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two or nore separa e | representations. For xarrp e, a color
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20
BACKGROUND

This disclosure is related to pyramid filters.

25 In image processing it is often desirable to decompose an image, such as
a scanned color image, into two or more separate image representations. For
example, a color or gray-scale document image can be decomposed into

background and foreground images for efficient image processing operations,
1



WO 02/ 080104 PCT/US02/ 10166 such as enhancenent, conpression, etc., as are
at tines applied in a typical photocopying nmachine or scanner device. In
t hi s contwm®to2/081id6 operation is often referred to as a desTrESenings
operation. This descreening is also sonetinmes applied to renove hal ftone
patterns that may exist in an original scanned i mage. 5 For exanple, these
hal ft one patcieanenhancersand ccontpressionpréh) as anetdtfiactssapptied muargmicabyes i f not
properly renoved. The traditional approach for this deconposition or

descr eeni nghotecopyifhdg haehinete scanrr deviagdnitinis apdiext, tids bperatibt is dfteese bl urr ed
results are then used to assist in determ ning how nuch to blur and

shar pen t hesfemegé ana desdeening gpedion eTHib eedaeonpg s dlsosométpiesal |y this
blurring can be achieved using io a "symetric pyramd" filter. Symetric

pyrani d fi appled opemdee haspas pattéik Mat ridy £:6stSh ahorigilkl sdahPvl imisRne
di sadvantage of this image processing techni que, however, is that the

conpl exist y Fonexaagiestheaaafftehd paliéis maylddies oBfechyfiadié drifradid &F hukfan
different sizes 15 are applied in parallel in order to generate multiple

bl urred i magesis nb@pr@[@@hyrém@ledt. TRE Fhish A 2pbEEch 465RIsI RREmposibnbe force
approach for this multiple pyramd filtering approach is to use nultiple

FIR filter ﬁeéé?e@ﬁih?ﬁé 8 filtefthe ¢d Sitiﬁwé ﬁ’\doridtar f[a'kﬁtlr ig:-Tl?%fﬁ]uﬁéh ARpfoach

denonstrates that tThe design an enent ati on of symetric pyramd

(1L oT NG, 2R SBhREHW 88k GRRFY A 10 hEIARS bRk Ul Sl BRIES AR -

parallel froma single source I nage m e nu
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coef fi Cll)engsanQ%eﬁ'ichd”’ iﬁﬁerpyéy?‘rm]&rié Wriaﬁ‘rﬁd lflﬂ}%éj In?r?uléeerse%%r?see (&FI&)R) filter

filters are well-known.

One disadvantage of this image processing technique, however, is that the
complexity increases many fold when a number of pyramid filters of different sizes
15 are applied in parallel in order to generate multiple biurred images, to apply the
technique as just described. A brute force approach for this multiple pyramid
filtering approach is to use multiple FIR filters in parallel, as illustrated in FIG. 1.
Such an approach demonstrates that the design and implementation of fast
“symmetric pyramid filtering” architectures to generate different blurred images in

20 parallel from a single source image may be desirable.

The numbers provided in parenthesis for each FIR block in FIG. 1
represents the pyramid filter of corresponding length. For example, (1, 2, 1) are
the filter coefficients for a symmetric pyramid finite impulse response (FIR) filter

25 of order or length 3. Likewise, (1, 2, 3, 2, 1) are the coefficients for an FIR
2



25 of order or length 3. Likewse, (1, 2, 3, 2, 1) are the coefficients for
an FIR 2 WD 02/ 080104 PCT/US02/ 10166 pyramd filter of order 5, (1, 2, 3,
4, 3, 2, WP oasivhe coefficients for an FOR filter of ord@CTASOANI660
forth. Unfortunately, the approach denonstrated in FIG 1| has

di sadvant ages. 5 For exanple, inefficiency may result from redundant

conput at i ompgranid Kidew afeorddt R (1, 8, dn 2, at) iacsthefaoefictamits for e @R fined ¢fi pl i er
circuits. Wiile inplenentations exist to reduce or avoid the use of

mul ti pli er ordesuclhandasovertth shifting and summng circuitry, that may then
result in increased clocking and, hence, may reduce circuit through-put. A
need, therefore, exists for inproving pyramd filtering 1o inplenentations
or architectures. BRI EF DESCRI PTION OF THE DRAW NGS 15 Subject matter is

particul arly poUnicetdngiely, @idaghreatieémynsttaaeda-I1GN 11138 diseahiagesig portion
of the specification. The clainmed subject matter, however, both as to

or gani zat i gar arampe! Redickhcp RRIyaEEQANHohe@indaht ¥hrhPutahbRct ﬁke\&iggtﬁlﬁe& and
(6]

appendages thereof, may best bé understood by reference of the owi ng 20

detail ed_dfgleimishtatBnyeguéiferitibl rulIaCGRIRAIVING ifbRMdRidg Wi ch:

FIG 1 is a block diagramillustrating a brute force approa ( _
| mpl ement i BGispdf feBlidPor 4T B8 UsRSHMTpIfeld, RicHHe titRIshirfg 498 Sirhiider | ng
architecture; 25
circuitry, that may then result in increased clocking and, hence, may reduce circuit
through-put. A need, therefore, exists for improving pyramid filtering

10 implementations or architectures.

BRIEF DESCRIPTION OF THE DRAWINGS

15
Subject matter is particularly 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 objects, features,
and appendages thereof, may best be understood by reference of the following

20 detailed description when read with the accompanying drawings in which:

FIG. 1 is a block diagram illustrating a brute force approach to
implementing a finite impulse response (FIR) multiple pyramid filtering
architecture;

25



3 WO 02/ 080104 PCT/ US02/10166 FIG 2 is one enbodi nent of a one-di nensi onal
multiplierless pyramd filter; FIG 3 is one enbodi nent of a

t wo- di nerwoon@goipyram d filter architecture; 5 FIG 4 is a&craishziored ri x
showi ng an exanple of a matrix that may result frominplenenting a

t wo- di nensional pyramd filter architecture, such as one that nay be

i npl ement ed by tH@. 2idhots emhodiokentbia ole-difersiddal Muitplieridsabdyedmiat ri x

showi ng an exanple of a two-dinensional signal that nmay be operated upon
by a two-difittensi onal pyramd filter architecture; FIG 6 is a tablelmtrix
showi ng an exanpl e of applying a one-dinensional 15 pyramd filter kernel
both roww se and colum-wise; FIG 7 is the table/matrix of FIG 6 for
k=9; FIG 8 is a table/matrix showing the result of applying a

one- di mensi onal Al a8 ehd éhbedimeat bfetwwmndisional WRaMid RIS apihibciupp Ut
signal sanmple matrix; and 20 FIG 9 is a tab(elmatrix showi ng the result of

appl ying a one-di nensional pyramd filter to the colums of a
t wo- di nensi onal input signal sanple matrix. 25 4 WD 02/ 080104

PCT/ US02/ 10166 FiG. 4 is a table/matrix showing an example of a matrix that may result
from implementing a two-dimensional pyramid filter architecture, such as one that

may be implemented by the embodiment of FIG. 3;

10 FIG. 5 is a table/matrix showing an example of a two-dimensional signal

that may be operated upon by a two-dimensional pyramid filter architecture;

FIG. 6 is a tabie/matrix showing an example of applying a one-dimensional
pyramid filter kernel both row-wise and column-wise;
15 |

FIG. 7 is the table/matrix of FIG. 6 for k=9;

FIG. 8 is a table/matrix showing the result of applying a one-dimensional
pyramid filter to the rows of a two-dimensional input signal sample matrix; and
20
FIG. 9 is a table/matrix showing the result of applying a one-dimensional

pyramid filter to the columns of a two-dimensional input signal sample matrix.

25



DETAI LED DESCRIPTION In the follow ng detail ed description, nunerous
specific details are set forth in order to provide a thorough

under st ariDrog/08f104 he cl ai ned subj ect matter. 5 However, i ®PCHUS02/bE66
understood by those skilled in the art that the clainmed subject mtter may

be practiced without these specific details. In other instances, well-
known net h&%ﬁ&@ﬁﬁ@&ﬁﬂéﬁ)ﬁponents and circuits have not been described
in detail in order so as not to obscure the clained subject matter. io As
previ ously described, pyramd filtering, in particular, symretric pyramd
filtering, may be enployed in connection with color inmages or color inmage
processi ng i n orltdhe falodéngugiaies dascdptiny, aemerdus speaiie details larasetifottio a
background and foreground inmage, for exanple. Al though the clained subject
matter is rioordarid peavidena $twpegh undenétandieg péthie, claimesistibjeat watiérext , pyram d
filtering 15 architectures that reduce conputational conplexity or
processing Howkher, it Wilrsbnanderstosd batrespakiled in thel gt thasiheaddised suljedi se,

i npl enentations that are multiplerless, that is do not specifically enploy

nul ti pl i catralterimay be praotipbe mithd @tthewe, spathic dletis s bihab|retans@iey- because
such inplenentations or enbodiments are cheaper to inplenent than those

that enpl oyknetvnimethods, prcetirés, Roirponshts GHbicFeuity mmm bEBE dEdcAEBGh Scope
is not [imted in scope in this respect, FIG 2 illustrates an enbodi nent

200 of a ongsdli RRIGEQPAs R8BS teeEiainfadcdlihsct nfRRer i bed in nmore detail
in aforenentioned U S. Patent Application Serial No. 25 09/ 754,684, titled

"Multiplierless Pyramd Filter," by T. Acharya (attorney docket 5

10 As previously described, pyramid filtering, in particular, symmetric pyramid
filtering, may be employed in connection with color images or color image
processing in order to decompose or descreen the image, such as into a
background and foreground image, for example. Although the claimed subject
matter is not limited in scope in this respect, in such a context, pyramid filtering

15 architectures that reduce computational complexity or processing and/or
hardware cost are particularly desirable. Likewise, implementations that are
multiplerless, that is do not specifically employ multiplication in the
implementation, are also desirable usually because such implementations or
embodiments are cheaper to implement than those that employ or include

20 multiplier circuits.

Aithough the claimed scope is not limited in scope in this respect, FIG. 2
ilustrates an embodiment 200 of a one-dimensional pyramid filter, such as
described in more detail in aforementioned U.S. Patent Application Serial No.

25 09/754,684, titled "Multiplierless Pyramid Filter,” by T. Acharya (attorney docket
5



WO 02/ 080104 PCT/ US02/ 10166 no. 042390. P10722), filed on January 3, 2001.
Enbodi nent 200 conprises a wunified nultiplierless cascaded symetric
pyram d fwbDtoensaigs architecture to generate a nultipl e numogruset/1disé t er ed
out put signal streans for a series or sequence of pyramd filters having
different orders, the generation of the output 5 signal streans occurring
i n paral | elno.l042890.810222)| filad an Janbagi32001. Bhtbbdingdnt 200@aimprisédie cl ai med
subject matter is not limted in scope in this respect, a filtered output

si gnal st r eanifiecsmpltiplisiesd casceriedrsynrhetal ppraali@filkamgenchitgeyrat d filter of a
different order being inplenented. Therefore, in agdi tion to being

conput at i ongdrieyatefaf maltipletnunider of ARt utpalt sigRBIcdicaRi} fops @dHESsr good results
in io terms of throughput. However, as previously indicated, this

particul ar seejiinch sBsyramhRRERAAnd dPRRl bFRAS R0 gbndtdtigbainbidutrk . FIG 2
is understood in the context of specific notation.” For exanple, an input

source S§ gnadnal Xire &Y oBEUIEIRS Irop@bRel. AStHiOHd B ar ShRbafim oo X1-2,
Xi-1, X, S?éfl, Xi+2..... )ﬁg?n di gi tal or‘éjé()ji scraerte %c?&dwgﬁ%%}tgaé%g&i ng,

filtering iPenhL¥BiesEah; i Ol i I hi [ i gnal,
X and afilaeay nEdeneb %@C?cg?ﬁ%)?tlscg&gﬁét:é?glpg?cm%tléﬁhlgg?gd%i%%ia?@gfegﬁgth,
referred t T WAy’ I JJAN! . ore, the
1 terod oLt o ol Srear s fohBet) & oLy BB SIS srch sy RS 5%
different order being implemented. Therefore, in addition to being
computationally efficient, this particular embodiment produces good resulits in

10 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 source signal, X, may be designated as follows:

15
X = (X0, X1, ooe s Xicgy Xiet, Xiy Xt X2y ...)

In digital or discrete signal processing, filtering may be expressed as a
20  convolution, ® , of the input signal, X, and a fitter, 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 stream is indicated as follows:

Y=X®F

25



WO 02/ 080104 PCT/ US02/ 10166 As previously described, the particular

enbodi nent in FIG 2 enploys pyramd filters. These filters are typically

i mpl enentwo oa®8mgs digital filters of |engths or orders tiratr/tsorimed, such
as 3, 5 7, 9, etc. dd nunbers or orders, in this context, my be
expressed in the form2N-1, where Nis a positive integer 5 greater than
two, for exanpl éAs Benieuslyaepdriedptheqarticutdrginitsddithehitie F$G a2 emptoysf ol | ows: F3
=(1,2,1) F5 =(1,2,3,2,1) 10F7 =(1,2,3,4,3,2,1) F9=(1,2,3,4,5,4,3,2,1) 15
FM = (1, 2,py8amid filters.NThese filteréare&ypi&éll}(imwmentédluﬁih? gigrantiiexd of M = 2N- 1)
For the foregoing filters, the filtered output signals or output signal

st reans mMeb@thé@pbﬁf@@t@da@od@sbm\@s 326, B, &toX Odd nirdbers(®RrdeBld, - -
b1-13, bi3, bi+13, filtered by F3 B5 = X (r) F5 = (b05, blb .., bi-15,

SSQHQ: +>1(5,7 thRScdritdxt eh 8yl bB ¥xprass@pml the &b omut WS Kpb&fvd fntéHer' nput
|

5  greater than two, for example. Some examples of such digital filters are as

follows:
F3=(1,2,1)
Fs=(1,2,3,2, 1)
10 F7=(112: 3v4l 31 211)
Fo=1(1,2,3,4,54,3,2,1)
15 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 represented as follows:

20

B =X ® Fs=(bo® br’ ..., bis® b® bis®, ...)  result of input signal X
filtered by F;
B5 =X ® F5= (b05, b15, cee bi_15, bi5, bi+15, ) result of input signal X

25 filtered by Fs



WO 02/ 080104 PCT/ US02/10166 7 7 7 7 B = X (r) F7 = (bo , bl17, ... , b;_1,

b; , b;"17" ....) result of input signal X filtered by F7 B9 = X (r) F9 =
(bog, bl9wobw/iodBp4 b; 9, b; +19, ....) result of input signalPCXUSh¥/idies ed by
F9 5BM=X0 FM= (bOM bIM ... , b;-1M b;M b;+1IM ....) result of

input signal X filtered by FM 10 An alternate way to enpirically represent
these filtered ®IEpt® sFgndby sahpl.ed,i’sbiadid 0l I ows redift dfiidout sijnallX+ 2xi  +
X;+1 bi5 = xi-2 + 2xi-1 + 3xi + 2xi+1 + xi+2 20 biz = x; _3 + 242 + 3xi-1 +
4x; + 3x; +Tifteredddyr; + Xi +3 b9 = X; -4 + 2x;-3 + 3xi.2 + 4X;-1 + 5x; + 4xi+1
+ 3xi +2 + 2xi +3 + x; +4 Li kewi se, by introducing what is referred to, in

this context, agstut® 2§=mﬁ,itab,l..es,b;_fhﬁg,mq‘*/e...gxprr@ﬁﬂ’d&mﬁoﬂ%naﬁx
re-expressed as follows: 8 WD 02/080104 PCT/US02/ 10166 bi 3=Xi +si 3, where
si 3=xi -1 +xflgwdatdy BJS = b;3 + Si5 , where Si5 = xi-2 + xi-1 + xi + xi+l +
X1+2

BM=X® Fu=(b", b ... bi™ oM bu™ ....)  result of input signal X
filtered by Fy

10

An alternate way to empirically represent these filtered output signal samples is

as follows:

15

bi® = X1 + 2 + Xiaq
bi® = Xig + 254 + 3% + 2Xia1 + Xiug
20 bi7 = Xig + 2Xo F 3Xiq + 44X+ 3Xie1 + 2Xje2 F Xua
b = Xig + 2Xi3 + 3Xig + 4Xir + 5Xi + AXieq + BXiaz + ey + Xing

Likewise, by introducing what is referred to, in this context, as state

25  variables, the above expressions may be re-expressed as follows:
8



5b; =bi5 +si7, where Si7 = xi-3 + x1-2 + xi-1 + xi + Xi+1 + xi+2 + x1+3
=7 9 big bi +S'9, where Si = X1-4 + xi-3 + xi-2 + xi-1 + xi + Xi+1l + xi+2
+ Xi +3 + WD#H4/0dM0Hence, the desired pyramid filter nay bePexarseysdds as
follows: B3 = X + S3 , where S3 = (S03, S13, S23, ... , Si-13, Si 3,
S1+13 , ... 15 B5= B3 + S5, where S3 = (S05 , S15'° S25, ... | Si-15 , SI5
, S1+15, ... B7 =B5 + S7 , where S7 = (Sov, sSi7 , S27 , ... , si-17 , Si 7
, SI+17 , ... B% = B7 + S9 , where 250 = (so, S19, S29, ..., si- 19 , S9 ,
S1+19 , ... st NdysofWire, 2 i IsEshr ates Xt-hat the conput ed out put

si gnal streans, B3, B5, B7, B9, etc. of the pyramd filters showm in FIG
2 are produced by the enbodinent illustrated. 25 The previous discussion

of pyramd filters occurs in the context of one- 9 WO 02/080104

PCT/ US02/ 10166 d’rrebdi+sialwteret er i ;= honevet x g 8k, east in part to the
symetric nature of such filters, it is possible to inplement pyramd
two-di mehsional filtering instead of conputing in a roww se and

col utm-w se one-di nensi onal fashion that enpl oys extra conput ati onal

steps. If we repesght st hevtene- di mefisdpnak ke xt apx wEam g, 3 Ll ter as Fk =

9_ 7., .8 9_
bi =b' + 5", where Sit = Xig + Xig F Xig F Xiq + Xi F Xiut F Xup F Xz +
Xi+4
10

Hence, the desired pyramid filter may be expressed as follows:

B®=X+ Sy, where S3 = (so°, 8:%, 8%, ..., s, 82, sid®, ..)
15 B°= B%+ S5, where Sz = (s¢°, 8/°,85°, ..., sui®, 7, sue®, ...)
B7= B®+ S; , where S7 = (307, S17, 327, vy Si_17, Si7, Si+17, o)
B®= B'+ Sy, where So=(s¢°, 5¢°, 8%, ..., si4%, 87, sie?, L))
20
A study of FiG. 2 illustrates that the computed output signal streams, B,
Bs, By, By, etc. of the pyramid filters shown in FIG. 2 are produced by the
embodiment illustrated.
25 The previous discussion of pyramid filters occurs in the context of one-

9



12 3---k-1--321 2, the corresponding two dinensional pyramd filter
Fkxk may be derived as shown in FIG 6. In FIG 7, we have shown the
t wo- di nerwoonagoipyram d filter kernel for k=9. Assum ng aPCE@SOZierensi onal
i nput signal, e.g., signal sanples, having the formshowm in FIG 5, FIG
4 is atable illustrating a matrix that may result, here a two-di nensional
to filteredigiegpianaldiapng howevar dyatat isast isioakt torthavayromretrirenatue aispeimsi onal
i nput signal sanple matrix is filtered using two-di nmensional pyramd
filter ker rdters itis posside dainpigmenbyrainid fogiin@napalrfieing irfstead efppl yi ng a
one-di nensional k- tap pyramd filter in every row of the two-di nensional
i nput si gnatonsEutiphdn armowiwise gncndutrinewisaonexlinsérmmivnal fadhidd that employesul t
from appl yi ng a one-di nensional k-tap pyramd filter in every colum of
t he two-di nextsi @ngutativpat stepg rifive seprpbentriisé onecdimdrisonakr-tap pyrarhidG 4 may
result from applying the two-dinensional (k x k) tap filter to the two
di mensi onal _ i nput_sifgnal sanplg_matrix or,Jjalternatively, it may result
from appl yifﬂtﬁ’r?ﬁeﬂﬁi- & nensi k=t dp 2p>lia’fﬂ?ﬁd30frieﬁl@@1dlmg)ww se and then
foll owed 20 by col unm-wi se. Appfying this approach to generate filtered
signal sanples outputs ptx3, p3x1l and p3x3, produces the follow ng
rel ati onshi%@.enilen%ymldéﬂifoﬁgpmay be deyived 2§ shawn imFIG6. 1INFIGOFIW®; 3i |
si-l,i + 2s;1] +S

have shown the two-dimensional pyramid filter kernel for k=9. Assuming a two-

dimensional input signal, e.g., signal samples, having the form shown in FIG. 5,
FIG. 4 is a table illustrating a matrix that may result, here a two-dimensional
10 filtered signal sample output matrix, P** | in which the two dimensional input

signal sample matrix is filtered using two-dimensional pyramid filter kernel F,, .

The matrix shown in FIG. 8 may result from applying a one-dimensional k-

tap pyramid filter in every row of the two-dimensional input signal sample matrix
15 and the matrix shown in FIG. 9 may result from applying a one-dimensional k-tap

pyramid filter in every column of the two-dimensional input signal sample matrix.

The matrix in FIG. 4 may result from applying the two-dimensional (k x k) tap filter

to the two dimensional input signal sample matrix or, alternatively, it may result

from applying the one-dimensional k-tap pyramid filter row-wise and then followed
20 by column-wise. Applying this approach to generate filtered signal samples

outputs P™, P*and P*®, produces the following relationships:

10



" i+l ,j PCT/USO02/10166 P3x3 =s +2s. +s. +2s +4s. +2s. +s +2s +s. i,I
i-t,j-12-1j ,-1j+1 ,,j-1 Q,,j+1 1+1,j-1 + ,j ,+l,j+l Cenerating filtered
si gnal sawploesswamt puts P'"5, P5i' and P5x5, produces thePColusoniaigs

relationships: 5 PSrl =s_ +2s. +3s +2s +s. r,i 2,i hi r,i+t,j+z,] P 1x5 .
i,i =si,i-z + 2si,i-1 + 3sr,j + 2s~,i+1 + sr, j+2 pr! 5 = (sr-2,j-2 +
2sr-2,1_ 1 +3s i-2] + 2si _2,j+, + s5;-2,i+2) + (2s;-, ,j-2 + 4S; , J-~ + 6S;
-hi + 4S;-,,1+1 + 28£“1;m+%)+2g 43sﬂ, -2 +6s;,j_, +9s,1 + 6s;,)+, +

3sr:j+2) + 2sr+l,)-2 + 4si’ +,,)a + sr+,,) + 4sr+,,)+ + 2sr+,,)+2) +
(Sr+2,. |-2+25r+2) + 3sr+2,) + 2sr+2,)+, + Si+2,)+2 ) Likew se,
generating filtered ﬁ,gﬁaﬂus*a%a} B&agut puts p7 Pi"' and p7X7, 10 produces
the foll ow ng rel ati onshi ps: Pl 7a1 = si-3+ 2si- + 33+ t+ 4s + 3s,+ 25, +2,]
S ,i 2,0 ,j I,i r+l Ij:ust+2 _&Plt é Sr’j_%ﬁ 2+ 351]-1+
4sij + 3si,j+1 + 2si b+z Jrlfsl i 1080104 OT/*U%@)BH%&@S*(&MS j-3
+ 2si-3, j-2 + 3Si-3J-1 + 4si- 3] + 3Si-3,j+1 + 2si-3,j+2 + Si-3J+3) +
"2s8i-2J-3 + 4si-2,j-2 + 6si-2,j-1 + 8Si-2,)] + 6si-2,j+1

+4S, - 2, , +2+2s, - Benegatingfilte@sl1signgl s8mpledsiutpyts P?‘5+P“9‘s|aﬂd FJS"5) prodlidss -1, +
Osi-1,j+1 + 65| _,j+2 + 3si-1,]+3) -1' (4s1,j-3 + 8si,j-2 + 12si,j-1 + 16si,
j + 125| jtha folloRarg Fejlat-lﬁnS'hIFﬂSl , ] +3) +

5x1 __
5 P = _21+2sh”+3s”+2s + 5,

i¥l,j i+2,)

x5 _
‘Pi,j - 11—2+2s —I+3sij +2S1]+1+S11+2

5x5
P = (800 +28,,,,+35,. 2,0 F 281 g gt F S ua) H (28, 1, 4, +6s,, ; +4s;

i-1,j~1

i1, j+l +2si—l,j+2)+

(38i,)2 168, ;) +98, ), +65, 5,1 438, 5,5) + (281 505 T 45,550 68, 48,50+ 28, 0,)+

(si+z,_,'-z + 28500+ 3sl+2,j + 285,00 si+2,j+2)

Likewise, generating filtered signal samples outputs P™, P™ and P™,

10 produces the following relationships:
Txt _
Py = 85,428, 438t A4S, 38, 28,80,
1x7
P = 8,5+ 28 ;438 +4s,; +38 0 428, 0+, 0

11



(3sil,j-3 +6s1+1J-2 +9s1+1,j-1 +1261+1,] +9sl+1,j+1 +6s1+1,j+2 +3si+1,|+3)+
(2s1+42, j-3 + 4s,+42,,-2+ 6s,+2,j-1 + 8Si+2,] + 651+2, j+1 + 4s1+2, j+2 +
2s, +2,, +3WP 02/0§@p4-3, , - 3+ 2si +3, j-2 + 3si+3, j-1 + 4Si +3, PCTASBBI048G | + +
2SI +3, j+2 + Si+3, j+3 ) Mathematical manipul ati on nay be enpl oyed to
produce the follow ng: F7x7 == (P5x5 +P5x5 +PSxS +P5x5 (P7x1 +P7x1 +P1x7
+PIx7 ) v, rPY (L Ri+ds, Mj#ds, ] L4b L] 28 L b fa)r-l, ) t+l )5
[1] - (SI-bj-1 + si-1,j+1 + si+1,]-1 + s11) Equation [1] above illustrates
that a direct two-@spensi®nal, pys.am d 8biltelrs,, j.of 4 chi t@styr@+of order
2N-1, in this case where Nis four, may potentially be inplenented using

ei ther four two-di@ensiensal, pwan d 12kt erndsof arader, [sh; 1)-+1], that is

five, or one two-dinensional pyramd fi Ifer of order [2(N-1)-1] using four

signal sanple matrg’4g;iej§;_Jrl%glx,_s2 Phxb Bogo P5x%. aqd;sif our4sone~di nensional r 1,

i,/43

j-1or 1, j+1 5 r+177) r¥T, [+ pyraifid fiTterd of ofder 2N-1, here seven,

the filters being mew wW,ge and ol unnH 15 Wwese, Ligy thissexanple. FIG 3 is
a schematic di agradr’n’i”i’fa_st’f“éfi ng’*‘s:’dc+h o +er§ﬁﬁﬂi+neﬁ’t’,” al t'hiligh, of cour se,
t he cl ai ned subj ec shatter IS net i rligtsed i&s, 12 J\r/\ps 02/ 9§9104 PCT/ US02/ 10166

scope to this particmar i nplenmentidti ORar Brbod] rERt-2 o'r”'f'éQérrrpl e, the

out put signal sanples correspgnding to those produced by four
t wo- di mensi onal py anisd é?5":1»3,]—2 +9Si+3,j-1 9"4si+3,j +h3c~)9i+3,j+1 +§)Si+3,j+2 8143 43

Mathematical manipulation may be employed to produce the following:

X7 __ 5x5 5x5 5x5 5x5 7x1 Tx1 1x7 1x7
Pi, i (Pi—l, i1 + Pi—l, jH + Pi+1, j~1 + Pi+1, j+1) - (Pz j~1 + Pz JH + Pi-l, j + Pi+1, j

= (8ot T S F Si o T S gun)

[1

Equation [1] above illustrates that a direct two-dimensicnal pyramid filter
10 architecture of order 2N-1, in this case where N is four, may potentially be
implemented using either four two-dimensional pyramid filters of order [2(N-1)-1],
that is five, or one two-dimensional pyramid filter of order [2(N-1)-1] using four

signal sample matrices P, P, Piy o Py w @nd four one-dimensional

pyramid filters of order 2N-1, here seven, the filters being row-wise and column-
15 wise, in this example. FIG. 3 is a schematic diagram illustrating such an

embodiment, although, of course, the claimed subject matter is not limited in

12



filters of order [2(N-1)-1], here order five where Nis four, may not
necessarily be produced by two-dinensional pyramd filters. As just one
exanpl e, wbeg®swm put 5 signals may be produced usi ng onePdirmsnyianal
pyramd filters. One such filter is shown in FIG 2, although, again,

addi ti onal approaches to producing the output signals for the architecture
shown i n FEEPSINiNs pardeulgrdmelemeniatibn ¢ embdlimehistar axampln thenoeguiat ed
circuit (1C, 300, although, of course, 10 alternative enbodi nents may not
necessari | pigial sappleseatresparning teitimagecprodueast axt fadr to-diiensohappyra@icB00

i ncludes a two-di nensional pyramd filter architecture of an order 2N 1,
wher e N i s filersosfiarderd2{M ptje hergrardéeriivet niagrethhisdfeur, magmet heosssarily beper at i on,
i s capabl e of producing, on respective clock cycles, at |east the

fol | owi ng. pRyduedbyftivotdimeasiongl pytansid dilttalss Aajust phe dxmegieC trcsespgndi Nng to is
out put signals produced by four one-dinensional pyramd filters of order

2N-1,  agaisiynatseven beprodiiced exagine-dmensiohbl rddidrfite3Wns4Gsh ARP.is and 360
in FIG 3. Pyramd filtered output signals are al so produced correspondi ng

to out put %h_@Wﬁ'iﬁFl@.fZ?(éﬂtﬁ&fbr@!agﬁﬁﬁra&ﬂftiérﬁéﬂ"ag&r‘@@cﬁé&f%?ﬁbmg prramhe filters
or one two-di mensional pyramd of order [2(N-1) - 1] or five here, where N

is four, usighaisSofdl areRiRtRe SHoNRIH FRES rﬁﬁﬁf%ls@sﬂe,serﬁﬁbf%d?sxs These out put
signals are sunmed by adder 310 in FIG 3.7 LI kew se, e respective output

signals in this two dinensional pyramd filter architecture
i npl ementation, in the inplementation in FIG 3, for exanple, the output

R R T e
PCT/ US%/ 1gptgr§\ative embodiments may not necessarily be implemented on a single

integrated circuit chip. IC 300 includes a two-dimensional pyramid filter

architecture of an order 2N-1, where N is a positive integer greater than three,

here four, in operation, is capable of producing, on respective clock cycles, at

least the following. Pyramid filtered output signals are produced corresponding to

15 output signals produced by four one-dimensional pyramid filters of order 2N-1,

again, seven in this example where N is four, 330, 340, 350, and 360 in FIG. 3.

Pyramid filtered output signals are also produced corresponding to output signals

produced either by four two-dimensional pyramid filters or one two-dimensional

pyramid of order [2(N-1) — 1] or five here, where N is four, using signal sample

20 matrices P2, P, Pl Paiya - These output signals are summed by

adder 310 in FIG. 3. Likewise, the respective output signals in this two
dimensional pyramid filter architecture implementation, in the implementation in
FIG. 3, for example, the output signals of 330, 340, 350, and 360, are summed on

respective clock cycles of the two dimensional pyramid filter architecture, by

13



5 adder 370 in FIG 3. Adder 380 suns the output signals of 310, 370, and
390. O course, FIG 3 is just one possible exanple of an inplenentation
and t he cwaioalsb10subj ect matter is not limted in scope t®Crhiss2/ored o

anot her particular inplenentation. For exanple, Nis not limted to four.
Li kew se, the pyramd filtered output signals that correspond to out put

si gnal s pr @éddeed’bin G Ro-Adideed80 surab tipy oatplidsighidls bes1mBEONaId dari bed to
bei ng i npl enment ed by one-di nensional pyramd filters or to two-dinensional

pyrani d fi lcoerse, FIG Keisijsst onapopsibie exasipte bhsh padlesientafiowasd e dhirasi onal
filters are enployed, then the filters are not limted to the

i mpl ement asubjectypptioanatgiated rescdpe tafteisemenbhsiR@thddicufar Pat ent
Application Serial No. 09/754,684, titled "Multiplierless Pyramd Filter,"

filed Januanplethen?fdh. by Tinku Acharya, or in aforenmentioned U. S. Patent
Application Serial No., titled "Pyramd Filter," (attorney docket

042390. R11211), filed on March 28, 2001, by 15 Tinku Acharya. For exanpl e,

one-di mensional pyramd filters other than multiplierless pyram' d filters

may be enpl oyedrobdlepipis o iR GiRaticn o Byt fﬂﬂevdlég)d'ge{@ﬁ&@d Hiore bﬂ]t%ﬁ{ ent

numbers of such pyramd filters and different of amd

filters milélgﬁglsecﬁ&ﬂ 6&%80#@{0 cﬁ}fﬁu@ﬁ\alé Qreofdﬂpn% %aﬂvg@% SiGhA) Eﬁranggnb' ned

or processed in a way to produce p outp sign

or der 25 110 PR i bt b el e dineR SR ey TR B
embodi ment ﬁNO H &?él&?&l ppt%ﬁﬁ'd ﬂl?e%’gr 'I.P(%wlset gg p%v%u sly |n§|cabtlegcl orr\rg-t ter | S not

limted i n scope
10 dimensional filters are employed, then the filters are not limited to the

implementation approach described in aforementioned U. S. Patent Application
Serial No. 09/754,684, titled “Multiplierless Pyramid Filter,” filed January 3, 2001,
by Tinku Acharya, or in aforementioned U. S. Patent Application Serial No., titled
“Pyramid Filter,” (attorney docket 042390.P11211), filed on March 28, 2001, by
15 Tinku Acharya. For example, one-dimensional pyramid filters other than
multiplierless pyramid filters may be employed. Likewise, depending on the
implementation, different numbers of such pyramid filters and different orders of
such pyramid filters may be employed. For example, the output signals may be
combined or processed in a way to produce pyramid filtered output signals

20 corresponding to pyramid filters of a different number, dimension, or order.

It will, of course, be understood that, although particular embodiments
have just been described, the claimed subject matter is not limited in scope to a
particular embodiment or implementation. For example, one embodiment may be

25 in hardware, whereas another embodiment may be in software. Likewise, an
14



particul ar enbodi nent or inplenentation. For exanple, one enbodi nent may be
i n hardware, whereas anot her enbodi nent nmay be in software. Likew se, an 14
WO 02/ 080W042080104JS02/ 10166 enbodi nent may be in firmwvarePCorusany166

conbi nati on of hardware, software, or firmwvare, for exanple. Likew se,

al t hough the cl ai med subject matter is not Ilimted in scope in this
respect, ofESRfiBENtTaAY bentyfirouvase.i arenyreoartinatios, of Samiwans, softwstegoage nmedi um
Such a storage nmedi um such as, for exanple, a CO-ROM or 5 a disk, may
have st or efirmWaree dor éxastniaictikewise, althiouph teeclaimeacaubistt mattar syetem  such as
a conputer systemor platform or an imaging system for exanple, may
result in &miteddrodéoneni tié respeet, bod embodotentdamceompride dnnarticleasuedas ubj ect
matter bei ng executed, such as an enbodi nent of a nethod of filtering or

pr ocessi ng aatoragagesdiumy iSieb a stangexadiira, such 4%, &ticumble, deOuRdMdor For to
exanpl e, an inmage processing platformor an inmagi ng processi ng system may

i ncl udesan aidisigenagy le@ssibred thiatebn indtrutite®, Ahichi e dxaButEd By taalistdgVi ce
and/or nenory. Wiile certain features of the clainmed subjéct 'matter have

been i |1 ustuett &sla cbmptst sye@aT biRgtidiae, @ Bn iMBgNng FPsteil %@XQ@?E’ Siﬁ‘ﬁ led in

substitutions, changes and equivalents will now oCcur to th

the art. |tedutin bR&nEiRentd? aiBetiBEf at@Rdatdaatit fe cla"i’rﬁ?&@ﬁﬁgct‘:l aims are
intended to cover all such nodifications and changes as fal w thin the
true spirimaditer beg&hx@tiRe, siiRiR%n SRbddifmentSs a method of filtering or
processing an image or video, for example, as previously described. For
lo  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 '

memory.

While certain features of the claimed subject matter have been illustrated
15 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 claimed subject matter.

15



15 WO 02/ 080104 PCT/ US02/10166 Clains: 1. An integrated circuit conprising:
5 a two-di nensional pyramd filter architecture of an order 2N-1, where N
is a poswDiResiint eger greater than three; said two di mreneconso2/pisamn d
filter architecture of order 2N-1, in operation, capable of producing, on
respective clock cycles, at least the followi ng: pyramd filtered output
signal s corresponding to output signals produced by io four

one-di mensional pyramd filters of order 2N-1; and pyramd filtered output
signals corres g to output signals produced either by four

t wo- di nensi onal pyramd filters or one two-di nensional pyramd filter of
order [2(N-1) - 1] using signal sanple matrices of order [2(N-1)-1];
wherein the respective output signals in said two dinensional pyramd
filter 15 architectin integratedpirawticomprisisgect i ve cl ock cycles of said two
di rensional pyramd filter architecture. 2. The integrated circuit of

clai m 15 wher ei & twpidiménaional ayrdmivhéilterianchitaictlire whan broenNoh abhepy Nagiad fil ter
architecture of order seven, in 20 operation, capable of producing, on
respect i vepasithekintsger gssatémtbapytreayi d filtered output signals correspondi ng
to output signals produced either by four two- dinmensional pyramd filters

or one two- di meseid Gwabinmrsiomatipy@hmer fles aféhiteclusé BBordbeN- 1SIr961§érat$cﬂ{m| e
matrices P.Sxs Psxs Psis PSx' the pyramd filtered output I, i-i , ]
P, +i,i-1 5capabl¢ of ploducing, on respective clock cycles, at least the following:
pyramid filtered output signals corresponding to output signals produced by
10 four one-dimensional pyramid filters of order 2N-1; and
pyramid filtered output signals corresponding to output signals produced
either by four two-dimensional pyramid filters or one two-dimensional pyramid
filter of order [2(N-1) — 1] using signal sample matrices of order [2(N-1)-1];
wherein the respective output signals in said two dimensional pyramid filter

15 architecture are summed on respective clock cycles of said two dimensional

pyramid filter architecture.

2. The integrated circuit of claim 1, wherein N is four; and
wherein said two dimensional pyramid filter architecture of order seven, in
20  operation, capable of producing, on respective clock cycles, the pyramid filtered
output signals corresponding to output signals produced either by four two-

dimensional pyramid filters or one two-dimensional pyramid of order five using
four signal sample matrices P2, B2, P35, P2, , the pyramid filtered output

P+ =127 1 4

signals being produced by a plurality of one-dimensional pyramid filters.

16



signals being produced by a plurality of one-dinensional pyramd filters.
16 WO 02/080104 PCT/ US02/ 10166 3. The integrated circuit of claim 2,

wher ei n swod208B04di nensi onal pyramd filters conprise a PEFUSNE166

scal abl e cascaded nultiplerless operational units, each of said
operational units capable of producing a different 5 order pyramd filtered
out put signal sanple stream 4. The integrated circuit of claim2, wherein
sai d one-di mensional pyra md filters conprise other than one-di nensi onal
mul tiplierless pyraniik intdgrated cirdit &.clditne?  iwHezgin aakdora-diméinsiondl cl ai m 2,
wherein said two dimensional pyramd filter architecture of order seven,

i n operati pyrantafitblsecodiprige elsguagse oiscalabipesdcaded elutpheriegs! es, the
pyramd filtered output signals corresponding to output signals produced
ei ther by bparatibingl-hiteeswdhasiabidpesdtiohal ihitsedapable sFppod sliimenRsgit onal
pyram d of order five using four signal sanple matrices 15 .PS;~-1, PSi;

+r~~' +i 5- loldetipy Rt fitbedtgitisinkl $drepledtredlput signal s produced by a
plurality of one-dinmensional pyramd filters being produced by eight one-
di mensional pyramd filters of order five. 6. The integrated circuit of
claim5, wherein, of the eight one 20 dinmensional pyramd filters of order

five, four are @Pp”ﬂﬁ’eilrn%élféé%ir&mdoff(%’ﬁ\ 2{]@%9?&1@&&%@@%&- 7. The

integrated circuit of claimb5, wherein sail i mensional pyramd filter

ar chi t ect upg-a@did BREQ coRMHRE otfid? HRRESH-HbnsfRAMLRIpRErHRE RPRhiB JiteRN 17

10 5, The integrated circuit of claim 2, wherein said two dimensional
pyramid filter architecture of order seven, in operation, capable of producing, on
respective clock cycles, the pyramid filtered output signals corresponding to
output signals produced either by four two-dimensional pyramid filters or one two-
dimensional pyramid of order five using four signal sample matrices

15 PIS L PIPLLBSSLPAY,,, the pyramid filtered output signals produced by a

plurality of one-dimensional pyramid filters being produced by eight one-

dim ensional pyramid filters of order five.

6. The integrated circuit of claim 5, wherein, of the eight one-
20 dirmensional pyramid filters of order five, four are applied row-wise and four are

applied column-wise.

7. The integrated circuit of claim 5, wherein said two dimensional

pyramid filter architecture of order seven, in operation, capable of producing, on

17



WO 02/ 080104 PCT/ US02/ 10166 respective clock cycles, the pyramd filtered
out put signals corresponding to output signals produced by four

t wo- di nerwoonagoipyram d filters of order five, the pyranPdTfisb/eried out put
signals produced by a plurality of one-dinensional pyramd filters being
produced by eight one-dinensional nultiplierless pyramd filters of 5 order
five. 8. THESREWERF'RCkEYees dig pyramidiiligrad putpmhsigsals cookspdmeingi tght one-

di mensional pyramd filters of order five, four are applied roww se and
four are &ngtéw“@lﬂ RIFAUGRGIY foyntve-dimensionakpyramétfilters cflortieofvec e m 2,
wherein said two dinensional pyramd filter architecture of order seven,

i n oper at i oMfaneigipres @toyirsignals prgduead by a sheality vEomnd-dictensionbigsyratite

pyram d filtered output signals corresponding to output signals produced
by four twdltefisrkeig presiucey by aight orid-tierenswinabmdtiplidériese pytdmsid ifigefeydgfam d
filtered output signals produced by a plurality of one-dinensional pyramd
filters Sbeioﬁg?rpﬁr\/@duced by ot her than one-di nensional multiplierless pyramd
filters. 10. The integrated circuit of claim1l, wherein Nis four; said two
di rensional pyramd filter architecture of order seven, in 20 operation,
bei ng capabl e of producing, on respective clock cycles, at |east the
following: outp8t siTimaintegrateduiredt SHcldioT, el SRS cRyhebneyranid filters

of order five.
dimensional pyramid filters of order five, four are applied row-wise and four are
applied column-wise.
10

9. The integrated circuit of claim 2, wherein said two dimensional
pyramid filter architecture of order seven, in operation, capable of producing, on
respective clock cycles, the pyramid filtered output signals corresponding to
output signals produced by four two-dimensional pyramid filters of order five, the

15 pyramid filtered output signals produced by a plurality of one-dimensional pyramid

filters being produced by other than one-dimensional multiplierless pyramid filters.

10.  The integrated circuit of claim 1, wherein N is four;
said two dimensional pyramid filter architecture of order seven, in
20  operation, being capable of producing, on respective clock cycles, at least the
following:
output signals produced by four two-dimensional pyramid filters of order

five.

25 11. The integrated circuit of claim 1, wherein said two dimensional
18



25 11. The integrated circuit of claim1l, wherein said two dinmensional 18
WO 02/ 080104 PCT/ US02/ 10166 pyram d filter architecture of order seven, in
oper at i orwowmapsiab£ of producing, on respective clock cyclPex/usbheripsram d
filtered output signals corresponding to output signals produced by four
two-di nensional pyramd filters of order five, the pyramd filtered output
signal s bePYf@”}ﬁ‘i’g ahisFiyRef grderseven WooRR RS icopable Bf piaduaing, on | t er s
other than four two-dinmensional pyramd filters. 12. A method of filtering
an i mage utISRECHVe elRCkiFYeiass thenrirarpighiiaras eytpuiegignale corresponding tof or der
2N-1, where Nis a positive integer greater than three, said nethod
conpri si ngouPet signale piodused by dpwawpwimensienal pyrdneid fitierssafiogdanfige diheensi onal
pyramd filter architecture, the follow ng: pyramd filtered out put

si gnal s coPYrésybiilterag outpubsignats hsingnerbducast ydomedr impre miuordinessidnatensi onal
pyramd filters of order 2N-1; and pyramd filtered output signals

cor r espbédndpyrgmidfikkers ptivershamédus twediprendionatpyeativkfiltdsy. f our t wo- di nensi onal
pyram d filters or one two- dinmensional pyramd filter of order [2(N1) -
1] using signal sanple matrices of order [2(N-1)-1]. 13. The nethod of
claim12, wherein Nis four; 20 pyramd filtered output signals
correspondi ng t1R2.outAputetisacyoilitering anlimagt usthg Bewoklimésiond) woragiidnagi onal

pyram d filters or one two-dinensional pyramd filter of order [2(N1) -1
] using sigraltectarpbiomniat RNcEwitdre ™ Bed pbailile htederlgreater than three, said
method comprising:
10 summing, on respective clock cycles of said two dimensional pyramid filter
architecture, the following:
pyramid filtered output signals corresponding to output signals
produced by four ohe-dimensional pyramid filters of order 2N-1: and
pyramid filtered output signals corresponding to output signals
15 produced either by four two-dimensional pyramid filters or one two-

dimensional pyramid filter of order [2(N-1) ~ 1] using signal sample

matrices of order [2(N-1)-1].

13.  The method of claim 12, wherein N is four;

20 pyramid filtered output signals corresponding to output signals produced
either by four two-dimensional pyramid filters or one two-dimensional pyramid
filter of order [2(N-1) — 1] using signal sample matrices of order [2(N-1)-1]
comprising output signals produced by four two-dimensional pyramid filters of
order five.

25
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conpri sing output signals produced by four two-dinensional pyramd filters
of order five. 25 19 WD 02/080104 PCT/ US02/ 10166 14. The nethod of claim
12, wher ewo oblogdaof our; and wherein the pyramd filtered orCpuiSoyignal s
corresponding to output signals produced either by four two-dinensional
pyramd filters gr one two-dinensional pyramd filter of order five using
four signal sanpfe 5Ihafetbedobagim 1iwhepind)l PEe®; eodpri se pyranid filtered
out put signals roduced by a plurality of one-dinensional pyramd filters.
15. The met hod mﬁe&'@mﬁ Pyamidititared autpHl sigaie cairesnasidingab optpuasigdalsfi | t er s
conpri se a sequence of scal able cascaded nultiplerless operational units,

i o each of REequsedrithat by frur twerdineensigrabpwrantid fitersoc bng teo-dinféreionat  or der
pyramd filtered output signal sanple stream 16. An article conprising: a
st orage nedV@Middiptoierdentie vsinl our sipaslisagnme or ed t hereon instructi ons,
that, when executed result in filtering an imge 15 using a two-di nensional

pyrami d sf i Inarices &1 _, €T yr&70f, PAF decondhist, pyrdraiaeillird Sodpulisidd ve i nt eger
greater than three, by: sumi ng, on respective clock cycles of said two

di mensi onal ' j ure, the following: pyramd filtered
out put si gﬁéﬁucgg}b egs%g’;\aﬁyn%ﬁ{n%hdéhgﬁ%gniipé'ﬁaaﬂ”g filters.
15.  The method of claim 14, wherein said one-dimensional pyramid
filters comprise a sequence of scalable cascaded multiplerless operational units,
10 each of said operational units capable of producing a different order pyramid

filtered output signal sample stream.

16.  An article comprising: a storage medium, said storage medium
having stored thereon instructions, that, when executed result in filtering an image
15 using a two-dimensional pyramid filter architecture of order 2N-1, where N is a
positive integer greater than three, by:
summing, on respective clock cycles of said two dimensional pyramid filter
architecture, the following:

‘pyramid filtered output signals corresponding to output signals
20 produced by four one-dimensional pyramid filters of order 2N-1: and
pyramid filtered output signals corresponding to output signals
produced either by four two-dimensional pyramid filters or one two-

dimensional pyramid filter of order [2(N-1) — 1] using signal sample

matrices of order [2(N-1)-1].

20



20 produced by four one-dinmensional pyramd filters of order 2N-1; and
pyramd filtered output signals corresponding to output signals produced
ei t her bywbmawsdino- di nensi onal pyramd filters or one twoPCdiusensiional
pyramd filter of order [2(N-1) - 1] using signal sanple matrices of order
[2(N-1)-1j. 20 WO 02/080104 PCT/US02/ 10166 17. The article of claim 16,
wherein Nis four; pyramd filtered output signals corresponding to output
signal s produced_ either by four two-dinensional pyranmd filters or one
t wo- di mensi onal 'gyr akD@ agide ptdaimot6, wheesin Noiseur) - 1] using signal sanpl e
matrices of order [2(N-1)-1 ] conprising output signals produced by four
t wo- di mensi onal PfRMgfifefad auspy sigmalsorotiesponadieg tol@utpTtsgreais podaced cl ai m
16, wherein Nis four; and 10 wherein the pyramd filtered output signals
cor r espondiGi§et by Wi pue-dinensional pyacdititads er bhetwdginiensiortawpyrdiniensi onall
pyramid filters or one two-dinensional pyramd of order five using four
si gnal sangiter efeardeci@Ny) 58 usbSigekSampie Snatiigeslof oreér; [R#I-3)HFL, j - 15
i +I,J+l conprise pyramd filtered output signals produced by a plurality of
one- di mengoowabingyatmitsidrials goducetBoylBur fiediatdnsional gframicdimrsls; wher ei n
sai d one-di nensional pyramd filters

order five.

18.  The article of claim 16, wherein N is four; and
10 wherein the pyramid filtered output signals corresponding to output signals

produced either by four two-dimensional pyramid filters or one two-dimensional

i . H H 3 5x5 5x5 x5 5x35
pyramid of order five using four signal sample matrices P B Dt s Pt o s

comprise pyramid filtered output signals produced by a plurality of one-
dimensional pyramid filters.
15
19. The article of claim 18, 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.
20
20.  Animage processing system comprising:
an image processing unit to filter scanned color images:
said image processing unit including at least one two-dimensional pyramid

filter architecture;
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conprise a sequence of scal able cascaded multiplerless operational units,
each of said operational units capable of producing a different order
pyram d fwbDtoensdo4 out put signal sanple stream 20 20. An PERFSOPIOGESSI NQ
system conprising: an inmage processing unit to filter scanned col or inages;
sai d image processing unit including at |east one two-di nensional pyramd
filter architectd atleast ang e dgmersan@eyrantdiiteoambitedie camurisigt one

t wo- di nensi onal pyramd filter architecture conprising: a two-di mensional
pyrami d filter ahilimansignal pyragid Bted @rchitreture erder 28-5 wheos Ntis ae
integer greater than three; said two dinensional pyramd filter

ar chi t ect upesiipfe inieger gemter thamthwgrir ati on, 5 capabl e of producing, on
respective clock cycles, at least the followi ng: pyramd filtered out put
si gnal s cor r esp@itiiwgdimensianalpyreimighfities apnhitectoesdofoyrdef 241, onepedaticensi onal
pyramd filters of order 2N-1; and pyramd filtered output signals

cor r es pondcagpbieoofqproguting.i aaispegiive dlock dycles, tah éxash yhef foliswihgo- di mensi onal
pyram d filters or one two-dinensional pyramid io filter of order [2(N1)
- 1] using si gngframsahiiteecdrattputsignaé corelponfidghd dltplit signakeredutet g
respective output signals in said two di nensional pyramd filter

ar chi t ect ufoar ane-dirnemaichad pyraesip dittéis\of orlepoKl-t)epldes of said two di nensi onal

pyram d filter architecture.
pyramid filtered output signals corresponding to output signals produced
either by four two-dimensional pyramid filters or one two-dimensional pyramid
10 filter of order [2(N-1) — 1] using signal sample matrices of order [2(N-1)-1];
wherein the respective output signals in said two dimensional pyramid filter

architecture are summed on respective clock cycles of said two dimensional

pyramid filter architecture.

15 21.  The system of claim 20, wherein N is four;
pyramid filtered output signals corresponding to output signals produced
either by four two-dimensional pyramid filters or one two-dimensional pyramid
filtter of order [2(N-1) ~ 1] using signhal sample matrices of order [2(N-1)-1]
comprising output signals produced by four two-dimensional pyramid filters of

20  order five.

22.  The system of claim 20, wherein N is four; and
wherein the pyramid filtered output signals corresponding to output signals

produced either by four two-dimensional pyramid filters or one two-dimensional
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15 21. The system of claim 20, wherein Nis four; pyramd filtered output
signal s corresponding to output signals produced either by four

t wo- di nerwoonagoipyram d filters or one two-di mensi onal pyPamiuso2/idibé er of
order [2(N-1) - 1] using signal sanple matrices of order [2(N1)-1]

conpri sing output signals produced by four two-dinensional pyramd filters
of 20 or dpyrafmioef or@@r fidhesisy Lt &gkl enaien2Aicashefei psH i g5xf owss and

j1i 2 Ligl, j-12 L al

wherein the pyramd filtered output signals corres'bl"_rlfdf'i’l’g t'6’out’plit signal s
produced ej d UL i g | ramd filters _or one

t wo- di rrensFéﬂgﬁs%ré\%&%yﬁe&%%ﬁg@/ﬁ)@g(g%ﬁ% Y SRR BPNt der five using
four signa-.ﬁggfgl L CE SxS P5x5 PSx, P5a5 i-1 j-1i-21j+ i+, j-I
i+1, j+ cg'nprl Sggbésﬁéﬁﬁilagﬁ?elr tered output signals produced by a plurality
of one- dinensional pyramd filters. 5 23. The system of claim 22, wherein

sai d one-di nensional pyramd filters conprise a sequence of scal able

cascaded nmultiplerless operatignal ~.units, each of said operational units
capabl egof produci nd "% é{F Ptﬁ?‘”b?%éﬁ‘h%wéﬁi%nerﬁi'me@ﬁ@@a rtd si gnal

sanple strgam 10 23
P Fll?ers compfise a sequence of scalable cascaded multiplerless operational units,
each of said operational units capable of producing a different order pyramid

filtered output signai sample stream.

10
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