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ADSTRACT

Inage filtarng in sampled dynamie infraved sene prcjestian systama s examined from the paiat of view of praviding
. improved izsght inta the choice of the pixel mapping ratia between the projectar and imaging uait-undertect
Tho to dimensianal sector analysi wndesying the ranfer of image infarmation in such ayaterma i reviewed. and.
i applied to the dynamic infrared scene projecian case. I is shawn that the 4.1 (2 x 2 - 1) pixel mapping ratia
‘proviouly xecommended ia a decizablo criterian ram the spatial fdelty siewpai, particulaly when high spatial
‘Srequaney infarmation resreeeated by peiat sousees and scena edge i beizg projectad. Cant sunstraint cas, hareres,
provent the 4 | mapping ratio from being met, in which case the effcts an havdwared-thelasp simulation alidity
‘2eed 0 bo ecamined carefily. Th vector analysi presented here provides a tacl useful far the futuro examination.
of much saee

Keywords: dymamic infrared scene projection, apatial fiteing, sampling, lining, pizel mapping ratia

L. INTRODUGTION

Qver the past few yeams there baa been cansiderable dsbatei~* o the mubject of the decrable level f avemsampling
within pizelated infrared scens projection systems. The mappiag of four projector pixels anto ewh imaging unit.
under-tect. (UUT) pixa haa gonerally been recommendad aa & conaervative esiterian that mbstactially retaizs image
ahaspnees while adequately upprecing aliasing astifacta

In this paper the two-dimensianal vector analysis underlying apatial liering in sampled imaging syaterms ia reviwed
it the abjecive of providing aa impraved guide aa to the choice of projectar/UUT pie mepping ratia within
dynamic infared scene projectian applications. The analysia pravidee & tacl fa quastifying the spatial ltering and.
aliming effcta oceusring in such systems aad the extent of the inevitable trade off that must be accepted.

T is dhown that the computer image generation/ nfrared prcjection and imaging unit-under-test mubsystems cpaate
similarly in image Sdelty term. It i shown futher that the 41 (22 : 1) projectar/UUT pixal mapping ratic i
indoed a deaable dusice fax a mumber of rewons encampading spatial noise redurian, dead pirel compensalion
reduction of paint sauree and scens artifacts and relentian of image dharpnem. I is recogaized, hawover, thal
Projectar amay cota can be a limiting fartor and can lead ta the need to sccept a lemer mapping raio. The
poteatial effcta on the valdity of hardware-n-the-loop simulaticn procedures must then b addsased, partictlaly
when image informatian at bigh spatial frequency (s.g. point sourees and scens edge) needs o be projectad. I
et case, the vectar analyia pesentod here provides he bsia far gaining an imprased insight inta the kely ofcts
@ image Bddity®
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2. DYNAMIG INFRARED SCENE PROJECTION SYSTEMS

& typical application of a dynamic infrared projection gyatemn for missile seeker simlation within a hardware-ia-
thelocp (TWIL) ewvizcament. is shawn in Figuse 1. The uait-under teet (UUT) ia mounted an a cantral Saxin
motian table whero it is driven in pitch, rall and yaw while, for the case illutrated, the dynamic infrared scene
projeciar ia mounted on the bwo outer axse f the f-axa system. Targel. pastian and rate cammands are ddlivered
fram the simulation praceaore to meve the utes axea in respanse o target motion while rangs, wpect, and velocity
infarmation is ddivered to the camputer image genaatar (CIC) ubaystem 10 control the realtime infrared scene
information that is generated. This soene information a trazaformed into an infraved radissce map and is prajected
by the dynamie infrared scene projectar ato the eatraace pupilof the UUT. The guidance commanda that themimile
snclr generates i regpanse Lo the arget euvironiment it percaises aro fed t the amlation praceeore and are wed
o genecate seal.time sommands which cantral the mtian af the inner thres axes. In thia way the misile esker i
effctiely ‘o’ againa a complex tacge. scenario i the abaratry ITWIL exvisenment. Othes ITWIL systems may
diffa in that. the infrased projectian sysem may not need La bo mounted within the mtion table environment. AlL
barwever, fllow the same general philosaply af sttempting ta seplicate the resl-wazld cpeeatian of the UUT within
the labaratary environment.

Tho dymamic nfrared scens prcjeciar is acrucial slement. within the imaging nfrared INWIL systers and s such, haa
received considerable L&D attention over the past decads. I i anly e he past 23 yours, howevr, that the frl
viable infrared prajectors havo begun o be deplayed and the focus of RAD attantian has maved from am@mment.
of viability towada perfarmante optimization iz, One af the arew af greatest. cantention has surcunded the
decision prosesn 82 to hare many projectar pixel should be mapped gecmetsically oata eadh UUT pixel. While it in
generaly agroed that a 4:1 mapping ratia s a gaod conservative dicice thero has been inmficien detaled analysia
ta allow this choice to be tharoughly mpparted, pasticalarly in the ight of the cost. implications amceiated with
ineoeasing the mumber of projestar pixsls, The chijective of this pape to add ta the level of discursion on the tapic
nd to provide an analytical toal weful for guiding the decision. malig praceaes.

Tho fundamental problem with azy digitl system ia thal the real wexld caanat be replicated faithfully over all of
ta textural richoem. Lnstead, for image projectian aystam, the level of detal s chcmen aa & trade-of betwean the
cant of providing detailed imagoinrmation and suppredsian of the mare abectionable features of syathetic imagery
that clearly do mot replicats real-warld effects. In dynamic infrased projection systema both the infrared projectar
nd the imaging it under.teet. a0e mbjsct ta the same type of trade-of. The UUT should be designsd much that
ta perfamante mesta custmes expectatiana while the nfraved projectar must be desigad mch thet any axtifata
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Figure2 Dyasmic infiaved scane projection system

intsodced throngh design ccmtrainta are reduced ta the level wheve the perfarmanse of the UUT ia nct sgnificantly
@iffat. om that in real-world aperational canditina. Otlerwise, the INWIL sizmulaticn procsdure would be prae
1o gensrating misleading informaticn an UUT performanes capabilitiss. The heast of the premt. problem thevefore
lioe with the dedsion a2 to how much deviation fram real-warld bebavicus can be talerated befare the simulaticn
becammea invalid

The slements of sn imaging infraced ITWIL simulation systen that influnce image Sdelity are shavwn in black form
in Figure 2 Tn this poper we chall not addsee th exact methodology by which Lho synthetic real-time scenea are
generated_ Tha has been discumod proviauly by (larho ef af* Rather, the camputer imago generatar i reprosented
i termanof ia net affct on image idelity. I sesence, it a argusd that. the CIC aubsytem can be modsled as a perisct
scene genesatcr followed by & CIC, filtes and. a sampler. Tho CIG fller roprecenta ho amalgamation of the apatial
Sltering procee that, descrlbe the nen-ideal operation of the seal scene generatar while the sampler introduced the
discreta mature of the digitized autput scens nformation. Thia information a converted inta individual anslog sigasla
nd delivered 10 tho projector whare it i trazsfarmed in infrared s gnal rdiance which ia collimated and projected
inta the UUT extraace pupl

‘Within the imaging UUT the projected scame irradiacce a facused at the image plaze where it is sead by a line- @
paist, rater trazsducer and cctverted izka slactzonic farm. At the cutput of the UUT the imageinfarmation a either
diaplayed . a menitar and viewed by an aperatos ox, aa in the ITWIL simulation systen illustrated in Figuro 1, i
asmed ta a image prosessing cmputer aad used to generate guidanse ar other autput cammands,

Themost notable eature withia Figure 2 s thesiilasty between the CIG/ projecton and UUT mubeystem Tnimage
ety terms each may b reduced to a preasmple flter llomed by a sampler and a pest aample (o reconstruction]
ltr. The functicnal requiranent is the same: {0 procea input. scens information and delier i in a new form in
uch a way that maage degradaticn fa minimized. The theary auitable for ameming the requizenenta or pre- and
post-sample patial fiteing in bath the CIC,/projection and UUT subaystems (and theix combinaticn) a developed
below in Appendix A

Nte fxan Tigure 2 that bacause & confugate cptical plaus dase ot exist between the prajectar aud the UU'T it ia

ol pomible o separae the funch i o Lo projector colimation apics and the UUT focusing aptice. Tstead, the
Cpocation ofthe (16, projctos/UUT eyatem must be decribd by & campaite quaticn

ot {[c, [(..(,w.a.(x))a;’i:s(x,.;.)] ﬁ)_.d(x]]Cu&iﬁ[x*u*h’ﬂ)}uhmn[x) o
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(which in cxmpriond o the comvolutian of companent funeions represeting the projectar pixa, the projector/UUT
ccunpaite aptical systam aud the UUT pixel) playe a dual rcle alsa 2 the UU'T pre-sample peint apread foncticn
Ia real-world aperation thia later fncticn ia provided by the facusng aptica and the UUT pixel alame. In esence,
th fundamental ciffeence betwoen the real warld and the amnlation ia thel in reslvarld aperation the izput.
scene informatian i injected inta the UUT eubagatemn wil i the simulation it is injected inta the CIG /projectar
aubeystem. I i the difference.therefore, ariiag rom the presence of the CIC projector flter and sampler that
oo Lo be explard i teros of their nel. effect In causing deviatian frm el wald behavion.

3. UNIT-UNDER.TEST SPATIAL FIDELITY CHARACTERISTICS

B e proceed to exaiminethe initatianscaumed by the preaee of the CIGpofectarsubeystec it i necomacy
Lo emamin the aperation of typiea imaging afrered aretore. s sean abave veugh the steeture of aqn (1), o
apatial information ratfer terme the CIC,prjecr and imagiag UUT ubayatems ave not too disimilar. Both
‘Precess e information aad aethes fs idesl. In sansteucting & smulatias pacedure, i i deirable that at east
come kncvladge o the expected spatial Sdelty dhasacterisics af the UUT be avalable i cedes t guida the trade-
o that underti tho dee g f th CIC,projectar eubayster. After al it i osly necemary o dedga the simulatia
eystn ta the level whave sny scene degeadatian that a ntsadused doss 7ot have a sgaifcant efet. an the UUT
peration, sather than attempting t seek aa uasttainable deal scution ¢

Tho patial Gdelity cansiderations of an imaging ifrared UUT positioned within  dymamieinfraved scen projectin
aystam have been examined previudly by Williams -2 based an the clamic taevison image quality aualyea by
Scliade T Tho emenice of that,price analyei a embocid ahcveizeqa (1) where it iaseen that bth theCIG projectar
0 UUT subegatem samplers are accompanied by pre- and pcat-ample lter. Theoe ave ementia fx relucing the
actifacta (aliasing) introduced by the sampling procem o tlerable leels while a the same time enmuing that 4
nch image sharpre is rtained s is pracicable

Schade suggested that in ander ta accamplish the sbave dbjective a sesble trade-of fos ine raster systemna was ta
deign the pre- and post-aample fiters such that heis point gpread fnctians extended over tvo adjacent pixels. Thia
ccrreapanda ta the transfer functians of each (given amumed Canmian shape) being reduced ta 38% at the Nyquis
frequency (which in ane-dimensional ssmpled apaterna equals balf the raser frequency; refe to Appendix 4). The
‘maximumlovel of thespuriau txansfer function intraduced by theaserlap ofthe aliased campanents was then rdced
%0 0.38% = .14 a the Nyquist frequency. Thia campromios llowed fax satiafactry {ransfer of high spotial Eequancy
infarmation, at. the ecpeso of some alissing inta the low spatial frequancy domain. The averlap of neighbouring
paist spread functians in the spatial fequency damain alsa came oo way tawada saisfying the decized ‘at fdd"
scndition? governing the discernibliy of the line o paiat raster intraduced by the sampling prosee. (Refe ta the
‘malysiswithia Section .2 bakow).
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4. COMPUTER IMAGE GENERATION AND PROJECTION SUD-SYSTEM

The apatial Sltering and sampling characterisics of dynamie infraced scene projection systems have been dscumed
oselier by Williamo, -2 Tho precent. werk epraenta an upgrade inta an impraved fam mutabl fa the tudy f the
practical spatial idelity problems in infared prcjection aysteme.

45 can be seen by reference to both Figuro 2 and Appendix 4. the presence of the CIC prjectos subsysten adds
sausces o alisming and spatial Sltering aves aod abave that aceurring when the UTIT is aperated ia the Seld. It was
shown in the ealie study that when faur prajectos pixds were mapped anta a single UUT pixel and the projectar
pre- and pest-samplo fltes saisfied Schado's critericn the additianal ltering woa reduced o a lovel where it waa
unllaly ta iavalidate an imaging infrared INWIL simulation procedire Tusthermare, the alising attributable to
projeciar arsay sampling wao reduced 10  lovel amaller than that attzibutable ta the UUT. Tho &1 pixel mapping
satio haasines been regardad 38 a gaod canmervative chcics (in the image Sdality sense) mitable for mat infrared
projection applicatiana. There may, hawever, be some applications for which the chaice i regarded s being toa
canservative: nctably, when litle high spatial frequency cantent a present in the scem beiag projected a whare the
UUT pre-sample iler yields an afective cut-f frequency well belcw the rastr frequency.* Because of the signifcart
ccat implicatioms smodated with the fabrication of the large awaya necemasy ta meet the 4:1 mapping ratia it i
iz, thereioe, to cansider each applicatian in coztert. Tn the preset. setian some of the gpatial idelty implicationa
assaciated with the cheice of pixel mapping ratia are ecamined.

Defare proceeding to cansider the applications that typify infrared scene projectian it i of intereet 0 note thal twa
other remams suppart. the chaite of a 4.1 pixe mappiag pracedure. Fietly, spotial moiae atisbutable to projectar
pixel ncnunifarmity is reduced’ since, in geametric tarma alome, the canisibutians fram faur projector pixels are
intagrated an ewh UUT pixel. Secandly, and. perhapa mare importantly, deed. pizels and oven dead lines can bo
‘masked by the redundancy availablothrangh the precence of exiza projectar pixela ™ Although, scbust dead pixd
ccmpensation algerithas have yet. ta be develaped thia i Hkely ta be an area that receivee ccnsiderable future
R&D attantionWith 4:1 mapping the changes reauling from the application of auch algorithma aro sub-pixel in
ature at. the UUT facal plane and hence there is good patential that the presenco of dead projeciar pixel can
b saiafactorly ccumpensatad. Thia is impartant when the UUT and projestar ave used in sonjunetion with image
‘procesom sensitse Lo poiat saurce and edge efects and these based an signal-to-noise ratio mewurements (since
doa pixels epreasat. additianal noise sourees). In much spplcations, the uncormested preasace of dead pixels cauld
cause apuriaua operatianal bebaviar in acy simulation pracedure. Note that. cluters of dead pixel cause ad ditianal
‘roblemna that werdd be diffcult to et under aoy cizeumatanses.

4.1 Computer-image-generated point sources and edges

Tho problemms caused by peiat source tasgela have been highlighied in recent yoars by xesearchers at. the Kinetic
enesgy woapana Tazdwase Inthe Loap Simulation (KIIILS) faclty at Ein Aix Force Baso. In postcular, Jones,
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[image: image8.png]Olom and Murrert hase examined the paiat source eficts far diffrent rogistratians of the projected ensrgy an the
UUT pizel and aloo the effct cn the centzcid of a paint. cource targot when dead pird campensation tedimique are
employed.

Tho poiat aource case is pehapa the mast difficul 4 e in tho imaging infared simulaian environment because,
by s very nature, a paint source cantaina spatial frequeny infarmation caveriag all fequenciea. Cleasly, it ia
impomable to simulate an exact peizt aource tasge in a sampled camputer image generatian aystem. What must bo
daneinstead i 0 seek apatial lers that educe the highspatial frequency content mufciently Lo allow image artifets
genecated during the saumpling prosees to be seduced to acosptable levels while nct. eliminating the ementilly paizt
ature of the sauree. Such iters act gimilasly to reduce artifacta generated during the sampling of sesme odges

Seintilltian ia oz of the primary artifeta sociated with paiat saurce tasgeta. Tor example. when the apparent
e of a target. st lang range becares smaller than & single pixsl it can be missed completaly by the scee gmeatian
sendering algerithim emplayed i the camputer imags Seseratian systers, a haa been dicussed previously by Carba
e al% Suh an offect cloarly has the patential o invalidate a smulation, particalaly when the source intensity
dominates that of its msrausdings.

Anothes poiat acuzoe effct. s amociated with the matian of the sausce. Sameseens generatian algorthms aperate in
et a way that anly ane pixel a atime canveym infarmatian that reveala the preoence of a point saurco. If the aqusce
i maving, aromm the simulated fddaf-view, that mavement will aseur in jumps % the target mergy ia trasaferred
Srcm pixsl to pixd. Thia prablem can be avercome ta same extant by srranging that the point svuree megy i
always chared by a group af neighbauring pirels. Toweser, even hero actfacts can oceur. These are masifet by
tho apparent size and intensity of the souree appeasiag ta fuchuate a it moves, dependent an whether the targel
Iocated contrally n a singlo pixel ox i located near a pixel cormer where ta eergy is shared amangat neighbouring
pizela

Bdgen and lineo produce sinslar problem in sampled imagery. I s quite pomible tht an object auch aa  talograph
el culd bo missed arseriauly distarted during tho scene rendering proce that accura within the cument geeratian
of ccmputer imags gmerstian systema. (Refer to the example shavn belaw in Tigure 7) Indsed, the paint aurce
‘0 scee adge anifast problem b gilight ane of the undamental diffecences between real warld and sl aed werld
scenery. The real werld exata and, albet ta a much mro limited extert, a0 daes tho 3 dimensianal database thal
reprocents tho simulated wosld. Both are viewed by raya that can be traced between the viewpaist, (reprecented by
the image plane i the real-warld case) and each abjec within the seae being viewed. The fundsmental difecs
i that in the real warld an aptical system ia used ta foous the scene isradisnco whereas in the simulated warld 1
ch fopusing syatem et

I Appendi A belar i is shavn that o order ta cantrel artifacts generated in sy sapled imaging system it ia
ecpentil that the sampler be accompanie by pre- and post-aampls spatial fltes. In the caso of real-world aperatian.
f an imaging VU, the i gaieanca of the aptical aystam ia that t providea the necemary preasmple Sler

In cantoast, such a Slter ia nt & natural feature of the simulated world within the cument. generation of camputer
image generation syotema. There, sampling is the fst-implanented proc that tale place by rendering a 3

imensianal database to generate a 2 dimensional seane soniatent with the chosen viewpaint. During the renderizg
Procem rays aro raced fram Lhe viewpaist Lo intamogate the databaso for the intensities (adiaates) o the palygans
that comprise the dbjects that are intexcepted. Various aati-aliasing tachriques (mnltisampling, accumulatian bufe,
versampling and frusturn dithering) ave used to minimize the generation of image artifacta. llawever, eah of theoe
o otll based on & sampling rather than spatial filtering procee; that s, the axii-aliming techniques appracimate
the action of a prosamplo spatial fler xathe than providiag direc: spatial ltering actian. It i thareior little
wndes that greater diffclties ace experiasced with point acurces and edges missed ar ctherwise ditarted during
the rendering pracesea than wauld be the sase f an altemative method was available ta provide & more direct
‘method of pre-sample fteing,

It ia no the intention hare ta pravide a sclutian ta this problem. Rather, it ia 1o highlight the lack of mitable
pre-sample flering in the curent. generation of computer image g@ratian yvleme and its cameqences i terma
of the quality of syathetic imagery and the validity of dmulatian procedures based on syntheic imagery. Tt wauld
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4.2 Soone projection

The fundamental foros drvizng the develapment of dymamic nfraved scane prcjection ayetena b beas, 1a the name
implie, he prajection of tra-dimensionsl infrared scene informatian inta an imaging infraved UTIT. Scanea ave rather
diffaat, ram point sausces and arrayo of pointsaureas in o repets: a typicalsene a characterized by a sigaificart
inerease in image camplexity snd, there may ar may 2ot be the need o project bigh mpatial Saquency informatian
Tho acens complexity iam s handled in infrared projection syetema by axsusing hat an amay of sufficient. dize i
avalable whils the high spatial fequeney imnue i clealy application. deendent,

It i of iterest. 0 adoees a epecial case. We aamume that the projectian aad UUT asmaga ave of squal size aad
uppame that the effctive facal length of the projectar callimation ptica s shosen in much & way thet sach projectar
pizel a ascurately mapped anta ita UUT ccusterpart, If the pesitin veetars in eqm (1) are al expressed in angulas
iaplacerent, teros, then this carseapands o the case where the displacement 7, is el aqual to sera aad Bl a et
oqual to &}, Scintllation afects cansed by projectar digplacament. do not therdlore occur. The questian remaina
bawerer, 2 ta what are the difeoss in this special 1L mapping case from that for seal-world aperatian of the
T,

In auwering the question we efes ta the Sleringsaumpling aualgsis presented belaw i Appendix &, In rlation ta
the Sltering spact of the problem we oee from aqa (4 11) and from (1) abave that the eflecta of the projectar pre-
and past samplofilters muststill be talen into accorst. T the comprler image generatian suboystem, the fanction of
the sceme renderer i o generate a pixsl appacent brightues representing that averaged aver the acea o the pizel. I
‘mathematical termo in the spatial demain, the inpit seeme must b convolved with the two-dimensicnal rectangilar
functian reprocenting the pizel aren. Tn the spatial frequency damain the seene apatial frequency spectrum must bo
‘mltiplied by the camplementary twa-dimensianal sine functian. Necemarly, therforo, the scurco i fltared.

In the 11 pixel mappiag case, in rder Lo maximize the transfer of informatin ta the UUT pixel being addreeed
it would geen to be bet i the projecia pixd. Sl acter ia low and the callimatar is diffcactian limited. Otherwie,
increased. apreading of the infarmation o neighbauring pixsls will nevitably accus. In such ideal cizcumtane,
the combined CIC fprajsctas Sltering actian reduces to the shovediacumed consaluticn of the input scene aver the
€I pixel asea Even in thia apecial case, then, the lova of fiteing will bo groaler than that acouring when the
UUT is cpesated in tho feld. Tigh spatial fequency information will therefcre be supprocaed. Turthermare, the
CIC fprejestion system will sill be susceptible to alissing ofects caused by the insvitabls overlapping of alised
apectra within tho apaial fequency domain. (Refe to the diasussion within Appendic 4). Indeed, caly when the
input scane i sl limited in ita high spatial frequency cantant will vald sizmulation aces in the absence of axtifeta
genecated within the CIG prajsctar mubagatern

cctles problan aseaa that.of iaage fatase’. Nessesrly, becauoncf theacianf the saioplr n the CIG / projectas
beyatem, the scans being teaaafeme ta th UUT faput. will possems a sipple ompanent. at the prejecar raster
equency. The ippleamplitudeis datemized by tie ettt of ovrap of Lo nelghbousing pat-oampla poiatspread
functiane. Civwn adbrence o the Schade exitian’® (vith ssmmed G aussian spread functiaus) the peakto-peak
ippleis roud 4% per s (Reer 1 th avalyes in Sectian 02 beow]. Leawe cverap of sighbauring .
apeend functiona vl lad to aven greates amcunta o sipple aud hence o even reater discemmert. of the projectar
ster. Thero o then potentil. o ot lltion effect cauaed by digplacament bebwem the projeta and UUT arrays,
0 for Moind fringes caumed by angular misl gt o thi arrays. (Tsfr ta Secticn .3 and Figure 6). Nt the
canictbeoen tie noed fo a Lo projecia Sl factas Lo exhance he travafr of igh requency ndormation aod the
od o o wid S accn 0 reduca ipple at th rater gy

In practice, it a ualilisly that 0% regisratian of the projectian and UUT asrase will ves bo feasble in & dynamic.
Bardware.n-thelasp simulation exvisamment. Cantral cansiraints an the motianaf the UUT and/ar of the projectar
il kel prevert such an ideal case ram being achied. Purthermare, any cptical distartion precent eanld leod to
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[image: image10.png]sesius cintillation effcts, particulacly when the projector pizel ll factar a low. Largo il factrs load on the other
hand to increased spatial llring and henes 1o adltional low of image sharpaes.

In summary, w of 1L mapping betwea the CIC/projectcr and UUT aubaysten i ot mitable fox full et
and ovluation ofthe DU sin i is lmtad o thetraaser of spatial frequenty sforaation that does ot nclude
ccmaponenta ith i gaiicnat anery abeve the UU'T Nyquiat frequency. Wil t may b mitablefr  sume il st
‘apiiations i s 5o Lkly ta b sitable fa th type ofsimulkcn et the i ghet matial rsclticn capablitesof
e imaging U noe 0 b evaluaind. Theo o kel 1o or & mjor pact o the Lt and evluatian procadures
o which dynamic fnfrased scene pojecticn systems a employed in the future B It is thereare advccted that
the use o a L mappiag procaiure be limited to thase applications whers prcise pojectn-o.UUT pizel amay
sogiteaicn can bo aanoed and whers only raaively Jow spetil requency caniat, of the cene i newied o the
peific TUT avaluation

Tho abave recammendatian loads inevitably towards a choice of greater than 1 pixel mapping ratio. The 41
‘mapping ratio based an Schade's riginal televisicn imagery citerion eprecenta a conservative starting point. Thero
at least tho apatial frequency information belaw Nyquist is transforred b aatifactcry modulaian e cancy, alissing
actifacta generated i the CIG mbapatem e in mat cases reduosd to tolecable levels, acd image Seld fatoem i
satiafactay. Ao has boon shown by Legault? and demanstrated by Pack and Ilara, 1 excopt in the special case whero
strang periodic behasics is precent in the scene being projectad. alssing appears in the form of a signal-dependent
nci that aflecs the appeasante of theaccne edgea. The astifacta are localized witkin the vicinity of the edgo and
theiz appeasaace is governed by the strang phase vaciationa that. cseus acsom the extent of the sampling pixel atea.
"With the choice of the 4:1 mapping ratio the assing ofects ave suppredsed in the senze tha the noise-like behavicr
i dtermnined by the projector pixsl ise. I aves teras, this cavers cnly a quarter of the UV pixel. The afect ofthe
aliing, particulacly of poiat sources and sceno edgen aa discusoed abas, is therefoe inevitably reduced campared
ta the 1l mapping case

5. GONCLUSIONS AND RECOMMENDATIONS

In this paper wo havo examined the subject of patial Hltering in the sampled imagiag systema cumently being
doveloped fax dymamic infrared scene projection applicatians. Tt has been shown that, or a mumbe of reasans & L1
‘mappizg ratio between the projectar and UUT pixels reprecents an undecizable choico. Thia supprta tho altermative
of tending towards the canservative diice of a 4:1 mappizg reia. Spatial nios caused by projectar arvay fabrication
nomaiformity is reduced, the precence of dead projeciar pixel can be hidde from the UUT perspective, paizk
acuzce infarmation can be projected in muh a way that motian of the ceniroid i amocth and souree brightnea
ppesca uniform isveepective f the positian of the sauree in UUT pixel mace aud finally, the sdditional souscss of
patial ltering aud lissing inevitably introduced by the presenes of the CIC.fprojectar subeystem can be redced
ta talaable levdls,

‘While the canpervative applicatian of the 41 mapping ratia is advacated for tho abave reasons, it ia not deimed
10 bo the anly choice. Tndeed, thero are case whare a laver mapping rulo may bo acceptable, natably when the
scens being projected does nl. poe sgnificant informaticn ab spatial requencies that. avceed the UUT Nyquist
Srequency cx can be Sltared much that this sunditian saa be satafied withaut degradation of the validity of the
simulation pracedure. Dirthermore, in cost terms, it is recogaized that achievement of tho spatial Sdality goal of a
41 mapping ratia may neither b fewible nar decirable

I such cases each sesme projectian applicatian dhould be examined in oxder o deviso an aptimalstrategy fox ensuring
that the valdity of the simulaticn process ia maintained. Tar examaple, whare the UUT image s gensrated by using
. cvermammpled lne raste scan it may b necesaary {0 maintain image fdelty by projecting seame information aver
caly a limited past of the UTIT SddEview. This wauld be  viabls prosedure when  human cperatar is used ta
viers the UUT image an a maitar sines it is thes siaplefor the aparatar ta disriminate between the projected scene
and the bland baskground that ocsupiss the renainder of the image space. Tiar ather casea where oo sutomated
image procsasing aystam is used Lo generate guidance ar ather ccmmands, he situation may be mare difieult, The
algorithama within suh systema ase afen tuned Lowards the detectian of edge and cauld home o the edge of the
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[image: image11.png]rojected warld. Tn auch casea the projected scens would necsemasly need ta exzeed the UUT image apace aad the
ccnsequeat trade-ofis aseusring thrangh Lhe deviation fom the decived 4:1 mapping ratia warld need ta be emamined
in detail

In mummary, where a lees mapping crierion is chosen it il bo necemary o the ofects o smlatian salidity to
b activdy examined pricr Lo the simnlatian being efected. The analyis preeated in the Appendix bow provides
me ool for gaining an impraved nsight inta the Lkaly eflecta oz image Sdslity:

6. APPENDIX A: SPATIAL FILTERING IN SAMPLED IMAGING SYSTEMS
6.1 Theory

The tosnsfer of image informatian i two- dimensianal sampld systerss b bess addreed previausly i the Sl
chapter by Legaul intho dacsic taxt. ‘Perception of Displaged Information” edited by Tibermann. Leganila duapter
reprecents the primary source an whih the analyei procented below ia baood. Leganil'a worle was in turn based o
a thecretical paper by Petersen and Middleton 14 Tho nomedature below has bem changed scmowhat ta malch
that used ta date within the infraved projection fSeld and the analysi haa been oriented in crder to emause thet the
foatures of specil sgaiicance ta infrared projection ave highlighted.

The primacy blocks f  ane r bo-dimecsional sampla imagi st vl ratd i Figor 1. i this syt
b Supat e peciied by o () ltre and sauplod s b s e i Lo s e sz (). Tore,
= in  general - dimemsional psiton vectar vl ive 0 an orign chcse A & ntin point. nens 10 e seer of
oo sapling atio. T the paislas cao of an neard prcjcton st Figare 3 may be oed equaly ll &0
oot sithr of e CIC, pejoction = UUT sabeiems

Pus nple oo Festanps

s
Fiter Fiter

[—

Figure 3 Sampled imaging subaystan

‘We ssaume that the sampling peirta is on a laitice defined by the oo of vestars &}, whero tho integers j and k.
reprocent. the lattice paiat indices (ranging over pasiive and negative valuee) and where

sy =idlat by )

given the Lt vector o, g . define  ingle el (piel). 4= fab o] s the sen f th pasalllogram
sepreating the cell. T a sectangulae cel, & = ot ol Note that with A repaced by oy a al a0 accadingly
e . & on 1020 1 omalys blow vlidly dscevn lie-rstar imaging eytems. s the ilysa that ollows
wo s fa dmplity that the laice (o era) s suicietly asgo thal a0 spproximaian of infoite e i
satitociry. Thia soumpiion allows discumic on edge oacta 1o ba pospaned ta future udien

Tho standard sampling and iltering proceduree™® well ctablished within a mmbes of Glds may eaaly bo extended
0 tmo dimensians. o can thus relate the input and autput scenes by the expreian

ool = (o) Bt o 5ot 10)] # o) w2

whero  is & spatilly independent facter thal asccunta for any necasary sealing or dimensional changes, whero
Bpefe) 00 Bp(s) represent. the point spread funetions of the pre- and post sample flter and whre the sampling
e the latice ia reprecented by the twa-dimensicmal se o Dirac & functiona. Each peit spread function i defined
rch that ia enclosed velume a dimensicnlees and normalized at uaity; vis

f
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wheve dr = d dy sepressated aa incremectal slement. of area whils 1 sepreseata the entire latice aves, and the
canvelution operation

) wha(r) = L ) hafr — ¥y e v
i dofined i standand macaes 1*

i shiown by Potorse and Middloon . rciprocal saaplin ltticsexit i i patil foquency damaia I, defined
by thescalar products

ot =

an

betwemn the call voctara n the reciproeal spaces. Analogous 1o (4.1) above, the goneral latice point. within the
epatial foquency damain, a2 specified by integers | aad m, is iven by

Hifaml Hafesl s

fim =M+ i (&)

I the sertical line sastar case 1 is set o seva everyhere ad fi = Ll is the raster fequency. In the rectangular
paist rater caso, foy = 1/ a2d fg = 1/l reprecent the dual raster Foquencies

Tho tro-dimensional arvay of & functians within (4 2) may be expanded by application of the vectar form of Paimon's
i formula? i,

it s @

AT sl =3
w

wher tho s el ave all et in the repectiv latice. [This signifeant renl may ba prves by witing
T Touse o o conmnat gnal lovel o ough b diudona ey of et mglar sparnr® wd thos
iowing the apectine ava el o 26w il i g costant Sigol-re roduct]
Gambinationof (4. and (4.7 (it ntexchangs of the surmation and cnselution itagal) eeda divctly o the
il damaia enlt

sanl) :c[z Al 7| ) “a

wheve for canvenience

L) = ) ¥t 9
s ntoduced to deceb he ltred it e i appess ata the acten f thi prwsample le.

an (4.) may beseparted inte uzsample e puricns teme v,

) = £ule)+ an(s) (a1

here

Goale) & Bynfe) ¥ Ppan (a1

=d

0
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where the later mummatian ectanda aver balf of the spatial Sequency domais.

The igaificance of (4,12 i that. it reveal that the spuriaua terma ave the result o the Sltered scen being modulated
by sinuacidal functicna o multiples of the Taster Foquencien. Thare & aa analogy here with amplitude madulation.
of time-varying signala ** In both caee, postive and megative sidsbands are generated 3 & r@nlt of the madulation.
roses. Tt in Lhege that ace the souzce of the image artiacts

Nt that while the preanes f the ascllabcry fastor in (4. 12) will modiy the scane within the lacality of x (at least:
ves a pixel area) it daea not reault in the gecaa elocation of image informatian from ame part of the scene to anathes.
Thatis, the image actfacta avelocalized, being manift usually se modifcations ta scme edges cassed by where high
Srequency informatian being sbifted (wlised) inta the aysten bandpses. The realtant efect is broadening, aifting
nd even slimination of edgem. The exact appearance of the alisead contribution i diffeult to predict sizee it ia
dependent on the exact pasition of the edges relative to the sampling lattie. T real sconery the primary effect
‘canmed by the precence of the imago astifacta can thereiore bo regardd 2 the additian of scane-dependent. noiso, &
aa boon wllillstrated previoualy by Pask and lasra 12

In cantraa, it i anly when seene informaticn cantaining a daminant ascillation that paists oves many pixels will
‘rominent Mcisé finges be ahesrved. In this saze the fringes develap because af the phaze caberence that. persiata
aves the extanded segian where the cacilltion a preeent. Outside this regian, the fringee will quickly dissppes.
Again, thersfor, the image arifact ave localized

Tt is & simplo matter to deive the spatial requency costent embodied within (4 8) by applying a two-dimesional
Tousier tranaform together with the frequency trasalaicn prapesty abeyed by Tourier tracaforme, ** We thua cbtain
tho syotem apatial frequency reapornae aa

Sual) = S Sl o) Fplf i) ()

oz

(£ + fin) Drom(£) (413

whero £ isa general soctar i the spaial frequency domain and where Iys(f) and My(f) ro the tracafe functicna
that charactarse the preand postample spatial Slers. S, (f) = Su () Fye(f) i the Tousier transform of the
Sleved imput acen 2 () aad thevelcze sepresse ts apatial ey sontent. Nota that a with the patil domaia
e (4.10) ta (4.12]: thi above reeut may easly be soparate fnta umoampled and apuriots terms

Tho offct o the sampling aperation is cloar. A ia lluatzated in Figure 4, the spatial requency content ofthe fltered
imput, scene is rplicated (o aliasad) aws the spatial foquency domain al spaciaga defined by the latice vectars
£ Nota that for & cne dimensianal line saster (say, in the  disetion) the replication aceurs asly along ane spatial
Srequency axia (in thia case the fy divectios),

The sousce of the alissing efscts is eadily seen from the prajections lateated in Tigure §. When averlap aceurs,
apatial frequency infarmation fom tho aliase appears within Lhe system bandposs defined by the post-sample lter
tranafer funeticn. Tho principal alisse originate fram the replicated gpectra cantered at.the narmalized paitians
(0.0) (0.), (L), (1), (1.1), (1-1), (L-1) and (-L1) in theapatial Fequency domain, aa seen in Figure 4 and K.
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[image: image14.png]Figure 4 Spotial fequency demain (with unstructured G ausian spectra aasumed for representational aimplicity)

Figures Spatial fequency domain views

Tho canditions mecemary for suppression of all alinsed informatian aze that

— the apatial frequeney camtant 5, £) af the preaamplad izput seene must be ccnfined ta the regian withia the
paralleogram defined by the limiting spatial fequencies /2 and +1o/2, 8 is llustrated by tho dashed
sectangle in Figure h(a), sad

— the bandpaes of the pent-sampl iter must nct actend beyand the baunds of the same paalllogram in oxder
o asure that all apatial frequency informaticn from the surcunding replicated speciza is auppreeed.

Tha i the tc-dimnsonal euivalct f tho Nycuint sampling rle and indoed, edicss to the tandand Nycuint
il i the -dimersicnal cae; i, e S fi/2, 8 caa b e rm Figure (5]

‘Wearo now in a pastian to add to the sigaifiance o the spatil frma defined by (4.8) ta (4.12) above Tho offct of
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[image: image15.png]the pasidic exponential factor in (4.8) and (4.12) i 0 replcate the entio pre-fltered input acens: chifted, haweres,
in opatial fequency by G In ffct, aa highlighted by Logaull® and illutrated previcusly by Pack and Tlaara 9 the
‘upahified alias aro ementially outlins of the edge of the pro-illered scens. Bocauwo the spatial frequency domaia.
extends aczom both paative and negative frequance, during the shiRing proces negative Fequencion tan became
‘racafor med int pasiive frequenciss, and vize verss. L sach of e cases, the alisaed spatial Frequency informatian
can lio well within the system bandpass, % is e in tho cne dimensional ilutraticn, Figure H(b)

6.2 Image- fid flatness

s dicumed previauly by Sehade? it i impcrtant that the saster sauzat be dicerned at the syatem autput since
e raster itlf ropresenta an imago artifact. Tho 'fatneas’ of the image fld can readily bo calarlabed fam the
sbhave theary.

Suppase tha the iaput swene ia a featurelem background safx) = Ci. In (432), the comlutian of G with the
‘re-saumple paist pread function then merely replicaten Ci. subooquent evaluaticn of the convelutian of the amay of
S funtiona with the past sample tranler function leads 1o the reeult

=GGA Y bpoale - ) (19
=

“Th image il i threfone sczmprised of a uperpostian of oeslapping pestsample pit soread functicas. Cleal,

the magaitude of e ipple in e image el i depend an bt theshape of the it spreed et and o the

extent o avelap.

Altbangh the siple can sesdily be evaluated from (4.14) e the pam spreed funetn i apasted, i i mare
Salightaning to werk from the spatial Sequeney domain.Sinee eu(®) = G trstern t0 (1) = C,5(0), 1 B
iple 0 shaw that the produch withia the summation n (4 1) mus bo roplaced by O4&(F+ fn) Ton(~f)
Now, since the past-sample paint, spread function ia real, ita transfarm u,,.‘(:) roa(f)| wplidpoan(f)] wil
diplay the hertian aymimetey property deinel by Cacloon 15 it o, Tyou(—1) = Mag(8) where Mo (£) i
e camplo canjugate of Mpanl£). Thus, Ty )| = o (F) 20 dpan(-) = ~ponil)

Dy applying the vl tageties with the doisitian it Fy(0

eqn (4.19) redoan t0

36 [601+ 3 ] {66~ ) mltntiol] + 8-+ 80) vt} (410
e

whero th summation extends oves half of the spatial fequency damain. Thia reeul tranlarme back into tho spatial
domain aa

Saulf)

m[m 3 [Troattn)] oo o i ,M,,,‘mm)]] (a19
=N

In the cne-dimensanal cae e e iaifcas. sentelbtin 1o sppl oceus . the reta fscuency. 1 o amume

Schade crtaion — tha in Ty ) i repmcnsid by & ot a0 3% o the Ryaui Foqueney o/

et therser aaaesny Tooa() 3 =13 Temes, apisiog (4.16) ' th o sl e, o

Deal peat rippi n 8.3, Thin e Todged by Scoade 15 bo vk acy S aeviaias iowiog pursoms

In the two-dimensianal peirt-raster case, fundamental cantsibutians to (A 16) from the arthogoral (01) and (1)
camponents aze superimpoved with lewe cantributicns fram the diagonal (L.1) and (1.-1) components. [Recall thal
the mmmatian in (4. 16) arteuds aver caly half the spatial frequesey domain.] In this e the masimum rippls
caurring botween 1o peala and troughs n the imago feld muma ta 16.1% when the same Sdhade criterian based
@ Caumian peizt. spread fusetiona s spplied. It would cleacly be mare desizable if the snead function ware mare
square in shape filling muh of the pixel area, thus reducing the diacernibilty of the paiat rater.

i





[image: image16.png]6.3 Aliasing axtifscts
Tho fltered iaput sceme () may be expanded using the inverae Fourir transform

& L L@t (a1
‘whire the intageaticn extenda cver the spatial frequency domain 7. Since o, () is eal, it teamatorm S, (1)

154 1) opi9(F)] again s hermition symmetic. Application of tia property allows the incremental coriribution.
aver thio equency raage Af = (Af,, A%) at £ o be written an

A5, (1) = 2|0 (0] Af con (28 1+ 9(6) (418
Note that s in (4.11) abave, £ rangea aver anly half of the spatil requency domain

Sbatitution into (4.12) seveala the spusicus cantsibutian o 2, () a8

Asgale) =20 |50 0] AF 3 [m.[a.m.rn = 98]+ con 31 i+ £). 590 |  Bpil).  (A18)

=0

It oy b amed tht the post-sacapl e i ffcent i muppreing the upaiftad fraqueney campanect,in which
caneanly th damnahi torm i pamod ot s output. Theconvelutcn s (4 16) moy then b ovbuated by
g the deaition (.4) tgedher wih the hermtian syametsy prpety of th tracafor (). We thua chtain

@IAL 3 | Fyonlfin )] o [27 (fu —1) % = 6) + pessfim — 1] (a20)
Liedho

Asygar]

2015

This expreosion may be used to quantify the spurious spatial effscts genesated by downshified infarmationariginating
Srcm scens input. 2 patial fequency . Nota that the faverse Tonrier trasafarm of the spurious teroa n (4.19) cauld
altermatively have boon evaluated. Tar the prosent purpaso this i lea dirct, hawover, since the aliamed informatian.
i that gmerated of £ rather thas that aiginating from £

The primasy cantsibutara ta (A.20) ave (,m) = (11), (L0) aad to a lemer extent (L.1) and (L-1). Tor a cme-
dimensianal raster anly one of the (1.1) ar (1) componerta will conteibute. Note that when the post sample paizk
aprend function displaye oven symmetsy (3uch that Aycus(x) = hpors(—z)). i Phage dpers il bo zera at. all patial
Srequenis.

Tho shave remil s quit revealin. It shows, £ examle, Lt provide the high fraquenciss e auppremed in btk
the Slered input e aud mbosqueatly by the past-ssmple fltr. the ampliude o the alase (gareraed by the
pradut |3 (0] [Zomm s £, 0 b omall o ll v f . This i th bsis T th talevisies image quality
Eeeran advoraiad by Sebade ¥

1¢tho scen at i not domiznated by the presence of aingle spatial fequency campanent, the sinuscidal santeibutians
dscribed by (A 21) will bo aupecizpamed aver a wids frequency range and aseillaory behavior will wash aut cser &
mallimage area. The alissed information will appeat in ita normaal scene dspendent. nojos masifestation. f, haweres,
a inglo spatial froquency dominales aver an etende rogian of the image (aa exemplied by  perocn being televised
while wearing a finely checked facket), prominent Moisé finges will ccu.

The matial frequascy aad angle at which the Moiré fringes appeas may seadly be predicted from (4.20). I the
simuacidal variation determinod by the spatial froquency vectar £ in (4.18) is angled at. 0 o the horizortal £ may bo
writen in componert farm a8

conds +f andy (a2

1
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Figure 6 Moié finge flustration

+ =

Figure 7 Line alissing

whero & and § repreaent uni sectos alang the = and y disections. Th frequency and disectian of the Moté finges
caused by horizantal rster sampling at.raster frequeney fas = fou & e then deterrmined by the veetar

=t
Aceandingly, the finge fequency in

(o~ £ cond)— fsind§ (a2

At P -2t cn e

e

hile the tangeat of the ringe angle ta the herizantal in detarmizned from the arthogunal scmpansata within (4.22)

tantyr = (424

Fo-foad

Similar farmulao sy be derived to detsrmine the Fequency and angle o the Mairé finge amociated with the (1.1)
(L1 and (1) alinzed somponents

The specdal case where the soene fequency £ equala the raater fequency fo in liatrated in Figure . Teve, aa &
me dimensional avgument it might be acpected thatsince f is darnahified to seva spatial frequency theve wauld be
20 diceraible finges. This i n fat true osly whe the aagle? issera. 117 s mall but nenaeee, strong Mairé fingen
‘ppeae aagled clome ta the horizantal; that is, normal ta the saster disection. Thia is  gaod examaple that s hav
essly cacillatory scene information at  dominant epatial fequency in ane directian i aliseed inta ancther direticn.

Tho ather prominent manifctticn of liased image nformation on which it i wosthwhile commenting in cancluding
this reviee a the case where a lie ar edge lia at. & amall angle to a saster. A typieal caze i shawn in Figure 7
Thia i illatrative of the strong aliasing effects thet ean aceus with peint sasces, liea sad sdges when presmpls
Sltering o inadequate. Linea cloely angled to  raster may be braken and staggered aa seen in Figure 7 ar, in the
wo-dimmensianal peint. raates case, are canvated irta the familia:staircase sews when digiized imagery ia viowod
at. bigh spatial reclution (izadequate peet-sample Sltering). It ia comman in computer geeratad imagery that
anti-slissing presample fltarm ave emplayed ta reduce the mare discaraible efcta of the st aggered linea aad sdges
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