ROBUST CAMERA PAN VECTOR ESTI MATI ON USI NG | TERATI VE CENTER OF NMASS
BACKGROUND [0001] This invention relates to inproving video and graphics
processing. [0002] Standard video and filmcontent for display devices is
recorded and displayed at low refresh rates (for exanple, 50 fields/sec
for interl aced Vi deo materl al, and 24 frarres/sec for filmorigi nated

mat eri al )"'*0 : : I0R BS D NO 1 1Y ERAJIVE CENTEROESsi ve
digital display devices, is the presemg d| spl ay arti fact s. For

exanpl e, one display artifact referre "area flicker" can occur due
to the low display refresh rate. The area fllcker beconmes nore visible as
the size of the display increases, due to the high sensitivity to flicker
in the human visual peripheral re |on INﬂl e solution for reducing the
area flicker is to increase the sh rate by repeating the
input fields or frames at a higher rate (for exanpl e, 100 fields/sec for

i nt er | ac PO ]deohhis imientien Irelates ledmpreving IVidﬂoandagl@Iphmprocessmgzt i c scenes.
However, the repetition introduces a new artifact in scenes with notion,
known as[00ﬂ2]i orStandarst video ahddilmavnienddor, display tdeeitesris yeddnded ead with hi gh

cont r ast e to.the humap eye' s tendenc track the t ect of novin
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field at an intermediate point on a “ocal notioh trajectory, a there
is no di Wdhauehsleviseswinehiding psageessive dtgﬁgbdlsp’ayldemmelsttbewesenc&omh ng and

a displa t ma t|o r.aj egtor omonefleld
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can be cooqurtdi@ wtthdildv eispry tee;n\eethraté THRAdred fliclRF Pbtbmes moiisibRSagit 2
pi xel leyel, at_an inmage patch level, or at an object level. "I mage patch"

refers tﬁ‘ea‘i@e gbthe @Jﬁpléfl 'Qﬁfeaﬁ%ﬁged% t@pihayugh sensifivity dedlickenin thedyemaat ch can
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t heoreti tl:ml dhgplayselﬂresh ratahylrdpedttlngjme&npetfteiﬂwbr frameafza ashigher e (fop t he
I nb ti
arge nu xaarrrtpl% 168 ?'%tgsﬁlsec%?mrtgr ajcerdewdeo) This solves the area flicker problem for

static scenes. However, the repetition introduces a new artifact in scenes with

motion, known as “motion judder” or “motion smear,” particularly in areas with high
contrast, due to the human eye's tendency to track the trajectory of moving objects.
For this reason, motion compensated frame interpolation is preferred, in which the
pixels are computed in an interpolated frame or field at an intermediate point on a
local motion trajectory, so that there is no discrepancy between an expected image
| _ } motion due to eye tracking and a displayed image motion. The local image motion
trajectory from one field or frame to the next is described by a motion vector.

[0003] Motion vectors can be computed at different levels of spatial resolution,

- such as at a pixel level, at an image patch level, or at an object level. “Image patch”
refers to any portion of an image displayed in a frame. The image paich can be a
single pixel, a plurality of pixels, and can have various shapes and sizes. Computing

- a motion vector for every pixel independently would theoretically result in an ideal

‘data set, but is unfeasibie due to the large number of cemputations required.

: Computihg a motion vector for each image patch reduces the number of
-computations, but can result in artifacts due to motion vector discontinuities within an

image patch. Computing motion vectors on an object basis can theoretically result in




Conmputing a notion vector for each inmage patch reduces the nunber of
conputations, but can result in artifacts due to notion vector
discontinuities within an imge patch. Conmputing notion vectors on an
obj ect basis can theoretically result in 1 high resolution and | ower
conput ational requirenents, but object segnentation is a challenging

pr obl em hjglo@splutiehgndlewes camputational mapiements; out objsst segreentationisat he

conput at i sing of notion vectors. Various techni ques have been
pr oposedcﬁﬁ"%ngggcﬁﬁafor accurate notion vector estinmation. One of these
techni qu | S the canera del], in i ch a mathenatical, nodel represents
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in a sequence of franes. In this situation, the independent|y noving
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backgroupgmigrage is the desired image for testing. Unless renedial measures
[0005] One problem with conventional uses of camera models for motion vector
estimation arises when there are two or more independently moving objects in a
sequence of frames. In this situation, the independently moving objects introduce
flaws into the camera model when attempting to fit the camera model to image data
associated with the independently moving objects. For instance, in one sequence of
frames, there are two moving objects: a car and a background image. The car,
- occupying 10 % of the frame, moves westward in the horizontal direction. The
background image, occupying 90 % of the frame, moves eastward, opposite the car.
| ‘The background image is the desired image for testing. Unless remedial measures
are taken, the predicted camera model motion vectors associated with the
| background image will be erroneous due to the effect of the car movement. In
~ particular, conventional techniques for computing the camera model would
improperly fit a camera rotation to the background image rather than a proper
camera pan. Resulting motion vectors predicted by this flawed camera model would

also be erroneous at every point in the image.

-[0006] Therefore, what is needed is a technique for fitting a camera model to a
sequence of image frames wherein data associated with independently moving




are taken, the predicted canera nodel notion vectors associated with the
background image will be erroneous due to the effect of the car novenent.
In particular, conventional techniques for conputing the camera nodel
would inproperly fit a canera rotation to the background inage rather than
a proper canmera pan. Resulting notion vectors predicted by this flawed
caner a noBigctspiies than & pagisularmaendiag object exbagkground to he tesied itgxcludedos)
Ther ef or f. ] e i Lque for fitting a camera nodel to a
sequenceﬁ%?&ggg%éﬁyggwgggﬁééaéadﬁiggﬁéggssociated wi th i ndependent!ly noving
2 objects other than a particul ar noving object or background to be tested
is excluded to achieve a nore accurate canera nodel. | 3 SUMVARY [0007]
Aspects of the present invention involve defining and applying a canera
nodel which provides a robust fit for predicting notion vectors associ ated
with an independently noving object or background in a sequence of franes
in which there nmay be other independently noving objects. [0008] In
general, in one aspect, the invention provides nethods and appar at us,

i ncl udi ng conput er program products, inplenenting and using techniques for
canmera pan vector estimati-on. A canera nodel is provided for representing
notion vectors based on a plurality of paranmeters. A distribution of the
notion vectors is generated. A cluster in the distribution of: notion
vectors is identified. A center of mass of the identified cluster is
determ ned. The canmera pan vector is provided based upon the determ ned
center of mass. [0009] I nplenentations can include one or nore of the
faollowi ng features. The notion vectors can include a two-di nensional set
o&j&alues, and generating the distribution of the notion vectors can

i ncl ude generating a two-di nensi onal




hi st ogram havi ng bins. The notion vector values are provided in appropriate
bi ns of the two-di nensional histogram Also, before generating the
distribution of the notion vectors, the notion vectors can be projected in
a lower resolution. [0010] Ildentifying the cluster in the distribution of
notion vectors can include accunulating bins within a first nei ghborhood

I n the two-di nensional histogram accunulating bins within a second

nei ghborhood in the two-di nensional histogram selecting one of the

nei ghbor hoods as having a hi gher acSUMMARYnN of bins, and providing the
sel ect ed nei ghborhood as the identified cluster in the distribution of

notion VEEoom]s. Adpbtid oflthe sreséntlinvetitionnavelive aefiging Emeich hg addamhéra
i nvention are set forth in the acconpanying draw ngs and the description

bel ow. OMfslel whigh preyidests mbust fitder pregicting mgtien yeclorassagiated withan | be

appar ent . | PLl: ] , f cl.aj Rl EF
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hi er ar chieay bgpothes Sddpendedtly atoviny slgjestsiot i on vector. [0013] FI G 2A shows
an exanpl e of notion vectors associated with a canmera pan. [0014] FIG 2B

shows an{@@!pl AnQYen@PAll Pronkeadptics, the S9frioRAGralitiBs tetRG8S and bPpakdtas).
[0015] FIG 2C shows an exanple of notion vectors associated wth a canera
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" mass of the identified cluster is determined. The camera pan vector is provided

based upon the determined center of mass.

[0009] Implementations can include one or more of the following features. The
motion vectors can include a two-dimensional set of values, and generating the
distribution of the motion vectors can include generating a two-dimensional
histogram having bins. The motion vector values are provided in appropriate bins of
the two-dimensional histogram. Also, before generating the distribution of the motion
vectors, the motion vectors can be projected in a lower resolution.,

[0010] Identifying the cluster in the distribution of motion vectors can include
accumulating bins within a first neighborhood in the two-dimensional histogram,

. accumulating bins within a second neighborhood in the two-dimensional histogram,
selecting one of the neighborhoods as having a higher accumulation of bins, and
providing the selected neighborhood as the identified cluster in the distribution of

 motion vectors.

[0011] The details of one or more embodiments of the invention are set forth in
the accompanying drawings and the description below. Other features, objects, and
advantages of the invention will be apparent from the description and drawings, and
from the claims. '



[0018] FIG 5 shows an exanple of notion vectors associated with

i ndependently noving objects. [0019] FIG 6A shows a distribution of
notion vectors along two dinensions. [0020] Fig. 6B shows a side view of a
di stribution of notion vector values. [0021] FIG 7 shows a distribution
of notion vector values in a two-di mensional histogram having bins. [0022]
FIG 8 shows a flowchart of a nethod for notion vector estimation using a

canmera nodel for a digital video sequence of frames. [0023] FIG 9 shows an
apparatus for esti mati nBRIEE BESCR{PFION-OF FHE i DRAWINGSIance with one
enbodi nent of the present invention. [0024] Like reference synbols in the

various [OM]NgSFICNdi shaind 4 fiswciert obatrecursive PigratdHital PESEEISHOr ON [ 0025]
| mpl enrent ati ons, of the present invention include a canera nodel used to
provi de HeiREMIRG 8 Balioh¥e@Pr.of nmotion vectors for an inmge patch. The
canera nodel represents a canera novenment in a sequence of franmes. For
exanpl e, [0@ler 6o @4 shawgamexampte efonplioy veiorsoassasiated mitkl a eaes

verti cal éﬁmera pans, zoomin or zoom out operations, and rotation

operati oR8™ The canera nodel can also represent conbi nati ons of one or

nor e of bove c ra novenents, The .canera npdel.provi.des a gl obal
descri pt t(ﬂﬁ ﬂf r#ﬁﬁ %EEWSD@% Sxample ?;'2"&83% yegprs ?ﬁ%‘ﬂfg‘?& N@'ﬂifaﬂq%ég caner a
model degfbtibyes a gl obal novenent of the contents of the frame, as opposed
to the local vectors at each inage patch |ocation that are conputed

| ndependpfitel et 8 INGIELALRAAPIA!SE Holioh Fbetofladddiiiind it R bEmeRgCUT ot .

or true,*notron vector a notlron vector resultfing fromcanera
moyemnment zoem inopeyatiomcation in a frame can be predicted quite easily with a
s{dble nodel . For exanple, in the case of a camera | ens panning across a

di stant [00H®8JsCaflG. 3aitowshe bitek idiyrascoicars apparatusefor dalculatin canterequi val ent

to the velocity of the . . .
model parameters and generating motion vectors using a camera model.

[0017] FIG. 4 shows a flowchart of a method for estimating a camera pan vector,

in accordance with one embodiment of the present invention.

[0018] FIG. 5 shows an example of motion vectors associated with independently

moving objects.
[0019] FIG. 6A shows a distribution of motion vectors along two dimensions.
[0020] Fig. 6B shows a side view of a distribution of motion vector values.

'[0021] FIG. 7 shows a distribution of motion vector values in a two-dimensional

histogram having bins.

[0022] FIG. 8 shows a flowchart of a method for motion vector estimation using a

camera model for a digital video sequence of frames.

'[0023] FIG. 9 shows an apparatus for estimating a camera pan vector, in
accordance with one embodiment of the present invention.

- [0024]  Like reference symbols in the various drawings indicate like elements.



canmera. Another scenario is when a canera |l ens zoons into an object on a
flat surface, such as a picture on a wall. Al the notion vectors then
have a radial direction and increase fromzero at the inmage center to a
maxi num val ue at the inmage periphery. [0027] Enbodi ments of the present

I nvention provide nethods and apparatus for defining and applying a canera
nodel which provides a robust fit for predicting notion vectors associ ated
wi th an i ndependently noving object in a sequence of franes in which there
may be other independent|ly nmDETRAILBEDRDESCRIPTIONsed herein are techniques
for fitting a camera nodel to a sequence of inmage franmes wherein data

associ at ¢00a8]t h Implerpentaons vf (Pr@geﬁnhe@ﬁtfrbrﬁhaaﬁetdmﬂéra%roubpu%ﬁtdi' ng

obj ect or background to be tested is excluded to achieve a nore accurate

canera RiRMde appatbgmaligaligonsl seeiinmvesiorsdor ag image patchot e camera t he

parti cul ].& del is

cal cul at gﬁdo dag)}%[ﬂga?@g &ém%r'ggvéi@%hfﬁt%g?ﬁ%’"%ﬁa@@é@és pfg'[?’éﬁq’l‘ ' 6 [0028]
Enbodi mesamerd niduslpcars balused e provide fordioridentapand/oe vegicarl samatd pangf
paranmeters for a canera nodel, and the generating of notion vectors using

the det EPRIMBPT ZRRET QUtRRGERtiGNSs aRdralation speratioss. Jﬂ%@&mgf%@@ﬂém%ct ors
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cal cul at plyi descri ow, a

met hod (saniermmddenhpmvuddswglobahdesmmhon&f pwtfoawmtbreﬁoi@eeque:sdaoﬂ not i on
vectors io estimte the canera nodel paraneters. The canera nodel
pararrete e then used to predict notion vectors for subsequent franes
in_a di g dﬁloq sequence of frames. In a particular enbodinent, this
sUbs eque edi 418 eAMera mﬁﬂleldiﬁssaébe@ﬁsgl@l@a!ﬁgo\tqmemm captests of the

'ncorporﬁaﬁ@ as/oPpBLSl Yot i scribed in
co- pendi ng §°%E’a t ent Q%Bﬁc%'ét%%g‘%rg?rt\t%a{:h %Qﬁgiﬁtﬁ%gﬁiﬁ@oﬁg %ect or
Filteri ngomphmd ingepandmtﬂy|andt0aurthblnefoﬂd)bé38§ed%alﬂl ihdihdiny &4 Iméte, 2004 whi ch
i S incorporat ¥ reference jn _,J ﬁntlret\éfor al | Lﬁ ?ses
ccura e or true, motion vector. Typically, a motion vector res tiné) rom camera

movements at every location in a frame can be predicted quite easily with a simple

model. For example, in the case of a camera lens panning across a distant

landscape, all the motion vectors will be identical and equivalent to the velocity of the

camera. Another scenario is when a camera lens zooms into an object on a flat

surface, such as a picture on a wall. All the motion vectors then have a radial

direction and increase from zero at the image center to a maximum value at the

image periphery.

[0027] Embodiments of the present invention provide methods and apparatus for
defining and applying a camera model which provides a robust fit for predicting
motion vectors associated with an independently moving object in a sequence of
frames in which there may be other independently moving objects. Disclosed herein
are techniques for fitting a camera model to a sequence of image frames wherein
data associated with independently moving objects other than a particular moving

| object or background to be tested is excluded to achieve a more accurate camera
model. By excluding independently moving objects other than the particular moving

~object to be tested, a more accurate camera model is calculated, providing for more
accurate motion vector prediction. | | |




[ 0029] When cal cul ati ng canera nodel paranmeters for a sequence of franmes in
whi ch there are independently noving objects (sone of which are noving in
adverse directions to each other), enbodi nents of the present invention
provi de techniques for fitting the canera nodel to a dom nant one of the

| ndependent|y noving objects and excluding the other independently noving
obj ect s. [0828]st Exibiodiments sof thmpreséamnlvemﬁompiowine fos thdndelenmivgtionod. A set
of |nput m)tlop ctors haw%g”a\flrg , original resolution, are
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of all of At AShs
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provi des one or nore translation (or pan paraneters) camera nodel .
The canefoGRiParampaiessrebe camesa mestel patameiers ate menaaeudrtatpreducbmotlant i on

b
tet er m ndaclfs It auRpGady dRities i gloan e sefliehed ot Fahgs- 152 habiuarancy
exi sts lpetbuinent) tisis BabsegLidntpesdiondr eNmetisn V@cl@)’@uélhg(thé BamRR niodel
di spl ayed i rg(gra@ﬁm)tlon in a digital video. [0030] A mathenmati cal

repr esenﬂ%ﬁq § @ FROWsiNg eadriierarchieal psogess gy as that dpsenhigd ipcR-S. J [ x] +

&, o n mat e
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par }anret eﬁ@pﬁgatlc&(No 101833,298tfyed Apdl 2& 2004avlsieh ieincerpdraled byleférendgiipns in
an |maget i i for'a " ; %/ and tx are paraneters of the canera nodel
represeanr‘?\é' rﬁW@ s. In the above nodel, ty, and tx represent a
hori zont ﬁpfbﬁ V\(ﬁ’i‘t ical translation, respectively, during a during a
canera p i Whes calauiasingtamere reedel arameters dorca seadende of friarsesrinr a pan

|'s provi geg iefd Sre Hlepbiadtly MOVAL oBEAL e b wilth dre'mVifig RRLaVERS" S

representing
dlrecnons to each other), embodiments of the present invention provide techniques

for fitting the camera model to a dominant one of the independently moving objects
and excluding the other independently moving objects. In most situations, the
dominant object is the background. A set of input motion vectors having a first, or
original resolution, are projected to a lower resolution to conserve memory
resources. A histogram of all of the motion vector values is then generated to
produce a distribution of the motion vectors. Motion vector vaiues in bins of the
histogram are accumulated to identify a dominant cluster of the motion vectors.
‘Then a center of mass of this cluster is calculated while excluding other clusters of
motion vectors in the two-dimensional distribution to achieve the desired robust fit.
This center of mass provides one or more translation (or pan parameters) of the
camera model. The camera model parameters are then used for later estimation of
__motion vectors using the camera model. In this way, motion vectors can be
determined efficiently and accurately, such that little or no discrepancy exists
between an expected image motion due to eye tracking and a displayed image
motion in a digital video.

[0030] A mathematical representation of the camera model is as follows:




canera rotation. Fig. 2B shows an illustration of notion vectors associ at ed
with a } canera rotation. The Sy and Sx paraneters are associated with a
zoom out or zoom in operation which is iIIustrated in Fig. 2C. [0032] In

t he descri bed enbodi nent, the paraneters Sx, Sy, rl, r2, ty, and tx are
conputed using a set of rmtron vectors determ ned usr ng the recursive

hi erarchi cal process descr )Pata |li cati on No. 10/833, 198.
Accordingly, a notion vect q-@ er ngd yi ng a source
correlation wndowto a first rget correlati on w ndow
to a subsequent inmage frane, and pI acr ng the target correlati on wi ndow
such that[pa%_Pest match with the source correlation window is obtained,

that is ontnetheequation absurirtbe capiaramadel pravidem an getimats gba
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nmotj on vector has been Tdentif he original resolution |eve
[00B3] Fremera plgiign.o Fl'beusnﬂréir&wp@’anmterefare raesoeletedswme aticenapuhoczoom

process "{ag r)atl ébﬁﬁﬁ@gt agg% OF'IQNQP 10/833,198. It is assuned that

multiplere qu 1I'on hage frames have aIready been
generate , e recursi i erarchic process
(100) f ofo%gi 3548%5’59 9@'@?‘%5}1 é‘?:ﬂ‘%’@mﬁgﬁ é« ]E’ecftrr rﬁdva? %% vect or
froma peewipdtsd ugrn?e éétmcﬂr@mdctbrg defMithed ﬁénﬁgttﬁé ?éburé:%%eré?érﬁ@azlw)
A set of update vectors is generated and tested nd a

process described in U.S. Patent Application No. 10/833,198 . Accordlngly,

motion vector is determined by applying a source correlation window to a first image

frame and a target correlation window to a subsequent image frame, and placing the

target correlation window such that a best match with the source correlation window

is obtained, that is, the contents of the source correlation window and target

correlation window are as similar as possible. In addition, the recursive hierarchical

method uses muitiple resolution levels of the image frames. A best motion vector is

S—

first determined for the lowest resolution level by projecting the previous best motion
‘vector at the highest resolution level down to the lowest resolution level, and testing
it and one or more updates. This best motion vector is then propagated up to a
higher resolution level, where some adjustments are made and a new best motion
vector is determined. This new best motion vector is propagated up to yet another
higher resolution level, where more adjustments are made and another new best
motion vector is determined. This process is repeated until the highest, original, |

~ resolution level has been reached and a best motion vector has been identified for

- the original resolution level.

[0033] FIG. 1 shows one implementation of the recursive hierarchical procees
(100) of U.S. Application No. 10/833,198 . Itis assumed that multiple resolution




notion vector at this | owest resolution |evel (step 104). In one

I npl ementation this test is perfornmed by conparing pixels in correspondi ng
positions in a source correlation w ndow centered on the origin of the
notion vector and a target correlation window centered on the end point of
each respective update vector. The conparison can, for exanple, be

per f or nedevsjs of ther imagerftames have alieady been gaoerater. xAs can btel‘&eamlanHG i, ndow

case t no PRLeRTBIISHieeT brorbeb 00T P Bplamnig’ G aibior e aa Sars Bebor ut o

di f f er engesjetitdh rﬁ@ﬁorﬁvécﬂ@ﬁ@@n@;ﬁﬂe@io@%‘ﬁ!&g‘éﬁf&?ﬁévdéﬂﬂ 18 d IBWast resefutRInat i on
w ndow pal r, and the best notion vector would be the vector associated with

this solfveb (%tépﬂ@lzét Actet @f Hadalearestiars isggreratast ard tasteshtofindiaeshi r .

(stop 1605Horkdh 8 BTopes 25, B yeh Gl 10AE, RED e HEFRMent gt iRy ghe:
resol uti ¢est is pedfornéd b rolipRYingIpixdld i coreespdndirtppodits e mta sdurcgvel s, the
process Wrrg%gat es, the best vector up to the next higher resolution |evel

(step 11 ionapipdey centgied ppihe oRgr efiihearotiory VQQi@l’r@TChaéaer@ hi gher
resol uti t%g be‘a‘ff%hswmﬁaﬁ dehtérEd %nﬁﬁ@%@ﬁ%u{ijtse}taﬁﬂ re twﬁ"ﬂffog r%gﬁctgfstn(\é ector

is sel ec as the notion vector an

whi ch cogphmpagison manpfommamplemetrom'fcnmemw sdl:rtmnﬁng[d]ﬂﬁfa] valte féresdchvect or
as determn can then be inserted into the

112 f _ Fi
mat hemat PE&E ! ﬂ%@eﬁsgq? Biday kg e&&H&EBPBHd'(‘Q)P"é?Am/ efesppctedtargel Those
skill ed windds.ald thﬁ‘é‘é’ééﬁh@ﬂﬁs?ﬁ‘léiéf?wb?ﬁf béd Bﬁfi % S¥ Yﬁ&lﬁ:@ P ARRiRTUR Qﬁﬂb(f)io r

any of the- | ower resolutions in suc may al so
usefl. | nabselute differentiossFAD) fottanaoumec:tomnreéatmywimdommsi attargedcbmelahpnand VK

in the c ,on...lt shoul d at_al ¢t linear
| Bast s AT PRI 3od Bk Ghd: Haion et Sy Besitel sty his.y

sui t abl esdadce ddriglativth Wil ma%@ebéor‘#élaﬂon wﬁ‘fd&ﬁﬁhﬁ.g' y, a linear |east
squares fit procedure is then perfornmed to solve for Sx, Sy, rl, r2, ty,

and tx. (]' S Aﬂf@(ftﬁé hiRfnirA SKEgﬁ’g‘Hfé Ehﬁé"th&%@l vé’zHB?’f% seledeq é@teb”o""“
set of and Mk val ues are provi nown corresponding x an
| ocat i on306h Thepracess rﬂ@@)s’fhen expaninas whethein thare pee faoyrmgh&rcredelumm ne the
unknown PREANRIES Fo8). If there are higher resolution levels, the process propagates the
best vector up to the next higher resolution level (step 110) and repeats steps 104
through 108. If there are no higher resolution levels, the process proceeds to step
112, where the best vector is selected as the motion vector and is used for motion

compensation, which completes the process for the current frame.

\ [0635] The best vector, as determined in step 112 of Fig. 1, can then be inserted

into the mathematical model represented by equation (1) above as My and M.
‘Those skilled in the art should appreciate that the best vector determined for any of
the lower resolutions in Fig. 1, such as step 104, may also be used. In other

- embodiments, other vectors may be substituted for My and My in the camera model

equation. It should be noted that although a linear least squares fit procedure is
used in the described embodiment, any suitable data fitting technique can be used.
Accordingly, a linear least squares fit procedure is then performed to solve for Sy, S,,
", I, ty, and tx. That is, referring to the mathematical model above, since a known
set o_f M, and My values are provided for known corresponding x and y locations, a
matrix inversion operation can be performed to determine the unknown parameters
Sx» Sy, 11, 12, ty, and . ' '




Sx, Sy, rl, r2, ty, and tx. 9 [0036] After the canera nodel paraneters are
determ ned, the canera nodel paraneters are applied to generate canera
nodel notion vectors My and M for positions y and x within an i mage patch
or frame to provide vector candidates for one or nore iterations of the

recursive and hierarchical process described herein. For instance, these
caner a mi@@36)or eliter e aamerarmedsaliparameters e deteﬂnmednmemamera]modebdat ed

f h f
15 he- b oRrarRlars A0 abBiiEiol sinalate et oA Rionadichors il b e 8 005,y O
Fig. 3 shoeRionsy @fkx Withly aNrRAgE ParPRGHTRINGS tEPROVIdY vaibcetritfidaiss ¢ aied

nodel paraneters and then using tEose canmera nodel parameters to generate
noti on vE&EMRre iteratipnsovidhe cecusive and hitasehiea)roegsstdrscrined herein. Horg. 4

appar at ul N 1S CarBrbABhR MRS piciof VB S FpflBE WeiloRg wifihe e
best vecmdatat -eeatmnsmb fest cdreliddies fofa Sﬂmcorﬁﬁ)_uﬁagoig g?ﬁb?gvﬁnﬁtg?qgggm gr 305

by a caner par anmet er cal cul ator 310

cal cul at ds t ngﬂé’eﬁ@'ﬁ%F’ﬁlﬁr@'ﬂwr@m?eﬁﬂ@dhﬁﬁﬁﬁ%&ﬁm@aﬁ% sof tware, although
various conbi nati ons of software and hardware can be used as w || be
under st o6@OFA] t hioige3 shiowsadbloak diagramtof avanpayateeB00Sonnglculatinglsamera

o a il BRESiebt 8h8 Mo TR TGt G Biebrodatpardibitio sl hfted moge

par amet ehsotion, vediorsrid act@rdahye withchri smbadmeerdf theinvehlioeV Pig. 48Howda
vectors and known correspondi ng x,y |locations, as described above. That is,

a matrix Pw\ﬁ‘é}aﬂ oha piethad #00 descriking dhereperation of thenapraralis ofdtigr3 Hodel
par aret eg %‘5 aﬁéﬁt G%cutglfo ﬁl}, ér%’q] MEDAuEK as tie BEGR b ior deg%{ﬁ"ﬁﬁgd md BfTEt er

cal cul ator e conputed canera rane rs Sy,

rl, r2, Fig. tamretrieved fmnmnngmo&iﬂos oy a%amamnodelqmmretémaicmlatmrﬁwrs I'n
step 420,.a canera ect or enerator 315 retri ecées the caner a

rodel - pat BPEraROda parR T etar Al atos 34005 PreterRPHEPIP BN IELPATRH B mor y
310. Accgpfiivar, YathBhigh varidud 85Abindfiens OF sofwAZBaR! RAGWAIOGhA%S used as

will be understood by those skilled in the art. Memory 305 is any suitable processor
readable storage medium such as SDRAM.

[0038] In step 410 of Fig. 4, the camera model parameter calculator 310
computes camera model parameters S, Sy, 4, rz, 1y, and t, based on the retrieved
motion vectors and known corresponding x,y locations, as described above. That is,
a matrix inversion operation is performed to determine the camera model parameters
Sx: Sy, 1, 12, ty, and §. In step 415, camera model parameter calculator 310 then
outputs these computed camera model parameters Sy, Sy, r1, Iz, ty, and t, to memory
310 for storage in one or more registers. In step 420, a camera model motion vector

 generator 315 retrieves the camera model parameters Sy, Sy, iy, 2, ty, and t from the

~ registers in memory 310. Accordingly, when x,y locations for an image are provided
to camera model motion vector generator 315 in step 425, the camera model motion
vector generator 315 can generate motion vectors My and My in step 430, applying
the camera model equation above. These motion vectors My and My are output by

- camera model motion vector generator 315 and can be stored in step 435. For the

| next iteration of the recursive hierarchical process, the stored motion vectors can be

| - used as test candidates in addition to the recursive hierarchical predicted vectors.
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to canmera nodel notion vector generator 315 in step 425, the canera nodel
notion vector generator 315 can generate notion vectors My and MK in step
430, applying the canera nodel equation above. These nobtion vectors My and
Mk are output by canera nodel notion vector generator 315 and can be
stored in step 435. For the next iteration of the recursive hierarchical
process, [@089]st dnddg.fiyta wo-diewdnsionat aeprosentatien 568 of arttionamdtatatatong X

dditi t hj e di cted t 0 039] In Fig.
5% toa0fl N:Eehe s iSialert 36 s Baudono of iMipnoetass 50bPcBe: and v °
di rect i opsprbSent d#ﬁlﬂéﬁéﬁﬂbﬂth’o bViflg % oct idWAIEA aPE%rHEFd ﬁi&d\é?fétdﬁ(fﬁaﬁﬂﬁa 505e

represent an I ndependent | vi ng~ob ect to which a canera no
desi r abl fitted.i Onclre ather h@d;mﬁmommrsﬂ&iﬂ ara metiorovectersassosiated vith avect or s

e o RIS R R BB A

model  pr gxmees md@anlrﬁmwargplet tHescameéral Moaélfprb%idé@ﬁ pah o, tust he
mat hemati cal nodel above need be conputed. Here, because the najority of

noti on veelydhe tsawht,sebiesHfdhe matbempcalrmo@edmpae lmad heoetynputeddddgreabl y

camera ngaei L8 Ry flnd FRCRITSGRolEe b he one. R arithiphonci uded

as outl rrmdei ishaasiradlyclitteat tongotide stmoaeﬂofttheéé RivtibA tveetbre 0BEEE0Tes Farr t he

canera p nodel . Techni ques descri bed bel ow provide for the exclusion of
motion v Qﬁf@e@lmod@'rt@rhet ﬁteqilaﬁem et V@ﬁ@@n%*t%arec@%iﬂba{ exHededdst hat a
r obust | shoms a
t wo- di rreaﬁgtl onal ﬁ%ﬁ ICE g"t nb%tlgﬁ%ﬁ ?tl%ééﬂ%ﬁ% cgh%e@ rrpl ary set

of hoti omnodel:tBe@ﬂl@ueaﬁbswrlbedlbedﬁwpmld@fwahe ekcluhenrmtm@tlbn vetoer$10W and

Mk “ar e i.,n the bounds ,of the, two-di npnsi onal resent tion. That is,
all of t %‘“ME‘ e\PaMmeLa mogR] PARPRIES caloyatiops, %ﬁhtl'aia bgtandacsurate y, all of

‘the M ¥ahd@SmoaBef i¥akhiedeq. M max and + My nmax. In one exanple, the M
val ues range between -32 ang +32, and the My val ues range between -24 and

o JR40pk PG BA BndlE - SRS BAAPEGbbE 0B Vi EREM, AR BF W

and M ar € on
an exemplary set of motion vectors My and M. All of the values of the motion

vectors My and My are within the bounds of the two-dimensional representation.
That is, all of the M, values range within — My max and + My max; similarly, all of the
My values range within —~ M, max and + M, max. in one example, the M, values
range between —32 and +32, and the M, values range between —24 and +24. Those
skilled in the art should appreciate that these ranges of My and My values are only
exemplary, and various other ranges may be used in accordance with embodiments
of the present invention. In Fig. 6, the majority of the motion vectors form a cluster
605, indicating that all of the motion vectors have substantially similar values
representing a camera pan. Thus, determining the center of mass of the cluster 605
provides the tx and ty parameters for the camera model. The vectors outside of

- cluster 605 are preferably excluded as outliers during the computation of t, and t,.

[0041] Fig.' 6B shows a side view of a distribution of M values, such as the
“motion vector vaiues of Fig. 6A. The distribution of My values yields a first hill 615
. and a second hill 620. The hills 615 and 620 indicate the number of vectors having
: particular My values. Thus, first hill 615 is formed because of a large concentration
of vectors having the vaiue Myy. The relatively smaller second hill 620 is formed by
another concentration of vectors having the value M. The hill 615 having the larger
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exenpl ary, and various other ranges nmay be used in accordance with

enbodi nents of the present invention. In Fig. 6, the majority of the
notion vectors forma cluster 605, indicating that all of the notion
vectors have substantially simlar values representing a camera pan. Thus,
determ ning the center of mass of the cluster 605 provides the tx and ty
par anet eceurfitoof elctors éorea particdidr M Natue, eefepicd toHeséideasahe ddnnlaamrhlﬂi.OS are

preferably excl uded outliers during the conmputation of tx an
[0041] Fr%ofeﬁwémaﬁb%#' edJoRicRing: g taie b giditopRrgMatRTSar tt@scareér@q as

the not piYeY e Richh i el ds
a first h| 'l 615 %dr%ég@gg'g%rn %a%@?%g@f@sﬂibﬂd%?hﬁﬂ@h@hﬁ%% Jﬁc‘?gte t he
nunber oproMide fmsdeTHWmQ the domiimarit hill 845, extluding sthakler Hills suchhas hulim is
formed bgcau of.a |lar eco centr of { having the v e M1.
The rel alTaLAgiodHE.A CBBtes ot Arassiof o S RiLE 15 a5 e mprmddeht r at i on
of vect OPérdifﬁéibféthtaJhﬁ jval ue Mx2. The hill 615 having the larger 11 count of
vectors for a partlcul’ér Mk value, referred to herein as the dom nant hill,

repres e”tﬁoﬂ%gﬁ@ bﬁlvéﬁﬂgg a tBR Xlé?ﬁ 8 AR Sxhbid SHE i dﬁﬂgn§ n%n%%&ﬁ@?a‘?ﬁ s for

t he came ds a aratus according of the
present withding 6d5a- ﬁ'ﬂﬁofaﬂ'eadoumulatmgdl‘smteglvglaaddd,[waﬂaes Bebhuselthe My cl udi ng

Iler hil h as hi hen d; f f th
Som nant Ahd M Giliek &% discrets 1p4 hisiodAm %&8@%‘@3'@ $58 906 ifh 9eGB P .5 %
shows _a bPBinvh &6 Bfid fehrR¥8RmMda an?cu‘i W |Wt bQhAPIe we%ch' ns

705a- 705¢ for accumul ating discrete ecaus
Mk_ val uethedvievaiues rangs betvedn -sSEagﬂdeE,samdameeMgmalaésaange Qetwiaerw-Zéh each

oot o e 8 B RutklSobaEREBinES, BefBblos otk MBSty ralas,, " 1

val ues r@fmeszbeif\@aams 2dtal dieflibbdbns ar b nﬁlwmrﬁwé rttéhféF FichiBhh@BioRf the
noti on vector values would have a grid size of total distributions

or bins Y3uehran berlecalgs: |T@@|%ggrﬂmthshof\ﬁaetbms prwwci@@@ 6‘&%4ﬁetwcbcat ed. The
po9r o9% LifferRlarial ishodtant ! Pife BER. et (i} colifis UEBRRL MG hufboat 8pr am  The

bi ns 705 I'n co s’in
motion vector M, and My values in the respective bins. For instance, bin 705b has a

count of 7 motion vectors, and bin 705¢ has a count of 100 motion vectors. Each bin
count is incremented for every motion vector value deposited in that bin. In this
example, a neighborhood of bins including bin 705¢ represents the dominant hill of
the histogram. It is desirable to identify this dominant hill for determining an accurate
camera pan vector estimate using techniques described below.

oy [0043] Figs. 8 and 9 show a method 800 and apparatus 900, respectively, for
! estimating a camera pan vector, performed in accordance with one embodiment of
the present invention. The apparatus 900 can be implemented with various
combinations of hardware and software, as will be understood by those skilled in the
art. The method of Fig. 8 is described with reference to Fig. 9. In step 805, a
camera model is provided. This camera model is defined according to the method
- described with reference to Figs. 3 and 4, as explained above. The camera model is
used to generate a plurality of camera model motion vectors, for instance, a two-
dimensional set of motion vectors My and M,, as explained above, for an image
patch in a plurality of frames of the digital video sequence. The camera model
“includes a plurality of parameters, such as i, and t,, as described above, which are
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notion vector My and Mk values in the respective bins. For instance, bin

705b has a count of 7 notion vectors, and bin 705c has a count of 100

notion vectors. Each bin count is increnented for every notion vector

val ue deposited in that bin. In this exanple, a neighborhood of bins

i ncluding bin 705c represents the domnant hill of the histogram It is

desi r abl @ppied teptanidyx covrdindtas toagendnatel thé onotidetvectors kig aad My cThet e

canmera pan _vector estimate ¥sin techgé@ues_described bel ow. [0043] Figs. 8

and 9 sh&AMETHRRR] MEHOMLYRPIOIS P prodded i a fisst pesqlyian, puch 88 T'Lsti mating a
rfornmed in accordance with one enbodi nent of the

S?gg ;ﬁt pfﬁ‘?f@f |t S'Fii Sf$§§19§6§ﬂ&t&,§h@e@ﬂ@éﬂm@§9l metienwvacion MyardMy asus
SRiT1 od PRe®ably BReStRHn alowe testRifon. Shid'blen ABIBCHIG ol 1R05 |

Fig. 9. Imthetlepe8®ésolatiorceoreseavamhemdry apd dedutsss cofhputationat demardisl i s

defi ned %cc.ordi ng to the t hod 3escri bed with reference to Figs. 3 and 4,
as expl ai ﬁ@&uﬁﬁﬁ\%gt'%m@é{ ysedh dBionesexaydla. whergdheosiginal opfital i ty of
caner a |utiBH 1011 ViRl River résﬁﬂuti)d??i%ai"?e‘l'tiaort V'8 ﬁ@cgﬁ?ﬁélﬁ“l% b} of ™oL On
vectors My and Mk, as explalned above, Tor an i'mage” patth in a p?urality
of franebinsfinthe two-glimansivhalkhistograre ot Eig. Bhis greatlyrreduced! Fof instantes a

| lit t : h t d ty, i bed : i ch
2" appl B8N aRE RET My TroBon s et valis FRRg vebior e By and
M. The récmdiéﬁ&tonlf:’ﬂ,ethe%we@goﬂﬁﬁg%}iﬁc%rﬁ ié’l"él%ﬂﬁ:@@‘?rdnﬁ‘ 6axi8 g@{iﬂftﬁﬁ'%ﬂ on,

such as 1:1. [0044] In step 810 of Fig. 8, e canera nodel notion vectors
_and Mg gealingsthefraption yegipoyalues dyiafagtar ofi@rcauses the biorcounhtasbsat ep of

pt o} ect i ' o) 0L I r. resolytion conserves nenory and
reduces @%@?ﬁ%ﬁ@m@%n@h's %{E@ﬁsﬁ'&%%wtﬁﬁg"%ﬁ'ﬁ' Ofled ¥ A%ne
exanpl e, efféetivelyt tembinediing a singfd bia! VareesomerdBdiised ickolftidhg rha)\Bé

resol ution d}s 1:ﬁ, 1:4, or 1:8. Accordingly, the nunber of bins in the

t wo- di et s Wilie wedersiood byi the Sglﬂﬁgajgﬁhy reduced. For instance, when
the original M value range of -32 to +32 and val ue range of -24 to +24 is
reduced k494912 !psten-81s @gﬁtgn& agnetion vesien generated 9d @gsovemineBigds, t o 32x24.

That generates a distribution of the motion vectors, When the motion vectors are two-
dimensional, the particular values of the set of two-dimensional motion vectors are
distributed in a two-dimensional histogram with bins, as explained above with
reference to Fig. 7.

[0046] In step 820 of Fig. 8, a cluster identifier 920, shown in Fig. 9, finds the
~dominant hill in the two-dimensional histogram of Fig. 7. That is, cluster identifier
920 identifies a cluster in the distribution of motion vector values as having the
highest concentration of motion vectors in the distribution. In one embodiment, this
- identification step includes accumulating bins within a plurality of neighborhoods in
_the two-dimensional histogram as shown in Fig. 7. These neighborhoods are
. defined by a pxq window 710 or other window of predetermined size, e.g.3x3,4x
4,12 x 12, 100 x 100, moved over various positions in the histogram such that a
- certain number of bins are included within the window at each position. All of the bin
counts within the window at a certain position are added to provide a total bin count
‘associated with that window or neighborhood. Then, the neighborhood having the
' higher or highest accumulation of bins is selected as the identified cluster. This
identified cluster provides the dominant hill of the histogram, such as hifl 615 in Fig.
~ 6B. o
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I's, scaling the notion vector values by a factor of 2 causes the bin count
to be reduced by a factor of 4. In this exanple, the bin counts for 4

nei ghboring bins are effectively conbined into a single bin. Various other
reduced resolutions may be wused, as will be understood by the skilled
artisan. §50045] In step 815 of Fig. 8, a notion vector generator 910, shown
in Fig. $004%enelnestep 82541 £ig.i%h @ detarmoininghaodule 380 shestroinsFigV®en t he noti on

V. ai e HeFerRes HdBETh A Mtss. b Bahiifed] SR bR 8P b2f; Wi Bomtar of
hi st ogr ammads dalbilation RSprefathbiyriforp@dayitin Bno%@? RirRitveof Frebetermined 0046]

In step 820 of Fig. 8, a cluster identifier 920, shown in Fig. 9, finds the
doni nant SHe. |Injane erabedinent iswindaw hasa sigeammvhithgs largemthan the, pxel ust er

identifiep ' WA ter jin,t i,stribution , DL Vect or
Vel ues. adindehF RenRh S el pBolRigs Ishairahingtih pePunLBleft SR ek Th
di stri bustem830,nthewentariud thaszdeteiniingd in SRPLEIS ieqrb@ted b8 RNEH MERSOf
accunul at i ng bins within a plurality of nei ghborhoods in the

t wo- di meffi BRAPTAMAdS) PAFAMRteEHiIgRAUPsEqUent Motionhestonealayiaions sfaring to
3 ' e gty Rrot ol Bie SYRPRITBUSTARAR. T iHnge s & °

hi st ogr anamera pahaxample che aishorminde center bf mase i piovideddesine travighatidre

wi ndow at _each, po itian. Al of the bin_ counts wthin the wi ndow at a
certain BBE??’E‘?@HS';* end 4 df arebostimentringvivieh e moHor yaetors weed preieelgdui t h
that win ' T. ' Vi : ' or
i ghest 1o &h oRgIraf IR to B eler Lo MAED BTG, HRAErAGY cehfEh, O
i dent i fi BwBsslispreferaiyprajected thack dmthwortiginall resolutiome Im$arme @namodiseats, as

hill 615,] LG . is 10047] In step 825 of Fig.. 8, a.deternining
modul e 9%%@8%“?'%@3%'3?’0%86% A e, BBndfGaiag b Lo P&V"f% MYt fied
cluster heeurass projddlich. THY sarferd mbdef pardRfestorsars Whel sred h fbpfad5aRhy
performed wi thin anot her wi ndow of predeterm ned
later retrieved by camera pan calculator 940 of Fig. 9 for the generation of camera
pan model motion vectors My and My, using equation (1) above. In one embodiment,
these camera pan model motion vectors My and M, are then used to determine test
candidates for the recursive hierarchical process described in U.S. Application No.

10/833,198 .

[0048] Using the camera model predicted vector as an additional candidate
vector in the recursive hierarchical process minimizes the possibility that the
recursive portion of the recursive hierarchical search converges into a false local
minimum instead of the true minimum. The camera predicted vector candidate can
direct the process towards a true minimum. In some embodiments, as described
“herein, motion vectors predicted or generated by the camera model are also used as
- test candidates for SAD computation. |

[0049] Embodiments of the invention, including the apparatus of Figs. 3 and 9,
“can be implemented in digital electronic circuitry, or in computer hardware, firmware,
software, or in combinations of them. Apparatus embodiments of the invention can

be implemented in a computer program product tarigibly embodied in a machine-
readable storage device for execution by a programmable processor; and method
steps of the invention can be performed by a programmable processor executing a
program of instructions to perform functions of the invention by operating on input
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size. In one enbodinment, this wi ndow has a size nxn which is larger than
the pxq w ndow containing the nei ghborhoods used for the bin accunul ati ons
in step 820. In step 830, the center of mass determned in step 825 is
provi ded as one or nore of the canmera nodel paraneters for subsequent

motion vector calculation, referring to the mathematical representation of
t he caned@t®padigenstriieg quiputi fmbedimentsof the inantionsapbe implemested he

determn : ' rovided as the translation raneters, tx
and 1y AOVERBISEbLAY T8RS of itk BehHel Pishrat I BBk el paBR R T o an
ori gi nal pregralnmhalole systemn IreiRiing asRlast 696 prdgrarhfiabTe ProceBSod&igida fed
center of nmmss is preferably projected back to the original resolution. In
some enb&@¢eien Hata andinsiuctiansdromnand &e transmit gatg ard instrugtiensitsma datang

floati j i ' | del

par amet ePRraps syl & 16eB Bnd ity G, b abledePGbe Bl dBuEBLE mer a pan

cal cul at compiergirogiagn cln berimiphemegeteeriata kigh-fvet provedurdl dp obifteorighicdon
and M, usin uation (1) above, In one epbodi nent,  these

vectors I\/¥P e . I | .
camera pRPYBAENINGJRAGR egfmsaawl@lmrmacarr@ lnngwage £ destediand wiany t est

ol et Casé e taRR e RBRA Yrifen b RiATaasRs SuiERIe frofestory
vect or amnchieadyiwaypobéxampidj biathegeneealt and $pecid purroser mi_or@pl’obesfcrrfﬂi cal
I ve portion o e

l ni_nj th Lbility that th
e TN R 2 AR R O T
of the_tBHaiofieTafion dBe@ss MBHhénP CRAerAIRY aehiRecidhdaks ohaity breect the

process towards a true mninum "I n sone énbodi nents, herein,
nbti on vBW¥Esstoragedieyices for stging datafilesysudiededresr inchudeahagneticadisks,used as

test cangj [ on. [0049]  Enbodi ments ,of ,the i nvent,i on,
ol uds neuetpas Tyofle é GRREHRE o0yanie ks, HE8Red BRtcatdinniand SBfiga! o
el ect r ondisks. $iovade Yevioss émtmttéhgibﬁfmwm? coMpitst progink war e, or in
conbi natj ons of them, Apparatus enbodi ments of the invention can be

i mpl enentEHUCHONS RRfhHatadnClgee @il dpirps ofinen-volatily memasyibodiuding by wayethi ne-
readabl eg A ApRABABYAGTtS Pty Yol R8s P¥udh £ EBRUNMPBRERHBMC 8R4 flash and

met hod
memory devices; magnetic disks such as internal hard disks and removable disks;
magneto-optical disks; and CD-ROM disks. Any of the foregoing can be

supplemented by, or incorporated in, ASICs (application-specific integrated circuits).

[0050] A number of implementations of the invention have been described.
Nevertheless, it will be understood that various modifications may be made without
departing from the spirit and scope of the invention. Accordingly, other embodiments
are within the scope of the following claims.
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steps of the invention can be perforned by a progranmbl e processor
executing a programof instructions to performfunctions of the invention
by operating on input 14 is data and generating output. Enbodi nents of the
i nvention can be inplenented advantageously in one or nore conputer
prograns that are executable on a programable systemincluding at |east
one progranmabl e processor coupled to receive data and instructions from
and to transmt data and instructions to, a data storage system at | east
one input device, and at |east one o@uAIMSlevi ce. Each conputer program
can be inplenented in a high-level procedural or object-oriented

programing | angueeRl foP bsliMafs 8 Halmerapaibdtidteoniiiimge 11 desired; and in
any case,-the |anguage can be a conpiled or interpretied | anguage. Suitable

pr ocessoré | Qghé@ﬁ?ﬁgﬁﬁi&“ﬂé"%*‘ﬁ{mibﬂ""?%fﬁ general and special purpose

m Cr opr ocesso processor w receive instructions and data
froma read-o : . y. Cenerally, a
computer w || qéﬁé’méﬁ%ﬁ%%g"g‘@ﬂgg"wﬁﬁ'ﬁ‘g@@ ‘Z%{W{?_es for storing data
A s T R T PRI

. devi ces suitabl e,J,or t angi bl y enbodyi ng conputer program instructions and
data i ncl ude 8rvi4ing the eAmgEhPaB Vaekor bagespgn thedeleimingdRenigiofgnasexanpl e
sem conductor nenory devi ces, such as EPROM EEPROV and flash nenory

devi ces; magnetic disks such as internal hard di sks and renpvabl e di sks;

magnet o-opti cal disks; and CD-ROM disks. Any of the foregoing can be
suppl enedt ed bhe method obclaimat, due camerspas véaipp Irictding patgreetets of a nt egr at ed

Gesclt betrmele 0uAb e g el Vot B ek ous ot 11 cat | ons

may be made without departing fromthe spirit and scope of the invention.
Accordi ngly, other enbodinments are within the scope of the foll ow ng

clainms. 15
3. The method of claim 2, wherein providing the camera pan vector based upon

the determined center of mass comprises:

providing the determined center of mass as one or more of the parameters of
15 the camera model.

4. The method of claim 1, further comprising:

storing the provided camera pan vector in a processor readable memory.

20 5. The method of claim 1, the motion vectors including values, wherein
‘generating the distribution of the motion vectors comprises:

generating a two-dimensional histogram having bins, and

providing the motion vector values in appropriate bins of the two-dimensional
histogram. |

25
6.  The method of claim 1 further comprising:

~ providing the motion vectors in a first resolution, and

16




CLAIM5 1. A nethod for estimating a canera pan vector conprising:
generating a distribution of notion vectors; 5 identifying a cluster in the
distribution of notion vectors; deternmning a center of mass of the
identified cluster; and providing the canera pan vector based upon the
determ ned center of mass. 2. The nmethod of claim 1, the.canera pan vector
i ncl udi ng par betaregenefatingibe clistebutioroefdhe mgtiomswattonsg t he noti on vectors
in an i mage patch. 3. The nethod of claim2, wherein providing the canera
pan vector bapegjectirgthetrhetislevestorsiac semindrresdlution,sthe@apong essolytiopvefdi ng
the determ ned center of nass as one or nore of the paraneters of 15 the
canera r regoluipl than edfirst reselitiaNg, further conprising: storing the
provi ded canmera pan vector in a processor readable nenory. 20 5. The

met hod of claim11, the notion vectors including values, wherein generating
the distribution of the notion vectors conprises: generating a

t wo- d¥ meifsi ondhetmathodrof eldiani, wheseinsthe @athegra pandiectprtis genetatechfor @t or

val ues in ropriate bins of the two-di.nensional histogram 25 6. The

met hod o%m%&;f)%fcf’ WB%HBI"?@F&IBQ apﬁ"g‘s?(ﬂ’i' the notion vectors in a
first resolution, and 16 before generating the distribution of the notion
vectors, projecting the notion vectors in a second resolution, the second
resolution of _ |l ower resolution than the first resolution. 5 7. The net hod

of clainP1, wihbBeeneihedef staiarh whareindbe samesa geneestards generated far@ge pat ch,
the i Mg, Rl ElichMHMdY Satch MGiRG X iarality of pixels.
()10
9. The method of claim 5, wherein identifying the cluster in the distribution of

motion vectors comprises:

accumulating bins within a first neighborhood in the two-dimensional
histogram,

15 accumulating bins within a second neighborhood in the two-dimensional
histogram,

selecting one of the neighborhoods as having a higher accumulation of bins,
and

| providing the selected neighborhood as the identified cluster in the distribution
.7 20  of motion vectors.

10.  The method of claim 9, wherein each neighborhood is contained within a
window of a predetermined size. '

25 1. The method of claim 9, wherein identifying the cluster in the distribution of
~motion vectors further comprises:

before selecting the one neighborhood,

accumulating bins within further neighborhoods in the two-dimensional
histogram. o |

17 .




8. The method of claim1l1l, wherein the canera pan vector is generated for an
i mage patch, the image patch including a plurality of pixels. "pl0 9. The
met hod of claim5, wherein identifying the cluster in the distribution of
notion vectors conprises: accumulating bins within a first nei ghborhood in
t he two-di nensional histogram 15 accunulating bins within a second

nei ghborhood in the two-dinensional histogram selecting one of the

nei ghbor hoods as having a hi gher accunul ati on of bins, and providing the
sel ect ed18ei gfiherhethddad cldim 1, deherein thd cehtertadmasgs dftibe diatified etuster is20 of
not i on vgc ors. 10, The npeihod, of claim9, wherein each nei ghborhood is
cont ai nedeHNTVReH Withify & winday obpredetpimined $ig8 si ze. 25 11. The net hod of
claim9, wherein identifying the cluster in the distribution of notion
vectors further conprises: before selecting the one nei ghborhood,

accurmul ating bins within further nei ghborhoods in the two-di nensional
hi st oyr aiB. 17 The mathedmai cledm 161 wheseimthe cantar of massef deaidantitied slusterds t he

13 he QRIS Wit a M o A bile? sk AR aYe BindEBFNRIRMEC Tt o
cluster eéntairehgiive ngighbbihdodsa W ndow having a larger size than the w ndow
or wi ndows containing the nei ghborhoods. 14. An apparatus for estimating a

camera pan vector conprising: 10 a notion vector generator configured to
generate a distribution of notion

14.  An apparatus for estimating a camera pan vector comprising:

B 10 a motion vector generator configured to generate a distribution of motion

vectors;

a cluster identifier configured to identify a cluster in the distribution of motion

vectors;

a determining module configured to determine a center of mass of the
15  identified cluster; and

a camera pan calculator configured to provide the camera pan vector based
upon the determined center of mass.

15.  The apparatus of claim 14, the camera pan vector including parameters of a
'20  camera model representing the motion vectors in an image patch.

' 16.  The apparatus of claim 15, the camera pan calculator configured to:

provide the determined center of mass as one or more of the parameters of
the camera model.

25

17.  The apparatus of claim 14, the motion vectors including values, the motion
vector generator configured to: | |

- generate a two-dimensional histogram having bins, and

18




vectors; a cluster identifier configured to identify a cluster in the
distribution of notion vectors; a determ ning nodule configured to
determ ne a center of mass of the 15 identified cluster; and a canera pan
cal cul ator configured to provide the canmera pan vector based upon the
determ ned center of mass. 15. The apparatus of claim 14, the canera pan
vect or i ncl udpreyigathentolier vettoa valpes imappropriatebins of thestya-timensienatot i on
vectors hP“@@_' ge patch. 16. The apparatus of claim 15, the canera pan
cal cul at ‘gured to: provide the determ ned center of mass as one or
nore of the paraneters of the canera nodel. 25 17. The apparatus of claim
14, the notion vectors including values, the notion vector generator
configured to, generate a_ two-di_nmensional histogram having bins, and 18
provi de tfle rrﬁ'hgcﬁppﬁé%ttlﬁpf glaimdd. the elppies ideniifier eenfigused idie t wo- di nensi onal
hi stogram 18. The apparatus of claim 17, the cluster identifier configured
to: accurul aceumuiate hinstwithim affirstsneigkiberhbod it wo-dimensionad histograonal

hi stogram accumnul ate bins within a second nei ghborhood in the

t wo- di nensi onatcurukst®binsrwithie hexsicond eighbonkeoottinghb dwbathtienaisnabvi ng a

hi gher agcynulation of bins, and provide the sel ected nei ghborhood as the
i dentifi 8F'WASer in the distribution X10 of npotion vectors. 19. A

conput er progra]?;@rodu , Stored on a processor, readabl e nedi u%_
conpri si ng i n$eEGEPNHAEL ararheeds as bavingahigheeacewnyation phbiisnand od

for
provide the selected neighborhood as the identified cluster in the distribution
»EIO of motion vectors.

i

19. A computer program product, stored on a processor readable medium,
comprising instructions operable to cause a computer to perform a method for
estimating a camera pan vector, the method comprising:

15 generating a distribution of motion vectors;
identifying a cluster in the distribution of motion vectors;
determining a center of mass of the identified cluster; and

providing the camera pan vector based upon the determined center of mass.

20 20. The computer program product of claim 19, the motion vectors including
values, wherein generating the distribution of the motion vectors comprises:

generating a two-dimensional histogram having bins, and

providing the motion vector values in appropriate bins of the two-dimensional
histogram.

25

| 21. The computer program product of claim 20, the step of identifying the cluster
in the distribution of motion vectors including: | :
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estimating a canera pan vector, the nethod conprising: 15 generating a
distribution of notion vectors; identifying a cluster in the distribution
of notion vectors; determning a center of mass of the identified cluster;
and providing the canera pan vector based upon the determ ned center of
mass. 20 20. The conputer program product of claim 19, the notion vectors
i ncl udi ng vaRgegmuighing dins withiaratitshgeighborhioodrin tha twrdihensienalot i on
vectors ﬁﬁ@ﬁ@5ﬁ§5: generating a two-di nensional histogram having bins, and
provi di ng tion vector values in appropriate bins of the

t wo- di mensi onal._ hist.ogram 25 21. The, conput er program product of claim
20, the. st ep. aFcyRLRG pRw R Fperanct i ghparRpofirc e STIBITSONb: | on
vectors h@mﬁyﬁhﬂg: 19 4 accunulating bins within a first nei ghborhood in

t he two-di nensional histogram accunulating bins within a second

nei ghpor hood | @i I L . sel i ’ . the

nei giibor hoods “aiecli bHE of HEFAEABG naols Bl Righgr SeblfERBE d1hirs,, e
sel ect edandi ghbor hood as the identified cluster in the distribution of
notion vectors. 10 20 ABSTRACT OF THE DI SCLOSURES ROBUST CAMERA PAN VECTOR

ESTI MATI ON USbNﬁidiﬁ@WéM&ﬁE%ﬁhowﬁ§ the identified cluster in the distribution
of motion vectors.

10

20




5 Met hods and apparatus, including conputer program products, inplenenting
and using techniques for canera pan vector estimation, are disclosed. A
canmera nodel is provided for representing notion vectors based on a
plurality of parameters. ABAIRNCStOF FHE ilISCISURE® notion vectors is
generated. A cluster in the distribution of 10 notion vectors is

i dent i f | ROBUST CAMERA PANSYECTORNESTIMATION USINGITERATI/EICENTEROFE The
camera pan vector is provided based upon the determ ned center of nass.

Figure 8 21 6

Methods and apparatus, including computer program products, implementing
and using techniques for camera pan vector estimation, are disclosed. A camera
model is provided for representing motion vectors based on a plurality of parameters.
A distribution of the motion vectors is generated. A cluster in the distribution of

10  motion veciors is identified. A center of mass of the identified cluster is determined.
£y The camera pan vector is provided based upon the determined center of mass.

Figure 8

M
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