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-1- Description

Omi directional |maging Apparatus Not i ce of. Gover nnent nghts

The U.S. CGovernnent has certfain rights in this ‘invention pursuant to
the ternms of the National :Sgience Foundati on Young I nvestigator Award
and the Depart MO743834 of ‘Defense/ OfFfice of Nucl ear Resear ch REFUSIERZAL No.
00014-95- 1- 00601. ‘Background of tha-lnvention 1. Field of the

| nvention 10 This i.nvention relates to_omidirectional inmage

sensing and projection with reference to a singl e vi ewpoi nt, and, nore
particularly to such inmage: sensing and projection using a truncated,
convex, substantially -quaraboIoiqishggeg.reflector. 15 2.

Di scussion of the State ofithe Art =SBSEIREIOR. pny applications such as
surveill ance, teleconferen0|ng, renote sensing, photogrametry, nodel
acqui sition, virtual realidni i ar@Gly ne vision and
robotics, it is desirable:th: -

Notice ofmGovernment Rights
: i qovernment has certain rights in this

inventlon puréﬁant to the terms of the National Science
Foundatlon”Ybung Investigator Award and the Department

5 of Defense lece of Nuclear Research MURI Grant No.
10
more particularly to such image sensing
sing a truncated, convex, substantially
15
1rtua1 reality, computer_graphlcs,
20 nd robotics, it is desirable that an

imagingisy_ em:have a large field of view so as to be
- able to .take
the world. hround it.

Tradltlonal imaging systems lnclude a camera with

as much information as p0351b1e about

25 & lens tha: prov1des a perspective prOJectlon of an

image. wae er, a camera with even a very wide angle

lens has onl limited field of view (1 e., covering
less than a fuil hemisphere). This llmited field of
view may be expanded by tilting and pannlng the entire
-ebput its center of proyectlon One
'HeScribed in S.E. Chen, "Quicktime VR -

30



irré('ji ng system have a large field of view so as to be

able to take in

as nuch information as possi bl e about the world around it.

Traditional imaging systens-include a camera with 25

a lens that provides

a perspective projection of.an i mage. However, a canera with even a
very wide angle | ens has=only a limted field of view (i.e., covering

| ess than a f WOIH®BS4sphere),  This linited field of

Vi POTOSY? 17851

expanded by tilting and panning the entitz- 30 I magi ng system about its

center of projection. One::. - such systemis described in S E. Chen,
"Quicktinme VR - 5 WD 97/ 43854 )

PCT/ US97/ 07331 Fe -2- An | mage- Based
Approach to Vi rtu Env ro.h nt :yqtt ri & Proc. of SI GGRAPH 95,
(8):29-38, Augd®t ';ﬁ@__-“PPlﬁ%c*értt‘? Etypl| EoRERPRPERE and G Bi shop,

"Pl enoptic I\/bdeNavmgatAnnl
G aphi cs: Proc. 1@‘9 GG%ﬁgHa

traditional pan- -t | |t type o
dr awbacks, 11"" Uﬁ@e?aé‘i‘fﬁg %e‘“ﬁ‘@ﬁ Basgedi &

with a devie ICompugeer
si gni ficant amaulyeof abf

to view the surrounding: -
devi ce unSYistsm-e EFhis

EeBasmﬁi SIGERAPHN Q5 Sy {8En29-36, Rcamgrut er
r#%% Pﬁllan §9G46B 0 descri bes a
yste ﬁi a?

system g two serious

Systemfoi at ed

aphi.csmw:rtg: paft SIGERAPH)eAdfust sxemmd ppri ng t he
ég&ﬂgf%i g%ﬁadltlgﬁgf ﬁ?.{xuiﬂd Iqhation in order

ati on nmakes such a
SR &é‘-&F“l Bagj bNQ serious drawhaskser

approach to i ntowevery the -_-5eiahgl tHe \dbedious disadvantages associated

with a dev ce

ving critical moving parts, and the

i0 second bein the 51gn1f1cant amount of time requlred to

' real-time applications.

15

-

20

25

'proach to increasing the field of view

8 dlsclosed in E.L. Hall et al.,

2l Viewing Using a Fish Eye Lens”, SPIE
Illumination, and Image Sensing for
f(1986), pP. 250. 8Since the fish eye lens
it focal length, the-fiéld of view may be
hemisphere. The use of such lenses in an
m' is problematic, however, in that they
':tly larger and more complex than

énses. Moreover, it has been difficult

- 5,187,66? Flmmerman, and U.S. Patent No. 5,359,363

30 _
disadvantage

Other prior art devices have used reflecting

surfaces to: ncrease the field of v1ew One such prior

art device
35 ' Directiona
Memora@h:m

fdlsclosed in V.S. Nalwa,;"A True Omni-
ewer", ATT Bell Laboratories Technical
L0115500-960115-01, Jan. 1996.

Nalwa



15 in an imaging systemis by 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 . 728 Optics, Illum nation, and | mage Sensi ng
for Machi ne Vi sion (1986) p. 250. Since the fish eye lens 20 has a
very short focal length, the field of view may be as l'arge as a -
hem sphere. TWOYI4E54f: such | enses in an i magi ng syst enRGIUSI7/07331
probl enatic, however, in that they age significantly larger and nore
conpl ex than convent i‘onal |enses. Moreover, it has been difficult 25
to develop a fish eye Iens W th a fixed viewoi nt for all points of

t he rel evant scene U. S ‘Patent No. 5, 187 667 to Zi nmerman, and U.S.
Pat ent No. 5,353 t0 Kuba | so _di ec ed to the use of
fish eye | ?ﬁ‘é o rtétﬂ ACE 8gn n%*%}ﬁ%lp faf§ mechani sms,

and accor di ngl yseufaees fimpmonjunchien with dnslddodie &Qeyged Coupled O her
prior art devi casvi@ye( L@mﬁ-.)reaheeaweo obtafwraf a@osdbgreacwaé@aﬂe field

of view. One such o art d c.Io Nal wa, "A
Ut ani - 5o “HifeRiefn 50 geBke Bihd bt HeisdiitscR1 sdand o
Menor andum 5BLC8RE6DBLBUILS ipiNaJwa, 006 plavamanirrors are WO

97/ 43854 arranged in the shape of a pyramiBCT/vﬂégﬂbﬁz?’é&mera

- 3- di scl oses the" S?‘nﬁ'{’ nmul ti e%ﬁl nar, reflictl ng surfaces
in conjunction RFtRE RAFHHONEE,aPERY &3 € ToHEVPCRURTCCD') caneras to
obtain a 360 degeébeeggnggﬁnd@s, and with each camera viewing slightly

more than 90 :grees by 50 degrees of the hemispherical

10 scene. Th&sﬁsttem suffers from the serious drawback

of requiﬁiﬁgt éltiple sensors to capture a

hemisphetic"iimage In addition, this system suffers

from the" herent problems associated with distortion
at the “seam . when the separate images are combined to
15 provide a: fu .. 360 degree view.

Cqﬁv flective surfaces have also been used in

”hfkiﬁh'image sensors. It is well known in

20 "f=§ een from a single v1ewp01nt is a plane

: hrough the midpoint of the line segment
‘ns and the viewpoint, with its normal in
pf the line segment. Thus, for

25

30
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I fage of a 50 degree band .of a hem spherical scene. 5 Specifically, in

Nal wa, four planar mrrors are arranged in the shape of a pyramd,
wi th one canera bei ng pgsitioned above each of the four planar
reflecting sides, and with each canera view ng slightly nore than 90

degrees by 50 degrees of the: hemi spherical 10 scene. This system suffers
fromthe seri ¥@IWBBMback .~ of requiring multiple sensorsPCOUSHITIMe a

hem spherical image. In addition, this-astemsuffers fromthe

i nherent problens associated-w th distortion at the "seams" when the
separate images are conbined:to 15 provide "a full 360 degree view.
Curved refl ective surfaces ve al so been used in o conjunction wth

' Kkn r. .that
ber apect1ve. pr BPRLEE FERgns " Ritnign coprdcaf 4 d B fkath Thenthe
generate an i mage369 Q@HreqsuaMNDﬁbdnas eebnu¢ernxﬂxﬂﬁqymgnaﬂempegﬁt is a

- plane Whi gBnBads SBEcd i e tftialm SEOiri‘éwois tmuiaetae byeeHENt
- between the lens_and the vre;aﬁg ? S the direction
" of the line seYfEReX 3RFAR o fhe °°nlﬁ§ sﬁ%ff?ﬁ H,e5PFoﬁleHﬁ99curved

surface wi Bl Zanglﬁecésths|dqmdravéenaLt|Ehethe1qu§.nﬁs discussed Both Yagi
et al., "Eval ughbpa, Brderddedidny ot kﬁa curvedNSFfAldeOau1tEagki ng Vertical

Edges in d| ectjonal 1-ma uence ernati ona
Co%ference on éggg SHUERU ‘-?EB JEnR ?Exﬁ%eﬂf°¥§§ Q?EB% CMB Yagi et

al ., "Map- Basehehaglga¢ixniécN'MaltlpleN@beWnpinﬂancanﬁbhsignuﬂ&centlonal
| mage Sensor CGBhSoreion adfiletisusaos 00e Mibfaokicn aRd AUt ot on,

Vol . 11 di scl ose a coni cal g!ectlon I mage
sensor (ORI 9) tm%%ws%% of & &&PQ?eF?eE?‘F‘?fbs%’FFaG S38Cene AR ot her
i mages fron1theieuedoﬂnmnmgsamgﬂBOMMQNDQiuMd processes the information

to guide the naVlgaiéﬁﬁhéWa t al., "Obstacle Detection With
Omnldlrectiﬁha

Internatlon 1 Conference on Robotics and Automation,

15 Oct. 1995, 'p’”_

in the COPI 8 stem which involves the use of a
hyperb0101dali

surface. As d”scusaed therein, the rays of light which

mage Sensor HyperOmni Vlsxon" IEEE

;62 disclosges a purported improvement

“flectlng gsurface in. place of a conical

are reflect off the hyperboloidal. surface no matter

20 where the’
single poiﬂt thus enabling perspectlve viewing.
Although the= ge of a hyperboloidal mlrror is
advantageous iu that it enables full perspectlve image

nt: of origin, will all converge at a

sensing;, becauae the rays of light whlch make up the
25 reflected 1mag°ﬁconverge at the focal point of the
reflector, posifioning of the sensor relatlve to the
- reflectlng surface is critical, and any disturbance
will 1mpa1r~the image quality. Further, the use of a

¥p103ect1on model 1nherent1y requires that

perspective r
30 as the dis”ance between the sensor’ and ‘the mirror

increases, the cross- -gection of the mlrror must
increase.
that in order to keep the mirror at=

the mirro: must be placed close to. t,efsensor. This in

P,Therefore, practical cons;deratlons dictate
“reasonable size,

35 mpllcatlons to arise w1th respect to the

deéignfo the ‘image sensor optics. In addition,
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- 4- nobi |l e robot. Although COPIS is able to attain view ng I n
360 degrees, it is not a true omidirectional image sensor because the
field of viewis limted byt vertex angle of the conical mrror and
by the viewing 5 angl eof the canera lens. Furthernore, as di scussed

above, reflect WR9WP854t he curved surface results in mul t PET/ESITA07331
vi ewpoi nts, the |ocus of Vi ewpoi nts for aseone being a circle.
Mul tiple vi ewpoi nts cause:signi ficant di stortion and require conpl ex

mani pul ation and 10 tran
viewed froma single viev
Detection Wth

_;' tion of the image to reconstruct the scene as
' Yamazawa et al., "Cbstacle

. Oomi.di-t '.-'l t| on n s, ", | EEE
| nt er nati onal CBRPBFrBACRTY efi?o cs anggﬁ]?% ok ron, fgny g‘P%E%QQS .
1062, di scl oses compliepocabibyatgics dwento the m#\ilfﬁa ‘afotihe §9§F§ﬁ9@\ﬂgch
I nvol ves t he usgmggea 1yper bol oi dal reflecting surface in place of a
coni-cal surface As;.di:scusse erewn e S of Ji.ght which
are reflected off th@hﬁyﬁé‘?‘_’ﬂ‘% I"%Er?ﬁi‘%f ?%réﬁ'{ecre% alg‘w%?re t he poi nt
of origin, W || pabidenzergelntommidirecsional WwAging Epparesus| that
perspective vi e‘ﬁ.‘sn&apable &H’éﬁi&l‘?xgt Besuﬁﬁt&fxt:?ampfl{é&mS@ﬂhé&thU ror 1s

dvant t hat bles full t
because i ho ray8cohe) FERR AP RpIRITaeHROtRE. ootiesd Hires ARTC Bohver ge

at the focal poitot aghietie an imagaﬂgesyetgmpmmhmh repyofsefleetednsor
relative 1o theporeohChbEeLt \_aséatw{t 1349 'ﬁeﬁiéﬂﬁéﬁcala%eﬁakghsbérbance

will inpair the’inage quall Furt her
per spect i véfr oVdEFEBn b bﬁeﬁ%’i‘?ee‘g 37953“ FFEBOUE t he distance

bet ween t he sen&equaﬁﬂngh"” érmconstrucnmonames;ompiemrf@'smesect|on of the
mrror nust erhASESERE loﬂ'herefore practical considerations dictate
that in order to keep the ror at a reasonabl e size,

15

20
hemisph 'ene, where the reflector’s focus point
is coinc w1th the single viewpoint. An 1mage
sensor ig positioned to receive the orthographic
reflecti' ' _. -

25 Inﬁ 'diment of the 1nventlon, the surface of

expresse: ylindricél coordinates, where r is the

radial coo dlnaté, z tﬁe axis of rotatibn, and h is a
30 constant. _fthe equatlon represents a symmetrical
surface of rotation, the shape of the surface is not a
functlon;' 'angular coordinate ¢. 'The reflector is

truncate: lane which is substantially



the mrror must be placed close to the sensor. This in 35 turn causes

conplications to arise with respect to the desi gn of the inmge sensor
optics. In addition, - WO 97/ 43854

PCT/ US97/ 07331 - - 5- mappi ng sensed
| mage to usable coordlnates‘_equires conpl ex calibration due to the
nature of thewosssying | . inage. The above- desecmnsﬂmpmmor
art devices fail to 5 prOV|de a trul ygomidirectional inaging apparatus
t hat i s capabl e of sensing a substantially hem spheri cal scene
froma single viewpoint. These devices also"fail to achieve an

i mgi ng systemin which any. sel ected portion of a substantially

hem spherical scene can be 10 viewed, or th scene can be panned, both
wi t hout rRRFRENHG AT ECr Ehe ngt3% A shichnipsiudeanthe
transformati onfocus poingl JeOpaidlbolsiRill reflbztor. Thdhimaewbacks of

the prior art, q}sicu%se 1y2£83/fti q[eﬂ %lilg%%a g%{:xc&{rproyed by the

present |nven 1 on, '-ICEH Irec
i magi ng appar anwmanwgualeﬁr wheht e s%lﬁ?@i@ntqfal"—hy reflegbembol oi d- shaped

refl ector @05|t|ongg,gg‘%Qempga§pqah&aﬂﬁﬁﬁhky EQE|QﬁbiénséﬁQ6E3£§ a

substantially electég%?-sp_%7§%§Liécene where t.he ng ﬁO{sS focus poi nt

£ the orthographically reflected image.

ed ani image signa

representa;

This imagé”sighal is digitized and transferred to an
image . proce551ng'apparatus The image processing

10 apparatus 18; Pantageously adapted to enable viewing
of any porpl of the hemispherical scene, enlarging

portions of th .scene, and panning of the scene from a

15
orthographlc'
hemlspherlca
20
25 In ﬁf é'tﬁbédiment, the reflector and the

eflector are positloned back-to-~back, and

- have a common: ~axis allgned with the optical axis, and

a commonf"“ 3 point. Each is truncated at a plane

which is substant1ally perpendicular tc the common z-
30 axis and whi ; 1ncludes the common focus point.
1 pect of the present invention is an
omnidirectional image projection apparatus for
projectin ﬁan¢ mage representing a substantially

hemisphé";w cene as viewed from a single viewpoint.

as ect onal image projection apparatus includes

a colllmated'l ght source behind an transparent medium




Is coincident with the single viewoint. An inage sensor is.

positioned to receive the orthographic reflection of the imge. 25
I n one enbodi ment of the invention, the surface of the reflector
substantial ly obeys the equati on, z =Jerr]
expressed in cylindrical coordinates, where r is the radi al "
coordinate, z VPP of rotation, and h is a 30 const ant . PORUSIHRTIN
equation represents a symetri cal " sufface of rotation, the shape of
the surface is not a “function of the angular coordinate [err]. The
reflector is truncated at a plane which is substantially

WD 97/ 43854 PCT/ US97/ 07331

endlcular to the z axis .a i ch .incl udes the f ocus

-6- nd.
point of the pgégﬁkﬁ?nﬁﬁﬂ1Q%§FI8 { 3 hemygphe ?&é%} scenesofo?®i preferabl y
positioned al origreieetpta cgllipaced beammtrﬂ-mmmosi@@awedh(smetzamys of

the reflector. afa poss:.bllyn;_téﬂpSi‘SﬂﬂﬁWﬂH é‘ﬂﬁembe,tgﬁd'émge sensor is

el ectroni c and provi des. an.. |nage n resentative of the
or t hogr aphi cal | ¥ FE &t & “gsg at% Gémg'f’@ﬁan‘? igitized and

transferreddto reflector. p s;tioned to orthographlcally reflect the
collimated: beam of light modulated with ‘the image, and

thereby prOJéct the substantlally hemlspherlcal scene.

10

15

spher1ca1 scene. An addltlonal truncated

20

25 .
the focus poxnt

- The pr' ent invention: also prov1des a method for
sensing an age of a sub-tantlally hemﬁspherical scene

from a s1ngl viewpoint, whlch in an exemplary
30 embodiment

reflecting'a ‘image of the’substantially hemispherical

mprises the steps of (a) orthographlcally

scene on a subStantlally parab0101d shaped reflecting
surface such that the single V1ewp01nt c01nc1des with
the focus po nt of the reflectlng surface, and (b)
35 sensing thewp__pographlcally reflected_;mage. Step (b)
ap}ing the substantially orthographically

may include



| mage processing apparatus._The i mage processing 10 apparatus is

advant ageousl y adapted to enabl e view ng of any portion of the

hem spheri cal scene, enlarging portions of the scene, and panni ng of
the scene froma pr edet er m ned vi ewpoi nt. Anot her exenpl ary
enbodi nent of the invention 15 includes an additional truncated convex
substanti al | y W097/4388¢ abol oi d- shaped refl ector positioned to PCTUSIT07331
orthographically reflect an inmage of an agditi onal hem spheri cal scene
froma single viewpoint. The hem spherical scene and the additional
hem spherical 20 scene are conplenentary to on another so that the

conbi nation thereof is a spherical scene. An addi ti onal inmge sensor
is positioned to receive the . i mage which is orthographically reflected
from the Fedlersnd ivage cE¥em a position ajqngHihe OWd@aIeAXist he
"reflector and idfethe reflldetébenal reflector are positioned back-to-back,

o fonaYe 2 COMHNAAEHLS LLINedViebloblfet S Und gl 2

common focus point u
~ substantially ﬂ@tﬁeﬁdtbe__ eoutq?éam iur!aber sbers afd prevadingc| udes
the conmmon sf ocan Aaage. slgn 1 ‘which\i@ Reprasgreat Dfe Id¥ gHeesent invention

s an onnldl CtIO l Q t,on appal al rOJectlng
i an i mage represen?’o H%ﬁ%%£39¥ é;ﬁ%fé% lmaﬁ3h1s?ﬁlégkﬁﬂgigggnémg vi ewed

froma single ﬂlewpéu anto3bnagaidatammappangi thel inaggdateointoi 8n
apparatus incl @&%esmn-aos:@aiﬂa[@é rgtied)t iROHESE1 G HS E KRN imagRsSpar ent
redi um ng 43?_5_4 a digital image fr.;om the mapped image

PCT/ US97/ 07331 9ata, and
nterpolated image data. If desired,

10  data and the
after specifY1ng a viewing direction, a focal length,

and an 1mag: s:ze, this selected portion of the image

can be zoomedfln on before performing the interpolation

step. g ::'
15 Finally,
gﬁhpd there is included the further steps

in yet another exemplary embodiment of

cally reflecting an additional image of a
- hemispherical scene on an additional
;y péraboloid-shaped reflecting surface such

substanti#d
substantia
20 that the s
coincides

le viewpoint of the additional scene
with'a focus point of the additional
reflectiné suiface, and sensing the additiomal

orthograp“

The .

25 projecting an image representative of a substantially

1ly reflected image.
it invention also provides a method for

hemlspherlcalfécene as viewed from a single viewpoint,
'kemplary embodiment includes the steps of
‘a collimated beam of light on a
substantially ‘paraboloid-shaped reflecting surface
30 modulated spatzally and possibly temporarily) with the
image, and (b) orthographically reflecting the
colllmated beam of light modulated with the image on a
'gparaboloid-shaped reflecting surface such
'ie viewpoint of the image coincides with a
'f;the orthographic reflecting surface.

substantlaz”
that the_“
35 focus poi:




havi ng an i nage of a hem spherical scene, so as to project a

col li mated beam of |ight nodul ated (spatially and possibly
tenporarily) with the inmage, and a truncated convex substantially

par abol oi d-shaped 5 refiector positioned to orthographically reflect the
col | i mat ed beam of |ight nodul ated with the inmage, and t her eby proj-ect
t he substanti aM3? H@ﬁgspherlcal scene. Anot her exenfEY§97/07331
enbodi nent of the omnidi rectional ifmge projection apparatus includes
an 10 addi tional |ight source and inmage-bearing transparent medi um
so as to project another. col'li mated beam of | i ght nmodul ated with

anot her i mage representl ng‘an addi tional substant i ally hem spheri cal
scene as viewed- mea: Si e vie herical scene and
15 . the additi onal Aﬁlem sph%’r‘e'gé*ai%eﬁ'g%gr"g‘egs ? Er@ ?/g? 0 each

sc]gelne An addlatddirtabnan'asmmated 11@@&%&&%5&&1\51&@&'%&}@@{30' oi d- shaped
reflector is

esitioped:to ortho hical Ly reflect, the additional 20
col | i mat ed bearﬁdgfllgllf’ﬂﬁ RS ‘f?’iﬁs(ﬁ%&#lyﬁe ofVah | ‘ﬁ“rtt’r heni spheri cal
scene. The & ef Imﬂnandllhehemlspmqailoﬁaeneeak ectewedirfrquosi t i oned
back-to-back, ai%gle v:LQﬁﬁ'SSJ.ﬁ‘t C%H@%Mbgﬁﬂbhﬁéﬁl PNk 0 LATHY ¢ g@CUS poi nt..

su

Each is truncat%% %é %ﬁ? %nf%vvhl ch, i,s t al | (b'érS edoerl%%n h%”' ar to
c The

the optical axi®S
present invent idgdisionadrimage <o prsdiect t-bf-' addltm‘ési ng an i mage of a
substantial ly hﬁmlspheueai” SENE which fiEOBbRApSemehEay RWYURA! orpli-ch in an
exenpl ary %0 18 odémer}t i ses the steps of (a) orthographically
reflecting an i ﬁﬁ‘d FEERR” {%"s"teant i al |y heni spheri cal scene on a
substantially & : awi surface such that the

sur face. and ( g OEﬂE‘"Hﬁr““ é“'t‘b°e‘“3'ret“we°§°€“§ ‘fg"toflé‘tc‘%g‘t&%' SRR
w@eéu 52 3%??5% it | £hd g

b sensi-ng:
(b) may i ﬁ)&ﬂgdﬂ 8e’ﬁ§;‘h_ c&m]‘
15
in whidhi araboloid-shaped reflector is connected too
an imagé}_ sdr ‘by a transparent suppert
20 _Figiﬁ’ an isometric view of a: ‘paraboloid-shaped
reflector mo =éd.on a base plate;

Figi'_' jé'partially isometric #iéw of a
paraboldia haped reflector mapped 1nto a cylindrical
coordina£ ':yst m;

25 Fidg_ﬂ;' ' ;geometrlc representatlon of.

orthogrébhﬁt reﬁlect;on from a curved reflectlng
- surface; ; .
Fig. - fan illustration of orthographlc

reflectlon-'rom:a subgtantially parab0101d-shaped
30 reflector to anmlmage sensor; '

Fig. .

illustrates how any seLecé i portion of a

hemisphef{i cene can be viewed from'the single
viewpoint; _ : ) '

Fig. 7 1_ a side view of an omnld.fectlonal
35 1maglng a_'ara with two back-to- back .substantially

haped reflectors and two 1mage sensors;
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- 8- refl ected |nage froma position along the optical axis of

the reflector. | n. anot her exenpl ary enbodi ment of the imaging

met hod there is included th: further steps of providing 5 an i nmage

signal which is representatiwve of the orthographically reflected -

i mage, conver tWO@7M3884 i rage ;'  signal into i nage data, Mep rCTgishssinage

data into a cartesi an-¢oordi nate sygshem interpolating the i mage

data, and formng a digital:i-nage fromthe napped i mage 10 data and the

I nt er pol ated i mage dat a. desired, after specifying a view ng

direction, a focal length, = - and an inmage size, this selected portion of

t he i mage can be zoo¢ n on before form ng_ the interpol ation

“step. 15 Fi nER-By, 8i kﬁt°¥9ﬂﬁ1ﬂépté?§ﬁilE}?“éﬂ%dﬂﬂhent of t he

' i magi ng net hod sulbstentiak "“Qg_dﬂuidﬁshhbed séfhectors psiwiohedr aphically
reflecting an t-LQn { t Y. h cal scene

- on an additio i%@k k80 ELE - ‘Pgmbgiggaﬁgﬁdggﬁgg%% re g%&i%éhé%rface

such 20 thatCPW®°§|ﬁ@FE wpoi nt of the additional scene coi nci des

~with a focss pount vﬁgtha aﬂdlalsmaﬂ view ofeaheeiemmnamyfembedlﬁaﬂtsensung
- the addltlonal phi-calal W . The present
ges oé(}alo ?ﬂ.n%g S‘Egggcé arat:us

~invention al so prOVI ] ec
“ representative of aFéﬁbs?Eﬂil%HQQPates aneﬁxepnkarxfar¥aasﬁ@ea§ ¥PEWed froma

- single VleWPOIQEOjectlnyhh._ Tindit e @ipher peaiasiulited Ralkudas the steps
of (a) prghggglng a nated beam of light on a

10 Fig. 1
projection :app
substantiaily:

gide view of an omnldlrectlonal image
tus with two back- to-back
raboloid-shaped reflectors, and two

| two transparent image-bearing media
o collimated light beaﬁs with

15 ‘ive images of two substantially
es towards correspondﬁng reflectors;
partially isometric view of a
- reflector of the omnidirectional
image pro ' :
20 coordina:'
Fig;;
of a meth
subatanti:
viewpoint i
25 Fig. 1 flowchart of a methoﬂ'for projecting
an imagg :h ative of a substantlally
- henmispherica cene as viewed from a’ s;ngle viewpoint.
Detailed : ption
30 Fig; .a ‘illustrates an omnldlrectlonal imaging
apparatug:f" céordlng to an exemplary embodiment of
the preééﬁ ) entlon A convex paraboloid shaped
reflector. 135, ‘which is mounted on a base plate 140, is
e thographically reflect an image of a
3as nispherical scene 130' An image sensor

>mmercially available :Sony 3CCD color



substantial ly parabol oi d-shaped refl ecting surface 30 nodul ated ...

(spatially and possibly tenporarily) with the I mge, and (b)

orthographically reflecting the col | i mat ed beam of |ight nodul at ed

with the image on a Substantial |l y parabol oi d- shaped reflecting surface

such t hat t he singl e:vitewpoi nt of the inage coincides with a 35 -

f ocus point of W‘H%”ﬁﬁ‘hog’ra_ phic reflecting surface. PCT/USINfFI3L

97/ 43854 : -11- PCT/ US97/ 07331

- 9- Anot her. -exenpl ary enbodi ment_of the image proj ecting
met hod i ncl udes the steps of projecting an additional collimated |ight

beam nodul at ed mnth an addltlonal | mge representative of an

2?2:3} IeO\r)?lewpgl nY anzig'm‘%%)gr éﬁhl ca ?Sﬁégﬁ%%ﬁa&f?in\éj Tead %%I tTonal

col Iimated beanRoFelegeRrtyisid eé’lseeert Relegentric apdrtgRati3ned® to
proj ect the addpbbﬂﬂﬂbnﬂ hedeipBethe abritosnampliicc reif3ecoiphesEnt ary to
Ereml oty enpodthd FRAGL: O Hn t8ieentric A 13%° FubBh 18 o0 L NG IF 1Y NOS

Exenpl ary enbodlnen 2 present e descri bed
in detail whth féleerreetiat H@YB of b%ﬂ%#qﬂhﬂﬁhu?ﬂ&r&ﬂans in which: 15

Fig. lais a SIﬁeryemailamweﬁalplaner@pohnaemens, i.ef,an

i enoPHERP SRR Kagen duom o 2ty Mol BRECLY P0 ' "

connected too orthegraphis reflectioy cafttrclsmstmﬂ@pheﬂppbmcene

Although the description herein is with regard to
10 wvisible 159 : ‘the present invention has equal
appllcatlon ZOthef forms of electromagnetic radiation
such as u;trav1olet light or infrared light.

' parabolold~shaped reflector may be
‘image sensor by a transparent support
.length of clear tubing.

"gain to Fig. la, the video camera 110
log video signal representative of the

15

20 v reflected image which is sent through
3 video signal is converted to a digital
izer 120, which is a commercially

video signal analog-to-digital

25
e ﬂuréose computer 125, such as a DEC
- Alpha 3000/60 ks;ation. As will be explained in

further detal

30 céne, to zoom in on a selected portion
r to pan the scene in any desired

phptoéraphic camera using conventional
lm. The image sensor 110 may also be a
=deo'camera 116 which provides a digital

35  photographic
camdordér,Qrf




20° Fig. 2 is an isonetric view of a parabol i d- shaped refl ector

nounted on a base pl ate; . ' Nijally isometric view of
a par abol oi d- shaped reflector ﬁggps%m%ﬁs gE'(E:yI i ndri cal

coordi nate system 25 L¥Fg. -#epresentati on of
orthographic reflection froma curved reflecti ng - surface; -
Fig. 5is an iWP9%4388 i on of orthographic refl ection fr ®OTAISI7/97331
substantial 'y parabol oi d- shaped 30 retfigctor to an i mage sensor;

Fig. 6 illustrates how any selected portion of a - hem spheri cal scene
can be viewed fromthe single Vi ewpoi nt; ' Fig. 7 is a side
view of an omidirectional 35 I magi ng apparatus wth tmo back-t o- back

. substantially raboli)l ‘d- sha qvhrleLI ect ogs and fwo ge sensors

“ a
W0 97/ 43854 ° videb’signal cutput, S Prordas HiFreriy to
- -10- the csmguter i :'sa vdtthemts ehei need forvihd analog-to-
- substantially H@&QQ!LO daRad 1:9f.| ectors p05| ti oned back t o- back and
havi ng a conmon axi s, o ret atton and a ommon. fQcus; Fig. 9a

is a side view of ahi@xehptha%P é‘ﬁ‘bdﬂPﬁ‘EﬁF"c Vle‘ﬁf“ar#fﬁ*rﬁ’tfﬁ*’@&?ﬂ&‘ﬁal i mage
proj ecti onSappahaped, reflec; or 136,gwhSbhi éktlendsatm:mrhameelmloalfrom

arrangement fOgnicn 1870k CFdidE 2 TRkl bHRISE bhffdod G HRIYaREed Wi th an
140, ncludl he reflector 135, is coated with a thin
layer 145 of highly reflective metal, siich as silver.
Fig. :3: 'ﬁétrates in greater detail, the

10 preferred geometry of the paraboleoid-shaped reflector
135, as well as the orthographic reflection of the
image of the ubstantlally hemlspherlcal scene 130 onto
the image 8 fr 110. The reflector 135 of Fig. 3 is
defined 1n cylindrlcal coordinates, r, ¢ and z, as

is substantlall .dbeylng the equation

“~ T2n ' ' (2)

where z isftﬁﬁjaxis of rotation, r is. the radial
coordinate, ‘and h is a constant. The'i axis coincides
20 with the opt cal axis of the lmaglng arrangement and a

- 25
30 the focus point
oint from which
The lmage sen'ar:llo ie positioned along the optical
TT“ﬁﬁﬁﬁﬁﬁfmiﬁjmi




I mge; 10 Fig. 10 is a side view of an omidirectional inmage-

Pprojection apparatus with two back-to-back " substantially

par abol oi d- shaped refl ect ors, and two | i ght sources and two
transparent inmage-bearing.medi a for projecting-two collimted |ight
beans with 15 nodul ated respective i mages of two substantlalﬂ% <
heni spheri cal WO&H#¥54 owards corresponding reflectors; USPIRYssY 1 s
a partially isonmetric viewof a parabel oi d- shaped reflector of the
omi di recti onal | mage. proj ection apparatus napped into a cylindrical
20 coordi nate system . oo Fig. 12 is a flowchart of an exenplary
enbodi nent of a net hod for sensi ng and processing an inege of a

substantial ly hem S ri.cali; scene froms Vi e oi nt; and 25
Fig. 13 is a f I°BWE 25’? % hﬁe’t%%tﬁy FSﬁe%ﬁi 5Pe pho ?F%&
representative ssfrfaceubbeneof als perpendicnilaphtei the eptinalaaxisewed from a

single viewpoint. The us@e i btchddaSphiipt k@P186tion to drdblela illustrates
an omidirecti onal _magi.n ' appar.at u ccor to exenpl ary
enbodi nent of g gs%‘f‘ﬁ%ﬁ#&ﬁﬁ nﬁemg ?\’T’/’e?(adjpaé{%ﬁfﬁ %lr}(ﬁ’"'sﬁaped |
refl ector 185, amlgdla Vsenpqmemmmraa@araatpga@@s 12entuxe of theositioned to

or t hogr aphi cal |ﬁi-ers%im|l:e€hvéﬂti6@,geaé)fitai§5wel§ui&§éﬁ:i‘tix§|dﬁé ha® tRieri cal
scene 130. An Ryl SensQr: such as comrercj al |y avail abl e Sony

3CCD col or ction '_’ﬁ £yxyed surface that provide
PCT/ US97/ 07331 perspective pfo;ectlon results in multiple viewpoints.

That _rt‘ho§raphic reflection enables viewing from

10 a single v:.ewp int can be demonstrated by reference to

In F:Lg 4, z and r are perpendicular

15 ogra 1 reflected by the reflecting surface

tan(0) = z/r, ‘ (3)

20

(4)

25

_ «-0 . n-208
== or p rant {5)



-11- vi deo canera device 111 having magnifying lens 112 and a
tel ecentric lens or a telecentric aperture 113, is positioned ta
recei ve the orthographic refilection of the image. The tel ecentric |ens
113 functions to 5 filtef=out all rays of light which are not
perpendicul ar to the plane of the lens, i.e., background |ight whi€h
does not for mW@ap4i8¥M t he .: orthographlc reflectlon of thechuse7opsseri cal
scene. Al t hough the descriptiom.herein is with regard to 10
visible light, the present invention has equal application to other
forms of el ectromagnetic radiation such as ultraviolet light or
infrared Ilght tnan alternate exenplary enbodi nent of the

i magi ng 100 accordln to the |£vent|on shown 15 in Fig. 1b, the
par abol oi d- shafRtFR 3% &HC hEyekrressed AR, od to the i mage sensor by a

transparent support : i;_such _ th of r tubing.

Referring again to Fig. 1a anRp A q%_ig%%% G——%ﬁgenerat es &) anal og
vi deo si gnal representatrv <of the ort ograbﬁ??ﬂﬂﬁ y reflected i mage
which is sent through :cable 150. The video signal is converted to a

di gi tal si gnal by dig A 120, which is a comrercially
avai | abl e NTSC vi deo S|gna nal og-to-digital converter. 25 The

Comput er 195, EAEDAN G sTopeOus e i &?‘E’f%ﬁfa%ﬂg“ﬁ‘@h@“{pﬁie
u S s [ W
explained ?n Z-§ Rjtﬁ‘}%é\*‘ d‘é‘FaPPth‘égc’Eﬁ%Lﬁ 8 s programmed to all ow
: the user to view any desired portlon of_the 30 henispherical scene, to
" zoomin on a selected port on z/ of e stanB; or to pan the s®ne in any
desired manner . : The i mage sensor 110 rmay sinply be a stil
or notion picture photographlc canmera using conventional 35
photographic film The image sensor 110 may also be a cancorder or

vi deo canera 1&®mmm"'6&e5n§ d4yiintto (5) yields

_pdz
(____;zr) = .g (8)
dr

10 The quagtaﬁic éxpression of equation (7) can be solved

dz

to obtain solutions for =z but to avoid

self océlﬁéf by the reflecting surface, the slope of

convex). The result is
15 :

dz _ z_1}q . (5)2. (10)

i_ above expression reduces to

20



VO 97/ 43854 PCT/ USO7/ 07331 .

- 12- vi deo -si gnal output, which can be provided dlrectly
to t he conputer 125 without the need for the anal og-to-
digital converter 120. ~ .- Fig. 2 shows an isonetric view
of the parabol oi d- o 5 shaped reflector 135, which extends from
base 140 from WO 97/43854 - which it is formed. The entire REWEBHOB t he
base 140, including the ~ablector 135, is coated with a thin
| ayer 145 of highly reflective netal, such as_silver.

Fig. 3 illustrates in greater detail, the 10 preferred geonetry
of the parabol oi d-shaped refl ector 135, as well as the

ort hographic reflection of the i mge of the substantially
hem .spheri cal scene 130 onto =z Lhé |nage sensor he
reflector 135 of Fig. 3 is . a2Vl T Yefimdd in cyllndrlcal 1]

coordinates, r, [err] and: z, as 15 substantially obeying the
equat i on [err] where h is a constant of integration. Substittitiihg

ey i s the radial
Cobrdinate, and e 4°50Cequfeidn ' O YedgB elhlofCar. 1o 1he TONAL

coor di nat e, 1
the optical axis of Thue.jthgre exiatengerunve, apaich when rotated focus

poi nt_315 of }1 wh r ahel gl dxde J‘ljéiiéx@ge%QHabhﬁﬂace that will allbd) -

coi nci des t t ori e_.coor di-nat e
refl ector t§°§r gh; 'r%ékxﬁl° %ngééﬁilally ) which is
subst anti al | y pemiepbieriral seﬁnq]érpnm §1B$®e VleWPOint This

arabola defined by equation (1), which

iéwPoint that is coincident with the
focus 420 of the parabola. '

on to providing viewing of a
ﬁemispherical scene from a single

10 _
substantia
viewpoint, )
accordancé th the present invention enables viewing

, and enables panning of the scene in

15 selected ﬁ
: 1 with respect to the single viewpoint

20 substantia ly.hemispherical scene is viewed by the
m a single viewpoint. A truncated
%ally parabolold-shaped reflector 135 is
cartesian coordinate aystem The optical

image send
convex subst
wmapped int"
axis 502 o
25 the z axis
paraboleida
Incoming rays
being view

he' imaging arrangement is c01nc1dent with

' the focus 501 of the substantially

eflector 135 is located aﬁ the origin.

5, 510 from a portion of the scene 300

ersects the reflecting surface at
points 515 20 which can be deflned by their

30 respective x and:y coordinates. Point 515 and 520 lie

radial lines 516 and 521 respectively,

which origia at the viewpoint of the ‘scene, i.e.,

the focus 501 of the paraboloidal reflector. Since

along imagin



25" and which includes the focus_point 315 of its

par abol oi dal surface. Al incomng rays 305 that would
ot herwi se pass - w:through the focus point 315, are

ort hographi cal |y = reflected towards the i mage sensor 110 by
t he - 30 reflecting parabol oi dal surface. Thus, the focus poinat
315 is coinci dot97Msssh t he single viewpoint from which PCTIUS9T/07331 he
substantial ly hemi spherical scene 130 isjglewed. The i mage
sensor 110 is positioned al ong t he opti cal WO 97/ 43854

PCT/ US97/ 07331 o -13- axis 310 of
the i magi ng system and t he photosen3|t|ve surface thereof is

per pendi cul ar to the optical:" The use of orthographic

reflection to di@fes rays aye ngﬁa@%ﬁ’aﬁﬁﬂﬁpyeﬂeﬁﬁ%ﬁhﬁal scene

froma 5 si rngxiagens@ﬂa@h:nnw WY el ki aﬂgauﬁai»emgme-éénélhﬁve present
i nvention, as it . tt'{:o Lt th reflection, froma

curved surface THZ ac\geg?xggn&mcufaper speélt i 7o p?‘oj’ ec??o%r?:besﬁﬁet% |a|¥srml tiple
vi ewpoi nt s. will intexgectrthegkigiti-censfitdvei suriace|at theiamg from 10

a single vnﬁmméspe&&véexdsﬁanﬁté&émn%e%ef ephgethd z cooddifatd N Fig.
4, z and r are el pe di cul ar- cal coordinates for a given val ue

of [err], the Sr _. 13 ﬁqﬁgely'ﬂrr eﬁﬁgfg Bt %R TN B ng ray 405
relative to th@q:mas]poaxlesc sbétwedn thee xi-ycorbhdinate /06 tike Foint

or t hogr aphi cal loe neflessbed il M\Eh nafd qelrnBetsyr {86€of the 415 as an

(r)g;gOI ng ray 4 oqrthograph:.ca Iy plggjeec%esd rgly? g SV\QI% n:t‘_;l 2cooor altncom ng

10 of the poin

tfwhich that orthographically projected
he planar light- sen51tlve surface of
the image sensor 110.

In a p" ferred arrangement, the 1mage sensor 110
nar-charged coupled device ("CCD") image

includes a

15 sensor having an array of light senszng elements. Each

cell senses: the intensity of light at its particular
location in; e array. Therefore, with a one-to-one
correspondeﬁc iﬁthe image signals produced by the CCD

cells which?g “:r a particular range of x-y coordinates

20 ‘representative of the rays which are
i? reflected from the reflecting surface
within the same range of x-y coordinates.
Thus, mappi@g of the image is a simple task for persons
skilled in'the art.
25 With ﬁf one-to-one correspondence explained above

30 manner as ig. 5. In order to zoom in at a focal
1 a selected portion of the scene centered
it 550, with a specifiedfsize, only the

image 31gnals'of the CCD cells located with the same

around a p

oordlnates as the reglon of the
35 reflecting su f_a_ce projecting the selected portion of

the scene are ‘selected for magnification and viewing.



nmust satisfy tan([err]) = z/r, (3)
20 and for orthographic reflection, all rays nust be reflected at an
angl e [err]=[err]/2, (4)
where [err] is the angl e between the outgoing ray gl? andh _ fhe faX|s.
For these two ts to be satisfied, 25 an or the angle o -

i nci dence to e&g{‘i?&’f’ﬁ%‘nangl e of reflection, it is clear {USPHE3s1L
angle, [err], between the . refl ected-Ady 410 and the normal direction

of the surface at the p0|nt of reflection, [err], must equal
[err] =Terr] or [err] = [err], (5) VO 97/ 43854
PCT/ US97/ 07331 - 14- ~ which can al so be
eépressed as ' More. partléﬁﬁafaﬁar%B aekgrﬁkne éﬁgrapproprzate
(6) light lntensity for point 5§70 in the selected portion

of the scene-'the light intensity 31gnal generated by

the CCD:cel hich lies at 580 is chosen. As shown in

le segment drawn between point 570 and
'51 intersects the reflector 135 at point

80 whlch is located at the xX-y coordinate
earest to the x-y coordlnate of point 552.
epeated for each CCD cell within the same

10 on the gri

reflectlng s face projecting the selected portion of
the scene. 8- a result of the orthographic reflection
15 and the on
image recon:

o-one correspondence described above, no

uction or complex frame transformation is
required:. A general purpose computer 125 can
be readily L
performfﬁh

ogrammed by one skilled in the art to
nabove steps to enable viewing of any

20 __-he hemlspherlcal scene from a single
v1ewp01nt 3_n to also enable zooming .in on any
particular tlon to provide an enlarged image of that
portlon. ] 'hermore, by de51gnat1ng succe551ve p01nts

25

apparent -tha 'e one zooms in on smaller portions of
the SCenlethe number of CCD cells prov1d1ng :

30 informati o the computer 125 is reduced, and hence
the granularlty of the viewed image 1s ‘increased. In a
preferred embedlment, information about points in the

scene whlch de not exactly correspond to CCD cells are

_ %pproxlmated by 1nterpolatlon. A suitable

_. n rogram which may be executed on computer

125 is 1nc1uded'1n Appendix I to this specification.

35



Finally, the slope of the reflecting surface 415 in the 5 [err] [err]

pl ane at the point of reflection is z' =dz = -tan
[err] (7) . dr Substituting
(6) and (4) into (5) yields [err] ' (8) 10
The quadratic expression of equation (7) can be solved - to obtain two
sol utions for wa27/43854 but. to avoid PCT/US97/07331r '
sel f occlusion by the reflecting surfaceggthe slope of the curve in the
ri ght quadrant is nmade negatlve (i.e., the surface is convex). The
result is 15 dz = [err] (10)

dr If a =z/r, the above expreSS|on reduces to

5
10
is5 i _;;i ng portions of the scene. Of course, more
nterpolation programs known to those
j?ft, such as those that are based on
-emporal matching, may be used without
n the scope of the invenﬁion, as defined
20 > o

reflector 7: s shown in Fig. 7. Thégadditional
25 reflechgﬁ” “ positioned to orthographibally project an
image oﬁféh*éﬂaitional hemispherical scene 730 which is
- complementary to the hemispherical scene 130 so that
together; onstitute a spherical scene. An
additiona

;ge sensor 710 is pos1tloned to receive

30 the image orthographlcally projected by the additional
reflectof 735
An 1mage’sxgna1 representatlve of the orthographic
reflectio 'f the additional reflector 735 is converted
to a dlglta1.51gnal by converter 720 1n the same manner
ove, and is sent to the same general
ter 125 via line 725.

35 as desér bed
purpose




20 WD 97/ 43854

PCT/ US97/ 07331 -15-
a+[err] = h . (1) r where h is a constant of

integration. Substituting z=ra into equation (9) yields equation (1).
Thus, there exists a curve; V\/mch when rot at ed " about the [err] axisr
generates a surVQ&%4¥fht will allow 5 orthographic reflecti SFTASI%NT7L
substantial l'y hem spheri‘cal scene fr-d®-a single viewoint. This

curve is the parabola defined by equation (1), which has a single
viewpoint that is coincident with the focus 420 of the parabola. 10
In addition to providing viemﬁng of a substantially hem spheri cal

scene froma single Afsh P#VQV\QQ Pla. tpe r@%’l‘éﬁ%{:ggabé% ngsggqr rat us

in accor dance wi resen |n'v on-enables view any
portion of the RWHE %P@#ZB@W#@H rﬁl’tﬁ't?eaals"mm@m%’é%%c?‘gort i on, and

enabl es panni ng nitatﬁmms@aioe which is aillsoTehecbptatal Wakls resSpand to the
Singl e vi eWpoi NlymaginARRoUhBON! LEHY 'doithobB8EE CE68 S Ltf 14 oSO €%
frame transfornmat .
5 truncated at'a plane p which is substantlally
perpendlcula to the axis of rotatlongalo and which
includes th “focus 805. '

.1lustrates an exemplary embodlment of an

Pig.

omnldlrectlonal image projection apparatus accoxrding to
10 the present invention for projecting an image

representi" a substantially hemispherical scene as

viewed from_a'51ng1e viewpoint. The omnidirectional
image pro;ection apparatus includes a collimated light
source 910;
15 of the subs
transparen

transparent medium 920 bearing an image

tially hemispherical scene. The

image-bearing medium may be a photographic
transparenc; Teherated by the omnidirectional imaging
apparatue;dl_ ussed above, or a transparent liquid

8] y (LCD) bearlng a still or motion picture

20

25

reflect th
30 to project;

transparent“Hmage-bearing medlum are replaced by a
35 video pro;ectl n system 960 controlled by a general
purpose compu - 970. The video progectlon system 960




Fig. S5illustrates how a portion of the 20 substantially hem spheri cal

scene is viewed by the I mge sensor froma single viewoint. A
truncat ed convex substantially parabol oi d-shaped reflector 135 is
mapped into a cartesi an coordinate system The opti cal axis 502 of the

i magi ng arrangenent is coincident with 25 the z axis, and the focus 501
of the subst arlWO&FA3ps4 par.abol oi dal reflector 135 is | ocat edTaASITIT831
origin. | ncom ng rays 505, 510 from.agportion of the scene 300

being viewed intersects the reflecting surface at points 515 and 520,
whi ch can be defined by theiirr 30 respective  x and y coordi nates. Point
515 and 520 lie al ong .i-nmgi nary radial lines 516 and 521, respectively,
- which originate at_the vi_-,_-.evj\fj-'cf)i___nt of the scene, _ i.e,. . the focus 501 of
" the parabol oi dB¥PRFPECRFOLLIHPREEd beam of light\ 949 mhigh is

. PCT/ US97/ 07331 modulated with the desired image ififermation. Tchadds ays are

- orthographi cal Ieyxdr’eghgckggp‘ggg@réi,& RA 11 cogkgg?etﬁgn%%%%&Mi ch has a

planar |ight-sensitive "~ surface perpendicular to is, the
' proj ected rays distriRpriop ek ihe emitted dAohEedP Fyem th¥ ace at the sane
- 5 respects ve projedtyonosystemtasn. Only the z coordinate wi ||
. change. Accor di ngl ¥yrEHEF CaskSin A elBolifient of CGORL €SPONdence between
. the x-y coordi nat e of }tl’_"_e__.-;'-poi-‘-n;t _Iﬁ ofe;n?,r?t,ergrelct?on_'véth the reflector 135
of the or OGS RAPRFEAPTSL piugas MFPIeEy 1oRnaYSHIM ASPRHNG f&te 10  of
the point at whechnteation] halgwaphisc@igy pogj tntkulles an additional
transparen age bearing medium 1020 which hold an
10 additional ' representing an additiomnal
substantially hemispherical scene, an additional
collimatiqg?_;ghk source 1010, and an additional

ﬁﬁ&féboloid-ahaped reflector 1030. The
subétanti:11y ;: ‘

15 subétantié'iyfﬁéhispherical scene are complimentary to

' ’“6?.hat the combination of the two is a

mispherical scene and the additional

one anothe

The.addiﬁiépal substantially paraboloid-shaped

reflector 1030 is positioned to orthographically
20 reflect t ional collimated beam of light 1040
thereby projecting the additional hemispherical scene.

The two rggiectors are positioned back-to-back,

and share & common axis of rotation and a common focus

in the manner shown in Fig. 8. Each is truncated at a
h ubstantially perpendicular to the

tation and.which includes the common

25 plane whi

common ax

- focus. | .

| Regéffingf o Fig. 12, there is shown a flow chart
1200 illustrat: gia'method for seﬂsipg;an image of a

30 al) Qhéﬁispherical or sﬁﬁericél scene from a

single vféﬁbdinﬁ according to an éxempiary embodiment
of the pfééén£ invention. Flowchart 1200 shows the
necessary gtéﬁgifor sensing the hgmigpperical scene
from a si gle viewpoint. The method requires

35 orthogréﬁhiéé iffreflecting the substahtially




ray intersects the planar light-sensitive surface of t he i mage .sensor
-110. In a preferred arrangenent, the inmge sensor 110

i ncl udes a pl anar-charged coupl ed device ("CCD') inage 15 sensor havi ng
an array of |ight sensing el-ements. Each cell senses the intensity of
light at its particul ar- location in the array. Therefore, with a-
one-t 0- one WQ3H#38%ondence, the image signals produced byPERESYATRI
cell's which cover a particul ar range of x=2f-coordi nates 20 inthe grid is
representative of the rays which are orthographically reflected from
the reflecting surface - 135 at points wthin the same range of x-y
coor di nat es. Thus, nmapping of the image is a sinple task for persons

skilled in the g eén s%ier:. al 1{1@ tNS o%dt eﬁggngoyigspondence expl ai ned

above in mn es ‘a tec nique~for zoomng in on

any sel ect ed por‘"t‘?%??ﬂ?ﬁ%&%ﬁlﬁs’f%ﬂtﬁ%q(%/ mage K2EPspherical scene. The
reflector 135 is pOSI'Il‘rﬂeOtledhod may dhatthes: tiﬁcmﬁaéoglwaéteps yafand Z axes in

t he sane 30 n g orde oom in_at ocal

di stance f on Se ect gﬁb Sg{al%%a%? 4 aché' 9 ffonal %"&nd a point
550, with a%peéﬁ%dmpmngohhg impge data, nrage eugmneem-t he CCD cells

| ocated with theds@nate sysE&R 13405 in@@%élﬁ@iﬁé tﬁﬁetﬁ&gree%%a of the 35

reflecting surf k3 ct|. the sele ted t.he scene are
sel ected for nag%l%fnpcé)’tlg % Re°Calleh' £6: G mis&4RG 1 MAGEs 4
PCT/ US97/ 07331 data, and formlng a dlgltal image-32770 from the mapped

image data: .and from the interpolated image data.

10 Advantageously the steps of specifying a viewing
dlrectlon,_a focal length, and an image size 1245 and
zooming 125D in on this selected portion of the image
data may beé performed before the interpolation step.

Finally,'Fig 13 illustrates a flowchart 1300 for

15 a method for projecting an image representative of a
substantlally hemispherical scene as viewed from a
single v1ewp01nt according to an exemplary embodiment
of the present invention. The method includes the
steps of prqgectlng a collimated beam sf light

20 modulated With the image 1310, and orthographically
reflecting the collimated beam of llght 1320 on a
substantlally paraboloid-shaped reflecting surface in a
manner such that the single viewpoint of the image
c01nc1des w:.th a focus point of the reflect:.ng surface.

25 The . method may also include the steps of
progectlng as an additional colllmated beam of light,

- an addltlonal ‘image 1330 which is representatlve of an
addltlonal_substantially hemlspherlcaliscene as viewed
from a singiéxviewpoint and orthograpﬁically

30 reflecting the additional collimated beam of light 1340
to recreate ‘the additional substantlally hemispherical
scene. :

Accordlngly, the present 1nvent10n provides an
omnldlrectlonal imaging apparatus for sens1ng an image

' 35 of a substantzally hemispherical scene from a single

v1ewpolnt whlch does not have any mov;ng parts. The



More particularly, to determ ne the appropriate light intensity for

point 570 in the selected portion of the scene, the light intensity
si gnal generated by the CCD cell, which lies at 580 is chosen. As
shown in 5 Fig. 6, a line segnent drawn between point 570 and
focus point 551 intersects the reflector 135 at point - 5562, The -
i ght intensitwoav4pssi nt 570 is set equal to that repr ecemberh7iy t he
i mge signal generated by the CCD_ggll at 580 which is |ocated at the
"~ X-y coordinate 10 on the grid nearest to the x-y coordinate of point
- 552. The sane is repeated for each CCD ¢ell within the sane range
of x-y coordinates as the region of the refl ecting surface projecting
t he sel ected partion of . the scene. a result of the orthographic

reflection 15 iB¥e@tiNe BRRAraLWhHaiasst %%Haéﬁbécd&%}?%’d’fhlﬂ&w no

i mage reconst r padovddeo i mppoPed xidagETRnialdnyf andatooenabble zoonfigmyliired.

-~ A general purpgge 125 e r qgqug ahe one
Qﬁ;a&&nBHEE o%eerormtcen %?g ggg%¥n§6g§na e view ng of any

skilled in the ar
20 portion dfitheat peepiphagcumpleteiBagRoReEORSHEIGE1on OK)j ewpoi nt
and to al s@ enamplagolfirage traMsfoymation.particul ar portion to provi de an

enl arged i nage of t%& gf'eser??rft{\?ere}% E‘t tlggrﬁgéﬁidgg signating

successi ve pOI nts em sp erical scene can be
- 25  panned as qmldﬁ@eﬁéamlemag; Eroisssient appPR¥RtRH gfkich is vi ewpoi nt .

In the embodi Myalpathil 8CYESE: g lan lmageaﬁlebyesentawr@tathat as one
of CCD cells

5 zoons in on snal ki u

provi di ng 30 = 8?%%%?%gys%'FH§ﬂ¥%ﬁf er gg ?% Y%Fd%%éﬁxghﬁ hence
t he granuﬂékltﬁléglﬁhﬁleweak@Finage is increased. 1In a preferred
enbodi ment, infor rratmenaabwtda&ﬂtp&:ﬂoﬁh iBemerely SCENGstthiitired@snot exactly

correspond to lPéiBP elégolved g0 &%;tgﬁsethgzpro %zed by

i nt erpol ation. RE I hterp 1"on grogran1 ch may be executed
on conputer modi!5¢ﬁ§l¢h@l@ﬁkﬂhﬁ inyMepsAgnxwill obe mhviguscith tiosen.

skilled in t e."j_art, and it is intended that the scope
15 of the invention be limited only as set forth in the

appended: ,t:l_g_;y_qs'_ﬂ;.
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= 18- The program attached as Appendix | will map the sensed

omi directional inmage to an.ordinary perspective inage that is
suitable for display on Conputer 125. The program requires the user
to input the n@“&‘rﬁ@%terthI | ocation, and radius of the omidirectional
i mage to be & rted. The program al so requires the usBETUSHOGHUL

a nane for the generated perspective inmage3-as well as a focal length
and size for the perspective inage. _Thus, instead of sinply
choosing the image signal 10  generated by the nearest CCD cell to
represent portions - of “the i mage which do not precisely correspond to a
CCD cell, gggggggﬂeitgf'such scene portions is estimted by t he
appended progra On- a.sui tabl e average of i mge signals

generated by CCD cells which correspond 15 to neighboring portions of the
scene. O cour sempubécimage.sophi sticated interpolation progranms known to

t hose skilled in the-art, such as those that are based on
pol ynomi al or tenporal matching, may be used w thout departing from
the scope of th#ipaludeitekdldd.4dfined 20 by the clains herein.

In a further exgihtmide eiidjement . gk the i nvention, the

omi di recti onal gi ' AlQpar at s i ncludes an additional substantially

paraboloid-shapgéﬂggﬁ&@rEﬁ;éé?gﬁ 735 as shown in Fig. 7. The additional 25

reflector is poﬁ?'{‘?%ﬁ%%l ‘teatdy-tfogr aphi cal | y project an i mge of an

addi ti onal hem spherical scene 730 which is conpl enentary to the

hem spheriggl sggn Sosthat  ogef her they constitute a spherical

scene. An ?agﬁl(a%ﬁganlgh__-;-r?aagggéng%?gnd’“?%')pog" tioned to receive
main(arge,

int argc;

15
20
25
ddubieﬁ_
] double ‘g
double
double .
30 double rad
double xs
double dispx, dispy; ._
int xcent wégnt, xnew, ynew, xpix, ypix, xpoint,
ypoint ; n S
35 int xpixel, ypixgl, indexx, indexy, xcenter, ycenter;

float radius focal;




30 the i mage orthographically projected by the additional refl ector
#35. An image signal representative of the orthographic

refl ection of the addltlonal_reflector 735 is converted to a digital
signal by converter 720 in:the same manner 35 as described above, and is
sent to the sane general. ~ purpose conputer 125 via line 725. K

WD 97/ 43854 e gra3sa o PCT/ US97/ OFGH{397/07331

-19- As sho. in Fig. 8,_-34e reflectars 135 and 735 are
posi ti oned back-to-back, re a common axi s of rotation 810, which is
al so the optical axis of : i magi ng apparatus, and a comon focus
805, and are each 5 truncated at a plane p which is substantially
perpendicul ar to the axis: of rotation 810, and, MhIChB . J/ncludes t he focus
805. /+Fi grifafil qupl%ﬁQQ;%ﬂ#téféﬁﬁPﬁ?ﬁn% nent’ of an

ommi directional inmage proj:ection apparatus according to 10 t he present

i nvention for pééhectlng ang;i page representing a substantially

hem spherical scéri@xg§ 4)v ewed froma single view éd‘itu

ommi di recti onal prlnnigeapgeméwﬁﬁoﬁ“&ﬁﬁ&Fatgg Pﬁ%?udp q|| mat ed | i ght
source 91%? a trangparqih. 2di um 920 bearing an i mage 15 of t he

substanti ally hem spheri scene. The transparent image-bearing
medi um may be a.bhotograp’ . transparency generated by the

omni di rectional imaging apparatus di scussed above, or a transparent

lTquid printf ("\n");

at01(argv[1]).

ycent = at01(argv[2]).

[
Q
o
<]
o
n

10

= %d ycenter = %d

15 radius = %f\n\nﬁ. )
xcent, ycent, (£loat) radius) ;

20

25
lcanf(“%dl%d %f", &xpix, &ypix, &foéal);
przntf(“\n"), _

30 printfﬁ@butgﬁt jmage: xpixels = %d ypixels = %d

focal. = sE\R\a".
pix, 'y (float) focal) ;

loadPPM 'eét.ppm", &r, &g, &b, &xsize, &ysize);

35 :

~omni-image file\n\n");



crystal display (LCD) bearing a still or notion picture 20 i mge of the
substanti ally hem spherical scene. Li ght source 910 projects
collimated rays of light . ~ 940 through the transparent inage-bearing
medi um 920, So as to. produce a collimated |ight beam 940 spatially
(and possibly tengorarlly) ‘nodul ated wth the i nage on 25 t he transparent
medi um 920. UH8Mantial Iy par abol oi d- shaped refl ect BETYSYNOTFAI ch
in the present enbodi-ment is the m r+@%- di scussed above with reference
to Figs. 2 and 3, is positioned to orthographi_cally reflect the

col l'imated i mage nodul at ed -beam 940 so as 30 to project the substantially
hem spheri cal scene. - In an alternate exenplary enbodi nent of the
proj ection systen1£§?{géﬂJ1 Q.the present invention shown in Fig. 9b,
the collimating |ight, sourg and t he transparent image-bearing nedi um
are replaced by a.é%?1§ﬁ<dédPﬁFOJectlon system 960 control |l ed by a general
pur pose conputer 970. Th ~deo projection system 960 WO

97/ 43854 % / 7/

- 20- / ucxél'::m-'a:lE Ne ‘?F. cfn %esaln%edf ’ﬁmg%— gg‘g V\gl %el % ¥d

nodul at ed wifh tH’é s i%asd iewag‘ésﬁﬂ)ofr fétion. To this end, t he
conputer 970 will control~the intensity distribution of the emtted

light 940 fromth | ANC] A further exenplary
embodi ment of theeredls _ p(ru%sgaect|%¥nxgl)“mﬂ%°(x?315%t oFPYA] ém according to

l

10
15 |
xXcenter:
ycenter:
20
_uble) ypoint;
2 = . (radius*radius - (tempx*tempx +
25 g {2¥%radiue) ; o
- ox = temp grt (tempx*tempx + tempy*tempy +
tempz*temnpz. : 3
30

35



the invention, shown in Fig. 10, includes an additi onal t ranspar ent
i mage bearing nedi um 1020 whi ch hold an 10 addi tional inmage representing

an additi onal substantially hem spherical scene, an additi onal
collimating |ight source 1010, and an additi onal substantially

par abol oi d-shaped refl ector. 1030. The substanti al | y ‘hem spheri cal-
scene and t hewQRY4885énal 15  substantially hem spherical scrrsUsITOT3I31
conplinmentary to one anot her so thapgthe conbination of the two is a
spherical scene. . The additional substantially parabol oi d-shaped
reflector 1030 is positioned to orthographically 20 reflect the
additional collimated beamof |ight 1040 t hereby projecting the

addi ti onal henlseherlcal scene. The two reflectors are positioned

back-t o- back, eMBRd=sPA¥ e a comon axis of rotation and a comon focus
in the manner sheempgn=Fdg. 8. Each is truncated at a 25 pl ane which is

substantially perpendicular to the common axis of rotation and which
- includes the common ~ focus. Referring to Fig. 12, there is
" shown a flow chaPE = CemBX{RaXy (Le@mpxAEEMgXa* nERMRSE YFPYsénsi ng an i mage of
a 30 substanteabkyténpszherlcaI or spherical scene froma single

- viewpoi nt accordipg.tg e e e present
invention. Flo 2art ? 's;(nmgg: e EQQQ&EEQ%S %ﬂhgég for sensing the
hem spherical $eBRg*tempzkiom a S|ngle vi ewpoi nt . The met hod requires 35
orthographlcalIypzeilesmpzxyqﬂﬁxt&mb&%aahpﬁlLytempy*tempy + WD 97/43854
PCT/U897/07331tempz*tempz)'. _ - 21-

10 . .
/¥ compute@ﬂ?prizontal axis */
tempx = py*0z - pz*oy;
tempy = pz*ox - px*oz;
15 tempz = pxoy - py*ox;
gx = tempx §qf¢xtempx*tempx + tempy*tempy +
20 tempz*tempz),fj
gz = tempz/sqrt(tempx*tempx + tempy*tempy +
tempz*tempz),
/* compu;ijJ e#tica1 axis */
25 _
printf ("computed perspective image frame\n\n");
/* raster één perspective image plane */
30 jﬁiﬁ;i++){
= ‘(double)i - (double)ypix/2;
for(3=0 j<xp1x j++) {
dispx ='1double)xpix/2 - (double)j;
a5 ' g |

**%bcal + px * dispx + gx * dispy;



hem spheri cal scene 1210, and sensing the ort hographically refl.ected
image 1220. The nmethod nmay further include the steps of
converting the inmage signal into image signal data 5 1230, mappi ng the

i mge data into a cartesian-" coordi nate system 1240, interpolating the
i mage data 1260 to 've approxi mate values for m ssing inmage :
data, and for n¥R§"4¥3# gi tal-inmage 1270 from the nmapped %ﬁﬁ@ggﬂﬁF%?and
fromthe interpol ated i mage data. 10 Ad®&nt ageousl y the steps of

speci fying a view ng =wdirection, a focal length, and an inage size 1245
and zoom ng 1250 in: this selected portion of the inmage dat a
interpolation st ep. Finally, Fig. 13
illustrates a flowhgrt_ Qf g WE f Ol P10 ng an i mage
repr.esentative of a E§ - ‘%ﬁﬂéﬁ%ﬁ aII? heﬁ?s erlégp s?gﬁgbas viewed from a
si ngl e vi ewpoi nt accﬁ?d?r@?t()Qﬂ?aéxénBFa?yd%ﬁﬂﬁnﬁrﬁ%ﬂ dispYsf the present

i nvention. The net hod |n;-udes t he steps of projecting a collimated

beam of |ight 20 h nd orthographically
reflecting the collina EB{I }(9 04.10351}]&61523) substantial ly

par abol oi d- §haped reflect 'g surface in a manner such that the single
vi ewpoi nt of the |nng£ “px/muei;nci des with a focus point of the reflecting
surface. 25 rmgﬁ“q%pay al so include the steps of proj ecting
as an additional coI ; l'i ght, an additional imge 1330

which is representatF%e—cﬁzéﬂ?Q' addi tional substantially hem spherical
scene as vi ewed fromia single viewpoint, and orthographically 30
reflecting,jhe additjpnal cal ed_beam o create
t he addltlohal subst%nt?%ﬁé%%ﬁéé%?sp & 1nn* Eeéﬂﬁﬂﬁ °¥3égrrent £QXéf

Accordi ngly, thé/present: vention prOV|des an onnldlrectlonal i magi ng

apparatus for sensing an. ge 35 of a substantially hem spherical scene
froma single Vﬁﬁ¥W§ﬁ£@’)QQL§hs§?es not have any noving parts. The

i5

20

25

/* print 3 = %f ys = %f 28 = %f\n\n", (float)xs,

(float)zs), */

30 /* use'xs ys;to read from input image and save in
output 1mage

(float)yéf

/* check if image point lies outside parabolic
image */ '

35

. if (Bqrt (xs*xs + ys*ys) > radius) {
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-22- i nventive apparatus uses orthographic reflection to

provi de inproved image quality and to enable zooming in on any portion
of the scene and panning . ‘he scene wi t hout requiring conplex i_mage
reconstruction or 5 - con

ex frame transformation. ﬂﬁ?%? By esent
i nvention aI%ﬁ des ar ommi di rectional inmage proj & ppar at us
which is capabl e of ecting an_hpgnrge representative of a
substantially henlspherlc cene as viewed froma 10 single viewoint.

The above description is ely illustrative of principles involved in
t he invention. O her “smodi fications of the invention will be obvious to
t hose skilled in the=art, and it is intended that the scope 15 of
the invention be limted: as set forth in the " appended cl ai ns.

WD 97/ 43854 - ~“red[1 *» xpix + j1 = 255; PCT/US97/ 07331

'green[l * xpix + j] = 255;
blu‘“[x_ * xpix + 31 = 255i

5
10 wx = (int)ys + xcenter;
= (int)xs + ycenter;
/* sintf ("one pixel\n\n"); */
15 " | |
‘wiité closest color value into pixel */
i * xpix ' 41 = rlindexy * xsize +
indexx] . ' '
20 : greéh[i * xpix + j1 = glindexy * xsize +
indexx] ; - . o
i Bluefi * xpix + 3] = blindexy xsize
indexx] ; ;
25
- }
30

M (Vo ix ix);
savePPM("out.ppm", red, green, blue, Xpix, YP

35




-23- APPENDI X {* conput e_i mage. ¢ 5  #include

*stdlib. h" #include "imageutil .h" #include "stdio.h"
#i ncl ude "math. h" 10 /* int main(int argc, char **argv) */
mai n(argc, ar gv) int argc; char *argv[]; -~ 15 doubl e
sqrt(), atan(), sing&‘s cos() , acos(); unsi-gned char *r, *g, *b; -
unsi gned char ~WO§7/43854 unsi gned char *green; 20 unsi gn®C¢TaIsemo7sil ue;
int xsize,; ysize;, " int xosize, yosize, int i, j,:x0, y0, x1,
y1; doubl e theta, phi; 25 doubl e ox, oy, oz; doubl e px,
py, pz; doubl e gx, qy, qz; doubl e tempx, tenpy, tenpz;
doubl e sx, sy, sz; 30 doubl e rad, mag; ~ double xs, ys, zs;
doub{e di spx, dlsp¥£ee(r):

free(g);

free(b);

5 free (red);

free (green);
free (blue);

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

return 0;

15



| nt_xcent J’uﬂm mrl " W, Xpi X, ypiXx, Xxpoint, ypoi nt; 35 I nt
xpi xel , exy, xcenter, ycenter; float radius,

focal ; g7/ 43854
PCT/ US97/ 07331 -24- [* print f
("conpleted initializations\n\n"); */ if(argc 1= 4) { -
print f("arguswondmmsssscenter, ycenter, radius\n"); 5 extEiYyi07331
printf("\n"); 10 xcent = atoi (argvh 1) ycent = atoi(argv[2])
radius = atof(argv[3]); print f orm| -i mage: xcenter = %
ycenter = %l 15 radi us = %\n\n", xcent, ycent, (float)
radi us) ;
Claime
1 1. An omnidirectional imaging apparatus for sensing
2 an image of a :ubstantlally hem15pher1ca1 scene
3 from a single viewpoint, comprlslng
4 (a) a truncated convex substantlally paraboloid-
5 shaped reflector positioned ;Q.
6 orthographically reflect an'iﬁage of said
7 substantially hemispherical'écéne, said
8 paraboloidal reflector havinéia focus
9 coincident with said single'viewpoint; and
10 (b) an image sensor positioned:ﬁé{receive said
11 orthographic reflection of séid image.
1 2. An omnidirectional imaging appaJaE s according to
2 claim 1, wherein said image sehﬁﬁffbomprises a
3 charged coupled device image séhSo?.
1 3. An omnidirectional imaging apparatus according to
2 claim 1, wherein said image sensor comprlses
3 photographic film. ' '
1 4. An ommidirectional imaging apparatﬁs according to
2 claim 1, wherein said image sensér comprises a
3 video camera. :
1 5. An omnidirectional imaging. appaiétue according to
- 2 claim 1, wherein said reflector comprlses a
3 substantially parabolomdal mlrror havxng a surface
4 which substantially obeys the quatlon expressed
5 in cylindrical coordinates z éégéiii, 2 being
6 an axis of rotahioﬁ of said su e, ¥ being a

7 radial coordinate, and h being



print f ("i | ew pi xel. [ xnovel ynovel]: "); scanf ("% %",
&xnew, &ynfﬂﬂmﬂ""mﬂmaf f("\n"); printf ("selected view pixel:
y c— L M s n\n", xnew, ynew); 25 printf("input new

xnew = %

| mage paraneters [ xpixels ypixels focal]l: =~ "); scanf ("%
%l: %", &xpix, &ypix, &focal); printf ("\n"); .30 printf”
(" out put irrageWQéé‘R@i‘s = 9% ypixels = d focal = 9% \ NRGIVUS7/07331
Xpi X, ypix, (float)focal); | oadPPM "t est . ppni', &, &g, &b,
&xsi ze, &ysize); 35 printf("loaded gmi-imge file\n\n");
printf ("loaded omi-image file\n\n") WO 97/ 43854
PCT/ US97/ 07331 -25-
1 6. An omnidirectional imaging apparatus according to
2 claim 1, wherein said reflector bhas an axis of
3 rotation and comprises a mirror truncated at a
4 plane which is substantially perpendicular to said
5 axis of rotation and which includes said focus of
6 said reflector. )
1 7. An omnidirectional imaging apparatus according to
claim 1, wherein said image senéor is positioned
3 along an axis of rotation of said reflector.
1 8. An omnidirectional imaging apparatus according to
2 claim 1, further comprising a transparent support
3 coupling said reflector and to said image sensor
4 to maintain the relative positions thereof.
1 9. An omnidirectional imaging apparatus according to
2 claim 1, wherein said image sensor provides an
3 image signal representative of said
4 .orthographically reflected imagé, further
5 comprising an image signal prodessing apparatus
6 coupled to said image sensor to convert said image
7 signal into image signal data and to map said
- image signal data into a cartesian-coordinate
9 system. '
- 1 10. An omnidirectional imaging appa?étus according to
2 claim 9, wherein said image sigﬁal processing
3 apparatus further inciudes inteﬁbolation means for
4 providing interpolated image da;é, whereby said
5 interpolated image data and said image signal data
6 are combined to form said digital image.
1 11. An omnidirectional imaging apparatus according to

claim 10, wherein said image processing apparatus
3 further includes means for zooming in on a



X0S8i ze = |ze = plx; - [* printf ("set newing size,
Xsi ze = %j um qm ,’Hﬂlﬂ B \n\n Xosi ze, yosize); */ red =

(un5|gned char ze * y05|ze * si zeof (unsigned char));
green = (unsigned char*) mal I 'oc(xosi ze * yosize * 10 si zeof (unsigned
char)); bl ue = (unsigned char*)mal | oc(xosi ze * yosize * -
si zeof (unsi gnab ¥A3ssy) ; printf("allocated nenory forpeEvsITseGe
file\nin"); 15 xcenter = xcent; -332- ycenter = ycent;
Xpoi nt = ynew - ycent; 20 ypoi nt = xnew - xcent; tenpx =
(doubl e) xpoi nt ; tenpy = (doubl e)ypoi nt; tenpz. =
Eradius/radiusté (;epgx ;ezp?e+ 25te tenEy tenpy))/(zzradius) _ox
e e e Bt St sateo ST R 0,
t enpZ/ sqrt (3 enpx*t engherebycPRYTidddn enlargeldeipageecoPzsaid /*
conput ed opé I cal (Z)pr@geﬁ.e*céed portion from a predetermined focal
7 distance.
1 12. An omnidirectional imaging apparatus according to
2 claim 1, further cowmprising at least one lens
3 optically coupling said image sensor and said
4 reflector and positioned between said image sensor
5 and said reflector.
1 13. An omnidirectional imaging apparatus according to
2 claim 12, wherein one of said at least one lens is
3 a telecentric lens.
1 14. An omnidirectional imaging apparatus according to
2 claim 12, further comprising a telecentric
3 aperture optically coupling said image sensor and
4 said reflector and positioned between said image
5 sensor and said reflection.
1 15. An omnidirectional imaging apparatus according to
2 claim 1, further comprising an additional
3 truncated convex substantially paraboloid-sghaped
4 reflector positionedﬁté orthographically reflect
5 an image of an additipﬁél hemispherical scene from
- 6 said single viewPoinE,féaid hemispherical scene
7 and said additional hemispherical scene being
8 complementary to one;ahbther so that the
9 combination thereof is a substantially spherical
10 scene, and an additibnal image sensor positioned
11 to receive said orthographlc reflection of said
12 image of said additxonal hemispherical scene.

1 16. An omnidirectional imaging apparatus according to
2 claim 15, wherein said reflector and said



35 | npx = -oy; - WO 97/ 4385426 — ——
Fec;l;{)gsgw 073ﬂ“|“|ml“"l“ul‘lumx/ sqrt (tenpx* terrp;< +-terrpy terrpyt iﬁpé - o

tenpz*tenpz); = te€npy/ sqrt (tenpx*tenpx + tenpy* tenpy +
= + -
i) B e R R AT R —
py*oz - pz*oy, tenpy = pz*ox - px#3@= 15 tenpz = px*oy - py*ox;
gx = tenpx/sqgrt (tempx*tenpx + tenpy*tenpy + _ tenpz*tenpz); qy
tenpy/sqgrt(tenpx*tenpx + tenmpy*tenpy + 20 tenpz*tenpz); gz =
tamﬂsmtﬂmmxtamx+tmmytmmy+
3 additional reflector are p051t10ned back-to-back,
4 having a common optical axis anq a common focus
5 point, and wherein each of said“feflectore
6 comprises a mirror truncated at . a plane which is
7 substantially perpendicular to sald optical axis
8 and which includes said common fgcus point.
1 17. An omnidirectiocnal image projectien apparatus for
2 projecting an image representativé of a
3 substantially hemispherical seene¢as viewed from a
4 single viewpoint, comprising:
5 (a) means for projecting said iﬁage as a
6 collimated beam of light modulated with said
7 image, and
8 (b) a truncated convex substantlally paraboloid-~
9 shaped reflector positioned to
10 orthographically reflect sald collimated beam
11 modulated with said image to thereby project
12 said substantially hemlspheglcal scene,
1 18. An omnidirectional image projection apparatus
2 according to claim 17, wherein said weans for
3 projecting said image comprises aftransparent
4 medium bearing an image of said subltantially
5 hemispherical scene, and a colllmated light
6 source, said medium being p051t1qped.between said
- 7 collimated light source and saidfieflector.
1 19. An omnidirectional image projectieh apparatus
2 according to claim 18, wherein salz transparent
3 medium is photographic transparency '

1 20. An omnidirectional image progector apparatus
2 according to claim 18, wherein: sald transparent
3 medium is a liguid crystal dlsplay.



z*t onputed vertical axis */ 25 printf

te
(" corrput ed gﬂﬂn ﬂmﬁm frane\n\n"); /* raster: scan
perspectlv for(i=0;i<ypix;i ++) { di spy

= (double)l (doub e)yplx/2 for(j=0;j<xpix;j ++){
di spx —(double)xplx/2 - (double)j; 35 . sx = ox * focal + px *-
di spx + gx * (V@p1/43ss4 WO 97/ 43854 - PCT/US97/07331
PCT/ US97/ 07331 -34- - 27- : sy = oy *
focal + py * dispx + qy * dispy; sz= oz * focal + pz * dispx + qz
* di spy; mag = sqrt(sx*sx + sy*sy + sz*sz);
1 21. An omnidirectional image projection apparatus
2 according to claim 17, wherein said means for
3 projecting said image comprises a computer and a
4 video projector. - '
1 22. An omnidirectional image projection apparatus
2 according to claim 17, wherein said reflector
3 comprises a substantially paraboloidal mirror
4 having a surface which substantially obeys the
5 equation, expressed in cylindrical coordinates,
6 z =—Q%i£:, z being an axis of rotation of said
7 surface, r béing a radial coordinate, and h being
8 a constant. |
1 23. An omnidirectional image projection apparatus
2 according to claim 17, wherein said reflector has
3 an axis of rotation and a focus and comprises a
4 mirror truncated at a plane which is substantially
5 perpendicular to said axis of rotation and which
6 includes said focus of said reflector.
1 24, An omnidirectional image projection apparatus
2 according to claim 17, further bémprising means
3 for projecting an additional iméﬁé as an
- 4 additional collimated beam of llght modulated with
5 said additional image, said addﬁtlonal image being
6 representative of an additional substantlally
7 hemispherical scene as viewed from a single
8 viewpoint, said hemispherical sqéne and said
9 additional hemispherical scenef?%ing complementary
10 to each other so that the combiﬁﬁtion thereof is a
11 substantially spherical scene,“&ﬁd an additional
12 truncated convex substantially paraboloid-shaped
i3 reflector positioned to orthcgr&phically reflect



sz = sz/ mag; 10 /*

sX = sx/ mag; / mag; :
tonmput ed vect tj)m,m"m“uﬂn{t Eir current pi xel phi =
at an2( sy, sx); = acos(sz/sqrt (sx SX + sy*sy + sz*sz)); 15
/* converted vector to pol ar’ coordi nates */ rad =

2*radi us*(1-cos(theta))/(1-cos(2*theta)); 20 /* found radius of -
i ntersection o ‘55? la */ Xs = rad*sin(theta)* cBETEHTIT3I1
ys = rad*sin(theta)*sin(phi); 235= rad*cos(theta); 25

/* found x, y, z coordinates on paranoloid */ /* printf("xs = 9%
ys = % zs = %\n\n", (float)xs, (float)ys (float) zs); */ 30 [~
use xs, ys to read fron1input i mge and save in .outpui | mge */

/ ; Ch?fk (;(];J;rtixrsmge EOI SQ}. |>g‘r8§ 9:% SaI{ ecﬁq.rl%tg% d beam_ of r’T%eht /moga?zlated
'T(sq 15 y %uth.sald ad21t1onal image to thereby project said

16 additional substantially hemispherical scene.

25. An omnidirectional image projection apparatus
according to claim 24, wherein said reflector and
said additional reflector are pégitioned back-to-
back, having a common axis of rétation and a
common focus, wherein each of séid reflectors
comprises a mirror truncated at a plane which is
substantially perpendicular to sald common axis of
rotation and which includes sald common focus

W ®© 3 O U W

point.

N
[}

An omnidirectional imaging method for sensing an
image of a substantially hemlspherlcal scene from
a single viewpoint, comprlslng the steps of:

(a) orthographically reflectlgg:an image of said
substantially hemisphericai;scene on a
substantially paraboloid-shaped reflecting
surface such that said single viewpoint of
said scene coincides with a focus point of

VWO NON AW N R

said reflecting surface,’ and
(b) sensing said orthographlcally reflected

o
M o

image.

27. The method of claim 26, wherein“étep (b) comprises
sensing said substantially orthographlcally
reflected image from a p051t10n along an axis of

AW N R

rotation of said reflector.

28. The method of claim 27, further comprlslng the
steps of providing an image 51gnal which is
representative of said orthograpufcally reflected

™ W oN R

image, converting said image sighal into image
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I < T,

i ndexx =(int)ys®+ Ycehter: i ndexy = (int) xs + ycenter;

/* printf ("one plxel\n\n"), */ /* wite closest color
val ue into pi %0 9743854 red[i * xpix + |]=r[inpexyssersyze +
i ndexx]; 20 green[i * xpix t3gl = g[indexy * size +

I ndexx] ;

(5]

signal data, and mapping said image signal data

)]

into a cartesian-coordinate system.

29. 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

U W

data and said interpolated image data.

30. 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

W o 30k w N

image data.

31. 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

nm s W R

orthographically reflected image.

32. 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 subatantiall? paraboloid-
shaped reflecting surface such that said

W O 36 Bt W N

single viewpoint of said image coincides with
a focus point of said reflecting surface.

WY
(=]



dexy * xsize + I ndexx] ; 25
p “ﬁ H“{ “HEMI ve image\n\n"); savePPM "out . ppm', red, green,
que Xpl printf ("saved new inage file\n\n"); 35
system (" XV out ppm &" ; WO 97/ 43854.
PCT/ US97/ 07331 ~29- free (r);

free (g); WO 97M385¢ (D) ; 5 free(red); " f r ee RGFEOWP7I3L
free(bl ue); -37-
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steps of projecting as an addltlonal collimated -
beam of light, an additional 1mage representative
of an additional substantially hemlspherlcal scene
as viewed from a single v1ewpoznt, and
orthographically reflecting said additional
collimated beam of light to recreate said
additional substantially hemlspherlcal scene,

m 3 6N

34. The wethod of claim 32, wherein the projecting
step comprises projecting a collimated beam of
light modulated with said image through a piece of

B W N e

photographic transparency bearing said image.

35. The method of claim 32, wherein'tﬁe.projecting
step comprises projecting a colliﬁated beam of
3 light through a liquid crystal display.

N B




printf("freed allocated menory\n\n"); 10 return O; 15

WD 97/ 43854 PCT/ US97/ 07331
- 30- Clains 1 1. An omidirectional
i magi ng apparatus for sensing 2 an i mage “of*a substantially
hem spherical scene 3 froma single viewoint, conprising: 4 -
(a) a truncat YOYMIE substantially paraboloid- 5 PCT
reflector positioned to 6 ort??ggaphically reflect an_i mage of
said 7 substantially hem sphe al scene, said 8
par abol oi dal neflector having a focus 9 coi nci dent 1jd
si ngl e vi ewpoi|nt; &8 10 (b) an }38ge sensor _pasitioned {lo rece
said 11 ‘ ort hographic reflection of said i e. 1
omi di rectiongll i magi ng apparatus according to _
| \
l 140 110 125
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L \
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— —_—
—~f— e
l \ 135 13
“135
| 130
I
FIG. 1a
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m - 145
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FIG. 1b
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coordi nat e

surface, r
WO 97/ 4385
-31- 1

2 claim1l1, wherein said inage sensor conprises a 3 char ged
:coupl ed devi ce i mage sensor. 1 3. An ommi di rectional i nmaging
apparatus according to 2 claim1, wherein said i nage sensor
conprises 3 phot ographic film 1 4. An ommidirectional imging
apparatus according to 2 claim1l, mhereln sai d i mage sensor E
conpri ses a 3 WO97438%4deo caner a. 1 . An omi di r ect i onACTYRAYITIHN
apparatus according to 2 clain11 ﬁreln said reflector conprises a
3 substantial ly parabol oidal mrror ng a surface 4 whi ch

substantial ly obeys t he equation expressed ;5 in cylindrical
S [err] z being . 6110 an axis of rotation of said
being a7 radi al goor@&na e, h being a constant.
4 —m———————— 38— ——
6. An omidirectional |nag|ng‘appar tus according to
130 l 130
YA L
| 320 /(305
135
~ P ~ A
k sl
[ A7
L - £ \ _;.hE-r?
// 315 310 \’ 2h

FIG. 4
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2 claim1l, wherein said reflector has an axis of 3 rotation
and conprises a mrror truncated at a 4 pl ane which is substantially
perpendi cular to said 5 axis of rotation and which includes said
focus of 6 said reflector. 1 7. An ommidirectional inaging
apparatus according to 2 claim1, wherein said inmage sensor is -
positioned 3  WO9TM¥Sébng an axis of rotation of said refl ect ®CTUSINTIIG,
An omi di rectional inmagi ng apparatus accorgi to 2 claim1, further
conprising a transparent support 3 dggling said reflector and to
said i mage sensor 4 to maintai he relggiyespesi tions thereof. 1
9. An ommi di rectional i naging appar S aclcora.ng o 2 claim1l,
wherein said i mage sgaggL_QLgqu§§Ehn é\ i el]Xignal representative
of said 4 ort hographically reflected ji mge, rther 5~
conprising an image signal processing apparqtus 6 coupled to said

i mage sensor to convert said image 7 si@tal{ i hto i mge sB@! data
and to map said 8 i mge signal data i*nto cafteSQD- cooTdrMate 9
system 1 10. An omidirectional inmagirng appafajus according to 2
claim9, wherein said inmage signal processing 3 ) apparatus further

i ncl udes interpol ation neans for 4 praviding i hterpal ated i mrage dat a,

whereby said 5 i nterpol ated i nrage datla and jsa i signal data 6

are conbined to formsaid digital inmage. ! 11. tiona

i magi ng apparatus according to 2 clailm 10, wh [ d ammge

processi ng apparatus 3 further includeH@bgns oom ng\in on a
135 '

135

e \ .
551

FlG. 6
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- 32- 4 presel ected portion of said digital inage to 5
t her eby provide an enlarged i mage of said 6 presel ected portion from
a predeterm ned focal 7 di st ance. 1 12:~ - An ommi di recti onal
i magi ng apparatus according to 2 claim1l1, further conprising at -
| east one | ens WO97M4854  ontjcally coupling said i nage sensor ZEAUSHIATIY
reflector and positioned between said i rage sensor 5 and said
reflector. 1 13__ An omidirectional 48 ng apparatus according to 2
claim12, wher g said at | east one lens is 3 a telecentric
| ens. 1 14. ni di r%ti onal inmagi ng apparatus according to 2
claim12, furtHerficonpfi si(ngua tel ecentric 3 aperture optically
coupling said i e sighsqgr and @ said reflector and positioned
between said i 5 se r and said reflection. 1 15. An
omni di recti onal ppar atAis according to

O

0

8/
o

130
13
FIG. 7

730

R—
N~
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2 claim1l,

ort hographically refl ect
scene from®6

and sai d additional
anot her so t hatwad byme3sss
spherical 10 scene

and an additi o%a}
to receive said orthographic reflection oM/s
scene. 1

addi ti onal hem spheri cal
apparatus according to 2
WD 97/ 43854
- 33- 3
havi ng a common optica

pl ane which is 7
8
omi di recti onal

i mage projection appafatus o
i mage representative of a 4‘///

further conprising an additi onal
convex substantially parabol oi d-shaped 4

5

said single viewpoint,
hem spheri cal

addi ti onal
axi s and7 gonmon
wherein each of said reflectors

and whi ch includes said co

3 truncat ed
refl ector positioned to
an i mage of an additional hem spheri cal
sai d hem spherical scene 7

scene being 8 conpl e one
is a substan?&ﬁ%ﬁb*ﬂﬁ?

conbi nati on thereof
i mge sensor positioned 11

id 12 i mmge of said
16. An ommi directional imaging
claim15, wherein said reflector and said

PCT/ US97/ 07331
posi ti oned back-to-back,
5 1356 poi nt, and
s amrror truncated at a

reflector are 4

substantial ly lar to said optical axis
i\t . 1 A An
%$6 2 pro#%g?ing an

l—.—-——-——u—.—.—-—.

—L_

FIG. 8
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3 substantially hem spherical scene as viewed froma 4

.singl e viewpoint, conprising: 5 (a) neans for projecting said
imge as a 6 collimated beam of |ight nodulated with said 7
i mge, and 8 (b) a truncated convex substantially paraboloid- 9
shaped refl ector positioned to 10 or t hogr aphi cal IM"'%BJ,,%I said
col i mat ed beaMmoOi197/43854 nodul ated with said i mage to thereby project
12 sai d substantially hem sp[Ey'?cal scene. 1 18. An
omi di rectional imge projection apparat . according to claim17,
wherein said neans for 3 projecting said i mage conpxl
transparent 4 medi um bearing an’ i mage of said subsfantial 5
hem spherical scene, and a collimated |light 6 Sour|{¢e \ Pl {nedi um
bei ng positioned between said 7 collimated Iight |m aid
reflector. 1 19. An omi di reg@g@nal inmage projecti A 2
according to cl aim 18, rein said\transparent 3 medi um i
phot ogr aphi ¢ transparency. 1 _20. \An ommidirectignal T ect or
apparatus 2 tNd cl ai m 18, v%erei n/said transpayent 3
mediumis a liquid crys*t—a-l—-dr pl ay. 97/ 43854 97Q
PCT/ US97/ 07331 4-
B e
FIG. 9b
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1 21. An omidirectiona

i mage projection apparatus 2 accordi ng

to claim 17, wherein said neans for 3 projecting said i mge
conprises a conputer and a 4 vi deo projector. 1 22. An

ommi di rectional image projection apparatus 2 according to claim17,
wherein said reflector 3 conprises a substantially paraboI0|daI -
mrror 4 WO Hg a surface which substantially obeys t 073
equation, expressed in cylindrical coordlgﬁgfs 6 = [err]

, Z being an axis of rotation of said surface, r being a radia
coordinate, and h being 8 a constant. ~ 1 23. An

omi di rectional inage projection apparatus 2 according to claim 17,
wherein said reflector has 3 an axis of rotation and a focus and

conprises a 4

apparatus 2

mrror truncated at a plane which is substantially 5
perpendi cular to said axis of rotation and which 6 i ncl udes said

focus of said reflector.
according to claim17, further conprising nmeans 3

for projecting an additi onal

beam of Iight nodulated with 5 \;al

addi tional inmage being 6

1 24. An omidirectional inage projection

additional inage, said

i mge asOHDd addi tional collimated
tive ok an additional

res nt

substantial ly 7 heﬁl%EESLLQﬂtzﬁﬁﬂﬂfzﬁﬁzitﬁMed—TrOﬁ]a STngl€ 8

Vi ewpoi nt, said hem spherica ene and safd 9 addi ti onal

hem spherical scene being conpl ementary 10 to each other so that the
conbi nation thereof is a

21 f

930
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11

substantially spherical scene, and an additional 12
truncated convex substantially parabol oi d-shaped 13 refl ector
positioned to orthographically reflect WO 97/ 43854
PCT/ US97/ 07331 - 35- 14 sai d
addi tional collimted beam of |ight nodul ated 15 with said -
addi tional i mag¥OPH4Bsfer eby project said 16 addi t i onal PETNSYARB 4 | y

hem spheri cal
apparatus 2
sai d additional

common axis of rotation and a 5

reflectors 6

scene.

1 25. An omi directional

according to claim 24,

reflector are positioned back-to- 4

whi ch i ncl udes said

omi di recti onal

substantially hem spheri cal
conprising the steps of:

of said 5

i ma

(40)

substanti ally parabol oi d-shaped refl ecting

i mage projection

rein-said reflector and 3

_back

havi ng a

f said
s 7
n and

an i mage

: conprises a m ipqQ4ru Ca@ﬁq-;ﬁ) APMicAbLoh |
substanti al | erpendi cul ar to said commonlaxi$ee tig
%S sal n focus 9 oi E T"ﬁ'g SGE;NE
thod for sensing an 2 I mage of a
scene from3 a_sing viewooint,
4 ?Oort Hogr aphi ' | ecting
substantially emﬁ#erbﬁH%ﬁEI’&%&AELY
REFLECTING IMAGE
1230~—_| CONVERTING IMAGE TO
IMAGE DATA SIGNAL
MAPPING IMAGE
1245 l " DATA
SPECIFYING VIEWING 1>40
DIRECTION, -FOCAL
LENGTH, AND
IMAGE SIZE
ZOOMING 1260
S |
1250 INTERPOLATING
M IMAGE DATA
1270~ FORMING DIGITAL
' IMAGE
- END
FI1G. 12
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7 surface such that said single viewoint of 8 sai d

scene coincides wwth a focus point of 9 _ said reflecting
surface, and 10 (b) sensing said orthographically reflected 11
‘i mage. 1 27. The nethod of claim 26, wherein step (b) conprises 2
sensing said substantially orthographically 3 reflected inmage froma
position al ong WR9%43884 of 4 rotation of said reflectorF 0738
The net hod of claim 27, further conprising the 2 steps of providing
an i mage signal which is 3 represegy ey i ve of- said orthographically
reflected 4 i1y converting said inage signal into image
WD 97/ 43854 PCT/ US97/ 07331
- 36- 5 - signal data, and mapping said image signal data 6
into a cartesian-coordinate system 1 29. The nmethod of claim 28,
further conprising e Z Steps ol _Jnterpolating said i mage signal
data to 3 ﬁ%@ﬁﬂh&ifﬂ%@%a@«ﬁe%f/%13ﬂ@i ng i mage data, 4
and form ng a di gi {aCObIMATEDNBEXMNOPPed 1 mage
LIGHT MODULATED
WITH IMAGE
ORTHOGRAPHICALLY
REFLECTING
COLLIMATED BEAM
OF LIGHT 1330
1320 PROJECTING
ADDITIONAL IMAGE
AS ADDITIONAL
COLLIMATED BEAM
OF LIGHT MODULATED
WITH ADDITIONAL
IMAGE

:

ORTHOGRAPHICALLY
REFLECTING
ADDITIONAL

COLLIMATED BEAM

- OF LIGHT

o>

1340

FIG. 13
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5 ° «dat a* and sai d i nt.erpol ated i nage dat a. 1 30. The met hod of
claim?29, further conprising the 2 steps of zoonming in on a
presel ected portion of 3 said digital inage to thereby obtain an
enlarged 4 | mage of said presel ected portion froma 5

predet erm ned foc nce, |nterpolat|ng said -6 I mage )
' ' g’%&f‘é@ for m ssing i nage data, and ormegr?gﬁ:’zi.’l

digital image 8 fron1sa|d mapped i mége data and sai d interpol at ed

defi ne appr oxi mat

9 i mage dat a. 1 31. The nethod of cl-aim27, further conprising

the 2 steps of orthographically reflecting an additional 3
i mge of an additional substantially hem spherical 4 scene, and

sensing sai d addi tvDdéd sizmal outpatiheBiclhiam|bBe/ prefidetedirevgky to 1
32. A nethod for Jc? :a'izs”w@naﬁpr ?rﬁéaéd ?%roihe analog-t:@-

substantially hem s er scene as VI ewe a single
vi ewpoi nt, conpris

a col |'i mated beam of EF:.g. 2 ahows ahl ghbmqnid: atiew wit kheaparabaleidand
(b) orthograpglc &ﬁiéfﬂﬁgﬂ%:s ke, Caﬁiéﬂﬁgﬁﬂhndé from base 148cfromf

light on a substa ar abol oi sflectl ng

pe
surface such that orme ﬁg?‘ét*ﬁee\ﬁé’(ffsﬁf’e f’gs
coincides with 10 140, :.nclud:.rm theusefdectonilitni dsr cbhted Wgtbuilfde@?

layer 145 of highly reflective metal, such as silver.
Fig. 3 illustrates in greater detail, the

10 preferred geometry of the parab01oid-shaped reflector
135, as well as the orthographic reflection of the
image of the ‘substantially hemispherical scene 130 onto
the image-senbor 110. The reflector 135 of Fig. 3 is
defined in cylindrical coordinates, r, ¢ and z, as

is substantially obeying the equation

B-7

Z = 2n (2)

where z is tﬁe axis of rotation, r is the radial
coordinate, and h is a constant. The 2z axis coincides

20 with the cptical axis of the imaging arrangement, and a
focus point 315 of the paraboloid defined by eguation
(1) coincides with the origin of the coordinate system.
The reflector 135 of Fig. 3 is truncated at a plane p
which is subétantially perpendicular to the z axis 310

- 25 and which zncludes the focus poznt 315 of its

paraboloidal surface. :

All incomzng rays 305 that would otherwise pass
through the ﬁocus point 315, are oxthograph;cally
reflected towards the image sensor 110 by the

30 reflecting paraboloidal surface. Thus, the focus point
315 is coincident with the aingle'viewpoint from which
the substantlally hemispherxcal scene 130 is viewed.

—-The image sensor 110 is pos:.t:Loned along the optical -
EPLAGEMENT SHEET | ‘
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(a) projecting said inage as

6
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S37- 1 33. The nethad.of claim 32,

steps of projecting as an addl tional colli
addi tional imge representative 4
hem spheri cal

or t hogr aphi cal | y‘ipéf’fect ]

g S5

of an additi onal
as viewed froma si ngl e Vi ewpoi nt
Yooy ooy

B o

BCT/ Use7/ 07331 T80 2414 -5

further conprising the Foss dpy.

beam of_
SubsHess
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mated 3 I ight, an
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An omnidirectional image apparatus (130) for sensing an image of a substantlally hermsphcncal scene from a smgle viewpoint,
including a truncated, convex, subsumtlally paraboloid-shaped reflector ( 135) positioned: to orﬂ\ogmphmally reflect an image of the
substanhally hemispherical scene, and an lmagc sensor (110) positioned to receive the onhographncally reflected image. An omnidirectional
image projection apparatus :fof projecting an image of a substanllally hemispherical scene as viewed from a single viewpoint, including a
means for projecting a:collimated beam of light modulated with the image, and a truncated convex substantially paraboloid-shaped reflector
positioned to orthographically mﬂect the collmmed beam of hght modulated with the i :mage ‘o project the hemispherical scene.




