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Thia paper doscribes some of the fundamental performence mad design parsmeters that should be
connidered For the aucecessful eveolution and integratioa of @ now type of helmee mounted display CHMD)
system intended for use in militsry sircraft cockpite/simulators. It is called a virtusl panoramic
display (¥FD). The parameters discuseed include Field-aof—view (FOV), cxit pupil, image quality, eye
raliaf, collipation, alignment, size, weight, ayctem intepretion issusa, and several others, Fot the
Eirat rime the assapciated helmer systeém in conaidered ag an Lntegral subsystém that must ba designed Eo
support the requircmenta of che HMD. Trade-offs relating to the intended VPD aspplicatiens (i.e.,
cockpit simulatore/rotary wing airvcraft), HXD design and its impact oa the sseceiabed image sousce and
display electeonics ace discoszsed, Design Lszues and consideralbicns are developed primscrily frem the
viewpoint of the VPl system integrator.

INTRODUCTION

A vittwal panaramic display (VED) iz 2 subuvers of heloet-mounted diaplay eysteme (systemz being a
key word) that provides the pilot or operator with 8 lsrge inscancanerus field—of-view, whoese displayed
loformacion has been organized both béuwporally and spatially to maximize the effectiveneas of the
men feachinge inrerface and, thersfore, maximize operarionslfeitvarien swavenesa [05]. The VED ayskem
concept geoks to optisize its electromic interfaces with the airerefr or siomlater system and the
human's cognitive and seneory systema. The concept becomea an application-specific design problem
invalving not only the VEU hardware Ltself, but the design and operstiomal specificstionas af all ather
hardware subaystems with which it must be intarfaced. In thie paper, discusaion will include only the
VPD wisual aubsyacem havdwarve whose wgjor compoasnbs dre oublined by the basvy dotted line in Fipure L.
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FIGURE 1
GEWNERIC VPD SYSTEN AARDWARE BLOCE DIAGRAN

The VED visusl subeystem imcludes a binacular display whose visnal Fields are sither fully ar
partially overlapped, permitting, if deaired, the presentation of ererepacopic images. The hinocular
opcica are driven by ministure cachode-ray-tubes (CRT9) of an advanecd dosigm. The optice and CRTs ave
intagrated into a cuatoo helmet syetem. The CRIs ave interfaced to specially denigned analepg helmer=
mounted display electvonics which "tailor' the displayed information to the roguiremants of boch che
eptical amd GRT design. The analog display electronice accepts inpota from both external systes
aenpors and computer—gensrated graphics syetema, as well as A VPR praphics processor that supplies
applicacion specific, customized, intcractive aymbelogy and grephica. The YED graphies pracessor may or
may mot be present in a given VPD ayatem comfigueation. ' Becausc the graphics procesper’s impsce on che
helmet syakem componente iv minimel, its functioos will not be discursad Turther,

A5 shown im Figure 2, the hesd mounted CBTa must imape their vizuel information Ehrouzh a sel of
relay optice, which may use fiber optice amd/or eonventiondl relrackive clements/priams/mirrors. 4
combiaer og combiner/beamsplibter arcangement that may or mey nor be part of the helmet wisar, raflecks
light from the CRT and tranesite the ocuteide acene., The ORTe and optics are pact of an intepraced
helset system (TH3) Lhat maximizes optical systeo stability/functiomality on tha head, minimizes
medifications to the helmet/hesd weight =nd cerllter—ai—grswity {C&), and proteces che wester from
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hostile anbient environments. To accomplish these funmctions, the THS desipn must dee advanced
materials and structures, and optimize adjustment and aligament hardware and carphons/micTophons f
oxYygen mask components.
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FICURE 1
VED HEAD/VISOAL SYSTEM RELATIONSHIPS

This paper ie concerned primerily with asimulster and rotary wing airerafr applicacians, amd
cherefore, the breadth of discuasian is acmevhar :l[:e¢ir!.llr,t.dl although meeh con be inferced conccrning
tha design of such eystams for othar typea of mirermnft. Defore discuseing design conpiderstions, it fa
worth neting why a binoculsr hesd mounted display pystens was eelected, ipstesd of a cockpit wounted
system, where weight/size limitatioms arc not meacly se severe. As Figure J shows, there sre a nunber
of design alternstives for a wida POV cockpit dieplay system. A major goal of the VP was to maximize
Eituation awsrteness regardlzes of cthe operstor's line—of-eight (wsﬂ. Thie can be zccompliched either
with & reduced inatancangoss POV display thal is head mounted aond wpdated rapidly, bascd upon head
ovientation and positiem, or with an extrepaly large instentaneous FOV display that is cockpit-mounced,

VPD SYSTEM
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VED DESLGH ALTERNATIVES

The choice botween theso mejor desigo alternatives was limited by 8 munmber of performance and

technalogy issaes.

Turing the early deaign stsges of the YPD program, it was decided that atersoscopic

cuas (using wisusl dieparity batwean the two eyep) might aid the cperster im ordaring tha relastive
From either & coRf ot perfotmance viewpaint, currest
technology dows mot permit cometruction of sither & cockpic-meounted ovr & combinetion cockpit/hesd
mounted system providing che sheve festurea, therafare these were eliminsced from considevarian.
Further, g wide FOV heod-sounted display aysten utilizing o remobe ifepge source, coupled to the head,

importance of cricical display infarmatian,
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using either refractive or fiber optic imape conduits, suffera from a pumber of severe design problems,
including veduced display resolutionfcontrast, the possibility of axcessively rigid and heawy optical
conduits botween the head and cockpit, amd stray lighc. Therefore, & display configoration includiog
head mounted oprice and image scurces ia the only alternative considéred hare. The reader should alao
note that, for the remsinder of this papex, the Eerm helmet mounted dipplay (HMD) will be usid
interchangeably with VP when referring to the helmet mounted components,

YFD DESIGH CONSIDERATTONS

OFTICS

Teztbaoks and engineering handbooks List many design parameters sod sttempt to zpecify and
organize desipn poremeters sacacisted with opricsl syacems, imcluding helmet mounted dieplaya (HMDa).
Table 1 depicts a reéprésealbabive list of parapeters and gepsrslized numsrical figurea—of-merit (FOM)
for esch parameter. Howaver, EMD deaign iz tightly coupled to the intended spplicmtion, and the wae of
a genavalized rable of parameter walues or generalized deaign spproach will not usually lead to
satisfsctory results. The talewant technical literature alse provides scant help, snd there are many
large gaps in applied rvescarch chat, if available, might provide for becter orpanizstfon of the desipn
approach. Oze sust, then, gather a8 wuch information as possible about the iotended applicstion and
syatem interfacez, and hope that the available techoology will suppart the development of an adequaka
~desipgm.

TABLE [
HHD OFTICAL SESTHM DESIGCN FARAMETERZ

QUANTITY TYPICAL RANGE TOLERANCE
FIELD-OF-VIEW (INSTAN TANEOUS) 70" TO 120° HOR x 30° TO 60° VER NA
PUPIL SIZE

HELMET MOUNTED 10 TO 23 MM -1
EYE RELIEF

HELMET MOUNTED 35 TO 45 MM £3
FOCAL LENGTH 10 TO 20 MM NA
-NUMBER 0.7 70 2.0 “2
CONTRAST RATIO (APPARENT) 0.2 TO 0.80 +£0.1
DISTORTION 0.2 TO 5% +1
ASTIGMATISM 0.1 TO 1 DIOFTER +4
GHROMATIC ABERRATION 1TO & ARC MIN +1
COLOR B/W TO FULL COLOR NA
CONVERGENCE 1 TO 30 ARG MIN +1
DIVERGENGE 170 3 ARC MIN +1
DIPYERGENGE 170 15 ARG MIN +3
DISPLAY REFRESH 80 TO 240 FIELDS/SEC NA

To procesd with bhe soccssary system analyais, which ocganizes the relationahip af the available
techoology bo the vequirementa of a specific appliestion, one must arrsmge the parameters liszted in
Table 1 in omder of importance. Due co cthe lack of definitive poidelines, this ordering ie often based
upon experience with ecurrent similar systems. lowewsr, the choices are complex, becawse of the various
posaibilicies of consrraining rha types of displayed infopmation for a given ser of envirenmencal
conditiona, and then mizing/matching display components to support those canstrvaints. An cxample of
such & scenaric, of which there are mesny, is as Follows:

a) Reguire chat, duriog the hiph smbisnt luminsnce af daylight VPI} operation, the dieplay be
limited ca partraying vestor graphic stroke informetion. It can be refreched at higher rakes and at
widar line widths thso raster information, to obtain waximum luminamce’ contrtast. Thia strole-written
information is then averlayed om the awbient sceme background ueing @ ses—through display combiner.

b) Duripg night or low ambient luminance condieicns, permit cthe display of sensor ar compuler
generated raster information with sdaguate contvast at lower maxisun lusitance lavels. The normel
ambient scene would then be replaced with a seasor-produced reproduction.

The underlying issve of this emample is Chal display contresr, amd therefare, the human aperator’s
ability to seefuse the infurmation being delivered to him either day oz aight can be considered as oue
choice for the most impertant demign parameter. Thie comtrast parameter, them, drives all others in
syaCem desipns that are ulcimstely evolved snd built,

FPiguge 4 dopicts the principle deaign categorien of optical systews that might be exploiced te
implement a collimated eptical design euitable for wso in a YPD. These cstegories are delineatad by
the ayatem's primary basic aperating principle, teslizing that & particular desige will combine moro
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than one primciple to pexinize performence. For the VPD aystems covered im this paper, cnly systenm
cypes 1 through & were finslly censiderad for harduare lsoplementation,

OPTICS
COLLIMATED
REFRACTIVE CATADIOPTRIC LASER SCANNER
(1} (3) (5)
REFLECTIVE HOLOGRAPHIC MULTI-APERTURE ARRAYS
(2) 4 (&

FIGURE &
HATOR DESICH ALTEENATIVES FORE OCOLLIMATED HMDa

The design precoss ie extensively modified, however, by the display hardware syatem's operabing
modalities. These might ranpe from a system that must petrform Eheowghout Che raoge of ambiant
conditions, Lo 3 desiga chat «will permit zlteratico of some of ite components to match ite performance
to the extremss of the oparsting environmenc. Tuo separste designs, meank to accommodate separake
pecticons of Che eaviroamental paramefer reanges might slso be reasmonable. Given the many varied
opatational configurations for the VFD, only the more aignificaunt confipuratioms and their asscoiated
performance are discussed in this paper.

Table 2 liacs the syscems and approwimate walues for some of the wore important charactevistics of
sach of the VED HMD opkicsl desipns, for which workimg helsar ayates bresdboards weve fabricabed.
Syatem | uwainp & apacial version of the Fevrand Pancake Window, cmplove & unique combiner design to
obbain extvedely large instankancous FOVe, albeit at the extreme sacrifice of light tranamireion
efficiency. BSystems 2 =nd 3 are catadioptric eystems ueing &= combiner/beamsplitter combination to
obrain large FOVe with veduced weight sad isproved, bot 5041l low, light trensmission efficiency.
Gystems 4 and I arc cssentislly refractive optical aysteme, using either a holagraphic ar aspheric
combiner mirror, that can provide vecy geood light tranasiasion efficieney, but with incressed waighe
Eor VPOVa2 comparable to gpetems I amd 3. This summary is presanted hare so thet the raader may be
Familiar with and refevence this table as the VED design considerations are coumerated snd explained
throughout the rTemainder of this paper.

TABLE 2
VPD HMD OPTICAL SYETEM CHARACTERISTICS SUMHARY

SYSTEM 1 | SYSTEM 2 | SYSTEM 3 | SYSTEM A | SYSTEM &
| FARRAND | ODS. | FARRAND | HUGHES | FARRAND
CHARACTERISTICS PANCAKE CATA- DUAL HoLa - OFF.
WINDOW DIOPTRIC MIRROR GRAPHIC | APERTURE
EXIT PUPIL {mm} 13 N 15 18H » 10V 1715 !
MONS, FOV (DEG) A0H = B0y 83H x a0V Gl = 45V BOH x 30V G0 .'!?.'w
TOTAL HOR, FOV (DEG) 120 76 50 B0 o
OVERLAB (DEG) 40 30 30 40 k!
EYE RELIEF [mm} b 72 a2 a0 60
POLYCHROMATIC MO sl YES NG NEY
CRAT TC EYE TRAMSMISEIDN l.'.l.ﬂ‘IGI. I:|'.25":.T-r ':IJBC-'=I {I.EEC.. EL'JC,
SEE-THROUGH TRAMSMISSION 0.03c, 0,50, asG, Gy . =
APPROX, WEKRHT QF QPTICS ASSEM. (gmi 40N LES 250/ LEG 21/ LEG BHLEG 450 LEG
IMFUT FOAMAT HOR. [} 19 16 14 19 16
EFL {mm) 138 169 18.1 18.1 7.2
C, = COMBINER REFLECTANCE

Cy=COMEINER THANSMISSION

SIZE OF FIELD-0F-VIEW {FOV)

Selecting this parsmeter is often the single moat impovtant decision that the svstem designer or
integrator must make, It ean have g major impact on the meximm obrainable dieplay combinsr eontrast
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for a depired ambient tranamiosion condirion. Large FOVa mean more head=supported weight, and
unacceptable modificacion of the military headgesr cencer-of-graviety (0G), less light transmission
efficiency from the image-nource—to-aye (ISTE), and, uwltimetely, more severe porformance requircments
for the image source and it associated display electronics, Designers must ususlly plsce greateat
weight oo the primary application for the syatem. [If the display system is {ntendad for ground-based
upe in simulators or other aimilar functiooe, them the designer may opt for the larpest prackical FOV.
Large POVs create s paporamic visual input and a Eeeling of being immersed in the eovironment or
situation being depicred. However, operational field use, particularly military cockpits, places s
premive on low weight, compactiness, msintecsnce of wision to the a=bient background under all head
sovement and aireraft acceleration conditions, usable contrast for both the displayed and asbient
visual sticuloe, and survivability in hostile enviTronseata. These coneideratioos drive HMD designs
toward amaller FOVs,

Figure 5 depicta the total inatantaneous FOV for the bnsan binscular visuval systes, aver vhich che
instacteneons display FOV for onc of the largest binocular AMDs ever built, has been drawn. It is
immediacely appavent that the instantanecus dieplay FOV (120 degrees horiczontal by 60 degreea vevtical)
is mnch smaller chan that for umaided ecyce, yet Che diaplay eyarem needed to achieve such performance
iz alveady oo heavy for geneval wee in operstionsl rotary wing mircrafe. [t elso suffers from very
low ISTE transmiseion efficiency, and thue either very poor zee-through capability, sondfor wary low CRT
contrast. In addicional, the monoculars have been turmed out, allowing only the averlapping cencral
forty degrees of hovizontal FOV to be seen by both eyes. Thie places severa comstralnts on both the use
of the optical damigm [01,20] and image source performance [18].

NOMINAL FOV

LEFT eve_\/

o
fotatsls
el

i EJE
Lo

RIGHT
DISPLAY FOV

LEFT
DISPLAY FOV

NOMINAL HUMAN
BINOCULAR
OVERLAP FOV

_ Binocular optical desigos, particularly those esploying partial ovarlap of their monocular FOVs,
demand compatible sapping achesea for the display syetem's resolution alements acress their asgular
FO¥e [20]. For VED optical desigos, this vsually means that F-theta sapping is the preferred mapping
achese (whare the sngulsr distribution of resolution elements becomes uniform), rather than F-tangent
theta or éven F-sice theta mapping (where there are axcess angular ccsolution ¢lemente at the edpas of
the fiald), For partially overlapped systems, F-theta wapping offexs the only practicul solubivm ko
mabehing sesolutioa eleoents for the same object at the edge of one eye/displsy mouoculsr field te
those thar will be at an alteroate, interior location to the Field for the other eye/display monocular
viewing the same object. F-theta oappiog also emses rhe difficulrty of the pptical design process,
allowing larger exit pupil sizés to be obtained for a givean POV [02,03), TIf & Full everlap comdition
is weed, it might be desirable to introduce spline distortion. For this type of mappiog, wore of the
Teaolution olements are located in the center of the display FOV than on the edge, thus approximacing
more closaely, the foveal/peripheral topology of the eya's rasoluticn.

For the conditions shown in Figure 5, the inboard —40 degree off-axis lpcation for the tight eye
mogocular, represents the 0.0 degree Locatica on the left eye monocular, The implication of this Eact
for the image wource, is that off-sxie performence must be very similar to ca-axis performsnce, as the
central viewing porticn of the display represents an off-center viewing location on the CRT, as shown
in Figure 6. FPurther, to properly align the diaplay farmate far the &yes, as well as coopanmate for
residuel opticel distortiom, the CRT imsge source, must hawe ics imagery pradistorted o obfain proper
perepactive and overlay of the left sand right eye display images. This is one veason why CETa are the
image sourca of choice over solid stete image sources, becsusa their resolubion can be altersd or
wapped and is not constrained to the Cixed patterns, positions and sizes of solid state imape source
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resolution elemencs. Diaplay resoclution and addreasability issues rvelatimg Co the use of HMODs in
vibrating snvirooments, may alec be used as part of the total system snalysis, btut these cousiderations
play & such soré isportant rols in verrical POV zelection,

— a0 DEGREE HORIZONTAL
FOSITION FOR RIGHT EYE OPTICS

RIGHT EYE CRT FORMAT
™~ RIGHT
\\ MONOGULAR
Y

0.0 DEGREE

FURLERTRYE LOCATION ON CAT FORMAT FOR

"ETRAIGHT AHEAD™ VISUAL CENTER OF OPTICS

OPTICS MONOCULAR FOV= B0* HOR x 80* VER
BINOCULAR OVERLAP FOV = 40°HOR

FICORE &
CAT FOEMAT FOR PARTIALLY OVERLAFFED WIDE FOV OFTICAL DESLCW

Anather important eiveumscance, affecting POV selection, [ bhe Ceequently levied requivenent Lo
have the menacr's FOV diaplayad im a direct 1=1 mapping on the HNHD FOV. An exampla, io & FLIR ayateo
with a 50 degres horizental by 37.5 degree verticsl FOV, which muet have the sawe apparenc POV when
presented on the HHD. A requirement of Ehis type for a panel sounbed prosentation weuld clsarly be
waived, becauven the resulting cockplt mountad display would be unacceptably large. Buch a deaign
Tequirement is fessible for the HMD which can have an angular subtemse to the aye {apparent FOV) this
large [#2]. Further, if the display of more than oné sensor imput ia required, and their mssccisred
FOVs are quite different, but their ocan formats ave sinilar, as is ugvally the eage, then a primary
senser (normally the oae ueed for pilolage baske) mwst be chosen. The display FOV ia then selacted Co
accommodste 1-1 mappiog of the primary semsor's FOV, Display wageification {or minification) muse
usually ba sccepted in snalog syetems, for rhe display of other meosors' information, becsuse Che
dynamic range of Che image source cannot weuelly support 1=1 zapping of all scasor presentationa.

Hawing accepted this eeiteria, one must determine its impact. Setting aside, for the moment,
seavor/diaplay syetem design issuen, the msjor design considevations become the acanning Eormat, the
mwiober of pixel elements apread over the BAD POV, and the scan focmat/pixel cate cepabilicy of the
image dource. A bypothetical set of sensor/IMD condiktions is deplcted im Figures T2 and 7b.° In this
oxample, a &3 aspace, 30 x 37.5 degree sensor FOV, with 750 visible scan lincs ond approximately
square pixels, is te be presented weing a 1-1 mapping of senacr—to-display vesolution elemente on the
HMD.  hssuming nighttime wtilization of this sengor farmae and a see—through cambiner, then the image
source can be run st wodeat lumipance condibions. For these condicionsg minifature CRPe coan achiswve 500
eycle (1000 pixela) par display wideh. Since the sxample acoser ia providiag 1000 pixels per line for
aimultanzcus display, its Eormat and the capabilicies of the CRT image source dictate the mapping of
resolition elenente and ulcimately the conditions for mawimum AMD POV, 7The two example condicione ava
diagrammad in Figure 7.

For the cenditions ehown in both 7a and 7b, the mepping of resclution elementa vaflects bhat of the
senmor, while the cverlap ¢ondition and the total number of sensor pixels displayed Ly the cight and
lcfr eye imape souresn, hse been changed to achiezve differant bincewlsr hoerisental FOV: Foe the HMO,
Avea ABCD for both figures imdicates the entire binccular FOY thac the CRT's addressability/
resolution performance can support, given the requirement for l-l mapping of the sensor FOV onto the
HHD FOV. Area WXYZ répreésents possible overlsp conditions that the BMD CATs can support for the given
toral sensor resolution sod the totalfoverlap FO¥e for the WHD. Aroas WWZIU and XSTY represent the
resainder of the sensor presentation, which csan be seen by only the right or left eye. Aresa ABUD and
SBCT represent the remaining digplay POV, which the CRT's resolutionfaddressability performance can
support for the staced drive conditioms.

In thosa portions of the instantsnocus diepley FOV, whare aemsor information is mot displayed,
addirional peripheral sotionfreference cues, such sa arcificial herizon lines, heading tapes, eokc.,
might be drewh during the wideo vertiesl retrace interval, if vector graphic stroke aymboalogy
capability is present. Whieh FOV condition is denigned imto the EMD is application-depondent, although
the preponderance of the aparee human factors dsta on thie topic socms Eo indicate that waximum

pecformance beasfits occur at 50-60 degrees, increasing ar & much reduced rate for astill larger FO¥s
[13].
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FIGURE 7
SCAN FORMAT RELATIONSHIPS FOR EYPOTHETICAL SENSOR/OHD COMBLHATION

A complenmentary approsch bo ostablishinpg horizental FOV allawing direct analytical caleularicn is
to base the FOV determination on tha overall sysbom resolukiem [16). The relaticnehip shown in
aquation 1, relates eesoluCion performunce of the miniscuve ORAT imaga mouree and the sddvezeabla
resolution ele=eats availsble from 2 given imaging seasor. These velationships may be combined Eo
cialevlate the dasired herizoncal POV for 1=l mapping of the eensor FOV on the HMD, Using equacion 1
and the ssruoed CRISaensor performance, the desired hovirontal POV of the seasor display is 50 degress,

Completing the decermination of the maximum dieplay binoecular POV, then reduces to computing the
amount of binocular overlap that is attainable. This can be computed vsing the relationship shown in
cquation 2 [16]. Using equation 2, one computes sm overlap FOV af 40 degrees, The compobed Dorizoatal
and owerlap FOV conditions, wsing both relaticmshipn, conveniently results in a format very similar ta
that disgramied in Figure Ta. Of course, & oimturs of the two approsches and widely dissinilar aystem
conditions, might be combimed to yield significantly different resulta.



CAT FORMAT SIZE (mm) X CRT RESCLUTION ( Ip/mm)
I IRE . (mrad/DEG) % SENSOR RESOLLTION { Ip/mrad) (1)

WHERE: ASSUMED
CRT SPOT SIZE = 180 MICAONS (0.019 MILLIMETERS) CR
55 LINE PAIRS PER MILLIMETER {Ipimm)

ASSUMED
CRT FORMAT SIZE = 190 MILLIMETERS

ASSUMED
SENSOR RESCOLUTION = 0,57 LINE PAIRS/MILLIRADIAN { Ipdmrad)

EYE SEPARATION {mm}
2 % EYE RELIEF (mm) (2)

BINOCULAR FOV OVERLAP (DEG) = 2 x ARCTAN

WHERE: NOMINAL EYE
SEPARATION = 85 MILLIMETERS (mm) GIVEN 58.72 {mm]}
OF NOMINAL ADJUSTMENT

llaving an approach for derermining the vertical FOV ia also {mportant, espeeimlly simes human
anatomical factors meke vertical FOV more difficult to obtain for pupil-forming HMD eyatems [01].
Hominally, the monocular TOV will heve a 4:3 aspect ratio, whose wertical FOV will be determined by its
hovizoncal FOV and averlap cond{tion, ocven though the total binccular presentatiom will differ
pignificantly from such an aspect ratip. WHeowever, it is important to consider certaim othar ¢lesely
relaced technical factore wheose origine are partially lm the psychovisual domain and partially in the
systen deaiguer's domain, The poychoviepal consideratioms pertain meet importantly to the required
aize of the aubtended sngle of diaplay resolution elements Eo che eye wheén such imapery is viewed in s
vibrating environoent [06). The bagic amsumption ie that the wertical vibrstion componsat {norzally
having aw orientatico approximately perpendicular to the HMD scan lines), ie the largest and meost
imparrant component [06]. Hare, thé litarvature relating Co the viewing of HMDs, during wibration
suggests that acan lines should subtend an engle to the eye of % to & arc minutes. This statement ousc
be viewed with ceution, sincc observer angulst resolution is dependeot om & nuwber of interrelated
Eactors, such oo display luminsnce and ¢ontrast which are mok always specified with the dacta. In
addition, displsy opersting conditions normally regquive chac CRT scan line width be adjusted so chac
the scan Line structure is not wisible, However, sufficiast dyngmic vange should be permitted between
the minimum and maximus lesineaoce Revela, ouch that udable contrast is malnbaised betveen adjeoceat
pixnels imaged at different luminsnce levels on adjacent scen liness. Ta accomplish this geal, the
dieplay syotem designer neede to establish an acceprable scon line merge condition s ehown io Figurc
B. The merge comdition gelected should allow o reasonsble tradeoff of scan structure contrast and
vibration induced asrtifacta which affect visibility of the scanned image.
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[HPACT OF MERCE POINT SELECTION FOR ADJACENTY SCAN LINES

The CET bean width condirions depicted arve 12 - L4 microms at the 50 percemt response poinr. At
night, digplay of senvor imagery at this condition is earily supported by curvent oimiaturc CRTs.
Given the previous ¢xsmple conditiom of 750 viazible scen lines, the distance between scan lines has
been adjusted to LB - 19 microns. Thia allows scanm lineéd Co subteod sbout 3 arc minuces of visuval
angle for che 37.5 degree vertical FOV of the exsmple HMD, which falla cright between the 2 - & are
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oioute requiremént suggested in the liteécature. Tdeal geussisn repponse is portrayed, although, Ffov
some ministure ORTwe, the tails of sach apat profile may, at certmin CET drive camditione, extend out to
greater distanecs than imdicsted here [08]. wWhen adjusting GRT performance and UMD FOV to mecch or
preserve moat of the imitial sensor performaence, the designer oemuslly wasta e imsure that the sean
line widtha snd merge conditions are adjusted to achisva sinimuem scan line structute modulation
contTast (BLEMG), when adjacent pinels on adjacent sean lines are at pesk luminance. GComveraely,
maximum modulation coptrast is desired becween adjacent gesn linss, when every other scan line is ac
péak luminanes lavels and the adjacent piwels an adjacent scan lines are at their minimum luminance
lavel. Theee relationships are ahown, for two peparate merge condicionms io Figures 8a and Bb. A
ressonable design procedure is to select & POV and merge condition where, with adjscent scan lines ac
full lvminance levels, the SLEMC. is kept below Che human opérator’s ¥iseal deémand thrashold For the
fodulation contrast/resolution conditions obtainable from the syste= [see reference 23, (Pigure 29)].
It should be obvicus that the 40 porcent merge comdition vepresented by Figure B comes closeat ko
meeting the stated eriteria.

Finally, something curt be said about attesmpting to predict the relatiomship between cotal
mticipsted weight for the HND optics and #OV, One predictor, sometimes employed For this purpose, is
the Lagrsuge invarisnt [02] given by eguation 3. Tr expresses a relationship for a conmstent level of

LAGRANGE INVARIANT = Q = (EXIT PUPIL SIZEf2)(FIELD ANGLEIZ) {3}

cooplexity, se FOV is reduced from some defined mawimum, to obtain an eetimate of the reduction in the
complexity of the mumber of Hi{} eptical clements needed in & specific design. However, many other
factors affect this relstionahip, mueh as the basic optical design, inclusion of polychromatic versus
sonochromatic pecformence, imege pource format sice, snd materiala, used in the design and fabrication
of an HMD. Thoe, any ueeful geneval puppose relationechip is difficult to formulate, although, for a
ppecific desipn restvained to the ssme conditiona, equarion 3 can provide waeful predictive beachmarks.

DLIEFLAY OVERLAF FOV

Among persons involved in the use and develapment of binocular BMD systemns Chere 13 much
conteoversy about the amount of digplay oveclap to wee hetween the sonoculars. Figure 5 depicts a &0
dagree ovarlap conditionm for monoculara, with so 30 degree horizontal POV, er a 30 parcent averlap
candition. The approximate theoretical wawimuw For the eyes is 60 degrecs. This condition might be
obealaad with cercain UMD designs L€ the bocal FOV, euxit pupil, and eye Telief conditions were
eptimized to suppert it. However, helmet alippage on the head, the requirement for eyeglass
compatibity, and therefore greater aye relief, ete, make it JiEEicult to obtain. Sxperionce with the
Farcand Pancake Window simulator display system developed for the Visually Coupled Airborme System
fimulstor (VCASS) fmcility, which can be adjusrad for fimed overlap conditiona of 20, 40, and 60
degrees, has provided subjective indications that a display systim wikh meore overlap provides a more
pleasiog panoramic display. Receob; but not yet published experiments conductad by the Awmy Wight
Vision Laboratory with narrewar FOV HMDs seew Co sugpest similar findimgs. However, no definicive
study cxiste on this copic. As a2 minious guideline, it cen be atacted that, with aarcow FOV systeas
(those with menoculavs having a horizontal FOV less than or equal to &0 dogrecs), a full overlaep
condition iz desigable and, for larger POV HMD: at least 30, amd probably 40 degrees of overlap ia
desirable,

BELIT PUPLIL SIZE

The oxic pupil of an opricel system rhar has ona, ie & disc ta which all of the light fro= che
systom converges and from which it diverges, all of cthe lighe svailable to che eye, Jhea tie eye pupil
is eotirely withio the exit papil all portions of the HMD FOV may be viewed instantaneously and at the
meximum brightness that the system can provide. The definitions ope weually resds in optical texts to
define exit pupil are weuslly for conventional telescopes and microscopes, whero the entering light
raye arc nearly pavallel snd clowe to the optical exis. For these desigos, the aperturs stop, and
therefore the exit pupil, is wsually easily defined and emplained. However, the desipn constreints for
HMDe require that & relativaly latge sbject (the GRT phosphar) be viewad frowm a shock abjoct distance,
while still providing a eonbination of latge visval angle, large exit pupil size and encugh eye relief
te accommodate eye glamses, The relatively larpe CRT Format, being close o the velay optica lensea,
produces light rays that cmter the optical system at large angles from the extreme off-axis points of
the CAT format. The HMD oprics sperture stop may be a combimation of stops in the syetem snd is noc
ansily determined, 1t is wsually left to the optical designer to define it and insurs that ir is
obtained Por the deaired eye relisf and POV. WHowever, the systes desigoct musk supply a reasenabla
justification for the Adesired axit pupil size based wpon the anticipated luminance canditions, expectest
pupil sizen for the homan eye, the snticipated quality and stsbility of the helmek sysbem design into
vhieh the aplbice will be inbegrabid, cxpected environmental eonditiona durding oparational uwse, and tha
realitian of the oprical design and weipght penalties associated with inceeased exit pupil dinmcters.
It should be noted, ehat pupil size, ag deseribed in Lhis paper, muans tha croma sectiocmal dimension
over which ao vignetking of the UMD light ocours.

Pigure 9 showa a simplified diagran of the huosa eye, token from the Miliesry Handbaok of Opries
(MIL~HDB¥=141) with certsin oprical cometanta ineluded, whielh can be uged Co obtoin a Eivst order cut
at caleulating che required exie pupil size. For thia snalyais, the encramce pupil of the eye has heen
ansumed to be phyeically approximacely 3.0 millimetecs behind the cornes. The optical discance from
the cornea o oye pupil iy the phyesical distance divided by the index of refrvactien (3.05/1.137), of
the agueons humor, which ie .25 millimerers, This is abomt Che Loeallos, whore UMD optical designers
Like to design for the oxit pupil of the oprics to be Located. The center of votation of Lhe eye Is
appraximately 13 millimetecs behind the cornea, and thus the rotation cencer of the eye fa 10 (13-3)
millicoters behind the eyz pupil, not at the pupil.
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OPTICAL COHSTANTS FOR A “STANDARD EYE"

Figure 10 depicts the essencisl relaticnshipa needed to calculate eye pupll wovement, as the eye fa
rotated te view off axis portions of the HMD FO¥. Although sya pupil dismeter can vary from Z - 7
willimeters, depending upon display/ambient luminsoce conditions, the calculations were performed for
eye pupil aizes of 2 and 5 willimeters, which {p reprasentative of weriations rhat might be sbaerved in
a rotary wing sirerafe HMD applicarien. Using the dimensions and relationghips shown in Figures 9 and
10, equation 4 can be derived.

rlgin(w + vl

EYE PUPIL EDGE HEIGHT = h = ————— {4)

WHERE: o6 v = ri{r +4r), 80 {r +4r) = ricos ¥
AMD sin (W 4 v) = hi{r +4r)

For the 2 and 5 millimeter eye pupil diameters, equation 4 roduces to
hy = 10.00[sin {w + 5738%]

and
hy = 10.26(<ln {w + 14.10%)]
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The resulre of repeared computatisna wsing equabion & For cach pupil condition, are plotted im Figuree
11 out to 50 degreos off~axie, ropresenting a hypotheticel HMD design with a 100 degrec horizental
monoevlar FOV. The inherent sssumptione made here are thal there iz no field curvature For the HMD
exit popil ab che deslgn cye relief (accomplished either through highly corvected optics or opkicalf
electrical compensation st the CRT), and that the eye is mowing alopg its horizontal axis. One ‘mast
aleo consider the movament of the edpge of the sye pupil edge back from the plane of the HMD pupil o
the oye rotates, bocause the HMD pupil becomes smaller at sowe rabe dictated by the optical deaipn, as
one deparcs from che pupil locatiom at the design ¢ye telief point of the oprics. Thias distddce
denoted os "x" in Figure 10 cen be computed in & Fashion aimilar to that for aquatiomn 4 vaing Ehe
ralationehip ahown in equation 5.

DISTANCE BEHIND PLANE OF HMD PUPIL = x = r — hjcol {v + w]] i5)

The results abiained applying this relationanip ate plottad in Figure 1I, out Co an cye totation angle
of M degrees, which apain represents 8 binoculsr EMD systew with ¢ monocular FOV of 100 depreee. It
remaina for the aptical deaigner to specily to the VWD syatesm designer; hew exic pupil sirze décrcedses
as one moves awidy Evom its plane of maximum cross sectional araea.

1n addirion to HMD FOV =nd eye movement considerations, tho effeera of ewitr pupil eize an optical
Byaten walght oust be considered. For wide FOV dieplay ayetems, exic pupil sizes hoyond sbour 10
willimglers cauwse the weight of the BMD cprical slements to Encreass so substantfally that they quickly
baceme unscceptabls for aircraft helmet systemse. One can achieva & firar ent approximation of exie
pupil size and weight impact, on & particular aptical gystem desipgn, using the relstianship definsd by
equation & and illustrated by Figeee 13 [20]. To use the relstionehip expressed by equation 6, ouc oust
Lngure thiat the oprical design ia corvected for the Abbe sine condition [20], = relatiomahip thac
expresges 4 condicion that applies to optical sysceme frea af eerrain sherrations for off-axis points,
particulagly primary coma [21,28]. Moet high qualicy HEWD designs ace corrected for theae abecrationa.
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DEPICTION /ETFRESSION OF RELATIOMIATP FOR DETEEMINIEG EXIT PUPIL BIZE

For an F-Theta mapped syacem, such as the Farvand Pgncake Window HWD and, indeed, most binocular BMD
designe, the effective Focal length {(EFL) for the whole system cen be computéd from equation 7.

£ ICRT FORMAT $izE (HOR)| (1207
= x
[HMD HOR FOV [DEG)) T

{7)

Repulta, originally formally presented in roference [20], for both the growth in seoi-convergonce angle
sud relay opties waight, are agdin preaested here, by Figures 14 and 15, for completenses sud bto sEzess
the difficulty of obtaining Large exit popils, for the vamge of system focal lampche normally
obtaioable for HHDy (pee Table 2],

[J OLD PANCAKE WINDOW SYSTEM

(O ORIGINAL DESIGN FOR NEW PANCAKE WINDOW SYSTEM
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The remaining major factora effecting exit pupil mize ars the envirenmentsl oparetisg conditions and
che design af the headgear, Clesely, aiversfr operating in a high "¢" énvircoament oey need a Larger uxit
puptl to prevent display wvignetting due to helmek alippage on the head. This may be largely overcome by
daeigning & aystem with a smaller more conpact POV with lesa eye relief, which in turn preventz the
creation af significanc inertial moments that vould accentueta dieplay movement from axternal forecs.
Alaa, as will be presented, the design of an integrated headgear which sanoticipatee end attempta ko
prevent lerge helmet movements can alsa reduce the need for very large sxit pupil eizas,

Henee, 4 peneralizad worsl ¢ase condition might be hypothesized baesd vupon, (1) faazible operatipaal
designa, which will probably not achiewve a monacular FOV greater than GO doprecs hovizencal by 45 degrees
vertical {resulting in maximum off-axia angles of +/= 30 and 22.5 degrees vespectively, and therelove, a
radial emgle of 37.5 depreee), snd (2} the aparze human factors dags related specifically to BMDe, which
dugaests that the human operatoer does not usually mova hie evs off-axisa when viewing the HMD by morc
than 4/~ 20 degreer before moving hiz head. An important qoalifier here, as wentioned inm [20], are
binocular display systems which volsbe the NMD opbical sxis ko achieve grester horizontal FOV, uaeing
parcial overlap of the monoculare. Figure 14 depicts the exitc pupil cvoas seceion, as it would appear
lacated uormal ke the ey with ne Eilt of ehe binocular npl::i.:ul AXia ':Whil:]l. wonld he r:ml:ln;.'q:d far &
aysten having partial overlap of its monecwulars). Alaeo poverayed are impertant HMD syatem phyaical
relationships. The relationships portrayed by Figure 16 should be considered a worst case condition,
beesanss the exit pupil aize iz based wpon a fuwll Field condicion. LE the povcion of ghe Eicld (or .,
abjoct sizel, which must be visible simultaneswsly is reduced, thea the diimoad shape ares, ower which
the reduced field can be simultzoeouely wviewed, will become proporciomaily much larger. As Figure 16
shows, - the only hWonest apecification far eye velielfexit pupil size, ie one ther reeulte in the proper
positioning of the maximum cross=sectional pupil ares on ehe eya, Ocher posltioniag points Teawlt in e
ceduced effective exic pupil mize Eor no vignetcing. LFf tha orienteticn of the HMD exit pupil ia
normsl to the cornea, then syometric movement of the eye is passidle with similar vignecbing or lack
thereaf, However, if a2 noted in [20], the monocular BMD oprical sxes are turned aut to obrain a
parkial oveclap condition, theén the movemsnt to cne side of the exit pupil (rocmally the dirgetion Fag
divevgence of the eyeel, is restrained for the nominal Laterpupillary distance (IPB}Y.  This must be
conpengated for by adjusting the optics ta 5 somewhst wider-then-normal IPD [uepually by 3-3
millimeterel.

Given the preceding comsiderations, 8 worst case conditiom can be picked for the 5 millimater pupil
aize at the 20 degree off-axia posicioe, which results in 4 nominal indicaced translacion of + or - &
millisecers, 1f one then adds to this + or = J millimecera of translation due to helmer movement {a
eceasonable amount For 8 well designed integrsted helaet syatem, uged for 5 rotary wing sirceaft or
sipulater spplicacian), one areives ab o nominal oxit pupil size of abeut 18 millimebers. [n practice,
4t leaat for the breadboarded deaigpa liaced in Table 2, an exit papil aixe of 14 - 17 willimetecs has
been found ko be eufficieat. For applicsticns where weight is extrenely imporcant, & pupil aize cowacd
the low end of the cange would probably be selected,
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EXIT PUFIL/EYE RELATIONSHIFE

EYH BELIEF/CLEARANCE

Ag depicted by Tigure 16, the distance used to epecify eye reliaf, should be measured from the
viewing center of the final aptical surface clpaest to the eye, te che optieal position for the largest
cross—aectional area of the optice’ axit pupil with respect to the eye. Table 2 lista a ranpge of
different distances for the five optical breadbosrds, which were developed zz part of the VFD effort.
Ganerally, degigng providing 37 nillimetecs or more of eye relief, present no major operatiopal problems,
and allow mest eyeglasses to be sccommodeced. Howewer, it ia prudent Eo keep eye relief as gmall =a
poRsible, because for a given FOV, as eve relief incresnen, ke does the size and weight of the optics,
in & manner proportiomal to the design approach eupleyed, Another similap figure~of-mecic (FOM), used
o degerlihe display system positiening arcund the eye, is aye clearanca. Tha generelly accepced
ooaning of this tarm ia that it defioea the point of closent approach of the HHD combiner andfor
bagnaplitter asseshly to soy part of the eye. A curved/tilted combiner assembly zap often yield much
smaller eye slearanes digtaness than thoes giwven for eye reliaf. Experience with the bresdbeard
deaignn liated in Table 2 ohows that eye clearsnee distancca of less than 20 millimeters present major
difficulties, particularly when ite use in eo oporationsl sirersft anvirooment is contemplated.

COLLYTHWATI DN

For the VED spplicstion, it ig waually requived chat the displsy imsgery, whieh is overlayed on the
ambient or outside=of=ceckpit=scens be at opricsal infiniry {eollimared). This permita minimal ot Ba
vefocuning rime becween the BAD display and the cuteide warld scene. 1t L also important because the
heloet aighting aystem (a3 shown in Figurs 1) vaee bha YPD HMD to image ite sighting reticle. The reticle
i cleckronically aligned with the helmer eensor during the. syztem boresighcing procesa. IF the retiele
image ia not collimated, then theege will be parallax evror between the helmet gighbing eyetem and
external seene Eor targcts being designated by the diaplay sighting reticle, Collimaticom can be checked
¥ plecing o powarful (30w magnification ot higher} telesvope focueed for infinity in the HMMD exit pupil,
and checking For shoavpacas of tha dieplay imagere. If the imagery is io facus, one can wauilly b-:: anré,
that the display is collimeted to within a small fraction of a diopter, which ia notmally sufFicient.
limplay deaigns which hawe theie ¢ombiner surfaves sepacate From the helmet lens or visor, wsually
saintain collimacion much batter than designs that use the helmer vieer s4 che Llasc digplay imaging
aurface. Thia ia becawse visovs ave mormally susceptible to deformations duzing helwmet flexure, ete.,
vhich alter the focus of the display eyetem. Attempts ware made, early in the VPD HHD progtam, to
develop &n alternece Focus ar image location for the display format, eo that the dieplay imapary might
alsp be optically Located at the same dictanco as the cockpit iontTumentation when the pilot was
dttempting to intersct with ioteroel cockpit inetrumenta, The two conditions would be monitored by the
halmat position/orientation aenging system and the ineps locetion would be rapidly shifred suwtomaricelly.
Towever, noe compackt, llghtweaight odjuetoent mechaniom could ke found and attempts to achieve thia
function were shandeaed.

HAPPLHG /DLSTORT LON

For bimocular HMD deaigne, parbicularly designe whera the monoculsr fields are partially owerlapped,
P-theta mapping, which providas copstsnt angular resolution ever tha display POV, is ofcen Che baar
choice for the mapping of 3 diszplay avstem's angular vesclution [03,20]. Wowewver, Fetamzent thets
mapping, wheve the tangent of the Field angle ie proporticnal o the image source chordal height,
répresonts the no-digtortion mapping condiction, PF-cheta mapplng, where the image fiaeld angle is
rroportions]l to the image sowree chordal height, Fialde pincurhion distartion. Therpfore, scome Eorm of
campensating distortion, oomioelly representing barrel distovtion, must be igtrvodoced inko the CRT
imegery. The disrtoxted CRT imagery correcte or limearizes the virrual image of the CRT when viewed
theoogh tha MME cptica. Figure 17 depicto, in #imple form, tha mapping relebionphips between the esye and
GET, mud showa the devivatioon of Ehe relaBionship for tha required correction. Alternate explanations of
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thia problem may be found in [01,02,20,12]. The CAT drive electronics” deElection ¢ircuibty must be
desigoed to cupport auch corrpction. The VPI aystom {ntegrator must be sure thet bhe ceguirad
eorrection, and, therefore, eapansion or compression of GRT pixel specing ar differant povtione of the
GBI faceplate, cau be aupported by the inherent parfarmance of the CR1 and its drive clestromics. Tha
arctangent funccien isg difficelt £o implement with andleg diszplay elsctrenica. Therefora, GORT daflection
gecmelry correction ie vswally ioplemenced by e truncaced polynomial approximation, using Lerns auf La
thaicd grder, aa digcupmed later in Ehim paper.

Reaidual fiald curvatura.mesy ales be laft in the optical design beciwse its complete elimination
would regult in 4 lovget number of optical elements and, correapondingly, a hesviar deaign. This
regidugl field curveture is weually vedeced co wegligible proportisns by adding s corractive curvature ta
the CRT Euseplote, reaulting in some additionel complexirvy for the CRT, buc adding almost no additional
helmat aystrm weight. The ahape of this corvabture =ay bo elther conver or concava, depeading vpon bhe
requireaents of the optical design.

LICHT MAMACEMEWT (TEAMZMISSION EFFIGIENCY /MODULATION CONTRAST)

A3 mentioned mach earlier im this paper, the contrast achieved Eor the dieplayed imagery ond the
ampunk #E see=thraugh parmitted to the ambient acene is probably the moat important deaign velationahip
for moat AMD appli.csr:iuhs. This is especially true For the VPD, whera the head wounted display is .
suppnaed ta be che p:.lot & primary display dcv.ce, and is cr].tlcal for maintaining che required level af
“"gitwation awarensss.! For tha systems listad in Teble 2, the key to light mensgemenc and the
eatablishoent af the praper tranamicaian eEficlenciea Eor image souvce and ambieng llght is thes design of
the dieplay coobinar aod/er bramaplitter eloments.,

The, two most coomon configurations for the NMO ¢oobiner/beansplitter (G/G) componenta, &nd their
relationghip with veapect to the image source/relay lens input and aobaerver's eéye position, sre shown in
Figures LBa and l18L. The coatings vded on each of the Cf5 surfaces sre optimized for che incanded range
of npplicaticon including day/oight viewing with oyobology and/or imazery. They muskt tlie acconmodate
the performance of the image sowrce, and its capabilities to adjust for the crelative tranemission
efficiencies, for light arriving at the ey from the dieplsy imszge aource or the suteide scans, The wmost
afren nzad figure-of-maric {(FOM) deecribving che gqualiry of /R Vight managemont {derived in reference
[22]), is again listed here in cquetion 8 for completenses and the convenience of the reader whe might
wank Ep compate hypnthuti:ni casen far Ehe pyatems liacied in Tabla 2, Equqtl'_n'n B r:qu:EiEiﬂll Ehe maximamn
amount of HHD contrvart that can be achisved for a givea viewing condibion and the coatings design uacd in
a paceicular HHD design:  The walue obtained in Tquation 9, canm be convaluted with (muleiplied by) the
ayatem MTF computad For cthe CRT-drive elactronics and optica, to abtain an estimate of tetsl syatem WTF
[22,23]. The derivacion of gystem HTE relationships, for the GHO/optics combinabien, has been explained
in geferanse 22, #nd will noat be repeaced here. Values far Cd of 0.2 ce 0.3 are gencrally apeepted as
providing ensugh contrast to wiew line geaphics spmbology.  Values for €d of 0.3 te 0.9 are felt to

Erwidkj& ensugh sontrast, to portray spproximately 3 discernible linear v ¢ gray shades of imagery
24,23].

Inseriicn of a few values inco equacion 8, and a review of referemce 12, should be suificienc to
emphaosize the impoartanss of the type and qualiey of the C/B coat inge. Eyastems utiliziong a combinere
system lika thsat ahown in 18s, such as aystemsa 4 and 5 in Table 2, are, with current techaology, tuch
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WHERE: Gd = CONTRAST {MAXIMUM) OF HMD IMAGE
U = HMD IMAGE SOURCE LUMINANGE PRIOR TO GOMBINER
b = BACKGROUMD SCGEME LUMINANCE
Rc = COMBINER REFLECTANGE COEFFICIENT (*) (FOR YPD HMD

APPLICATIONS NORMALLY OPTIMIZED FOR P53 PHOSPHOR
GREEM ERISSION PEAK)

Te = COMBINER TRANSHMITTAMCE COEFFICIENT [*} (TOTAL
SCOTOPIC TRANSMISSION)

(") FORWAYELENGTH SENSITIVE COATINGS, INTESRATION CVER
VIAVELEMGTH IS ASSUMED

nore efficient light monagement systems, since they do not suEfer the approximate 75% loss of lusinance
at the beamsplitter'e mecallic coating purfece, ae ehown in LBb, and exemplifiad by aystems I and 3 in
Table 2. However, For the aame POV, aystems Llike & and 3, which uee privarily refractive optico ta
conviy the GRT (msge te the eva, asre wveually ouch hesvier than catedioptric designs, like syetema I and
3. 4e described in [l4), navrowband high efficiency multilayar dielectric coacinga hava been developad,
whigh are tailerel to reflect the prisary spectral band of CHT phosphors, such ag P43 and P53, These
coatings allow meost of the exterpal ambient Light to pess with oinimal sttemustion, except in the band
sat aside Eor reflacticn of the ORT imape ecurce Light. & drawback to Eheee caatings ia that thay
roqulye combinoe deeigas whire the incldeat amgle of the imege sowrce Llight ie almeost constant Rcrass the
entite FOY, ond they attenuate a wider {60 to 3 nonoweters) bandwidth than desired of the ambienr wisuwsl
specteum [14], A relatively naw type of veflective/crangmissive layar, dubbed a holographic simple
airror, has recantly become available, and actempts are being mede €0 incorporate this cechoology Lofe
Tl aystema, Folegraphic simple mirrerrs are wade from volume-phase reflection type holograms embracing
photochemical, interferemce and refraccive phenamena, and diffeact Light as gonventional mivrors reflect
Irght [09], They seen [0 hald promise [or moderaling Lhe angle-sonsitivity anl baadweidch problems
azsociabed wikh multi-layer diclecteic soatings [09]. Hultilayer dielactric costimge, with wide
reflective bandwidthe "notch cut" a significsnt portion of the ambient spectrum, often adding a slight
pink Einge to the ambient scede.  In canteast, the balographic mitror techoology offere the possibility
oE u'bl:::i.nf.ng VECY OarCow reflective banda of 10 to 20 panemetern or lena, which can be Exilored to bhe
primary emissiom peak of the phospher, thas allowing transalesica of more of the outsida ambient light.
tntireflection (AR) coatinga can be formulatad from & nembar of msterials [L4, 15], and must be applied
Lo prevent vawanted reflections that cavse fecood surEace 311u:ting. AR ﬁ?lﬂ.inﬂd in [22], Traoblens with
supondary image ghosts oAby be Lutbhee tedueed by sbriking an appropriate halaswse For the attenustion of
ambisnt light, from the outeide scens, ueing both surface costinge and continuoue sbaorptive media
thronghout the combiner material.

An sdditionsl issue, not often discusaed Cor BMD deaipgn &nd difficult to asseas, is the optical
gyatem MIF ond the televancy of data supplicd by the optics' mavufecturars concerning HEF. A relacion—
ahip, that can be waed ta compute s cloae nppru:inntinn to teaked Gptic.nl ayatam HT¥ perfoemance, based
upen praliminary opkical design datka, 13 piven in equetion 9. Using system 2, Table % ap am exzople,
the aystem £ vould be 109721, which equals 0,8, Hoewever, equaclon % must be medified Lo reflect bhe
syatam HTIF [ that of tha muasurcaerk u}':len:.IrHHD upnic&}, or the "relaeive apercure” af ehe sayatem. A&
ragaonable sstting for the meaaurament avatem iz an apevtuee af dmn, which peflects o widpoint for the
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aye's tange of pupil sizes. The f¥ of rhe meagsurement system is then 16.9/4, uwhich cquale 5.225.
Bging the wavelength for pesk green light for P53 phoephor of 545 nanometers (0.000545mm), equation 9
gives a diffraction limiteéd reeolurion of 434 lp/mm, Upiag the normaliced valuea for NTF, for an ideal
abereation free system |21], #s s function of percent of cutoff, given im Table 3, cne may plot the the
ideal theoretical WTF curvea Eor the MMD/teat inetrumentatian svabem, (sspuming it is well corrected
sud free of significant aborraticnme), as shown in Figure 19.

TABELE 32
ROBMALTZED MTF TALUEZ A5 A FURCTICN OF PERCENT OF CUTDEFF
PERCENT | MODULATION | PERCENT | MODULATION
OF CUTOFF | CONTRAST | OF CUTOFF | CONTRAST
0 100,0 55 337
5 93.0 60 28.5
10 87.3 65 235
15 81.0 70 18.8
20 74.7 75 14.4
25 68.5 80 10.4
30 62.4 85 6.8
35 56.4 90 3.7
40 50.4 85 1.3
45 44.7 100 0
50 39.1
1.0 AAEA OF PRIMARY INTEREST
WHERE MM IATURE
CAT PEAFORMAMNCE LIES
DA
b=
g HMDUWTF
IE MEASUREMENT SYSTEM
B % ¢
=
o
-
; 04
=
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d | | | | i 1 Ligar
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LINE PAIRS/MILLIMETER (Ip/mm)
FIGORE 19
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The brocketed area of Figure 19 highlights the region of interest, where the naminal perforsance of
corrant CAT image poureen fall, Current mimiature GCRTa reeolve less tham 40 Ip/mom. Similar plot: cen
be mada for a psrtigular HMD design, and uged to check both the resulte of opties acceplance tasting
snd combloed vith eguation 3, to hypothosize more exectly expected AMD sysatem pecformence. It muet be
strepsed thabk tha curve shown depicta highly didesl on-axisa condibions, Mesoured values Eor the
brackated area of ppatial freguencias, chat depart maykedly (i.¢., down to about 50 petcent tesponsel
from the repredentative corve ahown in Figuce L9, €do aot mecessarily indicate an infarior optical
design., However, the aireraft sensor aystes deapigner upvally ineista on reserving about 60 percenr of
tha total cansor/ /MR eyptam MIF for the seneov ayetem. The iwmplicatlien of thio rtequirement for the
opticsl design, ie that valess eloge o those shown {n Figure 19 sust be obtained, to dllow total
systen MTF requircoents co be mat. To pracciee, it has been possible ko achlove sueh waluea for
cereain HMD oprical dewigon.

COLDR

The incerporetion of a colec=corrected deaign inta the VPD HMD ppRica ia cectainly o desirable
fasture because coler imags eource inpuck car add sipnificant additiecal infarsacien and cues. Color
ipapery cay also nid "situwation awaréness,” cspecislly vhem the BMD sensor scene is tho primery impuc
from Ehe oubeide world., Mora iﬂpnt!khtly, CAT: ujlng narravband Phﬁﬂphﬂf!, which cay have lisniflcant
ppectral esiseion peaka at other wavelengths in Eha wioual specrru=, aeed not be fileered, and
therefore, all of their light can be uscd to moximize lusineance contraat at the displey combiner.
However, coler-corrected opties uswually repult ia & aysten with many more cptical elements, inercasing
helmet weight aignificantly. &s Table 2, shows, only on¢ of tha five VPD HHD breadboards ie a
polychromatic design because of the exCreme weight pensltice, that are asseciated with full color-
corrected desizan. An aven morc important factor is that the combiner, mwust now incorporate lower
efficiancy brosd apectrun reflective coacings for the HMD image eource 1ight, and, consaquently, the
advantage of using a4 narrow bond rafloccive/brondbond fransmissive costing scheme, to omuimize
trsapmisaion of Both the image soures and ambient light, i leet. Luminsmee combcant retion betwees
the HND imagery and the smbient ncene may slao ba roduced.

Manschrematic UMD desigon cequire naccowband pheaphora to aveid lateral and axial celar, Lateral
eolor artifacts produce a blurred sacond image of » different calov, duo Co diffeconcen in imaga
aagnification, The vesulc ia differenc image sizes For different wavelengtha of Light [21], Axial color
artifacts abow wp oo leagltudinal ehromatic sberracions, due co LLght caye of differing upeccral
wavalengeh, undergoing diffecent swounta af rvefrsction [I1], Thave colar sberrations ave often most
poticeable ak the edge of che AMD exic pupil. Tolerances for geisl and laceral color chac seca to have
worked well for the VPO syatess dce provided in the section concerning miscellancaus optical
specilications in Table &,

The phosphor of choice far che VPD AMO designd has boen P53, becauvee of LEo eéxtremely cugged thermal
and emission life characteridtics and luminows efficiency. The yellow=groen primary @éoiaslon mpectrum of
P33 provides '§p-;|~l color contcast ageiont colere found in lamd/pea terrain, ond ie close to waveleagthe,
where the eye's apecteal reaponse is at 4 maxinum. P53 though, hae aignificant rod snd blue o=ianion
peakes which sunt be resoved for propor uperacion with che VFD HHD rmoncochromatic deaigni. For dystoms
cthat cequive glass CRY faceplatea, atfeopts vaére madé Eo wtilize oultilayer coatings developed by Oprical
Ceatiog Laba Ime. (OCLI) betwesn the CAT phespher and faceplate that would both filter aut the ved or
blus peaks, and allow more of the green light to exif the Encoplate |15), Theas antihalation enakings,
whon uweed with a compacible angirgflection coating on che ougpide purface of che feeeplace, aleo enhance
the display contravt obtmined from glesa Eaceplates GRTe,  Preliminsry expervience with Chese costinga
stows that improved contraat and Juminancs dre obtzined, but semo residual and noticeable rod and bluc
light is atill tromamitted. This has required the inclusion pf a green tramamincive {ilver, to
completely suppresp rveosining céd or blug émigsions., For VPD HMD monechromatic designs which roguice a
sheped fiber optic Eacoplate, Ehe gresn tranamisdive {ilter is aleo needed. Use of the OCLL coatinge
with fiber optic fnceplate oyocemae has nob been poonible co dote, becauss cheir physical propertics do-
nak provide necepnary tolevance to the high ceaperatures to whicl the coestings/foceplace are subjacted
during the coscing deposition process. !

HISCELLANEDDS VPD OPTICAL SYATEM SPECIFICATIONS

Remainiog wiscelloncous VPO HMD system pacaacters and suggested tolevanceds that have praduced
satigfactory results Lor the beeadbosrd pystems liseed in Table 2 are liseod in Table 4, Some
ajditional explapation ahauld be given hete concevning tho requirement Eor IPD Jdjustment and alignmant
{allowsd divergense, dipvergence, ete.). The calculations for maximum wxit pupil aizé, covered
carlier, do not include provieion for cenfering tho HAD exit pupils [or an individual's eyé sapter-ta-
contar distances. Intarpupillary distamces vary from betfwoen 55 ta 74 millimeters for the lat to 95eh
percentile for adult humaas, @0 Some veddonibla sllowsoce must be made for this variacion o prevenr
vigonetting, while minimizing the rasge of adjustrent allowance, which can have 1 sipnificant impact on
che helmetfdieplay optice interface apd system weight., The varlation given in Teble &, epecifics a
range that appeurs ko have producaed satiefactory vesulfn, but ahould net be cansidered definitive.

Alipnment toletances are alde fclf Lo bz eritical, becsuse, <hile humsn accoemedacive (Eocus) and
convergence poverd ave dubptestiel, feilure te isgues propur alignment, cay veeult in fatigoe and
poaychovisual preblase af unsuapeated acigin during extended operational wes of a ui:niignqd pysteo.
Divergence, which is an unmatural and difficulc conditioa for the ayes, should be per To zero, This is
nornally easily accompliehed, because the binocular BMD is adjusted [0 error toward aome convergence,
doring mechanicalfelectronic aligneent, Yowvever, convergonce can produce fslae atercoscople cuce hetween
the monctulars and, thereloce, should also be miniwmized. A veagonable convarpance setting shouwld produce
an accapmedibion evrer of lasp than & centh diopter, This setting can be computed gyaing the
relationship, that convergense distence in millimaters, equals the interpupillary discance (IPB)} in
oilligerers divided by the convergence error ia radians. For a nominal IPD of 63 millizeters, and 17 are
pinutes of comvergence, an given in Table 4, the convergence distance in 10,938 millimerers or 10.9
matars. Sinee dioptern equal the reciprocal of distance in meters, the convergénco BILor Tepreasnis
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lzas than a tenth dicpcer, which is ao apprecisbly amelléer ecroc than that in predcription spectacles.
[t remains for operaticnal testing of the YPD binocular HMD to verify that this criteria provides
sactipfactory reaulks, or should be madified. Dipvergence should also be male ac ¢lage Lo zero ag
peagible ta prevent mismarch becween symbolegy or scan linas. dermally, a dimedsional tolerance of ons
scam line width (abeuc ] are ainutes) io desired, bur sanssr be provided by the eptice/hezadgearc
adjustzants slone, 30 proper electronic alignment petteroe and adjuscment capability, =must be
iocorporated inte the CRT display clectconics.

TABLE 4
SUMMARY OF MISCELLANZOUS REQUIREMENTS FOR VED HMD OFTICS

ABERRATIONAL DISTORTION
CENTER ... s P T L2 PERCENT
MaX, OFF. A}{IS OO —— 1 [ o 31 8- o1 (=)

COLOR :MONDGHHDMAHC APPHDXIMATIDN} . 535-555 NANOMETERS
AX|IaL COLOR .. : ... LESS THAN 1.5 ARC MINUTES
LATERAL COLDH . LESS THAN 3.0 ARC MINUTES

MAGNIFICATION IMBALANCE FOR
BINOCULAR DISPLAY CONFIGURATIONS .................. LESS THAN 1 PERCENT

SEE-THRU DISTORTIONM .........ccvnnimmissermmssammimssenrssiass semsssns LESS THAN 2 PERCENT
MAXIMUM CONVERGENCEIDIVERGENCE ..o, 1270 MINUTES OF ARG

MAXIMUM DIFVERGENGE ... ssnismmisnssn e 8 MINUTES OF ARG
PERIPHERAL VISION OCCLUSION v MINIMIZED
IMAGE-TO-GHOST RATID i nssneens 12001

MAXIMUM ACCEPTABLE LIGHT IMBALANCE ........... 0.5 PERCENT {OPTICS ONLY)
BINOCULAR IPD ADJUSTMENT ..cvimrmmmnirmsmmsnsrecesnne. 58 TG 72 MILLIMETERS

VFD HHMD LMACE 300RCE

4s cxplained earlier during che digcussion copcerning VED design slterpatives (pee Figere 33, the HMD
with head mounted amage scurce was selected as the oaly viable alternacive, given the current state of
technology., Great stridee are belop made with solid etate image sourcens, and lsser penerated diaplays
loam e the horizen as o potentially powerful elternative. Even so, sigsificent advancements have sleo
bean made in minfature CET technology, which scill eakes them the cureent bost eholee for a VPD HMD
spplication, Besides their basic light conversion efficiency and tesolution, there sre other reasons for
selectiog the CAT. Ose is that GRT image nourco techaology does not Lopose a atwict allocation of
digplay élements scross che display forsat whose relative aize and aceivation characceriscice ace
fined. Thersafore, horizontal/vartical smeothing (mcislissing) ceehnlques, may be applied Eo amopath
the appeursoce of straight edges (particulacly from ean-made objects), that croee the scaaning format
diagenally, peroducing etaircasing effecto and visual avtifacts. OCenerally, a solid otate diaplay
roquires paveral times the inherent roeolution of a CRT Eo match the apparcat smocoChasss of Che CRT's
imsgery. Since current oinizture CRTs cso provide in excees of 1 million resolution elementn, solid.
state displeys for HHDs have sigeificant perforoance barriers to overcome, [n seall asizes they
currently bave cuth lowar resclutico them CGRTe. In sdditios, & (BT imapge sourée may present randomly=
written vector graphic information, providing only smooth line zegments at sny orientation en the
diaplay. This eyzbolopy mey be updered at refresh rates mueh higher than norsal video field rates to
acthieve much brighter peak line luminance levels for daylight viewing, This ia podaible by uking
advaotage of optious chacge puupmg tcchnlqura, which some of the new rare earth phosphoza permic [04].
For thege reascns, only the CRT image scurce ie considered,

"

Figure 20 dopicte the direct impact on winiature CETe of cereain image source pacametérs due o the
requirenentyd for good dieplay contrast and reeolubion on tha HMD, avpecially when esploying o eoe=
through combinar. ORY Lina widths must ba Mept small, and active area Formac sizes made ae lorge an
posaible; giveo an oversll maximue allowed CRT diameter of sbout one inch. Line rates, refresh rates
and, a8 podeible, Jnode potentials must bo imcramsed to belance resolution and light convarsion
cfficiencien. AC tha sdme Eime, feceplaote controst cost be preserved so that iodividusl sdjscent
reeolution alemente reosin distinct and discernible to the cye. Thia requires 2 high efficiency, fine
grain size phosphor foroulated for opfimum lipht emispionftraneparency and therssl conductiviey,
coupled with a3 faceplate syscem, scch as chose using fidew optice, which offer icproved contrast.

To bring about substantial performecce gaime in the CHT du.r-u.; the VPD EMD effore, an strenpl was
zade through a4 ausber of ecudies [06,17,18], to {deatify major preblem aress, where imprevement had to
be made, These are listed in Teble 5. Improvemsnts in the problec sceas listed ia Table 5, had to ba
mada im the contedt of the design limitations impoged, by tha electromagnetic dtflnn:iants}du);
electrostatic focus lann (BSFL) ayetea, which bas been Eoun.d ke be most asuitable Eor miniature CRT
spplications. 4 representative GRT deaign, showing the major telationshipe batwesn intermal
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DIAMETER AT HIGH BEAM
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DEFLECTION YOKE
PERFORMANCE

CATHODRE LOADING

cogponents, is diagrammed in Figure 21, Although new and pronising alternakives are being dnveskigzabed

[13], nearly all ESFL designe for CRTa uee eirher; (1) bipotencial lensee or, {2} unipatenrial ar

vinzel lenmea. In geneval, betber center resolution is achicvable with bipotential leas CRTs than
unipotantial leng CRTs, hecduse of tha mora favorabls beam diameter magnification valus szacciaced with
& Firgr eut af decermining Che magnific¢ation and, thersfore, beam
Bpot aize Ei.;:;nuring the «Ffects oF the phespher facaplate ayl:-!tp.'m:l may be mede A rhown in equaticna 10

bipotential lens designs [L7,1B].

through 1%,
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OVERALL MAGNIFICATION = My = M, x M,

(10)

(11)
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For the CRT shown in Figere 21, which might opsrate at 4n accalerstion potential of 13 kilewvelts, and
nominal focue porencisl ef L3 eilovelre, & walue for My of L266 is obraimed, This value may be
sulciplicd by the vivtuwal erossover diawetcr, supplied by the CRT menvfacturer, te determine a Eirst
order approximation Eo spot size, ignoring phosphor/feceplate systen contributioms, Unipotential
lensea give baCrer center—te-edge uniformity than bipotential lenses [17,13], This advankape can be
overcome by using shaped fiber optic faceplates, which miniwize deflect{ion defocusing and using dynamic
foeus voleage correction, which minimizes Focus lene sberratione while mainteining the significant apot
oinification advantapge demonstrated by equation ll. Therefore, for the VPD BMD =ffort, bipobential
lens designs were given primary emphasie.

Ao accoaptad mothod of detaroiving a FOM for CRT performance, which is in essence one Eor spot size
or resolution, for a given luminance level, ig to determine the R3S (square root of the sum of the
squaree] of the individnual contributing factors to CET spor eize. Such a relationship, pressncad in
slightly different Form in cany refevences [12,17,18], and taken from [18], is gilvan in equation 13.
Por the VPO effort, the wajor design emphasia [ecused on maxiwizing the ¢RT'e final suode potentisl,
vhile remainiong within esfe operating limita, investigering the effects of iLnceeaning che Gy volrage
aod raig'ir:v. % cutoff, mawinizing the effective cross-sectiondl area of tho focus lems, improviog
deflection yoke characteristics, and optimizing phesphor grain eize/conposition/depoaition bechnigues,

iy = i npn * Emien + Fisnn + QB cne * Yoz scn (13)
WHERE d ., = TOTAL SPOT DIAMETER MEASURED AT CRT VIEWING
SURFACE
d, om = DIAMETER OF FIRST ORDER CONTRIBUTION
(MAGMNIFIGATION OF GRID 1/GRID 2 CROSS0OVER)
= P = DIAMETER OF SPHERICAL ABERAATION
CONTRIBUTION
dﬁﬁlﬁ = DIAMETER OF &STIGMATISM CONTRIBUTION
Oopog = CIAMETER OF SPACE CHARGE CONTRIBUTION

CIAMETER OF PHOSPOR SCREEN CONTRIBUTION

Douoe scr =

Raising tha [inal aneda potential affecrively provided more luminaace Eor Ché sameé beam ¢urcent.
Ttilizstion of & lower curreat, and a higher wolkage apevating wode meant thak, Fér particulate
phasphor sceeens, longet phegphor Life wan achiewed. 4lae, at 1} kilovelts or more, space charpe
sproadiog affects became oeglipible with the besm currents and beam travel distances found in miniature
CATs. Howewer, the higher anpde poteatials mesnt a siiffer beam for the nagaetic deflection wokes to
stoer.  Therefore, mew, highar current, low inductamce/low capacitance deflection yokea were designaed
[LO]. Theae new yokem alac tun coaler st highee deflection coil cureents. The deflection yoken are
deiven by apprapriaste highly lingar deflsction electronics cireuitry that cen support the high video
lione raktas, oftan naeded for WED epplicacions.

Haximum focua. lene diameters end gun limiting apertures have been successfully implemented in an
ipcegraced CET dzaign [L7,LE], These improvements ccupled with shaped Faceplatesa, rhe implementerion
of dynamic foeus correction iote the CRT drive electromics, and lemgthening the CRT alightly so that
the deflection yoke sssembly does nok overlap the focua lensg eleweng [10], have effectively raduced
sherrationalfastimatisn ¢ontelbuticns Lo about 10-15 pereeat of the total apor size. This may
roprasant 8 prectical limit ko a teduction of thess comtributions to apot eize, and left only Firvet
order contributions and phosphor sereen affects, where Eurcher reductiens might be obrained. :

The mejor fectors that comtribute to firat order apot zize are iaterrelated and exprossed by
Lanpeuir's equation (equacion 43,19, eefevence [12])}, as given here by equation L4, Ice form ia
darived For narrew—angle boam astumprionmy i.e., higher order cantribuficons to gpot sisec are
nagligible, bacause the radial displagement and angle of the besz sre kept saell [18]). Egquation 14
_then represents anm uppet limic for displsy performance {ignoring phoaphor acreen cenfributions), and,
gnce a4 ORT haea been aptimized for a given ecl of opecating cheractaristics; indicates the only poasible
wies, that higher current densities (mora luminence for e given spot eize) can be schiaved, A.cloger
look &t equation 14 showe Chat tlere ave escencially four pacdmeters which mav be varied to increase

P, = P, [(e¥/kT} + 1) sin {(14)
WHERE: P, = PEAK CLIRRENT DENSITY AT SCHEEM
P. = PEAK CURRENT DENSITY AT CATHODE
W = FINAL ACCELERATING POTENTIAL
T = CATHODE TEMFERATURE
g = ELECTROMIC CHARGE

k = BOLTEZMAMM'S CONSTANT

8 = MAXIMUM HALF-ANGLE OF COMYERGENCE AT
CRT SGREEN
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peak curvent deneity at the phespher sevcen; (1) increase the aceeleration potential, {2} inceesss the
sngle of convergence at the screen, (3) reduce the operating temperature of the cathode, and (4]
increase the peak emission eurrvent capability of the cathode. The scceleration potential has already
baen raised, and 13 wilevolets appears to be o maximum veliable opecating porential., Hedificscions te
the triade and focus lems design within tho asllownd dimonsional limits of miniature CRTE, have alsa
brought the angle of convergence te near ite sbsclute mexiwum Therefore, the designer is lefr with
the option of reducing the object beam disoeter. A practical way to accooplish this reduction is to
téduce the B) sperture {see Figure 213, which imcrvascs the peak ¢athode lozding. Projectiocns for peak
cnthode loading in sdvanced CRT desipgne currently predict pesk emispion densities of 5 to 10 aops/eo”,
which is well abowe, that which ¢an be obtained for standerd oxide cathodes, providing ressonable life
eharacteriacica |1B]. The seareh for cathode desipnas, that con mect these operatimg reguire=ents is
pethaps the chief remaining breakthroogh to be achieved for oimisture CETs with the performance needed
to accomnmedats most YED applicacions.

The remaining area lefr For obtaining perlocmance ioprovesents is Che phosphor screen
characteristics, A aignificant ispedicent to past performance ioprovements in this area, had been
knowving what the actual besm diameter wis, just prior te beam idpact oa the phosphor, This dimensiaen
could thén be compared ca che aport aize of light, emenating from the phoaphor, afrer impaer af thes
beam. At cthe starc of che VWD cEfort, AAMRL had a sigaificant parallel effort wicth ATAT, Ball
Labgratories te dewelep improved versions of siogle crystal phosphors (5GP} that had superior chermal
characteriscics and did not Auffer coulambie degradacion which causes diminished light cucput For the
aame powsr imput. Their cathodolumiescent qualicies, alaa produced a apot of light cthar was zlmasc che
same digmetsr 24 the eleccron beam apof, Lmpioping on the rear aucface of che phosphor [0%]. While
thess msterials exhibit superier contrase ac all drive lewels, they have oot produced the extarnal
luminous efficiencies originally hoped foc, Mowever, they have proven to be very sigallicant design
tools, aod have provided important cechaical iaeight into the improvement of particulate phosphor CRT
sereans. Fabricatad in splib-sereen wersions, where one—hall of the {RT screen has an sctiveted S0P,
and the other half & given formulation of a particulate phoaphor the GRT desipgner could then know Che
contribution te spot size wade By che particulate phosphor by measuring the change in epot size aa the
#leceron beam acsnnad seroas the tus maedic. Thio has allowed the importance of 2 number of partisulate
phosphor paramectors to be investigated, ineluding; (1) the optimizmation of phosphor thickoess, and
therefore, ita trapeparency to light gescrated by the ¢—beam for 2 given acceleration potential, {2}
che aptinizabion of geain aize oixturded, ta achieve high resolution, high luminous efficiency, wood
thermal conductivity and good operating Life characteristics, and {3) the evalwation af phosphor
deposition processes thar yield good percent coverage of the screen, and sprimized phoaphor grain
packing. These progesses, althawgh mueh wefined, asre still undergoing forther improvement.

Figure 22 depicts the performance gning achicved For an lmproved oiniatore CRT developed &e part of
a joint AAMRL/Hughes Aircraft Compeny development program, For the refesesce CAT, shown in Figuee 22,
maasurad at S0 parcent peak lusinance line widtha of 0.75 mila (19 microns) and 1.0 mile (25.4
micrenst, luminances of 11080 and 1300 f¢-Lamberta were obrtaimed. For the improved CRT measured .8c the
aame lime width conditiena, peak line luminsnces of spproximately 4300 gnd 7350 fe~Lambecls
ragpectively, were achieved.

The peak line lusinance FOM is wseful For indicating improvements made for aperating canditions
cthat wight be 2xpacted of an AMD for che presentstion of symbeology under daylight viewing conditicos.
CRTs of this type are also expécled Lo provide siwilar iwprovements For raster imsgery preasntations.
However, cooprehensive CRT messurement at different spocisl frequencies and lumipsnce conditions, made
with CRT drive electremics which are capable of preserving the inherent perfarcance of these new CRTs,
were not available in time to include here.

Operating & winisture CRT st the high lusipence, high current levils indigated in Figure 22 does
exect a toll, primarily & shorrenad apacaring life. The curreot fawily of ioproved CRTs is expected ce
provide only 70 ro 80 percent of irs poak peeformunce afCer 400 hpurs of operacion. The prime eulpeit
appesars to be the eoisaion characteristicsflife of the cathede, and not coulombic degradation of the
phozphae, Iwmproved cachode marerisla and deeigne, such g3 nev low noize variants of dispeaser .
cathodes, which operatec at power lewvels chag do nof produce gevere grid eoiesion, ere beiag sought, but
no clesr replaceosnt for refined high grade oside cathedos haz been firmly established. AE the same
time, Eurther itevations in éleceron pun design and phosphor scceen compositions sre expocted to
produce further ioproveoents of at least 2 pereent ahove the CRT perforaance depicted in Figure 22 by
the Eirst half of L3388,

INTECRATED HELMET SYSTEM (185)
CENERAL CONSIDERATIONS

During the VED UMD development Le was degtecmined chat a avcceasful VPD deaign effort would vequire
the design of a helmer whieh optimized the integration of the optice and imaga source components aboul
the head. Other tequire=ments, swuch sz the need o dewvonstrate a helmet ayetem that protected the human
in hoatile chemical aond biclogical enviromnmonts, alsa had an impact on the cypes of helmer systema that
wore evalved, TIndesd, probably almost all HHD applicatiocoe, including narrow FOV HMDs, would benafit
substantially from = custom integrated helmet system design. A perfect awample iz the Kaiser, Inc.
"Agile Eya™ helmer ayscesm which incarporgtes 4 heélmet ponition/orientation system and a HMBD, which can,
for twe different design variants, provide a monocular viger projected dizplay, with en instantansous
cirenlae FOV of either 12 or 20 degresa. Bacause of the posl]l FOV, this systom was :ble Lo lmpeove
upon helmet weight and OO0 characberisbios eurrently found in vawodified operational £light heloeta
intended for wae io fighter aiverafi.

For the VPl effort, the inteprated helmet deaign accempted to provide the necessary operational
safety while minimizing weight and optimizing GG, emhance the operation of VPD componenta, minimize
the impact of envirommentsl factors on the visuval/auditery funclions, and as posaible, pravide the
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_ FIGORE 22
COMPAETEON OF MINLATURE CRT PERFORMANCE IMPROVEMENTS

necesaary caomfart for exztended periads of-wear, Design features and congiderations that proved to be
sost inportant to Ehe suveeessful Intégration of each optical eystem desipgn were as follows:

L) The selection and pecformance of ghe HMD optics design
2) The helmetfoptica hesd atsbilizarion methodolopy
3) Helmetfoptics imterface issues affecting adjustment capability for the oprice
&) Basic helmec dasign alternativea
SELECTION OF UMD OPTICS DESICH/YERFORMANCE

The sclaction of a parbicular optical design configurabioa 18 jost as Lmporbant as its required
pavformance in its effecte on the effectivenesm of the final eystem hsrdwarae. The selections made
pften affect headfhelmer CG mare chan weight, Figare 25 illustvaces the mpst feaszible HMD oprical
systen configurations, The location of tha optical svaten'e head=mounted image sources imply a
particular ralay optics design to bring the image to the human's eyes, - Locatian 1, which indicates a
mounting location anywhere actoess the top or crown of the helmet, permits 3 Teasonably aiople and short
relay optics, but results in a significant madification of the head/helmet €6 and a "tepheavy" fealing.
Locationa 2 and J 3till aarmally utilize zelay optics of modest complexity, buk are located lower on
tha heed, sod have & lesper, but ptill sipnificant {sapecislly location 3} effect, on hesd/helmer OG. A
problem with locaticn 2, ie that it oormally cccludes peripheral viszion, and therefore, necessary
peripheral sation eues that are Important to military pilots during the performance of low lowel and
hovering flying tamks. One noteworthy advantage of location 3 ie that it provides the optimal path for
achieving large HND wertical FOVs, Howewer, if also preesents a wore difficnle problem for eliminating
atray lwages emanabing diveckly from the relay optica to the ayes., Localion & provides an optimal
location for achieving "operatianally -positive” modifications te the head helmet OG, but rTeaulta in
excessive helmer eeight for a given MY, This happens because, in supporting the high resolution/large
FOV operating conditions, esither heavy refractive optice or Fiber optic image conduite, must be uweed to
Ttelay the CRT images ta the eyes, Lacation 5 presents 3 compromize that permits shorter Fiber aptics
conduits or reasonably=sized high efficisncy vefractive relay optica to be used, while ascill peaulting
in a hesd/helmet 0F modification that ie altersd in a desirable directiom. Normally, locationm §
emplaya a eefractive relay optics design, that carries the CRT image up and owver the ear, to the
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display combiner without significantly occluding periphecal viaica., The WPB helmet systems dovcribed
in this paper heve made use of only mouncing locetioms 1, 3, and 5,

HELMET ORIENTATION!POSITION
SENSING TRANSDUCER

GENERALIZED IMAGE PATHS
— — — —™= FOR EACH IMAGE SOURCE
MOUNTING LOGATION

FIGURE 23
IES WOTNTING LOCATIONS FOR WPD UMD COMPONENTS

The alteration of bead/heleet OF ie a1 erifical paramerter affecting the selection of the HMD optical
design, The VPD program is now im tha breadboard atage, vhers dedigns and matorials are fluctuating,
and it has not beeo possible to predict head/heleet COF modifications, based upon dimensional
predictions of helmet relationshipe snd the densicies of the pacterials wged. Instead, the breadboards
are being completed, and then the Masp Propercies Imarvueene buile by Space Electronics, Ime. and
located at AAMRL, is being used to seasure the center of masefgeavity and determine muss moments and
producte of imertis. These messurecents will chen be weed to predict €6 bassed upon desired
modificarions to a given desipgn, ap improved agsteme sve fabricared far operational testing.

Une additiopsl important conmideracion Chat ¢an have a direct impact on integrated system depign is
the sesceptibility of the optical deaipn e seray lighe. Scray Llight patha can produce anwanted
reflections of ssbient structures within the HAMD FOV that compéte in a very objectionable maaner with
the digplay imagery. The two majer factors affecting this problem are the selectionm of the image path
for a particular optical deeigm, end the eye relief provided for the display's combiner, Greater cye
rgli!! leada to oore severs problems. Light originating from bebind helmet, or overhesd often preaenta
the most gevere ptoblem, Thesc problems, connot be fully corrected cthrough the use of antireflective
costionge, smd usvally require the addition of opaque sections around the optics or the extension,
and/or thickening of the helmet shell/linér combination, to block objectiomnabla etray light pathe.

HELMET STAPILIZATION

The inclusion of relacivaly large exit pupila and IPD adjustmone in tho optice/helmetr deaign iz not
enoligh to imeure, during normal viewingfoperating conditions, that the helmet system will mot move
gufficiently, thua vignetting a portism of the display'e inatantanesus FOV. ‘Therefore, some sort of
atabilizatian schems wuat be incorporated, While there are seversl oprione, the approsch chosen for
the VPD HMD offpck waw ong which incorporated an axygen mask thet could be rigidly held with reapoct to
the Tear porticns of the helpet, 20 suggesced by the helmet coocept Lllustrated in Figure 23 This
arrangement allows o rigid laver acrm to be formed, bacween the nape of the neck and the bridge of che
noaes, that resisca both vertical and xideways movemant of che helmet. Thia scheme has proved to be
very successful, 4nd clicinates most helmet positian hysteresia following rapid head-slaviag movements.
Gonfort/facial access muet alao be cansidéred, and most designa allow a mask dasign that can be opened
to one side, althoogh a deasign employing mouncing location 3 sometimes effectively eliminaces this
aptien. An additional bencfit af cthia type of helmet design ia that the optical daerign and aseociated
adjustment requiremsats mdy, through the rigid mask design, be referenced to tha bridpe of the nose.
Thia schame cffera one of the most etable, reliable reference methods Eor the eyes, given human
snstooical sharacteristics.
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BELMET/OPTICS INTERFACE I3308S

Three cypes of adjustments must be provided to properly positcion che opbles with respect co the
eyes:  hoelseatal {IPD), vertical, sud depth (eye relief) adjustments. IPD requiremants have alresdy
boen dipcuseed in sufficiemt detail, execept bo atress that the halmat aystem muatb permit ssparsta
indapendent adjustment of sach monocular, and the adjustment must be parallel and colinesar to insure
that misalignment oF the binoculsr scene doos nct oecur For different adjustment points, anywhece in
the allowed tange of movemant. Verticsl snd depth adjustmentz imply s personslized custom mounting
acheme. For the YD designs, this bas been accamplighed chrough the wse of & cuscom “thermal plastcic
liner (TPL)," developed by Gentex, Inc., and inflatabla alr bladders whose intecnal pressure may ha
controlled through the wsge of a miniature helmec-mounted finger pump and valve asesambly, opervated while
viewing alignoenc pacternz on the display optice. Investigations aimed at determining whether this
mountiongfadjustment technique providses the denived amount of stabilicy and comfort are aogoimg. Hajer
faaturag of the VFD IHS are depicted in Figure 24,

FEATURES:

1. LIGHT WEIGHT KELVAR SHELL 4, PROTECTIVE POLYCARBONATE VISOR B AIR HOSE COMNECTOR

2 PLEMUM {(PART OF LAYERED 3HELL, 5 OXYGEN MASK ASSEMBLY 8. FINGER AIR PUMP FOR EARPHONE/
AIR DUGT FOR WENTILATION) A HEADPHONE EAR CUP ASSEMBLY DISPLAY ADJUSTMENT BLADDERS

A STYROFCAM LIMER 7. TPL CUSTOM FITTED LINER 10. EARPHOME ADJUSTMENT ELADDER

11. VERTICAL ADJUSTMENT BLADDER

FPLGORE 24
LHS HELMET SYSTEN CHBARACTERLSTICS

HELMKT DESIGN ALTERMATIVES

The iakegration of the VPO optical pratobtypes inke cepreseantative wmiliraey headgesr oyatems, uaing
gdvanced Lightwoight Kevlar shells, bas resulted in 8 number of interesting helmer configursripns.
These designe were driven by & nuober of commideratiens, including the desice to achiewe the lucgest
POV exit pupil for a given HHD design approach, espected eperaticnsl conditioms in flipht test
aircrafk, abuse Chat novnal personal equipmest ondecgoes, difficulries wich doning camplex helmer
oyatems of this type, eafecy, pacticularly for rapid agress froo'a dagaged alr vehicle, and the
physical ptopecties of the designa aa discusaed for CC, ete. Geveral of the oore interssting IAS
.breadbosrds are presented here in Figures 23, 24, and 27 for systews 3, 2, and 5 gespectively, from
Table 2.

The Duasl Mirror aystem, Fipure 25, provides the second lsrgest FOV of sny of che deaipna and
gchievae che lowest apticnl systew weight., Ite deaign is cloaely integrated with the oxygen mask,
which aide in referencing the cptical alignment to the eyes, but complicates the ability to remove tha
mask when the helaet iz worn. The close integration with the mnask, led te a vear entty desipgn, which
eliminaces cumbersoms, overhcad doning of che helmec spd streamlines che placement of the oxygen mash
and optics over the face, The falds snd contoura of the helmet shell at its base provide rigidity,
while redueing Che aumber of Kevlar plys which most be used. The Ehickosess of Lhe helmet biners has
been increased co.provide impraove headform acceleration performance, and co reduce unwanted reflections
in the beamsplitter dus bto steay light ariginating From abave and behind tha halmat,

The Catadioptric system, shown in Figure 26, has a 10 percent smaller FOV cham the Dual Mirror
ayatem, buk provides mueh greater eyve relisf and fmproves ioape acurce transmiselion efficiancy by 2
factor of three. The improved eye rolief auvd image source/opkics inteogralion achicves a desipn, that
pernics Che aptics and image Apurce asdewbly, to be decached fram the helmet and stowed in che cockpit.
Such & deslgn prevents an expensive esssmbly from becoming a piece of perscnal oguipment subject ta
greater sbuse. Howevar, this cspability ia gained at the empanse of incressed helmet waight and
rotational moments, aod etrey light problems reaulting from a larpe combiner/boapsplitter sssombly
located s velatively large diatance fram the helmeb, Upwaed wizion, in pavticular, is greacly
resecicted, to prevent savere overhead stresy light probleme.
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The OFf-Aperture systen, ahown in Figure 27, depicts yet anather nowel optical pystenfhelmet design
approach, This design locates the CRT imagn sourcom wortically, at the rear of the helmor, to iamprove
the head/helmer CCG characteristics, This locacior precludes a rear safry design, but ite lack af
direct invalvenent with the stabilizing oxygen mask permits the nask to be reoovable when the helmer
pyatam is worn., The design utilizes a high efficlency refraceive aptical dosipgn to transport the CRT
image to the combiner mirror viewiog surface. This poraics wchieving lsuge scucce transmineion
officiencies of B0 vo B5 pecrcent, #ad also allows greater ambient tramamisspion, while pravidipg geod
image contrast, Excellent eve telicf and clearmance are nles charscteriscics of this design. Howaver,
syatan waight ir high, although use of rilltit optice and ether systom rafinomants could greatly
improve this cooditiom,

RELAY OPTICS
ASSEMBLY
OFTICSIEYE
ADJUSTMENT KNOB

HELMET LENS
OR VISOR

o OXYGEN MASK
ASSEMBLY RELEASE/PIVOT
BOUNDARY
FIGURE 27

PROTOTYFE OFF-APERTURE OFTICS/HEADGEAR BREADBOARD
IMACE SOURCE DRIVE ELECTRONICS

Although semerimas given smocondscy considezation, the image souree or GRT drive ¢lectronice, which
cantrols the binocular optics CATs as shown in Figure |, are extresely impartant components, far WPD
HHD applications. Their performance is a fundamental factor in thw modulation transfer functionm (MTF)
that the CHT can attain. The drive slockromicm alea control most of the important Eacteors relating to
the custpolzation/incegration of the CHT formats with respact to the optical desipgn. For this paper, =
relevane digcasaion of Jesipgn issues need only concern ifaelf with thase Lactors, which are ericigal ta
the proper integration of the CATe and cheir image [ormats, with the aptics and headpesr. The issues of
groatest importanco are felt co be:

1} CRT-to-optics mapping correction

2} Derotation

1) Electranic alignment

4) Dther CRT X:¥ Defloction issuss

5) Power Supply periornance
CET-TO=0PTICS MAPFINC CORRECTLON

A the discussion sssoclared with Figure [7 has alroady explalned, the F-thets mapped aptiea
produces a type of pincushion distortion which must be corrected by iopleoencing barrel distortion of
the CRT imagn format, As mentioned im [01,02], parcially overlapped oprica, which have their optical
axes turned cut, cen alao produce mild perspective distortion which i Crapezeidal in form.
Ordinarily, such distortions could bo specified by the optical designer, and che syntem designer could
insert the appropriate corrections usking a truncated palynomial approximation with sufficient
correctlon terms in dedicated correction circultey associated with the doflection subsystew. However,
given the variation experiemced between individual CHT electeon optics, the deflection yoka, and the
physical alignment of che deflection yokes with the aloctron oprics during the manufacturing proceas,
these ideal conditions canmet be obtained, Therefore, each CRT must be calibraced for the parciculac
HMD design, and the correction coelflcients recorded and entered into the control elements of the CRT
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electronica. MHocmpally, cerreéction terss Lo third order are sufficieat, which is fortunate, since cach
addicional arder inplies a coomensurate increase in deflection aleccronics bendwidch [22]. The
corcection terms most often wied are listed in Table 6. Thoir raspective elfects on the CRT"s X and ¥
axis ecan be found in referonco [O7].

TARLE &
CRT MAFPING CORRECTION TEEMS

X-AXIS DEFLECTION Y-AXIS DEFLECTION

X2, Y2 Xy2, xiy2, x3, y? Ky, X2, ¥2, %2y, x2y2 %3, v9

DEROTATION

For HHD applications it is spmetipes desired that the display foermot be waintained ar the proper
oricntacion with respect to the airerafe’s or slwelator's roll exie, repavdloss of che rall oriengation
af the head, and therefore, the dinplay presentation. Maintainlng the proper acientatlon i9 waually
decomplished through the wse of roll sensing provided by & holset orientation/positinn measurenent
aystem whose roll ocutpur is fed dircctly to the drive electronics or, if o 2 or 3—dimensional praphics
pracessor L being used, directly to that subsystem A3 shown in Figure &, lor a partizlly overlapped,
binocular system, the visual center of the optics ia off senter from Lhe CHT, and the deroration to be
performed invalvwes both a translat{ion and deratatiom en the CRT. Particular charscterintice arc set by
the VD design conditions. This correctien =must be perforeed at the [ield rate, at vhich the display
is refreshed. The resoletien to which this correction must be accomplished has already been discussed
in sufficient detall in reference [22]. Due to noise and bandwidth considerarions in the display
deflection electronic's subsyate=, and system iopleoentation iasuan concerning the wee of sensar
aystemn, dorotation of imagery ie usually pecformed by the CRT electronics, Derotation of wveetar
graphic ayobology is bast accompliohed at its source, and then trananiteed ia corrected fora to the CAT
drive e¢loctranics,

ELECTRONIC AlL[CHMENT

Ao previously discussed, some electronic alignment must be perforned, to correct for residual
ereors in the alignment of che oprtice and in the reproducible characteristics of individual CRTs.
Although complex alignment patterns have been enployed to carcfully check the ezact hoeizontalf
vertical alignment of partially overlapped binoeular displays, the sisple patteras shown in Figure 18a
and 28b arn weually sufficient, The pattern shoun in Figure 28a has been re¢omnended in the
literature, however the pactesn shown in Figure 28b appears Lo produce better resules, becaure there
are no identical structures presented to both eyes which che eéyes might attempt to converge to
identical retioal correspondence points. In addicion, the pattersn shown in 260 provides éxact endpoiat
natch capability, not provided by some of the open zeticle patcorns, which provide only horizeatal
Lines to one eye and vortical limes £o the othor, Alga, results obtained az AAMRL show that thesas
patterns must bo flashed in order Co prevent improper convergenco of the display. A dutky cyele pattorn
chat soems to work well is to repetitively flash the patteros on [oc about 75 ailliseconds, followed by
a 100 eo 125 millisecond dark perlaod.

OTHER CRT DEFLECTION TESUES

In sddition £o issuen relating to CHT X:¥ deflection quality, A nuaber of other issues are
deserving of spme discusaion. Due to the high resolution magnificd CRT format imposcd by the ¥YPD ¥FOV
cnnditinna‘ where the sane image point is transmitted to cach eye Lthrough diffareant PUIII‘.QHI of n
partially overlapped optical system, on-axis defleclion limearity is critical. Linearicy is usually
gpecified to be ia the range of 0.3 te 0,25 perceat. To achieve such linearity with niniature CRTs, a
class=A linear deflection amplifier desipgn is mormally required. Class A amplifiers causd heat
dissipation to become an imporcant design issue. VFD CAT design which stresses hipghar acceleration
potencials and, therefore, sciffer e-beams, exacerbates this problem. To support this pecloroance, law
capacitance cabling and low inductance/capacitance, high curcent doflection yokes using only ferrite
cores arn amployed. Theda raquirements, coupled with thre deaire to achieve s=mall dimensional sizes for
the electronics, often requires the use of conduetive liquid cooling, rather tham coavective air
cooling for the CRT electronics.

Alpo, an can be obeecved {rom Figure &, the CRT {# overscanoed in Che horizontal directlon te (1)
ebtain the largest format peanible for the normal 4:3 aspect catio, and to (2) cvane the optical design
problen, To pravent domage at che ¢dpe of the ORT caused by rloctron beam heating, the beam oust be
blanked {turned off} sutomarically ac a given radial distance, weing an operating mode oocoally
referred to as “circular blanking'. The extinction of the e-beam is controlled by the magnitude
(lx+¥l) of its radial diatanca from the deflection center of the CRT, based upon CRT quality area size
and any additional deflection correction control that ie active. There arc several methods esployed to
accoaplish cireular blanking, howover, methods that eoploy slev equare root circultry are to be
avoided,
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FICURE 28
BINDCULAR DISFLAY ALLGNMENT PATTERNS

POWER SUPFILY PERFORMANCE

The HYD optics magnify the ULP fuceplate imagery, from B to 19 times that of the eciginal imagecy.
Magrifications af this order are sufficient ta make electren hean spot noise, rastar line jitter and
drive electranies powss sepply toise both noticeable and abjectionalile. 'This makes power supply eoise
aod ragalazion apecifications wvary izportant.

Tha intaraction of the CAT drive eleccranic's powar supply noise and ripple wich the display
imagery, can produce coaplex effects, Thede arcifacts produce movement of the display imagers wisible
e the homan aparater, depealding span their Frequency and amplitude as a4 funecion of angular sebbenoe
en kEhe ﬂi.llp].:l". This i= ;::rl.il:ul:rlr tsua Far :i]i':.'lr:,r paver I1t[l1l|.ic|.. ehat aeilizn 'I|ig|| frnql:ﬁm}-
suitchimg designs. As an exdsple, congider Lhe implementatioa of a [225 line, 2:1 lnterldce scan
Farmak oa an MMO0 with a 53 degres haelzanzal FOV, Tha scan line "on time® for o 1235 line race is
gpprexlmacely 2B zicroscconds, which implies that one degree on the dinplay equales about 0.5
nicroseconds, Since visewal contrast sensicivity peaks ar about 3 to 4 cycles per degree, a switchlog
power mupply with a ripple Erequency of & ©o 6 pegaherts had a switching frequency thoat could cause
cyelical patterns where the eye in nost sensitive. Alternately, a switching supply operating at 509
kiloherez, nay he sufficiancly vasavad, OFf ripple amplicude ia low enougl, To aoderace such of facra,
The polnt here is that iuteractions of this iype should be thoroughly iovestigated for all anticipated
speracing conditiana.

Tha adilicy ta obtain the needed perforeance s, in curn, dopendent upon che specificacion of a
reasdpauble ser of CRT voltages, wdjusinent ranges for those voletnges, and the aaximum operating.
currents that are allowed, Tahla 7 provides a sot af specificationa for che lateat CHT designs chat
provide aperacing wmargias whileh pernit minimal power supply nobee and regulation requirements oo be
ek,

TABLE 7
CRET DRIVE ELECTRONICE FOWER SUPPLY REQUIREMENTS FOR IMI'OVED 5TD BLPOTENTLAL CUN CRT
| _vouage | cumment | |
vours | MICROAMPS RIPPLE
FPARAMETER MIN MAX MIN MAX | AND NOISE | REGULATION
ANODE iSCAELN) naed | 1250 @n ang =005 I =0.5%
Gy [FOCLE) 1000 20000 o0 1,002 =005 =0.1%
G, (ACCELERATOR) 300 1,500 0.0 100 = 0.08% | =0.1%
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