ha visualisation des infonin ations gr8ce ni l ’ empioi din cristaux iiquides.

Si Ia réal isation expCnimenta le  s’est avCrée dans plusieurs cas satisfaisante . ii parait nn~cessai r e .  avan t  d adopter  ces
dit ’fri rents systCmes , de eonfirmer:

leur effieaci té opCrationnelle .
- leur  accep ta t ion  par les pi lotes ,

Ct leur compatibi li t e en poids et en volume avee hes perfo rmances de h ’av ion .

We have seen that cockp it instruments and dials are tending to become increasing ly more numerous and complex.
a fact which may be harmfu l to the pilot ’s visual efficien et - .

It has therefore beco m e necessary to reduce this dangerous mul t ip l ic i t y  of ins t ruments  by in t roduc ing  new methods
aimed at h aci l i ta t ing  visual informat ion . par t icularl y in certain sl’ecial flight conditions (e.g. low a l t i t u d e  and h i gh speed ).

Several of these methods have been described dur ing this Session:

• Improving the lighting conditions of certain instruments~

• Map projection using well chosen colours :

• Tests on superimposing cartograp hic information on radar data:

• Applying various techni ques for:

(a) replacing two-dimensional data by three-dimensional data :

• (b) using an art if icial  horizon to magnif y the  convent ional  data disp lay:
(c using stereovision to assess terrain characteristics d u r i n g  f l ight:
(d)  using liquid crystals to improve data disp lays.

Although experimental development work has proved sat isfactory in several eases, it would appear to he necessary
before finally adopting these various systems, to confirm :

that they are operationally efficient:
that they are acceptable to p ilots:

-

‘ - tha t  they are compat ib le  from time  weight and size point of view wi th  the performance of t h e  n i m r c r . i t t

~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ .
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