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
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digital display devices, is the prf$&88e of display artifacts. For

exanpl e, one display artifact referred to as "area flicker"” can occur due
to the low display refresh rate. The area flicker becones nore visible as

the size of the display increases, due to the high sensitivity to flicker

in the human visual peri pheraIBAgm@q ouNpi mpl e solution for reducing the
area flicker is to increase the display refresh rate by repeating the
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| ar gegxuifipRy, 100 flefiEPsdidr MMteribBad vid®). This solves the area flicker problem for
static scenes. However, the repetition introduces a new antifact 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
pixeis 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 patch 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 unfeasible due to the large number of computations required.
Computing 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 | high resolution and | ower
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conpubaailgﬁgiag@rotﬂémessi ng of notion vectors. Various techniques have been
proposed in the search for accurate notion vector estinmation. One of these
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occupying 90 % of the franme, noves eastward, opposite the car.
backgframel i mage is the desired i mage 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
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Ther etoaehievbal moge aeastatt camard aidel.que for fitting a canera rmdel to a
sequence of inmage frames wherein data associated with independently 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 nay 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 techni ques for
canmera pan vector estimation. A canera nodel is provided for representing
notion vectors based on a plurality of parameters. 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
following features. The notion vectors can include a two-di nmensional set
of values, and generating the distribution of the notion vectors can

i nclude generating a two-di nmensional histogram having bins. The notion
vector values are provided in appropriate bins of



t he two-di nensi onal histogram Also, before generating the distribution of
the notion vectors, the notion vectors can be projected in a | ower
resolution. [0010] ldentifying the cluster in the distribution of notion
vectors can include accunulating bins within a first nei ghborhood in the
t wo- di nensi onal histogram accunulating bins within a second nei ghbor hood
I n the two-di nensional histogram selecting one of the nei ghborhoods as

havi ng a hi gher accunul ati on of hj provi di ng the sel ected
nei ghbor hood as the identified c%ﬁ@yﬁﬁﬁ the distribution of notion

vectors. [0011] The details of one or nore enbodi nents of the invention are
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of moMahbe ethesindepandanily saoving Pbied®era pan. [0014] FIG 2B shows an
exanpl e of notion vectors associated with a canera rotation. [0015] FIG
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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.



[0019] FIG 6A shows a distribution of notion vectors along two di nensions.
[0020] Fig. 6B shows a side view of a distribution of notion vector val ues.
[0021] FIG 7 shows a distribution of notion vector values in a

t wo- di nensi onal  hi stogram having bins. [0022] FIG 8 shows a flowhart of
a nmethod for notion vector estimation using a canera nodel for a digital

vi deo sequence of frames. [0023] FIG 9 shows an apparatus for estimating a

camera pan vector, i i i of the present

i nvention. [0024] Li Eﬁlﬁéﬁégﬁ?‘@ﬁmmqﬁfw&&s drawi ngs indicate
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conmbi gghi ons of one or nore of the above camera novements. The canera
nodel provi des a gl obal description of notion vectors for a sequence of
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of th ane, as opposed to the |local vectors at each inmage patch | ocation
t hat egtatiomonput ed i ndependently and can therefore be used to aid in
finding a nore accurate, or true, notion vector. Typically, a notion

vect o[00¥5]{ul tFIGY JC showser exampleaiemdtioravectvrs gsdociaded withi ancameranme can be
predicted quite easily with a sinple nodel. For exanple, in the case of a
caner GOP@NE QPRRAIRY across a distant |andscape, all the notion vectors
will be identical and equivalent to the velocity of the  canera. Another
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[0017] FIG. 4 shows a flowchart of a method for estimating a camera pan vector,

in accordance with che embodiment of the present invention.

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

moving objects.
[0019] FIG. BA 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.



direction and increase fromzero at the inmage center to a maxi mum val ue at
the 1imge periphery. [0027] Enbodi nents of the present invention provide
nmet hods and apparatus for defining and applying a canera nodel which
provi des a robust fit for predicting notion vectors associated with an

I ndependent |y noving object in a sequence of franes in which there may be
ot her i ndependently noving objects. Disclosed herein are techniques for

fitting a canmera nodel to i ranes wherein data
associated with i ndependenfpéwiggﬁajggp@ﬂpg?%&her than a particul ar noving
obj ect or packgr ound to be tested is excluded to achi eve a npre accurate
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subsequent prediction of notion vectors using the camera nodel
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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.



directions to each other), enbodinments of the present invention provide
techniques for fitting the canera nodel to a dom nant one of the

i ndependent|y novi ng objects and excluding the other independently noving
objects In most situations, the dom nant object is the background. A set
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r epr eaghtireth 96 ZIPPhosagd vertical translation, respectively, during a

during a carrera pan. An illustration of notion vectors associated with a
camer r%h%kﬂ.ﬂg’uﬁ@cgﬂn%ra friddel amﬁﬁf’e‘ﬂé'@'é)? frf rﬁa if 2, are
paramet er repr esenting anmera rot at Ws an il ration of

not i owhigitthers ass ralzipehddntly toving objects (some of which are moving |n adverse
directions 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 values 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 transiation (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. The Sy and S,, paraneters are associated with a zoom out
or zoom in operation which is illustrated in Fig. 2C. [0032] In the

descri bed enbodi nent, the paraneters Sx, Sy, rl1, r2, ty, and t,, are
conputed using a set of notion vect ors det erm' ned usi ng the recursive

hi erarchical process descri be pI i cation No. 10/833, 198 .
Accordingly, a notion vegiyor <§P’m held’ pI yi ng a source
correlation window to a first ma e rfr& target correl ati on wi ndow
to a subsequent inage frame, and placing t e target correl ati on wi ndow
such that a best match with the source correlation window is obtained,
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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 multiple resolution levels of the image frames. A best motion vector is
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 process
(100) of U.S. Application No. 10/833,198 . [t is assumed that multiple resolution



test is performed by conparing pixels in corresponding positions in a
source correlation window centered on the origin of the notion vector and
a target correlation wi ndow centered on the end point of each respective
update vector. The conparison can, for exanple, be perforned by
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mat heppld) fitdheUiftbe WERIGH W%&é’o%ﬁﬁhﬁq E&bl ﬁ‘h‘h\é@e@?eéﬁ@eﬁ%ﬁbé‘(‘ Those

skilled in the art shoul d apprecia ne best vector determned for
any ofwindaows.| tviis casspthe hestisnatchmeuld be dafiteddsy Emdipg Eomjnimeyn algooibe

ot bRl Birer AR GE Pr A Vol B EHAYRR ioal LR WbB ShRlor near
| east wirtisw @airf ahd Biebesimetibs vesee dduld bBehd @seidrRedosiaiivitR this any
suitable data fitting technique can be used. Accordingly, a linear |east

squar eguicetcqsralatieruwindoy and @ taegatsiofedation windew pair. S, Sy, r1, r2, ty,
and tx. That is, referring to the mathematical nodel above, since a known
set of0034]andAfter thelmimimeameSAPdvasieeleit fourkd divn best vestpioisdieterted 4stapy

e o T B B g e R D8} iG] b8aflfbs ™ e he
levels (step 108). 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.

[0035] 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 M 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 S,, S,
ry, re, ty, and t. That is, referring to the mathematical model above, since a known
set of My 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, r1, Iz, ty, and ty.



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 inmage patch or frame to provide vector
candi dates for one or nore iterations of the recursive and hierarchical

ot | o10086E or AREEINAEES By itsh BEGIPRE(S afe BRuPRFY, g BrBordief ' *
candi qrdremetars ae SPPICO TP gbabi® canea maodel PhétionlEsctofs rﬁ%ﬁnd M, forhe best
vector is determined fromall of the test candi dates. 3 shows a

bl ock ResHipNg and ¥vilip andmagedeaich oF frame i@ providg \t%m@rr %ﬁ”dﬁ%ﬁ@ﬁ ?‘{éfa PRRret er s
and t ar’i;ncgr%' v&@ﬁ{' ok eﬁ@%ﬁ%&ﬂ@ﬁ%’&hg PR 2R I%r&&%%c@b‘éﬁ Hé‘?énhorr yectors in

accor he Inventi on ow chart
of a rimdthnde,406s¢ eantardinmgrdl peediptadahotion Qéctdnscap}b@rweaisalohg Ewty;tha In

t 405, a, test vector *and " ch as the best vector determined in
:t:B Hpstatad V‘Pﬁtafsvﬁs tgst C%ﬁﬁa&ﬁeg’k@r%ﬁﬁwvaﬁ@% ﬁ’;‘ €8], WEPJOMJI%- _
par amgt ghe fALOHARSOE mingdf rﬁ%ﬂ%"rﬂm baﬁénﬁgﬂﬁer cal cul ator 310 is

preferably T nplenented pri rrarl I n tware ugh vari ous

those 19T e gn%‘)%e ﬁb%@?@%g%@@ﬁ%@ﬁ 20618 stisulautf GRG0 e
st or agﬁommqjanametmb amel tABRANING m&]calnﬁeratmcdéﬂ;ﬁhrafne%@ to4yenichgtecamer a
rmdel araneter cal cul ator 310 conputes canera paraneters Sx, Sy,

OYg vegiars iR aggoEdpnge Wil apambediment SbiVoBHR: S
Cor r e?lBW&ﬂélfJof(?X‘nétﬂﬁaw >SCiiE Jilfﬁn% ddé;{lﬁ&n&%*’ﬁ? J@?&rahﬁs of ”§t i X

i nver si on operation 1 s per erm ne aner a par aneters
Sx, Sptep 405r2tedt wectmdAyf andIM, ssueh ad the bestmeatomih&émmaedmsmp t@é ofil at or

310 t t put t del t v Sy, rl, r2,
a1 % BeNed oS Tl R gearneia BouR FropmereireUrEr 31R 5t op N
420, W@E%ardrﬁﬂﬁiel ?aiarﬁatev%fawatoﬂsﬂgs%%%@% hg?ng@pﬁ Eﬁﬁaﬁ@”‘ﬁra mode

paraneters Sx, ty romt
Accor goftyiye, amn@nlgh \@rlwsmmeaﬂims efrsaftveaye andehamzlmrelean bteousmms a rmdel

ot i Oilf BE LN RGBS B clﬁogéskllled in eél > rﬂSrycé‘rS%E IS any sm{abqb processor

readable storage medium such as SDRAM.

[0038] In step 410 of Fig. 4, the camera model parameter calculator 310
computes camera model parameters Sy, Sy, 11, 2, ty, 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, 11, Iz, ty, and t,. In step 415, camera model parameter calculator 310 then
outputs these computed camera model parameters S,, Sy, 1, r, 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, 1, r2, 1y, 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 M, 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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vect or generator 315 can generate notion vectors My and Mk in step 430,
applying the canera nodel equation above. These notion vectors My and M
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,
rs,.can .be  used as teséq(g F at es oy aﬁidltkon to

the r L0, Vil Sre e BimBpudRal B tial Ghactet

t wo- daAENs HpactiorisaliiREEaAted.| RIFig08, afgrél bPMoYiBA vetforadI5084- Qoseand Y
directions is illustrated. In Fig. 5 a group of notion vectors 505a-505e

r epr e keSSt amu@l@@ﬁadﬁnﬂlwwmgbmi lecwhich agameraamegetislesiasly i s

d e vectors
assoc  Hrda e Grerliatdan8idLsdRic s e bt Vebide Yilofhfad PHhRL, T
desir ah'tberemépﬁiﬂénﬂym\tlhg imagaer abjsetthat is desiralsly exelplked.frarhehe anmer a
nodel provides an scenario; thus, only the tx and ty values of the

mat he P&%F"C?ﬁﬁ!}e tip example; the 0661%@ lel pepvides gdran seenanie; hiyserity of
™11 SBnlYARb EndbRIRES ! MermpltferiaiEey mdifs GB6TE ReBfbe difltep? 16, (20! Y

fitte bvi de armde e nmotl on Vectors
caner bemww theambjorigf bbiotion vettors HO6aB05ecaredhe sahte, dhe cdmeraepialny excl uded

t V\,henclclatln the t translatlon araneters for the
cama(r)u odgﬁ{ssq%r@bly %%é"&?d%é’gqﬂfe%/ SONCHPBYEEOrS 555@'?5@5@xc'f Qfsi on of
NOt | OfheV, I r o that a
by S g helEmeal 1d %ﬂﬂ%ﬁ%?ﬁ? PR RGN ATAR Rl lafdyagp e

t wo- doutbars wheh cdiadating thednasdd, vandgtiempaiametarsifes t!helcarrma@aerrpl ary set
of notion, vector.s

f. th t
and MpRRL ' SEbRRueY cBRELodw MovidRol i ik rian o eptiarcvRetRatd *Tha
i's, afrbmothetdendfa Mébé%rﬁﬁr@@r &&l&@l'aﬂons 99 thaRy réBﬁ'stJfad\é(aéﬁ??ateS' mlarly,

al I of the M values range within -- M/ max and + My nma I n one exanpl e,
t he M@mgramodel fhigadbieveslen - 32 and +32, and the My val ues range between
-24 and +24. Those skilled in the art shoul d appreciate that these ranges
of M/[0940] Wk Rigl G shawe aotwordinesrsiphairdistribotio 800 @ M,cdriceM, vahgessforay  be
used éH e%grgn%rlgrgnsc?OWHOQio%n\%%gérgw,} &nd Mx. 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 My values range within ~ M, max and + My max; similarly, all of the

My values range within — My max and + My max. In one example, the M, values

range between —32 and +32, and the My values range between —24 and +24. Those

skilled in the art should appreciate that these ranges of M, 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

805, 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 t, 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 values of Fig. 6A. The distribution of M, 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 value M,s. 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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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 canera pan. Thus, determ ning
the center of mass of the cluster 605 provi des the tx and ty paraneters

d 605 . f er abl
excl e CS UsdTRIRL2 paRionT e valb R et e befel Hathe dpmineSully Fi o be
shows réprabeigis\d ﬁ@igﬁboﬁhdéiﬁb? ldaamh?mh@iru% éﬁdj Wram&&s%r {HecarfiBEd ON

vector val ues of he di stribution of MK val ues yields a first hill
615 Hivdleh Matbods ﬁnq:lapeamtusn@cwdmgtosqmbgdtﬂn@ne of e peasent iwentieBer of

becaue ¥ oo iHe Homhaltil s, ¢8Rkl e 4T e
r el at therl geteraining aseatertbfithads 6Phel dorhipaRErilB15 stideamerngRakLf at i on of
vectors having the value M The hill 615 having the |larger 11 count of

vect oParameetess baAnd gul ar Mk value, referred to herein as the dominant hill,
represents a nei ghborhood for locating the true tx and ty paraneters for
the cH®42] rfgel shawsitotep dew Qim@mmm[sleaﬂ@oim d@emnmnajdmmagram of the

Crrai | BN CoRE05B10Y peurh b Bt e phe RS E e hedrusn Py *or the
domi nand My Vdludsl areadistiife CagHisto ||s ré}ﬂé@éﬁb@ra{% é@rlanﬂltméachm Fig. 7
shows a taop view of an exarrpl e of a two-di nensional "histogram wth bins

705a- 20BiR iRdhe ged rrpresentinyg & mﬁl@@lér My ansbiMivvalug. Jeshe Bxample in whidly  and

b1 ocic e Bhfies rafigg beneF 3o Siadf Sl EMNCIANEE Yoo Rafeh 2t e Mol the
exanpaed +24yna ltwb—dltrieﬂswnav distrésutionngfahb ehotianveddr vdldes 3duldndvé e My
val ues ra% +24, a two-di nensional distribution of the

mot | oA id SRERT (7 mﬁgéowiﬁi%r%&msaor tlj'ﬁ$ i which the pautigulasmegier vegiast r i but i ons
agar ooybS A ENCL ARG BHoRioatBh e s irovitg 6 X8 B 00 am The
bi ns dio®ersiorsl histogiaumt §' hertiing Z205 m@velbén nuuﬂBr:ndrbatlmg)the)numet of My and M
val uer?'nohgn tvggtorrﬁpgﬁé Mi val?ues in tﬁe reéggcgtf'\irg%lhs gr ?n%?ance %ln 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 hil! of

the histogram. It is desirable to identify this dominant hill for determining an accurate

camera pan vector estimate using techniques described below.

[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 My, as explained above, for an image
patch in a plurality of frames of the digital video sequence. The camera mode!
includes a plurality of parameters, such as t, and t,, as described above, which are
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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 including bin 705c
represents the domnant hill of the histogram It is desirable to identify
for deter accur.ate tor estimate

Lol o DBy Bod CSbrelitasE b Bandrei s Metigh Vestaticha BN STt nod 806

and a@ﬁﬁfe&élﬂﬁoc%l@noﬁﬁ@@&bfé’&ﬂe\’proﬁlﬁfed |ﬁsatﬂ|r'§BFés'thﬁ)rP%[I§Iﬁ%spta’ﬂ vector,
performed in accordance with one enbodi nent of the present i nvention. The
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IS prov nmera nodel is defin ccordln totag met hod

ded. This
descrffb@l?k%fﬂﬁﬁf?%‘?'u&%egn%%“'ﬁw%emgw E?' Ué'?sé’)‘?ﬂ‘ talenalideantine camer a
model V'afflouﬂ?@ﬁ’olhﬁoﬂ@ﬁ% ona?e@l HBHébXaﬁfgl&%Wér@ tﬁ@%‘f’“blerPb\'ﬂFétveCtors for

i nstance, a two- di nen set of noti vectors d M, as expl ai ned
abov e [esadutiomisi T gthis MQmesoluaoplmm it4, arft:8r aweercmelyhmemtgnbm ofvi deo

e node ncl ude L urali net e such as tx
ond ¢ o e (BT AnTRa L nislghtatf 68, § 16 htereBucdT LR Insldiises nat o5 (o
gener aihentthe inamma@rréngéfbf 289 1032 rd B bangBPIRl24T Lopiyectors are
provided in a first resolution, such as 1:1. [0044] In step 810 of Fig. 8,

the cEeAlcROHadER, thetcusreshendigsbimeauntisviedaced fiom Bdxabiy 38x24.c&hatl in a

rovl 5t SR Rnoteh VeRlcheles hEhTEbor Bt dRuRt bR HIRER R 08 var Tous
resol rgduest tmaa féxﬂoueﬁd Inh thio eRampieTRhe birnbetirts foed Qéig&ﬂlﬁ:@h Wind hfest
resolu&gon s 1:1 his |lower resolutionis 1:2, 1:4, or 8 Accordingly,

t he n@Heeived CO'E‘PHBeq iptq asingle bip. m‘iﬁaowathewg@wchrﬁ@lutnn@ may bg greatly
r educggag Fé?;*wl,ll’lf’é gﬁﬁgrst é{l&ﬁsgtﬁgg ﬁé&ghl&l Mk val ue range of -32 to +32 and
val ue ran 24 to +% | 0

uce t he correspondi ng bin count
L, AR A O Y e T G o vl U
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. 3 x 3, 4 x
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 hill 615 in Fig.
6B.
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reduced by a factor of 4. In this exanple, the bin counts for 4 neighboring
bins are effectively conbined into a single bin. Various other reduced
resolutions may be used, as will be understood by the skilled artisan.
[0045] In step 815 of Fig. 8, a notion vector generator 910, shown in Fig.

are DIO0ATE PhErERES higboE, £ el DG o ol Py 66 s onal
not i oklev@raiines aasenterdbfahasdidrade idertifiedeiulitorthemagab 1026t it mier bf bi ns,
as expl ai ned@above W th abg]gr nce to Fig. 7, [0046] In ste%.r 20 of Fig. 8,

a cl uﬁl%ﬁs Galewation & peler: rmﬁcr:wghmganqthﬂaw'ndw obRiedeiRTIRRY | |n t he
L
;[\(;\'(e)rﬂ(ljlb es a C uspaﬁwélﬁﬁmé é y(ﬁ#%ﬁﬁb@b%ﬁ Igreac gf%da tlh% xa haVI ng

t he m"gdimatcontmmagtthQMecghmn‘rhmrﬂé used/ﬁ):rttllue din accwmuldltlens lrbSllEpCBEO Illmh_one
nmbodi t|f|c on st I.nc es acg ating bins thin a

o TR B30, Neresniarelopass Aetermined Rt S254s pHaion a6 S5P0n B Mo |

Fi 1

i ot FAeRa iR pardAeiets MruRBLLEALmRloR vBYfr toRiidioh e 86T o

over @ nmilsemabcahrepseae:mtatiw Mtbe@@lmrasnodeltatmtvea Fcu’emstanoe rmrtber of bins
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havi ng t he er or ghest accunul ation of bins is selec as the

i dent rpnban@rsamaélresqmtl@ tq adower iesalutiondn stepp8 A, theleternidedicsatar dfi | | of
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Is preferably perforned wthin another w ndow rede ermned size. In
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‘é"'zgfjo]’ért]&roﬂéttﬁé\ﬂéd‘ﬂyEQﬁe?é'p%%rélﬂ%?g%%‘? Fid'o id1§hd Bnariidiidnrls ' n step

pan model motion vectors My and My, using equation (1) above. In one embodiment,
these camera pan model motion vectors M, 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 modetl 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 tangibly embodied in a machine-
readable storage device for execution by a programmabie 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

14



step 830, the center of nmass determined in step 825 is provided as one or
nore of the canera nodel paraneters for subsequent notion vector
calculation, referring to the mathematical representation of the canera
nodel above. For instance, in the canera pan exanple, the determ ned
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towards a true mnimum | n sone enbodi nents, as described ‘herein, notion
vect oABdfer eédiastem accassoeatosyl (Benenadjy,canemumemill in¢lodalope argudreas  t est
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conbi nations of th Appar at us enbodi nrents of the invention can be
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met hod ™ st eps on can be processor
execugkamgpie sepmmnaacmjr nérabnudévicss sueh sy EBF{!DIWI;JEEPR(WI, ahdtlaghi nventi on
by operat|ng on i Pnt . , ) )
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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14 data and generating output. Enmbodi nents of the invention can be

i npl enmented advantageously in one or nore conputer prograns that are
execut abl e on a progranmabl e systemincluding at | east one programable
processor coupled to receive data and instructions from and to transmt
data and instructions to, a data storage system at |east one input

devi ce, and at |east one output device. Each conputer program can be

i npl enented in a high-Ievel proceﬁgiﬁhw r object-oriented programi ng

| anguage, or in assenbly or nachi guage if desired; and in any case,
t he | anguage can be a conpiled or interpreted | anguage. Suitable processors
i ncl ude, by Meihes faseshimadingbedmge ban vealid COPYYISHIG: pur pose

m croprocessors. ~Generally, a processor will receive instructions and data
from a r ea@eparatingerdisfributiony ofrmatieriMeiciorsiccess menory. Generally, a
conputer will include one or nore nass storage devices for storing data

fifes; suchdetdifyioga dlustendethesdjsiibutionios kmtionswechoras i nt ernal hard di sks
and renovabl e di sks; magneto-optical disks; and optical disks. Storage

devi ces sudbtdrrdnihgra tentgi of masslobdlye Rizntifiet ehetepandr am instructions and
data include all forns of non-volatile nenory, including by way of exanple

sem conduc pRsvidiRGRRY cARErE an Vit st theEditeimindadntandt masgor y

devi ces; magneti ¢ di sks such as internal 'hard di sks and renovabl e di sks;
magnet o- opti cal disks; and CD-ROM di sks. Any of the foregoing can be
suppl enmented by, or incorporated in, ASICs (application-specific integrated

Circuilts). I i . | I have been
descr?bed. h q@%?'t%ﬁéqfe%swg*ttﬂ\%vlqﬂ%@%@é@?ﬂ@‘g&{wseﬁégg ﬁ’g%i fications
nHy beamede modeh cepresdetieg thenmotionveties #paniimagagassope of the invention.
Accordingly, other enbodinments are within the scope of the follow ng

clainms. 15 CLAIMS 1 A nethod for estimating a canmera pan vector
conprising: generating a distribution of notion vectors;

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



5 identifying a cluster in the distribution of notion vectors; determ ning
a center of mass of the identified cluster; and providing the canera pan
vect or based upon the determ ned center of mass. 2. The method of claiml,
the canera pan vector including paranmeters of a 10 canera nodel

representi the notion yect.ors [.n_ap.im atch. 3. The nethod of claim
2, wherei ntFQSSi%“ﬁaati'}%% a%?@ubgﬁ 0\581% %%%Bﬁé’gﬁp%fi’on t he determ ned
center of nmss conpri ses: lee_OVi di@ng theﬁg]eterm’, ned center of nmass as one or

more of t hErYaFiking Mogen vestors in & $REPRT FRrRIton, the seReRdh IRPAMIQN @i m 1,

f urt heSwSIERAILEHAIhaS 1Y §ifdd rdigutiyPVvi ded canera pan vector in a processor
readabl e nenory. 205. The nethod of claim1l, the notion vectors including

val ues, wherein generating the distribution of the notion vectors
conprises: generating a two-dinensional histogram having bins, and

rovidin i QN .V or val in ropria bi.ns of th

!to - di rregs?rgga{ﬁgﬁwgsqf&ﬁéh{i' %@e%ﬁﬁ%‘:ﬁgg% a'a?’g%ioéifﬁraﬁn?r@h(ﬁ@f a(f'orrpri si ng:
provi ghage pagcheie Wﬁa%@?hﬁ:lhsinbmdﬁhgféEﬁbldﬁﬁ(@l.miOn, and 16 before _
generating the distribution of the notion vectors, projecting the notion

vectors in a second resolution, the second resolution of |ower resolution
than the first resolution. 5 7. The nethod of claim1l, wherein the canera

, : . . el udi
B gl & prxah® riemERTrtiairtl, Ghereh i obE par Veplol RIGeRIRRI AT 19, 2
g_enelrhna%%patchathe imagre patchdhelutiimg a phgalitpaf pixelsicl uding a plurality of
pi xel s.

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
20  of motion vectors.

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

25 11.  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.

17



9. The nethod of claim5, wherein identifying the cluster in the
distribution of notion vectors conprises: accunulating bins within a first
nei ghbor hood i n the two-di nensional histogram 15 accunulating bins within
a second nei ghborhood in the two-di mensional histogram selecting one of

t he nei ghbor hoods as having a higher accunul ati on of bins, and providing

t he selected nei ghbor hood as the identified cluster in the distribution 20

of noti ctor The_ me hod wher.ei n. each nei ghborhood is
cont ai'ed \PErPRTPd GholB ovharéin G felel hbmade 2t the e ed Fh R R0a o
cl ai matermiﬁé@Mhirdewihadww préfotbliipkrsizg) the distribution of notion
vectors further conprises: before sel ecting the one nei ghborhood,

accurrul ating bins within further nei ghborhoods in the two-di nensional
hi stogram 17 12. The nethod of claim1, wherein the center of nass of the

| dent il ed1HeuRbfiod & cifle 96 TVABRAAHDLEE: ¥ AURW P indIRARHE BRSS! 2°:
gﬁO?{g alm ) \r& er g ﬁ

137 Theé' netho erein CEén nti fied

cl ust etarminetvithin aedndow iharing a\ia’rgew\sdae\tinaimth:‘e \ivarc@w onswn'&id»\imn the w ndow
or wi ndows , containing the nei ghborhoods. 14. An apparatus for estimating a
camer QOB@’P'OQ@B%FGW&W% 10 a notion vector generator configured to
generate a distribution of notion vectors; a cluster identifier configured
to identify a cluster in the distribution of nbotion vectors;

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

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



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 canmera pan vector including paraneters of a 20

cppar at us. BOAFEHE GRUOREbLE BRISR AHBEbRlRe s BB B ot e ¢ e

det er histwmgtapent er of nmass as one or nore of the paraneters of the canera
nodel . 25 17. The apparatus of claim 14, the notion vectors including

val ues, the notion vector generator configured to: generate a

t wo- di nensi onal hi stogram havi ng bins, and 18 provide the notion vector

val uesgi N RRBIHRIEIALS of ofimOf7 LHE cludfsrIHBRRir WAtiguRicppoar am 18, The

apparatus o uster Ifier configured to: 5 accunul ate
bins wit hi ' i r j t wo- di [ hi

achamil ar e BRRUERS BT S nbiephBtEn RV R R s dhaL S

hi stogram _sel ect ,ope of. t.he nei ghbor.hoods as.hagvi . hi gher accumul ati on
of “bi s sARE PG BB SR TR gRBRPRBA T PR Smebrata cl st er i
the dhistdgrgt i on 10 of motion vectors. 19. A conputer program product,
stored on a processor readable nedium conprising instructions operable to

cause a Cognetesnd efwﬁléggﬂb@rwa%g% ﬁa‘?fg?%??ﬁ%ﬁ@?dé&ﬁgﬁn%ﬁéﬁbiﬂénﬁaﬂ&qOr’

the nmethod conprising: generating a ution not1 on vectors;
bdenti Tyi ngrRidd # &ttt othbbd Ut 1hE iddntFRE At ARURE Histribution

10  of motion vectors.

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:

19



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
conmput er program product of claim 19, the notion vectors including values,
wherein generating the distribution of the notion vectors conpri ses:

ot on veersroEHeioETIAE B BT EmARSHE h B o BMRRRRIE " i ot ogr am
25 21histbgraegnput er program product of claim 20, the step of identifying
the cluster in the distribution of notion vectors including: 19

accunul at i agcimbfatiigtdlhg within & SechRd ABRFILBAKSLA i thedwbYAinftingringl onal
hi st ogram accunul ating bins within a second nei ghborhood in the

t wo- dNidP@edhal hi stogram 5 sel ecting one of the nei ghborhoods as having
a higher accurnul ation of bins, and providing the sel ected nei ghborhood as
t h® i dent i Seledling wseaf the nefghbdirsetedsbas havinga higher accumalation .of bihs?0

and

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

10
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