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Description 

. Otlkidirectional Imaging Apparatus 

Not'ice 6£ Go~~rnment Rights 
The .t1Js·. government has certain ri.ghts in this 

invention pur~uant to the terms of the-National Science .. · .:· .... :._,:' ·. ·. 

FoundationYoWig Investigator Award and the Department 
s of Defen~ei/Offlce of Nuclear Research MuaI Grant No. 

000l4-95-:<L.~06~o:J.. 

Background .·C)£>.·t:h.e Invention 
1 . Piel~: .c:Sf; th~ Invention 

10 Thfai:n~ention relates to omnidirectional image 
senf3ing::~d p~ojection with reference to a single 
viewpoirit:;>:allci,: more particularly to su.ch image sensing 
and proj~dti.ritltusing a truncated, convex, substantially 
parabolq;i.4+·s~ped reflector. 

15 

2. Disc~~~i~h-of the State of the Art 
' .. -~- ·:>.·':::-.:_..:· . 

For:~ny:~pplications such as surveillance, 
teleconfel'.'~nc~'lig, remote sensing, photogrammetry, model 
acquisit;i.9rt~[v:;Lrtual reality, computer graphics, 

20 rnachine'.··"\7if3ioti.:k:nd robotics, it is desirable that an 
imaging_~y~te~_):have a large -field of view. so as to be 
able t~ tci,kei'i#as much information as:Possible about 
the world,arolind it. 

Traciifloti;l·imaging systems include a camera with 

25 a lens t~ati~rovides a perspective proj¢ction of an 
image. Hc)w~Y-e:r, a camera with even a very wide angle 
lens has orilf.a limited field of view (i.e., covering 
less than. aC:ful.l hemisphere). This lim-~ted field of 
view may.i:>~e:X:Panded by tilting and Pa:nhing the entire 

30 imaging .sy&:tte~,~:apout its center of projection. One 
such sys~erii.: i.:~::\iescribed in S. E. Chen, "Quicktime VR -

:,· ... 
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An Iniage-~~~~d~roach to Virtual Environment 

Navigatiort") ,Proc. of SIGGRAPH 95, <a) : 29-3 a, August 

(1995). ~~:'ati:~icle by L. McMillan and G. Bishop, 
11 Plenoptic:M~d~Iing: An Image-Based Ren4ering System", 

s CompJter :~~aph.:i.~s: Proc. of SIGGRAPH, ~ugust 1995, pp. 
39-46, al~9·:deu:scribes a traditional pan;...and-tilt 

system. '!1i:is<f'YPe of system has two serious drawbacks, 

however, . tirie b~·:i.ng the obvious disadvantages associated .·, ...... . 

with a de'Y'i.C:~·~ving critical moving parts, and the 
10 second being the significant amount of time required to 

make a fui1:r~tation in order to view the surrounding 

world. irhf"s tf~e limitation makes such a device 

unsui tab].~· ··:£6i- real-time applications . . ·,·, .. ·:.· .. · .. 

Anot~~iapproach to increasing the field of view 

15 in ~n imctgl~g.~ystem is by employing a so called "fish 
;.·.·:· 

eye" leris,.a:s. is disclosed in E.L. Hall et al., 

"Omniditf~dt.i6Ja1 Viewing Using a Fish Eye Lens", SPIE 
Vol J 72_a··-,~c%,~.ics~ Illumination, and Image Sensing for 

Machine vi~ib~. {1986) , p. 250. Since the fish eye lens 
. ·.- :,-... • .·:· . 

20 has a very s-:t1ort focal length, the field of view may be 

as large: a.~3·.~-·hemisphere. The use of such lenses in an 
imaging.· ~Y~~,~~': is problematic, however, in that they 

are. sigr.lifi_~~~tly larger and more complex than 
conventi.onal/,lenses. Moreover, it has. 'been difficult 

25 to devei~p' a,·/~~sh eye lens with a fixed viewpoint for 
all poiri~,~ of/.°'t;he relevant scene. U ~ S·. Patent No. 

s, 187, 667 ;'to ::~·im~erman, and u.s. Pat~t No. 5, 359, 363 

to Kuban.-·~t"~:J.,. are also directed to' t~e use of fish 
eye len~~~;:t~···replace conventional· pan' and tilt 

30 mechani~~-~fo~d accordingly suffer f·ram the same 
disadvant:clges. 

Ot~e:f'·p:rior art devices have. used reflecting 

surfaces t::C>} ::i.~crease the field of vi:ew. One such prior 

art device!!'':{~: disclosed in v.s. Nal~af "A True Omni-

35 Directi9~lf ~;i_ewer 11 , ATT Bell Laboratories Technical 

Memoranci~~)':B!Lo11ssoo-960115-o1, Jan. 1996. Nalwa 
"::·,'.·.'::·~~<·: . 
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discloses t.h.e'.use of multiple planar. reflecting 

surfac~s iri''~on,junction with mul.tiple charged coupled 

device (.11 cb~S· :cameras to obtain a 360 degree panora~ic 
image of .~>so/degree band of a hemispherical scene. 

5 Specif ically,:.::in Nalwa, four planar mirrors are 

arranged i:ri:j::he shape of a pyramid, with one camera 

being pos:i.tiC>:ri~d·above each of the four planar 

refJ.ecting)·sides, and with each camera viewing slightly 

more than~O (i~grees by so degrees of the hemispherical 
. . . . ' 

10 scene. Th~s.:.system suffers from the serious drawback 

of requiring Jnultiple sensors to capture a 

hemispberfpa._l.''.i.mage. In addition, this system suffers 

from the iriheient problems associated with distortion 

at the 11 s~~ms··~ when the separate images are combined to 

15 provide a £u":t':i.. 360 degree view. 

curi;~d.·~~flective surfaces have also been used in 

conj un.c:t'i.§1J ~{i:h image sensors . It is well known in 
. ;_ .· ... 

the art; ij.oweV:e:r, that for perspective projection, the 

only re~:lectihg. surface which will' generate an image of 
..... · ... ··· 

20 the ·worl4''as · .. S:een from a single viewpoint is a ·plane 

which 'p#~~e~:;-~hroµgh the midpoint of the line segment 

betwee~ t·}j,e ierts and the viewpoint, with its normal in 

the' dire~fiori· .. of the line segment. Thus, for 

perspe~ti.4fe :Pi-'9jection, any curved surface will 

25 necess~ri.iy have: ~ltiple viewpoints.· 

Both':'Yagi:·~t·_::a1., "Evaluating Effectivity of Map 
. . . . , ' ~ 

Generatio;t,-.by/Tracking Vertical Edges in 

Omnidireat,i.C:>ri~l Image Sequence n I IEEE: International 

ConferenpE!:o~:~obotics and Automation, •June 1995, p. 

30 2334, an4:::Yagi'. et al., "Map-Based ~avl.gation for a 

Mobile Robdt.~fth. Omnidirectional Image.Sensor COPIS", .· ···.:· .. ··.. . 

IEEE TraIJ.E(acti6,~s. on Robotics and Automation, Vol. II, 

No. 5, -bct:.}199s,' disclose a conical P:t:'Ojection image 

sensor (COPIS) which uses a conical reflecting surface 

35 to gather·i~~~es ~rom the surrounding environment, and 
• ,.,, •. :--:·. . <· ,· 

processes;·Jhe ~.~ni:c)rmation to guide the navigation of a 
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mobile ro}jc)t.'..:./·Aithough COPIS is able to :attain :Viewing 

in 360 degre·~~/:it is not a true omnidiJ:''ctional image 

sensor be·c.au'.~~ .f!ie field ·of view is li1t1±.~ed by the 

vertex angl~. ~f·>the conical mirror and J:>Y the viewing 

s angle of th~- ca1n~ira lens. Furthermore, ·• iis discussed 
above, reflei:"tioh".off the curved surfac~; results in 

multiple v:i.~~~futs, the locus of viewpb:i.nts for a cone 
.· . .. :· ·~ .. . ; . 

being a circle ... > Multiple viewpoints cause significant 

distQrtion ~rid ~~quire complex manipula·t·ion and 

10 translation ~f ):b~ image to reconstruct •the scene as 

viewed from)~·~i.rigle viewpoint. 

Yamaz-a~il~tal., "Obstacle Detection With 
Omnidirectional"Image Sensor Hyperomni Vision", IEEE 
Internationai ¢C>il£erence on Robotics and Automation, 

15 Oct. 1995, · .P< i.()·62, discloses a purported improvement 

in the COPI~·s~stem which involves the use of a 

hyperboloi~i'i"~~lecting surface in.place of a conical 

surface. . .As·· di:~cussed therein, the rays of light which 

are reflec.~ed>6~f the hyperboloidal. slir.:face, no matter 

20 where th~ ~oi?l~<of origin, will all co'.nyerge at a 

single poitit~Othus enabling perspectiv~viewing. 
Although t~~"ti.e;e of a hyperboloidal mirror is 
advantageou:s·inthat it enables full .perspective image 
sensing~:b~6atl~e the rays of light whidh make up the 

25 reflected imag~,· ·'converge at the focal ·:p.oint of the 

reflector,,_pos:f.~ioning of the sens~r ·zj~lative to the 

reflecting'su~f~ce is critical, and-ari.y disturbance 

will impa:Lr t)ie image quality. Fui;-th'f1f, the use of a 

perspectiv~_-ijrojection model inherently requires that 
-~ ·'-

30 as the dista:ri9e between the sensor· and"'. the mirror 

increases,.·the cross-section of the mi=Fror must 

increase. i"T~~refore, practical consi~erations dictate 

that in o~ciei,·.tq keep the mirror at ·a.· ;~easonable size, 

the mirro~:. mt.1st· be placed close to ·th~! sensor. This in 
., .·! 

35 turn ca.use.ii cq~lications to arise with respect to the 
design'.of;°~he)±fuage sensor optics. Iri addition, 
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mapping sen~~d, ·image to usable 

complex c~fibrai;i:~n due to the 
., ,··.·.:.:.: :.: 

coordinates requires 

nature of the converging 

image. .-<.~-

.The ,iibC)ve~described prior art devices fail to 

5 provide. e1:.(tr\i:ly .. omnidirectional imagi~g apparatus that 

is capab1¥:' 6£.:sensing a substantially hemispherical 

scene frorii:· ~ fi:ingle viewpoint. These devices also fail 
.. ·::.:·: ... ...- ·.··:· 

to achieve:!: an:<:itnaging system in which any selected 

portion e>f-:~>··~\)l:>stantially hemispherica;l scene can be 

10 viewed, oi'.;th~ :scene can be panned, both without 

requiring··':fi~~e reconstruction or complex frame 

transforrnatiori.· . 
. ' :· ::. ·.~-· . . 

Summary .o~>h'he: Invention 

15 The· ~awb~·cks of the prior art, as discussed 

above, ~J:"k'~tib~tantially improved by the present 
. . .. :. . . . ·-~ .. 

inventiop./(wh:i.cb. in one aspect is an omnidirectional 

imaging a~~~ri~~s having a truncated substantially 

parabolOfd:~~~~ed reflector positioned to 

20 orthogra~hi9a~ljr'.reflect an image of a 'substantially 

hemisphe°ri'C:al:.·$;c;::~ne, where the reflector's focus point 
··:··.·. ;.:,·· .... . . .. 

is coinci¢te,#.t:with the single viewpoint. An image 

sensor is_~~~l.'tioned to receive the orthographic 

reflectio~/~i .\tp.e image. 

25 In.~ri.~ ~ftibodiment ·of the invention, the surface of 

the ref:J.E!6f~~?~·~stantj,ally -obeys the e:quation, 
\-\'.<:::: ~:-~_./·:.;·.": 

. · .. : ~ 

. ··.· ... 

.:·:.:._:-_:~_-:·_<: 
. : ~ :-

. . . ~·· ' 

hz - z2 
z = 

2h 

expresseq.<:i.ri.'.LCylindric~l coordinates, "?here r is the 

radial c~6.~d.±n,ate, z the axis of rotatJon, and h is a 

30 constant.· <.AS.:'. the equation represents ~ symmetrical 

surface off6tation, the shape of the surface is not a 

function. «;£r-£µ~ angular coordinate </>. · The reflector is 

truncatedl:~t::. ~·)piane which is substantially 
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perpendicufii_:i:-t~ the z axis and which includes the 

focus point. i<:>f .;~he paraboloidal reflector. The image 

sensor isp~e£$~at>ly positioned along an optical axis 
which coincfde~:·'with the z axis of the reflector. 

·.... . . .·.· . 

s In ari·c;i;k:emplary arrangement, the image sensor is 

electronicil?id:p'l:ovides an image signal which is . ~ . . . . 

representat'iie: ()£ the orthographically reflected image. 

This image: :s.i.~1.1 is digitized and transferred to an 

image.proces~ih.9- apparatus. The image processing 

10 apparatus :is:a.civantageously adapted to enable viewing 
of any portj_~rl.:b:f the hemispherical scene, enlarging 

portions of.):~~-:scene, and panning of the scene from a 

predetermin~d'.\"iewpoint. 
Anotli~l:'.~XE!mplary embodiment of the invention 

l.5 includes a?l'ad:~~tional truncated convex substantially 

paraboloid~·~ha_~~d reflector positioned to 

orthographfba1i.y reflect an image of an additional 
: : .,· ·.·.··. 

hemispher:i.cai.scene from a single viewpoint. The 

hemisphei;icil -\~~ene and the additional hemispherical 
20 scene are:.9Q1l\Piementary to on another so that the 

combinatiol1t1:le.reof is a spherical scene. An 

additionai·inmke sensor is positioned to receive the 

image whib~ is :,~rthographically reflected from the 
. ·.,-;·:··; 

addition.a,i:ref:tector. 
25 In t~i~.~~diment, the reflector and the 

addition~J. ·:~efl.ector are pos-itioned back-to-back, and 

have a comm6n ~~axis aligned with the optical axis, and 

a common _'.fbc\l~,: point. Each is truncated at a plane 

which is'shb~fantially perpendicular to the common z-

30 axis and ~hi~}l includes the common focus point. 

Anot;h,er:aEJpect of the present invention is an 

omnidirec.ti.otial image projection apparatus for 
projectin~f'afi.."_'image representing a substantially 

hemisphe·riC:~L:~cene as viewed from a single viewpoint. 
. . ~ . . . ·.· . . . 

35 The omnj;dlreC:tiO,nal image projection apparatus includes 

a collim~ted .light source behind an transparent medium 

·.; .. 
·:·.":· 

.· ; ~ ·: .. ; . 
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having an :i.ltla.ge of a hemispherical sc~n,e, so as to 
project ·~· b~i1-imated beam of light modulated (spatially 
and· possibt~': temporarily) with the image, and a 
truncated C:9.rivex substantially paraboio~d-shaped 

5 reflector.p6~.l.tioned to orthographically reflect the 
collimated'b~am of light modulated withthe image, and 
thereby project the substantially hemispherical scene . . .. . · .. : ·. 

Anothe:~;exemplary embodiment of t~e 
omnidirect~Oti:c.:l image projection apparatus includes an 

10 additional ;Li.~ht source and image-bearing transparent 
medium so . ~~'.}to .. project another colli~ted beam of 
light modulci:ted. with another image representing an : ; .. ·~ .. : . . . 

additio~l .· sµbstantially hemispherical scene as viewed 
from a s.irigi.~· . ~iewpoint. The hemispherical scene and 

15 the add:iti~~l:.hemispherical scene are :complementary to 
each other:~b that the combination thereof is a 
substan,t:i~liy>$pherical scene. An addit.ional truncated 
convex s~~tilritially paraboloid-shaped ~eflector is 
positioned<~~· .. Qrthographically reflect·. the additional 

20 collimat.l!'C:i·:·,i),~~m of light so as to project the 
addi tion~i .h~'(tdspherical scene . The reflector and the 
additional .r~fl~ctor are positioned back-to-back, and 
have a comrn911:· bptical axis and a common focus point. ,.· .··· , 

Each is trtllicated at a p1ane which is ·sribstantially 
25 perpendicul.~:t·' t~ the opt:ical. axis and which includes 

the focus.~i#t. 
The pre.sent invention: also provide~· a method for 

sensing an·J~~SrEil of a subs~antially hernfspherical scene 
from a sing~~<viewpoint, which in an e~~mplary 

30 embodiment :c;~~prises the· st'~ps of {a) 6.#thographically 
reflecting ~n> image of the; Eiul>stantial.IY, hemispherical 
scene on a ·~tibstantially.puaooloid-sh~ped reflecting 

. ·. ·. . ; .·. ·'·· 

surface such that the single.'Viewpoint:doincides with 
the focus ptj4'rit of the r~£iac.~in~ surfa~e, and (b) 

35 sensing the. pf;tp.ographically reflected ·image. Step {b) 
may include·~~n~ing the substantially orthographically 

·, .. ·: ... 
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reflected i~ge ~rom a position along the optical axis 

of the refle¢t:9r. 
•In an0'~*1.er exemplary embodiment of the imaging 

methOd ther~ :;i_~:~ '.included the further steps of providing 

5 an image si~~l.which is representative of the 

orthographre~lly reflected image, converting the image 

signal into:i~ge data, mapping the image data into a 

cartesian:..d)9idd_nate system, interpolating the image 
data, and £6~i~g a digital image from the mapped image 

c::, . ..... . 

10 data and th~':i:nterpolated image data. If desired, 
after speci~yiri,g a viewing direction, a focal length, 

and an ima~~>.'~ize, this selected portion of the image 

can be zoom~d :: in on before performing the interpolation 
step. 

15 Fina·ll¥;. : ln yet another exemplary embodiment of 

the imaginghnethod there is included the further steps 
of c:)rt.hogr~phi9ally reflecting an additional image of a 

substantiaityliemispherical scene on an additional 

substantial.il:Y paraboloid-shaped reflecting surface such 

20 that the Ei~tJ;s{ie viewpoint of the additional scene 

coincides:Jri£h·~ focus point of the additional 
reflecting:i~urface, and sensing the additional 

orthographj,_c~·lly reflected image . 
The ,~f~iil~lit invention a1so provides a method for 

25 projecting:·:~~/fmage representative of a substantially 
... ; : ~. . .. ~. ·. . 

hemispheriU:::ai . scene as viewed from a single viewpoint, 
which in ari{e~emplary ~mbodiment includes the steps of 

(a) proje(i~.ill~ a collimated beam of light on a 
......... 

substanti~~~y paraboloid-shaped reflecting surface 
JO modulated.:.:'tspatially and possibly temporarily) with the 

image, aiid. -,<b) orthographically reflecting the 

collimat~dbeam 0£ light modulated with the image on a 
substantia~ly.paraboloid-shaped reflecting surface such 
that the ~.iJ:i~ie viewpoint · of the image coincides with a 

35 focus·poi~t>9,~.the orthographic reflecting surface . 
.. · . 

. · .. : .. _:: :: ·· .. ~· 

:/,: " 
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Anot,herE:!Xemplary embodiment of.th(! image 
projecting:~fi:t1Iod includes the steps :of projecting an 
addition~i\'coilimated light beam modulcited with an . . . ·. ··.·· , .... · : . 

additiona1>.image representative of an additional 
s substantiaily~~mispherical scene as ·viewed from a 

single vie~of~t, and orthographically.reflecting the 
additio~J..>:col.1imated beam of light m~d~lated with the 
additio~i-.:Ittia.9e to project the addit.ional 

10 

15 

hemispheriC::~1 '~¢ene which is complementary to the other 
hemisphe~fdai·.~bene. 
Brief Des~fiption of the Drawings 

Bxe~laey·embodiments of the pre~ent invention 
will no~-b~:.de~cribed in detail with reference in the 
accompanyiilgd;~wings in which: 

Fig ( . i~ .°f l!f a side view of an exemplary embodiment 
of an .om#i_di.~~bbional imaging apparatus; 

Fig.'lb.'l~ia side view of an alternate embodiment 
in which. a: .pafaholoid-shaped reflector is connected too 
an image ·:Eiit!nsoj:'. by a transparent supp~rt; 

20 Fig~. ~:~iJ\e1;n isometric view of a:: p~raboloid-shaped 

25 

reflectormoilht~d on a base plate; 
Fig~ 3--:':i.~<~ partially isometric view of a 

paraboloi;dJ~h.~~~d reflector mapped into a cylindrical 

coo~;<>l~t~tric representajd~O of 
orthographf~ reilection from. a CUrVed'·;r~'flecting 

....... ·.•·.. ., ... 

surface; . , , 
Fig. -s.·is::~n illustration of ort:t>,ographic 

reflectiort.ir~tiia substantially parabc::>19id-shaped 
30 reflecto:r ·t:o· an image sensor; 

Fig.. 6_· :~i1:~strates how any sel.ect~~- _portion of a 
hemispherig~l ::i:;cene can be viewed fl:'otrli t.he single 
viewpoint; ·· ··:·: .. · 

Fig. 7. j_~· :a side view of an omnid:Lrectional 
35 imaging apPa.r~th~ ·With tWO back-to-back substantially 

parabolo~~J-~ha~~d '.reflectors and two image sensors; 
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:-.>.:;: 
·:···· 

Fig. B •- 01.s <a :cross-sectional view of two 

substantiali.~ l>c\r~oloid-shaped refle'ctors positioned 
back..:.to-l:>a:c]t.andLhaving a common axis of rotation and a 

c~i;~c;{!f ~,.:.,_ side view of an exemp;ary embodiment 
of an omn,id.ii-eq~ional image projection ~pparatus; 

Pig. - 9b\ iii~i:Jtrates an exemplary -arrangement for 

projecting:-~>cp-ii:i.mated light beam m~uiated with an 
, ~·····:-:.~ :>;· :·:: :" 

image; :;>•--·--

10 Fig. 19:1~;-a side view of an omnidirectional image 

projection:appa~atus with two back-to-back 
substanti~:{:Ly.._p~~aboloid-shaped reflectors, and two 

light sourc~s ~hc:l two transparent image-bearing media 
for -project.:i.~g _:~"Wo collimated light beams with 

15 mod~lated ::~~sp~(!tive images of two subs.tantially 

hemfsphericii.1 ~t!~nes towards corresponding reflectors; 

20 

Fig·. :-~~ i~-J~: partially isometric .View of a 

paraboloid~-~haJ?~d reflector of the omnidirectional 

image proj'~ctl9ri. -apparatus mapped into a cylindrical 

coord~=~7{tf~~1 flowchart of an ex.,..Plary embodiment 
of a metb.()4,: tC>J:.-:- sensing and processing :an image of a 

substanti~:i1l"'.h.~rttispherical scene from ·'a single 

vieWpoint;_-}·and-- _',-'•.: 

25 Fig. ·13 is-::a'. flowchart of a method: for projecting 

an image :tl~pr~s~:titative of a- substanti~lly 
hemispherl~al.;'.:~cene as viewed from a ~.ingle viewpoint. 

30 

35 

Detailed·D~~cJ±;~ption 
Fig. '·ia -i,-:L<lustrates an omnidirectional imaging 

apparatuliJ:<~oci}-ac,cording to an exempla~.y embodiment of 

the pres~E, ;'f::t\V'ention. A convex parabbloid shaped 
.·:· .... ·"'· :;.: ···:.: ' . 

reflector,;i3's,~;{~hich is mounted on a: :bcise plate 140, is 

positione~:;,d:/,'c>J:'thographically refl'ti~:t ; an image of a 

substanti.ally- J:iJinispherical scene 13 o'. An image sensor 

110 I such __ as' a, -«~~mmercially available :::sony 3CCD color 
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video c~~r8.·de:vice 111 having magnifying lens 112 and 

a telec~ntd:~·::J,ens or a telecentric aperture 113, is 
position~~: t'p: receive the orthographic reflection of 

the image}. ~h~·telecentric lens 113 functions to 

5 filter ou# .. ai~ r~ys of light which are not 

perpendic#iat::>to the plane of the lens, i.e. , 
backgrou,nd.:1i9-ht which does not form part of the 
orthograp.h,ic':te:flection of the hemispherical scene. 

Alth~~gh.)~he description herein is with regard to 

10 visible ligh.t:,:the present invention has equal 

applicatiq* :~d ,. othe; forms of electromagnetic radiation 
such as uit~~'iplet light or infrared light. 

In ari::ait.~~ate exemplary embodiment of the 

ima~ing ~pparatus 100 according to the invention shown 
15 in ;Fig. l.b·; ~}i~:paraboloid-shaped reflector may be 

coufled' .1:,C:), th~· image sensor by a transparent support 

136_,: sucili<_as-::a:0?.1ength of clear tubing. 

R~ferfing· ·~gain to Fig. la, the video camera 110 
generatel:J:: ~n}i:l.ila.log video signal representative of the 

20 orthogra];)liici~::{:£y: reflected image which is sent through 
cable .iso'i.'···· ~$ ·~ideo signal is converted to a digital 

signal byqi§ft:.izer 120, which is a commercially 
available. NT$.d_-~id~o signal analog-to-digital 

.. . ·.: . 

converter.· 

25 The,.d~-~it:~l,.signal is then sent through a cabl.e 

155 to ·a -g~nerlti; :purpose computer 125 1 such as a DEC 

Alpha 3:00·0/60~· ~orkstation. As will be explained in 

further.d.eiaif/
0 the ~omputer 125 is programmed to allow 

the . us~r t'b~ v.i.~~ ;any' desired portion of the 

30 hemispheridai<-~cene, : to zoom in on a a.elected portion 

of the scel1.e,:);i: to pan the scene in any desired 
manner. 

The i(nage-~ensor 110 may simply be a still or 

motion pict"Ure.ph()tographic camera·us~ng conventional 

35 photograpJ:i±h:.ffltn. The image sensor 110 may also be a 

camcorder.6f iid~9·c~mera l.16 which provides a digital 
>< .. 
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video sign•l output, which can be provi~ed directly to 

the compute±->i~5without the need for ttje analog-to­

digital con.J~;.;ter 120 • 
. ·:· .. ,· 

Fig. ~'s~C:>~s an isometric view of the paraboloid-

shaped ref:1$(=tQr 135, which extends from base 140 from 

which it i~·:f~nned. The entire surfac~'of the base 

140, includi~~, ·the reflector 135, is coa.ted with a thin 
·. ··. . . . 

layer 145 o_f'hl.ghly reflective metal, such as silver. 

Fig. 3:fi.l~strates in greater detail, the 

preferred geb~~try of the paraboloid-shaped reflector 

135 I as we];J: ... ~Ef. the orthographic reflection of the 

image of the!.~i.ilistantially hemispherica'l scene J.30 onto 

the image·~$'Ii~-o~ 110. The reflector lJ5 of Fig. 3 is 
defined in. ~·i:fi~drical coordinates, r, 'tp·. and z, as 

15 subs·tanti~liY>clbeying the equation 

2h I (2) 

where z is the axis of rotation, r ist,he radial 

coordinate,· '.and. h is a constant. The z' axis coincides 

20 with the ppt¥~~l axis of the imaging a~~angement, and a 

focus poi11t'.'.ii~ of the paraboloid defiI,ied by equation 
.· . . .. : .. . .. ~ .. : . 

( 1) coinc{d$s.··~ith the origin of the _coordinate system. 

The refl~bfci~~·~~S. of Fig. 3 is trunc«lt:~·d at a pl.ane p 

which is ~Ubstarit,ially perpendicul.ar ••t:~.· the z axis 310 

25 and which ihdlucies the focus point Jis'.>.Of its 
parabolo;~i,s\lrface. 

All 1P:boltiing rays 305 that would''otherwise pass 

through t'ti~./f~cus point 315, are ort:hc?~raphically 
reflected.<:fb-\;rards the image sensor i1ci(by the 

30 reflecti~~: ~1;~boloidal surf ace. •· TljVo~'°,: the focus point 

315 is qoi'nC:.i,Q,~;~t with the single',:·:vj:,¢~oint from which 

the subs~a'.ri.ti.aily hemispherical sderi.~' , 13 o is viewed. 

Th~ imag~/ ~~,so'r; 110 is positioned along the optical 
.... ·--- -----·-.·.--- ------·----------··-····-------.:....:.-. 

. . · .· .. 

·::.'.>.-.: .. ·.; 

ThiY~ilD~~lilr . ·· ... 
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axis 310 of;theimaging system and the photosensitive 
surface thereof· is perpendicul.ar to t:tie optical axis . 

. ' ~ . : . ··~- ... 

The 11i:ie:.of orthographic reflection to enable 

viewing . ot-'~ ~~stantially hemispherical scene from a 
5 single yi~wpoi~t is an advantageous feature of the 

present ipverit:i-tjn, as it is well known in the art that 
reflectiott_:;;~ a curved surface that provide 
perspectiv~· i;>:rtije.ction results in mul.tiple viewpoints. 

That_ ::~'rti,.,:6~e1-phic reflection enables viewing from 
10 a single vi~wP:~i._nt can be demonstrated by reference to 

Fig. 4. I~;_, ~lg:. · 4, z and r are perpendicular 
cylindrica:J;(ri~o~dinates for a given val.ue of ¢, the 

.· ........ · ...... ; . 

angular cC>o:rd.inate. The angle of an incoming ray 405 
.·, ..... ·. ····:.·· .. 

relative t9.'t'1.~f'axis is 8. The incoming ray 405 is 
15 orthographicCl.iJ.~:reflected by the reflecting surface 

415 as an oufgolbg ray 410. 

DDist :t~i~\*_liinsie viewpoint 420, any incoming ray 

.. ~:: · ... : . ·. . 

. .: . tan(8) = z/r, 

20 and for orthographic reflection, all rays must be 
reflected at:••.~ri angle 

· ... , 
.. ~ . . , 

u=n/2, 

. : .· _.:·.:-· . :·. 

(3) 

(4) 

where·« is:th~i~~gle between the outgoing ray 410 and 
the axi·s-. · : F_or th~se two constraints to be satisfied, 

25 and for t~~;~ngl~ of incidence to equal the angle of 
reflection,C·if-}$ clear that the angle, {3, between the 
refiected ~~;/4~o and the normal direction of the 
surface at· the ·:J;,o:int of reflection, ii, must equal 

p = cz-0 or f3 = 1t-26, 
2 4 

(5) 

.... :_:.· 
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.'•·: 
·: .. :::· 

which.can a~s~,pe expressed as 

·,.:: 

<_· 

tana-t;.an8 
l+tana tanB = 2tan(! 

1-tan2 '3 

PCTIUS97/07331 

(6) 

Final:lY I the: slQpe of the reflecting surface 415 in the 

s z-f' plane cit th~. point of reflection is 

'..'>· 

z 1 = dz"' -tanJJ. 
dr 

SubstitutiJi~'JE>l·and (4} into (5) yields 

- .. ··.·: · __ : 
··:·: <· 

_
2 

dz 
dr I = - • z 

{"7) 

(8) 

10 The quaq.%;'.a~i.~)cs!xpression of equation (7) can be solved 

15 

20 

to obtain'twoiiolutions for dz -, 
dr 

but to avoid 

self occl~si6Ji·by the reflecting surface 1 the slope of 

the curv~ /iri .-~h~ right quadrant is made negative ( i . e. , 

the su;;:fap~--:i~ convex) . The result is 
.· ... · .. :-: ,;.; .. .... , ·~.: ·. 

dz 
dI 

If a =z/r,'.;f~~ above expression reduces to 

./· 

(l.0) 
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a + y,...l_+_a-....2 = h , 
I 

where h is . a'.:p(;>nstant of integration. Substituting 

z=ra into~qti~~ion (9) yields equation (1). 

(11) 

Thus ,:<:th~te exists a curve, which when rotated 

about the 
0t·. ~s, generates a surface that will allow 

5 orthograph:i:¢.::~;e:flection of a substantially 

hemispheri¢~].: :·~cene from a single viewpoint. This 

curve is th~:·.·~~rabola defined by equation (l), which 

has a singl.~'\:t.iewpoint that is coincident with the 

10 

focus 420 tj:f:::tl'le parabola. 

In adci.ft;::i~:>n to providing viewing of a 

substantiai.i..:}i .. b:emispherical scene from a single 

viewpoint, .;t.h~)omnidirectional imaging apparatus in 

accordance·\i~t::h.·the present invention enables viewing 

.of any po:r;:1:St6µ>of the scene, enables zooming in on a 
·,. ,., .. · 

15 selected pti:rt±;~n, and enables panning of the scene in 

any manner/::.i!l'.ii. with respect to the single viewpoint 

and withou:t:•t~~iring image reconstruction or complex 

frame tra.D.$.f6:fm'ation. 

Fig. ·~(i'±i~strates how a portion of the 

20 substantial:(y.:llemispherical scene is viewed by the 

image sens.?#>'f.fom. a single viewpoint. ~ truncated 

convex subst::all,t~ally paraboloid-shaped ;-eflector 135 is 

mapped into: ia .. ::9_~rtesian coor~inate sys~em.. The optical 
axis 502 of, ;:the\ imaging arrangement is. boincident with 

25 the z axis, ;~rid'.the focus 501 of the su}:)stantially ... ··.:.· .. ·· ·· .... · ; 

paraboloi~$/feflector 135 is located at the origin. 

Incoming rciy~>')~ijs, 510 from a portion (,~ the scene 300 

being view~d\f11,tersects the reflecting·~urface at 

points s1s·:'.~~.i{20, which can be defined. by their 

30 respective<i::and y coordinates. Point S,15 and 520 lie 

along imagirl~~:·radial lines 516 and s2~·, respectively, 

which origi~b~ ·.~t the viewpoint of the ··scene, i.e. , 

the f OCUS s:tj:L° bt: the paraboloidal ref lecitor. Since 
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these rays arc!;-·_orthographically reflected toward the 

image sensor ):£ti~ which has a planar light-sensitive 
surface perpendicular to the z-axis, the projected rays 

will interseci~:the light-sensitive surface at the same 
S respective x_:anq y coordinates. Only the z coordinate 

will- change.: :_Accordingly, there is a one-to-one 

correspondenC:ebetween the x-y coordinate of the point 
of intersec~.ibh-with the reflector 135 of the 
orthographic~i.J.y projected ray, and the x-y coordinate 

10 of the point-:"'4~-- which that orthographically projected 

ray intersecits\,the planar light-sensitive surface of 
the image s~riaJ~r 110. 

In a p~~:i~rred arrangement, the image sensor 110 

includes a ~l~ar-charged coupled device ( 11 CCD 11
) image 

15 sensor havi~gcln array of light sensing elements. Each 

cell senses:.:t:h~ intensity of light at its particular 

location in;·:·_t:;h~ array. Therefore, with a one-to-one 

correeponde~d~-~ the image signals produced by the CCD 
cells which ___ ~byer a particular range of x-y coordinates 

·.- ·; .. _: .. 

20 in the grid ls representative of the rays which are 

orthographiccii:J.1y reflected from the reflecting surface 
: . . ·..:::.:•· 

1.3 5 at poiri~~,_within the same range of x-y coordinates. 

Thus, mappiti~-- of the image is a simple task for persons 

skilled in·t.h~:art. 
25 With th~}~ne-to-one correspondence explained above 

in mind, F:i~'~_''G 'illustrates ·a technique for zooming in 

on any select~(j. ·p,ortion of the substantially 

hemispheric;1:$C:ene. The reflector l.35 is positioned 

relative t~--: ~:l:'thogonal x, y and z axes in the same 

3 o manner as i:ri,/Fig. 5 . In order to zoom in at a focal 

distance f)piia selected portion of the scene centered 

around a pb:irtt 550, with a specified :size, only the 

image sigri~l~: of the CCD eel.ls located with the same 

range of xSy}coordinates as the region of the 

35 reflecting/~u~face projecting the selected portion of 

the scene -~;~:"selected for magnification and viewing. 
: ·:~. .. 

·: . . · ~ 
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MoJ;e·par1:icularly, to determine ·the appropriate 
1ight ii~tensfty for point 570 in the :selected portion 
of the sc~ri.e./' .the light intensity signal generated by 
the CCD· c~ii··which lies at 580 is chosen. As shown in 

5 Fig. 6, 'Ci ·,fi°ri~· segment drawn between point 570 and 
focus pe>in~(-ss1 intersects the reflector 135 at point 
552. The £1~htintensity at point 570 is set equal t~ 
that represent;ed by the image signal generated by the 
CCD cell a(:_,f;~O which is located at the x-y coordinate 

10 on the gric:i:ri.E!arest to the x-y coordinate of point 552. 
The same -il!i',f~pe.ated for each CCD celf within the same 
range of xlf b<:>ordinates as the region of the 
reflecting'.s~i-'fa~e projecting the selected portion of 
the scene.;-:->:A.s · ~ result of the orthographic reflection· 

15 and the oli.~·L'to:-one correspondence described above, no 
image rec:ori~i&ction or complex frame transformation is 
required:~· '\ · <.. A general purpose _computer l.25 can 
be readiJ,.f.i~tcigl:'ammed by one skilled i:n the art to 
perform t:h~;, ~boY'e steps to enable viewing of any .. · .. :_ :·c. .. . ·:· 

20 portion.o:pf th.a :~emispherical scene from a single 
viewpoiri#, ~rid,<tp also enable zooming.in on any 
particul~~: ·}?<:>ktion to provide an enlarged image of that 
portion. Ifutt~ermore, by designating successive points 
along the·r~:fi$ctor, the hemispherical scene can be 

25 panned 2l~'¥t:6ne.were viewing the scenie from a single 
viewpoint . ; .•· ·. 

In :f.i;~:klnbc>diment discussed above, it is readily 
apparent -tha_t:·~s one zooms in on smaller portions of 
the seen~, :.th~ . number of CCD cells providing 

30 inforrna.t,ion: tC> the computer 125 is 're~\lced, and hence 
the granu1~~i.ty of the viewed image iE3°';increased. In a 
preferred E!Dib~d.iment, information aboµt points in the 
scene which'.'dcf 11ot exactly correspond · t::o CCD cells are 
more clo~e].'y:;·~p~roximated by interp:oiation. A suitable 

35 interpolat.;i6n'pr9gram which may be executed on computer 
12.5 is incl.{t~~cf in Appendix I to this specification. 
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The progrart(attached as Appendix I will map. the sensed 

·omnidirect:i~r{~l; :·image to an ordinary perspective image 

that is·stii.ti:i.b~e for display on Computer 125. The 

program re~i~~s.the user to input the name, center 

5 location, and radius of the omnidirectional image to be 
····.:.< .. ,·:·-.:=. 

converted. '!$.~:·program also requires the user to input 

a name for th~·;.generated perspective image, as well as 

a focal le~gth;and size for the perspective image. 

Thus, i;u~t~ad of simply choosing the image signal 

10 generated b}r. ,th~ nearest CCD cell to represent portions 

of the imag~· .;,hich do not precisely correspond to a CCD 

cell, the· :ifuage·· for such scene portions is estimated by 

the·append~d.prQgram based on a suitable average of 

image sigrt~l$i~~nerated by CCD cells which correspond 
... ·. ··.·· ;· ... 

15 to neig:bbcJJqiJ:tg.;portions of the scene. Of course, more 

sophistiq~#~d.;·:~ilterpolation programs known to those 

skilled irt/the':art, such as those that· are based on 

polynomial :bf'.'~~mporal matching, may b~ used without 

departing ::ffpirt the scope of the invention, as defined 

2 0 by the ciai~~· .·herein. 

In a··. :f~it:l:ier exemplary embodiment of the 

invention, ,: thef·'·qmnidirectional imaging. apparatus 

includes, .art··:ka~itional substantially paraboloid-shaped 

reflecto~'<7i~·~s 'shown in Fig. 7. The' additional 

25 reflector.';i~·positioned to orthograph;ically project an 
'· , .. :.·.:.,:·.· ... 

image of. all.*dditional hemispherical scene 730 which is 

complementci.ify:~o the hemispherical sc~ne 130 so that 

together:t.b.e}r:constitute a spherical scene. An 

additio~:i·itria.ge sensor 710 is positioned to receive 

30 the image:o;th~graphically projected'by the additional. 

reflector73s . . :.: .. ·. 

An image signal representative of the orthographic 

reflecti<?tf of >the additional reflecto?,: 735 is converted 

to a digi:t,ki:1:1ignal by converter 72o:in the same manner 

35 as describf:!d.;'~hove, and is sent to the same general 

purpose· k·~m~-ll~~r 125 via line 725 . 

. . -:·. 
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As shown in Fig. a, the reflecto:rs 135 and 735 are 
positioned ::,1?ack-to-back, share a commbn axis of 
rotation ~~q>' which is also the optical axis of the 
imaging apparatus, and a common focua;; sos, and are each 

5 truncated ~{~ plane p which is subst~ntially 
perpendicuJ;f!l::C., to the axis of rotation'.~ 810 and which 

·,:,. 

includes ,the'focus 805. 

Fig. 9~\:illustrates an exemplary . embodiment of an 
omnidirectic:)rt~l image projection apparatus according to 

10 the present>J.ll.vention for projecting an image 
representi~~',a substantially hemisphe~ical scene as 
viewed fr:()lti'.·a :single viewpoint. The omnidirectional 
image project~on apparatus includes a collimated light 
source 910 ,:,:>ci transparent medium 920 bearing an image 

15 of the stlb~:t~ntially hemispherical sce~e . The 
transparent:/~lllage-bearing medium may l::>!= a photographic' 
transparenciy.'generated by the omnidirectional imaging , 
apparatus discussed above, or a transparent liquid 
crystal di~~J.~y (LCD) bearing a still. ,or motion picture 

20 image of. th~,.~ubstantially hemispherical scene. 
Light ,~pµrce 910 projects collinia:ted rays of light 

940 through,>t"t1e transparent image-bear,l.ng medium 920, 
''···· : 

so as to,p~f>d1.1ce a collimated light be~ 940 spatially 
(and possi,b±y:'.~temporarily) modulated w'ith the image on 

25 the transp~:fe~~:medium 920. The substj!l.ntially 
paraboloid~sliape~ reflector . 93 o, which.: : in. the present 
embodiment: ¥~;~<~lle mirror discussed ab~ye with reference 
to Figs. ·2, .aln,d'' 3, is positioned to otthographically 
reflect th~·,t;:,a~limated image modulate4':,;beam 940 so as 

30 to project ,t'.~~ substantially hemisph~i:',~cal scene. 
In an a:LtSernate exemplary eltlbodin\ept of the 

······.. ... .... 

projection, system according to the pr~_s:ent invention 
shown in Fig:;~ 9b, the collimating: ligll~' source and the 
transparent ~?ttage-bearing medium 'are ~~placed by a 

35 video projection, ~ystem 960 controllecl:,by a general 
purpose comput'~t 970. 

,, 

The video projer;:tion system 960 
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produces a ;:C:C'>l:i.i~ted beam of light .940 .which is 

modulated "iththe desired image information. To this 

end, the COUtp~~~r 970 will control the intensity 

distributib~·::o:f:/the emitted light 940 from the 

S projectiori_~ys~~lll 960. 

A ftil,".~her ··ejtemplary embodiment of the 

omnidirect.ibni:l.l2:image projection system according to 

the invent-ib'n, <~hewn in Fig. 10, includes an additional 

tran~paren~-Tinui.9e bearing medium 1020 which hold an 

10 additional_:.-iltl8.g~ -- representing an additional 

substantiallybE!ndspherical scene, an additional 

collimatiiig:ti~:ht source 1010, and an additional 

substantia.t1i~~rclboloid-shaped reflector J.030. The 

substanticiJ:i.yh~mispherical scene and the additional 

15 substantiaily·h~mispherical scene are complimentary to 

one anoth~~:so.that the combination of the two is a 
sphericai;:~6'eri.~:. 

The .. actdi1:.ional substantially paraboloid-shaped 

reflector/J.:Q3o: .·.i_s positioned to orthographically 

20 reflect th~.;·.aeidi:t:ional collimated beam of light 1040 

thereby p~§je2Jill.g the additional hemispherical scene. 
The t~, fE!-flectors are positioned back-to-back, 

... ·: .. '·.'··,::· 

and share:.:ci"'common axis of rotation and a common focus 

in the m~~~ri~l:l6wn in Fig. 8 . Each is truncated at a 

25 plane whi'c;h·:i..~· ~t.ibstantially pe:r:pendic~lar to the 

common aJCl~of tbtation and-which includes the common 
.:·. ·. '. .. :··:<. -~ :;': : < ~ 

focus. 
Ref~rr:i.%lg,~6-Fig. 12, there is shown a flow chart 

1200 i1iJi:Jf;ati~g- a method for sensii;>.g.;:an image of a 

30 substantf~l1y,l'lemispherical or spheric~l scene from a 

single viewpoint according to an exempiary embodiment 

of the pr~s~n:~- invention. Flowchart 1200 shows the 

necessacy-~teps for sensing the h~tnisp:perical scene 

from a ~iJigleS.:V.iewpoint. The method r~quires 
35 orthogr~~:hi'ca.11y reflecting the substantially 

·:··, .. 

: ;' 
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hemispheri't:a..i scene 1210, and sensing the 
orthographi'(:ally reflected image 1220 .. 

PCI'/US97/07J31 

The :me.tihod may further include th.e steps of 
converting ;:iJie image signal into image: signal data 

·.: . : 

5 1230, mapp;ng the image data into a ca:rtesian-
coordinate<system 1240, interpolating the image data 
1260 to der;i'lre approximate va1ues for missing image 
data, and :fbrming a digital image 1270 from the mapped . . : . 

image data.and from the interpolated image data. 
10 Advantageouf3ly the steps of specifying a viewing 

direction,:a focal length, and an !mag~ size 1245 and 
zooming 1:25:0 ·in on this selected portion of the image 
data may b¢ ... performed before the interpolation step. 

Final1y, Fig. 13 illustrates a flowchart 1300 for 
15 a method for projecting an image representative of a 

substantiai~y:hemispherical scene as viewed from a 
single viewJ;>oint according to an exemplary embodiment 
of the pres.~e invention. The method includes the 
steps of pr9jecting a collimated beam of light 

20 modulate.d with the image 1310, and orthographically 
reflecting the collimated beam of light 1320 on a 
substantially paraboloid-shaped reflecting surf ace in a 
manner sUch,that the single viewpoint of the image 
coincide!=!. w,itli a focus point of the reflecting surface. 

25 The ~ethod may also include the steps of 
projecting ~13.an additional.collimated beam of light, 
an additiortal:·image 1330 which is repr:sentative of an 
additional ~Ubstantially hemispherical. ·scene as viewed 
from a sing}.e .. ·viewpoint, and orthograpfi,ically 

30 reflecting·the additional collimated bE!am of light 1340 

to recreate the additional substantially hemispherical 
scene. 

Accord*~gly, the present inventiop,provides an 
omnidirecti~n~:il imaging apparatus for 'is,ensing an image 

35 of a su):>staJ:itially hemispherical ~cene from a single 
viewpoint 'l.'l}iich does not have any moving parts. The 
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inventive. apparatus uses orthographic reflection to 
provide imp:r~~~d image quality and to enable zooming in 
on any port~b?i.of the scene and panning of the scene 
without requi.ring complex image reconstruction or 

5 complex frall\~/:transformation. 
The present invention also provides an 

omnidirecticsric\'1 image projection apparatus which is 
capable of ~#,~j'ecting an image representative of a 
substantialiy._hemispherical scene as viewed from a 

10 single viewpb$nt. 
The ~~~· qescription is merely illustrative of 

principles ·iri:volved in the invention. Other 

modificationeL of the invention will be obvious to those 

skilled in the.!lrt, and it is intended that the scope 

l.5 of the i"nven#ion be limited only as set forth in the 
appendedcl~~ms~ 
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#include "ima~eutil.h" 
#include 11 ~tdi.o.h 11 
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10 /* int mair((i.:rit argc, char **argv) */ 
main ( argc, ~-!t-~) 

. - . ··. :-". ~~: ~:. ,·_, . 

15 

int argc; 

char *argvJ}i.·•. 
{ 

do~le.: Sq~~f> i atan{) I Sin() I COS().,. aCOS (); 

unsi~ed :'ci~:r: :· *r, *g, 

unsi~~d :.~llar •red; 
unsi·gn~d: ··ch~r ·*green; 

*b; 

20 unsigried· ,¢11ai- *blue; 

25 

30 

int xs~z~,~''.}size; 
int xot:ri~~,', yosize; 

int i, j, .~()·, yo, xi, 

double·tii~\::~~ phi.; 
doubl.e ox:~···~Y, · oz; 

double' px:.:k:Y,. pz; 

y1; 

=~= ::t~·,,:~. t-z; 
. ,. ··.·. 

double .sl¢, :,_~y, sz; 

double ra4i:\~g; 

double xs,.:f~,, · zs; 

PCT/US'7/07331 

doubJ.e dispx,: di spy; 

int xcent{··t~ent, xnew, ynew, xpix, ypix, xpoint, 

ypoint; 
.. 

35 int xpix~l"~ :Y.P~xel, indexx, indexy, xcenter, ycenter; 
float :raa.iti.13}.focal; 

: .. :':"·· .. 
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i * prin,tf c·1ibompleted ini tializations\n \n II) ; *I 

if(argc l='.4):'(.{ 

printf(~ar~ents: xcenter, ycenter, radius\n"); 

exit c~)) .. : . 
} 

printf ( II \nn r; 
10 xcent = atoi (argv [1]} ; 

ycent = -~toi'f~rgv[2]); 
radius · = · ::~t~:E'(argv (3 J ) ; 

printf { 119mnif~i~ge: xcenter = %d ycenter = !!rd 

15 radius.= %£\n\~~\ 
x,ceri.t,> yce:i:it, {float) radius) ; 

... :; ·:~.. . ' ' 

printf. ( 11 input: view pixel [xnovel ynovel] : ") ; 

scanf{ 11 td .. td..i;.:_,· &Xnew, &ynew); 

20 print£ c11\h11JI · 

25 

30 

35 

printf (:":·sele¢~ed view pixel: xnew = %d ynew = 

%d\n\n", ~e\>l;:::~ew); 

print£ t•~~~ ~w image parameters :[xpixels ypixels 

focal] : ,;i~·i ; .. ·· ;. ·.: .. ·_. ·,: .. 
scanf ( '"~d · <%d: tf" , &xpix, &ypix, &.focal} ; 

printf _p•\n" ); 

printf :( 11.b~tput 
focal = 1d:\n \h 11 , 

image: xpixels = 

xp;i.;3:c yP:i,x, (float} focal); 

%d ypixels = %d 

loadPP~:(0'test .ppm" , &r, &g, &b, &Xsize, &ysize) ; 

printf'f1i1oaded:• omni-image file\n\n"); 
. ~ .·. . . : ... 

. · ... ',:-"- .··: 

. . ~ . .-.· 

.:;.· . 

. · . ~-·.. . .::. ·. ·. 
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xosize ~- .. xpix; 
····~ ,_::. 

yosize = :.YJ;>ixj 
.·.· .. · . 

. ··_..·,· 

PCT/US!J7/07331 
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/* printf{i1·set new img size, xsize = td, ysize = %d . ,, .. •:, . 

s \n\n", xoedze., yosize); */ 

red ... (\msigried char*)malloc(xosize * yosize * 
sizeof(UJi~i~ri~d char)}; 

green =-(unsigned char*)malloc(xosize * yosize * 
10 sizeof(un~i~~d char)); 

15 

blue .. .(ti~;~gned char*) malloc (xosize * yosize * 
sizeof (uns.~~ed char)); 

printf("~];:tocated memory for new image file\n\n"); 

·:· .. ,.·· 

ycen~er~ ·::iycent; 
·,::.·:, .. ·.>< ·:··.·.· .·: 

; .·.·: 

xpoint =:, -Y:new - ycent; 
20 ypoint =(.X:iiew - xcent;· .. ~ . . ·. 

25 

·.· .. ,, :. 

tempx = .f~ou}:)le)xpoint; 
tempy = i<d6~ble)ypoint; 

t=:e~~~~~:::~:~; -(t""-*tBm!'~ + 
:,·_.'. '.~: ;_:.· . :· 

ox = t~m~i/s'c;irt (tempx*tempx + tempy*tempy + 
tempz *temPzf,f: 

oy = t~mpyf~qrt: ( tempx*tempx + tempy*t~mpy + 
3 o tempz*temp;}-!· : 

35 

oz= tempz/i:tqrt:(tempx*tempx + tempy*t~rnPY + 
tempz*temp-~).; .· 

/* comput~(ii.;optical (z) axis */ 
·-.. ·.·.·· 
·.; 

....... <··:-· 
tempx 
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tempy = ox; 

tem:pz = O; . · 

-26-

px = tempx/sqrt(tempx*tempx + tempy*tempy + 
5 tempz*tempzlr ··.· 

10 

py = tempy/"qrt(tempx*tempx + tempy*tempy + 
tempz *tempz )• r : .. 

pz = tempz)~qrt(tempx*tempx + tempy*tempy + 
·.:' , .. 

tempz*tempz); .. · 

/* oomputeghc:>rizontal axis*/ 

tempx = py•Oz - pz*oy; 

tempy = P.:z·t·c>~ · - px*oz; 
15 tempz = P:X:~<?Y - py*ox; 

qx = temp:i/~qrt(tempx*tempx + tempy*tempy + 

tempz*tempz):i: 
qy = tempy/E)qrt(tempx*tempx + tempy*tempy + 

20 tempz*tempzl} . 
qz = tempz/s~rt(tempx*tempx + tempy*tempy + 

tempz*temp2:Y; . 

/* computed.ye;-tical axis */ 

PCT/US97l07331 

25 

printf ( 11 c~~t:~d perspective image frame\n\n"); 

I* raster ·~<i~n perspective image pl.ane *I 
·.·.·. · . . · :: .. >· . 

30 for(i=Oti;<~ix;i++) { 

35 

dispy ~: ·cdouble) i - Cdouble)ypix/2; 

for { j = O ; j <xpix; j ++) { 

dispJc ;;,,, (_double) xpix/2 - (double) j; 

sx = \¢::X' * :~ocal + px * dispx + qx * di spy; 

... : .· ·. 

~:-:"'.-·<·· · .. 
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sy ·=- 'oy,·~ focal + PY * dispx + qy 

sz .;,;·.oz>* focal + pz * dispx + qz 

:.:._·;.-

mag:·~· s'<lrt fsx•sx + sy*sy + sz*sz) ; 
.. -~:. 

sx = sxf~~g; 
sy =;sy/iltag; 
sz = ·'sz/~g; 

.::::<,: 
··: .. :.·_·: ... ; 

* dispy; 

* dispy; 

/* co:mP~ted vector in direction of current pixel 
·:.·;:::·-.:: 
; ... ~- . . . 

phi =·· atail2 (sy, sx) ; 

thetaX=..'..a:·~:as {sz/sqrt (sx•sx + sy•sy + sz*sz}); 

.I* cd~J~.rt~d vector to polar coordinates *I 

rad ·.~>2~radius• <1-cos Ctheta> >I c1-cos c2•theta) >; 
.. ·.:··.,·.' 

/* fo-tihlt'radius of intersection on parabola *I . '. :.-:··-.···:, . 

.. :/·.:: :· 

xs =. f~~-~~in(theta) •cos (phi}; 

ys =<.~~d~sin (theta) •sin (phi) ; 

.. :,.J'·." 

I* f ()~d;.:i, y, z coordinates on paranoloid * / 

/* printf{c.i:X:~ = %f ys = %f zs = %f\n\n", (float)xs, 

Cfloat)ys/>ctiriat)zs); */ 
·,-._., 

3 o I* use. :xs·, ys , to read from input image and save in 

output i~ge }'./ 
. . !.:··::·· 

•.:. 

/* oh~~k\~£ image point lies outside parabolic 

image */ 
35 

if (sq;-'t: (~~~-"s + ys*ys) > radius) { 
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·. -~~ ·,;: ·.: .: ... 
· . .-.·;.:· .. 

··. "··:·.-:·.-.:;.·.,, 

'redfi * xpix + j] = 255; 

.9-z-t!!E;:n [i * xpix + j 1 = 255; 

i>1tie'[i * xpix + jJ = 2ss; 

else.{ 

<:i.nde'Xx: = (int) ys + xcenter; 

in~eiy,':~· (int)xs + ycenter; 

/* ·.· ·>~ii.rit~·( "one pixel \n\n"); *I 
.· ··.:.·':·': 

PCT/US97/07331 

·. ·.'I~!.- ~ite closest color value into pixel * / 
;::::· ... ; ... 
~ ·: /-./ ~.:· '. 

<·: /f~d··ri * xpix + j] = r[indexy * xsize + 

indexx] ;· 

',::?gree,n[i * xpix + j] ... g [indexy * xsize + 

inde:xxl; 

._:. 't bl.ue·[i * xpix + j J - b [indexy * xsize + 

indexx) ; .••. _. :;· , /·_;-" •· 

} 
: . -~: -~ . 

.... 

} ·· . 
. . ··~<· .<</· . 

} 
. · ............. . 

·.' ,~:- · ...... ; ... 

prin~f (" ~d~puted perspective image \n \n 11 ) ; 

saveP~M ( ~-~t .ppm", red, green, blue, xpix, ypix) ; 

print£; (•;saved new image file\n\n" >; 
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free(r); 

free(g}; 

free(b); 

5 free (red) ; 

free (green) ; 

free{blue); 

-29-

printf("freed allocated memory\n\nrt); 
10 

return O; 
} 

15 

PCT/US!>7/07331 
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Claims 

An omnidirectional imaging apparat~s for sensing 

an image of a substantially hemispherical scene 

from a single viewpoint, comprisixlg:i 
(a) a truncated 'convex substantiatly paraboloid­

shaped reflector positioned·t:o· 

orthographically reflect an.image of said 

substantially hemispherical ~·cene, said 

paraboloidal reflector having a focus 

coincident with said single viewpoint; and 

(b) an image sensor positioned to. receive said 

orthographic reflection of said image. 

. :-~·: .. :. ' -.. 

An omnidirectional imaging appa:rabis according to 

claim 1, wherein: said image sensb'f·'comprises a 

charged coupled device image sensor. 

An omnidirectional imaging apparatt.is according to 
claim 1, wherein said image sen~or· comprises 

photographic film. 

An omnidirectional imaging apparatus according to 

claim l., wherein said image sensor comprises a 
video camera. 

An omnidirectional imaging.apparatus. according to 

claim 1, wherein said reflector;qpmprises a 

substantially paraboloidal mi~rq~:having a surface 

which substantially obeys the eqil,ation expressed 

in cylindrical coordinates 
h.1.-z.1. z _ .. ,, ' 

- .. ---; ~2...,.h- , z being 

an axis of rotation of said su~f~be, r being a 

radial coordina:te, and h being i constant . 
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An omnidirectional imaging apparatus according to 

claim 1, wherein said reflector has an axis of 

rotation and comprises a mirror truncated at a 

plane which is substantially perpendicular to said 

axis of rotation and which includes said focus of 

said reflector. 

An omnidirectional imaging apparatus according to 

claim 1, wherein said image sensor is positioned 

along an axis of rotation of said reflector. 

An omnidirectional imaging apparatus according to 

claim l, further comprising a transparent support 

coupling said reflector and to said image sensor 

to maintain the relative positions thereof. 

An omnidirectional imaging apparatus according to 

claim 1, wherein said image sensor provides an 

image signal representative of said 

.orthographically reflected image, further 

comprising an image signal processing apparatus 

coupled to said image sensor to convert said image 

signal into image signal data and to map said 
image signal data into a cartesian-coordinate 

system. 

1 10. An omnidirectional imaging apparatus according to 

2 claim 9, wherein said image sig~al processing 

3 apparatus further includes intetpolation means for 

4 providing interpolated image data, whereby said 

5 interpolated image data and saic:l image signal data 

6 are combined to form said digital image. 

l 11. An omnidirectional imaging apparatus according to 

2 

3 

claim 10, wherein said image processing.apparatus 

further includes means for zooming in on a 
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preselected portion of said digital image to 

thereby provide an enlarged image of said 

preselected portion from a predetermined focal 

distance. 

An omnidirectional imaging apparatus according to 

claim l, further comprising at least one lens 

optically coupling said image sensor and said 

reflector and positioned between said image sensor 

and said reflector. 

An omnidirectional imaging apparatus according to 

claim 12, wherein one of said at least one lens is 

a telecentric lens. 

An omnidirectional imaging apparatus according to 

claim 12, further comprising a telecentric 

aperture optically coupling said image sensor and 

said reflector and positioned between said image 

sensor and said reflection. 

An omnidirectional imaging apparatus according to 

claim 1, further comprising an additional 

truncated convex substantially paraboloid-shaped 

reflector positioned to orthographically reflect 

an image of an additi..oiial hemispherical scene from 

said single viewpoint,:said hemispherical. scene 

and said additional hemispherical scene being 

complementary to one:.another so that the 

combination thereof is a substantially spherical 

scene, and an additi9nal image sensor positioned 

to receive said orth6gx-aphic reflection of said 

image of said additi;Ph?.l hemispherical scene. 

1 16. An omnidirectional imaging apparatus according to 

2 claim 15, wherein said reflector and said 
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additional reflector are positioned back-to-back, 
having a common optical axis and a common focus 
point, and wherein each of said;reflectors 

comprises a mirror truncated at a· plane which is 

substantially perpendicular to ~ciid optical axis 
and which includes said common fpcus point. 

1 17. An omnidirectional image projection apparatus for 
2 projecting an image representative of a 

3 substantially hemispherical scen~_as viewed from a 
4 

5 

6 

7 

8 

9 

10 

11 

12 

single viewpoint, comprising: 
(a) means for projecting said i~ge as a 

collimated beam of light modulated with said 

image, and 

{b) a truncated convex substantially paraboloid­
shaped reflector positioned:to 
orthographically reflect saf.~ collimated beam 
modulated with said image to thereby project 
said substantially hemisp~¥ical scene. 

1 18. An omnidirectional image projection apparatus 
2 

3 

4 

5 

6 

7 

according to claim 17, wherein said means for 
projecting said image comprises a:transparent 
medium bearing an image of said ~~stantiaJ.ly 

hemispherical scene, and a collimated light 
source, said medium being positioned. between said 
collimated light source and said:teflector. 

1 19. An omnidirectional image projectioi::l apparatus 
2 

3 

according to claim 18, wherein:s~id transparent 
medium is photographic transparen6y. 

1 20. An omnidirectional image projec:~or:.:apparatus 
2 according to claim 18, wherein. '.sa:i.d. transparent 
3 medium is a liquid crystal display. 
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1 21. An omnidirectional image projection apparatus 
2 

3 

4 

according to claim 17, wherein said means for 
projecting said image comprises a computer and a 
video projector. 

1 22. An omnidirectional image projection apparatus 
2 

3 

4 

s 

6 

7 

8 

according to claim 17, wherein said reflector 

comprises. a substantially paraboloidal mirror 
having a surface which substantially obeys the 

equation, ex.pressed in cylindricai coordinates, 

h~-r~ z=---
2h 

z being an axis of rotation of said 

surface, r being a radial coordi·nate, and h being 
a constant. 

1 23. An omnidirectional image projection apparatus 
2 according to claim 17, wherein said reflector has 

3 

4 

s 
6 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

l.1 

12 

:L3 

24. 

an axis of rotation and a focus and comprises a 
mirror truncated at a·plane which is substantially 
perpendicular to said axis of rotation and which 
includes said focus of said reflector. 

An omnidirectional image project.ion apparatus 
according to claim 17, further c61nprising means 
for projecting an additional image as an 
additional collimated beam of light modulated with 
said additional image, said add!.tional image being 
representative of an additional substantially 
hemispherical scene as viewed f rbm a single 
viewpoint, said hemispherical sqene and said 
additional hemispherical scene :l;>eing complementary 
to each other so that the combiri.ation thereof is a 

substantially spherical scene, 'and an additional 

truncated convex substantially p_araboloid-shaped 

reflector positioned to orthographically reflect 
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said additional collimated beam of light modulated 
with said additional image to t.l'lereby project said 
additional substantially hemispherical scene. 

An omnidirectional image projection apparatus 
according to claim 24, where~n said reflector and 
said additional reflector are positioned back-to­
back, having a common axis of ±:citation and a 
common focus, wherein each of said reflectors 
comprises a mirror truncated at·a plane which is 
substantially perpendicular to'~~id common axis of 
rotation and which includes sai(i common focus 
point. 

An omnidirectional imaging method for sensing an 
image of a substantially hemispperical scene from 
a single viewpoint, comprising · "th,e steps of: 
(a) orthographically reflectiri!;J_an image of said 

substantially hemispherica.i:scene on a 
substantially paraboloid-shaped reflecting 
surf ace such that said single viewpoint of 
said scene coincides with a focus point of 
said reflecting surface, and 

(b) sensing said orthographically reflected 
image. 

The method of claim 26, wherein fJtep {b) comprises 
sens:i.ng said substantially orthographically 
reflected image from a position ~long an axis of 
rotation of said reflector. ····::" 

The method of claim 27, furth~r, ,~omprising the 
steps of providing an image si~~ which is 
representative of said orthograp~ically reflected 
image, converting said image signal into image 
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signal data, and mapping said image signal data 

into a cartesian-coordinate system. 

The method of claim 28, further comprising the 

steps of interpolating said image signal data to 

define approximate values for missing image data, 

and forming a digital image from said mapped image 
data and said interpolated image data. 

The method of claim 29, further comprising the 
steps of zooming in on a preselected portion of 

said digital image to thereby obtain an enlarged 

image of said preselected portion from a 
predetermined focal distance, interpolating said 
image data to define approximate values for 
missing image data, and forming a digital image 
from said mapped image data and said interpolated 
image data. 

The method of claim 27, further comprising the 
steps of orthographically reflecting an additional 

image of an additional substantially hemispherical 
scene, and sensing said additional 
orthographically reflected image. 

A method for projecting an image representative of 
a substantially hemispherical scene as viewed from 

a single viewpoint, comprising the steps of: 

(a) projecting said image as a collimated beam of 

light modulated with said image, and 

(b) orthographically reflecting said collimated 
beam of light on a substantially paraboloid­

shaped reflecting surf ace such that said 

single viewpoint of said image coincides with 

a focus point of said reflecting surface. 
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1 33. The method of claim 32, further cqmprising the 
·.: ;: : '~ ::. . 

2 

3 

4 

5 

6 

7 

8 

steps of projecting as an additional collimated 
·.· ... .-.: 

beam of light, an additional image representative 
.-. '·-:.-

of an additional substantially h6,1Ui~pherical scene 

as viewed from a single viewpoint?~ and 

orthographically reflecting said:-~dditional 
collimated beam of light to recr~ate said 

.: ~f' ; 

additional substantially hemisph~j:ical scene. 

1 34. The method of claim 32, wherein the projecting 

2 step comprises projecting a collii1la,ted beam of 

3 light modulated with said image through a piece of 

4 photographic transparency bearing said image. 

1 3 5 . The method of claim 32, wherein the projecting 

2 step comprises projecting a collimated beam of 

3 light through a liquid crystal display. 


