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'ARCHI TECTURE RELATED APPLI CATIONS - 5 This patent application is ¥2/ 8942985
U.S.. Patent ApPIOREEIEDN Serial No. 09/ 754,684, titled "Miltiptiresd:0884
Pyramd Filter,"” filed January 3, 2001, by Tinku Acharya, assigned to the

assi gnee of the present T@%Lﬁ@m$n and herein incorporated by reference.
BACKGROUND 10 This disc NSIPNAL BYR AMIBFLHRRIARCHEEGTURE i nage
processing. it is often desirable to deconpose an i nage, such as a scanned
color inmage, into two or nore separate inage representations. For exanple,"
a color or gray-_scal e docunent inmage can be deconposed into back=ground
and foreground L1 IDNSent i mage processing operations, such as
enhancenent 2 conpre55|on etc., as are at 15 tines applied in a typical

phot ocopyi ng nachi n@hisasotapplinatiotelsirelied dorU. 5 MPaert ABb 8% Hon $dHaPNo, %@Pfs@%k&” E
often referred to as a descreening operation. This descreening is al

sometimes  applitled“ioltiptisnesePyiahirang E@dtjﬁﬁ:ﬂ&r 1,h91, ﬂ?f!‘ nfetf 'A%ha r{%dq as%%cd to

ori ginal scanned inage. For ‘exanple, hese halftone pat erns

obj ecti onabl e detdsfigide D iR prdItHIBRR¥ES empved. - The .~
traditional approach for this decgrrpos{ldtl Iﬁegﬁﬁtg}co egagc%g’ﬁefrﬁﬁn?s to fil'tér 20

the color i magg;ﬂoxm@g}g@o blur.it. These blurred results are t hen used to

assist in determning now nuch to bl ur -and sharpen the imge in order to
produce th deconpﬂﬁ ABsyre’: t hi lurring can be achieved using a
synnetrrcqpyranrd" ; ?mﬂe%§Wﬁ%#P¥ EWf%Prﬂ finite inpulse response
(FIR) filters are Vﬁl e, di sadvant age of this imge processing
teghni-que, however, "Eagerﬁi?cefsﬁ’@ ‘t2'5°@?$‘rﬂ?}3‘é%h % despmposerasmagm puchak d seehasd a-
nunber of pyr Cg‘ll'd fllters of different sizes are applied in parallel in
order to generSRt¥ HAES e fé"’olﬂ"mfeﬁpiirﬁagegc repesapiptions foe examgiieizqoler asgrdy-

15/ 09/ 2005 )
_ scale document image can be decomposed into background and foreground images for

efficient image processing operations, such as enhancement, coxﬁoression, efc., as are at
15 | times applied in a typical photocopying maohirre or scanner device, In this context, this
operation is often referred to as a descreening operation. This descreening is also sometimes
applied to remove halftone patterns that may exist in an original scanned image. For
example, hese halftone patterns may cause objectionable artifacts for human eyes if not
prooerly removed. The traditional approach for this decomposition or descreening is to filter
the color image in order to blur it. These biurred resuits are then used to assist in
determin_ing' how much to blur and sharpen the image in order to produce the
'.dccomposi-tion. Typically this blurring can be achieved using a “symmetric pyramid” filter.
Symmetric pyrarﬁid finite impulse response (FIR) filters are well-known.
One disadvantage of this image processing technique, however, io that the
| 25 complexity increases many fold when a number of pyramid filters of different sizes are

applied in paralle! in order to generate multiple blurred images, to 2pply the technique as

1




WO 02/ 078182 PCT/ US02/ 06224 just described. A brute force appr oacg f%r ﬂ%%
frultiple pyramd filtering approach is to use multiple FIR filtk éoi r{
parallel, aswobustsngzed in FIG 1. Such an approach denonstrecesSazheae24 t he
design and i npl ementation of fast "symmetric pyramd filtering"
architectures to generate different blurred inmages in parallel froma

si ngl e source umgwcn’a@d-b%bmﬁorcabpm@ach forthiemulitplrarysanpd Slerirgdappigach is to use
parent hesis for each FIR block in FIG | represents the pyramd filter of
correspondi ng naritplh FIR-Gitere xapadllel, ag ipst@ied 1) FI§i. 4. Sheh 4ni dpprorchodseiofiftmies thas
for - a symetric pyramd finite inpul se response (FIR) filter of order or

| engt h 3. Li keuwhesdesighknd dnplementadion by fastreyhiétric ppbiidcfilesnitg” drcliiteatrestaR
pyramd filter of order 5, and so forth. Unfortunately, the approach

~ denonstrat ed igelﬁr@e diffeha$ bR MR id 9RsHel fiom a sitbl€yariRlifagd B teidediebly My
result fromredundant conputations. Likew se, FIR inplenentations -

frequently enpl oy hithb L ol S WA i ai ieAS t,
reduce or agoi d thmég&g?ﬁiﬂxﬂ l:Ejtg)tﬂnteprﬁrs‘mt\(‘\gsyllﬁc r%dsm\?mﬂ?ﬁlaéﬁnfl??nbﬁgﬁ%g}%n ng
circuitry, tha neresult in.inereased cloekin . .08
reduce circui ttpy ﬁgﬁ%%gﬂ?e’ﬁﬁfsﬁ%l’%“é‘é“ ,lcngf}hgr%g?%fn g’,le’ @X?Sgsaa%}g? ﬁFﬁ%&%?'%fma
pyramid filtering inplenentatiaons or architectures 5 BRI CRL PT, OF
e DRAW NGS. SR BETeRataras S iep BF iaroass Gt Bberaetor R dr SIEREE! o
claimed in the_concl udjng ortion of the specification., The clained

subj ect mat t er 3, hdhasgahe cosBdientsdor ag FIR gyamichilics af orgerch, awd 39d8tdt  oper ati on,
together with objects, features, and appendages thereof, may best be
~under stood by r ef er Unfoetundtely)the dpprdacvilempnsieesi in &80.dehws dispvantagaanBer r ead
wi‘tth the 20 acconpanying drawings in which: FIG | is a block diagram

il lustrating aetampie ileffidencyppy esaln frvm redupdantesrputgioas. fLikewiee, Floul se
response (FIR) nultiple pyramd filtering architecture; FIG 2 is one

 enbodi ment of gngleRehiERE FeQitally Eipiby BlikiphdreFsuiRy Mliedmplehiesthtions eMét to
02/ 078182 15/ 09/ 2005 PCT/ US02/ 06224

reduce or avoid the use of multipliers, such as with shifting and summing Cit_'cuitry, that may

then result in increased clocking and, hence, may reduce circuit through-put. A need,
therefore, exists for improving pyramid filtering implementations or architectures.
15 BRIEF DESCRIPTION OF THE DRAWINGS - |
Subject matter is particulariy pointed out and distinctly claimed in the concluding
. portion of the specification. The claimed subject matter, however, both as to organization
and method of operation, together with objebts,-features, and appendages thereof, may best
be understood by reference of the following detailed description when read with the
20 accompanying drawings in wh ich:l |
o ‘FIG. 1 is a block diagram illustrating a brute force approach to implementing a finite
impulse response (FIR) multiple pyramid filtering architecture;

FIG. 2 is one -embodiment of a2 one-dimensional multiplierless pyramid filter; -




FIG:3 is one enbodi ment of a two-dinensional pyramd filter architect X
FIG 4 . is a table/matrix showi ng an exanple of a matrix that n3a§/5§s}dé$05
from i npl eneMQ #0781%2wo- di nensi onal pyramid filter architect eca/ussradz2as
one that may be inplenmented by the enbodinment of FIG 3; 5 FIG 5 is a
tabl e/ matrix show ng an exanple of a two-di nensional signal that may be
oper ated upon by a ki3 &l%ﬁ@b@ﬁh@i‘mfﬁﬁ&ﬁ@ dinfensienaf pyazreidifitecarghisctu G 6 is a
tabl e/ matrix show ng .an exanple of applying a one-dinensional pyramd
filter kernel bot h"FIGV\A wis 8 éablgdmatoialsbowing s exampBle @f a thatrix thddtenayabsult fvax ri x - of
FIG 6 for k=9; 10 FIG 8 is a table/matrix show ng the result- of applying
a one-di nensi omaplerntiagt tvo-dimechsional pyrhfatel filevarcidfectare] sugh @8 orthatanaglbe i nput
signal sanple matrix; and FIG 9 is a table/matrix show ng. the result of

applying a Onem‘iblélﬁéhﬁdcbﬁl@{edﬂWoaﬁﬂeﬂtéﬂFIGeﬁ ‘to-the colums of a
t wo- di nensi onal i nput signal sanple matriXx. DETAI LED DESCRI PTION 15 In the

fol l ow ng detailed ﬂ@sﬂs'a%ﬂlé?ﬁatrﬂ%m Han ol df% t»@@ﬁﬁﬂ ﬁ{)glgﬁﬁt[haft Ry Be i N

order to provide a thorough understanding o t e claimed j ect matter.

rovever ' 11 W bl NP oM Rod 36l St Rute art that the

cl ai ned subj ect” matt e prac Flesé specifitc det ai, I's. n

ot her. i nstances t hod rocedur anponent.s_and _ci 1 cui ts
Ve not been deserB wavﬁ*‘)&ﬂ!ﬁgﬁ\ Sﬁ%ﬂ% PR L pRYng DU P ISR
cl ai med subje tt pr.evi y descri bed, pyramdfllterlng, in
particul ar, ftHngﬁ?mé bBSI)r’%‘Pﬁ“dse‘F‘ ICP f‘ﬁ“ﬁ?j'sc’rray be enpl oyed in connection
with color inmages or color inmge processing in order to deconpose or.
degcreen the |nageFl@l}’clhﬂﬁéabﬂ?{mémaotﬁﬁ@érf ;and foreground i mage, for
exanpl e. Al though the clainmed subject nmatter is not limted in scope in
this respedt, in 3FUD8024 @blesnarigsholGrdbe RBEES applying a one-dimensional pyramid

filter to the rows of a two-dimensional input signal sample matrix; and
FIG. 9 is 2 table/matrix showing the result of applying a one-dimensional pyramid
“filter to the columns of a two-dimensionat input signal sample matrix.

DETAILED DESCRIPTION

15 In t!w following detailed description, numerous specific details are set forth in order R
to provide a thorough understanding of the claﬁmed subjcﬁt matter. However, it _will be
understood by ,t-hos;: skilled in the art that the claimed subject matter may be practiced

without these specific details. In other fnstances; well-known methods, procédures,'
| componeénts and circuits have:-not been described in detail in order so as notto obscure thg
| 20 claimed sﬁbjcct maf;er. |
As previously described, pyramid ﬁltering, in particular, symmetric pyrarﬁid
filtering, may be employed in connection with color images or color image processing in
order to decompoﬁe or descreen the image, such as into a background and foreground image,
for example. Although the plaimcd s_ubject..mattcr is not limited in scope in this respect, in
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PCT/ US02/ 06224 .such a context, pyramd filtering architectures th?B redu&g
‘conmput ati onal conplexity or processing and/ or hardware cost arel 5/09/20
- particul arly vwesetwaidze. Li kewi se, inplenentations that are nedwiupizesizess,
that is do not specifically enploy multiplication in the inplenentation,
are also desirable usually because such inplenentations_or enbodinents are
cheaper to 5 i sqeherventxt pyemidHitssng sraliitectupss that wsrudegempiaational qmnlexdy or
circuits. Although the clained scope is not linmted in scope in this _
respect, FlG pgrockdsingaidibRrdwarerdsate patitul@faiesfabl. diewitenprpénmatatiopythaini d
filter, such as described in nore detail in aforenmentioned U S. Patent

Appl i cation Sepjedhulfilerid9/tifp s L8t spetifit&N emyldytmyMipiationds theRyplmedtaton, teer , "
by T. Acharya (attorney docket no. 042390. P10722), filed on January 3, to

2001. Embodi megi, 0860 MRl -%a%e@ﬁ'&hﬁh@f&n%aﬁ&ﬁlo} ShbRFRertS&E ahRPersy ML r'i.C
pyramd filtering architecture to generate a nultiple nunber of filtered

output signal frﬁ;glglﬁ%g tlgagﬁho%e %h%?érﬁﬁ?y ?rr inlﬁg&%ﬂﬁﬁiepéiro‘aﬁf.am d filters having

di fferent ofders; neration o he output® signal streams occurring in
parallel. In this particul.ar,enbodi nent, .al.though ' ' R
P abect matter 1 nakioh e Rrs R no R P e AR Ropdcf o Rl
signal stream 15 is produced on every,clock cycle for each.pyramd filter
of a diff e.r-entaTb?’H'éqd?’B%'ltﬁao P@ﬁﬂ'@?@ﬂ?’b‘f&“aw&aﬁ‘@¥§l‘@: s“Flhasa% 'rfqgﬁr‘ln ?‘8ret98€|aﬂéf1
conputational ly efficient, this particul ar enbodi nent produces. good
results in teraoresfentioned ihhFatent XEM@W,S%B' Ny 89/73,&84y titlgd, dvlulplisgless; pj s
particul ar enbodi nent inplenents a one-dinensional. pyramd filter. FIG 2
is yunder st ood PyramiiFittarittextt. Ashargptomeydasketapi WA390FAYP 7R ke en Jammary dput 20
source signal, X, nmay be designated as follows: X = (x0, xE, ..., x,.2, X.
., Xi, X+l 10 Xi 2001, Embolliment 200goiniseaa ualified mettiplisilaynedscaded syasmetrig pyrhmidt er i ng
may be expressed as a convolution, (r), of the input signal, X and .a .

Cfilter, F, in fildrhg@RiRiteotire @ ghhérated miéltiple RimbYr of fildrédoutRit gighal streaisforad to
here as a finite inpulse response (FIR) filter. Therefore, the filtered
out put si gnal __ seriQeb ABI S pyrabdi S AR ﬁaJiMiﬁ&Erﬁ@nﬁ?s, thkE@PﬁioF of the output
| - signal streams occurring in parallel. In this particular ehlbodiment, although, again, the
claimed subject matter is not limited in scope in this respect, a filtered output signal stream
15 - is produced on every clock pycle for each pyramid filter of a different order being
| implemerited. Therefore, iﬁ addition to being computationally efficient, fhis particular
~ embodiment produces good results in terms of throughput. However, as previously
indicated, this particular embodiment implements a one-dimensional pyramid ﬁlter..
FIG. 2. is understood in the context of specific notation. For example, an input
zﬁ “source sigf:a_l, X, may be designatc;,d as follows: |
X = (X0, Xty «vn s Xi2y Xicls Xy Xitly Xit2, +202)
In digital or discrete signal processing, filtering may be expressed as a convolution,

®, of the input signal, X, and a filter, F, in this context a digital filter of finite length,

~ referred to here as a finite impulse response (FIR) filter. Therefore, the filtered output signal
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15/ 09/ 2005 PCT/ US02/ 06224 Y=XOF As previ ously described, the par |_ar
-enbodiment in FIG 2 enploys pyramd filters. These filters areh@%@gglaqpf’
i npl enent ed VBOOgoBigi tal filters of lengths or orders that 5Spewesm@ezzisuch
as 3, 5, 7, 9, etc. Odd nunbers or orders, in this context, nmay be
expressed in the form2N1, where Nis a positive integer greater than two,
for exanpl e. Sotrearelsanptais asdbllossch digital filters are as foll ows: F~

(1, 2, 1) F5=(1,2,3,2, 1) 10 F7=(1,2,3,4,3,2,1) F9=(1,2,3,4,5,4,3,2, 1)
FM— (3, 2,3, ... , N ..., 3 2, )Y@ ® in this context, M= 2N-1)"
For the foregm ng filters, the flltered out put signals or output si gnal

streans may be 15 AeprfREl@ekcASed @b bawbilarREbadihchl h FIG. TorfloppyRiok -
b 13 b,3, b,+13, ....) result of input signal X filtered by F3 B5 = X 0

= (boy, bil5s k
f : I t ered by st gars B’%’h%‘ef&évs ake (?ptceﬁl Tﬁllglemcntcd dsideEit a'i fiftdes bﬂ%ﬁ}hssdrgﬂﬁ s thfat )

155 6,0 g ch%‘s%ﬁ*%?ngﬁ n@%ﬁwﬁgﬁ'ﬁﬁﬁéﬁﬁﬁm Hegpsribie

Bl T TR R R g b ip gy Dy forcample Sond e

of such digital fi ltels are as follows:
Fy =.(1, 2,1
D | F=(1,2,3,2,1)
10 F=(1,2,3,4321)

F9 = (11 2: 3) 4: 5, 4: 3: 2: 1)

Fu =(1,2,3,...,N,...,3,2, 1) {where, in this context, M = 2N-1)
For the foregoing filters, the filtered output signals or output signal streams may be
15 represented as follows: - _
B’ =X ® F3=(bo>, b’ ..., bir®, b, bist®, ...)  result of input signal X ﬁltered
by F;

B*’=X® Fs=(bo’, bi’, ..., b’ b, bier, ...)  result of input signal X filtered

By Fs
20 ‘{ ® F7 {be', b| s en s Bt s b7, b, ) result.of input signal X filtered .
by F7 |
=X @ Fo=(bo’, b, ... biu" b, biui®, ...)  result of input signa X filtered

by Fg




An alternate way to enpirically represent these filtered output S|g s

‘sanples is as 5 follows: 3= bi lii-1 + 2 xi + x1+41 b,5 = 1550 /|20+05
3Xi + 2xi +i AWRRPTEEZ = x1.3 + 2xi.2 + 3xi.1 + 4xi + 3xi +l +P?,auusﬁzmrzx4 +3
9 =+ 2x i-3 +4x 1.1 +4x + + + bi Xi-4 ~-3 3xi-- i-1 Sxi i+~ 3?2+1+2 2Xi +3

Xi +4 10 Li kew se, by introducing what is referred to, in this context, as
state variabl es, the above expressions may be re-expressed as foll ows:

b, 3=X1 +S3, where S3=Xi | +Xi +Xi +| bi 5= b, 3+s3, where s15xi.2+x1.1 +xi +xi +1
#xi +2 b17 = bi 5 + sBY=XvBeFe=%po"sbl .3, br'¥bM2biXi..)  reslt ofinpgt signel Xxi +2 +
Xi+3 is big= bl7+s9, where si9=xi..|+xi.3+Xi.2+XL. 1+X| +Xi +l +X1+2+Xi +3+Xi +4
Hence, the desifiteetdpyFam d filter may be expressed as follows: B3 X + S3 ,

vvhere S3 =(S03, s, 523, ..., si-!3, Si3, si+l3, ...) Bs= B3 + S5, where

(spy, S1 5, S2Analternate walytd edipiritally repra‘@hn'til’fcse ﬁlteréd &Rptﬁ&tgnﬁzammmﬁes S7=
(SO? $17, s27, ..., S1.17, Si7, 51+17, ...) 20 B9 = B7 + S9 , where S9 =
(S09, S19, $29foliows;y 61.19 , s9, si+19 , ...) A study of FIG 2 illustrates

t hat the conputed output signal streans,-B3, B5 B7, B9, etc. of the
pyramd filters shogvn_hn .Eb,@.,.,? are pr oduced by the enbodi ment illustrated.
The previous di scussion of pyramd filters occurs in the context of

one-di nensional filterin ver | east in part to the symetric.
_nature of such fil t!érsg‘"t‘?‘?”"ég‘;g%éi ’%’t'q‘%{?a 6 WO 02/ 078182 15/ 09/ 2005

PCT/ US02/ 06224 i npl efrent r dt [ 4,0nal filtering instead of
conmputing in a row Sé 'h"g%‘tz 3\.;-&'\8,,93,%, >..+2 Xi+3

} bi = Xig + 2Xi3 + 3Xi2 F 44X F 5K F 4Xer + I + 2Xp3 F Xiwg
10 Likewise, by introducing what is referred to, in this context, as state variables, the
above expressions may be re-expressed as follows:
b =x;+s , where Se=X F X+ Xi+]
bis = b? -+ sis , where Sis = Xz + X F Xi F Xiet T N2
b = b’ +5;7, where s =xp3 + Xpa + Xip F X; + i F Xiez + Xiea
ISI b = b + sig , where s = Xig+ xi.;; F Xja F X X+ Xiep + Xpa F X3 T Xing
Hence, the desired pyramid filter may be expressed as follows:
B*=X+ S;, where S3 = (503, sf, 5'23, . si.;:*, se, si+|3 s eee}
B’= B’+ S5, where Ss=(s¢°, $17, 5271 vees Si1> s S0 s Sttt -2
B'= B’ +S;, where S7=(50", 517,52 » vees Sict 5 i 5 Sitl 5 ++2)
20 . B’=B"+ S¢ , where Sgl= (509, 5;9, 539, veey s;..g, 89, s;+;9, .
| A study of FIG.2 il[tlstratcs that the computed output signal streams, B3, Bs, B4, B,
etc. of the -pytamid filters shown in FIG. 2 are produced by the embodiment iflustrated.

The previous discussion of pyramid filters occurs in the context of one-dimensional

filtering; however, due at least in part to the symmetric nature of such filtess, it is possible to
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col um-w se one-di nensi onal fashion that enpl oys extra conput atlonz 1}228
1f we represent t he one-dinensional k -tap pyramd filter as F, h5 09 @5
. k21 3WYWOPMBIELrresponding two dinensional pyranid fileerusimeeibe
derived as shown in FIG 6 In FIG 7, we have shown the two- di nensional
pyramd filter kernel for : Assum ng a_two-di nensional_ input signal,

e.g, signal sé’i‘i’ﬁ‘eg@“twlﬁﬁ”‘t'ﬁéwﬂﬁ?%l gH@Wﬁ instpatpionputing iga gwivgseand ab| e
illustrating a matrix that may result, here a two-dinensional filtered

si gnal - sanpl e Ge]t“mﬁtW1ﬁ*mfi€rd(m€IB!Cmal fashiion thitienlployhextracompuetitinaabitepadf we nput-
signal sanple matrix is filtered using two-dinensional pyramd filter 10
kernel F,,,,, repréast thetneidimsisonal & raghy@mis filrenyasr esult from applying a
one-di nmensional k-tap pyramd filter in every row of the two-di nmensional

I nput si gnal sarrp matrlx apdithe matrilx shown in FIG 9 may result from
appl ying a one-tiTiEgnst ohal™" k=gap "pyPari d]f‘?‘??‘@Wsﬂqfidmé\?"e??m@aﬁ@ﬂ?hp}ﬁ@mldhe

t wo- di nensi onal i nput S|gnal sanple matriz. The matrix in FIG 4 may 15
resul t fromap hg gthet - dj mensi onal tap filter to the two
di-mensi onal ° g &g'ﬁ%)f peaas sReWR o 6?’ 6 a{FtF atEheephow thedyor esul t
from appl yi ng t he  one-di mensional k-tap pyranid filter row wi se and then
fol  owed by cobinensivtiat gyrabitpfilyer Rernélfork=9pAssoRiR alt@odan@kRha ihiut §igidd.g51 gnal

sanpl es outputs PI"3, P3i '., and P3, produces: “the fol | ow. ng rel.ationshi ps:
20 I1x3 _-Pr.1 sigsdl damplesihadig the fm%'shéw‘d infBiGs, FIC§|4:iaiabl*égﬁﬁstr&tni’g%&atﬁ'lthﬁt
1-1,10 + 2sr.fa + 4sr.1 + 2sr./+1 + s, +l.1-1 + 2sr+1.1 + 51+1,1+1 Pr.1 3 =

Sr -1.1-1 +251- l%ay redult, here a two-dimensional filtered signal sample output matrix, P | in which the
two dimensional input signal sample matrix is filtered using two-dimensional p};ramid filter

10 kemel F,,.

The matrix shown in FIG. 8 may'result from applying a one-dimensional k-tap
. pyramid filter in every row of the twe-d imehsional input signal sample matrix and the
matrix shown fn FIG. 9 m'ay result froﬁ applying a one-dimensional k-tap pyramid filter in
every column of the two-dimensional input eignall semple matriz. The matrix in FIG. 4 may
15 . result from applying the two-diméﬁsi_ohal kxk) tap ﬁlter to the two di:ﬁensional input
 signal sample matrix or, alternatively}, it rriay result from applying the one-dimensional k-tap
' pyrarﬁid filter ‘fow-v;'ise and then followed by coiumn-wise. Applying this approacﬁ to - |
generate filtered signal samples outputs P, P, and P*<, produces the followiﬁg '
relationships: |

20

123
P,_ = 8yt +2s +s,1,,,

3xt
Py =5, ._s,j+s£+,]

3x3 _ : Lo )
By S S F S ¥ S g ¥ 28 RS DS F S i 28y T S g
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WD 0-210 78 1 8 2 15/09/2005 PCTIUS02106224 Likew se, generati gﬁ,‘{)fi |t ered
signal sanples outputs Pt"5, P5"t, and P55, produces the . foll 689 2005
rel ati onshi psWOBROf8182 = 51-2 1 + 2s j-t.1 + 3s;.1 + 2s, +t.i +PSrARe2lecRLXi
s,.1-t +2sj.1.1 + 3s,., + 2s,.1+1 + Sl1.1+2 +2sw_,, +3s,-,+25g " +(2s,
2+4ss +6s, +4s,-tj.,2s,,j.,)+ '(3511 2+6sfj, +9s,1 t6sl. 1 +3s./,) f

(si +af - z+4s, . |, , +Odkikewiag genermting Gltered yignal samplesauputs Tt B, angl B5/°, prodses the . 2)
Mat hemat i cal mani pul ati on of these equations produces the followi ng result:
Pl xs PSxt +P, xsfollowigrélgii@ship3x3 +P3x3 $1° |.' ~ t.1 -.1 ) t.|_t 1-1.1+1
41.1-1 i+111+41 - 1,] J Equation [11 above illustrates that a direct

t wo- di nensional pyrgmad filter, architecture, of order 2N-1, in this case
where N is three, y pot ﬁ"ﬁﬁi"glsi'y%jév"i%%f'é-ﬁé’rft*efd usi ng either four 10

t wo- di nensi onal pyram d filters of order [2(N-1)-1) or one two-di nensional
pyramd filter of ogggr [2(N-1)- 11 using four signal sanple matrices P,'~
L, Pi3i WL PR+ Fu- = =Supa ¥E5¢m i) Ted.ofiévei nensi onal pyranid filters
of order 2N-1, here roww se and colum-wi se, in this exanple. FIG 3 is a
schematic diagram jpsklLpstrgting, su an_e ir , t hpugh,, of , cour se,
the clai meq subj ect#}rra ’f‘é*r&lt’“ ?ﬁ%‘t"’ |"'r’ri"9 éﬂ’E})ﬁg?g%g}é”T%l‘Yﬁ%?”b#a'ﬁ 42Ul ar ,

i npl ement at’i on or . 15 ‘@yhoti,nent +6LoF3sa)alR), o4 hecsqapul +3i.90al sanpl es -

correspondi ng to those produced by ' four two-dinensional pyramid filters of

order 2(N-1)-1, here ofggr+2tdyh eyt g3 three,” may not necessarily be
produced by two-di nensional pyramd filters. As just one exanple, . these

Sugh fiTter i RO BanptRlRYEREs e RaR Pl Bl rassBiches o
produci ng the output signals for ‘
| By = B+ B+ (R + P + P+ PG) =y (1]
Equation [‘l] above i !lusfratcs that_ a di;e_ct two-dimensional pyramid filter arﬁhitccturc
of erder 2N-1, in thi.; case wﬁ-érc Nis thr;-.c; mlay potentially bé implemented using either four
10 two-dimensional pyramid filters .c')f ordcr. [2(N=‘.-l').-1]. or one two-dimensional pyramid-ﬂltcr of
order [2(N-1)-1] using four signal sample mafrices P s Bl Bty Py and two
one-dimensional .pyrémid fi [t:r; ofdrder _?.N-l, here row-wise and column~Wisc, in this
example. FIG.3 is a schematic-diagramAi.ll_ust.rating such an embodiment, although, of course,
) : the claimed sﬁbje& niatter is not-l_im.itt.ad:in scope to this particular irn'plernentgtion ér |
15 | embodiment. For example, the outpurt signal samples corresponding to thosé produéed by
four two—dimension;l pyramid filters o.f order 2('N-1)-1, here order three where N is tfujec,(
rﬁay not nccessarily'b;: ﬁroduéed by tv;odAimensionaI ﬁﬁamid filters. As just oﬁe example, .
these output signals may be produced using one-dimensional pyramid filters. One such filter
 is shown in FIG. 72., éithough, agﬁin, ad&itiona! approaches to producing the output signa_ls for.

20 the architecture shown in FIG. 3 may also be employed.
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20 the architecture shown in FIG 3 may al so be enployed. B WO %?631/82
'15/09/ 2005 PCII US02106224 FIG 3 illustrates an integrated cir /@005
300,. al t hough), SHOESt se, alternative enbodinents may not neR@BESIZIGIRibe

i npl emented on a single integrated circuit chip. 1C 300 includes a

two-di nensional pyramd fiilter architecture of _.an order 2N-1, where Nis a
positive integer gr gg‘lf‘g’r’h‘fsﬁﬁtﬁs ?ergﬁéqdé’“fwr@@f 3%?@%%-°§F%’f?s?'&ﬁ%“"pyr anid
filter 5 architecture of order 2N-1, or-order five here, in operation, is
capabl e of pr o&ia‘g?‘hlﬁl:emaﬁwy persesstariebecimpiaietpd pa single integrajed ¢ifpuitebipl Ewi ng.
Pyram d filtered output signals are produced corresponding to output

si gnal s pr oducéf0 gludeir wiselimensionali pyramid Giferanghifectirt o rédfr 2% tlevhere2Wisla
again, five in this exanple where Nis three, 330 and 340 in FIG 3.

Pyram d filt er eebitiveunioger gesignthbs tven; beraltiwee. Tihtsdwodimansional pyeandd filert 0 out put
signals produced either by four 10 two-di nensional pyramd filters or one

t wo- di-mensi ®nakrcpiyactme of ader ONelie br fraédNiveipre; inbperation, iskaR®id¥produriigod N is
three, using signal sanple matrices p,3,3 r , P,Ui P+ Ai , P+ i These

out put. -si gnal sreapeetiseisToakcbyklys, adeat the ¥l owing [Peramid ﬁitérl‘c?t‘!ﬂtﬁﬁ sighfS afepRABEdd Ve

output signals in this two dinensional pyramd filter architecture :

- i.npl ement at i ONgorieBpdnbifig th HhR @EH&I@H{)Q&&H ?Eﬂocbne-%ﬁméngfonﬁﬁgali@ Eitérjg %T QLpu

signals of 310, 330 and 340, are summe on respectiv ock cycles of
the two di nensQNaheaRY Eodinhif by NG r ard dn EBLG 3.
O course, FIG 3 igs | u'st non'e ’f)o éei' ﬁ%gggg%ﬁ%’eﬁgfap%% |'ﬁﬁg¥ég¥y§%@gr¢h§ﬁ8 t he
cl-ai med subj ec ] J l.im.ted in scqope tqg thi,s or, tq apother
pagticul ar i n%ﬁtl;emnélgﬁg {argﬁegérggucézgg%?s ,"di[fgiqgo'r%'ft sjefiafs proguse qtﬁ?’é’e‘g%’ur
Li kew se, }ohe (g%r m d.%)%%ﬁ& But put signals ,L 20 that,K corr esg)ond t 0 out put
si gnal s pr oduced ByeR fillers RupneRyPAimasiondl pupmig of osder 2N-hitdart o
bei ng i npl emented by one-di mensional pyramd filters or to two-dinensional
pyranid filt erthree hekeviesell isthrepsusing sigohhsampldineariced £21f,, 78, diPTEns PA .
filters are enployed, then the filters are not limted to the
i mpl ement a.t | OPTHRRIYUBHE B ARSHE LidGfled B) RO T RIEIG05 SPikewise, the respective output
signals in this two dimensional pyramid filter architecture implementation, in the
implementation in FIG. 3, for example, the output signals of 310, 330 and 340, are summed
15 on respective clock cycles of the two dimensional pyramid filter architecture, by adder 320
~ InFIG. 3. Ofcourse, FIG. 3 is just one possible example of an implementation and the
claimed subject matter is not limited in scope to this or to another particular
- implementét’ion'.
For example, N is not limited to three. Likewise, the pyramid filtered output signals
20 - that correspond to output signals produced by a two-dimensional pyramid filter are not
I_imited to being implemented by one-dimensional pyramid filters or to two-dimensional
pyramid fiiters. Likewise, as previously indicated, if one-dimensional filters are employed,

then the filters are not limited to the implementation approach described in aforementioned

U.S. Patent App‘l-icaﬁcm Seriai No. 09/754,684, titled “Multiplierless Pyramid Filter,” filed




U S.-Patent Application Serial No. 09/754,684, titled "Miltipli er%/e(ié
‘Pyramd Filter," filed 9 WO 02/078182 15/09/ 2005 PCT/ USCR106224 /4 4%9%5
2001, by Ti nR¥OAYHEI82a. For exanpl e, one-di nensi onal pyram d #¢T/UsReciher
than multiplierless pyramd filters may be enpl oyed. Likew se, depending on
the inplenentation, different nunbers of such pyramd filters _and

di fferent or defagusy 35008, bylinlandcharyal Fayexamaly. ess-dimensopd pyrapdd fikscambee, t he
out put signals may be conbined or 5 processed in a way to produce pyramd
filtered out puthasinghiplisriess pyramjddrttrsrgaxt e emplayad. dlikéwibe, depsading on thef f er ent
nunber, di nmension, or order. It wll, of course, be understood that,

al t hough part i imglanengatipodifieadtswindere of sieh pyrbe@ifiittessand diffecknt dldersiofimeht i on i s
not limted in scope to a particular enbodi ment or inplenentation. For
exanpl e, one ephafidiiets fi@)belemployed|aF 6 eRdrple, WS sigidd ey bd Rmdied o ment
may be in software. Likew se, an enbodinent may be in firmare, or any

conbi nat i ons of proadssbaas & wa$ & frd@ice pyRimill FItE@S RputsRhal SXRRB R dink 1K SRR
al though the ‘inventionis not limted in scope in this respect, one

~enbodi ment MG Fiffedit ndfbbiChifensiot SPosy, @ Storage medium Such.a
storage nedium such as, for exanple, a CD or a disk, may have stored

t h‘?r eon instructi Oqts\iviilm?f c%ﬂrs%%rﬁnsgrgtg&} t%g BM]OQOhZ‘ya% em' cn%H&cﬁ'm?n%s f?av%5ust
conputer systemor platform ‘or an Tmagi ng system Tor exanple, nay result
in an enbodi nent ,of .a nethod in.accordance with the present. invention
" being execut PSR dreFFiGRd, e AVENHSA AT FREMTIGH TLSoPRA R adgedier SpimEg! G
processi ng an i nmage or. video, for exanple, as reviously described. For
exgnpl e, an i IRGEMSAIGERS SoR§xaRME: PBS FRbAdIRENT mgf Hhapshvsece whietees anglist em may
include an inmage processing unit, a video or inage input/output device
and/ or  20t0reeBtbpdimant inay kedn seftwiart.chikewise an embodimentymay tbe dmiimawase,oe eny
illustrated and described herein, many nodifications, substitutions,
changes and egoinbihiort of haidwiarensoftvees; or fitnoward)derexaivple) Biftewise, altheughrtbe 1t i s,
therefore, to be, understood that the appended clains are intended to cover
invention is not limited in scope in this respect, one embodiment may comprise an article,
such as a storage medium. Such a storage medium, such as, for example, a CD-ROM, or 2
disk, may have stored thereon instructions, which when executed by a system, suchas a
15 computer system or platform, or an imaging system, for example, may result in an
embodiment of a-method in accordance with the present invention being executed, such as
. an embodiment of a method of filtering or processing an image or video, for example, as
previously described. For example, .an image processing platform or an imaging processing
system may include an image processing unit, a video or image input/output device and/or
20 memory.
While certain features of the invention have been illustrated and described herein,
many modifications, substitutions, changes and equivalents will now occur to those skilled
in the art. It is, therefore, to be understood that the appended claims are intended to cover

all such modifications and changes as fall within the true spirit of the invention.
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all such nodifications and changes as fall within the true spi rit Zhgt
i nvention. 10 15/09/2005 Clains Wat is clainmed is: 1. An integr % _ 005
circuit conprising: a two dinmensional pyramd filter architecture of an
order 2N-1 to receive input signals, where Nis a positive integer greater
than two; the two-dinensional pyramd filter architecture of order 2N 1

i ncl udi ng; one-di-nmensional pyramd fi|GQlaims of order 2N-1; and a first
sumer circuit; a second sumrer circuit; said two di nmensional pyramd
filter a .qugéjﬂfe&iggf order 2N-1, in operation, capable of producing, on
. respective clock cycles, at least the followng: pyramd filtered out put

" signal s correspondi - i | s produced by two one-di nensional
pyram d fil teis%fntggﬁc%ﬁ&a@fg?pyram d filtered output signal

correspondi ng to an, ouf put sjgnal ptoduce supmni i le matrices
of order iﬁWﬂéWWWﬁW@W@[ﬁ%@&W‘? &Pﬁf@ﬁgkg“p‘g@ﬁ%@%r ani d
filtered output signals in said two dinensional pyramd filter

ar chi t ecsignals.avhere Nrisa gogitive integsr AT SaniEP: circuit on respective cl ock
cycles of said two dinensional pyramd filter architecture. 2. The
.integrated ci teuiwo-difendianalpiramid filted architectire off arder 2 ingludiagin t he si gnal
sanple matrices conprise 3x9 1_ P3x3 Psi r+t,,j-1"' i+t,J+t' 3. The

integrated circyhd.dRhenSlofhlPytamidiTitcpd oF craérdNeDeard Mensi onal pyramid filters
conprise a sequence of scalable cascaded nultiplierless operational units,

each of said Ifaﬁ?étg%?n%parcuit;

a second summer circuit;

said two dimensional pyramid filter architecture of order 2N-1, in operation, capable
of producing, on respective clock cycles, at least the following:
pyramid filtered output signals corresponding to output signals produced by two
one-dimensional pyramid filters of order 2N-1; and |
a pyramid filtered output signal corresponding to an output signal produced
summing signal sample matrices of order in the first summer circuit;
wherein the respective pyramid filtered output signals in said two dimensional
pyramid filter architecture are summe& By the second summer circuit on respective clock
cycles of said two dimensional pyramid filter architecture.

2. The integrated circuit of claim 1, wherein N is three; and

3x3 3x3

wherein the signal sample matrices comprise P:f,;_i , P:_xf' v Pt Pogsa
3. The integrated circuit of claim 1, wherein said one-dimensional pyramid filters

comprise a sequence of scalable cascaded multiplierless operational units, each of said

i
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operational units capable of producing a different order pyramd filtere
out put signal sanple stream 4. The integrated circuit of clai rﬁé,/{)w&(gpﬁ
~said one-dinensional pyramd filters conprise other than one-dinensional
multiplierless pyramd filters. 5. The integrated circuit of claim1,
wherein the pyramd filtered output signals produced by a plurality of
one- di mengi -l@saggg' ' iAé & dETeReh ofdbr pyratiid filtered @utput signadi onal
pyramd 1?’? r?g(r?ﬂsalg%ﬁ or g?lé'l?ﬁf?%gﬁc‘%g The int egrg%/red circuit of claimb,
wherein, of the eight one-dinensional pyramd filters of order three, four
are appl isgﬂplﬁ?&f%l'se and four are applied colum wise. 7. A nethod of
filtering an image, using, a two-dj mensi onal amd fil. o)cll ture of
order 2N-1, wHeflhe itqggated ‘BH%‘i‘ttqf\‘/'k‘“in &gsﬁmg%i%er &IWQ%B&\[}\SYEELH@@@\%

di mensional pyramd filter architecture of order 2N-1 including

one- di nemsmprisd othgrrihari eherdimensignad mutiplierlesapyramidfilietset hod conpri si ng:

summ ng, on respective clock cycles of said two dinensional pyramd filter
~architecture, st1me intdgrovd ciecuitfictaiind , Wheteirr thel pyrsipd filtstedrosipyt signale spondi ng
-to output signals produced by two one- dinensional pyramd filters of order

2N-1; an %rc@igﬁ%ﬁ%ﬂé ﬂ]ﬂu&dﬁt& 8 Siib-AtHeAsibnA ggmiid FlrefsQePprodi i Hyeigtensunmat i on

of signa trices of order. 8 The nethod of claim 7, wherein Nis

three; and x 3x3, 3 i signal sanple matrices conprise pl_1 ,
Pi-1, j +ﬁ'@e%f%ﬁ%nﬁfe%§€%d€{th%%ﬁé met hod of claim 7, wherein said
one-di nensional _pyramd filter fo ise |2 g. / 09/ %005 a seguence of

scal abl e cascidEef winerat ?‘Er“i‘té§§ @%&’E‘?@%P gﬁieﬁ T ofe dnetist ﬁ% d
operational units capabl e of produci_gg a different order, pyri';\m' d filtered
.out put  sipyraatid Elensiof order dues, four are applied row-wise and four are applied column-

wise.

7. A method of filtering an image using a two-dimensional pyramid filter
architecture of order 2N-1, where N is a positive integer greater than two, the two-
dimensional pyramid filter architecture of order 2N-1 including one-dimensional pyramid
filters of order 2N-1, said method comprising:

summing, on respective clock cycles of said two dimensional pyramid filter
architecture, the following:

pyramid filtered output signals corresponding to output signals produced by two one-
dimensional pyramid filters of order 2N-1; and

2 pyramid filtered output signal corresponding to the summation of signal sample
ma;n'ces of order.

8. The method of claim 7, wherein N is three; and
Ix3 Ax3

. . . . 3x3 353
wherein the signal sample matrices comprise P s P\ .10 Pt r Puyju

9. The method of claim 7, wherein said one-dimensional pyramid filters comprise
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10. An article conprising: a storage nedium said storage nedi um havi ng

stored thereon instructions, that when executed result in fil tdr5ﬁ@98(r2005

i mge usi-ng a two- dinmensional pyramd filter architecture of order 2N 1,

~-the two-dinmensional pyramd filter architecture of order 2N-1 including

one-di mensi onal pyramd filters of order 2N-1; where Nis a positive

| nteger grsgcg&eﬁ e 5%5‘&15%@?5\:?3% Iﬁﬁ'l'ﬁp'ﬁ&j!hss rhiesabGiitsy eachlofedd opabBenabf sai d
na [ architec

two di nensi pyram ter ure, the foll ow ng: pyramd

filtered output, signal,s .corr ondi i Sl S two
one- di n¥ALS 8"!‘?3]?1‘3 ﬁgP%?ﬂPﬁ% ialdfe@%gnqé’f&]eg ﬁ@g@@gﬁgﬁgk@g%ﬂgﬁg iﬁledtmgr ed

out put signal corresponding to the su tion.of signal, sanpl. ri ces of
order. 11. ThdOghn P’Eﬁ%@ OMIEISEISH? iﬁ{agﬁm&}rﬁsﬂgﬁg’mﬁ%ﬂ’é@ ﬁgvlﬁﬁ%trgge?n sanpl e
-matrices 3x3 3x3 3x3 3x3 conprise Pr-~,-r , P~-~ ~+1 P-*~, | 3 P~+2,;+1 12.
The arti theseonfinsthations] that when executcd irebultie fillpring a1 HrEP WPPBATE fil ters
conprise a sequence of scal able cascaded nultiplierless operational units,
each of gahehsRRET Fyrimiwdlte AtchiestaRalfionler RNpt, dhieivordinmnsivhsl gyesmid dilige r
pyram d filtered output signal sanple stream 13. An image processing

system Cibcii%s offer REOHBHBLATEI GHehiiirlal brallid FRErs S€a/IPINI O | RGeS,

and a sumier circult, 05 sal d 1 mage processing unit including

at | east one two-di nensi 1%Eal F#frriﬁl d‘PJi 53 er architecture; said at |east
“one two- & i hBYSIXe IfeRe PRI P ect ure conprising: . a
two-di nensional pyramd filter architecture of an qrder . 1, where Nis a
posi tive iﬁmwg,gné@p@hwwmk%?wéﬁ@"{m@m@ﬂg? Mﬂﬂt}é%}ﬁﬁ d filter
-architecture of order

architecture, the following:

pyramid filtered output signals corresponding to output signals produced by two one-
dimensional pyramid filters of order 2N-1; and

a pyramid filtered output signal corresponding to the summation of signal sample
matrices of order. |

11. The article of claim 10, wherein N is three; and wherein sample matrices

. Ax3 3x3 3x3 3Ix3
COImprise P i-1j-1? P f=1,741° P 1,1 ? P Bl

12. The article of claim 10, wherein said one-dimensional pyramid filters
comprise a sequence of scalable cascaded multiplierless operational units, each of said
- operational units capable of producing a different order pyramid filtered output signal
sample stream.
13. An image processing system comprising;
an image processing unit to filter scanned color images; and

a summer circuit;




2N-1 including one-di mensional pyramd filters of order 2N-1; saj
di mensi onal pyramd filter architecture of order 2N-1, in operaﬂgﬁbwzoof’
capabl e of producing, on respective clock cycles, at |east the foll ow ng:
pyram d filtered output signals corresponding to output signals produced by
two one-di nensional pyramd filters of order 2N-1; and a pyramd filtered

out put  si gnayy iﬁﬁ%é Frobaenlb Mgt i i dige susaRbAONodinehgjomd] pymanip fitenrat r i ces of
order; wherelin the respective pyramd filtered output signals in said two
di mansionalhé} ramd filter architecture are sunmed by the sunmmer circuit

on respedlt ®ck cycles of said two di mensional pyramd filter

“architecture, 14. The system of ¢laim wher ei .S three; and signal
sanpl e mat FRided 103%3?“3%‘30-3'%96@%@312@%‘%@%|a¥°%lf9itg'e’\é8i“i’¥§&'%' PWJ-1 | Pi+l;+
15. The system of claim 13, wherein said one-dinensi ongl rg{n' d filters
conprise a sequwnaimofsionshpymmid Slereadéigetnin ofiapardsr2bs "’ﬂg%? B8nal units,
each of said operational units capable of producing a different order
pyrami d fpoities Bleger fieuter thag bab; the twplimensionalpyrapsid filter architecture of order
2N-1 including one-dimensional pyramid filters of order 2ZN-1;
said two dimensional pyramid ﬁltér architecture of order 2N-1, in operation,
capable of producing, on respective clock cycles, at least the following:
pyramid filtered output signals corresponding to output signals produced by
two one-dimensional pyramid filters of order 2N-1; and
a pyramid filtered output signal corresponding to the summation of signal
sample matrices of order;
wherein the respective pyramid filtered output signals in said two dimensional
pyramid filter architecture are summed by the summer circuit on respective clock cycles

of said two dimensional pyramid filter architecture.

14. The system of claim 13, wherein N is three; and signal sample matrices

comprise Py Pryjus Pooar Praga:
15. The system of claim 13, wherein said one-dimensional pyramid filters
comprise a sequence of ;scalable cascaded multiplerless operational units, each of said
operational units capable of producing a different order pyramid filtered output signal

sample stream.
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