WO 02/ 069261 PCT/ SGO1/ 00036 1 A nethod and apparatus for processing a
digital picture, a picture encoding device and a picture decodi ng device 5
BACKGROUN®O@B/0d¢4E1 | NVENTI ON The invention relates to a netraadsGandoss
apparatus for processing a digital picture, a picture encoding device and
a picture decoding device. 10 In bl ock-based transform codi ng schenes, the
nost noticeable artefact after the décoding operation is the bl ocking
artefact that is caused by independent bl ock processing in a picture
encodi ng deyi ce .such as_a picture.encodi ng device,15 encoding a picture
Sccordi ng U ORGSR ARPRERE S ST JABRP L 1 FEH B b Aena=oa P1 ngi ng
artefact is aRatheregnesding devieckaandt dapicifure) dggpdang devireravel et and
subband based conpression schenme such as the conpression schenme according
20 to the JPEG 2000 scheme. The coding artefacts |ead to a noticeabl e
deterioration in the subjective quality of the decoded picture that
increaBes with increasi n(PASHGROENSi OF TRE eI NMENTHONpi ct ure data. 25 Vari ous
nmet hods are known for reducing coding artefacts in the bl ock-based
transf or ion_encodin sin i cture post- processing, of decoded digital
Dl et ur e, ARPOR"ET e (Eb A BEdS PR EnBSSRTS A6 T PPRIREOF of “exanpl 6. 30 The
work in pesbcpsotessd i didralsphbande and masteliret ecodidhygy dwside restd report ed
in [3]. [3khcdise! @sesaidie degedi.ng process as a nmaxi mum a posterior (NMAP)
esti Bion problem which results in a convex optimzation problemthat is
sol ved by 35 gradi ent descent search iteratively.

In block-based transform coding schemes, the most noticeable

artefact after the decoding operation is the blocking

artefact that is caused by independent block processing in a

picture encoding device such as a picture encoding device

15 encoding a picture according to a JPEG or an MPEG standard.

Apart from blocking, a ringing artefact is another annoying

artefact that often appears in a wavelet and subband based

compiession scheme such as the compression scheme according
20 to the JPEG 2000 scheme.

The coding artefacts lead to a noticeable deterioration in
the subjective quality of the decoded picture that increases

with increasing compression rate of the picture data.

25
Various methods are known for reducing coding artefacts in
the block-based transformation encoding using picture post-
processing of a decoded digital picture, which are described
in the articles [1], [2], for example.

30

The work in post-processing for subband and wavelet coding
was first reported in [3]. [3] discloses the decoding process
as a maximum a posterior (MAP) estimation problem, which
results in a convex optimization problem that is solved by

35 gradient descent search iteratively.



WO 02/ 069261 PCT/ SGOL1/ 00036 2 Anot her net hod enpl oyed projection onto
convex sets (POCS) based schene, which are typically nore conputationally
conpl ex bwoan®ezshey are nulti-pass in nature. 5 Further mpCa&/SGo1/00036 known
from[4] and [5] to apply regularizations to the restoration of a digital
picture in general and to the reduction of coding artefacts in particular
(see [6]). 10 Further, [7] discloses £he usage of a divide-and-conquer
(DAC) strategy to solve the mnimzation problem However, the approach
according,.to [7] nerely involves a quadratic function that 1y yields
o over sdoninsb TeT Gy SPIREE, eRoTRRErEt | Snd 1R VER shbs of i Hleet Tor &
post - pro®essidngcidne, dilgiahalargi cvpieahhy otrnd elompanatipravked quality by
reduci ng aichgf agt Sec A% SUMRRY rFmiHE: L NVENTON-Fheeefore, it is an obj ect

of the invention to reduce the artefacts in a digital picture. 25 The
object is achieved wwth a nmethod and an apparatus for processing a digital
pi cture, &upitbeurerencodiisg kdevincérand(4al gictidietdespding device with the

features aegandiNgatoida o ichdependsptic £dRidm.a 3QghRad pELAOL figr
processi n% a di gl ta £| cture conprisSi ng (g*cture %?I nts,.wherein coding

i nf or mat i R FE2AsTYrcd T CREUCHIRRUPe TS 2T5R REEFatTve filtering for
at | east @ap&itubdr tdve pibdture points of the picture using a

regul arization function is applied. In the filtering process, which 35

conprijses _an arbitrary nunber of iterations, in each iteration, the
b etTng FRSEBEF of Hei B Soks Bk trabbaties 1S8R cerd var g erme
regul ari zdaDRGh $uncteagn tonclddesthe trermmniRaQ2/0069268 1 ECT/ISEEMG0036

the approach according to [7] merely involves a quadratic

function that usually yields an oversmooth solution.

15 However, there is still an emerging need for a post-
processing of a digital picture which yield an improved

quality by reducing artefacts.

20 SUMMARY OF THE INVENTION

Therefore, it is an object of the invention to reduce the

artefacts in a digital picture.

25 The object is achieved with a method and an apparatus for
processing a digital picture, a picture encoding device and a
picture decoding device with the features according to the

independent claims.

30 In a method for processing a digital picture comprising
picture points, wherein coding information is assigned to the
picture points, an iterative filtering for at least a part of
the picture points of the picture using a regularization
function is applied. In the filtering process, which

35 comprises an arbitrary number of iterations, in each
iteration, the filtering is performed for two picture points

respectively. The regularization function includes a term



3 that ensures the fidelity of the picture anda snoot hness constraint. An
apparatus for processing a digital picture conprising 5 picture points,
wher ei n cwaioagedzaf or mati on is assigned to the picture poiPOTSGOTCOURS | Ses a
processing unit which is adapted to performthe steps described above.
Furthernore, a picture encoding devicg for encoding a digital 10 picture
conprising picture points, wherein coding information is assigned to the
pi cture points, conprises a picture encoding unit for encoding the digital

pi cture an %ﬁﬁ gk%gﬁéﬁ‘HFC%%deqﬁo?'énio%%§gcq%h£9 ge encodgg f;mcture for

exanple in g scherne nmovi ng plc?ures e.g.

accor di ng CoosNPEGLL - MPEGR2, MPEG- 4, H. 263, H. 263+ or H. 263L. FurthernDre,
the picture encodi ng devi ce conprises a post- processing unit for

post - processing_the oded picture, the PAst - processin .unlt bei ng
adapt ed t% ngg%F%%¥7l oESRG Tt Bp lgl%é%) ﬁCEEISnC??%ra Ve filtering
for atd| e®scturpapeingfs, M@rg#et epélm|m%or@fattl|@@ Qﬁc@ﬁﬁiéglﬂ%fi g &he

regul ari Z@Eb@ﬂrefp@ﬁ{ﬂ@n,co&érl%grﬁlLB'rd)chsﬁs'J!L% herathosn iheadddde@ring is
per f or med oi,nts Lesp tlvely, and wherein the

picture p e
regularlzﬁpl8ﬁr% t?%? Ste PudE8 A PR MIHAt ensures the fidelity of the
picture and a snnothness constraint. 30 In this context it should be

ment i oned thahe{qh@ré n\éerﬁll&nraayncb&ﬁ@pﬁﬁ@et @ot-henengogli g @@qtd@codl Rg
as to the

f t E
encodihg SHG-GEEGHY T"S ABoF G pPErtre, 17 e feroupttorn ] frmetion

is assigned to the picture p01nts,
comprises a picture encoding unit for encoding the digital
picture and a picture decoding unit for decoding the encoded
picture, for example in an encoding scheme for encoding

15 moving pictures, e.g. according to MPEGl, MPEG2, MPEG-4,
H.263, H.263+ or H.263L.

Furthermore, the picture encoding device comprises a post-
processing unit for post-processing the decoded picture, the

20 post-processing unit being adapted to perform the following
steps:

. applying an iterative filtering for at least a part of
the picture points of the picture using a regularization
function,

25 o wherein in each iteration, the filtering is performed
for two picture points respectively, and

. wherein the regularization function includes a term that
ensures the fidelity of the picture and a smoothness
constraint.

30

In this context it should be mentioned that the invention may

be applied to the encoding and decoding of a still picture

(e.g. according to JPEG, JPEG 2000) as well as to the

encoding and decoding of a moving picture, in other words, in

35 wvideo encoding and video decoding.



35 video encodi ng and vi deo decodi ng. WO 02/ 069261 PCT/ SG01/ 00036 4 A

pi cture decodi ng device for decoding an encoded digital picture conprising
pi cture paonese9zéherein coding information s assigned t@crissoppr@Bar e
points, conprises 5 - a picture decoding unit for decoding the encoded
picture, - a post-processing unit for post-processing the decoded

pi cture, the post-processing unit being adapted to perform the foll ow ng

steps: applying an iterative filtering for at least a part of 10 the
usin ul arization function,. wherein in

picture paint.s.of the pictur are ,
each itera_F%ﬁFufﬁeQ?F§%%ﬁqr1 W%fep%PFoPﬁgﬂdl?%waq\ﬁ?gﬁpﬁpugéngﬁ%ts
respect i vélyFtugadconhet eing trhetuggulbai hzat i wire faiime tdodi nign ¢ h fidesatai drer m t hat
15 ensures st hestipdehi ty e thieRiret yoenagd a snoot hness constraint. The
inventioncgp rge seen in that the post-processing is formulated as a

icture restoratron and estimation problem 20 which leads to a

p : :
constréinedéopﬂpﬁﬁza;@Qﬂpqmﬂwpm@¢F The demsiirg nthe aneocdrprpssedd,hrough a
regul ari zat a0BobHASES & s inthieN t| $08l 89s€8) 4 S dhegPpehentialgdynction in
Mar kov random field 3§Prqgch. In,order,toefreserve edges and_ renove the
ringi ng aftefatts Mo JuAdPAESE tpot BRt T 1€ ¥ h ACRBheAS 2P &d =8 abl v used.
Accor di ng the &opteveng edtemsbodi ment of the invention, the regularization
function s a hgpfyauadiatiice -begybar] zadiQpy fungti 00,30, AGGor disng to a
furth?B prefer£§d enbodi ment, of t?e i nvention, , . .

€ picture points of the picture using a regularization
function,
. wherein in each iteration, the filtering is performed

for two picture points respectively, and

° wherein the regularization function includes a term that
15 ensures the fidelity of the picture and a smoothness
constraint.

The invention may be seen in that the post-processing is
formulated as a picture restoration and estimation problem,
20 which leads to a constrained optimization problem. The
constraints are expressed through a regularization function,
which is also called the potential function in Markov random
field approach. In order to preserve edges and remove the
ringing artefacts a non-quadratic potential function is

25 preferably used.

According to a preferred embodiment of the invention, the
regularization function is a half-quadratic regularization
function.

30
According to a further preferred embodiment of the invention,
the regularization function includes an edge-preserving

constraint.

35 Preferably, the regularization function is

Dz, y) = Prx, y) + ADp(x)



the regul arization function includes an edge-preserving constraint. 35
Preferably, the regularization functionis (D(x, Y) = (DL(x, Y) + X(Dr(x)
WO 02/ 069261280265301/ 00036 5 with CD1(x,y) being the tecmSGaabooeasures
the fidelity of the 5 picture, and P (D r(x) _ ~(Dlpjx) p=1(i,j)ES

i ncl udi ng the snoot hness constraint, 510 wherein y is the coding
information of a given picture array "with a predeterm ned nunber of
picture points, x is the estimated coding information of the picture 15
W thout noise, X is a weighting factor, Dip~is a p-order difference

operat or,

is a potential real function having edge-preserving properties,

20 i is #ifPrst index for denoting a place in the picture array in a
first direction, | is a second index for denoting a place in the picture

array in

a3LcPNbedingeehi 0fe rivht Icdt seGRR@sdihecti@nitsy of ftherent fromthe

first direction, 25 S is the anount of all picture points in the picture
array.> ThBifErA®t 2R ensures the fidelity of the picture (D1(x,y) may be

10

15

20

25

30

35

P
Orx) = Y X 0Flx)
p=1(i,9)€S

including the smoothness constraint,

wherein
. y 1s the coding information of a given picture array

with a predetermined number of picture points,
. X 1s the estimated coding information of the picture

without noise,

° A is a weighting factor,

] D%% is a p-order difference operator,

. ¢ is a potential real function having edge-preserving
properties,

] i is a first index for denoting a place in the picture

array in a first direction,

. j is a second index for denoting a place in the picture
array in a second direction, which second direction is
different from the first direction,

] S is the amount of all picture points in the picture

array.

The term that ensures the fidelity of the picture dﬁj§,z) may

be
o1% y) = Jy - o

According to a further embodiment of the invention, a

difference operator having a order of one is used.



30 cal (x, y) =1y - x112 According to a further enbodi nent of the
invention, a difference operator having a order of one is used. 35 WD

02/ 069261wb@2/08301L/ 00036 6 The regul ari zati on functi on preTsGalhy3e
conprises an auxiliary variable b such that the regularization function is
an infinmumfunction according to the6follomjng formula 5 t(x, y) = inf
(D*C, vy, b), b with (D*(, y, b) being a quadratic function in x when the
auxiliary variable b is fixed. 10 The quadratic function D*(,y,b) nay

resul t fr%g@ ggg&fayﬁ;gtlo ﬁﬁﬂé Egn ?l tﬁ $§é¥3€)ﬁgrY£Q an a&Xl fé&

wherein S an aUX|I|ar ure poin the
place (i, VFrFﬁbiﬁebpﬁ%ﬁhuﬁ@ﬂérF§9 reﬁfb?riﬂaq¥99af§PFFéPPyl%0ﬁWex and
decrea3|ngntumﬁM|fmhctﬁknxﬂdmomglhg aof tiié hiyl Iewhodi mephudd the invention,
the 20 auxiliary variables bi,j and the estimated coding information x are
optimsed in each itergtion @lternately, wherein in the case that the
aUX|I|%ryqﬁarYa5Ie§fﬂfiﬁ #rk), optimized, the estimted coding information x
is fixed, and 25 Bin the case that the estimted coding information x is
optinized the auxiliary variables bij are fixed. According to a further

[ [ r fun n (D* [ I
5g?gglgeg%égéetgﬁaggﬁgnhgggé grgha %ﬁ%ﬁ?%&%ctgogtig x(whé’yﬁgg I's solved

auxiliary variable b is fixed.

10 The quadratic function ¢f(§,z,g) may result from

bopd =l 3% T o o8+ i)

p (i,j)es

wherein
15 e bi, 5 is an auxiliary variable for the picture point at

the place @4ﬁ in the picture array,
] “4bLjJ is a strictly convex and decreasing function.

According to a further embodiment of the invention, the
20 auxiliary variables bLj and the estimated coding information

X are optimised in each iteration alternately, wherein
o in the case that the auxiliary variables bj j are

optimized, the estimated coding information x is fixed,

and
25 o in the case that the estimated coding information x 1is
optimized, the auxiliary variables bj,y are fixed.

According to a further embodiment of the invention, the
quadratic function dffg,y,g) is solved using a divide and

30 conquer process for decomposing and recompOSLng the quadratic
functicn ¢)(_ y,_).



30 conquer process for deconposing and reconposing the quadratic function
O (, y, b) WO 02/069261 PCT/ SGOL/ 00036 7 According to a further enbodi nent
of the innverkioensithe estinmated coding information xi,|] &cTiSe@1/paee (i, |)
inthe picture array and xi,j+l at the place (i,j+l) in the picture array
is determned using the followng forpulas: 5 xi,j = Yi,] - ai,j(Yi,] -
Yi,j+l), xi,j+l =Yi,j+ + Ji,j(Yi,j - Yi,j+l), 10 wherein ai,j = ~bi, 7 i
=0, ,M1;j =0,...,N1. 1+22 bi,j According to a further enbodi nent of
t he |nven§\| an, 4! t he fanStfur%ged' rec 5é0nr1len"’1{'dfth§ s?ﬁgggtdl recttl on are

d A f th
P vent | Lﬁ“ LMk Cowgcemﬁrﬂ%?hanaﬁ@ueatt5 ur (fcr. Spmgaien of the

angl e 20poftdse aray feodr th, giT ezt iWre Ipdiang éngheld itro tthteepsetonei direction
with an angle of 45 are taken into account. . Accor di ng to a further
enbodi menfIHRY t He dGHFERERGA, Ua1RRI Fof T reingn tPFPata%r der difference
operatdr Dd +x and a fourth 25 direction first order difference operator
Dd, j x arex%?e& YiM e{enlnj(yg —tmrjd.ld)l rection first order difference
oper at or +x is determ ned accordi ng to the following fornmula: 30 Dd+x _
(xi,j - xi+l,j+1) I~~_, and VWO 02/ 069261 PCT/ SGO1/ 00036 8

Xi 441 = Yi,j+1 + Oi, j(Yl j Yi,j+1)r

10 wherein

L R VI P A
1,3 — = U ’ ] =0y, .
1+ 2hbj 5

According to a further embodiment of the invention, the first
15 direction and the second direction are perpendicular to each

other.

According to a further embodiment of the invention, a third

direction being angled to the first direction with an angle
20 of 45° and a fourth direction being angled to the second

direction with an angle of 45° are taken into account.

According to a further embodiment of the invention, a third

direction first order difference operator Ddg_ and a fourth
25 direction first order difference operator Dij§ are used,
wherein
. the third direction first order difference operator
g;x is determined according to the following formula:
30
pdt, = Vij - Xi+Lj+1), and

1,]- JE



the fourth direction first order difference operator Dd x is determ ned
according to the followng fornmula: Dd-x = (xi'j - xi+1,j-1) i, J 5

Accor di ngwomaed2ar t her enbodi nent of the invention, the pCTISGI®00086encoded
using a wavel et transformation. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS Fi gure
1 shows a flow chart of the post-procgssing on the deconpressed picture
according to the preferred enbodi nent’ of the invention; 15 Figure 2 shows
a flow chart of the line processing al ong a horizontal direction accordi ng

to the preferr nbodi . th .i_nventi on; 3 shows a bl ock
dlagranflllustﬁgelgg a9%F§ rec g?rs c85?%ﬁrﬂf %?5? FeP@FF%ﬁP%nbodlnent

of the invent |Eqnjx Fl@d@%mmmatherdbimktdlta@r dolobwihe funeellsbased 25
processing unit according to a preferred enbodi nent of the invention.

DETAI LED DESCRI PTI ON A PREFERRED EMBODI MENT OF THE 30 I NVENTION A
preferred enbodjgrent_ ¥1Uhe>hnmem%1bn wi |l now be described wth reference
to the acconpamiify draMAng§[‘35 Fig.3 shows a video encoder 300 for
encodigg a digital video sequence 301. WO 02/069261 PCT/ S&1/00036 9 The

di gital video sequence 301 is a sequence of subsequent digital pictures
302 (di gi thaicofrdamgs}o confui tgiany epibotidment eb£nere Sinvention, the

picture is encoded using a wavelet transformation.

10 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 shows a flow chart of the post-processing on the
decompressed picture according to the preferred
embodiment of the invention;

15

Figure 2 shows a flow chart of the line processing along a

horizontal direction according to the preferred

embodiment of the invention;

20 Figure 3 shows a block diagram illustrating a video encoder
according to a preferred embodiment of the

invention;

Figure 4 shows the block diagram of the pixel-based
25 processing unit according to a preferred embodiment

of the invention.
DETAILED DESCRIPTION OF A PREFERRED EMBODIMENT OF THE
30 INVENTION

A preferred embodiment of the invention will now be described

with reference to the accompanying drawings.

35 Fig.3 shows a video encoder 300 for encoding a digital video

sequence 301.



5 The picture el enments of each picture 302 are grouped in

pi cture bl ocks,

each picture block conprising 8 x 8 picture elenents or 16 x 16 picture
el ement s.wb@2lsw26hi s context it shoul d be pointed out thatecais&oimnesati on

is not restricted to a specific formof picture blocks, the

pi cture

el ements are grouped in, in particulagz the invention is not restricted to

a specific nunber of picture elenentsin a picture bl ock.

15 Any form of

pi cture block with any nunber of picture elenments nay be used in the

notion estimation according to the invention. 20 Four pict

ure bl ocks with

| um nance information and two picture blocks with chrom nance information
are groupédei ol taong igaer 6BRBERCE r ¥shec iav Seuenge of Hi TP asivEehits preferred
enbodi nentiigf td hepidivaRli Q02 ¢achit2b fHbddd) e c3Br O iSauke X 16

nacroblocg?émL# i nance i nformati on and chronm nance i nf or mat
ure

to one picC L te enment or to a plurality of picture el enent

ion is assigned
(in the case

of sub2sanpling) as coding information. 30 In a selecting unit 303, each
pi cture 30Rei piseleCladmandsi bf éscrlatiRrunmeedophetbegraipdds ih0 be coded in

a so call - e qQr _the. l.1.ed.. | - 5 If t.he selected
pi cture iggfgm%53gégg%’i%afheSfﬁﬁﬁ%?&gﬁgf @Eﬁé?gggﬁ% %f?#% éﬁ?ﬁéﬁ node, for
each macr BbeBRKES 1Pt HE XchfrBhEtpietUr@e$She coded (denoted as first

picture), a WD 02/069261 PCT/ SGOL1/ 00036 10 notion estinati

on is provided

In aption gefl M0 uRLt s30% o B4 d18heLeBEE 0.2 LR &A%, BLoture. The

reference picture

is not restricted to a specific form of picture blocks, the

picture elements are grouped in, in particular, the invention

is not restricted to a specific number of picture elements in

a picture block.
15
Any form of picture block with any number of picture

elements

may be used in the motion estimation according to the

invention.

20 Four picture blocks with luminance information and two

picture blocks with chrominance information are grouped into

one macroblock, respectively.

According to this preferred embodiment of the invention, each

25 picture 302 comprises 16 x 16 macroblocks.

Luminance information and chrominance information is

assigned

to one picture element or to a plurality of picture element

(in the case of sub-sampling) as coding information.
30

In a selecting unit 303, each picture 302 is selected and it

is determined whether it is to be coded in a so called INTER-

mode or the so called INTRA-mode.

35 If the selected picture is to be coded in the INTER-mode,
i.e. in a differential mode, for each macroblock in the

current picture to be coded (denoted as first picture), a



may be a preceding picture or a following picture of the first picture in
the video sequence 301. 5 As a result of the notion estimation, a notion
vector dweariokizag t he di spl acenent of the macrobl ock in trlag/Sconness

pi cture conpared with the sel ected best natched macroblock in the
reference picture, is determ ned. 10 The coding node 305 for the sel ected
picture 301 and the determ ned noti oY vectors 306 are provi ded to and
stored in a picture storage el enent 307. 15 The notion estimation wl|l
further be ges%rébed itn. det.ai | . I.arg%he II\I‘I'ERE—.codi ng.rmde t he d;t% 308 in
the macroBIPGERE STHHE Wt g PAPSFRETI R) 2 I ooV PdEdmE 6~ & siibtr 29¢ ng uni t
309, wher @itherdfere®19 tof a kefmuenodl pektYreomTiiee reébeerpe eriZO ygiect ur e,

whi ch nmackekl geka hgse heemygratichedeand setectiednqapeerdiadot 0:rfhe notion
estimtion.is sug)ct:rgrct eidd thf%er e{% eperating.motion estimtion error
coef fici entd°310TCTH S nd' IFRAZEE0i AgERYYE 399 ‘subtraction and no motion 25

estimaPion is provided. In the | NTRA-coding node, the entire |um nance
informati ag ande$her it it abi@BhnNavELmd o, Mat el ioAf vibes,sel ected picture

to be coded is.coded,, not. only a ifferential signal.as in the
| NTER: Codritg Rohets vnd Rl <2k aenf p h ol o et PR AL CORT FILI BHREE ™11 ar e
out put byPEReurgOceUTesCtvilty Ghit sSDOctskhdasdt moncksdi natian carkr on

coefficienhs 3die0sndd@ilNIRA, ¢oefdi&ieisi 311 are provided to a
transformation unit 312. 35 In the transformation unit 312, a discrete

cosine transformation (DCT) is provided to the input notion estination
error coefPpcfediry IedepBophéor NFIRA sokddtias eacsun® d2) 06926 he

PCT/ SGOL/ @e086middd motion vectors 306 are provided to and stored in a

picture storage element 307.
15 The motion estimation will further be described in detail.

In the INTER-coding mode, the data 308 in the macroblocks
(the coding information) is provided to a subtracting unit
309, where the data 310 of the macroblock from the reference
20 picture, which macroblock has been matched and selected
according to the motion estimation is subtracted, thereby

generating motion estimation error coefficients 311.

In the INTRA-coding mode, no subtraction and no motion
25 estimation is provided. In the INTRA-coding mode, the entire
luminance information and the entire chrominance information
of the selected picture to be coded is coded, not only a
differential signal as in the INTER-coding mode. In the
INTRA-coding mode, INTRA-coefficients 311 are output by the
30 subtracting unit 309.

The motion estimation error coefficients 311 or the INTRA

coefficients 311 are provided to a transformation unit 312.

35 In the transformation unit 312, a discrete cosine
transformation (DCT) is provided to the input motion

estimation error coefficients 311 or the INTRA coefficients



311, thereby generating transformation coefficients 313, which are
provided to a quantizing unit 314. Alternatively, any suitable type of
transf or rwDicamed26r 5 generating the transformati on coeffi @carsicd1/8d36 can be
used according to the invention, e.g. the wavelet transformation. 1In the
guanti zing unit 314, the transformation coefficients 313 are quantized and
scanned, thereby generating quantized!10 transformation coefficients 315,
which are provided to a entropy coding unit 316 and to an inverse

qguanti zin nit. 318. In the entropy coding unit 6, .a varjable length
encoding,%1¥5 Eheteias %FQE§ﬁﬁéP92F€g%ﬁEQﬁﬁqﬁjQﬂ'Cge%%F?h%% t2 ing is

per f or redwbachherguanivized toaasfioametz o coeftf 3¢dents 315. Furthernore, a
run | ength encoding algorithmis perfornmed on the variable |ength encoded

guanti zed transfor t|on coeffhilents 20 The resultln foded data stream
317 is ou@éﬁ?rﬁﬁ T SEREBOEF SORF dtd,FPEP FexAnbt e tYansmitted to a
vi deo Yecgdeerauimng tHESﬂ%@mﬁherm@teqn|¢Daﬂﬁaq1ﬁmeBSQIQUeam|Hﬁru}ednlt 318,

the quantizedalsansd amtihoRneshfiientg3lavRneci PVELsabMharduant i zed,
t her eby generating inverse quantlzed ransformation coefficients 319,

which are provided to an inverse transformation unit 320. 30 In the
i nverse tEanshorqmntoreimyg un320314n thwarasdiogsvaetien cosiheitenasst or mati on

(I'DCT), generald yq&ah&lrz%%p@ﬁal ysanhéwer%ﬂe%@naégemiw c}@antth%ed

tran§L€rnat|on used gﬁg ? %i% tran formation, fficients, e.g.

the inVer 58235F %é{%qlé’rn ° ?8??@? i é”hd 8F reB= o e?ﬂa Shder se

quant i zedentrapgfordiatg amitodlfi enents BlInvelnerehyageneirag iungti nver se
318.

In the entropy coding unit 316, a variable length encoding,
15 such as a Lempel-Ziv-Encoding or a Huffman encoding is
performed on the quantized transformation coefficients 315.
Furthermore, a run length encoding algorithm is performed on
the variable length encoded quantized transformation.
coefficients.
20
The resulting coded data stream 317 is output by the video
encoder 300 and, for example, transmitted to a video decoder

unit.

25 Furthermore, in the inverse quantizing unit 318, the
quantized transformation coefficients 315 are inversely
quantized, thereby generating inverse quantized
transformation coefficients 319, which are provided to an
inverse transformation unit 320.

30
In the inverse transformation unit 320, an inverse discrete

cosine transformation (IDCT), generally the respective

inverse transformation to the transformation used for

generating the transformation coefficients, e.g. the inverse
35 wavelet transformation, is performed on the inverse quantized

transformation coefficients 319, thereby generating inverse



WD 02/ 069261 PCT/ SEO1/ 00036 12 transformed coefficients 321, which are
provided to a first input 322 of an adder 323. The data 310 of the

macr obl ocwofeosazbhe reference picture, 5 which nacrobl oclkchasobe@ss mat ched
and sel ected according to the provided notion estimation is provided to a
second input 324 of the adder 323, thus being added to the inverse
transformed coefficients 321 in the IINTER npde, thereby generating a
reconstructed signal 325. 10 The reconstructed signal 325 output by the
adder 323 is tored in the picture storage elenent 307 The t hus
reconstruéféasg eF%ﬂ%ﬁ%%&ePﬁstﬁg Loi @i & PAgE19ee &P eheittS307 i s
further prhoputedi2? cofa gposiddero8éssi ng unit 326 as a picture signal 327.
The post - processing unit 326 perfornms a post-processing on the picture
signal 327 as will_bhe Iatg% descrlbed in detail. _20 The resulting

post - pr océ88ed bt it €5itdFarassgiechr Adde £6L5r8 St P T 45/t he picture
storagé ekément n80foldsrck past bepnonassiert @rct wreée820d 25ciNoVinga tiwot | on

Ietst I Lrat : glahw L%ngdetteﬁrnfoq{l%ﬁd egelﬁ%'@léﬁswcﬁrf[o\(ﬁdetgoggt Qagfmqnghet ure 329.
shou e invention is not restricted to

archltecta?g 8? %ﬁaﬁf géscFPB%db%HH%d%¥k§b6° 30 THRV§Ienti on may be
applied t@ranyfqmmﬁﬂ ardddicngntar 81 t ertturee IAITdRdmode] nghearady t ecture, for

exanpl e i Be@Bra OREH -&rao%@rt@qceagogi seheme |ike MPEGA or in a hybrid
block}gased encoding schene and object-oriented encoding 35 schene, a stil

pictu encodi ng schene and decodi ng schene
The reconstructed signal 325 output by the adder 323 is

stored in the picture storage element 307.

The thus reconstructed picture stored in the picture storage
15 element 307 is further provided to a post-processing unit 326

as a picture signal 327.

The post-processing unit 326 performs a post-processing on

the picture signal 327 as will be later described in detail.
20

The resulting post-processed picture signal 328 is provided

to and stored in the picture storage element 307 as a post-

processed picture 329.

25 Now, a motion estimation will be performed on the réspective

post-processed picture 329.

It should be noted that the invention is not restricted to
the architecture of the above-described encoder 300.

30
The invention may be applied to any other encoding
architecture and decoding architecture, for example in an
object-oriented encoding scheme like MPEG4 or in a hybrid
block-based encoding scheme and object-oriented encoding

35 scheme, a still picture encoding scheme and decoding scheme
such as the JPEG scheme or the JPEG 2000 scheme.



such as the JPEG schenme or the JPEG 2000 schene. WO 02/ 069261

PCT/ SGO1/ 00036 13 It should be noted that the descri bed post-processing
can be awploeeab2sp t he decoded pictures without altering tha/scodeso3sand/ or
decoder schene and requiring any aside information. 5 One aspect of the
invention may be seen in that an edge-_ preserving and snoot hness constraint
is inposed on the picture points whil® retaini ng fidelity to the picture.
The constraints are expressed through a regularization 10 function, which

is also calle ential function in the Mrkov randomfield approach. A
sinpl e andc8 ﬁé u%eedloﬁféf 'tth?uﬂﬁf‘F’bJrP?i p(ft?éfdlpéPFé,ssh%%vve,bq t yields
over snoot hredliati onsthd regraded pocpreserwetledges lardingnmbve cddwer ri ngi ng

artef act s aaqnep- Gesied ierRafeeBhibake fUDELA PN \S aL3dUSedeoi e esul ts in a
constrai ned optim zation problem Using an auxiliary variable in the

regul ari zation function, as later will be described in detail, permts us
to |inearPre ashecprobltdra dmdendidernye ke detesr ninnitbet cameedwpdt based on 20

al ternati yeeBk Pl ithg ad ONhcRANhBEs PEEE 4 £a MAY 118Dl B8BEat B cuixi | iary

vari abl e. HO\évever .thte m ni.m zation. on 'hcﬁﬁ picture variable is still a

cal cul at i BACFREBARTVE T 44K 1 F5F %W?%q&t S5 661 ERT BLSBITe-

di vi de-and-conquer (DAC) strategy to inprove the calculation speed is
applied. The basi€rdidaa afrel BepPACsSErat ey & tQqdiyidea@darge problem

into pleces o0 sol ve the divided b- probl’ens .30 separately and then to
conbi et REPSEER oI Tha | ALaoact b T4 ARG, TBACEaobr R e
hal f - quadMatkev rendaar ifZatlidoapandatihe DAGmpdter ahdgyeommosiugdde and t herefore

effectivepapdni £55 RAmGalauliat HRRdFONSUMNG RS - PEOgEsSsiNg net hod for

renovi ng .
oversmooth solutions. In order to preserve edges and remove

the ringing artefacts a non-quadratic potential function is

15 used, which results in a constrained optimization problem.

Using an auxiliary variable in the regularization function,
as later will be described in detail, permits us to linearize
the problem and to derive a deterministic method based on

20 alternative minimizations on the picture variable and the

auxiliary variable.

However, the minimization on the picture variable is still a
calculation intensive task. For solving this problem, a

25 divide-and-conquer (DAC) strategy to improve the calculation
speed 1is applied.

The basic idea of the DAC strategy is to divide a large
problem into pieces, to solve the divided sub-problems
30 separately and then to combine the sub-solutions into a full

solution.

Based on the half-quadratic regularization and the DAC
strategy, a simple and therefore effective and less
35 calculation consuming post-processing method for removing

artefacts in the decoded picture is provided.



artefacts in the decoded picture is provided. WO 02/069261 PCT/ S&1/ 00036
14 Experinental results have shown that the proposed nethod significantly
suppressewoagper2snl |y ringing artefacts and inprove bot hpelrjse&ot/hess and
subj ective quality of a decoded picture. 5 According to this preferred
enbodi mrent of the invention, a pictxre is regarded as a degraded version
froma blurred and noisy observation.” 10 The artefact reduction problemis
considered as an estimation problem i.e. to estimate or recover a 2-D

si gnal fr . NOI.S n whi ch_.can e sent ed Llows: Y = x +
~ (1) Qﬁﬁﬁqﬁq¥%é 2 ?g P VAR DI T Q%WEQEPFaQBS ﬁ 28 °$§§ ﬁ%%fgre of
outliers swmhlﬂu;am@#vnaup99¢§éeﬂl%QHQQﬁﬂhLYnrlmﬁén@o%#tQﬁaQ%ﬁtéﬁéct reduction

is to estigpts,d Rchi %Electl%z@ PLtangedukvthgna Uenpter asidddeepi cture to
be estlnated X fromthe given picture array y. According to this

preferred éﬁ%ﬂﬁ?nent of the invention, the pictures are considered as
| exi cdgraphically ordered vectors. 25 If is a white Gaussi an noise, the

restored REEdAHi®d &othﬁlsﬁpxéﬂyﬂiédpﬁﬁﬂﬁmh@ht 6MAR)e estiamtiionn. al n gener al
case, the_ .distribution qof .~ is_u 0 r t 1,0

i nf or mat i BhC atidutt tﬁgngggdp?%turé:gﬁ\g%d Sord u??gng%agtoqﬁﬁﬁgngzéhd cost
function ¢ksw)obasriveliiean be witten as following arg min (D k, y), (2)

X
10 The artefact reduction problem is considered as an estimation
problem, i.e. to estimate or recover a 2-D signal from a

noisy signal, which can be represented as follows:

y =x+¢§, (1)
15

wherein y is a given picture array and § is a mixture of

outliers and the nominal noise distribution.

The goal of artefact reduction is to estimate the “ideal”
20 picture, further denoted as the picture to be estimated X,
from the given picture array y.

According to this preferred embodiment of the invention, the
pictures are considered as lexicographically ordered vectors.

25
If £ is a white Gaussian noise, the restored picture is the

maximum a posteriori (MAP) estimation. In general case, the
distribution of § is unknown.

30 According to a priori information about the true picture, the
solution is to minimize a cost function o, y), which can be

written as following

% = arg min @(x, y), (2)
X

Dk, y) = D1l y) + A Orlx) (3)

35



35 (D(, Y) =cDl(x, Y) + X (Dr (-x) (3) WO 02/069261 PCT/ SGOL/ 00036 15
(D(X,Y)= 1Y-X112 (4) where (Dr(x) is a roughness penalty regul arization,
whi ch i s wexpnersed as the followng fornula: 5 P r (D r(20T/SGD1/40036
D-pjxl, (5 p=1(i,jJ)ES \ J wherein ~is a real function, and each D(P) is
a p-order difference operator, 10 x = {xij,(i,j) ESI, S={ (i, j) : 1 e
[0, M- 1] , J E[O, N- 1] 15 1In t hé>f or nul a (3), the second termcr(x)

i nposes a snoothness constraints or roughness penalty. The first term
cl(, y) ensures fidelity 0 the picture. ~, is a positive paraneter that
bal ances thebs yt erfr|| 20 For renoving coding artefact the(4icture
points are processed w th an edge preservation. According to this
enbodi ment of the invention, a sinple and thus very effective nodel is
used, nanehyréi Bst(xpridera 2oudbnevat persltForedelampketiat, siltieh(iisj), the
first ord I .. did ferert i.J and the first order verti cal
di fferencg&p?%%/%?%@ftrhgmfzoﬁgo gg rrép%és[\)slead picture y is calculated 30
accord?ng to the followwng forrmulas: (DhY)i,j =Yi,j - Yi,j+ (DvY)i,]j

Yi,j - Yi+l,j (6 /0 PCT/ SGD1/ 00036
J @, () (=)§{\D % ¢ Dﬁ?%lxy (5)

p=1(i,3)eS

wherein ¢ is a real function, and each D@ﬁ is a p-order

difference operator,
10
x = {i,5, (i 3) € s}

S={(3j):1el0M=-1],]e[0N=-1]}.

15 In the formula (3), the second term ®,(x) imposes a

smoothness constraints or roughness penalty. The first term
®1Q9§d ensures fidelity to the picture. A is a positive

parameter that balances these two terms.

20 For removing coding artefact the picture points are processed

with an edge preservation.

According to this embodiment of the invention, a simple and
thus very effective model is used, namely first order

25 derivatives.
For example, at site (i,j), the first order horizontal

difference (Dhyh_j and the first order vertical difference

(Dvthj from the decompressed picture y 1is calculated

30 according to the following formulas:
(Ony),5 = vi,j — Vi, j+1

(Ovy)i,y = ¥i,5 — Yi+1,5- (6)



16 in formula (5) is known as the potential function. This potenti al
function assigns a cost to every value of the picture gradient, and thus
has sone wogerpneserving 5 properties. It is assuned that PCTIS@®1/8008% ni mum
in x, which assunption results in: 10 1 V(x, y) =0, (7)) 2 wherein c'(Xx,
y) is the derivative of c(x, y) . EcEJ@ation (7) can be witten as 15 x - vy
-~ . x =0, (8 wherein Fis a mtriX that represents a weighted discrete
approxi mati on of the Lapl acian operator. 20 The weights of the Lapl aci an
operator are given by the function 1 af(t) 2t at There are two cases to be
considered. 25 First, for a honpbgeneous area of the picture, i.e. all

gr adi ent s Yarigurf@ridéasibe {$ , knowr e@scltbseppbeneiral fAInctimei ghitss are

appr oxi matgl ¥egudl £ Q4G S3TBUB! Heco S0 Rpernd,y (91,2 dEsgpntinuity case
in the nei ﬁhbor hood of the site g: jg, t he corréspondi ng wel ghts vani sh
and thus PHETUBHERE 3L PHeséndednual Be® $ems &40 RAEGFAY “1%at t here shoul d

be a ohe- eoopnetces r espondence between val ues of the gradient and val ues
of the weight. This requires that the weighting 35 function nust be
strictly monotonous on t[hoa’t+Q£)) hys MO 02/.069261 ECT/W}?&;%/ 00036 .17

a minimnum in x assumption

results in:
10 -;-cp'(g,z)=o, (7)
wherein (D'(gg, X) is the derivative of (D(>_<, X)'

Equation (7) can be written as

15
x-y—-A-L-x=0, (8)
wherein [ is a matrix that represents a weighted discrete
approximation of the Laplacian operator.

20
The weights of the Laplacian operator are given by the
function LQ@

2t ot

There are two cases to be considered.

25

First, for a homogeneous area of the picture, i.e. all
gradients around the site (i,j) are close to zero. All

welghts are approximately equal to the same value.

30 Second, for a discontinuity case in the neighborhood of the
site (i,j), the corresponding weights vanish and thus the
edge is preserved. Also, it seems natural that there should
be a one-to-one correspondence between values of the gradient

and values of the weight. This requires that the weighting
35 function must be strictly monotonous on [0,+).



There are many functions that satisfy those conditions. In this preferred
enbodi nent of the invention, the following function is chosen as the

pot enti alwunestien. 5 4(t) = log (1 +t2) . (9) Accordi n@crsdonoess
preferred enbodi nent of the invention inplicitly the follow.ng assunption
is mude, that is, a large value of the gradient corresponds to an edge
whi ch shoul d be 10 preserved while a srall value of the gradient should be
snoot hed which is correspondent to an artefact. Since the conditions

accordi ng &5 formul a %) are nonlinear, it is time consumng to mnimze
the MAP cri %F?d%“%&?%liﬁunfﬁlPﬂ% v eetdady. tirnee etonditimmsaustinl i ary

vari abl e bthss igrefethreed emborikent hef 9l Uhiventeas] efne The INARLgr i terion

can be wi ttef: 85 tike cHRisB| l, .ene 01 , y) =inf (D(. v,
b). (10) b (DF(xX.y,O0 ?Eegn%ﬂagrﬁ%ﬁ%& friaga Liie IR ary variabl e
bis fixed. 256 + y( (P 7*x, Y. b~=1ly - 12 + fbi,j(Dx)2 I bi, J~ (11) p
(1, ])EE Shiwherisionil y[®1)-j] is a strictly convex and decreasingsfuncti on.
30 When the auxiliary variable b is fixed, the augnented energy becones

is convex in the auxiliary variable b

guadratic 4n X .. Al'so, ED*(, y, b) / |
when x i s 355E¢IN0Ot02F D69 281E FREmesGerPogddBent 18f Adeoridivegtiont he t heor em 1
descri bed imp[i§jitlyhehai AdhlWwing assumption is made, that is, a large
value of the gradient corresponds to an edge which should be
10 preserved while a small value of the gradient should be

smoothed which is correspondent to an artefact.

Since the conditions according to formula (8) are nonlinear,
1t 1s time consuming to minimize the MAP criterion even in

15 the convex case.

Therefore, an auxiliary variable b is introduced to make the

solution easier. The MAP criterion can be written as the
minimum of a dual energy

20
o, y) = inf @*(x, v, b). (10)
b Y .
* N .
¢>(§,X,§) 1s a quadratic function when the auxiliary variable
b is fixed.
25

SCELRSE Do T (50 S A et

p (i,3)es
wherein qdbij is a strictly convex and decreasing function.
30 When the auxiliary variable b is fixed, the augmented energy

becomes quadratic in x. Also, ®*@gy,§)is convex in the

auxiliary variable b when x is fixed.



value of the auxiliary variable b is unique and is given by the follow ng
formula: 1 a~(D x) 2Di,Jx abi,jx In the follow ng, the recovery nethod
will be dweariobedi in detail. 10 Using a hal f-quadratic regulsaoimaaBsson, it
shoul d be noted that mnimzing the MAP energy is equivalent to mnim zing
the augnented energy with the auxiliary variable b. Therefore, the

m nimzation of the dual energy can carried 15 on alternate
m nim zations over x and the auxiliary variable b, which is given as
foIIovvs Begin Initialization: xO =0 20 Do bn+l = arg mn*(n, b)} b xn+l

= arg mi nACROTARAL) YO Xehe Dhegrem LoeRveF Rattd "EAQ )/ 26D At MEREPH+l , xn i s
fixed, bn¥klibs ebnpwrt exhuidiingyeyaatabhe p12%. uiTheueri atidriizatiigRnober X
beconmes a.§i ﬁpm% ce 30 cp*Ln, bn+ll is quadratic. In the

fol |l ow ng,t%nvg%)g%%‘g{rgég conqt%er strategy is applied to solve this
equation. WO 02/ 069261 ,PCT/ SGOl/ 00036 19 It is assuned that the
constraints jn egdat| 8Py, 31 .are deconposed into a sumation pfysubterns in
an interleaved 2p;,4x) &b l,Jx)

In the following, the recovery method will be described in
detail.

10 Using a half-quadratic regularization, it should be noted

that minimizing the MAP energy is equivalent to minimizing
the augmented energy with the auxiliary variable b.

Therefore, the minimization of the dual energy can be carried
15 on alternate minimizations over x and the auxiliary variable

b, which is given as follows:

Begin
Initialization: §0 =0
20 Do
p"*l = arg min{(D*(gn, 1_3)}
b
§n+1 = arg min{ﬁb*(ggn, Qn+l)}
X
} Until convergence
End

25
At step n+l, xP is fixed, 9n+1 is computed using equation
(12) .

The minimization over x becomes a simpler problem since
30 @ tfl bn+l) is quadratic.

In the following, a divide and conquer strategy is applied to
solve this equation.



fashi on such that each subterm accounts for a part of the total
directional variation. 5 The followng function is used: M1 N1 1" M1 N1
(D*6 Y) =wbokno6ds1j - X ,jr + Ibl,J D ,JIX + Vbi,711 (12C1/52:01/00036:0 | =0
i=0 j=0 *L Y) 5 510 10 Taking the partial derivations - and setting them
to aXi, Jj zero yields the foIIovving equations. - Xi,j -Yi,] +?2.bi,] (xi,]
-Xi,j+l) 0, 15 Xi,j+l - Yi,j+ -X.bi,f (XL xi, D) :0. (14) Sol ving
the equations (14) yields the foIIovvi ng solutions Xi,j =Yi,j - ai,j(Yi,]

-YI,j+|)20XI, Yi.|l+ ( i 1 where25-6,

~ -bi,j i¥o,**® a%\ﬁuf‘ed 6}";’1£ J:IN? Jt Xl TLC\? ! éé‘%%ior( &he %Conpl et e

post - proc@%%qﬂﬁ@sleﬁclluﬁésaasqlmfﬁ@tlp?rb@és§uélt9ﬁ’@5 31-‘215afar|1d“'~e45}eélf’?éct| ons, i.e.
di agonal gidedd eush 30aTheadh fd@renae akbubaht onsot e thhirk @@senare witten

as _~XI ’Jt61ia)§! + .,Ije+|£}', Ig)gi- \)r(arziat!,idn.\/\o 02/ 069261 PCT/ SG01/00036 20 Dd-X =
(Xi.j - xi%rey o °crry
5
The following function is used:
M-1N-1 M-1 N-1
O'ley) = ¥ Dl -wsP i XY i, iby g vl (23
i=0 =0 i=0 =0
. . o 00" (x y) .
10 Taking the partial derivations ————— = and setting them to
Xi’j
zero yields the following equations.
Xi,9 = ¥i,3 * A0y ey - %e,541) = 0
15 Xi,9+1 — Yi,j+1 — A 'bi,j' bﬁﬂj - Xi,j+l) = 0. (14)
Solving the equations (14) yields the following solutions
xi,j = vi,j ~ 0i,3lvi,5 — vi,5+1)
20
Xi,9+1 = ¥i,9+1 + 04,3lvi,5 = vi,9+1) (15)
where
A - b: =
25 cij=—__.l_ﬂ_ i=0-,M-13=0--,N-1, (16)
! 1+ 20 - bi,5

The complete post-processing includes a line process along

+45° and - 45° directions, i.e. diagonal directions.
30 The difference functions in this case are written as

d+. _ (Xi,j - xi+1,j+1)

1,3% © 2

D




i,] VFig.1 shows the separate steps for the post-processing on the 5
deconpressed picture in summary. The picture data is input into the

post - procwenne2dni t . 326. In a first stage (bl ock 100), @CisGe1/00036
post-processing is 10 perfornmed along the horizontal direction of the
picture array. Then, in a second stage (bl ock 200), a second post-
processing is perfornmed al ong the hord%ontal direction of the pi cture
array. Subsequently, in a third stage (block 300), a third post-processing
is perforned again along the +45 15 direction of the picture array and in a
fourth and | ast gtage (block 400), a fourth post-processing is perforned
al ong the pd—~+45_dr't€ct i"drilaft-Whe picture array. Afterwards, therv)

post - processled picturef2data is output by the 20 post-processing unit 326.
Fig.2 shows an exanpl e of the post-processing along the horizontal
direction of the picture array. 25 In a_first ste step 101), the indices
i, j for §aHoti ﬁ*@g‘t’fhethﬁ iSTE2ZAGSt RESRDI i ©BF Pﬁégﬁéﬁ?ﬁ SHT & &P
initiabi sedcbopaesyad yeictire nespenmhamel y. In a second step (step 102), two
adj acent inmage picture 30 points are input sequentially for post-processing
into the ost-processing unit 326, In a further step (step,lO%), a

pi xel - bas€BepPbTESs MEEd 1S SPRBF WorUst % BRSkePrRSEedtFY |4 7g bi-s
performed. This neans 35 that the coding information that is assigned to
the WO 024069261, BCT/ 3G/ 09036 184 { B DAGHY BRECRUE L. POLAY 5 o S adapt ed
according to_the formula (15) described above. Ina further step (step
104) 19 igeag?gmgﬁrﬁ%fnﬂhépﬁeporszontal,dlrgctlon of the picture

array. Then, in a second stage (block 200), a second post-

processing is performed along the horizontal direction of the
picture array. Subsequently, in a third stage (block 300), a
third post-processing is performed again along the +45°

15 direction of the picture array and in a fourth and last stage
{block 400), a fourth post-processing is performed along the
-45° direction of the picture array.

Afterwards, the post-processed picture data is output by the

20 post-processing unit 326.

Fig.2 shows an example of the post-processing along the

horizontal direction of the picture array.

25 In a first step (step 101), the indices i, j for denoting the
line and the column of the picture array are initialised to a

value “0”, respectively.

In a second step (step 102), two adjacent image picture
30 points are input sequentially for post-processing into the

post-processing unit 326.

In a further step (step 103), a pixel-based processing, in
other words, a pixel-based filtering is performed. This means

35 that the coding information that is assigned to the



] =M- 2. In other words, it is determ ned whether all picture points of

the current row have been processed. 10 If there are still sonme picture
poi nt s ofwohe/euzsrent row to be filtered, the col um i ndexTiSGos/0e03er eased
by 2 (step 105), i.e. 15 ) =j + 2. In other words, the post-processing is

perfornmed for the next two consecut i2ve pi cture points of the current row
i. 201f j = M- 2, the picture poi nt’s of the same row (row i ndex i

remai ns unchanged) are re-process with an initial index shift of j =1

(step 106). This. neans, that the pixel-based processing (step. 103) is 25
agai n per%SFR%agW? P51 @Pé&gf’nffi%‘Faggtoﬁqﬂrﬁ?cf’ﬁgéﬁzgj go i & It Rer step
(step 107)15) td¢scridrest mibowg -whether j = M- 3. 30 In other words, it is

determ ned whether all picture points of the current row have been
processed with_the altered initi colum jndex.] =1, 35 If there are
still sonénp?cglﬁl‘?g‘eprois =P detFﬁe&@!ﬂ)rr et S (%ﬁttec?mlh@df%ﬁ‘? ¥d, the colum
index $ is increased by 2 (step 108), WO 02/069261 PCT/ SGO1/ 00036 22 i.e.
] =) + 25andvthe next two picture points of the current rowi are input
(step 109?. In other words, the post-processing is perfornmed for the next
5 two consecutive picture points of the current rowi. If j = M- 3, it is
further déterwierediqrstsepitl1dy dheerinachevheitherati bnphasutreawifitsi shed. 10
I f the iterathoncd@enmotoheanvti péshashoddgelioop is repeated

10
If there are still some picture points of the current row to
be filtered, the column index j is increased by 2 (step 105),
i.e.

15 3 =3 + 2.

In other words, the post-processing is performed for the next

two consecutive picture points of the current row 1i.

20 If j =M - 2, the picture points of the same row (row index i
remains unchanged) are re-process with an initial index shift
of j =1 (step 106).

This means, that the pixel-based processing (step 103) is

25 again performed with an altered initial column index j.

In a further step (step 107), it is determined whether

30
In other words, it is determined whether all picture points
of the current row have been processed with the altered

initial column index j = 1.

35 If there are still some picture points of the current row to

be filtered, the column index j is increased by 2 (step 108),



usi ng the unchanged row index i and the columm index is reset to the value

"O0" (i =1i; jJ =0) (step 111). If the iteration has been finished, it is
further dwoennmsezed 15 in a further step (step 112) whet hecTiSG21/0@86 i ndex
has the value i = N- 1. In other words, it is determ ned whether the
current rowis the last row of the picture array taken into account. 20 If
the row i ndex does not have the valuéd = N- 1, the | oop is repeated for
the next row, i.e. the rowindex i is increased and the colum index is

reset to the val ue, =i + 1, j =0),(ste 13) |f the row i ndex
has the vdl'§e ? = N ¥ Zlartdnghﬁ'epﬁéa 5‘6%5‘230 turteg pt°H€t§e8gnEIh%tca’grere(’§t age
200). The rowcondrst bppuly stsdge 1200), the third stage (stage 300) and the
fourth stage (stage 400) i ncl ude the sane steps conpared to the first

st age % te_l[ in the second stage %stﬁgg 200) and in 30 the
fourth st s?’ag CY%5Y) ,FhEPSWPTRGRYS HI &S Frte'S §e&tchanged
in the5re§pecppvee@4@p§ Aicgureopodnrbsipble,the katrreneé row index i is
increased by 2 in the respective steps and the post-processing is

per f or med _col.um, by i.ns f the ost-proc by row
accor di ng %o t}rﬁTgM 5§’f| stfétﬁggfst ‘ft)‘dg) 6?/ ggg%‘%‘?—%ﬂ%@f/ 00036
23 Fig.4 shewstidre Had t@annglguepeqos in nore detail. The filtering step
is an inplenmentation of fornula (15) descri bed above 5 Two adj acent

pictu pQi-n (wth COdI |nf t|o j+ i)}are read fromthe
pi ct ui‘g s orég% J\r{t\% sP8 P’l%’r hl[eﬁie tt\%tﬁ 4OPRcENtT$HEEEFe point s
402, to be_silmgetfe@(amchall@eﬁormtvhen@@shmgpndwft@lenapﬂomnoindene itswreadiacent
picture pebntBe value “0” (i = i; j = 0) (step 111).

If the iteration has been finished, it is further determined
15 in a further step (step 112) whether the row index has the

value i = N - 1. In other words, it is determined whether the

current row is the last row of the picture array taken into

account.

20 If the row index does not have the value i = N - 1, the loop
is repeated for the next row, i.e. the row index 1 is
increased and the column index is reset to the value “0”

(1 =1+1; j=0) (step 113).

25 If the row index has the value i = N - 1, the method goes on
to the second stage (stage 200). The second stage (stage
200), the third stage (stage 300) and the fourth stage (stage
400) include the same steps compared to the first stage
(stage 100). However, in the second stage {(stage 200) and in

30 the fourth stage (stage 400), the row index and the column
index is exchanged in the respective steps, i.e. for example,
that the row index i is increased by 2 in the respective
steps and the post-processing is performed column by column
instead of the post-processing row by row according to the

35 first stage (stage 100).



(Yi,j, Yi,j+1), a first difference (yi,j+1 - Yi,j) is calculated. The
first difference (yi,j+l - Yi,j) is multiplied by the weighting
coeffici ewD i0926403 resulting in the term[ai,j(Yi,j+ PCYISGopooks I n
order to calculate the estimated value xi,j 404 of the coding infornmation
for the picture point at the Site(l2|:2 the termfai,j(Yi,j+H - Yi,j)lis
added to the coding information yi, 20 In order to calculate the
estimated val ue xi,j+l 405 of the COdI ng |nfornat|on for the picture point
at the si the term is subtracted fromthe

L (Yi +| -
codi ng %%Srﬁa%?%vﬁé y’ihﬁ 18T ga é\% ii%elﬁ‘ (‘?trép %B} -t He® post - process
picture p(fllhtsrlraq; es ioried ainn itnbéepéet atrieors tadt dgemoedi UhS B30Fes MOLB2/ 069261
PCT/ SGOL/ Q8@36. 24 The follow ng publications are cited in this docunent:
[1] A Zakhor, "lterative Procedures for Reduction of Blocking Effects in
Transform I mage Coding" |EEE Trans. 5 Crcuits Systens for Video
Technob ogfroVetj@cemp bt pbnch 180 do2linG. iKforaadidh Hsiseh,
"Adapti ve Post praocessar f BI ck E coded es" | EEE Trans CI rcuits
Systens fOF Mﬁ 5Ee 6e?ec% 08}31/, R}oﬁ B e Boﬁ@g 3%9&1%93&8'[ 1995. [3]
Thomas P. CGsRemr k&l )and Robert L. St evenson, "I nproved | nage Deconpression

for Reduced Transform Coding Artefacts”, IEEE Trans. G rcuit Systemfor
Vi deo 15 ech oI 0 Vol P 490- 499 Decenber 1995. [4] Donald Geman &
Chengda SR r‘?‘éiziracleﬁﬁgg RELtvERgints 402, to be more exact,

for the coding information of the two adjacent picture points
(Yi,j» Yi,j+1), a first difference (i, j+1 - vi,5) 1is
calculated. The first difference (Yi,j+1 - vi,3) 1is
multiplied by the weighting coefficient Gi,j 403 resulting in

the term [o3i,5(yi,j+1 - Yi, j)1-

15
In order to calculate the estimated value Xi,j 404 of the
coding information for the picture point at the site (i,J),
the term [6i,5(yi,4+1 - Yi,j) ] is added to the coding
information Yi, -

20
In order to calculate the estimated value Xj,4+1 405 of the
coding information for the picture point at the site (i,j+1),
the term (03,5 (yi,§+1 - ¥i,j)] is subtracted from the coding
information Yi, j+1-

25

In a last step (step 406), the post-process picture points
are stored in the picture storage medium 307.



with Hal f-quadratic Regularization", |EEE Trans. on Image Processing,

Vol .4, No.7, pp.932-946, July 1995. 20 [5] Pierre Charbonnier et.al.

"Det er m nwstizoe®dge- preserving Regul ari zation in Conput ec®crsming3s | EEE
Trans. on Picture Processing, Vol.6, No.2, pp.298-311, February 1997. 25
[6] Y. Yang, N.P. Galatsanos, and A K_ Katsaggelos, "Regularized
Reconstruction to Reduce Bl ocking Artéfacts of Block Discrete Cosine
Transf orm Conpressed Pictures”, |EEE Trans. Circuits and Systens for Video

| .3 .421-432, Decenber 1993. [7] Yongyi Yang and N.P.
& ot OgyThegoeo\rig\?é’IlthB%ﬁb ¥EIToh LA céfaet in Ush iy dmceeati ons ont o

Gal at sanos, _ _
Convex Sets and Line Process Mdeling" | EEE Trans on | nage Processing,

Vol . 6,  35{No.2L0 zaRebober 14997 ; MO 2069261 PLT/SGRI 00036, 25 CLAI MG
VWhat is clai rr%q i net.hod for processing a digital "picture

iS: 5 A digrt (
conprising pi ctoﬁrién%oéﬁf%?tw dirAnebar g TeFoRetinen T8EEsEramed to the
pi ctur@ poi nt $ircoipsi $Y sigertshef droMidebnge shepisigy ,amplly2ngppnoitef ati ve
filtering forvatkcheasgoa part of the picture points of the picture using a
regul arization 10 function, wherein in each iteration, the filtering is
performed for two picture points respectively, and wherein the
regul ari zatdlof -f BAet #h R ndisickds AAtlepmi tdaktosgnsiteesorhecfigeddity of the

picture and arsEB@EdNBRlY> GRS FALNL. circuits Systems for Video
10 Technology, Vol.5, pp.298-304, August 1995.

[3] Thomas P.0O’Rourke and Robert L. Stevenson, “Improved
Image Decompression for Reduced Transform Coding
Artefacts”, IEEE Trans. Circuit System for Video

15 Technology, Vol. 5, pp. 490-499, December 1995.

(4] Donald Geman & Chengda Yang, “Nonlinear Image Recovery
with Half-quadratic Regularization”, IEEE Trans. on Image
Processing, Vol.4, No.7, pp.932-946¢, July 1995.

20

[5] Pierre Charbonnier et.al. “Deterministic Edge-preserving
Regularization in Computed Imaging”, IEEE Trans. on
Picture Processing, Vol.6, No.2, pp.298-311, February
1997.

25

(6] Y. Yang, N.P. Galatsanos, and A.K. Katsaggelos,
“"Regularized Reconstruction to Reduce Blocking Artefacts
of Block Discrete Cosine Transform Compressed Pictures”,
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Artefacts Using Projections onto Convex Sets and Line
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2. The nmethod according to claim 1, wherein the regularization function is
a half-quadratic reqgularization function. 20 3. The nethod according to
claim1l owodp/iesrer ein the regul arization function incl ude®carsGadg®3e
preserving constraint. 25 4. The nethod according to any of the clains 1 to
3, wherein the regularization functign is (DL, Y) = (D ~x, Y) + Xr ()
30 with Ojj,y) being the termthat ensures the fidelity of the picture,
and Px 35) 35 (Dr(X) =1 Z 4 D(P)x p=1(i,j)ES\ J WD 02/ 069261

PCT/ SGOL/ 00036 26 including the smqgthpess constraint, wherein y is the
coding information of a given picture array 5 with-a predeterm ned nunber
of picture points, x is the estimated coding information of the picture

wi t hout n@ohse, is2cisingedMisght ing factor, D(P) is a p-order difference
operator, 10 is a potential real function having edge-preserving

properties, i is a first index for denoting a place in the picture array
in a f§rsg.dﬁr@%§¢qﬁ]for processing a digital picture comprising

picture points, wherein coding information is assigned to the

picture points, comprising the following steps:

. applying an iterative filtering for at least a part of
the picture points of the picture using a regularization

10 function,

. wherein in each iteration, the filtering is performed
for two picture points respectively, and

. wherein the regularization function includes a term that
ensures the fidelity of the picture and a smoothness

15 constraint.

2. The method according to claim 1,
wherein the regularization function is a half-quadratic
regularization function.
20
3. The method according to claim 1 or 2,
wherein the regularization function includes an edge-

preserving constraint.

25 4. The method according to any of the claims 1 to 3,

wherein the regularization function is
Olx, y) = @1 y) + A0 (x)

30 with

dﬁjﬁ,z) being the term that ensures the fidelity of the

picture, and

5 o)=Y Y oofP)

p=1i,j)es



] is a second index for denoting a place in the picture 15 array in a
second direction, which second direction is different fromthe first

di recti orwo 0%06®6t he anount of all picture points in the pcTiSGoeooasray. 20
5. The method according to claim4, wherein the termthat ensures the
fidelity of the picture (D1 -, Y) igs(D (x, y) =1y - x112 25 6. The
nmet hod according to claim4 or 5 wherein the difference operator having a
order of one is wused. 30 7. The method according to claim4 or 5, wherein
the regul arj23{difg EHECLAOS AR i38S+@RigUXiliary variable b such that
the regul arization function is an infinmum function which results from 35
(D(x, y) =inf cDLX, y, b), b W 02/069261 PCT/ S&1/ 00036 27 with

(D (xXy, vabaerielig a quadratic function in x when the auxiliary variable b

is fixed. & 8 V%EhfﬁaﬂyﬂﬁoQ&aEQOH'SQTH'@%OM%95§h@uEQeaQP£Frat'C
functlgn(D*(x hb%reslts rom + ' b) {bi,jDx)2
| bi , p (i,jVE eet'rerF’“llS’ied] NPEPSE Afx T @rF \P&lli”aﬁ?e for the picture

poi nt at ot he pl deetlf¢ ¢yt imn ttelde cpdéhar enBormmt,ion of the picture
without noise,

. A is a weighting factor,
e D?% is a p-order difference operator,
10 e ¢ is a potential real function having edge-preserving

properties,
] i is a first index for denoting a place in the picture
array in a first direction,
. J is a second index for denoting a place in the picture
15 array in a second direction, which second direction is
different from the first direction,
. S is the amount of all picture points in the picture

array.

20 5. The method according to claim 4,

wherein the term that ensures the fidelity of the picture
®1L_y)1s

2
®1xy) =y - o
25
6. The method according to claim 4 or 5,

wherein the difference operator having a order of one is

used.

30 7. The method according to claim 4 or 5,
wherein the regularization function comprises an auxiliary
variable b such that the regqularization function is an

infimum function which results from

35 d(x,y) = inf (D*Q, Yr 1_3),
Y b Y



y[bi,j] is a strictly convex and decreasing function. 15 9. The net hod
according to claim7 or 8, wherein the auxiliary variables bi,j and the
est i mat edwoadiossze1 i nformation x are optim sed in each it erarismo1/00036
alternately, wherein in the case that the auxiliary variables bi,j are 20
optim zed, the estimted codi ng |nformat|on x is fixed, and in the case
that the estimated coding informatiof’x is optim zed, the auxiliary
variables bi,j are fixed. 25 10. The nethod according to any of the clains
7 to 9, wherein the quadratic function (D*(,y,b) is solved using a divide
and conquer proces r deconposing and reconposi ng- the quadratic function
(DL, y, ©3th30 &1 T:Igebmem@]oaj accordiieg fuocahyn ofn thehehaithe 7 to 10,
wherein the estlnated c ng i nfor ma |on Xi,j at the place (i,j) in the

pi cture a??’ék/llaﬁfa’%a“i ﬁt t he fg’r " (i,j+l) in the picture array is
determ ned using the follow ng for rrul as: V\D 02/ 069261 PCT/ SGOl/ 00036 28

Xi,] -5 Yig] Théﬂméﬂkgd1hcco¥51hdleo cfgbd ﬁl = Vi, J+| +al,j(Yi,] - Yi,j+),
5 wherein X bi (ﬁ = M-O,l;jO,
.12, Th‘éh?‘r%%lﬁbd:h&c@&?GFﬁél?of‘é‘h?tﬁn a?)rsrelS‘{l&slfromlo wherein the

first direction and the second direction are perpendicular to each other.
13. The nmethod according to claim 12, whereig a thirg direction being

angl ed togtfie f by st Hyd' rﬁ%u 592: Z bi, 3( ol® )X) + \V[bl,j]

p (1,3)es

10 wherein

. is an auxiliary variable for the picture point at

B,
the place (i,j) in the picture array,
. qdbLjJ is a strictly convex and decreasing function.

15 9. The method according to claim 7 or 8§,
wherein the auxiliary variables bj, 5 and the estimated coding

information x are optimised in each iteration alternately,

wherein
. in the case that the auxiliary variables bj j are
20 optimized, the estimated coding information x is fixed,
and
J in the case that the estimated coding information x is

optimized, the auxiliary variables bj 5 are fixed.

25 10. The method according to any of the claims 7 to 9,
wherein the quadratic function dfwg,x,g) is solved using a
divide and conquer process for decomposing and recomposing

the quadratic function CD*(>_<, Yo k_)).

30 11. The method according to any of the claims 7 to 10,
wherein the estimated coding information xj § at the place

(i,3) in the picture array and Xj,j+1 at the place (i,j+1) in

the picture array is determined using the following formulas:



15 with an angle of 45 and a fourth direction being angled to the second
direction with an angle of 45are taken into account. 14. The net hod

accor di ngwoaebasm 13, 20 wherein a third direction first pomdes01/deoBé er ence
operator Dd + x and a fourth direction first order difference operator Dd
X are used, wherein the third direc%ion first order difference operator 25
Dd +x is determ ned according to the @ollomﬁng formula: Dd+x - (xi,] -
xi+l,j+l), and the fourth direction first order difference operator 30 D
1d,jx is termned aGLOLdi.ng £ ¢, tJ ollowng formula: d-x - (xi,j -
xi+|,j-1)Q%’ 0 /g692 15gET?SGgiTg€bg6 29 15. The -met hod according to any
of the clains 1 to 14, wherein the picture is encoded using a wavel et
transf or matij pn. 5 viG+ AT a@pjeﬁyﬁ,tjus yfioj+p)r,ocessi ng a digital picture
conprising picture points, wherein coding information is assigned to the
pi cture points, conprising a processing unit being adapted to performthe
foll ow ngwbtepsn applying an iterative filtering for at |east a part of

10 the picture points of the picture using a regularization function,
wherein in each ifegration, the filtering is perforned for two picture

poi nts resmgc#ive+g%ﬂaﬁd vher@in, Mhelregulari ¥at ion function includes a
termthat 15 ehdufeBifhe fidelity of the picture and a snoot hness

constraint. 17. A picture encoding device for encoding a digital picture
12. The method according to any of the claims 1 to 11,
10 wherein the first direction and the second direction are

perpendicular to each other.

13. The method according to claim 12,

wherein a third direction being angled to the first direction
15 with an angle of 45° and a fourth direction being angled to

the second direction with an angle of 45°are taken into

account.

14. The method according to claim 13,

20 wherein a third direction first order difference operator

Dggg and a fourth direction first order difference operator
4
pd7x are used, wherein
i,3=
] the third direction first order difference operator
25 Dggg is determined according to the following formula:
14
K: & — X .
Ddfx : (lJ l+Lj+l)’ and
1,3 .\/E
° the fourth direction first order difference operator
30 Dggg is determined according to the following formula:
-y - &3 = *iv1,5-1)

i,3% 7 2



conprising picture points, wherein coding information is 20 assigned to the
pi cture points, conprising - a picture encoding unit for encoding the

di gital pwotoamey261- a picture decoding unit for decodi ng trloa/sencoasd
picture, - a post-processing unit for post-processing the decoded 25
picture, the post-processing unit bei,ng adapted to perform the follow ng
steps: applying an iterative filtering for at |least a part of the picture
points of the picture using a regularization function, 30 wherein in each

| terati ong st gyt i L1 @LINadcs ASREOLL, o 4o chiGhure pOify s respect ively,

and wherein the regularization®function includés a-termthat ensures the
fidelity BPeEREN PR RIETE 4SSRBEPAMCSES IO RsHAPARE 35 WO 02/ 069261

PCT/ SQ01/ 6@886foBatlihn A pi cture decodi ng devi ce for decodi ng an encoded
digital picture conprising picture points, wherein coding information is
assigned to the picture points, conprising. 5 - _a picture decoding unit for
decodi ng the BRCIRRAFIIUS GPE, PTOCaS Hd -rddddsingiGhiEe feRMBdSingr ocessi ng
t he decodedictpretprintd, hevhpastnprodessiingdmmat-ibei hy asdapjred tteo paef orm
the foll oy pg, 52 6RSin ¢ APRIY, ?gsﬁﬂg!éeﬁf’éde‘é%_ifn'gl LREE“QTL% MadiRst o2 part

of 10 the glcture points of the picture using a regularization uncti on,

wher ei n i REBARHR | ¥ t3ldR"iPHeSFfPEering is performed for two picture
poi nts respectapeElyyingamd iterative filtering for at least a part of
10 the picture points of the picture using a regularization
function,
. wherein in each iteration, the filtering is performed

for two picture points respectively, and

. wherein the regularization function includes a term that
15 ensures the fidelity of the picture and a smoothness
constraint.

17. A picture encoding device for encoding a digital picture
comprising picture points, wherein coding information is
20 assigned to the picture points,

comprising

- a picture encoding unit for encoding the digital picture,

- a picture decoding unit for decoding the encoded picture,

- a post-processing unit for post-processing the decoded

25 picture, the post-processing unit being adapted to perform
the following steps:

. applying an iterative filtering for at least a part of
the picture points of the picture using a regularization
function,

30 e wherein in each iteration, the filtering is performed
for two picture points respectively, and

. wherein the regularization function includes a term that
ensures the fidelity of the picture and a smoothness
constraint.

35



wherein the regularization function includes a termthat 15 ensures

fidelity of the picture and a snoot hness constraint.
WO 02/069261 PCT/SG01/00036

10

15

30

18. A picture decoding device for decoding an encoded digital

picture comprising picture points, wherein coding information

is assigned to the picture points,

comprising
- a picture decoding unit for decoding the encoded picture,

- a post-processing unit for post-processing the decoded

picture, the post-processing unit being adapted to perform

the following steps:

applying an iterative filtering for at least a part of
the picture points of the picture using a regularization
function,

wherein in each iteration, the filtering is performed
for two picture points respectively, and

wherein the regularization function includes a term that
ensures the fidelity of the picture and a smoothness

constraint.

t he



