MOTI ON ESTI MATI ON TECHNI QUES BACKGROUND It is becom ng increasingly conmon
for devices to have video and image processing capabilities. For instance,
many por twbl2elceTsi4bi xed devi ces are now abl e to capt ur epcaitsplpsoiencode,
and/ or conpress imges for video applications. These capabilities often

i npose significant | oads_on a device' such as its processing
and nenory assets. As a QTION WE.HPAN CHINIOUES a0 encodi ng may cause
an inability of the device to per efdunpnal tasks, and/or a reduction
in the device's battery life. AcCUng%gTyT—Tﬁchniques are needed to inprove
t he effi ci ency ltof bswohng perasinghsconBRrEfor OESCH tBThiaGivideo THEINDRAW NGS | n t he
drawi ngs, |like reference punbers generally . indjcate identical, [fupctionally
simlar, PEASEAOPE StRhUNGH af 1y nsiRie) MRny peaiy &1d Frke devIest s O S Bn an

el emend  fdap@ike, ARPRAT Sndode, AAdios BEBPrcRY inkdRs FRfvidBshpHE@ioh{ SThdsB t he
reference nunber. The present invention w il be described with reference to
t he accorgen#yling aicawnngss, sigbeasit padfFpiGa device's gesgieegs, anstods igrpresessipE ar y
apparatushrﬁ&g%ozah%ta di agram of exenplary frames; FIG 3 is a flow
diagran1§h8mnnglgxénﬁTary operations; FIG 4 is a diagram of an exenplary

i mpl enment at i onAsklesul® op&atiorslsavh 6k AgeaMcoBRWING Qe @anyiligpeftas i ons; and

FIG 6 is a diagramof an exenplary inplenmentation that may be included

wi t hi n arfleviesde Perataddiionsliaples, al@éqw eepetpmsetherdava’ shasisti ent s provi de
t echnjgques. f or t - [ j F " ' det er mi ne
erroriﬂeff?ggﬁg%gfkggﬁﬁggea J%g ‘%ﬁﬁ%ﬂﬁéﬁ@%&ﬁ%ﬁ%@%§$$gﬁpb§ﬁgg%% where each
of the error netric | oBRIENFODESCRIPTEONCOFIHIRDRISWINGS search position in
a reference i e. Based on a_separation threshold, a plurality. of

candi dat e posir}'@%&}%rawawﬂ&q RGP PEE Flisc%‘?’ﬂ?fﬁiy g@éﬁa&nlda&gqaﬁif o0yt chi ng
posi tion s'irﬁﬂéxh%Eh/blds%tciufrélgﬁsiMl%l&B;@m&aﬂfé'&%ﬁégﬁ)whidh%selerﬁ@rﬁ%ﬂston the

mat chi ng position, a notli vector Is determn Through the enpl oynent of
such t echppepre s, indinpcd be tent8most dtgipuinahé weknce number. The present

15 invention will be described with reference to the accompanying drawings, wherein:

FIG. 1 is a diagram of an exemplary apparatus;
FIG. 2 is a diagram of exemplary frames;
FIG. 3 is a flow diagram showing exemplary operations;
FIG. 4 is a diagram of an exemplary implementation;
20 FIG. 5 is a flow diagram showing exemplary operations; and
FIG. 6 is a diagram of an exemplary implementation that may be included within
an image encoding module.

DETAILED DESCRIPTION

Embodiments provide techniques for motion estimation. For example,

25 embodiments may determine error metric lower bound values for a block in a current
image, where each of the error metric lower bound values corresponds to a search position
in a reference image. Based on a separation threshold, a plurality of candidate positions
may be identified from the search positions. A matching position is then identified from
the candidate positions. Based on the matching position, a motion vector is determined.

30 Through the employment of such techniques, improvements in computational
efficiency may be advantageously achieved.

Reference throughout this specification to "one embodiment" or "an embodiment”
means that a particular feature, structure, or characteristic described in connection with the
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efficiency may be advantageously achi eved. Reference throughout this
specification to "one enbodi nent” or "an enbodi nent"” neans that a
parti cul awof2esar8es structure, or characteristic descri lpet/tisao000méecti on
W th theenbodinent IS included in at | east one enbodinent Thus

"in one enbodi me "in an ment” in

appear anc t he ph n
vari ous ;ﬂﬂi@ ?%ﬂ%@@f@?ff in leaskonecsnio @HP?IHnLFQP% aﬁaﬁar%@%% FP [Aseyy jin

ref erri ngytQnlyagini@oe TP LB imehtih b%éﬂ%rp@aceﬁ RfoRALL G %Emﬁ@ﬁ{dﬂr es,
structures, or characteristics may be conbined in any suitable manner in

one or rrmr@n@tmo@hsmdmtaﬁ reﬁérr@g to thesamneadinalgrdanewsf Farthexenplthe partipgar at us 100
in mhichd; e te sctos§d herﬁin n€%e$e enplﬁ% d. This aB ar at us
may i ncl Sae“%ﬁ r% T TREE TS PRRTRY T & 1Y SShous "dppdrafis °hoo
includjngn@@ehﬁ@gﬁn@@yrce 102 and an i mage encodi ng nodul e 104. These

el ements may be inplenmented in hardware, software, or any conbination
t hereof . | magdi§oUriea diagpamppben eresnpbary @pparatusdgo ubWhWhgl@ splaaiong nodul e

104. Mor & pafdl %glleﬁlrllﬂ?}’l ‘g%: %‘gglrr&i(g PR f)%?l‘&tug Hl% ?nc? ci%e\;arl\éﬁé HemellRY F Bre

arranged 1nto a si repr sen S one of nore inm :
Thus, si gngahncel FBGM s]lﬁﬁvs@)ﬂar@ﬁh@p()() mllmlﬁge@ru&mge sofircé neresd af infdgel ds havi ng
nultlple pi xel values. Each frane/field (also referred to as_an i mage) may
cor r esporfdce@ng Medplci 10| dihesq glemegs mapbe ﬂﬁplémﬁated in RardpigEsel SHRERATS:, OTHNgnal
streap 122 s Sbfitdlor Al ternatively, signal stream 122 may be analog. In
enbodi nent's, 1 nmage source 102 may conprise a storage nedium (e.g., nenory)
t hat stores, flongexanpt &)2 pnodeles piont erhdesan dhage dncadjeg modiiteeltdatMarel v,

i mges source, 1 y, conprise a conmuni cations medi ymthat provides i mage
e e T HER L B SV R e a Nl SSh QB8 TS e i bl Tt o
My be Wi 18 AlchWEleRRSneAR nford Hidder TR SizRAltdem 1DIBES MpiRea102 May

conpri se an arrangenment of elenents that capture images and generate
correspo rsdqmr:glcs pfyirames orFf&ﬁld%lxaazm wyltipke Ertdodlueentach framagEclddalse ecftoad may

inclu an tics sse i mage sensor.. Such opt.i cs_assenbly may
ol ute. oRaSBh gL RS TP rRRR o7 { nt R AL e e B oGBS

proj ect asngﬂamg@nmznls ralgataf | gltetn@fively, @nandteeail i Rdebsanassy. el ement s
within the i mage sensor. Moreover, the optics assenbly may 1 ncl ude

mechani sn(s)  tl8 cebrdineints, Heagersoarrgd N8 maysiomrise 8 storees mebyndegs) . For
exanpl e, rﬁ&ﬁ&y%%@%%ei%r g%ple, video content and/or images. Alternatively, images
source 104 may comprise a communications medium that provides image encoding

20  module 104 with signal stream 122. Such a communications medium may be wired or
wireless.

As a further alternative, image source 102 may comprise an arrangement of
elements that capture images and generate corresponding signals. For example, in
embodiments, image source 102 may include an optics assembly and an image sensor.

25 Such an optics assembly may include one or more optical devices (e.g., lenses,
mirrors, etc.) to project an image within a field of view onto multiple sensor elements
within the image sensor. Moreover, the optics assembly may include mechanism(s) to
control the arrangement of its optical device(s). For example, such mechanisms may
control focusing operations, aperture settings, zooming operations, shutter speed, effective

30 focal length, etc. Embodiments, however, are not limited to these examples.

Such an image sensor may include an array of sensor elements (e.g.,
complementary metal oxide semiconductor (CMOS) sensors, charge coupled devices
(CCDs), etc.). These elements may generate analog intensity signals (e.g., voltages),

2



control focusing operations, aperture settings, zoom ng operations, shutter
speed, effective focal |length, etc. Enbodi nents, however, are not limted
to t hese wanpmlesl46Such an i nage sensor may include an RCTAB2@P/06B/% Or

el enents (e.g., conplenentary netal oxide sem conductor (CMOS) sensors,
charge coupl ed devices ( ), etc.), These el epents may generate anal og

i nt ensi t WU@PI@ ﬁ%@pwf Q. 1}%%51%(135&90%? SRl rIPé‘g%lﬂ& tPH IPASFHENIR QYO upon

the sensqp BUH-Tol APital (BBvd A QhatBRYv @t @ ahM6h Wel€nsity signals i
A P e R R PRy TR LR ahfibe Mty fempiy o,

anal og-to-digital converter(s)
si gnal s idgitallgiegcodedliyteanityodidetsi hi emsithy inagesessor maytcanyey suble vilnegie sensor
may conve sw:th valdes in signal stream 122. | nmage encodi ng nodul e 104
encodes ( .nﬁfre@ esses) imge signals conveyed in signal stream 122 to
produce an enqgafigd csdodid! mddfle 1GHEoEBFRA. NGRS il AGE Feneeyddiihh one
or nore techni ques. For 1nstance i mage encodi ng nodul e 104 nmay enpl oy

vari ous st 8522 tedueduga es cnepdea kignaldZ4n tSagle cefodingdumdbois; assordangg. |
spatial r anci r.t I j i i i_gnal

T am 1250 AR pER AR PR s ARG B o ATy MBSl oci
mat chi ng vakiges tdrprsss{dBMAshnidquy @ take déiarage pif Rgluadameids@a gy epdtiat (al so
referred to herein as a displ acenent, vector). The notion vector estimates

t he hori Z6RNgRngprgrnddritemperaticdprdipeisprinh@entan pigpelistiessnla: SEfler ence i mage
to a rr | : ' ch notion vectors is al so

refer ?%d ttgégﬁlé ulggrrt)ﬂ{t%' é%&‘gieﬁﬁﬁg{%ﬁ%@%?{ﬁ?ﬁ% y, FIG 1 shows inmage encoding
nodul e 104 i nBlocdemaghmptalgoritess (BBEAs) mviobauleeerthfiing Mototion vestdr fasoi on

nodul e 106 dehgrﬁn' nes no({ilsi on vectors f bl ocks (e. % " macro%l ocks) within
i mages orfFEES TP 85 FrdisPIaCTRgRY WSts; Y BELRI woistagtcs Hehegeor ies e

Mot i on VemlQkiichNdiSeeed: §F 96@LK %ﬂraﬁe@er@ﬁ@%q{iﬂﬁg@wa%uﬁéﬁﬁﬁﬁag%n%@' ng nodul e
104 may conply, for exanple, wth one or nore ving Pictures Expert G oup
( MPEG stdztrtammigion ofisuchagotivPEGe R rawdlsorrc foREGalas mpeaen estimegenencodi ng nodul e

104 C I it e.or nore standards, established by .the International
Tel echimin Rt el PGB 18 er i Rt Bl PO RIS na b S BBR0 o
(ITU-T). dxamphles of such standards include H 261, H 263, and H. 264.
Enbodi nents, however, are not limted to these exanples. As described

above, image éveien ergnmbignnwdulrl (9edetarmines naiwodeetoss fghblockoe.g.,

macroblocks) within images or frames. In turn, image encoding module 104 may include

these motion vectors in encoded signal 124.

20 In embodiments, image encoding module 104 may comply, for example, with one
or more Moving Pictures Expert Group (MPEG) standards, such as MPEG-2 and/or
MPEG-4. Also, image encoding module 104 may comply with one or more standards
established by the International Telecommunications Union (ITU) Telecommunication
Standardization Sector (ITU-T). Examples of such standards include H.261, H.263, and

25 H.264. Embodiments, however, are not limited to these examples.

As described above, image encoding module 104 generates encoded signal 124.
from signal stream 122. In turn, apparatus 100 may store encoded signal 122 in a storage
medium (e.g., memory). Apparatus 100 may also decode and output (e.g., display)
encoded signal 124. Further, apparatus 100 may send encoded signal 124 to a remote

30 device via one or more networks (not shown). Upon receipt, the remote device may store,
decode, and/or output (e.g., display) the corresponding images.

Apparatus 100 may be implemented in various devices, such as a handheld
apparatus or an embedded system. Examples of such devices include mobile wireless
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fromsignal stream 122. In turn, apparatus 100 may store encoded signal 122
in a storage nedium (e.qg., nenory). Apparatus 100 may al so decode and

out put (ewg@.2010di78pbay) encoded signal 124. Further, app&Ccatusg002015ay send
encoded signal 124 to a renote device via one or nore networks (not shown).

Upon recei pt, e reno evice may store, decod nd/ or tput (e.qg.,
di spl ay) RRE% m&fﬁwéﬁﬁo&b{aﬁw DeEpRr orP Ui ey s rebiaing ed i n
various dgulaRS (PBUSH aAS dRitRReReld 1RRBANEH, URis QY st rBiPAGASInISh&Rd
Exanpl es of such devices include nobile wrel essphones, Voice Over |IP

(Voi P) photasl lingdaswinaticacpmpas enployP@sjandpemeidbhabwdihyiditeleplamsinstvenk s
PDASs) , Lgital,. W diti t hi | b
ot emend BT S BhéifeR BB Ml b AS net R gRE D B P st
swi t ched deal@REENE, RRAMREKn ARSI LANG énd InfeSot, dtY eBMBbEEhcAtsIhdREveBer Vi Ces

network (I SDN) phone |ines, and/or packet networks (e.g., |local area
net wor ks ¢ ppddimitedie these exaraples.et c. ). Enbodi nents, however, are not |inited

to these exan%fe%?ﬁo%??&% ridlle &8@%%{1!5%%, l?e%ﬁ%%@érﬁoeﬁ%ﬂpl%fefréﬁcteqgEhe
described with Feferance 1o the Tollow n I'gur és ‘and acconpanyi ng

exanpl es.foBewgdfgutdiant lageomgsiniing dxamplédeSemk ofihe fiduasy.mAl inbladgh lsgieh
figures presented herein may include a particular logic flow, it can be
appr eci ati-+ Alhoughsurk §eurcs pessetied kergingnayinglude a Radicylsplagiohowdhcahe

gener f i i F i i her, the

o ven'! ogl o PPl ERR R HEREICAGE a7 pRTRS Bl TTEO Sl ertfHie o der

pr esent edunctionsktyatchaibat] dercimobiag bt adplemantaddFtitiner, tht lgevegilvgn floegloes hbtow may

be inplenented.by a hardware el enent, a software el enment .execu by a

P 0c05SoMCUE LD RS R IHAF BF PENGHE HERES B RO T H-18d 1o ¢ hi s
context. AQildashtihed 16’%19‘ﬂ%w RIPEdinTREhL S ERYy deRRMWAtEIeRERAedofwRge Signal s
from unencoded pi Xel data. For ‘exanpl e, inmage encoding nodule 104 of FIG 1

may enpl cjereent sx¢qutsdtlychpriogesess, pharty eomitiinationtteerpelt dmbadimendansinot bet ween

successi ve i . Thus, aspects of a current inmage nay be represented with
r ef ergicén?%er@ggﬁlé&%ﬁ’ét‘ref erence i mage. For exanple, such encoding

t echni ques mayAd@dsefitadi® ol tenhd ke PMmsy gskoat ah QdleWirhfidi@rksiréd. 9. ,
macrobl ocks) in a current imge or frame. Mre particularly, each notion

vect or repebensiad 9ixgl datapFeicesapinic, raere dgoding moaghleelddori dilfhy 1 Brayctnmey ween
the previ e%&diﬁ& {e%fnfﬁaﬁgs th%ﬁiz@%%ﬁo?ﬁ rgcﬂfnrdgﬁ'éieg TQ&n successive images. Thus,
aspects of a current image may be represented with reference to a previous reference

20 image.

For example, such encoding techniques may determine motion vectors associated
with blocks (e.g., macroblocks) in a current image or frame. More particularly, each
motion vector represents a displacement made by the corresponding block between the
previous reference image and the current image.

25 The Sum-of-Absolute-Differences (SAD) has gained wide spread adoption as a
basis (or metric) for determining motion vectors. This is due to its simplicity and
straightforward implementation. The SAD may be calculated as expressed below in
Equation (1).

NoIN-I

SAD(m,n) = Z Z|current(i,j) — reference(i +m, j + n)| (D)

i=!

~

30 In Equation (1): m and » represent a displacement between the current block and a

previous reference block-in the x and y directions, respectively; current(i, j) represents a
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The Sum of - Absol ute-Differences (SAD) has gained wi de spread adoption as a
basis (or netric) for determning notion vectors. This is due to its

si npl i ci twoanw/wsrai ght f orward i npl enentati on. The SAD may/useocoabosd at ed as
expressed below in Equation (1). SAD(mn) = - reference{i +mj +n)\ (1) In

Equati on . /mand n represent. .a displ.acement between the current block
and a pr o RS LBt BRvigh e TAREPGe T TR epR el afal v
current (ipfViol SR8 8NpSitRMalYE ;4. the current image at position i,j; and
reference(i+m| +n% represents a val ue of a previous image at position

i +m j +n. Accorakaegliyglyt the SBADOEqUE ot 1)gmoYidgs pseof ddsesdosepaifulual ues f or

ticyl I . A cul E [ 1 h that. the SAD i
Functi on Btk repiubEASR Bk Shovi Rl S b BRC et rRgE | °
componentygcidr gﬁ@l displacéierthvaobt hdvihE@drh@fhchien fnd 4). search bl ock mat chi ng
al gorithm (FSBMA) provides a sinpl or performng the notion

e way f
estimation. ThHzalgbybn @%ﬁﬂﬁhﬂ/@ll\ﬁé%fché{%hmw{t@hﬁ% gdgorghp FSBMALproyidghd n

within a r f . r i ecting m
and v al SEEESThy o8 B il B llo it g ef it PRBIE S SRS

Unf or t unag Yor dable nFRMAWitBincoRPidth atdaqBiBd kafetledmniangarchioxiedsy), andt her

techni ques exi st that are |ess demandi ng. For exanple, FAST notion

esti mat i oRlCalyhY,AH fvafues ghat Ytﬁl%%ﬁ%ln%?’grséﬂ? a3 thee betepobam M eHor- and f our
step ar i : .Dﬂﬁﬁi&!' fid Gl y considering only sonme of
t he pg(?nt[glﬁi%ﬁ{sll %19;2‘1@?5?%%&”252& rarréloglfg%gﬁﬁga}%n . Nevert hel ess, such fast
sear ch al gor i tHemevex hutlndr ttechndjuasmrastkhat ald lesk ddneandingc dor axamplei S Dbl end' .

Thi s probl em can prevent .the "best mnjnmunf notion vectors.from bein
2t i hed.MOUPTEGBRHOHHELHIEY g d RIS DT oA AR <P Hiffeh
over comesngcl BaMLafbMI TR QO HyaFhsifbe ofi P kem@bB@E ipb IR ingids@nveni ent to
i npl ement in software. The sucCeSsive elimnation algorithm which is |ess

conput at irefsadricy fridmemnaichgreah NeverttelSBVD fdst sedecht dhgoriios exliihit mdrawisick on
vect o W th "mnjmal. error). The,successive elinmnatjon al.gori,fhmis
based bn Ehed s RsALTTHEEm HRbiSm | TP RiPOOR R BEr Sl T eSpPENERS (2). As
shown i n dR¥IreEStRfrbR)beingdedn) (subsanpl ed SAD function) provides a

| ower bound for SAD(mn). Also, for a given point, SSAD(m n) requires fewer
An algorithm called the successive elimination algorithm overcomes the local

minimum problem. Also, this algorithm is convenient to implement in software. The
successive elimination algorithm, which is less computationally demanding than the
20 FSBMA, finds the best minimum motion vectors with a “minimal error”. The successive
elimination algorithm is based on the mathematical inequality provided below in
Expression (2).
N-1N-1

SAD(m,n) = Z Z|current(z' , j)—reference(i+m, j + n)| >

i=!

~

2)

N-1N-1 N-1N-1
Z Zcurrent(i, j)— Z Z reference(i+m, j +n)| = SSAD(m,n)
-0 j=0 i-0 j-0
As shown in Expression (2), SSAD(m,n) (subsampled SAD function) provides a
25 lower bound for S4D(m,n). Also, for a given point, SSAD(m,n) requires fewer
calculations than SAD(m,n). Thus, the successive elimination algorithm first calculates
SSAD(m,n) for a given point, If the calculated SSAD(m,n) value does not reveal a
desirable lower bound for the corresponding S4D(m,n) value (i.c., if the calculated
SSAD(m,n) value is not lower than a currently known minimum S4D value), then the more

30  expensive calculation of SAD(m,n) for this point is skipped.
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cal cul ations than SAD(mn). Thus, the successive elimnation algorithm
first calculates SSAD(mn) for a given point, If the cal cul ated SSAD(m n)
val ue doewonoto/a7emeal a desirabl e | ower bound for the cecraspandsgo
SAD(mn) value (i.e., if the calculated SSAD(mn) value is not |ower than a
currently kno m ni rrum va u t hen. th nor e.expens cal cul ati on of
SAD(m n)  for glgalaihm e g %‘Blé% ehﬂn%ﬂtlgara GORATR & 11 Wéﬁgﬁ%%ﬁswe

el i m nat I&&lﬁétgﬁrdlg&nhm%eam lltaaﬁsot&nﬁl@fs ﬂ)ﬁ)’(ﬁﬁﬁ)‘ aw IlevaanﬁﬁH If&ns/ﬁb(gpﬁ)'.t hm
because it al so enpl oys SSAD(mn) as a | ower bound

i nst ance,Far rm@tegllcg,tthd: gbbalmlmanatmm aégcgdhmtdabuta@dsoiﬂAéR(wsi)Mumbgr ofor a

nunber of se rch ti.on de ated,.by,th te themin
The o TR B B el 5 De Bk Py o b iR e LR o

SSADM 3 i2PABrdWiosEHDp ! < SSAD P} (3) Then, the gl obal elim nation
algorithmfinds the best M P search positions wth the m ni mal SSAD

val ues. These ©84Peir potP1t T dhdDareSHRdicadetPas SSWPr, <13540v} Expr@ssi on (4),
bel -
posi 15 ons ar o T dloud! SFRERM AL R RMp b A P bRER BoMGRA GE

SAD(m n) thomigiaahSsdDvakredM Tt sturgtopositions are ﬂibﬁﬂt,edfaklenpﬂ§ it Exgiressidon t he

m ni mal SAD am)ng the M candidates is identified. This position reveals the
noti on veébBEIOMY, in accordance with Expression (5), below. MW

= \ SA Al A i di sad t f th | obal
ei{l(lrjr1 atlor?(gl(t\g%r'f fﬁ% @@%%?e/ )Mé‘}é%@‘%o sg@ OrSSAEI??n ;/a\r/]aﬁggsoof alel gPO :

search poi nts Afn MHeset SeatGEN S ihs G 1derﬁl‘fs ?oba' 91%1{ t 1 Jlgo Iiltl?ll’n
conput at i onal I'y "éxperisi Ve. I mentsenp or| at 1's referred

to herei rtaa;alattés@/m@nb)at&seéachrmmw sazltrgﬁ)[)btilhdiﬁs [Tihise, thhpogﬁ@baltheﬁd m nation
algorithm the two-layer integer algorithmutilizes the correlation between
SSAD and "Bipnilai4fe amongtheé candigntesds iqeptifigl o bRP PeYifion FPaedls Heanefii t hm t he

t wo- Iayervelcfg)trwr?gé&%a!nwwﬂﬂ rééﬁ%n 53)egelfng sort SSAD val ues for all P

poi nts re al ns |n nput ati’onal efficiency may be attained. The

two-| ayer integer= ugﬂEAﬂIm\J)&QMlD(fnhl, Z)a/lkryr/[e}shol(g value T that divides the
SSAD values into a t set and a second set. The first set includes all

SSAD(m n) val ugsnajdiatisadi et @SS thdh@obalreligftkaiontadofithrh s @it hasdks to tde second
set incl udes al | SSAD(m n) val ues
SAD(m,n) values of all P search points inside the search area. Thus, this algorithm can
be computationally expensive.
Embodiments employ an algorithm that is referred to herein as the two-layer
20 integer algorithm. Like the global elimination algorithm, the two-layer integer algorithm
utilizes the correlation between SSAD and SAD values. However, unlike the global
elimination algorithm, the two-layer integer algorithm does not need to sort SSAD values
for all P points. As a result, gains in computational efficiency may be attained.
The two-layer integer algorithm identifies a threshold value 7 that divides the
25 SSAD values into a first set and a second set. The first set includes all SS4D(m,n) values
that are less than or equal to 7. In contrast, the second set includes all SSAD(m,n) values
that are greater than 7.
The threshold value 7' may be identified such that it yields a number of elements in
the first set that is close to a desired value, M. Thus, in embodiments, 7 depends on the
30 selected value of M.
The two-layer integer algorithm provides a high probability of success in finding

the “best” motion vector. Expression (6), below, shows criteria for points within the first
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that are greater than T. The threshold value T may be identified such that
it yields a nunber of elenents in the first set that is close to a desired
val ue, Mwohoary/078r6enbodi ments, T depends on the sel ect @edTaskee/06df1s® The
two- I ayer integer algorithm provi des a high probability of success in
finding the "best" ion vec : essm el ow,. shows criteria for
poi nt's  wisthi HheMsprlsintessiop >Sf5owst tdoen Wﬁ&@igiﬂa wpilin t$%h ARVt he

nunber of ap}pfrgﬁls thidthdulie AL i rst set may vary fronmM by an anount, D. (m
,H1) = {(m~ n)\ M\Mﬁ(m n) <T ) (6) One technique for finding T |nvoI ves

errpl oying a |i@m,tey= s{@am@lﬁSAla(x@,ez) <BXpr g6%i on (8) shows that this limted
search range has a lower linit Tnm and an upper Iimt Trmax. [ mm, nmax ]
(8) In enbodi 15, | —Tam: nay t(e{)sel ected as the mnimmof all SSAD val ues,
while Tmax may be ‘sel ected t e average of all the SSAD val ues. These

sel ectj ons ar e OaspEDaRR fOetiningd ﬂlﬁ%ﬁ&%leﬁ%ﬁ)yﬁ@% a Bigted 3&kch MRS
{ SSAD( u, ]g\SSAD(u v) <SSAD(Tnl,/ ,), Such sel ection of Tmax may

be based,Exnsessierafpihewsdimt tis kenjtcd sw@q@aw h@saler@v [t visrpnghap u@Bei on (
11). For gxanpl e, M may be selected such that it is 10%of the total P

poi nt s. El>y nmod€ling the set of all P SSAD val ues as a positive random
variable X havrap a ™i s}qut e uni formdistribution, application of Mrkov's
i nequal ity (subs rtut ng T for a) provides the anal ysis of Expressions (12)
and (13). Thi slnanﬂ)b;iﬁmaltﬁ Hpwenalyttetsclcbied av ercagi@ibGAL wAISSE Dofalwk ] whllgoi nt s

pE ?;“T E_S ﬁnw(sfljj}lg); g egecég({) to beba%lélrgge ]:)? all ‘;Le(‘SlSA% \’IahIersm)"(f%es'e se|e)é‘11())nsEar|e )e(>|( ressec? =

below in Equations (9) and (10).

T .. = \SSAD(u,v)|SSAD(u,v) < SSAD(m,,n,),Yi < P} (9)

]l «r
Tma.x :;Zl':()SSAD(mi’ni) (10)

Such selection of 7, may be based, for example, on Markov's inequality,

15 provided in Expression (11).

£
B,

P(x|>a) < >0 (11)

For example, M may be selected such that it is 10% of the total P points. By
modeling the set of all P SSAD values as a positive random variable X having a discrete
uniform distribution, application of Markov’s inequality (substituting 7 for @) provides the

20 analysis of Expressions (12) and (13). This analysis shows that the average SSAD value of
all P points provides a suitable upper bound for 7 (i.e., Tyax).

P(x[>T)=0.9 (12)

o< ED L p EED )
T 0.9

In embodiments, once T, and Ty are identified, the best 7" threshold value may

25 be determined. This determination may involve employing a binary search algorithm.



I n enbodi nents, once Tnm and Trnax are identified, the best T threshold

val ue may be determ ned. This determ nation nmay involve enploying a binary
sear ch alworntomntsi4a enbodi nents, SAD and SSAD val ues napCihask@o®c16n

i ndi vi dual pixel values. However, in further enbodi nents, SAD and SSAD

val ues nmay be based on su cor ndj ng to_ pi xel bl.ocks n_exanpl e of
this techni qudic O QAT TS VS piay B bireson ip edusl TigSly %&gram
showi ng GMEVeenh fiRIBmBOdmedts’ SAB KRGS AD 3Ry ba BS‘sela oRlsaRRssed

reference frame 206. Current frame 202 includes a macrobl ock 208. This

macr obl ockrcsndegrio pixghblacksa Aw txdnmple af thenteclmauess pa¥idadan FI6. 26 pi xel s

w de by 16 pixels tall 16) ... For pur poses_ of D SSAD cal ¢ul ati ons,
b1 el val uee. wERT eI RSiREgm B PBRS h B T e A2a ke BRp (Ve onal

ef ficiencnd, nera ossRtErcfdfbhdel fRinge 2064 Rt Fram D02 X bl d Wi tnh cRob 1Bk 208l 0ck
208. Each subb lock's pixel values are summed to generate a correspondi ng
val ue forThinmeeieblock raugsentpangreansithio hgen fpog HRthids lepiebaridedyds a 4x4
array of i.€~, a value for each subb lock). This principle is shown
in FIG é)\{%ééygdﬁ(gﬁf%}ged representati on 220 of macrobl ock 206. In this

repr esent at i orfor pFagoedl FSAR A BSAPha@wulaBng pixed valueawithin raavisblodach of

t hese suns (provided below in Expression_ 14) is a pixel value total for the
cor r esporB¥hif eprbingdie ipgrrase.comppiagpnatigfficicnsys £gr exrnnienpilgols 4x4saAD val ues

t he r %Q@gt e . i fon (15)

- 4*%%?%@8% = W&@?mﬁ)@b i g%li ?r%crlllt%mr)r%gg }t Eggw?gndg?g&\?g&%g%ut ational
ef fi ci engenbytecadariespdndntg wlisbioo olacbloek 204! Tess, horcrahodkritO8rmeayr lef er ence

frame. These cal cul ati.ons extend heyond, the reference frame's size by the
e ot | TRRCSTHeah iy SRR o) At CEh e IS ons an enl ar god

reference frangi2ndA@auidhodnNBIFAGL zlﬁiifhn%ﬂfhrgef\ge Sent¥itbn 296 fnfactdbictk

enl arged reference frane is a search w ndow 0 within which a notion
vect or nmedP6bdn gosgintrescithiimn, Bnactdblepkr28 as shanvnegstaotidraaray ofbums.|lsghef f | ow. I n
parti cul FIG 3 illustrat.es a | aqgi I ow.300,  whic be :
repr eginf}é?%e\?gméﬁprf’ﬁléiegE%H"%thfliiﬁ?reé%g%Eﬁ‘%& ARFD B F"%hﬁogﬁye cortesponding

4x4 subblock:

4x4 ..
S (14)
Thus, based on technique, SSAD values the macroblock 208, may be calculated ,

as shown below in Expression (15)

4
20 SSAD(m,n)=>"

4
—”reference(m,n)i’;4 < SAD' (m,n); (15)
j=l i=l

4x4
”currentl. ;

4x4
where: ”X e

=2 X))

Embodiments may further improve computational efficiency by calculating
subblock pixel values for an entire reference frame. These calculations extend beyond the
reference frame’s size by the size of the employed subblock. For instance, FIG. 2 shows

25 an enlarged reference frame 206 having a height H+4 and a width W+4. Within this
enlarged reference frame is a search window 210 to within which a motion vector may be
sought.

FIG. 3 illustrates an embodiment of a logic flow. In particular, FIG. 3 illustrates a
logic flow 300, which may be representative of the operations executed by one or more

30 embodiments described herein. Although FIG. 3 shows a particular sequence, other

-8-



enbodi nents described herein. Although FIG 3 shows a particul ar sequence,
ot her sequences may be enpl oyed. Al so, the depicted operations may be

per f or redwOrowar’s@as paral |l el and/ or sequenti al comnbi naPCors2009069159 ow of
FIG 3 involves the estinmation of notion vectors for nacrobl ocks within a

current image (fra . Thes tion vectqrs are based on_a reference imge
(frans) . SPHGICE BRORETARY S oADg: BF JERCSaoDoRIiPIgtIRG PoRREE] i Vi

subbl ock)pslifBa /6 LalGHhPERbihR/Ionthe reference image. At a block 304, a
macrobl ock within the current inage is selected. Based on this selection, a

zer o di spl acerBmrtil@GAD HHbUeinvelvdethereniimetibrae! raotinocicta@9&r ideirebl@AD val ue is

1 (fk 308, operation

desi d. i. D . As.indi d.b bl
ot ogs TR adplR g Rl a heshBioT Rt Feol¥edhre BN R amate: oy oxi ¢

t hr eshol dfrafdeN eFIE SEshoRRERAL dtAMHIGIKOTRE A stiblctkit 8C Kx3 Qbb1dAN) kik 8reSSAD
val ues are cal cul ated at bl ock 310. This may conprise, for exanple,

cal cul at iaglyubted FOSAD roferanss imgchi n an enpl oyed search wi ndow. At a bl ock
| . T ol ( ( DI «
312, a separatjon, Ll ?(%Qg Iﬁlabclréol(g(%t\g{%ﬁlhe Heuril ﬁ?%%&%e?%gs%s(% 3%559%%?{41% ning a

threshold T, as descri above Wt erence rough

(13). Basefiction,alercditisidenivadSs8pailad is dstetrhines hod bloch/B @ aTkih Spasidluens are
identified. Accordingly, at a block 314, SAD values_are cal cul ated for each
of these d&8igpeRd pbyMinighEn SARswiuco A\t mdkated Ry alpkei08 apriatioeprogsegs to

di spl ace Yaliue A i.ned qat, B¢ itV Erdlh Al M edR val ue is
updatgéo:I g&gc oclﬁag%g. %@Wé?ﬁ& Y, agér&g&% oc€%<d %(?LB,reghﬂ%'ti on vector is
det er m neagbefation pheccsd to@tbdabkrdOr obl ock. This notion vector corresponds to

t he m ni nrum SAD val u t bl ock, 320,, it i term ned whether all the
mcr obl ocke. v RIS S QU Rienrcisgl i o105 Os B BHEo ok ¢ hen
operat | onxh@bld E‘aﬂgﬁl@tir@ ngszg@“vafd& vx%ﬁlﬂgé %ﬁ%@@b&é&‘s&&hﬂw&%&her macr obl ock.

Q herwi se, operation proceeds to a ' At block 322, a next inmage
(e.g., frame) At lblefledtXd saparathm thrashadts determaned. ATtismay coperis | ons, such

o ool e R BBl RO SR B R R0 i b bl o "
estimati qn3fechni ques, such as the techniques of FIG 3. Accordingly,

i npl ementation 400 may be included in i mage encodi ng nodul e 104 of FIG
Based on the determined separation threshold, M search positions are identified.

Accordingly, at a block 314, SAD values are calculated for each of these search positions.
Based on these SAD values (and the zero displacement SAD value determined at block
20 306), the minimum SAD value is updated at a block 316.
Accordingly, at a block 318, a motion vector is determined for the selected
macroblock. This motion vector corresponds to the minimum SAD value.
At a block 320, it is determined whether all the macroblocks within the current
image have been selected. If not, then operation returns to block 304 for the selection of a
25  further macroblock. Otherwise, operation proceeds to a block 322. At block 322, a next
image (e.g., frame) is selected as the current frame. In turn, operations, such as those
described herein may be performed again.
FIG. 4 is a diagram of an exemplary implementation 400. This implementation
may perform motion estimation techniques, such as the techniques of FIG. 3.
30  Accordingly, implementation 400 may be included in image encoding module 104 of FIG.
1.
Implementation 400 may include various elements. For instance, FIG. 4 shows
implementation including a storage medium 402, a block selection module 404, and a

9.



1. Inplementation 400 may include various elenents. For instance, FIG 4
shows i npl enentation including a storage nedi um 402, a bl ock sel ection
nodul e 40%Q 2arvdb78mect or cal cul ati on nodul e 406. These elPEFAISR@MB315DE
inplenented in hardware, software, or any conbination thereof. Storage

medi um 402 may store data far | ti or frane exanpl e,
storage nEgioGRRIaYEIS% goad 65%% Bt RO B PRrleme B B §Vpicxel data for
a refere%gﬁaf@gpanﬁdﬂq@gﬁldﬁqg&g@ 402 may include, for exanple, nmenory

and/ or other types ‘of tangi bl e storage devices. Exanples of menory and such
st orage devi cégormge medow #&Hmbebtove daBh tknaple emigas amdidaice. Eomempé@z;ts a

bl ock (e.

Phr s ol elefmPREi R bt el o f st e Rl SR FEOEHG Do ©

medi um 4GZamdBasiBehe® Mddhing 462G inditd, Rstickahple, mShoRALRY/SrRAG T QS pr ovi des
data to vector calculation nodule 406. In particular, FIG 4 shows storage

medi um 40angibleviotagegiorwrer Brasep pefyecrionyangd 3pch worge Aevireregerwaided424, and

current i data 426. Vector cal cul ation nodul e 406 cal cul ates a notion
vector 4 or the block selected by block selection nodule 402. This

cal cul ation n@loaesdlatlaﬁemcﬁi&rmm seleety dtleck @\ muasbldelsorittie thdw@ienn. As
shown in FIG 4, vector calcul ation nodul e 404 includes a subbl ock

summat i oriM¥se uﬁé ingextedoin FaGa this aplaetian revhl rgaalegtiomindicaier $APbeisapeRtae i on
|
nﬁ";gﬂl go jjlsgoragen@%ﬁﬁlhzfdzd BIRLLEMN q%ste'l&ﬂoﬁ'ﬂfai'éa?ordfgté gégn{sgmgw ﬁ@kf’cﬁé& H Q

a notion vector determnation no escri
above, t hevectet edandtonmaydideddemphngrmeintuéat, FIG.hashdwarseragoahtdiamet02or any

conmbi nati on thereof. FIG 4, sh t hat .subbl o tion.nmodul e

ol v BB i R Al s A B 2t AV P IMBSEStR A28 ¢ i
data, subbloc Wmfdu%ﬁoﬁmlufe A%t Rl f a@h@t?orﬁ%%rqg% fSUME bR, Which are
sent to SSAD conputation nodul e 410 and SAD conput ati on nodul e 412. SSAD

conput at i sehctqrddbulbéodkmlep@@emé@le ébelTbts kakulesion myémdn ecrordance wmthdlee dat a
val el a2 idendeRHPRLA Ry, AP0 RIR G aRh el RafrmpRuE bR
di spl aceneubblosk bilthmadios A6l 408 0SS ABTompamtioh hddlle 414, aSSAD conput ati on
nodul e 410 sendi ng SSAD val ues 428 to threshold determ nat i on nmodul e 414.
computation module 412, a threshold determination module 414, a minimum selection
module 416, and a motion vector determination module 418. As described above, these
clements may be implemented in hardware, software, or any combination thereof.
20 FIG. 4 shows that subblock summation module 408 receives reference image data
422 from storage medium 402. Based on this data, subblock summation module 408
calculates subblock sums 427, which are sent to SSAD computation module 410 and SAD
computation module 412.
SSAD computation module 410 receives subblock sums 427 and current image
25 data424. From this information, SSAD computation module 410 calculates SSAD values
428, as described herein. Such SSAD values may correspond to displacements within a
search window. As shown in FIG. 4, SSAD computation module 410 sending SSAD
values 428 to threshold determination module 414.
Upon receipt of this information, threshold determination module 414 determines a
30 separation threshold for the SSAD values. For instance, threshold determination module
414 may determine 7, as described above with reference to Expressions (6) through (13).
Based on this determination, threshold determination module 414 returns a threshold 430

to SSAD computation module 410.
-10-



Upon receipt of this information, threshold determ nation nodul e 414
determ nes a separation threshold for the SSAD val ues. For instance,

t hr eshol dwoebsvatsrsat i on nodul e 414 may determne T, as @esarsedederabove with
reference to Expressions (6) through (13). Based on this determ nation,

t hreshol d determ nati on nodul e 4 returns a.threshold 430 to SSAD

conput at i on nﬁaafsgéasm? ithys %%%8@33@ %q%ﬂ%tmné%%ﬁaf‘ &Eaes dSREETBT on
nodul e 41i9di%§c8f1§43@'t§ B'A@@d%ﬁﬁtatﬁd?ﬂh&&l@ﬂ%.@@es%%ﬁ%@)&%ﬂ?_ ghd pnsgmgul e 430.
These indicators correspond to SSAD val ues that conply with threshold 430.

Thus, SSABluEs thpt tamplyrwitipthatsbo K3 Omrdihus, ¥¥eh IV c@nputdiigmmodslc d0 8P send

conput at i dule 412 | G4 shows at. ~SAD conput ati on nodul e 412

recei ves_@%gﬁﬁ?gorﬁi%%ﬁf VO AN ulgeu ent i mage data 426. Based on this
i nformation, SAIQ. quiBWE @tat SA DR RatfbhIn6dll€ Wl BERsivaARfdtalddemalOdatgach of
di spl acenent indicators 432. Additionally, as described above wth

r ef er enceét22@ngicgrens imggpdate Apit Based wnribid ufermatmngh Deeonenyitaitoa raoduds o

di spl ace t V. heer I . 0of e i oNgy: ent to
iy mam SaP AL R S SRR Py R R P R RIREIPER o
416 sort sicSadedaboeswiBdcfantcd @G, Bi 84 Decomiplitdriomnisill /4l day Edlowtutei s,

m ni mum sel ecti on nodul e 416 generates an indicator 436 of the displacenent
cor r esporfThgisplacanmsat ak Yakes: SIS gatliseof these sHewlations apg gsnt i MpEIE; ndj cat or

is sefy ts@le@%ﬂ&%dﬁﬂ%%@%s gg@\;a%%gqtﬂpn nodul e 418. Based on indicator 436,

notion vector determ nation np e 418 determ nes notion vector 438. The
f oregoi ng desdvlinmuorscfco theduledd hroguADivatuesdB# andridegtifiot 4 mmimsti mat i on.

FIG 5 is further flaow di agram show ng,fe res of such. technj S. In
it i oul D " Brom S s a e R RO e A b e g e 136 HES
represen tcﬁéﬂlé’c%nf%flt éd?és&ﬂﬁlﬁ%ﬂp%ﬁérg%ﬁﬁﬁf SAphynRn %s?bfho%riﬁ Feab@dhiyent s

descri bed herein. Although shows a particul ar sequence, other

sequencesndmgtobis semib oyatidn vAbtendeteiangem modde dper Bascdos imdigathied 3er f or ned

in various parallel, and/ o se ntial, conbi nati.ons. At bl ock 502, a

ol ur a1 tyreforeresy SEPEoBEHTR A R e G T PlSY Ve dd var ues) ar e

cal cul ated forTi fbfefg@iﬁgldas@qﬁiuﬁ@ﬁsuiddsmmiqu@fda peffotnia§ enctioh QktiRfidgn. C | ower
bound val ues corresponds to a searchgﬁgosml on in a reference imge. At a

bl ock 5041Ga Sgb aduthier ylowt dizggraai shawingdeatiras oh sudytechyéqusst Bupartigras KEG.
pl ural i tys oo e észf&.%{%c’ffvé]\% spo. Svhid gy BE FFLdoR:i VBYr RE oPSRRSh: M cQuSERR" At ON

threshol d, SUCh
one or more embodiments described herein. Although FIG. § shows a particular

20  sequence, other sequences may be employed. Also, the depicted operations may be
performed in various parallel and/or sequential combinations.

At a block 502, a plurality of error metric lower bound values (e.g., SSAD values)
are calculated for a block in a current image. Each of these error metric lower bound
values corresponds to a search position in a reference image.

25 At a block 504, a plurality of candidate positions are selected from the plurality of
search positions. This selection may be based on a separation threshold, such as 7, which
is described above in connection with Expressions (6) through (13). Accordingly,
embodiments may determine the separation threshold based on error metric lower bound
values calculated at block 502. Also, these candidate positions may include a zero

30 displacement position (e.g., as described with reference to block 306 of FIG. 3).

From these candidate positions, a matching position is identified at a block 506.
This identification may involve determining error metric values (e.g., SAD values) for
cach of the candidate positions, and identifying the lowest error metric value.

-11-



i s described above in connection with Expressions (6) through (13).
Accordi ngly, enbodinents may determ ne the separation threshold based on
error netwDcoloaers6bound val ues cal cul ated at bl ock 502 PCAUSe)090HESE
candi date positions may include a zero displacenent position (e.g., as

described with referepce to bl ock 306 qf Fl 3). Fromthese candjdate
positions, a ﬁ&%ﬂpﬂggﬁ%giwkﬁw‘iegtorg@%ﬁmﬂégﬁlaekgltgﬁawe%e@?geﬁﬂ%sthe

i denti fi GafdpRe BRYK i0¥Qendet ermning error netric values (e.g., SAD
val ues) for each of the candidate positions, and identifying the | owest

error metric vHleseopratenls ngaykbegesformedinrinurtiple bltagks betbe duwenttimegdl ock i n

the current inmage and,t.he matching bl ock .is.determ ned. These operations
my b panPsP BRI BT Bog B eRETRS D T THEs MO PR ERO e SO ar
encodesl iJ¥BgE BRINDS BeESIRked that includes notion vectors (as generated
above) for one or nore blocks. As described above, techniques described

herei n may be 4&ndsesead 4bave.Hechasmeesdescuabed haugia/maydeoenemerdl inghe @atext
i nstance, F . i n i . 104. : an
ol ar SRR ML ST ARFEE IS JIRUE kit cpfodthe fBIRADAST,
modul e 104. THIEG.ienshbesantadmelaryiaypldnaitatida 600rthausayeleanelodal wikigh as an
encoder 602, a franme storage nodul e 604, and a_ paraneter setting nodul e
607. Howdaee cnqpdingfpedilenkt sThip Enplstentatipn Bigy fslydsawgions eppants, sughabder

602 | P9§ﬁd ' di ng schene.
The enbo |neg%¥?6ﬂ%3£%%?%&g?§£%ggh |nlf%ﬂP%gagﬁggpgggﬁgﬁggm%E@Z'encoding
schenmes mmiywexplthe embgpditicals asuebt tliemrdrtakhesedigmdataci es t o reduce the anpunt

of data needed.to ., represent images, .Thus,. encoder 602 may conply, f.or
xanpl o, "t h TUGOUAGRE WBUIPRG TBPd HHBCoERBOTE mel o OB L GoRIAK ds,
such as NeRG& ﬂ@e%ﬁm@ntsﬂo%%veﬁﬁ&qgﬂin?@a t(?fﬁb{s @;&B’@_lé’. m&fen@&ﬁngr nor e

standards established by the International Tel econmunications Union (ITU)
Tel ecommusaheragsi may Strdeitispragiplzand tompSebtednndanTigs T) red Escathp bwsuntfof slateh
standards_include H 261, H 2 and H.264. FIG 6 shows that..encoder 602
ol ubtbs oot AT CIBT skt 508 Ot RS e o B e S BB B war o
portion GQA&ecNEsEhY BENMBCERRIIESHARG (MTEES) stdhiderdiBiucRBs MPE®OLAYNMPEGI4S
information in encoded (e.g., conpressed) form However, forward portion
605 rel i eblserrneedes 82 maycoapwith oanopmera angeeisicsieblthedbetha/e i nf or mati on

that is %%Mﬁgalfi%ﬁec%&%gﬁ&gibns Union (ITU) Telecommunication Standardization
Sector (ITU-T). Examples of such standards include H.261, H.263, and H.264.

20 FIG. 6 shows that encoder 602 includes a forward portion 605 and a reconstruction
portion 606. Forward portion 605 receives uncompressed image information and outputs
this information in encoded (e.g., compressed) form. However, forward portion 605 relies
on reconstruction portion 606 to provide predictive information that is employed for
encoding.

25 Frame storage module 604 stores image signals, such as frames. These frames
may be received, for example, from an image sensor, such as image sensor 104. Further,
with reference to FIG. 4, frame storage module 204 may provide the features of storage
medium 402. Additionally, frame storage module 604 stores reconstructed frames
received from encoder 602. Accordingly, frame storage module 604 may include a

30 storage medium, such as memory. Examples of storage media are provided below.

Referring again to encoder 602, FIG. 6 shows that its forward portion 605 may
include motion estimation module 106 of FIG. 1. In addition, forward portion 205 may
include a combining (e.g., difference) node 610, a forward transform module 612, a
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Frame storage nodul e 604 stores inmage signals, such as franmes. These franes
may be received, for exanple, froman i nage sensor, such as inmge sensor
104. Furtwerpioi7staer ef erence to FIG 4, franme storage mpduIS28046918Y

provi de the features of storage nmedium 402. Additionally, franme storage

nodul e 604 stores rec tructed franes rec rom.encoder .602

Accor di nd ntlffﬁfl&%@fif?@dea%&&fi@gmf%@qe 5 aaé Oéeérttmra@wmwaﬂ&ﬂesuch as
menmory. Eqaniss MG. §%96@9&aﬂi%@bﬁtﬁ&t@orpﬁ&ﬁb§@@6 E’ﬁﬂz %mdgej 8bfidNg again to
encoder 602, FIG 6 shows that its forward portion 605 nay i nclude notion

estimat i mmmd&altlen 186lulsf 6 20| @ intra predietehol hodide 622 rwantthgopdilo024208 may

i ncl ude a conbi ni erence) ,no 610 rward tran f or m nodul e
ST T RN R S ey Y o SRy S B A
pr edi ct i QR miRieh £nédeds30AhiPan inliGop Betibiv: filk@toaneconstruction portion 606
may include a notion conpensation nodul e 620, an intra prediction nodul e

622, a routi ngibduhews st frameistayegesaodiland4 presinsna puyernt &2B2e 5040 nver se
t f 6
s or T RA . 40 RTLIDR by SHTES A R G50l e

present s farvdid henionfa0d e tHED R f¢rah edr8Oes2 @Bokhpwh th FIGV@4OF oY, tHeweedS. | n

addition, frane storage nDduIe 604 presents forward portion 605 with a
r ef er encenPlicahan %Zeﬁ%ﬂ% TIRSRRY Htcmagively bggresented. ﬁn%é%% PrOge#es t han one

f th
][ rearer; g@fﬁh%sreﬁﬁgneg?é[ uffitd cﬁf iMGél%séuQﬁh RE %&%@Bﬁﬂs EG‘@Q% pixels (WD 5[815 ese

nacrob ar eas s pi X€l's
(Fbmever1n&opmﬁﬂﬁ9nepmnbu;mﬁmﬂumﬁmmdsmgmﬂﬂﬂnoamﬁﬂmhM&mbﬂnmﬁymmﬂﬂ@mmﬂessed

in the form of variable er ons stance, . FIG 6 shaws

et ol odkBERC SPF i Bare MG 6 ShaNS T Rherapfagkd eh Btk o sgs M Teode
each of these E%lc@&éﬁ%o'zrin%ﬂeﬂc{?@lé SicRloeetesd bl%@ksniﬁ%% ifPfra- ﬁfédic’%ﬁ"md@l"e%@' hetion
node. Each of these nodes enpl oys a prediction bl ock, whi is showmn as P

in FIG 6nteapsdjctioormasigc ﬂanlfl of ﬂhemnndﬁs@mplwmaﬂadlpmn bibclpwéddmmbcnwbl ock P

e ars IS SO Theh OB TBs MRl Re bR R B AR Gk BT i et

sanpl es idh 4 Reorduut@a Frabdean® ifludcdak ahakeenbeen previously encoded, decoded
and reconstructed. These sanples are shown in FIG 6 as uF H

| ntra- predi ct |Ienntnaayred@t19@ piode nieedule 682 Biray prastictioni bbesk Aodéom weandesdingl v,
dule 6
modut € 1@? éﬁJre‘?ﬁh% Q&R QB@ n&‘@%gﬁ?lg%%@% R EKt LY mec@ed B@fe d on

this selectro t'ra- pre ctlo generates prediction ock 1p
sarnples are shown in FIG. 6 as uF’». Intra-prediction may be performed according to

20  wvarious modes. Accordingly, module 618 selects one of these modes for each block
within F,,, Based on this selection, intra-prediction module 622 generates prediction block
P intra-
In inter-prediction mode, module 620 forms prediction block Pj..r by applying
motion-compensated prediction techniques from one or more reference frame(s). For
25 example, FIG. 6 shows a reference frame 652, which is the previously encoded and
reconstructed frame F’»r. However, two or more encoded and reconstructed frames may
be employed as reference frames.
Inter-prediction mode employs motion estimation module 608 and motion
compensation module 620. Motion estimation module 608 estimates motion vectors for
30 one or more blocks within current frame F,. These motion vectors are based on
corresponding blocks within reference frame F’, ;. In embodiments, motion estimation

module 106 may be implemented in the manner described above with reference to FIG. 4.
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intra- In inter-prediction node, nodule 620 fornms prediction block Pinter
by appl yi ng noti on-conpensated prediction techniques fromone or nore

ref erencewbnrama(’sids For exanple, FIG 6 shows a refereneeTfusame/06829 which
is the previously encoded and reconstructed frame FV/. However, two or nore

encoded d reconstructed frapes nay be eppl oyed as reference framnes.
| nt er - pr e4P¥ENCHAS ﬁﬁ%@@%@ﬁﬁb%‘gﬁsgeﬁ@? SFReS LRI iLR ? A AR R B ddRS on
conpensatf a8 btf 2fdilRupen estimation nodule 608 estimates notion
vectors for one or nore blocks within current frame Fn. These notion

vectors are bdsedadnblods webmdnahaf,, matioksomiptimation efodnkerf@@ produses £V; - | n
enbodi nent s,. not.i.0 tiation nmodul e 1Q6 be..i.npl enent ed i n t he.manner
descr i bec BT HPth Trer B ehEs g ORF oo e ket O RS At i r e
storage rgadlRndd ISk iddbermiatd iehya RoaYh detéstimerRdbyatotth Gtigkage nMedi um
402. For each block within frame Fn, notion conpensation nodul e 620

produces mo@Hefd&t i on bl ock Pinter based on the correspondi ng bl ock within

t he reference Thi o] i I [¥: er ped . notion
vector est mared By b G Sokb AR AR Ra PRt B R e i s TRl
routing rodekk B BRi4 ssletteni@aebdé baed BatRiraceridtict bafrase BT, add ohd onmbicatkerP.

This selection_my be based on characteristics of frane Fn and one or nore

ot her fr dffacs. Ip tirgy Gombinias nAdh gl hesepusese EERisERRStY el furEEAREBiCeen
curre : j i oY LI Fr,: iction
acr ob) oce BARpF it R Ll g e e R e, ot war d
t r ansf or mestoait loe dfe2erice ansfablonk /Dn Housamdgranbiormexaivid @1 2atratsforinks dgk

t ransf or into a set of nsform coefficients. Ln turn, .thes

coef 11 o aliae(pe S f Jh bBE baTpro eI <h b Tt s e e

coef fici apts c¥efrilRaterdyaMtizéE0y GRaKZAGI EAbSIAE 4 FROLudnPiz8NERHNenIRdul e
616, which may re-order and entrtopy encode them As a result, encoding

modul e 61Bhesuiquantigecacastingenss sdentrtd enetinomodule 646n veisigh fray rerandeobhdck Bn.
thgscon%ext odeIGhll, conpressed i nformati on stream 658 nay be incl uded
in entdded OPYRACY YFM Conpr essed i nformation stream 658 may incl ude the

encoded coeffigd @fﬁsﬁlt,%ﬁc&hﬁh%nfbﬁuﬁidle Juffu@y N83rh(§18ssE@ infOREAdNREcAN @58 for
macr obl ock. Exanpl es of such side information nmay include macrobl ock

predi ct i dnagipRleck Budnithe egntesit @p FiGz b compressed information stream 658 may be

included in encoded signal 124. Compressed information stream 658 may include the
encoded coefficients as well as side information for decoding the macroblock. Examples
20  of such side information may include macroblock prediction mode, quantizer step size,
motion vector information describing how the macroblock was motion-compensated, etc.
Stream 658 may be processed in various ways. For instance, information stream 658 may
be transmitted to a remote device, and/or stored in a storage medium.
As described above, reconstruction portion 606 may include motion compensation
25 module 620, intra prediction module 622, routing module 624, inverse quantization
module 626, inverse transform module 628, combining node 630, and deblocking filter
632.
Inverse quantization module 626 receives quantized macroblock coefficients X
from quantization module 614 and rescales them. These rescaled coefficients are sent to
30 inverse transform module 628, which performs an inverse transform (e.g., an inverse 4x4
block transform) on the coefficients to obtain a difference macroblock D»’. D»’ may not
be identical to original difference macroblock D». This is because of distortion introduced
by quantization module 614.
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notion vector information describing how the macrobl ock was

not i on- conpensated, etc. Stream 658 nay be processed in various ways. For
i nst ance,wonbwvarstsbon stream 658 may be transmitted to &Crarseae/o6esd ce,
and/or stored in a storage nedium As described above, reconstructi on

portion 606 ncl ude not.j n CO nodul e 6 intra |ct|on
nmodul e 622, % RghRya thad dg aenCF%aé@iOféﬁ@hﬂ% comb1 9112 G%&&P@ nverse
transfor @r@@%&n@&%lo@l@mb deagc@s?@e%oﬁﬁﬁmar}ga&@aba% ’nngns lréc%hstﬁ;%@ed

| nverse quanti zation nodul e 626 receives quantized macrobl ock coefficients
X from quaaturolzlacth o hisdiddeveddidan ahthe peigoral mectohlaek. Thesdice dug diswdtion,

mver so. (RaRePBEAERDY R Bl Gpe bARRA BSROt EARP oo b e B S ™ &

coeffigi QB&@sﬁr@ct@bﬁ&dﬂl@kﬂin&cﬁ LrRBAArURLrRhOck (R1sB’ shoxl}‘n Bs FIRY not be
identical to ori g inal difference macroblock D n. This is because of

di stortion i nthodhserbrddiereinaririonsaenbedimeals |r@ydmmpll@en@eds¢mhatr¢hwre
diff q
mr obt oo G S BES Brfonsd B ST Horsp ARGt A RlEELEALAR

reconstr Uﬁﬁﬁﬁlclﬂiﬂé pedekgols, hicrapidcsdsonst @etuits,cicai cleinchtyee @f, it@hsistorsiracr obl ock.
To reduce this distortion, deblocking filter 632 i.s applied to the original
macr obl oéRSlStATSs%Pa@é‘ﬁﬁ’dé‘ﬂéi%&f%nﬁts@rfo PINFEEY P EIF YU SANPHEF I SPERECi nt 0 a

recongg r r vari ous
errbod;fémehitﬁttseglcr!fl}gt{g1 %‘Eﬁuﬁéﬁs@nﬁ 8%1% usi ng ﬁgﬁcﬂfgrcgs I en)ggt%gtg11 sq%?dt ﬁ{rcgésg Sem&*nt S,
or any cdlﬁSiPmd’ialmprdngmdﬂe ghbcanpy €8P @A ), hagidgatee registomnicminanductoc! ude
processor rocessors,.circu rcuit elenments (e.g., transistors,
resi stor s‘{sevlfﬁpcj‘él?%)a}l%rochlﬁﬁﬁh’tpoﬁegg 'éffﬁ?f?ghf orth), integrated circuits,
application speghfji& IRbRGLALRS, i@lblﬂlﬁé‘kéf‘f"w&@%&b@n&ﬁsogfc%gﬁﬁ? ﬁ]gl'ldaﬁbﬁs devi ces
(PLD), digital signal processors (DSP), field programma gate array
(FPG) , |aogiputay @t(@ammgpkscta@ps prcgeztmsz csmi@mtpmgr@lmv,lrn@hmmrpgamm Qnewimgps
chip ts, .and so fort. es e ud

conponencys Bt e EarrSRe® st BPSuPE el ShsR el T on

progr ams, fuiitinth&hedy, priecduias; RbfQare i AGFHES, appHELtRIni pregramShe s f(anay e,

m ddl eware, firmvare, software nodul es, routines, subroutines, functions,
met hods, ipYBEHER S COBpRtingeQde; mr@put@rd@ée CQPp IS¢ LRIt KOPPBIGT eqrici saEBENtaces

(AP1), |r1,% g%tsaleu%g ﬁ]tb%ls &o%&g ag%g@herg%qrrput er code, code segnents,

conput er ues ols, or any conbi nati on thereof.
Some embodiments may be 1rnplernented for example, using a machine-readable

Cor (

20  medium or article which may store an instruction or a set of instructions that, if executed
by a machine, may cause the machine to perform a method and/or operations in
accordance with the embodiments. Such a machine may include, for example, any
suitable processing platform, computing platform, computing device, processing device,
computing system, processing system, computer, processor, or the like, and may be

25 implemented using any suitable combination of hardware and/or software.

The machine-readable medium or article may include, for example, any suitable
type of memory unit, memory device, memory article, memory medium, storage device,
storage article, storage medium and/or storage unit, for example, memory, removable or
non-removable media, erasable or non-erasable media, writeable or re-writeable media,

30 digital or analog media, hard disk, floppy disk, Compact Disk Read Only Memory (CD-
ROM), Compact Disk Recordable (CD-R), Compact Disk Rewriteable (CD-RW), optical
disk, magnetic media, magneto-optical media, removable memory cards or disks, various
types of Digital Versatile Disk (DVD), a tape, a cassette, or the like. The instructions may
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Some enbodi ments nmay be inpl enented, for exanple, using a nmachi ne-readable
medium or article which nay store an instruction or a set of instructions
that, if weeouwigsidby a nmachi ne, nay cause the machi ne t ecparst@vmsaset hod
and/ or operations in accordance with the enbodi nents. Such a machi ne may

i ncl ude, r exa . e, sui t abl rocessi pl atfor uti Iatforni
conput i ng}n§ P@ééséi{e Hgo Fhhs S@Bi?ﬁ&paﬁgog\yeiﬂ@ﬁ?rﬁep% drf%d stem
CO”DUtermmE&RQﬁéééﬁes&&c&&ﬁ:hr&%nc@&ﬂ:BRM¥ﬁEdb&RJ@ﬂ?ﬂk@ﬁe%ﬁhﬂ&n&ﬂ&isu'tab'e
conbi nati on of hardware and /or softwar e nmachi ne-readabl'e nmedi um or
articl e rming anylsuidable high- 1evcé,dedeveir@bJeQniombﬂeé tiyypd compifedrand/oni t, menory
devi ce, nenor nediun1 st orage device, storage article,

st orage d%ﬁﬁﬁﬁi@ﬁﬁ%%?ﬂgi 38%a§ﬁit for exanple, nmenory, renovable or

non-regrovabl e Waié dari®is RBDIHEn Qs STAAc PreasA M eniiBthaie Both HeRBbEd Move, it
re-witeable nedia, digital or analog medi a, hard disk, floppy dis

Conpact Bhewdreaadasiopd tatrdey hewphem)preseaieg Ry twayi ofiexmaplsraniblaad pqlonR)
Conpact [ﬂ %m: witeable (CD-RW, optical disk, nagnetic nedia,

magnet o- opti cal " nmedi a, renovabl e nenory cards or disks, various types of

Di gi tal Ver sathidrex&hplk, thOY¥dohnigacd dgesibedl leags atctdt ligritet heehploging B8AD

i nstructions mayi ncl ude any suitable type of code, such as source code,
conpi | ed @bigs an A&W@Se&%éeé?@ple@meam Besdeves bepndvalusgand eijorami ¢
code t I P [ gl e

high eve &HF§gafg€§F?R§%?e%?oo??§%¥gl S?isuaﬁgmggﬁggwﬁgxgﬁyy%? interpreted
progrannnngxmaogmagéx4WWMﬂmimahknus@emmdﬂﬂnnﬁﬁsnmyemmkwpmmoemmCMqumt|on

have been ri bed abo bould e understood that t ve been

Dy et edoty i opt> BRat Maghos Mot LRCTnRe Sargion BerhalBnpl ot he
t echni ques de%%&bgﬁﬁgpe&%hmb@&ﬁmﬁ&ﬁtob&%&ﬁ@kﬂ&d@@ﬁkQ¥kﬂﬁn%ﬁ@ﬂh%@h&@ﬁ and
SAD val ues. For exanple, other ‘error netric |ower bound val ues and error

metrics rrélyngfe g fthm}édieta&ll ®0 beandslo dhareintveithpuedepatting o elak spariteamdisogneng

16x16 bIock Nbre odi nent | oy

vart ol wiaR g iR IS B REHAG R DR Y prod ke TP g lF Y £

det er m nQII’ﬁl gaelﬂyQﬂ‘tﬁ&ﬁ‘tﬁ)’if@@'@ﬁﬁ}be&@ﬁ&ﬁﬂh@%rﬂbodﬁ&eﬂ% But BudPBad Ehed baly
persons skilled in the relevant art that various changes in form and detai
can be nadecedidanst wilhithpfhlovdepelpimsipdithgnequiealagps.ri t and scope of the
invention. Thus, the breadth and scope of the present invention should not
be limted by any of the above-described exenplary enbodi nents, but should
be defined only
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in accordance with the follow ng clainms and their equivalents. CLAIMS 1. A
met hod, conprising: determning a plurality of error netric | ower bound

val ues fowoaoiwwsiaéi n a current image, wherein each of PRE/USRE9N6IBLT i C

| ower bound val ues corresponds to a search position in a reference inage;
sel ecti n%ral ity of candidate positions fromthe plurality of search
position on a separation threshold; identifying one of the candidate

posi tions| as %ﬁ?&lﬁlﬁﬂ,@&n@%ﬁ don for the block in the current image; and
determning a notion vector based on the block in the current inmage and the
mat chi ng posi tdetmmirgng Tpbiraey lod drrof metrigilow dr,bonhé velups aehlak in heusentor
metric | ower bagund val.u is a subs | ed sum of absolute differences
(SsAD) valltiee: icree Sashetlae et Briai i er ToHEY St oS T aReq # 37 compr i ses
cal cul at iggitidn i@k k&ferciBS fmhagef Or each of the candidate positions; and
selecting a mnimumof the error nmetrics. 4. The nmethod of claim3, wherein
the plurality ssfeceamaplizalisy pbedndidgtpspashioing fies the phirelityios prasehepasitonposi t i on.
5. The t 0 . Al .ein each of the error netrics is a sum of
absol ut 2%5?%)(?%%%%6%3%&1%&5?%24’%. 6. The nethod of claim 3, further

conpri si ng detigentiffinp@nt bethsepadidite ositibiseshahgichikg pddigonfirhiadbloék @l ai m 1,
further conprising encoding the current inage based at | east on the notion
vector. ghe ayrenbyBege a&d conprising: a storage mediumto store pixel data
for ajgurrent JoRgsAR Ruibf\BEMGR BRAR bidOhRK SRIPRhiRMRALI € Lo

sel ect a bl ockevmt |lﬁ£tﬁgﬂgurrent a|%renatge; and a vec%or ncgfc%%l élti on nodul e
to: det ermatogngppditioal ity of error netric | ower bound val ues for the

sel ected Dl ock, wherein.each of the error netric | ower hound val ues
cor r esporis. t o' BEUPLR! FUST L ReHETIR CEHET Y EFeHBE e bound villes K
subsampled sum of absolute differences (SSAD) value.
3. The method of claim 1, wherein said identifying comprises
15 calculating an error metric for each of the candidate positions; and

selecting a minimum of the error metrics.

4. The method of claim 3, wherein the plurality of candidate positions includes a zero
displacement position.
5. The method of claim 3, wherein each of the error metrics is a sum of absolute
20 differences (SAD) value.
6. The method of claim 3, further comprising determining the separation threshold.
7. The method of claim 1, further comprising encoding the current image based at

least on the motion vector.
8. An apparatus, comprising:
25 a storage medium to store pixel data for a current image and a reference image;
a block selection module to select a block within the current image; and
a vector calculation module to:
determine a plurality of error metric lower bound values for the selected
block, wherein each of the error metric lower bound values corresponds to a search
30 position in the reference image;
select a plurality of candidate positions from the plurality of search

positions based on a separation threshold;
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select a plurality of candidate positions fromthe plurality of search
positions based on a separation threshold;identify one of the candidate
posi ti onswaow/arst46hi ng position for the block in the cecrasstommegsy and
determ ne a notion vector based on the block in the current inmage and the

mat chi ng position. 9. The a ratus of claim8, wherein each_of the error
motric Lover bound ientigens &P fi@%ﬁﬁ%?%ﬂ%ﬁﬁ&mﬁﬁm Dot fr dhechloels
(SSAD) val ue. j}Ghe thRneRRREaLHS of claim8, wherein each of the error
metrics is a sumof absolute differences (SAD) value. 11. The apparatus
clai m 8, wherein t histermatesy moadewdcaeri basedadibk déldckinn Hercudenemignesd thee
separati on thre%qgld. 1%. An apparatus, conprising: A storage nediumto
store pi xel ddPEHBe PEU r ent i mge and a reference i mage; an encoder to

encodes t e currTiRpph@BEef cWie8eivAcrchtea@R 6P HRIerioR Glciitepwar BBtIdaRLRS id 4Bt i on
nodul e to generate a notion vector for a block within the inmage; and

wher ei n tshbsaml¢dbynesf dhsatutodifierraatseSSAR)ydbs. a vect or cal cul ati on nodul e
to: deteryq ne pl it r ri nd . e

sei cct ed B ool il ot sbind: WRbrsEleh o 1lor RRURE Y B bBlotles

cor r esponfiffericficed (S ¢hluposi tion in the reference image; select a plurality
of candidate positions fromthe plurality of search pagsitions based on a

separ at i orl- t hresrgperatys skim; & yheredn die vesfer e eitlrtipn modue furthspdetggnigesmt chi ng

posi ti®n 0% ptaﬂl‘?ioﬁ'ﬂ%%oil the current imge; and determ ne the notion
vector based on the block in the current inage and the natchi ng position.

13. The a@par aAwusppafated, @ompd@ngwher ei n each of the error netric | ower bound

values is a sgﬁ?sa%ﬂ ed sum of absolute differences (S%Ac‘;i)‘) val ue. 14. The
apparatus of cMaHEEINCUHBRPRTCRALH B Phd CWF Bt P10 e LCE e of
absol ute diffenenesskr Q@ié[?bdé’ fHeUSirrertimalB Sy RRERAMR HRo8érdhMided-a MBESE N t he

vector cal culation nodule further determ nes o '
estimation module to generate a motion vector for a block within the image; and

15 wherein the motion estimation module includes a vector calculation module to:
determine a plurality of error metric lower bound values for the selected
block, wherein each of the error metric lower bound values corresponds to a search
position in the reference image;
select a plurality of candidate positions from the plurality of search
20 positions based on a separation threshold;
identify one of the candidate positions as a matching position for the block
in the current image; and
determine the motion vector based on the block in the current image and
the matching position.
25 13.  The apparatus of claim 12, wherein each of the error metric lower bound values is

a subsampled sum of absolute differences (SSAD) value.

14.  The apparatus of claim 12, wherein each of the error metrics is a sum of absolute
differences (SAD) value.
15.  The apparatus claim 12, wherein the vector calculation module further determines

30 the separation threshold.
16.  An article comprising a machine-accessible medium having stored thereon

instructions that, when executed by a machine, cause the machine to:
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the separation threshold. 16. An article conprising a nmachi ne-accessible
medi um having stored thereon instructions that, when executed by a machi ne,
cause t hewormotwaigl4bo: determne a plurality of error netPCce/useswsncdasund
values for a block in a current imge, wherein each of the error netric

| ower bound val ues.corresponds to a search posjtion jn reference inmage;
sel ect a pl uréflefqrvmtﬁaléaw@%_ P I rPEMY%@S&Pm@PPWW%%ch

posi ti onsnfas §thPln RadEHARALIG MERE ¢SPQ! Wund IR0L dor@hdRto § K&rgandi dat e
positions as a matching position for the block in the current imge; and

det er mi nepoaitioptin ercforotomagased on the block in the current inage and the

mat ching positipn, 17. .The.article of. claim16 rei.n the instructi,ons,
When ‘exacut ed 5y PbEainEr EptiirchoRtiats BORBS pElli & Rt kPR R B e
separ a8 | gy 4 fHeeheh thresh8id; The article of claim 16, wherein each of the
error netric [ower bound values is a subsanpled sum of absolute differences
(SSAD) val ue. identifypec af thy cpedidite posfions1s a mieliiag posherhios tha Heckeinrthe
metrics i . f, absolute differences (SAD) value. 20. The article of
claim 16,C§1\I/\Th%1étrslﬁyﬁ&taﬁ§ plurality of candi date positions includes a zero

di spl acenent pfe&rinim@ s motion vector based on the block in the current image and the

matching position.

10 17. The article of claim 16, wherein the instructions, when executed by a machine,
further cause the machine to determine the separation threshold.
18. The article of claim 16, wherein each of the error metric lower bound values is a
subsampled sum of absolute differences (SSAD) value.
19. The article of claim 16, wherein each of the error metrics is a sum of absolute

15 differences (SAD) value.
20.  The article of claim 16, wherein the plurality of candidate positions includes a zero

displacement position.
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