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AN OWNI DI RECTI ONAL | MAG NG , AP ECI FI CATI ON BACKGROUND. OF THE

I NVENTION 1. Field of the | nveﬂmmMMﬁ ention rel ates to22May 2002

omi directional inmge sensing Wt e to a single viewpoint, and,
nore particularly to such image senS®My usi ng a truncated, substantlal ly
par abol oi d- sivepedomwef | ector. 2. Discussion of the State of t IREr/vs9s25689 many
applications such as surveillance, teleconferencing, renot e sensi ng, 10
phot ogrammetry, nodel acquisition irtual reality, conputer graphic

machi ne vision and robotics, it HI“MW‘MMI m" hat an i magi ng system have a
large field of viewso as to be a i n as nmuch information as
possi bl e about the world around it. Tnedtional inmaging systens include a
canera with a | ens that prow des a perspectlve prOJ ectlon of an inmage.
However, a canmera wth ele I1RIRF GT HONALQIMA PARAPUSY a |limted
field of view (i.e., coverlng | ess than a full hemsphere) This limted
field of view may be expanded by tilting and panning the entire inaging
system about its center of projection. One such systemis described in S. E.
Chen, "Quicktinme VR - An | mage-Based Approach to Virtual Environnent

Navi gation", Proc. of SIGGRAPH 95, (SPECHIBATI@ANgust (1995). The article by
L. MIlan and 20 G Bishop, "Plenoptic Mdeling: An |Inage-Based Rendering
Systeni, Conputer G aphics: Proc. of SIGGERAPH, August 1995, pp. 39-46, also
describes a traditional pan- f system has two
seri ous drawbacks, however, ﬁ{ak%gﬁr%@yﬁe@%ngaﬁgﬁéﬁ%\eam ages associ ated
wi th a device havinp ch:ldbftlallnvmﬂomg parts, and the second being the

si gni fi cant _anount ,Gl]‘l tine. re%r ired to make a full 25 rotatign in order to

view the surroundi njrifdpieatio sio ppnidirgetonal igRefasnsnet e TeNCS 30 fmy 2002
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Anot her approach to increasing the field of viewin an imaging systemis by
substantially paraboloid-shaped reflector.

2. Discussion of the State of the Art
For many applications such as surveillance, teleconferencing, remote sensing,
10 photogrammetry, model acquisition, virtual reality, computer graphics, machine
vision and robotics, it is desirable that an imaging system have a large field of view so
as to be able to take in as much information as possible about the world around it.
Traditional imaging systems include a camera with a lens that provides a
perspective projection of an image. However, a camera with even a very wide angle
15 lens has only a limited field of view (i.e., covering less than a full hemisphere). This
limited field of view may be expanded by tilting and panning the entire imaging
system about its center of projection. One such system is described in S.E. Chen,
"Quicktime VR - An Image-Based Approach to Virtual Environment Navigation",
Proc. of SIGGRAPH 95, (8):29-38, August (1995). The article by L. McMillan and
20 G. Bishop, "Plenoptic Modeling: An Image-Based Rendering System", Computer
Graphics: Proc. of SIGGRAPH, August 1995, pp. 39-46, also describes a traditional
pan-and-tilt system. This type of system has two serious drawbacks, however, one
being the obvious disadvantages associated with a device having critical moving
parts, and the second being the significant amount of time required to make a full

25 rotation in order to view the surrounding world. This time limitation makes such a



enploying a so called "fish eye" lens as is disclosed in E.L. Hall et al.,
"Omidirectional Viewng Using a Fish Eye Lens", SPIE Vol. 72 @gtigég 5
II'lum nation, and | nage Sensing for Machine Vision ( 1986), 22 May 20%¢ .o
the fish eye lens has a very short focal length, the field of view may be
as large as a hem sphere. The use of such lenses in an inmaging systemis
probl emati cwowuwemer, in that they are significantly | arger parvaisysmses9
conpl ex than conventional |enses. Mreover, it has been difficult to
develop a fish eye lens with a fixed viewoint for all 10 points of the
rel evant scene. U S. Patent No. 5,187,667 to Zi mmerman, and U.S. Patent No.
5,359,363 to Kuban et al. are also directed to the use of fish eye | enses
to replace c - OF r L)t ani sms, and accordingly suffer
fromthe sanggggggg@@%%gg@g?ﬁgﬁﬁ%%&%$%gggért devi ces have used reflecting

surfaces to increaamtlidnapfroadhito dficrddsingi thefielDo€ viewah aprimaging sistadeisitye i s
disclosed in V.S. Nalwa, “A True Omi Directional V fewer", AT&T Bell
Labor at or i es STipHingaro salledr Bituens s es sdischasobmB £ Ball etiddn. 1996, Nal wa

di scl oses the Of .l tys q q r{ac K. conj uncti on
with nultiple ¢ a(rhgéémgg%p}’ly 1%&5%% E‘S%E?E;&%%Se@gsv@b?%&b?g?cﬁ’ a 360 degree
panor am ¢ § nmedgemafatian,30d deggeSensmgdoniachiheWisipn@o86)ap. 250eSince Bpefishf i cal | y,

20 in Nalwa, four %I anar nirrors are arran%ed in the shape of a pyramd,
with one cane8 leneihaga yeryishors freal lgpgihhe fel of viepmay beps lBreg#ae refl ecting

sides, and wlGRER. GHIREEM eI esThiaf %%?gggsgelﬁ P30l BRI hE &Sy cPin >0

degrees of the m spherical scene. I's's om't Seri ous
drawback of rtasytheyi arg significamlyelagenaat moiecoapiixithan conveilicelienses.i nage. | n
addition, this systemsuffers_fromthe inherent proble 5.associated with
di stortion atMpreversi hagbeedatficul to devplop itishieys lfas Wéﬁhé‘rFEG i‘eﬁﬂ?“itéorpﬂ%ovi de

afull 3690 densie o ineictdhl Wefle." Bld. Pafchtifo SHE7, RitCARSR aRERIS, USEd. | 1

conj uncti on I mage sensors. Both Yagi et af., "Evaluating Effectivity
of Map Gener aRdtam Noy 5.B59863 oK iveantdt ab hrefadigatirected @rthiedise effisharyallensessige
Sequence", |EEE Internatiopal nference 30 on Robotics and. Automati on,
June 1995, p.feglgS%?O“é(ﬁ'&P% anéggé'i“. meohgpismp an a°°°f§'281§¥/é9?f?0‘602“\% $9€30197
PCT/ US98/ 2568&8%}]@3&9%'95@ on for a Mobile Robot Wth Omidirectional |nmage
Sensor COPIS", |EEE Transactions on Robotics and Automation, Vol. 11, No.
5, Cct. 1995, di scOtheeproranrdevives bavejused ieflactingesgefacesns mmerea®0RE Spldwfi ch uses

a conical reflecting surface to gather i ngge t ur roundi ng
envi ronmend?, WAY &"Géééb%ortaﬁedei‘”ﬁf’bsr‘ﬁﬂil?gﬁ‘ §'§5%ﬂg§‘tf@39ﬂ‘gati on of a
mobi | e robot . pfblkoPieWde, XPRITSBLI? LaRSofi€s PdchAich Mbﬁmaﬂm,n?@m s9@r ees,

it is not atrue omidirecfional 1 nage sensor because the fi eld of viewis
linmted by th2601d50¢xJanntd%%. dNalwadiscloshsabe useiof multiple glabyr refiecting ewifavgs angl e

O e CaTe 2| S o ARELINE e ey SRl nee CRRip s AL ABKE 3 3q,
whi oh cannot e B e e e e S . ot
al ., "Obstfcl i WeiwvecfouoplaiirtninOnvire aranged imthe shapegd aPyrasuid, Wijlpereaniera
Vistont, | B St ned MBbve cach oF i Four pianar reecting Sats, and VAt dach Qamera
viewing slightly more than 90 degrees by 50 degrees of the hemispherical scene. This
system suffers from the serious drawback of requiring multiple sensors to capture a
360-degree image. In addition, this system suffers from the inherent problems
25 associated with distortion at the "seams" when the separate images are combined to
provide a full 360 degree view.
Curved reflective surfaces have also been used in conjunction with image
sensors. Both Yagi et al., "Evaluating Effectivity of Map Generation by Tracking
Vertical Edges in Omnidirectional Image Sequence", IEEE International Conference

30 on Robotics and Automation, June 1995, p. 2334, and Yagi et al., "Map-Based



Oct. 1995, p. 1062, discloses a purported inprovenent in the COPIS system
whi ch 15 invol ves the use of a hyperboloidal reflecting surface in place of
a conical surface. As discussed therein, the rays of |ight wh?éMayrZ002
reflected off the hyperbol oi dal surface, no matter where the point of
origin, will all converge at a single point, thus enabling perspective
view ng. At e use of a hyperboloidal mrror is advan g t hat
it enabl es Zglgkbg{gf"tggerspecti ve i mage sensing, because the ra@gﬂggéﬁlsgt

whi ch nmake up the reflected i mage converge at the focal point of the
reflector, positioning of the sensor relative to the reflecting surface is
critical, and any disturbance will inpair the imge quality. Further, the
use of a perspect,ive-projection nodel inherently requires that as the

di stance bet welvig#iondena MobhsRobefoWHh Omypdirgetipaal dmage $ensoe QRS sEEE on of
the mrror 25 . ner . . [ ORS/ | ictate
that in order ?%ﬁiagg%%t@?ﬁ%opgggdg&g&%%3’%’&?’3&% :32@?{. ? ﬁ%fms?@gergnust be
pl aced cl ose t ¢nidabp®fsedon imapeisenson(COPIS) OvhithaseLHEGidal Adfleoilsy suefaéd fose Wit h
respect to the design of the inage sensor optics. In addition, mapping
sensed i nage t&RREEABpges ftam tie sureundingfnvireamens ngsidagrocesies phednfosmalinnetot o t he
nature of the [ ! . : er, { 3 atdye 30
positions o t%g@ér/n&ré%{r%ggﬁl themé)\bﬁ{eiqéé&bQA%%M@Q@hdaﬁngg%m%{oﬁgta@'%lg ni ng
a single 22 MBH0ABGReIMD 19 BbtIHhhE: oridiredHBRAl AMBEOsehsatibevyust tie.fielhofvieva
hyper bol oi dal m rror system cannot take advantage, of the relative novenent

of the mirror WAdnisdhythe ygteyanglsof thecopical murer agd Bythervigwiae agale ghthewni | e

mai ntai ning a §j i i i . . S, No.
5 505, 465 T Conrh g SRt £ PSRRI Sheif Viewring inf skl
reflecting surhacdocAatdiedipoditylyidgn fRbede. dTlas lorasiomaltiple Weslbpoiits cdusesn t he
sane drawbacks as that of Yanmzawa et al. The abgve-described prior art
devi ces faill i HstorIPnIP thegrPRESFsImagas yhigh qaapotibsiefimigated tg\pbipn pUrg r y| y

omi di recti onal,.| ' paratus that is capable of sensing a scene froma
si ngl e vi ewpoi h?rls&grrgtéﬁ%bﬁ% i npossi ble to provide distortion-free inmages
wi th 10 the appar at Yamazawatdnely, "Dbstacld epqrpian AVittsOmnidirecvanal IrrageGepsoex

cal i bration and inpl engptatjo UMVARY THE | NVENTI ON The dr awhacks of
the prior art, Héiggﬁi"% Jyey ’g@:o@ ,“"rﬁ?‘é’“é{cllﬁz%? grepseen obaticy apd Aytomation,q
present i nvent pap.9§dinChodN dRA e.%%ﬁ‘:gqo jed iABrovER ey { QniSensi ng
an i mage of a gger%ewlpomégjsubg% ant’i Idf s“?Ergl e \%tggpu%%t?p?hgﬁte&nc E}ges a
truncat ed, ISub#tvalves theluge pfia hyyettmilclda refierting edrfaee firoplapeosfi 4 donivebsurface. As

Cadi ot ng 1 1 onfiepissetBasi ey shoN hshar e pACEOR e guprociidsl sirfce,

substantial 'y fb bfaker WhGWRRI gdint of BAgiRAWAPA| &rezBaPL HngIB HbRE RS éﬁﬁ@il@TZO
focus coincident with the single viewoint of the iImaging apparatus. The

omi di r ect i onaperspagtivagiewngar at us al so i ncl udes substantially telecentric
means) optically co ed to the r abol oi.d-shaped refl ector, for

subst Zant Pal ly fiyl te?‘?‘h@“&f?‘e B ‘?f(%ﬂHBFr%P%‘/%’lB\m I‘é@?YaG‘[?ﬁﬁ?fgt‘N:haf 1 gnahleson
which are ngt @if feeei indigh ¥ex{sﬁ1%|, Bched (R raly D8t Pt IR nhakeslpaRS tfiected

reflector. The inmagi'ng apparatus further includes one or nore
image converge at the focal point of the reflector, positioning of the sensor relative to

the reflecting surface is critical, and any disturbance will impair the image quality.
Further, the use of a perspective-projection model inherently requires that as the
distance between the sensor and the mirror increases, the cross-section of the mirror
25 must increase. Therefore, practical considerations dictate that in order to keep the
mirror at a reasonable size, the mirror must be placed close to the sensor. This in turn
causes complications to arise with respect to the design of the image sensor optics. In
addition, mapping sensed image to usable coordinates requires complex calibration
due to the nature of the converging image. A further drawback is that the relative

30 positions of the mirror and the optics cannot be changed while maintaining a single



25 i mage sensors positioned to receive the orthographically reflected
principal rays of electromagnetic radiation fromthe parabol gj d-sh
reflector, thereby sensing the image of the scene. The par abo#’oMﬂY%g%ed
refl ect or vob 9440@97pr esent inventi on may be either convex 3rcnvusvsnssdaye. The
telecentric nmeans may include a telecentric lens, a telecentric aperture,

or a collimating lens. Preferably, the par abol oi d-shaped refl ector
conprises a substantially 22 May 2002 'WD 99/30 i 97 PCT/ US98125689

par aboi oi dal mirror having a surface which substantially obeys the equation
expressed i R; igpdt ' ' = %n@%‘e s of
rotation of @{eﬁ%ﬂ(ﬁsn@ur:‘rggﬁh h?%é?%gﬁgﬁﬁg%%#%gﬁn&t ntazli(t2 gd an %9{)%{}#3&%@5

const ant. Asndvememqifabé mirrarapd epticstte adjustytherBeld iof alewsafithasyateaf, whikeat i on, t he
shape of the surface i.s not a function of the angular coordinate 1In a

preferred eﬁ%ﬂ?‘ﬁ‘&gta%?glfﬁ‘éwpﬂ%ntion, the one or nore imge sensors
conprise one or PRELOVY L& ETBAAY). S IBHRSR NG! S@S,@é’ﬂ”‘ﬁfwﬁeﬁrﬁgooy one or
nmore charge-coupl ed devices or one or more charge Injection devlces.
Al t er nat i5v eldysclosdtethe Qsoofa hyperboidal reflegtengssarface:. sAcraydingdygphe Beesphot ogr aphi ¢

film In anofher preferred _enbodi nent, at |east o | rage sensor has a
non- uni formdt'%gﬁ\"gta&@r? S'S(fWHbg‘ﬁ%W‘éd’Faﬂ&a Ks@s Qﬂﬁ?"?‘ Art8bl ution of the
i mge refl ected ?gﬁ’%@d&@'{&a 8} sk 30ABRSail fo drfe O o wg%‘?f'ﬁ{cg@iﬂécrpfltaﬂe

par abol oi d- shape ector conprises a mrror truncated at ane

whi ch i ncl udeproviide af tady smofdidebtgonabhimsdpingrippamatva pled iy aapatde bbHsensing awbéreh | s
substantial |y perpendi.cul ar to .the axis.passing.through the focus.and the
vertex of tHEP™MHaFEE I%‘FW&B@H“E&FW@E%@? tom{mgﬂe g?@’ﬁ’g‘?'ﬁﬁ‘ﬁe ARG MENt , t he
par abol Oi(ﬁ'%ﬁ@ﬂf}ﬂr &l bEREPProvRl Li@d tRPreRuitd dRfbIBaSRibRdnllg One or nore
| mage sensors a earmunt edyoics)rr(l) acggi\:/%bl e bafsegl,ll 20 V\/nerebly rm\rllerrent of the one
or nore i nagmpkers@tionpr oduces a changing field of

SUMMARY OF THE INVENTION

The drawbacks of the prior art, as discussed above, are substantially solved by

15 the present invention, which in one aspect is an imaging apparatus for sensing an
image of a scene from a substantially single viewpoint that includes a truncated,
substantially paraboloid-shaped reflector positioned to orthographically reflect principal
rays of electromagnetic radiation radiating from the scene that would otherwise pass
through said substantially single viewpoint. The paraboloid-shaped reflector has a

20 focus coincident with the single viewpoint of the imaging apparatus. The
omnidirectional imaging apparatus also includes substantially telecentric means,
optically coupled to the paraboloid-shaped reflector, for substantially filtering out
principal rays of electromagnetic radiation which are not orthographically reflected by
the paraboloid-shaped reflector. The imaging apparatus further includes one or more

25 image sensors positioned to receive the orthographically reflected principal rays of
electromagnetic radiation from the paraboloid-shaped reflector, thereby sensing the

image of the scene.

The paraboloid-shaped reflector of the present invention may be either convex
30 or concave. The telecentric means may include a telecentric lens, a telecentric
aperture, or a collimating lens.

Preferably, the paraboloid-shaped reflector comprises a substantially



view. Alternatively) the parabol oi d-shaped reflector may be nounted on a
novable base and the one or nore i mge sensors nmay be nounted on a fixed
base, whereby novenent of the parabol oi d-shaped refl ector pro%M@! 2002
changing field of view. In each of these enbodinents, it is also preferred
that a zoonybe§sege provided for 25 optically coupling the peRfus9E7988Y €

i mge sensors and the parabol oi d-shaped reflector. In a further exenplary
enbodi ment, the one or nore inmage sensors provide an 22 May 2002 WO

99/ 30197 PCT/ US98~25689 6 i nage si gnal répr esentative of the imge of the
scene. An image signal processing apparatus is coupled to the one or nore

i mage sensors i ch,converts the inmage. signal .fromthe i nage sensors into
i mge si gnal paré%g.o'#ﬁgmir% gm§iagsﬁ'§‘lf’°ep‘rg@8§5‘&5%5"%{{%0@%? &eﬂﬁ'ﬁ“ ﬁﬁ%‘?ssf‘ie

i mage signal jgaflshdrichlQodrdididseSi an- coordi nate systemto 5 produce a
perspective image or into a cylindrical-coordinate systemto produce a
panoram c i mage. The i nmage signal processing may include interpolation
means for providing interpolated i mage data, whereby the interpol ated i mage
data and the inmge signal data are conbipédrto forma digital inage.

Advant ageously, the image processing?appaggtus may further include neans
for zoomng in on a preselected 10 portion of the digital inage to thereby
provi de an enl arged i mage of the preselected portion froma predeterm ned
focal distance. In a preferred arran?emsntL the imagi ng apparatus conprises
at | east one 7using aaxiscefirpiatienofthe serfacaa being agpdigirosrdinatgand bibsimga and t he

mcr oscope obpatty i U Adiepreb iy b ARy e 7 ol MocsBibiar” e

field-flattenheighrfaeas dota fimclibebithe unpairtoerdiapy §xi mat el y opposite to the
field curvature of the paraboioi d-shaped reflector. Preferably, the

fiel d-flattening |lBagreferred embadingensiof the.inyantiandhg eniecor grore imagsisemsars c,

meni scus | ens . r e i i ar at us
1520 used t qriiiistShe AHRbESIRERRERE DAL \IIIEHRRLY whi SupIUDE: ABROCSL LG

subst anti al | yhpeadaapled devidedpe dne 61f hetcharge ifjesioh deviest. tAteatatibelgyphi cal |y
reflect principal rays of electronmagnetic radiatign radiating fromtwo
conpl enend @r o8 OFIMOsH ERARE Sensersapyscommise phejographie i, tn anethsearefartedor s are
posi ti oned toen%?)?[xﬁe & RAUDIhe RAG AP RN 04 $i3 aﬁ&-ﬁ.ﬁfdr&ﬁ&%&&&@ coftfSltane two
par abol oi d-shaped reflectors are convex, they are posit1 oned

back-t o- back fat thegohluaifornptressladondf the imagetrefieriedSionh thehpatabblogd/stmped € a
common focus pint. Wien the two parabol oi d-shaped refl ectors are concave,
they are posi'®Hef®¥d such that their vertexes coincide. In a further

exenpl ary enbodi nt}Lfe%fb%% E}ﬁ‘e : %ﬁﬁ‘&-sﬁ%«? Rifle@Br cotngi|sks é‘Hﬁ%chﬁ(él{;mQ@@&? 'a

splitters are provide Itting e orthographica l ecte

princi pal 16 ayplar@ivhich indides the éocaxpi the paralsaioiti shbpedmefitctarand Whichiesubdiaritialy d- shaped
reflector into a plurali of 22 02 WD 99/30197 PCINS98125689 7 ray
bundl es. | n tRAEENEHY F@%H‘SQ%%‘%@@E%O? theyreer of theParabpleifed, with
each i mage segp,gggdlgggét%lj_oned to receive at |east one of the plurality of
ray bundl es, t hereby sensing a portion of the inage of the scene. In
yet a further exerinlaareyemplagydimtmdimerd, the paraboloid-shépedireflactir és ineantedpn att ers
5 is provided_faor, splitfing the orthographically reflected, principal rays
of el ect r omagheed; ‘?p%{lﬂ‘é? P&P'f‘??fﬁ]"f‘ﬁ%e 58 ?IF&OHP?ﬁz?Béd“?V@PEé’Ef%r into a

pl urality,gf i e ys) i adiaki on. As
"t he pr 201 o RAGE RN oPHdfit DPinofAhigherters BABTRANRA g BUSE ", 11
each i mage seviewr Alegiativelpatie parabeloid-shepealireflecss imayrte méuntddeond mowedbld y  of
nmonochomatic principal rays of, 10 el ectromagnetic radi ation, and {hereby
sensing at | ¢base apghthe oG OEMPESHHIALE Sengerg anaybemaunted ona fixed bases yhershte with

the pioneering,daht 5¢ M phdBolIESHPL tAYGDH frBfucea BRIBAY field of view. In

each of these embodiments, it is also preferred that a zoom lens be provided for

25 optically coupling the one or more image sensors and the paraboloid-shaped reflector.

In a further exemplary embodiment, the one or more image sensors provide an



for sensing an inmage of a scene froma substantially single viewoint is

al so provided. In an exenpl ary enbodi nent, the nethod i ncl udef M%g hfps
of : 15 (a) orthographically reflecting principal rays of elec 2 (}ﬁ iC
radi ation radiating fromthe sone that woul d ot herw se pass through said
substantially si ngl e viewpoint on a truncated, substantially

par abol oi d- sSW@092f | ect or such that the single viewoint ofCVH®2A¥Yi ng
met hod coincides with a focus point of the parabol oi d-shaped refl ector) (b)
telecentrically filtering out a substantig portion of any principal 20
rays of el ectromagnetic radiation which are not orthographically reflected
by the parabol oi d-shaped reflector; and (c) sensing the image of the scene
by sensi ng t hamagt sigoal agriveseatative ofthé andgedf el sceepain inaigs sighalgireeksingragnet i ¢
radi ati on fromthe par abolsai d-shaped reflector with one or nore inmage
sensors. 25 | rAPRAEHS{HEAuPied &orheang o MR fensars nwhigh gorvsits terERe’) | nages
of a scene from lal I:ngls | ' [ i [ G
nctudes: (2) EanfoRShEHag? stiko 1 Fal SHRPURR, TR PAAISBRE pblisele

refl ector on aapbaratd thEmseapsitis image sighalglatinetoer Caresanicoardmagesys@mstoon a
novabl e base; 30 Lgc) orthogra hi cal,lty rebl(gcting %ri nci pal rays of

el ect r omagnet i BFOdUcs 3 AEEPESys Hnogs YRR @ £yHngsteptasANais ¥HEM 19 Bigduss dn
radiating fro t ; I ki rs '

Cubst ant al | y Broerac fie, TR il ferdl (GG pg )by el tucans for
reflector suchprohdingtiiterrolatel ieage datpovirerebyfthe interpotatgd imagestatroahdwhd imagef ocus

oi nt of the parabql oi d-shaped refl ect.or (d) te|lecentrically filtering out
2 subst ant i al pii@ﬂ‘”? g?fﬁ a(ffC_"H%‘ﬂgr‘? W«ilg%alﬁxa '0‘*‘?"@@8‘?‘}"5&3%&“?&" r adi gt i on
whi ch are not ﬁb&éaggga@%aﬂ&x fuetht£int e e¥ P SoRRhE R plalashaped

reflector; (e) noving novabl e base to a first position; (f) sensing a
first inagd0ofpdrtien efthe digitahimage to theneby provisle dn efilarged wnbge afahs prasgel¢die
ort hogr aphi cal El‘ﬁlf[jre | ect ed eEri nci s of electromagnetic radiation from

al .ra
10 the par abol BITHYY remapred "é?’i"@é&%‘falwsfvaﬂ“the one or nore imAge Sensors;
(g) moving the novaRlarBREed hifargeREROME m@%&&ﬂﬁé@e&a&ﬁe@mthe first
e o

position; and (h) sensing a second i nmag e 'scene having a second field
of at least one lens optically coupling the one or more image sensors and the paraboloid-

shaped reflector. This coupling lens may be a zoom lens, a microscope objective, or a
15 field-flattening lens. Advantageously, the field-flattening lens has a field curvature
approximately opposite to the field curvature of the paraboloid-shaped reflector.
Preferably, the field-flattening lens is either a plano-concave lens or an aplanatic,
meniscus lens.
In yet another preferred arrangement, the imaging apparatus is
20 used to image a substantially spherical scene by using two truncated, substantially
paraboloid-shaped reflectors positioned to orthographically reflect principal rays of
electromagnetic radiation radiating from two complementary hemispherical scenes.
The two paraboloid-shaped mirrors are positioned to share a common paraboloidal
axis. In addition, when the two paraboloid-shaped reflectors are convex, they are
25 positioned back-to-back along their planes of truncation, such that they share a
common focus point. When the two paraboloid-shaped reflectors are concave, they
are positioned such that their vertexes coincide.
In a further exemplary embodiment of the present invention, a plurality of
beam splitters are provided for splitting the orthographically reflected principal rays

30 of electromagnetic radiation from the paraboloid-shaped reflector into a plurality of



view by sensing the orthographically reflected principal rays of

el ectromagnetic 15 radiation fromthe parabol oi dal - shaped reH elﬁt o& @ th

. the one or nore inage sensors. Alternatively, instead of nou 2 gy A

par abol oi d- shaped reflector on a fixed base and nounting the inage sensors
on a novaRbeebase, the parabol oi d-shaped refl ector may beanausisrestson a
novabl e base and the i mage sensors may be nounted on a fixed base.
Preferably, the above-described nethod.al so i ncludes the step of 20
optically coupling the parabol oi d-shapgd reflector and the i nmage sensors
with a zoomlens, which nmay be used to nmagnify an area of interest in the
scene. BRI I ' t he
present i n\?g%ﬁé?ngngﬁhgr}onvq\?og}e-ﬁ%g%%ﬁ ﬁﬁ%g?g@[@&\im%%g%%ﬁggﬁ n the
acconpanyi nppagh sasor@esitinneghtp eéreivaht Feasf.onk Af the phurslitg@f vayebandles,and exenpl ary
enbodi ment of an ommi directignal. i nag] apparatus; Fig. 1 Bis a side view
of an alt erRSIEY Séﬁﬂ%?ﬂ%ﬁ‘?“iogammﬁe‘g%‘ggf% | oi d shaped reflector is
connected to an g YBISuSR MryPe : r : Lbreai 02 WO
99/ 301 97 PC T/ UL |2568983Q5Fri“g. 2 ‘?‘E‘ﬂgﬁaﬁgﬁg{aﬁ%&ﬁ&eﬁm&% Yttt

par abol o d-is papeldd fefsphting thenathogmphoallyreflasted plistipyl rdyisgf 3 is a partially

i sometric view of a parabol aj d- shape eflector mapped into.a cylindrical
coordi nat e <55 pBAges® Endiation ram IegBbeloi-Sapebiegeunt 29 bRUGHONT
or t hogr aphi fodoghlofifatit BHnéiRaﬂ'?lﬁ dFle¥@bmbgileti€ Fdidtgn S !Arsfi@ﬁﬁ:;pr@i&xs S s an

illustration of orthographic reflection froma substantially
par abol oi d-esitmgenknt,af plasatityrof imagesensmag) s regnedy witl-eagh iBagd $eusdrr at es how any

sel ected porti.on of a hem spheric scene can be 10 viewed from the single
o ewpor nt " JigheaaFeetiarms s ains SEthe ALY b ongstipmalic PERGRRITRR 4 cw of an
omi di r @6t | abmb FRgic PEHi ARMAARE terebd Sdhsinpt RAG ot ﬂfohé&{foxﬁh{'ibsihﬁﬂ belly

par abol oi d-shaped ' reflectors and two i mage sensors; Fig. 8 Is a

cross-sect itbeisdensti ew of two substantially parabol oi d-shaped

In accordance with the pioneering nature of the present invention, a method
for sensing an image of a scene from a substantially single viewpoint is also provided. Inan
exemplary embodiment, the method includes the steps of:

15 (a) orthographically reflecting principal rays of electromagnetic
radiation radiating from the scene that would otherwise pass through said substantially single
viewpoint on a truncated, substantially paraboloid-shaped reflector such that the single viewpoint of
the imaging method coincides with a focus point of the paraboloid-shaped reflector;

(b) telecentrically filtering out a substantial portion of any principal

20 rays of electromagnetic radiation which are not orthographically reflected by the
paraboloid-shaped reflector; and '

(c) sensing the image of the scene by sensing the orthographically
reflected principal rays of electromagnetic radiation from the paraboloid-shaped
reflector with one or more image sensors.

25 In a further exemplary embodiment, a method for sensing
images of a scene from a substantially single viewpoint is provided, which includes:

(a) mounting a truncated, substantially paraboloid-shaped reflector
on a fixed base;

(b) mounting one or more image sensors on a movable base;

30 {©) orthographically reflecting principal rays of electromagnetic



reflectors positioned back-to-back and having a common parabol oi dal axis
and a 15 common focus; Fig. 9 illustrates the mapping of inage data to
cylindrical coordinates to enable production of a panoranic vi2dMay2¢P2 10
is a flowhart of an exenplary enbodi nent of a nethod for sensi and
processi M@ ¥R%%mage of a substantially henispherical sceﬁgmﬁﬁﬁgé%i ngl e 20
viewpoint; Fig. 11 is a side view of an enbodi nent of an ommi directi onal

i magi ng apparatus according to the pregent invention, which includes an

ext ended parabol oid shaped reflector; Fig. 12 is a side view of an

enbodi ment of an ommi directional inmaging 25 apparatus according to the

present i nysiation®Riatingfiofiihe seariedithewout] qireivide@ass thohageslbsiaitbiyeihge truncat ed
at a plane that is ti|lted wt espect, to. the, parabol oi dal .axis of the
reflector; VW%?“W?%"&W%%%MW s&’ﬂbm&m ecti onal

| magi g ap peghl tethedaicicésvih b Golis 1Rintuf te parkbdoidshaiel fsflectanhi ch i ncl udes a

par abol oi d-shaped 30 reflector that is larger than the i maging area of the
i mage sensor; 22 Mgy 20eRcanbi@dlyIdeaas ATH subastiabp@tod Of Eiyqrintipal s a si de

o TR RO S, bl BERT s O o 1

reflector; pdrhibloidal-shaped refiéloryi ew of an enbodi nent of an omi directi onal
i magi ng 5 apparatus according to the Fresent i nvention, which includes a
zoom | ens optical |y @uplhayngthsanensblediage wiadpsidpositonect or and an i mage

i di tect onal i magfthg. aispaPhe BE B o RP Har R OB EYeRyon, wni ch
i ncl udes asdpsing B sittdgfdphically fefibtted pakicipd ¥aYlsOF elettrdndgavadiadiafiag foml0 Fi g.
17A is a side view of an enbodi nent of an omi directional imaging
10 the paraboloidal-shaped reflector with the one or more image sensors;
(2 moving the movable base to a second position different from
the first position; and
(h) sensing a second image of the scene having a second field of
view by sensing the orthographically reflected principal rays of electromagnetic
15 radiation from the paraboloidal-shaped reflector with the one or more image sensors.
Alternatively, instead of mounting the paraboloid-shaped reflector on a fixed
base and mounting the image sensors on a movable base, the paraboloid-shaped
reflector may be mounted on a movable base and the image sensors may be mounted
on a fixed base. Preferably, the above-described method also includes the step of
20 optically coupling the paraboloid-shaped reflector and the image sensors with a zoom

lens, which may be used to magnify an area of interest in the scene.

BRIEF DESCRIPTION OF THE DRAWINGS
Exemplary embodiments of the present invention will now be described in
detail with reference in the accompanying drawings in which:
25 Fig. 1A is a side view of an exemplary embodiment of an omnidirectional
imaging apparatus;
Fig. 1B is a side view of an alternate embodiment in which a paraboloid-

shaped reflector is connected to an image sensor by a transparent support;



apparatus according to the present invention, which includes an inmge
sensor' nounted on a novable base; Fig. 17B is a side view of an_enbodi nent
of an omni directional inmaging apparatus according to the pres%f\"qyr?\%ﬁti on,
whi ch includes a novable canera; 15 Fig. 17Cis a side view of an

enbodi mrent of an ommi directional inmaging apparatus according to the present

invention, WRigddshfes! udes a novabl e canera and optics; Fig. p8ri§oshsess
partially isometric view of an enbodi ment of an ommidirectional imaging

apparatus according to the present invention, which includes an inmge
sensor 20 conprising four charge coupl ed d®vices positioned side-by-side;
Fig. 19 is a side view of an enbodi nent of an omni di rectional i nmaging

t di 10,1he. t. | ti .Whi ch, i ncl ud ti i
eheors and boam SPrs BAGHRERIRE gt S pato bt B brERuTRL L Bp e’ "¢

according to aplaerbodi ment of the 25 present invention whose sensing
el.ements are non-uniformy distributed and sized; Fig. 21 is a side view of
an enbodi ment of arFiemhisdi pagtially asmetiieruigivryf 2mapbolidishapet eflditoymappedhe
present invention i,ch.i ncludes | anar mrror that optically couples a
par abol oi d- s haﬁb‘gocl‘?l ?yﬁ;‘figﬁ"}l 8?“3%%&%31"

ge sensor; Fig. 22 is a side view of

an enbodi mept of arFighmisdi gebfileirRtepreschbilion Bf 30 oRIRRAPRIISfleGATRINE to the
present invention, ich includes a mcroscope objective 22 May 2002 WO

991 30197 PCTI UsgeydxsBeding surfargt optical |y coupl es a parabol oi d- shaped

reflector and an i e sensper.. FlLo..23 is a.side view of an embodi nent of

an omni di recti onal rﬁghsgfsr?é} 1a%sgr3§%|?8%or§§g6arp ﬁfcnraﬂ?%lofl ﬁrgmpz} %@éﬁ{‘t@ venti on,

whi ch i ncl udespaaodditiisi@ded reflef td AaimapRisessat;| y coupl es a parabol oi d- shaped

reflector and an i nagi ngl lens; Fig. 24A is a _side view of an enbodi nent of
}

an omni di recti onal Fige@ilhgtraipphovaanpsselgctasknortien af@ hepdspbedend seent asebr i on,
whi ch incl ydes..a field- I an Lens: Fig. 24B is a side
vi ew of anqgnb‘(/)‘gfvﬁ%ﬁ? 9’04“1: gihé%%ﬁe:%oget@ts ﬁg%&%ﬁ:ﬁﬁ%%f%pg{%glp 4Phs according to

the present inventipig, 7w e viewlofdesmaidifectichal Inkgifipparakid withiiwe®ask-l ens
wi th aplanatic sides; and Fig. 25 is a side view of an enbodi nent of an
omi di r ect i onafo-bask gubstansiplby parakploidshanedi rafieatess andtwey imaga sensersent i on, whi ch

i ncl udes two concavg. p i ] e, i é stantially
Spheri cal view DETAPLED RO BITERAEY 460 Sybiailah ol AR AGa e
onr udi r ect i onateflet@t pogitiopehbatk46-ba€andid0ing] a @nintortparsboboiddl akig afdhodi ment

of the present invention. A convex parabol oid shaped reflector 135, which
i s nount ed 1dn gorpmeR fogusit e 140, is positioned to orthographically reflect

o0 Re O 3 <UDt b S 30 e ERARREEREL 110
havi ng a enable production of a panoramic view;

Fig. 10 is a flowchart of an exemplary embodiment of a method for sensing
and processing an image of a substantially hemispherical scene from a single

20 viewpoint;

Fig. 11 is a side view of an embodiment of an omnidirectional imaging
apparatus according to the present invention, which includes an extended paraboloid-
shaped reflector;

Fig. 12 is a side view of an embodiment of an omnidirectional imaging

25 apparatus according to the present invention, which includes a paraboloid-shaped
reflector truncated at a plane that is tilted with respect to the paraboloidal axis of the
reflector;

Fig. 13 is a side view of an embodiment of an omnidirectional imaging
apparatus according to the present invention, which includes a paraboloid-shaped

30 reflector that is larger than the imaging area of the image sensor;



20 telecentric lens or a magnifying lens 112 and a telecentric aperture
113, i's positioned to receive the orthographic reflection of Egﬁ ﬁ? The
telecentric lens or aperture functions to filter out all rays r%

whi ch are not perpendicular to the plane of the I ens or aperture, i.e
background Iight which does not formpart of the orthographic reflectl on of
t he hem sphavoesboistene. 25 Al though the description herein par/ugsmhsaegard
to visible light, the present invention has equal application to other
forms of el ectromagnetic radiation such ag ultraviolet light or infrared
light. In an alternate exenplary enbodi ne Q of the imging apparatus 100
according to the invention shown in Fig. 1 B, the parabol oi d- shaped

refl ector mey be coupias & Qe vé% i cAIAZINNRY SUAMANEEREASARLh080 12 the
i mge sensor by a transparent support 136, such as a |ength of “clear

tubi ng. Refer appayatag@qcnrdmg foi the presont inviestion, skhechdactedes akbfcaye rperrahblesi- an

anal og video sj e resentative of the orthographically reflected i mage
which is sent$ l?”%’?‘iffﬂ? %bl e 150. The video signal is converted to a digital
signal Dby digitizegigl39,s X"ﬁﬂgbxe'wsot%n%n%mﬁ%n?bﬁ{d (}huﬁﬁﬁéét@ml‘?mlégﬁg vi deo
signal analog-to-digital convener. The digital signal 1s then Sent through
a cabl e 155 t epparajahancatdipgitopbs presentymmestion Mhjchsndhdes zeoEHEnsMptikaly3000/ 600

wor kstation. As will explaj neq in furt detail, the conputer 125 is
progr ammed t o ﬁ?ﬂl%%%abﬁi‘ﬁ?'%ad’eg'ﬁ%"?ﬁf}"@%’éi“}a@a SPEi on of t he

hem spherical scengig, txemzs)smlhgy RBmBrR) &S besh @RBddiReht OF ah BRANRHRBNaP’ O
10 pan the scene in any desired manner. The inmage sensor 110 may sinply be

a still or notnm@gmpapnamtes git;otdaytapm presentinvantion, whichomshedetsiagragaboloid-
phot ogr aphi c f ensor Jbg%lgag al so be a canctorder or video

R
camera 116 whi® ‘H’eﬂf cEm i At ATV i gnal out put, which can be

provi ded djgectly tﬁ)%tlha @ametv@éwéméxémdm&mbhsn aﬁaﬂufeaioriahﬁm@nfgl og-to 15
di gital converter 2 shows an isonetric view of the

par abol oi d- shapaa!atuea«tcgcdmg to1B8 pregtrit dvension ivdechl incindé¢saapamag®senserm whi ch it
is formed. The re Iect or %%SB may conprise a parabol oi d-shaped pl astic body
coated with aTH" ﬁm‘i <hi ghly reflective netal, such as al um num

or silver. A ternamlg/qusfafa@ierveéw Sp&pémmnémbf&omm&ec@m&plmagmg
par abol oi d-shaped, polished nmetal body. For this |atter enbodinent, a netal

such as st ai nlapparats aedording tdythe present inyegtion whithjiocludessssmpyablg eamers. det ai |,
E EZ g; ? ng gghggoﬁ:t 1 gglf IS%Q@FQ/%'@Q zl?{g!%jg oé'r%?rﬁg)f e I)rln%ﬁigrgétlo]h?"a?fmaaglsngm' | as
apparatus according to the present invention, which includes a movable camera and
optics;
Fig. 18 is a partially isometric view of an embodiment of an omnidirectional
imaging apparatus according to the present invention, which includes an image sensor
20 comprising four charge coupled devices positioned side-by-side;
Fig. 19 is a side view of an embodiment of an omnidirectional imaging
apparatus according to the present invention, which includes multiple image sensors
and beam splitters;
Fig. 20 is a top view of an image sensor according to an embodiment of the
25 present invention whose sensing elements are non-uniformly distributed and sized;
Fig. 21 is a side view of an embodiment of an omnidirectional imaging
apparatus according to the present invention, which includes a planar mirror that
optically couples a paraboloid-shaped reflector and an image sensor;

Fig. 22 is a side view of an embodiment of an omnidirectional imaging

30 apparatus according to the present invention, which includes a microscope objective



substantially hem spherical scene 130 onto the imge sensor 110. The
reflector 135 25 of Fig. 3 is defined in cylindrical coordinates, r, ~ and
z, as substantially obeying the equation hz_rz 2h 22 May 2082 Maw 290230197
PCT/ US98125689 13 where z is the axis of rotation, r is the radial
coordinate, and h is a constant. The z axis coincides wth the optical axis
of the imgiwgp®siengenent, and a focus point 315 of the parpbpusesesesefi ned
by equation ( 1 ) coincides with the origin of the coordinate system The
reflector 135 of Fig. 3 is truncated at a,plane p which is substantially 5
perpendi cular to the z axis 310 and whi chincludes the focus point 315 of

I ts parabol oi dal surface. All incomng rays 305 that woul d ot herw se pass
through the fqratopRedlRicodples a%_@bﬁbffdts%%e@n’eﬂsaéﬂayldr ith&fd fsdrovar ds the

i mage sensor 110 by the reflecting parabol oi dal surface. Thus, .the focus
poi nt 315 is coi ncifug3 ipasidetviey of angimbodinent efypoomuidireasivnalrimapinghe

substantially hem spherical scene |30 is.vie ... The image sensor 110 is
oo t roned a] GRS S5k 1 GF present roshig Sictigf oot SR Bnsiar fns wat

phot osensi t i vephiilfyadipled @panbolofd-NAPRERALGH B shimhfifg RALI cal axis. The
use of orthographic reflection to enable viewing of a substantially

hem spheri cal scendig.r2dd & assidegliew of avgobadimens of an antuigirectippelisnagngt ur e of
the present inventjon. 15 That orthographi:, .reflection.enables view ng
froma o ngl o VPR Arordh bhlve Bt raen Bt oF Bhes T SRkend MO
4, z and r areopedvegétdt cul ar cylindrical coordinates for a given value of
~, the angul ar coordinate. The angle of an incomng ray 405 relative to the
c axis is 8. The i rfismdRyisesidestsy ptangmppsiimentiof empbinpidireétianel iowiging t he
reflecting surf 4 .an gut goi ray. 410.. .20 Ta ha ingl e

Vi ewpoi nt 420,ap§%r§tuls %g%of}nalﬁg ©Q g’;é pm]'g'élqg‘éetnlxg?’yw “élhl(nél)ugezs azﬁi(,i-q‘l(a%mg%d for

ort hographi@ rgédieut lemd withlabldnatiSsidesshnde refl ected at an angle a =rt / 2 (
(3) where a is the angle bet;veen the outgoing ray 410 and the axis. For
these two constrai rfig 2%isgaideatqws pf anembodimens of amempidisectiosl imagingence t o

ot Tect oa 1 ay PEReuRATREnRS heirtesk fyion. ARk i RuPHopnests o BRIBES: 1 ©

of reflecti on,shApedififoreasedito image a substantially spherical view.

DETAILED DESCRIPTION

15 Fig. 1A illustrates an omnidirectional imaging apparatus 100 according to an
exemplary embodiment of the present invention. A convex paraboloid shaped
reflector 135, which is mounted on a base plate 140, is positioned to orthographically
reflect an image of a substantially hemispherical scene 130. An image sensor 110,
such as a commercially available Sony 3CCD color video camera device 111 having a

20 telecentric lens or a magnifying lens 112 and a telecentric aperture 113, is positioned
to receive the orthographic reflection of the image. The telecentric lens or aperture
functions to filter out all rays of light which are not perpendicular to the plane of the
lens or aperture, i.e., background light which does not form part of the orthographic
reflection of the hemispherical scene.

25 Although the description herein is with regard to visible light, the present
invention has equal application to other forms of electromagnetic radiation such as
ultraviolet light or infrared light.

In an alternate exemplary embodiment of the imaging apparatus 100 according

to the invention shown in Fig. 1B, the paraboloid-shaped reflector may be coupled to



22 May 2002 WO 99/30197 PCT/ US98/ 25689 14 a_8 or ~ n26 424 ~ ( ) which
can al'so be expressed as tana-tan6 2tan(3 tan 2 (3 1+t ana tan6 -tanza
(5) Finally, the slope of the reflecting surface 415 in the z¢ %Mﬁye?rquat
the point of reflectionis dz z ~- - - -tan(3. dr Substituting (6) and (4)
into (5) yields (6) dz -2 dr r dz z z 1 drJ dz 5 The quadratic expressi n
of equati on w@)e9meww7be solved to obtain two solutions for , peT/bsdsnses9avoi d
sel f occlusion by the reflecting surface :he slope of the curve in the

ri ght quadrant is nade negative (i.e., E: surface i s convex). The result
isdz-z _1+zz, (8 drrrIf a —z% t he above expression reduces
toa+1+az _h. (9 r where his a constant of integration.
Substituting [ L I hus, there
oxi st s & curvare e Bl BANBLAPRChLpHN® 0 soch SHieheRD bk toind "5 \ay
2002 WO 991 30197 P(Rﬁfanﬁﬁslhmﬁwxggﬁ,uhémeot:Ma\lvlo germl‘dtm/ananmbggrlch:phl o

reflection of a substanti al I hems cen froma single viewpoint.
This curve is Sﬁ’i‘éﬂﬁarreﬁmt&’e thefrtho S?pé!'ﬁﬁlgf fe Flc‘f image Whyich.g s%éé Suél ngl e

Vi ewpoi nt t hateabig 1601 TRE JRIBS SIWlhs LReftQr oS digthl SlgndIhg digitiakaha; whilh is
addition to providing view ng of a substantially hem Spherical scene froma

5 singl e vi®wsciommercialy @Ymiablleﬂ‘élfﬂ(i uidet signalghalge-apdigitalcavérteraccor dance
with the present en n S VI ng ,of ortio f the scene,
enabl es zoomi ng i n%(ﬁggaéplggq aw m{ o a@ﬁy’ésé% ﬁﬁ?ﬁﬁﬁrﬂj‘w ®t he scene,
all with respeghpufrids s%blﬂ&'a%E‘C@WBﬁ’d 56007608 Wérkdiaidn, rA?s%‘ilereQﬂ {aifRd8n
reconstruction or conplex frame transformation. 10 Fig. 5 gt rates how a

portion of thefusbﬁ;slealﬂt tfaICbgnpmeniZﬁpllserogmhmsctmlwsﬂlvummmw anlyelesiresige
sensor froma sin E%\fﬁm nt. | S also il gfr a& truncat ed
convex subst arerth oF B ReB R ricel cnliselp M Bon Gy EIes@ PErRR S Bf sei% oblo
Cartesi an ¢@Orghn iR Refd MM desiRg fnbcal axis 502 of the imaging
arrangenment is coincident with the z axis, and the focus 501 of the

substantially par alSBimn@gsSmpmdeSnay@ﬁmebftmra stiior imption pictwd photogtaphior i gi n.
I ncom ng rays 505, 510 from a ort cene 300 bei Vi wed
|t et sect s 1 AR Bith A SRPpAolPRBic AIBT ShedRed st it AtSe e
defined by thQ!afncBﬁl‘éPSﬁ%lié’&ca&he?d‘ﬂlG’WE@HgFBvﬂﬁ:E ashgnapvla&o 5@5&0@5%&}1 e
along imaginary radial lines 51 G and 5

respectlvm;/ whi ch originate at
t he vi ewpoi nt <@ bepeovidasidirectly to. the corapyterl?s widibubthen fon thelzonlogetoshaped
refl ector. §| NGS: t.hese .2y ar €

igital converter 120.

Fig. 2 shows an isometric view of the paraboloid-shaped reflector 135, which

extends from base 140 from which it is formed. The reflector 135 may comprise a
paraboloid-shaped plastic body coated with a thin layer 145 of highly reflective metal,
such as aluminum or silver. Alternatively, the reflector 135 may comprise a

20 paraboloid-shaped, polished metal body. For this latter embodiment, a metal such as
stainless steel may be used.

Fig. 3 illustrates in greater detail, the preferred geometry of the paraboloid-
shaped reflector 135, as well as the orthographic reflection of the image of the
substantially hemispherical scene 130 onto the image sensor 110. The reflector 135

25 of' Fig. 3 is defined in cylindrical coordinates, r, ¢ and z, as substantially obeying the
equation
hi-r

z = —— 0))




20 orthographically reflected toward the i mage sensor 110, which has a

pl anar' |ight sensitive surface perpendicular to the z-axis, the projected
rays will intersect the lightsensitive surface at the sane re%@@i/i 82y and
y coordinates. Only the z coordinate will change. Accordingly, there is a
one-to0-one correspondence between the x-y coordi nate of the point of

i ntersecti oRy@bésoidvhe refl ector 135 of the orthographically ifrasepsss ed
ray, and the x-y coordi nate of the point at which that orthographically
projected ray intersects the planar light-sensitive surface of the inage
sensor 110. In a preferred arrangenent, t i mge sensor 110 includes a

pl anar charge coupl ed device ("CCD') imge sensor having an array of |ight
sensing cel | s feach Gl ié&ﬂﬁéﬁoﬁf}qs Hﬂgtrgtgﬁ'&)(rdmaté L4k i cdnfst%n{?ag{e'zcu' ar

| ocation in the array. ererore,” wt a one-t0-one correspondence, the
i mage si gnal s apisedincelds With thecoptich) axés dfshaimaging arangdvhent 20d2 fPAsPBINB019D7
PCTI US98/ 25689 .16 covyer .a particul ar, range. of x-y coordinates in the grid

i s representatf Rﬁ‘fa\{‘f’{?é‘ji ?%@@QMFHW"QP@W%Fét‘fb‘}liitE%P‘l‘gmtoéfheé@P@H‘aFer om t he
refl ecting sur ' Wi 4 hi o) di nat es.
Thus, mappi ng Sgﬁaﬁhgﬁf ?reaflggto?g%%t)?lggr Fé&ngﬁg%%%ﬁ %‘geﬁgg glfgtlségr{ﬁb%{tgﬁgﬂ i npl e
task for pefspopeadichletd thez axie3 B0 ind WHith irich&eothe foais pomt 305 ofspondence

expl ai ned above in mnd, Fig. 6 illustrates a technique for zoom ng in on
any sel ect ed Fpgyah)pl@magafurfaﬁ% substantially hemni spherical scene. The
reflector 135 is pogjihtQRRY ARl s A RIPEhEIER HWrotuddint 318, the
sane nmanner as in Fi gl. 5. grﬁ ygr]?grtﬂgo 0?(130(?1!1 I'n a{ﬁgs%ocu&fx di stlzlance f on a
sel ect ed port iaonortifogtdpbicalty redlected tevads the omagt sanspoil hd b tisGefleuting a

specified size, on 0 the jyage sijgnals qf the, cel|s located with the
sane range of pgga?)o@/f@imrﬁgg.eigxgssﬁle@ggqsg@pgﬁlgfs CoHeiqest Wghfl?erf@“ggﬁrface

proj ecti ngyg hej; t i g . : cmaﬁ{éification
and view néé %ﬁﬁrﬁ%%gplﬁsﬁga&%mﬁﬁnﬁmﬁg gf;elgrgg%ﬁ&a‘{lée\x’? I ght
intensity for imegasenSatQ 10ns pdseioned elvng thepptical@misdfl Ototfi ¢hesimapimg sy $temlang ht
intensity signal generated by the cell .15 which Iies at 580 is_.chosen.
As shown in Fitge. PO Yfos1E g%@ﬁfe%ggmes%wg@w tE%PPﬂCﬂE S-ahef ¥686s poi nt
551 intersect sorfhagrabﬁt; lr&tdcAbn do¥hable v?é%iﬂ% oP2 ubsthhifally EEispHRHE1 Stdnk f@m POI Nt
570 is set equal to that represented by The i1 nage si"gnal ‘generated by the
CCD cel | at 58xinglé viewpsint seatadvarageprefeatuye afdhe pheseant nventiarhe gri d near est
to the x-y_ gcoordinate of point 552.. The sane is repeated for each cel |
wihin thelSame 20 Hh aabsveﬁsﬁwaienﬁ*ﬁs%waws R FPEIF TR PRPF ect i ng
surface proj eclehfdstrdied BEIRGERE (DO 4O Plg. 4 hEaRkFLA8 perPendichifSiilihdidal t he

ort hographic reflection and the one-to-one correspondence descri bed above,
no i mage recorwordimat¢sdor agivenmgherf ¢y therangularcodrdinate. i The angleraf gniincemingA
general purpose ter 125.can.b adi | y.progr d,by one skil.ded,in 25
Jhecart Fo peruay e :5RB,L8, SRE el RLAPR Y SrotmpR el 1Brest ' (e
hem spheri cal @8 eeflet@ip ﬁuﬁwgigaasvwi,q%myamg to al so enable zoomng in
on any particular portion to provide an enlarged i nage of that portion.
Furt her mor 80 by desTaghaveiasipgleidewpsint420) enninsomingray must satisfyect or, t he

hem spheri cal scene can be panned as if one were view ng the scene froma
singl e vi ewpoi nt . 22 Nay T22008)WO 99r30197 PCT/ US98125689 17 In thd?2)
enbodi ment di Sﬁi&%?%lﬂig%ﬁhickﬂedtﬁnfﬁﬂﬁzéqu&%&éﬂé&e&dﬂ%ﬁaﬂgeone zooms in on
smal l er portions of the scene, the nunber of CCD cells providing
information to the conputer 12%-4/5 Feduced, and hence the granul ari tpgy of
the viewed image is increased. In a preferred enbodi nent, information about
points in the scene which do 5 not exactly correspond to CCD cells are nore
cl osel y appr oxiwh&teds e anpleeh@eithObutgding byl 4101a8d ket 8%ib.OF & these twb0gr am

whi ch may be executed on conputer 125 s 1ncluded in Appendix | to this
speci fi cat i on. conseaipisde be satisfiediahd fordbe mpleofinsid¢ncaito equahiherangleobnsed

omi di recti onal i e.to an ordi nar rspective 4 mage that i.5 suitable for
di splay on con{f&? W?O%iﬁés CIWégﬂ%ﬂxﬁ’ B:E%P’Feé’sth? Fé‘ieg@ﬁpy@@ﬁ %‘Sﬁ‘i‘e ?%nélalr[l)ane)
center 10 Igcagir@fion dfthe'sadhdésat fe Joiif of BTlellidie & mAstalquilmage to be
converted. The program al so requires the user to input a nane for the
gener ated perspective image, as well as a focal length and size for the
perspective image. Thus, instead of sinply choosing the inmage signal
generated by the nearest CCD cell to represent portions of the image which
do not precisely correspond to a 15 CCD cell, the image for such scene
portions is estinmated by the appended program based on a suitabl e average
of image signals generated by CCD cells which correspond to nei ghboring
portions of the scene. O course, nore sophisticated interpolation prograns
known to those skilled in the art, such as those that are based on

e e o o,  aa o o - I



22 May 2002 WD 991 30197 PCT/ US98/ 25689 18 rays 960 and 950, and the point
of int'ersection 955 of the ray 950 with the truncated cylinder 970 is
deternined. Point 955 is then assigned the light intensity of2%Wa¥i2002

el ement 965. This sane calculation is perfornmed for each sensing el enent of
t he i mage sensor 910. The resultant collection of points (wth

appropri at el 0&8%891§hed | i ght intensities) |ocated on the truPCHUS$/26682 nder
970 produces a panoram c i mage of the scene being viewed. This panoranic

i mage can be viewed on a display by furthgy mapping the truncated cylinder
to a planar surface. This mapping is easily perforned by those skilled in
the art and can be visualized by imagining that the cylinder is cut

Lengt h-wi se and flattened out Moreover ,, as those skilled in the art wll
readily 10 appreci ate, gm%%l@,_tigpa image data as di scussed aboY@) in
relation to Cartesiancoordi mate mapping*may al so be used with

cylindrical -coordinate mapping. In a preferred enbodi nent of the present
invention, a ~/3 inch CCDis used with a 0.4 inch focal length

par abol oi d- shagfich inlalsd b dxpresdded t hrough its focus and having a 1.6 inch
dianeter. A collimting |lens, such as Mbdel No. P32921 from 15 EDMUND

SCI ENTI FI C of Barrington, Newndetggy., is asfgkwith an 8.5 inch focall ength
i magi ng | ens to opt@ErcaPl § SoWEhE theg nt nor—to;the CCD. In a further (5)
exenpl ary enbodi rent of the invention, t hetd®fl di rectional i magi ng
apparatus includes an additional substantially parabol oi d-shaped refl ector
735 as shown in Fig. 7. The additional reflector is positioned to

or t hogr aphi calliigaltyothgskpe of therreflentige surfacgi4 1 4 dnitheiZdrmianetas teqoind of reflectémene
730 which is qgrrpl enentary to the hem spherical scene 130 so that together
they constitute a spherical scene. An additional inmage sensor 710 is
positioned to receive the i nmage ort hographically projected by the
additional reflector 735. zAr iiage -siagpal representative of the (6)

ort hographic reflection of t heffaddi tional 25 reflector 735 is converted to

a digital si g%ﬁ‘%ﬁ‘(}%@%&g) iﬁgqsigehge sane manner as descri bed above,
general pu

and is sent to the sa ose conputer 125 via line 725. As shown
in Fig. 8 the reflectors 135 735 are positioned back-to-back, share a
common axi s of rotation 810, -sAHch is also the optical axis of the inmaging
apparatus, and a common fo and are each truncated at a pl an%i)

which is 22 May 2002 WO 99/(3@x97 PCP/ US98/ 25689 19 substantially

per pendi cular to the axis o]f"r'gr; tion 810 and which includes the focus 805.
Referring t® Fllg quidratit Bepressi udtion (7) @ity belsalved idéHain ltdve S610BérisITar aﬁ,
met hod for sensing an inmge of a substantially hem spherical or spheridsal

scene from a suhi avoid ssliqgshision bythe reflepting syrface, dheasigne of phecsupvsdn thaighst t he

pr esent inventilﬁaranﬁlg%@%’ééatijvgqge.,stﬂg‘é@'fﬁc@?s_é@ﬁ%ﬁ;@?ééﬁhﬁﬁ’? for sensing the

hem spherical Scene froma Single Viewpol nt requires
orthographically reflecting the substantially hem spherical scene 1010, and
sensing the orthographically reflected i mage 1020. The nmethod may further

i ncl ude the steps of con[\gziti ng t'ﬁe Image signal into 10 i mage signal data
1030, mappi ng the inmage a Lhtoiam (g.;ar opriate coordinate system 18%0,
interpolating the i mage @&t a 1068 to \dér/i ve approxi mate val ues for m ssing
i mge data, and formng a digital imge 1070 fromthe mapped i mage data and
fromthe inter ol_aj e&ei g‘gge data. Advant ageously the steps of specifying a
vi ewi ng direct Tothe dAYe $XPFRGHIAN 1eyeesdA | mage si ze 1045 and zooming in
1050 on a 15 selected portion of the imge data may be perfornmed before the
interpol ation step. Thus far, the exenplary enbodi nents descri bed have all

utilized a "normal" parabol oi d-shaped geflector. As used in this
specification and the appendegl ct ai‘ms, —,he term "normal " in associ atq’wn
wi th a parabol oi d-shaped reflector reférs to a parabol oi d-shaped refl ector

that is truncated at a plane that passes through the focal 20 point of the
par abol oi d- shaped reflector and that is substantially perpendicular to the
par abol oi dal awhere hfis & benseent abimkegirationh Substititiig € tinto dpaticie®) yikldshi s
specification and the_appended cl ai ns, the parabol oidal axis of a

par abol oi d18nhagationfldect or is the axis passing through the vertex and
focal point of the ol.45 Is using a
nor mal par abol oi d- sﬁg%gﬁlglfeeﬁqset%{]%ﬁg’oﬁéz%gﬁéfﬁéﬁés%b%ﬁgﬁg iLZ?’EQZ }é?ﬁss? phere
(n steradians), or by placing two such reflectors back-to-back, a conplete
sphere (2n steradians). Figs. 11 to 15 show further exenplary enbodi nents
of the omidirectional imaging apparatus is which the parabol oi d- shaped
reflector may al so take the form of various non-normal paraboloids. Fig. 11
shows an omi directional inmaging apparatus that is able to inage a 30 field
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WO 991 30197 PCTI US98/ 25689 20 par abol oi d-shaped reflector 113S. In the
enbodi‘ment of Fig. 11, the parabol oi dshaped reflector 1135 is e ded
parabol oid that is obtained by cutting a suitable reflector V\Haﬂ'aé{ébﬁ ne
that is normal to the axis of the paraboloid (z) but passes bel ow the focal
point 1130 of the parabol oid. Advant ageously, because the paraboloid S

ext ends bel owoispsom®@ocal point, the parabol oi d-shaped refl ect BET/USISABI8R t O
orthographically reflect rays fromthe hem sphere belowits focal point. In

the embodinent illustrated in Fig. 11, fopsexanple, the FOV covered by the
par abol oi dshaped reflector is 240 degrees, or 75% of an entire sphere.
Preferably, as shown in Fig. 1 1, the canera 1111 and the parabol oi d- shaped

reflector 1135ufface tﬁét%ﬁl@ﬂﬂo%ﬁl@gﬁ?hic%ﬂekﬁ&@ofEkxﬂmaﬁﬁalMsp‘h@rical scene
omi di rectional imaging apparatus that may be used to image a FOV that is

tilted with rdmmeasingle vienpgink dihdd eirdais thempasabsfa defimed by aation (ohwhich

refl ector. The enmbodinent of Fig. 12 ..nclude ca 211 tics 1212,

and a par abol 38?§W§B’evde%?‘f“etg?tgf c‘l‘?gg‘?lﬁﬂg‘ tﬁ%ﬁ’ﬁ%@ ‘g{téﬁgﬂg%oq£ef | ect or

1235 is 15 truncat gf additién & &Bﬁdﬁ%&ﬁéﬂﬁﬁb&'ﬁ%’&ﬁnﬁ@ﬁy h&Qfidphepikallsbéhe from a

par abol oi d-shaped reflector 1235 and tilted with respect to its

par abol oi daf eamgle vigyvpoiTihdheannidirectional imaging@pparatus int dvgerdanceiwithetle

erbod ment i n ERER TR R ek aro rOPA L S Seer SPPHT Be ey of

t he parabol oi dh selddfedipavtesii, bidleriableB hnrihd1df thel sdefie, tali itlefebsdt @RA sindibe

(1 hor eby T eou  MFWEp Nrand REBPS AR FiSE A FeBOTAEHS pIcS cOpPIes e ¢ unca | o
ereby resu e truncation

pl ane may pass al%? oW t he focus 1230 (thereby resulting in a FOV greater

than a hem sphtéreo. fl—'igogn.' 13 shows an ommi directional inmaging apparatus that

nmay be usedoto i magEgas fwstratedtidves pbiien of tHeaubsaitallg herhiyphaithiodensipt  of

Fig. 13 includes a 25 canmera 131 1 coupled to a parabol ol d-shaped reflector

1335 by opt i csvigwabby the impgesseasas feanye singletvievpoants Hig. oi alsod Husteates haw|aect or

1335 is forne Ik de Sapin . | i the canera

1311, in this Saneag EORex dibdhualif piRhololdiald RaLIBAN 3s fafdihoa? CPTE

i magi ng ar ea ofaréesizarpowinate sykemb dRe optical aridr0a lof frrimaging iactafigeuiengist he same

shape as the reflector (i.e., having the sane parabol pi dal 30 constant h as

defined in equetincgdent withjthe 7 axis, and the ftpﬁ%sqlﬁé t&%ﬁ%ﬂé%tta“dipﬁ@g%blﬂ\ﬂ\ﬁf’edc he

22 May 200 7. L agi Taki ng

t he case of% Sg\qﬁg?ﬁg{)ﬂ%alrs a%fggi%g{l%o%r%%ﬁ ﬁég#nﬁqug :r% sgg’(ra%gg{éosl{l Q?g{)ﬁi?@%gﬁgar t hat

when such a pascahod@l bking viewed mtersdtasthé feflettirposunficoatgdims 5k andr520 avhiolml y a

FOV smaller than a full hem sphere is capabl e of bej ng{ C ptciJred in the

i magi ng area ofanthecelinedbythsis sesneetiverkand y; qogtinates: Loty 1y and 20 lisplong s ot
the outer 5 ed : |l i escTHyeTol-F L PRgi ea.
Advant ageousl y?&%(l)we %‘?@Pﬁé@%ﬁa%g%gypgﬁﬂeg@%%wé suc%(z&éé %iglrl%goi gélﬁgt-?;aped
m rror has a hihglsesne;iss ahe focasn SO hafithe parabsleipshapkidrgfletary Simcaphase \ys aei ng a
smal | er parabol oj d.

As sho in Fig., 13, the parabol oidal axjs qf ,the
par abol oi d-29ha%bpgrm@@v5%'5162@350‘{@)%'&?85@6@9; Hoea'?%ﬂﬁﬁs PBL‘ﬁ%‘glgh{'o t he

optical axis ( e I W=IP | £W s A Avht.
i 1 ont he. Sheiie Al helcRliEitant ud Sk JBPTckiatayiFiRlimect hy bt
par abol oi d, busensitiye berfdce anthatsarde respentive xdad yeovsdinatdsh ©nlyQlie z@odrdinateaged.
Thus far, all of the enbodi Er,ents di scussed have conpr,ised a convex

par abol oi d- shapylichange-cAreardingly. thegs is § pne-ioroReAstesRRIIENGg oetyypen the X-y

omi di rect i onalyd g@ae tHARAS s " Wi IS
shown t hat inc{:%dées a%ganerat%gﬁﬁtz 1,833%@%}51&%&%@ gjnsé&gﬂigncave ally
par abol oi d-Z5hapmjectedithy,cindithelx§ cGordinateosfthespoiptat athidhathat-sthagraphicalyl ect or
may be used in applications where the ¢concea|l nent, of the reflector is

desirabl e (as, Projctedrayptersectsthe plaparlightysensitvgsieacs ofitas image sanser §10n,

agai nst weather is i Jarrat ; i.d- shaped
reflector, the par aggf%{eg;%eﬂi nag%h%%ﬁ?’t e s g%%’gfgw‘??‘ggﬁﬂ%teﬁ?i i mge
continues to satipidddevive (20CBI'yiglage semsupltavirig ancapray rofilipht sensing celledEach
previously. Therefore, pure perspective images can be generated from.the
concave par aboF?JF %F&Fesi%ﬁ’ée,"sl%gfﬁ%@ apjts PPrE‘ﬂgardB?ﬂ?'@Q ‘%Q’%éﬂ'ﬁ?"gﬁ-'@ﬂ?trof . In
the case ofzg¢h Jalo] :&?Jﬂ&ﬂ o0 b3 thertpReas Whh field
of view can (%oegggtggf;%ﬁ W tS ak%ehbqeg&rﬂ%%/fié%atlﬁ@a%?s?hem spher%caﬁa FOV is
obtained by truncating the paraboloid with a plane that passes 25 through
the focal point 1435 of the paraboloid (the plane being either normal or
tilted with respect to the axis of the paraboloid (z)). A though a concave
paraboloid that is truncated above its focal point nay al so be used, such a
parabol oid is not desirable because it causes self obstruction of the

A I B ~ - o ~—~r~ 7 e e I T Y 1




10 according to the present invention with zoom capabilities. The

omi di‘rectional imaging systemof Fig. 15 includes a parabol oi d-shaped
reflector 1535, a canera 1511, a zoomlens 1512, and rel ay op??U@y 03 (As
used in this specification and the appended clains, relay optics and
collimating optics are synonynmous.) Wth the zoomlens 1512 set to its

| owest powerwotdao®rmi di recti onal inmaging system provi des 15ParrusesRgéesIof
the entire hem sphere (or greater or |less than a hem sphere if the )
enbodi nents of Fig. 11 or Fig. 13 are use 3- When zooned in, the zoom |l ens
1512 provides a higher magnification (and, therefore, a higher resolution)
of a smaller FOV. While zoomng in, the effective center of projection of
the zoom | ens bk pilsduldr @a¥ie D RRPIRIdiARESIh Yhd gridBid rdResRRativEot th@tays he _

i magi ng systemremains 20 telecentric. Preferably, the relay optics 1513 is
used to ensur evhi¢huareortbographicalbyrrsflectedirorn ithe rafedtipp eurfaver13 & abpaintsiwithient i r e

ttings. Int nbodi nent of Fig. th 1512 be eith
Fixed or mobi I8 SESMECatY Soosdinfles o Lbum BRBRE Ship Saess P IesRass. 1
the zoom | ens cheditnatSsyisienfid.a sApl¥ tdsR ForQpessons Nl ihlige far abol oi dal axis (z)

can be observed under 25 nagnification.” Preferably, therefore, the zoom
| ens 1512 i% equi pp¥ih Wietdnedonone pervespendeneaexpiained|above ingnindhdFigdom | ens to

be positioned.gver. and inmage .reqions .along the outer. edges aof the
par hbol of o ShAPtAarS At FHRE SRR sy Gt iR ERE sl
ensure that thRnephesedl snks TRE réfldtor PPN IpBsiGorded klati @ Bioithopetabk] £hnd # t he

par abol oi dal axis of the parabol oi d-shaped reflector 1535 at all tinmes. 30
Fig. 16 shows axes irth¢ simemanngnas in figdi. nlg osdes teznonhiatat adgcabdisiagesif ema pr oduce

22 May 2002 WO 991 30197 PCT/ US98/ 25689 23 dynami | y..changi fields of

T ew of o scereitoid phition o Here SRRRAF RPN E3 Vet AR s 9 ovan
base 1640, j¢\hithdindde QWignalsiotfd @CDRBIIPlocAtbE wiB iAmeiralfpe PR, dRtdigMENEs 1635
along the x, y and z axes. The novabl e base 1640 nmay be controlled either
manual |y or with@regianorihe @ﬂ@ctmisnéaQWOthesqjq%@fmofathgs@ynam cally

changing field pf. wi-ew of . cen uld be produced, for exanple, by a
circul ar nDtiSﬁﬂg?gﬁﬁénﬂ%ggEﬁégﬁﬁ%gngﬁb about the optical axis (z).

Preferably, the images pituldBy®d JHamteshe agitofReClight afleddit Yorpoit)570Gn
obtain perspective or panoramc views. Fig. 16 further shows the use of a

zoom | ens 1612the selectedopartion efthgiseane the light intensity|signabgeaeragddy the €68hsellens

1612 adds ec Ll Itent 0 ,zoom | nt,o sections pf the parabol oi d-shaped
reflector 1535wﬁiggﬁeg§1?t %R ecrhog He W %[ww&mﬁ% %i ?ngﬁ %5“55‘5‘{‘%%“ b‘f/t“feﬁ‘é p(r)rlgl\?/enent
of the novabl es7pama fddd QoineSSf Bitetkdcis thé rdfRLidy | 3P4 poik® $82.1 Bhelsgid intenst9upl e
the zoom |l ens and, t he parabol oi d-shaped reflector 1635. In addition, the
zoom | ens 1612atpeut &7 5ot equa) tadhas repressnied by dhe image pignal genesatgd by ia ¢6P t o
ensure that th ' r e n| [ ctions of
The. par abol of a0 HRRTE Roolled RN (ofuikBh B B 15l itk S 5CL ' P12
reflector al onghokdifate ofipoifit 552y Thesamb s repetedifor éadh CUD tdlewititia ule imean

i mge. Instead of noving the parabol oi d-shaped reflector as in the

enbodi ment 20f Rpge ofppy ceprdingtes apthe region of he raflestingsviiace proicsting the slected e

he Fig. 1o onbRmEn e sieRp AL gt ki SR Rb e oMY pl e SBER-GOS PY °°
enbodi ment s of coegPordendedtiestitied abole, horifagegeconstiiibn of conipléx frimé, an i mage

sensor 1710 (such as a CCD) is provided wth novable neans; in Fig. 17B, a
canera 1711 i stransérmatien igireqpiredyabl e neans; and in Fig. 17C, both a camera

1711 and opti 171 ' ' | i .
Logether ot mil ¢t aneond peraltsd Bl S944Be fedtty BRRInmEF by BB Wiled i
nmay be novad atheng tapyrferin the@abave syeps @ edablodowing of ayngtioef theel d of view
being imaged. As in the enbodi ment of Fig. 16, a zoom|ens nay be used to
magni fy areas bemisphesicalscenedmm astgleodewpointgndrigaiseneble zoomingan g 2Bt i cs
e o o bl AL 0Yid% A S ded FdeE o or pdli G GY1RREH 8 1 "

ommi di recti ona nmaging s r enarns ed I'nspace e fotal point
of the parabol @gésgnatindSicéstivePointy along the rdffertod AR’ hdfisSiitricl k8ehe can be

PCTI US981 25689 24 The, enbodi nents of Fig. 16, 17A, 17B, or 17C may be used
to great advanpanged pnifgne wereyipwingdhe sopre Bom amingloviawaeipect i onal i magi ng
capability of these enbodinents allows an operator to nonitor an entire
area of interest at once. Wien the operator observes a particular region of
interest wwthin the area being nonitored, 5 the operator may then sel ect
appropriate transl ational coordinates (for novenent of the canmera, optics,
or parabol oi d-shaped reflector), and appropriate zoom settings, to view the
region of interest in greater detail.



Fig. 18 shows an omi directional imaging systemthat utilizes nultiple

i mge ‘sensors to achieve increased i mage resol ution. The em%ﬁgﬂfn% &i Fig
18 includes a 10 parabol oi d-shaped refl ector 1835, video ele Ay 2204 gog
four CCD elenents | 810a 18 | Od, and imaging optics 1812. In this

enbodi nent, the four CCD el enments 1810a 1810d are pl aced side-by-side in a
non- over | appvagyanpeangenent. The enbodi nent of Fig. 18 takesrGuivssstssge of
the fact that commercial CCD el enents are typically manufactured in
standard resol utions regardl ess of their gjze. Therefore, by using 15 four,
commercial 1/.-inch CCD el enents instead of a single, commercial '/~-inch
CCD el enent, the resolution of an imge may advantageously be quadrupl ed.

Al though Fig. 18 shpiie ehibodinseit Bfscifssdd ﬁo@ﬁﬁﬂ%fﬁeaﬂil?_ﬁﬁﬁrédﬁt}ﬁt APEe0NBns &P PI NY
arrangenment, the invention described here is not limted to such an

arrangenent . Phgmalienpostions o dremeenenhemumbar off GTI celtprevidingrinforpatianital | y

overlap can likew se b sed, reqyer 0 nmulti.ple inmge sensors nmay be

fabricated i n_tub? ce?“ﬁﬂuheéﬁgy?wgﬁﬁléfat@g\ﬁff’?e&ﬁf gr,anmxﬁ °§é‘& V‘%@@”@Srﬂ%pr

c?_nln_ect ed tlot !iﬁ?ea@w Ivi adReferrbd EM?&dib‘xentFlrﬂomﬂa_Qoﬁ BsoAS p@i’ﬁl%tiiifﬁ{e s%gxfhowltliﬁ_ﬁa& t hat

utilizes nmultiple inage sensors to increase image resolution. In is

i nstance, the ngm&apt@r gorrqmgéi tgé}@bﬁ@llsar@mrecﬁ}mg/@mwmmd by interppletiens 1911.

Beam splitters y irect .s i ons_of a.

par abol oi dal iAnégé&egﬁtgfpgfaglggﬁ??ogg%mrre%gc& E%‘\g/eg%‘t%%‘gg%%ﬂs%n,lpl?%reﬁgf'%lrnél,w%%ch

portion of thenpapéddet Diodthis spetification. ThegRgran dthickedtisHRendivs Hiltiapihd han

if the entire inmage were imaged by one canera al one. In another exenplary

enbodi ment of senped pmaidireetiona), bpagedp an efdinanyperspsetiys ispige thabissuitalde fashown)

may be used to.split an | into a plural.ty, of nachromati c 30 i mages,

i C2og‘é‘yvi’f9§fﬁ§§£b°§;d%%££ggim”%r§ alﬁge%la%ﬁe& SRR eate 2
y ) @n hdSSFq iré&tiohaEinfg & Cdon O¢rdd! Thepedieam @ARY | at er

be suitably conbined into a full-color_ imge by inmage processinﬂ nmeans

wel | -known i n reqrireg the user tg inpy agpmedorthe pensrated nepgpectiverimege. 29 vell asg, f or

exanple, a I t J ] ar imge sensor with a

par abol oi d- gﬁ?ﬁ%&%@r%fi?ﬂe% @F%’é@#ﬁ\%e gh%g'sol ution of a captured

par abol oi dal i mage Thas,jingéadasfisigply chomiigathe inmpaisiinal deaeated &y thelgaref an

o capture an GoRGE! RIFPiETLOBHRROHBE HERSIHELY Br et g resrnede 8r - ¢ h
0 capture an r, e

resol uti onyof fnﬁéim { t he

center of 'H?le (Fdrsr.gé:glﬂﬁgyl effrl ngggﬁésﬁﬁrﬁfeﬁéﬁ% : O%?Elﬁ%@p%@?ég{({g?@ i mge

sensor has serbmsetgored auilable avéia@soflithagh sigrals peremtai sy OCBaelewhithare vari ed

to result in a uniformresolution over the entire inmage. This sanme approach
may al so be usOEeIRgnf tpeighhoring portigns ghithe scengy OF cagss, Mmare sephusticaiedoy.  When
speci fic resol;yt.i N A . i

" eaol ut o' var M e R ERE Endinfalhice skifich it e - GERG Aol uatdetacd |

al so be used. domwiyomialrer tgrhporalrmatching rmsayntseyushbd withodtddpalting) fram the scope

omi di rectonal_jnmaging 15 paratys according to the present invention for
flexibilit 6)of°f_ TR, ?ffdael%ﬂé‘s gbﬁie_& _ ﬁger_F’é‘f lector. Fig. 21 shows a
preferred enbodi mﬁhf?&ﬁtiﬁﬁ't&%f%ﬁ@ﬁﬂ- ergk%gﬁnb%ggg%éyggmay- F&I,C| udes a

par abol oi d- shaped reflector 35, a planar m ens 2113,
an i magi ng | enshigh pdducesa perspactseamagde] a.cylimdricakcoondinate mapping Incayralsotiee

par abol oi d-sha&g& reflector 2135 is, positipoped abpve a, surf%Cﬁ 140, and 20

Phe planar i rikSiOmBeci9 achigyes Bpanramis ipage phifieege PuRg Viswes, Cx ra 2111

are conceal ed : I i r 16qi i.fii oned
Rk Hﬁpﬁdrr]lg il Be dddfved Rfih Péf@r@@d'eftg}’gés. 9 1700l §pr?1?.‘gﬂaﬁ '

beneat h an openi ng 2145 the surface 2140 an t he I"mage m t he
par abol oi d25hanpe 850 bhmexpaint B3 id ageene sirikeh e padaoloidekhapsit reflectdr 08 Siamd e t 0

the relay lens, .imagjng,lens, and camera. Although the planay, mrror is
shown bet ween ?fﬂ@gﬁgh@?ﬂr Eﬁ%ﬂg@&mg%FP%&?tsﬁ?mﬂg%nﬁ‘et og@phisallyns  the
| anar mrror 0l : d i in

p 2RYctéd 1%239&8 ﬁlgb?tgﬁsgthgwes@ngopgt defiliflY elefmBrit 943 Tfof}ﬁaed HEgl ng

| ens or between the | he canera, as those skilléed in the
art will appr epnisttrepresénted yXeasingelemantdas doko wplndrivhl aordimitésya trantdtahal

i magi ng system.in i-ch the optics between ar apol qi d- sha 1rror 2235
and an i mage SSABST 579 gy imaginedip syrzound the #:sgémgé?ﬂee@r ﬁ?ga@mss

obj ective 3812.tdh o] FnepRAL 2 clVhnPOR2 bapRx
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t he eyepi ece of the mcroscope and the i nage sensor 2210 is at the position
normal |y occupied by a slide. The use of an inverted m croscope objective

i s advant ageous for imagi ng since conmercial mcroscope objectives are well
corrected for aberrations. 5 Fig. 23 shows an enbodi nent of an

ommi di rectionat imaging systemin which a collimtor lens 2313 is placed

. o o o o PN . o o - NN A PN




15 infinity for the imging optics 2312. Advant ageously, therefore, the use
of a collimating lens 2313 allows the use of comercially avaé%ﬁ@&%obgaging
| enses. The enbodi nents of Figs. 24A and 24B illustrate the u
field-flattening | enses between an i mage sensor 2410 and an i naging | ens
2413. Field-flattening neans are desirable because the parabol oi d- shaped
refl ector ofwHhesfisgesent invention, 20 having a typically sngaitudoansdse
length of a fewmllinmeters, is afflicted with very strong field curvature.
One nmethod of elimnating this imging defect is to use an inmage sensor
with a curved surface that matches the figl d curvature. More preferably,
however, a special lens, called a field-flattening | ens, nmay be introduced
which has a c [ ' : fl: Iher ef ore,
the two 11 ol daouaees 220, JARR pbf ot Bbrlatbads Xk B d5B B b lnncief
flat, allow ngylirkier 270 isidetermingd. P6einb®55i in tiehasgigriedahislight imtensitg péserisingge
sensor. Two types of preferred field-flattening lenses are illustrated in
Fi gs. 24A andcimgnt96e. fihis saé_rmalcalaﬂpameé%ﬁe%%r rashsensinpelement ot The

pi ano- concave; [ Il : ' ' e sensor
2410. Prefer ab+§#,lssf ﬁsg)}g?%ngh‘gﬁg@%ﬂgg)\?lg cgf\(g @i&%@ﬁﬁsﬂﬁfgﬁ%@fﬁssl ontact with
t he i mage Sendight intensities) 2gkhied onnhd thirkated 2¢lindey 920 PddiBs APandramic image of

PC T/ US98I 25689 27 position, the piano-concave |ens 2412a conpensates for
the field curdhstssens Rsing Hewed This pasorampic mage fap bg vigwed Bt disrinaby nts

of undesi rabl Ll d r r £ el.d-fl iNg

| ens, a neni s&aﬁpﬁgrﬁ%} eﬁ%ﬁdé@ﬂs\eg%\?ﬁq&?{’gﬁﬁﬁga&Z %%%hJ%E etgsrlllé/ pghﬁpﬁg%:cgs of

t he meni scus bgnisos24Kiled arthe aphadiedn e visnahizddity intagmiagthat the bylindef issusur f ace
is aplanatic, it introdyces nqQ spherical aberratjon, coma or, asiignmati sm
into the beaml%’ﬁth'W&ﬁtaPH ﬁ?ﬁmﬁyu- PRSGitRee thoser kil in e graviLFrR YT scus

| ens 2412 a k =Y . j e s PRI ) by the
thi ckness Sf - TRETRE MR CURERLDR, BRSO LBl Ceh
flatteni ng ef tewtlinatemappug may also be hedpritneyiodncadceordonas: Bdppdag. of Fi g. 24A,

t he meni scus lens 2412b of Fig. .10 24B.is not .used in cantagct _wth the

i mRge sensor 241 0. YA B FTERS, SPUSReTE of e PEESFHARYCOHP ‘?“éﬂ%&%‘F Psedow be
expl ained. | daald¥0.4 5 e idkigth PhatdfA- kel inifthr FihcaRhtRLgPX TRl it 2

pl ane. Wth a planar surface, 'a 'CCD or other type o | at 1 frage sensor can
mat ch t he sur thaviag efl.timsh diaoetes. dveilimatingdensi suehas dodet Ner RI292p fiowi di ng

maxi mum r esol ut | j Unfortunatel y, .an qptjcal, 15 stem has a
Lendency. tb t MM SElENTHHT 3E Bamingtan, MoR ety Simed Miltcdh s fghaocarne
curved focal si{ipmeagdiichd'® dptiddilydekpR'kd MffortatRatcide mat ched up over
their entire area, and sonme or all” of the inmage will not be in best focus.

The field curvat ur én affurther exemplary embodisnant of the invsution, therannidia¢ctionalvat ur e.
Every optical .elenment in an tical, syst contributes to .the Petzval
curvature for ‘?‘ﬁ%’nﬁﬁp%g?ﬁlﬂcmfsﬂ?%qyt%%gs%ftagwlgﬁfasﬁ‘mc&mﬂe egtor_
refracting, itasRelow inQqp!7. i THetddafiohs) rbfM&diis YedititnRd 8 ofdktraphidafin i S: 1-N
p nR' where nis the refractive index of the optical elenent and is the

radi us of 2r \aojest@ndmaghef avadiiosaldfemisphengal seeat 730 whizhtis cathplementarytthe

Petzval contr Itgg ﬁel:n%rs]pt%cricgl s%gxgef 163(6%0 that together they constitute a spherical scene. An

additional image sensor 710 is positioned to receive the image orthographically
projected by the additional reflector 735.
An image signal representative of the orthographic reflection of the additional
25 reflector 735 is converted to a digital signal by converter 720 in the same manner as
described above, and is sent to the same general purpose computer 125 via line 725.
As shown in Fig. 8, the reflectors 135 and 735 are positioned back-to-back,
share a common axis of rotation 810, which is also the optical axis of the imaging

apparatus, and a common focus 805, and are each truncated at a plane p which is



depends on the sign of the radius. If the surface is a mrror instead of a
refracting 25 surface, its Petzval contribution is: 22 May %g%\gﬂ

991 30197 PCT/ US98I 25689 28 2 p=__ R The field curvature of an 02

cal cul ated by taking the sumof the contributions of all of the reflecting
and refracting surfaces and multiplying the sumby a sinple constant. |f
this val ue iwovnemero, then the field of the inmage is curverCHUSHSI2EES9
probl em di scussed above will be encountered (i.e., the surface of the inmge
and the 5 surface of the inmage sensor wil|gnot be conpletely matched).
Unfortunately, the curvatures of optical Surfaces cannot be elim nated
because they are necessary for other purposes, such as for controlling
spheri cal aberggdtiifally pefRnAEHards theXB dfTHRati BESAMRA Hich FORHEOhe @cuk hese
aberrations depends on the curvatures of optical elenents, if the curvature
of these el end®s i s changed, 10 these aberrations nmay bP adversely

ffected. Th " — ich,th | . f
opt | cal syst em may RSSTERETY Sis- I HARSCH shoving Aty vt Tt Grsmb e ethol o ™"
system These &ind/®i Jé\‘i’%% of@%ﬁﬂs&ﬂﬁalm%nﬁ%dggﬁcél RE spneAcdl ¥ B2 ffd a single

fieldflattening | enses described above. » first method for changing the
Pet zval cur¥atwewpadrtpeertdingrio amexetriplarp embedimehtofihe present inyention. an opt i cal

f | ocat t t f f i 1f . ti f i
Cocated ar -t hd SR RDo RN e tneSint FRETorsrRE LR e TR S ST e
final imge ofsidievierpbing! TimERS reqﬁili’é%rbrﬁxh'gﬁPﬁléél_fﬁ‘éﬁedﬂn lthRbstahi@dIge t he

spherical aberration, coma or astigmatismo e i'mage. The only change
w || be to thehepaspherital geanedDil, end Fensing thenarthpgraphigallcreflocted ineagefl020.syst em

can be corrected by.insertin 0 surf,age with.an apprapr. ate .radi.us of

oo LeCt he PYmenReihod By R EGAE i b Py BPRE MRuRbe pigelifid

pi ano- concaye ihiagé ﬁFﬁildiafaelfUBOQn%Jﬁﬂﬁg tfle Efhddeliath iad@cmprr}}baats @66rdthateet hod for
epe

changi ng the Petzval curvature ends on the optical characteristics of
apl anati ¢ sur festen. 1048sintespalatingdhe unagp dage|186ita deriye ppproximalgvaluesifer def i ned

as follows: Let.s be the obj di st a for t urface and.s' b he 25

i mage di st ance"SAE 6Ta$eeqa?%la§cﬁ%’"ﬁmgbae£§lﬁaé PesS lg)?? ?ﬁ%n ﬁ%g}a@ggd bragr ﬁé%a
materi al s bef oind fromel thafihRfpoldial islagé ane., Adesitaebistethe steph 6f Hetifding@r ai r and
n> 1 for glass). If s and s' are related by 22 May 2002 V\Dg)é/ 0l 97

PCT/ US98/ 25689vigwingdireqtion, gfocgl length, andantimage sizeel 044 and geoming in 193G ¢iuce no

spher i Gal 30e” LRl hoRforc8 TR Ay Bk o ok RIRN QERU TS Boabp 4Bt o™ !

now a thick™ lens Tsfintr 0S€é surftaces satl's

condi tion, then theTklisfta tiRrRemplart dhtbodiméils deskiited hdePandtiliped alaotndltkness
of the lens. This fact can nain be used to control the Petzval curvature of

the system by Bargheleidshapgdireflectoni ArMesgdn diis spesifigptionyndithe appgadedmalaims; s t he

basis of the thi ‘ .56 | el.d-f].at ' . [ e. In a
preferred errbo@??réé?ﬁ m@ﬂh ?lhé¥§ ﬁ%ﬁ%géaﬁ@aééﬁ%%hgﬁ%ﬁ@&@g&ﬂgi‘% t he

pi ano- concave paiatoléid-shapadaefidton thablsinmosted ata slariethstdaddey throupdhake fothl of
1.517. The radius of the curved (concave) surface r, is 6.2 nmm The surface

opposi te tR8 cPeintrf thoparabaleidwshaped reflectog andithat is substantialdy perpendigulasto thet h t he
i mage detector 7 { ek ol 0 : [0S cknts and
the optical di %#é%g@%l% ogrtrg- Jﬁ\’ﬁ%@r’ 3%? gegﬁ gt'rir’{)’o‘éls {rlr%ﬁtlﬁ gﬁéﬂﬁ glﬁé%ﬁﬁ%na iC
l ens 2412b of the@gppehd€d claimss, dlparabblioidal axis of sparatsadsidaHapet reftecyoricthplagist | ¢
and has a refractive index (n) of 1.494. .

passing through the vertex and focal point of the paraboloid-shaped reflector. As

described above, using a normal paraboloid-shaped reflector, one can image an entire

25 hemisphere (n steradians), or by placing two such reflectors back-to-back, a complete

sphere (2 steradians). Figs. 11 to 15 show further exemplary embodiments of the

omnidirectional imaging apparatus in which the paraboloid-shaped reflector may also

take the form of various non-normal paraboloids.

Fig. 11 shows an omnidirectional imaging apparatus that is able to image a

30 field of view (“FOV”) greater than a hemisphere using only one camera 1111 and one



The radius of the curved (convex) surface r2 is 4.78 mm and the radi us of
the curved 15 (concave) surface r3 is 2.16 nm The axial thickness of the
lens is 6.7 mMm The optical dianeter of the curved surface rz2% May 2082 and
the optical dianeter of the curved surface r3 is 2.7 mm Although the
present invention has been described with reference to certain preferred
enbodi ment s, woegorsorss nodi fications, alterations, and substit pCrassssesd be
20 known or obvious to those skilled in the art w thout departing fromthe
spirit and scope of the invention, as def 'bﬁed by the appended cl ai ns. 22
May 2002 V\D 99/ 30197 30 APPENDI X | conput € i mage. c #i nclude "stdlib.h"
#include "imageutil.h" 5 #include "stdio.h" #include "math. h" /* int

mai n(int  ar gc,patdbdloid-Siiped reflettof i I ah e ShEbAméntlof ®HQ1, tithﬁJa@dlmdar gv[];
double sqrt(), at an?i sin(), cosQ acosQ unsigned char *r *b;
€

unsi gned char Sh@md r @tQIrislﬂ@; Freah exteaded payrloalpid that 4 @b’cedectbeawmgg usuitablet
(LTS Yl SRR OB pgob o B 0 R
doubl e tenpx, théefeul, otimn;o oPthe GaraBbRIB XAdﬁa‘xﬁtag&&xsl)d eedale: the Parab@gid
PCTNS98125689 22 May 2002 WD 99/ 30197
5 extends below its focal point, the paraboloid-shaped reflector is able to
orthographically reflect rays from the hemisphere below its focal point. In the
embodiment illustrated in Fig. 11, for example, the FOV covered by the paraboloid-
shaped reflector is 240 degrees, or 75% of an entire sphere. Preferably, as shown in
Fig. 11, the camera 1111 and the paraboloid-shaped reflector 1135 are coupled by
10 optics 1112.
Fig. 12 shows an omnidirectional imaging apparatus that may be used to
image a FOV that is tilted with respect to the paraboloidal axis of the paraboloid-
shaped reflector. The embodiment of Fig. 12 includes a camera 1211, optics 1212,
and a paraboloid-shaped reflector 1235. The paraboloid-shaped reflector 1235 is
15 truncated at a plane passing through the focus of the paraboloid-shaped reflector 1235
and tilted with respect to its paraboloidal axis (z). The FOV of this reflector is thus a
tilted hemisphere, as shown by the dotted lines in Fig. 12. Although the embodiment
in Fig. 12 shows the truncation plane passing through focus of the paraboloid, the
invention is not limited to this embodiment. The truncation plane may also pass
20 above the focus 1230 of the paraboloid (thereby resulting in a FOV smaller than a
hemisphere), or the truncation plane may pass below the focus 1230 (thereby resulting
in a FOV greater than a hemisphere).
Fig. 13 shows an omnidirectional imaging apparatus that may be used to
image a FOV smaller than a hemisphere. The embodiment of Fig. 13 includes a
25 camera 1311 coupled to a paraboloid-shaped reflector 1335 by optics 1312. In this
embodiment, the paraboloid-shaped reflector 1335 is formed such that it is “larger”
than the imaging area of the camera 1311. In this context, a paraboloid-shaped
reflector is “larger” than the imaging area of a camera if the base of a normal
paraboloid having the same shape as the reflector (i.e., having the same paraboloidal

30 constant h as defined in equation (1)) is larger than the smallest dimension of the



31 double xs, ys, zs; double dispx, dispy; int xcent, ycent, anew, ynew)

Xpi X, ‘'ypi X, xpoint, ypoint; int xpixel, ypixel, indexx, index¥ xcenter
ycenter; 5 float radius, focal; I* printf("conpleted initiali aMay 1n");
*I if(argc '=4) { printf("argunents: xcenter, ycenter, radius\n"),

exit(0); 10 } printf("\n"); xcent = atoi(argv[l ]); ycent = atoi(argv[2]);
radi us at ovOasgupB] ); 15 printf("omi-inmage: xcenter = % BCHUSIERS5689 ¥d
radi us %1 n\n", xcent, ycent, (float)radius); printf("input view pixel

[ xnovel ynovel]: "); scanf{"% %", &xnewm&ynew); printf{"1n");

PCTNS98/ 25689 20 pri ntf("sel ected view pi Xel: xnew = % ynew = %\ nln",
xnew, ynew); printf{"input new i nage paraneters [xpixels ypixels focal]:

") scanf (" % ifdgi¥ asea&xm%am&béplmus&fm&aésbofan&%alvaa&aé’&&a 9Q118%80k 97 32
printf("\n"); prlntf( out put i mage: Xpixels = % ypixels = %l focal =

% tnln", XpiX,PUgneisss, lt(l$ ¢leartthatodwen)such baﬁmldtlsabtgepm the&magmg are@lof a&XS| ze,

O re) Bl bTATY TR TR bl R BB kO 88,

\n\'n", xosi ze,jmkgink afthiof ’fHe camera because the orthographically reflected rays at the outer

5 edges of the paraboloid will not impinge on the imaging area. Advantageously,
however, the image captured using such a paraboloid-shaped mirror has a higher
resolution than a corresponding image captured using a smaller paraboloid. As shown
in Fig. 13. the paraboloidal axis of the paraboloid-shaped reflector 1335 (z') may be
shifted with respect to the optical axis (z) to obtain fields of view towards the horizon.

10 In addition, the paraboloid-shaped reflector 1335 need not be a normal paraboloid, but
may be truncated in accordance with the FOV to be imaged.

Thus far, all of the embodiments discussed have comprised a convex
paraboloid-shaped reflector. In Fig. 14, an embodiment of an omnidirectional
imaging apparatus according to the present invention is shown that includes a camera

15 1411, optics 1412, and a concave paraboloid-shaped reflector 1435. A concave
paraboloid-shaped reflector may be used in applications where the concealment of the
reflector is desirable (as, for example, in outdoor applications where protection
against weather is desirable). In the case of a concave paraboloid-shaped reflector, the
paraboloidal image of the scene is “flipped,” but the image continues to satisfy the

20 single viewpoint constraint disclosed previously. Therefore, pure perspective images
can be generated from the concave paraboloidal image, just as with the convex
paraboloidal image. In the case of the concave paraboloid, however, at most a
hemispherical field of view can be obtained with a single reflector. This
hemispherical FOV is obtained by truncating the paraboloid with a plane that passes

25 through the focal point 1435 of the paraboloid (the plane being either normal or tilted
with respect to the axis of the paraboloid (z)). Although a concave paraboloid that is
truncated above its focal point may also be used, such a paraboloid is not desirable
because it causes self obstruction of the image.

As shown in Fig. 25, a FOV greater than a hemisphere may be obtained by

30 using multiple concave paraboloid-shaped reflectors. In Fig. 25, two paraboloid-



red = (unsigned char* )malloc(xosize * yosize * sizeof(unsigned char)); 10
dgreen‘= (unsigned char*)malloc(xosize * yosize * sizeof(unsigpned char));
bl ue = (unsigned char*)mal | oc(xosize * yosize * sizeof (unsign %,
printf("allocated nenory for new imge fileln\n"); xcenter = xcent; ycenter
= ycent; 15 xpoint = ynew - ycent; ypoint = xnew - xcent; tenpx =

(doubl e) xpoi W 9okeiaPyY = (doubl e)ypoint; tenpz = (radi us*radi p&rusess689
(tenpx*tenpx + tenpy*tenpy)~(2*radi us); 22 May 2002 WO 991 30197 33 ox =
tenpx/sqgrt(tenpx*tenpx + tenpy*tenpy + tenpz*tenpz); oy =
tenpy/ sqgrt (tenpx*tenpx +tamWIamy+te¥Lﬂemnﬁ 0z = tenpzJsqrt (tenpx
~~tenpx + tenpy*tenpy + tenpz*tenpz); /* conputed optical (z) axis */ 5

tenpy*t ey + P e 28T 23R oo RS S B SR en,,
tenpz*tenpz) ; pARbploidal hﬂﬂ&;/aﬁ&mie(rt@ 25e5r§mndxdé emg)emeem imhageERTE enpz) ;
/[* computed horizontal axis */ tenpi = *oz - ;

px*oz; tenpz 25ple-angd Blbbﬂb&wwapolmdts mﬂﬁ@lﬁctoﬁ %%‘E%’at!‘é bﬂ?g@%ﬁt enpy
R e i e ek
vertical axy s alvantdgedtdly wWaomihiétrefechsts ajeqeduinéd td w%csfsécﬁfdiﬁ\:diﬁc@al)nem or
Pcr/us9sns6s9 20 /* raster scan perspective inmage plane */

protection. A disadvantage to using concave mirrors in this arrangement, instead of

using convex mirrors in the arrangement of Fig. 7, is that a small blindspot,

comprising the area between the truncation planes of the two reflectors, is inevitable.

Fig. 15 shows an embodiment of an omnidirectional imaging system

10 according to the present invention with zoom capabilities. The omnidirectional
imaging system of Fig. 15 includes a paraboloid-shaped reflector 1535, a camera
1511, a zoom lens 1512, and relay optics 1513. (As used in this specification and the
appended claims, relay optics and collimating optics are synonymous.) With the
zoom lens 1512 set to its lowest power, the omnidirectional imaging system provides

15 an image of the entire hemisphere (or greater or less than a hemisphere if the
embodiments of Fig. 11 or Fig. 13 are used). When zoomed in, the zoom lens 1512
provides a higher magnification (and, therefore, a higher resolution) of a smaller
FOV. While zooming in, the effective center of projection of the zoom lens 1512
must remain approximately fixed to ensure that the imaging system remains

20 telecentric. Preferably, the relay optics 1513 is used to ensure that the zoom lens 1512
remains telecentric over its entire settings.

In the embodiment of Fig. 15, the zoom lens 1512 may be either fixed or
mobile with respect to the paraboloid-shaped reflector 1535. If the zoom lens 1512 is
fixed, only regions around the paraboloidal axis (z) can be observed under

25 magnification. Preferably, therefore, the zoom lens 1512 is equipped with some
movement means, allowing the zoom lens to be positioned over and image regions
along the outer edges of the paraboloid-shaped reflector 1535. Of course, such
movement means must ensure that the optical axis of the zoom lens 1512 remains
parallel to the paraboloidal axis of the paraboloid-shaped reflector 1535 at all times.

30 Fig. 16 shows an omnidirectional imaging system that may be used to produce



22 May 2002 WO 99/30197 34 for(i=0;i<ypix;i++) { dispy = (double)i -
(doubl'e)ypi x/2; for(j=0Cj <xpix;j++) { dispx = (doubl e)xpix/2 - (double)j;
sx = ox * focal + px * dispx + gx * dispy; sy = oy * focal + %@ y X +
qy * dispy; sz = oz * focal + pz * dispx + qz * dispy; 10 mag = sqrt(sx*sx
+ sy*sy + sz*sz); sx = sx/mag; sy = sylmag; sz = sr/mag; 15 /* conputed
vecior in d'wﬁv‘é@&bﬁ%‘)f current pixel */ phi = atan2(sy, sx); fd®tdsrs5689
acos(sz/sqrt(sx* sx + sy * sy + sz* sz)), /* converted vector to polar
coordinates */ 20 rad = 2 * radius* ( 1l-cos(theta))/( 1-cos(2* theta)); /*
found radi us of intersection on parabol a 283 xs = rad*sin(theta)*cos(phi)
ys = rad*sin(theta)*sin(phi); 25 zs = rad*cos(theta); PCTN898/25689 22
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(float)ys, (flioalohiaRH ona'mévabléHasePe40SwhithaféWs frarfdtibR BEthe p ﬁﬁB@loﬁﬂd save in
out put |mage *] /* check if image point |ies outside parabol Ic imge */ 5

i f (sqrt (xs*xs shapesbrgflgctor 1638ialegp the x, y and z axes. The movable base 1640 may be

controlled either manually or with a computer. Using the movable base 1640, a

S dynamically changing field of view of a scene could be produced, for example, by a
circular motion of the movable base 1640 about the optical axis (z). Preferably, the
images are image processed as described previously to obtain perspective or
panoramic views.

Fig. 16 further shows the use of a zoom lens 1612 in combination with the

10 movable base 1640. A zoom lens 1612 adds the capability to zoom into sections of
the paraboloid-shaped reflector 1635 brought under the view of the imaging system
by the movement of the movable base 1640. Preferably, a relay lens 1613 is used to
couple the zoom lens and the paraboloid-shaped reflector 1635. In addition, the zoom
lens 1612 preferably includes a manual or automatic focus control to ensure that the

15 sharpness of images are maintained over all sections of the paraboloid-shaped
reflector 1635. Alternatively, translation of the reflector along the z axis may also be
used to adjust the focus of an image.

Instead of moving the paraboloid-shaped reflector as in the embodiment of

Fig. 16, one or more parts of the camera or optics of the imaging system may

20 alternatively be moved to achieve the same effect as the Fig. 16 embodiment. Figs.
17A, 17B, and 17C show various exemplary embodiments of such omnidirectional
imaging systems. In Fig. 17A, an image sensor 1710 (such as a CCD) is provided
with movable means; in Fig. 17B, a camera 1711 is provided with movable means;
and in Fig. 17C, both a camera 1711 and optics 1712 are provided with movable

25 means, for moving together simultaneously. As shown in the figures, each of these
components may be moved along any of the x, y, or z axes to change the field of view
being imaged. As in the embodiment of Fig. 16, a zoom lens may be used to magnify
areas of interest. Advantageously, by moving the camera or optics instead of moving
the paraboloid-shaped reflector, the viewpoint of the omnidirectional imaging system

30 remains fixed in space at the focal point of the paraboloid-shaped reflector.



red[i * xpix + jJ = 255; green[i * xpix + ) = 255; 10 blue[i * xpix + jJ =
255; eélse { indexx = (int)ys + xcenter; indexy = (int)xs + ycenter; 15 |*
printf("one pixellnln"); *I /* wite closest color val ue intoz%W%Uﬂoo?
red[i * xpix + jJ = r[indexy * xsize + indexxJ; 20 green[i * xpix + jJ
g[i ndexy * xsize + indexxJ; blue[i * xpix + j] = b[indexy * xsize +

i ndexX]; 1 wédeNGyy2002 WO 99/30197 36 printf("conputed pepepps§dsiéése
i magel nl n"); savePPM "out.ppnt, red, green, blue, xpix, ypiXx);
printf("saved new image file\n\n"); systen("xv out.ppm&"); free(r);
free(g); free(b); 10 &ee(red); free(green?, &ee(blue); printf("freed
allocated nenory\n\n"); return 0; IS} PGI/US98/ 25689 22 May 2002 37

CLAI M5 An i magi ng f or sensi:n ' f fr a
substant i al |y si nl T grEasant ot Bhs & 78 B F1C e R 50 Wl a1y
par abol oi d- shageshtigefih aGhleilRAS dyseMe o He@niHidiFe e 64 lik'hﬁ%’vlhé YapaBil#t£6t these
principal rays of electronmagnetic radiation radiating fromsaid scene that

woul d ot her wi smbedimentsallowsianopemtos thaioRMer anl njiresireryd fintgrestgs onee., Waen d

par abol oi d- shaped reflector havi.ng a focus.coinci.dent, w t i | ngl e
D enpol nt of | PRt ks L PR ek RR 0T iR AR s e bR MorloRel,
reflector; £Db)theopwitaninaptiey séiedtappriobfiate uaBsiftonaDEtokdindtey/(fratipvedtbnt of sai d

par abol oi d shaped reflector, for substantially filtering out principal rays
of el ect r onagriBe Famera IPsEs, O paraboloid-shaped reflector), and appropriate zoom settings, to

view the region of interest in greater detail.

Fig. 18 shows an omnidirectional imaging system that utilizes multiple image

sensors to achieve increased image resolution. The embodiment of Fig. 18 includes a

10 paraboloid-shaped reflector 1835, video electronics 1809, four CCD elements 1810a -
1810d, and imaging optics 1812. In this embodiment, the four CCD elements 1810a -
1810d are placed side-by-side in a non-overlapping arrangement. The embodiment of
Fig. 18 takes advantage of the fact that commercial CCD elements are typically
manufactured in standard resolutions regardiess of their size. Therefore, by using

15 four, commercial %-inch CCD elements instead of a single, commercial 2-inch CCD
element, the resolution of an image may advantageously be quadrupled. Although
Fig. 18 shows the use of CCD elements placed in a non-overlapping arrangement, the
invention described here is not limited to such an arrangement. Thus, an arrangement
where muitiple CCD elements partially overlap can likewise be used. Moreover,

20 multiple image sensors may be fabricated into a single integrated circuit, with each
image sensor connected to its own video circuitry.

Fig. 19 shows another embodiment that utilizes multiple image sensors to
increase image resolution. In this instance, the multiple image sensors are provided
by multiple cameras 1911. Beam splitters 1916 are used to direct separate sections of

25 aparaboloidal image to different cameras. Advantageously, therefore, each portion of
the paraboloidal image is imaged with a higher resolution than if the entire image
were imaged by one camera alone.

In another exemplary embodiment of the present invention, dichroic beam
splitters (not shown) may be used to split an image into a plurality of monochromatic

30 images, which may be sensed by a plurality of monochromatic image detectors.



whi ch are not orthographically reflected by said parabol oi d- shaped
refleétor; and (c) one or nore inmage sensors positioned to receive said
orthographically reflected principal rays of electromagnetic #Ua%2084 from
sai d parabol oi d-shaped reflector, thereby sensing said i nage of said scene.
2. An imagi ng apparatus according to claim1, wherein said

par abol oi d- sipapedeeef | ector is convex. 3. An inmagi ng appar atecr/es360¢689 Ng t 0
claim1l1, wherein said parabol oi d-shaped reflector is concave. 4. An inaging

apparatus according to claim1, wherein s$$d par abol oi d- shaped refl ector
conprises a substantially parabol oidal mftor having a surface which
substantially obeys the equation expressed in cylindrical coordinates:

hz_r2 2h ' z i | fi ' ' : i : i al
coor di nat e, aﬁg‘e%%ﬁgﬁﬁ %@ﬁglfa gér‘?t% Aﬂg‘fgBﬁagéég&@@%gmntiﬁqﬁ#ggoﬁﬁﬁﬁg
appar at us accdydinage processiag ihehns Woik@own fieghelatne or nore i nage sensors

conprise one or nore charge-coupled devices. 6. An inmagi ngr%aé)lsar at us
according to cl ai mFig 20sBPws & planardmagesepsoriil @ aspfpexampie @ Skeprenke one

or nore chargeg,inj [ I i;e@agé' - 3 : | to
claim1l1, wher g’llgrllﬂ%ﬁl icgg%lg%a\rf @ggeeseﬁ%ggths n obr%gn%g%%%??gé%ﬁg%%g@gg%i c film
8. An i nmagi g ragohaioatofa captaredparaholoidat irmagaislincrebstiigly prear chwaands the omor e

| mage sensors conprise one or nore video canmeras. 9. An inaging appar.atus
according to cdges A an impge thanat ¥scentesn Eopgxamples Whem g BlanarniBgRS SeaQr 18, Ussdr ved

surface that ol o)/ L il ' '

appar at us accg? ﬁ?ﬁg‘%ﬁg 1%1%%17 %ﬂ%{éd\;\/ﬁ%?gl n zlap é?té(gglltd %g%%dggﬁ)escéﬁgmg%gg@gﬁore

| mage sensors dfalse eaphoed imugt droneasesssyl afactonof foir frén thenegien gf thepmagd tosts
according to claiml, wherein_sajd e or, nore | e sensors are gsitioned
al ong an axi s HA8Si TyCemROsyn faris gHretan igiase sgnser Fé‘fi’él“&i%‘*—‘%‘ﬂ%ﬁ

10 whose sizes and placements are varied to result in a uniform resolution over the entire
image. This same approach may also be used to increase resolution in selected parts
of the FOV. When specific resolution variations are difficult to incorporate, standard
resolution variations, such as those provided by log-polar sensors, may also be used.

One or more planar mirrors may be included in an omnidirectional imaging

15 apparatus according to the present invention for flexibility of placement of the optics
and reflector. Fig. 21 shows a preferred embodiment in which an omnidirectional
imaging system includes a paraboloid-shaped reflector 2135, a planar mirror 2116, a
relay lens 2113, an imaging lens 2112, and a camera 2111. In the embodiment
shown, the paraboloid-shaped reflector 2135 is positioned above a surface 2140, and

20 the planar mirror 2116, relay lens 2113, imaging lens 2112, and camera 2111 are
concealed below the surface 2140. The planar mirror 2116 is positioned beneath an
opening 2145 in the surface 2140 and folds the image from the paraboloid-shaped
reflector 90 degrees, thereby redirecting the image to the relay lens, imaging lens, and
camera. Although the planar mirror is shown between the paraboloid-shaped reflector

25 and the relay lens, the planar mirror may also be placed between the relay lens and the
imaging lens or between the imaging lens and the camera, as those skilled in the art
will appreciate.

Fig. 22 shows an embodiment of an omnidirectional imaging system in which
the optics between a paraboloid-shaped mirror 2235 and an image sensor 2210

30 comprise a low-power, inverted microscope objective 2212. In this embodiment, the



reflector and through said focus of said parabol oi d-shaped reflector. 12.

Aa i mhgi ng apparatus according to claim1, further conprising,one re
pl anar mirrors positioned between sai d parabol oi d- shaped r ef ?’e’cﬂﬁygéﬁosai d

one or nore inmage sensors, wherein said one or nore planar mrrors
optically couple said parabol oid shaped reflector to said one or nore inage
sensors. 13.wa@w/3onegi ng apparatus according to claim1, wherrEVUSY8R2%689

par abol oi d-shaped refl ector conprises a mrror truncated at a pl ane which

i ncl udes said focus of said paraboloid s gped reflector. 22 May 2002 39
14. An imagi ng apparatus according to cl&m1, wherein said

par abol oi d-shaped refl ector conprises a mrror truncated at a plane that is

substanti al | y sends . i | : sai d
par 2ol of d- SHEneh ror | oot o B REn B PAZRAEY of HeUPblecq Pl RSachbe

par abol oi d- shendéht image eertsor 22105s athe positipmupraphppatuped by aclide.nfhe asealfai m 1,
wherein said parabol oi.d- shagggﬁr ef |l ector cg? rfjes.es a nornal parabol oi dal

mrror. 16. IPYREGH RYCRsR CUVEIS 3P HATAS f iRaging Sifcq COMMeraalny i sing a

transparent %Hﬁagéépe%g&hbwa:é%ﬁceaes&&pto%gerﬁahaﬂsed reflector to said one
or nore inmage sensors 1o thereby maintain the relative positions thereof.

17. An i mafji ng apgag-a3uhows ewenibodjmeot af aniommidirdctiond) émagiogrpystesn imgwhichi xed
base and a novabl e base erejn i d parabagl 0i.d- shaped re tar is

mounted on sd W?kmﬁgﬁéﬁﬁgﬁ&dﬁalaﬁﬁqsgﬂﬂﬁ%‘ ?)Pargm?%'gTsﬁﬂ{f TUEQE $3§C aé’l(‘)ie nount ed
on said ”Dvabihﬁgﬁn@%%tipé’\@ﬁfz?l?b’is%ﬁmb usd ccﬁx%h@r_ci%ﬂ? aQ4ilatl ifhapiHBd€nsSRNSOr S
produces a changing field of view. 18. An iInagi ng apparatus according to

claim 17, fi unbmyrcasesitpisa thejcest ambhme ofidesigring specisbletes whost comumerpial cal |y
coupling said one nore i nmage sens{grs and sai d par abol Oif%'frha

d
Cof lector . 10MARIEIFRSEH HEWEIToE IHCIdRE do Hoes Soamss taktevery (e frpmiHag lens.
conpri singpa frii&AdinBaR tflaly JYARH ottt thekSinfinial didtak &R lehd- shaped

reflector is nounted on said novabl e base and said one”or nore inmage
sensors are nbuenefert, whemsused té image dbjests, thattace elbse totheclersy the image suffers
from various types of aberrations which degrade the effective resolution of the lens.
The result is a “fuzzy” or smeared out image. In this embodiment, this problem is
solved by the use of a collimating lens 2313, which produces a virtual object at
15 infinity for the imaging optics 2312. Advantageously, therefore, the use of a
collimating lens 2313 allows the use of commercially available imaging lenses.

The embodiments of Figs. 24A and 24B illustrate the use of field-flattening
lenses between an image sensor 2410 and an imaging lens 2413. Field-flattening
means are desirable because the paraboloid-shaped reflector of the present invention,

20 having a typically small focal length of a few millimeters, is afflicted with very strong
field curvature. One method of eliminating this imaging defect is to use an image
sensor with a curved surface that matches the field curvature. More preferably,
however, a special lens, called a field-flattening lens, may be introduced which has a
curvature of opposite sign to that of the reflector. Therefore, the two field curvatures

25 cancel, and the resultant image surface is flat, allowing the entire image to be in sharp
focus on a planar image sensor.

Two types of preferred field-flattening lenses are illustrated in Figs. 24A and
24B. In Fig. 24A, a plano-concave lens 2412a is shown. The plano-concave lens

2412a is placed as close as possible to the image sensor 2410. Preferably, the plano-

30 concave lens 2412a is placed in contact with the image sensor window 2417. In this



of said parabol oi d-shaped refl ector produces a changing field of view 20.
An i mhgi ng apparatus according to claim19, fiuther conprising a zoom | ens
positi oned between and optically coupling said one or nore i n%g@a!égﬂg%rs
and sai d parabol oi d-shaped reflector. 21. An inmagi ng apparatus according to
claim1l1, wherein said one or nore inmage 22 May 2002 40 sensors generate

an i mage sidgpghoifiby esentative of said inmage of said scene, geaniddghseso
conprising an image signhal processing apparatus coupled to said one or nore

i mge sensors and receiving said i mge signal for converting said i mge
signal into image signal data. 22. An irral?il ng apparatus according to claim
21, wherein said i mage signal processing apparatus nmaps said i mage signal

data into a Cartesi an-coordi nate systemto produgce a spective i mge. 23.
An i magi g apBaT Gt SR G elen A4l P BT Br thediedcnvatyts o thnar
processi ng appglediot %hﬂ@ﬂﬁmﬁﬁ‘éiﬁ% b Ifmafl atbRthts @R LAddsFAtle Bberrations.

cylindrical -coordinate systemto produce a panoramc | mge. 24. An inaging
appar at us accor di né secorcl tapewiitefemba fieldrflattanidg lemgemenigpuallens 24¢2s 85 ng

t further incl ' | at.i f | di i nt er.pol at ed
nge dat a, WAL ik 5 itk BbRacEecER ab e et O BT ERar Gat o
are conbi ngd i iﬁé&ﬁﬁhglightgil? &burkdeB $Caplamatic, AW intr BB Ho SiHeALABSrARACT di ng to

claim 24) wherein said I'nmage processing apparatus further includes means
for zoom ng i Kowaonaghigewtsn dte thegwami aflighf; itsmildintiodudes Fieldmugature Ther eby

provi de an enl arged | sai d ,pr cted partian froma predeterm ned
focal dist ancé‘?engﬁ‘.’s lﬂgsa?ﬁﬁgifhﬁﬁa %ﬂ%pgfeﬁjsﬁ%{%f}&g&%ﬂ ‘?‘B%ﬁ%ﬁ?ﬁ‘ﬁﬁéﬂ& n said
tel ecentric NpaAGeSOOMAd RAS tRe thRlkL@BdnsCthk BRbter th.-fieflattRAGIgRGeadNAT at US
according to claim1l, wherein said telecentric neans conprises a

tel ecentric agentragt ©.thoplangyaoncargyiens)24ideaf Xig 24 Actho menisqus lonc2di2mof Fig.
Further il i2§i3 qgngttusjec{a fxilsc%n&gtewith the image sensor 2410.

The theory of the field-flattening lenses will now be explained. [deally, the
surface of best focus of an optical system is a plane. With a planar surface, a CCD or
other type of flat image sensor can match the surface of best focus over its entire area,
thereby providing maximum resolution for the image. Unfortunately, an optical

15 system has a tendency to form its best images on a curved surface. Accordingly, the
curved focal surface and the flat CCD surface cannot be matched up over their entire
area, and some or all of the image will not be in best focus.

The field curvature of an optical system is called its Petzval curvature. Every
optical element in an optical system contributes to the Petzval curvature for the

20 system. If a surface of an optical element is refracting, its Petzval contribution to the

curvature of the system is:

where n is the refractive index of the optical element and R is the radius of curvature
of the surface of the optical element. Clearly, the Petzval contribution of a surface
depends on the sign of the radius. If the surface is a mirror instead of a refracting

25 surface, its Petzval contribution is:



| ens optically coupling said one or nore i mage sensors and said

par abol oi d- shaped refl ector. 22 May 2002 41 29. An imaging %ﬁﬁar b@i
according to claim28) wherein said at |least one lens has a f Fyg e

bet ween said one or nore i mage sensors and said at | east one |lens, and
wherein said telecentric nmeans is a telecentric aperture positioned al ong
said focal mepm01$0. An i magi ng apparatus accordi ng to cl aiporaiosesssy ei n
said telecentric nmeans conprises a collimating | ens optically coupling said
par abol oi d-shaped reflector and said at l.gast one lens. 31. An inaging
apparatus according to claiml, further nprising a zoomlens optically
coupling said one or nore image sensors and said parabol oi d- shaped
reflector. 32. An imagi ng apparatus according to claiml, fitrther
conprising a mcroscope objective opticgilﬁncoupling said one or nore inage
sensors and sai d parabol oi d-shaped reflect8r. 33. An inmgi ng apparat us
according to claiml1, fiuther conprising a field flattening lens optically
coupling said one or nore i nage sensors and sai d parabol oi d- shaped
reflector) sarg fidl@llrvahié bEAH gt REAIBNIYY Bkihh HebuflBi\RE donibutions of
approximately opposite to the field curvature of said parabol oi d- shaped
refl ector. 34all githe neflgcting aplrefratting sadfeces dndigultipl phatheis8® byvdwsimplen sai d

field-flattening |le conprises, a piano-cancave |lens which jis positioned
closel y to saftigne RmBHEe Pl ertdRening Hekot the mage iy Suved spd e
according to gloBief dideusidiedbdiOwipbderchBhterell (2. [ RO bitfack B'the HAATY dndQRe @

meni scus | ens havi nlg apl anatic sides. 36. An inagi ng apparatus according to

claim 11, wher sirfaceaf tdhedmagrsensoravil motbeaenmpletely atehedpheri cal scene, and
fiuther conprising: an additional .truncated.. substantiall .

par abol oi d- shaped ref| e?f’gol’m%tgﬁ't thr?gH’a _esodrftoﬁggﬂigbr ?cg%tf?%/{mrbeeﬁhgg?ated
princi pal raybecafiseeh@Ffire QRBRAERY kst oftad ipafposes, SuRH asfdr REntkdlRRg spherical

aberration, coma and astigmatism. Because the control of these aberrations depends

on the curvatures of optical elements, if the curvature of these elements is changed,

10 these aberrations may be adversely effected. There are two ways, however, in which
the Petzval curvature of an optical system may be changed without changing the other
aberrations of a system. These two methods form the basis for the two types of field-
flattening lenses described above.

The first method for changing the Petzval curvature depends on the

15 optical characteristics of an optical surface located at the surface of an image. If an
optical surface is located at the surface of an image (either an intermediate image or
the final image of the optical system), then this surface will not change the spherical
aberration, coma or astigmatism of the image. The only change will be to the Petzval
curvature. Thus, the Petzval curvature of a system can be corrected by inserting a

20 surface with an appropriate radius of curvature at the final focus of the system. This
is the basis for the plano-concave field-flattening lens described above.

The second method for changing the Petzval curvature depends on the
optical characteristics of aplanatic surfaces. Assume there is an aplanatic surface,
which is defined as follows: Let s be the object distance for the surface and s' be the

25 image distance. Also, let n and n' be the refractive indices of the materials before and
after the surface, respectively (where n=1 for air and n>1 for glass). If s and s' are

related by



22 May 2002 42 additional hem spherical scene that woul d ot herw se pass
t'hrough a substantially single viewoint of said additional henispherical
scene, said additional parabol oi d-shaped reflector having a f&&May 2002
coincident with said substantially single viewoint of said additional

hem spherical scene; additional substantially telecentric neans, optically
coupl ed to sgideag@yti onal parabol oi d-shaped reflector, for suhssantdss! |y
filtering out principal rays of electronmagnetic radiation which are not
orthographically reflected by said additional parabol oi d-shaped reflector;
and additional one or nore image sensors Pbsitioned to receive said
orthographically reflected principal rays of electromagnetic radiation from
sai d addi tional parabol oi d-shaped reflector, thereby sensing said

addi tional substantially hemi sphericalrpggbmg. 34. An imagi ng apparatus
according to claim 36, wherein sai d addirti;onal—hem spherical scene and said
hemi spherical scene are substantially cofpl emefitary to one another so that
t he conbi nation thereof is a substantially spherical scene, and wherein

sai d parabol oi d-shaped ref.) ectar and said,addif.ional parabol oi d-shaped

et ector  ar o AR Cash ult FioPhee R R hca) Bl Bl R BNy SRR
their planes QfnduhidiHEaltighibtisRNAf AW b BcidlefORIRIbINMER BOth f ddosstrfacénd a
common focus point. 38. An imagi ng apparatus according to claim 36, wherein

sai d addi t i onahtitie thisengitiapathen thertifferancedaithtinradi whdspendpn thedhiskngsgof
substantial |y .conpl n t o one anot her h nbi | r eof
is a substant itgﬁ @S-gﬁaﬁ}%@é" a§815'nrb§ ,us?intg C\A/Hté(r?@?énp%%‘l’ag c%rggtglﬁeo‘}fgﬁ%é)gﬁg{p@g
reflector and adpisan@thdithiciisd ofthé aflatadic dersh TARAs hefbhgs bhthe aHick, Athisals
concave parabol oids, positioned such that their vertexes coincide and they
share a conmorichhflatening lgns dissussed aBove. An | magi ng met hod for sensing an

i mge of a scene fr {4k i Vi i o . Sy4ng at.he
steps of (a) orthoéggﬁﬁ?tgggf%/@g;rﬁée%t%fﬁ{ﬁr’tg&rﬂ?’nc&hg%%gfg1%1‘ ellg'(szjt‘tra‘drtrﬁfgnetic
radi ation radipdrior@ntaverTesss Corfipszee of BEY andthsh efrfaaivsliadexapst L37ouhe sai d
substantially single 22 May 2002 43 vi e_wgoi nt on a truncated,

subst anti al | y rpdinsiplthe curved (ieacaveksurtae bris 8.4amm: he sukace oppasys the\eueioi nt

of said i [ { A | nai '

par abol of T 2hARAR . NEGLIH S bdbudte A o P lip@lso™Bltdow 2417. The
subst anti al paixidl eiiciafesoofith®len$izi Ipfinnt, ayd thefopeta diantet@dn®imm. r adi ati on
whi ch are not orthographically reflected by said parabol oi d

-sh d
reflector; and (c) l8emseiggedembpdiment ol anali¢ S‘F“?%‘fllzécf’tfgég-af%?ﬁggpal rays

of electroma [ Gei Lafl b . 1101 d- : oM t h one
or nore i rnatggrhg)tcladrl?gtcggr5 geq% gst‘lloﬁ@f) ‘té{c)i;‘/dp é‘gﬁl‘g pg‘gfl gﬁ@n@ggrﬁﬁgg?g{dgﬁgﬁg?igw The
net hod of cl ai Thedadiuvbftheicorved Gopniey) sardagerri isds78nrms amithe eddiisi afigecupteds ai d

scene froma positiaon al ong.an axis passing .through the vertex sai d

par abol oi d13ha{§eeraveruEaesh ishlp 'c“m-oﬁb’t?"éaéi CW&}%%‘? E@%ﬁsd"'-} mm. lhe

par abol oi d-sh r 1) | Qa1 didhhdi&IF g Pr i si ng
the step of og‘ﬁﬁ%%\?p’{’/‘{‘%gtgﬁr‘f‘%éﬁ‘éﬁ %E%‘gﬁgﬂfig%ﬁgﬂgﬁgﬁr%ﬂ ector and said
one or nore i nagedssaface 5 is2.7immne or nore planar mrrors positioned

bet ween sai d parabol oj d- shaped refl ector, apd sai d,. one  or re image.
sensors. 42. The ma@“%‘d-‘ggf CPrEseRt @Q?“Wrmﬁg?e“é’gmgi“ﬂ‘g‘_rf Engt @pﬁ?gﬁ'ln _
provi ding an i pRAG.S eAbBlimisClariods wﬁfcﬁﬁ&k‘?&lle\‘ﬁioﬁg, and stbstifRRRs RAll 6&1 d

scene and converting sard 1 nmage sig
20 known or obvious to those skilled in the art without departing from the spirit and

scope of the invention, as defined by the appended claims.



into i mage signal data. 43. The nethod of claim42, further conprising the
step of mapping said i nage signal data into a Cartesian-coordi nate system
to produce a perspective image. 44. The nethod of claim 42, f&#May2002
conprising the step of mapping said i mage signal data into a

cylindrical -coordinate systemto produce a panoram c i nmage. 45. The net hod
of claim 42, whuekhes conprising the steps of interpolating saifyksEr@ese
signal data to define approxi mate val ues for m ssing i nage data, and
formng a digital 22 May 2002 44 inmage from said napped i mrage data and
said interpol ated i mage data. 46. The nmet¥bd of claim45, further
conprising the steps of zoomng in on a preselected portion of said digital
i mge to thereby obtain an enl arged iﬂpngﬁﬁx§aid presel ected portion from
a predeterm ned focal distance, interpolating said imge data to define
approxi mate val ues for mssing inmage data) and formng a digital inmge from
sai d mapped i nage data and said interpol ated i nage data. 47. The net hod of
cl ai m 39, whecemputgimegs€ene i s substantially hem spherical and further
conprising the steps of: orthographically reflecting principal rays of

el ectromagnetic radi ation radiating froman additional substantially

hem spheri cal #araie "§tBhb.hvwoul d ot herw se pass through a substantially
singl e viewpoi nt of said additional hem spherical scene on an additi onal
truncat ed, sutfinckiei"mageutlh'abol oi d- shaped reflector such that said
substantiald y .si 8 Ui oint of said additional hem spherical scene

coi nci des vé t#%dé: Scﬂéiogﬁ?nt of said additional parabol oi d-shaped
reflector; teltarbdermatglhy filtering out a substantial portion of any
princi pal rays of electromagnetic radiation which are not orthographically
reflected by said additional parabol oi d-shaped reflector; and sensing said

or t hogr aphi cal L oel pal «fays of electromagnetic radiation from
said additi one/1I Ynégxfaglﬁ&(f%fgg,_@{]agpe E‘?)ef/lr ector with additional one or nore

i mage sensor s nidin(aipelagdy sense sai d additional hem spherical scene. 48. A
met hod for sensing inmages of a scene froma substantially single viewoint,
t he net hod col®d8&%ng the steps of (a) nounting a truncated, substantially
par abol oi dr(ﬁh%ﬂgd.a?%jdéector on a fixed base; (b) nounting one or nore inmage
sensors on a novab ase; (c) orthographically reflecting principal rays
of electromagrfetic radiation radiating fromsaid scene that woul d otherw se
pass through said substantially single viewoint on said substantially

par abol oi d- shaped refl ector such that said single viewoint of 22 May

2002 45 said i i tﬂ% hnelpe hih a focus point of said
par abol oi d- shaggg“?g?r@’ct or ;’91?9) &%Sg’ g%o\éﬁt rically filtering out a
subst anti al pomunsignedathatey *gr4ibnci pal rays of el ectromagnetic radiation

whi ch are not ortho phicglly reflected from said parabol oi dal shaped
reflector; (e) “Hﬂ&?%%é%’&gmvabl e base to a first position; (fj sensing a

first imagesof Lﬁﬁbﬂecﬁﬁﬁf“’g@éﬂ{i ng a first field of view by
unsigned char *blue;
int xsize, ysize;
int xosize, yosize;
int i, j, x0, y0, x1, y1;
20  double theta, phi;
double ox, oy, 0z;
double px, py, pz;
double qx, qy, qz;
double tempx, tempy, tempz;
25  double sx, sy, sz;
double rad, mag;



sensing said orthographically reflected principal rays of el ectromgnetic
radi ation from sai d parabol oi dal -shaped reflector with said one_or nore

i mge sensors; (g) noving said novabl e base to a second posi t 28 May;i 2002, ent
firomsaid first position; and (h) sensing a second i mage of said scene
having a second field of view by sensing said orthographically reflected
princi pal rawe ®f3ophectromagnetic radiation from sai d par abobPoTUs98.28é68aped
reflector with said one or nore i nage sensors. 49. A nethod for sensing

i mges of a scene according to claim 48, gLut her conprising the step of
optically coupling said substantially parabol oi d-shaped refl ector and said
one or nore inmage sensors with a zoomlens. 50. A nethod for sensing inages
of a scene accopghle@styR £ ai m49, further conprising the steps of |ocating
an area of interest wi'thinh said scene with said zoomlens set at a first
power of magni fdoubleidopx, dispy; magni fyi ng said area of interest by setting
said zoomlens at a second gower of magnification greater than said first
power of magni PRCEERHCENE KNS, YREWL ¥RIX X SBRYL Y§o rages of a scene finm a
substantial |y ghnglilWpSPahdiky, ihisyTRdnne oy i sing the steps of (a)
nounting a truncated, "'substantial |y parabol’oi d-shaped refl ector on a

movabl e bas®; (float radimatfora); one or nore i mage sensors on a fixed base; (c)
orthographically reflecting principal rays of electromagnetic radiation

22 May 2002 46 radiating fromsaid scene that woul d ot herw se pass through
sai d substantizal rYntﬂi'dﬂﬂ{éﬁeté/d AnRdztondR\Ri*d substanti al Iy parabol oi d-shaped
reflector such that said single viewoint of said inmagi ng nethod coi nci des
with a focus point of said parabol oi d-shaped reflector; (d) telecentrically
filtering out afsubqg?ﬁ)i al portion of any principal rays of

el ect romagnet i C{RHGi'af &n whi ch are not orthographical Iy reflected from

sai d parabol oi daprintf("arguments: xcenter, ycenter, radius\n");
exit(0);
10}

printf("\n");

xcent = atoi(argv[1]);
ycent = atoi(argv{2]);
radius = atof(argv(3]);

15  printf("omni-image: xcenter = %d ycenter = %d radius = %f\n\n",

xcent, ycent, (float)radius);
printf("input view pixel [xnovel ynovel]: ");
scanf("%d %d", &xnew, &ynew);
printf("\n");

20  printf("selected view pixel: xnew = %d ynew = %d\n\n", xnew, ynew);,

printf("input new image parameters {xpixels ypixels focal]: ");
scanf("%d %d %f", &xpix, &ypix, &focal);



shaped reflector; (e) noving said novable base to a first position; (f)
sensing a first inmage of said scene having a first field of view by sensing
said orthographically reflected principal rays of elect romagn@@ Mayr2002at i on
from sai d parabol oi dal -shaped reflector with said one or nore inage
sensors; (g) noving said novable base to a second position different from
said first pweisbsemws and (h) sensing a second i mage of sai d sceosesRasgong a
second field of view by sensing said orthographically reflected principal
rays of electromagnetic radiation from sajd parabol oi dal - shaped refl ector
with said one or nore inmage sensors. 52. met hod for sensing imges of a
scene according to claim51, further conprising the step of optically
coupling said ﬁﬁulgg(t-\ﬂm)t;i al Iy parabol oi d-shaped refl ector and said one or
nore image sensors with a zoomLens. 53. A nethod for sensing i mages of a
scene according to claim52, further conprising the steps of |ocating an
area of interest within.said scepe with sajd zogomlens set at a first power
of magnificati Bt a%p‘ffdﬁ‘ﬁg?:%pﬁﬁpsfai‘yﬁ‘i é(PB‘&lso'_T c);“Fin s2lestef N "set ting said zoom
lens at a second pqggg{,ygfx, pREddapat i on greater than said first power of
magni fication. 54. An i nhaging ‘apparatus for sensing an inmage of a scene
froma substantially single viewoint, conprising: (a) a truncated,
substantial ly par |.oi d- shaped reflegtor positioned to orthographically
reflect princi B’éfj desGPPY| s rt’?‘cﬁ’ré’é’né‘txﬂ?e’r ‘ﬁ‘b;i on radiating fromsaid
scene 22 May 2002 47 that woul d ot herw se pass through said substantially
singl e viewpoi nt, said parabol oi d-shaped refl ector having a focus

coi nci dent Swi t pristf("dadédarhmi-imagefid\mn")of sai d i magi ng apparatus, including
sai d parabol oi d-shaped reflector; (b) substantially telecentric neans,
optically coupled to said parabol oid

X0size = Xpix;

yosize = ypix;
/* printf("set new img size, xsize = %d, ysize = %d \n\n", xosize, yosize); */
red = (unsigned char*)malloc(xosize * yosize * sizeof(unsigned char));
10  green = (unsigned char*)malloc(xosize * yosize * sizeof(unsigned char));
blue = (unsigned char*)malloc(xosize * yosize * sizeof(unsigned char));

printf("allocated memory for new image file\n\n");

xcenter = xcent;

ycenter = ycent;

15  xpoint = ynew - ycent;

ypoint = xnew - xcent;

tempx = (double)xpoint;
tempy = (double)ypoint;

tempz = (radius*radius - (tempx*tempx + tempy*tempy))/(2*radius);



shaped reflector, for substantially filtering out principal rays of

el ectromagnetic radi ati on which are not orthographically reflected bx sai d
par abol oi d-shaped reflector; (c) a plurality of beam spli t t erd2 Mgy 2002
splitting said orthographically reflected principal rays of electronagnetic
radiation into a plurality of ray bundles, each ray bundle conprising a
portion of i ographically reflected principal rays of

el ect ronagnﬁpggjrs‘%?ati on from sai d parabol oi d-shaped refl ecl';%'rr/l;lsgglrzls s% d a
plurality of inmage sensors, each imge sensor positioned to receive at

| east one of said plurality of ray bundl e¥} each i mge sensor thereby
sensing a portion of said inmge of said scene. 55. An inmagi ng apparatus for
sensing an inmage_of a scepe froma substantially single viewoint,

conpri si ng: (a?x a??'PEfH%%ﬁgea‘}ngt?B?f‘é*n‘FW ﬁ?mB’ér“L é%BPgit%U%’aped refl ector
positioned to gy %h&ﬂ?ﬁﬂiﬂ(&%ﬁﬂﬂmh@&'ﬁ@hpwﬂeﬂﬁy RatmpAYsngY); el ectromagneti c
radi ation radiating fromsaid scene, sald parabol oi d-shaped refl ector

havi ng a focusozoittiepzisitemipxftemak d tenpyitempy svgrepaitemsfz);sai d i magi ng
apparatus, including said parabol oi d-shaped reflector; (b) substantially
telecentric nmeans) optically coupled to said parabol oid shaped reflector,
for substanti ald sonipukddedpriagl (@) dxig¥/i nci pal rays of el ectromagnetic radiation
whi ch are not orthographically reflected by said parabol oi d- shaped
reflector; (c) a plurality of dichroic beamsplitters for splitting said
ort hogr aphiscal k rxe=f jOS,(_:t ed principal rays of electromagnetic radiation into
a plurality of nURochromat i ¢ principal rays of electromagnetic radiation;
and (d) a plur@mgy=et; i mage sensors, each inmage sensor positioned to
receive at | east one of said plurality of nmonochomatic principal rays of

el ect romagnet i ¢empgdi &t i on, thereby sensing at | east one nonochromatic image
of said scene.

CACA{LAY. A {.AhA LA Ay. AAAYU. A A Ah.A A A A LAYUY. AAAAAAAA

{. A{. A3h. AU. Al px AlderAghk/sertenfiol *mpAShtempyt teps +HASHPAMAY]{ . Ahy. AAUR. A{ ?. A&he
. A9?. Ah56\ | >i / &$v_~ysnhb] WJ] ca] cal] caU] ca] cal] ca] caU] ca] caU] ca] ca] ca] cal] c
a] caU] ca] ca] caPt ]empyaqredareny* teanpy| tregpy Tsmpy 4] empgte@pyeca) ca F

10  pz=tempz/sqrt(tempx’ tempx + tempy*tempy + tempz*tempz),
/* computed horizontal axis */
tempx = py*oz - pz*oy;
tempy = pz*ox - px*oz;
tempz = px*oy - py*ox;

15  gx =tempx/sqrt(tempx*tempx + tempy*tempy + tempz*tempz);
qy = tempy/sqrt(tempx*tempx + tempy*tempy + tempz*tempz);
qz = tempz/sqrt(tempx*tempx + tempy*tempy + tempz*tempz),
/* computed vertical axis */

printf("computed perspective image frame\n\n");

20  /* raster scan perspective image plane */



U 3%

Aj)z) 5I}30{ vpj d_ZU] ca] ca] caU] calU] cal] ca] ca] ca] ca] ca] ca] ca] ca] cgﬂ Rnaabc%]osa] caj
ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] ca] ca! O( x, @ 2

s*ur! E$$${ vql gb] X] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! $%PN % Yy LOBBEREE+ 2" ' (p((() z
))).*z**, h,, wod99B0map] d_ZU] ca] ca] caU] cal] ca] ca] ca] ca] ca] ca] cetraisosdsesy cal c
a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] cal] cal] ca] ca] ca! =0y092245566k666C77
8*¥*95999:\:t;

; <3<v<<g, ====>X>{vql gb] X] c] ca] ca] ca] ca] ca]33a] ca] cal ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] cal] ca] ca] ca] ca] ca] ca! X>d>>A???%@a>@ar] AAAGBB
B: CCCADYDDD for(i=0;i<ypix:i++){ :

EKE~EEF" F>F@FFG vp] e [ V] ] ca] ca] ca] caU] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca]disgyca](daibde)] c@publk)yal] ca] cal] cal] ca! GUGGEEBHHHI A1 1 J0JzJ
JIKpKKKLWLLLMe MoMUWIVENSN~-N} wal gb] X] ] ] ca] ca] ca] ca] cal] cal] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] 9]¢z ’Jgéflé‘dﬁvﬁ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ~NNO\ COO%Pr P
PP#QQORI RRRFSZSSS@ TTUWUUUUY#Y] ] } wgl gb] X] ] ] ca] ca] ca] ca] caU] caU] ca] ca] ca] c
a]J ca] ca] ca] ca] ca]l ca] ca] ca]ca] ca] ca]ca] calca]ca] calca]ca]ca]calcalcalcal]]]*
AYAAT KT Y5 T Sat aahspx-btoublexpird2ld Glmableg) eMeYet e{ vgl f a[ UU] caU] ca] ca] c”a] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca
] cal] cal] ca! t ewee&f ~f f #99ggg"” hshi j Bkkkkk<I I I OnxkmWrZni ncent ngnj mvnysl fa[ M f
a[ U] ca] c™a] ca] c"a WI-CoaWFsdl + px * dispx + qx * dispy;

V] c”*a] cal] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ¢
a] ca] ca sy = oy * focal + py * dispx + qy * dispy;

vmmmmmmmn @ Cnl npnsnxn~Npo0000000aU irsxulwlfal\Wfa[VIfa[UU ]ca]ca]ca
caU] ca] ca] ca] cal] gaﬁzc_a(izcggﬁce& Pﬂfjogé#gg%@a‘]s%ﬁ{ﬁ’ca] ca [ LM Teal cal cal]
WV] ca] ca] caV] ca] ca] ca] ca] c™a] ca] c*a] ca] cha] caXuvwsSz_zzz}z{0.gslV 1=@ X[ ;
tztoid_ZU fa[ U ca] ca] ca] cal] ca] cal] cal] ca] ca] caU] ca] caU] cal] ca] ca] ca] ca] ca]
ca] caU] caUt@a] ca] cahesT saftGatskcady* st salsen] ca P] (+$K/ ; VY;

G vgke [M fa[ U ]ca]ca] cal] cal] ca]ca] ca] ca] ca]ca] cal] cal] ca]ca]ca]ca]ca]calc
aJ cal] cay] ca] ca] ca] ca] ca] cal] ca] caU] calU] cal] ca GyY} hfrulqg

Zzupkfa\ W a[ U ] ] cadxcasgmhga] cal ca] ca] cal] cal] ca] ca] ca] cal] cal] ca] ca] ca] ca]
ca] ca] cal] cal] ca] ca] ca] ca] cal] cal] ca] ca] ca] ca

YS3eQzf zupke_ZU] ca] Wathx/mekca) ca] ca] ca] ca] ca] ca] ca] ca] ca] c”*a] ca] cal] cal] ca]
ca] ca] ca] ca] ca] ca] caz]=ca c %ca] ca] ca] ca] ca] cal sf NN

) T{Sy(69zupkfal V] ]ScaUT c%‘? a] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] cal] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a! 9EQTg| / 2Bs| 7TER"j ni{ 0?Nzupkf a\
VKkf a[ V]]]ca]ca] ca] ca] ca] ca] calU] caU] ca] ca] caU ca]_cag] ca] ca] ca] ca] ca] ca] ca] ca
] caV] ca] caW}Sca] ca] cAJceriputgdyvacipe mditestion of current pixel */

N] vm Ed{ ZwQzupke [ V] ] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] cal] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca! QuCz %I NUu

~ysnhc”Xke' [ V] ] Ul capiia] eadkgadxy:aV] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] cal] caU
] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca +0y er7MD;

1zuoj d_ZU] ca] ca] caUhed[TaeopCapatPesKRcaiyesy ta1'¢a)ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] caU] ca] caU] ca] ca] ca] ca] cal] ca! 1~&s7cO*] &X0| w mhc”Y] ca] ca] ca] ca] ca]
cal] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca
] ca] ca] ca] ca! Ou34{ 9ME:onverted vector to polar coordinates */

gl ™. """ L#A##| w mhc”Y] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] caU] @8] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! ###$l $$5$. U806 K&IEA ' "

LG ) 5 b o ol ol

55W5553666%| 777+8888<999(: ::: | wmhc] X] c] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca! : : c<X@@
A" Bl BoBBCqCCQ| Hound-radiys obmterspeatiap on *1ca] ca] ca] ca] ca] ca]ca]ca]c

a)J cal ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]calca]ca]ca]ca]ca]ca]cal
Hmyl|l11JJIJ3KEKWKKL™ LLLMoMMVLN} NNN1OMVOOO) PGPPPP{ vql gb] W U] ca] ca] ca] ca] ca]
ca] cal] ca] ca] ca] ca] g ¢ai*emlthehypab ﬂll\%%]vca] caj] ca] ca] ca] ca] ca] ca] ca]ca]ca] ca
U] ca] ca] ca! PQ_QQRORRR, SSSTeTTT( UFUUUM SWAN X[ XXYAY} xsn{vqgl gb] W U] ca] ca] ca
] ca] ] ca] ca] ca] ca] cayraradpinétheta)*smphi)ica] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c
aJ ca] ca] calgal ca56\jz[ < 10%& () -' 10%& ()-10%& ()-!yf 10%ggo& ()-! yf

110%&1 ()]_ ! 1]&5/@%&. (>-}£S>.L&di‘§°%°&3: 9& () 9& ()-'y 99& ()-! vy

10%9& ()-:10%9& ()-10%& ()- s1l0%& ()-10%& ()-910%& () -/ &dE(

10%9& ()-9' 10%9& ()-9%40%& ()-#10%& ()-F'nl0% & ()-s 10%9& ()-x_dYNC 10g
10g 10g: 10%& ()-Y4 10%& ()-2, 10%& ()-,10%[ & ()-s*& 10%& () - F



U dEYNC 10%& ()-#910%& ()-fGlO%& ()-t10%& ()- mlO%& ()-$10%<& () -

3%} dEYNC 10%<& ()- @O0%& ()-10%& ()- Y@ 10%& () - Yt 109%<& () 10%&' %)2 }
{dEYNC *!10%& ()-$10%& ()- |"10%& ()- 10%& ()-3yl0%& ( 20

10%<& ()-j)zdEYNC 9" 9710%&’ () - 97' 10%&’ () - &6910%&’ () - 9410%&' () 32

10%<&' ()-&@ 10%<& ()-)5DbC1l0%}| & ()-#10%}| & ()-y10%4| & ()-&$10%4| & ()- 10<

10< 10<F; 10%0%9Lp1r97 PCT/US98/25689

O(dEbC 109%4| & ()-S10%4| & () - FGLO%| & () - 10%4| & () - mlO%| & ()- ! 10%| & () - (x

, dEbC@ F10%4| & ()-' 10%4| & () - &10%}| & () -~ $30%H & ()-"!10%| & ()-! 10%| & () -

@1dYNC 104| 104| 104| S; 10%4| & () -410%| & ) 8&3@

109%4] & () -, mm%m &' ()-*:110%] & ()- sz[<YNC 5100/&' ()- @O0%&' ()- @L0%& ()-!

31 1096$& ()- & . 3! 1O%nd x . Z coordinates on paraboloid

& ()-& F"10%7& ()-*ur dEY > &9109%& () - S310%&’ () S109%& () -

F10%& ()- @O0%&' ()- 10%&' (

1 808 (L AR el s

10@I 10%& () - yk 7S1Q&xE, sé]rg‘%gfr&x}n ut image and save in output image */
41008 ()-11° & 100 () VDo o5 oy oneoamvkeS 1 53 100 287 S oie: () -

/* check if image point lies outside parabolic image */
if(sqrt(xs*xs + ys*ys) > radius){
red[i * xpix +j] =255;

green[i * xpix + jf =255;
10 blue[i * xpix + j] = 255;

else{

indexx = (int)ys + xcenter;

indexy = (int)xs + ycenter;

15
™ printf("one pixel\n\n"); */
/* write closest color value into pixel */
red[i * xpix + j] = r[indexy * xsize + indexx];
20 green[i * xpix + j] = glindexy * xsize + indexx};

blue[i * xpix + j] = blindexy * xsize + indexx];

}



10%<& ()-"y10%& ()-y10%<& () - 8$10%<& () - YURES+ 2' aBVK@

LGLO%& ()-s10%& ()-10%& ()-11 @

109%<& ()-' 10%& ()-13-10%& ()-z'"' (p((()dEVK@® 22 May 2002
0L0%& ()-y#L10%& () -1 10%& () -,

109%& () - 10%& ()-110%& ()-)z))).*z**dEVK@ .g 10%& ()-

L- 109%& () - WO9rs1d7) - * &10%& () - Y(10%& () - PCT/US98/25689
&F109%& ()-*, h,,.,,,,b@'km 100& ()-4910%k& ()- 10< 10< 10<810%& () -

37s! 10%& ()-010%& () -, $./=0y0192WU3b@ ! 109} M & () - 498 | 10%43GE () - 496 ! 10%s
S& ()-4% ! 10965& ()-4% ! 109%+& ()-4% ! 189& () - 4992x22445552X1<@ 10GG
10GE + 109%GG8 () - + 10%HH& ()-!+ 10%CC& ()-! 10958’ () - 4% ! 10%

& () - 496556k666C70P1@L310% & ()- 10% & ()-10% & ()-! S 10%0M0& ()-!FS 10%
\ \& ()-#10% & {)- 10GGEC778*95999dE1@ L310%10% & ()- | 10% & ()-s10% & () -
10% & ()- 10928 ()-910% & ()-9:\:t;; <3<dE1@ L310% +10% & ()-f)mL0% & ()-Y
"@O0%N & ()-"10% & ()-9!, 10% & ()-&10% & () - 3<v<<<, ===dE1@ L310%

410% & ()-"310% & ()-1510% & ()-0910% & ()-1.S10% & ()-|

L 10% & () - ==>> LA 10000 () - $109%& ()- 10\ 10\ 10\ of
10% & (QI S;%%?@@%E%g%éﬁ%ﬁt%@% ()@Bb@ 0
L31!1 109& ()- | &10%& ()- 10%' ()- @O% ' ()- FL0%& ()-!3"

109 () - u@a\| AAAGB™?b
O ] savePPM("o@tblt.ppm“, red, green, blue, xpix, ypix);

5 printf("saved new image file\n\n");

system("xv out.ppm &");
free(r);
free(g);
free(b);

10 free(red),
free(green);
free(blue),

printf("freed allocated memory\n\n");

return 0;
15 }



L3Ff 109%& ()-!1f10%"' & ()- !lf10%& ()-

10%&' () -1 109%& ()- 109 () - GBBB: COCADIEL@

L3y) ! 109%&' ()-s' 109& ()-9B10%& ()- &$S109%& ()-F "F10%&' ()- ' ! 108&May-290¢DDD

EKE~EJEb@ L3410%&' ()-3 10%& ()- Y1109%&' ()-Y

/ s10%&' ()-.f109%& ()-*10%&' ()-~EEFFFF"F@F = L!° 109%X& ()-!3

10%&' () - &$10%:& ()- 10 10 108910%& ()-Y " 610%& ()- FFGUGGGGIE =

L! 10%G& () - 10%& () - MLOYGR' () - 810%USBAIMSZ

109658 () - 109%6G&' () - GBHHHI A1 | dE_= L!

10%38' () - s310%G&' () -: 10938 () - sFlOO/G& () S10%G&' ()- " 109%&' ()-11J0JzJJIdE_=
* ' L 0 0 "100

Ié! :18?/5&1(()2, /&Yloo/% (u}lagmé' gp{)%n(ls) for sensmg a£1)1m2§Lg$610 é%erge) frorr:l' g s/%ta{n}laﬂ Kp KKKLwLd
1096& () Slﬁé@]&%@%u{t)c n%mg(@& ()--mOo%e& ()-S, @0%& ()-w.LLM MaMoMcMoMKkbC

L! $109%& ()- 10G 10G 10

109638 () 9109G8 () (@Y @l osAnEndated; Bbsianiially parabrividkstaredagflectatisitioned to

Iil()g}f ([Vg }1 ﬁﬁ%&%ﬁé& Ig%}:e ng%&l ;}al %Q%F‘el@ n@én&?c%ali‘g‘n&} radF %‘g from said scene

L! L10°/&' {hiat WoQdtHerwise i;%&lu@l i dBiblstanddth Oz 1€ Yie P/@anﬂbafaBaBW EmbC
LI "%y 109& ()- #109%& ()-1F"10%& ()-L 10%& ()-109%& (

109%& () - GfleRRRISIRITIAsEs caingident goth spid single v1ewpomto Sald imaging apparatus,

0%&! 00! 8&' FL0%&' () - ZSSS@TTUIENHC
¥ 9/%9;)10 neSsid o %‘?‘{%69/&4@‘/&95100/& () -1 Al

10%. () -9110%& () -{gyU wmwu%kleée&tﬁ&mw@t@w upRUKD/Kaid parkbetbiiOV& () - &
$10%m& ()- 10 10 10: & 109& () - VUWIXY#YZ[ zX9~\: #! 10%m&' () - & #! 10%x& ()-& 3"
10%r& () shaped pdleptar, for substamsoarhydilieying Qutingipal rays pfmlectromagnetic radiation

IT1T11} Ovpvhlch]agg/ g@]optl{%aéﬁlcally reflected by said paraboloid-shaped reflector; and
(c)  one or more image sensors positioned to receive said orthographically
reflected principal rays of electromagnetic radiation from said paraboloid-shaped reflector,

thereby sensing said image of said scene.

2. An imaging apparatus according to claim 1, wherein said paraboloid-shaped

reflector is convex.

3. An imaging apparatus according to claim 1, wherein said paraboloid-shaped

reflector is concave.

4, An imaging apparatus according to claim 1, wherein said paraboloid-shaped
reflector comprises a substantially paraboloidal mirror having a surface which substantially

obeys the equation expressed in cylindrical coordinates:

h2__r2
2h

z being an axis of rotation of said surface, r being a radial coordinate, and h being a constant.
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11.  Animaging apparatus according to claim 1, wherein said one or more image
sensors are positioned along an axis passing through the vertex of said paraboloid-shaped

reflector and through said focus of said paraboloid-shaped reflector.

12.  Animaging apparatus according to claim 1, further comprising one or more
planar mirrors positioned between said paraboloid-shaped reflector and said one or more
image sensors, wherein said one or more planar mirrors optically couple said paraboloid-

shaped reflector to said one or more image sensors.

13.  Animaging apparatus according to claim 1, wherein said paraboloid-shaped
reflector comprises a mirror truncated at a plane which includes said focus of said paraboloid-

shaped reflector.
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of said one or more image sensors produces a changing field of view.

18. An imaging apparatus according to claim 17, further comprising a zoom lens
positioned between and optically coupling said one or more image sensors and said

paraboloid-shaped reflector.

19.  Animaging apparatus according to claim 1, further comprising a fixed base
and a movable base, wherein said paraboloid-shaped reflector is mounted on said movable
base and said one or more image sensors are mounted on said fixed base, whereby movement

of said paraboloid-shaped reflector produces a changing field of view.
20.  Animaging apparatus according to claim 19, further comprising a zoom lens
positioned between and optically coupling said one or more image sensors and said

paraboloid-shaped reflector.

21. An imaging apparatus according to claim 1, wherein said one or more image
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23.  Animaging apparatus according to claim 21, wherein said
image signal processing apparatus maps said image signal data into a cylindrical-coordinate

system to produce a panoramic image.

24.  An imaging apparatus according to claim 21, wherein said image signal
processing apparatus further includes interpolation means for providing interpolated image
data, whereby said interpolated image data and said image signal data are combined to form a

digital image.

25.  Animaging apparatus according to claim 24, wherein said image processing
apparatus further includes means for zooming in on a preselected portion of said digital
image to thereby provide an enlarged image of said preselected portion from a predetermined

focal distance.

26.  Animaging apparatus according to claim 1, wherein said telecentric means

comprises a telecentric lens.

27.  Animaging apparatus according to claim 1, wherein said telecentric means

comprises a telecentric aperture.

28. An imaging apparatus according to claim 1, further comprising at least one

lens optically coupling said one or more image sensors and said paraboloid-shaped reflector.
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10 comprises a collimating lens optically coupling said paraboloid- shaped reflector and said at

least one lens.

31.  Animaging apparatus according to claim 1, further comprising a zoom lens

optically coupling said one or more image sensors and said paraboloid-shaped reflector.

32. An imaging apparatus according to claim 1, further comprising a microscope
objective optically coupling said one or more image sensors and said paraboloid-shaped

reflector.

33.  Animaging apparatus according to claim 1, further comprising a field-
flattening lens optically coupling said one or more image sensors and said paraboloid-shaped
reflector, said field-flattening lens having a field curvature approximately opposite to the field

curvature of said paraboloid-shaped reflector.

34.  Animaging apparatus according to claim 33, wherein said field-flattening lens
comprises a plano-concave lens which is positioned closely to said one or more image

Sensors.

35.  Animaging apparatus according to claim 33, wherein said field-flattening lens

comprises a meniscus lens having aplanatic sides.

36.  Animaging apparatus according to claim 1, wherein said scene is a
substantially hemispherical scene, and further comprising:
an additional truncated, substantially paraboloid-shaped reflector positioned to

orthographically reflect principal rays of electromagnetic radiation radiating from an
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having a focus coincident with said substantially single viewpoint of said additional
hemispherical scene;

additional substantially telecentric means, optically coupied to said additional
paraboloid-shaped reflector, for substantially filtering out principal rays of electromagnetic
radiation which are not orthographically reflected by said additional paraboloid-shaped
reflector; and

additional one or more image sensors positioned to receive said
orthographically reflected principal rays of electromagnetic radiation from said additional
paraboloid-shaped reflector, thereby sensing said additional substantially hemispherical

scene.

37.  Animaging apparatus according to claim 36, wherein said additional
hemispherical scene and said hemispherical scene are substantially complementary to one
another so that the combination thereof is a substantially spherical scene, and wherein said
paraboloid-shaped reflector and said additional paraboloid-shaped reflector are normal
convex paraboloids, positioned back-to-back along their planes of truncation, and having a

common paraboloidal axis and a common focus point.

38.  Animaging apparatus according to claim 36, wherein said additional
hemispherical scene and said hemispherical scene are substantially complementary to one
another so that the combination thereof is a substantially spherical scene, and wherein said
paraboloid-shaped reflector and said additional paraboloid-shaped reflector are normal
concave paraboloids, positioned such that their vertexes coincide and they share a common

paraboloidal axis.

39.  Animaging method for sensing an image of a scene from a substantially
single viewpoint, comprising the steps of:
(a) orthographically reflecting principal rays of electromagnetic radiation

radiating from said scene that would otherwise pass through said substantially single
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reflector; and

(©) sensing said orthographically reflected principal rays of
electromagnetic radiation from said paraboloid-shaped reflector with one or more image

sensors to thereby sense said image of said scene.

40.  The method of claim 39, wherein step (c) comprises sensing said image of said
scene from a position along an axis passing through the vertex of said paraboloid-shaped

reflector and through said focus of said paraboloid-shaped reflector.

41.  The method of claim 39, further comprising the step of optically coupling said
paraboloid-shaped reflector and said one or more image sensors with one or more planar
mirrors positioned between said paraboloid-shaped reflector and said one or more image

SCNsSors.

42.  The method of claim 39, further comprising the steps of providing an image
signal which is representative of said image of said scene and converting said image signal

into image signal data.

43.  The method of claim 42, further comprising the step of mapping said image

signal data into a Cartesian-coordinate system to produce a perspective image.

44.  The method of claim 42, further comprising the step of mapping said image

signal data into a cylindrical-coordinate system to produce a panoramic image.

45.  The method of claim 42, further comprising the steps of interpolating said

image signal data to define approximate values for missing image data, and forming a digital
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define approximate values for missing image data, and forming a digital image from said

mapped image data and said interpolated image data.

47, The method of claim 39, wherein said scene is substantially hemispherical and

further comprising the steps of:

orthographically reflecting principal rays of electromagnetic radiation
radiating from an additional substantially hemispherical scene that would otherwise pass
through a substantially single viewpoint of said additional hemispherical scene on an
additional truncated, substantially paraboloid-shaped reflector such that said substantially
single viewpoint of said additional hemispherical scene coincides with a focus point of said
additional paraboloid-shaped reflector;

telecentrically filtering out a substantial portion of any principal rays of
electromagnetic radiation which are not orthographically reflected by said additional
paraboloid-shaped reflector; and

sensing said orthographically reflected principal rays of electromagnetic
radiation from said additional paraboloid-shaped reflector with additional one or more image

sensors to thereby sense said additional hemispherical scene.

48. A method for sensing images of a scene from a substantially single viewpoint,
the method comprising the steps of:
(a) mounting a truncated, substantially paraboloid-shaped reflector on a
fixed base;
(b) mounting one or more image sensors on a movable base;
(c) orthographically reflecting principal rays of electromagnetic radiation
radiating from said scene that would otherwise pass through said substantially single

viewpoint on said substantially paraboloid-shaped reflector such that said single viewpoint of
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(e) moving said movable base to a first position;

0)) sensing a first image of said scene having a first field of view by
sensing said orthographically reflected principal rays of electromagnetic radiation from said
paraboloidal-shaped reflector with said one or more image sensors;

(8) moving said movable base to a second position different from said first
position; and

(h) sensing a second image of said scene having a second field of view by
sensing said orthographically reflected principal rays of electromagnetic radiation from said

paraboloidal-shaped reflector with said one or more image sensors.

49. A method for sensing images of a scene according to claim 48, further
comprising the step of optically coupling said substantially paraboloid-shaped reflector and

said one or more image sensors with a zoom lens.

50. A method for sensing images of a scene according to claim 49, further
comprising the steps of:
locating an area of interest within said scene with said zoom lens set at a first
power of magnification; and
magnifying said area of interest by setting said zoom lens at a second power of

magnification greater than said first power of magnification.

51. A method for sensing images of a scene from a substantially single viewpoint,
the method comprising the steps of:
(a) mounting a truncated, substantially paraboloid-shaped reflector on a
movable base;
(b) mounting one or more image sensors on a fixed base;

() orthographically reflecting principal rays of electromagnetic radiation
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telecentrically filtering out a substantial portion of any principal rays of

electromagnetic radiation which are not orthographically reflected from said paraboloidal-
shaped reflector;

(e) moving said movable base to a first position,

6y sensing a first image of said scene having a first field of view by
sensing said orthographically reflected principal rays; of electromagnetic radiation from said
paraboloidal-shaped reflector with said one or more image sensors;

(g0  moving said movable base to a second position different from said first
position; and

(h)  sensing a second image of said scene having a second field of view by
sensing said orthographically reflected principal rays of electromagnetic radiation from said

paraboloidal-shaped reflector with said one or more image sensors.

52. A method for sensing images of a scene according to claim 51, further
comprising the step of optically coupling said substantially paraboloid-shaped reflector and

said one or more image sensors with a zoom lens.

53. A method for sensing images of a scene according to claim 52, further
comprising the steps of:
locating an area of interest within said scene with said zoom lens set at a first
power of magnification; and
magnifying said area of interest by setting said zoom lens at a second power of

magnification greater than said first power of magnification.

54.  An imaging apparatus for sensing an image of a scene from a substantially
single viewpoint, comprising:
(a) a truncated, substantially paraboloid-shaped reflector positioned to

orthographically reflect principal rays of electromagnetic radiation radiating from said scene
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(d) a plurality of image sensors, each image sensor positioned to receive at
least one of said plurality of ray bundles, each image sensor thereby sensing a portion of said

image of said scene.

55.  Animaging apparatus for sensing an image of a scene from a substantially
single viewpoint, comprising:

(a) a truncated, substantially paraboloid-shaped reflector positioned to
orthographically reflect principal rays of electromagnetic radiation radiating from said scene,
said paraboloid-shaped reflector having a focus coincident with said single viewpoint of said
imaging apparatus, including said paraboloid-shaped reflector;

(b)  substantially telecentric means, optically coupled to said paraboloid-
shaped reflector, for substantially filtering out principal rays of electromagnetic radiation
which are not orthographically reflected by said paraboloid-shaped reflector;

(c) a plurality of dichroic beam splitters for splitting said orthographically
reflected principal rays of electromagnetic radiation into a plurality of monochromatic
principal rays of electromagnetic radiation; and

(d) a plurality of image sensors, each image sensor positioned to receive at
least one of said plurality of monochomatic principal rays of electromagnetic radiation,

thereby sensing at least one monochromatic image of said scene.



