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Ahstract

The histoly of mirages and milagc sir.nulatior:L is levier'r.ecl. A mirage is a clistorted vieu,

of a dìstant oì:ject. X4ìrage sìmulation can be broken into tno parts. The {irst par-t

is simulating the atn'rospheric eIïects on light ra1, paths ard the secold is sin'rulating

human perception of the affected la1' paths. Al atmosphere moclel consisting o{

confocal ellipses defined by ternperal;ur-e ancl height is clescril¡ed. A prograrlr n'hich

implements ray tracing in the atmosphe-,-e is developecl and verifiecl. In the -,.'ay t-,.'acing

prograln a prcdictor-corrector rrethod is appliecl to impr-ove ra¡r path acculacy.

Next a progl-am is descril¡ed rvhjch si¡ruiatcs tìrc nìi:agc r,jew l¡y usìng tirc lay

tracing results ancl a photo of the loln'ral vieu,. Several cornpalisols to previous

results are rnacle to checli the sirnulation process. lìinally son-re neu' simulatiolts ale

p-,-'esentecl lvhich explore the irnpact oI different rlodeÌ pal-.arleters on the lesultilg

ni-,-age.
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1"t Historical Backgrouaed

,A.w¿t'encss of atmospheric phenomera clates l¡¿cli to antic1uit1.. Durìrg the rcìgl o{

Alerarder 1,hc Cìrcat (336-323 B.C.), al ela of Greek enlightenment, the Alexanclrìans

in Egvpt macle a pillar clepictirrg a r'ìsing suil. Tbe c¿r'r'ir.rg slrou's i,he upper rìm cololed

blue rvith a green bald below it; this clfcct is nou' knorvu as "thc Gl eelr Flash". [31]

La,ter, Ptolemy oI Aicranrlr-ìz;", a 2rd centur1, ash-onor¡er', sl,ucliecl refl'a,ction be

tu'ccl :rir, g1ass, alcl lvater'. This rvas an attempt to erplain the illusìon ol a ltent

stick plotmding fi'on a bocll, of rvater'. f39, p. 2a{l

The othcr ma,jor.. cultures of these 1,ines also hacl rvorcls for the idea, of "a clistoltecl

viet' of a distant object resullilg floin the passage of liglrt tJrrough a nonunifolrn

meclirur" l, h ori-,- language the l'orcl rvirich r:h al a,r:1;r:r'izes lhis concept is rliragc.

The rvorcl mirage macle its appealance in the llnglìsh lalguage in 18i17. It cones

ft'orl the French u,orcl ¡nrl'er u'hich neans to look a1, or-to lle lelleclecl. .r'\y'¿rcr has ìis
1 fi¡el¡ster's À¡in/i¿ -¡y'e¿ CoLlegíalc DicliorLarg, Tho¡ras Allan & Son l,td, n{arliliam, Oni,ario, 1983



{:HAP'I'EII ]. INTR-ODIjí]T-ION j

loo1.s il lhe La,tiil tt olcl nlr¡¿re. People believecl that 1,he phcnorrcn:i. oìrscLvr:cl u'r:i'c

chre io "l¡riu't¡r' liltc" pr-o1.rcl1,ios of llri: eallh.

Iioclcrn scicniisl,s ct-'r1;inue fo slurly rrrilages, The "\ovaya Zeml-va phenonieron"

l'as fir-sl rotecl ir 1597 l'hen ClaPtaiü \\¡illerr lJalents l,f], t,hil,: ri'ini,orìug ìr t;lre higlr

a"l tic. obscrvcd thc srrl appea.r'ìlg forl'teel cla¡.s befole it lyas expectecl. Anothel trpt:

of milage, the Fàta 14olgana,, u'as dcsclil¡sl l¡r¡ Fathel Algelucci in lhe seventeerth

coll;ul'r' 17]. In thìs phelornenor the groulcl appeals to -,-ise up and folnr mount¡rins

or olher- shapes on the horizol. It tas also obsei'r,ecl by Robert Pezuy il 1906 [7]

rvhile travelilg to ihc Nortli Pole. Peary ol¡servecl "srrou, clad sunmils above the ice

horizon". lt rras Donald B. \,lacN4illan who dìscovcred on his expeclition thal; 1,h<r

lautls lle saw, alcl l'hicll Pealy hacl seel, u,e-,-e a mirage. He traveled torvald the Ìand

but lerrer leached i1,.

Johalnes Keple-,- r.r'as interestecl ill the "Novaya- Zem1ya," ancl suggestecl that this

pìrelorrerou was the resuh ol fotal reflection of the sun bv an upper air laver' 11õ].

Fu.-thel ol¡selvations maclc l:ly Na,nson in 1897 130] a,rcl Sha,clileton or tlie 1914-i917

Antalctic Erpccliiion [32] helped subs1,an1,ia,te liepler's hlrpothesis.

lly erperirnerting l'ith lefi'actior Willeblord Srcllius vol lì.oiiel (1591-1626) rvas

able 1o lolnulate the eract law of leflaction. I-le obsen,ecl that light bent after it

strucli the sulface of rvater'. B]'conparilg the cleflectecl path io the undellected path

he loticed a constant leìationslrìp. \\¡c cal moclel this situation ltJ, cl-,-a¡r'ìng the ral,

palhs as ir Figure f.i. [39] Li lììgule 1.1 i,hr: lir:Les BA ancl AF folrn the sicle o{

¿ cortainel hoJcling rvater'. Pa,th DCB lepresents the 1:at1i oi a lighi lar. rihen the

containel is enpt"r.. lf thc contaiuc'r is Iìlled u'ith the appropriafe an¡ount of t'ater
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F-igule 1.1: T'he Angle of R"efraction of Light



a,'H_4P7'lt1? 1. L\-TBûÐIrcl-Ii)Àr

thel thc 1ìghl, r'a1 beucls ¿rl C. the t'ate¡ sui'1ãce. aircl hii,s Ílti: ccrnl,a,inel srcle a.l poìrt

A. Snell obsei'r.ecl that lbi t-ai,cr l,lti: I a.i.io of (lA over []lJ l'as corstanl..

CA
(l B 

: ult''latll'

B)' using nocleln t,r'igonorl etr'-v it ìs la,irly sirnPle to derive the law of i'c1ì action from

this rel¿r1,ìolship. Lel us label IECID as the inciciert lt â,r'r d l^.ClÌ,' a,s i;lle reflactecl

Ir'. Irr ¿dclitiol 
'-ecognize 

lB[-]F ìs the samc a,s li.

ll rlc rrrrrlri¡,h \rr.ll .,.,1'¡¡ii''rr ì'r .'lf = I ue ger

AF CA
AF* CB: cott-slanr

ol
AF CA
C:B* AF = ror.slot¡l

Notìce that for lr ihat CA is the h¡poterus ancì A.F is tbe ìelgth oI the opposite

sitl". Thus 
-,4 - .i', i' ar¡l sirnilar'ly # = sil i, Subsiituiirrg ilto the above ecluation

sini*_L-g: cr,tnsLunt
slu 7' sl ll ?'

'l'hrts u'e irave clerivecl the l¿.t' of ¡efi'¿ctior. Srell dici lol publish his lesult l¡ut shorvecl

sevelal people hìs m arrusclipt.

I)csca,rfes atten'rptecl to plove the larvs ol reflectior arcl r'efi'action by mechalical

nears. Llsing ari aralogue l;etu'een light alcl a ba,ll Lre coulcl erpìaìr that velocjty oI

the baìl palallcl to the sur-face tvas unalfectecl bt' tL" t"O".t un u'hile the perpcldiculal

velocity u'as revelsecl. Similarly for refracfiou he tireolized that 1.hc pe-,-pelclicular

speecl of the ball chalged ir diffelent tne,:lia,. Ir older- for' ìris theorl' to u'olli the

speed of the l¡al1 hacl to ilcrease in cletrser meclia, sol'rethilg feu'peoirle could accept.



Cf.TAPTER, ]. I,\'î,q,OÐ UCITION

Itelinat apploachecl the problerit Íì'oil ¡'et ¿rnothcr anglc l)\' appl¡:ing a rret,hod 1bi

clclernìniug lhr: marimurn ald rnilinrLurl r-¿Llnes of a r'¿rriable cluzrrrl,ìtt,. Ilr. assuiling

tine i,r'¿rvclccl to l¡c lllinìlr¡rrrl it ri'as Þossil-rle 1òr'Iìelmat 1,o cleiluce Snell's lari'.

F'ermat's Principle

T'h.a pal,lt Lak:en, by líyrht ìn

is suclt th al. lh,e l.irr¡,t: of |,ru1,-rl

po.t.hs. li],61

trt,urling Jront ortr,. po'int to tntother point

is a r¡tit¡,irnunt ulten cotn¡tat'etl uiLÌt neatbrl

Othel contriliutor-s lo lhe erpancling undelstanding of optics iucluded Flalcesco

X4aria Grirraldj (1618-1663), a Jesuit Professor of \4athematics, Roberl I-Ioolie, Ole

Römer' (164',1-1710), Christian ILr\¡gerìs (1629 1695), ancl Isaa,c Nervton (i6,12-1727).

Robclt, Hoolie introclucecl the iclea oI la¡.eled atmosphe-,-e u'ith slou'ly \¡aÌying r-eIl-ac

tive ildi ces fol an aìyzin g astl'ollomic¿li refr¿ìctioÌ1.

L.2 lVÏírages

Nliragcs 1,al<e rnaly Íorms ancl sha,pes. The puÌpose of thìs sectìon is to intlocluce alcl

briel1¡r sripl¿l the mecl¡ atrics of mirages.

Sotle ili-,-ages ale hardll' noticecl: o¡e of lhese is fhe 1'ater-r. appearance of hìghrvays

on hot sulnlllcl days. 'l'hrs sight is selclon thc cause of much irtclest. Wliat is

happeuing here?

We see objects because lìgÌrt lai,s hit ihe oliject arcl ale reflectecl al'ay. Sone of

these ravs are reflecl,ecl in the clilectiotr of al ol;server'. Thc.se 
'-avs 

u'i1l enter the e]'e

and be focused ou the retina. The iilage on the retina. is tlansmitl,ed to the brain



CIT,4PTÍ'R. -1. IÀTRO,D U',ITION

for'plocessìng. Ii, is cluling ihe tl"ansmis-sion of tlic'light rats û'orn lllc'object to lhc:

ol.rselvel that the rav patlis ale alfer:terL bv 1,Lo aimosphele. l,ight ral's nilì i,ra,r'cl in

straight ìines thr-ough nreclìa rrith constant inclex ol reft'action. Inclerx of lofla,clion

is the ratio of the r.elocitv of lacliatiol in the fir-st of iit'o rri:dia to i1.s velocitt, ill

tl:ie sr:concl a,s il lrasses Ír'cirr ore ir1,o i;he olher. For Ìiglit this latio conpares the

velocitv of larlial.ion in Ího r¡cdia l'i1,h r"espect to the velocitr. of light in a \¡acuum.

'Tlhus const¿Llt iniler of reflaction means that 1.he velocit)'o1 light is r:olst¿1,n1; ir Lhat

rnecliun-r. The atmosphere cloes lot possess i;his cluaìit;y.

'l'hc atrnosphei'e has var¡,ilg ten-rper-atur-e ancl Pressule, h¡'o qualtitiers rvhiclt

strolgly affcct the ilder of r-e1'-actiol. Tllus the atmospìrere has a var),ing ilclex

ol rcfi-act,ion. Thìs ploperty rvill lead to Ìighl rays berrding during passage through

the atmosphere. Llncler lormal conclitions the object beirtg seen is usually lorv 1,o the

grouncl l'here pÌessure alcl telnperature are veÌy lear11' colstant ìeaving the light

rays to tlar.el jn essentially straight lines. These ravs do actually cune slightly clorvn-

rva'.'d due to the natulal terlper-atrir-e g-,-aclient oI the atmosphere. 'Ihis results in a,n

extension ol oul' visìon pa,st tber normal ìrotizol. X{ost of the milages rve ale iltelested

in have objects based on the sur'face of the ealth. It is possiì:1e io approxin:rate that

the inclex of refraction ìs n'railly clepenclelt ol terlpetatur-e in these situations.

Ìt is inturtir.e that the stronger the change ìn ìnclex of lelì'action the n'rore light

rvill bercl. Sìmilally, sinco thc ìncler of refraction is clepenclelt ol tempc'ratule, tìre

strongel thc change in tcrlpclaturc thc sìralper lighi rvill bend. I-cl,'s consiclcr tetnirer-

aturr: r'¿lriations in the atnrosphere. As mcnl,iorecl callicr"tLc i.rar-1; of the atmosphele

u,e are interestecl in is close lo the grouncl. Cjiose fo the surface it is possible to ap-

proxirnal,e pressuÌe as constant silce its r.a'-iation t'ill l;e lelatir.elv smalÌ corrpared
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TeDtrer¿Rxe

Figur-e 1.2: Ðecreasing Terrperature Frofile

Rèfr¡ctèd Rays

Str¡jght Lìûe Proj ecled Rays

I,'ìgrn'c 1.3: trnferior Mirage tr ight R-efraction

to tem¡reratule,,¡aliations. Temperatrirc rvill dcfinìtelr¡ \¡a,r--]¡ sl,r'or:ìgly wjtll hejght ancl

rlay also valy in latel'al extcnt. llecause of the contiuuous tratulre of the a,trnosphele it

shoulcl be possiJrle to connect poilts oI the sarle tenperatule to foun surfaces. 'l'llesc

sutfaces should foril clistirct lal'ers of aìr at apploxirlatelv the same terlper-ature.

Thc next slc1 is to determire rvbaf a,ffect an ilc-,-easing or clecreasing tempelatule

l'ould Ìrave on a light lay pai,h.

\\¡ìtel lerrrpelatu'-e declea-.es lìl,h hcighi, as in FigrLle 1.2 thel the incler of re-

f'-actior rl'ill increase l'ith heigìrt. Acco'-dilg to S¡ell's lan' rvhen liglit tlavels inlo a
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Figure 1.,tr; Inferior Image of Small Flane

meclium with higher index of refraction the light bencls towards the inte¡face no'.'mal.

Thìs rneans tllal the ray r,vil1 curve into the highel inder region. SucLr a ray lvoulcl

culve upward in our atnosphere. Tlris efect is clen'ronstrated in Figule 1.3 lvhele an

obse'-r'er receives t*'o uprvarclly culvecl lays that originated frorn the object.

The ol¡selver perceives that these lays or-ìgilatecl as stlaight lines ancl projects

the lay paths bacli i,o see a,l invertect irnage below u'her-e lhe lorrnal iurage is. This

tvpe of mira,ge is callecl an inÍe-,-ior-- mir-.age because the image is belolv the object and

is associated rvitìr terlpelaturc declease rvith respeci, to hcight,. Figure l.42shorvs an

actual in'rage taken in 1979 at apl:r'oxir¡ atell¡ 1200 r.netels frol.n the plane. Noljce the

2Fhoto 79-6-30
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Ten1pera!ure

Figure 1.5: trncreasing T'ernperature Frofile

thìn inverl,ed ìrr-iage o1 the plane below the actual p1a,ne.

ln the next case, temperature ilc-r-eàses u'ith height as ìn Figure 1.5. In such an

atrrosphe-,-e the index of lefi'actiou rvill decrease rvith height. When lìght l,ra,veis illo

a rcgìon of lower irdex of relraction it will bend awày fl-orn the inte'-face rolmal.

This rneans that jn our a,tmospher-e the r-ay will curve downlvard. The st'-onger the

ternpetatur-e glaciient the lnore plonouncecl rvil1 be tÌre ra]: crrlvaturc.

Al exampìe of this is Figure 1.6 where the lays leaving the object culve clou'n

to hit tlte observer's e¡,es. Again thc cye rvill assume that the ra¡rs are si,r-aighl and

see an uplight objr:ct rvhich is much highel than flte rrornal yisla' gir,.es. This typc of

\.ic\l' Nith a Ìaised uplight ìrlagos is caliecl a supeliol miragc Lrecause the images is

al¡ove the object.

See Figure 1.7 3 r'hich is a, photo ol \\¡hitefish, a. hill a,t Tulitol¡alitult, N\\/'l'. 'lhjs

is a classic erample of a supelior rlìlage. This actual milage is rnore complicated

thal the simple model pr-esentecl in Figur'e 1.6. The hanging images conla,ils a small

upright inage on top a larger invertecl itnage. The in',,elted intage is the restlt of

3Irlot o 19-4-20
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- Rùfncled lì¿ys

- - Straigh! Linc l,rojcctùd R¡yr

i0

Figure 1.6: Superior h4irage [,ight Refraction
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dc¡ii'rn¡'ai'c1 currrcd :'a1' paths ri'ith Iesselilte Ìadius

ll

lllhese ale sìmpìc casr:s arÌd selclom is tìre tcinl;eralure glacììcnt lilear- over thc cl-

tjl e lon er atmosphere. lisìng íhis Lasis ue caù go on and ex1:rlair:r the thlee mzrjol tl,Pes

oI srrpcrior mirages. The lìr's1, rs called tbe h.ilLi.ngu.r'ellect r.r'hich is associatecl r'ìth

rrilrì l,emper-ature inr-ersiols, thal is increasjng teÌÌllel-àture with ilcreasing height.

It fcal,uros slightly clorvnu'ard l>ert rav paths. Fìgulc 1.8 122]1 shorvs sone LyPical ral'

paths. Al actuaì pboto is showl in F-igule 1.95. Notice the trec.s on the fal shorr:,

now compâre this to the nornraÌ inage in F'igut'c 1.146. The trees are ar-e ittroduced

b¡r ¡161v¡1a'¿¡¡i l:ieldilg rays rvhìch reachecl tire far shole. These photos rvcrr: iahen at

Arles on Lakc Winnipeg. The ol¡sen cl is about 3 knr froll the point seen to the

right in the photo.

Tlte h,aJ gerdingar effec1, ìs associatecl u,ith a stlorrg, nonulifoul.l ternperature

inver-sion. Thìs rvill cause differerìt ra¡, paths to have different racliì of cur-vatuLe.

Figure 1.10 [22]7 shols some ty1:ìcal -,-ay paths and Figule 1.11 8 shows an actual

rnilage of this tvpe. Notice the vertical banding that suggests a clìscontiluity jrrst

belou' tlre tr-ees on the poilt, this is chalactelistic of Lta,fgerdin,gar mirages.

The filal tvpc is the Novaya Zeulya elTect. li is associatecl rvith rurifornr tern

peratuÌe up to a, certail height and then a stÌong inr.crsion rvhich sends the lavs

ba,cli torvarcl the earth rvhele they are r-etullecl upu'arcl agail. These ravs can tlavel

hundreds of liilometers oscillatrlg up and clou'i:t belore brealiing û-ee of thjs eilect.

asee Figure 2 of l22lsPhoÍo 31- l2
oPhoto southptl.l 2 Sept 1978
Tsee Figure 3 ol 122]sPhoto 45-22
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Ho.izoûtâl Distance aloÍlg Earth's Surface

Figure 1.8: Hillingar Effect

Figule 1.9: ÏXiilingar on Lake Winnipeg
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Horìzontal I)lstânce âlong llarth's Sùrface

Figure 1.10: Ë{afgerdingar Ðffect

13
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Figure 1.1.1: Ilafgerdingar on Lake Winnipeg
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Horizonlal Distånce along E31th's Surface

Figure 1. I2: Novaya Zemlya Ðffect

t.t

ñ

Figurc 1.13: Novaya Zemlya on Lake Winnipeg, to left of trees
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Figure 1.14: Point on Lake Winnipeg as seen from Camp ,A.rnes
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Figule 1.12122]9 shou's a, tvpical rav se1 lbi t,ìris phcnoner:ia. A s¡'iall grorLp of la-r's

l'ill l¡ouncc l¡acli ¿utcì lbr'th Ì¡elt'een groulcl zLncì 1,hc: uplter 1a]'er. OnÌr'a nai'r-or. l¡and

of glcal;ì¡r djsÍc.,r'tr:cl irnage is ploclucecì ìr¡' thrs i¡'pe ol atmosphere.

Eran'rìnation of thc pholo in Fìgure 1.1310 r'evoals a Ìlâr-r-o\\¡ barcl stlucture through

rvhich the lal sho'-e is {aintl¡. r'ìsìblr:. This pholo is talier to the lell of the poini, ìn

i,ltc 1:ircvìous photos ol Lahe Winnipeg. It lvas a \\¡arrl spling day just ìrefole icc

b-,eali-u1-r.

å.S Frevio¡.rs Worl<

C)ornputation-based lescarch bogal on the Fala X{organa type rnirage jn I931. S.

Fuiiv'hara 19] and K. IIidal<a [12] both publishec{ papers that year u,hich descr-ibecl

the use of ellipticaÌ shells as a moclel fo.- the atmospÌre'-c. Thesc papcls intluclecl a

fel' suppolting calculations to dernorstrate the plausibility of their moclels. Detailecl

conputation using this ncthod lvas inpossible at that tjrnc.

Only a feu'),ears la,ter Gelrnarr \\¡olf-Egbelt Schicle [34] l'r'ote a paper-on n'rilages.

His I935 paper included a revierv of relcr¡alt papers in the field ancl I'eferenced the tu'o

Ja¡anese papers nreltionecl above. He also u'as irtelested in moclellìng tìte atnrospher-e

as confocal ellipscs. B1' I'jerving an ellipse as a po\\¡eÌ series expa¡sion hc proposed

that an eJlìpse coi:lcl l¡c moclellecl as a sphcre i:ilus a smalì pei'turl.iatìon. 'Ihe paper-

is traìlly tlteorelical il natnle alcl invoh'es no calculations basetl on tire proposecl

noile l.
lsee Irigure .1 ol [22]loFhoto 48-16

16



CI] APTER. -I, INT'¡I.OD I,'I]TION' t7

Sicl¡e.t' Berir'¿r'n puìrìis1iecl a, paper ìn 1971 l1] rr'hidr desr:r'il.'ed h js stucljes of lou'r:,r'

atrlospltorìc. reù'¿rctioir. He lr'as 1,r'r'ilg ',,o cletermine pal.li ei'r'ols of ra¡' paths loi' cor-

rec'¡ior lor'li il ar-eas liì<e tr':icJiing là(làr, Ì)hotogranrllietric calrelas. a, al laser ì'anAe

finclers. Stuclies ìn1,o a,nali'tic solutions of la1'pal,hs is evident iir the l'oi'l< o1','\. B.

Fraser. Frasct pul.rlishecl ¿ì p¿rpcl in 1fi77 l7] rr'Ìrich clescril¡ed analytic solutiors in a

Ìroi'izon1,alll'ol sllhericà11ï sila1,ìfied ine(liurü. \\¡ith arali'tic solul.ions it ìs possible to

\\'oì'l( frour Ìnirage ir.ì agcr ¿lrrcl loll-ral inage ancl cleterlniuc a r:orresltoncling terrpera-

tr:r'c plofile. .4. frirther pa1:el il ifl79 with W. H. N4ach iutroducecl a sel oI nonlinear'

pol1'nornial equations rvhich give the tempelature profile nea,r the earth's sur-face. He

compared lhe analysis results t'ith field clata colÌected at the milagc sìte.

Early r'vorli a.t lhe ljniversìtl' of l4anjtol¡a ìregan il 1973 under tlre guiclance ol

Plofesso-,- W. Lehn. This lo¡k -,-esultecl ìn a joilt paper betrveen W. Lelur and H.

Sarvatzltv 118] in 1975. 'l'he papel discussecl a proceclure u'hich u'as usec'l to clete-,-nile

lay paths fot nea,r-1¡' lto-,-izontal ¡ays r¡ the loper alrrrosphete. The tech¡iq¡c usecì.

clensitl' plofiles th¿rl, u'r:r'e cletermilecl fi'ont tempc.rafure p-,-ofìles for- the lorver atmo-

sphele. The nert step rvas to acld visilaì ilfol¡ration abott hou' the refi'actcrì rays

pat,ìrs allected u'hat u'as seen. A papel ir 1978 rvifh NI. trl-Arili [16] irtloducccl a

plogÌar'ì nhich acceptod an outline of:in object a,Ìl d Ìrappe.l it ilto an iilagc basecl

on the couputed ra¡' patl'rs.

Alcl,ic nilages u'ele i;he locus of a pa¡el wlilier in 1979 by W. l,chn [22]. The

palrel cliscusses typical lav paths for tluee fan.rilial arctìc mìr'a,ges, '|!le h,illingtr.

h,aJgertlìnqar, alcl Novava Zenh'a elTect aÌe cliscussecl alorg rvìth atmospheric concli-

tions lr'hìch give lise to thc lrhelomela. -AfteÌ invc¡sligalion of the Nov¿J,a Zen¡Ir'a

ellect a lulther paper or this phe-nonera u'as u'r'itten in 1981 [17] l'ith B. Gel.nan.
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'I'his palrer: clesci'il-,ecl iìrc al.in os1:.rL elir: condìtions anr.1 ra,1' paths n hìc.h pi'oihrcei,l tht

Novat,a Zc'nlva c'fect ln contltLil,ct siir¡rrla,lioirs. T'his illol ural,iorr is usecl to rr:finr: c¡rr

ulclerstarrdìlg of the Novaya Zer¡tlva.

Lr l9E3 \l'. Lehl pubììshcd a, papei' 121] cliscussilg hol' to analvze photogr.aphic

data of mirages il orclel to posl.ulato ¡rossible tempelal.ule profiles for tìre al,r t.r oslr Jrele

r-r'hich caused 1,hc'r.nila,ge based ol a lnultì-laveled sphericaì shell rnodel oI the atmo-

spìtcrc. Also, in a 1985 pilpc.:r'\\i, Lc.hir desci'il¡ed a, simple n'roclel lor atrnospher-ic

ray tracilg. llis uroclel r'as composed oI a series of small corcenii:ic laye¡5 lyill 111,1

surface of câ.clì la¡¡er- being isothelntal. Witlì the additional sir:nplilìcation that the

i,etttperature rralies lineall1' betrveen Lhe sur-faces it u'as Ì¡ossible to irnpìetnent ray

tracing ol cornputer'. John Bocl< ir hjs B.Sc. thesìs jn i984 [2] ertelded Hìd¿rlia's

u'or'l< liv 11sing a compr-rter to clo the nathenatics involvecl. Bodi applorirnatecl hìs

atmosphele as a series of colfocal jsolhermal elliptical cl¡lilcler-s with constalt in-

clex oI refractior bc1,."r'eel shelis. Ile used sl,raight line p-,-ojectiors o{ r-ays ald made

thc a,ssurnptiol that all vcrtica,l ltlanes of intcrcsl; l'oulcl p-,.'ocluce thc sarrre r--av paths

rvhich lecluccs lhe lecessar'\' calcrilatioris to one 1rìane ilvoh'ing the ol;scrver.. The

a,pl)r'oxirÌatiolls tha,t l-lidaka, usecl ìn his rvork wer-e found to create a clor.r'rrrv¿rcl l¡ias

ol prc.clicted ¡¿r,' paths. As a, -,.-esult Hjcla,l<a's app-,-oach l'a.s djscar.clecl ol favc¡ul oI

successìvc applicatior of Snell's lal.

The nert goteratiol of the e1lìptica,l moclel ìnvol,,'ed adclìrg a spherical ear.th sur-

face and lineat lefractii,e incler varialion between shr:lÌs. This l'or'li u'as clone l¡J¡ J,orle

\,Iidford 126] in his B.Sc. i,hcsis (1985). That sa.n:ìe J¡ear John \,Iorri-"h conpletecl his

x'LSc. rvor'l< l'hich dealt erclusir,el-r, *'ith irferio' mi.agcs. Llsing the spìrerical atmo-

sphere rlodels clei¡elopecl bj' \'1r. t"t l he tyrote corlputer Ìrrogl-atns to clo rarr' 1,racì¡g

18
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{or ìnlcliol rrìragr:s. l.Jsing ilie-"c lllogr'¿lills hc ana.lvzr:d cla,la, gathr:r'i:d at Trikioi,a lii,illi.

N.\\¡.T. (19Eil). Iìil'thcr'. hr: a.l,la.ckecl the cljflji:ult problem o1 clcl,clrril ir.t g l,c,rlperatule

prc-,liÌes gìr'el lhc. rolmal iuiaqc atrd tlilagr: inage.

lt u'as P. isaak rrho nracle tlte lirst sLucl¡' of a thlee diilensional atnrosphere at

the llnivelsit)'of \{a,lrtoba 113]. Ilis moclcl rrs¡:r.l a spìrr:lical ca,r'1.h u'itll a se¡ìes of

colloc¿ì elìipsoìcla1 shells lorrl. ing the a1;rnospìrer-e. lìa,ch shell srrrface r.r'as isotherrral.

]-ho t'cfr¿lctive ilclex rvas assrLrr.lcl i,c-¡ r'aly lilearly betr,eerr atmospheric shells. His

B.Sc. thesis (1986) l'as clevelopilg a corlputer proglam to impìernent i,hjs ¡toclcl. N4r'

ou'r B.Sc. thesis (1988) rvorli ',vas imPlenentirg the lecomnenclations of lsaalt ancl

l,lìdford, as well as coltimrirg u'orlt si;artecl earher u'ith NI. E1 Ariri. This ilvoÌvcd

clcvcloping soltwaÌe rvhich appìicd tlalsfel characl,er-.is tic inforrnaiiol to a nolnal

image to plocluce a rrìrage irnage. A tr-alsfel charactelistic is the mappilg of disl,ori;ecl

ray patlr encl poilt to observed lay path eud point. The inrages usecl ',r'ere actual site

photos dìgitized and stoÌed ir a,512 by 512 pixcJ Íormat rvitir the standarcl 256 grey

scaìc'pixel leveÌs.

î.4 Applicatioras

Applications of lav tracinq incìucle erparclilg our undelstarding of 1ot'el atmospheric

ligl:Lt transmission. 'Ihis lilol'leclgc can br: appliecl to a varietr. of areas ìlcluchng

tr=acliirg t.'aclar. l¿rscl strr.eyilg. lascl la,lge finclers, ancl surface siglzrl l,ralsrnissiol.

Novcì applìcatiols iuclncle the stuc\' of gracled inclcx optìc fibels usir:Lg rav tlacilg.

The Journal oÍ.,\ppliecl Optics ovcr lhe Ìast two decaclcs has inr:luclecl rllan)¡ papers orr

geoneiric opiics r'¿ì.\¡ tlacilg ald on rav tr-acing il the stucly of grac{ed inder optics.

19



(,i H t\ L)'f IiR. l, Iñ TROIJ l,ra,lT'lON

L"6 Frobåem Ðescrå¿rtion

I inleld to br'ìc1l' clesclibe lhe refinelncirt Plocr,:ss ol plevioris l,orli to 1;1rr: al,rnosphei'ic

lr',"1.1 ¿.lr,l ta\ l¡.ì rg ',l,rri'¡rr,.

if hr: filsf atnospheric nodels uele tl o clin'rensional ald rrsed sphericurl moclels {c.¡r'

the atniospher'ìr: Ja¡'els. Thel the atmosphci'c modcl i.r'as chalgecl to eìlip1,ir:al shells.

siill rr tl'o dimersions. llllipl,ir:a1 shells give more 11erìbility il rnocleling r.arions si1.u-

atiols ¿ld can lre made to a,ssume almost spherìcaì sìrape. Next caile tLe filst thi.ee

<limensional atmospheric moclel ivith ellipsoídal shells. Ðach moclel ilcluclecl succes-

sìr'e rehnellrents in the ealth's sulfacc ald il shell ten-rperature plofiles. Ilou,ever,

the ra¡ paths ìl the latest rlocleì clclliol stlated a, str-ong clepelclence o st,ep size

cluring lay path tlacilg th¿l,t inclicates a leecl for further relìrrerrrell il the lay t,r'acing

llrocess,

Sin'rultaneousll' u'orlt on a pl--ogr..aln to apply the lesults of rav path tracing to

rornral images rvas going r¡n lol t''r.'o clirlension¿Ì lroclels. This project provcd ii;s

value irr helping a,na,ì-vzc i,hr: ra¡r path clata ancl b¡, givilg it a r,isual iltelixcta,i,ion.

Evel niolc so the expalclecl clata floln a thr-ee dilnensional ilodel requiles lhe abilìtv

to visuall]' clìsplar¡ the effect of the lav pat,lt deviations ol tlie lorrlal inage.

FilalÌ1. ¿l¡116¡gh sorne basic testing was cloric l¡v Isaak on the thlcc dirnensional

moclel ro attempt to systernaticall,r. erpÌolc the inrpact of ell\rsoidaì shells r¡'as llacle.

1.6 Scope of Froject

TLris research ll'oject seelis to correL tìre l'ollolving areas:

20
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1. Ilvcsl,ìgate ¿rncl clevelol.r au r rndei.sl,¿n dilrg cl rav iracing il a 1;hrer: clirlel

-*ior al ¿Ltnt¡tsltheric rnoclcl.

2. Tc; implor.e tìre plevious methocl c¡l lav trzrcìng l,hrough inpr.oving clat:i

colsistelc¡'zigailst step size valiations l.r-r, intr.odrc l" preclictor cor.r'ector

rrcthods ilto i'ay pa,th calculations.

3. ColLinue to i¡ake ¡¿1r Paths r.isu¿,lly accessible bt' incol'l:iora i,ing thr.ee

clìnensional la1, path ploLtilg.

4- lib clevelop a methocl ol applying lav path cla,ta to lom¿l images in rircler

to plocluce a clistorted ìrnage rr:pleseltilg the atrnosphe'-ic affects.

5. To utilize 1,ìre ray lracing ancl ilnage pl*ogÌanìs to:r.lir,lyze sei.er.al tyl:ical

terlperatule. images, rnirage data se1.s.

6. 'i'o expìore the in-rplicatiols of the ellipsoidaJ atrnosl;hele.

)I
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2"1 Geometnic tptics

Geometric optics r it is onc of the oldcst nodels {or light behaviou. ha'jng its oli-

gius in classical (ìr'cece. Evel as lhe modeln vierv of light as \\¡a,\¡es l¡ecame ¡,idely

unclelstoocl Lhe plimìtive noclel oI C]col¡etric Optics lernairecl firnh¡ eltrenched -" a

lrlactica,ì tool ir the solutiol ol optical plol;lerns. Gcouretlic optrcs has ìroen appliecl

to plr:blerns irr iasels, illelferclce. dilTr.a,ction. alcl l aveguides. lt is ho¡,eyer- mos1,

rviclell' applisd ir t¡e Éeld of optics cìcsìgn.

Geor¡ret-,-ic optics is Liasecl or F'crrnat's pr'ìnciple of rnininal tralsit tìme. Thìs

tnea,ns tLa,t' a gir.er lai.'uvill i,ravel tìre path bcl,r'een trvo poìrrts l,hìch talies thr:leas1,

titne. For horr.rogetrcous meclia, this llc¿ì,1rs ral paths t'ill ì:e stlaigìrt ljnc-s. hr stt.aiifjecl

hotttogeleous neclia lighi lavs '"vill benr.l at laver intelsectiols accoldiug to Snell's 1a1,.

OLrr colccnt is u'itìL light la¡'s rvhosc- lrediul.lr has a colstanth, vattrirg nrr¿clia. \\ie
I llcGraut-IIilt Encytlopetlia of Scien.ce ü Technology,6dr Ecl., llcCi¡a*,-IIill, r.ie*. \.o¡Ìt, ]ggT

'.¿').
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begiir l'iih lfarn'ell's lìquations fol t,¿lrts a.rd res1.i'i¡1. oul corrsicleratíon to r,ìsìblc

light l'avelengths.

13oln 13] begìns ìrìs consiclcral,iol of (leonretric Oi:tics ìrv clescriìring jt as col-

lesponcìing 1.o tlie liiriting casc ol l¡ + 0, This reglcctilg ol wavelength leads to

irteresting a,ppt oxirnalions to the l¿Ln's c-rf op1,ìcs u'hich allorv thc indjviclual liglrt paths

to be clescribecl simpl1'.

By colsiclering [4asvell's ecluations as ì0 -'+ 0 the lo1Ìoiving lelatiolship can be

de-,.'ived:

( \'L)-: ?-' (2 r)

rvlrele r7 = ilcler ol r-elraction : ,Çtr a,:ncl I is the optical path ancl js a l'ea,l scalar

Iunctiol of positiol. It is possible to clelire a vector tha,1. is nornal to the srLlfacc ,C =

cor¡,sl,an l, arcl nolmalized in lcngtlt bJ' r'ec,lglizing that the graclìelt oper-ation ploduces

a \¡c,ctoÌ nol-rlaÌ to the gìr'cn frtnction. The srL-,-face L - con.,stant is a geometlicaì rr ave

surface oL rvavelì'ont.Thus s a unit nonììal vector can l¡e dcfinecl as.

II r(s) denotcs the posilion vectol of a poinl P ol the optical 1:latli ^Ll rvith lespect to

the pararnetr-ic r.alue s l'hich rs lengtli aloirg the pâtlt ther,

VL V¿" lv¿l ,¡

dr (.s )

0..\

r1rl.s) fl drl,sl
ut tl- - f¡

¡/s , tLs

(.2.2)

(2.3 )

(2 4)

Fu.,-th er theu



CIIAPTEII.2. Il.tY '1'R¿a-rJNG IN "4N EL¿IP,9OIDill, AT\4O,9FIJIJR¡] 2!t

Ner1. l;otil sicles of Eclrai,ìoir 2..1 trre aga.ìl cliflererrtiatc.cl t,ith resl.¡ect '¡o s. 1,he arc

Ìer.rgth, gir,ìng

+ f,,+) - ,,rrr47 
\:, j),r,. \ ,t.' / r/.5

Ii t'e aPplJ' the cLain nrlc tu thc light siclc of Eqtation 2.5 thcn t'c gct

Jr fC),/.,.,,'/fffì,/r i), ffl,/: ,.),..,
it.t ,1., - ;t! d. T J-. ,i." t - u I

It ìs possiìrle to sepalatc tllìs telll irto a clot p-,-ocluct as lollou's:

/,1.' ,lu-. d,;\ luçft1, , ./qVfl ;rr fCl;\
L,- , J - , ¿ l I .' r r , ;- . Ä I. i:.,,
\//.q tt.< (!., ) \ r/./ (Jtt (, - /

IJ]' r'ecoglìzìng that ihe second terrn is fhe gladienl of the vectol function Vl it is

possible to u'r'ite the equation as

,/r l.s )

- Ì v(vr).

Ncxt sul¡stituting fiom Ec¡ralion 2.4 into the lìr'st term gir-es

vf .f,frr (r.ò)
tl

I

-;(Y¿.v(Y¿))

= ] lr. f¿rv¿r. + 
;/{r¿r , ;trv{r;.ll

tt I L il, ,)Y " ,-)' ll
Wc can cxamine this lurthel if ri'e lecogrizc that the partial aucl gradielt opelators

ca,l l¡e rei.'elsecl rvithout cìralgìlg 1,lte lc'sults:

I lt. It l"\ ; v i]{l ;- v l'r\ ¡ll
]t I_ L \J,/ \òy /" \iJ: / ll

= +l#' +ff, +#'l l" (#)'-'" (#),-'' (g) -l
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_llJrfvi¿i{\\ öt:l /,i¿\\ ût"t /,rr\rl
, laL q \;lJ - ;; ('(ø,) " 

('" t;]ll r 3

Let us break dou'n the fir'st te¡rn of Equation 2.9 to see if ìt caü be sirnpliflecl.

t)t_lct/:'\ öL/taL. 0ò!: ai.)L,\
.l'" [ai = .l, (ð,t'- ac o,'* ¡ *^ )

(uca,t. . dt d'r: . ôt ô2t ;\
-L__ t

\ dr dr'z d.r i)ti) g' ül 0r ð z f

_!u (9L\2, l,J lnL\'. tÐ- (öL\'zi:2ö, 
\d, ) i+roy [*J '*¡æ\u) ^

t /ðL\'z- ,o [t,J (z'tot

Next substitute this sìmplified term into Equation 2.9 along rvith similar substitutions

for the other telms. This gives

I [" fq4)' , o f#)'*r f+)'l (2 ],)zq I \ð, / \ða / \a'l l
Ðue to the dìstril¡utive natur-e of diferentials this can be rewrittetr as

r ,-l ( ðL\' , I ¿)t:\' I ðL' '-,,'L(#) , li) - (#) 
l

: |r frvrr'1. (2.r2)
¿tl

'I1.rus Dquatior 2.5 rnay be leu,ritten as

d / rlrr .'l\ L
* ln ^ 

j : ""v l(vr)"1 (213)

Ard br suLsli¡uii..,ir of Equariorr 2.1 fol rVl]? gìves

,i / dlt-.)\ 1 "
¿" l' ¿, / = *'r'
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) (öq'., ,c)rf ._öti'¡1
za\d, 'üu' í),")

= ,' (,r1,'t, -, :,¡'!!¡ ' .,,!u\
14 \ 'ilr 'Jt' ,). )

/i \
I 04.. Otl .. otl; \

\dl c)y" ö, /
a /.iris¡\
;" (u a' )='" (2 r4r

Born calls thjs the differeltial equation of the light taJ¡. But this {orm of the

equatior:r is not very uselul to us. ìt is ìry consiclerìlg the culrrature vector of a ray

ard its magnitude, which is the inverse of the radius of cur-vature, thaf a usable folrr

of the clilïerertial equation is founcl.

The culvature vectoL ¡c is delined as,

.dTdsl
^t'l- ds -,1"-i''

where p is the radius oI cu'-vatule and y js the unit principal normal. T'is the unit

tangent vector to the curvc s. II s'e substitute Equation 2.2 for s ald expand the

right side,

ds d (vL\
¿: ¿ [;J

apply the chain rule for dillerentiation

Ìd --, -^,7 /1\: 
;¿tt.1 - ".A \t/

from Bquation 2.5 and Ec¡ration 2.14

_ V4 -.1dq
r¡ 4! ds



CHAP'îER 2. RA\.TR,¿CING J,\ A,¡V ÐL¿TP,gÛIÐAL ATI/TA}SFHETIÐ 27

Iron Equation 2.2

rnultipl¡r bY r7

use definition of K

dn
r¡æ : Vr¡ 

"¿,

u d.n
-v :Yq - s-_pas

add last tern on right to both sides

ndDrv+s, -- Vqpas
. dn ¿1'lr*o1ll cnalll lule 7; : V 4 -

by Equation 2.3

n ._tv *s(Vq.s) - V4. (2.f 6)

This is the r.ector lorm of the diferential equation of the lighi ra)¡. This is the

equation that Isaak used ir his algorithtn. Midford usecl à slightlv different forur of

this equation. He u'as interestecl in the n'ragnitude oI r;. I{ we go baci( to Ðquatìon

2.15 and dot l¡oih sicles rvith ?rs ther sul¡stitute the definitìor oÍ ç ancl sirnplify rve

get,

o :L =r,.V (/rr ry).p

This ecpation gives the value of the rav path râdius irr terms of the normal vector

and the graclient of the natulal logarithm o{ the index of refraction.

u,:V?-udtl
ry Tds

(j.15)
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Having derived a usefuÌ fori:r o{ lhe rar, path equatìol $,s will ls¿1's the cliscussion

o{ its application ultil aftel 1,he atmospl.rere n'rodel iras bcen clescr-ibecl. llowever, lirs'¡

r,e need to examino the ilcier of refractiol.

2"2 ãmdex oË R.efractåcn

Eatlier it t'as mentiolecl tirat the incler of refraction in the atmosphere is clependent

on rlrany valiables. It is not necessary to l¡e concerned with a compler equalion for

this function silce we are reall¡' only interested in the case fo-,.. light rays. Others have

clone the necessary studies which resulted in the discovery that for radio frequenc¡'

rvaves the following ernpirical relationship holds, l1]

- , , 79.6' t0-0,,-, , 4gl0c, 
2rl -t - 

T tt -r (2.17)

where P : barometric pressuleJ millibars; e : water vapour pressure, rnillibars; T

: ternperature, Kelvin.

For light rays, the case in which rve are interested, the rvater valrour pressure is

not a lactor thus reclucilg the above equatiol to,

78.6 x 10-6ñ ..-. I r 

-D

'I (r. r8)

This is the genelal equatiol for the ìndex of lefraction tha,t r,vill l¡e used in this study.

2.8 Atmosphere l\,4odeå

Earlier tÌ.re i<lea oÍ ihe elliptical model u'as introduced. 'Ihis mo<lel uses a ser-ies of

confocal ellipses starding ol the earth's sur{ace to represelt a near- earth refractive
2Bertram's first equation is not consistart u'ith his second. His first equation sliould read as

given here in o¡der to produce ihe seconcl equation which is a ryell knorvn relationship.
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atmosplìele, It rvas Hidaka wi.ro irropose{l that elliptical sira,pes could represent ìa.r'ers

of constani, temperatule o\¡er a Ìake. Lal<es are itatural places to fiircl lenperatule

gradìents since often the u'ater is warmer- or colder than the surrounding air. As the

land air nloves over iÌre Ìake surface ii rvili cool/rvarm iorvard the lake ten'r¡:erature.

This air ternperature w'ì11 be nealest the lake temperatür'e at the uridclle of ihe lake and

iald tentpe-,-ature at tl¡e edge. Naturally ihe latd su-,*rounclìng ihe lake ¡,vill l¡e al, the

same teilpetature. lf you connect all {he air points that have t}re same ten-rpelature

it rvould form a shallow concâve earthwald surface or.el the lake. Together the varìous

temper-ature shells would iorm a near earth refractive atmosphere. These shells can

be modeled by elliptical surfaces u'hich have considerabÌe versatilìty in shape ancl size.

So far u'e have a ser-ies of indìvidual shells stancling on the earth's surface. llach

she11 n'rust be indiviclua,lly sized. In order to simplify our elliptic model let's choose

elliptic shells which are confocal. This means that the foci of a1l the elÌipse are at the

same poirt. Then rve only need to specify the size of the outer shell and the height of

any interior shell to completely specì{y any interiol sirell. Tl¡is corsiderably simplifies

the shell selection pl'ocess.

It is natural to put the elìipses at the center o{ ou-,-' model ald its coordilate

systen. The elliptic shells lvill l¡e centered on lhe x and y axes. Siinilarly the l¡ase

o{ the ellipse wi]1 lest c¡n the ealth's surface.

The caltesian coordinate systern was chosel fo-,.' its simplicity over ellipticai coor-

dinatcs rvliicÌr have l¡een suggested as a possiìrility.112] There ìs one significalt mocli-

ficatior that leeds to be nentioned. 'l'h e elJiptic shells are with respect to the earth's

surface t'hich is curved. Thus the shells r,vill not be stricily elliptic u'itJr respect to
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Figule 2. Ì: Eìiipsoidal Shelis And Coordinate Systern

the cartesiarr coordirates. The coordinates systeni, ellipsoid shells and earth surface

are shorvn in Figure 2.1.

TÌre variables a, ó, and c are sheÌl paraneter"s used in the elliptic equation. By

choice a ìs along the x clirection, ô aìong ihe y axis, and c is tì'on the earth's sur{ace

to the top the shell. This figure sirows the elliptic shell touching the z:0 plane at ø

along the x axis but not at ó alolg tlre y a,xis. This js because ¿ is the rlajor axis.

This ¡neals thai ¿ is greater than ô. The major axis rvill alr'aJ,s touch the ea¡th ol
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Figure 2.2: Eanth's Surface

the z:0 plane. The equation for a,n ellipse is,

-J_"_ 
L_ - I (2.1e)

This equation rcpresents the ellipse rvith rcspect to the earth's surface. For our

coordinate system we must modify the z terrn to include the heìght o{ the surface

of tlre earth at x,y. Fi'om Figure 2.2 ihe heighi of the earth ìs given lry û ¡ y2 ¡
(t - do + Rn)' : R?a, Here d6 is the distance below the earth that the coordinate

axes l'rust be in order for the base of the ellipses to Ìle a zero height. We can clefine

d¡ as r/6 : erad * (l - cos(_1fu)). ln this formula t1 is tlrc length of the arc along

the ealth's surface frorr the otigin to the edge of the e11ipse. The fornula uses

simple trigonometi-y to cletermine d¡. lf we solve for z and use -R¡ )) r, y then

z x do- ff. ffrir happens to be a parabolic approrimatìon to the earth's surface.

At x=i00 liur the palabolic approxirnation rvìli give a positive z error- of 4.8 cm rvhen

col-rpared to the true earthts surface. This error cal be ignored whel compared to

the heights involved.

Non'the elliptic equaÍiol cal be lewlittel rvith respect to the coorclilate svstem
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âs'

(2.20)
T2

"
u: (. -,/o + i**)'rt: ! -"r I

'lrr' ¿

Typical outer shells rvlÌ1 be tp to trventy Ìiilotneters long, several j<ilometers u,jcle

ancl less than one htnchecl meter-s high.

Ideally the observel ancl oliject worrld harre complete freedom to l¡e at anJ¡ location

with respect to ihe oligin. This freedorl ìntroduces many extra cornplicatious. Since

the basic moclel had not yet been {ulÌy implernented it was decided to liinit the object

to be centered with respect io ihe x axis, located ir a plane parallel to the y axis and

perpendicular to the coordinate systern (noi the earth's surface) 3. Further, while the

obser-ver has lreedollr of location, on tlre positive x side, his vision referelce is paral1e1

to the x axis. To see an object off to one side tlie view angles are adjusted to include

the desii-ed object.

2"4 T'emapenature Frofrles

Temperatules in the elliptical nodel will be given by a piecewise linear' {unction.

Each corner on tÌre piecervise function and the end poilts will corresponcl to a sllell in

the elliptical nodel. Temperature ouisicle the rnodel is considerecl constant and will

give lise to a velv large lay path raclius. Large ray path radiì result in straigbt lìnes.

Temperature in the ìnner shell wiÌl be assumecl to vary as ìir thc laycr abor-c tirc inler

region. Figur-e 2.3 shows an exarlple oí a piecewise lilear tempe.-ature profl1e.

3Note, an object at a disiance of 10 lim from the origin u'ould have an e¡r'o¡ of 5.4 arc minutes rvith
respect to perpelciicular to the earth's surface. This is an insignificani contriL¡utiori rvith respect to
the ¡vhole ray path and cau be leglected.
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Figule 2.3: Temperature Frofile

? : index of refractiol
p : radius of ray path

al : \:t - unit normal to light ray path
s : t : unit tangent to Ìight ray path

Table 2.1: Vaniable Ðefinitions

2"5 T'åae ffi.ay trath Ðquation

Baclt in Section 1 u,e clerived tÌre vector differeltial equation of a light ray path.

!o'* "(', ") 
: vry (2.21)

In T¿bìe 2.1 the faniljar symbols for the nolmal and talgent r,ectors are iltlo-

tluced. These traditional symbois rvill be used herccforth lvhen talkilg about the

tangent and lor-rral vectors ol Equation 2.21. This ecluation defines the gradient of

the refractive inder as a linear combination o{ the tangent and norrnal vectors of the
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Iìay Path Trålßit Plân,r

Figule 2.4: Tbansit Flane

ray path. This implies that Vr7 is in the same plale as n and t; this plane is ca11ed tÌre

transit plane. B)' taking the cross procluct of t and n a new vector l¡ is introclucecl.

h is the vector which represelts the attitude numbers of the transit plaue. The three

o-,.'thonornal vectots n¡, t, ancl kr forl-r a trihedl-ol and can be viewed as a moving

coor-dinate system with or'ìgin on the ray path. Figure 2.4 shows the transit plane

ancl lhe relationshiir betrveen the three vectors. The ray path follols a sphere-plane

intersection path.

Hon' is the diferential equation applied in step interative calculatiors in an algo-

riihm? The following discussion explores this question.

Eramìne the direction of V4: recall tirat our elliptical shells are sur{aces of con-

stant tenperature. The ilclex of refraction is deflned in terns of terlperatule thus

the shells a'-e also surfaccs of constalt 4. The-,-'efor-e V4 is going to be normal to the

ellipsoidaì surface.

This ellipsoidal normal vectol lvill be in tlLe transit p1ane. This r.ector along lvith

34
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Nhe ra¡, paih iangeni, u'h.ìch is alu'a¡'s ltnot'¡r, can l¡e usec'l to cleterirìne tlrc ¡rlale

attitude vector for the cui'rent tralisit p1ane. i.e.

txn.:þ

¡re - iÌwarcl poiltiiìg ellipsoidic normal

(2.23)

The inu'ard pointì g llolma,l Ìa,ther than the outward pointil6." no'-rnai is usecl for

cont'enielce.

The assertion that the ray path tangent is alrvays known can be tracecl l¡ack to the

assumption that the tempelature profile is at least a piecervise continuous function of

elevation. lf the temperature pr-ofile is 1:ieceu'ise coltinuous thel so must l¡e the index

o.f refraction. It can be p-,-.oved that if the index of refraction is continuous thel the

slope of the ray path is also contiluous. For a proof of the al¡ove assertions see John

Morrish's thesis [29]. The lesult oI this assertion is that between any tu,o seglnents

of tl.re ray pa.th the tangent nust be the same. When a nerv ternperature shell is

penetrated we autorlaticall]' know that the culrent talgent will be the talgent for

the nerv ray segment.

From t and l¡ the lo-,-mal to the lay patÌr can l¡e found from h x t : n. Thus we

know al1 the vector clirections il the ray path equation. The n'ragnitude equation is,

{r} +(v'l .t)?=lv,/l?

Vúe cat substitute (V4.t) :.or1 lVllltl : cosT lV4l givìng,

, \]
l-l I co," ) I\,¡l- - l\/,¡l' () )t\
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From the cosjne ian' 1 is the angle beti.r'een tl.re graclir:nt and ta geìnt vectors.

{Jontinuing to simplìfy,

(2.25)

'l'hu s

ot

^ tl
t - lv4|ri" 1"

Next we leed to consider an apploxin-ration to lV4l.

Consider the folloll'i¡g equation,

r,:4r, +!!n+9!u.' Ò.r dy ' i):

This can ì:e separated into a dot product of terms to give,

A4 : V4.Ar

: lV4l Ar cos À.

However jn our- case sirce V4 is alor.rg r the angle À is zero.

Ilronr lhis J- ecr a ìs.jv ì/i 1 _ l^rl
lvryl - 

^'l
Tirerefore our discrete apploxin'ratiol to p is,

ri ldistarcel
p ì ;Ë ¡2.2a)

I |. nr lsnr -\

/,,\2

ü) - r,i'-tvr¡'!.6.!1
: lVtlt(1 cos? 1)

t- tl ¿: lv7/l srn l.

11) : ,o,,.'n n
\pl
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Thìs is as Tar as the 
'-ay 

path eqrial,ion can be examined il an ilclepentient Iasliiol.

The next stcp is Ío colsider horv it is appliecl in câlculatiiìg ray paths.



ühæp&en ffi

ffiay trmÈh CaåcanåaÈåmsas

In the plevious chapter the equation lor the index ol refraction and the dillerential

equa,tion for a, lighi ray path rver-e iltroclucecl. These equations alolg with associated

equations from the atrnosphere noclel provide the fundarnental equations of ray path

calculations.

Ray path caÌculation is really the contjlual applica,tìon of a step by step procedure

stalting at the current ray path location a,nd producing a new ra¡¡ pa,th location.

S"3. Ray Fath flnorza tbserver to tuÉen Ðlåipse

The ray path starts at the observer location. This location reflects the eye level

position of the observer stancììlg on the earth u,ith respect to the coo-,-dilate systern.

The observer may stantl eiihel outsicle or inside the elliptical shells. The starting

direction of the ray is gìven by a veltical ald horizontal angle at the eye ìocation. 'Ihe

vertical algle is corrected to ìnclucle the ver-tical algle iltroduced by the observer''s
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location on the earth's stlface. 'Ihis correctior is calÌed the base angle

rrh:.--¿r:o-lo - 'ìì'l¿lrce of oL¡nt rnl ñonr utìqìlt

ea'-th radìus

39

This equation is iust the deiinition of arc length along the cjrcumference of a cii.cle

n'ìth respect to the radius of the circle and thc- angle covered bT the arc.

To test if the ol¡server is inside the atmosphere corrsjder the elliptic equatiol given

in Equatiol 2.20. l1 a poilt oll the ellipse surface is used in this equaiion the left

and right sides won't be equal. I{ that point is outside the eilipse tJre function will

be greater than ore and if the poirt is inside the ellipse the functior rvill l¡e less than

one.

A generic function ellip can be deflned as,

etti p¡a.b.c.x. u. z | : # -'; +t' 
_ 

'to -+:)' .

Wìren the values associated rvith the outel ellipse and the location oI ihe obselvel

ale substituted then the value of elli,p wtll i¡dicate jf the ol¡server ìs inside or outside

the ellipse. Sjr¡ce we are interestecì in testing lol the outside condition r¡'e cleate a

function to test for this, i.e.

f / , ¡ ,,2+u-,2\ I
ouloìdeto.L.c.r.g.:t_. Booleo,,tl!¡t- *{ _ '' uo t,-, 'U' I t i.ol .

L\"- u- / )

For an outsicle observer u'e neecl to dete'-rnine lire iliersection o1 the stlaight lile

projection of tl.re taJ¡ stari dìrection and the outer ellipse. lf this iiltersection cloes

Lrot exist then it is necessary to fincl the inte-,-section r.vith the object plane. You r,vill

lBoolean is a binary functiol rvhich rviJJ assigu to the variable a true or false state based on the
given test funciion.
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recall (p. 32) thal outside the atn-iosphere tbe temperature ìs ci.¡lstant rr"hich gives

rise to straighl Ìile ray paths.

The corlplicatecl natur-e of the ellip functìon ûrakes it dìfficult to fild an anal¡'tic

solution for the intersection oi'the ray path and outer ellipse. The alternative is

to iteraiively fild the intelsectiol. In an iterative approach we can agaiir use the

outsitle ïnncl,ion. By successively steppil¿i ìn the direction of the ellipses urtìl a

point is fourd whìch is insiclc (not outsicle) the atrnosphere it is possible to locate

tlre region of intersection. If no point tests ilside the atmosphere and tÌre ray path

length is approaching the radius of the earth thel it is time to set a fiag indicating

that there is no intersectìon. The compar-ison of the ray lergth to the earth's radjus

ensures that the ray passes through the entire model before te'-ninating the search.

Once the intersection js surrounded by two known points a l¡iscctor seär-.ch can be

applied to quickly locate the intelsection.

In the bisectol seâÌch the step size is divided by two and the ray point is moved

l¡ac1t one step if the current poilt is iusicle the outel ellipse or forwa,,-d one step if the

current point is outside the outel elliirse. Thel the step size is leduced again ald the

point is rroved back if it's insicle ancl forward if it's outside. This is repea,tecl ultil

the ray path point is on the ellipse. Orce the ray ¡roint is on the ellìpse the sea,r-ch is

tern-rinated.

In our case o??. rneans that tÌre point is cìose enough to the ellipse that it exceeds

the genelal level of accula.cy ol the othel funciions in the corlputer. program. On is

delined as,

.10

I / .,," u2ll "+ï+
I \ o" -t) .r.0"-¡

)
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utt,)(,,ft.] r Itt)i\
Step 1,

Step 2.

Step 3.

Siep 4-

Step 5.

Step 6.

Step 7.

ÌJeterrnìne culi-ert elÌipsoidal nonnal
Find ray talgent
Calcirlate ng¡v pÌane nrrmbers
Fincl the angle gamma
Find the infer ellipse distance alorrg the ellipse normal
between current and nert ellìpses
Calculate ray pâth radius using Bquation 2.27
Usilg above find lew ray Ìlath centre

Table 3.1: Steps of Sphere Fnocedure

Once the jntersection poilt is found it is assigned as the cur-rent ray path point

&"2 Pnojectång tåee R.ay Fatla

The elliptical shells form a series of isothetmal sur{aces in space. When a ray path

elters the shells its intersection is fould rvith the outer shelÌ. This intelsection loca-

tion becomes the current ray path point. Inside the sulfaces straìght line projection

is uo longer valid. Inside, ray path projection using the full ray equation is necessary.

Sìmiiar1)' thel a ray path originates from an ol¡server inside the atmosphere the full

ray equation is lecessaty.

From the ray path equatìon discussion ir Cbapter 2 a procedure can be outlilecl

to determine the ray path radius. Tal¡le 3.1 lists the steps involved.

This p-,..ocedure will be called Sphere. The first six steps cletermine the ray path

radius. 'Ihe last step calculates the new centre {or. the ray path. The r.adius ancl

centle deflne a sphelical surface alolg rvhich ihe ray point *'ill be movecl.

Consideration o{ the tralsit pìale, radius, ald centle c1efine a circle in space over

which the rav path r,vì1l be projected. Sta'-tilg at the currelt ray path poìnt the ra.r'
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path is proiecled along the circle in tire clirectiol of the objecl, plane. Initiaìl¡r lhe

iây is projected sone standard r clistance tou'arcl the object planc. The x clisiance

value is called ¿terate. By v¿¡},i¡g this value it is possible to optimize the irumber

of calculations rlacle along fhe lay path to girre the degree of coll\¡ergence desìred for

the ray path. Testilg of various iteratio step sizes also helps io examile the effects

of step size on ray path solutiolts.

TÌre function which does the actual ray ¡.ratl.r plojection is called moue.

The basic buiklilg blocl<s of a,ll plojections are the functions sphere ald mouc.

This kild of appr'oach is basically the Euler Ìnethocl oI solutiol for diffelentìal equa-

tiols-

Spherc ts designed to malie as ferv calculations as possible. It maltes use of va,lues

tlrat were usually calculated in the previol.ls call Lo sphere. Because this approach

is used we musi do several ilitial calculatìons once the Ìay path reaches the outer

ellipticaÌ sulface to provide the information r-equired by sphere.

To use spÀ.ere the followilg räy paih info-,"'mation rnust be found; the curl-ent

transit plane numbeLs, the ray path centre, r"ay path locatìon, current e11ipse, next

ellipse, and ray l,arlr radius.

At the current 
'.'ay 

path locatiol we lirrow the ray path tangent since this is jusl

tl.re prr:jection dilection o1 the irtersectioir vector or the statting ray dìr-ection at the

observer's eye.

If the curl-ent ray pa,th location is ol the outer ellìpse intersectiol then the ellipse

through the ray point is linown. The temperatule of this shell clefines the index of

relraction at the currelt poìnt accorclilg to Ecluatiot 2.i8. This ìlforma,tion cal also
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be 1'ourci rvithin lhe elliptical sheÌìs. First find al e1lìpse thal Iìts ihrough the culrert

poìnt. Nert, liirearìy interpoÌate thc temperature basecl on the shell height of ihe ti'r'r.;

surroundiÍlg shells io determine the temperatule associated with the littecl ellipse,

Then tlie inder of iefractjon is found drrectly from this temperature.

To fit an ellìpse thlough the cu,relt point first find the surrounding ellipses by

starting rvith the ourlszde ellipse and steppilg inrvard tntil the point tesls outside

the current ellipse. The previous elüpse and current eiÌipse will suuound the curlelt

point.

Set the new ellipse palarneters to the current ellipse pararnetels. Let slrill eclual

the difference in c parameters betu'een the sulr-ounding ellipses.

Divide s/ri./l by two. If the point is outside the lew ellipse tÌren add sÄill to the

nerv ellipse c pa,lameter, otherwìse sublract it. lJsing the formula {or the foci o{ the

ellipses I : o2 - c' , Lz : b2 c2 and the values o{ t, t2 from the outel ellipse detern'rine

the values of ô, ø for the c value. Test if the point is on the nerv e1lipse. If the test

fails then lepcat the al;ove steps. Filally, lilear\' interpolate the ternpe-,-ature of the

new cllìpse.

Tlre al¡ove p'-ocedur-e is callecl fit-ellipse.

Only the tangent vector ìs hno¡l l in the transit plane so far. However. we can

furd the ellipsoidal noi:mal and use liquatiol 2.22 to deternine k¡. The culrelt ellìpse

is knou.l because it u'as {ound in order to detelmine the current index of lefraction.

The inr.varcl pointirg ellipsoidal lornal js lìre negaiive gradient of e/1zp and is,

ellip:rornr(r,y,z):
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2r '2(z-d6+ t(, .¡,.1 .'I ., l. , -- \_\.-Û0-.:R-)/ j\: u, 1- .,F )

- ,-:
(3.1)

o- c- R.n' b2

Substituting the cu'-.rent lay point iviìl give n". The function plctne of -sigñ.1 linds

tlre cr-oss product givcn by Ecluation 2.22 ard then substitutes the plane clirectìon

nunbers and tlre current ¡ioilt into the plane equation to cletelmine the -,-emainilg

plane equation number. 'lhe plane equation is Ar! By lC zj- Ð : 0. Plane-o f -.siglù

retulrs thc plane numbers A, B,C, D.

The ray pa,th radius associated with a straìght line is 1.0 * 10i2 neters. This

number will give a ray arc which approximates a straight line.

In ordcr to lìncl the ray path center we need fhe ray palh norrrral. The ray path

normal is defined by b x t: n fo-,.' al inu'ard poìntìng lormal. 'I'he t'ay path center

is determiled by multiplying the nonnal vector b5' the scalar radius alcl adding ihis

r.ector to tlre current locatiol. The functìon sphere-centre performs these ste¡rs and

leturns the ray path certel locatìon.

The fiua1 piece of inforlnatiol needecl by sphere is data oir the nert eÌlipse the

lay patlr lvill hit. If the current point is from the outer eÌlipse irte-,-section thel the

next ellipse is the Êrst interior shell. F-ol a ray path origilating within the ellipses

the process is slightly more complicated. lJou' do we lilow which is the next eìltpse?

It could be the cìlipse below or above the current ellipse.

\\/e cal tell if we hnor'v if thc lay 1:ath is heading upward or dorvnwa,rcl. In o.,-der

to keep track of u4rich rvay the ray palh is heading m.e ri,ill ìntro<luce a r'¿riable callecl

upuard.- 'llhis r-a¡ial¡le is a llag. l{ the ray is ìreacling upward lhen zpæord is true

otlrelrvise its value is lalse. For the outer ellipse intersectior case uptuard tvould l¡e

¡-+ r' \
':t1" ) ): Jy
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set to false.

4õ

For ar interiol oliginatir:g lay, in orcier to set the upuard flag u,e neecl to deter-rnile

rvhicl.i rval'the ray path is heading. One lr,av to clo this is by projectirg a Iired lelgth

in the ra¡' start direction fronl the originating poilt. If this nerv point tests oul.szde

the cur¡ent ellipse then the r"a1' path ìs heacling upu'arcl (zpu,ard:tlue) and the nert

ellipse is the lirst sÌrell largei- than the cun'ent shcll. lf the ner,v point is lo| oulside

then the ray is heading dorvnrvald ('u7:uard:la\se) ald the next ellipse is the firsi

ellipse srnaller than the culrent elJìpse.

Once all the initial infomation is calculated or a{ter the last p-,-ojection is com

pleied the sphere functiolr is ca,lled.

As mentioned earlier the flrst step is to dete'-mine the current eÌliptical nornal.

The function ellip-n,orm descr-ibed earlier is used to deternine this vector'.

The second step is to deternine the ra¡' path tangent. This is done by a functior

caTled tan,gent. Using the ray path centre and the current path location a vector

normal to the ray path is formecl and no-,-nralized by clividilg each compolent by the

vecto-,-.s maglitude. Forming the c'-oss product Lr x n gives tbe ta,ngent vecto.-.

In step 3 the neu' transit plale o'- plane of sight are calculated. A furlction cailecl

nezu -plane passes the tangent and inward lo-,-mal vectors to pi ane of sigh,t wl'tich then

forms the cross product t x n. ancl substitttes the curlent pa1,h ¡roint to cletermine

the tralsit plane numbers.

Step 4 consists o{ determining the angle gamma betu,een lhe elliptical norm and

tangent. The lunctioir angle d.oes this by usìng the cosine lalv. Since both vectols

are unit irormal tbe values of a ald c are ec1ual to one. This lear.es Zr2 :2 -2cos1.
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Ässume the tl'o vector-s origilate fi'orn lhe sair-ie locationl then l¡ is the distance Tlom

the tip of one \¡ecloÌ io the tip of the o1,hel. Since the normal vector is the iru'arcl

pointing normal ancl gûInnLa, is tÌte angle bett'een the positir.e noriltal and tangent,

then ó2 ìs the surr of lhe squai'es of the sum of the corrcsponding vecior's conrponents.

þ-rom the cosine law cosl : ?=4. Takilg the arccos of this gives the r.cquìr-ed

formula {or gamma.

Next, in step 4, rve detellline the gradielt distance betrveen the currelt ellipse ancl

the next ellipse. The function litze:itztercept is used to determine the intersectiou of a

line starting at the currelt ray location in the inwarcl normal direction rvith the next

e11ipse. Once the inte-,-'cept is located ii rs then tested to determile lf the r:Leu'poilt

is l:elow the surface o{ the earth. If the poilt is belorv the earth's surface then a new

intercept *'iih the ea"-th's surface leeds to be found. The function spher e-inter cept

performs thrs proceclure. ,9pltere-intercepl soh'es a line - sphere intercept equatiol.

Using the parametric folm of a ììne,

z:zr*trL.,y:y1 ltb.,z: z1 !tc

where irl) 3/1ì.ãr is the cur'-,-elt ray locatiol and ¿) ¿), c is the lile direction vector'.

And,

,"2 LLt + t: - d^ - /Ì, l: = clad2

the equatior for the earth's surface.

Substituting the line equatiol into the spherical equation and scparating gives a

quadratic ecluatiol in te'-rls of the paralletel l. Soh'ing {or I and substitutiug into

the lire equation yields the desired iltercept locaiion. Also, if the iltelcept is r.vith

.1tr
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the surface, the nert ellipse is temporalíly set to the ilncrrrost cllipse so t,hat the

raclius calculation uses ihe ìndex of lefraci,ion nost closeh.' associated with the ealtli's

surface.

Olce a valid intercept is founcl then the nagnitude of the ¡,.ector fi'otn the lay

patlr location to the iltercepl, loc¿rtion is calculatecl anci r-etur-riecl Lo sphere.

Step 6 uses the irtel elììpse dìstance, ildex of refraction oi thc current ard inter-

cepted eJlipse, and gamma to cìeterm jne the radius based on Equatiol 2.27. The final

step deternrines the ray path centre by using the function splzere-centre meni,ioned

earlier.

Earlier, lhe lunction n?ou¿ was mentioned. lt does the actual projection along

tlre ray path arc. Moue uses the ray path celt-,-e, t.-ansit plane, ray patÌr radius, and

the current ray Ìocatiol with l-rodified x location. The nodifled x rvas producecl by

adding the ite-,-atior step to tÌLe olcl x iocation. 'Ihis gives a simple way of rnoving

a,long the arc path.

We have trvo equations, the llrst is the pìane equation,

ArlBylC:-ld:0

and the seconcl js the ray pa,th sphele equa,tion,

(t - ,o)' * (y - yo)' ì- (: - :0)r - radìusz

These two ecluafions allorv us to elirniirate one var-iable. If a thir-d equa,tiol fol lhe

rext ellipse ¡.he'-e adclecl a complete system of equatiols rvoulcl l¡e forlned. Holever,

so far an analytic solution for this set of ec¡rations has not been discove.-ed. An

alter-¡ative to finding the ìrrtersection point r'ìth the next ellipse is use of an iteration

+7
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stc¡. ISrr spccì{ying orc c,f t.lie val iaLk:-. ard e1ìmìualirrg a o1;Lêr' il Lecorres possìbÌc:

to tletenriire a seconcl valial,le. 'I'he clìnrirra,terd va,ria.l¡lc is l,heu cletelnrilrecl flom l,he

other tl'o. This is 1,Iie apploachecl used for ?r'ro'L).r.

The plane eclual,ion $'às solved il telrrs oI y zrlcl subsl,ilutetl ilto the sphele

ecluzrl,ion. 'l'he sphele ec1ua1;ìi.il Ílrer is srilvecl as a quacìra1,ic ìn telms oL:. Th<r

applopl-iate.z solutiol and r¿ are substituted in to the plane equatiol to gii'e y. This

gives the le\\¡ Ìay path locatior alolg tlrc ra¡, pa1,h circle.

Thc liasic ray path projcction proceclule ilvolves upclating thc valious ray llaranì-

et,els 1,o lcflect the la"rr patìr culrcìri, loca,tior anal ther movilg sonle clistance along

the lav path cilcle to a leu'location. l-he uert section will lefine the basic ploceclule

¿urd desclibe the valious specilic ploccclules lequilcd to take cale of noving thlough

the clillerent ellipses.

S.3 Fro.jection Cases

Tlre firsl; r'clsiou c¡f 1.he lay plojectior softrvale usecl the Duler uc.thor'l dc-scr'ìl¡ed in

the 1.lrevious sc.ctiol.

As valious data sets tìrelc ploccsscd in olclel to clieck 1,hr: coll'cct firnctìoning of

the algorithn a stlolg clepenclercc or step lelgth shorrecl up rl the ray pa,th. 'lablc.

3.2 lists the terninaliol height of l,he lay pal,h a1; i.l¡e ol¡ject, plane agair.rsl, the slep

size usecl il the la¡. path projection.

In cotrpa,rìrtg the r-esuhs of the valious step sìzes fol the tt,o listecl r.ersiols of

EuJel plojection rnethocl. the solutìon-" in l¡oth cases shol'ed mole der.iation than l'as

considered acceptable. The olclcl r,crsion oI the Eulel methoi'l had rno-,-e err-ors in the

.i8
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'là,1¡lc 3.2: Frojectior:r Method Comparrson

algoritìrm l4rjch celtainly is a contril¡utol to the hìgìrel cleviation level. Ilol'ever. even

a,fter îurtbel rcfilerlelt the leu'er Euk:l algolil,hln s1,ill had high levcìs of clevial,ìor.

1'o irnplove the soÌutioir accuracy a, rrore sophistìcatecl lnethocl of numericalh, soh'ing

clilferertial equatiors rvas neock:cl. llhe Pleclictol Colrector(PC) methocl is anotLel

sinple method fol solving dilTelenilal ec¡rzrtiolts. The PCI approach builds on the

Eulel metlrocl b¡, rrsìng thc ìnjtial Plojection to gerrer-ate ilfonnat,ion that indicatcs

the cleviation ìn sone klorvl plopelt¡, b<:trveor 1,l.re locatiolls. ll a smootll funcl.iol

lol r:ramp1e tlre cleriva,live rvorlcl l¡c a coltiiruous function. This infolmation about

thc propertf is usecl to irrylovc the initial plojection.

In our case 1,he paih paramr:tels at tho ncrv locatiol lookilg back towaÌcl the initì¿rl

localiou a,r'e calculated. Giveu a sullcic¡rtìy slnall stcp rr e rvoriìd ex¡rect a plopeltl' Jìlie

tLe path raclius 1o l¡e esseliiallr, corrslalt. Bv ave'ragil.q tho patl properlies fi'our eacl

point looltirg torva,rcl thc othol i:loìr'i1, ¿¡ l¡cttel cstimate of thc ovclall l;ath prollor'l,ies

shoulcl be ol¡tainecl than onlv using the path pr-ope-,-ties of the initial location.

Cornpare the resuli,s ol lhe PCI nreLhod agaìrrst the ìiu.ler r:neihocl lol i,he i.u'o pa'-

Plogla.nrs:
S1,c¡ Sìzi:

P tl(,J u lr') JiuJ,'r'1.ìnÌr') P('(.\1'r'ìl) lrrl.r(.\I¡'iI)



CHAPTEP, 3. RAY ]}.L'I'H C,LLCI] T,ATTÛ N S

Figure 3.1: Case I R.ay Fenetration

allel versions oI the pl-ogram. ln both cases the PC method giires improvecl stabiÌitv

in solution ovel the Buler nethod. Typicaìly the PC method will give the same accu-

racy as the Euler r¡ethod while using less computer time allowing quickei' processing

o{ the data.

The improved solution stability provided by the PC approach lead to its choicr¡

as tìre projection method ìn the flnal versiors of the ¡rrojection algorithm.

The use o{ PC 1ed to the need to test for various special problems in the projection

cases. These problems ancl the general proceclure involved in the projection case will

be discussecl in the followilg sections.

While projecting along the ra¡r path it is necessai-y to check for various cases. hr

each case some special actìons are applied. This is necessary to accornmodate travel

tlrrough the elliptical layers, exiting the atmosphere shells, and entering the inner

sÌrell area,.

3.3"1- Case 1: Fer¡etrate Next EIXåpse

When the ray path ente¡s a new iayer the cullcrt eJlipse and next ellipse valiables

must be updated. Either the ray has peletratecl the next ellipse or repeletratecl the

5û
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curÌent eliipse. ?here are separate ploceclures for each of ihese situations.

This proccdure deals t'ith entering the next layer. Ðach nerv la1¡er means thal, the

ilclex of r-efraction is varJ¡ing iu a uerv 11¡ay. Because of lhis we will move the ray path

locatior to the poir.rt rvhere it first intersects tÌre new la¡'e¡. lu Figure 3.1 this is point

B. Th'is helps maintain ra¡ path accuracj¡ through the r.arious la)'ers.

Tlre funci,ion i,n,l:ercept perfo-,-ms a ser-ies of checks to see of the current ray path

¿rc ìntersects the given ellipse. If an intersection is found the function rettrns a true

state.

Intercept begins by testilg the cur'-ent location. The e¿or oI not oufside and

zLptnard, will give a truc results if the point is outside ancl traveling upward or i{ the

point is not outside and the dilection is not upward. If the test ìs true intercept

returns a true.

ll the case of a false test ihe function does additional checking. This is to reduce

the numl¡er of intersections missed due to the ray point passing into and out of the

next layer in the sarne step. At most thr-ee additional eror tests will be made. 'Ihe

points tested il ordel are ] iteration back, j iteration back, ancl f iteration l¡ack. If

at any of these locations the test is true the 1:oint locatiol is updated to the curlelt

test locatiorr anà i,n,tercepL retuLrs a tlue value. If lone of the aclditional points test

true then inte,r'cept returls false.

Once the intercept test determires that an intersectiol rvith the next eÌlipse erists

the next step ìs to locate it.

Locate -isothernz is a fulction rvhich uses a ì;inary sealch to locate the isotheun

intercept. The scarc]r contilues until or¿ tests true for the current path location ard
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tire nexi, ellipse. Tire scarch starts 'by divicling the current step size in half. lf the

point is not outside the ellipse ard moving upwartì the point is moved back by ,s/r.i.f/.

Othenvise the point is moved forrr'ai d ì.ly sÄ,i/f .

Once the isothenl is locatecl Nhe splt,ere procedule is applied at tÌre nerv patlr

locatjon ard lool<ing bacl< tou'ard the starting point. By ar¡era€çing tÌre neu¡ ray path

pararneters with the previous path pararneters å new set is created rvhich better

reflects the path befween the two points. This cor-,-ection io the iritial projection

parameters irnproves the ray path accuÌacy. Frorn the start location the path is

replojected.

One of two problems can arise at this point. The lew path point may not intelsect

with ihe next ellipse anymore or the paih might hit the ground bel'ore lirlding the

ellipse. Botìr of these cases nlust be checl<ed and dealt with separately.

The first step is to test for grounding. Any point below ground causes problems

when passed for use in the various functions as rvell as not beìng physical realizable.

A sinrpie functio:n groutzrlerl substitutes the culrent point into a test u'hich checlis the

Ieft side of the earih surface equation against the earth's radius. If the value tests

less than the earth's radius a true value is retu.,-ned.

For grounded points tl.re correction ìs to find the ground iltelcept and thel con-

tinue to the next check. Find-ground uses a binarl' search to morre successivelv closer

to the ground location. Once the slri./f step size is less iliau .001 the search is ter-

rninated. The point is noved forli,arcl or Ìracii by a decreasing sltif t sf,ep based ol

whether- it is above o-,- belolv ground on successive tests.

Tlre next step is to again test lot an intercepl. If the test fails only the corlector
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Figure 3.2: Case 2 Ray R-epenetration

valìables (path paraneters) are updated to leflect the nerv path parameters. The

procedure drops out of the culrent case and continues testing rvith the rext mair

case test.

Il i,tzlercepl tests true thel the nerv intelsection is fould u.sirrg locate-isotlt,erm.

l'igure 3.1 shows the new intersection location as point C. The culrelt ellipse variable

is updated to rellect the current shell location. Next ar ellipse search is done to flnd

the next ellipse above the currelt ellipse if the ray dii'ectiol is uprvard or the next

ellipse below if the direciion is downrvarcl. The next ellipse variables are updated

witl: this ellipse's data.

If the curreni elÌipse is the inlernrost ellipse then the next ellipse is left thc same

as the current eÌlipse. Similally if the currert ellipse is the oute'- ellipse and the ray

is heading upward thel the next eìlipse ìs left as the outel ellipse. Both of these

conditions are handled ìry special c.ases dulitg the next ìteration.

3.3.2 Case 2; Re¡rearetrate Curnent Ðllipse

'I'he secold case dea,ls with ray patÌr culves that instead of hitting the nexi ellipse

bend back to hit the current ellipse. Figure 3.2 shorvs an example repenetratiol

i j,7

- 

Corrêcied Projecton Path

.-,. ln lial Projectron Path
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procedrrre. For this case the test is the eror oi otttside a:nd u,¡nt;o,r rL The colsecluences

o{ n'rìssing al iltersectiol in this case have less impaci than for the previous casc and

are neglected.

If a repenetlatior is detected then the dilection llag is revelsed to inclicate that

the ray is now heading ìn the op¡rosite dilection through t,lre layers. Nert, the repen-

etration location, B, is found :usi:r'g locate-isollt,erm. TIte ray path pal-ànetel-s are

upclated ì:y calling splrere rvhile looking toward the start locatiol. 'l'iren a func-

tion called correcti,on, âveÌages the new ard old path vai-iables. The path ìs then

reprojected.

Again several pr-oblems can arise after reprojection. The nerv poìnt must be tested

for grounding ard movecl to the surface if it is grounded. If the new patlÌ fâils to

penetrate the curlent ellipsc then as an alternative Jit-ellip is called. This creates an

ellipse that is fitted through thc current point. This new cur-rent ellipse along with

original upward state are passecl on to the next projection iteratiol.

If the rew path does still penetrate the culrert ellipse then the new intersection.

locaiion, C, is located. Finally the current eÌlipse variable is updated ald the next

ellipse data is determinec{ as in the previous case.

3"3.3 Case 3: R-ay Ðoes Not Fetretnate

Erarline Þ-igure 3.3 rvhich shows a case iÌr lvhich the r..ay path does not peletr-ate arv

iinown ellipse. If the current locatior, B, failed the last two tests thel the location is

intermediate l¡etweet the current ellipse ancl the next ellipse. In this case aû ellipse

is fitted tlrrough B, the current locatiol, tsing fil-ellip. Then the path parameters
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lnlerpolaled Ellipse throush End Po¡nl

Figure i3.3: Case S R-ay Fath

looliiug lrack to the stai't location are {ound using spiîere. C orcection is applied io

ploduce the lew path pararleters and the poilt is -,-eprojected endilg at C.

As il the other cases the point is tested for grounclilg and movecl to the surface

ìf lecessary.

The special situations to chech lor include testing fol penetration of the next

ellipse and ensuling that the poilt does not exit the atrnos¡rhere. In the normaÌ case

a lew ellipse is fitted through the current point.

For tlie penetration case the isotherm is located by locate-isothern¿. The culrent

and next ellìpse are updated sinrilally as discussed il case 1.

lf the point {ails the noural and penetration tests this means that ihe point is

outside ihe outer ellipse. In this case ihe irtersection wjth the outel ellipse is located

and both the current and next ellipse are set to the outer ellipse.

3.&.4 Case 4: Clutside l-,ast Ðllipse

The final tu'o cases check the extremes of the atmosphcre shells. This case tests for

tlre cur-rent ellipse equal to the outel clJipse ald upuariL true. This means that the

ray has reaclÌed its exit point from the attnospberic shells.

- 

Correcled Projeclion Paih

--'. lnitlâl Projecrio¡ Pâth



CH,/TPTER 3. R.AY }}ATH CAI,CU¿ATIÛAIS 56

Ðurilg tlie last call to sphere ihe path r¿rdius r,vill have bc.err set to the value {or

a stra,ìght line reflectìlg the constant rnclex of refr-actior in tÌre outer atnrosphere.

'lì: e ray point is Ìepeatedì1' ¡6rr"¿ forrvard by itcrale until the poirt eìther hits

ground or the object pÌane. This case stops after it cletects oue of these conditions

and lets the end point test flnish the ray path.

The flit-obj ect-plan.e lnncttot sjmplJ¡ tests if the x variable at tlie curlcnt loca-

tion is greater thal the object plane location. The function returls a true or false

inclicating the state pÌocluced by the test.

3.3.5 Case 5: Imside ,AlX Ellipses

The insidc case is indicated by the current ellipse being set to the jnnermost ellipse

and not upuard.

Similarly to Case 3.3.4 the path location is moved folrvard using the pr-evious path

radius atd centre until one of three colditions tests true.

The simpìe conditions that ale tesiecl are fol gr-ounding and for hittilg the object

plane. Il this case it is also necessary to test if the point repeletr-ates the current

ellipse. To cl.reck Ior repenetlatiol the outside filnctiou is cheched foi a true state

and the value of the path location is tested fo-,.' a positive value. This test rvill only

l¡e true fol a la¡' path penet-,-ating uprvard out of the inler el1ipse.

In case of repeletratiolr uputa,rd is set to true and the intelsection u'ith thc ilner

ellìpse is located. Final\', nert ellipse is set to the nert higher ellipse.
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&"4 Effid Foic?t ?'esÉ

At ihe end of ever¡, projectìol cyclc 1,ìre resulting encl locatjon is testecl for tr,ro

termination conditions.

Tlie first terminatiol condition is a test to check if the lay point has peletratecl

past the object plane. Thc other telminatior test checks iÎ ihe ray is at or below the

ealth's surface.

IÍ a poirt malies it past both these tests then the ray advance procedure is executed

in preparation {or the projection cycle to rcpeat.

3"4"L Oh.ject Flane T'est

Once a point tests tlue Á hit -obj ect4lør¿e lve know that the current ray path has

penetraterì the object planc. The ray paih iras reachecl its final destination. To

terminate the projection cycle a staius variable called .finished is set to true. To

move the point to its exact point il the objeci plane is quite simple. The x variable is

set to the value of the x paran'retel of the object plate. Then callilg rn oue will move

the ray path poilt to the desired position aloug the ray path al the object plale.

3.4.2 Gnou¡rded Test

Sjnrilat to llre p.-evious case after tesiing a g-,-ounded condition using grou.nrled \|rc

finishecl llag is set to true. Nert tlte Jind-groutrd function js called to move the poilt

to tlre sur{ace ini.elsectìon.
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6ie1"& f{-45¿ JåCåVAffiCe

In pleparation for the nert cycle of the projection process an initial projection rnust

l¡e macle. Tlle sphere lunctlon u¡ida,tes the ray patl.r pararleter-s basecl on lhe current

end location. These pararneters are storecl fo¡ use in T,he correction, procedure and

tlre predictor-corlector- plocess. Next the point is projectecl by a call lo rnoue. TIte

Ìeu¡ poiì1t is tested Tor violation oI the groundilg conditiol alcl n-roved to the surface

if it is violatecl.

The exception to this proceclure is when the ray is inside the ilnermost shell. In

this case there is no next inner shell to update the ray path paraneters lvitÌr. The

ilìtal project procedur-e is skipped and Case 5 takes over using the previous ray path

data as an approximatron to tÌre inler shelÌ conditions.

At the end of this case the prograrn flow returns to the projection case tests.
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The language chosen to irlplement this ihesis rvas C. C rvas selected fol its simplicity

ancl versatilìty as a progran-rning language. C's other virtue is the ease wiih which it

can be ported to other platforms. As a lesult ilitial developrnent was clone using a

80286 Personal Computer ald Ìattel cornpìeted in parallel on the 80286 machine as

well as ol a SUN u'orkstatiol.

Aìthough there are some architectul'al consìderations in porting to the SUN svstenl

the cJranges were fairlj' simple.

C code tends to be naturaÌly leadable. Most of the code contajns extra comurents

to clar"ify what the code cloes. As a result very little time will be spent explaining the

details of the algoriiùm. Instead Appetdices A, R. and C irclucle the source code of

the plogram as it is ìrnplenented under N4iclosoft Quick C Versjon 2.0 for al 80286

computer.
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l{ane Value Ðesc;:itrtiol
adCT

keh'in
e)'el
rninuies
pi
SruÐ
TRUIì
FALSF]
LARGIl

6.37e6m
273.t i

1.8m
:34:37.7467...

3.14 1 5.. .

60

1

0

1.0e12m

earth's radius il neters
conversion factor from celsuis to lieÌr'in
assuiled Ìreighi of eyes of observcl aì:ove gtound ler.eì
lumber of minutes per radian
value of constant pì
l-raximum lumber of elliptical shells allorvcd
clefine a boolean True
defile a boolean False
radius to oirre a, stla,ip'ht lire

Table 4.1: Constants

.4"L Fnograam Ðesigre

The program is divided ilto tÌtree ser:tions accorcling to function. The first section, in

Appendix A, contains all the mainline instructiors. The second section, in Appeldix

B, contairs all the lay p'-ojection procedures called J:y the mainl.ine program. The

final section, in Appenclix C, contains procedures used in the Personal Cornputer

version to plot actual lay paths with the aicl of Halo '88 graphics package bv Meclia

Cybernetics.

4"L"L ft,{ai.¡aline

The components of ihe mairÌine file ale definition o{ constants, deflnition of struc-

tures, definition of nerv iypes, functiol clefiuitions, and nain prog.L-am.

Table 4.1 is a list of the constants used in 3d-ray and wllat they leplesent.

In addition to the above constant varial:lles tbree macro fulctions a¡e defined

rvhich irnpleneli u,idely used functiols. Tbe fir'st is the inclex of refractior equation

with P:101.325 kPa or' 1013.25 miÌlib¿r's. Sul¡siitutins this value il the inrlex of
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refraction ecluation ìn Chapl,er 2 gives the equation ,t{f} - 1 + û.t}799/f

second is a squarilg fulction and the final func.tiol is a square root funciion.

'i'h e

'lhere are three structures definecl rvhich are the basìs for nerv r.ariable types. The

first structure, vectoi-, irs a double precìsion triplet {r,y,z} used to store cartesiar:r

coordinaie ìocations. TÌre second structure, ellipsiodata, stores the double precision

triplet of the ellipsoid parameter-s and associated douì:le plecision shelÌ tempcratrirc

value. The third st-,-'ucture, planelum, contails tlle double ptecision välues of tlìe

plane equation constants.

The following {our ner'v variable types were delìned. 'Ihe structure vector is de-

fìned as type vec. The structure ellipsoidafa is assigned to type e1p. The stlucture

planenurn is defined fo be type plane. Al aclditional type called bool is defined as a

subset of the integer type. Bool will only be used for varial¡Ìes lvith logic ol'boolean

values.

The function definiiion sectjon prototypes the procedure type, narne, and passed

variable types. These defitjtions heìp C to iracli ìf the right type valiables are passed

to and returned fi'om the given procedure cluring cornpilation. The actual functiols

rvill l¡e described latcr on.

Tal¡le 4.2 lists the rarne) type, ând purpose of all variables used in the mainline.

Io facìiiia,ie lrogr¿ìm clevelopment ancl ver-ification ttvo s¡reciai sets of processes

lvere included in the maìnline. The first process ìiept track of each coïrectecl projection

point. By displayilg or priliing this data it was possible to examine the ray paths

in dctail. Anothel r'va¡' of exaninilg the lay paths is to display the rays in three

ditnensionalspace..A.specialproceduren'asdevelopedwhichprojeciedverticalgroups

bt
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Nan.re Tvpe Purpose
out
eliip []

nerelp
curelp
interelp
obs
rnapl]
<1estn

point
oldpt
line
centre
no :n

tan
oldtan
rays
sishtll
obj
base-angle
radius
oldradius
shift
hor
ver
iterat,e
origin-depth
finished
uprvald
ellipnum
c

in<1ex

lastindex
l{un'rberOfR ay

NumPointl]
plotf
prìnt
plo{s
oldplos
!ir1,ll
Li r rt-l

_t' trl,
elp
elp
elp
elp
vec
vec

VCC

\¡ec

\¡ec

vec
vec
vec

vec
VCC

\¡ec

double
double
double
double
double
double
clouble

double
doul¡1e
double
bool
l¡ool
int
irt
int
int
int
int
int
ilt
plane
plane
char

Pointel to current output fiìe
Arral' of clìipsoid shell data ancl temperatures
Vector contaìning nexl shell expected along ray path
Vecior containing the current sheÌl
Vecto¡ fol an intermediate fii ellipse
Observer locatioir
Actual ancl obserr.er ray end locations
Poiirt llrc eyc hcìicves ir is 'eeirrg
Current location on lay path
Storage of projection start point
Direciion numl¡ers for ray path line
Centre of sphe-,.'e on which ray travels
Norrnal direction numbers
Tangent to ellipse at point
Tangent to ellipse at olclpt
A fal poilter to the array storing path poilis
Array storirg the doul¡le precisior sight angles
Objecl plane locatirl on x axis
Sighting algle due to earth curvature
Raclius of ray path arc
R.adius associaied with initial projection
Stepping variable {or local intercepts
Horizontal angìe Ioop variable
Verticai group loop varial¡le
Iterai,ion step size
Disl¡uce ro ealllr surface al orig;n
Ray path termination flag
Ray direclìon ìndicatiorr flag
Nunber of shells in atrnosphere
Counter
Counter
Count lol lasl ¡roìrrt oI plevìous paìr'
Ray path cotnter
Count of points irl each ray
Flag to invoke 3d plotting calì
Flag to ilvoke ra¡r poirt plinting
Plale of sight clata
Plane of sight data associated rviih ìnitiai projection
Space io store title lor 3d pÌots

Table 4.2: l¡ariat¡les



Ct{APTER'1' THE 7D-R"AY .ÂLGATTTTTJ,J\4 63

of ra1i5 611 to a'r;rvo dinensional plot oir the coinputel dispìav. The display proceclure

is discussecl in cletail in the ild oloi, serction.

Recause each point uses 24 l¡J¡tes a n'ratirnurl of about 3500 poilts can be stored

on the avelage computer. The conbination ol step size and luml¡el of rays per group

must be adjustecl so that the total luinber of points is less than the maximum- Thei-e

is no formula i,o determile irorv many poilts a certain step size will genelate so il, is not

possible to check this condition. Extreme caution has to be exercised not to exceecl

the memor]' capacity since unpreclictable everts will occur otherwise. Trackilg lay

paths is v¿luable in ihe study of the atmospheric model l¡ut the rlemory limitatiol

is a selious problem when considering the rvhole atrnosphere at olce. As a result the

p1-og1-arn u'as rnoclified to make the print ald 3-D clisplay optional.

There are four choices. TheS' ¿¡s print clata, plot data, plot and print clata, or do

nejther. Only in the last case is the ray point arlay not define<l so that it is possibÌe to

evaÌuate as r.Ìl any ray paths as clesired. ldo storage of any ray data occurs so there is

no lirnit to the numl¡er of ray path evaluatiols. 'lhe ray path start and end locatioir

are printed to the standard output filc to recorcl the lesults. These options a1low two

ìcvels of bt ridJ [ol l he lnoJel.

There is a flow chart fol the mainline il Figure 4.1. Exanination of this florv

chart shou's how the ray path projeciion p-,-ocedule discussed il Chapt,er 3 is used

repeatedl5' for the various a¡gles of in'¡erest.

Afler each lay plojection is completed the origilal clestinatior plojectior alorg

r'vith the actuaÌ end point deter-niled floln the plojection process is selt to an output

file. The output file also has a copy of the initialization data ald optionallJ¡ the
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Fìgure 4.1: Mainline F low Chart
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ray patÌr data. The output file is a recolci of the lasi 3d ra1' run. The stored ray

path endpoint data is with respect to tlte e¿rlh's surface. This n-reans the point r,r'as

ct¡nvelted from the rnoclel coordinate system bacli io al earth surface location.

The dat¿ input procedure ìs outlired in ,Appendix D alolg with an erample data

file. Once ail the data is collected lry inptttdtúa it rnust l¡e intelpretecl, The function

setu,Ttsh,ells uses the heighi and ter:r1:erature plolile data ard the exterior shell dala

to set up the elliptìcal shells in the ellip ar-,-ay. '1ìhc plocedure conu-coord is used to

convert the observel and object location ol the surface of the earth to locatiols il
the rnoclel's coordirate systen. It also couverts the sighting angles f-L-om n'rinutes to

radians. Further, the depth of the origin of the coordinate system below the earth at

the origin is calculatecl and the base angle of the observels position is cleterminecl.

At tlre beginning of each ra¡r projection the procedure g et-destn ts called. get-destn

uses the starting direction of the rav path at the observer and finds the straight linc

ilter-cept wjth the object plane. If the ray path grounds duritrg processing then the

destiration is upclated to a poilt which intelsects with the x plane at the grorilding

point.

The destination point represents whele the eye sees ihe point at the eld of the

projected lay path.

4.t.2 Stet¡noutiraes

The 3d-subro.c file contains all rnainline proceclures except those related to the 3d

ray plotting progralrr.
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hst input ancl output data. They shouicl be self explanatoly giver.r ihe clescriptions

i-¡lacle ear'lier'.

4"2 &d tråottåmg

As rneniionecl previously the Halo '88 glaphics lil¡rary bv Media Cybeuretics was used

to display the ray path plots. I{alo '88 is an iilplenentation o{ the Graphic Keruel

System (GKS) standard. GKS is a systern of comrnunication between an application

pl-ogr-am ald graphics clevices. This GKS is a purely 2-D system.

Halo '88 supports five types of devices: graphics devices, locators, pi-inters, plot-

ters, and scanners. There are three coordi¡rate systen-rs available: device coordinate

systern, worlcl coordinate system, and lormaljzed coordinate system. Over 190 cliffer-

ent functiols are irnpleilented u4rich control everything from text size ald orientation

to shape generation.

It is ihe flexibility of this GKS rvhich led to its acceptance for this project. The

other available 3-D software wele stand alone programs with limited configulability.

The use of Halo '88 gives rise to the need for a procedule to project the 3-D clata

ol to a 2-l) plane for device display.

To project 3 D data or to a 2-D plane is a tu'o step process. The first step is to

ti ansform sialda-,-cl (x,v,z) coordinates to eye coordinaies. The second step ìlvoh'es

deterrnining the scr-een coordinates fronl the eye coordinates.

The 2-D view is alt'ays dependent ol the location of the obsen'er. In our systern

tlre eye locatìon is delìnecl b)'the spherical coordinates (p,ö,0).

btl
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Figure 4.2: OÈ¡server's View Foint

I

Figure 4.3: New Coordinate System
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Äs Figure 4.2 shon's the ol¡sen¡er's view l:roiitt is at a, clistance p fi:on:r the origin.

and at angle ç'l from the z aris a¡d d fronr the x axis. By acljusting iliese three

clua.ntities tbe object can be seen florn any side ancl at any clistance.

Since tìre locatioir of ol¡server affects the r.ieu' it makes sense to nalie this thc

new center of the coorclinate s¡rslsrn. tr{ore imporiantl5r 1¡" nr" of F as the neu'

cente-,-. of the cool-clinate systern simplìfies the procedure for determiling the 2-D

plale coorclinates.

The orientation of the nerv coordinate system is determined by the orientation of

the coo'-dinates oI the 2 D view. In our case the x axis is to the left ancl the y axis

points upward. BJ' choice the z axis for the observer points arvay from the ol¡server-

toward the old coordinate system. This selection leads to a right hald cooldinate

system. Figure 4.3 shows the new coordinate systern.

There are three steps itvoh'ecl in the trans{orrnation from objeci to eye coordi-

nates.

To movethe origin to F, the eJ'e's loca,tìon, the individuaÌ components of the vector

must be subtracted fi'om the corresponding standard coo.,-clinates. This operation can

be obtained lrom the following transformation matrix.

6E

A=

(psin þcos 0,psuþsÁ0,pcosþ) are the (x, y, z) coordinates of F.

The lext trl'o steps accomplisir the reorientation of tle coordin¿te aris. The object

is to har-e the nerv z'axis intelsect the olcl origin.

0 0\
Iu 0l

I 0l,¡
-pcos Q I /
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ìve y'axis will ir.rtersecf ihe

lt 0 0 0\

":lB J:;'--:::: Bi
\o o o t)

will rotate about the x' axis in the counter clockwise direction bv (1800 - d). This

will align the z'axis so that it points to the oliginal origin.

By multiplyìng,4BC a composite rnatrix is created whìch performs the translo-,.'-

rnation in one step. T : ABC .

The first transforrnation natrix,

/ si.nî cosá 0 0\

"=l-ï"''i'!3i\ o o o ri
will rotate clocku,ise about the z'axis such that the negat

z a,xis. 'Ihis angle is (900 - á).

'Ihe second matlix,

r:(A)(u)(")
I ¡itt1 cos| 0 0\
I -.ord sind O 0 ìf .lr-l o o r ur',
\ o -¡sinP -Pco>a t )
f s r0 "os dcoo rL .tosdsino 0\

- I ,os0 - silr 0cosg -sirrdsii,p 0 |

'-| o si'o -coso oI
\ o o p t)

Thus (Xe, Ye, Ze, 1) - (X, Y, Z)(T)

Nou' that the data are trans{ormed to eve coordinates the¡' must be projectecl to

screer cooldinates.
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Figure 4.4: Display Coordinates

Figule 4.5: Si¡ailar T!'iangles

70



CHAPTETI 4. T.1]}' 3ü-R,,4Y ALGÛII,TTTJM 71

In Figure 4..1 lhe sci'een is placecì a,t a clistance D û'on the origin. Poit.rt Q has

coordìnates (Xe, Ye, Ze). Sirnilarly, ri,here Q' lr,ould appear ìn sci.eeil coorclinates is

girrer coorclinates (SX. SY. D). B¡, 5i¡il¿r' tria¡gles + : *

^-. r'\., nr l'¡ rut t)] - L.,\7tl

Similarly + : * or SX : D(ff). Figure 4.5 shots the similar tr-ialgles for- the

tu'o planes of irterest. þ-or a mor-e detajlecl description refer to Me1'ers.125]

The coml¡ination o{ tbe eye coo-,-dinate transfolmatiol and screen coordinate pro-

jection cornplete the 3-D to 2-D projectiol necessaly to prepare the data for- display.

The overall pr-oceduÌe for implementing tlie 3D plot ìs contained, fu plot. The first

step is to conr¡ert the data to 2D data. This is accompJished by the Con,uert proceclure

which itrplements the transformatiol desc¡ ìl¡ed earlier'. Olce the data js transformed

we a,re ready to create the display vier,v. The display view is started by wtiting the

title over the graph area,.

Next, the positive extr'eme for the horizonial variable is found. Most of the atmo-

spheres u'hich will be consjclered u'ill be concerned rvith hcights less than a hundred

netels veLsus atrnospìrere lengths of nlultiple l<ilometers. It is for this reason that

the vertical scaie is calcuÌated frolr lhe ho-,-izontal scale. This calculation takes into

account the aspect ratio of the display and the need to display the irnage in its real

proportìons.

Once the vertical ancl holizoltal ranges ar-e knorvn then the ploi border. and co-

ordinate axes are acicled io the displa-r'. Each axis is foreshorteted accolding fo the

vielving angle to give some size le.ference to the display. AÌ1 the axes har.'e the sarle

irumerìcal Ìength.
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Finally it is time to ploi the culves that represerli the plottecl culves, Ðach ray

patìr is plol,tecl jndiviciually. This is dore using lhe Halo' 88 furctioir PûLYCABS

rvhich fits a smooth cur\¡e througir tire points of the ray path. \Ã/ith tire addition of

the current vielv statistics and rnenu options the plot is complete.

P/ol provides for the nienu functions ì:y testing fol key strolies once the plot is

displayecl. Based on the menu ciroices various plot ¡rarameters can be chatged to alter

the view displayecl. Each til're a parametel is changed the display process restarts at

the begilning of the plot {unction.

The basíc plot parametel-s that can be changed include: d, the distance to the

viewing plane; p, the distance to the original origin; þ; 9; x-axis limit; y-axis limit. By

changing either- axis limit the aspect ratio is chalged lrom the real ratio ancl deiails

hidden by long flat curves can be resolved. A function is included u'hich rescales the

y aris so that the x and y axis again form tl.re actual aspect ratìo for the plot.

AÌso a function is ilcluded in the plot mctru whjcb prints a copy of the plot via

the printer support functions providecl by Halo' 88.

The menu choices are:

Q:QUIT P:PRN SCRN A:ASPECT SCALE R:ROTATÐ OBJT S:SCALE

V:VIÐW SIZE

ø Q wilÌ termilate the ploi, ilisplal' ancl letur-n control to the rnain progran.t.

ø P provides Tor the 1:lot to be printed.

A till recalculate the y axis scale based on tlic culrent x axis scale to give the

true inage shape.
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s R allor'i's the tn'o vierving angles f ard I to be changecl

e S aliou's the r and t, aris scales to be set.

e V allou's d and p to be chargecl.

Appenclix C incìudes the source cocle {or the p/of procedur-e. For llrore inlormatìon

or the I'lalo'88 furctiors see the llalo'88 manual.

4"& Venifying the Sof"tware

In the tu'o previous sections the rnain pr-ogl.'arn ald ray plotting programs were clis-

cussed. Thc functionality and rralidity of these l)l-'ograüls was testecl using severaì

methocls. In total {our tests where devised.

Of these the sirnplest test performs checks to see if a constant ternperature profile

produces stlaight ray paths thlough the mode1. Another sirnple test uses the left &

right symmetry of the rnodel rvhen an observer stands on ihe x axis. F-or an obselver

on the x axis the left ald light ray path groups shoulcl l¡e n-rirror' ìrnages of each otìrer:.

A n'rore sophisticated test can be devised to check certain ray paths. Lnagine a ra¡,

that starts and stops at equal distance and height from the center of tÌre atrnosphete

model. lf its points ale in the y:0 plale and opposite each otirer with respect to the

certer of the moclel then tbe points of the path should be syrnn-retric. Further, the

maxin-rum of the path should occrlr o\¡er the rnodel center. B1' assessing the deviation

in marirlum ald il svilmetric poilts ìt is possible to drarv colclusions about the

validity of the inodel.
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a:5000m b:1000m
oì:s at (5000,û,1 .8)m

object at 2500m
Heielrt 'I'crnp

3Um

22tt
21ln
20m
15m
11m
0m

8.0 '0
8.0 'cj
8.0 'c
8.0 'c
8.0 'c
8.0 "c
8.0 'c)

Table 4.3: ConstanÉ Temperature Frofiie

Other nodels r,vhich have been validated can also forn a standarcl to rvhich the

neu' r¡odel can be corrpared. By selecting a situation nhich can be elnulated by both

models and compaling the sin'rulation results it is possible to assess the new nodel.

sorne of these lests will inclirectly depencl on factors which ar-'e not bei'g testecl.

I. this case the objective is to perform the test ir: such away as to minimize these

factors or recognize that the results a.e valid within li''ritìng {actors. As with all

software it is inpossìble to checÌt alì possible situations. It ìs therefore importalt to

devise caleful programs o{ stud¡' which use the model against itself and othel sources

before placilg faith in its results.

The flrst test was run using an atmosphere based on the data, given in Table 4.3.

The a ald b para,nete's are the r:najor a'cl minor axis lengths of the ellipsoid. The

obse-,-.ve. stands at 5000 
'retcls 

from the origin ard the object plane is 2500 ureters

on the other side of the origin, In totai 7500 meters are betu'eer the observel and the

object plane.

The range of algles cxamined u'as -4 arc trtinutes to 40 ar.c ninutes in 4 arc



ATTAPTEË" 4, TTTE \D'iIAY ALGARITIIM 75

Step Z Uev mean std
50

r00

500

i 000

0.0039320
0.0018503
0.0006480
0.0005030

U.UUZbVU]]UU

0.001022750
0.000329806

0.000434436

Tal¡le 4.4: R-ay Fath Ðeviation Results

ìr'ìjnute increments il the r.ertical angle ancl at lateral angles 120 , 0, -120 alc n-rinutes.

Itcrations u¡ere run rvith step sizes 1000rn, 500m, 100m, and 50m.

The results are shown in Tal¡le 4.4. The second column represents the aver.age

difference between the z height of a straight line and the calculated height over all

the rays consider in each iteration. The third column repïesents the spread of the

cleviations arnong the dillerent ray paths in an iteration. From this tabie we can

tell that the program ptoduced ray path enclpoints accurate to two decimal poilts.

Simila'- analysis could be applied to eacÌr point generatecl in each r.ay path however

simple examination of these points showecl that they formed a straight line.

For the constant temperature profile clata set the left/right syrnir-retry is dead on

to the six decimal points printed. Table 4.5 coltains the output data for Data Set 2

which has a more complicated temperature profile. Data Set 2 is given in Appendix

D. The step size used was 100m ard the output clisplays vertical algles fi'om 0 arc

niDutes to 40 arc minutes in 4 alc minute increments. Compare the path endpoints

(r,y,z) of a ray ii1 the positive angle group, 60 arc rnins, u'ith the mirror ray il the

negative angle group. TÌre values are mirlor irnages u'ith lespect to the r-z plane.

This point for point syrnl'retry is natched along the ray path at each calculated point.

The synnetric lay test n as done using Data Set 2 witÌr the observer placed at

(5300,0,1.8)rr and the objeci plane at -5300n'r. The objective was to find a horizontal
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Transfe! Characteristic cÒôrdinat€s sith resÞecr to ea¡th)s sulface.

aPParent actual 10 c ¡.r ion
xyyz

Hor si6ht Angle=120. oooo00 (Rtin)
+1715.02193 +114.7139A +2.f34962A +1715.02193 +1t4.7Lr42 -O.OOOOO1
-2499.99994 +261.90625 +14.956183 -2499.99994 +261.A9a15 +6.130396
-2499.99994 +261.907Ð2 +23.688204 -2499_99994 +2€1.A9505 +14.263588
-2499.99994 +261.90814 +32.420289 -249s.99994 +261.87133 +17.031€23
-2499.99994 +261.90963 +41.752461 -2499.99994 +261.83371 +13.624424
-2499.99994 +261.91146 +49.AA4744 -2499.99994 +261,A1321 +10.A415A9
-2499.99994 +261,91365 +5A.617161 -2499.99994 +261.80151 +A.A9A144
-2499-99994 +261.91619 +67.349735 -2499.99994 +261.A5136 +32.L90797
-2499.99994 +261.91909 +76.082491 -2499.99994 +261.A6770 +44.456383
-2499.99994 +261 -92235 +A4.A15452 -2499.99994 +261.87859 +55.294A28
-2499.99994 +261.92595 +93.548642 -2499.99994 +261.88656 +65.153337
Hor Sight Angle:60.000000 (min)
+1708.08421 +57.46061 +2.651258+1708.0a421 +57.45933 -O.OOOOO1
-2499.99994 +130.91323 +14.945462 -2499.99994 +130.90921 +6.1s4891
-2499.99994 +130.91361 +23 -673494 -2499.99994 +130.90786 +14.36A440
-2499.99994 +130.91417 +32.401589 -2499.99994 +13O. a9771 +!7.743454
-2499. 99994 +130. 91491 +47. 729777 -2499.99994 +130_ A7A65 +74. 402AO2
-2499.99994 +130.91583 +49.A5a063 -2499.99994 +130.A6791 +71. 497449
-2499.99994 +130.91692 +5A.5A64A9 -2499.99994 +130.A6172 +9.425399
-2499.99994 +130.91A20 +67.315074 -2499.99994 +130.AA532 +31.780306
-2499,99994 +130.91965 +76.043839 -2499.99994 +130.A93A1 +44.2A2503
-2499. 99994 +130.92127 +e4.772A10 -2499. 99994 +130. 89930 +55. 1s3767
-2499.99994 +130.92308 +93.502009 -2499,99994 +130.90336 +65.081407
Hor Sight An gI e=-60 . 000000 (¡nin)
+I70A.Oa421 -S7.46061 +2.6s12s8+7708.08427 -57.4s933 -O.OOOOO1
-2499.99994 -130.91323 +I4.945462 -2499.99994 -130.90921 +6.154891
-2499. 99994 -130. 91361 +23.673494 -2499.99994 -130. 90786 +14. 36A440
-2499.99994 -130.91417 +32.401589 -2499.99994 -ßO.A9771 +I7.743454
-2499.99994 -130.91491 +41.129771 -2499.99994 -130.87865 +14.402AO2
-2499.99994 -130.91583 +49.a58063 -2499.99994 -130.86791 +11.497449
-2499.99994 -130.91692 +58.s86489 -2499.99994 -130.86172 +9.425399
-2499.99994 -130.91820 +67.315074 -2499.99994 -130.88532 +31.780306
-2499.99994 -130.91965 +76.043A39 -2499.99994 -130.89381 +44. 2A2SO3
-2499.99994 -130 -92127 +84.772A10 -2499. 99994 -130. 89930 +55. 153?67
-2499.99994 -130.92308 +93.502009 -2499.99994 -130.90336 +65.081407
fior si6ht AngÌe=-120. o0oooo (min)
+1715.02193 -114.7139A +2.64962A +1715.02193 -7!4.71142 -O.OOOOO1
-2499.99994 -261.90625 +14.956183 -2499.99994 -261.A9A1s +6.130396
-2499.99994 -267.90702 +23.688204 -2499.99994 -261.89505 +14.26358S
-2499.99994 -261.90814 +32.420289 -2499.99994 -261.87133 +17.031823
-2499.99994 -261.90963 +41.752461 -2499.99994 -261.A3371 +13.624424
-2499. 99994 -261.91.146 +49.AA47 44 -2499.99994 -261.81321 +10.a41589
-2499.99994 -261.91365 +58.617161 -2499.99994 -261.A0151 +8.898144
-2499.99994 -261. 91619 +67.349735 -2499.99994 -261, 85136 +32. 1s17s7
-2499.99994 -261.91909 +76.082491 -2499.99994 -267 _A6770 +44.4563Ss
-2499.99994 -261.92235 +84.815452 -2499.99994 -261.€7859 +55.294828
-2499.99994 -261.9259s +93.548642 -2499_99994 -261.A86s6 +65. 153337
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Z IeIl Z tis.bt Z dìference
5350 1.79999 r.8087¡ 0.00E76

5000 2.00993 2.01763 0.00770
4000 2. 5752 2. 5956 0.00204
3000 2. 6823 2. 182:l 0.000E I
ZUUU 2 6823 6833 0.000r 0
1000 2 i)JÐJ 2. ll¡,t / 0.00016

Zmax is at 13.36m

l{orizontal Angle:l .$(; arc minutes
Step Size:500nr

X Z lefí Z rishf, Z dilferen ce

5350 1.79999 .ðuJ I/5 U.UUJ /b
5000 ¿.uu9;iz 2.01221. 0.00289
4000 2.r4706 2.14821 0.00121
3000 IO4öJ r0Ðub U.UUUZZ

2U00 2.75469 2.15440 0.00029
1000 2.71148 2.7477:l 0.00035

Zmax is at -29.46m

Florizontal Algle:1.96 arc minutes
Step Size:100m

X Z Ieft ¿ rrg-trt Z drllerencc
5350 t.79999 1.80009 0.00091
5000 2.00932 2.00862 0.00071

4000 2.74672 4504 0.00 68

3000 2.16443 2 6246 0.00 97

2000 2.1.5426 2 5250 0.00 76

1000 2.74702 JY9J 0.u0 U9

Zmax is at -82.64m

Horizontal Angle:1.966 arc minutes
Step Size:50m

71

Table 4.6: Symmetry Test R-esults

angle at rvhich the ra1' path ended at (-5:300,0,1.8)rn. The test \\¡as l'nn with 500m,

250rn, l00rn, and 50rn sle1, sizes.

Exarnine the -,.'esults of the symmetr)'test as given il Table 4.6. X rleasules the

distance from the origin. Z left is the Z heigÌri for" positive X values and Z right is

the Z height for negative X values. Ovel the 10,600 rneters that the l'ay was ttacked

the begiir and end poi ts are less thau a centimeter different. Overall all the lesults

irdicate ar excellelt tlegree of synmetry. In addition tlie path peak (zmax) occurred

lvithir one percent of the exact center of the path when con¡rared to overall path

length.

X Z IeIt, ¿ llglìi Z diflerence
5JãT) 1 .79999 1.80363 0.0036{
5000 2.00932 2.t)1224 0.00292
4000 4y "iu 2 499r1 0.00060
3000 2 6742 2 6718 0.0002,1

2000 2. 2. 5678 0.00059
1000 2. 1416 2. 4367 U, U UU4!

Znrax is at -28.15m

Horìzontal Angle:1.96 arc minutes
Step Size:250
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Figure 4.6 shon's a, r:ompalison betl'een 't,he outpul oT the 3d,ray 1,r'acilg prograrn

àild crÌrrent version o1 the røy proglarl (2d). The data froin the røy i:r'ogram r,,'as

adjusted to account for a difference jrt re{erence s}¡stems and to con-rpensate 1'or pres-

sure effects inclu<ied in its algoritÌrm. \n ray aIl th.e Z object heights are rvith respect

to tlre observer's location ivhiie ir.r 3d,-ray T,he heights are witlì respect io the objecl

plane location. This results in a clille-,-elce ir Z heìghi equaÌ to the dilFerence betu'een

tìre height of the ealth at tÌre origin and the height of the earth at the object plane.

The ray program also included pressure effects in its equations.

P.,-'essure introduces additional cur-vature in the ray paths. In orcler to rernove the

pressure effects fiom the ray lesults an adclitional data run was done with constant

temperatule to deterrnine ihe clisplacement introduced by pressure variations. l¡r'om

the pressure data it was determined that ai 20 km pressure variations ìntrocluced

an aclditional 6.77 meter upward shilt i¡ the Z object heights. Sìmilarly at 21.5 km

pressure variations jntroduced an additional 7.83 neter upu'ard shift in the Z object

height.

In both Figure 4.6 ard Figule 4.7 the Da,ta, Set used was SÐTJM3 which is included

in Appenclix D. Usirg both 7d-ray and .¡ay the data r(¡as run u'ith the object pla,nc

at 20 km alcl 21.5 km respectively. After compensating the r¿y dâta both clata sets

u'ere plotf ed. Flottirg the Z appa.-elt height (rvhere the e¡,'q ss¿s something) velsus

the Z object height (u,ha,t the e¡'e sees) gave the trans{er ch.aracteristic for each data

set. ln both Figures it is easy to tell that the tu'o curves are verv similar and match

c¡rìte tell. It is quite reasonablc to suggest that the observable differences l¡etween

the curr¡es a,re likely the results of diference il mechanics between the two prograrns.

79



CtÍAPTT:R 4. TTTE 3D-R"AY ALGAR"ÍTT[I\'f

Ûverall tlie results of the foui' tests har¡e 1:roven the functionalifv of the programs

ancl r.alidatcd the da1,a 1:r-oclucecì by the plogranl.

4"4 {Jsåmg T'he taatpuÊ

The output frorr 3d,ray includes the output record file, ald har<lcopies of the 3d

plots- The output record lile contajns the ray eld point mapping l¡etu'een lvbere thr:

t'ay paih a,ctual terminated, tÌre object f is$,, and the apparent eld poilt seen by iJ:re

nind. The output 111e may also contain ¿ ray path point record for each ray traced.

These outputs provide the basis lor systernatic stucly oI the model or al individual

ray or ray bundle basis.

Our interest in this siudy is the ray bundle information. In the folJowing chapters

this inforrnation on the mapping between the object view and the apparent view will

be applied to images o{ the object to produce a simulated image of the apparent

view. The eld goal is to examine these appa,rent inages to assess holv the model llas

affected (distortecl) the view that the observer sees.
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The previors two chaptels cliscussed the lay tracing procedure and implemented the

process through computer simulation. The plocess iraces light ray paths from their

eye eutry location bacl<wards to theil origilation point. By comparing this point with

the point perceived as the origin a relationship is developed l¡etween the apparelt

object and actual object on a point to point basis. In this chaptel the focus ís

on utiÌizing this point to point relationship to constluct a sìmulation of the appa'-ent

view. Since the efÌect rve ate studyirg is vìsual in nature this allows direct cotr par-isorr

with actual observations. When the atmosphere has been distorted by a teirpelatur.e

graclient this simulation of the apparent vierv u'ill be a rnirage of the actual object.

5.3. Visåon

An intclestilg questiol. that will hopefulìy clalify rvhat r¡'e are trying to do, is, how

do l'e see thilgs? In ihe atmospheric errr¡ironment the major source of light is the

sun. Light rays originate frorn tbe sun and travel in all clirections following basic

physical principles.

8i
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Unlil<e the sui:r. rr.rosl objects r,r'e see do not create their orvn light lrut inslead

refleci and absorb por-tions of tlie liglrt that hits them. It is the rellected portion

ivhich cortains the intcnsìty alrd color information that is received b¡' er. 
"U"r.

If a ray of light leaves the sun and travels in a straight line to oul et¡e) tlìen \À'e

see that speclt at its true locatiol. The indiviclual photons of this ray tr.avel to the

eye, enter tJrrough the lels and are detected by receptors on the tetita. The affected

receptols on the retila lecorcl the color ald intensity of lhe photons on a continuous

basis. The infolmation fi'om the entire retina is processed to give a collerelt image of

the scene. When straight light rays erter tÌre eye the lelative spatial leìationship of

the dilïerent rays is maintainecl. Thus the irnage on the retina has the object's true

shape.

When the light rays travel thlough a nonhomogeneous meclium the ray path will

Ì¡encl. Different ray paths will l¡e bcli diflerilg amounts. The relative spatial lelation-

ship rvill be distorted from its true shape. An image nith the distorted relationshìp

will be cletected ancl plocessed by the eye. I{owever) when the ìmage is p-,-ocessed,

the rnind assulnes that the spatial relatìonship repr-esents the true shape since it has

no wa1, of knowing that the ra¡r paths rvere bent. By nirnicking the vision process \{e

are able to s5'nthesize the eye's view.

Starting at the eye location ä, range of ilorizontal and veltìcal -L..av entry atgles are

examined. For each entry angle a straight lire bacli prÕjectio to the object plane

is computed. The assumption is that tile eye's image u'ilÌ be its correct size at the

object plare. ilhe end point of the straight lire r.epresents the eye's perception of

tbat lay's origìn. Nert, the ray is traced l:aclilards over its real path to deterrnine

E2
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its true orígin.

This process ptocluces ihe point to point relatrolsh.ip described earlier.

&.2 ft/{appång tomcept

Consider the relationship betrveen tÌrey ray path endpoints ancl i,he silaight path

perceivecl end points. The lesrltiug data set repr-esents a mappilg l¡etu,een trvo

image spaces. The data points deterrnined fron'r the traced rays are poilts on the real

or actuaì object. The data poìnts of the perceived path are points on the apparenl

object. Thus the data forms a rnapping frorn the actual object space to the apparent

inage space.

The complete data set is the medium of translation involved in this mapping. lt

is 1'or this reason that the data set u'ill be referred io as the transfer characteristic.

Table 4.5 contains a typical transfer chalacte¡istic except that the 0 angle gïoup was

removed. The tlrree columns on the left are appalent point rvhiÌe the thlee columns

or the rìght speci{y actual points. 'Ihe clata in Table 4.5 is broken into groups. Each

group Ìepreserts a r.'ertical slice of the :napping relationshìp. Togeiher the slices

form the map¡'ing space. Typically due to the relalive invar.iance of tbe atmosphere

horizontally only a few slices are needed to adequateÌy describe the changes. However,

jn the vertical directior atmospheric changes are greatet and therefore mole vertical

data u'ill be requircd in each slice.

While ìt is not possible to plot the eltire trans{er charactelistic it is possiì:le to

plot the object plane to object plane poilts iu the transfel characieristic. Figure 5.1

contains a plot of the transfer characteristic for clata sei SET 2. Notice that there is
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Figure 5.1: Set2 Tbansfer Characterisiic
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ver)¡ üttle \¡ertical chaûge ir Lhe tlansler ch ar a,cteristic. h this translèi' chalacleristic

there are tivo planes joilecl b¡' a trairsition region. Tl.re larger front plane rcpresents

a upright inage scaied by (30-tl)/(t7-1) (the slope of the pÌane). The smaller l:iac1t

plaue produces al inverteci image scaled b¡r i1r r1op". 'I'hus the transfer characteristic

plot car be used to prcclic.t or \¡eri{y the apparelt image. For erarnple consider- a

spot oir the object at ym - 50 antcl znt, : 12. Projecl this spot perpendìcular- to

the zm object plane (back oìle). This projectior rvill intet'sect the surface twice. At

each intersection project a lile perpenclicular to the zm apparent plane downwarcl.

The termination poirt of this lile on the zrn apparent plane is the mapped location

of the object spot. Our example spot lvill be mapped to (ym : 50,zrn :54) and

(ynr: 50, zm :29).

In general the folÌowing tenn corvention will be used henceforth. The terrr "¡roint"

rvill refer to the actual (x,y,z) clistances (in meters) in the real woi'ld while the term

"locatior" will re{er to the location (ìn pixels) in the image of the real world.

To l¡etter uncler*stand what the mapping plocess irÌvolves let us discuss the image

space. The t¡çical image space includes the sulface of the eartll between the observer

aDcl the object, the actual object, and the background sli1r. pi*or" 5.2 shou's an

observer looliing at a house. 'Ihe dashed liles represent the extelt of his vien'. 'Ihis

\¡iew seen from the observer's pelspective ùìight looli like lrigure 5.3.

Iir ouL case the inage space rvill be captured on fllm. The viet'through a caùìera

will have nuch nalrou,er vertical and horizoltal extelt ihen rvith the nal<ed eye. The

dashed lines ìn Figure 5.3 represent the vierv through a camera. This vier,v is lhel

transferred to lilm tvhich is a tr,vo climensiolal inedium. A film image of Figure 5.2

.1i)
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Fìgure 5.2: Observer and Object
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Fìgure 5.4: F il¡ri Vievø

might looli lihe Fìgure 5.4. Notice that the pie shaped section of {oregrouncl in Figure

5.3 encls up a rectangular sectior in Figure 5.4. If the object is beyond the horizon

thel the lower part of the object wj]l be cut off from the observer and camera views.

without exte'sive infornatjon it rvould be difEcult to determine tÌre portion o{ object

cut of.

The next step is to relate the apparent and actual poirts to their respectir.e image

spaccs. In the ray tracing proceclures we treated the object ancl bacliground as a

single plane. This n'rade tÌre ray tracìng pr-ocess much sinrpler.

Since the depth of the objeci is rnuch snaller then the length of the ray path, the

cha.ge ir the ray ¡rath end point due to tr-avelilg to the actual depth of the object

is regligibìe. We are lot actually ìnterested in wirat happens with the background.

But due to the complexitl¡ of differelìtiating object points from bacligr.ouncl points it

is co*velient to irclude the backgrour.rd ir the 
'rapping. 

The backgr.ound does acld

to the appearance oI the ìmage. This gives some justification for treating bacìigrou'd

and object as a si*gle plane. since the object sìze a'd djstances involved aLe l'oor,vn
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Ior thc actual irrrage it becomes quite eas¡' lo relatc the actual encl poìnts fo the object

ancl sì<¡r portion o{ the inage.

The rclationshjp is more complicated Tor the for.cgroulcl portiol. Basically the

rvay distance is tlanslatecl il an irnage Ìras to do rvith size. 'lhe sane tlvo oìrjects

at diferent clistances will appear al clifferett sizes. That is, the close' image lviil

be ìalger. This principles applies to the rectangular for:egr.ound section of tl.re irnage

space.

To accuratell' relate foreground poinis to foreground locations in the object image

is cornplicated. It requires knowledge of where the photographer stooil and at rvhat

height the image was ta,ken to deternìle how nruch foreground is included in the

photo. Since the camera translates the spherical surface into a plane the equation

/ ;-dr : .l R.¿ - (z * R)t., wlicl relates x dìstance to horizontal heigirt, must l¡e used in

translating foreground points to foreground locatiots. Also required are assumptions

about the elevation variatìons of tìre foregrould. Such a process woulcl l¡e very com-

piicated and still not provide a lealjstic 
'lodel 

for the foregrciuncl. Ii is also useful to

tenen'ibeL ihat our chiel a'-'ea of interest is the object.

The {ollowing approximate model will be used in relating i;o the foregr-ould. Oul

lirst assumptiol is that ihe foregrou'd region begins at the observer's feet aud extelcìs

to the base of the object. This in conjunction rvith the assurnption that fiorizontai

inage distalce translates lineally to distance alo'g the lbreground gives a sinple rvay

of deterrnining x locations ìtr the inage space.

using the pie shapecl approximatior of the actual îoregrouncl a'd l.row' x distance

it becomes possible to detennjne the y scale for that x disiance. 1ve r¡'ill lvorl< out

E6
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the a.ciual eciuations .la1,er. Anothel assrrilption that ireecls io be rnentioned is 1;h at

the ìmage is centerecl rvith i:espect to the r aris.

ln.rplicit in our assrinrplion about the fol--eglould beìng up to the base of the object

is that the image space coDtains the entire image and thai the image is on the horizon.

This obviousll' u'ill not be always true of the real images avajlal¡le {or a'alysis. Thc

analysis can still be r,alid tlespite iìris as long as the image is reasonably close to our

assumptions. The phenomena we are ilrerested in are rnostly visual in nature ancl

the imprecision of our model lvill affect some detail but lot the general shape ancl

trends of the apparelt inage.

5.3 Irrterpolation

As we have a1read5, ds5c¡iþscl the transfer characteristic is a table of data. In order to

map a specific point rve need to develop a method o{ data ilterpolation. Inierpolation

will a,llow us to translate the relative position wiihin the rnapping of an apparelt poirt

to an ol:jeci point.

A given appalent location will l¡e surrounded b]' four apparent points from the

transfer chalacteristic. Associatecl rvith ihese su-,-loundìng poìnts will be four object

points. The four closest apparent poilts will best represent the mapping at the givel

location.

The general idea is to frnd the lelative position. of the given location to the sur

roulldirìg apparent points. Once the relative information is applied to the surroulding

object points an object locatìol cor''-espouding to the given location will be found.

Each of these poìnts will either be frorn the object plale or foregroulcl region.



Frotn this the-,-e are tlrree possìbie colrbìna,tio s of poilts. 'Ihe poirts coulcl a,ll be in

the object plane. lllhe points coulil be all jl the foreground. Ol, thel' coulcl bc some

conbinaÍior of both.

Betrveel the corresponclilg appalelt and actual points tbere are rine potential

intclpolatìor cases. TLey ale:

Case Apparerrl Objecl,
1 Object -+ Object
2 Object <--+ Folegrouncì
ll Object <-+ Mirtule
.1 Folegr-ound e+ Object
5 Foregrould e+ Fo-,-egrouncl

6 Foreglound <+ Illixture
7 Nlirl,ure e+ Object
8 \'lixture ++ Folegroulcl
I N'Iirf ure <-+ Xtlixturc-

\\¡e cal eliminate cases 2.3, a.nd 8l¡ecause actual foì.egroultcl points ale a1n'a\.s

tlappecl to a,pparelt forcgroulcl points. Sìmilarlv ol¡ject poilts are ah'avs rnapped

to objecl points rvlLich elininates casc.s 4,6, and 7. Fìgule 5.5 contains eramples oI
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ihe remainir-rg lhrec c¿rses-

9l

Cascs I arrcl 5 ale lLre basìc ìrrlerpolatjol sc.t. Thc other casc is nece-"sarl jl i,her.e

a,r'e horizonlal iransitions into a jrrferiol projectioir, ol foregroulcl zole in 1.he sll¡.

Case 9 rvas rtot inrpìeirteltecl. Il, is lot ueedr,:cl fol the clai.a ar.ail¿lþle for- simulali6¡.

5.3"1 Case I

In C.lasc I 1ve ale concenìed u'il,h cletern.rilìrg the relative (2,¡') position of thc a,ctrLal

poilt colresponding i;o a givcn ap¡rarent poìnt. Consicler the (z,y) ¡rosition of the

apparent poinl as tho intersection ol [he trvo per-perdicular lines z:constant an.l

y:corstaltt. In fhe z clìrection let e l¡e fhe nornraljzecl dista,trcr: of the z valuc betneen

ptl0 and pt20 rvith respect to pt20. Similar.ly, let ./ be the positìol bet.,r'een pt40

arcl pt30. ll the y clilection let g bc the lo-,-m¿ljzr:cl posìtiol of ihe i, va,lue betweel

pt10 and pt40 rvith respect to pt40 ard /¿ between pi20 and pi30. Ttre ft¡ur values

€,.f ., g, h, r-epresents the relal,jve position of ihe appa,r'elt point.

Next use r: to find a point betrveen pt11 antl pt,21. Sinila,r'1y .f ,g,h, czn usecl to fild
three other poinls on the periphery of the four. actual poìnts. Join opposilg points

into lìnes ald detr:rmire the intersection of thc tri'o liles. This gìves the desir.ecl

r-elativc a.ctual point.

Figule 5.6 shon's the var-ious poir.ris. 'lhe equations are:

e = (zn-pt21.z) I (.¡:tI}.z pt"20.z)

f : (zn-pt3} .z) I (pt40.z-pt;)0 .z)
(vm ptaO.y)/(pt1 0.¡'-pt,10.y)

I : (vm1ti30.y)/(pt20.¡,-pt30.¡,)
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yob

Figure 5.6: Tnterpolation Foints

g'pt1 1.v*(1-g) *pt41.y

g+pt1 1.zf (1-g) *pt41.z

h"pt21.y{( i,h)*pi3 1.y
h*pt21.z-l- ( 1-h)*pt31.z
expt 1 1.y-l- (1-e) *pt21.y

e*pt1 1.2*(1-e)*pt21.z
f*pt41.y-l-(1 -f ) 

*pt31.y

ft'pt41.z-f (1-f ) 
*pt31.z

(zm3* (ym4-ymJ)* (zn2-znl) - zrn l * (ym2-yrn1 )* (zn4-zn3)
- (ym3-yrn1 ) 

;' (zm 4-zn3)+ (zm2-zml))
/ ( (ynra ym 3 ) " ( zmZ- zm7 

) 
- (y n2-¡'m1 ) 

+ 
( zm4 zm3 ) )

ynr l f (ym2-ym I)* (+ zob-z,nl) f (zm2-znl)

ym1
zlrrl
yin2
zm2
yrn3
zmJ
ym4 :
ztrL4 :
zoJ¡

þ.ó.Å q.-ase.5

In this case the position of the apparent point will be in the (*,y) pl.u". 'I'he same

process as in Case 1 can be used rn'ith the z r¡alues replaced by their respective x

values.
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&.4 lffisages

In orcler to use t,he rnapping concept rve neecl a rnethod of storing images. The choice

of this method will be constlainecl by the ecluipn'rent used to clisplay the inrage.

A computer stored i:la,ge is often called a digita,l image. Essentially a dìgita.l

image is a tu'o dimensiona,Ì array of pixels. This array is arrangecl into r.ou,s arcl

colurlns. Each low of pixels delìnes a horizontal slice of the il-rage. Ðach colurln of

the arra}' is a vertical slice ol the image. By using these two coordinates any pixel in

the array can be referenced. The value of the pixel represents the intensity of light

associatecl u'ith that positiol. A pixel can l:e used to code coloÌ images by storing the

intelsity of three primary refe.,-'ence colors associated wiih the pixel. 'Jlhe dimelsio¡s

of the array and the range of values for the pixels deter¡nines hou' close the digitaì

irnage approximates the actual image. The dimensions of the array are limited by the

method used to determine the digital image, and by tbe hardware used to display the

image. Further, the hatclware rvill specify the range of values to be assigned to each

pixel. For our system the image is limited to 512 rou's by 512 columns, and io pirel

values betweel 0 and 255. The image is stored in file il byte form il a row by row

forlrrat.

The source images used were digitized f¡om slides using a comrnercially available

inage board ald vicleo cauler-a. X4ost of the images wei-e translatecl fronr 480 X 640

{orrnat to 512 X 512 fottrat.

hnages are sized in untts of pixels. The actual scale of a pixel is dependent on

rvhat the in'rage conta,ins. Pojnts in the transfer characteristic are with respect to

the horizon ald the coordinate svsten. This system must also be applied to inages

ô1
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in order 1'or us to finci tLe pixeÌ iocatìon a,ssocìatecl lr'ith eacl.r poìni in the mapping

llrocess.

5.& &4ap Fnocedure

J3y building ol the irlerpolatiol process a procedur-e for mappilg an entire image

will be developed. Pi'iol to the mapping procedure the aciual inage u,lll l¡e loaclecl,

the reference horizon detelninecl, and the scale factor calculated. This together witÌr

the assunption that the center o{ the ìrnage is the x:0 aris n'ill allorv us to find the

appropriate pixel for a givet irnage location.

The mapping from ol.iject to appalelt image is not one to ole. Al object point

may be mapped to multiple apparent locations. However, the reverse rnapping, ap-

parent to object, is one to one. By reverse I mean that rve will select an appar-ent

point and frnd its corresponding object point. il'his process is much sin'rpler than

trying to flrld all the apparent points corresponding to a object poilt. Ole problern

is that the resulting image may not fit the image space delined b], our file format. \Ve

must either lirnii ihe range of the mapping process or pad the apparent in-rage to fit

the lìle size.

Let's define zn'Lür as the highest height in the object plane covered by the r¡tapping.

Tlren 1et zmir¿ be the lowesi height in the object plane. ,Ald :tn¿at is tire point closest

to the observer il the foreground 
'egion. 

These three par.aneter-s deflne the vei-tical

extert of the apparent image. The dilïerence l¡etween zma:t antd zmin is the extent

of the object pla'e and c'rzøz plus the dista'ce to the objeci is the exte't of the

foreground plane. Frorn these parametels we can detennine zn'¿ct r.i which is initiailv

tt



Cfl,4P1'ER 5. Ivfljl..¡'CfJ SIn'fU¿ATIO¡lr 9J

is z¡'r¿at measured in pixels, ¿n¿¿ri l'hicL is the negative leirgl,h oi the foregr.ound in

pìxcìs, ancl zn.ini whtcL is znzin il irirels.

Tlre ertent of the apparent image is zntrlri - z¡nirLi - xma:ri. Il this number is

lalger tlran the size of the image then :¿r¿¿¿zl is halved aùd zm.aîi is rccalculated so

that the extent is exactly the irnage size. When the extcnt is less than the image size

then half the diflcr"ence is placecì as wlrite space befole (top of) the irnage and lhe

rest as rvhite space after- (below) the ìmage.

The horjzontal extert is automaticalÌy set to the width of the in'rage size. By

using a generous lange of horizontal a g]es in the ray tracìng process there should be

no prol:lems wii;h the horizontal coverage of the ma,pping data. If the colresponding

actual point is beyold the actual image then a white pixel is storecl in the apparelt

itll.age. Ymini ard. yrnari are the le{t ald right image linits. They both equal one

half tlre image rvidth ìn pìxels. Ymini wlll be negative.

TIre apparent image is bounded lty zn"tari, zmini, rmari., ymin,irtlmari- The

rnapping process rvill begìn lron zrnaxi,ynzini ¿ìnd pl-oceed acLoss to zntat:i, yrna:ti.

Tlren the next rolv clown will be processed le{i to right and so on ut|ll zmini ts

reached. The process is ther cortinuecl by beginning at the top of the foregr-ound and

pr-oceeding until ¿r¡¿ø¡i is reached.

flhere are three counters rvhich track the apparent irnage location. The5, ¿¡¿

rm,)yn"L) ard. zm. 'Iwo other counters ó, and n track the surroulding group il the

transfer characteristic. To iniíialize the mapping pr.ocess we step down thi.ougb the

horizontal region until r,r'e reach the region that coltains the starting zm value. The ó

countel is set to the current hor-izoltal regìon. The ó counter forms the outer do-rvhile
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loop oI Map-. Withiir thìs looi:r is alother do-t'hile loop whìch test for enci of region

corrclitions. This loop keeps ü ilic. sàme riittil rn7 ot zn¿ i'each the end ol 1,he r:ulr-ent

region. It also incremelts a r-ow counter rvhich forces the size of the iinage io eclual

the flle size. Both foregrouncl in the sli)¡ ànd inferior t¡'pe mirages tencl 1,o introcluce

extra rolvs. Within this loop is the inrrel counter loop a. a stalts as the last group

in the current Ìegion and is decrenented until i;he lirst group. Each time the a loop

cycles zm ancl znt ale inclernented/decren'rented to the next rou' ard the surrouncling

clo-whjle loop test fol end of region.

Within the rz loop is the case test swii;ch. lf the surlounding mapping points

clefined by {ø, ö}, {a - 1,b}, {a, ö - 1}, {a - 1, ó - 1} arc not ir: the object plale then

a foregrounc{ flag is set. Case 1 interpolation is chosen i{ tbc foreglouncl 11ag is not

scl otLcluise Case i is used.

Each Case is contained in a u'hile loop rvhich incremelts the y counter across the

current group. As long as the 1al value is less than one of the left surrounding points

or- greater than one of the right pojnts ihat point is considered in the curlent group.

The lext step is to check ìf the current appar-ent location is below the lower border

of the cu-,-'r'ent gloup. If it is then the group below is used for the intelpolatioû pr-ocess.

The appropriate surroundiÌìg points are passed to tlre ìnterpolatiol routine along

rvith the curlelt apparent poirt. The resulting oìrject point is tralslated into a object

location usirg image scalilg factors. Tire object location is used to tlansfer the object

pixel to the appar-ent image. Il the object loca,tion is oritside the object irnage then a

lvhite pixeì is transfel-'red instead.

Tlre end oI region test containeri it en,cl-of -region siarts by assuming that an end

96
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of region conditioir erists. lf lve are testirg zn¿ then it compares z¡¡¿ lo all the lowei'

points in the current region. -4rzd-o.f -r'egzon becomes {alse if znz is higÌrer ihan al¡'

point. There are trvo conditìoirs to checÌt for in iLre rÌ1? case. The lirsi condition

ensures that ¡m is not less than aly lolver region point if the ir-rapping is movìng

dorvn the foi'eglour.rcl. The secolcl conclitiou checks tirat :;n¿ is not greatel' thân ânJ¡

loner region point if the mapping is rlor,ing u1:l the foreglound.

The main scale fa,ctor is deteruined by the p'-ocedute Getsca'le descr-ibed latter'.

scale : eleu I (l¿or - r ef el). ,E/eu is the heiglit of the ob ject, lzor is the row nun-rber of

tlre lrorizon, and reJ el is the rolv of the top of the object. This scal¿ factor is usecl to

translate (z,y) Ìocatiols to (z,y) poìnts and vice versa in the object and ì:ackgrourtd

portion oI the image.

For the foreglould portion tu,o diffelent scale factors are used. 'Ihey are rscøle

atd yscale. r.scale: (oós- > r-obj)lQ'IOR-hor). rscale is equal to the distance

between the observer ald oì:ject divi<led by the number of rou's below the horizon.

'flris gives the average rsr,a,le c.,ver the enti'-e {oreglound regiol't. yscale is calculated

ba,sed on rtn. yscale : (scale) x (oös- > :x - rrr,,)f (obs > t - obj). 'yscale

equaìs scale at the objeci a¡d zero at the observer ald varies linearl5r 1a'i1þ clistalce

in lretween. Since rm is inc-,-emented lry tscale; y scale is indirectly dependelt ol

t -s cal e.

I{ a {oreglound mapping occurs above zrr¿ir¿i tl¡en a specìal rscal¿ is used. For each

layer the trvo extrerle foregr-ould poilts a'-e lbund along rvith the lorvest object point.

l'ogethel n'ith tlie curLent .zrn va.iue these define ar zs¿¿le rvhich increnertts ¡nz so

thai at the 1on'er edge of the layer it will equal the lowest {oreground rnapping point.
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¡¡s¿¿l¿- (.ltight loat)f (zm-lou z)* (scale). trf the surrouncling poilts are all in

the object plane :rscalr- eqrals zero ancl ií these poilts are alÌ in ihe fbregrould then

the regular equation ìs used. This tscale is used wheù part of the actual loleglouncl

appears in apparent object plane.

1'a,ble 5.1 ìists all the r¡ariables usecl in ¡¿{¿lr- and indicâtes lheir fuirctior. 'fhc

lìowchart o{ the nrap proceclure is given il Figur-e 5.7.

5.6 l\4årage Simrulatãosl

Tlre program which performs the mirage simuiation is called mir.c. Mir.c incorpo-

rates procedures to load the actual image, transfei- charactcristìc, apply the mapping

pÌocess) and save the apparent ima,ge. It is itcluded as Appendix E.

Table 5.2 lisis all the procedures tn ¡nir.c. The last fir'e procedures are used by

Map- and described in the previous sectiol.

Procedure 1n,'it-6845 sends the inage board initialjzation commands. Write:port

is used to sencl these con-rnands to a custom Univelsity of Nfanitoba image board.

The procedure Get-picture accepts tÌre flena,ile of the object pictule and opens that

file. If it can't find the 11le it u'ill tell you alcl ask lor ¿ lew {ìle nane. The flie is

loaded in to a memory buffer.

The procedure .D I S P LAY is clesigled io display the mer.noly buller ol eithel a

FC Visjon ima,ge boarcl or a custom Unir,e'-sitJ'of Nlanitol¡a image boarcl. The }¡oa¡cl

i¡,pe is selected n'hen the prograln is stari,ed.

Gettcloads a fl1e produced by Sd-ray and extracts the t'-ansfer characteristic, the

9E
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nog
rorll
scale
obs
obj
ZlllAX

zûlirì
xn]ax

J'rl]
ZM

X¡]-I

yob
zol)
xob
xscale
yscale
low-z
low-x
high-x
ymaxi
yrnìni
zmaxi
zrnini
rmaxi
a

b

di{f
z

v
vertl
vert2
hortl
hoi't2
xline
zline
yline
i

rt
nt
nt

fioat
VEC

doublc
float
float
I toat,

double
double
double
double
doul¡le
double
doul¡le
double
double
double
clouble
ìnt
int
int
int
int
int
int
irt
int
int
int
int
int
nt
rt
nt
nt

Horizon level ìn oltject iilage in pìxels
Nun'rber of vertical groups il transfer charactelistic
Nunber of horizontal regìors in curi'elt group
Scale of actual image object plane in pirels
Locatior of observer
Disrair.e to oìrject plar'e frorrr origir'
lìighest z vaÌue in tc
Lowest z value ol object plaire in tc
X value closest to observer in tc
Cut-rent appalelt y location in mctcrs
Currelt apparelt z location in rnetels
Current appalent r locatìon in metels
Corlesponding actual location to yrn
Corresponding actual location to zm
Cor.,-espolding actual Ìocation to xn'r
X scale in foreground region
Y scale in foreground region
Lowest z in curlent legion
Lowest x in current region
Hìghest z in curreut region
(VtrR+l)/2 pixels to right of certer
(VER+I)/2 pixels to left of centel

Pirel height to start mapping
Pirel height to star:t foreground mapping
Pixel clistance to stop foreground rnapping
Cuuent group in transfer characteristic
Currerlt region in transfer characteristic
Dilference l¡etrveen image size and mapping extent
Current z pirel
Current y pixel

: a,1
:b
: b-l
Correspolding actual location to xm
Corresponding actual location to zm
Corresponding actual location to yrn
Pojnter to actual in'rage pirel
Foreground in clicator
c¿--:-- - !^ 1--l-l ---1.:lìri'iiìg iu llul,ì ìi-lrilr l,iXri luh

FILÐ Fìle ¡oìnter

Long

foregiounLl I bool
^r-l-r,r¿\D,1ll-¿-5 

' 
r 

L 
r ! \_., r L -r -t I lù11

Table 5.1: Map- Variables
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Determine xm,
xscale. Set
y=ymini

Get Point
lncrement y

Figure 5.7: Map Elow Chart
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Name I- u1'l:, ose

Ìnit-6845
\ÀIli t e-p ort
Get-picture
DISPLAY
Cettc
Getscale
Marhel
unMarl<el
Ma,p-
intelpolate
loundoff
end,of regiol
belowz
belowx

in j ti alize Inagc lÌoarcl
Wlite Fixel to Custou Boarcl
Load Actual Inage
Display Actual lm age

Load Tla nsfer L Lalacteti'tic
Determine Image Scale
Add Àllaker to lmage
remove Marker- from Image
Mappilg Procedure
ilterpolation cases

rould al integer
test foi' end of region
test i{ poilt is below current group
test if point is belou' currelt qroup

Tal¡le 5.2: I\4irage Frocedures

object plane distance, and the observer location. lt deterniles the number of regions

and groups in the tralsfer character-istic.

Getsutle allows the uset: to position a movable marher ovel two image refer-erce

locations. First the lnal lieÌ is positioled over the poirt in the actual irnage lbr rvhich

the elevation is knou'n. Theu the rnarker is positioned over lhe horizon. Il each

case the marker is lno\¡ed by entellng rorv and column nur¡bers {or the pixel desired.

The nr arlier is movecì unfil the desired location is leached. The marliel moverlent is

terminateci by enteling -1 1 ard the current narker position is sto,-ed. After selecting

both refer-ence levcls tbe irrogran't ashs for the re{erence height. Frour this the object

plane scale, scale, is calculated. Gell.c t:,ses M ark,er a¡d utzM arker in conjunction

with DLJPLAY to accomplish the marker nor.ements.

A{ter tire lllapping process is compiete the r-esulting image is loaded into lnenìorìy
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Figure 5.8: Mir.c F lowchart

and displayed. FinalJy if the user- chooses to process another tralrsfer characteristic

the actual irnage is teloaded ilto n'rernoly.

The apparent image file u'ill be stored under the transfel characteristic file name

plus tlre identifier ".pìc". Figure 5.8 contains the llowchart for ntir.c.
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h 1,hc prcvions chaptels tu'o softr'r'a,r'e tools n,ele clevelopecl. 'l'he fitst,, 3r/-røy, traces

light lays to clctcl n¡ile iheil- pe-,-ceived aucl a,ctua,l oligin poilts. These clata, are usecl

bt' th" r".oll.:, plo¡}aÌnr rrzir', to simulate thc apparelt rrierv seel b¡, the sys frorn an

image oI t1.re actual sceue. In this chapfer t'e rvill be usìlg these ttvo tools to leplìcatc

some actual rlìrage images ancl to compale l'ilh some ealliel tl'o dilr¡cnsional r.volk.

Il each case a, clata, set cont,aining a.n a,trlos¡rher-ic temperatrrre profile. ouler shell

Jìmits, olrselr.el Iocatiou, ard ob.jecl plane clisi,alce rs available. Flon this c)a,t.a 3r1-r at1

l'ill procluce a tt'ansfel charactelistic l'jle rvjth sufficiert coveÌage to rerìtâ,]r the actual

irla,gr: r'lf tire object sjte. Thc. tlansfer ch a,r'a,c1,e ri sti c ancl actual irrago rvìll be used

b¡'' nlù'i,ti plocluce a silrulatiorr irnage of tìre al.ipar-ent viel'. The maìu a,cljuslable

pa,r'arneter l'iÌl be thc sirell srze. A series of ilitial shell sizcs l'ìJl ìre 1:rocessecl to

detelmjnr-: fhe genelal shc.11 size that l-ill ploclucc the clesilecl rrilage t1'pe. Then

aclclìtional shell sizes alourc[ 1,]rc goneral slieìl shal;e l'i1l be processed to fitrd lhe best

tìrJlclr Io i]r,,¿,, 1ual irritagn i¡1¡¿g,.

i03
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Figrrle 6.1: Original Tmage 79-7-12

Figule 6.2: Original Image 83-16-23
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Figurr: 6.:3: Transfer Characteristic Tts8-79-4

6.n Whiteffish T'ts8 data set

The fir'st mirage l e rvill sintuiate is photo 79-4-20, shorvlr il Figule 6.5. This photo

is one of n'raly talien il NIav 1979 dutilg an exPeclitiol to Tukto)'akttli. Nori,hrvesi,

Territorics, Clanada. TLe photos laliel dur'ìrg this expedition provicÌe a collectìol of

nci-,-'rnal arrcl n'rirage scenes. In a, sjmjla,r expr:clitiol in Nia_v 198ì1, Plolèssor- W.II. Lehn

attcl gr-acluate stuclent JolLn N4ol-r'ish collected addition¿rl photos alcl n'reasulecl sonlc:

associatecl tenperature proliles.

This particular pìroto, 79-4-20, is of a irill callecl \\¡hitefish Sunrnit. The herght o1'

the l:Ljll is 18.7n. 'l'he object image t'ill ì:e photo 79 7-1.2, Figule 6.1.. r,r'hich cortains

the sa,lr.ic'irill undistoltecl. The observel is stanchr.rg aL 20.0lim fi'om thrl ìrill alcl e¡'e

1er-e1 is 2.5ln a,l¡ove gloulcl. Thc tcrrl>elatr:re pi'ofile is cor¡l;ainecl in clata set ltB8,79 1.

This terlpelatute pÌ'olìle l as dc.veloped by invclsion o{ the refractjolt data cortàined

in photo 79-,1-20 using tÌre technique cÌescribed ir 121].
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Figule 6.4: Simulation using 79-7-12

Figure 6.5: Whitefish Slide 79-4-20
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Tìre atmosphere r,vill l¡e centeiecl halî iva¡' l¡etrveen the oÌ¡servel alci tlie object

sii¡iÌar to earlier trvo dimensiortal n'ork, Thc rrvo remainilg paraneters are tl.re leügtìr

anil t'idtÌr of thc oute¡ atrnospheric shell. Ry acljustirg these parameters different

atinosphere confi guratioirs wil ì l¡e creaiecl.

Eaclr atmosphere is processed hy ild-ra,y to general,e a transfer- charactclistic. The

step size used is 100m. The elevatior augìes p-rocessecl are -2 a"-cnin to 35 arcmin in

1 arcmin steps. The lateral angles processecl ai-e 60, 30 , 0, -30, -60 arcnrin-

The transfer characteristic is then applied io the object irnage. The reference pixel

level of the object is 3õ0 ard tl¡e horizon is 410. The object height is 18.7m. The

resulting image was compared to the actual mirage.

The lirst three images processed had atmospheric dimensions of (a:8000, b:3000),

(a:10000, b:3000), and (a:15000, b:3000). The last ìmage rvas closest to the mi-

r-age photo. l'hese initial choices rvere based on exarnining an atmosphere smaller.

than the separation between ol¡server and object, an atrlospher.e the same as the

sepalation, and an atmosplteÌ'e larger thau ihe separatiol.

The atrnosphelic dimension a represents the x axis length of the atmos¡rhere and

b represents the lvidth. Aclclitional experimentìng with only the b par-ameter provecl

that in this case the r,vidth could be any value between 100000n-r aird 1000m witli

out altering the lesulting inage. Sma1l l¡ values however did introduce addiiional

distoltion tÌrat rnade the image less lihe the actuaÌ rnirage.

Usìng a width of 3000m the sillulation was fine tuled by a selies of simulation r.uirs

lvith a valyirg l¡etween 14000m and 30000m. The simulation rvhich best natcheci

the original in overali shape r,r'as with a:17000m. Figur.e 6.3 corltains the transfer
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Figule 6.6: Transfer Characteristic 79-4-27

characteristic plot of daia set 'l'88-79-4, Figure 6.4 contains the simulation rnirage,

and Figule 6.5 the real mirage.

The transler chai'acteristic plot indicates that there will be two uprìght segrnents

u,ith nearly the same scale and an inver-ted segrnent witÌr a slightly smaller scale.

Each of the seguents will map f-,-om the same object area.

Both simulation ancl real nilages coltain a white ar-ea to the left side of the

foaiing object. The cigar lilie sìrape is similar and the propor.tions ar.c a 1ihe. Tl.re

lowel object howeveL is different. The sirnulation object has more later.al extent than

the real image. Both images have a splotclÌy texture.

6"2 Whåteffisår Yg-4-2V Ðata

Tlre photo T9-4-27 is another of the photos taken in À.1tay 1979 at Tuì<toyaktuk by

Pr-ofessor W.I{. Lehn. Again tÌre mirage is of Whitefish Sumrnit and the ol:server is

Ð
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Figure 6.7: Simulation using 83-16-23

Figure 6.8: Whitefish Slide 79-4-27
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at 20.0kin.

110

The associateci ternperature profiie ¡'as also clerrelopecl bJ' inverting refractìol clata.

The proflle is contained in data set 79-4-27.

The atrnosphere rvas centered betlveen observer and object. The observer's eye

level u'as 2.5m. The ralrge ol'eievation angles rvas -2 arcmin to 35 arcmin in I arcnrin

steps. 'l'Jre lateral angies rn,ele 60, il0, 0, -30, -60 a,rcmin. The object image rvilì Ì:e

photo 83-16-23, Figure 6.2, which u'as talien in 1983. The re{erelce rorv is 350 and the

horizon is 440 with a height of i8.7rn. In this case the horizon ro\\¡ r\¡as moved dowl

ilto the foregrould to con'rpelsate for part of the hill that ìs cuto{I bJ' the horizon.

This adjustn:rent produced a better 1Ìlatching simulation than the real horizol levcl

of 4i0 did.

The initial three atmospheric paraneter sets were (a:8000, b:3000), (a:10000,

b:3000), ancl (a:15000, b:3000). Again the last set produced the most sirniÌar

1ìlirage and altering the wiclth had lo effect expect at widths less than 1000rn. Addi-

tional iterations witli dillelent a parameters vield a best match r,vith a:i7000m.

Figure 6.6 contains the tralsfer characteristic plot, Figure 6.7 coltajns the sin

ulatiol n'rir.'age, and Figure 6.8 contains the real mirage. The transfer characteristic

plot shows iìrat the lower segrnent will corsist of a stretched uirlight into a stretched

inverted region. Tbis u'i1l be topped by ar upright ima,ge. The upright ìmage wiil

Ìrave a lalge scale atld be I'ery small.

Both images shou' a stretched image o{ the hill at the horizon, a stretcired invertecÌ

image hanging above the hor-izol, and a sclueezed upright inage a,bove the iurrertecl

image. Both pirotos have a l¡and oí darli connecting upper ancl lower images (somc-
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¡r'irat ha,rcl to see). The orrelall shapes colnpare lre1l. The dìffercnces in sliape deiail

carl pa.rtially be atfributed to clifferences l¡etlr'eel sourcc ìmage ancl the real shape ol

the hill and diferent snorv distrìl¡utioir over tl¡e hì11.

6.& Saålboat l\,4inage

In Morrish's [29] r'ork he suggesis a temperature prolìle lvhich might exist over a

warm lakc on a cool surrrûleÌ dav. He 1a,tel processes a saiÌboat outline to see how it

was distorted. lfe used a two dirlension ray tracing program. The same temperature

proflle is given in data set Set6. The tempelature prolìle equa,tion is T : 2.0e" -
0.022+30('C). The observer and object are Skm apart and the boat is 7m high. The

ol¡serrreL's eve level is 4m.

For our simulation we used a picture of a sailboat as the actual irnage. The two

dirnensioral process had spherical shells u'ith radius larger than the earth's radius.

To match this process we wjll select (a:100km, b:100krn). Also, ihe atrnosphere

will l¡e centered ove-,-' the observer'.

The step size will be 100m, the elevatiol range -15 ar-crnil to 40 arcrnin in 2

acrmin steps. The lateral la,nge is 60, 30, 0, -lì0, -60 alcrnin. The resulting trans{er

cha.racteristic is shown in Figure 6.9. The leference row is 115 and the horizol i:orv

is 511. llhe resulting simulation is sÌrorvn in Figure 6.11. Morrish's result is shor,r'l in

Figure 6.12. The source image of the sailboat is included as Figure 6.10 for reference.

The transfet' cha,racteristic plot shows a lorver segrlent which will ilvert and com,

pact follorved by a segn'rent rvhich is upright and stretched. TLe upper segment is

nea¡- ùormal scale and upright.
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Figure 6.9: Set6 Tlansfer Characteristic Flot

Figure 6.10: Sailboat nmage
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lìigule 6.11: Simulatio¡r of Sailt¡oat Mirage

oo 5.oo ro.oo
120¡.r1FL llJ))
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Figure 6.12: Momish(s l\4irage
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Figure 6.13: Tbansfer Chanacteristic 21.5km

As expectecl the data set p-,-ocluced an ìnlerior nil-'age of an objcct on the horizon.

Both irnages feature upright and irverted images. These irnages do not featur.e the

third segment seen in the tralsfer characteristic plot due to tire large size of the source

irnage. The upright image is stretched very sirniliarly in both images. I{owever, the

invertecl in'rage is lot stretchecl as nruch in our simulation as il \4orrish's figure. 'The

smallel inverted irnage is typic.al of inlerior nirages and is predicted by tÌre tlansfer

characterìstic p1ot.

6.4 SET'"Ï&,fS Ðata

This data set was also usecl bv X4orrish and is included in Appenclix Ð as data set

SETJNIS. In his case the object rvas a seni circle rvith a beight of 25m. The resultilg

mirages ar-e shown ìn Figure 6.15 and Figule 6.18. Fo¡ ihe first mirage the observer-

ol:rject separation was 2l.5km and for the seconcl it was 21.51<rn.
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Figure 6.14: SetjrnS 21.5 km

.to o-oo 
"o-oo 

{o.ss 60.0û
Y (È{0REUOF¡Íß!- lr'aì }

Figure 6.15: Momish's ?1.5km Mirage
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Figure 6.16: Tbansfer Characteristic 20krn

For our simulation we u'ill use (a*100km, b:100km), oliseLver eye level 4tr, ard

atmosphere centered ovel observer. The elevations used are -4 arcnin to 20 arcmit in

2 arcmin steps. The ìateral angles ale 60, 30, 0, -30, -60 arcmin. The step size is 200m.

Tbe lesulting transfer characteristic is shown il Figures 6.13 & 6.16 respectively.

The object image usecl rvas photo 83 16-23. It contains the Whiteâsh Summit

which is sornervÌrat liÌ<e a selr-ri circle. The leference row is 350, the horizon row is

410, and the height is 25m. The resulting simulations are shown irr Figures 6.14 &

6.17.

The transfer chalactelistic plots indicate tr,vo transitìon segl-rents followed by a

compressed upriglit segn-rent. The Érst tlansition segnent is f¡om a stletchecl upright

iinage into a st'etched inverted inage and the second zo.e is frorn the str.etchecl

inveltecl irnage ilto a rqrright image.

The flrst sirnulation, Figure 6.14, starls u'itlr a, short upright hiÌl foìlorved by a
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Figure 6.17: SetjmS 20 km

I

-äo,uo o "oo 2b-oo 4ir.oo
Y ( HORIZONTÊL IñI]

Figule 6.18; Morrish's 2ûkm Mirage
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slretched transition zone alci an inveried rcgion. Another transilion zone a,ncl air

uprighi hill complete the irnage. Note in Figure 6.15 that the outline is tn'o ihirds

the '"viclth of the base of the semicircle at ìts nar,-on'ist. 'lhe simulation poses the

same relationship. Since '¡he hill usecl in the sjrnulation is flatter thar a semicircle

the simula,tion oulline cloes get narro'"r'er than the cornparing outlile.

As expectecl by exan'rining Figure 6.18 the ìrlage in Figure 6.17 is srnaller than

the first sirnulation. The sarne conments as àbove apply t6 these images.
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Våsaaaå Wxperåsmesa6s

The three climensional nature of our rlodel gives naly opportunities to explore.

T.L Narrow,&tneosphere Ðxperieraents

As mentioned earlier the wiclth of the atrnosphere rvas not a, significairt contributing

factor to the rnirage. Using the TB8-79-4 rnirage the following series of images wìll

show the same rnirage with dillerelt atnrospheric u'idths. We rvill sta'-t with an

atnosphere with near earth ladius sìze and step dorvn lapidly.

Figure 7.1 contails ihe fi:'st lbu-,* irnages. The width of tÌre correspondilg at-

mosphere is sholvl below each in'rage. The first image has an atinospher-e rvidth ol

6000km which approaches lhe ealtlr's radius of 6730km. Each folÌorving ima,ge has a

rviclth an order of ilagnitude snaller. All tbul inages ai.e essentially identical.

The second Figure 7.2 coltains sìx ìmages. The 1000m inage is the starting point

at which atnospheric wiclth becomes a contriì:uting {actor. Each ìnage shorvs the

efects of successively narrower attrospheres. The 1lnal in'iage rvith rvidth l25m r,r'as

119



CTT,4F T ER" 7. V I,ïLI AL EXFERIII4EAÌT',}-

60 km 6 krl

Fìgure 7.1.: Different Atmospheric Widths lMithout Ðistortion

the rarl.'owest atmosplrere fha\ 3d,-ray coulcl still trace. In all cases the atmosphere

length was 17000rn. The elevation angles tlaced u'ere 2 arcn'rin to 3õ alcmin in 2

arcmin steps. Lateral angles r','cre 60, 30, 0, -30, -60. The step size rvas 200m except

for the last thlee ìmages which usecl 100n or less.

We can coirclude that il this case the rvide atiìosphe-L-es plovidecl essentially the

saine conditions in the lange of ra¡rs fþ¿1 l'ere traced. Such large lvidths rvould crcate

r2a

l<m6000 600 km
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130 m

Figure 7.2: .&trr-rospheric

125 m

Widths ìMith Ðistortion

1000 m
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lairll' sin'riiar sliapes alourcl the oi'igìr. Shells rvhich r.r,oukl ì:e fairly flat arcl uniforililr

spàced. O ce the rviclth approachecl u'iihil an order of r:iiaglitucle of the rvidth of ihe

crìrject ihe atn'iosphcre l¡idlh became a contributìng factor. As the atniosphcres got

nârr-o\\¡e1- the point was reàched u'Ìren the spacing beir,veen Ìayers changed lear the area

of the cibject. And as the atmospher-e continuecl to get narlor,,,er lhe layer spacing

nalrowecl as u,ell. Duc to the eììiptical shape of the shells the sicles u'ould nalrorv

fãster than the centra.l poltion. This narrorvir.rg is demonsti-ated bl' the irarlorving

sky image. Also noi;ìce that the ground hill image lemaìns lelatively ulaffected in

alì tlre images. The lorver shells rvoulcl be less alfected bv narror,ing than the upper

shells-

Whilc mote anaÌysis with other ìtnages and situatìons neecls to dole it is leasonable

to say that for a large selection of lnirages the atmospheric wit{th is not a critical lactor

in forming the lnirage. A wìde range o{ conditions couìd produce essentially the sarle

mirage.

Y "2 tk¡sey'ver Ðísplaced to tne Side

'Ihe ray tracing model was designed to a11or'v the observer mobility rvithin the model.

LÌntì1 norv horvever tÌrere has l¡een no opPortulity to utilize this featule. The main

reasor \\¡as that earlier analysis was tl'o dìmelsional ald t'e r'rrhere comparing oul

results rvith the earÌicr results. Again usilg tlre TB8-79-4 mirage. The following

images rvill show the vietv of the obse'-ver if the obsen'er where rnoved at a constant

distalce fronr the object's celtel at various angles to the r aris.

Figui-e 7.3 shows most oI the observe'.. locatiols used, the object plane, and the
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Figule 7.3: Observer Locations
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outer ellipse of the atmosphere. The obselver r,r'as approrima,iell¡ l0linr lorm tlle

origin àt each locaiìon. Figure 7,5 contaiirs i,he first six obserr.er local,iols àûd Fígure

7.6 cont¿irs the othel six. Ulclel each picture is a letter alcl irvo numbels. The first

rumber is the r location and the secoLrcl nurnber is the y location. The lettel i'clär's

to an ol¡serr¡et locatiol il Figure 7.3 if preserrt. Ai 200m tlie mìra,ge ìs stiÌ1 esseltially

the same. Ily 400in the shape has begun to shiIt. At 600m it no longer'looks lihe the

original. ln ihe 800m and lknl il'rages a neu' milage has ernerged with a small upright

image or.er a larger ìnver-tecl image. In each case the observer is appr.oximately 1(Jknt

{rom the origin.

The se-,-'ies continues ìn Figure 7.6. The invertecl irnage continues to ¿çrow in

the next three irnages. Then somewhet'e between 2250m and 2500rn the mirage has

disappealed. Frorn Figure 7.3 this appears to be at the edge of the atmosphere. At

3000n ard 5000m mote o{ ihe hill is erposed rvhich leads to a lormal appearing

image. All the images usecl a trarsfer characteristic with the sarìe Ìay gr:oups. In the

5000n-r in-rage the hill is appearing lowel than it did in the earliel piciures.

Also to ver'ìfy that symmel¡y appìied for the obse-,.'ver's location an image ï¡as

processed for -2000m. This irnage is comparetl io the 2000m image ìn Figure 7.4. As

expected the irnages rrerify that symrnetry exists.

Ove, a narorv range of a fen hundred meter-s essentiall¡' t¡" ,uro" rnirage rvill be

seeu. Over a larger range the image gr-aciuaiì¡' altered shape until a point, was reached

at u,hìcb thc sliy image disappearecl.
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7 "& Suaruset Ðffects

121

This Iìna1 erpeliurent will try to replicate aspects of the Novaya, Zen¡lya elïect. The

Nova]'a Zemlya mirage erhibits a ductilg rvildow shorvìng sone object l¡eyoncl the

horizon. The case we rvill experiment r,vith is rn'hen the sun's image is tra¡pcd in the

duct ancl transpo-,-tecl fron'r beyond tlie liorizon to the ol¡sen'et''s vierv. lllhis elTect is

erplo-,-'ed ir Lehn's paper "The Novaya Zemlya effect: anal¡'sìs of an observation".

[17]

The ternperatu.-e proliles usecl in the original papel arc given in Appendir D as

data sel TU8.DAT and TG4.DAT. The only difference js the ol¡server's height rvhich

rvas adiusted until transler chalacteristics sitrilar to the original was produced for-

both Phase I & II profiles. ll our case for Pha,se I the ol¡server height was 27.98m

and for Phase II it was 100.1rn. The originals were 24.5rn and I04.511 respectìvely.

The earlier atmospher-e rnoclel ilcluded pr-essur-e valiations ìn its ray path calculations

rvhile our does not u'hich could account for some of the difference in heights.

In Figures 7.7 k 7.11 the eye angie is the iocal ulcorlected a,ngie of tìre ray sN¿¡1

point. The exit algle is the argle of the ray as it reaches lhe object distance u'ith

respect to the irnposed rectangulal coorclìnate systeil. Both of Lehl's plots featu'-e

coi:rectecl eye angles to include atrnospheric tilt and atnosphe-,-e escape angles with

lespect to the local observel posìtìon. lb realìgn our transfer chalactelistics u'e need

to add 6 arcmìn to both the ol¡ser:r'er a.nc1 exit angles to accoult fol atrlospllelic

tilt. Nert to m alie the exìt angle rvitlr respect to the obsen'er location we leed to

sul¡tr-act the l:ase algle of the observer. For the Phase I case the ol¡selvel stands at

26400m rvhich corresponds to a base angle of 14.2 arcmin and in the Phase lI case
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Simulation with h:-52.7 arcrnil Simulaiion with h:-73 arcmin
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the observei' stands at 0m r,vhicli colresponrls to 0 alcmin. Fìnally the adclitionai

aimospheric re{raútion reqrrìred to erit the atn-rosphere is 33.5 arcnin for tl.re Phase

I ca,se ancl 39 arcrnin for the Phase II case. Iü surrrinarl¡ for the Phase I case aclcl 6

atcmin to ïhe eye angle ancl subtract 41.7 arcmin lrom the exit angle to give escape

angle. In sumllary for the Phase II case add 6 arcmin to the eye angle ard subtlact

33 ai-cmin from tlle exit angle to give escape angìe. Botli transfel characteristics are

close to the earlier version orce compared on the same refer-ence system.

Figures 7.9 & 7.10 show four image sequeÌrces. 'f he upper- image ìs the cu-,-'¡ent

simulation with the sun center at h arcmin with respect to the horizon, the miclclle

image is the simulation from Lehn's paper, and the lower irnage is a photo r,vith tìre

surr at h alcllin. 'Ihe first sequence shows the sun at h:-35 arcrniD arìd correspolds

to 1:34am. The second sequence shows the sun at h:-46.5 ar-crnil and corresponds

to 1:41am. The final Phase I sequence sho\rys the sun at -57 arcmin and corresponds

to 1:49am. The Pha,se II sequelce shorvs the sun at Ìr:-75 arctlin and corresponds

to 2:06am. Al1 iÌre sinrulations correspond closely to the actual rnilage ard earlier

simulation.

It has proven possible to leplicatc the Nova¡'a Zenlya effect rvith some minor

inoclifications to 3d,-ray aÍd. rnir to output angles instead of position.
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The preceding seven chaptels have covered a lot of ground, {rom developing funda-

mentals to discuss specific details.

8.1 Coreclusions

In chapte-,- 1 six goals where outlinecl as the scope of ihis project. The first goal

involved <Ievelopìng an .nderstanding of ray traciirg in a three di'rensional atmo-

sphere model. This was accomplished specifically by ilcorporating plotting routines

fi 3d-ray and b¡,' 6þs6¡y"r rnovenent studies in chapter 7. Il a more geleral sense

both prograrns coltributed to this bettel' ulderstanding.

Our second goal rvas to irlprove on prerri6¡s worh. This u'as accomplishecl through

the successful implementation of predictor corrector l'ethods i' the ray tracilrg pro

grarl. Improved accurac¡' was achieved.

The thircl goal was to have a three ciimelsional 
'a1' 

path plotter and u'as achieved
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b¡r tlre incolporation of Flot i¡tct .1r1-ray.

Fourtir, to develop a method of appl¡'ìng r-a¡r paih data to normal images. This rvas

accomplished bt, inplementirg the n?tr ilrogram ald vaÌidated by tìre comparisons in

chapter 6.

The fifth goal u'as to anal]'sis sevelal typical datà sets and rvas accol-rplishccl by

the u'orli cliscussed in chapter 6.

Finall5,, goal six, rvhicìr was io explore the inplications of the ellipsoidal atmo-

spheÌ-e) was accornplished ilrrough the completion and verification of the rrain pro-

grams. ald also through the erpelimelts of chapter 7.

\Ã/e can conclude that tÌre n-rajor goals of this ploject were accornplished. The

two plogra,rls \d-ray and mir ltave l¡een verified as far as possible ald have provecl

reljable. Also, that lrany ìÌe\¡ and interesting possibilities for study erist as a lesult

of this worli.

8"2 ffi-ecoruamrendations

We have verifiecl the two programs aud done some basic explo-,-ation. Based on this

the foÌlorving recomlnendations are proposed:

1. Furtber stucly of atrnospheric shape alcl cor-,-espoldilg phenornela be

r acle.

2. Further study of obsclr,er location ancl corresponding phenomena be made.

3. Reflne the milage sìnulatol in terms of foreground modelìlg and its jn-

terpoìation process.

134



CHAPTER.8. Ciú^rC¡Ug-fûÀr,g A,\¡Ð ÃECûM.LfEI\rÐATiû.¡d,5 135

4. Sereh to use largerl image fik:s t'hich rvill result in more del,ajlecl miragc.s.

5. Stud¡' iìre lay paths thomseh'es to clevekD a better.uirderstandilg of tì.re

irteractior of ra¡r path and atmospherìc shape.
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#include <stdio. h>
#include <stdlib. h>
#include <rnath. h>
#include <float . h>
#include <string.h>
#iûclude <ral1oc. h>

/++++i.*+*+*+++++*******+++*+++++t<+*+rk+++*******++,j<**++++*+++++*+**+t *,1.**x*r./
/,È RAY IRAC]NG

,/+ Working date: oCT 11, 1990
/* lncludes ¡rew ellipse ¡nodel

/+ This prograln traces the path light rays travel through the atnospherê. */
,/* The atmosphere is nodêlIed as a series oJ confocal ellipsoids +/
/* r¿hich are concave tonard the eaïth and represent isothermal layers of +/
/* ail.. L three dimensional cartesian coordinaie systen is j.nposed such +/
/,{ that x plares are para1lel to the object plane, the z planes +/
/+ represent height, a¡d the y planes are perpendicular to object plane. +/
/* The center of the coordinate system is embedded beloø the suïface of ,r/
/* the earth in such a eay that r,¡here the najor axis of the ellispoj.ds */
/* touchs the earth is at zero height, ajrd that the center is below the */
/+ highest point of the earths spherical surface
/+ the observor cê¡ be arbitrarily placed on the earthis surJacê. The */
/a ellipsoids are defined by specifiDg the size of the outer ellipsoid +/
/* ¿¡Ld using tenperature profí1e data to determine the j-nterior efl"ipsoíds+,/
/* +/
/+ llrittên by llesley J Friesen, University of Manitoba, Winnipeg 4,/
/+ */
/r.+ i.+ + + + * + ++ ++* + {.+ ***** **,& ++* + +++++++ +**¡.{<*Â+* + {.++ *+ä+*++**,1: *+** * ¡.** É* + +++ */

,/* Defir¡ition of CoDsta¡ts +/

136



ÁFFE.\TDIX A, 3Ð-R"AY, C

+defirie erad 6.37e6 /+ eaj:th radius +,/
#deJine kelvin 273.15 /+ add ta celcuís to get kelvili +/
#deÍine eyel 1.8 /* eye levef of olrservor */
#define Íii.nutes 3+37,7+677A78+938954435 /+ mi¡Lltes/rad +/
#def ine pi 3. 141s9265358979323846
#define SIZE 60 /* maxi¡num nunber of etlipsoids +/
#define INDEX(vafue) (1+(0.0799/((vatue)+ketvin)))
#define SQR(vafue) ( (value)+(value) )
#define SQRT(va1ue) (pow( (value) ,0.5) )
#define TRûE 1

#define FALSE 0
#define LARGE 7.Oe72 /4 ¡adius for a straight line +/

/+ Definitiolr of Structuxes +/

stluct vector
{
double x;
double y;
double z;
];

struct ellips oidata
{

double b;
double c;
double tenp;
]; /* a,b,c, equation parafieters */

struct planeItum
{
double a;
double b;
double c;
double d;
]; /+ a,b,c binorrnal direction nunbers of pl-a¡e ax+by+cz+d=O +/

/+ Definition of Nen Types +/

typedef struct vector vec;
typedef int bool;
typedeJ struct ellipsoidata elp;
tyFedef st rct planenuÍì plane;

/,¡ Functi.on Definitions a,/

t]7
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void inputdata(elp [],vec +,dollble ,È,double [],int +,FILE *);
/+ read input data */
void setupshells(e1p [],int +,doûb1e +);
,/+ câlcìl1ate a b c for each elfipsoid +/
void conv_coôrd(vec +,double {.,doub1e [] ,double +,double +);
/* co\\eyt surface coords to cartesia¡ +/
bool or¡tside(elp +, vec +,doub1e);
/* determine if point is outside gi-ven ellipsoid */
bool on (e1p *,vec +,double);
/+ determine if point is on a gi.ven ellipsoid */
void get_destn(vec +Jvec ,ì., double *,double +,vec +rdouble *,double +);
,/* øhere are we looking to +/
bool line-intercêpt(e1p +,vec +,vec +,vec +,double,double) ;

/a fj.nd intercept rùilh outer ellips */
void dì.r_nums (vec +,vec +, vec +);
/+Jind direction nu¡ns of l-ine ab */
voì.d eJ-1ip-norm(vec +,elp +,vec *,double);
/*-norn direct of ellip at point +/
void normalize(vec *);
/* ¡ormaLíze given vector +/
void pla¡e-of_sight(vec +,vec *tp1a¡e È,vêc *);
/+ find p1a¡e of sight nums */
void sphere- c entre ( doubl e *,plare +,vec +,vec *, vec *) j
/* deter¡nine sphere center *,/
void fit_ellip(vec *,e1p [],elp *,int,double);
./+ find ellipsoid nirms Jor ellipsoid through point +/
void sphere(plane +,vec *,vec +,elp 'r.,elp rr,e1p ll ,double +,double *,int,
vec +,bool,double);
/{. find new direction Jor ray path and radius +/
void ta¡gent(pIâre +,vec *,vec +,vec +);
,/'r find ray path ta¡gent */
void new_plare(pla¡e +,vec +,vec *,vêc:+);
/* neø p1a¡e of sight nums +/
void angle(vec +,vec +,doubl-e *);
/* find angle between ray path tangent and refxaction gradient +/
void inter_ellip_dist(vec *,vec +,eIp [],elp *,doüb1e *,doub1e *,int,double);
/* distance fron point to next ellipsoid along tradi-ênt */
bool grounded(vec +, double *);
/+ f\ag if point belo!¡ ground 1evel */
bool exor(bo01,bool);
/+ find exclusive or +/
bool hit-obj e ct-plane ( doubl e *Juêc '¡);
/+ deterrnine if lre,re there +/
bool intercept(elp +,vec *, bool, double, plaìe *,double +,vec *,double);
/+ test for intercept with next ellipse +/
void sphere-intercept(vec +,vec +,ûec *,double ,r,);

lilS
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/* grad line intercept with ground +/
void nove(vec *,vec +,plane +,doub1e *);
/+ adv-"nce the ray along path +/
void locate_isotherm(e1p *,vec *rbool,vec 't ,plane *,doub1e +,double,doûble);
/+ find intersection r,rith given eflipse */
void correction(double *,double,plane +,pla-nê +,vec *) ;

/+ average old value ûith neB to provide corrected value */
void plot(char [],vec far +,int +,int ll);
,/,È function to pÌot the ray paths +/
void DrawAxes (f1oat , Jloat , float , Jloat, Jloat, float, floar, ffoat ) ;

/* dran the plot axes È/
void RayMenu(f 1oat, f loat, f loat, f 1oat, f 1oat, f loat) ;

,/* dísplay menu opti.oDs for ptot screeî +/
float Roundoff (f1oat ) ;

/+ ]'oùîd oJf functÍon */
void Convert(vec far *,int,int [25],fl-oat,float,float,float) ;

/* convert 3d to 2d visual coordinates */
void Conv_to-earth(vec +, double) ;

/+ convert point coordinates to ea.rth surface point */
voi-d f ind-ground (double, v ec *,double *,vec f,plaIle +,double +);
/* ground find function +/

,/+ Mainline *./

¡nain( )
t
/* Declare Variables +/

FILE *out; /'r llle to store output */
elp ellipISIZE]; /+ ellipsoidic shell dara +/
elp nexelp,curelp; /* vecto¡ containing next, current ellipsoid data */
elp interelp; /+ vector for a¡ intermediate fit etlipse +/
vec obs; /+ observor focation +/
vec map[2Jj /* actual loc aJrd obs 1oc */
vec destn; /+ point the eye believes it is seeiDg +/
vec Point,oldpt; /* current focation on ray path +/
vec line; /* direction numbers for ray path line */
vec centre; /* centre of sphere on !ühich ray travels +/
vec Dorm; /* norm directÍon nûns s/
vec tari,oldtat; /+ tangent to etlipse at point +/
vec huge *rays; /* alÌ points caÌc for current ray group+/
dôÈble sight[6]; /É sight angle ranges */
doirble obj; /* object p1a¡e location */
double base_â¡gIe; /+sighting angl-e due to êarth curvature +/
double radius, oldradius; /+ radius of ray path arc +/
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double shijt; /+ stepping variable Íor locating intêroeÞts */
double hor,ver; /+ loop varíables *,/
double iiera.te; /+ iteration step Éíze 4/
double origi.n_depth; /+ distarce to earth surface at otígj..tt .+/

bool finished; /* current ray Lraced has beeD terfürLa:-ed ÍLag +/
bool upûard; /+ flag to indicate is rising through the shells +/
ini elllpnum; /+ number of shells in atnosphere +./
i¡lt c,index; /4 co',frfters +/
int lastindex; /+ count for last point of previolts ray path */
int Nlllnber0fF,ay; /* rrdy count +/
int [unPointf25]; /+ co¡¡t of points in each ray */
int plotfl,print; ,/+ flags to invoke these features +/
int output; /* ll.ag to invoke storage of output +/
pla¡e p1ofs,o1dplos;,/+ p1a¡e of sight data +/
char titlel8o]; /* title to place over ray ptot +/

printf ( "Ì'lould you like to plot thê ray parhs? O=tù0\n,,);
s caìf ( "%d" , &plotf 1) ;

if (p1otf1!=0)
{
/* give opportunity to e)cit a set rnode +/
printf("RAY TRACI¡IG IiITlt HAL0\n,') ;

printf("8ÀS ITERC GRÀPHICS MODE BEEN SET ? o=llo\n");
scarf("%d",&c);
aï (c == 0.)

{
return(-1);

]
1
printf("ldou1d you like to see the ray points? 0=N0\n,,);
sca¡f ( "%d" , &print ) ;

out=$ULL;
/+ open storage file +/
out=f open("3d-oUTìr, "uuI')'
a1 (oì1t==IluLL.)

{
output=o; /+ file could not be opened +/
printf("The storage file could not be opened. No storage will occur.\n,,);

]

/+ roak" sure nemory is allocated +/
if ((prirt r=0) I | (plottl!=o) )
{
rays=(vec huge +) ha110c(3500L,24) ;

if (rays==NULL)
return(-l); /+ ¡oaxium # of ray pointE is 35OO */

]
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/* get t:I-e data ard do setup sork */
printf ( "Ente:r iteration step size(in l().\n',);
sca¡f("%1f",&ireraue); /{ srep size */
prinlf ("step size=%f (nr)\n",irerare) 

;

Jprintf (out, "st eÍ) s!ze='/,Î (¡i)\n',,iterate);
strcpy (titfe, "Ray Path Plot 3d,');
inputdata ( ef f íp, &obs, &ob j, sight, &eIlipnul(, out ) ;

setupshells ( e11ip, &e1f ipnuln, &origin_depth) ;

conv_coord (&obs , &obj , sight , &orj.gin_depth, &bas e_ang1e ) ;

,/* display lrorking data */
printf("e11j.p: a b c tenp ind.ex\n,');
fpri¡rtf(out,"eIlip: a b c tenp index\I¡,');
lor ( c=0; c<et-L rpnum; c++ )
{
printf("%8.3f '/,8.3t '/,6.3Í %B.Sf %10.Bt\n,,,e11ip[cJ.a,e11ip[cJ.b,ellip[cJ.c,

eUip[cJ.temp,IlrlDEX(elliplcl . temp) ) ;

fprintf (out , "%8.3f %8.3f y,6.3f '/,8.8t %10.Bf\n',,êt1ip[cJ.a,e11ip[cJ.b,e11iplcl .c,
e1lip lcl . t ernp, IIVDEX( e11ip [cJ . t emp) ) ;

]
printf ("Base AîgIe='/"2. 8f (rad) 0rigin Depth=%2. 8f (n)\n',, base_a¡Lgle,

origin-depth);
printf ("Observer:"/.f %f %Í (m)\n",obs.x,obs.y,obs.z) ;
printf("object Ptane: %J (m) \n,' , obj ) ;

printf ( "Vert ical Sight Angles: Start=f,î Stop='11 1n"t"*unt=%f (rad)\n",
s ight [0ì , s ight h] , sight [2] ) ;

printf ( "Horizontal Sight Ang1es: StaÌt=%f Stop=%f Inc¡ement=%f (rad)\n,',sight[3],
sight [4] , sight [5ì ) ;

Pr j.ntJ (
"\nT¡a¡sfer Charateristic coordinates !¡ith respect to earthrs surface.\n,');

pr:intf ("\n apparent versus actual location\n,') ;
pr intf (

" r y z x y z\n',);
/+ output to storage +/
fprintf(out,"Base Antle=%2.8f (rad) o¡igin Depth=%2.81 (m) \n", base_angte,

origin-depth);
fprintf (out, "0bserver :%f %f %f (m)\n", obs. x, obs. y, obs.z) ;

fp):intf (out , "obj ect Plane : %f (m) \n" , obj ) ;

fprintf(out,"Vertical Sight Angles: Start=%f Stop=%f Increment=%f (rad)\n',,
s ight [0J , s ight [1] , s ight [2J ) ;

fprintf ( out ,

"llorizontal Sight Angles: Start.%f Stop=%f Incre¡nent=%f (rad)\n,,,sj_ght[3],
sight [4] , sight [sJ ) ;

iprintf (out,
"\nTransfer Charateristlc coordinates i,rith respect to earth)s surlace.\n,,);

fprintJ(out""\n apFarent versus actual locatj.on\n,,);
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rl]r¡rrr\ouù,
" x y z ï y z\n,');

radius=LÀRGE;

/+ begix, ray tracing/or¡t er loop +/
for (hor.sj.ght [3];(hor<=sighi l4l&&sight[5]>0.0) | l(hor>=sight [4]&s¿sight [s] <0. o) ;

hor+=s i E¡¿ ¡5¡ 1

{
indet{=o; /)r irLít\allze various counters +/
lastindex=0;
Nunber0fRay=0;
printJ ( "Hot Sight ÀngIe=%f (min) \n" , hor*ninut es ) ;

f printf (out, "ltor Sight Angle=y"f (mín) \D ", hor+rRinutes ) ;

/+ inner loop */
for (ver=sight [0] ; (ver<=s ight [1] &&s ight [2] >o . o) | | (ve¡>=s ight [1] &&s ight l2l <0. o ) ;

ver+=s iBht [2] )
{
upFard=F-A.LSE;
get_destn(&destn, &1ine, &hor, &ver, &obs, &obj, &base_angle) ;

if (groundêd (&destn, &origin_dêpth) ) /+ then find earth intercêpt */
sphere-intercept (&1iDe, &destn, &obs, &origin_depth) ;

nap [0] =destn;

/+ check if ray nissed atnosphere +/
if (outside(&ellip[O],&obs,oritin_depth)&&

! line-intercept (&e11ip [0], &1ine,&point, &obs, origin_depth, iterate) )

{
nap [1] =destn;
prj.ntf ("%f '/"r '/"1\t'/,1 %f %f\n",nap[01 .x,map[o].y,map[o] .2,

nap [1] . x,map[1] .y,rnap[t] . z) ;

]
else /* super big else state¡nent +,/

{ /+ ray does hit atmosphere +/
j-f (ourside(&e11ip[O],&obs,origin_deprh) )
{ /'i. obs outside atmos +/
curefP=etl iP [0] -

nexelP=e11iP [1]
if ( (Print !=o) | f (plotf1!=o) )

rays lindex++l =obs;
rays Iinde]r++l =point ;

]
]
êl,se
{ /* obs inside atnìos +/
point=obs;
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f it-e11ip(&poini, ef 1ip,&cure1p, e1lipnun, origiD-depth) ;

point.r+=10+1ine.x; /+ project atong 11ne +/
Foint . y+= 10+1ine . y;
Point 'z+=lo+line z'
if (out s ide (&cure1p, &point , origin_depth ) )
{,/+ initj-al angle is r.ÌpDard +/
c=e11ip4um-1j
point=obs;
nhile ( out s ide (&e11ip lcl , &poinr, origi!l_deprh) )

nexelP=eltiP Ic] '

uPsard= !upFard;
j
e1s e

{ /* íniti"al angle do!¡n!¡aïd +,/

c=0;
point=obs;
whi.le ( ! out s ide (&e11ip [cJ , &po int , origin_depth) )

c++;
nexelP=elliP Ic] '

]
if ( (Print !=o) I I (plotfl!=0) )
rays Iindex++] =Po int ;

] ,/* end obs inside atmos */

/* compute initial ray inJornation */
e11ip-norrn(&point , &curelp, &norn, origin_depth) ; /* doonward pointing norm +/
plare-of_s ight (&li.ne, &norm, &plofs , &point ) ; /+ interchange line & norm

for upward pointing norÍr +/
sphere_centre (&radius , &pIofs , &1ine, &po int , &centre ) ;
sphere (&plof s , &centre , &point , &curelp , &nexelp, e11ip, &radius , &origin_depth ¡

e1lipnun, &oldtan,upEard, iterate) ;

/x advance li6ht ray location toÞards object plaJre *i/
oldpt=point;
oldplos=p1ofs;
oldradius=radius ;

po int . r-=it erat e;
nove(&point, &centre, &p1of s, &radius) ;

/{ ray iteratiotL l'oop +/
f inished=F,A.LSE;
wnt le ( ll1n1sned)
't /+ begin while loop *7'

/)r c}!eÇ:K if ray ís outside last isothern, í1 so +/
/+ adva¡rce ray to the object pla¡e i,/

14;J



-ÂPiJEÄ,I)IX A. 3Ð II.AY.C 144

if (curelp. c==ellip[0] . c&&upüard )

{ /+ begí\ loap +/
uhile((lhit_objeci_pIalte(&obj,8.point) && !groûìded (&point , &origin-depth) ) )
{
if ( (print l=o ) | | (plotf]!=o) )

rays tindex++l =po iDt;
point . X-=it erat e j

move (&point, &centre, &p1ols, &radj-us ) ;

Ì
j /+ er'd )-oop +/

/,¡r chêck if ray i-s inside all i.sotherms, il so adva¡ce till repenetration
or grou¡ded or hit the object +/

if ( ( curetp. c==ellip lellipnum-1] . c) && | upEard)
{ /+ begin loop +/
lrhile ( lhit_obj ect-plê¡e (&obj , &point ) && !grou¡ded (&point , &origin_depth) )
{
if ( (print l=0) | I (plotfl!=0) )

rays Iindex++] -poirtt ;

point. x-=iterate;
nove (&point , &centre, &plof s , &radius ) ;

if (outside(&etlipIellipnurn-1J,&point,origi¡r_depth)&&(poinr.z>O.O))
{

locat e-isothern (&cutelp, &point , uprùard, &centre , &ptofs, &radi¡¡s ,
(oldpt . x-point . ¡) , origin_depth) ;

nexelP=elIiP Iel1ipnum-2] ;

up!¡ard:TRUE ;

]
]

] /+ end loop +/

/+ cíeck if ray has penetrated the next elp +/
if ( int ercept (&nexelp, &point , upr.¡ard, iterat e, &plofs , &radius , &ceotre,

origin-depth) )
{ /'F begin penetratioD +/
locate_is otherm (&TrexeLp , &point , upward., &c entre, &plofs , &rad.ius ,

(ol-dpt . x-point . r) , origin_deprh) ;

sphere (&plof s , &centre , &po int , &nexelp, &curelp, el1ip , &radius , &origin_dêpth,
ell-ipnum, &ta¡ , upEard, it erate ) ;

correction (&radius , oldradius , &ploJs , &o1dplos , &oldpt ) ;

/+ curelp ard neïelp are ioterchatged so that the co¡rrect values are fnd */
sphere-centre (&radius , &p1ofs , &oldta¡, &oldpt , &centre ) ;
pointsoldpt;
po j-nt . x-=it erat e ;
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move (l¡point, &centre, &pIoÍs,&¡adj-lrs ) ;

if (grounded (&po int , &orlgin-depth) )
iind_ground (iterate, &point, &oxigiÐ_depih, &cenir:e, &p1of s, &radirs ) ;

if ( int etcept (&nexelp, &po int , up!¡ar:d, ir erate, &p1of s , f¿radius , &cenrre,
oriEin deDth) )

{ /* corrected point stí11 iûtê¡cepts */
Locat e-is othern (&nexeIp, &po int , upûard, &centre, &p1of s , &radius ,

(oldpt . x-point . x) , origin-depth) ;

curelP=nexeIP;

r¡hile ( elliP Ic] . c>=cirrelp . c&&c<e1l1pnum)

if (curelp.c!=eIlip[e11ipnum-1].c) /+ inner shefl *,/
il ( !upuard)
aï ( cure_Lp. c | =etl xp Lc.l .c)
nexelP=e11ip Ic] '

nexelp=et1ip tc+11 i
else
if (curelp. c I =e11ip[c-1J . c)
ne)celP=e11iP Ic-1] '

else
nexelP=e11iP Ic-2] '

if ( cure lp . c== e1lip [0] . c&&up¡rard ) /+ outer shell *,/
ne)re1P=e11ip [0] '

]
else /x cannot find intercept so drop through to repenetrate test +/
{
oldradius=radius ;

oldplos=plofs;
goto rep;

]
] /n end penetration *,/
ê1s e

/r, c}-eck if ray repenetrated the current isotherm +/
rep: if (exor(outside(&curelp,&point,origin_depth),upøard))

{ /* begin repenetration r/
upward.lupsard; /+ cha¡ge dir:ection flag */
locate-isotherm (&curelp, &poi¡tt , uplrard, &centre, &p1ofs , &radius ,

(oldpt . x-point . x) , origin_depth) ;

sphere (&ptof s ,8¿c entre , &point , &curelp , &nexefp , e11ip, &ra.díus , &origin_depth,
el1ipnun, &ta¡,upûa-rd, iterate) ;

corr e ct ioD (&radius , o1d-radius , &plof s , &oldplo s , &oldpt ) i
sphere_centre (&radius , &plofs , &ol,dtar, &oldpt , &centre) ;
point:o1dpt;

1,15



/LPPEI/ÐW A. ïÐ-RAY.{)

polnt , x-=It erat e ;

move (&point, &centre, &plof s, &radius ) ;

if (grounded (&po int , &onigin_depth) )
f ind-ground(iterate,S¿point,&origin_deÞth,&centre,¿rplof s,&radii]s) j

il (exo¡(outside(&curelp,&point,origin-depth), !upliard) )
{ /* corrected ray stilf repenetrates */
locate_ísothern(&curelÞ , &point , upoard j &c entre, &p1of s , &radius ,

(oldpt . x-point . x) , origin_depth) ;

c=0;
!ühi1e( ! outside (&e11ip IcJ, &point, origin*deprh) )

c++;
if (curelp.cl=ellip[elfipnum-1].c),/+ in¡er shel1 a/

if ( !up¡¡ard)
if (curêlp.c!=ellip[cJ.c)
nexelP=e11iP Ic] '

ê1s e

nexelP=e1Ì iP Ic+1] -

1l ( curetp. c !=ell1p Lc- 1.1 .c)
nexelP=e11iP Ic-1] '

nexelP=e11iP Ic-2] '

if ( curelp . c== ellip [o] . c&&uprùard ) /'È outer she1l '¡./
nexelP=e11iP [0] '

]
else /+ ray does not repenetrate so Jit elfipse instead */
{
f it_e11ip (&point, e11ip, &cur:elp, ellipnu¡n, origin_depth) ;

uplrard= ! ripf{ard;
]

] /+ end repenetrati.ons +/
el-se

{ /+ ray did not penetrate or repenetrate +/
/* begírt tít +/

f it-e11ip(epoint, e11ip, &interelp, e1lipnum, origin_depth) ;

/$ interefp is first since poi¡rt is through it and then curetp +/
sphere (&plofs , &centre , &poinù , &int erelp , &cure1p, e1lip , &radius , &origin_ôepth,

ellipnlrm, &tâ¡, upward, iterate);
corr:ection(&radius, oldradius, &plof s, &o1dp10s, &o1dpt) ;

sphere_centre(&radius,Srplof s, &oldta¡,&o1dpt, &centre) ;
point=o1dpt;
point . x-=iterate;
novê (&point, &centre, &plof s, &radius ) ;

if (grou¡ded(&polnt , &origin_depth) )
fj-Dd_grou¡d( it erat e , &point, &origin_depth, &centïe, &plof s, &radius ) ;

i4ö



APPEÍ{DLX A, ?ü-RAY.C

if ( exor ( | out s ide (&nexelp, &po int, origin_depth) , upward) )
{ /+ after correction the ray path did penetrate the nexelp +/
locat e_ isothern (&ne{elp, &poini ) upual:d, &cêntre , &p1of s , &radiùs ,

(oIdÞt . x-point . ï) , origin_depth) ;

cùrelp=nexelp;
c=0;
while (e11ip lcJ . c>=curelp. c&&c<e11ipnum)

c++;
if (curelp.c!=e1]ipIel1ipnum-1].c) /* inner she1l 1.,/

if ( lupr.iard)
11 (curetp. c!=elI1pLc.l.c)
nexeIP=e11ip Ic]

eLsê
nexetP=el1iP Ic+1] '

a1( crlrelp. c | =eI11Þ Lc- 1.1 .c)
nexelp=e11ip Ic-1] '

e1s e

nexelP=e11iP Ic-2]
if ( curelp. c==e1lip [O] . c&8rup!ùard) /* outer shell */

nenelP=e11ip l0l '

] /* end of petetration +/

else if ( | outside(&e11ip [0],&poini,origin_depth) ) /+ nornal condition +/
fit-e11ip (&point , el-lip, &cure1p, ellipDr¡m, origin_depth ) ;

else /+ the nerù poínt is outside atnôsphere */
{
upward= lup!üard; /* lÍeat like a repenetr:ation +/
1o cat e-isotherm (&e11ip [01 , &point, upr,rar:d, &centre , &plof s, &radius ,

(oldpt. x-point. x), origin-depth) ;

curelP:ner.elp=e11ip [0] ;

]
j /'r erÃ iit */

/,¡ check if light ray has hit object +/
if (hit_object_p1aae(&obj,8¿point))
{ /+ uegin object ,t/
finished=TRUE;
point . x=obj ;

move (&point , &centre , &plofs , &radins ) ;

if (grounded (&point , &origin_depth ) )
{ /+ point at object p1a¡Ìe was beloû gro!¡d s/
f iod-ground ( it erat e , &point, &origin_depth, &centre, &plof s , &radj.us ) ;

tet_destn(&destn, &1ine , &hot , &ver , &obs , &point . l{, &bas e_ajlgle ) ;
map l0l =destn;
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]
if ( (print l=o) I l(plotill=o))
rays lindex++l =point;

] /* end object )t/
else

/+ c]¡'eck if light ray has hit the ground +/
if (grounded (&point, &origin_depth) )
{ /+ begi¡1 Btolrîd 't/
f inished=TRUE;
Jind_ground( j.terate, &point, útorigin,depth, &ce4tre, &p1ols, &radius ) ;

get_destn(&destn,&1ine, &hor, &ver, &obs, &point . x, &base_angle ) ;

rrrap [0] =destn;
if ((print!=o) | ì (plotfl!=o))
rays Iindex++] =point ;

) /* end grou¡d */
else

/+ otherøise advance ray until at inner surface*/
íf (curelp. c! =e1tiplellipnurn-1J . c)
{

sphere (&p1of s , &c entre , &poínt , &curelp, &nêtce1p, e11ip, &radius , &origin_depth,
ellipnum, &oldtajr, üpward, it erate ) ;

if ( (print l=0) | I (p1otJ1 !=0) )
rays Iindex++] =point ;

oldPt=Point; ,/+ save cu¡tent values for use in predictor +/
oldplos=plofs; /* corrector correctio[s to ray projections ,s,/

oldradius=radius ;

point. x-=iterate;
nove(&point,&centre,&plofs,&radius) ;

if ( grounded ( &po int , &origin_depth ) )
find-Sround ( it erat e, &point, &origirt_depth,8¿centre, &p1of s , &radius ) ;

]
] /+ end while loop +/

Nù¡nPoint [NurRber0fRay] =index- las t index ;

Nunber0fRay++;
last index=index;
mao f 1l =r¡oint :

/* convert to earth surface coordinates */
Conr-to_earth(&map [0J , origin_depth) ;

Conv_to_earth (&nap hl , origin_depth) ;

prinrf(,'%+11.5f '/.+!!.Et '/,+17.61\t%+11.5f l"+17.51 '/,+77.6t \n', , map lol .x,
map[01 . y,nap [oJ .z,napl1J . x,rnap [1J . y, nap [1J .z);

Jprintf(out,"'l+11.5f %+11.5f %+11.6f\t%+11.5Í %+tI.Sr %+11.6f\n',,nap[o].x,
map lol . y, map [oJ . z,rnap [1] . x,map [1J . y, map l1J . z ) ;

l- /,i. end of iJ else loop for i.nsj.de atnosphere iDtercepi */
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j /+ ettù of innex counter looÞ +/

if ( (print !=o ) I l(plotfrt=6))
for ( c=0 ; c<index ; c++ )
{
rayslcl .z+=erad-sqrt(SQR(erad)-SQR(rays[c],)c)-SQÀ(rayslcl . y) ) -origin_deÞth;
if (prini !=0 )
{
printJ("%f %t %t\n",rays [cJ .x,rays [c] . y, rays [cJ .z);
fprintf(out,"%l %t %t\n" , rays lcJ . x , ray s fc] . y , rays lcì . z ) ;

]
]

iJ (p1otf1l=0)
{
lf (NurnberofRay <= 25)
{
plot (t itle , rays , &NunberofRay , Numpoint ) ;

]
els e

printf("Exror: Too many Rays to ptot\n,,);
Ì

/+ xem call plot +/
j /4 èîd of outer countex loop */

return(o); /+ return good signal +,/

] /* end of ¡nainline progra.m +/
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#include <stdio. h>
#include <stdlib. h>
#include <math. h>
#include <float , h>
#include <string. h>
#include <malloc - h>

/+** + +++* + + + +* ++++**+ +**+ *+ *+** * +** * + * + * + + +4 ++ * +++ * *+++ + ++++++* +:1.*++ + t* ** r*/
,/+ RAY TRAcrNc */
/* +/
/* Written by flesley J Friesen, University ol Manitoba, l,linnipeg .a/

,/4 Worki¡rg date 0ctobex 11, 1991. +/
/+ Ocí 77, modlfÍed lateral range to start,stop,incrêment 4/
/+ +/
/***++++*++*+++++++*+****+:t¡++*****+*****+**:*++++*+++*+++;F**+4.*,t +****++**4.*+/

/* Definitio¡r of Consta¡ts */

#define erad 6.37e6 /* earth radius +/
#define kelvin 273.15 /+ add to celcuj.s to get kefvin +/
#define eyel 1.8 /+ eye level of observor +/
#define ninutes 3437.7467707a+938954435 /+ minutes,/rad */
#define pi 3. 14159265358979323846
#define SIZE 60 ,/* ¡¡axi¡num number of ellipsoids ,*/
#def ine INDEX(va1ue) ( 1+ (0. 0799,/ ( (vatue) +kelvin) ) )
#def ine SQR(value) ((value)*(value) )
#define sQRT(vaIue) (pow( (vaIue) ,0.5) )
#define TRUE 1

#define FALSË 0
#define LARGE 1,0e72 /* radius for a straight line 4,/

150



,4PP.Ð,\Iü¡-X B. 3Ð ,SLIHRû,C

/+ Definition of Structûres *,/

struct vector
{

double y;
double z;
];

struct elli.ps o idata
{
double a;
doublê b;
double c;
double t enp;
]; /+ a,b,c, equarion paraÍeters +/

struct ÞlarenuÍr
{
double a;
double b;
double c;
double d;
Ì; /* a,t¡,c binornal direction nùmbers of plane ax+by+cz+d=O */

/+ Definition of New Types */

typedef struct vector vec;
typedel int bool;
typedef struct ellipsoidata elp;
typedef struct planenum plane;

/$ Function Definitions */

vold i-nputdata(elp [J,vec +,double +,doub]-e [],int *,FILE *);
/+ read i¡rprit data +/
void setupshells(elp [],int *,double +);
/+ calculate a b c for each ellipsoid +/
void conv-coord(vec +,doub1e +,double [],doub1e *,double *);
/+ coîve\t surface coords to cartesi.an +/
bool outside(elp *, vec *,double);
/+ deternine if point is outside given ellipsoid +/
bool on(e1p +, vec +,doùblê);
/+ deternine i-f poínt is on a gj-ven ellipsoid */
voj.d get-destr(vec +,vec +,doubl-e +,dor¡ble flvec +,doub1e +,double +);
/+ ¡¡here arae Fe looking ¿o +/
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bool line-intercêpt(elp *,vec +,vec 't,vec +, dolible, double) ;

/+ find intercept i{-ith outer ellÍps +/
void dir-ni¡ms(vec *,rec +, vec i.);
/+find direction ûü¡Ís of line ab */
void e11ip-norm(vec +,e]p +,vec +,double) j

/+-norm direct of e11ip at point */
void normalize(vec *);
/+ normalize given vector */
void pla¡e-of_sight(vec +,vec +,p1a¡e +,vec *);
,/* find pJ-ane of sitht nir¡lls +/
void sphere_centre(doÌ1ble t,plane +,uec +)vec +,vec *);
/+ deternine sphere ceûter +/
soid fit-eIIíp(vec *,elp [],elp e,int,double);
/+ find ellÍpsoid nums for ellipsoid through point +/
void sphere(pla¡e +,vec +,vec *,elp +,elp +,elp [J,double +,double ,r.,int,
vec *,bool,double);
/+ find nelr direction for ray path a¡d radius +/
void tangent(pla-ne:*,vec +rvec *,vec +);
/+ find ray path tangent +/
void new-plaÌle(plane +,vec +,vec +,vec +);
/r, new plane oJ sight nums +/
void angle(vec *,vec +,double *);
/* find arngle bet¡¡eeD ray path tangênt and relractioD gradíeît +/
void inter-eltip-dist(vec *,vec *,elp lJ,e1p *,double +,doubte +,int,double);
/+ dista¡Lce from point to next ellipsoid along gra.die!-t */
bool Brounded(vec +, double *);
/* flag ír point beloli ground leve1 */
bool exor(bool,boo1);
/+ Jind exclusi.ve or */
bool hi.t-obj ect-p1a-ne (doublê *,vec *);
/* determi.ne if we)re there +/
bool intercept (elp +, vec {,,bool,double,plare +,double +,vec *,doublê) j

/+ test Jor intercept lrith next ellipse */
void sphere_intercept (vec +,vec +,vêc +,doub1e +);
/+ grad tine intercept oith grourLd +/
void nove(vec +,vec r,,plane *,double +);
,/+ adva¡.ce the ray along path +/
void locate-isothern(elp '*,vec +,bool,vec *,pla¡e +,double i¡,doub1e,doubÌe);
/+ find intersection with giverl ellipse */
void correction(double +,double,pla¡e +,plane :*,vec +) ;

/+ average ofd value !ùith new to provide corrected value */
void find-ground(doubte,vec +,double +,vec *)pla¡1e +,doub1e +);
/+ ground find function +/

/1.+***++****+*+*++*+*+++++*++r<***<***+** + +* f :n+f ++** +++i:+ + +**rr+++ +++ ++ì<***)F * +*/
/r. Read in progra¡n data
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xnPuts i none

outputs: ellip[] - contains height â¡d temperatuxe profile
obs - focatioÌrs of observer ürt eÂrth surface
obj - distance along earth surJace to object pfane
sight - limits of sightiÐg a¡lgIes in minutes
cnt - nunber of ellipsoidic she1ls

/ ** * *,1.+ ++* +*+ + ++ + **+ + +*+* +:F*+ * *++ + *>** *+ ì!* * ** + rf *+++ ++**+ *++ * 4+ *+ *++ É<** + +++* * +/
void inpr¡tdata(e1p eIliplSIZEl ,vec +obs,double 'robj,double sight 16l ,int +cnt,
FILE 'Fout )
{
char input [80] ;

int c;
FÌLE *fp;
do

{
printf("Enter nallle of file containing tenpexature profile(include path)\n',);
scarf (r¡%srr , input ) ;
if ( (fP=l open ( input , "r") ) != NULL)
t
fgets(inPut,80,fp);
printf("%s",input)j
f printf (out, "'ls", input) ;

fprintf (out , "Enter the a,b coordinates Jor thê outer ellipsoid I,ríth a space',);
fprintf(out, " between each nunber\n");
rsca¡f (fp,,'%lf %lf',,&etlip[01.a,&eltip[0J.b) ;
fprintf(out,"el1ip parameters a=%f b=%f\n', , eIl ip lol .a,ellip[O].b);
fprintf(out,"Enter the coordinates of the obsêxvor r¡rt temperature ");
fprintf(out,"neasurenent\nlocati-on(x y z) lrith space bet!¡een numbers.\n,,);
f scaûf (f p, "%1f %If %]f ", &obs->x, &obs->y, &obs->z) ;

fprintf (out,"obst "/,1 y"Î %f\n',,obs->x,obs->y,obs->z) ;

fprintJ(out,"Enter: distance to object plaJte from temp measurement loc(*ve)\n,,);
I s canf (fp, "%1f " , obj ) ;
fpriltf (out, "obj : %f\n",+obj);
+obj=-*obj;
fsca¡f (fp , "% i,, , cnt ) ;

if (+cnt>60 )

t
printf("ifumber of data points e]cceeds data limit of 60 pairs\n,');
exit;

]
for (c=l;c <=*cnt; c++)
fscallf (fp, "%1f i( lf " , &etl j-p l+cnt- cl .tenp,&ellipl*cnt-cl . c);

fclose(fp);
]
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prínbf (rrError: Cou1dn't retr:Leve fite.\n") ;

) øhile ( fp == ¡¡Uttr '

printf("Enter the eleva.tioll stari, srop, and inc¡ement angles (nin) : \n', ) i
scanf ("%lf %lf %Ìf",&sight[o],&sight[1],&sight[2J ) ;

fprintÍ(outr"elev start:%f stop:%f incr:%f\n,',sight[o],sighrhl ,sighi:l2l);
printf("Enter the positive late¡a1 start, stop and increment a.ngles(rnin):\n,,)
sca¡f ( "%1f %u", &sight [3], &sighr [4J, gsi8ht 15] ) ;
fprintf(out,"1ateral start:%f stop=%f incr.Tf\4,',sight[3],sight[41 ,síght[S]);

]

/++1.'l.x + ++ + +** + +*** ++ *++++ +++++ ++f:ß* ri.:ì(+* * ** *** * +* + * *** * *+ ++ ++ * ++rk+* ****++* + + +/
/+ Use data to detêrmi¡re shell paraÌneters in cartesia¡ systêm. ¡,dd a shell at

zero height if none exists.

inputs: el1ip[J - height and remp profi].e
cnt - number of shells

outputs: origin_depth - depth of origin beneath earth)s surJace
ellip[J - ellipsoid parareters and assocj.ated

t emperatur e

cnt - updatêd number oJ shells
Uodified July 27 to remove earth height from shell height
l'Íodified Nov 6, 1990 to correct conversion process ,r/
/**++* +++ * +++ * *++* +* +**+* ++++ )ß * + * * ***++ * *)¡ *+*,¡r ++* ++++ ++* ++++ **+++ t*$*++ +*+ + * /
void setupshells (elp el1ip ISIZE] , int *cnt, double *origin_depth)

double t,t1,t2;
int c;

/* add an ellip at height zero if none e)cists */
il (ellíp[+cnt-1] .c!=0.0)
{
e1Iip l+ cntl . c=0.0;
ellip [*cnt] .temp=(e]lip[*cnt].c-ellip[*cnt-1].c)+(e11ipl+cot-2l .temp-

ellip [+cnt-l] . tenp)/ (e1lip [xcnt-2] . c-ellip [*cnt-l] . c) +
ellip [+cnt-l] . t e¡np ;
(+cnt)++;
]

t=ellip[o].ai /,t x dista¡ce +/
tl=ellip[0].b; /+ y distarLce */
if (t1 > t)
{
+origin_deprh= erad+(1-cos (t1,/erad) ) ;

ellip [0J . b=erad+sin(t1,/erad) ;

ellip lOJ . a=erad+sín(t/erad) ;
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{
+origin_depth=erad* ( 1-cos (t/erad) ) ;

etlip [0] . a=erad*si$ (t/erad) ;

e11ip [0] . b=erad*siD(t1lerad) ;

]
t=sQR(e]1ip[0].a)-SQR(euip[0].c) ; /+ focal poinr length */
t1=SQR(e11ip[0] .b)-SQR.(e11ipl0l .c) ] /4 focaf point length +/
for ( c=1 ;c<*cnt; c++)
{
e11ip[cJ . a = SQRT((sQR(e1liplc].c)+t));
e11ip[cJ.b = SQRT((SQR(elliplc].c)+t1));

]
]

/+i.* + +++ *++** + + *+ ¡3 + * * * +* **+ ***+,t**+***+++ * ++++ ++++ *+++* ++**+ * +*++ + *.*+** + + + * * /
/+ Convert observer location, a¡d object location fron earth surface

distances to cartersia¡ locations. Convert slght angles to radians.

inputs: obs - observer loaction
obj - object locat ion
sÍght - a¡gles
origin_depth -

outputs: obs,obj,sight - modifiêd data
base-angle - angle of earth ta4gent at observer wrt
to coordinate syste¡n
¡,lodlfi.ed oct 10, 1991 to correct observer location conversion.

/ * +1.+ * *+ + * *+ + * *+:{: +4(:** +:** + **+ {.*+* **** {*,* r¡ )¡ + ++ * +* ++ ++ *++++ +* *,ì.+'¡+,+ *1.*+* * {.,ì.* +* */
void conv-coord(vec *obs,double *obj,double sight[6],double +origin_depth,
double *bas e_a¡g1e )

{

double temp, ganìna;

+bas e_angl e =ob s ->x/ erad; /+ calc base anglê from arc length and radius */
gaffa=obs->y/erad ;

t ernp=e¡¿¿4o6"-t, t

obs->x=têmp*siD(,cbase-ang1e) ;

obs-)y=temp+ç6s (*base_ang1e) *sin(gaurnra) ;
obÊ->z=t enp+cos ( +bas e_a:Lgte) +cos (gamma) - erad++ orig in_d epth ;

+obj:erad*sin(+obj,/erad); /+ convert distance along earth,s curvature
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to straight line */

for ( c=0; c<6 ; cì+ )
sight[c]=slght[c]/rninuies; /+ convext minutes to radia¡s +/

]

/*++ * ++ * **+* *.** + t+ ** ** +{< +** *+ * ** +* + ++++ + ++*:F* ++ ++ rr + *,* + * * +**** *t:** ++ + * + + +* * ++/
/+ Test if poi.nt outside given ellipsoidic surJace
Modified July 19 to use ne!¡ shell system */
/** *** +++ ++++ +++ + i<++ *:*+++ * *+*,* *;<+*$ * * ++++ * +*++ +*+* +++* ++** ++* * + ++ + **** rr *+** +/
bool outside(elp +shell,vec *position,double origin_depth)
{

doublê zprime;
zprine=pos iti-on->z-origin_depth+ (SQR (pos j.tion->x 

) +SQR (pos it Íon->y) ),/2 . 0/erad;
iJ (sheI1->c==O )
flag=(fabs(position->x))shell->a) | | (fabs(position->y)>shell->b) | I

(zprime>=o);
else if (zprirne>O.0)

flag = ( ( SQR (po s it ion->x/she11->a) +S QR (po s j.t ion->y,/ sh e11->b ) +
S QB (zpr irne/she11->c ) ) > 1.0)ll(fabs(position->x)>she11->a);

else
flag = (SqR(posítion->r/she11->a)+SQR(position->y/sheu->b) > 1. o) ;

return f1a6;
]

/** ++++ +*+ *++* ++rk**+ + ***** +++++ +++++* ++++* +* +* + *++* **+*+++* *+ +* * ++******{,*+ */
/,t Test if point within tolerance of ellipsoidic surface
Modified July 19 to use ne!¡ shell systen +/
/+++++++*++++++++*+++**+*++*+**$**+++**++++++t+*++**++*:¡+*++4**+*+****++*+*+/
bool on(e1p +shell,vec +position,double orígil_depth)
{
double test;
double zprime;
bool flag;
zprine=po s it ion->z-origin_depth+ (SQR (pos irion->x) +SQR (pos iti oi->y) ) / 2. o/ erad;
if (she11->c..0)
flat= (Jabs (pos it ion->x ) <she11->a) && (fabs (po s ítion->y ) <she11->b) &&

(f abs (zprime)<1. oê-5) ;

eIs e

{
test = sQR ( (po s it i on->x/she11->a ) ) +sQR ( (po s i.t ion->y/she11->b ) ) +

SQR( (zprime,/shell->c) ) -1. o ;

f1a8 = (fabs (test) <1.0e-5);
]
flag = llttgtlrprj.me > 0.0); /* nÌ¡st be on upFer half of elLipse +,/
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return ffag;
]

/*++r¡*++****++++++*++**+*++++*++***+*+t!**:N*++**++++*++*+++++ +*+++ +++f++:k* + +*/
,/+ Find point that the eye thinks its seeing.

inputs: line - tangent vector at point on l:ay path
hor - horizontal a¡gle of viert
uer - vertical arlgle oJ view
obs - observer locat ion
obj - locatio4 oÍ object plane
base-a¡rgle - vie!¡ oflset due to earth curvature

outpùts: destn - location in object plane the eyes beliêves it

/+++*++++++******+++***:t ++*++++*****j.***t!+t¡**+++++++++*+*+++:,r++*++***++++***/
void get-destn(vec +destn,vec +line,double +hor,double *ver,vec +obs,do.ubfe +obj,
double *bas ê_angle )

{
destn->x=*obj;
destn->y=obs->y+ta¡ ( *hox ) * (obs ->x-*obj ),/cos ( +v er++bas e_a¡gle ) ;
destn->z=obs->z+ta¡(+ver++base_aìgf e)* (obs->x-+obj )/cos (*hor) ;

dir-nums (obs, destn, line) ;

]

/++ + + +++ + +++ r, +* + * **++ *++* ***+ + *+ + ***rr+* +++ *+* ++ +* ++++ +++++ +++ *:t ++* à!+ *+* ** ** */
/,j. Find line intercept of line form observer along algles ver and hor in

direction line uith oute¡ effiD surface

inputs: ellip - tiven outer ellip
line - direction nunbers
obs - start location of line
origin_depth - earth surface
iterate - step size

outputs: point - location of intercept

/+* +++ * + *++ + +++ + ++ +* ***+* **+* 4 ** +* ++ + *+++ +++* ++ *+:l.ìr ++ ++ * ** +* * +++)* *+++*++++++/
bool line_intercept(e1p +elli.p,vec *line,vec *point,vec +obs,
double origin_depth,double iterate)

double t;
double shift;
bool test;
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t-O . O;

+poiht=+obs;

if ( oui s i.de ( êL1ip, po int, origin_depth) )
ç¡hile ( outs ide ( e11ip, point , origin_depth) && (t <erad ) )
{
t+=shift;
po iDt->)r=obs->x+t +f ine->x ;

Point->Y=obs->Y+t+line->Y ;

po int ->z= obs ->z+t +1ine->z ;

]
else
{
shift=-iterate;
whi.1e ( ! out s ide ( e11ip, po int , origin_dêpth) && (t>-erad) )
{

po int ->x=obs ->x+t +line->x ;

Point->Y=obs->Y+t*line->Y'
point->z=obs->z+t+1ine->z ;

]
]

shift=iterate;
if (fabs (t ) <erad)
while ( ! on(el1ip,point, origì-n-depth) )
{

aL i ++ /=9 r\.

if (out s ide ( e11ip, point , origin_depth) )

e1s e

t-=shlft;
po int->x=obs->x+t *line->x ;

Poi.nt->y3obs->y+t +line->y ;

point->z=obs->z+t*1ine->z ;

]

test=FALSE;

return test;
]

/*+*++**+++**++**++++++++++++++*+**+**+**+t,F*4+*++++*+*+++++*++++++*È+4*+***/
/* Nornalized direction nunbers lron a to b stored in dir */
/*+ ++* +++ + +++ +,i.* ** ** *+** ** * ** * *+ {:+ ++ * +++*+++*s ++++ +****** +*+**)r *++ +++ + +++ * +*/
void dj-r-nu$s(vec +aJvec +b,vec $dir)
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{

dir->Y=b->Y-a->Y '

díY->2,=h->z'a->z
Dornalize (d j-r) ;

]

/++*+**+***++**+*++*++*++*+++:F:i++:+:F*)3+++++*+****)*{::t+rt+**+++++++*+*+:i*+,t ++*++/
/+ Find magnitude oJ a al1d ¡lot:malize its components +/
/,t +* * +* * +** * *** * ++ ++ +++*+ + *:,r:tr* * * ++ +* * +* *+* ** d:* * {.++ + ìL++ + {.+* * ++ +* *** ++ +++ ** \r *+/
void normalizê(vec *a)
{
double temp;
t emp=sqq115q* 1.->x) +SQR ( a->y) +SQR (a->z ) ) ;

a->x/=temp;
a->y/=teñp;
a->z/=temp;

]

/1.* *+1.* *++* *+ +* +**+f+*+++++++++++++++++++++*++i.++*È+**{.+*+ + +*****+J.++*++++++/
/+ Nol¡nal vector to ellip at point
Modified July 23 to use ne!ü shell systen

inputs: pt - point
el - êlLip parameters
oritin_depth - earth)s surface

outputs: nn - nornalized norn vector

/ * *, * **+ +* + r.*++ *+*+ ++,$+++ + **+* * * *+¡r * *+*+ +* + +++ +++** +++ *++++*++ ++* + *:$++ + *1.++* */
void ellip-norn(vec +pt,etp +el,vec +nm,double origin_depth)
{
vec temp;
double z_earth; /+ distance Jron origin pla¡e to earth surface ai pr +/
if ( el->c==0. 0 )

{
n_>x=_2*pt_>x;

ruÌ->y=-2*pt - >y ;

r'¡¡--> z=-2* (pí->z-origin_depth+erad) 
;

]
els e

z_earth=origin_depth-(SqR(pt->x) +SQR(pt->y) ) /2/erad ;

Iùn->x=-2 +pt ->x/S QR ( et->a) -2+ (p l"->z-z _eartb,) / sQR ( e1->c ) +pr-> x/ erad;
nn->y=-2 *pt ->y/SQR ( e1->b ) -2* (p t ->z-z_eaîtl\) / SqR ( eI-> c ) *pt ->y,/ erad;
nm->z=-2r, (pr->u -z_ea¡th),/SQR ( eI->c) ;

]
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nornalíze (n¡i) ;

]

/++ + ++ + +*+ r,+* *** **** * **++ + *++ + +* *+ +* + ++t+ +*n* + ++* * ***+ + +++* + ++*.*+:F È+*+,F ++* * +/
/+ Pla]:'.e ol sight is deternined by the binormal direciions nuÌnbers A,B,C and

D ûhich is dependent on a point in the plane. Ax+By+Cz+D=0.

inpurs: a - no¡mal to eflip
b - tangent to ray path
pt - point in plane

or¡tputs: plane - plare para$eters A,B,C,D

/+ ++*+ *** *+* * +* *< ++ ** ** ** *+* +*++ + ++++++** *:$** *++ ** **+* *+* +* +++++ + ++**,F +ì,.** *+* /
void plane_of_sight(vec *a,vec *b,plâne +c,vec +pt)
{
vec t emp;

/+ normal*tangent=binornal +/
temp. x=a->y*b->z- a->z+b->y i
temp, y=a->z*b->tc-a->X+b->z :

t emp. z=a->x+b->y-a->y+b->x ;

normalize (&t emp) ;

c->a=tenp.x;
c->b=tenp. y;
c->c=temp. z;
ç->¿=- (c->a) +pt->x-c->b*pt-)T-c->c+pt->z ;

]

/+* + + ++ ++++ ++++*:* +*tr<+ +*:+:t ++++* **** ****i+++ + +**+++** ++:F++ *+* +*****,t +**+* * +*+*+/
/* The centre if fou¡d by determining a vector perpendicular to the ray path

i-n the negative direction. l.foving from the point along this vector a total
of radius determiDes the centre point.

inputs: radius - radius ol l:ay path
pf - current pla¡e of sight
line - tangett vector to ray path
Ft - location on ray path

oütputs: cnt - centre for ray path

/+ ++ + + +++ ++* *+ + + +* ++** +dot+ * +++ + ++++ +++* ++* *:ß,& + {<+**+ ++++ + *+++ + +* +**,s* + àk*+* *+*/
void spher e_c entre ( doubl e +radius,plane +pl,vec +line,vêc *pt,vec fc]lt)
{
vec ppd; /+ perpendrcular - Iocal direciion of -norn +,/

/* evaluate binormal + ta¡ - -norn cross product */
ppd. x:pl->b*line->z-line->y+pl->c ;
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ppd, y=p1->cr.line->r!-line->z*p1->a ;

ppd. z=p1->a+line->y-line->x+p1->b ;

nornalize (&ppd) ;

cnt->x=pt->tc+ppd. x* (+radius ) j
cnt->y=pt->y+ppd . y+ (*radius )
crLt -> z=pl -> z+ppd. z+ ( +radius ),

]

/*+****++++++++++++++*+*++*+**:t +*4:{:+**+*******++++*+++*+++++++++++++*+*++*{+/
/+ Given a point find the ellip para¡eters that fit through this point and

interpolate tenperature data to assign a temperature to this eflip.

inputs: pt - point
base-ellj.p - array ol shelfs
ell-ipnurrt - number of ellipsoids
origin_depth - earth,s surface

outprlts: nerùelp - ne!¡ eIlip data

/,* *** +++ *++ ++++ *+++* +++** +*++ *+:È*+*++ *** +,È +'! ** + **** **** +++* **+* +++*+ * ++ *+ + +*/
voi.d f it-ellip(vec +pt, elp baseelplSIZEl, e1p +nêueIp, int eLlipDu¡n,
double origin_depth )

{
double t,tl; /+ use t,t1 to store foci *,/
double shift;
int c;

/+ ïoc11 0l el-llpsolds */
t-sQR(baseelp[0] . a)-sQR(basêelp[o] . c) ;

t 1=SQR (bas eelp [0] . b ) -SQR (bas eelp [0] . c) ;

c=0;
,/+ Jind ellips surrounding point +,/

while( ( louts ide (&bas eelp IcJ ,pt, orj,g in_depth ) && ( c< ell ipniun ) ) )
c++;

c++;
else if ( c==elIípnurn)
{

shift=bas eelp [c] . c-bas eelp [c- 1] . c ;

]
else
shift=bas eelp fc- 11 . c-baseelp [cJ. c;

nesefp->a=baseelp lcì . a;
nelrelp->b=baseelp [cJ, b;
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ne!relp->c:bas eelp [cJ . c;
ne$e1p*>temp=bas eelp Ic] . temp ;

/* ¡¡ove io para¡ieters ]]rltiI pt is on ellip +,/
do

-r-, i ++ /=r 
^ 

.

if ( oùts ide (neoelp, pt, origin-depth) )
newelp->c+=shift.

else
nerelp->c-=shift'
ne!¡e1p->b=SQRT ( (sqn (newetp->c ) +t 1) ) ;

neEelp->a=SQRT( (SQR(neøeIp->c) +t ) ) ;

] while ( ! on (neselp, pt, orj.gin_aepth) ) ;

newelp->t emp= ( ¡Lewe1p->c-bas ê e lp [cJ , c ) / (baseelp [c-1] . c-baseelpIc] . c)*
(baseelp [c-1J . temp-baseelp IcJ . ternp) +baseelp [cJ . tenp ;

]

/* + ++ * + ++ + + +**,s +*+ *:*+* *+ * * **{¡*,Í ++*+ *+++ +++++ +*+ ++*+ {++ + + *+ + * *+ j:* + +++ + +++** ++/
/* Update va¡iables to reÍIèct new location given pt, curelp, nexelp

outputs: Updated plos(plane of sight), cnt(centre of ray path),
aad radius (of ray path).

,/*++*+*+ * ++ri.+ 
'* 'F+ + *:t:l. +****+ +*+* ++*+ * +* +++*+ *+++ +****++ *+ +* +***)** +++ ** +++++ +*+/

void sPhere(plane +plos,vec +cnt,vec +pt, elp *scurelp, e1p +snexelp,
e1p ellip ISIZE] , doubl ê +radius,double +origin_depth, int ellipnun,
vec +oldta¡,bool uplrard,double iterate )

{
vec grad; /+ ellipsoid gradient direction nurns (ilward pointing) +/
elp temp;
double garruta,distance;

ellip-norrd(pt,scurelp,&trad, *origj-n-depth) ;,/+ ellip norma] +/
ta¡gent(plos,pt,oldta¡,cnt); /* ray path tangent +/
¡relr-p1a¡e (p1os , oldtan, &grad, pt ) ; /* tí¡¿ plane numbers +/
a¡gle (&grad, oldta-rL, &gamma) ; /+ a¡Lgle bet$een normal a¡d ta4geDt */
t emP=*5nu*u1n
irt er_ eIl ip-di st (&grad, pt , el1ip, &tenp, &dista¡rce, origin_depth, e1lipnun, iterat e) ;

if (scur:e1P->temp == t erùp. t emp )
{
if (scurelp-)c <= tenrp. c)
*radius=LARGE;

else
+radius=-LARGE;

]
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+radius:distance+f l{DEX ( s cìl¡e1p->r emp),/
(I$DEf (tenp. ienp)-INDEI(scurelp->ternp) ),/sin(gamma) ;

if (upuard)
*xadius =-+rad ius ;

sphere_centre(radius,plos,oldtan,pt, cnt) ;

]

/+* * +* + +++ ++* * + 1. *:{: *+ *:{.1.+ *:! **+s * ++++* **+ + +*** + **++ **:ss* + +++ +++*,e ** 4 s**++**+ * + /
/i. Find tangent to ray path at pt.

inputs: plos - p1aÌre of transit
pt - locatioD 04 ray path
cnt - centre for ray path

outputs: ta¡ - tangeDt vector

/+ +++ +++ +++* +** * + + *+*+ *+++ * ++++*+* ++ * *+++ **)$* 4 *++*:F++** ++* * * *** * **,¡+ +** **++ +/
void taJlgent(plate +plos,vec +pt,vec +ta¡l,vec +cnt)
{
vec [orn; /+ sphere norn */

norm. x=3+pt->X-3+cnt->X; /* norm is a point arbitrarify extended */
norn. y=3+pt->y-3*cnt->y; /* fro¡n the ceDtre through pt */
norm. z=3+pt->z-3* ctLt->z ;

normalize(&norrn); /+ normalize norn +/
if (cnt->z>pt->z)
{ /+ this gives a negati-ve norm lrhich is correcteal belo!ü +/
nor¡n, x=-norm. x;
]lorm. y'-noÏm. y;
nor¡n. z=-norn. z;

Ì
/* evaluate b'Fn=t cross product */
tar->x=plo s->b*norn. z-norn. y+plos ->c ;

ta¡->y=plos->c+norm. x-norn. z+plos->a j

tan->z=plos->a+norm. y-nor¡n. x+p1os->b ;

nornalize(ta¡);
]

/+*+* ++* + *** +**:{.+* +*+* **¡<+ * **** + ++++ + +*+* ++++ + +**+ + **+* * ++ ** * *+** **+* ** ** i.++/
void neu_plaae(plane *p1os,vec *tan,vec *grad,vec +pt)
{
/+ t a¡gent+-ellip. norn=binorrnal +,/
plare-of _sight (tan, grad,plos,pt ) ;

]
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iilputs: grad - gradient vectot
tab - tangênt v ector

outputs: ga¡nrùa - angle in radians

/+ +* ++++ + *++ + +*+ * **++ *+*++ + ++++ *+* + ++ *+ tk+ ++++ +++++ +** + ++++ + *+ +rr ++ +:¡.+* + ++**+ +/
void angle(vec +grad,vec +tan,double *ga¡nna)
{
/,r remember grad is in negative direction +/
double sqrlêngth, r¡;
s qrl ength=S QR ( (grad->x+t ân->x ) ) +SQR ( ( grad->y+t a¡->y ) ) +SQB ( ( grad- >z+t an->z ) ) ;

Ì.r=(2-sqrlength) /Z; /+ un lU cosine law r/ith a=1,b=1,c=sqrlength +/
*garruna=acos (w) ;

)

/+++++++ + *** * +1.*4:t +*+ +++ +* + Ì+'*+* *+** ***+ ++*+++ x*++ *++++ {.++*++*+* *+ * **++ ++**+ * /
/* Distance betlreen tr¡o eÌlip surfaces along normal vector.

inputs: grad - normal direction
pt - current locatioD on path
ellip - array of el1ip shells
nexelp - next ellip in direction of travel
origin_depth - earthrs surfacê
êllipnum - number of eltipsoids
iterate - step size

outputs: dist - dist arce

/+ * * *r,.* ++++ + ++ * ++*+* +)i<*+* *+++*:*+*+ +ir+*** + *'+** ** ** {¡rr** ++* *x ++* +++ +++* +*,t +* * *+/
void inter-e11i-p_dist (vec +grad,vec +pt, e1p ellip ISIZE], elp +nexelp,
double +disttdouble *origin_depth, int ellipnum,double iterate)

{
vec inter; /+ intercept point */
line-intercept (nexelp, grad,&inter,pt,'*origin_deFth, iterate) ;

,/* Jind intercept of gradient line
with nent elp +/

ìf (grouf,lded (&inter, origin_depth) )
{
spher:e_intercept (grad, &inter:, pt , origin_depth ) ;

*nex elp= e11ip tellipnum- 11 :

]
+dist=SqRT(SQR((pt->x-inte¡.x))+SQR((pr->y-inrer.y))+SQR((pr->z-inter.z)));

]

/+++ +* +**+* +*+* *¿ ++++ ++++++*++* * *+¡.¡ç*¡< ** *$ ***+ ++ ++ +*+*+ ++r.++++ +*4+*+**x+à\*È*¡./
/+ Test if point is beloÌ,' earth surface */

i64



AÍ}PEIIDTX E. ïÐ-.SUBR,Û.C

/* * +++ +-*++*+ +** + ++ ++ + *+* * *+** + +* ** ++ + ++:)¡+ +,$*** * +++ +,Ê*:i.+ + ++ ++++ + + +++++.4+*++++/
bool grounded(vec +pt, double +origin_depth)
{

f 1ag = ¡ 15qg1nt->x) +SqR(pt->y) +SqR(pr->z-*origin_depth+erad) ) < (SQF.(erad) ) ) ;

return Jlag;
]

/+++*+++*'***+* +*+*,k*++**+++*++**++:1.**àk**+*+*+*+++++**++**ì.*+!¡++***++4 **++**,t/
/+ Intercept between a line and a sphere. t is the parallleter for the l-ine.

inputs: grad - direction of line
pt - start of line
origin_dêpth - earth,s surl ace

outputs: inter - locatio4 of intercept

/+ * ** * +*'* *+* ++ + ++* ++ ++:F+* ++ x+ l¡++ *** * ****++++ * ++ ++* ++++ + * ***i! +*** +**+* + +++ * * +/
void sphere-iltercept(vec *grad,vec +inter,vec,]pt,double *origin_depth)
{
double a,b,c,d,t;
d=*origin_depth- erad ;

a=SQR (grad->x) +sqn.(grad->y ) +sqF. (grad->z ) ;

b=2+ ( grad->x+pt->x+grad->y+pt ->y+grad->z*pt->z-grad->z*d) ;

c=5QR (pt->x ) +SQR (pt->y) +SQR (pt->z ) -SQR ( erad) +SQR (d ) -2*pt->z+d;

if (grad->z >= O,O ) /* grra:dieni: pos x dir then t should be pos+/
t= (-b+sqRT ( SQR(b ) -4+a+c ) ),/ (2+a) ;

else
1= (-u-SQRT(SQR(b)-4*a+c) )/(2+a) ;

inter->x=pt->x+t+grad->x ;

int er->y=pt ->y+t4.grad->y ;

ínt er->z=pt ->z+t+grad->z ;

I

/***+***++*1.+*+*+**s**+*++++++++*+*+++*++*:t+*****+*:tt++++*+++++++++*r++****+*/
bool exor(bool a,bool b)

bool c;
c=(a && !b) ll (!a &e b);
return c;

J /tr exot a b +/

/+ *,* ++ + * *+ +*+ +*+ ++++ * +++* * *++x:! +++ +++ +* È+ * **4+****+ ** +++*+++* ** * x. * ** * ** ** *** /
/4 Test iÍ point past objecr plarÌe +/
/ ++++x*****'t++ +++:s++ *+ ++*++ *+*+*1l:++**++ + *+ +*++**+ +ft** +* *¡.:t ++ ++++ + + *+r¡ ***rr* * r: /
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bool hit_obj ect*p1aûe(double *obj,vec +pt)
{
bool a;
if (pt->x <= +obj )
a=TRUE;

e1s e

a=PALSE;

]

/+ +* *++ *++ * **,j.4 *++ ++ *++++ ++++ * +:,rr++ + +* *+ * *+ + + *+)r *+ j.*+++*+++++ ++4++++++*++*+++ /
/* ¡'fove along rây path to neû point determined from new x coordinate.

inputs: pt - current location
cnt - centre of ray path arc
plos - plane of travel of ray path
radius - ray path radius

outputs: pt - ner location

/+,r.+** +***x***+++++++++++t****+**+++** +* +,* *+** {< {:+* * +*+ ++++ +++*+ *++ ** +* + +++,ì.+ /
void move(vec +pt,vec +cnt)plalle +plos,double *radj.us)
{
double a, b, c;
a=1+SQR(p1os->c,/pIos->b) ;

b=2+ (p1os->c+ (p1os->d+cnt->y*plos->brplo s->a+pt->x) -SQR (plo s->b ) *cnt->z),/
SQR(p1os->b);

c=SQR (pt->x-cnt->x) +SQR(p1os->d/plos->b+plos->a'¡pt->x/p1os->b+cnt->y ) -
SQR(+radius ) +SQR(cnt->z) ;

/+ check if radius is positive, if so curvature is concave earthnard +/
,/+ otherwisê it,s convave skyward and z is the lesser value +/
if (+r¡¿i¡5 ;' 6.9;
pt->z= (-b+SQnT (SQR (b) -4+a*c ) ),/ (2*a) ;

else
pt->z= (-b-sQRT(SQR(b)-4+a+c ) ) / (2*a) ;

pt ->y= ( -p1o s ->d-p1o s ->a{.pt ->r.-p1o s ->c+pt ->z ) /p1os->b;
]
/* *,f +* ++ * *+* +++ + +1.** * *+*+ + **{r** * ++++ +++* * ++++ + +*+ +:$+* +++:F*:+***+++ *+++ ++*+ *+/
/4 Loc4tre the intersection of ray path a¡d given ellipse

inputs: e1lip - e11ip to intersect with
point - current ray path location
upward - direction flag
center - ray path center
plofs - pla¡e of sight
radius - ray path radius
iterate - step size
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origin_depth - eartli, s surJace

outpilis: point - located on ellipse

/+++ + *+ + +,i++ * f. È+ * **+ + **+* r¡**+ +* + +++ + + +++ * ++++ + *++ + +++* r. {r*+ ***+:s + + +++ + * + +*+ + /
void locaie-isotherm(elp +e11ip, vec'kpoint, bool irpsard, vec +center,
pla¡e *ploJs, dorble *Tadius,double iteratÊ, dor¡ble origin_depth)
{
double shìft;
shift=iterate;
i{hile ( ! on( ellip, point, origin_depth) e&(shíft>1. oe-7 ) )
{

ch i++ /=t 
^.if ( exor ( ! outs ide ( eI1ip, point , origin_depth) , upward) )

poi-rtt->ï+=shift ;

else
po int ->x-= shift ;

nôve (point, center,plof s, radius ) ;
]

Ì

/++ ++++++++,i +1.* *++++ *++*+++ ** *+ +++* **** * ++** *+ * *+++ ++ +++ +4++ rr +*+++ t ++,&+,** r¡*/
,/* correction of ray path using predictor/corrector philosophy

/*+* ***,r * + * +* ***+ **++++++ ++** +++ +*++**+++ +**+ ++*+ *+++* *+ ++ *J<++*rr+**+* ++++* +/
voj.d c orre ct ion (double *radiùs,double oldïadius,plane +plos,pla¡e *oldplos,
vêc *oldpt )
{
vec t enp;
*radius= (oldradius-+¡¿¿i¡5 ¡72. 6.
tenp. x= (plos->a+oldptos->a),/2. o ;

t emp . y= (p1os->b+oIdplos->b ),/2 . o ;

t enp . z= (p1os-> c+oldplos->c ),/2 . O;
norrnalize(&ternp);
plos ->a=t emp . x;
plos->b=t emp. y ;

plos->c=t emp . z;
plos->d=- (plos->a)+o1dpt->x-plos->b+oldpt->y-p1os->c*otdpt->z 

;

]

/,F,+* + ++ * + ++* * * *1.++ ++*+:t+* + i<+* *1.*:¡<* *++ +,i.** + +++ ++ *** i<+* + **** *:&** + + ++++ + + +++ + +/
/+ Test for an intercept with the oexi ellipse. Also try to reduce cha¡ce

of níssÍng intercept by testing three successively closer poitrls to the
starting point. lJ all fail then there Ìras no intercept otherwj.se declare
jntercept as sao¡Ì as detected.

inpuis: nexelp - next e1p
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point - current test locatioi!
upward - direction flag
iterate - st ep length
centte - path sphere centre
radius - path sphere radius
plos - pla¡e of ray tra¡sit
origin_depth earth)s surface

outputs: bool true or false

/+r,.+,r +* + + + + * * + + *+* * ** * *+j<+ * +*+* + +++ + + +*++ ++*:È:i* ++,1.* +++ *+*1ç* **+* * ** + + *** +,{.,t+ /
bool intercept(elp +nexelÞ,vec *point,bool up!.¡ard,double iterate,plane +pIos,
double fradius,vec +centre,double origi.n_depth)
{
int cnt;
vec tenp; /+ test point t"/

if ( exor ( I outs ide (nexelp, point , origin-depth) , up!ùard) )
return TRUE;

temp=*poiot;
for (cnt=1 ; cnt<4: cnt++)
{
t enp. x+=it erat e/4'
nove (&t enp, centre, plos , radius ) ;

i.f ( exor ( !out s ide (nexelp, &temp, origin_depth) , upward) )
{
*point=tenp;
return TRUE;

]
]
retÈrn FALSE;

]

/ + ++ + ++ +**++ ++,È'F4***+ +++,1.* *+++ *¡<*1.+ ++ ++ ++ *+r¡+ * ++s+ ìr+*+ :F+ ++ 4+* ++,ß++*+ *,,&+,ß8+* /
/+ Convert the coordinates of a point fron cartesian system to a point

relative to the earth's surface.

inputs: pt - point to be converted
origi-4_depth - focates earth surJace

outputs: pt - neE coordinates

/++ +*++*,* *** **+ * *** + + *** {:** ++*+ + +*+*+ ++++++* *<* * *:B:lì * **++ *+*)fi * ***+++*+ìr ++++ * +/
void Conv-io- earth (uec tpt,double ori"gin_depth)
{
double t emp;

/+ deternine height of point above earth,s sr¡rface */
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t emÞ=erad-s qrt (SQÈ( erad) -SQR (pt->x) -SQR (pir->y ) ) -o::igin_deprh;
pi->z=pt->z+t êmp;

]

/ +**+4++**++++++ +++++ + ì:+* * + *++ +:¡¡+++:&+ **:¡++ *1¡** ++** *** * ++*+ + +ìr++* ++*+ + *+ ++ 4* + /
/+ find-ground is a fu¡ctíon rhich successively converges to grou¡d */

void f ind-groùLd (double iterate,vec +point,double *origín_depth,vec Ècentre,
pla¡e +plofs,double *radius )
t
double shift;

shift=it e¡at e;
do

if (grounded (po inr , origin_d epth ) )

Point->x+=shift '
else
point->x-=shift ;

nove (po int , centre, plofs , radius ) ;
] while(shift>.001);

]
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#include <stdi.o,h>
#include <math. h>
#include <string. h>
#i.Dclude <stdlib. h>
#include <float . h>
#include <conio. h>

/++***++++ +*++ì.* *:$++ *++* *i.+ +* *+ * **++ * *** *+** + ++¡r+ * **+++ * *+++++++ + +++ i.++ ++ ++ */

3d_PL0T.C rùorking date AUc 17, 1990.

The follor.ring are routines that support Halo ,88 graphic ca11s. These
routines wilì- plot the ray paths in a given bundle of rays. The view is
a perspective vieir projected ollto to a 2-d surface. The vie¡r ca¡ be
resolved and rotated to give a clear vie¡¡ of the rays,

/** + +++ + + ++ * ++* + + ++++ ++{* *+*+,È {<+ *+ r¡+ + * * ** *+* + * *++****1.***+ + {+ +* +1.* ++1.* **lt'ì. +1"/

struct vector
{
double x;
double y;
double z;

];

typedef struct vector vec;

void plot(char [],vec far +,iDt *,int ll);
void Drar¡Axes (float , floai J float , float, float, f1oat, float, float ) ;

void RayMenu (f1oat, float , float , float , fl-oat, float ) ;

float Round0ff (float ) ;
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¡/oid Convert(vec fâr +,int *,int l25l ,floât,float,floai,ifoat);
siaric float I_RayPlot [25] llool , Z_Rayplot [25] [100] ;

static int pattr[]={-1,-1,0,0, 1, 1,0,0,-1,0,0,-1,0,-1,-1,*1,0};
/+ for Large plot i¡se 960,576 in pati;rlo], [1] +/
fdefine convert 57,29577957 /+ conreri radiars to degrees +/

/ti+*4+++++++++*++*****+*)tìr++++*++++++++++++++++**+*+**r¡++++{++*++**ì!+****++*/
/* lolrite title to top of pÌot display +/
/ 4.* +** * i.+ + *+* * ** + **+***++**+*++++++*+++++++++*+++*++**++++*+++**a**++**+**+ */

void l,lrit eÎit1e ( char title[] )
{
int mode j

float x1, x2, y7, y2, tx, ty, height, width;
static châr devi.ce ll ='.HÀL0HERC. DEV" ;

SETDEV(device);
node=0;
ITIITCRAPHICS (&mode) ;

x1=0.0; y1=0.0; x2=640.0; y2=200 . O;

SETI'I0RLD (&x1 , &y 7 ,ex2 ,ay2) ;

II{QTSIZE(title, 8'height, &úridth) ;

¡¡¡= (¡ç2-width),/2 . 0 ;

tY=182 o;
MoVTCURABS(&tx,&Ey); /* ce¡ier */
BTEXT(tit1e);
DELTCURO ;

]

/++++++++***rk+*++*+++**+*++**+r¡+*+*++*+i.+++++++++++++++*++++++*+*+,t ++**+++**/
/+ Display outer box and coordirates axises */
/+å *+* +,t+ x rr* + +++ * **+ + *+:*++ +:1.* +++ ++ *+ * +*+ + +++ + ++ +++*+*+,$+ ++ +* rk +*** ++++ * **ì.,i + ìç/

uoid DrairAxes (float xol:gin,float yorgin,float xmÐ(,float ymax,
lloat phi,float theta,float d,lloat rho)
{
inr í, border, black, index;
float x1, y2, y7, y2ì
static char label[5], unit1[]="(Kn)", unit2[]="(¡n)":
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x1=0.05; y1=0.10; x2=0.95; y2=0.80; border=1; black=-1;
SETVIEûPoRT (&Í1 , &y1 , Ax2, Ay2,aborder, &black) ;

SETItt0RLD (&xorgin, &yorgin, &rínar, &ymax ) ;

x1=0. 0;
y 1=0 . 0;
M0VABS (&x1 , &y1 ) ;

x1=0.0;
y 1=d+ymax/4+s in (ph!) / (ynax/ +* co s (pl, i ) +rho ) ;

LlùREL(&x1,&y1) t /4 y axis +/
x1=0 . 0;
y1:0 . 0;
l.lovÄBs(&x1,&y1);

SETL$STYLË (&index) j
x1=d+xorgin/4+sin(theta),/ (-xorgin/4+sin(phi) +cos (rheta) +rho ) ;

y1=d+-xorgin,/4+cos(theta)+cos(p}-í)/(-xorgí¡/+*sin(phi)+cos(thera)+rho);
LNÈEL(&X1,&y1); /+ x arís +/
r1=0 . 0;
y1=0.0;
MoVABS(&x1,&y1);
index=1;
SETLNSTYLE (&index) ;
r 1=d*-xortin/4+cos (theta) /(-xo¡gin,/4+sin(theta)*sin(phi)+rho) ;

y I=d+-xor gíl¡'/ +*sin(theta) *cos (phi),/ (-xorgin,/4+sin(theta)+sin(phi) +rtro) ;

LlrlREL(&x1,&y1); /* z axís +/

]

/++++***+++*+++**+*+**+++*+*+*++***:ß***++***++++*+++**+***++*++**++,t xx**+++ */
/* Display menu opti.ons and status infornations +/
/,***++*++*+***x**++*****++*+++*+++++***++*+****+++++jÈ*+*****++******++++t ++*/

void RayMenu(fLoat rho,float d,float phi,float theta,float xscale,
float ys cale )
{
int i, border, black;
float 11, x2, yl, y2, t)r, ty;
static char 1ist1[]=
"Q=QUIT P=PR¡I SCR¡I A=ASPECT SCALE R=R0TATE oBJT S=SCALE V=VIEW SIZE,,;
static char list2 [] =
" Theta=";
char J-aþeJ-l5l:

1ist2[7]='\0'l /* construct status strj.ng */
gcvt( (phi+converr),4,label) :

strcat (1ist2,Iabel) ;
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strcat (1ist2, " Phi='¡ ) ;

gcvt ( (theta+convert ) J4,labeI);
strcat(1iÉt2,label);
strcat (1ist2, r' Ísca1e=" ) ;

gcvt (xscale,4, label) ;

strcat (-l1st2, -Labe-LJ ;

strcat (1ist2, " Yscale=");
gcvt(yscale, 4, Iabel) ;

strcat(-L1st2, -Labe-L) ;

strcat(1ist2, " Rho='t ) '
gcvt(rho,4r-Labe-L);
strcat (l-ist2, label) ;

strcat (1ist2, " D=");
gcvt(d,4,1abel);
strcat(1ist2,fabel);

x1=0.05; y1=0.82; )c2=0.95; y2=0.95; border=1; black=-1;
SETVIEIIP0RT (&x1 ,AyI ,&x2 ,8ty2 , Uborder , &b1ack) ;

x1=0.0; y1=0.0; x2=22O I !2=+O;
sETïioRLÐ (&x1, &y 7,&x2,ky2) ¡

ty=22.Ot tx=s.O.
M0VTCURABS (&tx, &ty) ;

BTEXT(1ist1);
tY=7.0;
M0VTCURABS (&tx , &ty) ;

BTEI{T(1ist2);

DELTCURO ;

x1=0 .0; y1=0.0; x2=L.0; y2=7.O;
SETVIEIiIPoRT (&x 1 , ky7 , Ax2 , ky2,Ab1ack, &black) ;

Ì

vold plot(char titlê[],vêc far *rays,int +Nuìnber0fF.ay, int
{
lnt result, i, k, PlotPoints;
ffoat Rou¡doff O , aspect;
char menu, filena¡ie [] ="HALoEPSN. PRN" ;

float d,rho,phi,theta;
int border,bfack, x2,y2;
float xorginRay, yorginRay, xmaxRay, ymaxRay j

17:l
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d=8000. 0;
rho38000. 0;
phi=1.3;
theta=o. 7 j

ror:gj.nRay=0 . 0;

lor(; ;)
{
Convert (rays , NullberofRay, NumP o int , d, rho , theta, phi ) ;

/+ convert 3-d data to 2-d ddta +/
tdriteTitle(rir1e);

if (xorginRay==0 . O)

{
for (k=0 ; k<+NunberolRay; k++ )
{
f or ( 1=0 ; l<NrurPot_nt Lk.l ; 1++ )

{
if (fabs (X_RayPlot [k] [i]) > xorginRay)
xorginRay=fabs (X_RayPlot [k] [i] ) ;

Ì
]
xorginRay=Round0ff (xorginRay ) ;

xnaxRay=-xorginRay j

I¡IQASP(&aspect);
IllQDRAlrlcE (&x2, Ay2 ) ;

yorginRay=-x6¡ginRay,/aspect+ (y2+ I) / (x2+ 7) ;

ynaxRa.y=-yorginRay; /+ aspect scale y axis to match ¡< axis +/
]

DrawAxes (xorginÈay , yortínRay, xmaxRay, ymalcRay , phi, theta, d, rho ) ;

for (k=0 ; k<*$unberofRay; k++)
{

r'îovABs (&x-RayPlot lkl [0] , trZ_RayPlot [kì [0J ) ;

PlotPo ints=i{ù¡nPoint [k] ;

PoLYCABS ( Í-RayPlot [k] , Z_RayPl ot [k] , &PlotPo inr s ) ; /+ plot k,th ray */
]

Raylienu (rho, d, phi., theta, xorginRay, ymaxRay) ; /* update menu and status +,/
do
{

menu = getchO ;

switch (nenu)
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{

/+ aspect scale view +/
cL0sEcRAPflrcs ( ) ;

y orginRay=-xorg inF.ay,/aspe ct + (y 2+ I) / (x2+1) :

ymaxRay=-yorginRay ;

/* na¡ual scaling of each axis +/
CLOSEGRAPHICS O :

prj.ütf ( "Í: %5. 1l\nENTER NEI'I X-AXIS LIMIT (in m)\n",xorginRay) j

sca¡f (,,%f ,,, &xorginF,ay ) ;

pr:intf ("Y:%5. 1r\nErùTER NEW Y-AXIS LIMIT (in ¡n)\n',,ymaxRay) ;

sca¡f ("'lf ",&ymaxRay) ;

x¡naxRay=-xorginRay;
yorginRay=-ymaxRay;
break;

case 'r):
/+ rotate viewing aìgles *,/
CLOSEGR!-PHICS O ;

printf ( "Theta: %4.3f\DEiITER NEll Theta (in degrees)\n",(phi*convert));
scanf("%f",&phi);
phi=phi/convert ;

printf ( "Phi: %4.3J\nENTER NELi Phi (in degrees)\n",(theta*convert));
sca¡l("%1,,,&theta);
thet a=thet a/ conv ert ;

Çase 'v' :

/+ chêÌrge viewing distances */
CLOSEGRAPHICS O ;

printl ( "d: %5 .0f\nENTER NEhl d\n",d);
sca¡f("%f",&d);
printf ( "rho : %5 . of \nE¡ITER ¡IEtù rho\n", rho ) ;

scanf("%1",&rho);
break;

case 'p' :

/+ prí'tLt plot +/
SETPR¡l(filena¡e);
SETPATTR(pattr);
GPRISTO;

CLOSEGRAPETCS O ;

return;

]
inqerr(¿¿i,&k);

r75



ATJPÐNDÍX C. \D-PLÛT.C

ii (k l=0)
{

CLOSEGR,APiiICS O ;

printf ('riunc err='/"d I ett ot =%d\n pa [16] =%d',, i, k,pa'i:tr t16l ) ;

]
] while (menu== 'P ' ) ;

]
]

/* + * +* * * *++ + ++* +++ *+ ++ *+ + ***+ + + + +* !¡:*++* ***+:1.+ + *** * ++*,* **+$: + +*+* +++ ++ *+ + +++++/
/+ Round off a floating point nunÌber to al1 integer a¡d reassign to floating

point nunber. */

float Roundoff (floar InputNumber )
{
int int eter;
float oÈtputNulrìber;
if ( InputNuÌRber > 0. O)
int eger=Inputl{unber+0. 5 ;

e1s e

int eger=InputÌ¡unber-0 . 5 ;

0utput NuÍrber= i.nt eger ;

return outputNùnber;
]

/{.++r.i.*+**+É't +++++++++***++*++t+**+**++*+++++*+**Ì<+*+r*++**,¡r+***t<)È+****++++++/
,/+ Convert ray poirts in 3-d to data poiDts in 2-d

inputs: rays - ray data
l{umberofRay - ray count
¡trmPoints - nunber of points in each ray
d ' vieni.ng distance
rho - viesint distance
theta,phi - víelring angles

outputs: X_RayPlot - n alcis data
Y-RayPlot-yaxisdata

/+++ * ++r,.+ *x*+ ++* *+++ + ++++ + + +++++ +á. *+ + +++ *,¡ ** *+ * *** + ***+++** + **+ * +* *+ +++++++*/

void Convert(vec lar+rays,int *Nu¡lberofRay, int ¡lulnPoint l25l ,float d,
lloat rho,Jloat theta,float phi)
{
int a,b, cnt;
double s1, s2, c1, c2;
double xe, ye, ze;

rTtj
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ùr-bflr\rrLe!d/,

c1=cos (theta) ;

s2=sin(phi);
c2=cos (phi ) ;

for ( a=0, cnt=o; a<+NuÍberofRay; a++ )
for (b=0;b<NunPornt Lal :b++)
{
xe=rays [cnt] .x+s1-rayslcntl . y+c1;
ye=-rays [cnt] . xf c1+c2-rays [cnt], y+s1+c2+¡ays [cnt] . z+s2 ;

ze=-rays lcnt] . x+s2*c1-rays lcntl - y+s1+s2-rays lcnt++l . z+c2+:Ího;
Í_RayPlot [a] [b].(Jloat ) (d) +x:e / ze ;

Z RavPlot fal lbl =(float) (d\*ve/ze'.
]

Ì
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g),&K'Å sw?'g

Commênt l-ine describing data set and relevant information
Outer Shefl Size Length 0uter: Shelf Size hlidth
Observor Location (f Y Z)
Obj ect Plane Location (Y)
Number of Tenperature Profile Polnts
Temperature Height (in increasing height order)

Table Il.1: Ðata Set File Tempiate

178



.4PPBÀTÐTX Ð. I}ATA SÐTS i79

set1. dat from fsaak
5000 100 0

5000 0 1.8
2500
2

00
6,0 30

0.0
11

15

20
2I
22
30

Table D.2: Ðata Set SET'I

Set #2 5000 1000 phi -2 24 2 theta 240 2 obs 5000 0 1.8 obj -2500
5000 100 0

5000 0 1.8
2500
7

0.0
1.5

7.0
72 .0
13.0
15.0

Table D.3: Ðata Set SET2



¿F,FE,ry¿}IX Ð, ÐATA,9}'TS

Set #3 5000 1000 phi -2 24 2 theta 240 2 obs 5000 0 1.8 obj -2500
5000 1000
5000 0 1.8
2500
7

8.0

8.0
8.0
8.0
8.0
8.0

0-0
11

15

20

2L

22
30

Test Data Set #4 5000
5000 100 0

5350 0 1.8
535 0

7

0.0 0.0
1.5 11
a tr ltr

7 .0 20

72.0 2I
13.0 22
15.0 30

1000 obs 5350 0 1.8 obj -5350

Table D.4: Ðata Set SET'3

Table D.5: Ðata Set SET'4
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set6. dat using function 2.0e-z-0.022+30
100000 100000
004
800 0

t7
320
31.8 0.1
31.6 0 .2
3r.47 0.3
31.33 0 .+
Õt .I u. Õ

31.08 0.6
30.98 0 .7
30-88 0.8
30.80 0.9
30.7 1

30.0 3

29.88 6

29 .8 10

29.6 20
29.4 30
29.2 40

181

Table D.6: Data Set SET6
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PROF]LE JM3 (JM1 I.íITH EXTRA POINTS, RE DTIDZ SENSITIV]TY)
100000 100000
004
21500

18
0.00
0.30
0.75

1.06
r.¿o
1.50
2 .40
3.85
6.00
7.10
a .37
9.18
9.60
9.80

9.68
9.56

Table D.7: Ðata Set SET'"TA/Ï3

i82

0.0
5.0

10.0
11.0
1-2 .0
13.0
74 .0
t7 .0
20 .0
24 .0
zo.u
30.0
34.0
39.0
45.0
60.0
80.0

100.0



_AP,pÐ.\¡ÐIX ]]. Ð4fl1 SÐT,C

Data Set for 79-4-27
17000 3000
10000 0 2.5
10000
22

-2.39 0

-2.0 2.48
-L+3 10

-0.98 13.4
-0.60 74.8
0.08 L7.7
0.3 78.7
0.4558 19.361
I.1047 27.4687
1 .8589 23.4A20
2.6460 25.3026
3.5198 27.0575
4. 1135 2A.0714
4.7405 29 .0405
5 . 5020 30 . 1363
6 .4160 31 .3440
7 .3e70 32.4983
7.8598 32 . 9960
8.4560 33.9852
8.6889 34.3555
8.8712 35 - 0109
9 .3400 46.9000

IaL¡le lJ.S: Ðata Set 79-4-27
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-2.30
-2.O
-1 .81625
-1.44725
-1.06625
-0.69125
-0.31625
0.0587S
o.43375
o.82000
o.84944
o.93774
1.08492
1.29096
1 .55588
1. a7966
2 ,26232
2.70344
3.20424
3.76350

05865
79452
54927

35537

184

lBe: linear + pa¡abol1c temp p¡ofile to reconstr:ucr slide 79-4-20:step 1kììì
17000 300ó
10000 0 ?.5
10000

46

I .32673
9.9461

10,0374
10 - 1A45

10.293
lo .44
10.575
10.745
10.903
11,055
71.203

11.463
11 .57
11 .67
11.75
11.75
11.69
11 .57
11.45

o.oo
2 .494
5.000

10.000
15 . OOO

20 .000
25.000
30.000
35.000
40. 150
40.400
40.640
40,900
41 .750
41.400
41.650
41.900
42 -1SO
42 .400
42,650
42 .900
43. 150
43.400
43.650
43.900
44.150
44 .400
44.56
44.59
44.70
44. AO

44.95
45.10
45.30
45,50
4s .70
4s.90
46.10
46.40
46.80
47.SO
49.00
50.00
60.00
80.00

100 _oo

il'al¡le D.9: Ðata 5et Tts8-79-4
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tu8 Sün Hirage data set 1

6000000 6000000
26404 O 27.94
26¿-OO
L-A

-t.32
-L32

-1 .39
-1 .49
-1.s7
-1.66

-1.85
-1.95
-2.04
-2.08
-2 .Oa

-2.08
-2.04
-2.03
-1 .935

-1.44
-1.0
-0.12
o.76

66
97
10
21

47
64
7A

03
44

185

0

I
1?
16
20
22
24
26

30
32

35
36
36.6
37.2
37 -6

39.2
39.6
40
40 .4
40.8
41.4
42
43
44
46
50
54
60
64
70

100
110
120
130
140
150
160
200
300
500
aoo

84
44
94
43
43

10.28
10.83
11 .15
11 .23
77 .23
11 .00
10.40
9.20
7 .40

Table D-10: Ðata Set T'U8
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TG4 Sun Mirage data set 2

6000000 6000000
0 0 100.1
5400 0

-7 .20 0

-1 .59 52

-r.Ir o¡i

-1 .80 80

-1.85 88

-1.88 92

-1 .92 96

-1 .94 100

-1.94 702

-7.92 704
-1.88 106

-!.42 108
-1 .69 110

-r.32 112.8
-0 . 93 7t4.4
-0. 37 116
0. 55 177 .6

1.65 118.8
1 0, 1lo t

) 
^ 

1r1 
'2.AA 723.2

3.08 725.2

3.67 136
3. 85 r+2
3. 87 150

3 .636 186
5.5 / Þ ¿ 2t)

2.856 306
2.206 406
1.556 506
0.906 606

-0.394 806

-2.344 7106

Table D.11: Ðata Set TG4
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#include <stdio . h>
#include <conio. h>
#include <dos.h)
#irtclude <nallo c. h>
#include <stdlib. h>
#include <string. h>
#include <ctype. h>
#include <math. h>
#include "al!s i. h"
#include " itexpf8. h"
#include "stdtyp. h"
,/* Itorking date Sept !a, 7997,r/

Mirage Inìage Simufatj.on written by ltes J Friesn
This protra¡ uas w¡itten in partial fulfillnent ot the requirenents
for the degree ivlaster of Science j.n Electrical Engineering,
Done under the supervisioD of Professor W Lehn.

/+ defioition secti.otl to declare coÌrstants +/
#define HoR 511 /+ image size horizontally EI2 4/
#define VER 511 /+ image si.ze ver¡tical].y EI2 +/
#def ine SQR(value) poû((va1ue),2. 0)
#define TRUE -1
#define FALSE -1

/+ declare variables +/

char fj.le-naÌe[35]; /+ naxj.mun Jile¡axne with paths is 35 char */

187
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struct vector
{
double ï;
double y;
double z;

];

typedel struct vector vec;
typedef int bool;

unsj-gned cha¡ cross[10]; /+ arra! to store data cursor over Writes +/
unsigned char huge +pic; /* pointer to pictuxe buffer */
unsigned char huge *p; /* pointers usêd for buffer access +/
int node; /+ node O is for Jack Sill,s Board node 1 is for itex boajfd +/
void DISPLAY2 (uns igned cha-r huge +); /* display on itex board *,/
void DISPLAY1 (ünsj-gned char huge +); /* display on Sill board +/
void DISPLAY(int);

void Init-6845(void); /+ configure video board +/
void llrite_port(unsigned int,unsigned j.nt),Get_picture(void) 

;
void Getscale(int *,int *,float +);
voi.d Marker(int, int ) ;

void unMarker(int, int ) ;

void cettc(int [],int +,vec *,doublê +,double *);
void Map-(int *,int *,int ll ,float {.,vec,r,double *);
void j-nterpolate (doubfe, double, double J vec, ve Ç , vec , vec, vec,
vec, vec jvec,double *,double +,double *);
bool end_of-reBion ( doubl e , doubl e , int +, int , bool, double *, double) ;

bool belo!¡z (vec , vec, double , double ) ;

bool beLowx(vec, vec, double,double) ;

int roirndofl (float ) ;

vec tnap [15] [2] [50]; /* array of transfer characteristic ,¡/

main( )
{

int refel; /* reference elevation +/
int hor; /4 }.o\ízoî a/
int nor[20]; /+ 1l ot rays in transfer characteristic x/
int nog; /* # ôf gronps in traÌsfer map */
float scale; /+ nunber of meters per line in imate,ß/
double obj; /* object l-ocation +/
vec obs; /+ observer location */
double orgn_dpth; /* depth of origin beloln earth,s surface +/
int cntl;
FILE +fp; /+ 1!)-e po\ntet +/
char conìnand;

LE8



A]TPEÀTÐiX E. J\,[TR,C

char cmdline [35] ;

/+ seÍ up buffers +/
pic= (uns j.gned clÌar huge +)halloc (262144L,sizeof ( char) ) ;

if (piç == ¡U1¡¡
{
printf ("Insuff icieni rûemory ior bufJer\n,') ;

for(;;); ,/* loop tnfinitely +,/

Ì
do /* 5qx display mode +/
{
printf("Se1ect display mode <O> for Sil1, board <1> for itex ¡oard\n,,);
s c anf ( "%d" , &node) ;

] ohile (mod.e l= O && node != 1);
IÞi.t-6845O; /* initialize video stuff +/
Get-pj.ctureO; /+ load picture *,/
DISPLAY(mode); /+ display on screen +/
Getscale (&ref el, &hor,&scale) ;

do /+ P¡eç6s"ing loop +/
{
Geitc(nor,&nog,&obs,&obj,&orgn_dpth) ;

Map-(&hor,&nog,nor,&scale,&obs,Srobj) ; /* apply Írapping *,/
cLR_SCRt{;

printf ("Loadin6 inage . . . \n" ) ; /+ load resultj.ng ina6e */
fp=Jopen(f i1e-na.¡ne, "rb" ) ;

P=PiC;
for ( cnt 1=0; cnt 1<8; cnt 1++)
{ /* loads in 32k sections +/
fread(p,sizeof (char), 32768,fp) ;

priûtf ( "Sec=%d\n" , cDt 1) ;

CUR UP(1):
p= (p+32768t) j

]
tclose(fp);
CLR-SCR¡I;
DISPLAY(mode);
printf("\nl'Iould you like to process aÌother traDsfer characteristic? <y/N>,');
do

conmarld= (chax) tolor¿er: (getcharO );
IirhiLe (coluRa¡dl=ry' && comnand != ,n,);

íf (cornrna:rd == )y')
Get_pictÌ¡reO; /or Teloa:d source for !.èx.t Íc +/

] while (coruna¡d == ry));
hfree(pic);
return 0;

r89
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void Init_6845 ( )
{

if (node == o)
{
x =tcnaÐ arLÞ\ t (2);
t{rite_porú (0, 157 ) ;

Write_port(1,128);
Writ e_port (2 , 140 ) ;

klrite-port (3 , 102) i
tlrite_port(4,31);
I'lrite-port(5,5);
I'lrite_port(6,29);
Idrit e_port (7, 30 ) ;

Write-port(8,3);
tlrite_port (9, 14) ;

llrit e_port ( 10 ,0 ) ;
hrrit e_port (11 ,0) ;

l,lrit e_port (12,0) ;

Write_port(13,0);
Wxite_port(14,0);
Llrite_pôrt (15,0) ;

]
else
{

t90

/* írlítíaLize the dísplay boayd */
/+port read write
/+768 reset addr cnirs crtc addr reg +/
/+769 î/a crtc data reg */
/*77O yea:d image latch write inage le.tc]I- */
/a772 "read" dì.sp1ay md î/a +/
/*774 "wríte" display nÌd n/a */

sethdrù(0x300,0xD0000L,SIltIcLE); /* set address and mode +,/
setdin(1024,512,8); /+ set dimensions */
fgon( ) ;

ínitializeO;
sclear(o); /* blark screen +/

]
void ldrj.t €,port (a, b )
uosigned int a,b;
{

outp(768,a);
outp(769,b);

Ì

/* reset counters */
/* offset first co[nt +/

void Map-(int *hor,int +nog,int norf2ol ,float +scaleJvec +obs,d.ouble +obj)
{
float zmax,zmin,lcmÐ{;
double yrn, zrn, xn;
double xob, yob, zob j

double xscale,yscale;
double l-or¡_2, 1o!¡_tr , high_x j
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inr ymaxi , yn] in i , znax i . zm in i,:(maÍi:
int a,b,d,diif,z,y;
int vert1, vert2,hori1,liort2;
int r.line, y1ine, zline;

long i;
bôoI foregroì¡Jrd;
char srr [H0&+1] ;

FILE +fP;

i¡enset(str,255,HOR+I); i/t !.Jhite line +/
rmax=(float) ¡nao lOl lol lol -x:
znax=zmin= (f1oat ) ¡nap [0] [0] lnorlo]l.z;
+obj= (double) (roundof f ( looooo+ (+obj ) ) /1ooooo. o) ;

Jor (a=O;a<=*not;a++) /+ determine region covered by appaxeDt map */
for (b=0;b<=nor [aJ ;O++¡
{
if (zmax < nap [aJ [0] [b].2) /* break z regi-on into tûo areas */
2¡¡¿1=(f1oat) map [a] [o] [b].2;

/+ iírsi" area is nornal object plane mapping */
if (z¡nin > rnap [aJ [0] [b].2&&(map[a] [o] [b].x-+obj)<1.0)
znin=(float) map [aJ [0J [bJ .z;

if (x¡nax < map [aì to] tul .x) /+ second area is foregroù¡d xenapping */
xmaï=(float) rnap [a] [0] [b] . x;

]
ymini=-(VER+1)/2; ,/+ collvert to screen coordinates +/
Ynaxi= (VER+1) /2 '

zmaxi=(int) (zrnaxl(+scale ) ) ;

"^ir'ti= 
( int ) (zmin,/(+sca1e ) );

xmax=xnax-+obj;
xmax=-x¡nax/ (obs->x-+obj ) + (H0R-*hor) ;

ïnaxi=(int) xnax;
if ((zmaxi-z¡nini)>(Eoe) )
zmaxi=znini+(E0R);

if ( (zmaxi-rmaxi-zmini) > ËOR) /j. Iimj.t z extent to screen height +,/
{

zmaxi=Ë0R+xmari+zmi4i ;

]
printf ( "zmini=%d znaxi=%d xmaxi=%d\n" , zmini, zmaïi, xmaxi ) ;

/* start the mapping prodedure +/
fp=fopen (file_name, "v¡b" ) ; /+ open result fjle */
p=pic;
dif f =U0R-zmaxi+xnaxi.+zmini ;

printf ( "diff=%d\n', , diff ) ;

if (diJJ < HoR &8¿ dj.ff > 0)

191
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'! oî (z=O ; z<é.íif / 2', z++ )
fsr:ite(str,1,HoR+1,fp); /+ {iIl above inage +/

/+ * +++ *r¡* + *+* + ++ + + +:k+ + ++++ *+*+ **++ + +* ++ *+ /
zm=zmaxi*(+scale);

foregrou¡d=FALSE;
for (b=nor [0] ; b>0 ; b-- ) /+ noved do$It regioIIs to first region

in image limits *,/
if ( | end-oJ_rêgion (zm, xm, nog, b, f oregrounci, obj , xs cale ) )
break;

do

{
printf ( "layer change\n,, ) ;

1oo_x=*obj;
high_x=+obj;
for (a=*nog; a>0; a-- )
{
if (rnap [a] tol tb-11 .z 1!ow-z) /+ find x and z extremes of region */

low-z=map [a] [o] [b-1] . z;
if (map[a] tol tb-11 .x > high-x)

high_x=nap [aJ [0] [b-1] . x;
Íf (rnap [aJ [0] [b] .x > lor¡_x)

1ow_x=map lal [o] [b] . x;
]
xscale=(high_x-1o¡¡-x)/(zm-low_z)+(+sca1e); ,/+ foregroi¡¡d in sky scaler./
xn=1ow_x;

do

{
y=ynini; /+ s:"art ro\r */
for (a=+neg; a¡g '.--¡
{
foreground=FALSE ;

v ert 1=a ;

ve¡t2=a-1;
,/* if any of surroundj.ng points is not a object plane point then consider

the group to be loretround +/
if ( (map fvert 1J [o] [hort 1] . x > +obj ) I I

(map fvert 1J [0] lhort2l . x > +obj ) I I

(rnap [vert2] [0] [hort2] . ). > +obj ) | |

(rnap lvert2J [0] lhort1].x > +obj))
loregrou¡d=TRUE;

if ( !fo¡etround)

r û.)
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.{ /+ afl poínts in objeci planê +/
yn=y+(+sca1e);
shile ((napfvert2l [o] lhort2l .y >= yn I I mapfvert2J [0] lhorill .y >= ym)&&

(maplvertll [0] lhort1].y <= ym I I map[vertlJ [o] thorrzl .y <= ym)&&
y<ymaxi )

{ /* use srroundi¡lg group +/
if ( lbeloøz(mapluert1] [o] lho:¡:t21 ,¡rap tvert2l [o] thort2l ,yn,zm) | |

map[vertlJ [0] lho¡t2-1].xi=,*obj I Imap[r.rert2J [o] thort2-11 .rr=+obj)
int er:poÌate ( 0 . 0, ym, zn, map lvert 1l [o] [hort 1], map lvert 1l [1] thort 11,

naplvertlJ [o] lhort2l ,napfvertll [1] [hort2],
nap lvertz] l0l [hort2],nap[vert2] [1] [horr2],
rnap[vert2J [0] lhort1l ,map[vert2J [1] lfrortr],
&xob,&yob,&zob);

else /* use group beloE to do this point 1,/
interpolate (0. 0, ym, zm, map lvert 1] [O] [hort2],map [vert lJ [1] [hort2],

nap[vert1] [0] [hort2-1],¡naplvert1] [1] [hort2-1],
rnap lvert2l [0] [hort2-1] ,nap [vert2J [1] [hort2-1] ,

nap lvert2l [0] lhort2l ,¡nap[vert2] [1] [hort2],
&xob, &yob, &zob) ;

yline=roundof f ( (yobl(+scate) ) ) + ((vEH+f) /2) ; /+ convêrt to pixels*/
zl ine=+hor-roundoff ( (zob,/ (+ s cale ) ) ) ;

if ( yline <O ll yline > VER ll zline <O ll zline > H0&)
fputc(255,fp); /* poíît is outside known area +/

else
{
¡-=(Iong) zline+ (flon+ 1) ;
i +=-t i--

fputc(+(p+i),fp); /+ output corresponding pixe] to result file*/
] /+ t¡a:rsfer pixel */
y++; ,/+ incrernent colù¡n¡*/
y¡r=y+(+scale);

]
] /* object pl.al-e a/

e1s e

{ /+ foretror¡d case +/
/,t given xn +/
if (z¡r < ((zmini+1)+(*scale))) /* foregrolr]ld scales*/

xs cale= ( obs->x-*obj ),/(H0R-*hor) ;

yscale= (*scale) * (obs->x-xm),/ (obs->x-*obj ) ;

ym.y*yscale;
while ((map[vert2] [0] [hort2] .y >= ym I I rnap [vert2J to] lhortll .y >= ym)&&

(mapfvertlJ [o] lhortll .y <= ym | | maplvertlJ [O] [hort2].y <= ym)&&
y<ynaxi )

{ ,/+ loop ti1l out of this colunn group +/
if ( !beloux(map[vert1] lol [hort2J , map [uert2] [o] [hort2] ,yn,xm) | lhortl<2)
interpolate(xm, ym, o. o, map lverr 1] [o] lhort 1l,nap lvert 1l [1] [hort1],

map fvert1] [o] lho¡:t2l ,map [vert1] l1l [hort2] ,

193



APPAI/'IX E. }iIR,.C

map [vert2] l0l [hort2],map[vert2] [1] lhort2l ,
map[vert2] [0] [hortl],map[verr2] [1] [hort1],
&xob,&yob,&zob);

else ,/+ use group befo¡¡ */
interpolate (xn, ym, 0. 0,map lvert1] lol D1ort2l,map [vertlJ t1] [hort2],
map[vertlJ [0] [hort1-2],nap[verr1] [1] lhort1-2],
map lvert2ì [o] [hort2-1] ,:nap [vert2] [1] lhorr2-11 ,

rnap [vert2J [0] lfrort z], map [vert2J [1] lhort2],
&xob, &yob, &zob);

yline-roundof f ( (yoU,/ ( (*s 6¿1.¡ a (obs->x-xob),/ (obs->x-*obj ) ) ) ) +( (VER+1 ) /2) ;
xline=+hor+rou¡ldof f ( ( (xob-+obj ),/( (obs->r-*obj ) / (H0R-+hor) ) ) ) ;
íf ( ylinê <0 ll yline > VER ll xllne <o lf xtine > ItoR )
fputc(255,fp). /+ point is outside known area */

els e

{
i=(long) xline+ (fl0R+1) ;

i +=ùl i hô.

fputc(*(p+i),fp); /* output pixel +,/

] /+ traìsJer pirel */
y++; /+ increment collmn */
ym=yscale*y;

]
j /* e¡d of loreground case */

] /* column cou¡ter loop +/
xn+=xscale; /* increne¡rt rolr */
zE-=*ê-ãì ô.

aowst:l; /+ roø cottxtt */
1while(lend-of_region(zn,xm,nog,b,foregrou¡d,obj,r.sca]e) && (ro¡s<=HoR))
/+ while region loop */
Printf ( "¡e¡5='l¿\n", rows ) ;

] while(b > 0 && (rows<=H0R)); /* rorn counter loop +/
/ ++ * * * * + ¡.*++ * ++ * * +$)F4 +*++ ++ *+ +**,*rk +++ +*++ *. *1.* ++ ** ++ +/
íf (diff < HoR && diff >o)
{
diff= rioundoff (diff /2.o) ;

lor (z=O; z<dí!.t; z++)
fErite(str,1,(HoR+1),Jp); /+ fill below image +/

]
lC1OSelrDJ; /+ aI_L dolle +/

J

bool end_oJ_region(zm, xm, nog, b, f oreground, obj, :tscale)
double zn;
double xn;
int +¡og;
int b:
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bool foretrouDd;
double +obj;
double rscale;
{
int a;

flag=TRUE /+ assume end oJ region */
1l ( lïoregrou¡td)
{
for (a=0; a <= +nog;a++)

j.f (zIR >= maplal [oJ lb-l].z) /+ zm above afl lo!¡er region pts *,/
flag=Pl¡5t '

]
else
{
for (a=o;a <= +nog;a++) /* xm region cases */

if(((xm <= map [a] l0l [b-1].x)sd¿(xscalê>o.o)) fl
(xscale<o.o&&xn>=¡nap [a] tol lu-1] .x))

flag=P¡¡58 '
]
return flag;

]

bool belowz(pt1,pt2,ym,z¡n)

veç pt2;
double ym, zn;
{
double y;
bool Jlag;

y= (pt2. y--pt 1 . y) / (p1ú2.z-ptLz)+ (zn-pt 1 . z)+pt 1. y;
ít. (pt2.z >pt1 .z)
flag=ym>y; /s cltrent point above surrounding group bou¡dry'!,/

flag=ym<y; /* beLow boundry */

return flag;
]

bool belowx(pt1,pt2,ym,xn)
vec pt 1 , pt2;
double yn, xm;

t
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y=(pt2.y-pt1.y) / (pr2. \-pt 1 . x) a ( x-'n-pt i. x ) +pt t . y;
if (pt2 . x >pt1.x)
flag=ym>y; /4 crJr!:erLt point above surrounding group bound.try*,/

e1s e

flag=yrn<y; /+ belor¡ boundry +/

return flag;
]

void int erpolat e (ïn, ym, zm, pt 1O, pt 11 , pt2o, pt21 , pt3o, pt31 , pt+o, pt41, xob, yob, zob)
double xm;
double ym;

double zn;
vec pt 10, pt 11 , pt 20, pt21, pt30, pt31, pt40, pr+1;
double +xob j

double +yob;
double *zob;
{
double e,l,g,h;
double y¡n1, yn2, ym3, yn4;
double zm1, zm2, zn3 ,zR4;
double xn1 , xm2, xm3, xn4;

g=(ym-ptao. y)/(pr1o. y-pr4o. y) ;

h=(ym-pt3o. y)/(pt2o. y-pt3o. y) ;

y¡nl=g*pt 11 . y+ ( 1-g) +pt+t . y;
ym2=h*pt21 . y+ ( 1-h) *pt31 . y;

1ï (xm==O.0 )

{
¿= (2¡-pt20 . z) / (pt7) . z-pt2o . z) ;

f= (zn-pt3) . z) / (pt4o . z-plc3o - z) i
yn3=e+pt11.y+(1-e)+pt21.y; /* actual perimeter points*/
ym+=f +pt41. y+(l-f )+pr31. y ;

zml=g+pt11. z+(1-g) +pt+t. z ;

zm2=]i4pt27 . z+ (t-t\) *pt3| z t

zm3=e*pt1 1 . z+( 1 - e) tpt2! . z ;

zñ,+=f+pt +7 . z+ (1-f ) *pt31 . z ;
,f zob= (zn3+ (yrn4-ym3 ) + (zm2-zm1) -zm1+ (yn2-ym1) + (ãr4-zn3 ) - (ym3-J¡n1) + (zn+-zm3 ),i

(zn2-znl) ) / ( (yn4-ym3 ) + (zm2-znl) - (ym2-ynl) + (zm4-zm3) ) ;
+yob=ym1+ (ym2-yrn1) + (+zob-zm1) / (zm2-zn7) ;
+xob=o.0;

]
if (zrn==o.0 && ! (xn==O . O) )
{
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e=(xm-pt2o. r)/(pr1o. x-pt2o. x) ;

l=(xm-pt3o. x) /(pt+O. x-pt3o. r) ;

ym3=e+pt11.y+(1-e)+Þt21.y; /+ actual perimeter points+/
ym4=f +pr41. y+( 1-f ) +pt31. y :

xm1=g*pr1 1. x+( 1-g)+pt41. x :

xm2=h+pr21. x+(1-h) +pr3t. x ;

nn3=e*pt11. x+(1 -e) +p!21. x ;

ïm4=f +pt41 . x+( t-f )+pt3r . x ;

a¡¡6¡=(x¡3+(ym4-ym3)*(xm2-fllr1)-Ìn1*(yn2-ym1)+(xrn4-x¡n3)*(ym3-ym1)+(x¡n+-xm3)+
(xni2-xml) ),2( (y¡¡4-yn3) +(xÍì2-sm1)- (ym2-ym1) +(xn4-xn3) ) ;

*yob=yn1+ (ym2-ym1) + (*xob-xrn1 ) / (xm2-xn1 ) ;

]
]

void Gettc(int nor [20], int *nog,vec *obs,double l.obj,double +orgn_dpth)
{
char chrstr [90] ;

char +str;
double tenpz;
int result;
j.nt a,b;
FILE *fP;
CLF,-SCRN;

do

{
printl ("Enter trâ¡sfer characteristic file nane , \n,,) ;

scanf ("%s", f ile-name) ;

iJ ((fp=fopen(file_nêÍe,"1:")) l= Ì¡ULL) /* check for exsista¡ce+/
{

do

{
lgels(cnrslr,9u,rpJ;
Ì !¡hi1e (strstr(chrstr,"Dêpth") == NULL);
str=strrchr(chrstr,'=' ) ;

+orgn-dpth=atof (str) ;

fscânf(fp,"observer:%lf %1f %lf (n) \n,, , &obs->x, &obs->y, &obs->z ) j
fs ca¡f (fp, "object Plane:%If (m)\n",obj);
do

{
if (fgets(chrstr,90,fp)== NULL) /¡, Êearch Jor start ol map data */
{
printf("NULL");
a=ferror(fp);
a=ïeoï (fp J ;
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1 lrhile (strstr(chrstr,"r") == ¡ÍULL);
a=0;
do /+ read groups */
{

f gers (chrsÌl:, 90,Îp) ;

b=0;
do /+ ¡¿¿¿ region +/
{
Jscanf (rp,,'%1l ,/"rr ,/,Lf ,/Jr %1r %1f,,,&nap[aJ [oJ [bI .x,&rnapta] tol tbl .y,

arnap [aJ [0J lb] .2,&¡raplal [tJ [trl .x,anap[aJ tr] ¡u3 .U,s^.t¡al t1l tbl .z);
q=(char) fgetc(fp);
if (c == '1tt';
ç=(char) f6etc(fp);

uagetc(c, fp) ;

b++;
] while (c !='H'&&!feof(fP));
nor [a] =b-1'
al+;
c=(char) ftetc(fp);
if (c == '¡tt'¡
c=(char) tgetc(fp);

if ( !feot (fp) )
uagetc (c, fp) ;

] !¡hi1e(!fêof(fp)); /+ unril erd oi tl\e +/
4nog=a-1;
tclose(fp);
for (b=0 ; b<35 ; b++)
if (file-nane [b] == 

, . , )
f ile-nane [b] ='\9' ;

strcat (f ile_name, " . pic " ) ;

]
else
priotf ("File ¡las not found.\n,');

Ì øhLle (tp==¡¡¡1¡ -

Jor (a=0;a <= *rog;a++) /* shor,r mapping data. +,/
for (b=0; b <= nor[a];b++)
printf("%f '/,f '/,f\t'lf %f %f\n',,maplal [o] [b].ï,maplal toJ tui.y,

niap [aJ [o] lbi .z,map[al [1] [b].x,map[a] t1l tbl .y,maptal [1] tbl .z);

prirtf ("\nFile loaded. \n") ;

]

int rôundoJf(float number )
{
iût integer;
if (nunber >(float) O.O)
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integer=(int) (nlrmber+O. 5 ) ;

els e

integer=(int) (nujtrber-o.5) ;

rêtr-rrn integer;
]
voÌd Getscale(int +refel,int +hor,lloat +sca1e)
{
int x,y j

float ele\¡;
char conunard;
CLR-SCRN;

printf("Next you must sefect thê reference elevatiolr ,,);
printf("fot: this picture. lo do this inputro!¡ a¡il cofumn nxmbers,,);
printf(" !¡ith a space bet!¡een in the region of the reJerence\ne1evation.,,);
printf(" Then refine these nunbers until you locate the desired poínt.,,);
printf("\nEnter <-1 -1> once you are done.\n");
ïor( ; ; )
{ /+ get reference level */

cuR_Mv (6,0) j

CLR_LÌNE;
scanf("%d '/d'. 

"ay ,&x) ;

if (y==-1; /* keep "ursor on inage */
breaÌ;

if(x<0)
x=0;

if (x > VER)

if (y <0)

Y=o;
ir (y>HoR)
y=511;

l4arker(x,y); /* add cursor fo j.ma,ge +/
DISPLAY(¡node);
unMarker(x,y); /* remove cursor a¡d replace inage covered +/

j /+ get horizon level ,¡/
cuR_MV(6,0);
printf ("Refere¡rce Elevation = %d\n",+refel) j
pr:intf ( " \n¡lext Ji.nd the Horìzon Elevation using the sa¡ne procedure,\Ì,,);
tor (;;)

cuR_lfv(e, o ) ;
cLR_LINË j

scanf ("%d '/d" ,9ry ,ux) :

if (y==-1;

if(x<0)
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ï=0;
ii (x > VER)

x=511;
1r (y <o)

Y=o;
if (y>HoR)
y=511;

Marker(x,y);
DISPLAY(nLode);
unl{arker(x,y);
1.hor-y;

]
PrintJ ( r'\nHorizon = %d \n",*hor);
printf("\nEnter the height of the reference elevation in meters > ,');
sca¡f("%f",&e1ev);
+sca1e=elev/(+hor-*ref e1) ;

printf("Sca1e is %f meters per tine-\n",+sç¿ls);
printf("Press <Enter> to continire,...\n,');
comma¡d=(char) getchO ;

Ì

void ¡tarker (int tr,int y)
{ /* save irnage data a¡d replace r,¡ith bright pixels+/
int a,b;

c= (long) (y) ;

p+= ( 512+ ( c-2) ) +x j

for (a=6 ¿45 .o*¡
{
crossla]=+pi /* save inage data +/
if (a !=2)
*p=255; /* replace nith cursor +/

el-se
for (b=0;b<5; bf+ )

{
cross[b+5]=+(p+b-2); /+ save image data +/
*(p+b-2)=255j /+ replace wíth cursor */

]

]
]

void unMarker ( i¡lt tr,int y)
{
int a, b;
long c;
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c= (1ong) (y) ;

P=P iC;
/+ reveyse llarker process +/

Jor (a=0; a<5 j a++)
{
if (a !=2)
+p.cro s s [a] ;

else
for (b=0;b<5;b++)
+(p+b-2 Ì =cros s Lb+51 ;

]
]

void Get-picture ( )
{
FTLE *fP;
int cnt 1;

P=PiC;
CLR_SCRII;

do
{
printf("Enter the file nafle to be loaded. . .\n");
scatJ("%s",f ile_na.¡ne) ;

íf ( (fp=fopen(f ife_name, "rb',) ) t= IIULL)
{
printf("Fi1e opened\n', ) ;

for ( cnt 1=0; cnt 1<8; cnt 1++)
{
fread(p,sizeof(char),32768,fp); /+ read pictr¡re into blffer */
printf ( "Sec=%d\n" , cnt 1) ;

crJR_uP ( 1) ;

p= (p+32268L) ;

]
fclose(fp);
DISPLAY(niode); ,/{. call display roti i¡e +/

]
el-se

CLR_SCB¡[;
printf ( "Error: CouldÌ,t retrieve file.\n,,);

j
] Ì'¡hile (fp == ¡IULL);

]
,/+ itex board routine !¡rites a row at a t.íme +/
void DISPLAY(int mode)
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.t

a1 (Í,ode == û)
DISPL.{Y1 (pic ) j

e1s e
DISPLAY2(pic);

]
/+ assenbly 1a¡guage display routinc +/
void DISPL.AY2(unsigned char huge *pic)
{
int a, b;

P=pic;
sclear(0);
for (a=0; a<=VER; a++)
{
bwhlíne (64, a,512, p ) j
p+=S12;

]
Ì

void DISPLAYl(unsigned char huge *pic)
{

-as¡n \
{
; okay lets load the pointer

LES DI , pic

MoV DX,768 ;point to counter port
II{ AL,DX ; reset counter
MoV DX,77+ ;point to lrrite node port
IN AL,DX ;set to write
l10V CX,0000H ; initialize coùlt
MoV DX,77O ;point to data latch

;for large arrays Bf aløays sta.rls ûith 0000H
LP1: ¡,fov AL,ES: [Dl] ;rea.d array

oUT DX,AL ;send to port
¡ioP ; wait

INC DI ;next location
Jl,ùZ LP1 ;loop up to FFFF
MoV AX,ES ; copy DS

1ÐÐ 4X,1000ä ;add increment
MoV ES, AX ;return DS

INC CN ; increnent outer loop
CMP CI,0004Ii ; check couDt
JL LP1 ; f inished?
MoV DX,772 ;point to read mode port
lN .[L,DX ;Eet to display
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A-ïser's GcaåCe

1':\rñr-fl.å arú_ray

3d-r'ay requires both comlnandline entlies and a data file coltaining a temperature

proflle. The data lìle format is outlined in Appendix D alorg rvil;h several examples

of such files. The follorn'ing cluestions ale asl<ed:

hlould you l"ike to plot the ray paths? 0=N0

RAV TRAC]NG !i]TH HALO
HAS HERC GRAPHICS MODE BEEN SET ? O=NO

trlould you like to see the ray points? 0=N0

Enter iteration step size(in n) .

Enter name of file containing ienperature profile(include path)

Enter the elevation start, stop, and increment angles(min):

Enter the positive lateral start, siop and increment angles(min):

The first choice is u4lether to plot the ray pa,ths. Enterilg 0 sets the plot flag to

{alse ancl any otìrer luml¡er tvill set the flag to tlue. If pìoitìng u'as selected the nert
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prompt is a, reni der to set the conrputer to a corlpatible glaphics mode. Ììntelirig

Û here rvill terminate the progran'i aird ailorv tlie machile to be correcth¡ coirfigurerl.

Ány other number will continue the proglarn.

The next qucstior:i checlis if ray points ale to be lìsteci. Selecting 0 sets this flag

to false. Any other ertry sets the flag to true. If eìther the plol,ting {lag or ray poirts

llag is tlue than a special alray for conlaining this infornation is created.

The first setup question asks fol the iteration step sìze. An¡r i¡¡g*.. ,t111 t.
accepted. Suggesied step sizes aÌe from 100rn to several liilorneters depending on the

clistance to be covered and the desiled cleglee orr accuÌacy. In general smaìler ste¡,

sizes give bettel' results. Step sizes much below 10(]rn mal' have troul¡le corvergiltg

on sheÌÌ intersections and experience other processing limitations. After this tire user

is plompted for the complete data lile name ancl path. lf ihe fi1e is not found the user

t'ill be reprompted until al acceptable flle is found.

The next pronpt asks for the elevation startiùg) stopping, and increment angles

in arcrrjn. For example -4 20 2 u'oulil trace the ray starting at -4 arcmin belorv

the ol¡sen'er's eye level ànd step by 2 arcmi' upwards until 20 alcnri. is reachecl or

exceecìecl. The lìnal questior asks fol the lateral starting, stopping, and increment

angle in arcmin. An exan'rple o{ lateral angles might be 120 -120 -60 which would

start at 120 ar¡tl decrement lateral angles by ,60 until -120 is leached or exceeded.

The actual range of angles rviìì clepencl on the distarces involved. Olly the lìle nane

ìs checked, all othel ilputs accept the given entrl¡. This can r-esult in the program

terrninatilg ear-ly 6¡ gettiug stucÌi in a loop if ilcorrect or contracÌictory clata is

eirtered.
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5r¡mc+ i¡f lhe outprrt is,^choed to lhe screeit t¡r ilclicate processilg progress.

the reler¡ant output clata is placed in the stalclarrl culput lile 3d OtlT. This file

ì¡e renauecl to save the contents for friture use.

The cornbir.ratiol of numl¡er of lays traced ald number of poilts ìn each r-ay should

not exceed 3500 iI either plotiing or printing was selected. 'Ib estimate the number of

poinis diviclecl the distance betweeu obselver ald object pìa,ne by the iteratìol size and

rnuÌt\rly by the number of elevation angles you are processing. This approxirnatìon

does not include the aclditiolal points generatecl bJ¡ irltersections lvith the atmospheric

shell.

If you are using the lay plotting option see Chapter 4 for a djscussion of the

comm ands.

F.? main

Input question sequence:

Select display mode <0) for SiIl) board (1> for itex board

Enter the fife narne to be loaded...

Next ;ro¿ must seLect the reference elevation for this picture. To do
thís input ro¡¡ and colunn numbers with a space betr,reen in the region
of the reference elevation. Then refine these numbers until you
focate the desired point.
Enter <-1 -1) once you are done.

Next find the Horizon Elevation using the sarne procedure.

Enter the height of the reference elevation in meters )

Press <Enter:> to continue....

Enter transfer characteristic file name.

ldould you l1ke io process anothe¡ transfer characteristic? <Y/N>
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Tlie first input selects the clisplay procedure l¡ased on entelecl number. Next

enter the compìcte lile lame of tÌre source inrage. To select tLre r-eferencc eler¡ation

positioir the cross near the desired posìtion. For- erampìes entering "256 256" rvill

put the cursor il the center of the image. The first lumbcr is a row positior:i and

the secold a colulnn position. The column number is noi used by the program but

is provicled to lielp accurately determine the corrcct row b5r ¿ll61vi1g the citrsor to

n.ìo\¡e to any position on the inage. The select process ìs ercled by enter.ing "-1 -1,,.

The current row then becornes the lelèrence eler¡ation. A simiÌar- procedure is used to

select the horizon refelencc. To cornplete the clata necessat.y to determile the source

ìmage scale enter the height in meters (inclucle decimals). The progran will responcl

by displayitg tlie calculated scale. Finally enter the desired transfel char.acteristic

file name. The plogram u'ill give feed l¡ack or plogress by displaying the transfer

characteristic data and show row nullber at each layel transitjon. After the lesultìng

irnage is displayecl you u,ill be asked if you n'ould lilie to p-,-ocess another transfer

characteristic. Answering yes will retull you to the trausfer characteristic file name

prompt.
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