. e3e| p&6HThz[ 1 0 DEC 2002 1 A METHOD AND SYSTEM FOR PROVI DI NG A SEAMLESS
PERSPECTI VE CORRECTED | MAGE FROM FI SHEYE | MAGES FI ELD OF THE | NVE Iﬁgt?"”
invention relates generally to the fields of digital inmge render
Lmage capturing systens) and in particular, to a nethod and systemfor
provi ding a normal perspective imge withtinproved resolution 1o at the
seans froma set of images captured using a fisheye | ens. BACKGROUND OF THE
| NVENTI ON' CapeMETHODI ANDS¥STEM FOR PROVIDINGSA SEAMEESS PERSRECFIVERJES

15 and convert the i neg8@RAECPEMMAGEFROM FISHEREBIMAGESKNOWN to those
skilled in the art. Generally, these systens capture iInages using a fisheye

| ens, typically a which has the advantage of being able to capture the
entire 180 degrees of hem spherical field-of-view w thout hayj

the canerag The resulting fisheggipege TH@W@NTQ:&HS ori g| m mm’mmmmmz
o distorted, is then converted To a normal péerspective imge using g
digital image transformation technique. One such systemis descri bed in the
US Patent No. 5, 1 85,667. The principles of this prior art system can be

under st 00d by I ef eRAC | ek Crefbies GKLARPCEYAS Aibits bt Tybialt Taliesneve

| ens that provides an image of onrre egre

the optical 1 TP A ffagd Bt Ui'aﬁté’%?{lﬁ?». A B e o Y ey RN °
2 wi thin t ho. SYEGRHER AuHrROR oiar Retsberfue TR8GA i) Bbeihved sbsCiltel of an
Cuo- i montf on 2l e SRS oM a6r Ao Pallyled (RGRTImSEP bnsor o are

controlled by the mecr ocorrput er and control interface 5 The 5

m croconputer control interface pr OVI des initi aI | zation and transform
paraneter calculation for the 1} erface al so determ nes
t he' desired transfornation &¥& AN : Wi EMat i on angl e)

magni fication, rotation, and |ight sensi t| Vi ty i nput from an input nmeans
such as a joystick controller 12 or conputer input nmeans 13. The
transfornmed 1o inmage is filtered by a 2-di mensional convolution filter 8
and the output of &a@wrﬂ viewy systgmsi that vse adfisheyarlens i capturad@agest er 9.

The out put inmage buffer
15 and convert the images to normal perspective images are known to those

skifled in the art. Generally, these systems capture images using a fisheye
lens, typically a which has the advantage of being able to capture the
entire 180 degrees of hemispherical field-of-view without having to move
the camera. The resulting fisheye image, which, in its original form, is
20 distorted, is then converted to a normal perspective image using a digital
image transformation technique.
One such system is described in the US Patent No. 5,185,667. The
principles of this prior art system can be understood by reference to FIG. 1.
Shown schematically at 1 is the fisheye lens that provides an image of the
25 environment with a 180 degree field-of-view. The fisheye lens is attached to
a camera 2 which converts the optical image into an electrical signal. These

signals are then digitized electronically 3 and stored in an image buffer 4

L
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9 is scanned out by display electronics 10 to a video display device 11 for
viewi ng. A range of |ens types can be.accommpdated to support various
fields 15 of view. The lens optics 1 correspond directly with the 1UDE§ ;002
mat hematical coefficients used with the X;MAP and Y- MAP processors 6 an

to transformthe image. The capability t02pan and tilt the output inmge
remai ns even though a different maxipumfield of viewis provided with a

di fferent | en¥itBiretenpresent, invendiop, i AR irpage ﬁg?%‘?ﬁ'%ﬁ)’%‘@"PSQW'ﬁwag 19 a5 oper
conmbi nati on of a nunber of optical and el ectronic devices. The fisheye | ens
1 is exenplifXdMABand\a ¥rMAPspiocessyt shpwe amBl ad dndespactivaly, Rerfaisnl e,
Ni kon, particularly the 8 nmF2.8. Any video source 2 and inmage capturing
devi ce 3 t hat theotwardirgensienabirapsfiorinhgering: o TBE dBtagsniransierdr Prasessesr ve
as the input for 2 5 the invention such as a Videk Digital Canera

i nterfaced w afe Teontsolleds thyurtbat microoemguder ans e@qrﬁtcgdlrﬁeﬁefeﬁt& | Ah& and
output inmage buffers 1 0 DEC 2002 3 4 and 9 can be constructed using
Texas | nstT unBHEroTREmRPUERS 1cantid o intarfaeen atavides ninializationpsansg  trapstorm

equi val ents. The control interface can be acconplished with any of a nunber
of m crocont r pataanater calcutiition fohthd systém80Ti® 6onffoleintoridae alsd detbhRines
transform processors 6 and 7 and image 5 filtering 8 can be acconpli shed

wi th appli cat then- desirdd | transforpatibred cobfficlents based hen nederstation widriglée
known to persons skilled in the art. The display driver can al so be

acconpl i shed wdgnificatiof] dbtaton asd ilight eIty inbat Trelean linputr means such
TMS34061. The out put video signal can be of the NTSC RS170, for exanple,

conpatible W h§ dﬁb?&tié]@%ﬁfréiléﬂ 12 edreyorip@ter dhpitl gvank 3.0 THeetrlRbigtfhed
States. Renote conftrol 12 and conputer control 13 are acconplished via

readi ly ampi | pRhge RMiltérBaDya S AimeraiBNal ebnvolalieiTTIté@analthe ovtplt Sethee! |
known. These conponents function as a systemto select a portion of the

input i mage (fikga@imagle Miststedtd af) APt imliefe BRIETET I Butputtifdidel Buffer he
i mge to provide the proper pr ospec?lﬁee for output. The ke%/us 15@1:%0 t he
success of thg; 1 1 ) 4t j

t ransf or ned, grﬁg/é%t&ﬁgé%o%{t ilbgﬁdlgél%.y n?%?@%@e% g)ﬂdhgwﬁaggu?rgg%yggt@ﬂgﬂil l(f:’(grl
transformis p{egﬂ'i] tabl e based on the | ens characteristics. 2 o The
transformati on that occurs between the input nenory buffer 4 and the out put

TP, 2% s RSB HE IS P By 1,
mge shop LB Sy 277, R | g Bfadh, i, B Sheflofafbie,
150, doarces. anc AR S WCTHE RApAR Syl R BlockBEH ey 1

0 DEC 2002 transform the image. The capability to pan and tilt the output image remains
even though a different maximum field of view is provided with a different
lens element.

20 This prior art system can be realized by proper combination of a

number of optical and electronic devices. The fisheye lens 1 is exemplified
by any of a series of wide angle lenses from, for example, Nikon, particularly
the 8 mm F2.8. Any video source 2 and image capturing device 3 that
converts the optical image into electronic memory can serve as the input for
25 the invention such as a Videk Digital Camera interfaced with Texas

Instrument’s TMS 34061 integrated circuits. Input and output image buffers



4 distorted relative to human perception. Vertical grid lines in the

envi ronnent appear in the inage plane.as 14a, 14b, and 14c. Hori zoﬂit&iDEﬁrmﬂZ
l.ines in the environnent appear in the imge plane as 15a, 15b, and 15c.

The image of an object is exenplified by 16. A portion of the image in FIG
2 has been 5 correct, magnified, and rotatled to produce the i mage shown in
FIG 3. Item 17 shows the corrected representation of the object in the

out put di spl ayd afde9remulbtes cohstwucted udieg i Taxgs institin@nt3TMS440251r videed
fromany portion of the image of FIG 2 using the prior art system Note
the perspecti vandomrasiess naemadgnchips oatlesir byuivaentd.r The loatrohimtataddearyr i d
pattern displayed 1 oin FIG 3. In the prior art system these

transf or mati on aesorhslishediwitimady af armehbért oEmidraesntrsiiets ifchiing MRS MRS
second), conpatible with conmrercial video standards. This prior art system

has the capabiddG196. OTHGX-RIAP hhtY-MMEP etangtdrm gﬁﬁ@sgbwso@l%dthgnamége
field of view of the lens element by changing the 15 input means) e.g. the
joystick op caiNerihg'8 ca® behgcssmpRshddewith TAplicatibiepedificaintisgrateRP clreuibs
scanned for information as can be useful in security and surveillance

appl i cations. othhérB@AnSads WiSBe koW & BErsbRE BKIlbBROtHECSI & SFhePBisplay axi s
changi ng the perceived vertical of the displayed inmage. This capability

provides the afive tiintdlsébedcddifplistiel with i.itat%geeﬁewai#eéﬁte%lﬁhaae {he Fekas

vector to naintain a proper perspective In I mage di splay regardless of

the pan of t1 ihetfiifbRtsofMSBA0RT0ho IUEYRIEISRNSP BHRP! M REfSE 761 ons

in the magnification use ay I's'I's comrensurat e

Y)“EE put_ i mage. 1o 407 akafbi o Bafe S@F@fﬁé%f{ﬁ*ﬁmfgﬁ%ﬁg@ﬁ%%i’éiolﬁvnvd'_%havéf s
nput %{i‘ﬁ; HRcURked T SR Hette feaﬁgaf”ﬁé L%ﬁ“‘%ﬁ?%ﬁ@teﬁfiﬁnlt’ré' of3 tie f
averaging | hatceamplsed Vi read alnbd SwATRES ekl ebiir v R OB hote

functions to provi ca ilities, associated with traditional chani cal
ban_ (¢ hrough B WiEHE B Ko, “Todke GampeBenEdunelery 85 Atk 1o el doh
360 degrees), and zo devices. 5 The system al so, su rts i e intensity
scal i ng that &R ng%@%h@?g% F'i‘?)gﬁyef wideapg %’gf then mallervgticaliy,g
the intensity of the &lis, | ayed i mage based on commands fromthe _uyser or an
ext ernal conpitanstormihejmade to Rrovidejtheyprares psosprativedior Sithlite ThigskeYon
this prior art systemutilizing a fisheye lens as the optical elenent.
There ar elBbwo tpiRg suacessaf the system aludeio basic postul ates that describe
the perfect fisheye tens system The first property of a fisheye lens is
that the lens has a 2 n(%k éweaan&r@ fpat dnggevnesd hentransfegued; oplyotheces
is acircle. The second property is that all objects in the field-of-view
are in focus, pordon ot inderest f ect fisheye lens has an infinite
depth-of-field. The two inportant postulates of the fisheye | ens system 15
(refer to FIGS. 4 and 5)X2hthe mquired mathermnbtioal; tramsfoun ds eradictatilenbasethgl e
invariability-For object points that lie in a

on the lens characteristics.

20 The transformation that occurs between the input memory buffer 4
and the output memory buffer 9, as controlled by the two coordinated
transformation circuits 6 and 7, is better understood by looking at FIG. 2 and
FIG. 3. The image shown in FIG. 2 is a pen and ink rendering of the image
of a grid pattern produced by a fisheye lens. This image has a field-of-view

25 of 180 degrees and shows the contents of the environment throughout an

entire hemisphere. Notice that the resulting image in FIG. 2 is significantly



content plane that is perpendicular to the i mage pl ane and passes through

the image plane origin, all such points are nmapped as inage poi nti n)rDth ?m
I'ine of intersection between the image plane and the content plane,” "~
along a radial 2 0 line. The azinuth angle of the inage points is therefore
invariant to el evation and object distance changes within the content

pl ane. Postul ate 2: Equidistant Projection Rule-The radial distance, r,

fromthe i Wg%isﬂbﬁé rQlatid fo ALRTEA @@r‘éegﬁﬂ”%n‘?’dh@pﬁd%@%% %ﬂ@n%’?@nm

: . nt
projection of the object point Is Tinearly proportional to the zenltﬁangle

/3, where /3 ?@%EHH‘% iffage §|ah2?fﬂ%,ﬁié§gta¥\@%ca REH2SHA! %Hl'rﬁaﬁ‘ﬁeé I fhe

t hrough the i ane origin an omt he i mage ne origin to

(e o2t Pl AR o ol PRy, g, TP CaRd e o

Usi ng these propertie e fou on- o
| ens system e | . 1 for i f 0 [ i e ctive
corrected i maélg %@.ﬁ&{;@n%é%rﬁ&me%ggslﬁﬁf '@ﬂ%\ﬁg EQ%B%@%H@%%% f'i?gjree%ﬂ:e
frames for_the object pl.ane and the jimage plang. .The cqordi na Y
descri be obj ecPT g tnadhifict S e GrogRcd dfe jmaSe SRl I A, 1m
descri be point ithing the i coordinate frame of reference. . 1p The
obj ect pl ane SHoPWs the Eomeoiedl peRrereRiaNion <2 BR olestyinciss puipist HisRIAk: ne
t he mapping relationship onto the imargﬁ%a et roperly correct the
by ect " The dTHEcesale Shoun e e Freds THBR-S wabd BEREIceHHES &Y periam and
azi muth angl es for mapping the object plane, UV, onto the imge plane, XY.
The obj ect pl £hdhe dmage; oleblIG. 2 Bising the miieruad systprneNpta e PaseRestive 2] .
The 15 fornmulas for obtaining the transformation to obtain a perspective
corrected i ma§errgeted ardemonstiatas by thestigighteningsefithegrid pattemudispiayed:np Rz
2 0 QuC - vD + nRsin ~i cos a 3PA y= uz+v2+nzR2 ( ) where; 1 0 DEC 2002
7 A = (cos@coén EiG.-3.sintheiptios @dssystgmpthesei transfermmationsan haqssfaned at
(cos@Ssin ¢c7 + sin Q-cosacos ~i) D= (sin sin a - cosh cosacos /3)
real-time video rates (30 times per second), compatible with commercial
video standards.
This prior art system has the capability to pan and tilt the output
image through the entire field of view of the lens element by changing the
15 input means, e.g. the joystick or computer, to the controller. This allows a
large area to be scanned for information as can be useful in security and
surveillance applications. The image can also be rotated through 360
degrees on its axis changing the perceived vertical of the displayed image.
This capability provides the ability to align the vertical image with the gravity
20 vector to maintain a proper perspective in the image display regardless of
the pan or tilt angle of the image. The system also supports modifications in
the magnification used to display the output image. This is commensurate
with a zoom function that allows a change in the field of view of the output
image. This function is extremely useful for inspection operations. The

25 magnitude of zoom provided is a function of the resolution of the input

camera, the resolution of the output display, the clarity of the output display,



‘and where: 5 R = radius of the inmage circle (3 = zenith angle a = Azinuth
‘angle in image plane Q = oject plane rotation angle m = Magni f[j BEEi 20021 o
.u,v = object plane coordinates x,y = imge plane coordi nates. The €quati ons
2PA and 3PA provide a direct mapping fromthe UV space to the XY inmage
space and are the fundanental mathematicab result 15 that supports the
functioning of the prior art system By the know ng the desired zenith,

azimuth, and iy etd aplcur df Picture Blem@ntgsixeln dvehaying ahaf iscadeddin at gigen
| ocations of x and y in the imging array can be determ ned. This approach

provi des a nB@iB?IatyQ Tﬁ@@?ét@ma@pérmﬂ dfrtRezd Mendtiobit tovpARRId ehpabilitiast he
out put video buffer exactly. Also, the systemis 2 0 conpletely symetri cal

about the zenaddbeidtBar fitAr fraditidAal apbSiameall paRetthrodd 180 Ulégreespi GRs of
vari ous conponents can be chosen differently dependi ng on the desired

orientation ofthidd@hOoPee tegPicy)erothfidh (PRI 360 dég?eég?%dpi@dgﬁ-deviéeé? DEC

2002 8 This system has many uses. For instance, it can be used as a

survei | | agce Wét?&e# Sals'gatsuPBthts Simtade sty §éh|ﬁ~{bd?§5ﬁ@{m§|¥§ése el S.

Pat. No. 5,313,306. For sone o he uses, it is”usefu ~have a full 360
5360 degr ce TrE Tty A b FRUERICNES P Ehink BR) FREAGlY LOMAS dipiiySa’v!
perspecttve 1 e, BAREF ph cRR Rl AR TISR Gel 80 A A BRI 0™ g
Chi's prior system WEmasAlss anticodudlons i foRl A be8ad: PR pRbr off
osoruti on SR aritheyeolns SRaS orDoahaBsie  Thke SBatve AR
re combiined. PTRBEARACh DR B Ry RIpea et desttss B HAGEesd TNygmiprt
mage i |1 net/sbein; ey oL BiaRedcor 2 (l6ha, lans iipat 1 lng e 8 4 SQBAAR
hence, - Somet | Rk ansng mBos L BlackEsP R guteIeh ThRo8rPNd GaReRy o hal
addition, it takes a relatively | arge anount of nenory to store the fisheye
i rages. Thi s @hebigst inthfieldfrdewyargripdpessitics thaaeriaat Jishayedirns bas an
I mges are stored in a storage nedium or when the image files need to
transnitted dnfinite depthvef-feldoBYireteo dmppAENt RestNAtes ofthe fisheye lens system
15 (refer to FIGS. 4 and 5) are stated as follows;

Postulate 1: Azimuth angle invariability-For object points that lie in a
content plane that is perpendicular to the image plane and passes through the
image plane origin, all such points are mapped as image points onto the line of
intersection between the image plane and the content plane, i.e. along a radial

20 line. The azimuth angle of the image points is therefore invariant to elevation
and object distance changes within the content plane.

Postulate 2: Equidistant Projection Rule-The radial distance, r, from the
image plane origin along the azimuth angle containing the projection of the
object point is linearly proportional to the zenith angle 3, where f is defined as

25 the angle between a perpendicular line through the image plane origin and the

line from the image plane origin to the object point. Thus the relationship:



1 0 DEC 2002 9 Therefore, it is an object of the present invention to
provide a nethod for producing perspective inage which is substlag"temgd Irgggz]
seam ess. It is another object of the present invention to provi od
for produci ng perspective image which always has even lighting. 5 It is
anot her object of the present invention t® provide an inmage file which uses
| ess nenory storage space. SUMVARY OF THE | NVENTI ON 1o Appl yi ng the sane
two basic properties and the two basic postul ates discussed in the
Background portion, the present invention enploys a twostep transfornmation
where the fisheye image is fifsggmathematically transforned int@pﬂ)e

i nternedi ate angul ar i nage, and the angular image is then transforned into
a perspective corrected inage. 15 To obtain a perspective corrected inage
having a 360 degree field of-view, the present system begins by first

fﬁé’t %LQLR% "shed si S Bt RREBST AR, ﬁﬁ%q@{aﬂési%ﬁ%‘ﬁ”f§98§%€ér§%3;r%3‘s§ﬁ e’
o ctorey 4D M AN, P gFR0A, BB R
[ . He J i [ . 60

§_29rh co i mage SOUPEISH Iade e éifdge&swﬁa? L F@ﬁeégﬁpehSt@?”&%‘?@wq?%er%mﬁgge
transt or med | HeEes s Obiash Blanechi e RN RERE: AnescasTaales br waassribe
el 55" gl B0 g, B2t B o Bbnde 277 sl s
2002 10 fisheye images were taken 120 de?rees apart using a fisheye |ens

havi ng a st er ¥dthimthg image gegrdinaie fianee oF refermnc@egr ees of overl ap bet ween
the adjacent inmages. The precise boundaries of the overlap are determ ned
basi cal | yL®y 5 conphei nbgjechplaneeshowsi inhElGvér isapptypical ntegion wofdintersst g

for-a match.
determine the mapping relationship onto the image plane to properly correct

the object. The direction of view vector, DOV|x,y,z], determines the zenith and
azimuth angles for mapping the object plane, UV, onto the image plane, XY.
The object plane is defined to be perpendicular to the vector, DOVI[x,y,z]. The
15 formulas for obtaining the transformation to obtain a perspective corrected

image are the following:

v= R[uA — vB + mRsin f3sind (2PA)

VvV +m'R’

20 y= R[uC — vD + mRsin fcosd (3PA)

VWV +m'R

where:



The image in the 60 degree overlap of one angul ar image should be sinmlar
to that of the inage of its correspondi ng overl appi ng angul ar ijggp b?ﬁ
they are not identical due to variations in the resolution. The E@, qze
boundaries are determ ned by finding the degree of overlap which 1o
produces the mninmumdifference in pixel ?ntensity val ue between the two
over | appi ng angul ar images. Once the final angular inmage is forned, the
light intensities of the dupljcati Lxel s,i.n.t he,overl apping area are
adj usted. Because the resoluf1BﬁxﬁgﬁPﬁé_§H§%PBﬁc?%%be is better near the
center than the edges, 1s the +(diedebtd+obs@hiedpos® s which are nearer to
the center is increased whil LE&BFﬂ%§§§g%§%§;aE&§)pixels whi ch are nearer
to the edge is lowered. In the preferred e 04r e , for each angul ar

i mmge, 30 degrees of the overdagsia@simdhceidisdreafest to the center is
given 90 percent intensity, while the other 30 degrees of the overlap area
which is farthest fromthe center (and 2 o nearest to the edge) is given 10
percent intensity. Once the proper intensity |levels have been applied to
the sections ghdiWisereverl ap area, nmuch of the picture degradation
attributed to the edges can be elimnated to produce a seanl ess | ook. Once
the final angul ar image has been attai ned, the conbined 25 angular inage is
finally transformed into the perspective corrected inage. This is done

basi cal |y py converti ngphe radils s tHeimdwe 6idld®i ned angul ar 1 0 DEC Z002 11
i mge, and applying a transformation matrix to performtilt, pan and rol

to obtain the points inghepRhHERMd ! ve | mge. The present transformation
met hod of first converting the fisheye imge to the angul ar inmage, and then

converting the angul ar ?r@t i%gtﬁgﬁglgriﬁ%éggﬁé’ﬁ/ee corrected image offers a

nunber of advantages ov e prior r 'one, the angul ar inmages, due
their "mat hermati cal propesti e easi | nmbi ned unli ke the fisheye

i mges. Dependi ng on ho @@ﬁieg\?,@%“ pmfd 3 Xﬁ@g much of the resol ution
degradation can be elim nated, .F/br egver, the overlap area provides a
reference point to corrpH}'e' l\ﬁ?gﬂf 'cﬁt'%‘ intensities of the respective inages,
and hence, allows a conveni ent to normalize the lighting for the final
per spect i’ corrected i H¥gE.2 #@T PUFINAES angul ar i mage general |y takes

up less nenory space than the fi sher?/e i e of conparable field-of-view 15
BRI EF DESCRI PTI ON OF THEYDRIDREgglane coordinates.

C

The equations 2PA and 3PA provide a direct mapping from the UV

space to the XY image space and are the fundamental mathematical result

15 that supports the functioning of the prior art system. By the knowing the
desired zenith, azimuth, and object plane rotation angles and the
magnification, the locations of x and y in the imaging array can be
determined. This approach provides a means to transform an image from

the input video buffer to the output video buffer exactly. Also, the system is

20 completely symmetrical about the zenith, therefore, the vector
assignments and resulting signs of various components can be chosen
differently depending on the desired orientation of the object plane with

respect to the image plane.



FIG 1 (prior art) shows a schematic bl ock diagramof the prior art system

“illustrating the major conponents thereof. FIG 2 (prior art) is
Sketch of a typical fisheye image 2 o used as input by the prior1gfpIDGE"(:ammze

system FIG 3 (prior art) is an exanple sketch of the output image after
correction for a desired inmage orientatiog and magnification wthin the
original image. FIG 4 (prior art) is a schematic diagram of the

fundamental 2 5 gegHR! &ystbidhad hﬁa@ IiBksar Fo MgdtaAts TRl be! As8§ CMR i sh
the i mage transformati on. t o oEC zooZ ,2 FIG 5 (prior art) 1s a

schemati ¢ di agyREHAHRRNS)dtéhi st 'i’%t.pﬁlﬁi %9@6@,’36?,‘: ot Néh @No"oﬁ&o;ﬁ% rars?tgt&ﬂd

position vector into I mage plane coordinates.” FIG 6 Is a nat I cal

represent at i oy §fphiI}d. eSAITE08 2FoPEABIJNE LEBA Is\ReRiIAB Hvel ANANGP"

enbodi es to acconp the 1'mage transtormation fromthe eye I nage to

angul ar | ”age?egr!e@j)ie?ldio?-vzeﬂatf@ggds(%@%'a pﬁgp"egﬁ{?é %ir@lgxﬁg‘;rigﬁb‘g @RH‘H fllil ' mage

plotted on a coordi nat e IS as I agr am

mat homat i cal 7oy PGS i RPIT B BHF (RO B Brg 140 °
bresent | nventPaPeLIRgyS « FHou, sneye Miades R, en: EmeoEL o Nt v o1
Cni ot et enBRISPARCYS HRAGSs AR R GPBBIIEHE o8 R PO, PETARETV ARG on | s
descri bi g HEOpABER NG ICR) BHgraa Naeptvie - o Comer enee i

Some shortcomings exist for this prior system when using it to view

10 the 360 degree field-of-view image. Due to the structure of the fisheye lens,
a fisheye image has lower resolution near the edge. Therefore, when the
images are combined, there will be some degradation of image quality at

the seam where the two images are combined. Although these poor-
quality areas can be enhanced to some degree through the use of various

15 image processing techniques, the final image will not be truly “seamless”.
Moreover, with this prior art system, it is difficult to equalize the light
intensity for each of the images, and hence, sometimes producing a
perspective image with uneven lighting. In addition, it takes a relatively
large amount of memory to store the fisheye images. This can be

20 particularly problematic when large number of images are stored in a
storage medium, or when the image files need to transmitted over a

network.

OBJECTS OF THE INVENTION

25



assuned that the hardware described above is used, though other simlar set
of hardware can be enployed as well. Al though the present descri pt iﬁ{pnﬁc 2002
the invention is sufficient for one 2 5 of ordinary skilled in the art" to
make and use the invention, it is useful to obtain the follow ng

publ i cation which provides sone of the theoretical 1 0 DEC 2002 13

mat hemati cal foundation for the transformation nethod: McMI|an, Leonard

and G Bishop, "Pl gRemdfore, NPde! amdbbjédt biaEE- Prsedt Revsifionngo HrovRIB ‘a
Proceedi ngs of SI GGRAPH 95, Los Angeles, California, August 6-11, 1995. 5

|n the prior aidihsd Srodashi! RadpbavefndiRe I dubSfditilly sblimisssst em

mapped directly fromthe XY Space (fisheye image) to the space

(perspective image i§ ahoftas ét@éé\t bmetg;hes MOBRGAE 36 ptéAds lLHEM AR Tor OF

obtai ning a perspective corrected i mage. However, the present Invention

enpl oys a twog ; i- ; ' e ks 1o first
np' oy [}F‘%“f‘%}{g g@ﬁsfggbﬂ@é uﬂaﬁé‘ﬂﬁ{u& Ta'i\g?)té ﬁjé@é@eﬁ\ ;ﬁgﬂﬁn :

mat hemat i cal | Irnto an internediate angu ge, and the

angul ar ingage is t f Qr i r [V . i I t
Shoul d be appr eoi allou2posh S b HbchrBs AR D Efant o BRViAY piim gt fle
transformatio chil i asic properties and the two
basi ¢ post ul aglgﬁs&dll‘%csﬂfséggﬁ%ﬁgm%&%}’;@iéé\%ﬁ%d portion still applies to the
present 15 invention. In describing the present invention, the term
"fisheye image" shall be used to refer to the digitized formof the inmage
directly obtai ned by taking agpjgis R ?_.l A9 th -sReye lens. The term
"angul ar i mage" shall be used=roc-den 3 i M at € | mage obt ai ned by
mat hemati cal transformng the 2 o digitized fisheye image. It should be
under st ood, however, that the angular inmage is not really an "inmage" in the
sense that it is ngt E,sed for viewng; it is si nglg a mat henmati cal

conver si ok whi ch ghpPRYINththesamedyo; praperiigssand g two pagic postylates  he
term "perspective corrected i mage" shall refer to the final inmage which is
used for vi ewdisgussedintiheddackgiounshepins the present dveation migeloNad Wo-a 360
degree field of-view, the present system begins by first obtaining a set of
three fisheyestepl t@nsfcomation whargades HefRyeatiaagey ig 2tirstic@athamatically can
be acconplished sinply by taking a first picture with a canera using the
fi sheye | ens, transfarinad intecan intermaediataangulap image, and the @angular igageoisher
picture, rotating the view again by 120 degrees and taking the third and
the | ast pi ct then tramefofmadhinto sperspsectiveeteredibg imagest er adi an 180 degr ee,
though it is possible to use fisheye | ens having | ess than 180 degree
field-of-3 ew (in WThiabitainzsperspeetiye coweetednimaga batingteaB860 degréd dielegr ee
of overlap will be different). Hence, each of the three fisheye images has
a 60 degree i ohyiewotws prasent systetrs begirghby firstpbitaisimy e setwf¢hreéhfishayepose
and the usefulness of this 10 overlap in image will be discussed further
down bel ow. images separated by 120 degrees. This can be accomplished simply by

taking a first picture with a camera using the fisheye lens, rotating the

camera view by 120 degrees and taking another picture, rotating the view

20 again by 120 degrees and taking the third and the last picture. Hence,

each of the three fisheye images has a 60 degree image overlap with its
neighboring fisheye image.

After the three fisheye images in the digitized form are obtained, the

images are transformed into angular images using a mathematical

25 transformation. The resuiting three angular images are then combined to

form a single angular image having 360 degree field-of-view. Because the



After the three fisheye images in the digitized formare obtained, the
images are transforned into angular inages. FIG 6 shows a mat henlaﬂi[yﬁtg 2002
representation of a fisheye inage with a point on the fisheye i mage bel ng
represented by (x,y) and its direction vector represented by P[dx,dy, dz].
15 FIG 7 illustrates the angular inmage wi@h a point on the image being
represented by ( 8) ~ ). The follow ng equations are used for converting
the fisheye i fishéye thagéd wedd taket 120@iegréas Bpait udinglal fistegedbRgtRivin
(dx)(w (1) 2 0y = (dy)(w) (2) where _, dx2 + dyz tgajn dz w 2( d?<2+dy%
1 0 DEC 2002 35steiaciamdf dBO- dehrdes) (théveliste0fogredd of BVetlaB Betviiddil the
equations 1 and 2) each of the three fisheye inages are converted to the
angul ar i mage gdfeepdiimbgeseen from FIG 7, the angular image is plotted on
a (B,~) coordinate systemmaking it easy to conbine the inmges. lo The
resul ting three anqueasrebRIBSURdAEEOBPINESVeHap hieiabledffitbd balcaily oy
Because the fisheye i nages were taken 120 degrees apart using a fiSheye
| ens havi a ' ivaig0 R ' € p
bet ween t% agﬁg@aﬁﬁbﬁfﬁgg@ééﬁ%ﬁ@g asm@ﬁgng esﬁ%{n go%rogf@ P&E{, Qtfﬁéﬂcghgul ar
I mmge 1 over| | a n t ar
302 R 3h $RDEG doctelBpbiarh 31 T SHBuIAE inege SHELATT

I mge 2 overl ap rees. e precise

of "the over By W ThaES: Bednfesoris o Rntid SvetlarHiin Bhbife ifBof, '
of U1 s cor r eopbineloisdRet g ice] Btk B v aHa o thE s 3pkpy, offerBlorko ind ™
i dentical due,to variations,i r%(s)‘](c)hutj aon., Therefore, the boun(gl(fléril es

e e e ar m nebonpYRTind A TanSubiRd 27 THHS e IediRS Br LUSndS W

10 produces the minimum difference in pixel intensity value between the two

) _and

overlapping angular images.

Once the final angular image is formed, the light intensities of the
duplicative pixels in the overlapping area are adjusted. Because the
resolution of the angular image is better near the center than the edges,

15 the intensity of the pixels which are nearer to the center is increased while
the intensity of the pixels which are nearer to the edge is lowered. In the
preferred embodiment, for each angular image, 30 degrees of the overlap
area which is nearest to the center is given 90 percent intensity, while the
other 30 degrees of the overlap area which is farthest from the center (and

20 nearest to the edge) is given 10 percent intensity. Once the proper intensity
levels have been applied to the sections of the overlap area, much of the
picture degradation attributed to the edges can be eliminated to produce a
seamless look.

Once the final angular image has been attained, the combined

25 angular image is finally transformed into the perspective corrected image.

This is done basically by converting he points in the combined angular



produces the mninmumdifference in pixel intensity val ue between the two
over |l appi ng angul ar i mages using the follow ng equation: ~0 oEj &qg?c_%ﬁuz
~ 2z a- ~—~hCB~Q g 2Ce' ~' mB~~~, (3) where, 1 = Intensity of the pixe =
root nean square 5 yyle = degree of overli]i) Usi ng equation 3, the degree of
overlap which produces the mninmum a value'is chosen. Since it is known in
t he begi nni ng_approxi mately how nmuch overlap there wll be, in this case 60
degrees, it idmageecand Epphing & kansfprmationmalrix Jo pesoemiill, pas ardrolbto
degrees, e.g., between 40 degrees and 70 degrees, and not all values need
to be tested. obtaja thﬁ@owwmgﬂ perspeetivietreagr.ned, the i mages are conbi ned.
The final angular inmage after the three angul ar i mages are conbined is
shown in FIG 9. AdheaprdsentdmnsforomtionGmaihod hef {itstrbéoraertirg dhgufisheyierage
has the full 360 degree of field-of-view. Once the final angular image is
formed, the |imageitattbasingués iofagehandutiienceanveding thesd angular imageetd tygpi ng
area are adjusted. Because the resolution of the angular inmage is better
near the c&nt @ergpectiedmyrestad irrage offers hanurnmber ofl gdvataiged Oowardthe9prior
degrees, FIG 7), the intensity of the pixels which are nearer to the 2 o
center is incraeaskat ae,ltke thgulanimages,ydusf theiremptherhaticdhipropentiesneam dye t o
the edge is lowered. In the preferred enbodi nent, for each angul ar i nage,
30 degrees of gabity mombinpd anslikewttie Hisheyaeiataggis, t dDépendingt en hewgmissh 90
percent intensity, while the other 30 degrees of the overlap area which is

farthest fromoBragethers i§,antichest @& résolufien eftifradatioi o béOeAfRed. 2 5
intensity. These val ues provi ded, however, nay be adjusted to sone extent

1 0 DEC 2002 Morébvaeuheua%ﬂa&%frw%rbme%hs [@fstehb¥ Sbint W ddnsare light

perspective corrected i mge. ce the proper intensity |levels have been

appli ed {90t NnBREHLORF 1R rdSPRAVEIaGes e et dhbwishg dBnGbAioRt way to

degradation attribute edges n be elimnated to produce a sSeanl ess

the combined MARTFLES; 1REQGRiny TEF W7 RART BbisRERte Moorisgly Pnave °
d i o . | : . .

coni ned angut arAao e 3AGuRTNGER dérbtaAKEE WpldsS rdtfbl' Shddd g )

and appl yi ng hd fim&{%%gpﬁﬁééléa&'é %RF-&F-%W.“ It, pan and roll to

obtain 1 o the po ive 1 mage which are represented by
(u,v). The equations bel ow are used for the conversion: 8 = tan-~ ~ ~ dz

(4)
15 BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 (prior art) shows a schematic block diagram of the prior art
system illustrating the major components thereof.

FIG. 2 (prior art) is an example sketch of a typical fisheye image

20 used as input by the prior art system.

FIG. 3 (prior art) is an example sketch of the output image after
correction for a desired image orientation and magnification within the
original image.

FIG. 4 (prior art) is a schematic diagram of the fundamental

25 geometry that the prior art system embodies to accomplish the image

transformation.



15 ~ = tan-' dy (5) dxz +dz2 The transform matrix of the vectors x, dy,
“dz] are shown as below dx = (asu' ) + (bxv' ) + cx 2 0 dy = (a~.{|'ﬂ DEE 2002
(by,v' ) + ¢~ whereu _ (uW(f ), v _(v)( f ) dz=(azu )+(bzv' )+cz
_where, i O DEC 2002 18 ax 1 a~, _ (Rx (-/3)R~, (a)RZ (S2)) 0 where
R=rotation aZ 0 to yield, aX = cos(SZ) cogfa) a~, = sin(SZ) cos(a) +
cos(Sz) sin(a) sin(/3) 5 aZ = sin(S2) sin(~3) - cos(S2) sin(a) cos(/3) and

bx 0 by = (RX(--) F‘#l@) gquhér 1ar*t}z |§) % 03 S&F\%f?gtlc 66|agté§2r§1ngﬁ%&‘?§ hé;lotpgz)

cos(SzZ) cos(/3) - sin(a) = cOS
/3 , 15
z;(n(:a)m rC1?Z§ Cﬁro‘]"éﬁugg\é Q)fsfﬁen()}aégdﬁ(gﬁpecé a) cos (:?)agorqd"ﬁ\ﬁere é)%zé@hg

angle 2 o a =,psQifgle 1 0 DEC 2002 19

FIG. 6 is a mathematical representation of the fundamental geometry
5 that the present invention embodies to accomplish the image
transformation from the fisheye image to angular image.
FIG. 7 is a mathematical representation of the angular image plotted
on a (6, ¢) coordinate system.
FIG. 8 is a schematic diagram illustrating how the three angular
10 images are combined.
FIG. 9 is a mathematical representation of the combined angular

image plotted on a (6,¢) coordinate system.

15 DETAILED DESCRIPTION OF THE INVENTION

The present invention employs the same system hardware as was
used in the prior art system described in the Background section.
However, by employing a unique mathematical transformation algorithm,

20 the present invention is able to overcome the shortcomings mentioned
above. For convenience in describing the present invention, it shall be
assumed that the hardware described above is used, though other similar
set of hardware can be employed as well.

Although the present description of the invention is sufficient for one

25 of ordinary skilled in the art to make and use the invention, it is useful to

obtain the following publication which provides some of the theoretical



/3 = pitch angle f = focal length. The equations 4 and 5 provide a_nean
Tfor mapping fromthe angular 5 image of FIG 9 to the perspecti vel BCBE&ZB%
L mage. The perspective corrected i mage can be further enhanced through the
various known inmage processing techniques. The present transformation

met hod of first converting the fisheye inh8e to the angul ar inmage, and then
converting the angular inmage to the 1o perspective corrected inmage offers a

nunber of advanatAgffatiedFloundation feH tharttansfémaion, mbtidnieMillan, TR@pald due
their mat hematical properties, can be easily conbined unlike the fisheye

i mages. Depenginags OBishey, "ReRopNEMaHRIhEL Y IrfagéiBaBed| RéMTeriRp Sysidndn
degradation can be elimnated. Moreover, the overlap area provides a

ref erence poi rﬁro&@e&ﬁggaéfe_élewﬁmiﬁ 95t ¢psi hhgsleaf G&lﬁofrﬁé,p@ﬁlfdu‘é? é-y8ges,

and hence) allows a convenient way to normalize the Iighting for the final
perspective cqigggcted i mage. Furthernore, the angular inmage generally takes
up Il ess nenory space than the fisheye i mage of conparable field-of-view

up ry spa _ eye | ar: o
e preseng inven 'h‘?’}hra?]%!n&eaﬁ%rﬁaﬁéé&rmein %ﬁ@%éd@rg@g@&@wrﬂéou

departing Tromthe spi or e aracteristicst

st ance. oL MUl NFoRRe RRSPYEH 1R 90k, Mankls iR R L

nmet hod was de di e 0 an 1 rnmage havi

LA P St g SRARBHANG bk Tof PRURRERE Mo ERERaRaRatiMighatay’ "0
steradi an of | .ess £5 t han 180 de&(ryees. | n, addition, Ithough it iLs t
preferred thatof APIAINIG A perspactyencerasted Jmadt, geEloneXesthe piesen

possible to conbine only two angular images if |ess than 0 degree .
PP el drof - vi e IETHE: Paipiov a; M +Eh AT sonatan Yersdle. fohey® e s ,
di scl osed_enbqdi,nents are, .therefore, tqQ be cqonsidered in all. respects as
I Tustratife 3k methenaicalyransiomad infg an ineimediale andularimads and
i ndi cated by the appended cl ains and &)Iél changes whi ch, cone w tgi,n t he
meani ng and’ r dhQ@ngtlasdtingsiiedegn dansiosmedaniasapassPegiviecsdsrected dmage.
enbraced therein. 1 0DEC2002 21123456489 1011 12 13 1 2 3
CLAI MB | d ai thshould he-appreciaied hiyooneiiskiled idhaask howavepethat il thect ed
image froma set of fisheye i nages where at |east a portion of said inages
overl ap, sai d trassfarmationdechnigyes diftaisthertwonbasic proparties gndyle itwadw@sioy f or m
a first angular image; transform ng a second fisheye inmage to forma second
angul ar postulates discussed in the Background portion still applies to the present
15 invention.
In describing the present invention, the term “fisheye image” shall be
used to refer to the digitized form of the image directly obtained by taking a
picture using the fisheye lens. The term “angular image” shall be used to
denote an intermediate image obtained by mathematical transforming the
20 digitized fisheye image. It should be understood, however, that the angular
image is not really an “image” in the sense that it is not used for viewing; it
is simply a mathematical conversion which gives the present invention its
flexibility. Lastly, the term “perspective corrected image” shall refer to the
final image which is used for viewing.
25 To obtain a perspective corrected image having a 360 degree field-

of-view, the present system begins by first obtaining a set of three fisheye



| mage; conbining said first and second angular inmage to forma fi rizd;

‘conbi ned angul ar inmage, said first angul ar image overl appi ng said chEGdZﬂﬂZ
angul ar image; adjusting relative intensities of duplicative pixels in said
conbi ned angul ar image; and transformng said final angular inage to form
the perspective corrected image. 2. The nmpihod as clainmed in Qaiml
wherein said first and second fisheye inages are transforned into said

T A A e D
dye tan dz w=¢ 4Gl d&‘ﬁrsfpﬂ d With 2 %hﬁ\fﬁ q.Ysurlg (thénflsff')e((y edfens’ rGYa‘?m#Bge 15

cos913xy:p0| ts on eyelrrae olrnts on angul ar |

0,007 = O ERFIHEVAR) o BRGHERNRF aﬁgﬁlé}%g‘?’g‘? i R <
iz = tvzn?%éﬁ‘%dfgzg%g%%ﬁ%’?@ﬂ‘ i el el %@(d;ﬁsee@ggé@ﬁna o el (1"
T af‘”}s)? G 0 %R, PA0 Mg ol cgtst%g@)#@g%?%%sesf lﬁ% s
s' n.(/ ) 13 az fi fiseyd 18R RAVING s thERe07dedtbl 3ld-6RFiel(in Whilk case more

=-sin(~)cos(a
pictures need to be taken or the degree of overlap will be different).

Hence, each of the three fisheye images has a 60 degree image overlap
with its neighboring fisheye image. The purpose and the usefulness of this
10 overlap in image will be discussed further down below.

After the three fisheye images in the digitized form are obtained, the
images are transformed into angular images. FIG. 6 shows a mathematical
representation of a fisheye image with a point on the fisheye image being
represented by (x,y) and its direction vector represented by P[dx,dy,dz].

15 FIG. 7 illustrates the angular image with a point on the image being
represented by (8,¢). The following equations are used for converting the

fisheye image into the angular image in P{dx,dy,dz] coordinates.

x = (dx)(w) (1)
20 y = (dy)(w) (2)

where

tan"'(————~————-‘ dx’ +dy” ]

dz

= arear)

w=

and



15 b~. = co0s(SzZ) cos(/3) - sin(S2) sin(a) sin(/3) 16 bl = cos(S2)sin(/3) +
sin(S2) sin(a) cos(/3) 17 cx = sin(a) 18 ¢~ =-cos(a)sin(~3) 19 cZ § 9€§(Hm2
cos(/3) 2 o and where, 21 SZ= roll angle 22 a = pan angle 23 /3 = pitc
angle 24 f = focal length 2 5 u, v = points on perspective corrected i nmage
1 4. The nethod as recited in Oaim3 wheygin boundaries of where first 2
and second angul ar i nmages overlap are determned by finding a degree of 3
overlap which mnimzes a where, 2 4 a = ~,~h(8,~)-12(e+ne~~)~ 5 and where,
6 1 = Intensity of the pixel 7 a = root nean square 8 y~e = degree of
overlap 1 0 DEC 2002 24 1 5, The,nmethod as recited in C aim4 wherein
intensity of duplicative 2 pﬂ§é1%"ﬁearer to a center of an angular imge is
hi gher than intensity of 3 duplicati i nearer to an edge of an
angul ar inmage. 1 6 A nethod t@F=@mu®CﬁEﬁgw@2§ean1ess per spective corrected
i mage 2 having 360 degree field-of-view conprising: 3 obtaining a first
fisheye image, a second fisheye ingge, and a third 4 fisheye image, wherein
at least a portion of said fi 5t°°f sheye image 5 overl aps said second
fisheye image, and at |east a portion of said second 5 fisheye inmage
overlaps said third fisheye image, and ; '7 transformng a first fisheye

image to for first _anqular | e S.transforamng a secaond fishe | mge
Lo Torm a sechmind: BRGNS 1ol Z1856h 3 158 Mo Rreyn mirGeR citey eovtfael (o
forma third angul ar image; 11 conbini ng said first econd,, and third
angul ar | mageld 1 ARIWAR ThRgg; ASCen,As Sral Liog FIG. 7t angulel mags; is
angul ar i mage overl apping said 13 second angul gr. i nage, said second angul ar
i mage over | applot§ds dalge’tﬁi Feorddinale o systamy masing fit rﬁ.ﬁsyc%ﬁoﬂgﬂn%nﬁlﬂ ar
i mage having a 360 15 degree field of view, 15 adjusting relative
intensities ofMaA@®$.i cative pixels in said conbined 1'7 angul ar image; and 1
s transformng said final angular image to formthe pen;gecpive 19
correctedl@® mage. 1The repeltingt theee angulati imapasna®@ gpmbinach @seillustsated i r st
second, and 2 third fisheye inmages are transforned into said first, second,
and third 3 ahifal 8rBeécausethadishgye irmages wene takengli20 idegsees apad UBiQ 2002 25
4 x = (dx)(w)
fisheye lens having a steradian of 180 degrees, there is 60 degrees of
overlap between the adjacent images. Hence, as can be seen from FIG. 8,
the angular image 1 overlaps angular image 2 by about 60 degrees, and
15 the angular image 2 overlaps angular image 3 also by about 60 degrees.
The precise boundaries of the overlap are determined basically by
comparing the pixels of the overlapping images and looking for a match.
The image in the 60 degree overlap of one angular image should be
similar to that of the image of its corresponding overlapping angular image,
20 but they are not identical due to variations in the resolution. Therefore, the
boundaries are determined by finding the degree of overlap which
produces the minimum difference in pixel intensity value between the two

overlapping angular images using the following equation:



Ly = (dy>(w
10 dy = (tan
.fisheye inmag

6 where _, dxz + dyz tan dz 7 w= dxz + dyz ) 8 and g dx =

sin 8

~)( dxz + dyz ) 11 dz = cos 8 12 where 13 x,y= point tqogﬁc 2002

e 14 6,~ = points on angular imge 15 dx,dy,dz = dire

vector coordinates 1 8. The nethod as clained in Caim?7 wherein the final

conbined 2 angular inmage is transformed igto the perspective corrected

| mage usi ng
dzz 6 where
(w(f), v
where 11 ax
sin(/3) 13 a
=-si n(S2) cos
cos(S2) sin(
-cos(a)sin(/
a = pan angl
per spective

5

10

15

20

25

3 the following equations: 4 B=tan -~-Cd d 5 ~ =tan-' vy

dxz +

7 8 dx=(aXu') t 'Y+eX dy = (a,,u'. ) + (b,, + c~, wh =
B (v;(((? ;Jeljrzr(&ﬂﬁc)?ﬁé(@aégzm%;ézw ()+( \ézz/ )+§;z) 10 and

= COS(~)COs(a)! I2 ay, = sin(SzZ) cos{a) + cos(S~,) sin(a)
Z = sin(S~) sin(/3) - cos(S2) sin(a) cos(~3) 14 bx
(Meres b,, = cos(s2) cos( J3) - sin(S2) sin(a) sin(~3) 16
gf) 1; ilzn(:s(zz)c';'s|?1lé{3r]f1(s?§{ﬂé3gos(/3 17 cx = sin(a) 18 c~,

bz =

g pixeb and where, 21 S2= roll angle 2 2

e 23 /3 = pitch angle 24 f = focal length 2 5 u, v = points on

corrected |frag@ot mean square

meg = degree of overlap

Using equation 3, the degree of overlap which produces the minimum e
value is chosen. Since it is known in the beginning approximately how
much overlap there will be, in this case 60 degrees, it is more efficient to try
out only those values near 60 degrees, e.g., between 40 degrees and 70
degrees, and not all values need to be tested. Once the boundaries are
determined, the images are combined.

The final angular image after the three angular images are
combined is shown in FIG. 9. As can be seen from FIG. 9, the combined
angular image has the full 360 degree of field-of-view. Once the final
angular image is formed, the light intensities of the duplicative pixels in the
overlapping area are adjusted. Because the resolution of the angular
image is better near the center (at O degrees, FIG. 7) than the edges (at 90
and -90 degrees, FIG. 7), the intensity of the pixels which are nearer to the
center is increased while the intensity of the pixels which are nearer to the
edge is lowered. In the preferred embodiment, for each angular image, 30
degrees of the overlap area which is nearest to the center is given 90
percent intensity, while the other 30 degrees of the overlap area which is
farthest from the center (and nearest to the edge) is given 10 percent

intensity. These values provided, however, may be adjusted to some extent



1 9. The nethod as recited in Claim8 wherein boundaries of where first 2
‘and second angul ar i nages overlap are determ ned by finding a degagjam 2002
overlap which mnimzes a where, 2 4 a = ~~h(9,~)-12(8+ne~~)~ 5 a r e,
51 =lIntensity of the pixel 7 a = root mean square 1 0 DEC 2002 27 s
yyte = degree of overlap 1 10. The nethodyps recited in Caim9 wherein
intensity of duplicative z pixels nearer to a center of an angular imge is

hi gher than i %q{bﬁtly%ﬁl{/g?fgérﬁfﬁngcmé ‘éﬁ.llagw(%fstﬂée?ihﬁf A& sPEctRRO S e ctly

angul ar i mage. S ropr I'ng a seanl ess perspective

corrected i MghageCRMEd Heronar it M8y THVBOLSGY aBBIIE "to tHE SL¥iGs
8 4 pro B

optical imges a for Cl ng out'put signals corresponding to said

opti cal | MmOes s bl BrdE NP heA LRI BlglihSh b RTRAY FROLAGSYS! om

for 5 producing a p over 1 appl ng eye 1 mages tor optrc
conveyance '7 i I i I mage capture neans for
recei ving sai 85&%;%@1’“@]%3%?%b%g%%%@ér@?’% i magi ng system and for
digitizing_said output signals from.said,lo canmera inmging, syst.e 11 i nput
"mmge menody means Gke e engUBEiGRgE i SE afighARcs ShSVRGFIE 2nst or m
processor neans for transformng a firsg fisheye 13 inpge to forma.first
Ul ar | mmge e cameinsd: apubC Inden i tnly MakSioEmey TS (he rsBedive
angul ar i mage; conpi ping said.fi.rsf and second angul ar. 15 i mage to form a
f15al “Corb: sesolRgdmeasacthis if Hond G SRRy, Comiatindche, it iy HP oa
second angul ar i e; adjusting relative iptensities of 17 duplicative

pi xel s in sai &Osﬁ’g?dmwda%umg% ﬁg@@seatﬂﬂv%s?bﬂwpr@ veglos 18X, ﬁy’nﬁﬂf

angul ar inmage to formthe perspective corrected image; and 19 output inage
menory neans fand applying adransfarmatiopumatiixgeaperfarmotiit,2pan eaaddoil agebtain
transform processor means and storing said signals in said 21 nenory neans.
1 0 DEC 2002 the points in the perspective image which are represented by (u,v). The

equations below are used for the conversion:

0= tan“‘(-jl) (4)

Z

- d
15 ¢ =tan l[ﬁz—z} (5)

The transform matrix of the vectors [dx,dy, dz] are shown as below:

dx=(au)+(byV)+c,
20 dy=(au')+®dV)+c, where ' = u)(f), vV=w)[)
dz=(au)+(by)+ec,

where,



28 1 12. The nethod as clainmed in Cfaim 11 wherein said first and second 2
fisheye images are transformed into said first and second angul ar ﬂrﬂagg@ muz
using the followi ng equations: 4 x = (dx)(w) 5y = (dy)(w) 5 where _, dxz +
dyx tan dz 7 w ~,( ~2+dy2) 2 8 and 9 dx = sin 8 10 dy = (tan ~)( dx2 + dyz
) 11 dz = cos 9 12 where 13 x,y= points ongfisheye inage 14 9, = points on
angul ar image 15 dx,dy,dz = direction vector coordinates 1 13. The net hod
as claimed in Claim 12 whereirn 4he final conbin 2 angul ar inmage is
transformed into the perspec{fve corrected i mag sing 3 the foll ow ng
equations: 4 8 =tan - Cd 5 tazx #E(lﬁ;(\—lﬂﬁv(dﬁ)ltz(ﬂ) whehere R=tdd¥csm 2002 29
7 dx = (aXu' ) + (bxv ) + cs|{8 gy = (a,.u" ) + lav ) + c,, where u _
(W f ), v _(v)(f) 9dzl(azu) + (bzv) cL 1o and where 11 ax =
cos(S2) cos(a) 12 ay = sin(S2) cos(a) + cos(SZ) sin(a) sin(/3) 13 azZ =
sin(S2) sin(/Byvyieldos(S2) sin(a) cos(~3) 14 bx =-sln(~~C0S(a) 15 b~. =
cos(S2) cos(/3) - sin(S2) sin(a) sin(/3) 16 bZ = cos(S2) sin(~3) + sin(S2)
sin(a) cos(/3) 17 Cs = sn(a) al& ens(Q)cos(a@ps(a) sin(/) 19 cZ = cos(a)cos(/3)
2 0o and where, 21 S2=roll angle 22 a = pan angle 2 3 /3 = pitch angle 2 4
f = focal length 2 5 u, v = poiNdigBrRoNBN)IRBSIL)R(ERINBFt ed i mage 1 14. The

met hod as recited in daimi13'wherein boundari es of where first 2 and

d I i I | 1 ndi d f 3
cverlap wi ch m i o zes. o whir s TCHMHE JE@isPLRBE T E% 00 dhere

and
b, 0
b, |=(R,(-B)R,(0)R (D)1
b, 0
to yield,
b, = —sin(Q)cos()
10 b, = cos(€2) cos(f) — sin(Q)sin(cr) sin(B)
b, = cos(Q)sin(B) + sin(Q)sin(cx) cos(f)
and
c, 0
¢, |=(R,(-PIR,O)R, ) 0
c, 1
to yield,
15 ¢, = sin(a)
¢, = —cos(a)sin(B)
¢, = cos(ar) cos(f)
and whers,

Q= roll angle

20 o = pan angle
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‘= degree of overlap 1 15. The nethod as recited in Claim1l4 whereliﬂ 0

ikntensity of duplicative 2 pixels nearer to a center of an angul ar |D1€E)ez p%

higher than intensity of 3 duplicative pixels nearer to an edge of an
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a]J ca] ca] c™a] ca]ca] ca] ca]cTa] cT*aU| ca] ca] c"al
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A gl AR 4 a0 S AR A
8ol oL ASBA Ss L] Mae

aJcaJcalc a]c : cal K, " PR . .

N LE b sPloke W BorhEfinhes quianeestiiyough 1o, KPS KPRAPJTA8A cay o
"a] cal ca] ca] ca! ca' ca| cgﬁgﬂ.ca ca] ca] ca]ca]ca] calca]ca]calcalcalcalc"alc

a! : DDDDDEMEEE qHHHI Cl ol r 1 11 JJJ| wr | gb] XU] ca] ca] ca] ca] c*a] ca]
calca]calcalca]ca cal] cal cal calcalcOalcalcalc al ca] cal cal ca] cal.cal cha]c
o] Cal cal 7K KKELRLOPEL PIRARKRAEPORSIR. Siesied 19 OBAA GG i (R aues] cb]
cal ca]ca]calca]ca]ca]calc . ] ]

a] ca] ca] ca] cajPage dpdh aadarcinagg andctensanvering thg angylas)ingpeatoc ey Wk
X#HX) X, XAX6X; X=XKXRX_ Xj XoXx XXXXXKYYZ[ Y] [ [ O\ \ \ .

] | wr mhe” Yhtic~ PeTgRasfiva) cafasied dpaag RoMjreber af edvertapes\pvea] bevpader cal c
"al ca]ca]c”alcalc _a]Jc ’\ag a] ca] ca] caV] ca] ca] ca ]

111111111 ]a]1].. * Borconss d@ @agules images, duEr tiews mathematical praperties] vpedleca] ca
V] ca] caV] ca] ca] c™a] ca] ca] ca] ca] ca] ca} ca] ca] ca] ca] ca] c"a] ca] ca] ca] caV] ca] ca]
caV] ca] ca] ca] easlly cambinedgynlikeg the disheye gigiages. Depending on how much
hhhhhhhhhhhi (i 5i ~yt oj e [ Vmhc”Y] c"a] ca] ca] ca] ca] ca] ca] caV] ca] ca] ca] ca] ca] caV
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5i 8i [ i kmHoUoXoo' pxp+q8q;

0=9?qAqEq G KqWipfebyeignipet overap tgrea | groyidelsc a] eégrehag cpoiht 4 cxdropdrealigh call
cal ca]ca]ca] ca]ca]ca]calcalca]ca]c"a]ca]ca]calcalcalc"alcalcaljcalcalcaltttt
tttttttttimouintensitivh of thve vaspective iniages) \and; hemad) \AllWe] & Zonathiaal wayctoa] caV
]cal caV]ca W] caV]ca V]c™a]caV]ca]ca]caV]ca]ca]caV]caV]ca]ca]c”ta]ca]ca]cha
V] chaV] ca] ca] malmalize Wihehwikghtisigy Yoy Y ytidz Ghalu-eispactive’ Ucoheeled ajmage a

V] cMaV] ca] ca] c$a] ca] ca] ca] ca] ca]ca] ca] c"a] caV]ca]caV]c"a]ca]caV]ca]caV]ca]c
al] c" a] c" a] caVigthkanbes theQinguldr image generally takes up less memory space than
1>ADS{ upke™ [ Uj e" ZU] cV] ca] ca] caV] ca] ca] caV] ca] cal] c$a] c$a] caV] ca] caV] ca] caV]
ca] c*a] ca] c*athe kshéeyd gaf e adisie YbrprbfdEhcal cav] ca?W ) ;

J jOot#~ytoje ZU caV]ca] ca]c"a]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]caV

n $ . . spr
e oot il k) NGB kpstd I, s s o

o AL o) et Sttt o o
a] ca] ca] cra] C%fﬁ@%,%ﬁ&ﬁhcﬁb@lﬂ&%\@f@%ﬂ%ﬁ%@hﬁﬁ%ﬁ of the transformation
caul cal’'call c

aV] ca] cal ca]
method was described in relation to an image having 360 degree field-of-

view, it is possible to use the present method on an image having less than
360 degree field-of-view by using a fisheye lens having a steradian of less

25 than 180 degrees. In addition, although it is preferred that three angular
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considered in all respects as illustrative and not restrictive, the scope of the
5 invention being indicated by the appended claims and all changes which
come within the meaning and range of equivalency of the claims are,

therefore, to be embraced therein.
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1 1. A method for providing a seamless perspective corrected image
2 from a set of fisheye images where at least a portion of said images

3 overlap, said method comprising:

4 transforming a first fisheye image to form a first angular image;
5 transforming a second fisheye image to form a second angular
6 image;
7 combining said first and second angular image to form a final
8 combined angular image, said first angular image overlapping said
9 second angular image;
10 adjusting relative intensities of duplicative pixels in said combined
11 angular image; and
12 transforming said final angular image to form the perspective
13 corrected image.
1 2 The method as claimed in Claim 1 wherein said first and second

2 fisheye images are transformed into said first and second angular images
3 using the following equations:

4 x = (dx)(w)

5 y = (dy)(w)

6 where
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8 and
9 dx =sin@
10 dy = (tan ¢)(W )
11 dz = cosO
12 where
13 x,y = points on fisheye image
14 8,¢ = points on angular image
15 dx,dy,dz = direction vector coordinates
1 3 The method as claimed in Claim 2 wherein the final combined

2 angular image is transformed into the perspective corrected image using

3 the following equations:

4 0= tan"‘(i{)
dz
- dy

5 =tan™!| —2—xo

¢ =tan (\/dxz +d7? )
6 where
7 de=(au')+(bV)+c,
8 dy=(au)+(by)+c, where ' =w)(f), v'=W)f)
9 dz=(au )+(by)+c,

10 and where

11 a, = cos(£2)cos(x)
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13 a, = sin(Q)sin(B) — cos(Q) sin(a) cos(B)

14 b, = —sin(Q)cos(a)

15 b, = cos(2)cos(B) - sin(Q2) sin(cr) sin(B)

16 b, = cos(8)sin(B) + sin(€2)sin(cr) cos( )

17 ¢, = sin{@)

18 ¢, =—cos(a) sin(f)

19 c, = cos(or) cos(f3)

20 and where,

21 Q= roll angle

22 o = pan angle

23 B = pitch angle

24 f = focal length

25 u,v = points on perspective corrected image
1 4 The method as recited in Claim 3 wherein boundaries of where first

2 and second angular images overlap are determined by finding a degree of

w

overlap which minimizes e where,

isN

5 and where,
6 I = Intensity of the pixel

7 e = root mean square

=3[11(0.9)- 16 +mad)]

8 mg = degree of overlap
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1 6 A method for providing a seamless perspective corrected image

2 having 360 degree field-of-view comprising:

3 obtaining a first fisheye image, a second fisheye image, and a third
4 fisheye image, wherein at least a portion of said first fisheye image

5 overlaps said second fisheye image, and at least a portion of said second

6 fisheye image overlaps said third fisheye image, and ;

7 transforming a first fisheye image to form a first angular image;

8 transforming a second fisheye image to form a second angular

9 image;
10 transforming a third fisheye image to form a third angular image;
11 combining said first, second, and third angular images to form a final
12 combined angular image, said first angular image overlapping said
13 second angular image, said second angular image overlapping said
14 third angular, and said final combined angular image having a 360
15 degree field of view;
16 adjusting relative intensities of duplicative pixels in said combined
17 angular image; and
18 transforming said final angular image to form the perspective
19 corrected image.

1 7. The method as claimed in Claim 6 wherein said first, second, and

2 third fisheye images are transformed into said first, second, and third

3 angular images using the following equations:
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tan_,[ Jd + dy’ J

dz

7 w= % (W)
8 and
9 dx =sin@
10 dy = (tan ¢)(W )
11 dz =cosf
12 where
13 x,y = points on fisheye image
14 8,9 = points on angular image
15 dx,dy,dz = direction vector coordinates

1 8. The method as claimed in Claim 7 wherein the final combined
2 angular image is transformed into the perspective corrected image using

3 the following equations:

dz
- dy
5 = tan ™| —————
¢ [x/dx2 +d7* ]
6 where
7 dx=(au)+(bV)+c,

8 dy=(au )+ )+c, where u'=w)(f), vV'=W)(f)
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11 a, = cos(§2)cos(r)

12 a, = sin(Q) cos(a) + cos(Q)sin(ar) sin( )

13 a, = sin(Q)sin(fB) — cos(Q)sin(cx) cos(f)

14 b, = —sin(Q)cos(a)

15 b, = cos(£2) cos(f3) - sin(Q) sin(er) sin( )

16 b, = cos(Q)sin(f) + sin(Q2) sin(e) cos(B)

17 ¢, =sin(a)

18 ¢, = —cos(a)sin(fB)

19 ¢, = cos(a)cos(f)

20 and where, |

21 Q= roll angle

22 o = pan angle

23 B = pitch angie

24 f = focal length

25 u,v = points on perspective corrected image
1 9. The method as recited in Claim 8 wherein boundaries of where first

2 and second angular images overlap are determined by finding a degree of

w

overlap which minimizes e where,

=3[ 110.9)~I:(6+mo.9)]

f1eN

5 and where,
6 I = Intensity of the pixel

7 e = root mean square
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3 duplicative pixels nearer to an edge of an angular image.

1 11. A system for providing a seamless perspective corrected image

2 comprising:

3 a camera imaging device for receiving optical images and for

4  producing output signals corresponding to said optical images;

5 fisheye lens means attached to said camera imaging system for

6 producing a plurality of overlapping fisheye images for optical conveyance

7 to said camera imaging system;

8 image capture means for receiving said output signals from said

9 camera imaging system and for digitizing said output signals from said

10 camera imaging system;

11 input image memory means for receiving said digitized signals;

12 image transform processor means for transforming a first fisheye

13 image to form a first angular image; transforming a second fisheye image to

14 form a second angular image; combining said first and second angular

15 image to form a final combined angular image, said first angular image

16 overlapping said second angular image; adjusting relative intensities of

17  duplicative pixels in said combined angular image; and transforming said

18 final angular image to form the perspective corrected image; and

19 output image memory means for receiving said output signals from

20 said image transform processor means and storing said signals in said

21  memory means.
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tan_l (____.*M)

dz
7 w=—r
E(Jdﬁ +dy? )

8 and

9 dx =sin@
10 dy = (tan (15)(\/32—;(1—);2 )
11 dz =cosf
12 where
13 x,y = points on fisheye image
14 8,9 = points on angular image
15 dx,dy,dz = direction vector coordinates

1 13. The method as claimed in Claim 12 wherein the final combined
2 angular image is transformed into the perspective corrected image using

3 the following equations:

dx
4 0=t “(——)
an Z
_ dy
5 =tan”!| ———
¢ (\/dx2+dzzj

6 where
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L1096 & (V-1 sl . 109 & ()-1 sl .109%& ()-1zHzz@{T|||[:vW4! s s 11®%EC 2002
#8& ()--s 5 10%Y& ()-- s 109%K9& ()-- S3S109KY& ()- S3S10YKIE () -
S3YLOUKIR' ()- | $}}U—~QY8vU4!  +! 109%6KYE& ()-- s+ 10% & ()-- s+ 109KW&' ()- -
's! 109%#& ()- - s!10%O& ()- -!s!10% & (39 QuUA! 80 110%& ()- sP P
QOWSB& ()-1 s~ @OUWKYE ()-1 s' 10%KYR () - FLOKYLOKIBEAOKY s

&6109KY& () - %+-8cl { Z8VUA! | s@j; lQé@% ) @C 109%& () - @"10‘Vo<x&'()-!@"10fyo<
X & ()- /  110%$& ()- sP |10% & iy I [viar 1 os3S, 10%&()- 3S, 10%!

igz[ Nt 20K 0KO8 0RO )5-781%‘(01/2‘% < i‘sﬁ%%@&% 10%@9%%%5%“()51 @W«%& ()-

s3S, 10%& ()- 1>S?|[:NA4I10 s ~ 1109 ()-L* s 1109 ()-L* s *~110%& ()-L*
s 110% & ()-L* syl0W& () - dsyt&ajtoﬁ%‘()+4’>}|29l\lA4l 10

S410%& ()-*! "110%& ()-L* " 1109%9& ()-L* s 1109 & ()-L* s " 1109%& ()-L* s
TU110% &1 - L* ; VEKY whdrB0%9& ()-( s 10%9& ()- ' s 109 % ()-

S&10%9&' () - 10%10%0%34100/9/& () aijll: vU4| s s 9110%% ()- S S

9! 109%& (J)y s s 9'10%W & ()- W&oy - S SYLOW U ()- s

f10989& ()-j 1IN [:vu4!l s s' 3" 10%‘0/& - $'sIS 10%& ()-s s!'S 109 ()-s s

10% %8 109% 9% ()- s &10% % Lo 0
S@B: 10%89& ()S S SSM 1(()2)/0%2 (fs5 S éﬁ%ﬁéé@% J(‘{“"}I%é?‘f% ()L:E

s' 3"10YB#& () - . . :
13 a, = sin(Q)sin(f) — cos(Q)sin(cr) cos(f)

14 b, = —sin(Q)cos(x)

15 b, = cos(£2)cos(fF) — sin(Q)sin(cx) sin( )
16 b, = cos(Q)sin(f) + sin(L2) sin(ax) cos(f)
17 ¢, =sin(a)

18 ¢, = —cos(a) sin(f3)

19 ¢, = cos(e) cos(f)

20 and where,

21 Q= roll angle

22 o = pan angle

23 B = pitch angle

24 f = focal length

25 u,v= points on perspective corrected image

1 14. The method as recited in Claim 13 wherein boundaries of where first

2 and second angular images overlap are determined by finding a degree of

3 overlap which minimizes e where,

2
4 = 2{:[11(9,@_ 12(9+m97¢)]
5 and where,
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