A NETHOD AND SYSTEM FOR PROVI DI NG A SEAMLESS OWNI VI EW | VAGE FROM FI SHEYE
IN@GES 5 FI ELD OF THE I NVENTION This invention rel ates
gegerally to the fields of digital image rendering and i mage capturing
systens, and in particular, to a method and system for providing a nornma
perspective inmage with inproved resolution 10" at the seans froma set of

| mges captured usi riﬁ a fisheye | ens. BACKGROUND OF THE | NVENTI ON Caner a
vi ewi ng systens t Wat EIUQDfA‘lQ YSIEM: BOR RROYIDINGeA SEAMIESShvert

the images to nornal pelQPNVIEW INAGE SFRONRIBHEYENMAGES |1 ed in the
art. Generally, these systens capture imges 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 having to nove the canera.
The resulti’dg fisheye i nage, whi GHELDIOF THEOINVENBIONMorm is 20 distorted,
I's then converted to a normal perspective inmage using a digital inmage
transformati on techni que. One such systemis described in the US Patent No.
5,185,667. The principles of this prior art system can be understood by

reference to FI G L1.THi&owentidre nrlates! bEneltallx te thbefibldshey edigitak infege
provi des an inmage of the 25 environnent with a 180 degree fiel d-of-view

The fisheye | engndering had fmlﬁbcba@tmmgaéwstamwaﬁ@ irs pariuldy, ©0'8 méthb@and mage
into an electrical signal. These
system for providing a normal perspective image with improved resolution

10 atthe seams from a set of images captured using a fisheye lens.
BACKGROUND OF THE INVENTION

Camera viewing systems that use a fisheye lens to capture images
15 and convert the images to normal perspective images are known to those
skilled 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



signals are then digitized electronically 3 and stored in an i nage buffer 4
2 within the present invention. An inmage processing system consisting of an
X-MAP and a Y- MAP processor shown as 6 and 7, respectively, perforns the

t wo- di nensi onal transform mapping. The i ma?e transform processors are
controlled by the mcroconputer and control interface 5. The 5

' t trol interf. ixdes initializati
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vi deo display device 11 for view nhg., A ran%e_ of. l.ens _%Pes caa be
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correspond directly with the mathemati cal coefficients used with the X-NMAP
and Y- MAP pr ocRaranieiencaleiation for the system. The control interface also determines

the desired transformation coefficients based on orientation angle,
magnification, rotation, and light sensitivity input from an input means such
as a joystick controller 12 or computer input means 13. The transformed

10 image is filtered by a 2-dimensional convolution filter 8 and the output of the
filtered image is stored in an output image buffer 9. The output image buffer
9 is scanned out by display electronics 10 to a video display device 11 for
viewing.

A range of lens types can be accommodated to support various fields

15 of view. The lens optics 1 correspond directly with the mathematical
coefficients used with the X-MAP and Y-MAP processors 6 and 7 to
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



transformthe i mge. The capability to pan and tilt the output inage

remai ns even though a different maximumfield of viewis provided with a
different lens elenment. 20 This prior art systemcan be realized by
proper conbi nati on of a number of opti cal gnd el ectroni c devices. The
fisheye lens 1 is exenplified by any of a Series of wide angle | enses from
for exanple, N kan articularly the, 8 mmE2.8. Any vid r an
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| nput and out put i nmage puffer, 3.4 and 9 can, be construct ed using Texas
| nst r unent TI\/SZ’W?‘W'EESC’ Mﬂﬁﬂw SEE&@%@rﬂfrW'c@ﬁ%r@Prﬁ weludingthe, lntelnt s.
The control interface can be acconpljshed with any of a nunber_ of

ni crocontrol | er@cﬂ%u e &-MAE and &-Médtirapsfompracessors fjand viagnd imegeor m
processors 6 a g 7 and image 5 filteri n%a)S can be acconplished with

appl i cati on? spg' pring 9 ean SeAaccomplishad wi rappligaijonrspeeifie dntagratedecikguitan t o
persons skilled in the art. The display driver can also be acconplished
with i nt egr at e@r @therumeans @snwilisbe kaowsxigspersons skilled in the art. The display

driver can also be accomplished with integrated circuits such as the Texas
Instruments TMS34061. The output video signal can be of the NTSC RS-
170, for example, compatible with most commercial television displays in

10 the United States. Remote control 12 and computer control 13 are
accomplished via readily available switches and/or computer systems that
also will be well known. These components function as a system to select a
portion of the inpﬁt image (fisheye or wide angle) and then mathematically
transform the image to provide the proper prospective for output. The keys

15 to the success of the system include:

(1) the entire input image need not be transformed, only the
portion of interest _

(2) the required mathematical transform is predictable based
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



| nstrunents TMS34061. The out put video signal can be of the NTSC RS- 170,
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The results shown in the image in FIG. 3 can be produced from any portion
of the image of FIG. 2 using the prior art system. Note the perspective
corrected as demonstrated by the straightening of the grid pattem displayed
in FIG. 3. In the prior art system, these transformations can be performed at
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
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
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
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,

e environnment throughout an entire



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

envi ronnent appear in the imge plane as 14a, 14b, and 14c. Horizontal grid
lines in the environnent appear in the inmage plane as 15a, 1 5b, and 1 5c.
The image of an object is exenplified by 16. A portion of the inage in FIG
2 has been 5 correct, magnified, and rotaded to produce the image shown in
FIG 3. Item 17 shows the corrected representation of the object in the

out put di spl ayand tiike aevount of picture elemédnd(pixalpaveragimgsthat isarsepleinpa qgiverd
fromany portion of the image of FIG 2 using the prior art system Note

t he perspecti vdisplayr ethe dystemisupports all ef thgse functionsi ighprovideg capabititiegr i d
pattern displayed 10 in FIG 3. In the prior art system these

transf or mat i onassomiated withf traditidnal mecharticate pand éthrougte s1§®0degnaes), ptilt
second), conpatible with conmrercial video standards. This prior art system
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field of view of the lens elenent by changing the 15 input neans, e.g. the
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The postulates and equations that follow are based on this prior art

system utilizing a fisheye lens as the optical element. There are two basic
10 properties and two basic postulates that describe the perfect fisheye lens

system. The first property of a fisheye lens is that the lens has a 2 steradian

field-of-view and the image it produces is a circle. The second property is that

all objects in the field-of-view are in focus, i.e., the perfect fisheye lens has an

infinite depth-of-field. The two important postulates of the 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 f§, where B 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:



20" vector to maintain a proper perspective in the i mage display regardl ess
of the pan or tilt angle of the image. The system al so supports

nmodi fications in the magnification used to display the output inmage. This
s commensurate with a zoomfunction that allows a change in the field of
view of the output inmage. This function i Sextremely useful for inspection
operations. The 25 nmagnitude of zoom provided is a function of the
resolution of the input canera, the resolution of the output display, the
clarity of the output display, 5 and the amount of picture

el ement (pi xel ) averaging thatr&gfused in a given display. The sy$PAMN
supports all of these functions to provide capabilities associated with
traditi onal nmechani cal pan (through 180 degrees), tilt (through 180
degrees), rotation (through 360 degrees), and zoom devices. 5 The system

al so supports i rrageu'siﬁpemé'sé Yr&étties trid) pbstatbS LS tHe fouriéatibh Orathist Histye?
mechani cal iris by shitTting the intensity of the displayed i nage based on

commands fr:om jghg YFSENL’ tha" nfathBimalibalc AEMstSmatibhe fe0 DotdiAingS é’"’rgargpective

equations that follow are based on this prior art systemutilizin
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frames for the object plane and the image plane. The coordinates u, v describe
object points within the object plane. The coordinates x,y,z describe points
within the image coordinate frame of reference.

10 The object plane shown in FIG. 4 is a typical region of interest to
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, DOV|[x,y,z]. The

15 formulas for obtaining the transformation to obtain a perspective corrected

image are the following:

= R[uA — vB + mRsin Bsind
Juz_*_vz_’_msz

(2PA)

20 y= R[uC — vD + mRsin Bcosd (3PA)

\/uz_*_vz_l_msz

where:



system The first property of a fisheye lens is that the lens has a 2 [err]
steradian field-of-view and the image it produces is a circle. The second
property is that all objects in the field-of-vieware in focus, i.e., the
perfect fisheye lens has an infinite depth-of-field. The two inportant
postul ates of the fisheye lens system15 {refer to FIGS. 4 and 5) are
stated as follows; Postulate 1. Azinmuth angle invariability-For object

points that lie in a content RAl-2@es®bedd--sin@in®ddiggul ar to the inmage pl ane
and passes through the inage %I a@mri in, @I.Wéuc poi nts are mapped as

i mge points onto the line of 5™ PSS R he i nage pl ane and the
content plane, i.e. along a r@d @bs@6ind+#siedcdd@ecadB)mut h angl e of the image

points is therefore invariant to, elgvation d gbjegt di stance changes
within the content plane. PosPUT %?Erbé?paﬁq‘l?ﬁaﬂlcgfgﬁéﬁﬁr oj ection Rul e-The

radi al distance, r, fromthe imge plane origin along the azinuth angle
containing the projection of the object point is |inearly proportional to
the zenith angle [err], where [err] is defined as 25 the angle between a
per pendi cul ar 8Mh&hSEEOugh the i mage plane origin and the line fromthe

| mage plane origin to the object point. Thus the rel ationship: 6r =
K[ err] (1 PA
5 R = radius of the image circle

B = zenith angle
d = Azimuth angle in image plane
@ = Object plane rotation angle
m = Magnification

10 u,v = object plane coordinates

X,y = image plane coordinates.

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
maghnification, 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.



Usi'ng these properties and postul ates as the foundation of the fisheye 5
| ens system the mathematical transformation for obtaining a perspective
corrected image can be determined. FIG 4 shows the coordinate reference
frames for the object plane and the i mge plane. The coordinates u, v
descri be object points within the object plBane. The coordinates x,y,z
describe points within the i nage coordinate franme of reference. 10

The object plane shdwis ispsteh>had mang Gses. c Horringianveptt ca dsectisetioas a
determ ne the mapping relationship onto the inage plane to properly correct

the object. Theuivdikande systemyi 8. Ratt No. 5)85D,868, Zr, anleéreddscopy systermeni th
and azi muth angles for mapping the object plane, UV, onto the I mage pl ane,

XY. The object psapatiNo.5,Bi8306! Foveohws dEtheiusekait is gsdéfliPtoveaiens full 360
DOV[ x,y,z]. The 15 fornulas for obtaining the transformation to obtain a

pe E [sgtrefr:} L\[/gr ‘r: ]o ;dgé?‘[ﬂgirdrﬂ]@gﬁ?gf ?il’%)f]ﬁlsoé@d(:e’f g\ﬂd]@je[céipl?]?:)oﬁe‘dé@frﬁ&ge With a¢anl) B
- 5 360 degree field-of-view, two fisheye lens are used to capture two 180-
degree images. These fisheye images are then converted to normal
perspective images and then combined to form a single perspective image
containing the full 360 degree field-of-view.
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



and where: 5 R = radius of the inmage circle [err] = zenith
angle [err] = Azinuth angle in inmage plane 0 Qbject plane rotation angle m
= Magni fication 10 u,v = object plane coordinates X,y = inmage
pl ane coordi nates. The equati ons 2PA and 3PA provide a direct nmapping from
the UV space to the XY inmge space and ar@ the fundanental mathemati cal
result 15 that supports the functioning of the prior art system By the
knowi ng the desiredheesfotd), it dgi amt dbjeetin df dhe epresphiaimventioat torprenigleea and
the magnification, the locations of x and y in the inmaging array can be
det ermi ned. Timethed foopmiupingvpetspectivieimmagd whichas substantially segmiéssom t he

I nput video buffer to the output video buffer exactly. Al so, the systemis
20 conpletely synmstariotisdr objebloot theheresen inventidre te beswde thmetiesd dor
assignnments and resulting signs of various conponents can be chosen

di fferently depsdsing pefsgdttivé amatedvisich eiwayd Ras elehighihg.ect plane with
respect to the inmage pl ane.

5 It is another object of the present invention to provide an image file

which uses less memory storage space.

SUMMARY OF THE INVENTION

10 Applying the same two basic properties and the two basic postulates
discussed in the Background portion, the present invention employs a two-
step transformation where the fisheye image is first mathematically
transformed into an intermediate angular image, and the angular image is
then transformed into a perspective corrected image.

15 To obtain a perspective corrected image having a 360 dégree field-
of-view, the present system begins by first obtaining a set of three fisheye
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 resulting three angular images are then combined to

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



8 'This system has many uses. For instance, it can be used as a surveillance
system U. S. Pat. No. 5,359,363, or an endoscopy system U.S. Pat. No.
5,.313,306. For sonme of the uses, it is useful to have a full 360 degree
field-of-view. To produce a perspective corrected image with a full 5 360
degree field-of-view, two fisheye lens artOused to capture two 180- degree
I mges. These fisheye inmages are then converted to nornal perspective

i mages and t héisheysrimages werd takenal 20 dgfreqgscapgrt usingea ifishgye dems havingy t he
full 360 degree field-of-view Sonme shortcom ngs exist for this prior

syst em when ugwi stgradian of vi8dvdégreesh ¢h&eOisdeQ rdegrées lof-ovbrlap cvetveepethdbue t o
the structure of the fisheye lens, a fisheye inmage has | ower resol ution
near the edgeadfdventiraagesmwhen the images are conbined, there will be sone
degradation of 1mage quality at the seamwhere the two i nages are conbi ned.

Al t hough these poofThegpreciseybauiriicsass the GVoiRpca’d detefnined pasrally spugh
the use of various 15 1imge processing techniques, the final imge wll

not be truky ‘cofmErmgsthe piReROsTahe d\iefrl&{)bmrcfirﬁégéﬁ afltlodkipigefor a tmateh.
difficult to equalize the light intensity for each of the i'mages, and

hence, soneti npe PHAGE GhMhe260CdSqBE! bVEdp O BRgLRR VRadd SHoultl-bd N
addition, it takes a relatively large anount of nmendry to store the fisheye
i mages.  Thi s sfAflaf18 that of the image of its corresponding overlapping angular image,
but they are not identical due to variations in the resolution. Therefore, the
boundaries are determined by finding the degree of overlap which
10 produces the minimum difference in pixel intensity value between the two
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



20" particularly problematic when | arge nunber of inmages are stored in a
storage nedium or when the inmage files need to transmtted over a network.
OBJECTS OF THE | NVENTI ON 25 9 Therefore, it is an object of the present
i nvention to provide a nmethod for producing perspective image which is
substantially seam ess. It is another obje 1 of the present invention to

t
rovide a nethod for produci.n erspective i e . whi ch al s _has, ev
Pighting. 5 imags ahd apRiing & rapstornation nirry te Lefer ilfehEn nd IR yi de
an imge file which uses.less nenory storage space. SUMVARY OF THE
| N\VENTI ON 10  obtain tﬁ%ﬁﬂﬂtﬁﬂ" fhﬁap%réﬁédﬂ‘(ﬁ)' ‘c properties and the two
basi ¢ postul ates di scussed in the Background rtign, the present jnvention
enpl oyg a two- step REessnhdransformat m?éhg‘i?s eﬁ@h‘fﬁi@@%@ ftﬂesilsq'\eye

mat hematical ly .transfornmed into an internediate angul ar i e, and the
angul ar i mage i"agRda t[wMrmﬁtﬁ%t@datn@@r%y@m%t%aw&@%&maa&g@. the

5 perspective corrected image offers a number of advantages over the prior
art. For one, the angular images, due their mathematical properties, can be
easily combined unlike the fisheye images. Depending on how much
overlap there is, much of the resolution degradation can be eIi_minated.
Moreover, the overlap area provides a reference point to compare light

10 intensities of the respective images, and hence, allows a convenient way to
normalize the lighting for the final perspective corrected image.
Furthermore, the angular image generally takes up less memory space than

the fisheye image of comparable field-of-view.
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 To obtain a perspective corrected i mage having a 360 degree
field- of-view, the present system begins by first obtaining a set of three
fi sheye i mages separated by 120 degrees. This can be acconplished sinply by
taking a first picture with a canera using the fisheye lens, rotating the
canera view by 120 degrees and taking anotlt2r picture, rotating the view 20
again by 120 degrees and taking the third and the | ast picture. Hence, each

of the three fisheyFiG.mggdpritvasary) 66 degcleematimgdiagrean! ajemeridtrating the
nei ghboring fisheye inmage. After the three fisheye images in the digitized

form are obtai pasfectione of Nikge Dbfect Eramsfamrr%smho vaotr! imto | e plaheg a
mat hemati cal 2 transformation. The resulting three angul ar i mages are

t hen conbi ned ggofdiidtesd Si ngl e angul ar i mage havi ng 360 degree
field-of-view Because the 10 fisheye i mages were taken 120 degrees

apart using a fishepps!@&rsahtathBmatical repfsientatin dftfedandfnental §eometry 60
degrees of overlap between the adjacent inmages. The preci se boundaries of

the overl aps ar ghafietkgs mq?ééerhaSihvaMm bYerfRbodiesPabi Ndcddifplizhx etife Ofimbe

over |l appi ng i mages and | ooki ng for a match.

transformation from the fisheye image to angular image.
FIG. 7 is a mathematical representation of the angular image plotted
on a (0,¢) 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 (8, ¢) coordinate system.

15 DETAILED DESCRIPTION OF THE INVENTION

The present invention employs the same system hardware as was
used in the prior at 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



THe image in the 60 degree overlap of one angul ar i mage should be simlar
to that of the image of its correspondi ng overl appi ng angul ar i mage, but
they are not identical due to variations in the resolution. Therefore, the
boundaries are determ ned by finding the degree of overlap which 10
produces the mininumdifference in pixel i@t ensity val ue between the two
over | appi ng angul ar images. Once the final angular inmage is forned, the

| i ght intensitmatherhatidad fourpdatioat fov theptramsfermatiarh methved:| Mohditan,dreenaade
adj ust ed. Because the resolution of the angular inage is better near the
center than thane@a8ishd® “PlémoptictModsling: An linageiBasles Rbndérirng Systemgr to
the center is increased while the intensity of the pixels which are nearer

to the edge isPransedinys lof SIGGRAPH:195¢d asTiArdjelas)t CaliforniapcAugusyubar,
i mge, 30 degrees of the overlap area which is nearest to the center is
given 90 percemg9sntensity, while the other 30 degrees of the overlap area
which is farthest fromthe center (and 20 nearest to the edge) is given 10

percent intensity. RN phier RPRestelh desstibed |iﬁ}4ﬁb58561¥ag?robﬁdnp@rﬁbhl gHet O
the sections of the overlap area, much of the picture degradation

attributed to ghgeRdiAspsed dhechl | FomMahBdXYOspicd iisheyeS PASHES o eIV Once

the final angular i1nmage has been” attai ned, the conbinéd 25 ™~ angul ar 1 mage

oo et 3oy’ ST T MY Ao 310 AP et
for obtaining a perspective corrected image. However, the present
invention employs a two-step transformation where the fisheye image is

10 first mathematically transformed into an intermediate angular image, and
the angular image is then transformed into a perspective corrected image.
It should be appreciated by one skilled in the art, however, that while the
transformation techniques differ, the two basic properties and the two basic
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



i fage, and applying a transformation matrix to performtilt, pan and rol

to obtain the points in the perspective inage. The present transformation
nmet hod of first converting the fisheye image to the angul ar inmage, and then
converting the angular inmage to the 5 perspective corrected inage offers a
nunber of advantages over the prior art. HF4r one, the angul ar inages, due
their mathenmatical properties, can be easily conbined unlike the fisheye

i mages. Dependimagessdpatatsdc byovZy begredser This cannbe lacebmiplished simplyi oy
degradati on can be elimnated. Moreover, the overlap area provides a

ref erence poi nhking &dirstapieturegWwith 14 canfdranasingetheofistidye Nas) eotatiryy th@ges,
and hence, allows a convenient way to normalize the |ighting for the final

perspective cafdmératdewH0$20 deghdey BRE dakihfeartlioer picturepestatng e viaw t akes
up |l ess nenory space than the fisheye i mage of conparable field-of-view 15

BRI EF DESCRI PTaddih 6 1Bddddrass bad thkirg the tiiifd and @id Jast bitéred FE $i8REYE

bl ock diagramof the prior art systemillustrating the major conponents
thereof. FEG |@né er%férrztaﬁlyt has Sstéradfaff B0 dslries theligh it ¥®ipoakiblé Staelse | Mage
y

20 used as i nput € prior art system
fisheye lens having less than 180 degree field-of-view (in which case more
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 (0,¢). 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—l (___—MJ

dz

w=

and



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

fundanment al 25 geonetry that the prior art system enbodies to acconplish
the i mage transfornmation. 12 FIG 5 (ptdor art) is a schematic di agram
denonstrating the projection of the object plane and position vector into

i mage pl ane coordinates. FIG 6 is a nathematical representation of the
fundamental geonetry 5 that the present invention enbodies to
acconplish the inmage transfgroghpon fromthe fisheye image to angul ar
image. FIG 7 is a mathenmatical representation of the angular inage plotted

on a ([err]) coordinate system FI t sschematic diagramillustrating
how t he three angular 10 i e‘sﬁﬁ'?@@%b’ﬁgea. FIG 9 is a mathemati cal
representation of the conbined angul ar

dz = cos@
5
Using equations 1 and 2, each of the three fisheye images are converted
to the angular image. As can be seen from FIG. 7, the angular image is
plotted on a (60,¢) coordinate system making it easy to combine the
images.
10 The resulting three angular images are combined as illustrated in

FIG. 8. Because the fisheye images were taken 120 degrees apart using a
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:



i mage plotted on a ([err]) coordinate system 15 DETAI LED
DESCRI PTI ON OF THE | NVENTI ON The present invention enploys the sane system
hardware as was used in the prior art system described in the Background
section. However, by enploying a unique mathematical transformation
algorithm 20 the present invention is albbe to overcone the shortcom ngs
nment i oned above. For convenience in describing the present invention, it

shal | be assunmed that the e descphhed a i s used, thoygh other
simlar set of hardware %ﬁﬁﬁzm)oﬂz(@ maaaamthough t he p:(g)sent
description of the inventioh is sufficient for one 25 of ordinary skilled

in the art to and use the invention, it is useful to obtain the
fol |l owi ng publicatTon which provides sone of the theoretical 13

mat hemati cal foundation for L tion method: McM Il an, Leonard
and G Bishop, "Pl enopti%"ﬁﬂh%]%ft&é’?ﬂ%&%%gge; Based Rendering System”

Proceedi ngs of SI GGRAPH 95_,r Los Ar}‘gel es, California, August 6-11, 1995. 5
In the prior art system@é&s PSR FAYaIR Background portion, the

5 mg = 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

10 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

15 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 0 degrees, FIG. 7) than the edges (at 90

and -80 degrees, FIG. 7), the intensity of the pixels which are nearer to the

20 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

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



system mapped directly fromthe XY space (fisheye inmage) to the UV space
(perspective image) for facilitating the mathematical transformation for
obtaining a perspective corrected i mage. However, the present invention
enpl oys a two-step transformati on where the fisheye image is 10 first
mat hematically transforned into an internd@i ate angul ar i mage, and the
angular image is then transfornmed into a perspective corrected inage. It

shoul d be appreghditedniilyoafiestiig lthe dqualitfcofatiie fialcperspetial oditddted he
transformation techniques differ, the two basic properties and the two

basi c post ul atiffadgd, SOHES Gk propeh MtBASIHOINERhAR been dpplibd taRRALisketibAst he
present 15 invention. |In describing tthe present invention, the term

"fisheye i magegf tﬁaai\)erlae_afé@,dnwh of Ry picfurk R gradHtfonzaftidubsdie the Bagbgrge
directly obtained by taking a picture using the fisheye lens. The term

“angul ar | mageggrshaldintisateaqs ﬁégdwgts_%aﬁﬂeéélfo%k@di ate inmage obtained by

mat hemati cal transformng the digitized fisheye inmage. It should be

d tood,g h : i i n i ' g n th
under st ood g OV"everQn&@ﬁ‘ide pﬁ&l é’dﬂlﬂﬁﬁg}d% béeﬂ‘%ﬂgfrf‘eﬁ hy shBwn! MEEIE. d,n the

sense that it is not used tor view ng; Irnmply a mat hemati cal

conver si on i eBihetSnBARP Shfade K RAAP bRt Rib!fhé: pkABiegtve! e

term "perspective corrected | nage" °s er to Ichis

used for Vi oW Afredtad image. TAisOB! b BaBRERPY LXBvERNECRESSLbERF gV o

a 360 degree fie e present Sys begi ns arning a
set of three Ty506¥8d angular image, represented by (6,4), into a vector, [dx, dy, dz],

and applying a transformation matrix to perform tilt, pan and roll to obtain
10 the points in the perspective image which are represented by (u,v). The

equations below are used for the conversion:
dx
6 =tan™ (——) 4
z 4)

dy

15 ¢ = tan"(W] (5)

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

dx=(au)+(bV)+c,
20 dy=(au)+(®dy)+ c, where u'=w)(f), vV'=W)(f)
dz=(au)+(b,V)+c,

where,



147i mages separated by 120 degrees. This can be acconplished sinply by
taking a first picture with a canera using the fisheye lens, rotating the
canera view by 120 degrees and taking another picture, rotating the view
again by 120 degrees and taking the third and the |ast picture. The fisheye
5 lens preferably has steradian 180 degret8 though it is possible to use
fisheye lens having | ess than 180 degree field-of-view (in which case nore

pi ctures need to be taken or t e degree of overl will be different).
Hence, each of the three fi sh ges has a 60 jdggree inmage overlap with
i ts neighboring fisheye inage|aJ er(:; WD B 0ARNQN® |us enhiere R=rotatian s 10

overlap in image will be discyss¢d further down glow. After the three
fisheye images in the digitizedzform are obtained; “the i nages are
transforned into angul ar imges. FIG 6 shows a mathematical representation
of a fisheye itayéieldith a point on the fisheye i mage being represented by
(x,y) and its direction vector represented by P[dx,dy,dz]. 15 FIG 7
illustrates the angul ar inmage ayi+ bos§{Peist®) on t he i nage bei ng represented
by ([err] ). The follow ng equations are used for converting the fisheye
image into the angular image id) PhidiQrbos@h we(@inta)#s(B)

5 a, = sin(Q)sin(B) — cos(Q)sin(cr) cos(f)
and
b, 0
b, |=(R,(-BR, (@R ()1
b, 0
to yield,

b, = —sin(Q)cos(ax)
10 b, = cos(2) cos(B) — sin(Q)sin(cx) sin(B)

b, = cos(Q)sin(f) + sin(Q)sin(ax) cos(f)

and
c, ' 0
¢, |=(R.(=B)R,(O)R, (D) 0
c, 1
to yield,
15 ¢, =sin(a)
¢, = —cos(a)sin(f)
¢, = cos(eX) cos()
and where,

Q= roll angle

20 o = pan angle



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

(dy) (w) (2) where 5 Using equations 1 and 2,
each of the three fisheye inages are converted to the angul ar i mage. As can
be seen fromFIG 7, the angular imge is plotted on a ([err]) coordinate
system making it easy to conbine the inages. 10 The resulting three
angul ar images are conbined as illustrated in FIG 8. Because the fisheye

i mages were taken 120 déhrapiishamgle using a fisheye |lens having a steradian
of 180 degrees, there is 60 degrees of overlap between the adjacent inages.
Hence, as can be seen frfomfé¢dblergtht he angul ar i nage 1 overl aps angul ar

I mge 2 by about 60 degrees, and 15 the angul ar inmage 2 overl aps angul ar

i mage 3 al so by about 60 degrees. The precise boundaries of the overlap are
determ ned basically by conparing the pixels of the overl appi ng i nages and

| ooking for aTwatefuatidis UTBEE 5 prbvideta Medns fop\RapSiAg Ofrodnther BaguURIT
I mge should be simlar to that of the imge of its correspondi ng
overlappi ng afgHyé’ of FEEQ to the perspective corrected image. The perspective
corrected image can be further enhanced through the various known image
processing technigues.
The present transformation method of first converting the fisheye
image to the angular image, and then converting the angular image to the
10 perspective corrected image offers a number of advantages over the prior
art. For one, the angular images, due their mathematical properties, can be
easily combined unlike the fisheye images. Depending on how much
overlap there is, much of the resolution degradation can be eliminated.
Moreover, the overlap area provides a reference point to compare light
15 intensities of the respective images, and hence, allows a convenient way to
normalize the lighting for the final perspective corrected image.
Furthermore, the angular image generally takes up less memory space than
the fisheye image of comparable field-of-view.
The present invention may be embodied in other specific forms
20 without departing from the spirit or essential characteristics thereof. For
instance, although here the preferred embodiment of the transformation
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



20 but they are not identical due to variations in the resol ution.
Therefore, the boundaries are determ ned by finding the degree of overlap
whi ch produces the mnimumdi fference in pixel intensity val ue between the
two overl appi ng angul ar i mages using the follow ng equation: 16 Using
equation 3, the degree of overlap which pp®duces the mninmume value is
chosen. Since it is known in the begi nning approxi mately how nuch overl ap

there will beimages aré usés gt ROpskisleas. canbing dhity ewefdrigulnimdges! i Yese) out
only those val ues near 60 degrees, e.g., between 40 degrees and 70 degrees,

and not all V%msso%gré@flbﬁl -6foviéwds deBired Fhrethedinagl petspiective imager m ned,
ned.

the i mages are conbi The final angular image after the three angul ar

i mages are conbi nedrhgs ;ﬁ'@@éﬁw ndEb@sea éb6didiis SR8, ft'h@PéfEi& 8 dae
combi ned 15 angular inmage has the full 360 degree of field-of-view Once

the final ang@oRsidef@dm awrés@be&das mhstrbn@ana RbERsHtidtRR, He &{ﬁ%éﬂupméiat ive

pi xel s in the overlapping area are adj usted. Because the reso I on of the

angul ar i ge "L“?rmgbt mﬁfiﬁalc"aﬁﬁeﬁﬁ %@ rap&@ﬁd@d GARREEN @Il%ha;?gfgrgﬂ vé‘lu‘r ch

edges (at ees, e Intensity of the
are nearer tocbpri’e within the meaning and range of equivalency of the claims are,

therefore, to be embraced therein.



20 center is increased while the intensity of the pixels which are nearer
to the edge is lowered. In the preferred enbodi nent, for each angul ar

i mge, 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 fromthe center (and ne@dest to the edge) is-given 10

percent 25 intensity. These val ues provi ded, howe j ed to
sonme extent cLAMIShout unduly affecting the quanmullgmlm"!‘mm[)
perspective corrected i mage. Once the proper intensitycl evel®s have been
applied to the sections of the overlap area, nuch of the picture
degradation attributed to the edges can be elimnated to produce a seani ess
| ook. 5 | @: the final angul ar i mage has been attained as shown in
FIG 9, the conbined angular image is finally transfornmed into the
perspective corrected image. This is done basically by converting he points
in the conmbi ned angul ar i nage, represented by ([err]), into a vector, [dx,

dy, dz], a?g app| yiﬂﬁnéthbﬂ%?&@f\léﬁeiﬁé%%é@ﬁlb'blé Rggsg%\%}]i{@%h’eb{éd imageand rol |

to obtain the points int pective Ich are repreSented by

(u, V). The £qURLKONSePE! fkePeimagBs widre bl fods? 3o Bf 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



The transformmatrix of the vectors [dx,dy, dz] are shown as bel ow. where,
The equations 4 and 5 provide a neans for mapping fromthe angular 5 i nage
of FIG 9 to the perspective corrected inage. The perspective corrected
i mage can be further enhanced through the various known i nmage . proceSSI ng
t echni ques. The present transformation nmefod of first convertin
fisheye image to the angul ar inmage, and then converti rﬁ“‘“ﬂ“ﬁ!%ju H[k

;

to the 10 perspective corrected i gxzo a nunbe
the prior art. For one, the anguhm ue their nhtHemdti cal

properties7 can be easily conblned fisheye i mages. Dependi ng on
how much overlap there is, ['uti on degradation can be

el i m nat ed. Moreover, the overlap £ﬂ2§ &baldes a reference point to
conpare light 15 |ntenS|t|es of the respective i mges, and hence, allows a

conveni entgway to ngygrelize the lighting for the final perspective
corrected i nmage.

9 dx =sinf
10 dy = (tan ¢)(W )
11 dz = cosf
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™ (ix_)
dz

PR | dy
> ¢=tan (:/dx2+dz2)

6 where
7 de=(au)+(byv)+c,
8 dy=(au)+@BV)+c, where ' = (u)(f), v'=W)}f)
9 dz=(au)+(by ) +e,
10 and where

11 a, = cos(£2)cos(a)



Furthernore, the angul ar i mage generally takes up |ess nmenory..space than
the fisheye image of conparable field-of-view The present ent| on may beé
enbodied in other specific forns 20 without departing fr g"””m(”
essential characteristics thereof. For i n%t ance, alt hough Im
preferred enbodi nent of the transformatio 3ret hod was described in fel&tion
to an i mage having 360 degree field-of- view, is possible to use the
present met%hod on an i mage ha#j n@lﬂ(@@%(ﬁhhc%@)ﬂég’f)é’é‘(é) el d- of - vi ew by
using a fisheye |l ens having a steradian of less 25 than 180 degrees. In
addi tion, 1 though it is pref e} esih()sin(fhr@s(Qsinfrdcos(f) 20 i mages are
used, it is possible to combine only two angular imges if |less than 360
degree fielgd-of-viewis desi rgd._f.ogin(n)eoi(wal perspective image. The
presently disclosed enbodi nents are, therefore, to be considered in all

respects assillustrative and @OLcr@ﬁi‘ﬁ)"c'oEq}&V%ﬂ(ﬂb‘ﬁ SMes f the 5 invention
a

being indicated by the appendeﬁ cl ges ich come within
the nmeani ng and range of equiyal enc of t herefore, to be
erbr aced t]?ﬁe 9 q X (%2)sm(}ip+sm& sinia cos(ﬁ)

rein.
17 c, = sin()
18 ¢, =—cos() sin(f3)
19 ¢, = cos(a) 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 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

3 overlap which minimizes e where,

4 = X[ 1(0.9)- L O+mo.O)]

5  and where,
6 I = Intensity of the pixel
7 e = root mean square

8 mg = degree of overlap



2f CLAIMS | Caim 1 1. A nethod for providing a seanl €SS perspecttve

corrected image 2 froma set of fisheye inmages Wnerﬂmllmmgm I on of
said imges 3 overlap, said nethod conprising: 4 1 "mﬁﬂm a
first fisheye image to forma first angular inmage; 5 ¢ LtrMansformng a

second fisheye inmage to forma second ang@4ar 6 | mage; 7
conbining said first and second angular imge to forma final 8

conbi ned angulgr i MHYS metRbd akiretited FOCIaRN 4 Wheeif istehsipohdupitative
second angul ar image; 10 adjusting relative intensities of

duplicative pipirbR nearéptdia ¢aftirst@nldngular ir2@el i3 highBrdRan amténdity of
transformng said final angular imge to formthe perspective 1

correct ed imgaépnkaﬁ@e pixewﬁemrhe%naédq"é 8f B8 @nilisFlimagel Wherein said
first and second 2 fisheye inmages are transforfimed into said first and
second angyl argi Mggméthod'fet prbvidiRg 'Csdtifess pRfstHcti?8 Torrected 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

& 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:



i x = (dx)(w) 5 =
(dy)(w) 6 wher e 1 3 The nmet hod as cl aimed-in-C.aim 2. V\/nerel n
the final conbined 2 angul ar immage is transforned | er spective
corrected image using 3 the follow ng equations: ﬂ Mlﬁ lm””'u
f = focal length 25 [@5] = points
corrected imge 1 4, The nmethod as recited in Caim3 V\/nereln
boundari es pf where first 2 and gec@wiwdngul ar inages overlap are
determ ned by finding a degree of 3 overlap which mnimzes e where, 6
| = Intensity of the pixel 7 = (dy)(W) e = root mean square 8
[err] = dedree of overlap y=ay

6 where
tan_l _______W:Z-I-d}'z
dz
7 w= p- - :
5(»\’6& +dy )
8 and
9 dx =sinf
10 dy = (tanp){{d" +dy*)
11 dz =cos@
12 where
13 x,y = points on fisheye image
14 0,¢ = 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:

dx
4 = tan"( )

dz

- dy
5 =tan™!| ——e
? (x/dxz +dz? ]

6 where
7 de=(au)+byV)+c,

8 dy= (au)+(byV)+c, where «' = w)(f), v=w)(f)



24 1 5. The method as recited in Caim4 wherein intensity of
duplicative 2 pixels nearer to a center of an angular image is higher— than

intensity of 3 duplicative pixels nearer to an edge of .an angul ar | 1
6 A method for providing a seanl ess per spectl ve corr M\‘

havi ng 360 degree fiel d-of-view conprisi i@ 3 m

fi sheye i mge, a second fisheye imge, and a third 4 eu m!ige

wherein at9l east a portion ofdzsdfagd J+ (st ) Ficsheye |nage 5 overl aps said
second fisheye inmage, and at |east a portion of said second 6 fisheye

i mge ovefpaps sai gnyhwRérd | sheye i mage, and; 7 transformng a first
fisheye image to forma first angular imge; 8 transform ng a second
fisheye i{yfge to forma secoryj ] osthr) i mge; 10 transf orm ng

athlrdflsheye|magetoformath|rd angul ar i mage; 11 conbi ni ng

said firs second, and third an e inal 12
conbi ned iéﬂ%gul ar image, said %iT rgﬁ @r&k@q—&ﬁ@g@ég}'ﬁgépl ng said 13
second angul ar inage, said second angul i mge overlaﬁglng said 14

third angBar, and said fi nalazc:oﬁbﬁ%tll(ahg ) $iptgg €0K

ing a 360
14 b, = —sin(Q)cos(a)
15 b, = cos(Q)cos( B) - sin(Q) sin(ax) sin(B)
16 b, = cos(Q)sin(f) + sin(Q) sin(cx) cos(f)
17 c, = sin(e)
18 ¢, = —cos(a)sin(f3)
19 ¢, = cos(ar) 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 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,

e=3[11(6,0)-1(0+mo.0)]
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5 and where,
6 I = Intensity of the pixel

7 e = root mean square



15 degree field of view, 16 adj usting-relative intensities of

duplicative pixels in said conbined 17 angul ar_ima and 18
transforming said final angular image to formt he M Elliﬁ"l
corrected image. 1 7. The net hod as clg d |n sai d
first, second, and 2 third fisheye inmage retransforrred into Said first,

second and th| rd 3 angular imges usi n(lg the foll owi ng equati ons: 1 8.
The met hod &s cl ai med i nnap & Fedremef aveflathe final conbi ned 2 angul ar i mage
is transforned into the perspective corrected i mage using 3 the follow ng
equations: 1 10. 9The nidthodwishredited i €tditned wheréihdnten8ityWoe daplicdiivendar i es

of where first 2 and second angul ar i nages overlap are determ ned by
finding a degrpikelfndhrer @& centeryiiaphamgulamintee ie higiesrcethan intensity of
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.



27 8 [err] = degree of overlap 1 10. The method as recited
in Cdaim9 wherein i ntenS| ty of duplicative 2 pixels nearer to a center of
an_angul ar inmage is higher than intensity of 3 dup”' earer
to an edge of an angular imge. 1 11. A systemfo ﬁmnmﬂmbm F’!ﬂm ess
perspective corrected image 2 conprising: 28 a cangram magl devi ce
for receiving optical inmages and for 4 producing output signals

correspondi ng t12.saiThediietticd aé GRGRSd it Claim 11 v@héiewgalhqwa dP8ecgHd ached
to said canera i maging systemfor 6 producing a plurality of overlapping

fisheye images fishey@nages af® WaAsRMGRd intd Sai8dirst fRIB6cONdRSGNEr inddsyn 8
i mage capture neans for receiving said output signals fromsaid 9 ‘Canera

i magi ng sysgemyyiy tHy fdlleﬁg éh[]gu@ﬁé .d output signals fromsaid 10 canera

i magi ng system 11 i nput’ i mege menory means for receiving said
digitized signals; 12 i mage }ng;}gﬂ m processor means for
transformngaflrst fisheye 13 imag orma first angul ar imge;

transform ng a second fisheye inage to 14 forma second angul ar i nage;
combining sdid first and second angliF&»)(w)

6 where
tan_l[qfdxz +dy* J
dz
7 w= 7
E('\’dxz + dyz )

8 and

9 dx =sin@
10 dy = (tan ¢)(1/dx2 + dyz)
11 : dz =cos@
12 where
13 x,y = points on fisheye image
14 0,4 = 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:

4 @ = tan™ (ix-)
dz
- dy
5 ¢ = tan '[———)
vdx? +d7?

6 where



15" image to forma final conbined angul ar inege, said-first-angular._inage

16 overlapping said second angul ar inage; adjustlng nsities
of 17 duplicative pixels in said conbined angul ar ﬂ”’”‘"ﬂ” m ng
said 18 final angular inmage to formthe per specti ve ¢or Fect

19 out put image nenory nmeans for re2®iving said output si gnal s from
20 said image transform processor neans and storing said signals in said
21 MeNor yg means. 28 1 W= (aTmﬂ(mequd- as claimed in Claim1l wherein

said first and second 2 fisheye |mages are transforned into said first and

second angular images 3 using fhs equat WP-BFe e V=
(dx)(vv)gS Gl *%995 Do @ V=N,

u vV = points on perspective corrected image
dz=(au )+ )+,

10 and where

i1 a, = cos(Q)cos(ax)

12 a, = sin(€2) cos(e) + cos(£2) sin(e) sin(f)
13 a,= sin(Q).sin(ﬂ) — cos(Q) sin(ax) cos(f)
14 b, = —sin(Q)cos()

15 b, = cos(2) cos(f) —sin(Q)sin(or) sin( B)
16 b, = cos(Q)sin(B) + sin(Q)sin(cx) cos(f)
17 c, = sin(ar)

18 ¢, = —cos(a)sin(f)

19 ¢, = cos(ax)cos(f)

20 and where,

21 Q= roll angle

22 a = 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

w

overlap which minimizes e where,

. =3[ 16,0y LO0+moH)]

and where,

o



1" 14. The nmethod as recited in Caim 13 wherein boundaries of where
first 2 and second angul ar i mages overlap are deter'm ned by findirng a-

ntensi ty of the pixel 7 A SIS rean squllllIIMIlllllllﬁlfllmll
[err] = degree of overlap 1 15. The nmeBbBod as recited ifh & ai'm 34 =

wherein intensity of duplicative 2 pixels nearer to a center of an angul ar
image i s higgher than intgasintensity oBthelpiRel cative pixels nearer to an edge
of an angul ar i mage.

7 = root mean square

8 mpg = degree of overlap
1 15. The method as recited in Claim 14 wherein intensity of duplicative

2  pixels nearer to a center of an angular image is higher than intensity of

3 duplicative pixels nearer to an edge of an angular image.



