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Description

omnidirectional Imaging Aggératus

Notice éf*éé&éthment Rights

irtual reality, computerfgraphics,
" fna robotics, it is des1rable that an
ave a large field of view so as to be
s as much information as p0351b1e about
the world;arodnd it. i
Tradltlohal imaging systems lnclude a camera with

a lens tha_.prov1des a perspective prOJectlon of an
image. wae':r, a camera with even a very wide angle
lens has only a limited field of view {i.e., covering
full hemisphere). This 11mited field of
sxpanded by tilting and pannlng the entire

less than,'

view maY'bf
1maglng syste about its center of proaectlon One
escrlbed in S.E. Chen, "Quicktime VR -
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systém. Thls type of system has two serious drawbacks,
however,

.o'ehbeing the obvious disadvantages associated
with a deﬁ;ce héving critical moving parts, and the
second being the significant amount of time required to
make a ful ‘6§§tion in order to view the surrounding
world.

ﬁﬁe limitation makes such a device
unsuitable for real-time applicationes.

Anot
in an imég . ystem is by employing a so called "fish
eye" lejM' % , disclosed in E.L. Hall et al.,
nomnidirectional Viewing Using a Fish Eye Lens", SPIE
Vol 72L Op! s, Illumination, and Image Sensing for
Machine Vi ' (1986), p. 250. Since the fish eye lens
' : rt focal length, the field of view may be
as large¥é hemisphere. The use of such lenses in an

pproach to increasing the field of view

. is problematic, however, in that they

are‘signi cantly larger and more complex than

conventlona énses. Moreover, it has been difficult

to deveiop ish eye lens with a fixed¢viewpoint for
all p01nts'of the relevant scene, U;SQ Patent No.

5,187,667 to Zlmmerman, and U.S. Paténﬁ'ﬂo. 5,359,363
to Kuban et :1

] replace conventional pan ‘and tilt

are also directed toitﬁe use of fish

One such prior
fdlsclosed in V.8. Nalwa,;"A True Omni-
ewer", ATT Bell Laboratories Technical
0115500-960115-01, Jan. 1996. Nalwa

Memoran m
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discloseswﬁh .use of multiple planar reflecting
surfacesfin”cggjunction with multiple charged coupled
cD iﬁcameras to obtain a 360 degree panoramic
;degree band of a hemispherical scene.

device (“
1mage of
Speclflca;;f “in Nalwa, four planar mirrors are
arrangedfiﬁ the shape of a pyramid, with one camera
being'posf ioi;d'above each of the four planar
reflectint 51des, and with each camera: v1ew1ng slightly
"grees by 50 degrees of the hemispherical
stem suffers from the serious drawback

more than 9”
scene. Thls
of requlrlng multiple sensors to capture a
hemlspher"al'fmage In addition, this system suffers
from thef;nherent problems associated with distortion

' when the separate images are combined to

:w360 degree view.

conjunc ion with image sensors. It is well known in

: _ :_en from a single v1ewp01nt is a plane
whichc§ ; fhrough the mldp01nt of the line segment

sensor (CO S) whlch uses a con1ca1 reflectlng surface
to gather’ agesuﬁrom the surrounding environment, and
‘the“information to guide the navigation of a

processes’
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mobile robot
in 360 degrees

Although COPIS ies able to :attain viewing
it is not a true omnldlrectlonal image
:he field of view isg 11m1ted by the

1the conical mirror and by the v1ew1ng
era lens. Furthermore, as discussed

sensor because

angle of the,c

above, reflect__hﬁoff the curved surface ‘results in

multiple v1ewp01nts, the locus of v1ewpoints for a cone

being a circle””
dlstortion_end-
translation of the image to reconatruct ‘the scene as

Multiple viewpoints cause significant
gulre complex manlpulat;on and

'hgle viewpoint.

Yamazawa et al., "Obstacle Detectioh With
Omnidlrect' na_
Internatio'?l;;
Oct. 1995, p. 10
in the COPIS system which involves the use of a
hyperb0101del
surface. As dlscusaed therein, the rays of light which

'”mage Sensor HyperOmni Vlsxon" IEEE
nference on Robotics and Automation,
32 discloges a purported improvement

flecting surface in. place of a conical

are reflecﬁ a off the hyperboloidal. surface no matter
where the p01nt of orlgin, will all converge at a

_,in'that it enables full perspectlve image
auee the rays of light whlch make up the

eurface is critical, and any disturbance

"'the image quallty. Further, the use of a

as the'dié' noe between the sensor and the mirror

he cross- -gection of the mlrror must

herefore, practical cons

increase._ |
that in order to keep the mirror at a.
the mlrro must be placed close to. the“sensor. This in

'?eratlons dictate
;reasonable size,

plications to arise w1th respect to the

deeignfof the ‘image sensor optics. In addition,

PCT/USYINTIL
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_‘with the single viewpoint. Aan image

sensor is positioned to receive the orthographic
reflecti e
diment of the invention, the surface of

substantially -cbeys the eguation,

In
the reflector

2h

bylindricél coordinates, where r is the
nate, z the axis of rotatiOn, and h is a

expresse
radial co
ithe equatlon represents a symmetrical

otation, the shape of the’ surface is not a
q_e:angular coordinate ¢. 'The reflector is

constant.
surface o
function-ql
truncated lane which is substantially
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perpendlcular .the z axis and which includes the
focus p01nt'o ﬁe paraboloidal reflector. The image
sensor is pr_ferably positioned along an optical axis
which co;nczdesfwith the z axis of the reflector.

In an e*émplary arrangement, the image sensor is

electronic fptovides an image signal which is

representa# f.the orthographically reflected image.
This image s gnﬂ1 is digitized and transferred to an
image . proce551ng'apparatus The image processing

apparatus ls:adbantageously adapted to enable v1ewing

gcene, and panning of the scene from a
predetermined- viewpoint.

paraboloij haﬁed reflector positioned to
”11y reflect an image of an additional
¥ene from a single viewpoint. The
hemispherical:scene and the additional hemispherical
mplementary to on another so that the

orthdgraph
hemlspherlca

scene are

combinatif yeof is a spherical scene. An

additional e sensor is positioned to receive the
image whiéh i_jorthographically reflected from the
additional reflector.

In thls“'mbodlment, the reflector and the

""1ncludes the common focus point.
pect of the present invention is an
image projection apparatus for

mage representing a substantially
céne as viewed from a single viewpoint.
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hav1ng and'mage of a hemisgpherical scene, so as to
project a ‘co llmated beam of light modulated (spatially
temporarlly) with the 1mage, and a
truncated . 'nvex substantially parabolold-shaped
reflector . pos;tioned to orthographlcally reflect the
colllmated:_eam of light modulated with ‘the image, and
thereby pr""ect'the substantially hemlspherlcal scene.
Anoth exemplary embodiment of the
omnldlrectlonal 1mage projection apparatus includes an
ght source and 1mage-bear1ng transparent
to project another colllmated beam of
light modu: ed with another image representlng an
additionalvsubstantlally hemispherical scene as viewed
- :?iewpoint. The hemisphefical scene and
ljhemispherical scene are complementary to
‘that the combination thereof is a
lépherlcal scene. An addltlonal truncated

and p0551b

additional
medium so .

from a sin
the additi

aoptlcal axis and a commop_focus p01nt.
ted at a plane which is;eﬁbstantially

reflecting image of the substantlal 'hemlspherlcal
stantially parab0101d shaped reflecting
hat the single V1ewp01nt'c01nc1des with
t of the reflectlng surface, and (b)
hographically reflected_;mage. Step (b)
may include ﬂeing the substantially o?thographically

scene on a_
surface suc
the focus p
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';ncluded the further steps of providing
which is representative of the

ic Iiy reflected image, converting the image
int 'ée data, mapping the image data into a
carte51an-coord1nate system, interpolating the image
data, and fori hg a digital image from the mapped image
data and the ”nterpolated image data. If desired,
after speci yiqg a viewing direction, a focal length,

and an image:size, this selected portion of the image

can be zoome ‘in on before performing the interpolation
step. AR
~in yet another exemplary embodiment of

‘thod there is included the further steps

Finali?J
the_iﬁaging
of orthographically reflecting an additional image of a
substantiéi hemispherical scene on an additional

that the
coincides.:

image, éﬁ@jkb) orthographically reflecting the

collimaté&”beam of light modulated with the image on a
substantlall"-paraboloid-shaped reflectlng surface such

focus’ p01nt of;the orthographic reflecting surface.
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substantlally hemlspherlcal scene as vlewed from a
single v1ewp01nt and orthographically reflectlng the

Brief Deé_-lgtlon of the Drawings
Exemp'ary,embodlments of the present invention
will now be descrlbed in detail w1th reference in the

accompanylng rew1ngs in which: _
a side view of an exemplary embodiment

Fig.:
of en_omﬂiésrectlonal imaging apparatus;
b g.71b, .a side view of an alternate embodiment
in which~a paraboloid-shaped reflector is connected too

an image;sep “by a transparent supgprt;
Fiéili”' ﬁ
reflector ™ unted on a base plate;
Flg. Jiig a'partlally isometric v1ew of a

.sha ed reflector mapped 1nto a cylindrical

an isometric view of a paraboloid-shaped

coordinate system,
Fig ' _1s_e'geometr1c representatlon of
orthographlc reflect;on from. a curved reflectlng

surface;
Fig}-

reflectlon from-a substantially parab0101d-shaped

reflector‘

is an illustration of orthographlc

mage sensor;

Fig. d: portion of a

6'_1 ustrates ‘how any select
hemlspherlca : o

viewpoint; _ _ CE
Flg._?h s a side view of an omn1d1rect10na1
ppa: with two back-to-back substantially

_shaped_reflectors and two lmage sensors;

parabolole_
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positioné
substanéi_

110,

such as-a

‘ive images of two subsﬁantially

PCT/US97/07331

side view of an omnidirectional image
tus with two back- to-béék

6 collimated light beaﬁs with

is

lspherlcal scene 130._ An image sensor
mmercially available .Sony 3CCD color
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video camera devzce 111 having magnifying lens 112 and
a telecentrlcflens or a telecentric aperture 113, is
"receive the orthographic reflection of

- telecentric lens 113 functions to
l'rays of light which are not

o the plane of the lens, i.e.,
background llght which does not form part of the
orthcgraphlc reflectlon of the hemlspherlcal scene.

he description herein is with regard to

posltlone
the image

visible lw _f the present invention has equal
appllcatlon to.other forms of electromagnetic radiation
such as u rav1olet light or infrared light.

In ai lternate exemplary embodiment of the
imaging . a a 'Eus 100 according to the invention shown
in F1g.__' .paraboloid-shaped reflector may be
coupled~t the ;mage sensor by a transparent support
136 sﬁc “a length of clear tubing.

Referrlng agaln to Fig. 1a, the video camera 110
alog video signal representative of the
y reflected image which is sent through
cable 150 The video signal is converted to a digital
signal'by:ﬁlgl 12er 120, which is a commercially
available . NT video signal analog-to-digital
converter .

The,ﬁigit .lsignal is then sent through a cable
155 to a gener 1: purpose computer 125, such as a DEC
Alpha 3000 600 workstation. As will be explained in
further de'a the computer 125 is programmed to allow
the . user:te“

generate
orthograp_

ew any desired portion of the
cene, ‘to zoom in on a selected portion
r to pan the scene in any desired

hemispherlca
of the scene
manner.
The 1mage sensor 110 may simply be a still or
photographlc camera using conventional
The image sensor 110 may also be a

motion picture

camcorder'or 1deo'camera 116 whlch provides a digital
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video 51gnal output, which can be prov1ded directly to
the computer: "25 without the need for the analog-to-~

which it 15 formed. The entire surface of the base

10

15

2a ' ' (2)

where z isftﬁejaxis of rotation, r is. the radial

coordinate, éhd’h'is a constant . The'f axis coincides
20 with the-pb

focus point 315 of the parab0101d defzned by equation

al axis of the imaging arrangement and a

- 25
30 the focus point
oint from which
T
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axis 310 of ”he 1mag1ng system and the photosensitive
-is perpendicular to thg optical axis.
.oxrthographic reflection to enable

surface thereo

“stantially hemispherical scene from a

: and r are perpendlcular
ordlnates for a given value of ¢, the
:te. The angle of an incoming ray 405
‘# axis is 6. The incoming ray 405 is
. reflected by the reflecting surface
g ray 410. '
ingle viewpoint 420, any incoming ray

tan(0) = z/r, ‘ (3)

and for pﬁihbé}éphic reflection, all rays must be
reflectedgéf an angle

a=n/2, (4)

he anéie between the outgoing ray 410 and
o ;these two constraints to be satisfied,

where « is
the axibﬁ
and for th ngle of incidence to equal ‘the angle of
reflection' & clear that the angle, B, between the
reflected ray 4lb and the normal direction of the
surface at th point of reflection, A, must equal

p=22orp- w28 (5)
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which can aléo bé_expressed as

tane-tanf _ 2tanf
1+tane tanf 1-~tan?p

(6)

tan 28 =

Final;y,;th_ lé@e of the reflecting surface 415 in the

2-¢ piane:qt;th§§point of reflection is

(7)

(8)

dz

solutions for
dr

to obtain but to avoid

self ogélﬁé: 'hy the reflecting surface, the slope of
v n the right quadrant is made negative (i.e.,
s ‘convex). The result is

(10)
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a+yivar-4, (11)
where h is:': onstant of 1ntegratlon. Substituting

;e exists a curve, which when rotated

about the is, generates a surface that will allow
orthographic¢ reflection of a substantially
gscene from a single viewpoint. This

focus 420"
In ad

istrates how a portion of the
hemispherical scene is viewed by the
from a single viewpoint. A truncated

ti 1ly parabolold-shaped reflector 135 is
;rteSLan coordinate aystem The optical

imaging arrangement is c01nc1dent with
‘the focus 501 of the substantially
flector 135 is located at the origin.
)S, 510 from a portion of the scene 300
-ersects the reflecting“éurface at

520, which can be deflned by their

“d y coordinates. Point 515 and 520 lie
radial lines 516 and 521 respectively,

paraboleida
Incoming rays
being view

points 515
respective
along imagina
which origiﬁa t the viewpoint of the.scene, i.e.,

the focus 5 the paraboloidal reflector. Since
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these rays at_ rthographically reflected toward the

image sensor[ b; which has a planar light-sensitive

surface perpéhdiCular to the z-axis, the projected rays
will intersect ﬁhe light-asensitive surface at the same
respective xi_nd y coordinates. Only the z coordinate
will change. ' Ac

ccordingly, there is a one-to-one
between the x-y coordinate of the point
-with the reflector 135 of the
:iprojected ray, and the x-y coordinate
‘which that orthographically projected
ray intersects the planar light-sensitive surface of

correspondenc

the image seénso

In a pgéférted arrangement, the image sensor 110
includes a planar-charged coupled device ("CCD") image
sensor haviﬁ'-qg array of light senéing elements. Each

cell senses

intensity of light at its particular
location in ;array. Therefore, with a one-to-one
correspondeﬁ , the image signals produced by the CCD
cells whichf; ver a particular rangé of x~y coordinates
in the grid ”sTrepresentative of the rays which are

"y reflected from the reflecting surface

135 at poiﬁt: within the same range of x-y coordinates.
Thus, mappiﬁ' of the image is a simple task for persons
skilled in'the art.

3 ne-to-one correspondence explained above
Hfiilustrates-a technique for zooming in
';portion of the subétantially

cene. The reflector 135 is positioned

in mind, Fi
on any selec¢

hemispherical.s
relative t6=orthogonal X, v and z axes in the same

ig. 5. 1In order to zoom in at a focal
_:é selected portion of the scene centered
around a p nt 550, with a specified size, only the
image signals of the CCD ceils-locéﬁéd with the same
range of x-y’ oordinates as the reéidn of the
reflecting s ﬁféée projecting the selected portion of
the scene. f. selected for magnification and viewing.
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More‘péfticularly, to determine the appropriate
light lntensity for point 5§70 in the selected portion
:'the light intensity s1gna1 generated by
which lies at 580 is chosen. As shown in

of the sce
the ccpacgll
Fig. 6, %anli e segment drawn between point 570 and
focus p01n:}551 intersects the reflector 135 at point
552, The .ght intensity at point 570 is set equal to
that repreésented by the image signal -generated by the

“fuction or complex frame transformation is
A general purpose computer 125 can

portion. F
along thé‘

more close pproxlmated by 1nterpolatlon. A suitable
1nterpolaplon program which may be executed on computer
125 is 1nc1uded:1n Appendix I to this specification.
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dched as Appendix I will map the sensed
-omnldlrectlcna elmage to an ordinary perspectlve image
that is syl able for display on Computer 125. The

1] e.the user to input the name, center
1ocation,egwaj adius of the omnidirectional image to be

converted. - program also requires the user to input

a name for; hé’ generated perspective im;ge, as well as

a focal length End size for the perspective image.
Thus, ins_ead of simply choosing the image signal

generated by he nearest CCD cell to represent portions
of the imag " ich do not precisely correspond to a CCD
cell, the' i
the appended?program based on a suitable average of

enerated by CCD cells which correspond

'geifor such scene portlons ie estimated by

image 51gnal
b portions of the scene. Of course, more
nterpolation programs known to those
art, such as those that are based on
emporal matching, may bé used without
_.the scope of the 1nventlon, as defined
hereln.

'her exemplary embodiment of the
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As shown in Fig. 8, the reflectdrs 135 and 735 are
positioned: back to-back, share a common axis of
rotation 810__wh1ch is also the optlcal axis of the
'_ ;atus, and a common focus 805, and are each
truncated at a plane p which is substantlally
perpendlcular:to the axis of rotatlon 810 and which

includes the focus 805.

'fsingle viewpoint. The omnidirectional

image prOJection apparatus includes a colllmated llght

reflect the olllmated image modulated beam 940 so as
to pro:ect ; e substantlally hemlspherlcal scene.
In an. a ternate exemplary embodlment of the

progectlon system according to the present invention
shown in Flg“ 9b, the collimating lig £
transparent mage-bearing medium are replaced by a
video pro;ec 'on system 960 controlled by a general
purpose compu ir 970. The video progectlon system 960

source and the
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imated beam of light 940 which is
modulated wzth :he desired image information. To this

produces a o

end, the computer 870 will control the intensity
distribution of ‘the emitted light 940 from the
stem 960.
A fur her -exemplary embodiment of the

omnidirectional -image projection system according to

the invention,
transparen
additional 1mageﬁrepresent1ng an additiomal

shown in Fig. 10, includes an additional
-mage bearing medium 1020 which hold an

substantlall hemlspherlcal scene, an additional

' ht source 1010, and an additional
aboloid-shaped reflector 1030. The
substantlaﬂly‘_emlspherlcal scene and the additional
substantla'ly hemispherlcal scene are complimentary to

colllmatlng-

substanti'I1§f

Referrzng to Fig. 12, there 15 shown a flow chart
1200 illg

,g a method for sen91ng .an image of a
_ ghemlspherlcal or spher1cal scene from a
Bingle v1eﬁpoxnt accordlng to an exemplary embodiment
of the preeent invention. Flowchart 1200 shows the

necessary.steps for sensing the hemxspherlcal scene

from a gle v1ewpoint. The method requlres

orthograﬁh ca 1ysreflect1ng the substantlally
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hemispheriéal scene 1210, and sensing the
orthographlcally reflected image 1220.

The method may further include the steps of
convertlngﬂthe image signal into 1mage signal data
1230, mapp1ng the image data into a cartesian-
coordinate system 1240, interpolating: the image data
1260 to derlve approximate values for m1551ng image
data, and formlng a digital image 1270 from the mapped
image data: .and from the interpolated image data.
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
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 1ncludes the
steps of progectlng a collimated beam of light
modulated w1th 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 w1th a focus point of the reflectlng surface.

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
additional substantially hemlspherlcal 'scene as viewed
from a 51ngle viewpoint, and orthographlcally
reflecting the additional collimated heam of light 1340
to recreatefthe additional substantialiy hemispherical

scene.
Accordlngly, the present 1nvent10n provides an
omnldlrectlonal imaging apparatus for sens1ng an image
of a subgtantlally hemispherical scene from a single
viewpoint théh does not have any mdving parts. The
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inventive apéé:atus uses orthographic reflection to
provide improved image quality and to enable zooming in
on any Pdft:_ﬁiQf the scene and panning of the scene
without requiring complex image recomstruction or
complex fra ptansformation.

The p;é" nt invention also provides an
"image'projection appatatus which is

omnidirecti
capable of p?d ébting an image representative of a
substantialiﬁ,hémispherical scene as viewed from a
single viewp ht.

The abo :description is merely illustrative of
principles iﬁyoived in the invention. Other
modificatioﬁé.qf the invention will be obvious to those
skilled infthefért, and it is intended that the scope
‘ion be limited only as set forth in the

of the inve:

appended claims.
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APDENDIX I.

#include "oedlin.br
#include “imageutil.h"
#include "st:d:.oh"
#include *n ﬁﬁh“

/* int main(int arge, char **argv) */

double xs, ys, -
double dispx, __
int xnenﬁﬁ égnt, Xnew, ynew, xpik,f?pix, xpoint,
ypoint; o

int xpixgl' ”'ixg1, indexx, indexy, xcenter, ycenter:;
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/* printfﬁfcpmpleted initializations\n\n"); */

if (arge ;i ?{
prlntf("arguments xcenter, ycenter, radius\n");
5 exit (0

printf("\nﬂ)

at01(argv[1]).
at01(argv[2]).
radius = ato”Kargv[3]).

10 xcent

ycent

prlntf("omnl image: xcenter = %d ycenter = %d
15 radius = %f\n\ﬁ"

xcent, yc'nt, (£loat) radius) ;

pr1ntf(“1nput view pixel [xnovel ynovell: ");

scanf(“%r %dW; &xnew, symew) ;
20 prlntf(“'” s

wgelected view pixel: xnew = $d ynew =

$d\n\n", xnew, yrew);

25 prlntf(ﬁ_.
focall : “) . : :
lcanf(“%d %d %f" &xpix, &ypix, &focal) ;

éw image parameters [xpixels ypixels

30 prlntf("output jmage: xpixels = %d ypixels = %d
focal = %f\n\n"
xplx,_yplx, {£loat) focall;

1oadPPMﬁ,“estfppm", &r, &g, &b, &xsize, &ysize) ;
35 ' :

prlntf(ﬁloadediomnl image file\n\n")
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xosize = xpix;

yosize =:ypix;

/* printf
\n\n", xosize, yosize); */

et new img size, xsize = ¥d, ysize

'uble)xpoint,

suble) ypoint ;

radlus*radlus - (tempx*tempx +
IZ*radlus). o

Cempx

tempy:

tempz
tempy*tempy.

_ '”rp(tempx*tempx + tempy*tempy +
tempz*tempz o 3

Qy = temp sqrt(tempx*tempx + tempy*tempy +
tempz*temp :
te Sqrt (tempx*tempx + tempy#témpy +
tempz*tempz) ; - E

oz

/* compute “optical (z) axis */

PCT/USY7/07331
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tempy = ox;
tempz = 0;

px = témpg[éﬁrt(tempx*tempx + tempy*tempy +
tempz*tempzi 'f[

DY = tempyféqrt(tempx*tempx + tempy*tempy +
tempz*tempzi}ff} | '
Pz = tempz/sqrt (tempx*tempx + tewpy*tempy +

tempz*tempz){x

/¥ compute@ﬂ?prizontal axis */
tempx = py*0z - pz*oy;

tempy pz*ox - px*oz;
tempz = px*Oy - py*ox;

gx = tempx §qf¢xtempx*tempx + tempy*tempy +
tempz*tempz) L

Qv = temﬁy sqrt (tempx*tempx + tempy*tempy +
tempz*tempz),ﬂf '

gz = tempijégrt(tempx*tempx + tempy*tempy +
tempz*tempﬁf{TK:'

/* compuﬁédﬂbé#tical axis */

printf(“bw _ptéd perspective image frame\n\n");

/* raster can perspective image plane */

for(iso?i_yﬁik;i++){
dispy =  ‘(double]i - (double)ypix/2;

for(j%O;jéxpix;j++){

dispxii*

(double) xpix/2 - {double)];

sx = #ﬁ%bcal + px * dispx + gx * dispy;
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*/

cos {sz/sqrt(sx*sx + sy*sy + sz*sz));

rted vector to polar coordinates */
Léﬁius*(l-cos(theta))/(1—cos(2*theta));
' radius of intersection on parabola */

P =; "sin(theta)*cos(phi);

_ﬂﬁgin(theta)*sin(phi);
: ‘rad*cos {theta) ;

'y, z coordinates on paranoloid */

/* printf("xs = %f ys = %f 2s = %f\n\n", (float)xs,
(float)yéf3(fi$at)zs); */

/* se. s,Yﬁ?ﬁo read from input image and save in
output iﬁ5§ 7‘

/*.chéék if image point lies outside parabolic
image */ '

. if (Bqrt (xs*xs + ys*ys) > radius) {
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Tfred[l * xpix + j] = 255;
greeill * xpix + j} = 255;
; i * xpix + j] = 255;

5
}
else(
10 | indekx = (int)ys + xcentexr;
| ~ (int)xs + ycenter;
/* _ printf(“one pixel\n\n"); */
15 | S
5 writé closest color value into pixel */
; ::t i_* xpix + 31 = rlindexy * xsize +
indexx] ;
20 = glindexy * xsize +
indexx] ; _
_iﬁeii * xpix + j1 = b [indexy * xsize +
25
30

savebgﬂ(“pﬁtjppm“, red, green, blue, xpix, ypix) ;

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

35
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free(r);
free(qg);
free(b);

free (red) ;
free (green) ;
free (blue);

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

return 0;

PCT/US97/07331
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Claime
1. An omnidirectional imaging apparatus for sensing

an image of a substantially hemis§56rical scene

from a single viewpoint, comprisiﬁéi

(a) a truncated convex substanﬁiéily paraboloid-
shaped reflector positioned to
orthographically reflect an'iﬁage of said
substantially hemispherical'@céne, said
paraboloidal reflector havinéia focus
coincident with said single'viewpoint; and

(b) an image sensor positioned:té{receive said
orthographié reflection of séid image.

An omnidirectional imaging appadgf's according to
claim 1, wherein said image sensor comprises a
charged coupled device image sénsor.

An omnidirectional imaging apparatus according to
claim 1, wherein said image senébrfcomprises
photographic film. o

An ommidirectional imaging apparatus according to
claim 1, wherein said image senscr comprises a’
video camera. ~

An omnidirectional imaging apparatus. according to
claim 1, wherein said reflectox

substantially paraboloidal miffbﬂ_having a surface
which substantially cbeys the equation expressed

.':.'.h‘—_r‘

in cylindrical coordinates Z ==t 2 being

an axis of rotation of said surface, r being a

radial coordinahe,'and h being a:constant.



* [+ L M - S * ’

WO 97/43854 - PCT/US97/07331

N U bW N

w

AW

W O 30 s W N

A VY W N

[

10.

11.

«31-~-

An omnidirectional imaging apparatus according to
claim 1, wherein said reflector bhas 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 1, 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 imagé, 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.

An omnidirectional imaging appagétus according to
claim 9, wherein said image sigﬁal processing
apparatus further inciudes inteﬁbolation means for
providing interpolated image da;é, whereby said
interpolated image data and said image signal data
are combined to form said digital image.

An omnidirectional imaging apparatus according to
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 saiad
preselected portion from a predetermined focal
distance.

An omnidirectional imaging apparatus according to
claim 1, further cowmprising 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 leuns.

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-sghaped
reflector positioned to orthographically reflect
an image of an additional hemispherical sceme from
said single viewPoinE,féaid hemispherical scene
and said additional hemispherical scene being
complementary to one another so that the
combination thereof is a substantially spherical
scene, and an additiénal image sensor positioned
to receive said orthographic reflection of said
image of said additi?_él hemispherical scene.

An omnidirectional imaging apparatus according to
claim 15, wherein said reflector and said
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19.

20.
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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 saidﬁfeflectors
comprises a mirror truncated at . a‘plane which is
substantially perpendicular to sald optical axis
and which includes said common fgcus point.

An omnidirectional image projectien apparatus for
projecting an image representative of a
substantially hemispherical scene as viewed from a
single viewpoint, comprising: _

(a) means for projecting said iﬁege as a
collimated beam of light modulated with said
image, and

(b) a truncated convex substantlally paraboloid-~
shaped reflector positioned to
orthographically reflect sald collimated beam
modulated with said image to thereby project
said substantially hemlspheglcal scene,

An omnidirectional image projection apparatus
according to claim 17, wherein seid weans for
projecting said image comprises a ‘transparent
medium bearing an image of said eﬁbstantially
hemispherical scene, and a colliﬁeted light
source, said medium being positiQﬁed.between said
collimated light source and saidfieflector.

An omnidirectional image projectibh apparatus
transparent

according to claim 18, wherein salz
medium is photographic transparency

An omnidirectional image progector apparatus
according to claim 18, wherein: sald transparent
medium is a liguid crystal dlsplay.
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An omnidirectional image projection apparatus
according to claim 17, wherein said means for
projecting said image comprises a computer and a
video projector. ’

An omnidirectional image projection apparatus
according to claim 17, wherein said reflector
comprises a substantially paraboloidal mirror
having a surface which substantially obeys the
equation, expressed in cylindrical coordinates,

4
z =—Q§E£:, z being an axis of rotation of said

surface, r being a radial coordinate, and h being
a constant.

An omnidirectional image projection apparatus
according to claim 17, wherein said reflector has
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 projection apparatus
according to claim 17, further comprlslng means
for projecting an additional lmage as an
additional collimated beam of llght modulated with
said additional image, said ad@ffional image being
representative of an additionaiﬁ$ubstantially
hemispherical scene as viewed from a single
viewpoint, said hemispherical sqéne and said
additional hemispherical scenefbging complementary
to each other so that the combl]atxon thereof is a
substantially spherical scene, and an additional
truncated convex substantially parabolold-shaped
reflector positioned to orthogr&phically reflect
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27.
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said additional collimated beam of light modulated
with said additional image to thereby project said
additional substantially hemispherical scene.

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 seid reflectors
comprises a mirror truncated at a plane which is
substantially perpendicular to sald common axis of
rotation and which includes sald common focus
point.

An omnidirectional imaging method for sensing an
image of a substantially hemispherical scene from
a single viewpoint, compr151ng the steps of:

(a) orthographically reflectlng an image of said
substantially hemlspherlca13scene on a
substantially paraboloid-shaped reflecting
surface such that said single viewpoint of
said scene coincides with a focus point of
said reflecting surface,’ and

(b) sensing said orthographlcally reflected
image.

The method of claim 26, whereln step (b) comprises
sensing said substantially orthographlcally
reflected image from a p051t10n along an axis of
rotation of said reflector.

The method of claim 27, further comprlslng the
steps of providing an image 51gnal which is
representative of said orthographlcally reflected
image, converting said image sighal 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 c¢laim 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 subatantiall? paraboloid-
shaped reflecting surface such that said
single viewpoint of said image coincides with
a focus point of said reflecting surface.
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steps of projecting as an addltldnal collimated -
beam of light, an additional 1mage representative
of an additional substantially hemlspherlcal scene
as viewed from a single v1ewpoznt, and
orthographically reflecting sa1d add1t10na1
collimated beam of light to recreate said

m 3 6N

additional substantially hemlspherlcal scene,

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.
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