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METHOD AND SYSTEM FOR ESTI MATI NG MOTION WTHIN A VIDEO = .
SEQUENCE Field of the Invention 5

The present invention relates generally to video coding, and nore
particularly wo9o7okgepUsi ng notion estimation in video codi regTsses il

Background of the Invention A vi deo sequence consists of
tenporal |y sanpl ed projections of a three di nrensi onal, 3-D, scene
onto the two dinensional, 2-D, inmage plane. The 3-D noti on that
occurs within this scene is captured as 2-D displacenents of these 15
proj ections. The displacenent of a particular picture elenment, pixel, in
the current 2- D i mage pl ane, may be rdpresented by a vector which
poi nt’s to the | ocation of the particular pixel in a previous inmge

pl ane. The di spl aceMETHODAND SYSTEM FORESTIMATINGMOTION WITHINA VIDEG
all pixels between a given set of inage @ﬁg@g}qc%nd therefore
represents the 3-D notion of objects projected onto the i mage pl ane. 20
Accurate estimation of the DVF within a video sequence is crucial in many

applications of inmge sequence processSFRE ofhedaeengesli ng, frame
i nt erpol ation, ?bj ect tracki ng, and spatio-tenporal notion

conpensated filtTering are all applications that ] require accurate
estimation of the DVF tBhepresentievention relates geneeally te videadodingoamdirhore pasticeledy 25

in a video sequence ysing motion estimation ORI Of digital video to a very
low bit rate, VLBR, is a very inportant problemin the field of

comuni cations. In general, a VLBR is considered not to exceed 64
kil o-bits per second (Kbps) and is associated with existing personal 30

conmuni cati on gystens, such as the %k%%%@k}%&g&ggghone net wor k and

cel lul ar systens. To provide serv e video on demand and vi deo
conferenci ng on these systens, would require the information
contained in a digital Aiileosseauecasists@f eporally sampled projections of a three

dimensional, 3-D, scene onto the two dimensional, 2-D, image plane. The 3-D
motion that occurs within this scene is captured as 2-D displacements of these

15 projections. The displacement of a particular picture element, pixel, in the current 2-
D image plane, may be represented by a vector which points to the location of the
particular pixel in a previous image plane. The displacement vector field, DVF,
describes the motion of all pixels between a given set of image planes, and therefore
represents the 3-D motion of objects projecied onto the image plane,

20 '

Accurate estimation of the DVF within a video sequence is crucial in many
applications of image sequence processing. Video cading, frame interpolation, object
tracking, and spatio-temporal motion compensated filtering are all applications that
require accurate estimation of the DVF to utilize the interframe correlation that exists

25 ina video sequence.

Compression of digital video to a very low bit rate, VLBR, is a very important
problem in the field of communications. In general, 2 VLBR is considered not 10

. exceed 64 kilo-bits per second (Kbps) and is associated with existing personal
30  communication systems, such as the public switch telephone network and cellular
. systems. To provide services like video on demand and video conferencing on these

systems, would require the information contained in a digital video sequence to be
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caonpressed by a factor of 300 to 1. To achleve such Iarge conpr essi on
ratios, requires that all redundancy present in a video sequence be
r emoved. Current standards, such as H 261, MPEGL, and MPEQX2
provi de conpresWOOWM606 of a digital video sequence by uti|PCYHEPEAOT ock
not i on- conpensat ed Di screte Cosine Transform DCT, approach. This
vi deo encodi ng techni que renoves the redundancy present in a video

sequence by utilizing a two-step process. In the first step, a bl ock-
mat chi ng, BM notion estimtion and conpensation al gorithmestinnates the
not i on that occurs between two tenporally adjacent frames. The
frames are then 10 conpensated for the esti fat ed motion and conpared to
forma difference imag t aking the difference between the two
temporal |y adj acenthmmﬁé‘g?/byafﬁ“@m . To achieve guepdarge coppressigndatiosy i s

renoved. The only i fbaifediat ADretifitndyqHBeSn b ¥ide6 ¥equence be rdpidveg MaL i on t hat
coul d not be conpensated for in the notion estinmation and

conpensation algorithm 15 In the second step, this new
information is transf or fsdrentiandarts skobay 2y MPEG1, anddiBES2 privivg compreSXih

Thfe DCTt has thte 5”Qﬁ’%rdi anud@dW&é t{HYh g Q16 : &}frliz&fo;[zfcmn Pensated Distfs Cos fmth
information into a uenc nents.. Furfher co eSS|on 0 e
vi deo sequence is o D@EQHPWF? %%%Wgwhmﬂwmg&i

i nformati on 20 ernwﬁmdnavldeo sequenccbyunli’:hm mmepgom&s.tmehmmabMK—

provi ded by this apxﬁit&ﬁﬁg rﬁ‘(dtféﬁgst‘ @hﬁ@camgensanbéd@&ﬁrﬂﬁ@@&n@t&ﬁu@%o%ﬁ' on

estimati on and conpensat orlt

efficient to transiP# D F"@ﬁ’&@ AgjaraRt frames: e B mes &Rildds in a
vi deo 25 sequﬁhce‘,omsnm@mmesﬂmamdnmﬁm moma:dmmnmcém@g&d};y

col or. The notion RieRrRd rtgrﬁﬁ E!ﬁda 1:‘[??% ch
paint froma parti cui %mfzocm | onﬁﬁeétnﬁtéé% &urre enS| lré{(é#ne to
where that same | od&® YJWWWWV%@EPW|Wm°ﬂm31¥W$@§Wfrarre
For BM the | ocati dnformatien disecteiduorbe esmpensatedfof inaRdinbonysakSorind

equal si ze. AII pi E@x&?ﬁl} N t hese bl ocks are assuned to have the
sanme notion. e“notion %’eg} Or associated with a particular block in
t he present fraﬁe of a video sequence i s found by searching over a
predet erm ned search ar &pthe stodd Wep) fessiettiaformation ik SMMREITARY itk &eGiHkncy r aMe
for a best mitch. TignReRl MHER 'i't?e]g@f'ﬁﬁsathl: %og%eéf%&gg‘nng the energy of this
new information into a few low frequency components. Further compression of the
video sequence is obtained by limiting the amount of high frequency information
20 encoded.

The majority of the compression provided by this approach to video encoding
is obtained by the motion estimation and compensation algorithm. That is, it is much
more efficient to transmit information regarding the motion that exists in a video

25  sequence, as opposed to information about the intensity and color. The motion
information is represented using vectors which point from a particular location in the
current intensity frame to where that same location originated in the previous
intensity frame. For BM, the locations are predetermined non-overlapping blocks of
equal size. All pixels contained in these blocks are assumed 1o have the same motion.

30 The motion vector associated with a particular block in the present frame of a video
sequence is found by searching over a predetermined search area, in the previous
temporally adjacent frame for a best match. This best match is generally determined
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usi ng the nean-squared-€error (MSE) or nean-absol ute-difference (MAD)

bet ween the two bl ocks. The notion vector points fromthe center of
the block in the current frame, to the center of the bl ock which
provi des the bgalyrpibeh i n the previous frane. 5 PCTIUSP4/i0r4ing t he
estimated notion vectors, a copy of the previous frane is altered by
each vector to produce a prediction of the current frane. This operation is
referred to as notion conpensation. As described above, the predicted
frame is subtracted fromthe current franme to produce a difference
frame which is transformed into the spatial frequency domai n by the
DCT. These spatial frequency coefficients aré& 10 guanti zed and

entropy encoded providing further conpression of the original video

sequence. Both using the mosd-4 ggx e§ 2B HIOME ) 0 mediatobThte CifféEhc2i(MIATS) Wetvieen

t tted to th
TS oo or o HEEH ek, M et pou K B BF A bLDR 38 o
estimation of the fRmEe.® thnmt@:ot?ﬁmé)&pckmmldegﬂmbcammm;emwwu&fm

problem The two main sdurces of the difficulties in obtaining accurate
estimates are pnstatignar it the DVF and the.ill-p nat ure
of the probl om S The | I/ UALEAE e ssBRR oSy wicthr. 8 Cppyih e Yy SR et
Hadamard' s defi ni tbmcbﬁempmdmmdxcuonofqbchm@nﬁammHhsowraﬂavanmfmﬁzed -
by Ehe e;u stence Ofoa?m%ﬁbt‘ﬂérdn%énsahgxl? N@&é&&%&i&v@fm@ @ictea%ﬁie'l@iﬁbulﬂﬁéﬁthet
continuity of a soLution Je) e na acemen
B Y bt Db b e 35 e o b B Lok FSTor L B e
sequence will occl qﬂ&altfmqmmtyldcammabyﬂlam(mndm@rspaxialhﬁ'ewqtcmmamat i ons
the DVF is 10 ﬁ@%ﬁ{i&eﬁ%ﬂdand no sol ution exists. Object deformation and

changes in the ca g;h of field can also result in regions
where the DVF is ufidepy ersadedmpaovidingfupber comprassienyel theeriginad ideppgqgypence. Both

di ts pl acenent TL | el dee FRYioS ddctod aﬁdttﬁbﬂ)dﬂwei‘fﬁﬂ@htﬁ £ rak sABuIb tel debkler, where i €
not uni que. e C e sone i mage
g bl bbb ORE s BoRSutd B BLEs v B el g

sequences even sligh oca Ues can cause
| ar ge changes in the magni tude and/or dlrectlon of the di spl acenent

estimate. The ffct thatThe estimatibhof BYBVESVIHRA vidso Sgaince M ah exirdhelp A¥Rahlt nust
be taken into accoypfeh’ TR o R Wurdd of hEMHiLTR T ot niRE aCRER Sates are
the nonstationarity of the DVF and the ill-posed nature of the problém. The ill-
posedness results from the violation of Hadamard’s definition of 2 well-posed
problem, which is characterized by the existence of a solution, the uniqueness of 2
20  solution, and the 'cgntinuity of a solution. The problem of estimating the
displacement field violates all three of these properties. Objects moving in an image
sequence will occlude certain areas and uncover others: at these locations the DVF is
undefined and no solution exists. Object deformation and changes in the camera's
depth of field can also result in regions where the DVF is undefined. For a given
25  image sequence, many displacement fields may satisfy the data and thus the solutions
are not unique. The continuity property is also violated. since in some image
sequences even slight modifications in the local intensity values can cause large
changes in the magnitude and/or dirsction of the displacement estimate. The fact that
. the DVF estimation problem is ill-posed. must be taken into account if any useful
30  results are to be obtained.
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The nonstationarity of the DVF results from objects noving al ong different
trajectories within the scene that causes discontinuities to occur at the

obj ect boundaries, as well as fromregions where the notion is
undefined due tWOoSEHPRd or uncovered parts of the nmoVFGUWEANHA! The
nonstationarity of the DVF inplies that 5 any approach used inits
estimation, nust be adaptable. That is, approaches which assumne
stationarity will result in estimates of the DVF that distort the

boundari es between differently noving objects. These distortions in
t he notion boundari es result directly i‘p di storted objects, and

therefore an increase in the entropy of the di fference inage.
The assunption used by BMthat the notion wthin a block is constant,

ef fectively constrai ns 't e Nopsniosasity ol thedy \itesuly fomeobipess meving-elong different
probl em i tshn? y thuﬁjmiafwsdiﬂﬁnm@s%ﬂemgm@eemsc@mtzﬁﬁsbﬁm@ﬁamgﬁjteﬁ al so t
requires that i Lon oundaries are tq be preserve e S
coincide with the bﬁ%ﬁ&ﬂi%@%ﬁ@%%ﬂﬁ@&%‘sé‘g‘&%@ﬁ@é‘é‘“{’ﬁf’#?@’el y
occurs, signifi cantunspvesedparts of the mayingrsaeneo Thononstatioady of the DVFdmplies that t he

boundari es. Suchs er jfyfappfach Ried HasekERAHN Asud bDhdabiabid TRt iﬁ,agpxgmesi@hicﬁs

of the DVF For exanple, if.a block contains a nmovi obj ect stat|onary
backgr ound, then dg%é‘ﬂﬂ? StepogRrLy %ﬁﬁsﬁwums%%ﬁ%éﬁ*ﬁgpnﬁ%W@aﬁqﬁe .
stationary b abdtwecnudifferentlyl mdwinghibgaotsa Thebe distdriiens i the mgptiob bewridasiesl | be
treated as stationay lﬁ@re qﬁg&&? : :xﬁeﬂa? tﬁEDetn

conpensat ed bl ock ofe,%{ e ﬁtrb;e)gll ous ?g"r?e&'vq\'hn? 6m%§1§m§§eg§or p#g |%§t}x%n of
the block in the predeREceimade resulting in a DFD i mage with

i ncreased ent rofy. Anot her approach for estimating the DVF

whi ch has recent |y gal nadeiofudon RERYY BM ik hombilh SR b BicbE TR Gn:
gradi ent approach. ati o-tenpQra radi ent - base Mot on estlmation
al gorithns are deri @’WWW&W\%@%@@P@M%&QCQ%@ that the prgblemds e ce,
DFD, at e?ch pi xgl Insgen {i-postd: nHowever, trigsinenissumptons 8¢ feqhirg e ifahé mbhiod he
previous frane, ba . Bler . &]ﬁ 0 X
approach to ?gzgxrz&?lg%{&eﬁ?ésﬁ m ni %Eﬂze t] ofn&%gi‘{é%g@\@? bk T s‘}%{ﬂ%@aﬂnﬁﬁ ng
the DFD using al%r dBreal pegrenses this rarely ocoyps- sigpificans swens inythe pstimasion of the DVEcel s
i na nei ghbog hood Q&mmm&ﬁ@cﬁﬁesp@hﬂienorscapbdﬂé&ﬁﬁédis&%h&ﬁﬁ?sﬂﬁéb&fhdﬁ@esset
of linear eqghation S S . . . t he
nei ghbor hood al | owzo frr&g&cur Si ?/%ﬂeg%rh %%%%%y%n%gﬁ%’%?b‘j%ﬁﬁd s%onir;r
background, then depending on the size of the object either part of the stationary
background will be displaced or the moving object will be treated as stationary
20  background.’ In either case, the motion compensated block of the previous frame will
be a peor prediction of the block in the present frame, resulting in a DFD image with

increased entropy.

Another approach for estimating the DVF which has recently gained in

25 popularity is the spatio-temporal gradient approach. Spatio-temporal gradient-based
motion estimation algorithms are derived by minimizing the displaced frame
difference, DFD, at each pixel using a temporal gradient and spatial gradient in the
previous frame, based on an initial estimate of the DVF. One common approach to
carry out this minimization is that of first linearizing the DFD using a prediction of

30 the DVF. By assuming that all the pixels in a neighborhood of the working point
undergo the same motion, a set of linear equations results, instead of a single
equation. If the neighborhood allows recursive computability, then algorithms
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resulting fromthis approach are generally referred to.as pixel recursive,
PR, notion estimators. PR algorithns are generally faster than BM
al gorithnms, and do not require spatial interpolation for subpixel
accuracy, althowgbezdabdoal gorithnms may require spati al PEFESSEPMEI on
to compute the spatial gradients in the previous frane 5 al ong the
direction of notion. Furthernore, PR algorithns can be extended to handl e
nore conplicated types of notion than the purely translational type.
Simlar to block matching, the performance of PR algorithns also suffers at
the boundaries separating differently noving objects. That is, at these
notion 10 boundaries, pixels in the |ocal Aei ghbor hood do not undergo

similar notion. By assum ng that they do, PR algorithns produce
i naccurate esti nat esszﬂmmfmmdmaapproacharebmrﬁamfmdmss pinel reeyrsives BR gnotigng c k
mat chj ng, the poor gstinmt q&ﬁéon&xhﬁ‘s@/ termanBWﬁgﬁnd?ﬁk”&ﬂéﬂbﬁét wi ll

result in a marked increase. in the entf E&fﬁﬁ? Yn[jﬁg é’é‘aﬁl ithms Ther e
are several najor pwsmuwmm o sybRixel At QUFCH AiHOHEh ER Al Qpithms may
t enpor al “gradi ent aﬁ ﬁmmmtdfpdlaﬁon%amaemh@aaﬂgmdmmmﬁtehmviamémmtion

withina %&n%)tﬁe ti¥:bn SSHAHRRO LR ﬂwﬁg@ﬁeﬁ%@ Be@RHhbe thBandle

severe degradation undari es wthi tching
al gorithms can not me@@pm@hwqdmwafmonon thanhippirel Y FPRRAoBE A% cat ed types
of notion, such as rotations. Al so, they reqw re spati al

i nterpol ation for sub-pi Pm S
suffer fromthe fact thﬁi’%’bﬁ%ﬁf&earl zag’l oot %%g%g g&gx@%ema

dependent on the theboundmetmsatarqﬁngdiff@mﬁﬁmﬁmgh@ﬂm/#rhaﬂ'ﬁe@éh@?fﬂpﬁ%lt|es
result in an i ngs eagembiddie Mekdiliie localnexg;hb&lﬁbé@wnomﬁdesgb siilafediion] Byve for
very low bitrate COdlxg%gfllcaao?'E pyoc{u |trateh1%def|ned
as a rate |ess thani$¥IRS ?gomhms roduce IaCCUsAR CSUPAPRIEAE HGse,
exists for a net hodbm&rbyshemmmswmlﬂﬁmq;ngsmamneﬁgmtesOfthelﬁﬁ?lngﬁ

wi thin a video seQUﬁ%gmuﬁasemmanzwmmea@eqn%W@cafmmmul ari ze

the estimation of t I spl acenent vector field, DVF, to Conbat
i1l-posedness and estimate the boundaries or discontinuities that
exist within th& DVF. 3Dhere are several major problems with both block matching and spatio-

temporal gradient approaches. For instance, the assumption that the motion within a
block or local neighborhood is homogeneous results in severe degradation of the
boundaries within the DVF. Block matching algorithms can not resolve within a
single block complicated types of motion, such as rotations. Also, they require

20  spatial interpolation for sub-pixel accuracy. Spatio-temporal gradient approaches
suffer from the fact that the linearization of the DFD is extremely dependent on the
initial prediction of the DVF. These difficulties result in an increase in the DFD’s
entropy, which is prohibitive for very low bitrate coding applications. A very low
bitrate is defined as a rate less than 64 kbits/sec.

L%

25
Therefore, 4 need exists for a method and system for accurately estimating
miotion within a video sequence. The method and system are required to regularize
the estimation of the displacement vector field, DVF, to combat ill-posedness and
. estimate the boundaries or discontinuities that exist within the DVF.
30
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Brief Description of the Draw ngs FIG 1 is a diagramof a
preferred enbodi nent of a systemfor estimating 5 notion in accordance
with the present invention. FIG 2 is a diagr

preferred enbod VRSP o pr eprocessor in - accordance w%%ugf%sent
i nvention. 10 FIG 3 is a diagramof a preferred enbodi mrent of a
spatially adaptive notion estimator in accordance with the present

I nvention. . FIG 4 is a diagramof a preferred enbodi nent of a
first DVF update circuit-in accordance with the present invention. 15
FIG 5 is a diagramof a preferred embodi ment (of a notion boundary
estimator in accordance with the present invention. FIG 6 is
a diagramof a preferred enbodi nent of a notion analyzer in 20 accordance
with the present invention. FIG 7 is a flow diagram of steps
for inplenenting a preferred enbodi BeeftDastription of tha Drewingsl f or estimating
notion in accordance with the present invention. 25 FIG 8is a
fl ow di agram of steps far _inplementing a preferred enbodinent _of , | a
met hod for segmenting irfigcgglam %WAWWMHWMWFWTCWW%

FIG 9 is a flov di mgticin aécorangawvithathe presdnehwaitiong a preferred enbodi ment
of a nethod for adaptively estimting notion in accordance with the
present invention. 30

FIG. 2 is a diagram of a preferred embodiment of a preprocessor in
accordance with the present invention.

10 FIG. 3 is a diagram of a preferred embodiment of a spatially adaptive motion
estimator in accordance with the present invention.

FIG. 4 is a diagram of a preferred embodiment of a first DVF update circuit in
accordance with the present invention.

FIG. 5 is a diagram of a preferred embodiment of a motion boundary
estimator in accordance with the present invention.

FIG. 6 is a diagram of a preferred embodiment of a motion analyzer in
20 accordance with the present invention.

FIG. 7 is a flow diagram of steps for implementing a preferred embodiment of
a method for estimating motion in accordance with the present invention.

25 FIG. 8 is a flow diagram of steps for implementing a preferred embodiment of
a method for segmenting in accordance with the present invention.

FIG. 9 is 2 flow diagram of steps for implementing a preferred embodiment of
a method for adaptively estimating motion in accordance with the present invention.
30 -
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FIG 10 is a flow diagram of steps for inplenenting a preferred enbodi nent
of a nmethod for estimating notion boundaries in accordance with the present

I nventi on. 5 FIG 11 is a flow diagram of steps for

I npl enmenti ng awWE9R4s08 ed enbodi nent . of a nethod for ar’f’é:frmﬂ{flﬂot I on
i n accordance with the present invention.

Det ai | ed Description of the Preferred Enbodi nents 10 The

present invention provides a nethod for obtaining very accurate estimates
of both the displacenent, as well as, the boundaries of the noving objects
within a vi deo sequence. Therefore, thes'7 probl ens of ill-posedness and
nonstationarity of the boundaries are solved sinultaneously. An
estinmate of the object boundaries within a 15 video sequence is_obtained
through the segment at i ofih0isAfiqy disgram of siepsdon implamenting,a preferred pmbodiment of
simlar intensity. ofhethod ieaitinfing adtonboundaries B cdrafice Rathaliccprensi der ed
to be the boundari g’?"ﬁg{i t he objects within the sequence, This object
boundary I nf 9on is used to deternine a first estimate of the
DVF. 20 Uilizing the first estinate of the DVF, a first estimate

f)f t[l_e obj fect ﬁb bgum_rmmﬁo%a&bgram' rae@tepyifml th%zeﬁﬁt @eﬁéneaelfnb&ifimem
ocation of eac ounda npr Qve .. as well .as e renmpval of any
boundary found i n ChETEER Fe ARzt moting o A ordAlre with he preseal HVRESRn s
estimate of the noving object boundaries, a second and i nproved

estimate of the DVF is also determned. As a final step the second estinate
of the 25 DVF and the estinmated novin og} ect boundaries are further

refined based on a pr edeetaied;Desert thg Prefomed BpbodisizBls nodel s

typically take ignt o account conplicated types of notion, such as

o changes i n the caror BeBEar kit brBtes ameroqiBPRiithe 98Y SEorlb bl L0
of the DVF and t heoSeathig displarement apwell ffe thaboundgriestf Sermeyingebigtewitina  are
the result of fittividgo sdqeénca Thetbre] e piobleme oDilichosainks¥Rh & n@istatibariVéf thad
the movi ng oBL AR IREY siRithitBhdy. An esimate of the object boundaries within a
15 video sequence is obtained through the segmentation of the present image frame into
regions of similar intensity. The boundaries separating these regions are considered
1o be the boundaries of the objects within the sequence, This object boundary

information is used 1o determine a first estimate of the DVFE,

20 Utilizing the first estimate of the DVF, a first estimate of the object
boundaries is obtained with the accuracy of the location of each boundary improved,
as well as, the removal of any boundary found in the estimate to be non-moving.
Based on this estimate of the moving object boundaries. a second and improved
estimate of the DVF is also determined . As a final step the second estimate of the

25  DVF and the estimated moving object boundaries are further refined based on a
predetermined model of the DVFE. Such models typically take into account
complicated types of motion, such as object rotations in the field of view and
apparent object motion due to changes in the camera focal length or position. The
third estimate of the DVF and the second estimate of the moving object boundaries

30 are the result of fitting such a model to the second estimate of the DVF and the
moving object boundary estimate, -



WD 97/ 04600

PCT/ US96/ 10141 . ) - 8

FIG 1, nunmeral 100, is a diagramof a preferred enbodi nrent of a system for
estimating notion in accordance with the present invention. The system

I ncl udes a reprocessor (102), a spatially adaptive notion estl mat or
(104), a noti orWB@E)( g‘} estimator (106), and-.a noti orPHE¢IUM
(108) . -The preprocessi ng section (102) 5 provi des a obj ect boundary

estimate (112) of a current intensity franme (110), f[err] at tinme

I nstant k. Based on this object boundary estimate (112), the current
intensity frame (110), [err], and a previous intensity franme (114),
[err], the spatially adaptive notion egtimator (104) provides a
first DVF estimate (116), [err].. The DVF characterizes t he notion
within the scene that o rs durln the tine separatlng frames [err]
and [err]. Both the fir t%aéﬂmqﬁ&ﬁm@&m@é@ﬁ%@mfm

estimate (112) are ei;lﬁmimxgrmdtﬁﬁ Eﬂmcbh&thm nﬂﬁ%&ﬁéﬁ YTIRSykEitifdludet 46)

ot mate (116), [ ctiProRar (b hppatdaani %@P Sisior Bty i iR Do o

t he obj ect boundar FSEBaPHESD, siraRction analyzen (JOBY The@reprocessmg sectmns(ﬂﬁ:;b
boundari es whi cl§ d(pravdnesa@bjeaﬂnmmir)t&nmﬁel(mmbﬂ&lﬂﬂﬁxtﬁ&nsxww ffar 15
ect

t he noti on boundary, est }rBa(%pgor? !ﬁ ﬁ ‘I'“i?ﬁ} “{‘}\%ngréaf‘m?undaryects )

estimate (1 © 103
that are noving wi frms (11, kJndam&&mmma%&)so&-nﬂ!asmﬂé)c#@ptwm t he

first DVF estinate ved. . in tion b

estimator (106) reé"#’g’ %ﬁﬁgmt(ﬁﬂBgfgg@ﬁﬁa%@}:Dgﬁ t‘g? Ifgéﬁ%w .

These i naccur aci es charecterizastha iotioniwithin thet soenechat ocquirs during thet time sepprating/i deo
sequence 20 Dt hfnmes§, alﬁﬁﬁummme&ﬁﬁméstﬁr&&?&lé)%&Bﬁrob{)e@fﬁdﬂﬁém?m h .
estimates, [err] and S elin approac es based on"th
principles of obj eﬁm’r"f’%‘?{%%?ar‘ﬁ@h Fﬂiqgﬂﬁr%emono 3E‘€rﬂ?‘qu°nand
the second moving ekdipet (mwrs%aﬁﬁcaﬁﬁtdsﬂ@t:&ﬁr%@ﬂw&tﬁﬁdtd(116), dp- 1 mé%&fsﬁe“t

extrenely accurat ebeStdl mat es g} and. t he nmovi n boundari es,
respectively. 25 H’ﬁ@g t bogpdarye "ﬁF%(é;F%?n‘?an%Pﬂg the
preferred enbodi nmeittensity boundaries whmhnonoamsesponmtoanmdmuﬁ&rm tThetdugpupoesent

i nvention. Thel§ysﬁﬁ'¥ﬁdﬁ&ﬁlbb‘ﬂﬁaﬂ%§mﬁit&e("]0 is the dﬁﬂ#o\rﬁx%'oﬁ@ctf!{oluﬁ&'}y {aia)e and

an obj ect boundary estidmtor ichi1s co rise gr ower
(20), and a ®bj ect (118 éerarﬁmnmoﬂhﬁmmmmmjmﬂmmhmmmmﬁ&m ng

30 step is to prowboeqbdite SRAD cia@EAR e tha TAE QinGes (1 1B refibved m™ ¢ N

an accurate -
the motion boundary estimator (106) resulting in the second DVF estimate (120),d, .
These inaccuiacie? are generally due to the corruption of the input video sequence

53

20 with noise. The motion analyzer (108) further refines both estimates.d}c and I}; .
using modeling ipproaches based on the principles of object motion. The third DVF
estimate (122), dy , and the second moving object boundary estimate (124), [ ,

represent exwremely accurate estimates of the DVF and the moving object boundaries,
respectively.,

FIG. 2, numeral 200, s a diagram of a preferred embodiment of a
preprocessor in accordance with the present invention. The system includes an order
statistics filter (202) and an object boundary estimator which is comprised of a object
grower (206), and a object merger (206).  The major function of the preprocessing

30  step is to provide the spatially adaptive motion estimator (104) with an accurate
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segnentation of the current intensity frame.(210) into regions or objects.
To achi eve this goal, a copy of the current intensity fame
[err](210) is first filtered separately using an order statistics

filter (202). Wosw@pmration is perfornmed to renove any snal PCTUSI6/10141
objects fromthe sequence prior to segnentation. These snaller objects,

which are in 5 general the result of illum nation changes in the video
sequence and not a true object, - can degrade the spatially adaptive
notion estimator's (104) ability to accurately estimate the notion
in that object. Afilter which is typically used to renove
smal | er objects froman inage 10 frame i ® a 7x7 median filter. This
filter is described by the follow ng operation [err] 15 where [err] is

the filtered versi sagmeftaficofithe clfrentfinténsity &dmo (R10)intd 23idps orfobjecks. e achieve
the npdian val ue ofhid m;hcép?;ﬂe@)he%aﬁlemhﬁexéﬁyﬁ&ﬁéf $]19)q§fd~saﬁnéi€d%h%& Any

obj ect s with ,a spa Port or_size, Is less than 7X7 are
removed by this flpsgxb,(ano st s@@”ﬁ?’%ﬁ%%@?@ﬁﬁ%@?ﬁﬁ@ée
smal | e][ obj ect s nudljedﬁrmdm\sagﬁemlpubrm%m:atﬁﬁ) These ghEilek objeas) viHich #€in

i mage frame to avo

Seqnont ati on. v opdl.AedL adat é@ﬁuﬁx@aé&ﬁ%h%%&'{ ?}ﬁé/ \éx%o §eﬁ enc%%gll rfork]gg'ﬁ%object,
filtered out put (m)dew@fé%ﬁnaww&apﬁvemoﬂomgsmgms{w&)@hﬂétyt@a@wﬂy(204) .

The first step (20&}iman tigahbtizd iptjesdtiecgr owi ng, wherein 25  each pixel is
conpared to its neighbors. Based on this conparison, the pixel is
classified as either belonging to the sane object as its neighbors, or to a

new obj ect . The A Blar wischds typicelbt wedtoremovesmallersabijdctsaim aminmige pi xel
(i,]) is givent®y frame is a 77 med filter. This fil win Bhgkie M and n
can take on the val uesisgfx{?ll,?fl}. Lg tﬁrrlgésisg{lgéd%y%fgg% go &

determ ne whether [err] is a nmenber of the sane object as [err]. If the

Yilhs /) = median{f (i =3,5 = 3), £ (i = 3,7 = Dhecerrrrrene JRlE 3,5+ 2), fi (i +3,j+3)}

*

15
where y, (i, j) is the filtered version of f,(i, /). The filtered output (212), y.(i, /), is
the median vatue of f,(, /) (210) and its 49 nearest spatial neighbors. Any objects
with a spatial support, or size, that is less than 7x7 are removed by this filter. As
discussed in the paragraph above, these smaller objects must be removed prior to the
20  segmentation of the image frame to avoid degradation to the accuracy of the resulting
segmentation.

The object boundaries contained in the filtered output (212) are estimated
using a two-step process (204). The first step (206) is called object growing, wherein
25  each pixel is compared to its neighbors. Based on this comparison, the pixel is
classified as either belonging to the same object as its neighbors, or to a new object.
The test used to determine the classification of pixel (1,j) is given by

D=y li=mj-n)| ST €Y
30 '

where m and 2 can taks on the values of {-1,0,1}. The threshold 7 is used to
determine whether y,{Z, /) is a member of the same object as y,(i—m, j—n). Kthe
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absol ute val ue of the difference between two nelghbor|ng pi xel s,

[err] is less than the threshold T, ten pixel (i,j) is classified as a
menber of the S ect as pixel (i-mj-n). This object isw
hj (i - m ?%?’Me difference is greater than T, then piXxe |,lﬁs S

consi der ed not 5 to be a nenber of [err]. For the case when the nei ghbors

of (i,j) have not all been classified or [err] is determ ned to not be
a nenber of the neighboring obj ects, than pixel (i,j)-is classified as
the initial pixel of a new object. The threshold T is

typically fixed to a predetem ned val ue. A drgwback of 10 this approach is

that this value is dependent upon the particu ar image to .be

segnented. An appr%ﬁ&'fm%ﬁlﬁ@o{tﬁ%%n&%ﬁmgﬁ nﬁgsplgﬁgcr' bed by the

foll ow ng expressi M N a,nd MAX
are the maxi mum an aﬂﬁ?ﬁzfﬁﬂ%ﬂé‘ﬂé‘r{*‘mm&ﬁ&e ol ﬁé&enpixel(@gsfﬁlqﬁmf #y4

and [err] is again B H.co6he M4 'féf I 1§iﬁ,-n)°‘f'ﬁ§sr as, S
classified as bel on tQ a

Values of { hatOdb ded - Zﬁﬁw&%ﬁﬂ%’mﬁw m% iR
needed. The tesbBs amUeQmembadaflM(ﬂrEMB-m)r d:"orﬂscamlwmmgxelgh’mof(:,j)havenot

[err] and 25 g1 been classzﬁed oﬁﬂtzsj";(z@@ét&idn% 1HAG bk A hetfbePSithOheipitRYihsli Ng
an adj ustabl e wi ndow for_ each Jec t hat can adapt to any particul ar

intensity frane. Tyhiests) than pixel g.jhis slaesifigd as thegnitial pme&afwweme%e t hreshol d
Tlerr] is 25. This nethod for adjusting the w ndow, i. t hreshol ds,

S extreml y of ective g BLOYLR% £l 34611 o SRABBAAL) A0 Vel 20

variety of video sequen
zms approach is that this value is dependent upon the particular image to be

segmemed An approach which removes this dependency is described by the
following expression

@GNS MIN+T,
(L 1) €Obi{i ~m,i—n) & and , (2)
»wi N2 MAX T
15
where MIN and MAX are the maximum and minimum intensity values contained
within Obj(i —m,i—-n) and T is again a predetermined parameter. After each pixel
is classified as beionging 1o a specific object, the maximum and minimum values of
that object are testéd to determine if an adjustment is needed. The tests and
20 adjustments are the following

I:f(yk{i’j) S Jm)’_} ‘MIN = yk(irj)t

and 3)
#{y ., ) 2 MAX),— MAX = 3., ).

This operation has the effect of providing an adjustable window for each
object that can adapt to any particular intensity frame. Typically, the predetermined
value for the threshold 7| is 25. This method for adjusting the window, i.e.
thresholds, is extremely effective at proving a consistent segmentation over a wide
30 variety of video sequences.

L 4
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The second step of the object boundary estlnatlon process, each object is
tested to determ ne whether it should be nerged with a nei ghboring object
or not The pixels residing along the border of an object are conpared
with the pixelwoomoashe 5  borders of. the nei ghboring obj e ®CIUSHE10E41e

di fference between these border pixels is smal |, then the objects are
merged. Specifically, the followng test is conducted on t he border

pi xel s of two nei ghboring objects [err] 10 (4) where T[err] is a
predeterm ned paraneter typically set to a value of 30.

second conparison is also perforned in an attenpt to again guard agai nst 15
the creation of small objects. These snallerlbbjects are generally the

result of gradual ly varying illum nation changes which the object
growi ng algorithminterprets | as obj ect boundaries. This test conpares
the size of an object, The"secohfi‘ oun e@ﬁrﬁﬁic%g?&@is%ﬁ@bje&z@n

object, to a third de%errr o I the, nu é pi xel s
is less than this I‘f’g@‘g JeRPme ?réé et“?‘?éﬁ? t“ﬂ@ad’ﬁgg Qrin gsobJFﬁT"ﬁ'é’B"vmth a
20 nei ghbori ng omhepxkelstlsldmglabngﬁm@o:damfamobﬁcnase @mp.famdmth ths pimejs bintke

nei ghbori ng 5 &h@rs&frﬂ@h&&&oﬁn%\ﬁec@%mnel *@Esﬂ&é&%&%&a@} i g Ct -

The amount of simlar] or|ng objects asur ed
usi ng the border dﬁ@@bF@ﬁ@é’b&é@éﬁ’%&d pec1ﬁq fé’iP‘ﬁWgé%Slsc?WF@ PRy,

the size threshol diheSofiet pirdls a¥3®o pi gmects)bj ect nerging oper ati on
(208) is effective at renoving smaller objects which nay have been forned
25 during object grow ng operation An advantage of this

t wo- st ep obj ect bouniflgv( sm(mam,mn){aﬁ;ﬁ)mmer(ge(@by(r Js0bj(i~n, joppbsed to

ot her segnent a%bon@pproaches Is that it is guaranteed to provide

boundari es tha continuous and cl osed. For the application of notion
estimation 30 and analysis this is a very inportant result, since we know

that in general thgn@ej7e6ss mde:emuﬁeubﬁme@mypxdﬁgséﬁau@m@@om@ defined by a
conti nuous and cl osed boundary. Furt hernore, the boundaries contai ned

in an intensity frame are a super-set of the
A second comparison is also performed in an attempt to again guard against

15  the creation of small objects. These smaller objects are generally the resnlt of
* gradually varying illumination changes which the object growing algorithm interprets

as object boundaries. This test compares the size of an object, L.e. the number of
pixels contained in an object, to a third predetermined threshold. If the number of
pixels is less than this predetermined threshold, than the object is merged with a

20  neighboring oiajec't_. This merging operation is performed using the neighboring
object which is the most similar to the current object. The amount of similarity
between two neighboring objects is measured using the border differences described
in Equation (4). Typically, the size threshold is set at 256 pixels. The object merging
operation (208) is effective at removing smaller objects which may have been formed

25  during object growing operation.

An advantage of this two-step object boundary estimation approach (204) , as
opposed to other segmentation approaches, is that it is guaranteed to provide
boundaries thar are continuous and closed. For the application of motion estimation

30  and analysis this is a very important result, since we know that in general the objects
within a video sequence are defined by a continuous and closed boundary.
Furthermore, the boundaries contained in an intensity frame are a super—set'of the

w
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correspondi ng DVF boundaries. Therefore, the boundari es or discontinuities
pr esent in the DVF are al so continuous, closed, and well deflned.
The output of the preprocessing unit (102) is the object boundar stimate
5 (216) S[errWOSTdse0bj ect boundary estimate (216) S[err] aBSF g&%h
pi xel i.n [err] (i,j) (212) a value corresponding to the object it is
a nenber of. The boundary is retrieved from (216) S[err] by

determ ni ng where the object nunbering changes. The object boundary

S[err] (216) conbined with the present intensity frane flerr] (110) and the
previ ous intensity franme flerr] (114), e used by the spatially
adaptive notion estimation unit 10 (104) to termne the first estimte
of the DVF d[err] (116). As discussed above, the obj ect boundarx%
estimate S[err] (11@@MNW@@&OWWW£¢’@§°W%@YMP Y

therefore, is consi BarEDVEard 16 dohfififous slokddair! wdll defigedyoundari es bet ween

differently novi ng objects. The first or initial estimate of the |ine
process, S[err], is used as the mechani sme%/ which the spatially
adaptive Tmotion esti mat i B ctpydefithepreproenssing enit (162) is the sbieck etimarees .

FIthS nurrf:ral 530?(216)tsska 'measgjemoaﬁda@&umher(zmj S;mb@glmmﬂpxm‘l gxﬁyﬂp@tdzaﬂ y
adaptive notion esti or in accor in n i on

spalto ially ada ?g’\‘fe‘ ﬁ*ﬂ%&‘ﬁ%ﬁ‘i}?‘i&ﬁ%%’nb@@i '?'Eeo & giirieyefiixom

| ook- up Eg% ;a (%2) 216) &\Mmrjﬁmmouwmé@ﬁ xmgs:}mnmdﬂmmqsaaz@ :
circuit e conbi fMARs afidihe OfevimE i Mat i on
unit are the esti rraIB E} ct lﬁoﬁwq i es tfmtenix pég%@ a0 b(p?; rugitned
causal |ocal nei ghb’&?eﬂﬁ og egals{]l gjg’ﬁl“ﬁ @F@vcd?o&pp% fg%é’? |
H]er]r e\(/lsgg)s 'T}]@nsabxnsaé@g%ﬁé@ E}s:ﬁéﬁfaleof@mbgf?gtrlgytma&&@@d%oieraﬁe

pr edet er ni ned aut Or%lgﬁacéggqr\%ry ﬁﬁm%’zgk(l?l%rcgﬁf"@f’% !'Pm %?%ﬁ*ﬁ%ﬁ?gaqi‘)’%%
correspondi ng pr edi thtsefore, isvonsitaedds thsfikCesfimate of the boundaries betwdea differently
predeterm ned set Oﬁxaﬁﬁ?é Emﬁ%ﬁ&ﬁﬂb?ﬁt%e&iﬂﬁ@df%ﬁﬁk%r&c@é%&,alé‘ﬁlsedasthe

correspondi ng uncert y terns (316) are typically found enpirical
General ly, a mww.aéw%moaawm@n%@aomm@#ﬁ
prototype or prgyvi omsde)d;saennnumsl mat ed DVF. Based on the object boundary
estimation S[err] (304) a subset of the predeterm ned AR preédiction

coefficients §314), [err]:T]I and a correspondin uncertainty ter
[err] (316), are chosen Bon mmeral 30 S 0RGR & ¢ prefopred gbpdi@ent of a span

adaptive motion estimator in accordance with the present invention. The spaually

adaptive motion estimation unit (104) comprises a causal look-up table (312), a DVF
20 predictor device (318), and an update circuit (320). The inputs to the spatially

adaptive motion estimation unit are the estimate object boundaries §; (304), a

predetermined causal local neighborhood of past displacement estimates d;, (306},

the previous intensity frame £, (308), and a corrent intensity frame £, (310). The

causal look-up table device (312) stores a set of predetermined autoregressive, AR,
25  prediction coefficients (314), and corresponding prediction uncertainties (316).

The predetermined set of causal AR prediction coefficients (314) and
corresponding uncertainty terms (316) are typically found empirically. Generaily, a
least squares estimation approach is used on either a prototype or previously

30  estimated DVF, Based on the object boundary estimation S, (304) a subset of the
predetermined AR prediction coefficients (314), a(m,n1S; ), and a corresponding
uncertainty term, w{i, 15} (316), are chosen from the look-up table (312) for use in
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the DVF predictor (318) and update circuit (320): The DVF predictor circuit
determnes a prediction of the DVF based on the subset of AR prediction
coefficients (314) and a | ocal nei ghborhood of displacenent vectors
(306). The pr edydbigigon operation is described by the folPomussgneguati on
5 [erc] where [err] is the prediction of the notion occuring at

pi xel location [err] in the current imge frane, and.[err] are the AR
prediction coefficients wwth a 10 [|ocal support R The | ocal
nei ghborhood R consists of the follow ng pixel |ocations: the pixel I n
the columm directly to the left [err], the pixel in the row above and the
colum to the left [err], the pixel in the row above [err], and the

pi xel* in the row above and 15 the colum to the right [err]. It should be
noted that the choie®w nliit®r (3e8andipdate circhi €320). TFhe BVF pipttiesse oiraiit on and

i s dependent on the net.ho e ' thr. . L. .
di mensi onal data sg?%mﬂeé% #?cg‘gég&e@%%?g%%diogmt%@ gsr?(thfd?% H%gzggﬁﬂé%?eﬁ'ments
infornmation at a pé&id andiadecal neighbprheedefidisplasement vectors 306k Therprediction s

assuned that the Qpemtgﬁti@deisgribg@mgfélrmé &tidnO right across each row,
starting with the top row Oher 20 met hods for navigating through the

i mmge and di splacenent data can.al so be used. __ This would require a
slight nodification to the | ocadi{ihBi=gibalrhasddri—mojvenkr t(Bk v
operations would remain the sane. hjek As descri bed by Equation (5)

and di scussed above, if the object boundary 25 estimate (304) Sferr],

i ndi cates that an objeet boundary is present in a predetermned . » .l ocal
nei ghbor hood Rt h&h@R deb s @?Eyﬁ@%ﬁq‘&fﬂ}e W&)WWBH%ML@C%ndfﬁdQ o
include in the pregdiecivran iy feingnd ctnpds, ) wechoAR pediction toefficientawith her

obj ect. The non- st ati gnary assunpti on on which the above equation is

based, is vali &0t hiSHgHRREE K- the DVF and results in consistently
accurate predictions. The inaccuracies incurred

The local neighborhood R consists of the following pixel locations: the pixel
in the column directly to the left (i,j-1), the pixel in the row above and the column to
the left (i-1,j-1), the pixel in the row above (i-1,j), and the pixel in the row above and

. 15 the column to the right (i-1,j+1). It should be noted that the choice of R is made at
the time of implementation and is dependent on the method used to navigate through
the two dimensional data sets used to represent the image and displacement
information at a particular time instant. For this particular R, it is assumed that the
data is access from left to right across each row , starting with the top row. Othe:

20 methods for navigating through the image and displacement data can also be used.
This would require a slight modification to the local neighborhood R. however the
operations would remain the same.

As described by Equation (5} and discussed above, if the object boundary
25  estimate (304) S, indicates that an object boundary is present in a predetermined

local neighborhood R, the AR coefficients a{m, 15, } (314) are adapted $0 as not to
include in the prediction any displacement vectors belonging to another object. The
non-stationary assumption on which the above equation is based, is valid throughout
the DVF and resulis in consistently accurate predictions. The inaccuracies incurred

30 by a stationary model due to the nﬁixing or blurring of displacement vectors located
near the object boundaries, is alleviated.



30 by a stationary nodel due to the mxing or blurring of displacenent
vectors | ocated near the object boundaries, is alleviated. WO
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The predicted displacement vector [err](324), the associ ated talnty
term[err] (316)"'OIO revious intensity franme [err] (308), aﬁ‘gﬁ@%ﬁﬁi

i ntenskty frame [err] (310) are inputs to the first DVF update
circuit (320). The first DVF update 5 circuit updates the predicted

di spl acenent vector [err] (324) resulting in the first DVF estimate
(322). FIG 4, nurmeral 400, is a diagramof a preferred
enbodi ment of a first DVF update deternijper in accordance with the
present invention. The first update circuit 1 conprises a notion
conpensation unit (402) and a gain calculator unit (404). The not i on

conpensation operation perfornmed by the notion.conpensation unit (402) is

a nonlinear operation mmhelpradmtmleimplmémhtbgcmm@jjl(Bmmgasqﬁmdmemmty

frane. The value  E o ;i eI el el PRSP b ol

of the pixel |ocate@gmefQG mmwtwf%ﬁfnp@?«wumtqwmwaonscﬁmtam’éFpmm]

(408). The notion C&@Fﬁ Me r U mlt@,gt

t he val ue of the pixe H@eggxaetplrod%ct?dv &Eﬂt%&%ﬁﬂézﬁ ﬁerr 412)
resulting in the diBYFesiond@3dPe difference DFD, signal (424) [err]. .
The DFD (424) signal is an error signal which is related to the

f th di ct dj spl t t ._The DFD
(24) 1% mul (ipl | ea by H00h RERER 0D 8 fAaiat o Hbaed Sohodioyst B CBLDVEn

i-

(406) r esul t iupdate determendriin acordace withehd MEsentihventitm THh]ﬁk);t update circuit
The gain deter e t he
DFD Si gna{qdfeszr 2%4 pri or okglﬁ%gg#ﬁt ?’H’("% pr G%Ifogtl oﬁ‘“ﬁ‘%

[err]. The expressi®fH I?Yéh“gﬁpﬁ‘m @“%Eﬁﬂﬂ‘”b‘}nﬁ(

| i nearizing the mtamﬂmrmmﬂeﬂxchﬂsadmcnbedbyﬂbdoﬂoﬁﬂﬂge@mﬁén al | ocatl on
[err] where u(r) is the error in the prediction

Falr) = foy(r=detr)), @)
15
b where )-"k(r) (422} is the motion compensated previous frame. The value

Joy(r— ’Ek (r)) (422) is found by taking the intensity value of the pixel located
spatially at r—di (r} in the previous frame f,_, (408). The motion compensated
value £,(r) (422) is subtracted from the value of the pixel at location () in the

20 current frame f,(r){412) resulting in the displaced frame difference, DFD, signal
(424), e, (i, /). The DFD (424 signal is an error signal which is related to the
accuracy of the predicted displacement vector Z?k (¢, 7). The DFD signal ¢, (i, /)
(424) is multiplied by a gain term (426) and added to the DVF prediction (406)
resulting in the first estimate DVF estimate (414).

25 _

The gain determined by the gain calculator unit (404) is used io scale the DFD
signal ,(r} (424) prior to updating the DVF prediction (406) Zk {r). The expression
used to calculate the gain is found by linearizing the motion compensated frame
about the spatial location {r Ek(r) — u(r)), where u(r) is the erro'r in the prediction
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[err], (406) and solving-for the best linear estimate of [err]. The

resul ting expression for the gain, [err], (426) is given by

[err] 5 where [err] is a nx2 matrix of spatial gradients eval uated
in the notion WO pensated previous frane (422) for eaclPqivuseé/iai4t t he
| ocal nei ghborhood R Specifically, for the | ocal neighborhood R
descri bed above, [err] is given by

[err] wher e

df 15 Is the two di nensional spatial gradient evaluated at pixel

| ocation [err] in the notion conpensat ed previous frame (422) [err].
As nentioned above, the gain [err] (426) deteﬁﬁined by the gain cal cul ator

 x(r), (406) and solving for the best linear estimate of 4(r). The resulting
expression for the gain, K(Z, j), (426) is given by

KG, =[G, NG ) +wii, H] GG, )

5
where G(i, j) is a nx2 matrix of spatial gradients evaluated in the motion
compensated previous frame (422) for each pixcl in the local neighborhood R.
Specifically, for the local neighborhood R described above, G(i, /) is given by
VT £ )
4 } HGi=1
10 GG.D=\V" f,(1-1,j-1)
VT -1
VT fili=1.j+1))
W
where
' V7 )= §;J
dy
15

is the two dimensional spatial gradient evatuated at pixel location (1) in the motion
compensated previous frame (422) £, (r— Ek(?’)) .

As mentioned above, the gain X (7, /) (426) determined by the gain calculator
20  is used to the scale the DFD signal (424). This scaled DFD signal is added to the
predicted displacement vector (406), E— (i, /). resulting in the first estimate of the
DVF (414),d: (4, /). The operation used to update du(i, j) is described in more
detail in the following equation



20 is used to the scale the DFD signal (424). This scaled DFD signal is

added to the predi cted displacenent vector-(406), [err], resulting in
the first estimate of the DVF (414),[err]. The operation used to
update [err] is described in nore detail in the follow ng equation

16 _ [err] wher e [err D
eval uated for WQATO#ORe|l in the | ocal nei ghborhood R LC‘}’ESSH]&"PF

nuneral 500, is a diagramof a preferred enbodi ment of a m)tlon

boundary estimator in accordance with the present invention. The notion
boundary estimation unit (106) conprises a noncausal |ook-up table
(510), a noving object boundary estimator (506), a DVF estimator
(508), a noncausal |ocal nei ghborhood of ] the DVF (502), and a noving
obj ect boundary estimator (506). The inputs %o the 10 noving boundary
estimator are the object boundary estinate [err] (526), the first DVF
estimate [err] (524), the previousgi B Gy D (528), and a
current intensity frame [err] ?‘5’20) ) Wr{1)e [ﬁoﬂa @%)]bj ect boundary unit
(504) stores the current estinmate of t he novi ng obj ect boundary for
possi bl e use i n anwhere i, jvis thedPHR evainate8fondath pinglliy thetidnmal neighborhood &.i on
provided by the noving object boundary estimator (506) can be used as an 15
initial conditié)n for an _ipproved oI utjon. A_nethod for carryl ng out this
iteration is di sdliSseduperalyf Abe pefeed embedimentof @ Fotigk or
(506) is initializesnddry hsﬁdmormaccord&qemﬂl theprastat nvarioh " Thembfidoundary

Tovi ng. oby ect Eébn gtﬂ.ﬂ@@*’ $i308 é%@{&%g@@&aﬁ%ﬂ\"h‘gﬁégm L G0y ARG o;%*ﬁ?] *
(526) and the danp e§simamr .larg‘{Fm@S&famn@aw

(rjmzfl ng obj ect bounﬁar»vP(soz) ARGl gobidcD B dirg esidver (S86). Q‘ﬁeaapm@vome edge
et er m ner un|
?nggn% Qgﬁrﬁaﬁ!éi" ard/the ?bje%t bUﬁHdTan?(e@&ﬁ%te 5% @6}”" B ISVE
dii(

obj ect update un| t estimate o novi

! n
boundaries, [err] 4 he PryiREnRYSiyATame: fin g(g?%eaqdi F Qe RtERsy o
[err]. These 25 afljmiss, (630)S Thennbeihg absject bamekdryamiti StiMstosds attel cukrentadstimate of

Pont | dence %aéﬂfé@%%iﬁdaﬁ’ ol o prpsiPl ec ' o8 e e Srtqiaing o
bel ong to a novi ngsobitior providet by pemavingl abjecthoufdate estimator (506) can be used as an
15  initial condition for an improved solution. A method for carrying out this iteration is
" discussed below. The moving object boundary estimator (506) is initialized with the
object boundary estimate (526). '

The moving object boundary estimator (506) provides an estimate of the

20  moving object boundaries J, (546) based on the object boundary S, (526) and the
corresponding first estimate of the DVF (524). The moving object boundary
estimator (506) is comprised of a moving edge determiner unit (514), edge continuity
unit (516), and a moving object update unit (518). The estimate of the moving object
boundaries, 7, (546), is determined by adjusting the first estimate S, . These

25  adjustments, which are based on known statistical properties of these boundaries and
characterized through the use of confidence measures, result in the removal of
boundaries that do not belong to a moving object. The particular confidence
measures used are described in detail below. As mentioned above, the moving object
boundary estimator (306) is Initialized with the object boundary estimate (526) .

30



measures used are described in detail below As nentioned above, the nDV|ng
obj ect boundary estimator (506) is initialized with the obJect
boundary estimate (526). ".30 WO 97/ 04600
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The noving edge determner unit (514) eval uates whether or not pixel (i,])
S part efo®ogewi ng obj ect boundary and assi gns a confeciarsveioreasur e
to the.current estimate [err]. This evaluation is perforned by
conparing adj acent displ acenent vectors. Mire specifically, the

eval uati on and correspondi ng confi dence neasure 5 (540) are given by
[err] I f confidence neasure [err] (540) is large, then a noving
obj ect boundary is likely to exist. Conversely, if [err] (540) is
small, than the likelihood is small that a 1Q7 noving object boundary

exi st's. Simlar to the noving edge determner unit (514), the

?ﬂge conti ?Ui t%’ unj[t 'Ihe:ﬁ@ﬁ@e@bﬁ&cﬁﬁﬁdrﬁﬁﬁ(?4?@b ﬁ&@@ﬂﬁ&h&%@ﬁwlﬁx&@‘} % to
e current estimate,Q Vi 0 obl ect boundar err

Thi s confi dence ne8&hHP ?\Ymn% 9%@? L P2 G gﬂ?ﬁ %&het% | ues
of the neighbori ngemmhﬁwemmm@nommomdméompanngaéxsmp«ﬂmmpem
objects within a v s q&ﬁg,@{

cont i nuous curve, gf"%(ls}?(e orr i I $"'a boun aryﬁgﬁérﬁ%shﬁnﬂ%&gﬁgﬁgﬁﬂﬁﬁe,
lies on such a @lﬁ’?&“’@ﬁyother words, if pixel (i,j) is determined to

be a noving boundary el enent, t han the adj acent pixels in a particular «
direction nost al so be boundary el emrents. The 20 above characterization

is captured in the follow n@(g})p;(g%,ijy)ndk(g,beqy)]+(dk(;,j)..dk(g_1,j))2,

¥ confidence measure D(i, j) (540) is large, then a moving object boundary is likely
to exist. Conversely, if D(], /) (540) is small, than the likelihood is small that a
10 moving object boundary exists.

Similar to the moving edge determiner unit (514), the edge continuity unit

{(516) also assigns a confidence measure (542) to the current estimate of the moving
object boundary at pixel (1,j). This confidence measurement (542) however, isa

15 fimction of the values of the neighboring boundary elements. Based on the
assumption that objects within a video scene have boundaries that lie on a closed
continuous curve, a pixel (i,§) is a boundary element, if and only if, it iesonsuch a
curve. In other words, if pixel (1,j) is determined to be a moving boundary element,
than the adjacent pixels in a particular direction most also be boundary elements. The

20  above characterization is captured in the following expression

CG, = 05(1G, H+1i-1, H+IG, j-1)).

25 The moving object update detémiﬁer adjusts the moving object boundary
estimate £.(3, /), at pixel (1,}), based on the current estimate of the moving object
boundary, which is initially the object boundary estimate (526) S,(i, ), and the
confidence measure D(, /) (5 dand C(, 7y (542). The expression which
characterizes the moving object boundary update determiner is given by



25 The novi ng obj ect update determ ner adjusts the noving object

boundary estimate [err], at pixel (i,]j), based on the current estimate
of the noving object boundary, which is initially the object boundary
estimate (526) S[err](i,j), and the confidence nmeasure [err] (5 4)and
[err] (542). The expression which characterizes the novi G%Bbe
boundary updat QAR ner i s gi ven by 30 : WO 97/ 0 914t
PCT/ US96/ 10141 .

[err] wher e : 5 The coefficients [err] and [err] are
predeterm ned paraneters used to control the anount t hat each
confidence neasure can influence the estimate [err]. The paraneter [err]
(556) is used to control the respon of the update determner. |f
[err] is small, then the effect of the confidence neasures on the
adjusted [err] is also small. If on the other hand 10 [err] is |arge,
then the adjusted [err] is dom nated bz € neasure.

Typically, the estimation of [err] and ? rha«ﬁpamagnlteratlvefy, W th
[err] being initialized to a small value and increased slowy at

t he begi nning of each new iteration. The decision to increase

[err] and to refindhefe estimates of [err] and [err] is made in

the estinmation term nator (5]@}{) [(gs.tgl a@t;)}:;r(;l.g{(r;rr}})?}‘qgvg)rcw t (514)

is discussed 15 in nore detail estimation
determ ner (508% is conprised of an advanced prediction det er m ner

(520) and a second TiVkodtndaie o 0RuS] PetPedeterditbd pﬁ-ﬁ%t&x@hség%o ﬁg%,amoum

D adi ot on 20 - G PHE BURCHEBEER T BLIRBT RS oot R e

(536). Utilizing t Hswssed tocontrol ﬂmetpmgsecﬂfjﬂmrpdatedetdmwereﬁtﬁ sgnzall, 86 the] affect]
a subset of the pr %E'Efe%ﬁﬁ&ﬁ% measures on HOBGAUSET AR iUl HbrGREbhbCHaR81 S
[err] (548), and a correspon
10 B islarge, then the ad;usted ik(z, J) is dominated by the confidence measure.

Typically, the estimation of I,: and d, is done iteratively, with B being initialized to

a small vatue and increased slowly at the beginning of each new iteration. The

decision to increase B and to refine the estimates of (i, /) and 4, (3, /) is made in

the estimation terminator (516). The estimation termination circuit (514) is discussed

¢ 15  in more detail below.

The DVF estimation determiner (508) is comprised of an advanced prediction
determiner (320) and a second DVF update determiner (522). Similar to the DVF
predictor (318) described above, the advanced predictor (520) provides a prediction

20 of the DVF based on the moving object boundary estimate (536). Utilizing this
moving cbject boundary estimate (546) Z. (i, /), a subset of the predetermined
noncausal AR prediction coefficients, b(m,nl fk) (548), and a corresponding
uncertainty term , v(i, j!:f;) (552), are chosen from the non-causal look-up table (510)
for use in the advanced predictor (520) and second DVF update determiner (522).

25  The advanced predictor (520) determines a prediction of the DVF based on the subset
of AR prediction coefficients (548) and a local neighborhood of displacement vectors
R. Itshould be noted that the local neighborhood R is different from the R used by
the DVF predictor (318). This difference comes from the fact that a comélete
estimate of the DVF already exists, Therefore, the dependence on the scan that exists

30  for the DVF predictor is not an issue for the advanced predictor. In other words, the

L d



uncertainty term [err] (552), are chosen fromthe non-causal |ook-up table

(510) for use in the advanced predictor (520) and second DVF update
determ ner (522). 25 The advanced predictor (520) deternmines a
predi ction of the DVF based on the subset of AR prediction

coefficients (548) and a | ocal nei ghborhood of displacenent vectors
[err]. It shouW@%e46abt ed t hat the | ocal nei ghborhood [err] BCISPFI0Iont
fromthe R used by the DVF predictor (318). This difference cones
fromthe fact that a conplete estimate of the DVF al ready exists.
Therefore, the dependence on the scan that exists 30 for the DVF
predictor is not an issue for the advanced predictor. In other words, the
WD 97/ 04600
PCT/ US96/ 10141 19 | 19
restriction to use a nei ghborhood that contains only previously estinmated
di spl acement "vect orgstricomie usenarighbathoed thet gontains enly peeviouslyiegtimaedhood [err]
i nclydes the didpiaéeateht Veolos 10 A6 loRkerRkeesaty, M ebalkighbothbod ROREbsdnd | V.
[err] includes the foll owﬂ@g . “a!gl xels, (g s ) ((%xhﬂ&es(tgf}hﬂgzx
(i+1,j). In additi BFfTEShRERORRHERS S E‘&‘%&%ﬁ%ﬁéﬁ&h” o ofigygng
advanced pr edi ct or pixelsdi,jt), {iijEBsi-a.5x (igl.9). oaiditias sehp triodel described bhEquation
constrain th Wl sBLa1sd est%ﬂﬁ%i ' sPsabdr Beshiiat
al | pixels vvithlsn gsgageg&géci{cb@&w un%?elfgn% Sl ﬁ!gc?ﬁz‘r?gq%?rlgﬁﬂn . ‘éfrc .
The advant age of c&?m#%an{ﬁ?esn%m%a&%awﬁ%%f% tHat aflipiisis W ee gbieR1 10 -
descri bed i n Equat imdergo(shpilarmotibinat a probabilistic characterization of the
DVF can be derived in the formof an A Posteriori probability density
function. The advanced prediction unit determ nes a prediction of the
di spl acement vect or [ erFlie advaptage of combining wisadditionad constaint with GeiAR madal i on.
Typical l'y, thi $oMayigiivat BRualbRCES % thit a probabiiRE! dhekatiszsh Bk BAVH @hlbewi ng
iterative algorithm, Srrt}x ere. e . .

n the form of an A Posteriori probability density function, The advanced

prediction unit determines a prediction of the displacement vector 4, (7, /) that

maximizes the A Posteriori function. Typically, this maximization process is
performed using the following iterative algorithm

1
1- T a(m.nll i, j)) )

mnel

v 15 AL ) =40 ) - v dEiL ) - {éfz’(z‘,j)--f&(z',j)] ,
:.,z(

where

A=—p[DG, - I, )+ DG+ 1, N1~ Hi+1, D)),
¥ is the correction step size, i.¢., it is equivalent to a steepest descent minimizaticn
step, and n is the iteration number. The initial condition used to begin the iteration is
20  d?=d.. Since the first DVF estimate d, is of high quality, the improvement
resulting from iterating is small. Generally. the number of iterations performed is
fixed to 1. However, a criterion that monitors the percent change between iterations
can also be used to terminate the iteration. More specifically, if

shar o -a6.f

~ = x1007
S




[err] is the correction step size, i.e., it is equivalent to a steepest
descent mnimzation step, and n.is the |terat|on nunber. The initial
condition used to begin the iteration is 20 [err] [err]. Since the
first DVF estimate [err] is of high quality, the |nprovenent

resulting fromiterating is snmall. Generally, the nunber of |t

performed is WO94sled to 1. However, a criterion that noni g@&%ﬁ%ﬁ

per cent. change between iterations can al so be used to term nate the
iteration. More specifically, if [err] WO 97/ 04600

PCT/ US96/ 10141 20 t he
iteration is term nated. Typlcally the threshold T is set to 10[err].
Agai n due to the quality of the first estimate the correction
step size is fixed to a val ue of 0. 1. The prediction [err]
provi ded by the advanced prediction unit (520) is updat ed by the

second DVF update ci¢ Rerationds tefrhinated.t Dypicatig) thethirdshold Fdosnd td P . Again destitieat e

et hod e Heser bodtRy oF e PR AR ARedRiEh SRS B RR G

di scussed above, thQsl-coupI ed solution for [err] (534) and [err] (532) is
typically solved using an iterative process. That is, steps used to obtain

O e Bns. o Tk pREREE ,‘gﬂgf&oaam&;bsmﬁ HpRbRerof S {2088 ¢ he

initial conditions. Furt er eac

iteration providi nglpdatcdeszmnd VFpdate deteranines 5222 toqreduse tigygecond DVF
iterating the overadshm@sqy(mx 'mesbainhu\&rﬁﬂda@rmdmhﬁhéﬂ(smmmmm@dateThe

deci si on whether to perf ano \h{eratlon 0 0 is determined in
the iteration term § g’]s‘b WPW@?&mator utilizes a
termnation criteria sim I ar the one used by the second DVF esti mat or

(510). That is,1d he numbgiyisphesdd Hodd, 'ﬂ%%u?ﬁdsdiﬁmﬁf&'&e@ﬁbtbﬁhqr(sgﬁ)ﬁt can
det ermi ned based on the per cent chan ween_j t er ati ons &%S‘M‘% _ﬂg
maxi num nurrbertYE}FanZ splveq e ARdterative process Faa) s, stepsiused, @‘% nge
between iterations §sarefpeatddalshi i préviesiiesutls &9t8e infteu sdriditivnk.Shirthertherat Bds

The specific, 1f t hgctgao z(xjftvgr Q&hlﬁgra%mn prov:dmg more wexght to the confidence measures. By

iterating the overall accuracy of both 7, and 4, is improved. The decision whether to
15  perform another iteration or not, is determined in the iteration terminator (516). The
v iteration terminator utilizes a termination criteria similar the one used by the second
DVF estimator (510). That is, the number of iterations set to a fixed number or it can
determined based on the percent change between iterations. Typically, a maximum
number of 3 iterations is set. However, if the percent change between iterations is
20  below a threshold the iteration is terminated. The specific, if the following is true
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[err] and 25 [err] WO 97/ 04600

PCT/ US96/ 10141 _ . 21 - the
iteration is term nated. FIG 6, nunmeral 600, is a diagram of
a preferred enbodi nent of a notion anal yzer in accordance with the

present invention. The notion analyzer which 5 provi des a paraneterized
represent ati orwobredess DVF using [err] and [err] as inputs. PREUSISIOI&pnt | on
anal yzer conprises a nenory device (614), translational notion estinator

(604), zoomestimator (606), rotation estimator (608), and a object |abeler

and center determ ner (612). .The second estimates of the DVF [err] and
| ine process [err] are the I nputs to the notion anal yzer unit. Based
on these inputs and a four paranmeter 10 notion nodel, a third and final
set of estimates of the DVF and |ine proces?li S det er m ned.

The four paraneter notion nodel characterizes the DVF by utilizing, as
rigid bodi es,the irsatignjiverminged.i ned by the |ine process. Specifically,

the displacenment of each 15  pixel contained within a particular object is
characterized by the f %&i%ﬁ‘”m?rgergl%o, isa ma%%ro?%%%&é‘md an%rocrii]ment of a motion
analyzer in accordance with the present invention. The motion analyzer which
5  provides a parameterized representation of the DVF using d, and I, as inputs. The
motion analyzer comprises a memory device (614), transiational motion estimator
{604), zoom estimator (606}, rotation estimator (608), and a object labeler and center
determiner (612). The second estimates of the DVF d, and line process I, are the

inputs to the motion analyzer unit, Based on these inputs and a four parameter

10 motion model, a third and final set of estimates of the DVF and line process is
determined.

The four parameter motion mode! characterizes the DVF by utilizing, as rigid
bodies, the objects defined by the line process. Specifically, the displacement of each
15  pixel contained within a particular object is characterized by the following the
expression

(6 5)=1,(i, AOBJG. 3)+ Z(OBjG, 5)-cpti, AObjG, )+ 6(ObiCE, ) - cplis JOBIG, 1)

20 where £,(i, AObi(i, )= ’[rz_,:(:‘, AObjG, P, (i, OB, j))]ris 4 vector representing
the translational motion component of 4, (i, j), while Z{Obj(i, j) and 8(Obj(i, ))
represent the zoom and rotation components, It is important to note that each of these
four parameters is dependent npon the object, Obj(i, j), that a particular pixel (i,j) is
assigned. Furthermore, the term cp(i, jIObj(i, j)) represents the distance from the

25 center of OBj(i, j) to the pixel (i,j). The position of each object's center is located by
the object center determiner (612). Based on the estimate J, . the center of each object
is determined to bes the intersection of the two lines which contain the maximum and
minimum horizontal and vertical pixel locations in OBj(Z, /).

30 The translational motion estimator determines the translational motion
component for each object. This is accomplished by averaging the horizontal and



20 where [err] is a vector representing the translational notion
component of [err], while [err] and [err] represent the zoom and
rotation conponents. It is i.nportant to note that each of these f our
paranmeters i s dependent upon the object, [err], that a particul ar pixel

I,]) 1Is assigned. Furthernore, the term[err] represen | Stance
§rohzthe 25 E@h?%V“Bf [err] to the pixel (i,}). %he Bositi%ﬁro eg%
obj ect.'s center is |ocated by t he object center determ ner (612).
Based on the estimate [err], the center of each object I s determ ned
to be the intersection of the two |ines which contain the maxi num and

m ni mum hori zontal and vertical pixel locations in [err]. 30° The
transl ati onal notion estimator determ nes th ransl ati onal notion
conponent for each object. This is acconplished by averagi ng the horizontal

and WO 97/ 04600, .. . . 22
vertical displ acemeficah copRqnents oKer sashebject. Specifipally, fhe frangighional
transl ati onal ¢, e S04 o rare calculated ysing hefolloWing PXRIRWIONS | ng t he
fol |l owi ng expressions [err] 5 and [err] where N is the total
nunber of pixels contained within [err 1 The zoom esti mat or
(606) estinates the zoom paranet er &8s f?bj(f;ﬁd)%-ﬁ 1024)‘afia®reter is used to
characteri zed any changes that may occur in an®dbpelet?s focal | engt h.

These changes mgy hg@gcaused by the canera or by the notion of the object
closer to or away fromthe canera Io&atio.n... Ut igl i zy the dense DVF, [err], «
t he zoom parameter [err] is bs 'iﬂ@kl@d)}‘b'ﬁ oégg}(l-[férr] usi ng the
fol | owi ng expression 15 , hjeRe gian(i.)

where N is the total number of pixels contained within Obj(i, /).

The zoom estimator (606) estimates the zoom parameter Z(Obj(i, j)). This
10  parameter is used to characterized any changes that may occur in an object’s focal

length. These changes may be caused by the camera or by the motion of the object
closer to or away from the camera location. Utilizing the dense DVF, 4. (i, j), the

zoom parameter Z{Obj(i, j)) is estimated for object Obj(i, j) using the following
expression

2(1, JObJGi, ) =~ ZI‘“(i,j)~{ (i = ex(l, [0 (d, 1 (b Ty~ 1., {5, OB, DD

L juObi(, 5}

HJj = ey, D (d, () *-fy.x(i,ﬂObj(i,i)))}

20 where ox(i, /) and cy(i, j)represent the horizontal and vertical indices of the center
for the object which includes pixel (1,j) and T(Z, /) = (i — ex (i, )Y + (G —cy(i, H).

The rotation estimator (608} estimates the rotation parameter 8{Obj(i, j)) for

each object. The rotation parameter is used to characterize any rotation that may

25 occur in an object. These rotations are generally the result of object motion and are
estimated in a manner similar to that used 1o determine Z{Obj(i, /). Specifically, the

rotation parameter 8{Obj(i, j))_ is estimated using the following axpression



[err] 20 where [err] and [err] represent the horizontal and verti cal

I ndi ces of the center for the object which includes pixel (i,j) and
[err] = [err] The rotation estinmator (608) estimtes the-
rotation parameter [err] for each object. The rotation paraneter is

used to characterize any rotation that may 25 occur in an object. These
rotations are wowwnsdsbd y the result of .object notion and ar e PCIUSYEM4lnat ed
in a manner simlar to that used to determne [err]. Specifically, the
rotation parameter [err] is estimated using the follow ng expression

WD 97/ 04600 PCT/ US96/ 10141

23 [err] 5 As nentioned above, this four paraneter
representation of the DVF is very useful in applications that require
obj ect mani pul ati on. “As a final 3tep, the parameterized
représentation of the DVF is used to refine estimate of the line

conmpared with its nei@ﬁ@@f(ﬁd))&% ) -an ~$bT ex{t /D Sdddi S b d ObiLEY)

process [err]. Based on the four;nnﬁglp_p(ﬁpa%aneters, each object is 10
[;eCLS.
simlar to a 1.jeDbj(.f)

-F(f'—cx(i.f))-(d,.k(i,j)~{,.¢(f’ﬂ0bf(i,j}))]r

5 As mentioned above, this four parameter representation of the DVF is very
nseful in applications that require object manipuiation.

As a final step, the parameterized representation of the DVF is used 1o refine
estimate of the line process ?,-;. Based on the four motion parameters, each object is
10 compared with its neighboring objects. If an object is determined to be similar 1o 2
neighboring region they are merged to form a single region. Two regions are
determine to be similar if the following four conditions are met:

. Condition 1.
15 (1.2 {1 Re gion(d, D)~ t, (i + n, j + miRe gion(i + n, j + m)})z <P,
Condition 2.
(¢, Re gion(i, )= 1,4 (i + n.j+ miRe gion(i +n, j+m))). <Py,
Condition 3. .
(Z(1, ARe gion(i, )~ Z{i + n, j + miRe gion(i + n, j+ m))} < P,
20 Condition 4.

{8(t, AR gion(i, ) — i +n, j+ miRe gion(i + n. j+m)}} S P,
where (i+n,j+m) indicates the location of the neighboring region Obj(i 4+ n,j+ m).

FIG, 7, numeral 700 is a flow diagram of steps for implementing a preferred
. 25 embodiment of a method for estimating motion in accordance with the present
invention. The current intensity frame is segmented (702) using a preprocessor o
determine the boundaries of the objects contained in the scene captured by the video
sequence. These boundaries are used by the spatially adaptive motion estimator



nei ghboring region they are nerged to forma single region. Two regions are
determne to be simlar if-the followng four conditions are net:

Condition 1. 15 . [err] Condition 2. [err]

Condi tion 3. [err] 20 Condition 4. [err]

where (i+nj+m _indicates the |ocation of the neighboring regi Erdohar

FI'G 7, nuneralWo8uMs® 5 1| ow di agram of steps for inplenenting a preferred
25 embodi ment of a nethod for estimating notion in accordance with the

pr esent i nvention. The current intensity frame is segnmented (702)
usi ng a preprocessor to determ ne the boundaries of the objects
contained in the scene captured by the video sequence. These
boundaries are used by the spatially adaptiveyqotion estimator WO
97/ 04600

PCT/ US96/ 10141

(704) to adapt' to ogj%)ct? gd%%?t‘)bjffg %%er%°v81grdf‘f£?8’?¥{y|i§}‘ﬁer¥i‘?eﬁé°%ea‘éeo 'gﬁm
sequence. A first estimate of heiDVE is potvided by thempatially adaptivenotign estimatop §104x1 | y

b; ot baundar | eo. ey b EHblator o the coBARRRIRES Iyt il (Binale & e DYE, &
estimate of the no bes%ftéef&ﬁﬁi?ﬁﬁ’ﬁﬁggt %’é&}faf%éﬁ%%%‘ﬁwh}’e‘ﬁm
are 5 obtai fed ¢btdted (706)alApalyzigg ambinodetlmgitherfirstteltimdte nfthe exvingab@Ecnf t he
novi ng obj ect ' Rbh gﬁaﬁ ' i bV rde

a ;/:‘ll ?d erti mat e Ofbopﬂ%f%%%{dtsés aérsl a ?g%g%}c}@iésrﬁmnéasﬁeﬂﬁo? t ggnég\ntﬁ%\lgw > d
obj ect boundari es. anda second estimate ofthenoying ohiert PaRdRMRs, is a 1 ow di agr am of

steps for inplenenting a preferred
FIG. 8, numeral 800, is a flow diagram of steps for implementing a preferred
10  embodiment of a method for segmenting in accordance with the present invention.
The first step is to remove noise from the image frame by filtering using an order
statistics filter (802). Next pixels are grouped into objects using a region grower
(804). The final step includes merging small objects into larger ones using a region
merger and a predetermined comparison test (806).
15
FIG. 9, numeral 900, is a flow diagram of steps for implementing a preferred
v embodiment of 2 method for adaptively estimating motion in accordance with the
present invention, First, based on the object boundary estimate, a causal look-up
table is accessed to provide at least one causal prediction coefficient and a causal
20 uncertainty parameter (502). Next, from a memory device containing previously
estimated displacement vectors, a causal local neighborhood is set to a predetermined
initialization (904). A prediction o_f the current displacement vector is determined
next, based on the previously estimated displacement vectors and at least one causal
prediction coefficient (506). The predicted displacement vector is updated to become
25  the first displacement estimate and is stored in the causal local neighborhood (908).
The process is repeated for the entire current intensity frame (910) resulting in the
first estimate of the DVF,

FIG. 10, numeral 1000, is a flow diagram of steps for implementing a
30  preferred embodiment of a method for estimating motion boundaries in accordance
with the present invention. The first estimate of the DVF and the previously
estimated displacement vectors of the second estimated DVF are stored in the



10 enbodi mrent of a nmethod for segnenting in accordance with the present

i nventi on. ~ The first step is to renove noise fromthe_imge frame by
filtering using an order statistics filter (802). Next pixels are
grouped into objects using a region grower (804). The final step

i ncludes nerging small objects into |arger ones using a region

merger and a pwadaweseni ned conparison test (806). 15 PCT/USY6NOIEY G O
nuneral 900, is a flow diagram of steps for inplenenting a preferred

enbodi ment of a nmethod for adaptively estimating notion in accordance with
t he present invention. First, based on the object boundary estinate,
a causal | ook-up table is accessed to provide at | east one causal
predi ction coefficient and a causal 20 uncertainty paraneter (902). Next,
froma menmory device containing previously 25 estimat ed di spl acenent
vectdrs, a causal |ocal neighborhood is set to a predeterm ned
initialization (904jpncaisgbioeslineighborharki mdmm(ﬂﬂﬂ%)nﬂhdpmpioaﬂpmimmelmwent is

det erm ned NeShn @ssﬁ«@'s:&]@dmﬁe gbﬁé 37 m’imﬁlﬂ
vectors and at |eas one [0 usa mee%écm grs esnmate
predi cted displ ace

di spl acenent esti mmeannirm@mwoanﬂarms isldetemnata(llﬂ(b&).cﬂhseden@hﬂ'nstb&drdaté@ﬁS)

The process is kepggd ,ﬁ&?ﬁé%'bt]éclf'ﬁoﬁaﬁﬂ 5% @Ea%@ﬁ%%%%é fs%ccfe?ﬁﬁt((&%% at o

resulting in the
numeral 1000, is a 4aﬁfcﬁ»eap%fgvmrs¢w%qnéﬁ§ff%mm%mmww PRRBEEF red
enbodi ment of a mqlws)f&se@mmmwmgmmmmtmmm&md@m

breviously o cotengh S m i i G e e bR Mibast I ol ca o

are stored in the prediction cmfﬁ@mt WDVF update determiner (1010). This estimation
PCT/ US96/ 10141 14

ted til all pixels in th s z%g;n ent
noncausal | ocal nelmﬁ&ss} re un %%gn)r:c °““’%‘%’3/5?%ﬂ | haevsetaldz ort) ect
boundari es are stor %%Wéedm'. ) ‘E}B’P’é‘?‘%f ?WVW‘
Utilizing the changbpnethe sdnmdmamatesfﬁmﬁwmmd}ﬂmenmmgbommmmm:e

di spl acenent vect orbgk,@, bio§Pioe4 of the noving obj ect
boundaries is determ ne (1003% Base(f on the first estimte of 5 t he

novi ng obj ect boundaries, a noncausal |ook-up table is accessed to provide
at | eastlSone nonEhlJSaJnumemmmimafmw&ﬁdg'mﬁ memwmphmmwl

uncertainty par e bfiferred ey eodlﬁé&g»ﬂmeﬁmﬁ?&%ﬂgyﬁ hsgaﬁnqéﬁg}d%ﬁc&w

di spl acenent wwect o rmne

Vi ousl y
esti mated di spl aceRESent {WWeRtions Firsha cprierfpr esish oljes isdetegmined (110 i03). g?eéﬂﬁ‘%tl on
coefficient and t heside efibetrasikdddnel moteris &€& iied fditvash atgdct (EH 040 This is

followed by the estimation of a zoom parameter for each object (1106). An estimate

20 of a rotation parameter is also determined for each object (1108). Finally, the
translation, rotation, and zoom parameters are used in fitting a model to the estimated
DVF (1110},

I

The gystem described in FIGs. 1 through 6 may be implemented in various
25  embodiments, such as Application Specific Integrated Circuit, ASIC, Digital Signal
Processor, DSP, Gate Array, GA, and any tangible medium of/for a computer.



10 process is repeated until all pixels in the current intensity frane

have. a di spl acenent vector associated wth them (1012). The process
is term nated when the percent total change in the second estinate
of the DVF and the m)vi ng boundary estimte are bel ow a set of

t hreshol ds (1014). FIG 11, nuneral 1100, is aP&k/ﬁgb 'ﬁgram
of steps for |W?é’r’1’é |ng a preferred enbodi nent of a ne or

anal yzing notion in accordance with the present invention. First a
center for each object is determ ned (1102). Next, an estimate of the

transl ational notion is determ ned for each object (1104). This is
foll owed by the estinmation of a zoom paraneter for each obj ect 106
estimate 20 of a rotation paranmeter is al so geternined f ﬂ ulll
(1108). Finally, the transl ation, rotati®on, and zoo

npl emented i n various 25

used in fitting a nodel to the estinmated ~“b@y (1110).
enbodi nents, such aswéplaim:cati on Specific Integrated Crcuit, ASIC, Digital

The system described in FIGs. 1 through 6

Si gnal Processor, DSP, Gate Array, GA, and any tangi ble nmedi um of/for
a conputer. WO 97/ 04600 L. . .

PCT/ US96/ 10141 1. A system for esnmaung motion, comprising: 26

CLAI M5 Ws cl aim A system for estimating notion,

conpri si ng: 5 0
receive a current int en5| %mhélxessoq (R{e% C%ﬁ e(g{(r”en 1 n aacghxm(ggrgﬁglﬁ%%
intensity frame to pfm&gm@tagmercgmmtmty mmmry aﬁwae@ecr boundary estimate;

B) a spatially adaptive notion estinmator, operabl y coupled to the 10

pr eprocessor and operabl¥ cou g fgo [ec . C rrent nt% frame
and a previous in énm{)ipg 4l r‘?gaﬁ'f grmo%f’ ihein g@éﬁ%ﬁemnt
vector field estk&mtp@epr@essorandommbixtowtesqcatveﬂ:eacnuent mtensxtyframe andaC)

a motion boundary egdvigks ter@RPfahl, YorgRWaiag s bkt iRla®RRR kloY fieldBBtimate, a

adapti ve notion esti and preprocessor and operably coupled to receive
adap AR ARl SR perably colip

»(D

C) a2 motion boundary estimator operably coupled to the spatially
15  adaptive motion estimator and preprocessor and operably coupled to receive the
current infensity frame and the previous intensity frame, for providing a second
displacement vector field estimate, a second DVF estimate, and a first moving object
boundary estimate.



current intensity f
second di spl
and a first noving
PCT/ US96/ 10141

according to claim

5 for renoving noise and s

and

order statistics fi
the spatially adapt
causal | ook-up tabl
estimate, for provi
causal uncer

rame and the previous intensity frame, for providing a
acenent vector field estimate, a second DVF esti mate,

obj ect boundary esti mate. - WD 97/ 04600
2. The system for estimating notion
1, wherein: t he preprocessor includes:

an order stati stoeg4éoel ter, cor!il ed to receive the current iptwussstgidf rane,

I m‘&mnm the current intensity frane;
¥ stimator, coupled to the

an
lter, for pro"vi di n§ the object boundary estimate;

I ve notion estimator includes: 10 a
e, coupled to receive the object boundary :
ding at | east one causal plkdiction coefficient and a
tainty paraneter based on the object boundary estimate;

a causal |ocal neighbor hreaydieh & eqindiitlg Biofivh fie6idhpaS tiaiRt SoheldfnS,
t he causal |ocal neighborhood is set to a predetermined initialization

before DVF 15 estimation; a DVF predictor, coupled

to the causal | ook-

up t ahe preprmepsson inchdess al | ocal nei ghborhood, for

providing a DVF prediction baseersiashe e Coupil tf receive the cBitbitTRERSy BYRS,
and at |east one_caysal d[;l){redl ction caefficient. and . . ]
first DVF updat e’ detO®FETidY8IE o 86‘5?%‘8’511‘3 eFs SO/ PER DU SRR A, 20

t he causal uncert ai
previ ous I nt
first DVF estinate
where it is stored
noti on boundary est
nei ghbor hood fog st
| ocal nei ghborh %d

a novi ng obj ect boutkimess. fonproviding

15

20

25

30

nty par amat ebject bwndaryrestinaton, caupieditd she fordenssadsids filee, for
| Lipwl.gl ng the first DVF estinmate, the
ﬁx’é@%ﬁéﬁ(&&%b&uﬁwt

I nput” to the causal |ocal nei ghborhood

=]

as a previously estinmated DVF; 25 t he
| mat ghe Spﬁﬁd_llyde!lfpﬁve motion estiénator includeslzj - a noncausal It)cal
oring preyi est.imte . . St ausa
s initiafCORl 1‘%}2_“?%‘8‘? _i“Pgliledqeﬁngfﬁ\‘mbgcp Sounddzy

atleant prrycapsed predigdon cosBicientandd causal

uncertainty parameter based on the object boundary estimate;

a causal local neighborhood for storing previously estimated DVEs,
the causal local neighborhood is set to a predetermined initialization before DVF
estimation;

a DVF predictor, coupled to the causal look-up table and the causal
local neighborhood, for providing 2 DVF prediction based on the previously
estimated DVFs and at least one causal prediction cocfficient; and

~ afirst DVF update determiner. coupled to receive the DVF prediction,
the causal uncertainty parameter, the current intensity frame and the previous
intensity frame, for providing the first DVF estimate, the first DVF estimate is an
input to the causal locat neighborhood where it is stored as a previously estimated
DVF;

the motion boundary estimator includes:
a noncausal local neighborhood for storing previously estimated
DVFs, the noncausal local neighborhood is initialized by the first DVF estimate;
a moving object boundary unit for storing previously estimated
moving object boundaries, the moving object boundary unit is initialized by the
object boundary estimate;



novi ng obj ect boundaries, the noving object boundary unit is initialized by

the - 30 obj ect- boundary esti nat e; WO 97/ 04600

PCT/ US96/ 10141 28

a novi ng object estimator, coupled to the noncausal | ocal

nei ghbor hood and. t he novi ng ohj ectJ)oundarv unit, for provi di?:?m@s

novi ng &ﬂ%? oundary noncausal

| ook-up table, coupled to the iﬂ ’ ﬂ tH l]mator, for 5 provi di ng

at | east one noncausal predicti d a noncausal uncertainty

par anmet er based on the first noving Obj ect boundary estimate;

a DVF estimator, coupled to the noving object estimtor and the

noncausal Iook-up tabl e, for providing the segond DVF estimate; and

an estimation term nator coupled to the novi ngé)obj ect estimator and 10

the DVF estimator, for passi n%*?ahe first novi %o%fgct boundarglc estimate

and’ t he second DVF esteying ohjsehestmatr. Ganniesio the noncausal |

wher ei n Eo he fi lr3 st nmighborhody aﬂ&h&xuuﬂd@objecgbbunmnymnitsfoamiﬂmgtammda&ng ]

novi ng obj ect ounqﬁﬁ% second DVF estimate is an input to the

noncausal | ocal nei oyﬁbhﬁ’? g{%&é& and where further_ sel ected,

wher ei n: t he 65?@@%%’89%&5?}’%%‘%@%%#’3 MQVIgObIELIHBRIS SO

Igcl U?egl a regldtsn Qfrowiding at least orieRdhcapsa prediceio %Odaﬂ"dﬂit@nd@ﬂfn@ﬁt&ahﬁﬁ&%ém gn

adj ust abl e wi ndow apd a, I raer smal,l regions base
1P Op BB mving ot odBTSR  1 7' ot i o

on a predeterm ned B
notion according to clai m 1, aDifastimaton epupiled taghe moving object estimatappnd the
notion anal yzer, oRRheiki 160k 18l ?&ﬂx@ﬁdﬁ?ﬁe@&oﬁ@!ﬁﬁ%ﬁm@t&%ﬂﬁtor 25 for
providing a third DVF estlrrateg se fﬁ%&tﬁhg g ‘ﬁ%estlmate
based on the second DVF esti fht® mﬁ?’lﬂ”ﬁé‘” TPy PP G TSBRE CPeH S
estimate; 10 artbe INErestifiaton, for passiniditet firet movting elijevt boundary estimate and the

second DVF estimate upon termination;

wherein the first moving object boundary estimate is an input {o the
moving object boundary unit and the second DVF estimate is an input to the
noncausal local neighborhood;

-

15
and where further selected, wherein:

the obiect boundary estimator in the preprocessor includes a region grower
that groups pixels into regions based on an adjustable window and a region merger
.20 that merges $mall regions based on a predetermined comparison test.

3. The system for estimnating motion according to claim 1, further comprising:
D) a motion analyzer, operably coupled to the motion boundary estimator,
25  for providing a third DVF estimate and a second moving object boundary estimate
based on the second DVF estimate and the first moving object boundary estimate;
and where further selected, wherein:
30 the motion analyzer incudes:

a center determiner, coupled to receive the first moving object
boundary estimate, for providing a region location and a center point;

L 4



30 the notion anal yzer incudes: a center

determ ner, coupled to receive the first noving object - boundary
estimate, for providing a region |location and 'a center point; WO
97/ 04600 )

PCT/ US96/ 10141 29

a transl ati onakyy®idsgep €sti mat o, coupled to receive the secpoguséhiors

estimte and the center point, for ansl ational notion .
esti mat e; . M‘n 'm !Icoupl ed to receive the
center point, the region transl ational notion

estimate, for providing a zoom estlmate a rotation
estimator, coupled to receive the center p0| nt, the region | ocat i on,
and the translational notion estimate, for prggiding a rotation estimate;
and - a nodel fitting unit, coupled to the

translational notion estinmat ofyankiBfonal motion g@,ﬁﬂhxegé,j t+Q focei ﬂxe%&%n&g\@t ion
estimator, for providi M hi rd DVF est | M{; I aﬂe secon

movi ng obj ect bound§F %F“"g% %@9%?“%%#& 10
estinmate, the zoom estinmate, aezochntebmmtutamuphdt@m1maﬂxecenterpoint,themegzon The

systemof claiml i m
of /for a comput e5 %gﬁﬁlﬂgﬁﬁ%m !ﬁmﬁ&pé}ﬁin@%f Bpx%v QZ%‘?‘M‘E
bl

wherein the tangPbl e medi um ,agogu@qugpp@y,cawg@etpg@exvgg&centerpomt,ﬂ;eregon 4B)
wherein the tangi bl #ocmtimshi amhthsmslaﬁml motiou dstimfitef foeprovidingtagotation estimate; dud

The systemof claim1 wherei '}. ?éﬂ?% le%%thelggﬁslanonalmouoﬁ%;nmh&e%

systemis enbodied in a Di |ta POCBSS0r
the systemis enbodzeam esnmwr,@ﬁme@@tﬂmmsmr,far@rowma@thamBaf‘r‘csma;e and

ASIC, and 25 the second mo¥iay obje &%o@@b%%hh&e%ﬁﬁ%&@h%daﬂsl@aoﬂ@txﬁmﬁfnr ay.
6. A met hod f8r esti mat,i ng ot on cdotg'g
1 estimate, the zoom estimate, an rotatzon %snmate

4. The system of claim 1 wherein the system is embodied in a tangible medium
of/for a computer, and where selected, one of 4A-4B:

15 4A)  wherein the tangible medium is a computer diskette; and

4B) wherein the tangible medium is a memory unit of the computer.

S. The system of claim 1 wherein one of 5A-5C;
20 R '
5A)  the system is embodied in a Digital Signal Processor, DSP;
5B) the system is embodied in an Application Specific Integrated Circuit,
ASIC; and
25
SC) the system is embodied in a gate array.
6. A method for estimating motion, comprising:
30 segmenting, using a preprocessor, a current intensity frame to provide an

object boundary estimate;



30 segnenting, using a preprocessor, a current intensity franme to

provi de an ~0obj ect boundary esti nate; WO 97/ 04600

30 _ adaptively estimating the notion froma previous intensity

frame to the current intensity frane to provide a first displacenent

vector field estimate, a first DvFestt mate; and 5

estimating nDtPBh”ﬂUﬂHdariezuﬂﬁﬂﬂﬂ& ject boundary esPFHEPEMIY the

first DVF estinmate to provi muj m ’macemant vector field estinate,

a second DVF estimate, *anfl a* fi"r st ndvi ng obj ect boundary estimate.

7. The nethod for estimating notion according to claim®6, wherein: 10

segnenting i ncl udes: filtering, using an order

statistics filter, the current intensity freﬁgpto renove noi se and

smal | objects fromthe current intensity fra regi on
rowing to grou i xels |nto re ] ons hased, o n ad \ustabl e w ndow;

gnd ° roup P £ &rerpotion u%‘@@%ﬂiﬁ%f@dh%n a
predet erm ned cxﬁﬁﬁﬁﬁfehﬁ@ rfratnescs provide a first dxsplaoemendmatdr fieldyestate wfiisn g

t he notion include accessing a causal |ook-up table to
provi de at |east one caus?mFje predi ction coefficent and a causal
uncertainty paraneter based on the object boundary esti nate;

storing previous§y esti r&&:ﬁd@%ﬁoﬂﬁo@d&@&%d'oﬁ%obj&tmb @ﬁtﬂnanémlthe
causal | ocal nei ghlgg‘smggesnm&ett p}o%u%apsegogrgtggsp%eqrﬁ%tgec ',t_i%%i ga%%ﬁfgf e

DVF 25 estimatio
previ ously esti mat cAVBystinagn dnda fitsbmoving object boundarysstimate.pr edi ct i on
coefficient; and updating the predicted DVF to provide

the first DVF estirT,?te, he

*

thod ?c’r estimating motion according 1o claim 6, wherein:
10
segmenting includes:
filtering, using an order statistics filter, the current intensity frame to
remove noise and small objects from the current intensity frame;
region growing to group pixels into regions based on an adjustable
15  window: and
region merging to merge small regions based on a predetermined
comparison test;

adaptively estimating the motion includes:

- 20 - accessing a causal look-up table to provide at least cne causal
prediction coefficient and a causal uncertainty parameter based on the object
boundary estimate;

storing previously estimated DVFs in 2 causal local neighborhood, the
causal local neighborhood is set to a predetermined initialization before DVF
25  estimation;
predicting a DVF based on the previously estimated DVFs and at least
one causal prediction coefficient; and
updating the predicted DVF to provide the first DVF estimate, the first
DVF estimate is an input to the causal local neighborhood where it is stored as a
30  previously estimated DVF; and :

estimating motion boundaries inciudes:



DVF estimate is an input to the causal |ocal neighborhood where it is
stored as a 30 previously estimated DVF;, and _estimating
noti on boundaries incl udes: WO 97/ 04600 -
PCT/ US96/ 10141 - 31
storing previously estimated DVFs in a noncausal |ocal neighborhood,

t he noncausal WwWomal4eei ghbor hoot—s—initt+atized—by the firstedvisogsiisiat e;

storing previously estinated novi | ries in a noving
obj ect boundary unit, the novin Imlmimﬁ“mmﬁmmm t isinitialized by the
obj ect 5 boundary estinmate; * ¢ L M 0§ = estimating noving
objects to provide a first noving object boundary estimate;
accessing a noncausal |ook-up table to provide at |east one noncausal
prediction coefficient and a noncausal uncert3dinty paraneter based on the
first 10 novi ng obj ect boundary estimate; and

estimating a EVF to provide $utwingyeeisndlyldsfimaed DVEE i1 a noncausal Iocal neighborhood,
term.nating the estjmating, s .
estimated, and passdl1 hg the lflt}c?gxﬁe%%hﬁ d%gr}lg%lﬁe%%g‘%ﬁggﬁ?’%%’ and the
second DVF estimate ujeringrsevieuskesnated meving object beundariesiine mavingod
for estimating notidRcakafdey i, e nﬁ‘dv%gﬂbﬁc; BouhddeliniCR MAIZEDBY the object

anal yzi ng m)tio? t(é Er vide a third DVF estimate and a second novi ng obj ect
boundary esti mat’e Kt M PAE second DVF estinate and the first novi ng
object 20 boundary esti nmaté&sfimating movingehjeorte provida atfins moyviigabjsstibountiizy ei n: «
anal yzi ng notion i : 25 , determ ning a center to
provide a region |ocation and a center {x)

. oj nt .
estimating translational not3CEFsHS2BPREE %ie{]"ﬁk‘PP @Rle |t proyida pt ledt pRsponcausal
estimate; prediction coefficient and a noncausal uncertainty parameter based on the first

10  moving object boundary estimate; and
estimating a DVF to provide the second DVF estimate;
terminating the estimating step when an entire frame has been
estimated, and passing the first moving cbject boundary estimate and the second DVF
estimate upon termination,

D}

15
W 8. The method for estimating motion according to claim 6, further comprising:

analyzing motion 1o provide a third DVF estimate and a second moving object
boundary estimate based on the second DVF estimate and the first moving object
‘20 boundary estimate;

and where further selected, wherein:

analyzing motion incades:
25 determining a center to provide a region location and a center point;
estimating translational motion to provide a translational motion
estimate;
estimating zoom to provide 2 zoom estimate;
estimating rotation to provide a rotation estimate; and
30 fitting the translational motion estimate, the zoom estimate, and the
rotation estimate 10 a predetermined model,



estimating zoomto provide a zoom esti nat e; estimating

rotati-on to provide a rotation estimate; and 30 i fitting
the translational notion estimate, the zoomestimate, and the .
rotation estimate to a predeterm ned nodel . WO 97/ 04600

PCT/ US96/ 10141

9. The nmet hod bT%%i m 6 wher ei i The steps of the nethod argﬂi'ﬁ?%'m‘éd in
a * tangi ble nediumof/for a cﬁmtllﬁululmmm]\we further selected one
of 9A-9B: 9A) wher ei diumis a corrput er

di skette; and 5 9B) wheré&in‘th® tandible mediumis a nenory
unit of the conputer. 10. The nmethod of claim6 wherein one of
10A-10C. 10 10A) the steps of the netyod are enbodied in a

tangi bl e nmedi um of/for a Digital Si gnal ocessor, DSP;

10B) the steps of t 0 natan | e medi um of /for an
Appl i cation Specific"l nté-B"r 'gﬂ‘??fcﬁzgﬁdét ggtgemethodareem bodiedéna t he
steps of the net hodmgéﬂeembcbutneﬂfqracempxnelgmiﬂ\eheneﬂrmmwfeét&@bn@owk%gate
array.

9A)  wherein the tangible medium is a computer diskette; and

5
9B)  wherein the tangible medium is a memory unit of the computer.
10,  The method of claim 6 wherein one of 10A-10C:
10 10A) the steps of the method are embodied in a tangible medium of/for a

Digital Signal Processor, DSP;

10B) the steps of the method are embodied in a tangible medium offfor an
Application Specific Integrated Circuit, ASIC; and
15
10C)  the steps of the method are embodied in a tangible medium offfor a
gate amray .



