IMAGE DISTORTION CORRECTION BACK GROUND FIELD OF THE
INVENTION: [0001] Embodiments of the present invention relate to
correcting image distortion, RELATED ART: [0002] A continual issue
when dealing. with cameras and other optical devices is the distortion
introduced by the lens of the camera itself. Many different kinds of
distortion can occur, miliar roblems for camera designers and
photographers alike. %&%e@%\;&%l AP odeRBE G @hditionally used,
when cereqtng distortion. In more expensive cameras, such as
single-lens reflex (SLR) cameras, combinations of lenses are used in
sequengep with gashmadditional piece of glass often designed to reduce or
te a particular type of distortion. Less expensive cameras offer
CoimsSpondingly fewrer-haeawase ixes {oc e distartion nigducerd by their
lenses, with integrated solutions,auch as mobile phone cam’eras Ohavmg
almost no inherent distortion correction.

RELATED ART:
[0002] A continual issue when dealing with cameras and other optical devices is the
dlstcrtion‘ introduced by the lens of the camera itself. Many different kinds of distortion

can ocenr, and are familiar problems for camera designers and photographers alike.

{0003] Several approaches are traditionally used, when correctin g distortion. In more
expensive cameras, such as single-lens reflex (SLR) cameras, combinations of lenses are
used in sequence, with each additional piece of glass often designed 1o reduce or
eliminate a particular type of distortion. Less expensive cameras offer correspondingly
fewer hardware fixes for the distortion introduced by their lenses, with integrated

solutions, such as mobile phone cameras, having almost no inherent distortion correction

{0004] Distortion can also be corrected after an image has been captured. Digital

N o
imagery, such as the pictures and video captured by digital cameras and camcorders can
be manipulated afier the image has been taken, and the distortion introduced by the

camera itself can be nearly completely eliminated.



[0004] Distortion can also be corrected after an image has been captured,
Digital imagery, such as the pictures and video captured by digital
cameras and camcorders, can be manipulated after the image has been
taken, and the distortion introduced by the camera itself can be nearly
completely eliminated. SUMMARY: [0005] Methods and systems for
reducing or eliminating distortion in an image are described. The approach
Mdvibtalyinvolves determining the distortion introduced by a lens, and
modifg/in a captured image to reduce that distortion. in one embodiment,
(R854 531&5%% hforiEmo asseetate dwithrankeing issdetenminadinTe are
ddist rtion information is stored. A captured image taken by that lens is
SPE s el SRR RERLY BFREEAY tRECUISFoRG S RToYE tiBis BYoq reintifyireg by 2
}irr?sa%%di%ggﬁlig]n iancthigmrgdanner, embodiments of the present invention can
e used fo Improve hage Haaity Bvet i eanHsPE 8y sterAaarapoflizes- abe
i I : Another embpdiment s described for reducing
e o L B o oo nemrgamoaos
shuter doislorncnfermane) AN Rduing engie, 1ol generaing. oiel

data as part tof a graphics processing unit (GPU). The texturing engine is

iohnfigtised 1y g0eesyiacomecionimag s storedindh @M&%J@%x‘%%ﬁ] ht
e

engine uses the correction image to generate a corrected image from't
igaptiredantage: {0007 branothereemiiogimentalsa described fion warping a
captured image to reduce distortion. This approach involves generating
LhriseR Y6eetion information. The distortion correction information is
stored as a warping texture. The warpinu texture is loaded into a CPU, e g
in a texture engine, and the CPU is used to warp the captured image, with

I nce to the warping.texture, to produce a modified image.
[d%)f(%r]eAnother emboc?irgen 18 CféSCI’l ed fOr reducing lens distortion ig a captured image.

A system is described, having a buffer, for storing information, and a texturing engine
for generating pixel data as part of a graphics processing unit (GPU). The texturing
engine is configured to access a correction image stored in the buffer. The texturing

engine uses the correction image to generate a corrected image from the captured image.

[0007] Another embodiment is also described for warping a captured image 10 reduce
distortion. This approach involves generating distortion correction information. The
distortion correction information is stored as a warping texture. The warping texture is
loaded into a GPU, e.g., in a texture engine, and the GPJ is used to warp the captured

image, with reference to the warping texture, 1o produce a modified image.
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BRIEF DESCRIPTION OF THE DRAWINGS: [0008] The accompanying
drawings, which areincorporated in and form a pan of this specification,
illustrate emboodiments of the invention and, together with the description, .
serve to explain the principles of the invention: 10009] Figure 1 is a block
diagram of an exemplary computer system upon which embodiments of
the present invention may be implemented. [0010] Figure 2 is an
BsFaneh i Beveralty pes-dbristwtiarsupon which embodiments of the
present invention may be applied_ [0011] Figure 3 is a flowchart of an
|eRehnPlerryasrethocl oichrectingyidéstertion drpamntinh agenddoordapeeofviths
one embodiment. [0012] Figure 4 is a flowchart of an exemplary method
BEHEE Minig HrtoTReRdsIca et BEsrIance g thonwientirotirmerion,
5.10013] Figure .5 is a flowchart of an exemplary method of generating a

COFFeCE a8 PP SRS e WHIFBRe embodiment. [0014] Figure 6 is

an illustration of corrected image generation, in accordance with one
embodiment.

{0009] Figure 1 is a block diagram of an exemplary computer system upon which

embodiments of the present invention may be implemented.

[0010] Figure 2 is an‘illustration of several types of distortion, upon which embodiments

e

of the present invention may be applied.

[0011] Figure 3 is a flowchart of an exemplary method of correcting distortion in an

image, in accordance with one embodiment.

[0012] Figure 4 is a flowchart of an exemplary method of determining distortion for a

lens, In accordance with one embodiment.

[0013] Figure 5 is a flowchart of an exemplary method of generating a corrected image,

in accordance with one embodiment.

{0014] Figure 6 is an illustration of corrected image generation, in accordance with one

embodiment.

[UR]



[DO151 Figure 7 is a block diagram of another system for reducing
distortion in captured images, in accordance with one embodiment.
DETAILED DESCRIPTION: [0016] Reference will now be made in detail
to several embodimentsinvention. While the invention will be described in
conjunction with the alternative embodiment(s), it will be understood that
they are not intended to limit the invention to these embodiments. On the

contary, they invention s iended ta,cover altemativ modifications, and

1o 1A Saptured
equivalents, which may be included within the Spirit and scope of the <

imsention.ascetefined/by she appanded claims_ [0017] Furthermore, in the
following detailed description, numerous specific details are set forth in
order to provide a thorough understanding of the claimed subject matter,
However, it will be recognized by one skilled in the art that embodiments
may be practiced without these specific details or with equivalents thereof.
In other instances, well-known methods, procedures, components, and
circuits have not been described in



detail as not to unnecessarily obscure aspects and features of the subject
matter. [0018]. Portions of the detailed description that follows are
presented and discussed in terms of a method. Although steps and
sequencing thereof are disclosed in figures herein 0 Figure 3) describing
the operations of this method, such-steps and sequencing are exemplary.
Embodiments are well suited to performing various other steps or

Tyariations stthestepsrecited in the flowchart of the figure herein, and in a
sequence other than that depicted and described herein. [0019] Some

[poriiprsofthe detailadidescrintion are p 5%%%%%&%%@59&%%%}0&
stens, logic blocks, processing,, and other symbolic representations o
‘wpetatiohs o statalbise daatieanibederfimedan CeMRMER MY ment(s),
These descriptions and representations are the means used by those
iskilletkinnttrestiatd throtessingarntsdodmbst kffactively eonvey the:
substance of their work to others skilled in the art. A procedure,
COMRpetexesuted-srEpIchic blatioprotusyiaetn, devheresramiigenerally,
conceived to be a self-consistent sequence of steps or instructions leading
T4 HEEREY TR GRS Ste 8 dr HH e Pe bRty By Sieap wieamipedanoRbthe
.01‘/ m sical dqpan(}i%ie%fl Usualldy,dtggugh not necessarily, these quantities
take The Torm of erdctiicaror maghétic signals capable of being stored,
transferred, combined, compared, and Otherwise manipulated in a
computer system. It has proven convenient at times, principally for

FERoNS.QLSOMMEN HsadRind eleliofhese sighals Asbits, value

| 5]etails are
elements, symbols, characters, terms,, numbers, or the like. [0020] It
sheutttl beohiene noviiich feweye taataliafdhese ancdsimilartermsare
to be associated with the appropriate physical quantities and are merely
Borverichtidibel scapplieditoy thesdifsdntitiesaUnle ssrspégifically-stated
otherwise as apparent from the following discussions, it is appreciated that
TRERAGH OVt IS CRRssisnesi (i REIAd teririshseivals nicbessingn wiitinggtances,
\4}2@1 ding," "storing," "transmitting, "traversing," "associating," Identifying"

fiRE, FEHEP T tRE°SCHGR (e PROtEs8es Tra Edthisuter Syatrsed in
similar electronic computing device, that manipulates and transforms data
repressen%e as 5?1?5%%%%(% ecgffoaﬁ%icésuaélnq;%gg&v@ﬁﬁl?n%%ﬁ%u B%Bﬁf Fsystem
registers and :memories into other data similarly represented as physical
guantities within the computer system memories or registers or other

sty ifermationBialagediRRSTMISE O UISPIAYASVIERSH and discussed in
terms of a method. Although steps and sequencing thereof are disclosed in figures herein
(e.g., Figure 5) describing the operations of this method, such steps and sequencing are
exemplary. Embodiments are well suited to performing various other steps or variations

of the steps recited in the flowchart of the figure herein, and in a sequence other than that

depicted and described herein.



[0021:1 Computing devices typically include at least some form of
computer readable media. Ccmputer readable media can be any available
media that can be accessed by a computing device. By way of example,
and not limitation. computer readable medium may comprise computer
storage media and communication media. Computer storage media
includes volatile and nonvolatile, removable and non-removable media

implerentedinaaymethod: antechnalagy, for storage: of infonnation such

as computer readable instructions, data structures, program mcf)éafes, of’
othendldtes ompries siorage m‘%EMQ%DEE’LIn@J@E 'W&E%Qat@m@%%m
ROM, EEPROM, flash memory Or other memory technology, CD-ROM,
igitzditversatitertiscs  DVD)prethesaptical steragemagnetie &asselesions
maé?netic tame, magnetic disk storage or other magnetic storage devices,
BF AyHERRE dumoahichledn b deedrtocstone the desised:iffaimationmvey
and which can be accessed by a computing device Communication media
B AR gl MBS redaRela b ot tione cekttarstraotones; cxecuted

program mgcq(ules, or other %ata in a modulated data signals such as a

CarHierwave or Other trAnsPOR tnadhEHSH BnEPIFEIIBIES ARy Retonomtivrnt
Jo! @éﬁ'&f 5??@.%' 'ml term "modulated data si ngl" ans a signal that has
oge or more }())f ?tslc}war%lgtlgﬂgﬁ%{g i Ecl)rg1 Eﬁ{fﬁ%% i SURA PSR HES Ry rine |
gngedesinformation ﬁ%ﬁ@ﬂﬁl@f&@%ﬁ&ﬁﬁé@@&@ gnd potlimitation,
communication media includes wired media stich as a wired network or
ditectiwiretk Gonnectioneandnraless medig.slch A5 260uslc, RFed,
infrared, and other wireless media. Combinations of any of the above
shoidredscobincludecbwithimthedscope: of compuierreasiablesmedian. 1t
0022] Some embodiments may be described in the general context of
PUETR Eresiabie RtPuetionsaliy & asiprograrmmmodulesscexettite ch byese
o,neﬁ%r more computers or other devices. Generally, program modules
RS Ot rOGRARTS SUBetEs “eamBRa TR dava R ot ec,.
that perform particular tasks or implement particular abstract data Types.
Typically the functionality of Me program modules may be combined or

it X sired. | i iments, [0023] Alth
eistiihutedoas desitad in yarious.emhodimen géwﬁme Aa%l%ﬂggaﬁ ebs

embodiments described herein may make reterence to a
asselinceeteicomnenestsal soampytensysian Hose skilled;dndhe ar wil
recomi ze that a CPU and a CPU can be integrated into a single device,
apwliedCPUeangh GRiiemdynsharesifially EREeU0esGHE a8 RSEUSHaN .
logic, buffers, functional units and so on; or separate resources may be
6?%9?@@@ fSCerApHIcS anpPeItTa lpy thoseioperditonsicAceording yrany.en
all of the circuits and/or functionality described herein as being associated
it BT Coul VHIRE be HHBBMentedtifmandperiived byscseirably
Qgsnsg uged g:,EéJ. 030241 Izgjrt _gr, while embodiments described herein v
may make referSicae A'GBUSE IS5 BelbtfiriiGatmsesns efregreppurer
funnctiorianty described. herein co Ig also be implemented in aother
e o A 3P P Bt e s

represented as physical (electronic) quantities within the computer system's registers and

memories into other data similarly represented as physical quantities within the computer



purpose coprocessors, or within a CPU. BASIC COMPUTING SYSTEM
[0025] Referring now to Figure i. a block diagram of an exemplary
computer system 112 is shown. It is appreciated that computer system
212 described herein illustrates an exemplary configuration of an
operational plarform upon which embodiments may be implemented to
advantage. Nevertheless, other computer systems with differing
sgonfigurations can alsq be.ised I plage of compulter system 112 within
1hE"SCoNe of the present invention. That is. Computer syetam 11 a2y
slnelude elements other than those described in conjunction with Figure 1.
Moreover, embodiments may be practiced on any system which can be
configured to enable it, not just computer systems like computer system
112, It is understood that embodiments can be practiced On many
[alifferentiiypes dbcompuientystemdt? \Sysiem Idhcanbejimplemented
as, for example, a desktop computer system or server computer system
nhravand-anpowerfaligenered: purpdserGRivadcipleddio Gededicatedgsaphies
rendering GPU. In such an embodiment, components can be included that
cand paplersl Bisesy shetrapisdat div/Vides eomponeivscidrde viedim
and the like. Similarly, system 112 can be implemented as a handheld
TR FOPE .S BB RO & EB ) B B8 LIS HRIEH §arRE L n SO BRIsiRa Skich
asd,fo,r xam I? L&h%i?ébox(‘g . g;[vailable frg)lm Microsoft Cor orati%n of
G WAL AGTar B 18 Pra SIGHEtS SUAIABI HoR Sohy
iGpmRMen Etertainment Gararation, o Takyor dapan. System 412, ¢a

H T i Lompuier
also be implemented as a "system’on a chip”, where the electronics (c.a.,

the £empenenis1fls 1030108, 206antdhadike) aha: campuling devictaoe

are wholly contained within a single integrated circuit die. Examples
ineladectdanshetebinstimment At RASPIBYPACET, TAYINAHSRSYStemM: a
portable entertainment system. the like.

memory technology, CD-ROM, digital versatile discs (DVD) or other optical storage,
magnetic casseties, magnetic tape, magnetic disk storage or other magnetic storage
devices, or any other medium which can be used to store the desired information and
which can be accessed by a computing device. Communication media typically
embodies computer readable instructions, data structures, program modules, or other data
in a modulated data signals such as a carrier wave or other transport mechanism and
inciudes any information delivery media. The term "modulated data signal" means a
signal that has one or more of its characteristics set or changed in such a manner as to
encode information in the signal. By way of example, and not limitation, communication
media includes wired media such as a wired network or direct~wired connection, and

wireless media such as acouslic, RF, infrared, and other wireless media. Combinations of

any of the above should also be included within the scope of computer readable media.



[0026] Computer system 112 comprises an address/data bus 100 for
communicating information, a central processor 101 coupled with bus 100
for processing information and instructions; a volatile memory unit 102
(e.g., random access memory [RAM], stadc RAM, dynamic RAM, etc.)
coupled with bus 100 for storing information and instructions for central
processor 101; and a non-volatile memory unit 103 (e.g., read only
memory [ROM], programmable ROM, flash memory, etc.) coupled with
bps 100 for storing static information and instructions for processor 101.

deseayel, GOMRLLELSYRIeM.LL : ises a data storage device
o4 (e.q.. bard disk drive) for st%:r?r%qfr%%ﬁ‘ﬁgﬁ?ﬁ%ﬁ8“?%%%&?%“ 3. [0027]

el QmpItansystams 14212050 cRmprise s Ak optional %@B@%‘? ﬁUp&Sé@ztﬁggers or

105, au optional alphanumeric input device 106, an optional cursor control

odreditecting deviea!$ 07 panchsigral cammanication jntedase (putioutput

device) 108. Optional alphanumeric input device 106 can communicate

ciprforrrationdmgrconmerard. selgctiofsiiopeeintrial processornldd=nOptionalr

cursor control or ecting device 107 is coupled to bus 100 for

srh AR ARy JSBrHpLEmTsrRTEReltaAbiliopipTzm Selbitionsytoecentraled

C&Ir';i)ce, sor 101. Signal communication interface(input/output device) 108,
TR TSR LS Cotipied 16BIS TH6°UHFRE a serial. port. Communication

interface 108 may also incline wireless communication mechanisms.

Using communication interface 108, computer system 112 can be

(6059 mma%?g@x%%%{?éﬂ@ iR QtherGRmpUter Systems.overa | ~py

da
communication network such as the -Internét or an intranet (e.g., alocal
@repahetwerk ol Gankegelvedata{egadigitaltelayisionsignal reco gnize
Computer system 112 may also comprise graphics subsystem 105 for
pres€ftingnird Gifation Hoithepcosmputtes Hsel egicd)iSPaYiNgd GPU may
information on an attached display device 110, connected by a video
Al ATIOVATSHITE e Misb dimesites irairics wiifssysterritos isincodporates
into central processor 101, In other embodiments, graphics subsystem
SFHETE S SUP RS FRE AT S C B HeR ERMPTATE REST4jIephics
ggcbs stelm 105is lipcpépor.ated intq another c%né}ggenent In other

embodimants, graphics subsystam 105875158 SR ERT1 HiBther

DIS T , H THE USE OF. THE
R N TN 0055] Craphics roceeaig G (CPUS e
ierpaskaglyicommon in many electronic devices. Dedicated computers,
such as laptops or desktops, will almost always include a GPU, either as a
discrete processor, or integrated with other functionality within the system.
CPU functionality can be fouuch broader range of applications, however.
Hadheldidevibds esustiias pesonabdigital assistants (PEAS), mnebikes, it is
phones and smart phones, and even some cameras may include one or
R GFe TP fo BRI TR RSPy TR formblticls s ted dravidecatdditional
functionality.
implemented’in other types of processors, such as general-purpose or other special-

PUrpose coprocessors, or within a CPU.



[0029] GPUs, and in particular pixel shaders, are ideally suited to the
manipulation of images in the embodiments that follow, approaches are
described that harness the functionality of pixel shaders to manipulate
images on a per pixel basis. In particular, in some embodiments, pixel
shaders are used to correct distortion in a digital image,such as the
distortion introduced by a camera lens. DISTORTION TYPES [0030]
anyngiffgr,egxtvlt r;;)T(-?sho{ distortion may be introduced when captunng an
image. I5e StEttion: ay vary, across different embodiments, in
some embodiments, for example, distortionminced as a result of
[dlifferenees:in fecaldength troygh, different partions,of.the. camera lens or
due to imperfections in the optics' manufacture or design. These are often
ireferred tdsap geomnetric-disteption sia:arothersembediment, distartion may
result from a camera having different focal lengths across different
Yravetengthd ofight, & g1 dvecamertiasdifferentfocahlengtbs for 5eeh
_green, and blue light. Such distortions caused by differing wavelengths of
HGIHIET dher fetesedo s ehrmie distortionySimilady, dieeffect that
distortion will have noon an image may vary, across different typos of

B O R A BRI & e re s A SR HES 0031 | Withithéfére roonofiiio

~
L

plfg%%{% Zésgc\)/nerallhca_ Egmon d%stortiton tﬁ%tejs are illustrated... While several
types of distortion are’ iuatrated It 18 tHdSTRiosH AL birrehes dese

aehsuted ioanlisaUansinyol/ing many,difrent types of ditortion,

Figure 2 is intended to be illustrative, not éxhaus Ve, Tma ebiaﬁ‘c&‘éﬁ?c‘fg a

sistentansndirtedaidodings dcrsering A Ian Qe IMAgE, o
ion.

210 shows the same grid, subjected to "pincushion distor mage

sshiows the atiduefitmage 2A0subjecied tor BarekdisiQrion, IMage 280pes
depicts 3 cylindrical objects, viewed from above. image 260 shows the
ameratsjecsubjéctiito reliefndistontitnnwhereinobjects djreathyop
below the camera lens -will have only their tops visible, while all other
GHRERE WitF AP PE ST G EAPAEY FromHenechromet th admeage spols R

theirgogs %ngl sides are visible. Additional,
coupled 1o a dedicated graphics rendering GPU. In such an embodiment, components

can be incinded that add peripheral buses, specialized audio/video components, 10
devices, and the like. Similarly, systern 112 can be implemented as a handheld device
(e.g., cellphone, etc.) or a set-top video game console device such as, for example, the
Xbox®, available from Microsoft Corporation of Redmond, Washington, or the
PlayStation3®, available from Sony Computer Entertainment Corporation of Tokyo,
Japan. System 112 can also be implemented as a "system on a chip”, where the
electronics {e.g., the components 101, 103, 105, 106, and the like) of a computing device
are wholly contained within a single integrated circuit die. Examples include a hand-held

instrument with a display, a car navigation system, a portable entertainment system, and

the like.



important lens distortions include but are not limited to: perspective
distortion, caused by misalignment of the focal plane relative to the chief
ray"s axis, and asymmetric distortions, due to "ripples"” in the focal or
sensor plane or due to gross imperfection in the lens manufacture. [0032]
Distortion is not limited to any particular application, Distortion effects
occur M video applications, much as they occur in still image applications,
CORRECTING DISTORTION [0033] in some embodiments. correcting
distortion in an image can occur at any time after the image has been
captured. For example, in some embodiments, e.g., where a digital
camera is used, distortion is corrected when the image is first taken, and
it is stored. in ther embodiment, distartion may be corrected
R e T Tl reced g hhche of M Sommraeiare
HHRAGE RIOGRSHING QEEUS, ',rb%%Hﬁ@@,m%ﬁ%%@fd'stoﬂ'on e
e fo

. I0L DIOCEessin 10N an
occur at any point'where pixel data is availa I the |mage%

imirbeinl iswndessteeddhatienabediments arg netdimited sorcorrection, of

still images. For example, in one embodiment, e.g., involving a digital
Rancoyaenidistotien iscooptectethasavitles iseaptuetn8ish, Hame: MV ions
frame, in another embodiment, distortion is corrected after a video has
Theemcaptmasoe. )| befbreor-affetisonicnothenivitie( prpcessing operation
occurs. In some embodiments, distortion correction can occur at any point
[Whéde pirsrautabs Ariabrsoraranicof @uitdovitoss]08dmotedng static

.aPove _many different tyPes of distortion may occur. In some
information and mstructions for processor 101. Moreaver, computer system 112 also

comprises a data siorage device 104 (e.g., hard disk drive) for storing information and

instructions.

[0027] Computer system 112 also comprises an optional graphics subsystem 1035, an
optional alphanumeric input device 106, an optional cursor control or directing device
107, and signal communication interface (input/output device) 108. Optional
alphanumeric input device 106 can communicate information and command selections 1o
central processor 101. Optional cursor control or directing device 107 is coupled to bus
100 for communicating user input information and command selections to central
processor 101, Signal communication interface (input/output device) 108, which is also
coupled to bus 100, can be a serial port. Communication interface 108 may also include
wireless communication mechanisms. Using communication interface 108, comiputer
system 112 can be communicatively coupled to other computer systems over a

communication network such as the Internet or an intranet (e.g., a local area network), or

10



embodiments, distortion is introduced by the camera lensother
embodiments, distortion is introduced by other factors, e.g., the sensor
used to capture data. it is understood that embodiments are well suited to
applicationsdifferent Types and sources of distortion. While the exemplary
embodiments presented below focus on correcting specific typos of
distortion; e.g., barrel or pincushion distortion understood that other
embodiments may be utilized to correct other types of distortion, e.g.,
BhFeTATiC distoric B3 ET Wit feferehc - romter Eigure Bl Zanflowdiart
300 of an exem &Jar method of correcting distortion in an image is
CHBBICTE A ScCPAREE W S SrRLBEHERE ARG SPBERE Sepscate
i in_flowchart 300, such steps.are exe ry. That is, .
L R S S L ot v
vari itigna iati f. ecited in_
o SO0 e A e e St R 306 Ty be
hertesned iniaaedensitierentsthan presented. and that otk of theq.
steps in flowchart 300 may be performed. [0037] in step 310, the distortion
dntroctucedibytbetensbisidetenminadin ferentembodiments dhe-stRbisother
accomplished in different ways. For exampleone embodiment, the lens
Iseingrrastdd 8 ersutbwl captisreaptivaydsystank honie refedernce picture12 in
sucn as a rectangular grid like image 200. The captured reference image
H & be compared to the known reference picture, e.g., on a pixel per
pixel basis, in some

CORRECTING DISTORTION THROUGH THE USE OF THE TEXTURING ENGINE

[0028] Graphics processing units (GPUs) are increasingly common in many electronic
devices. Dedicated computers, such as laptops or deskiops, will almost always include a
GPU, either as a discrete processor, or integrated with other functionality within the
system. GPU functionality can be found in a much broader range of applications,
however. Handheld devices, such as personal digital assistants (PDAs), mobile phones
and smart phones, and even some cameras may include one or more GPUs to speed the

display of information, or to provide additional functionality.

[0029] GPUs, and in particular pixel shaders, are ideally suited to the manipulation of
images. In the embodiments that follow, approaches are described that harness the
functionality of pixel shaders to manipulate images on a per pixel basis. In particular, in

some embodiments, pixel shaders are used to correct distortion in a digital image, such as

the distortion mntroduced by a camera lens.

11



embodiments, this comparison is used to generate an equation describing
the distortion introduced by the lens. In other embodiments, this
comparison is used to generate a distortion mapping, e.g., an image map
that describing how to manipulate the captured reference imageorder to
reduce or eliminate the distortion introduced by the lens. [0038] In different
embodiments, distortion iniftorination may be collected in different ways.
For example, a single two-dimensional distortion map may be generated,
e.g., using horizontal and vertical values to individually address
everyDrI)ier. In arll\oqt)kglgr embodiment, several separable one-dimensional

STORTION . . . )
images ™ may beused. In another embodiment, a one-dimensional radial

W y d.[90391In some ‘e QQdi ents, ste 310 may be
{?ﬁgﬁﬁ%ﬁﬁﬁ%%ﬁggl 3}0{%5%}0?6%, aﬁlérfgg} r%ﬁ’ti%ﬁ“e%é%%%ﬁ%@hﬁ?ﬁ%*

cheexample: i some.embodiments. distortion,may vary with the focal

distance of the lens, such that one equation governs |st81r?u%rﬁD]‘%Crlr[:i)ﬂlﬁfzrfEft‘efé)r

cofinseisange objeeisuwdiile adifferentiequalion; governs.distrtion, for
pictures of objects further away from the lens. Further, different distortion
diffese beimtod uted; depentingoupon:thenyaielengtihof thedight S dhe: o
color, or upon the general lighting conditions. [0040] With reference to
dgpisy SUTs I Gibeorrdrrivd opramtion for thiitdensis Siarethdnedifierentn:,
embodiments, the storage of the distortion information will vary. For
SRR TGt SRR GfiAsTR, fenstesr s iovali b storedcas dffexture or
“i/raqlae.%e guc 'lt tta texturing engine_can use the distortion information to
warp P Ay ek retniERTST BiRTi N A T{BrRbI D FORUAT Fdriesninsonie
badj information.stored may vary. In some embodjments
HEMDdIMENLS: 1 nsome err S,
e B R U SETE bt
dhelens iscalgdaiedning equation is.siored:in aneher embodiment, e.g.,

: . : ) ¢ OI1 a1 ]
where a distortion map is generated, absolute distortion correction®.

vinfoimatiodiforeacibaixglieay:be steredodnonesuchesbediment, the
distortion map corrects for distortion by moving a pixel from one absolute
location, in the distorted image, to another absolute location, in the
corrected image. In another embodiment, a distortion map is used to store
[FORkN & 0TSRRI BRI AtiBH 6 Reseipl ota diste il mupyay lindicate.
\S\H]a}vthe current pixel shquld be moved tg another location, by specifying a
VAR E SRAREE AT N el fo THETAe), atheP R apents e

iding. n.an H%!Q&otvi}o”- 911041 ergzth reference to step_330, a .
\gé%\tétﬁlgg 2%532% %r()ceszeéll %6 re&mﬁ%%lt\jllgtto i5h ThiPSHICY biFtheddhs.

incliffereni-embedinents his.step may.0ee" AL different times. For.

example, in one embodiment, distortion correction occurs as soon as an
geagdlisecaptiredie g iahendhe dalaisTrraived fromihe senser.and,
before it is stored in other embodiments, distortion correction occurs
‘pefordomafterosome lather MBGR W OLESSIE image 200, subjected to "barrel”
distortion. Image 250 depicts 3 cylindrical objects, viewed from above. Image 260 shows
the same objects, subjected to “relief” distortion, wherein objects directly below the

camera lens will have only their tops visible, while all other objects will appear to lean

away from the center of the image such that their tops and sides are visible. Additional.



[00431 In some embodiments, captured images are processed on a per
pixel basis. For each pixel,the distortion correction informrtion for that pixel
is retrieved, and the distortion correction information and captured image
are used to generate a corrected image. in one embodiment, as
described in greater detail below, pixel shader in a texturing engine is
configured to generate a corrected pixel in one such embodiment, the
el shader retrievesenian connection information from the distortion.
orrection image, and Uses the distortion correioRTMTONHERO o Fatrieve’
Riflar e eppiedtimage. he phal shaderauiputs. acorected

m3H
pixel, e.g., by outputting the retrieved pixel in"a corrected location in the

dicaptureddmage: RETERMINING DISTORTIQN, (0044 gHQSCHﬁ%’S@&m in
embodiments, different approaches are utilized to determine the distortion
thinlenpictureriniraduced by the equipment used to capture the picture In
some embodiments, the distortion introduced by lens is determined. In
one such embodiment, this determination is performed 'cy comparing an
undistorted reference imam: with the image captured by the lens. [0045]
[QAAEH FerepEmEE el 1B g trerd, rafioWeh app 400 of . i sxeimptéiss methodn
of determining distartion for a lens is depicted, in accordance with one
VERBERPREM A RSO GR Bpemtdieid HiagistIBe i Flowchart 400, such
steps are exemplary. That is, embodiments of the present invention are
well suited :e performing various other (additional) steps or variations of

the stepgJecited indlowehart 400. It is appreciated that the steps in
flowchart 400 may be performed in an order different than presented, and

[that et Afefthecatersindowshart400maw.he 91%[_5,9 meskcur at any time

after the image has been captured. vFor example, in some embodiments, e.g., where a
digital camera is used, distortion is corrected when the image is first taken, and before it
is stored. In another embodiment, distortion may be corrected sometime after the image
1s captured, e.g., before or after some other image processing occurs. In some
embodiments, distortion correction can occur at any point where pixel data is available

for the image.

[0034] Further, it is understood that embodiments are not limited to correction of still
‘images. For ‘e:«:ampief in one embodiment, e.g., involving a digital camcorder, distortion
1s corrected as a video is captured, e.g., frame by frame. In another embodiment,
distortion is corrected after a video has been captured, e.g., before or after some other

video processing operaiion oceurs. In some embodiments, distortion correction can occur

at any point where pixel data is available for a frame of a videa.



100461 With reference now to step 410, the lens being tested is dsed to
take a -picture or a known reference image. in different embodiments, the
nature of the reference image may vary. For example, when determining
barrel or pincushion distortion, it may be useful to utilize a grid image such
as intage 200 in another embodiment, where color distortion is being
determined it may be useful to utilize several images, so as to test
different colors and wavelengths of light. Moreover, in some
embodiments, the some lens may he used to take pictures of multiple
Wfﬂg%@@g&gjes%%%t  fest for the same type of distortion under
ffering Circumstances, e.g.. under differént iighting cBiditioRSOBF at
isisntdisaneaniam hemage-[0LWINelerehce [0,5ep A20.
correction, or calibration, information for the lens belnge‘fetsﬁe s~
@atheseds insamecmbadiments, the lansis caliRrated by comecting
distortion present in the captured image. In one such embodiment, the
waptuxed imageeoireatedrbyhangiiedpRivsesmanipylatestheipixels in
the captured image, with reference to the reference image, to correct for
distortid oimtsddcegddoyaihe 16nk. tin athenkmbeadimients$he:eaptusethw
image is corrected in other ways, e.g., the captured image is manipulated
ByurbRiseipesgeanic wisssretdigptotothe befetencerimsge; doiooivect: is
the distortions introduced by the lens. [0043] With reference to step 430,
HRESERBr A8 A RFOFRRII TB1 tHeY 8h & TS S e Goms S cither Srmporifsenson,
éhis &%J&g}rﬁj}o&@gg&aﬂon Is stored as one or more textures, which a
texturing engine can then use to coffee( distortions introduced by the lens
in the future images. As noted previously, the nature of the calibration
infomation may vary, across different embodiments. For example. in
soms embedimentssalibration information sensisis ofabsaliie.pixels
locations, e.g., to indicate where a particular pixel in the captured image
shouidnbelitoeatediimthenegrie cteskiiagecdorsame o en e shodimen:.
calibration information consists of relative pixel locations, e.ginformation to
indicas thatfivecnprantdpiNebshould b mevsdstaia mew dooation)arglative: is,
to its current location. Moreover, in different embodiments, calibration
TSR MaSF CURIpHRYAREEHE Kpb e 8r B darious other
g%)&l 1i<§p1%15ional image or rpg}ltigle one-dimensional separable images, or
single

e e e Tan S, g S EENERRTING R dompretiepbat

lMéAé%Es in flowchart 300 may be performed in an order different than presented, and that

not all of the steps in flowchart 300 may be performed.

[0037] In step 310, the distortion introduced by a lens is determined. In different
embodiments, the step is accomplished in different ways. For example, in one
embodiment, the lens being tested is used to capture an image of a known reference
picture, such as a rectangular grid like image 200. The captured reference image can then

be compared to the known reference picture, e.g., on a pixel per pixel basis. In some

14



[0049] in some embodiments, calibration or correction information can be
used by a texturing engine to pro Tram one Dr more pixel shaders, in
order to generate a corrected version of an image. As noted previously, in
different embodiments, the nature of the calibration infmniation may vary;
accordingly, in different embodiments, the specifics o-F how the
calibration information is utilized may vary. [0050] With reference now to

Flgure o, ?hﬂowchart 500 of an exemplary method of generating a

“orrected rﬁ%@ognﬁgaﬂlesﬁ?cise&%%@%? lé%c‘l:ré%‘iﬂl%(geéw&ﬂiﬁ%ﬁf?mmon
ool shogite stensae:diseiosed Mloeharl 300, sush, sfeps. are

, i (€ a.
exemplary. That is, embodiments of the presgnt invention are well Suited

dif@Reranping varous sther (additional). steps.ervariatians of the stepsq
recited in flowchart 500. It is appreciated that the steps in flowchart 500
refaycbepetformedinandiotder different thanspreseniech & -6 thatpahall of
the steps in flowchart 500 may be performed. [005 i] With reference now
to step 510, in one embodiment, a texturing engine obtains a correction
value for a destination pixel in a corrected image from a calibration
Ofe¥iured diaed sen efibedimento the: coleattechimag bisgenaraied Bneat
pixel by pixel basis. In this embodiment, the pixel shader is responsible for
W elEtdiThiTHe e CORETE ot BITaS A P SRESTHRHBRY DIk EF TR . -2
corrected jmage in some embodiments, the pixel shade:- obtains a
kSR e EoTFaSEARGING 15 tHE BLLHRRTon BRIy - dEbeig a
cRlatalion texiie mage ol sere.auel) amhadiments, s coreetion
value corresponds to a pixel location in a ca tured mage.d[O In other
cRPRRiments. i Where Galor:digtertionds Reing corrected, correction
values may comprise color "shift' information. For example, in one
embodiment, correction values may indicate how to m !mime the RGB
values of a pixel, in orderte correct for color distortion Introduced by the
[0&eng]. T10658] WithdieferensemoW wasteprs2aiid Gmerembodiypent; dertion,
texturing engine obtains a source pixel value from a location in a captured
Y B APSORTE EREOdrRENES TRERIL a0 BT R Rerireen BixEsoaipreisy
indica ei bé)éwtage _correcti_ﬁn v%lue obtained from the calibration texture. In
VER A SE S B BHTR BN fitottioh Lo Rt B O P MY PiXels
i, [ to.different. jons, when.generating.the correcte
o S G S s

Lhwamingulisirion sifects. & In parekar-RncHsRIN AISOrioN o duced,

depending upon the wavelength of the light, e.g., the color, or upon the general lighting

conditions.

[0040] With reference to step 320, the distortion information for that lens is stored. In
different embodiments, the storage of the distortion information will vary. For example,

1n one embodiment, distortion information is stored as a texture or image, such that a
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[DO54] In other embodiments, e.g., where color distortion is being
corrected, distortion correction involves adjusting the ROB values of the
pixel in the captured image, in order to correct for color distortion
introduced by the lens. [005.51 With reference now to Step 530, the
correction value arid the source pixel value are utilized to generate a
corrected pixel. in some embodiments, the pixel shader uses the
correction value to obtain a source pixel value, and writes that source
HRBRG AR BT EDHPE S EEA O AT 68 tted mistRes i rtévefrect
{,or,wgr ing distortion, in some other embodiments, the pixel shader uses
“the Eorrection Value to modify some value in the source pixel vajue, and
writes that modified value to the current location in the corrected image,
e.g., to correct for color distortion.. [0056] In some embodiments, the
[stepsdn flawchart300,are repeated; for evary pixelin ihe sorrestedmage-
To some embodiments, 2. L., wherein the GPU or texturing engine has
erbitipiemixelshadersavaliable dmay hepessiblete RrReess: ultiRles: me
pixels simultaneously. In other Embodiments, it may be desirable to
lproses®eiach. pixalseriallys {0057]1it imappreciatethihal 4y SOMEe a distortion
embodiments, the method of flowchart 400 may be applied to correct for
R Rk types abwistodisn:tiansmes eatbodimenits; Severabtyplesayfbe stored.
distortion maybe corrected simultaneously. e.g., both color distortion and
Th 2 AYG St P BRI A e ST TR R TECSIA e (hmastian briowving a pixel
ccessi ne or more.calibration textures when Processing the pixel. In
155 one kgl & 55 égﬁ

SR EBS IR ST Sudh B ST HiSIBHBh MAp et ek edparife o the
d%(%%?&ﬁgg%%peﬂ%ggg]@ %ﬁj@ AGaptured tionﬁ?C(T:}]emrya% first be corrected for
' or t

: Inent, 10 §fore rglative
warning distortion, an eresuftlng corrected image may then 5 ffther

16eiteRteduiEaaHCe GOLHIRIONIR: MARAYSE. IRSAME SIRROHMEN Sy Hixel
various combinations of these approaches may be utilized.
should be moved to another location, by specifying a relative distance and/or direction to

translate the pixel, rather than providing an absolute location.

[0042] With reference to step 330, a captured image is processed to reduce distortion
introduced by the lens. In different embodiments, this step may occur at different times.
For example, in one embodiment, distortion correction occurs as soon as an image is
captured, e.g., when the data is received from the sensor, and before it is stored. In other

embodiments, distortion correction occurs before or after some other image processing.
[0043] In some embodiments, captured images are processed on a per pixel basis. For

each pixel, the distortion correction information for that pixel is retrieved, and the

distortion correction information and captured image are used to generate a corrected
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[0058] Its is further appreciated that the method described by a flowchart
500 may be modified. For example, while the method described in
flowchart 500 works on a per pixel basis relative to the corrected image, in-
some embodiments the method may be applied in a manner that works on
a per pixel basis relative to the source image. PIXEL CORRECTION

[0059] With reference now to Figure 6, an example of corrected image
generation is depicted, in accordance with one embodiment. While Figure

g e it CEMAM SRt SBTTTIRTE ST REETES 3G BIdmEfits Ml &

understood that erfnbod%!mer%ts are well surt%d tap&bcatlon mvolvm
nts

ifferent “additional®c eatures or efeme iGite%s HEpicta

oﬁe‘%%a%‘é?%drmg %161%910% cglibtatio M%%%@%%ma{i% @1&8?:{8‘? MAgE530.

In the depicted embodiment, corrected image 610 is being generated from
iR S0URCe inage £30r(alibratiantextire £20 is Wused 1o comecta WarRingred
distortion introduced by the lens winch captured source :made 630. If, for
igxample, axachie:-phapecameaatis ysed o capiuiesoiicehimageedQixe]
barrel distortion may be introduced by the inexpensive lens arrangement
irusedhiersddbcearnerass 0064 Indaserder to generate a corrected pixel in
corrected image 610, e.g., pixel 615, a correction value is obtained, in the
depicted embodiment, the correction value is obtained from calibration
texture 520. Calibration texture 620 indicates that the correct -value for
pixel GEEERMMNEHIBRBEENN source image 630. in some embodiments,
ti exture 620 m rovide the ab qute Io tlon
e e S A S P e e Rt ety Sresse

d@&?r&%ﬂnpig}’c%‘?e%%&l@é%k%%té%ﬂaBH89%9&‘ 8228 %'B@{ﬁ?ete%k%){me

arrow 621, position 625 is three pixels to the left of %Dhe location of pixel
S13,10062; ThaitextingLAgine wisestha coregtion valus fram,calibration
texture 620 to obtain the correct pixel value from source image 630. As
showi pixehie 3biisnmaieds whemgeneratingthegcoradiedrindagereng:,
the contents of pixel 635 in source image 630 are written to pixel 615 in
iooectdl frnagee6 Tt s drididméd by arrow 641 . {00631 Again, it is
understood that while the example depicted Figure 6 describes an
approach Which focuses on generating the corrected image on a per pixel

@%2 é corrected image, other embo%grepts are well suited o,
) GHCS W io s Howenar an exem 10
approac es. For exa p? “if'One-émbodiment. i order 1 generate

A:50r ?nqtgddjm%@& theRixets 6&!&%9 & Image may he progessad East. In

suc iment, w en pixel 633 is processed he texturing engine may

us dhencorrestigriniormation dncalation texturg 620 e QuipHb el

in the proper location in corrected image 610. Moreover in some
emhodiments, itgresahefecaniGPlkardRxiuringoengineningludes mubiple

pixel shadersmay be possible to
(additional) steps or variations of the steps recited in flowchart 400. It is appreciated that

the steps in flowchart 400 may be performed in an order different than presented, and that

not all of the steps in flowchart 400 may be performed.



process multimle pixels simultaneously. [0064] Further, n is understood
that while the example depicted in Fiume 6 describes an approach which
corrects for warping distortion, e.g., barrel distortion, embodiments are
well suited to correcting other types of distortion. For example, if color
distortion is to be corrected, a calibration texture may include color
correction information, rather than positional correction information. in
such an embodiment,when generating a corrected pixel, the texturing
(SR Fatievethecssrcs pixel fronvting soute imabe, andusethef o
1g:nc())r\;/ecti_ n information to. modify the RGB values Qf the pixel, before writing
2 COPECtaH Pkl S orR BUET S SRS BrArB iR BRI  MUip e ypes bfage may
istortion. may, be corrected. SYSTEM FOR REDUCING DISTORTION
e T e e cthas Ay She? D000 PRI o e
& ion . t ' is-depic in accordance with one . o
Do e Sy e 00 s oA SRR ettt urson s
enumerateddeatues ot isundersiaod dat.embadiments are wellsuited to.
applications involving additional, fewer, or different features or elements.
{0066} Furtherpini diffexent evehodimeantsn system: 7 00-mayhe ingarnqrated,
into different devices. For example, in one embodiment, system 700 is
idsarporared mialdigitatwamergeinsanstheesefnbadimentsystems @0
may be incorporated into a. camcorder. In another embodiment, system
S R BReifEsrpErRtEs o anditfeléirmiokilsiuptivalidevicer e gitetent

lgrca)lgg h vinﬁ camera functionality. Further, in some embodiments, the
|magee?:§ﬁfﬁ tid€otfiponents of system 700 may be incorporated into a

separate

[0047] With reference to step 420, correction, or calibration, information for the lens
being tested is gathered. In some embodiments, the lens is calibrated by correcting
distortion present in the captured image. In one such embodiment, the captured image is
corrected "by hand," e.g., 2 user manipulates the pixels in the captured image, with
reference to the reference image, to correct for distortion introduced by the lens. In other
embodiments, the captured image is corrected in other ways, e.g., the captured image is
manipulated by an off-line program, with reference to the reference image, to correct the

distortions introduced by the lens.

[0048] With reference to step 430, the calibration information for the lens is stored. In
some embodiments, this calibration information is stored as one or more textures, which
a texturing engine can then use to correct distortions introduced by the lens in the future

images. As noted previously, the nature of the calibration information may vary, across
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device from the distortion reduction and/or display elements of system
700, hg., a digital camera used to capture a picture, and a desktop or
laptop computer used to reduce distortion and display the image. [0067] in
the depicted embodiment, system 700 includes lens 710, sensor 713,
graphics processing module 720, storage medium 740, and display 750.
As shown, lens 710 incorporates one or more optical elements for
focusing light and capturing an image. Sensor 715, in the depicted
déimbodimatmecteives thertight focused:tinoiighrlens Qs binispmerion
embodiments, such as a digital camera, sensor 715 also converts the
CORSFEIE VAt PG @ 7D Pk Vi s OAB B pRIIMHIPF = Rgefre 1 thisrehipttred
image can be stored on storage medium 740. Storage medium 740, in
CRRTRHT S RIS, T BTSE Py e il Ry Pt
AeloRs. ot Iniemal Lash memony. a temayable storage device, Or any
other suitable storage medium. [0068]7h tHe depiced BHBSUIhERdicat
ngraphics. pragessing. madule /2045 included:in system 700. in different

. T |
embodiments, the purpose and functionality of graphics pro%“é%esn,naca“m

MRedYle, 720 maanVatiho bRk SXampIe iR Some-Smh9 giﬁ@%ﬁpr%gd’if\fépﬁﬁe

system 700 is incorporated into a mobile phone, graphics processing
typediflend28 raay bewsehtogisplaydpiosmatinhangsendergraphics-for
output to display 750. in the depicted embodiment, graphics processing
impraduler 720 @cthuded iGRiT25aEPNE@5, in some embodiments, is used
for a variety of functions, em., rendering three-dimensional objects. As
shown, GPU 725 includes a number of pixel shaders 727. A pixel shader,
in some nts, is used by GPU 725 to calculate the appropriate
pixel vaitre™ e pikei4dften displaying an image. [0069]

ICS processing module 720 is also shown as incorporating a buffer
S e R T i o et Bl

dnfarmation.used By graphics processing madule 720 mig CPU 725 1n. .

displaying an image. In different embodiments, buffer 730 may take
different formsForexampley ipuspme embediments; RUHerZ3his of the
composed of random access memory (RAM). La the depicted
@ffodimeftnponions o byffer73tare shiiffnas belndialtecatecsfotifics of
storing a source image 731, a warping image 733, and a corrected image
35 IO RRTOT 808 e TTO0 PR Ay BE s lized wr Yeduce distortion in a captured
image or video. In one embodiment, the distortion introduced by lens 710
is predetermined. One approach to calculating this distortion is described

ith_reference to flowchart 400, e.g., Using the lens to capture a
@i@:%gfg)éﬂ]amrg %%%88%?%% Tand aca?(\ﬁ}ﬁgﬁabjlﬁg COIFAEHBHH SRERLR] in
- ihetelnrence image, Jhis cortection inigrmation can then be stored, e 9.,
as warp‘%ng image 73%.&[00715] When systenfll E70%1 a{t%?ecegf)btagrlé%e%th c%r’jn{eé%éﬁl(—:-gh
ihe:grpivredimagr caNLeRsasRI-DYdrephics processing;madule 720
to reduce the distortion introduced by lens 710. In the depicted
enbaoniment! the wapiureddmageris 0kedas Soueeimags 3l Rn 725
is then utilized to generate a corrected image, corrected image 735. One
Gdproach tesuohvarcoirectéthimagergeneratitrmishdeserib&dsalpereiatdd that
flowchart 500.

the steps in flowchart 500 may be performed in an order different than presented, and that

v -~ Y

not all of the steps 1n flowchart 500 may be performed.
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{0072] in some embodiments, where multiple typer of distortion may be
corrected may be necessary to select between several possible warping
images. in several such embodiment graphics processing module 720, or
a system processor (not shown m use additional considerations or data
associated with the captured image, in order to select the appropriate
correcting texture. For example, if two warping images are available for
correcting distortion introduced by lens 710 under two different lighting
conditions, the lighting conditions observed by sensor 715 at the lime the

' vas captured may be utilized to select between the two correcting
e B R R B E b G ARG Hh Ao

<Whi , i jon has bee ribegig allrticullri ur
b R L e ity

oQ@sQQDéHm%{lmi%@é’c%QB%Q@H&%é’o@%ﬁ@m% cansiued 1 i
according to the following claims, MCSLLP CLAIMS: V\/%at is claimed is:

embodiment, the pixel shader is responsible for determining the contents of one particular
destination pixel in the corrected image. In some embodiments, the pixel shader obtains
a correction value corresponding to the destination pixel, by accessing a calibration

texture image. In some such embodiments, this correction value corresponds to a pixel

location in a captured image.

[0052] In other embodiments, e.g., where color distortion is being corrected, correction
values may compnise color "shift" information. For example, in one embodiment,

correction values may indicate how to manipulate the RGB values of a pixel, in order to

correct for color distortion introduced by the lens.

[0053] With reference now to step 520, in one embodiment, the texturing engine obtains
a source pixel value from a location in a captured image. In some embodiments, the
location of the source pixe! value is indicated by the correction value obtained from the
calibration texture. In several such embodiments, distortion correction involves
"moving” pixels in the captured image to different locations, when generating the
corrected image. In one such embodiment, this relocation of pixels allows correction of

warping distortion effects, e.g., barrel or pincushion distortion.



A method of reducing image distortion, comprising: 5determining distortion
information associated with a lens system,; storing said distortion
information to be used by a shader of a Graphics Processing Unit (GPU);
processing a captured image taken with said lens system, with reference
to said distortion information, by using the shader; and 10generating a
corrected image comprising reduced image distortion compared to said
%%pﬁurled image, 2, The method of C]ajm 1»,_‘Wh‘ere‘in‘ said determining
CORip s QL ARG Arelibraton Bictfie i eeiibrationipictare dsa daptured
A@?&ﬁo%ﬁ%?o vreesfgéjewﬂggglmca %%gsvlg 1c§§a cl)q tll?en ;Smséﬁﬂe trl?e’ gggu:red image, in order

to correct for color distortion introduced by the lens.

[0055] With reference now to step 530, the correction value and the source pixel value
are utilized to generate a corrected pixel. In some embodiments, the pixel shader uses the
correction value to obtain a source pixel value, and writes that source pixel value to the
correct location in the corrected image, e.g., to correct for warping distortion. In some
other embodiments, the pixel shader uses the correction value to modify some value in
the source pixel value, and writes that modified value o the cwrrent location in the

corrected image, e.g., to correct for color distortion.

[0056] In some embodiments, the steps in flowchart 500 are repeated for every pixel in
the corrected image. In some embodiments, e.g., wherein the GPU or texturing engine
has multiple pixel shaders available, it may be possible to process multiple pikels
simultaneously. In other embodiments, it may be desirable to process each pixel serially.
[0057] 1t is appreciated that in some embodiments, the method of flowchart 400 may be
applied to correct for multiple types of distortion. In some embodiments, several types of
distortion-may be corrected simultaneously, e.g., both color distortion and warping
distortion may be corrected for a single pixel at once, by accessing one or more

calibration textures when processing the pixel. In other embodiments, each type of

distortion may require a separate processing application, e.g.. a captured image may first

o



calculating said distortion information by comparing said calibration picture
with said reference image. 3. The method of Claim 2, further comprising:
20repeating said taking and said calculating for a plurality of reference
images, to determine said distortion information for a plurality of distortion
types. 4. The method of Claim 1, wherein said generating comprises:
extracting a correction value for a destination pixel in said corrected

25image from said distortion information; obtaining a source pixel value
Dﬁn.\&lﬁ\_g erehb/ﬁﬂ;g& Im@émn and the resulting corrected image may then be further

corrected to reduce color distortion. Moreover, in some embodiments, various

combinations of these approaches may be utilized.

[0058] 1t1s further appreciated that the method described by a flowchart 500 may be
modified. For example, while the methaod described in flowchart 500 works on a per
pixel basis relative to the corrected image, in some embodiments the method may be

applied in a manner that works on a per pixel basis relative to the source image.

PiXEL CORRECTION

[0059] With reference now to Figure 6, an example of corrected image generation is
depicted, in accordance with one embodiment. While Figure 6 depicts certain specific,
enumerated features and elements, it is understood that embodiments are well suited to

applications involving different, additional, or fewer features or elements.

[0060] Figure 6 depicts a corrected image 610, a calibration texture 620, and a source
image 630. In the depicted embodiment, corrected image 610 is being generated from a
source image 630. Calibration texture 620 is used to correct a warping distortion
introduced by the lens which captured source image 630. If, for example, a mobile phone
camera is used to capture source image 630, barrel distortion may be introduced by the

inexpensive lens arrangement used in such cameras.

]
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modifying said source pixel value with reference to said correction value to
generate said destination pixel; and repeating said extracting, said
obtaining, and said modifying for each of a 30plurality of destination pixels
in said corrected image. MOSLLP The method of Claim 1, wherein said
storing comprises: writing said distortion information as a correction
image. 6. The method of Claim 5, wherein said correction image
comprises a
[0061] In order to generate a corrected pixel in corrected image 610, e.g., pixel 615, a
correction value is obtained. In the depicted embodiment, the correction value is
obtained from calibration texture 620. Calibration texture 620 indicates that the correct
value for pixel 615 is at location 625 in source image 630. In some embodiments,
calibration texture 620 may provide the absolute location, e.g., coordinates, for location

625. In other embodiments, calibration texture 620 may provide the relative location of

location 625, e.g., as indicated by arrow 621, position 625 is three pixels to the left of the

location of pixel 615.

[0062] The texturing engine uses the correction value from calibration texture 620 to
obtain the correct pixel value from source image 630. As shown, pixel 635 is "moved”
when generating the corrected image, e.g., the contents of pixel 635 in source image 630

are written to pixel 615 in corrected image 610, as indicated by arrow 641.

[0063] Again, it 1s understood that while the example depicted in Figure 6 describes an
approach which focuses on generating the corrected image on a per pixel basis from the
corrected 1mage, other embodiments are well suited to other approaches. For example, in
one embodiment, in order to generate a corrected image, the pixels in the source image
may be processed {irst. In such embodiment, when pixel 635 is processed, the texturing
engine may use the correction information in calibration texture 620 to output pixel 615
in the proper location in corrected image 610. Moreover, in some embodiments, e.g.,
where a GPU or texturing engine includes multiple pixel shaders, it may be possible to

process multiple pixels simultaneously.

3
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5plurality of correctional pixel data. 7. The method of Claim 6, wherein
said correctional pixel data comprises position translation information.
108.The method of Claim 7, wherein said processing comprises: obtaining
a source pixel value from said captured image; writing said source
pixel value of a first location in said captured image to a second location in
a corrected image, with reference to said position translation information;
and 15repeating said obtaining and said translating for a plurality of
destination pixels in said corrected image. 9.A system for reducing lens

listorionn 2 capiyred mage, comprising:

e exdmple depicted in Figure 6 describes an

approach which corrects for warping distortion, e.g., barre] distortion, embodiments are
well suited to correcting other types of distortion. For example, if color distortion is 1o be
corrected, a calibration texture may include color correction information, rather than
positional correction mformation. In such an embodiment, when generating a corrected
pixel, the texturing engine may retrieve the source pixel from the source image, and use
the correction information to modify the RGB values of the pixel, before writing a

corrected pixel. Moreover, in some embodiments, multiple types of distortion may be

corrected.

SYSTEM FOR REDUCING DISTORTION

[0065] With reference now to Figure 7, a system 700 for reducing distortion in captured
imagery is depicied, in accordance with one embodiment. While system 700 is depicted
as incorporating specific, enumerated featres, it is understood that embodiments are well

suited to applications involving additional, fewer, or different features or elements.

[0066] Further, in different embodiments, system 700 may be incorporated into different
devices. For example, in one embodiment, system 700 is incorporated into a digital
camera. In another embodiment, system 700 may be incorporated into a camcorder. In
another embodiment, system 700 may be incorporated into a different mobile optical

device, e.g., a cell phone having camera functionality. Further, in some embodiments,

the image capturing components of system 700 may be incorporated into a separate



a buffer for storing information including a correction image; and 20 a
texturing engine for generating a corrected image, wherein said texturing
engine is configured to access said correction image stored in said buffer,
and use said correction image to generate said corrected image from said
captured image. 2510.The system of claim 9, wherein said texturing
engine comprises a plurality of pixel shaders. 11. The system of claim 10,
wherein each of said plurality of pixel shaders is configured to generate a

deotrected pixekimsaiteniectetdnagepl0 . bahhe sysiem ofclaim Adiyital
wherein said plurality of pixel shaders are configured to generate said
ceorecend pixebbycchrainingacodettionovadueframputer used to rednce

distortion and display the image.

[0067] In the depicted embodiment, systern 700 includes lens 71 0, sensor 715, graphics
processing module 720, storage medivm 740, and display 750. As shown, lens 710
incorporates one or more optical elements for focusing light and capturing an image.
Sensor 715, in the depicted embodiment, receives the light focused through lens 710. In
some embodiments, such as a digital camera, sensor 715 also converts the perceived
image into pixel values. As shown in Figure 7, this captured image can be stored on
storage medium 740. Storage medium 740, in different embodiments, may comprise any

of a wide variety of storage devices, e.g., internal flash memory, a removable storage

device, or any other suitable storage medium.

[0068] 1n the depicted embédiment, gréphics processing module 720 is included in
system 700. In different embodiments, the purpose and functionality of graphics
processing module 720 may vary. For example, in some embodiments, e.g., where
system 700 is incorporated into a mobile phone, graphics processing medule 720 may be
used to display information and render graphics for output to display 750. In the depicted
embodiment, graphics processing module 720 includes GPU 725. GPU 725, in some

embodiments, is used for a variety of functions, ¢.g., rendering three-dimensional objects.

As shown, GPU 725 includes a number of pixel shaders 727. A pixel shader, in some

3]
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MCSLLP said correction image for said corrected pixel, obtaining a source
pixel from said captured image, and modifying said source pixel with
reference to said correction value to generate said corrected pixel.
513.The system of claim 9, further comprising a camera with a lens
system for providing said captured image, and wherein said correction
image comprises a two dimensional image. 14. The system of claim 9,
wherein said correction image comprises a 10plurality of separable
elhettimensional imagfes.71bw0 the wystem HHalgimd pwbergin: said particular
correction image comprises a one-dimensional radial image. 1516.A
Peshpisedireadalslernrediam having computer-readable program code

[0069] Graphics processing module 720 is also shown as incorporating a buffer 730.
Buffer 730, in some embodiments, is used for Storiﬁg and retrieving information used by
graphics processing module 720 and GPU 725 in displaying an image. In different
embodiments, buffer 730 may take different forms. For example, in some embodiments,
buffer 730 is composed of random access memory (RAM). In the depicted embodiment,
portions of buffer 730 are shown as being allocated for storing a source image 731, a

warping image 733, and a corrected image 735.

[0070] System 700 may be utilized to reduce distortion in a captured image or video. In
6116 embodiment, the distortion introduced by lens 710 is predetermined. One approach
to calculating this distortion is described above, with reference to flowchart 400, e.g.,
using the lens to capture a picture of a reference image, and calculating the correction
necessary in the reference image. This correction information can then be stored, e.g., as

warping image 733.

[0071] When system 700 later captures an image, the captured image can be processed
by graphics processing module 720 to reduce the distortion introduced by lens 710. In
the depicted embodiment, the captured image is stored as source image 731. GPU 725 is
then utilized to generate a corrected image, corrected image 735. One approach to such a

corrected image generation is described above, in flowchart 500.



embodied therein for causing a computer system to execute a method of
warping a captured image to reduce distortion therein, said method
comprising: generating distortion correction information; storing said
distortion correction information as a warping texture; 20loading said
warping texture into a graphics processing unit (GPU); and producing a
modified image by using said GPU to warp said captured image with
reference to said warping texture. 17. The computer-readable medium of
claim 16, wherein said distortion 25correction information comprises

ute er orrecti formaton 18. The computer-readable medlum
C%? §E?1 m 16, W CEéréln Sgld 3‘ s{oﬁlgﬁi%ort@%?lor? f?%fbo B CSprsEEd: It

g{ﬁ)@@%&%%@}f&{ E;%Fé&%e"&f&'}m%@'% possible warping images. In several such

embodiment, graphics processing module 720, or a system processor (not shown), may
use additional considerations or data agsociated with the captured image, in order to
select the appropriate correcting texture. For example, if two warping images are
available for correcting distortion introduced by lens 710 under two different li ghting
conditions, the lighting conditions observed by sensor 715 at the time the image was

captured may be utilized to select between the two correcting textures.

[0073] Embodiments of the present invention are thus described. While the present
invention has been described in particular embodiments, it should be appreciated that the
present invention should not be construed as limited by such embodiments, but rather

construed according to the following claims.
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3019.The computer-readable medium of claim 16, wherein said using said
GPU comprises: MCSLLP assigning a pixel shader to generate a
destination pixel in said modified image; using said pixel shader and MCSLLP
said destination pixel to obtain a correction value corresponding to said \
destination pixel from said warping texture; 5using said correction value to
obigyg-source pixel from said captured

What is claimed is;

1. A method of reducing image distortion, comprising:

determining distortion information associated with a lens system;

storing said distortion information to be used by a shader of a Graphics
Processing Unit (GPU);

processing a captured image taken with said lens system, with reference
to said distortion information, by using the shader; and

generating a corrected image comprising reduced image distortion

compared to said captured image.

2. The method of Claim 1, wherein said determining comprises:

taking a calibration picture, the calibration picture is a captured image of
a reference image using said lens system; and

calculating said distortion information by comparing said calibration

picture with said reference image.

3. The method of Claim 2, further comprising:
repeating said taking and said calculating for a plurality of reference

images, to determine said distortion information for a plurality of distortion types.

4. The method of Claim 1, wherein said generating comprises:

extracting a correction value for a destination pixel in said corrected
image from said distortion information;

obtaining a source pixel value from said captured image;

modifying said source pixel value with reference to said correction value
to generate said destination pixel; and

repeating said extracting, said obtaining, and said modifying for each of a

plurality of destination pixels in said corrected image.
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image; and outputting said source pixel as said destination pixel. 20.The
method of Claim 1, wherein said processing of a captured image .
10comprises processing said captured image on a pixel by pixel basis.

MCSLLp
5. The method of Claim 1, wherein said storing comprises:
writing said distortion information as a correction image.
6. The method of Claim 5, wherein said correction image comprises a
plurality of correctional pixel data.
7. The method of Claim 6, wherein said correctional pixel data comprises

position translation information.

8. The method of Claim 7, wherein said processing comprises:

obtaining a source pixel value from said captured image;

writing said source pixel value of a first location in said captured image to
a second location in a corrected image, with reference to said position
translation information; and

repeating said obtaining and said translating for a plurality of destination

pixels in said corrected image.

9. A system for reducing lens distortion in a captured image, comprising:

a buffer for storing information including a correction image; and

a texturing engine for generating a corrected image, wherein said
texturing engine is configured to access said correction image stored in said

buffer, and use said correction image to generate said corrected image from
said captured image.

10.  The system of claim 9, wherein said texturing engine comprises a
plurality of pixel shaders.

11. The system of claim 10, wherein each of said plurality of pixel shaders is
configured to generate a corrected pixel in said corrected image.

12. The system of claim 11, wherein said plurality of pixel shaders are

configured to generate said corrected pixel by obtaining a correction value from
29
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MCSLLP

said correction image for said corrected pixel, obtaining a source pixel from said
captured image, and modifying said source pixel with reference to said

correction value to generate said corrected pixel.

13.  The system of claim 9, further comprising a camera with a lens system
for providing said captured image, and wherein said correction image comprises

a two dimensional image.

14.  The system of claim 9, wherein said correction image comprises a

plurality of separable one-dimensional images.

15.  The system of claim 9, wherein said correction image comprises a one-
dimensional radial image.

16. A computer-readable medium having computer-readable program code
embodied therein for causing a computer system to execute a method of
warping a captured image to reduce distortion therein, said method comprising:
generating distortion correction information;
storing said distortion correction information as a warping texture;
loading said warping texture into a graphics processing unit (GPU); and
producing a modified image by using said GPU to warp said captured

image with reference to said warping texture.

17.  The computer-readable medium of claim 16, wherein said distortion

correction information comprises absolute pixel correction information.

18.  The computer-readable medium of claim 16, wherein said distortion

correction information comprises relative pixel correction information.

19.  The computer-readable medium of claim 16, wherein said using said
GPU comprises:

30
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assigning a pixel shader to generate a destination pixel in said modified
image;

using said pixel shader and said destination pixel to obtain a correction
value corresponding to said destination pixel from said warping texture;

using said correction value to obtain a source pixel from said captured
image; and

outputting said source pixel as said destination pixel.

20. The method of Claim 1, wherein said processing of a captured image

comprises processing said captured image on a pixel by pixel basis.
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