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I. INTRODUCTION

A major cost and complexity component in a research-oriented manned flight simulator is
presentation of information to the flight crew in the cockpit. The presentation must be adequate
for the flying tasks posed in the various experiments, and must be flexible so that differing types
and arrangements of the presentation can be investigated.

By contrast, in a specific-to-type training simulator the problem is confined to reproduction
of the cockpit of the simulated aircraft with fidelity sufficient to permit transfer to flight operation
of the skills acquired or enhanced in the simulator. This is a straightforward, albeit costly,
engineering problem. Its solution is exemplified by the very accurate cockpit replications in
the training simulators operated by air forces and airlines.

Computer driven graphic display presentation of cockpit information suggests itself as an
alternatise te the conentional technique of replicating the various instruments individually.
This should reduce the complexity, and hence the cost, of the hardware, while offering flexibility
through program rather than hardware change.

The aim of this study is to assess the factors affecting the use of digital computer driven
raster graphics displays, using modified colour television receivers for output, to provide cockpit
information presentation for research manned flight simulation applications.

2. COCKPIT DISPLAY CONTENT REQUIREMENTS

The cockpits of present day aircraft contain almost as many instruments as the panel space
allows [I]. The essentially analogue technology basis of conventional aircraft instrumentation
has forced the use of dedicated instruments: even parameters whose values need to be checked
only once or twice during a flight, for example brake accumulator pressure, must be continu-
ously displayed. Instruments have become smaller, and their functions have been combined
where possible, but these processes are approaching their limits. At the same time problems
have arisen from the difficulties experienced by aircres in assimilating, and discriminating
amongst, the sheer volume of data presented.

Display integration, providing adequate information for the conduct of the various phases
of a flight or mission is clearly desirable. It has been made feasible by advances in digital elec-
tronics, and considerable progress has been sponsored particularly by the USAF 121 and USN [3].
The F-16 fighter of General Dynamics is a modern aircraft in which display integration has
progressed considerably.

The following sections address conventional and integrated cockpit displays and the
emerging specialized system and tactical control displays.

2.1 Conventional Instruments

Conventional aircraft instrument panel layout is today based on the "Basic T". Figure I,
which is itself an evolution of the "Basic Six" of the Royal Air Force in World War 2 [4. 51.
It is an ergonomically effective arrangement which eases the pilot's task of integrating the discrete
displays.

Ranged about the centrally located Basic T are the multiplicity of other instruments. i th
an attempt at retaining the logic of the layout. Thus a Vertical Speed Indicator would in a
standard layout be located below the Altimeter, and a Machmeter belo", or to the left of. the
Speed Indicator.

The form of the instruments has evolved in response to engineering and human Iaczor,,
requirements. Case designs have stibilized to standard forms 16] with the advantage of" allim5 ine
exchange of equivalent types of different manufacture. Sizes range downwards from 127 mm
(5 inches), governed by the relative importance of the information and available space.



Instrument faces are black, with white scales and pointers. Other colours are used for special
reasons: pale blue-green to represent the sky on an attitude indicator, red or fluorescing orange
on malfunction flags.

Most often the instruments are arranged with a centrally pivoted pointer (or, unfortunatel.
pointers) rotating in a circular scale. This has the benefit of readily allowing both rate and
amount of change of the displayed parameter to be interpreted. Counter-pointer instruments
can retain this quality and add accuracy of reading and reduced possibility of confusion.

Strip-type instruments are encountered, in both horizontal and vertical arrangement. and
with either scales or pointers moving. Their case designs have not been standardized.

Standards for the principles of cockpit information presentation [7], governing such aspects
as scale orientation and directions of motion, as well as details of numerals and letters [9] have
been agreed. Much of this is owed to Working Party 10 of the Air Standardization Coordinating
Committee: "Aircraft Instruments and Aircrew Stations" (e.g. [9]) through their publication
of Air Standards.

There are many instruments in present day use. Two in particular were selected for repre-
sentation by computer-generated raster display techniques. One is a two pointer plus counter
speed indicator, Figure 2a, the other an attitude indicator, Figure 3a. Their replications b\
raster techniques are pictured in Figures 2b and 3b respectively.

2.2 Advanced Displays ana .otes

Most integrated displays utilize digital computing techniques and cathode ray tube (CRT)
display elements. Highly integrated multi-.'lnction instruments employing the conventional
techniques are so costly, specialized and inflexible that their survival is problematic. though
they have some proponents.

Hearne [10] reviews the principal characteristics of possible display elements and concludes
that the CRT has sufficient advantages to retain almost exclusive pre-eminence in the cockpit.
a conclusion still valid and likely to remain so into the 1980s. This is reflected by the fact that
integrated displays in or shortly scheduled for service are invariably, CRT-based.

Once freed from the constraints of the conventional instrument panel, designers hase
freedom to choose what is, and how it is, to be displayed. Whether formats will stabilize again,
in Basic-T fashion, canonly be conjectured, as the process is very much in its infancy. Two
candidate cases are typical of the work being done and of the diversity of approaches.

NASA Langley Research Centre have implemented an advanced guidance and control
system (AGCS), in which the main pilot's displays are the electronic attitute director indicator
(EADI) and electronic horizontal situation indicator (EHSI). They have receixed study Nia
simulation [I I] and flight trials [12] in the role ofapproach and landing aids. The EADI, Figure 4.
presents a "contact analogue" t of the aircraft attitude, in a format parallelling the consentional
attitude director indicator, with radar height and flight-path angle acceleration added. The
FHSI forms the human interface of a powerful navigation system.

The AGCS retains the layout of the Basic T (Figure 4 in reference [12] has captions for
Altimeter and Airspeed Indicator exchanged). This will allow exploitation of existing aircrew
flying skills with less re-training than would he needed for other arrangements.

The USAF, in the Digital Avionics Information System (DAIS) advanced deselopment
program [13, 1], and the USN, as sponsor of the F-18 [14] have pursued a more integrated
approach. In DAIS. five CRT displays are proposed. These are the head up display (HUD).
vertical and horizontal situation displays (VSD, HSI)), and two multi-purpose displays (MPD).
The HUD, outside the scope of this work, is the primary flight and \,eapon delivery display.
providing the pilot with basic flight data atlitute, altitude, speed- plus extra information
relevant to the various phases of the mission. The VSi) is a back-up for the HUt), and primary
instrument in head-down flight. The MPI)S are used mostly for textual data. and the HSI) for
a digitally generated map or to display sensor video. I .change or sharing of functions between
HSI) and MPI)s is possible. A typical DAIS arrangement is illustrated in Figure 5.

i That is. a picture analogous to (hat seen h the aircreA looking out of their craft, in
sisual contact with the en'ironment.



In so far as the integrated displays implemented or proposed up to the present are pre-
dominantly based on CRT display technology comparable with that employed by the techniques
under investigation, it was considered that those techniques would be able to reproduce those
displays. As the factors influencing their use are mostly the same as in the conventional type
presentations, no specific integrated display formats were investigated.

2.3 System and Tactical Displays

These displays are used in monitoring and control of sensors and weapons and the complex
tactical operations of modern military aircraft. Display integration, and the trend in the role
of aircrew towards that of total systems management, is eroding their distinction from the
traditional concept of cockpit instruments and displays.

Airborne anti-submarine warfare (ASW) is an application in which computer drisen
graphical displays, containing a mixture of data from various sensors and symbols, scales and
the like [15], are used in management of the tactical situation. Figure 6 shows such a format:
in existing equipments single-colour displays are used, but coloured displays, employing pene-
tration phosphor CRTs, are available.

A system display encountered in a range of aircraft applications is the "tote", used mainly
for tabulations of alphanumeric text. Typical capacities are ten to twenty lines of t%enty to
forty characters. A tote may have some graphical capacity: in ASW an application would be
bathythermal data.

The Panavia Tornado multi-role combat aircraft employs displays known as "TV-Tab'"
(for TV plus Tabular), on which a variety of sensor video and computer generated data are
displayed. Associated with the TV-Tab is a multi-function keyboard: a single row of large
pushbuttons, immediately below the screen, whose functions are defined at a particular instant
by a "menu" or legend on the screen.

Plates 10 and II show a tactical display format generated with the experimental equipment.

3. RASTER DISPLAY GENERATION METHODS

Two techniques for raster display generation can be identified: direct digital-to-video
conversion and scan conversion of directed-beam images. The former is preferred in the research
piloted flight simulatie.n application, for reasons discussed in the descriptions of these techniques
which follow.

3.1 Direct Video Generation

A video signal, carrying the intensityr information for a raster-scanned picture, can be
generated directly from data in a digital computer in a variety of ways. The precise method
adopted will be determined by such factors as image content, motion, cost, and availability
of technology.

Where the content of the image is continuously varying and moving, as for example in the
external visual environment presentation for a flight simulator, and considerable cost can be
entertained, it is possible to compute directly the intensity at each point in the image, and then
output these data, in synchronism with the raster scan.

Where most of the content of the image is static, as for example in a representation of an
instrument panel upon which only pointers and scales change, it can be an advantage to buffer
the data so that only the changes need be computed, lowering the total data rate at the output
of the digital computer. Buffer memories for this application have been feasible for many years,
but their cost has until recently been quite high. Use of buffer memories is appropriate in the
research flight simulator cockpit displays application.

Consider first a display in which information is presented in a single colour and intensity:
extension to more colours and intensities follows naturally. The raster scan consists of a series
of lines sweeping over the display surface. Clearly line width (or spacing) imposes a limit to
the system's resolution. Each line is therefore subdivided into picture elements. or pi.v-1l. whose
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dimension along the line approximates the line width or paci.ng. To each pixel there coresponds,.
in this simple system, one bit in the buffer memory, and the video signal is generated by reading
out these bits in sequence and modulating the intensit according to whether the bit is a I or a 0.

A memory containing one bit per pixel is termed a memory planc, and a number of planes
may be used together in parallel to provide that number of data bits per pixel. These can then
produce different intensities or colours.

In the Australian standard 625-line television sNstem, a full picture, or fram, is dra.i
twenty-live times per second. Each consists of two/fieds, each a, full-sized raster, %%hose lines are
interlaced on the screen. The field frequency of 50 Hz reduces flicker of the picture (see section 5.2
below), while the lower frame frequency reduces the video handwidth. The line frequenc, i,
15,625 Hz, giving, after allowing for the hlanking needed for field retraces, some 575 actise
lines, in which picture information occurs, per frame.

The number 512, an integral power of two, suggests itself as a likely number of line,, per
frame for a candidate display. (This represents a loss of about II ",, of available lines). It appears
convenient to take the same number of pixels per line: although this leads, in the standard, to
pixels which are not square, and the consequences of this choice are discussed later. A fraime
then contains 262,144 pixels, and a single plane memory for it can be mapped into 16.384 ( 1o K)
words of 16 bits (the word size of con-,enient mini- and micro-computers).

In generating the video signal, each bit of the memors is read twent. -lisc times per second,
for an average data rate of 6.5536 Mbit sec 1. Peak rates are higher: at 15,625 H/i a line period
is 64 microseconds, of which 12 microseconds are reseroL, for line blanking, leasing 52 micro-
seconds active time in which in this case 512 pixels are displayed, at a frequency \er. close
to 10 MHz. In an appropriately organized memorN consisting of 16-bit words. the peak require-
ment is therefore for one word to be read e\ery 1.6 microseconds. If a secondary buffer is used
for the 32 words corresponding to it single raster line then this mas be reduced to an a\erage
rate of one word per 2.0 microseconds.

Logic speed requirements for such a ssstem arc quite modest, and the capacities involsed
are within reach of current MOS technology, so that a memor\ plane can be constructed on
a single circuit card for a few hundred dollars (mid-1979).

A modular approach to the dispiay system design offers read\ extcnsibilit\, the number of
available colours or intensities doubling with the addition of each further memor. plane. wkhilst
timing and control circuitry are unaffected.

The use of multiple modular planes offers a wNay of ameliorating a diflicult occurring in
buffer memory display systems. This difliculty arises ,hen it is desired to mo\e an element in
the image through the area occupied by another element, as happens, for example, sshen a
pointer swings across the scale of a dial. The appearance of motion is achie\ed b\ erasing the
moving element and re-drawing it in a newA position. When the fixed elements occupy the same
memory they too will be erased and must then he re-drawn. In a multiple-plane sstem the hed
information could simply be stored in a separate plane or planes.

3.2 Scan Comersion

A scan converter accepts an ilniage encoded in one formal and allo\s its readout in1 anothcr
[17]. Analogue scan converters typically record the image as a spatiall\ sar. img charge pattern
on the storage element of a storage cathode ray tLube. The image is then read using a scanning
beam. Many variants exist, providing persistent or decaying storage and deslruci\c or non-
destructive readout with simultaneous recording and repla\ for tmso-gun de\ices or tiineshared
recording and replay when only one gun is used.

Formats for image entry are flexible, for example raster or cursi\e (directed-beam) methods
may be employed. Grey-scale capability is available, but at present coloured images require
use of multiple converters and require fine adjustment for registration. increasing the cost
prohibitively [201.

Digital scan converters may be implemented using a buffer memor\ in w hich the image
information is stored. Data input becomes the limiting factor, for \hile it is rclalisel. cas to
design input logic to direct incoming raster data, digiti/ed b\ a conver. of an gi en format
to the correct sequence of addresses in the memory, this is not so for cursi\e dala
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In consersion of' datak from one raster f'ormat to another. the digital scan conserter, requiring
no adjuLstmnent and able to store an i'niage indlefinitelN N ithoUt degradation, ollkrs ads antages.
For comersion of' radar and elect ro-optical sensor %ideo in airborne s stenis. (lie digital Cotn-
verters are alreadsN replacing analogue conserters. As its economics improse, the digital scan
converter wkill make iniroads in other applications. Scan conversion methods offer no ads aintalges
oxer the memnory* plane huffers and direct Nideo generation approach oft thie previous section
in thle applications addressed by this studs .

4. EXPERIME:NTAL RASTER DISPLAYS

F:or the insestigat ions reported herc. it single plane mlemor\ \%.as simnulaited wi itaP Pf- I1 20
minicomiputer, and at controller %%as, constructed. Colour telesision receiers \sere modified to
accept signals f'rom thle controller. Representative f'ormats \% ere generated. displa\C id. ad asCsssd
subject is cl and b\ measurement.

4.1 Video Cenerator Ilardiiare

[he P1)1- 11 20 is normallk used inl Control of' theC Modular Antalogue ( oniputer. Amiong
other thin-s it has,. 24 K 10-bit ss ords of' 1.0 (approximatck ) microsecond C.cl l tme core memiors.
t o 1 -25 N1 wrdl remiovable disk cartridge drise, an interfa 'ce sx ith thle AR L D1 Css stem-I0
central dital timec~haring computer. and three DR) 1-B direct memlory' access ( I)M XI interfaces.
One of' the D)R I -B interf'aces operates ss ith the Modular Analogue Computer Serial D ivital
Bus I)IGI BUS) suibsystemcll, using thle 1)IGIBUS controller. A s ideo generator ssNas built to plug
inl in place oft the 1)IGI BUS controller, and to tajke s\nchroni/ation signals f'rom at localls built
S\ 11chroni/a tion and grid pattern generator 1211.

The s ideo generato r outputs data f'roml 10 K ss ords per frame b\ direct memors aiccess.
and thus allos% s thle core mcmlors of' the PDI1l-1 1 210 to simulate at 512 5,12 hit memoi planle.
[ or experimental purposes. thle generator can, under program control, instead out put tsso bits
per pixel t'(r the 256 pixels in the centre of each line (and nothing for thle first and last I 2S piwkcs .
I ndependentl . tUnder program control. thle pixel f'requenc\ ma> be set att 10 \11I1/ or I5 NiH1.

At tile IM Mil/1 pixel 1'requenc\ the 512 pixels occupy essentiall.\ thle entire line. s'.ile in
tile sertical direction 5 12- of' an zaail 575 tiles, are drasm n. The standard tcle\ ision raster has
at ssidll ito lici~Lit ratio of' 4 to 3. so that thle pixels (alt 10 NI I-f) hawe an aspect ratio of' 4 to
3 512- 575. or sers close to 3 to 2. At thle 15 NIHz pixel rate the pixels become square. and
tie right hand third of' each line is empt . Using thle t'.o bits per pixel feature, at 10 XI If tile
Centre half and atl 15 NIH/I thle centre third of the picture is asailable. lFor experimental flexibilit\
the t\\o bits of pixel data are decoded into four signals. temdclu bak.c lou . cour 2
and colour 3. These arc taken to a palette f'or manual conrol ofI the red. green aiid blue (RGiII
content of' eachi colour.

I:(r simulation of' lmos ing pictures, thle disk storage subsstem of1 thc VDP)f) I I 20t\%its used.
D)ati. comlputed off'-line iii the DF)Csl sem-lO, \scre ss ritten to thle disks. Subsoilmmils thle\ \\ec
ulsed Ito update tile plicture- data inl thle memlor\.

4.2 Video (;enerator Sortiiare

I atal for1 tile experiments \\ete prepared using, thle 1)1 Cssten- It).iramlisCicid to thle
VDVI 1) 0simmt existing utilitk proigramns. and output throgh) thle s kdeo Imcdrtor unlder

control of' a pi,mn in the PI)1-1 1I 20.
hl tile M) (sStem- 10 tile dalta %\ere Imapped into an Is K \%ord arras\ (tso [6-bit PDlP- ItI

sortls (o (thc .('-hit D)1 Cs5 stemn- If)%~ord). Onl completion of' image generation this \\its output
ml hiniar\ init a orm sitaiible fo0r the cross-loader program f O)Xl I . [he entire set ofI eCnleiutmon

softssare could hase been programmed in I OR IRAN, ho\\eser in the interests of speed of1
execution . it ummiher of' primitise operalions "sere coded in MACRO- 10 assembler

I lie basis o( lie softsmare \\its at patir of' primitises: one f'or eneringe and time other I'oi dielet mmmc
daita 10r 1 siiiul p)\ixladdressed hs its coordinates. fluis is in faict at sulhiccim) set for[ all graic))s
opdrti 'us Priminies for drass 1g aind deleting) sectors, circles and area-filled triuimmees \\etcd
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x% ritten, and f'romn these \ct higher lecl c routines xs crc derixLd. All %kr i tWr x% rittcn as oi could
at least be called as, 10RURAN SUhprogranis.

An interactixe dispfa% programn Cr thc D)1( s\ stin- 1(1 %NaS is itcn and used in) thle gcncraion
and, as needed, modification ot'numeric character tdi cits () 9) J'lts suita hic t'O r UsC Inl 111C Cxpcri-
ments. At the outset, one numeric f'ont had been draos n and coded h% hand. but a clear require -
ment for at range o ieemerged. and the( manual aipproach %kaS too timie-conSumnini, I igure 7
illustrates thle pixel patterns of' thle si\ Ionts produiced. and cleark. Show, tile thrcc-hs -tiso
proportion of' the pixels.

These numeric fonts xxere used inl thc \isihilit\ meaC SurcmcntIIS described hcloss\ Jo cnahle
subjectixe assessment of' displa\ qualit\ it xi as desirable to has e a LO mplctc font of' atlphabetic
characters for annotating instruments,. for example, lo ax id tilc ti me intll cd in generating
a font, even using interactixe computer praphicS. the t~nt data tables t'ro m the csisting ( JSPA(
softwvare (22] %%ere translated f'or usc inl the experiments. These chiaractcrs aire ni nc elements,
high by sewen vxide (for sa\ an upper caise -%I-) inl a titteen high b\ nine xx ide cell. 'I hex are usedI
with the square resolution elements, of' the CIS displa% 1221] and t herel'Ore MIsI nUsed inl these
experiments \Nith thle 10 Ni I-I pixel rate appear laterallk elongated. I ORI RAN ~LIINC sub-
programs for entering the characters itt the irnia!c xi cre is ritten.

4.3 Video D~isplay Mlonitors

Four colour television receixers, x ere miodilied to) aIccept thle outIputs oi !11C %Ide0 VC]nCi,ii1
separate red, green and blue v.ideo sigenals and co mpoSite S'~nc. Somne imipro~xcit t. their
cathode drive circuits xx ere made ito alloss% them ito respond to t he fli eher ha ndxs idJ t bide'

The four monitors are identified a(iS 6cm irine -iL.50cm Kdrtimti. Sttcml Nitionail ind
32 cm National. Appendix A contains, their dtiled chazracteriStics-

The monitors xxere all adjtiStex fh r optitlmm r~jter linearit\ anld colour isrec an
purity.

4.4 Display Content

AS noted in Section 2.1 aboxe. t%%o replications of' conxcntioiial instrumient' \iert: chosen
for investigation. thce\ \\ere txo poinlter PlUS coun]ter- air1 Speed indicator and atttitUde IiicAor
illustrated in IFiyureS 21) and Y). Plates 2. 3. 4 and 5 Shio\s them \0,i1h three: other insironme!
on each of' the Inoiiors. It isa' inl these arraneenients that the\ xscrc obsersed in siimiilated
motion: thie airspeed si i ging beis ecu -200 -inll 2_5t0 knots, and pitch and bank angples, bet xxcu

130 and 30 degrees,. using sinuLsoidal excitationi. I'he actual motion rate %saS inlited. b\ the
speed of' the disks inl transf'erring data into the corc of* the PjOf)1 1 2tt. at aboUt S nes\ 1I mu~iC
(updates,) per second: the entire disk being out put Inl ap1proxiTmtels 25 SCCO uds.

Plates 6, 7, 8 and 9) illustrate the nume~lricC01' 01ii of liLur 7 displai\ cd inl the fM 0111111it .
A tactical display\ format %\,aS dci ised and iS 1h0\kln ill plates Mt and ItI

5. OBSERVATIONS AND) NIASt RIAIENIS

Thle displa\ s. both static anrd dtiainy. xcic isC"sed stjbjectixcl\ anld Mi ere possible b
measurement f'or faJctors like\ ito itlience thiri application to iranried tHightt simut'itionl.

5.1I Effects of Pixel Aspect%. Ratio and Size

Thie question if' thle acceptabili\ of' the three-bh lxx o a[spect ratio p'xcl vencraited ait the
10 Mliz 1frequct\ is ClolCd \Cr'\ rapidl\ h\ comparing simnilar dlisplit\s produced xx itli
0 Mt11, and I S Ni II/ pixel t'requencies

[hle suhjectixc imprlloxeniciut in lpli quliill. of tlIe1 IS ih case oser thle 1 %ill/ case
w~as negligible.

Withi this poluit settled it \kas de~cided to adkopt lie tlrc-;-t11apctrto. 1(1 Ni H
f'rcqueci\ pixels inl the irninilr o4 thec in'.cstwigwtiti
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To reasons Ila\ be ads anced fo' r this result: thle first is t hat, \61 tilte except ionl of thle
largest monitor, the su/e tif a pi cIl on the screen is less than file si/e ol a single (red plus greenl
plus blue) phosphor cell onl the screen (see belos% ): and the second is that at a ie'k inLc dlistan~ce
of 0 -75 Ini thIe an01.ulaar SUbtenSe OF a single pixel ranges dos~ nwtrds I'rom~ I -5 mir (b'r 65 cm
Kbiin hori/ontalI directionl. Muhle thle es.e can discriminate dokf I to 0) 3-0-5 mr under normalI
roomn liht. lYurther discussion of' tile latter point Ila\ be f'ound inl references [I17I and [26].

Pixel anld phosphor matrix cell siies for each of' thle monitors are gis en in Table 5.1 . Note
that for the 05 cmn Kbrting monitor fihe dela-gIun tube 'ixs, al hexag'onl Phosphor Cell, ad
for all the others, thle ccl is rectani-iular.

TrABLE: 5.1

P~ixel and Phosphor Cell Areas

MIonitor pixel Area Phosphor Cell Area Ratio

6S5cm Kirting 0-74 -10 Ii' 0-38 10 n1 i' 1.9
50 cmi Kbrtim! 0-43 10 inl' 0-72 10 m' i 0.6
50 cm National 0-43 10 inl' 0-62 10 in' 07-
32 cm Naitional 0)18 10 in'1 0.41 10 6in' 0-44

The ratios. %%hich can be interpreted a1 the n umber of' phosphor cells per pixel, s-uggest -

that resolution should be limited b> phosphor celI siue onl all but the 65 cm K~rting monitor.
Obsers ations confirmed this at \er\ lo\% dila,\ luminilanIce eC l At useful diSpla\ I umi lnncS,
spill in to adioi ine COlNI ca usel b% hea)) d jcI usi- ti r Ii aIat ion redutced the eflectet iens of' thle
Phosphor cell we/ control of* resolutionl.

F-or reference purposes. Table 5.2 contains thle hori/ontal and ertical anigular subtenises
for pi sels and phosphor cells, for each of' the monit trs. Ta ble 5,3 shoss %s the exit-pupil-limiited
angular siles anld resolutions fo)r thle tsso larger monitors used ss ith Frestlel lenses as collimated
displal\ N.

TFABLE 5.2

Pixel and Phosphor (Cell Subenses at 0-75 rt

Pisel Anguilar Phosphor Cell Angular

Subtense Subtense

65 cm Kiiwiine 1 .46 nir 0-90 mr 1 '03 mr 0 -'-9 illr
50 cmi Kirting 1 109 mr 0 -70 mlir I- 10 mr I 16 mr
50 cm National I -13 mr 06 - mr liI I -04 mllr 1 '1)7 itr
32 cmi National 0 -70 mr 0.46 1mr 0 -85 mr 0.85 firl

Plates 6. 7. 8 and 9), shossL iete six nunmeric bOnts onl cach ol' tile monitors. indicate thle
total resolution effccts. Subjectisels. ajll f'onts \\ere satisl'actor\ onl the 65 cm Kiirting. thle smallest
(6 3) \%as rnarginall\ useable on both 5)) cmi mntitors anld quite useless Mn thle 32 cm National.
Oil \. Inch thle nlext font (6 4) \\as also marginiF.



TABLE 5.3

Angular Sizes under Fresnel Lens Collimation

Lens Exit-pupil-limited Angular Sizes

Screen Pixel Phosphor Cell

Monitor f.I. Width Height Width Height Width Height

65cm K6rting 0'43m(17") l'04r 0.83r 2.5mr 1.6mr 1.5mr 1.5mr
50cm Krting 0"43m 083r 0-65r 2.Omr l'2n1 ) .Smr 1.9mr
65cm Krting 061 m(24") 0-78r 0.60r 1.8mr 1 r 1'1 mr

5.2 Flicker

Flicker perception is a complex process in which individual physiological differences and
the size, position, luminance, luminance modulation and contrast with background of the
flickering object play a part. The key term is the critical fusion frequency (CFF), which is that
frequency of brightness change at and above which no brightness change is detected by the
human observer. The CFF ranges from over 60 Hz at high light levels on objects subtending
large angles at the eye to below 10 Hz for small objects in low light levels. Sherr (17(p2l)] quotes
safe (minimum) CFF values as 50 Hz for luminances above about 200 cdm 2 and 20 Hz for
those below about 20 cdm 2

In the experimental displays. objects consisting of a single pixel or formed from a single
raster line flicker at 25 Hz. This was observed to be quite perceptible, under some conditions,
early in the investigations. Whilst it is not certain that the existence of perceptible flicker can
seriously interfere with an individual's ability to absorb information from a display, it does cause
adverse comment and can be unpleasant and lead to claims that it is fatiguing.

It was found, without attempt at particularly accurate measurement but by subjective
assessment using many observers, that flicker was not perceptible when the displays' white light
luminances were below 100 cd m 2, and easily noticed when this quantity much exceeded
200 cd m 2. These observations were made at a room horizontal illuminance of approximately
10 lux. (To appreciate 10 lox, note that 103 lux is representative of a cloudy day, 10 2 lux of a
full moonlit night [25].) The 10 lux level was considered to be readily achievable in a research
piloted flight simulater, and is adequate for map and other reading.

It was also found to be an advantage to avoid the display of single-pixel or single-line objects.

5.3 Aberrations

Aberations in the displayed image are caused by imperfections in the monitors and by
limitations of the display technique itself. In the monitors, the factors are raster nonlinearity,
colour mis-convergence, and focusing errors. All the display technique limitations are mani-
festations of picture quantization.

The linearity of each of the monitors was adjusted to the best possible setting. and is plotted
in Appendix A. Plate 4, the instruments displayed on the 50 cm National monitor, shows
raster non-linearity in the flattening of the bottom dial, at about the worst level encountered.
It is at tirst a little distracting, but becomes less so, possibly as the !brain makes compensations
as it would for an obliquely viewed object, until it is not noticed.

Another effect of raster linearity arises from the probably inevitable mismatch of the raster
scan pattern and that of the phosphor matrix. It is seen, when the screen is filled with a uniform
low level illumination, as a random Moire pattern of typically 15 to 30 mm wavelength. At useful
screen luminances the effect disappears, either because of insensitivity of the eye or because of
spot dilation at higher beam currents.



Il three-gun. shado\llsask. colour tles ision tubes c llergence i + the technique of bringing
the 'red*', 'green" and "blue'* electron beams together So that theN track precisel to produce
three coincident rasters of the correct shape [24]. Il the case of the delta-gun tubes such as that
used in the 05 cn Kbrting monitor this is a complex procedure insol\ing a do/en or so control,.
The in-line and precision-in-line tubes suffer less from con\ergence error,, but prto\ide no adLiut-
ment apart f'ron the use of adhesi\e nagnetied tape on the tube en,.elope.

Mi -consereence can be seen in the top left-hand corner of Plate 10. a tactical displas oin
the 65 cm K6rting. and in Plate I I. tile same on the 50 cm National. Tile former had been
adjusted to best conergence, the latter being incapable of adjustment, the degree of mis-

consergence sho\%n is quite tolerable for domestic tele\ision es\ing. it i,, probable that the
65 cm Kirting could he improsed s\ith component changes.

Mis-con\ergence of the degree illustrated "as, suhjectisel\ assessed as being Cairl. insini-
ficant ill impact upon tle u.,sef'ulness of the displa\s. It is, like raster non-hnearlt . more a dis-
traction that fades \itll time. It is also al\%a\,s possible to achiese a high qualit\ of conergence
in the central area of the monitor screens,. and this is \here critical itmace content \s uld be

displaed. From the sanple so far acquired at ARI. it is clear that the sariabilits i achie\able
conserence among receisers of the same model is considerable, and selection of' better per-
formers is ads isable.

Focusing limitations \\ere not obsersed to produce an\ signiticant degradation in the
qualit\ of the imalges displayed on an\ of the monitors.

As noted above. tile spatial quanti/alion of tile imiage into pixels is a source of abrt-rations.
The most immediatel\ noticeable effect is tile steps and stairs appearance of lines or edges
drass n nearly parallel or perpendicular to the raster linels. It is especiall\ pronounced \khere
high contrast edges mo e slos l\. Reduction or subiectise elimination of tie steps and stairs is
not possible s\ith the hard\sare used. Experiments in ss hich spatial and temporal pseudo-random
noise ,,as impressed on the edges did not impro\e their qualits. Once again, it % as concluded
that this aberration \kas not Serious and could be tolerated %kith no ill effects.

The "inch-s orni' effect call be seen M hen a short line segment moses in a direction parallel
to its length: unless its length is an exact multiple of tile pixel dimension it oscillates in length
b\ one pixel as its start and end-points mos e through the pixel positions. as sho n in Figure S.
".Inch-\orms" can be suppressed b\ assembling small objects as fixed pixel pattern; and mosing
them as a s, hole. as is done s, ith characters and ss\mbols.

A fragmentation of small mo\ing objects, particularly the ends of dial pointers, \,as obsers ed.
It is a result of the lack of s.nchronism hetsseen the display generating mechanism and the
raster generator. If necessar\, and subijecti\e assessment \, as that it is not, it can be eliminated
by svnchronitini tile displa generator to tlie frame rate.

5.4 Visibility

The sisibilit. measurements described in this section %%ere intended to establish ai com-
parison betseen the sisibilit\ of digits displa\ed on tile monitors and sirnilar-si.ed characters
on an actual aircraft instruient. The obsersations \%ere made b\ the author, %s ho has normal
colour vision and is experienced in the use of optical instruments.

A threshold contrast %isibilit\ measuring instrument, baseed on a ,Scattering analogue of a
graded density filter [23] ssas used. At tile time of these experiments this device had not been
calibrated, so that its sariable contrat measurement facilit\ could not be used. Rather. it \as
necessary to set the contrast scale at a suitable \alue and lea\e it there, adjusting other para-
meters to achieve equalit. of threshold s isibility.

A conventional aircraft instrument dial fromi a Vertical Speed Indicator) complete \\ith
glass and bezel Was mounted adjacent to the monitor under test. Both \were ,,ies\ed normally.
The numeric fonts, Figure 7, were displa\ ed on the monitor, in white. at a luminance near
the subjective maximum useful level. The white colour sNas subJecti\ely established. Plates 6.
7, 8 and 9 sho\, the displays used.

The contrast scale of the instrument %,as set to gi\e threshold visibilit\ of the displa. digits
under test at a suitable observation distance. Illumination from incandescent (tungsten) filament
lamps As'as directed upon the dial face, and adjusted b\ mosing the lamps until the characters
on the dial Aere seen at the same threshold \isibilitN.
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A Spectra Pritchard Model 1980 telephotometer was used to make photometric measure-
ments of the photopic luminances of the black and white areas of the display and dial, and
of their surface normal illuminances, under the equal threshold visibility conditions. These
measurements were made for three of the numeric fonts on each of the four monitors at two
ambient illuminances. The results are presented in Table 5.4. Tabulated values of contrast are
defined by the relationship

I-., Li,
C , whereLt,

c is contrast, and L, and Li, are respectisels white and black luminances.
The experimental variable was thus the difference in luminances between screen and dial

digits. However it was not possible to alter the illuminance on the dial without changing its
contrast because of specular reflection from the paint. Variation in contrast therefore confounds
direct comparison of luminances at threshold visibility. The size differences of the display and
dial digits, unavoidable to the extent that display digits are constrained to multiples of the
various pixel dimensions, further confound the comparisons.

Insofar as allowances can be made for the confounding effects, inspection of the table
indicates flhat there is no oerwhelming superiority of display or dial. This holds at least for
the displa. s operated near their subjective maximum useful luminances and the conventional
instrument %ieNed in conditions representatie of da. light.

5.5 Luminance

Useful displa\ luminances were limited by the onset of flicker in single pixel or single scan
line objects,. as noted in Section 5.2 aboe. By keeping the number of such objects to a minimum,
screen white area luminances in the range 100 to 200 cd m 2 were determined to be acceptable.
in an ambient illumination of 10 to 100 lux.

6. CONCLUSIONS

The aim of this stud) was to assess colour raster graphics displax methods applied to the
presentation of information in the cockpit of a research manned flight simulator. Subjectise
and objective factors have been investigated.

6.1 Subjective Factors

Subjectively, the display method was judged suitable for the application. Aircrew ,iewing

it in the laboratory considered that it was an acceptable alternative to the conventional analogue
instruments with which they were familiar. The lack of fine detail of mounting screws and bezels
of makers' names, caused no adverse comment. The simpler presentation, in which only the
essentials of the information are displayed was considered by some to be an advantage in the
research context.

The intrinsic limitations of the display technique arising from the image quantization. and
the residual equipment aberrations in linearity and cotour convergence, were recognized to be
initial distractions whose impact diminished with familiarity. The use of non-square pixels was
found to have no observable effect, and this allows savings of one third in memory capacity
and of one address line plus its associated logic.

6.2 Objective Factors

Measurements of relative visibility of typical raster displays and an actual aircraft instru-
ment were made. These conlirmed the subjective impression that the displays exhibited adequate
visibility characteristics. It was found that the displays, operated under suitable conditions,
present comparable visibility with the aircraft instruments in daylight use. These conditions

IrI



were determined to be adequate for the other cockpit actisities, such as reading or "riting,
expected to be needed in manned flight simulation research. The conditions could be achiced
in a simulator.

6.3 Summary

Computer driven colour raster graphic displayN utilizing modified television receiver monitors
have been shosn to be capable of solving the problem of cockpit information presentation in
manned flight simulation research. The method offers a unified approach for both conventional
and integrated cockpit designs, %kith total versatility resulting from programmability. Hardware
cost estimates predict an order-of-magnitude reduction in the cost of cockpit information
presentation by this method in comparison to the conventional approach.

I
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Legend
1. Airspeed indicator
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FIG. 1 THE "BASIC T" OF CONVENTIONAL INSTRUMENTS
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(a) Sketch of actual instrument

(b) Raster graphics representation

FIG. 2 TWO POINTER PLUS COUNTER AIR SPEED INDICATOR



0 0

(a) Sketch of actual instrument

(b) Raster graphics representation

FIG. 3 ATTITUDE INDICATOR
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Bank angle pointer
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-10 Radar attitude
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FIG. 4 NASA EADI BASIC FORMAT
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FIG. 7 PIXEL ARRANGEMENTS IN NUMERIC FONTS



Display of line of true length 32/3 pixels

(a) Apparent length 3 pixels
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(b) Apparent length 4 pixels

FIG. 8 "INCH-WORM" ABERRATION.



PLATE 1: 50CM NATIONAL RECEIVER WITH AIRCRAFT INSTRUMENTS
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PLATE 2: AIRCRAFT INSTRUMENTS ON 65CM KORTING

PLATE 3: AIRCRAFT INSTRUMENTS ON 50CM KORTING



PLATE 4: AIRCRAFT INSTRUMENTS ON 50CM NATIONAL

PLATE 5: AIRCRAFT INSTRUMENTS ON 32CM NATIONAL



PLATE 6: NUMERIC FONTS ON 65CM KORTING

PLATE 7: NUMERIC FONTS ON 50CM KORTING
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PLATE 8: NUMERIC FONTS ON 50CM NATIONAL

PLATE 9: NUMERIC FONTS ON 32CM NATIONAL



PLATE 10: TACTICAL DISPLAY ON 65CM KORTING (showing mis-convergence in
upper left corner)

PLATE 11: TACTICAL DISPLAY ON 50CM NATIONAL (showing slight mis-convergence
on left hand side)
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APPENDIX A

Television Receivers Characteristics

I. "65 cm Korting".

(a) Make: K6rting Radio Werke G.M.B.H., Grassau, W. Germany.

(b) Model: K6rting-Transmare Videocolor 5513, Type 56 791.

(c) Picture Tube: Delta-gun.

(d) Screen Size: 650 mm (27 inch) nominal diagonal. Dimensions measured over
anti-implosion screen to limits of phosphor:

Diagonal: 639 mm
Width at centre: 534 mm
Height at centre: 363 mm

(e) Raster Size: (10 MHz pixel rate, 512 lines of 512 pixels).

(i) Horizontal: 561 mm (estimated-raster exceeds screen width).

(ii) Vertical: 347 mm.

(f) Phosphor Matrix: f___I T centre of screen I 147 0"666

r limit of screen 1-114 0.651

From (e) (ii), each line occupies 347/512 ; 0'67 mm, comparable
with dimension "'b", the minimum diameter of the tessellating
hexagons.

(g) Linearity: See diagram.

(h) Average Screen Reflectivity: 0.24

2. "50 cm Krting".

(a) Make: K6rting Radio Werke G.M.B.H., Grassau. W. Germany.

(b) Model: Korting-Transmare Videocolor 5507, Type 56 665.

(c) Picture Tube: Precision In-line.

(d) Screen Size: 500 mm (20 inch) nominal diagonal. Dimensions measured over
anti-implosion screen to limits of phosphor:

Diagonal: 491 mm
Width at centre: 412 mm
Height at centre: 306 mm

(e) Raster Siue: (10 MHz pixel rate, 512 lines of 512 pixels).

(i) Horizontal: 418 mm (estimated -raster exceeds screen width).

(ii) Vertical: 270 mm.



a- - b
(f) Phosphor Matrix: / -

b eteof screen 0 825 0-873

limit of screen 0.836 0.869

From (e) (ii), each line occupies 270,512 z 0.53 mm, while pixel
width is 418,1512 0-82 mm.

(g) Linearity: See diagram.

(h) Average Screen Reflectivity: 0.28.

3. "50 cm National".

(a) Make: "National"- Matsushita Electric Trading Co. Ltd., Osaka, Japan.

(b) Model: TC-2002.

(c) Picture Tube: 48 cm, 90 Deflection, In Line.

(d) Screen Size: 480mm (19 inch) nominal diagonal. Dimensions measured over
anti-implosion screen to bezel:

Diagonal: 480 mm
Width at centre: 402 mm
Height at centre: 298 mm

(e) Raster Size: (10 MHz pixel rate, 512 lines of 512 pixels).

i) Horizontal: 434 mm (estimated raster exceeds screen width).

(ii) Vertical: 263 mm.

a b
(f) Phosphor Matrix:

b centre of screen 0.778 0.801

limit of screen 0782 0801

From (e)(ii). each raster line occupies 263,/512 0•51 mm, pixel
width is 434'512 t 0'85 mm.

(g) Linearity: See diagram.

(h) Average Screen Reflectivity: 0.41.

4. "'32 cm National*.

(a) Make: "National"- Matsushita Electric Trading Co. Ltd., Osaka, Japan.

(b) Model: TC-1301.

(c) Picture Tube: 32 cm, 90' Deflection, Quintrix (In line).

(d) Screen Size: 320mm (13 inch) nominal diagonal. Dimensions measured over
anti-implosion screen to bezel:

Diagonal: 297 mm
Width at centre: 256 mm
Height at centre 199 mm

(e) Raster Size: (10 MHz pixel rate, 512 lines of 512 pixels).

k__.



(i) Horizontal: 270 mm (estimated raster exceeds screen sizej.

(ii) Vertical: 177 mm.

Ka a b
(f) Phosphor Matrix: --- -___

b cen tre of screen 0.641 0.639

limit6~ tof screen 0.613 0.614

From (e) (ii) each raster line occupies 177, 512 0 35 mm; pixel
width is 270,1512 z0.53 mm.

(g) Linearity: See diagram.

(h) Average Screen Reflectivity: 0-33.



APPENDIX A

65 cm Korting linearity
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APPENDIX A

50 cm Korting linearity
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