MOTI ON COVPENSATED FRAME RATE CONVERSI ON BACKGROUND [ 0001] This invention
“relates to inproving video and graphics processing. [0002] At |ow display
refresh rates (for exanple, 50 fields/sec for interlaced video naterial,
and 24 franmes/sec for filmoriginated material) on progressive digital

di spl ay devi ces, MOTHKIN @SOMPENSATEDFRAMEIRATEICONVERSIONCker" can
occur. The area flicker becones nore visible as the size of the display

i ncreases, due to the high sensitivity to flicker in the human vi sual

peri pheral region. A sinple solution for reducing the area flicker is to
i ncrease the display refresh rate by repeating the input fields or franes
at a higher rate (for exanple, 100 fields/sec for interlaced video). This
solves the area flicker problem fQAC bﬁl enes. However, the repetition
i ntroduces a new artifact in scenes wth nmotion, known as "notion judder™

or "noti S r. " partic rly in areas.wth high . contrast.. due to the
rurran. 30U o HhindgPatohiBlaies 1o o BlfBiidhs And oRRTatbhRRbs g ror 1 s
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oint o i tf | : ' heS 8i ncy

Dot veen CRett 8nd Tl et AOL R MirkoriRatedinaldilibn SroffossBRARETSY | imge
not i on. digpday devices, mdeplaytartiact refpered ¢o as "ama ficker! cah dcour. flihemreao t he
next 1g.described by a notion yector..[0003], Motion vectors .can.he

Conput eIRE" BPrEPs Mo oable By heries of Heclshiay Taset 318 BEhioky el
level , gensitivityROMcREHifRhé AURIan VBSudllperiPheR| e6dioh eyYesimpi@BbMtibAgo MOt on
vect or for every pixel independently would theoretically result in an ideal

a s&eduaing thesangerfliskarts o ngeeass thrdlispiay eefresfviate by repraiingthednput
require | 0t ] v, | he
nunber g?’%ﬁ%‘ﬁ |8F1§,h@tétr?%t§n(?&¢%éalﬁ 'ﬂél ﬁ@gﬁﬂd act% ggghgé}{d&%go'.{@&% ‘vect or
di scont iThig $dless thiet dried ficker pRgsiepaior ktaticutents Ndowe e thy asaditisnon an

obj ect basis can theoretically result in high resolution and |ower,
conput atMEAFAICE @i erfAeidn ssapes witdmoter w25 MMpLon uddga) Ore mAtRY
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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__-_ho
discrepancy between an expected image motion due to eye tracking and a aisplayed
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. 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 arti_facts due to motion vector discontinuities within an image patch. '
Computing motion vectors on an object basis can theoretically result in high
resolution and tower computational requirements, but object segmentation is a

~_ challenging problem. ' '



and accurately, such that little or no discrepancy exists between an

* expected inage notion due to eye tracking and a displayed image notion in

a digital video. SUVWARY [0005] The present invention provides nethods and
apparatus for determning notion vectors efficiently and accurately, such

that |itjpbespr mﬁe@fé@r@ﬁmgheeaeat@a w@%ﬁﬁeﬁné&ﬁ@lﬁrﬁ@bﬁ@&g@ma@hﬂ@n due
to eye tracking and a spl ayed image rnotion in a digital video. [0006] In

gener al aﬁdrﬁ@%at&brp@ueh thatéltt ewrem diserepaney existrbetvrin amaxpegiad Anage

i ncl udi LR n chni ques for
conputlEgoﬁﬁf$§%ﬁ€g§%ﬁ%&ﬁﬁhggﬁg¥é%ﬁﬁﬁ%ﬁﬁgggééaughﬁﬁgdgﬁPpﬁg%STnage frame
Is received at a first resolution. The first image franme includes several

i mage patches that each has a respective first position. A second inage
frane is received at the first resglution. The second inmage frane includes
one or nore image patches corréspéﬂ#MNB“BX the i mage patches in the first

i mge frane, and each image patch has a respective second position

moti on 802k | Shegresent aention rEadees mjbodq)an@ﬁpparat%%fqnf%é@rmlmﬁge frame

ot er m R AHRRCARRul BRABCRTHichy. Syl REBM o ARABRRETBNSE ¢ (<
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than the first resolution, and selecting a best notion vector anbng a
pl ur al | Yot inzdigiakvideOeach resol ution. The deternined motion vector is

used to establish an internediate position of the inmage patch in an
i nt er poll@QAQ&E f rlargensarat in en¢ aspectethedinyentian proyidesrvethods ansapnaratusnes.
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has a respective second position. A motion vector is determined for each image

patch in the first image frame that has a corresponding image patch in the second

image frame. The determination includes generating two or more copies of each of

the first and second image frames, each copy having a different, lower, resolution

than the first resolution, and selecting a best motion vector among a plurality of

vectors at each resolution. The determined motion vector is used to establish an

intermediate position of the image patch in an interpolated frame that is intermediary

1o the first and second frames.

'[0007] Advantageous implementations can include one or more of the following
features. The determination can include: a) selecting a copy of the first image frame
at the lowest resolution; b} selecting a motion vector determined for a previous pair
of image frames; ¢) projecting the selected motion vector to the selected copy of the
first image frame; d) generating one or more update vectors in the selected copy of

~ the first image frame; e) selecting a new best motion vector among the projected

- vector and the update vectors; f) selecting a new copy of the first image frame with a
higher resolution level; g) repeating steps c) through f) until the first resolution is



.

2 reached; and h) using the selected best notion vector at the first

*resolution level as the determ ned notion vector. Each inmage patch can

include a plurality of pixels, and can, for exanple, be 8 by 8 pixels.
[0008] Generating two or nmore copies can include generating two copies of

each Of'eéchﬂ%df bhd h) WthSihedMedtaidaest malids veetae it trpirshrsongdion levéifay ent
| ower, resol ution ‘than the first resolution. Selecti ng a notion vector can

i ncl ude thesdetermingdamptien veolest drachoimage Pﬁch@ﬁﬂdﬁ‘ﬁlv%ﬁdﬁuraﬁw&f RI¥#ISi nui ty
exi sts frarres or if no previous inmage frane
exi sts. ggé}%& %}ag%%'%%gyﬁgﬁekan include filteri ng the notion vector
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separ at &temyg Bmiloﬁﬂﬁét%ldﬂﬂ@“ﬂ@ﬁ frophihg Rrevigus paifofdmage framesn t he pi xel
where the sel ected notion vector ends. [0010] Selecting a new best notion
vector {2009]nc|kilerifgcarintiudd detesmining stvegtorrpedian i asies of ByeIof MOrapdat e

d f h
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second P@ﬁGﬁnfnbaéfﬁerﬁﬁ@tal hariiBning Fobedistenih aet i evy e€ hiore nidtiorsesstors Wi ndow
havi ng the sane dinmensions as the first w ndow, determ ni ng a sum of
absol ut fr thprevieus eairer image famese sSGeperating ope,d eoTeURGAIE MEEYIS f@Adow and

pi xel s cludefore OﬂﬂQ'oF‘u% RIbi \%Hoﬂs’lp%ﬂ?av%%%’%rﬁ\é Bﬂgi{’{ ashiPd sbgeli ng as

t he new n “vector a vector t has a m ni ntim sum of absol ute
differ emc&&n vEutordiethsit end abdifferent ikelstin armbr&entahdlmnmmromsa cvertidsd

i dentic to the di mensions of the i e patch Det,er mi, ni an f rther
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from the pixel where the selected motion vector ends.

[0010] Selecting a new best motion vector can include for each of the selected
motion vector and the update vectors: centering a first window on a pixel in the first
image frame that forms an origin of the vector; centering a second window on a pixel
. in the second image frame that forms an end point of the vector, the second window
having the same dimensions as the first window; determining a sum of absolute
differences of luma values for the pixels in the first window and pixels at
corresponding positions in the second window; and selecting as the new best motion
vector a vector that has a minimum sum of absolute differences. The dimensions of
the first and second windows can be identical to the dimensions of the image patch.
Determining can further include projecting a camera vector to the selected copy of
the first image frame, the camera vector describing a global motion between the first
and second image frames, and selecting a new best motion vector among the

projected vector, the update vectors, and the camera vector.



and second i mage frames, and selecting a new best notion vector anong the

* projected vector, the update vectors, and the canmera vector. 3 [0011] The
details of one or nore enbodi ments of the invention are set forth in the
acconpanyi ng drawi ngs and the description below Oher features, objects,
and ad ge ' &Hhoh HPin on and
dr awi nggﬁqu THE déidlts bR KRS of AfbrliambdnBARRERRE ifVe DRAVh\iv?ﬁl%Ggﬁﬁ)r(t)lz] FG 1
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best _moPftANoaet of tespvariartui i Sppgeny TamL PSP ard PEgRbs Bhor T
video fafEtheld8id. FIG 3 shows an exanple of vectors for determning a

best notion vector at a resolution of 1:2 of an original resolution of a
video frame. [0015] FIG 4 shows an exanple of vectors for determining a
best notion vector at an original resolution of a video frane. [0016] FIG

Sillustrates a corrputernE)ES | nﬁgﬁﬁ;ﬁ%tﬁb fi¥8g the invention.

[0017] Like reference sy e varl ous avvr ngs indicate |ike

nvont i P Tou TGS TtcHRIe TRRENaR S5 ALeRuY iR MR RAL R e SR Ol or o

ef fi ci egblermiilfg aGhBfigh ¢bytorsuch that little or no discrepancy exists
bet ween an expected i mage notion due to eye tracking and a displ ayed i mage
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hi erarchi calF approach to deter ning notion vectors: [0019] Generally, for
not i on abapescatiatohpe ofarheriginal meallutrmaldfa\lldmtrameg the recursive

hi-erar chi cal approach described herein, two basic assunptions are nmade
about t 013t UrRIGOT3 $Hveobh exbmpie obrrectdr)s fopdeteymiing etizesh madionnatdm, and
2) nmovi ng obj ect s re | ar ge T%I I nertia assan(g}ron implies that a notion
vector @harfeEduin ¢ 1&@‘&%@"@" ”Pﬁc’lr‘-'EQB@éla YEPR TBEWbor al vector sanmpl i ng
interval (that is, the frane rate in the di 8|tal Vi deo egc? obj ect s
assunpt [A8H 5] rrp|ﬁI% 4 shawsangrample ebyestors for determining a best mo ron Vi

at an original resolution of a video frame.

[0016] FIG. 5 illustrates a computer system employed to 'implement the invention.

[0017] Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION OF THE INVENTION

[0018] The present invention provides methods and apparatus for determining

motion vectors efficiently and accurately, such that little or no discrepancy exists

between an expecied image motion due to eye tracking and a displayed image
~ motion in a digital video. This is accomplished by using a recursive hierarchical

approach o determining motion vectors.

[0019] Generally, for motion compensated approaches to work well, including the
recursive hierarchical approach described herein, two basic assumptions are made
about the nature of the object motion: 1) moving objects have inertia, and 2) moving
objects are large. The inertia assumption implies that a motion vector changes only
gradually with respect to a temporal vector sampling interval (that is, the frame rate

in the digital video). The large objects assumption implies that a motion vector



4 changes only gradually with respect to a spatial vector sanpling
“interval, that is, the vector field is snoboth and has only few boundary
notion discontinuities. [0020] The goal of the recursive hierarchical

method is to find a notion vector by applying a source correlation w ndow
to a fichhnheReRly fg?’réﬂﬁa!Wnﬁrés%’e&?io § BpaRAIRIdcEIt sampliigVintedval, thiab i tiuent

I mge frane, and acing the target correlation wi ndow such that a best
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contents of the source correlation wi ndow and target correlation w ndow are
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| owest res eve ect.in ctor at
the i grecients bl e AHuBRBRBIHngEv e Bkl cBHBlAEER R e 5 2na
t est i ng sichiluh ecsl.%usae MRtRe SHPBAIRS, thEMHNBESST cattuilstionearisdedits periznm
propagated up to hi gher resol ution | evel where sone adjustnents are

made anﬂﬂ%mﬁwllﬂ@@ﬁt\ﬁ@@n the %ﬁ@%ﬁorr?'%'@ﬂémﬁf’ﬁ‘é’@"d tﬂ‘ﬁl"@@%ﬁp'ﬂ@@'oﬁbt i on

vector \Aﬁn(%\ﬂmgﬁtb QR}HJ é?% 18@05\}?1%% s'ﬂi%@ﬁ (:hr Ut%ﬁtf?é‘vle@t\f)?g acé‘hﬁ'ﬁie nor e

adj ustments are na e an héew vec i'S erm ned

Thi s pr g erderits arcecﬁmheldthﬂﬁelgoaﬂéldhelrgdﬂﬁswe h)enagmmeal methsdlus\esanulltlpiﬂel has

b n reached and a best m)tlo vecto en id g ge[§r002 Iﬂ(_li 1_

s CAssUlitbleualseh R ToROS TaBER Sh PESmatan ko il datrmiadir e, | o
d 1Y d

boon oot caUbILBh foVcf B9 pHdjbethd (efpreyRus|iiat hiBTER veloRirat Rkt cady

process reésmm)on kevei deWertmrm logveat realdion/erel and testing ibgng popertnog a
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i npl ementation this test is performed by conparlnﬁ pi xels in correspondlng
posi t i offbis mew bestimstiopotectiras pmpagiaterbup de yekarethehhigher esoljitiondevehe
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determined. This process is repeated untit the highest, original, resolution level has

been reached and a best motion vector has been identified.

[0021] FIG. 1 shows one implementation of a recursive hierarchical process
(100). It is assumed that multiple resolution levels of the image frames have already

been generated. As can be seen in FIG. 1, the recursive hierarchical process (100)
for determining a motion vector starts by projecting a motion vector from a previous
image frame down to a lowest resolution level (step 102). A set of update vectors is
generated and tested to find a best motion vector at this lowest resolution level (step
104). In one implementation this test is performed by comparing pixels in
| .corresponding positions in a source correlation window centered on the origin of the
- motion vector and a target correlation window centered on the end point of each
‘respective update vector. The comparison can, for example, be performed by
subtracting a luma value for each pixel in the source window from the corresponding
pixel in the respective target windows. [n this case the best match would be defined
by finding a minimum sum of absolute differences (SAD) for a source correlation



respecti ve update vector. The conparison can, for exanple, be perforned by
> subtracting a luma value for each pixel in the source window fromthe
corresponding pixel in the respective target windows. In this case the
best match woul d be defined by finding a m ni num sum of absol ute

di 77 er engsgon etebo"r Rﬁnﬁ%w aé.r%oﬁthwmpmcﬂ@ﬁ Vi asid be

correl atlon W n t e best notion vector woul d be the vector
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wi ndow g\tal r. 022] After the m nimum SAD has been found, the best vector
Is sele p 106). The process (100) then exam nes whether there are
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are no hi tion e process proceeds to step 112, where
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ovant aBestreqthr ub I BRoer WahdrigsSlROE el Biep 1507 8hd fitedis 3Bus 104 20) T
i s equi Ytﬂjoﬁﬁﬁ 108. aptHard atendhidne r@éomﬁé@lé%}@,ekﬁe prodels prevdedy tohsep | evel |

depending oh the difference in resol ution between the two | evels. If there
are, for12ewhars the heﬂtefectoesa)‘ﬁelectﬂd asthel motiemyeaton and ipusedifor:motigthd an

?Eﬁﬁiid‘@%@?’gn%a@%rwfa?h afipter i) g%cgggéﬁ%éeééﬁ%’ﬁ?ﬁaﬂﬁ Setively the
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franes 59@%éﬁﬂﬁaléﬁ?ﬂo‘aﬂﬁb@&b%fmﬁ'd?%d“etmxélb%th@h@ﬂlng!%rIe{/Ql024] The

invention wll now be explained in greater detail, tg exanple of a
recur si depan@ngmhﬁheailﬁ@reneﬁm Waqiutml@%t\me@néhg twe I@@?@I these are. ory, 1: 2,

Frcs. 1oapld ol ARROBRAGR Y, £ L5l K2 Bon B bdetdo bl 3

r epr eseshah ikl ARk oblefgense epsfibis potemitily trbatcdd ey aUfabier obfouresol uti on
| evel s and the nunber and/or the types of vectors, at each resol utlon | evel

can be Fxprasseddliéerently effechivelydoe F?%@UW@“'%@HV&%US%%@& ¢t ost |
qual i t Yo REQSE Sl MGionREFdergdRte S S Hi results in significant improvements, in

particular for frames containing small objects moving with high veloctties.

[0024] The invention will now be explained in greater detail, by way of exa'mple of
a recursive hierarchical scheme with three levels of resolution at 1:1, 1:2, and 1:4,
with an image patch grid of 4x4 pixels, and with reference to FiGs. 1-4. it should be
:} noted that the vectors shown in FIGs. 2-4 are representative only of this example,
and that the number of resolution levels and the number and/or the types of vectors
at each resolution level can be varied depending on various factors, such as

computational cost, quality, processing speed, and so on.

| [0025] FIG. 4 shows an image patch grid (400), which is divided into image
.patches (405) of 4x4 pixels, where each pixel is illustrated as a circle (410). The
dark pixels (415) indicate locations at which motion vectors are computed for each
4x4 image patch of pixels. As can be seen in FIG. 4, one motion vector is computed
for each 4x4 image patch of pixels and the locations within each 4x4 image patch of
the motion vectors' origins are the same. FIG. 3 shows the same pixel grid (400) at
half the resolution of the original pixel grid of FIG. 4. FIG. 2 shows the same pixel



[0025] FIG 4 shows an inmage patch grid (400), which is divided into inmage
© patches (405) of 4x4 pixels, where each pixel is illustrated as a circle
(410). The dark pixels (415) indicate |ocations at which notion vectors
are conputed for each 4x4 image patch of pixels. As can be seen in FIG 4,
one not gﬁ@ \ﬁ(ﬁﬂt&rthé fowestpesaldtion %hl@ﬁ%tl‘ﬂé(ﬁre's@ﬁﬂ@(é?ﬁbléhs PbIfph Pdsbldtih t he

| ocati o thin each 4x4 i mage patch of he notion vectors' origins are
t he sanef FIG.G, @ asfoonb af e sesatutinnel Fig. |4d (400) at half the resolution of
the original pixel grid of FIG 4. FIG 2 shows the sane pixel 6 grid (400)
at the [0026]t rAessthaun énFlGM ahdiFiGt Bea peassive hisranghiealipgotessifor he

resol utio r af th of .the resol.ution [ 0026] As
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a previous 1 mage down to a | owest resol ution eve st 102 which in
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discontinuity in the vectors. In one inplenentation, filterin i
per f or nbaupgayshatepusesds dispentinbly iathe yeelors l@rfeﬁeeinm@meﬂila# W §ieringct or

medi an

part 01 brrsTptIeBEh it e PR RBeRRood BEYes i) BlferIfiteadebeiRiedn |
vect or af thehset bi helghiterhoohvedtorss or pelfertingrd tempura) patticidnitgwrotedure4
l.evel. In the first frame of a sequence, that ere |s no

nrévi oulfl betg@seshibediliered uipLb s a@teafb%swww%atzf@rawé%\f%w'yg {%e ol d
wh
?ﬁ;'r gnl é@&éé?:gcgﬁg p?&gc&e@f)dn&?rﬁgﬁ ?}‘Iﬂgoei tlmhéﬁvﬂ fr‘é‘?ﬁ%@fa IspqabRce, YAgGsWhen

a ere’is no continuity
bet weenwhen themns o pn{eomg]|mageetheoproopsla(w0)es¢art3 with 20zeda veckor &(a‘t)'lel S
generated an i xel s

t est ed
from thel dd“EIP%’F gjgﬁtg’f eh‘o%‘l? Iuaﬁl%\%ecqtaﬁo%mwelzm%vepcg%@talgggg?qjmhgﬁ\ tpg(/ee (step
104). 1§ sEbEe b'f’eakswmw@é& t\ée%l%ﬁtl'(e?é@éino chfhuity Bétvdenl twatfrahes, two for

+/- 1 pixel and two f - pi xels in the horlzontal direction, and two
for +/- xel I t LAQ L.drf@yﬁg%nt I's
gener al H%reaﬁ‘ gé‘t (%hg)dé?/%& ?@5 an%@agngﬁﬁf) gggrg?é’d as Itﬁ}%e reader skilled

in the minimainh ISATRat &€, pixel or +/- 2 pixels from the old projected motion vector at
this lowest reéolution level (step 104). In FIG. 2, six update vectors (210a — 210f)
are illustrated, two for +/- 1 pixel and two for +/- 2 pixels in the horizontal direction,
and two for +/- 1 pixel in the vertical direction, since horizontal movement is generally
) greater than vertical movement. However, as the reader skilled in the art will realize,
\_} any number of update vectors can be generated and tested at any horizontal and/or
- -vertical location in relation to the projected vector (205). In one implementation, a
predicted camera vector is also projected down to 1:4 level. The camera vector will

~ be discussed in further detail below.

- [0028] " In one implementation, the SAD is computed by Ietting the candidate
vectors for an image patch, which all originate at the same image patch location in
the source frame, point to different pixel locations in a target frame. For each
candidate vector, a rectangular window is centered in the target frame on the pixel
pointed to by the respective candidate vector. A corresponding rectangular window
is centered in the source frame on the pixel where the candidate vectors originate.

Then a pair wise absolute difference of the corresponding luma pixels in the two



any nunber of update vectors can be generated and tested at any horizontal
and/or vertical location in relation to the projected vector (205). In one
i npl ementation, a predicted canera vector is also projected down to 1:4

| evel . The canera vector will be discussed in further detail below [0028]
I'n one RdRAEhais Othe éuk@sw Ha'ire%%ﬁh@réi&tnﬁe%&am Wwheinaas@veat e
vectors for an image patch, all originate at the sane imge patch

| ocat i owindpws, iecalsulated.f Waﬁﬁunp@f ait thecahsiolyte diffgrepesseis the P yakie n a

0 the THPGEO FRGERER A BEWOB0R HEEhRapbsnis? OREEY Al KR Adke it e

vector. wﬁeﬁ%éWd@leﬁﬁ@élaﬂgl{ﬂmﬂcﬂ, oflesurse sdieett roied and dther faotorse frame
i xel where the candi date vectors originate. . Then air wse

th
ggsol 5t ﬁwb%te&e@tmwumavﬁ@ @@T"’Z@@p‘%ﬁ@h gtwumvwia@wg'mmméﬁ\ﬁm the wi ndows,
t hat i Sve&lja?s ﬁ\ltﬁ‘élsﬁtbh%q@%{% |§arre relative location within the two

wi ndows, IS ca all the absolute differences is the SAD

ol | yIQ@JSA%\fﬁ%‘%b%ﬁﬁﬁa@%sééﬁﬁ%sﬁﬁﬁ {OBG i BRERRAEE 1fid 3he 3L o ¢,
noi se a@sthahé ehinfMeGAD (2101 iDesiectedcdry stordd mhﬂémoﬁiy (siep 2166 TAE, but
wi Il have the m ni num SAD of the vectors in the set of candi date ve tors.

[0029] RFacessitien ﬁxwﬂmﬁﬁ\mihﬁaﬂﬂqs@@ﬁeﬁamﬁdﬂwéewgvowwﬁ&(s §hAP8)- AASt he
vect or Tﬂ)ﬂ'st&skﬂﬁecﬁnaphw”h%g dahis tictesfic R60% t‘?é’r%é&lBL&ﬁ |dvRIdTRBTRE (St ep

106) . rocess en exam nes her re an resol ution
| evel s p&tmsb@c&pagaﬁes tmbeste.mtortﬁ(ﬂoab@pmjectadmlplts tbaar@)reesdlmﬂneleaele t wo

hi-gh | yt th t t 210f

oS pr oj 660w 516 o3 {HEP 418) Ag8iTuEL 35 of Lpuhle \Eedals RORT DR (Step 110).
he b

AGRI ™, Bsla o RRIR e Gesiok PSR andiQPels been BR9BEGKYH Bzt he Dest

vector has been roj%ct l'evel (step 104).
At t hi slevel@ltep 404k cahthiskevehfz squdatiset of update(vatinrs (3 800 d)310¢) i slso

t ed d th d to th
e F cdtndlerahard Peidaly Bl yBesiE0Smbics BRI Y 1 mput 'ng & he
m Ni MUM3ARiticHTERE. A helifsiREalr (3054)05 ﬁ)uridJ%S/ ddrﬂgmltm thBenihirdumesAbut i on

| evel . The best update vector is then selected s stored in nenory
(step 1@®png all the update vectors, just like on the 1:4 resolution level. The best update

vector is then selected and is stored in memory (step 106).

[0030] The process then examines again whether there are any higher resolution
levels (step 108). At this point, there is one higher resolution level left in the
resolution pyramid, so the process returns again to step 104, where the best vector
) (305a) from the 1:2 resolution level in FIG. 3 is filtered and projected up to the
) highest 1:1 resolution level shown in FIG. 4. Again, a set of update vectors (405a —
'405d) is generated around the projected and filtered best vector (305a) (step 104).
‘At this level, a second set of update vectors (410a — 410d} is also generated around
the old 1:1 filtered vector. A third set of update vectors (420a — 420d) is generated

around a camera vector (415).

[0031] The camera vector describes a global movement of the contents of the
frame, as opposed to the local vectors at each image patch location that are
computed completely independently, and can therefore be used to aid in finding a
better true motion vector. In several commanly occurring scenarios a motion vector
resulting from 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



[ 0030] The process then exam nes again whether there are any higher
~resolution levels (step 108). At this point, there is one higher
resolution level left in the resolution pyramd, so the process returns
again to step 104, where the best vector (305a) fromthe 1:2 resolution

I evel isﬁc&@a cﬁsﬂaﬁt farﬂdfseéséi aﬂﬂﬁe@ﬁ@ﬂncﬁﬁ&ﬁo%ﬂi%é iaentiéh gesdquivaleitamol ution

| evel own in . Again, a set of update vectors (405a - 405d) is
gener at the \eaimntycbftthe ogmrectﬁmﬂmroscenatl@n%whaea cargeraiens Z08HS mgq ap 104).

At this Jev nd_ set  of te 4

gener:atS abye gf%ﬁ?jla% ﬁaBﬁ’ Zsufhlasféjgf%"@am/&f%i Alf'fl‘}e%PHorigé Q;to ?W%gz’t\)aeve
vect or sa (4d8PdirecdidPtind PicERde fedAZer@bPthedinfageadariter wmlrﬁéﬁﬁoalué @031]
The canera vector describes a global novenent of the contents of the

frame, e iomgeseriiaheryhe | ocal vectors at each image patch |ocation that
are conputed conpletely independently, and can therefore be used to aid in
fi ndi ng[G032pet theonerimplerentationciieqrocess kiesdo 4t adoathematicabwadel ieghe

scenari 0os_,a notjon,v 0 resulting fromc

oeati offotin Yertama H s ettp e s MR R TR A GO e o
exanpl epetiwbenifetRptedi mationuBitard SMs tramatiuntict hsdel indicatba thatlameds cape,
all the notion vectors will be identical and equivalent to the velocity of

the canefthe saeparies dissussed above likely ispiesrpl anddhe capmma Mede) PERdickss ect on
a flat ?é'cgéﬁtgfn er:);}cltg? 25ed o0 %éﬁcﬁtl%l% Waldate %étot t?ﬁl}wgq{éx?'f’eé(ﬁ%/?r s then

have I'on an I nNcrease rom Zero a mage center to a

maxi minhiegdroRical vedtbﬂesﬂimgﬁorpsrepphl@wm ﬂ@lﬂa&‘]\eﬁawenmr infptaemsdérationnis t he
kpl;cess tries to fit a nathemati cal [02 to the notion v ctor?‘tthat have

n coAf\artagerus thal hesecyrmivg Rertigpaf fie recursve hgrarchicg IR canera
not i on hmﬂ'{\ﬂ'[zﬁ'{a g&qﬁ ‘
scenari I\QEQF sa?c’ﬁ@s%ggw%ove é;%lsnvp eslg?]dt Q@é{g%gt{ Ihggﬁrne@g%n%géd To:grﬁ?a%l cted
vect or waa nihemurne Tireechrasrappredibtied vectat candidattatan petentally helplie next
recursive . hierarchi ca ctor estimati . _Taking the canera vector
into coRQidBIAGIBHIQN0 fé&%@ﬁ?@d’@&f?a aﬁ'dt(ﬂ'éﬁctt ﬁf?epﬁoé’@ﬁ?g?‘@%rdﬁcﬁ' ®n of the
recur si \ghifjugh.archical search is a local search approach, which may
converge Into a false local mnimuminstead of the true mnimm The

camera odd| Ct 9f\eVGk Yest AULPE0B AT A tHBAEMNE ALsMiKEBPtHEM 4 and 1:2
resolution levels (step 106) and is stored in nﬂémory. The process then examines
again whether there are any higher resolution levels available (step 108). This time
there are no higher resolution levels, so the process proceeds to step 112, where the
best vector is selected and used for motion compensation, which completes the

process for the current frame.

. [0034] The above process is performed for all the 4x4 image patches of pixels in
the ffame, and based on the determined motion vectors, an interpolation of frames
between a source frame and a target frame can be made, so that there is a minimal
or no discrepancy between an expected image motion due fo eye-fracking, and a

displayed image motion.

[0035] As can be seen from the above discussion, the invention provides a
smooth and accurate vector field and uses only a fairly small number of calculations.
Furthermore, there is reduced convergence delay due to the multiple levels of
resolution. Fewer resolution levels can be used compared to conventional

approaches, and vector errors in lower levels are not amplified due 1o resolution



avoi di ng detection of false local mninma and direct the process towards a
“true mnimm [0033] The new best vector (405d) is then found, just |ike
on the 1:4 and 1:2 resolution levels (step 106) and is stored in nmenory.
The process then exam nes again whether there are any higher resol ution

level s %g%ﬁdg%;éﬁnigﬁére%s%ﬂﬁ%n 1d0d1S dubs saﬁé%’a%mg?g%%mgf%fe@@dﬂé@” A

| evel s, process proceeds to step the 'best vector is

sel ect edt aach tassiltfor. noti on conpensation, which conpletes the process for
the current franme. [0034] The above process is perfornmed for all the 4x4

i mage pf003els ofhepinvehtion san thedmplamentedrin digiteé dleatroblvecicbaitay, or ired not i on

vectors, an interpolation of fr s between ,a source, fra and a r get
frame cSATPEGHBEIWRER (FRAWArGcS %reaomnrﬁqx;ﬁtplna ?“%fefaﬁgb?‘g’&é‘@ysﬁi en an
expect eg,,} ty : ' ' Hed tdon.

[ 0035] %s\)egg%ﬁggﬂ sﬂgg;hék#@%hﬁog}%b%%@ﬁmég%ﬂ%@iagjn;ﬁrotoﬁgﬁ@nven ;eon p%cglnii)I dé(‘as a
snmoot h amthires reamtablo storage Hevbe femekassiion bylaypragrammaple peicessomiasd of

cal cul ati gns Furt hernore,. there is reduc convergence, del ay due to the
il 1 pi B9HEaR ROt e TRt Fan e BTN BY AaHOR BT EDEATOBE T e

conpar egx.?ajtﬁ@ra/ BRIdraRRbf indPRERASE Derfnf MRSHdHs STtheifvantioh®ydpdratieg s are
not anplified™due t0 resolution 9 changes at higher resolution |evels due

t o saf egonanplitmptdpndgensratngpub d hedovention ean badnplessantedi on. [ 0036] The

i nvention can be i npl n in digital el LONi C Cj ' rin
conput ePOvaaEreT i PR Sork Sl b e Segtebid o L
Appar at geogrhminidble isy¥®IM irdiuditg abrasohe FrRiramnable ptocgssoe coppleditam
product tangibly enbodied in a nachine-readabl e storage device for

exécut i taceie datgrangt strapliensiromeand to trapamitAata gpddasipictions thea datent i on
b I i f

Cnot ruchiadl FRteft of 1t GhaAR oV BRAAR loadt EFRIAR deBBRR O

dat a andompotsratroggine ek die. imphementeeirihizonigh-deve procgd urakort aject-oriented

Pt oqr anAETaTEYE G GRGe A LRSI AGr AT GEoHAARI SEYUEDE 888 0 2Bbup! ed
to case, the l[anguage can be a compiled or interpreted language. Suitable processors
- include, by way of example, both general and special purpose microprocessors.
Generally, a processor will receive instructions and data from a read-only memory
and/or a random access memory. Generally, a computer will include one or more
mass storage devices for storing data files; such devices include magnetic disks,
such as internal hard disks and removable disks; magneto-optical disks; and optical

disks. Storage devices suitable for tangibly embodying computer program

. instructions and data include all forms of non-volatile memory, including by way of
example semiconductor memory devices, such as EPROM, EEPROM, and flash
- 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).

[0037] FIG. 5 shows a computer system 500 employed fo implement the
invention. The computer system 500 is only an example of a graphics system in
which the present invention can be implemented. The computer system 500
includes a central processing unit (CPU) (510), a random access memory (RAM)
(520), a read only memory (ROM) (525), one or more peripherals (530), a graphics
controller (560), primary storage devices (540 and 550), and a digital display unit

10



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
out put device. Each conputer program can be inplenented in a high-I|evel
procedural or object-oriented programm ng |anguage, or in assenbly or

miCh' ne 55730)9“;3.9@3 el teswnef thaaft, RDMRits Rasgnhsféh@athatainsusihsimia
npi | e I nterpreted | anguage. Suitable processors include, by way of

exanpl edlr@@wcm%wﬁ@rtmc&ﬂés Qi \ahllq)bhep%é&fl 260 bpvsrbbypinally to E@ﬁéfﬁ«aldﬁ;a a

raror - SnodhetlyiRhSuL S SRS SHRECEURTRG) SR dpRRaly TRINS, o,
nore. mMasy reintierad plevesess.f Botrspmangstdm@ deviess (Esimincﬂmpm mntnidlede

magneti ¢ di sks such as internal hard disks and renovab) e di
magnet oﬁﬁﬁt%UEablecﬁ%'R%Ute&ﬁ%ﬁQ?MfP Badia. ghsiesoNeRR HPRagNFE e Q)a\ﬁh@hflar

t angi bl ¥yrﬁon%§ow}\gﬁs bg&e\ﬂ{;é’%%re édlﬁ:téd’ﬁf 4 &%ﬁ}(i‘fj@ﬂ?e CPElsY @QOﬁct or

forms o I'ncl u y way o e sem cond
nmenory aediwesides adhﬂmaE@ﬂ@@tofé@BR@placﬂyndThém&ss menmoTy deéwiced880) maegnet iC

i SR RUEN AT e e N
' ”Corpo ﬁ&éddéta aﬁ@iﬁéhl(é‘pﬂ(m&ﬁ[yo §'rﬁégﬁow‘6@@éé‘t%b)% BGblagk- _[0037]

OWs a conputer sys enp oyed to I nplenent” the inAvention.
The corrm&chmmsgtmheaa abard diskrdrya tapeeioip generally sipvegstthes th@@tiﬁern whi ch

the pres ent npl enent ed. The conput er em ncl udes
L cent r STOTponEEESeR B4 b D AN TraT eraon SR R GBI 5] e (520
a-~y ead RithoﬁEﬂPé@he&;B@W a(o‘é?@ e 838ePbr 58 daﬁémanukabm(c@?@e lawdll Behi cs
cohtroller (560), primar storage devi ces $540 and 550), and a_digital

di spl ayappfeaciated (crsertdhel rmetior retaioedwithin theymasstmemory deviee (@Q)r 6ABS er

dat RAM
(520 1 1 ol TRblGH s, Beindrbiied Miapliob G fFSfiiti et dhine KAM f620)°

bi - di r easiviridl menogr. The CPUs (510) can generally include any nunber of
processors. Both primary storage devices (540 and 550) can include any

sui t abl pEIBIPUtFie CRAAAE10) BREERO cdUupRIPIIAHE oSindfé Gfpulddipidebig@s, whi ch

is typically a mass nenory device, Is also coupled bi-directionally to the
CPUs (5(390) thaldcan ipeiudies babiare: najdiatitasbioa devises guch ag addagymonierspiiask menor y

devi ce Bgﬁsq)mlca, Qeyboards, microphones, touch-sensitive displays, transducer card

readers, magnetic or paper tape readers, tablets, styluses, voice or handwriting
recognizers, or other well-known input devices such as, of course, other computers.
Finally, the CPUs (510) optionally can be coupled to a computer or
telecommunications network, e.g., an Internet network or an intranet network, using

} a network connection as shown generally at (595). With such a network connection,
it is contemplated that the CPUs (510) might receive information from the network, or
might output information to the network in the course of performing the above-

- described method steps. Such information, which is often represented as a
sequence of instructions to be executed using the CPUs (510), can be received from
and outputted to the network, for example, in the form of a computer data signal
embodied in a carrier wave. The above-described devices and materials will be

familiar to those of skill in the computer hardware and software arts.

[0039] The graphics controller {(560) generates image data and a Corresponding
reference signal, and provides both to digital display unit (570). The image data can

be generated, for example, based on pixel data received from the CPU (510) or from

11



conput er -r eadabl e medi um that can be used to store prograns including

" conputer code, data, and the like. Typically, the mass nenory device (580)
is a storage nediumsuch as a hard disk or a tape which generally sl ower
than the primary storage devices (540, 550). The nass nenory storage

devi ce GpEXemaNehdfe (e shbﬂh?nlﬁfoné drBaditricht theiMRgE daA@Rs Hroerded iar sone
ot her well-known device. It w appreci ated that the informatiaon

L et ai ne®RGB formatand thesefarenes yignalinekidesgg VSONC and HaypiCopignalssvelhs els
morory. KEBAgH b ArcRRidist s 0L ag oo bl e isenclendth s bR

devi ces mb@aﬁentedin&ntho;eatalamedeferemte sighalkah dthed foatiatsd, devi ces such as
video nohitors, track balls, mce, keyboards, m crophones, touch-sensitive

di spl ayfoozw]anSAitrheﬁfbé?aijknpre?ﬁélﬂéﬁ@nsrmﬁetm@erﬂronwbé@peemr@eer s,
tablets, styluses, voice or handwiting ecogni zers, or other mell-knomn

i nput ddleverselosshit #dl] betunderateed thﬁtwerloue figations cARAle madevdthontis (510)

opt i onal e C rk,

o"g. <" e bafER BB RoFR b GeBRRY ik nv8hupld: KT B AP ST e
Connect hirarchicihant teeiperavertas i ﬂ%hterWetdiateU@,Vere, ﬁhetoumévacmod\act ion, it
is contenplated that the CPUs (510) m ght receive information fromthe

net wor k geperateg gﬁ@toameaeteﬂrﬁqwma@n em%f— u$rd asAraNdidate fereSABur se of

per for b i ARId S5 IS

of ten %Q&Q@ﬁi@dqﬁ@%&@éu@%@ Oém?%gﬁsﬁ@%erﬁg@aé Eégéexec ut e e&%rﬁget he

. CPUs I( Sihéed f@'ﬁ)Th?Eplﬂl@@];sesélﬁbrf frame I'a(tjﬁic@uﬂmﬂlbhfaduttfﬁgs deimtertagmd,, ndise

exanple, in the rmo er ata signal _ enbo in a carrier wave.
T aboreiteeeer%iaoaen@é‘sor dhmatter cmaodiments, e Wi thasopas Shies of

skill i Q?%%% gpHE er hardware and software arts. [0039] The graphics
controller generates image data and a corresponding reference
signal, and provides both to digital display unit (570). The inage data can
be generated, for exanple, based on pixel data received fromthe CPU (510)
or from 11 an external encode (not shown). In one enbodi nent, the inmage
data is provided in RGB format and the reference signal includes the VSYNC
and HSYNC signals well known in the art. However, it should be understood
that the present invention can be

12



I npl emented with data and/or reference signals in other formats. [0040] A
" nunber of inplenentations of the invention have been descri bed.

Neverthel ess, it will be understood that various nodifications can be nade
Wi thout departing fromthe spirit and scope of the invention. For exanple
in addition to the hierarchical angsgmg®ral vectors in the internediate
| ayers, the canmera nodel generated vector projected down can al so be used
as a candidate for SAD conputation. Furthernore, the notion vectors

Pate conver sometieie sORpiRBaPotth vGRh L BTl SROTERS. oo on
Accor di geprisiigier embodi ments are within the scope of the follow ng

clains. 12 CLAIMS 1. A nethod for conputi I’(])? notion vectors_ in a digital
vi ded sequenéeseivingplinstimage Bamecatiadingyresolytiosy the g imagerame a fir st

whr ei n B Ragbity R APes BiniRl EbiPichid Botchihal'a [eRRREARET 21

second fireg@sitioane at the first resolution, the second inmage frane
i ncl udi ng one or nore inmage patches cor rqe@pondi ng.to the i nage patches in
10 the first "'eGRIYBIE F/RON i fFATEE & theHigh fomh ke serhiBidd8 e second

positi on, b "%ﬁ ' ‘faﬁéh | itnBak & in
corresp(llﬁ:)}’ra]l iéﬁrg”‘ﬁ nagbebﬁe%gatc Qﬁ?btl_'% e se%éoéﬁpﬁér@gg rigljfrteﬁ:g l@e?e mﬁm ng a
nmot ion texficst ifage fraene, wgreijnadadh, imdye phtcle has ratdspaciivecsetindgositiorgr at i ng
two or nore copies .of eac f the . first apnd seco | mage franmes, .each 15
copy havi ng IrRAcRdrade Paiglidn e trshinaed ferknat fas FrebcesPASIRGITaAS and
sel ecti Bgich inRRS sebBhd RRayEHaffe;anong a plurality of vectors at each
resolution; and using the determned notion vector to establish an
i nt er medi at edptesininiog somotiohaeriander thatiwagempaieh.ithe detasminationtinglvdinchat i s
'nter mgbﬁéétihg t\trvgeorfrhcrafset cc%}gs of 88(9‘9 of tfhreal‘ngtS anc?gecond image frames, each '

15 copy having a different, lower, resolution than the first resolution, and selecting a

best motion vector among a plurality of vectors at each resolution; and
using the determined motion vector to establish an intermediate position of

the image patch in an interpoiated frame that is intermediary to the first and second

frames.
20
2. The method of claim 1, wherein determining further includes:
a) selecting a copy of the first image frame at the lowest resolution;
b) selecting a motion vector determined for a previous pair of image frames;
c) projecting the selected motion vector to the selected copy of the first image
25 frame; '
d) generating one or more update vectors in the selected copy of the first
- image frame;
e) selecting a new best motion vector among the projected vector and the
update vectors;
30 f) selecting a new copy of the first image frame with a higher resolution level;

g) repeating steps ¢) through f) until the first resolution is reached; and
h) using the selected best motion vector at the first resolution level as the

determined motion vector.
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2. The nethod of claim1l, wherein determ ning further includes: a)
selecting a copy of the first inmage franme at the | owest resolution; b)
selecting a notion vector determned for a previous pair of imge franes;
c) projecting the selected notion vector to the selected copy of the first
i mage 25 frame méhogestailgi NoveaRIPEadPnead Patch iMEIntes a gitralifyeofsel ect ed
copy of the first inmage frame; e) selecting a new best notion vector anong
the projpé@%d vector and the update vectors; 30 f) selecting a new copy of
the first image frane with a higher resolution level; g) repeating steps
c) through f) until the first resolution is reached; and h) using the

sel ect ed. besTherhethodveadiaim 3twhéreir tHesdize efeact image puth 88 By pixels.
determ ned notion vector. 13 3. The nethod of claim1l1l, wherein each inage
pat ch includes a plurality of pixels. 4. The nethod of claim 3, wherein

the sizg of qfeh,LiRAGMMiAT, ﬁh@rem’g@né]jaﬁﬁ%z\gg or gr'r?oreT idEhpRdeq! claim 2,

wherei n "generating two or nore copl es inc enerating two copi es of
Ieach of the t;ienetatiagdm&emmebh 'f oheash cbfrtlheﬁ'sst a!'&mecamlp't;:ndm/frirgga ?ad’nl‘ erent,
ower, resolutjon than the first sol ution. 10 6. The method of claim 2,
wher ei nC8RY gé’t"i”ﬂga 9'?faﬁ6‘%qtowv‘(?éc'ie§P[L§'8ﬂéHﬁ'i‘ ﬁ&f‘df”fsgfesé)’”%vi ous pair of image
frames includes: selecting a zero vector to be the notion vector if no
continuity exists between the previous pair of inmage frames and the first
i maye fBame, Toe méthod gfrabsimo2isviperen séleciingng endticemesctexdstesningd far aThe

met hod of claim.2 n sel.eﬁti ng a notion vector determned for a

wher e'f
previ oygrepvé?lfs i Pﬁﬁ@%g? _faﬂtﬁé ’F. Hpﬁ es: filtering the notion vector
de} er ni ned f eRcilg alca veor B bE thE mdRBVdaTBRe continuity exists between

the previous pair of image frames and the first image frame, or if no previous pair of

image frames exists.

15
7. The method of claim 2, wherein selecting a motion vector determined for a
previous pair of image frames includes:
filtering the motion vector determined from the previous pair of image frames.
20 8. The method of claim 7, wherein filtering includes:

determining a vector median in a set of two or more motion vectors for the

previous pair of image frames.

9. The method of claim 7, wherein filtering includes:
25 performing a temporal partitioning procedure in a set of two or more motion
- vectors for the previous pair of image frames.

10.  The method of claim 2, wherein generating one or more update vectors
includes:
B 30 generating one or more vectors that have the same origin as the selected
motion vector and that end at different pixels in a horizontal direction or a vertical
- direction from the pixel where the selected motion vector ends.
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20 8. The nmethod of claim 7, wherein filtering includes: determning a

" vector nedian in a set of two or nore notion vectors for the previous pair
of image franes. 9. The nmethod of claim 7, wherein filtering includes: 25
performng a tenporal partitioning procedure in a set of two or nore notion
vect or s qfi0or t 'doéfsc i i I aim 2,
wher ei n1g1éner-|g1t%irﬂ8ﬁl§ne orlgir?rdoﬁ%’qﬁgéat eﬁj\?]:aucléor%vegﬁ)g?-éﬂgséﬁg%%terﬁiﬁg%i ng one
or nor e sepatated by lweie drawe pikelsSeom tiee pixehwherd ihe ssdaed exbtion vaattoroendsect or
and that end at different pixels in a horizontal direction or a vertical
directi H?]alﬂ.%%f)p%aﬁg Iveﬁﬁ@lg'r?ﬁt@@el ected notion vector ends. 14 11. The
nmet hod of claim 10, wherein the update vectors end at pixels that are '
separated by one or two pixels fromthe pixel where the selected notion
vectdr dds Tihe rmethmd ofaiaial 2 awbérain selettingib ndiw besti rontios ve@or Reludest hod of

claim2, wherein selectin new . best notion,vector includes: for each of
the sel ect ed MoTaghotDE et MOtORnrier At HRdate YREO g a 11 st wi ndow
on a pixel in theckhfeting ARE2 wiridsW® ohhRpixEPihThe fifst iRagei frarfé thdi9oies BAT |
centering a second wi ndow on a pixel in the second inmage frame that 10

fornms a@rigitdofdbervectstt; t he vector, the second wi ndow havi ng the sane

of "1 umn val ues { opepieg SSPESHE witdlel Fh Bk B SorRETiHge ek °nees
cor 1@s penshdgn RAGIPois the veber sthewrdont Mslsw aadingtdbesimagintsndidies asw
best notion vector a vector that has a m ninum sumof 15 absolute

di f f er eHfteefrst widomie met hod of claim 12, wherein the dimensions of the

(1)t and second_ ol piwRar &I abEGRke hitchdisl SRARLARAL o Bfo piBRE

patch. 20 14. The ne wherern determning turther
pr o] ect imthedfirswisidawacd pixelat twrrespondinedpasitinnsoih thbsetond windavgearid ane,
t he . . -

selecting as the new best motion vector a vector that has a minimum sum of

15  absolute differences.

13. - The method of claim 12, wherein the dimensions of the first and second

windows are identical to the dimensions of the image patch.

20 14. The method of claim 1, wherein determining further includes:
projecting a camera vector to the selected copy of the first image frame, the

camera vector describing a global motion between the first and second image

frames; and
selecting a new best motion vector among the projected vector, the update

25  vectors, and the camera vector.
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canera vector describing a global notion between the first and second i nage
* frames; and selecting a new best notion vector anong the projected vector,
the update 25 vectors, and the canera vector. 15 ABSTRACT MOTI ON
COVPENSATED FRAME RATE CONVERSI ON Met hods and apparatus, including conputer
program products, inplenmenting and using techniques for conputing notion
vectors in a digital video sequence are disclosed. A recursive :
hi erachEg%Ag?t hod is used to determine a notion vector by wusing nultiple
resolutron—ftevels of the image frames. A best notion vector is first

determ ned for the | owest resolution | evel. The best notion vector is
propagaveliIo® aCOMBPRBSATEBO| BRAME R&TE| , COWMEERSB@he adj ustnents are made
and a new best notion vector is determ ned. The new best notion vector is
propagated t i gh . i l&s NRtementindg nent s
ar epsarrade andR/Iaeﬁ(%%sgéW&ngaﬁ %’éa?fg%?ﬁqlgﬁq\%ﬁ tlfc?)élr é@éaﬁérpeﬁr/f?ne%gg hi s pr‘g%ess i's
r epeat egnhdiking tebeninligh st coraputgignmbtion vestorsiin @ diditel ¥idepseq0e8¢e PEAChed

Vect or  ABCIREdo eV BESAITIEh Mabet 1§ LSkers B BiHRgECis o "

conpensgli8inuifibE redolution levels of the image frames. A best motion vector is first
determined for the lowest resolution level. The best motion vector is propagated to a

10 higher resolution level, where some adjustments are made and a new best motion
vector is determined. The new best motion vector is propagated 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. The
15 identified best motion vector at the original resolution level is used for performing

motion compensation.
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