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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,



background and foreground i nages for efficient inmage processing operations,
WO 02/ 080363 PCT/ US02/ 10165 2 such as enhancenent, conpression, etc., as
are at tiwedagpbsed in a typical photocopyi ng machi ne oPcTamoneriétlevi ce.
In this context, this operation is ofegen referred to as a descreening
operation. This descreening is also sonetinmes applied to renove hal ftone

patterns tRkathBBYnB4h&dmért, EmerekSibRadtc.sasanedt imdgeppliedfva tgiealpl e, these
hal ft one patterns may cause objectionable artifacts for human eyes if not

properly r E‘;mavcf‘dég lﬁa%édh@f@ & ézaaheramrdéaﬁhthfﬁorﬂéut Shidespenaniié bien or

descreening is t Iter the color image in order to blur it. These blurred

results arr@fetrrlé%”co‘é%eaddésgre”‘éﬁi Sdpdratidte ralsMdichR@ntHYVis Blssonfetider  and

sharpen the image in er to produce t he deconposition. Typically this

blurring cap, Ré’d ?&%n?d%qqaliﬁddégpdt%n% Sh%yr?‘fg?te&fsf:mpéﬂ&f@lﬁ’al sf:br')ﬁ&iflma@émmt ric

pyram d f| e I npul se response ( ters are well -known.
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parallel f roorgéra tosplrg tljc% tﬁglélre(c::gmposﬂon n?yplca(?lycghls b urr|r|19 can be achieved using

10 a"symmetric pyramid” filter. Symmetric pyramid finite impulse response (FIR)

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 muitiple 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



The nunbers provided in parenthesis for each FIR block in FIG |
represents the pyramd filter of corresponding | ength. For exanple, (1, 2,
1) are tweokioka3es coefficients for a symetric pyram d fiPQTtEsor/nges se
response (FIR) filter 25 of order or3length 3. Likew se, (1, 2, 3, 2, 1)
are the coefficients for an FIR WO 02/080363 PCT/ US02/10165 3 pyramd

filter of qis@niditef &5 order 8, &14,2, 3,423, 21)) arectht Reefierhid fof aptrsRfor an FIR
pyramd filter of order 7, (1, 2, 3, 4, 5, 4, 3, 2, 1) are the coefficients

for an F'prpéfﬁi@rfilt@rf)fd_)r"ol@I‘?,g1,Q,V@!Qlf, 594, 3nd 15 ard PElddefiiicHRS RF BHFAREl Y, the
approach denonstrated in FI 1 has di sadvantages. For exanple,

i nefficiency 4R fliee I brakF 9L ARNt conputations. Likew se, FIR
i mpl ementations frequently enploy nuitiplier circuits. Wile

i npl ementations exist to reduce or avoid the use of nultipliers, such as
with shifting and summng circuitry, that may then result in increased

¢l ocki ng and, h%?@rtur{é‘?éﬂg\,rtﬁglégﬁro%kﬁ BHintonEt?atFBrirﬁ’P “Phds dié‘ad\%ﬂ@we&her efore,

exists for inproving pyramd I'tering Tnplementations or architectures.
out and di dt ST es ey SR o e dPR b sl ghe: HIEHISBL AR B2t Fon.
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circuitry, that may then result in increased clocking and, hence, may reduce circuit
10 through-put. A need, therefore, exists for improving pyramid filtering

implementations or architectures.

15 BRIEF DESCRIPTION OF THE DRAWINGS

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,

20 and appendages thereof, may best be understood by reference of the following

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

25  architecture;



FIG 1 is a block diagramillustrating a brute force approach to
inplementing a finite inpulse response (FIR) multiple pyramd filtering 25
ar chi t ectwpe2/08B602/ 080363 PCT/ US02/ 10165 4 FIG 2 is onecamsodioreht of a
one-di mensional nmultiplierless pyramd filter; 5 FIG 3 is one enbodi nent
of a two-dinmensional pyramd filter architecture; FIG 4 is a table/matrix
showi ng an exanple of a matrix that may result frominplenenting a

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

i npl emented by Fr@. LR SR iPEnTdG o di}wQerElloﬁa{ ﬁuit@n@rlésamyﬁdnﬁﬁat rix

showi ng an exanple of a two-dinensional signa at may be operated upon
by a two-digggnsional pyramd filter architecture; FIG 6 is a table/matrix
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

i gnal Sampl o el KRBl ot BrfeR¥Rop! nfaffl FRFRERNRS | [Pt

appl yi ng a one-di nensional pyramd filter to the colums of a
t wo- di nensi onal input signal sanple matrix. 25

FIG. 4 is a table/matrix showing an example of a matrix that may resuit
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 table/matrix showing an example of applying a one-dimensional

15 pyramid filter kernel both row-wise and column-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-dimensional

20 pyramid filtter to the rows of a two-dimensional input signal sample matrix; and

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



WD 02/ 080363 PCT/ US02/ 10165 5 DETAI LED DESCRI PTION In the foll ow ng
detail ed description, nunmerous specific details are set forth in order to
provi de awbDhefsgusgh under st andi ng of the claimed subj ect mecrdarsoz/ikbwever,
it will be understood by those skilled in the art that the clai med subject
matter may be practiced without these specific details. In other instances,
wel | - known DiEltAlbdE DEESGREIRIUOMS, conponents and circuits have not been
described in detail in order so as not to obscure the claimed subject
matter. io As previously described, pyramd filtering, in particular,
symmetric pyramd filtering, may be enployed in connection with col or

i mages or col or ilmdigefollpwingeksailed descripither ntoecrssppoiiie detaild ascsaddartth he

i mge, such as into a background and foreground i mage, for exanple.

Al t hough t hén otder reprosidie] seihioromhtieiderstanmding bf thietotimied sabjepemattert hi s
respect, in such a context, pyramd filtering 15 architectures that reduce

conput at isondovavan it g unkemtemespindge akitléd M thbairdhal e elsihedsabject
particularly desirable. Likew se, inplenmentations that are nultiplerless,

that is do medtte?pesibd pallivePRincY tHasktdppLific dkt@s. IMothbBerinsiafees it at i on,
are al so desirable usually because such inpl enentations or embodi nents are

cheaper to 'kHB\bvﬁrﬁ‘\‘élho&sh%'ﬁoéef&l‘a% E&%boﬁéﬁ%&%d‘éfrcunfé%d»&@%o?ge@ﬁlbéédﬁbb@ﬁn
circuits. Although the clainmed scope is not limted in scope in

][iefltogff SELﬁ‘eta?rl in lotdet Sb"RL 5% tRBL SR e BAe2CRbRict AafRe- di mensi O”a' pyrami d

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 inciude

20  multiplier circuits.

Although the claimed scope is not limited in scope in this respect, FIG. 2
illustrates 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



described in nore detail in aforenentioned U S. Patent Application Serial
No. 25 09/754,684, titled "Multiplierless Pyramd Filter," by T. Acharya
(att or neywoacksi3eNO 02/ 080363 PCT/ US02/ 10165 6 no. 04239@craGé2dssfil ed
on January 3, 2001. Enbodi nment 200 cofprises a unified nultiplierless
cascaded symmetric pyramd filtering architecture to generate a nultiple

nunber  of f{b.' 647300, FI7DYS, fifddustaliarilaneaE0aiorErmbsdimeat2@l corspiiagsice of
pyramd filters having different orders, the generation of the output 5

signal streamEy HadiIiEHBS Ed5cRasd@bymietriopyrarnial Miarihg ardhitecterdiodi nent ,
al t hough, "again, the clainmed subject matter is not limted in scope in

this respegbnodd bhliiiénuMbPuf fitranalpst agamsteans tstucsstiasirever y cl ock
cycle for ac?l pyramd filter of a different order being inplenented.

Ther efor e. LA el byAIESh a8l yicfdrisratentof heoatpner L cul
produc 00

enbodi nment es results 'n io terns of throughput. However, as

previ ous! Y ol ! GRLAG o0&l PR i) 2 thRBAGE IR EmKdthhent: BtsoLgh,

one- di ménsi pyram G 2 1s understood in the context of

specific notation. .E o i
desi gnat ed ageiny g]el %&\i@ed‘iﬁ%&&iﬁ%? 'Sxdld,? W?'a‘.it.eé ?P%%)?Jeih %?Fexﬁpgc&ﬁmi%@m +2,

) In d g?l"ht%igg%kt?éﬁ‘g fsﬁ#rggﬁcj:e%p&* e\['grgﬁgégic?&%cfriéa%ﬁrp‘yfbﬁniHﬁMerb@f £xpressed

as a 20 co e 1 npu n and a'filter, F, inthis
context a djgital filter .of finite ; - ere as a finite
i moul se eé]iljgeﬁgtgt QEFREIRg irfipmehted THRPELR, id £4GHdFE Bethd!
computationally efficient, this particular embodiment produces good results 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 = (Xoy X4y oev s Xi20 Xicty Xiy X, X2, oo.2)

In digital or discrete signal processing, filtering may be expressed as a
20 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 stream is indicated as follows:

Y=X®F

25



Therefore, the filtered output signal streamis indicated as follows: Y = X
(r) F 25 WD 02/080363 PCT/ US02/ 10165 7 As previously described, the

parti cul awoenisadssrent in FIG 2 enploys pyramd filters. pCramse2idibiers are
typically inplenented using digital fiflters of |Ilengths or orders that are
odd, such as 3, 5, 7, 9, etc. Odd nunbers or orders, in this context, may

be expressed i Nad B%vfd@fsg‘d'@écﬂbed/\ffﬂ% Bamicilar anpoginieny @ FIGt 2ganploys great er
than two, for exanple one exanpl es of such digital filters are as

follows: F afe ) ﬁtbdu% ifal ﬂﬂersihf 1) F9 = (1,
A 5§Vr%%§ﬁljcérs Frﬁeééﬁ%rga %I}cha )infp-fieme ingdig HRers ) e e,
in this COTétngfﬂs oerO‘ers%f’fét]‘c?re 5@8 §lﬂ>ﬁ efsQir @?' 999’:&' Ud@rrfilml:teh@of bidees, gl out put
signal s or fput signal streans nmmy be represented as follows: 20 B3 = X

]S :‘ I) N g?e; f);hlwq]é_gor%gt naybe e%'resjséd i it foRn AB1, Wheré Nikta §dsithvenntegsi gnal X

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

follows:
Fa=(1,2,1)
Fs=(1,2,3,2,1)
10 F7=(1,2,3,4,3,2,1)
Fe=(1,2,3,4,5,4,3,2,1)
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

=X ® Fa=(bod, bed ... b b b, ...)  resultof input signal X
filtered by F3
BS=X ® Fs=(bo’, bs° ..., b’ b’ b ...)  resultof input signal X

25 filtered by Fs



B5 = X (r) F5 = (b05, b15, , bi 15, bi5, bl+15, ) result of input signal X
25 filtered by F5 WD 02/ 080363 PCT/US02/10165 8 B7 = X 0 F7 = (bo , bl7,

... , bi W®,02l080363 bi +17, ....) result of input signal X fcirisoetiby F7 B9
= XOF9 = (bog, b19, ... , bi-19, bi g, b;+19, ....) result of input signal
X filtered by F9 5 BM= X (r) FM= (bo , baM ... , b,-Im bM bi+1M

....) result of phputesikgaab,Xp,filtered by, FM 10 Arsakbempat Sgm@K to
enpirically represent these ?lltered out put signal sanples is "as foll ows:
15 bi3 = Xiﬁlﬂerédg?.ﬁ"’ Xi+1 bi5 = xi-2 + 2xi-1 + 3xi + 2xi+1 + xi+2 20 bi =
Xi-3 + 242 + 3xi-1 + 4xi + 3xi+1 + 2xi+2 + Xi+3 big = 44 + 2X1-3 + 3Xi-2 +
AXi -1 + 5Xi + 4xpodyte3x £2ne 2% +3 g Xi®4, Liekew se } | what is
referred to, i nxl% hi é( %oﬁ? e>2<('ltoc,J ’ gﬂs’ st é?ﬁ'é ’ b25b'§r/1a'r'i"\gbl epse,sgi%(ﬁ‘émggg%gﬁéel%r essi ons
may be re- em@rgéggggas foll ows: WO 02/080363 PCT/US02/ 10165

BY=X® Fu= (o™ bM ..., b b b, ...)  result of input signal X

filtered by Fy

10
An alternate way to empirically represent these filiered output signal samples is
as follows:
15
bi® = Xt + 2% + Xiaq
bis = Xip + 2% + 3% + 2Xj+1 + Xjso
20 bi’ = Xig + 2Xi2 + 3% + 4X + 3Xieq + 2z + Xiss

big = Xig + 2Xi3 + 32 + 4%+ OX; F AXrq F BXjso F 2Xie3 F Xjra

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

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



9 bi3 =xi + Si3, where S =xi-1+ Xi + x1+1 b;5 = bi3 + S15 , where § 5
= X1-2 + xi-1 + Xi + xi+l + Xi+2 5 b7 = bl5 + S;7' where Si = Xi-3 + xi-2
+ 41 + XIW® 02i08B63+ x1+2 + x1+3 bj9 = b;7 + S 9, where Si PETABOF10485 + Xi - 2
+ x1-1 + xi + X1+1 + X1+2 + xi+3 + X2+4 10 Hence, the desired pyramd
filter may be expressed as follows: B3 = X + S3, where S3 = (SO , S13 ,
s23, ..., Si-13, S, 51+13, ... ) 15 B5 = B3 + S5, where S3 = (So05,
S5, S25, ... , Si-15, S15, Si+15, ... ) B7 = B5 + S7, where S7 =
(S07, S17" S27 pl=x +s °Slrkfe S, s,/ + x+xsy) B9 = B7+S9' where S9 =
(s09, S19, S29, ..., Si-19, S9, Si+19, ... ) 20 A study of FIG 2

illustrates that the conputed output signal streans, B3, B5, B7, B9, etc.
of the pyramd filters shown in FIG 2 are produced by the enbodi nment
illustrated. 25,Fhe,previ querdi scugsian, of pyram d filters occurs in the
context of one WD 02/ 080363 PCT/ US02/ 10165 10 di'?rensi*fonm filtering;
however,5 due at least in part to the symretric nature of such

b’ = + s, where Si' = Xig + Xiz + Xt + X F Xiat + Xz * Xivg
b?=b/+s’, where S©° = Xia + Xia ¥ Xia ¥ Xit + X+ Xieq F Xz + Xisg +
Xira
10
Hence, the desired pyramid filter may be expressed as follows:
3 3
B= X + S5, where S; = (s¢°, 81°, 82, ..., Sit°, S, Sty ..
5 5
15 B®= B®+ S5, where Sz = (S¢°, $1°, 8274« Sit°, Si°) Sirt” s +.v)
7
B'= B°+S;, where Sy =(s0’, 81,82, .., 814’ , S, it ..0)
9 9
B®= B’ + Sy, where Sg = (s¢°, 817, s2°, ..., sie”, 8%, s’ )
20

A study of FIG. 2 illustrates that the computed output signal streams, B,
Bs, B, Bg, 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-



filters, it is possible to inplenent pyramd two-dinensional filtering
instead of conputing in a roww se and col um-w se one-di nensi onal fashion
that enplwpa2/080863 a conputational steps. If we represent Pa#/US02/10165

one-di nensional k -tap pyramd 5 filt®r as F,, =C 2 3 .. k21 ... 3 2 1],
the corresponding two dinensional pyramd filter F,kk may be derived as
shown in Flhefsiodanfildihg; Rowder, gy &t Ishstwh phi €o thaosyehmetrisinataé opyuemi d
filter kernel for k=9. Essum ng a two- dinmensional input signal, e.g.,

signal sanmgligs, it RAYdsambid ReinfoRmzsiMmidiwbldmmedsiondtfiferird insteadtofbl e
illustrating a matrix that may result, here a two-dinensional io filtered

si gnal Sa”ﬁ})ﬁ\pﬂ’d‘ﬁgﬂﬁta m&ﬂag@,ammw@ 6ihe-HieerisignariaRRios ithatamployt

signal sanmple nmattix Is | tered using two-di mensional pyramd filter

kernel FFl Xyira computitiBndBdtépsX | rédbnbiHe orfe-aMensRaEl k -thp@fraamal yi ng a
'ip tap pyramd filt f
1

one- di mensi-onal r in every row of the two-di nensional

i nput signal sanple trix 5 apd the mat4ix shown in FIG 9 may result
from apgl yfiftgr #& ene-|di erssi-on -t-ap3 pyianthd cbiresmding teawwer y col umm of

t he two-di nensional linput signa} sanple mairix. The matrix in FIG 4 may
result from applying the two-dinensional (k x k) tap filter to the two
di mensi onaldiraigiona ipgremhidsiteplrg, may biexdesived absbowain Wi\, IntFlGay, wesul t
from appl yi ng the one-di nensional k-tap pyramd filter roww se and then

foll d 2 - wi.se Lvi ; _ ¢
ol | owe 0¥ sﬁ&!vf{fgﬁlﬁ @4/%%%6%@}%& B\Fatift fiteR REFRAFN KEO. /Qé%”u%gg? g8 thb! tered

si gnal sanpl'es ™ ou x1 ‘and p3x3, produces the follow ng

relati OnSh'd?r%éné{Ra(?%p%g?g%%I, %%”é@%/sém)%%, hé\;ing form shown in FIG. 5,
FIG. 4 is a table illustrating a matrix that may result, here a two-dimensionali
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 fiiter 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:



_ Pi,lI Sij-1+2Si,i +Si,i+l P3l =s+2s +Si, i I-1"J ij i+l,] 3x3
+2s,.  +S +2s +4si +2si,j+1 +Si+l,j-1 +2Si+1,) +S1+l,j+1 Pi,i = Si-1,j-1
l,j i-1,iwboe/80e383i 5 Generating filtered signal sanples earpsoyi1@sx1l P "5
and p5x5, produces the followng rel#tionships: sxI s. + 2s,-1, + 3si +
2st. .+l ,+ st.+2,i 10P, j =~2jj,1j 1 X5P i=S8j-2+2si,j-1+
3si,j +2Si,i+l + Sij+2 PiS§ 5 = (SI-2,J-2 +2si-2,j-1 +3s,-2,] +2si-2,j +l
+Sl-2,j+2)+(2si-,,] 2 +4s, ,,,-1 +6Sl-,,] +4s,-,,j+1 +2sl ,,,+2)+ (3s
i,j-2 +6Sl j-, +9S;,] + 6sl,,+, + 3sl j+2) + (2sl+1,J-2 + 4si+l,j-1 +
6s,+l, | + 4sl+l, j+ + 2s,+,,+2) + (sS.+2,]-2 +2s,+z,]-, +3s,,+2,]

+2sl +2,j+, +si+2,j+2) Likew se, generating filtered signal sanples outputs
p7xl, P x7, and p7x7,., 15 pr%duce the follow ng relationships: 7x1 s. +
2s.  + 3s. + 4s + 3AL S TGN + S +3,] P IX7 = Si,j-3 + 28i,i-2 +
3sl,j-1 + 4si,j + 38|,1+1 + 2si,1+2 + Si,j+3 ] WD 02/080363 PCT/ US02/ 10165

PR =8, T2+ S,

+S;
P3\3—S1111+2S-—1]+s—-11+1+2 lj1+4S +2st]+1+sl+1]~1+2Sl+1_] i+, j+l

5x5
Generating filtered signal samples outputs p¥! p™ and P, produces

the following relationships:

10 P35 = s, 280, + 38t 280y Sua

1)[.{;‘5___ si,j—2+2 tjl+3s +2st}+1+slj+2

il A4S, T 28 )T
Piijs = (802 285120 +35, ;28 5 m TS i)+ (280 +as, 0 T 68 11,41 11,42

, , YA &
(38; -2 +65; ;. +95;; + 65, +3si,+-)+(7s1+11 2t 4850 +658,, 5 + A8 T l+|,j+2)

(S1agja T 2850 F 3850t 2810ga T si+2,j+2)

7x1 1x7 7X7
Likewise, generating filtered signal samples outputs P™, P, and P,

15 produces the following relationships:

Pff‘ = S, .+2si_2’j+3sl._l,j+4si,j+3si+1,j+2si+2’j+si+3,j

. R T
P = 8,528, +35, ., T A8, +38; 5 +28; 2+ i



12 ) + 7~7 + 2si + 3s + 4s +3s + 2s + i i i i
L= . : _ _ . S (Si-3,j-3-3j-2i-3j-11i-3,j
gsjl +% !;:i,j+2 e 3,]+3 (2si-2,j-3 + 4S8i-2,j-2 + 65i-12,j-1 J+ 85:-2le+I >
D5 PR 12 S 210 S0 0 L et 1 ¢
-1, si221,j+3) + (4s1,j-3 + 8si,j-2 +
12si,j-1 + 16si,j + 12si,j+1 + 8S1,j+2 + 4si,| Si3ljo3 4bsi+1, ]
+9si +1,j-1 +12Si +1,] +9si J-Irl,j +1 +6§Ji + +£215|+3JS|+?-I) j++:(3)3il +I( 215|- El))-2+'6-5|3+-:|L-’J 2
El;: Ig; :g 126_5| ;2_, j-1 + 8si +2, J + 6Si +2, j+1 + 4si+2, j+2 + zéji +2,]+3) +
SR Ve s i it R
) ! ( sanpl es outputs _P9x1, P1x9 and
e et e M Teaiy Ty B T
1 -1, , i +1, ] + 3Si+2, | + 2Si+3,] +S 1+4,] Pi
119 Si,j_4 + 2s, k33 + 384, 1-29%, A4Sk 1251 , +95si 38 ot
: . . : ] "y el [N ) i=t,j Eisl+ 1-6"Fl'-,'&|_}; sﬂ:‘ '+3-D
251, 143 7SI, j +4 W80 080363 PCT/ Us02/ 10165 13 oo j3j =]L( Si+32’j g
28 1018, 8 R LA B e S 1T 7S
85i-3 ] +1 + 6Si-3, 142 + 4503, jot3 + .2 B AR Do e S
9s1 2,i-2 + 12si- 2(1,3fiﬂi—3 i%gislgizszg,g'r"fi +1%§%*‘:"’24J,%§$)1"“‘f 695('5*?’?4; ?Sf%7*f+és?s'z'j2’+§'3 '

+3sl 2, 144) +
(28455 T+ 48,1550+ 6845 1 T 88,40, T+ 68,5 01 T 45,5 02t 2si+2,j+3) +

(Siasjos T 28032 38550 T80 T 38,5 31 T 280302 T Siis, 43)
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Furthermore, generating filtered signal samples outputs P! p™® gnd P,
produces the following relationships:

9x1
10 P = Sy +t285, +38,,, A8, 8 A8, 380 ¥ 280 T Sy

1x9 _.
PU = 8 +25, 5+ 38, 1 +4S,J_1 +35s,, + 45,.’”1 +38; 42 + 258, 03 S jua



(4s!-1,j-4 + 85;4,J73 +12slf1,_2 + 16si-1,j-1 + 20s1 1,1 + 16si-1,J+1 +
%gs!-;,i+2 558$|-;,1+3 + 4si-1,j+4) + (5si, j-4 + 10si,j-3 +1551,] 2 +
si,j-1 wo23m80363 + 20si, j+1 + 15si, |j+2 +10S Q+t3 + 5si PCF So#1145i +1,j - 4
+8si+),]-3 +12Si +1,)-2 +16si +1,j-1 +20si +1j +16si+1,] +1 +123?il,f£2 .
+8si +1, ] +3 +4si+1,j+4)+ (3s142,1 4 + 6si+2, j-3 + 9si+2, -2 + 12si+2, j-1

+ 15si +2, | +,d2S}+2, jstl + | +2, 4L +2 +6S, + +3+ 13514 44
%:Si T :'—4,_;].4_"122Sir__4’j8§'|%§i34;j“2 j*ﬁi_‘;,_"_-l '*igsogfl %3?14,71 +E§’§§+ii%%}szl ii—é‘éﬁ '3 J 42

% 4 Qs+ (651,744 84,- 4 P108S ijgrs%glrfrséﬁ;zyﬁs;;ﬁg+£s,.4§m4, -1

+ 4s,43, 3 +
+4s i +3,]+3 + 2s1
+ SSi +4,

i=3,j1, .

j o+ Asi+4RL YU 4T 2 2si 4 ¢ j+4) s

(ps143, 4

Mat hemat i cal mani pyl atign may ¢be eqpiyo}i_edrlg-bo pﬁ@glg%eﬂupﬁe fPbd oW g, 02

OX9 7X7 7X7 7x7 7X779%1
-1+ Pi+l,
1x9 | x9 5x5 5x1 1

- 4si,j 10 Eguation [1 above il Lustr.ates at ir
t éil“i, é%l blirJ’eﬁ(Y)fff‘1 3:1 ggf'e"r‘2 %RST? $?§r‘1“1)ﬁi s case

Pi

t wo- di nensi onal pytSani o %t

)

Q

R4 9x1PgR1 9%y P (P
Py P21 P, |

N

2T OB &

where N is five, may potentially be irrplerrente;i usin% either fo

t wo- di mensi onal  pydsapia- 856 &l ot Ifter 12N 1
one two-di nensional pyramd filter of order [2(N-1)-1] using four WO
02/ 080363 PCT/ US023s,016565,.44 “Ssgial+18%apl e Sy i Wes: P,952,7 P05 15 PISka v
pyram d filters of order 2N-1, here nine,
V- B0, i8S 1500 8 6% aases jal t25ad ;e ot

+i

the filters being @ow: W 5¢

+

and ten one-di nensi onal

6_5&1] i1 +

: ,asn'cﬁs 93(*}12 B8

enpl oys one two-di nensi onal pyram d fi ljter of order

(5544, 4T 28443 T 3840 T 48,0040+ 5850, T 4s b pn T 3842t 281t Si+4,i+4)

5 Mathematical manipulation may be employed to produce the following:

(1l

9x9 _ 7x7 7x7 7x7 7x7 _ 9xl] 9x] 9xl1 9x! 9xl1
‘Pi,j - (‘Pi-l,j—] + ‘Pi—],j+1 + ‘Pi+l,j—l + ‘Pi+1,j+1) (‘Pi,j~2 + 2‘Pi,j—l + ‘Pi,j + 2‘Pi,j-l-l + l)i,j+2)

— (P, +2P"5 + P 2P A P )~ P+ 2P+ P4y

i~2,j

10

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

s thatis seven, or one two-dimensional pyramid filter of order [2(N-1)-1] using four

j+) 5 (Pl je2 + 2P, ] Pi | P-4 1R
! gt i, -ded Piodoet 2RI+, sl , %2 1x9.1 x9
455‘ +82'i,"1]’—3 i%% +.][6S %jO&'I’Q%Ed[Y’j“Jﬂ'__I— IIF?_ILS_‘?;J”J_LI-;E%:L”# %4:1]24?"5' i

+

;
Bt hatoings gé%ém) Tor

P~ P,



(2(N-2)-1], that is five here to produce P,S~ 5 and two one-di nensi onal
pyramd 5 filters of order [2(N-2)-1], that is five here, to produce two
signal sawploe/os@absices Pi"', Pi"'" in this exanple. FIG ¥®crasa/sahematic
diagramillustrating such an enbodi nent, although, of course, the clained
subject matter is not limted in scope to this particular inplenentation

or enbodi Eaf he putp7-si gvad ding to
t hose progﬁ%ée%algg P%@gﬁb\%sdlf‘ﬁﬁh’%ﬁélp’*bwgﬁi’ﬁ’ %he%%ee(r:ds%(r) R @

2(N-1)-1, here orgder s s five, and aI so the out put S|gnal
sanpl es pr o@ﬁ%’@ ﬂ&ﬁ@ﬁg‘”ﬁﬁh%ﬂﬁ g’ﬁﬁ ”'B?Ttﬁﬁﬁ’ﬁe‘islqeﬂ"éerOM’f'W@P(fé‘rd GOINPD) -1, here
order five, not necessarily be produced hy two-di nensjonal a&r am d

filters. A@'SFU§tth'6r$é‘a@i?l?rrﬂF @IS0 ey sRnewe- Cﬂ'inﬁﬁ%ipﬁa'ri%(flarﬁ@ THebei@ear usi ng
one- dinmensional pyramd filters. One such filter is shown in FIG 2,

al t hough, dg&l-2)-1], shatdelfive beral to pppiuoachs and twe odedimensidral putamid  si gnal S
for the architecture shown in FIG 3 nay also be enployed. FIG 3

i |1ustraf esfi@is bdraeF BYIRD) Al ekt ik fild fdre, RPSoddtd ﬂ\%‘g al%fa Fafices

d
alternative enbod |msn?s may not necessari | @ro be 1 npl e nt e n a single 20

ar chit ot ur ot Pan T S0AS GEr B TR A P er < han

four, here five, in operation, is capable of producing, on respective
cl ock cycl eembedimeshsitheugh, of obursei the Ciarped silbjiett materds notlirpitad isi gnal s are
produced corresponding to output signals produced by ten one-di nensi onal
pyram d filsceps tofthis padiculaNniplemgaiation WeRO0BE36.3FBCTAdg0e/ the befput 15

signal samples corresponding to those produced by four two-dimensional pyramid

10 filters of order 2(N-1)-1, here order seven where N is five, and also the output

sighal samples produced by two-dimensional pyramid filter of order 2(N-2)-1, here

order five, may not necessarily be produced by two-dimensional pyramid filters.

As just one example, these output signals may be produced using one-

dimensional pyramid filters. One such filter is shown in FIG. 2, although, again,

15 additional approaches to producing the output signals for the architecture shown

in FIG. 3 may also be employed.

FIG. 3 illustrates an integrated circuit (IC), 300, although, of course,
alternative embodiments may not necessarily be implemented on a single
20 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 four, here
five, in operation, is capable of producing, on respective clock cycles, at least the
following. Pyramid filtered output signals are produced corresponding to output

signals produced by ten one-dimensional pyramid filters of order 2N-1, again,



nine in this exanple where Nis five, 330, 332, 334, 340, 342, 344, 350,
352, 354 and 360 in FIG 3. Pyramd filtered output signals are also
produced woarnespdndi ng to output signals produced either Poy/dsorro16s

t wo- di nensional pyramd filters or otfe two-dinensional pyram d of order
[2(N-1) - 1] or seven here, where s Nis five, using signal sanple matrices
, P'x' P x' nife in thihiesamplathere Ntis five, B30+ 832 ,-3345 340 34P+344, FGRaLs3H e sumed
by adder 310 in FIG 3. Pyramd filtered output signals are al so produced

cor r espondiRY360iroEIR B Rjrgmid ftepsddutpetsigyaloaes alwo pdidueadi onal  pyrami d
filter of order [2(N-2) -1] or five here, where Nis five, using signal

sanpl e mat gheddbhdingas dutpur sighatsiroduesd @itakr ipy faantveb-finidnsionaf pyrechid
2(N-2)-1 using i0 signal sanple matrices Pi' 5, Pt';5 These three output

si gnal s P1R{er5 oPone ¥wo-Birersioringyrahed bhgrder Bi(Bnak §br lseeereharenwaereby adder
390 in FIG 3. Likewi se, the respective output signals in this two

di mensi gnal .py 1 i 8 i me:1 | mphenpntat por, |

ol ement alt BV e O SR e P a1 s OF 330 %32, 334
340, 342, 344, 350, 352, 354 and 360_ are summed on 15 res ectlive clock
cycles of sigpalswase aumenast inaddesyl B E'Q-iQ-tPé’Fa"ﬁ‘rdgﬁﬁfe@i?‘ﬂP'ét, 'PP'S Afders 370
and 375 in FIG 3. Adder 380 sunms the output signals of 310, 370, 375 and
390. Of coalss@roduagd @niesppnding tneutpeissignalerodarss by ne Jo-dimalIsindht at i on
and the clained subject matter is not limted in scope to this or to

anot her papyiacid ditter ofgireerdatNiR) ori] oniiverareewbersNbis fNe; 8siRGEIINAhi ted to
five. Likew se, the pyramd filtered output signals that correspond to
out put si gBAMBINNAEHIEY’ Md Bvd owe-diremsnahgiramid fiter of order 2(N-2)-1 using

10 signal sample matrices P’°, P/s*. These three output signals P>, PP

and the input signal s, ;are summed by adder 390 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, 332, 334, 340, 342, 344, 350, 352, 354 and 360, are summed on

15 respective clock cycles of the two dimensional pyramid filter architecture, by
adders 370 and 375 in FIG. 3. Adder 380 sums the output signals of 310, 370,
375 and 390. Of course, 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 implementation.

20

For example, N is not limited to five. Likewise, the pyramid filtered output
signals that correspond to output signals produced by a two-dimensional pyramid
filter are not limited to being implemented by one-dimensional pyramid filters or to

two-dimensional pyramid filters. Likewise, as previously indicated, if one-



filter are not limted to being inplenented by one-dinensional pyramd
filters or to two-dinensional pyramd filters. Likew se, as previously

i ndi cat edwoiobk/osises WO 02/ 080363 PCT/ US02/ 10165 16 di nensi ecalusbz/kdies s are
enpl oyed, then the filters are not liwited to the inplenentation approach
described in aforenentioned U S. Patent Application Serial No.

09/ 754, 684, dindrisethal fiftdrs iapd E@ploges, tRgn & Flidr bicefiot linfilebied iwanuary 3, 2001,
by Ti nku Acharya, or in aforenentioned U S. Patent Application Serial No.,

titled 5 "Pyigiementatibh @ppfoachidestritd ifl afdfeineffieraOu PS 124 dht Af Il'cﬁ’ﬁjor?” Mar ch
28, 2001, by Tinku Acharya. For exanple, one-dinensional pyramd filters

other than senaitNdl0ogrdsessu, ByeRMMatiblidriess F’%I%deﬂte?mﬁle%yﬁo\ﬂua I Xeppse,
depending on the inplenentation, differen nmbers of such pyramd filters

and di ff er epy TRIkHchaBfa, oﬁMoM@ﬁbHecﬁ Ul BePatdiRA gBﬁca‘ﬁHmS%Ylgldf\lo Fﬁ’treduﬁxa”pl e,

the output signals nmay be 1o conbined or processed in a wa

pyramd il *F%frﬁqqutﬂt&m(a&bﬂfé?'d%cké’cgﬁﬁ%?msmﬁf‘ﬂ, hl%g%wl\ﬂg?cﬂ 28' 56@{ g%(Of a

di fferent nunber, di nénsi on cour se, urider st ood

that, althowgy pRRbAGU!FY; e?%ﬁ% ?—tggne&%’rﬁaljggrsab‘g&) ﬁ%g%‘ﬁieﬁ %ﬁl art he

cl ai rred subj ect matter i'S not I'n sSco a _

enbodi rrent 0 na in

har dwar e, as an Jﬁ B{ﬁn%%éae@ﬁ% n'ﬁkeg% Végtpgndlﬂg l?év‘ﬁ%e an
enbodi msnt ; Of o @ nbi nat ware, software, or
firmiare, %@gﬂ%?}%n C{ﬁ%ﬁ%ﬁf ayn %rfto?ﬁ&ﬁ pwggu%f’lgqrﬁgaggu‘ rRUOTdREOEr s not
Ilmtedln S5 i dtﬂ ect one odi nent may c rise an article,
such as GRS, yraml ers may e employed rexample the output ignals may be

10 combined or processed in a way to produce pyramid filtered output signals

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

15 particular embodiment or implementation. For example, one embodiment may be
in hardware, whereas another embodiment may be in software. Likewise, an
embodiment may be in firmware, or any combination of hardware, software, or
firmware, for example. Likewise, although the claimed subject matter is not
limited in scope in this respect, one embodiment may comprise an article, such as

20 astorage medium. Such a storage medium, such as, for example, a CD-ROM, or
a disk, may have stored thereon instructions, which when executed by a system,
such as a computer system or platform, or an imaging system, for example, may
result in an embodiment of a method in accordance with the claimed subject
matter being executed, such as an embodiment of a method of filtering or

25  processing an image or video, for example, as previously described. For



20 a storage medium Such a storage nedium such as, for exanple, a CD ROM
or a disk, may have stored thereon instructions, which when executed, by a
system WwWOook/o0sB6eR conputer systemor platform or an i magcmgssysiiemm for
exanple, may result in an enbodi nent17of a nethod in accordance with the

cl ai med subject matter being executed, such as an enbodi nent of a nethod
of filteringkapfipldSarPiRRSSrboEssAYy bIaHEHh O arVinting Hrote ey ®)stam asaypr evi ousl y
descri bed. For WO 02/080363 PCT/US02/10165 17 exanple, an inage processing
pl at f or m orjngNdé BRGIMBGe RFEESSiH @it Sy StiefofRYagd RpLIRp @ehBBEMdrocessi ng
unit, a video or inmage input/output device and/or nenory. 5 While certain
features ofmg%gp_l ai med subject matter have been illustrated and described
herei n, many nodifications, substitutions, changes and equivalents wll
now occur to those skilled in the art. It is, therefore, to be understood
that the appended clains are intended to cover all such nodifications and
changes as fall hd AL | Lbimedf s 1 i er. 10
W0 037 080363 Pt Ukb5r T B tHiES AR e it PRI REV R PR

‘23&”11” i \f\qugéar@ ?%éc‘gﬂégihgf?é?ﬁ,i RARY mBY SR dhs! sldshtutBhE MnbRELL R Bhuidileisder

will now occur to those skilled in the art. ltis, 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.

10



positive integer greater than three; said two dinensional pyramd filter
architecture of order 2N-1, in operation, capable of producing, on
respect i vweoakosdsexycl es, at | east the foll ow ng: pyram d fcrEsezdieut put
signal s corresponding to output signalss produced by 1o ten one-di nensiona
pyramd filters of order 2N-1; and pyramd filtered output signals
correspondi ng to output signals produced either by four two-dinensional
pyram d filters or one two-di nensional pyramd filter of order [2(N1) -
1] using signal ;3amele matrices of order [2(N-1)-1]; wherein the respective
output signals in said two dinmensional pyramd filter 15 architecture are
summed on respective clock cycles of said two di nensional pyramd filter
architecture. 2. The integrated circuit of claiml1l, wherein Nis five; and

wherein said twe di "RAshGRkePYFRMIBnIdrisingr architecture of order nine, in
20 operation, capable of producing, on respective clock cycles, the pyramd

filtered out puta.mogm%sieﬁéugﬁ/]faiaﬁiacﬁnegaﬁcﬂn@aaﬂatsfaﬁi&a@ﬂmmmé@eﬂ i¢ht her by

four two- di nension pyram ters or one two-di mensional pyram d of

or der sever}%ﬂ%ﬁhg%teé]%r??‘:egﬂ%nc}ﬁ%@)l e matrices P;'i;-,, P,'-i;+,, P +i -1,

P,+i ,+ e pyra tere out put signals being produced by a

pilural ity’ of one.d qnalanabn il dikl behfeciV0 §21450303 RCECHIRR! 10165

19 3. The integrated circui sal d one-di mensi onal

pyramd fi léa%%%lecoqry%ciifc?ng? oﬁ?gébee%ﬁ\?e 8!%0!?8)%!@39 la?le%@?tﬂgq&%wq?ﬁ:ti plerless

pyramid filtered output signals corresponding to output signals produced by
10 ten 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 five; and
wherein said two dimensional pyramid filter architecture of order nine, 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 seven using
four signal sample matrices P77, P17, P11\, P s » the pyramid filtered

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



operational units, each of said operational units capable of producing a
different 5 order pyramd filtered output signal sanple stream 4. The

i nt egr at edoarigasky of claim 2, wherein said one-di mensi on&CT/Uysyr/a0msdl
filters conprise other than one-di nen®ional nultiplierless pyramd filters.
10 5. The integrated circuit of claim?2, wherein said tw dinensional
pyramd filter architecture of order nine, in operation, capable of

produci ng, on respective clock cycles, the pyramd filtered output signals

corresponding tg OUTtﬁ’é'Intégrgfé@échﬁ @fiélémdzemé]@rn Lyd beeirkeysishiarensi onal
pyramd filters or one two- di mensional pyr am d of order seven using four

si gnal SanTH Fardia i fﬁ@?s%ﬁp?ls@ a !sequehce B ¢ sceﬁable CEstded mditiflertéss , the pyram d
filtered ou put signals produced by a plurality of one-dinensional pyramd

filters be' AriioRduseE, gxcr%aéand BP&atichATRAR eg@bl@araauaclﬁ%btm@em or der

seven. e integrated circuit of claimb, wherein, of the eight one 20

Si)gfnzlr gna;ppér/‘ré@lg id I e?&{éutgtlt géﬁ]ﬁhe | ee&reafn?ur are applied roww se and

col um-w s ntegrated circuit of claimb5,
wherein said two dinmensional pyramd filter architecture of order nine, in
operation, capable of producing, on WO 02/080363 PCT/ US02/ 10165 20

i I h di
to Toutput sign Iiy‘g#ﬁwt ese@y#'%[t}b%fms’nﬁﬁnﬁﬁa%a S e Cr e or .
8; dg;esgy%ﬁ%ﬁg‘”}a}g comprlse ot}“\ert gn%%te%“t er?sllgnaq mul Ileﬂggsegyrg%loaﬂlpery.r ality

10 5. The integrated circuit of claim 2, wherein said two dimensional
pyramid filter architecture of order nine, 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 seven using four signal sample

7x7 Tx7 7x7 Tx7 3 f H
15 matrices P77, P, L P, Pl the pyramid filtered output signals produced

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

dimensional pyramid filters of order seven.

6. The integrated circuit of claim 5, wherein, of the eight one-
20  dimensional pyramid filters of order seven, 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 nine, in operation, capable of producing, on



pyramd filters being produced by eight one-dinensional multiplierless
pyramid 5 filters of order seven. 8. The integrated circuit of claim7,
wher ei n, wb ozlso3es ght one- di nmensional pyramd filters of pamdso2/saeen, four
are applied roww se and four are apPlied colum-wi se. 10 9. The
integrated circuit of claim2, wherein said two dinensional pyramd filter
ar chi t ect urespektior deck oyales, thepyrperidifiliered outppbsipealscopesrhrcingto on
respective clock cycles, the pyramd filtered output signals correspondi ng
to output ositfumaigaaprpdieed tyfoliotwo-timendionensiramal filleys ahordef sévear s of
order seven, 15 the pyramd filtered output signals produced by a plurality

of one-di n}tﬂi&p?@ﬁiid filyreamuebut sighalsprodioed hyraplucsit) dfonetdisensiaal
one-di mensional nultiplierless pyramd filters. 10. The integrated circuit

of clai m 1pywhaeeierdbdisg piodeiced By srhblohavaintrsiarai endtiplioyesapyearhidl t er
architecture of order nine, in operation, being capable of producing, on
respect isve fb@cd ofy&! Lyenat |l east the follow ng: output signals produced
by four two-dinensional pyramd filters of order seven. 25 11. The
integrated circuit of claiml1, wherein said two dinensional WO 02/080363
PCT/ US02/ 10165 21 pyramd filter architecture of order nine, in operation,

capabl e of prodgci Nngrh@fhtegrated circuit of claim 7, wherein, of the eight one-

dimensional pyramid filters of order seven, 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 nine, 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 seven,

15 the 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 five,
20 said two dimensional pyramid filter architecture of order nine, in operation,
being capable of producing, on respective clock cycles, at least the following:
output signals produced by four two-dimensional pyramid filters of order

seven.

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



respective clock cycles, the pyramd filtered output signals corresponding
to output signals produced by four two-dinensional pyramd filters of
order sevwp,02/08(36¢3 pyram d filtered output signals being proedusedidygs one or
nore two 5 dinensional pyramd filter® other than four two-dinmensional
pyramd filters. 12. A method of filtering an image using a two-dinensional

pyram d fi lgypimidantehhiceréstie sffor@erderne, 2Noperatibecapbblesof preiririg, va i nt eger
greater than four, said nethod conprising: 10 sunm ng, on respective clock

cycles of sas;sbdtno@c@bkrewe@nﬁé pPefaaTigerbd loLiut shalBidoaebpdraiing foe f ol | owi ng:
pyranid filtered output signals corresponding to output signals produced

by ten one dﬂﬂtﬁt&%@n@@ro@%eﬁ‘bﬁfoﬁt M@Gl&éﬁ%ldﬁéﬂ@ﬁa%mﬂﬁer@ﬁﬂord@b’éé\f@nd filtered
out put signal's corresponding to output signals is produced either by four

t wo- di ”ens'tﬁé‘ﬁilralﬁ% ﬁﬁér@dfdultéﬁrsﬁgngfs 68"\?@; brRucét BPBse 8Pdorddgam d fil ter of

order [2(N-1) usi ng signal matrices of order [2(N-1)-1]. 13.
The met hod c%eﬁél@héﬂ‘ famidiRER! &h& ﬂwén?éd’r%oﬁ:%@ﬂé:%!% Fdn‘ng%ﬁ@r@ out put
si gnal s correspondi to output signals produce e|t four

t wo- di mensi onal pyramd filters or one two-di nensional pyramd filter of
order [2(N-1) - 1] using signal sanple matrices of order [2(N1)-1]

compr i Si ng_out pul, i ANALERIAINGRE dindRushis HhdRR-RIAR BFEATE fdri | ters

of order seven.
architecture of order 2N-1, where N is a positive integer greater than four, 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 ten one-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 five;

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 seven.

25



WO 02/ 080363 PCT/ US02/10165 22 14. The nethod of claim 12, wherein Nis
five; and wherein the pyramd filtered output signals corresponding to

out put siwoak®so3ps oduced either by four two-di nmensional pycanisd2/diilks ers or
one two-di nensional pyramd filter of2 order seven using four signal sanple
matrices s Pi-I j-! Pj---~ 4+l P+%,-, P, +i +, conprise pyramd filtered

out put signals produced by a plurality of one-dinensional pyramd filters.
15. The method of claim 14, wherein said one-dinensional pyramd filters

conpri se a sequegice THe metdoddf elagrasicadnadreiruNtis filerdngss operati onal wunits,
i o each of said operational units capable of producing a different order

pyram d filtergperei PetpysdrgigditesaniitsutsigreftoridepoRdingtd balpet Signmsi sing: a
storage nedium said storage medi um having stored thereon instructions,

that, whenpgxeesd ehérasolir twd-difeheibhalhyPamid Me@es of Sneoldin@nsional
two-di nensional pyramd filter architecture of order 2N-1, where Nis a

positive i pi@aRd fildresiRderidaadn LGHE folsigral8aPeR makicéespect i ve clock cycles
of said two dinensional pyramd firlter ~architecture, the follow ng:

o oaucedl by ten aner Gt Conal R S ar Y (el PP RbabRRRReady i g

filtered output si gnal s correspondi r]g to output signals produced either by
four two- dRRslitYeAPNEiraeRsioral pyierdd diterene t wo-

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 four, 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 ten one-dimensional pyramid filters of order 2N-1; and
pyramid filtered output signals corresponding to 6utput 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].



di nensional pyramd filter of order [2(N-1) - 1] using signal sanple
matrices of order (2(N-1)-1]. W 02/080363 PCT/US02/ 10165 23 17. The
article ovookasissd6, wherein Nis five, pyramd filtered earpsv2/siighal s
corresponding to output signals prodused either by four two-dinensional
pyramd filters or one two-di nensional pyramd 5 filter of order [2(N1) -
1] using signal sanple matrices of order [2(N-1)-1] conprising output
signal s produced by four two-dinensional pyramd filters of order seven.

18. The article1qf clraemrtide ofbiginel® WharsinfN sfiveand 10 wherein the pyram d
filtered output signals corresponding to output signals produced either by

four two-di mensipgyfehidaytersd sLithitl igHass @csrr@p)@nawgwlbmpuﬁs@n@b frdQWc@Eﬂ d of
order seven using four signal sanple matrices ) ~ .,

7 5+, C%@r@?f&)m@mdﬂnéhélér%@Sira%ﬂ&!mﬁérssdr%é't@o dhORLIsA phdardgp! ural ity
of one-di nmensional pyramd filters. . The article of cI aim 18, wherein

sai d ones difieAst Rt | ZQMfﬁmﬂJs'ngtﬁ@%l sﬁ%@h@ﬁlc@s%ee%mw cal able
cascaded multiplierless operational units, each of said operational units

capabl e of QG SuBuididRE BRYUBEHBY f&%ﬁ\ﬁg‘dﬁnérﬂéléﬁaﬁ BfranfykiRsts oF! gnal

sanpl e stream
order seven.

18.  The article of claim 16, wherein N is five; and
10 wherein the pyramid filtered output signals corresponding to output signals
produced either by four two-dimensional pyramid filters or one two-dimensional

pyramid of order seven using four signal sample
matrices P77, P10\ PIY P, 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 multiplierless 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;



20 20. An image processing system conprising: an image processing unit to
filter scanned col or inmages; said i nage processing unit including at |east
one two- dwoenesmeal pyramd filter architecture; W 02/ 08038%02/10165
PCT/ US02/ 10165 24 said at |east one 2wo-di nensional pyramd filter
architecture conprising: a two-di nmensional pyramd filter architecture of

an order 2N-1, véuid et Nasisor® twocdiniehvienalniyegaid fiteeaicBltedthicdritsingai d t wo
di rensional pyramd filter architecture of order 2N-1, in operation, 5

capabl e of pr OdL@WVtgdinthFﬁﬁDFﬂéW@ﬁlﬁér%&ﬂt_@M@ﬂr@&a@brde?éﬁm,tvﬂ%réwi%%Wi ng:
pyram d filtered output signals corresponding to output signals produced by

t en one- di nposii@niategey roEitét thah ffs of order 2N-1; and pyramd filtered
out put signals corresponding to output signals produced either by four

t wo- di mensi onal g &8 eknfédsto%fspﬁémwmér\é?cr%e@@b%ggér I@W} %\@%J' I ter

of order [2(N-1) - 1] using signal sanple matrices or der 1];

wher ei n § hecsRIRe6t hréQuaHg RIH reShSRRE IR Hakd ét\l@as@h{éef%ﬁéé@ﬁg{: pyram d

filter architecture are Summed on respective clock cyc said two

Chamahohe o PR oA U Ry IBYBHE SR 20,
signal's progiaefl gimensional 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
,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 fiiter

architecture are summed on respective ¢lock cycles of said two dimensional

pyramid filter architecture.

15 21.  The system of claim 20, wherein N is five;
pyramid filtered output signals corresponding to output signals produced
either by four two-dimensional pyramid fiiters 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 produc;ed by four two-dimensional pyramid filters of

20  order seven,

22.  The system of claim 20, whérein N is five; and
wherein the pyramid filtered output signals corresponding to output signals
produced‘ either by four two-dimensional pyramid filters or one two-dimensional

25 pyramid of order seven using four signal sample



ei ther by four two-dinensional pyramd filters or one two-di nensional
pyramd filter of order [2(N-1) - 1] using signal sanple matrices of order
[ 2(N-1) - IWO oeo8363 Si ng out put signals produced by four twecdiusensiiehal
pyramd filters of 20 order seven. 2%. The system of claim?20, wherein N
is five; and wherein the pyramd filtered output signals corresponding to
out put sig wduced: eigher dy fo } i hfaki | ters or
one two- di %ﬁ@?eg%l’j”"%%ﬁyrﬁ&ﬁﬂ 6t/"or g‘é@ﬁ%@ﬁﬁ?ﬂ?ﬁﬁ%@?%i sanmpl e WO
02/ 080363 PCT/ USQ2/10165 25 matrices P.' X P >§ P'X P x'" conprise pyramd
filtered offgstcedipymluraliyrdaneimaysiangipyraif {ifeSt  one- di mensi onal pyranmi d
filters. 23. The system of claim 22, wherein said one-di nensional pyramd s
filters conprise a sequence of scal abl e cascaded multiplerl ess operational
units, each of said operational units capable of oduci T%ya di fferent

order pyramid 23t efRaisysip @ clirgdal Whliep) %aigpp%—gﬁ{werlsgona ramid

5 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.

10



