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This patent application is related to U. S. Patent Application Serial No. ki;
091 754, 68%Q ot/ogobesd "Mul tiplierless Pyramd Filter," fil edpdarusazn7087 2001,
by Ti nku Acharya, and U. S. Patent Application Serial No. , titled "Two

D nmensional Pyramd Filter Architecture,” (attorney docket no.

042390. P11275), filed March 26, 2001, by Tinku Acharya) both assigned to

t he assignee of the present invention and herein incorporated by reference.
BACKGROUND This disclosure is related to pyramid filters. 1In inmge
processing it is often desirabl e PYRMIDPILIERAN i mage, such as 20 2s a
scanned color inmage, into two or nore separate inmage representations. In
"this coni exRELATESCARPEICATIONSed to as background and foreground inmages.

For exanple, a color or gray-scale docunment inage can be deconposed into
background and foreground i nages for efficient inmage processing operations
such as enhancenent, conpression, etc. as applied in a typical photocopying
machi ne or scannEhnis getent applicatiomissretaded toxt).S. tPatant dpplicatioorBearial bibt en
referred to descreening operation. This descreening is al so sonetines

appl i ed to 0efr6¢ 68K afitfeiddMultipdietiessnByrahud Fittey,” fled danuary 8n2001,diynEhkiscanned

i mge. For exanple, these WO 02/ 080098 PCT/ US02/ 07087 hal ftone patterns
My cause opkRaryhoarabl s, Faterft dpplicdtion SerahNoeyes i f , titdd TiwapBinhgnsiamaby ed.
The traditional approach for this deconposition or descreening is to filter
the col or ip?%wi'urFiltérrat@éhife@tdaé,u(atidrneyTMet ho.L042800.PA9 Y 6 fildeMarfzan used to
assist in determ ning how nuch to blur and sharpen the image in order to

produce 5 the StRAOBPIHKuIAharyB) BofPadsigridits thd Hédidriee ofane bresaabi eved using
a "symetric pyramd" filter.” Synmetric pyramd finite inpul se response

(FIR) 11| tefiveftich 4¥) holsPHBorpbRledby élumbage. Of this image processing
e

techni que, however, 1s that t O conplexity increases many fold when a
nunber of pyramd filters of different sizes are applied i aral lel in

din i
order to generate nultiple blurred i mages, to apply thmmmwwmm“ﬂmwm%s j ust
descri bﬁg éﬁl&%éﬁ()hﬁﬂfe approach for this nultiple py ng
approach’is iple FIRfilters in parallel, as ilkhesrated in FIG

1. Such an approach denonstrates that the design and inplenentation of fast

This disclosure s related o pyramid iters T

*G00002*

In image processing it is often desirable to decompose an image, such as
20 a scanned color image, into two or more separate image representations. In this
context, these are referred to as background and foreground images. For
example, a color or gray-scale document image can be decomposed into
background and foreground images for efficient image processing operations
such as enhancement, compression, etfc. as applied in a typical photocopying
. 25 machine or scanner device. In this context, this operation is often referred to
descreening operation. This descreening is also sometimes applied to remove

halftone patterns that may exist in an original scanned image. For example, these

1



Is "symmetric pyramd filtering" architectures to generate different
blurred images in parallel froma single source i nage may be desirable. The
nunbers pwow2dsd9s n parent hesis for each FIR bl ock in Fl GPCI/usepozsent the
pyram d filter of corresponding |length. For exanple, (1, 2, 1) are 20 the
filter coefficients for a symetric pyramd finite inpulse response (FIR)
filter of obaipngpaftamgtimascayserbigalianable artifacts forhuman gyes if met RIFGREMY ci ent s
for an FIR pyramid_filter of order 5 and so forth. Unfortunately, the
approach deffnevadaifbe traditional appreach far thisidesanappsitionys desereeriagis &
inefficiency may result fromredundant conputations. Likewise, FIR2 WD
02/ 080098 PiiiteriBe 2o Bage indrdemtatduriito nEheseddureed tegulisiatedenused [0 i er
"circuits. While inplenentations exist to reduce or avoid the use of
mul ti pli er sassistdh determining fbwfrhiichgtodiul eadinshianpercihedmage yn ordeato predutden
result in increased clocking and, hence, may reduce circuit through-put. A
"need, ther etter decompasitiont dfypicajly this bigrrimgroam bk 4¢Hidvedi usingsa I'sypineeteiot at i ons
or architectures. BRI EF DESCRI PTI ON OF THE DRAW NGS Subj ect natter regarded
i's particul pytaynierofiltere Symhetelo gyrdingd fimies imputdeniegponse(FIR) fillees senwelkdi ng
portion of the specification. The clained, however, both as to organization
and net hod Rfowreration, together with objects, features, and advant ages
t hereof, may best be understood by reference of the follow ng detail ed
description when read with the acconmpanying drawings in which: is FIG 1 is
a block diagramillustrating a brute force approach to inplenmenting a
finite inpulse r ; g ' Lhiig; [ e; FIG
PRE RIRZNRMATE o ige PR, Eehiifns Towefenle FRLIF S,

2 is a portion o _ rment o sunmat'|t on
s the dFbodr mER|eRHeeS ndty ARG et BB lert bt Jitgertsizes i *
filter; 25 are applied in parallel in order to generate multiple blurred images, to apply the

technique as just described. A brute force approach for this multiple pyramid

filtering approach is to use multipie FIR filters in parallel, as illustrated in FIG. 1.

Such an approach demonstrates that the design and implementation of fast

15 ‘“symmetric pyramid filtering” architectures to generate different blurred images in

parallel from a single source image may be desirable.

The numbers provided in parenthesis for each FIR block in FIG. 1
represent the pyramid filter of corresponding length. For example, (1, 2, 1) are
20 the filter coefficients for a symmetric pyramid finite impulse response (FIR) filter
of order or length 3. Likewise, (1, 2, 3, 2, 1) are the coefficients for an FIR

pyramid filter of order 5, and so forth.

Unfortunately, the approach demonstrated in FIG. 1 has disadvantages.

25 For example, inefficiency may result from redundant computations. Likewise, FIR
2



3 WD 02/080098 PCT/ US02/07087 FIG 5 is a table show ng a chronol ogi cal
sequence of state variable signal sanples for one inplenentation of rolling
sumat i orwotH898 and FIG 6 is a table showi ng a chronol ®giTdo2swguence of
filtered output signal sanples for one inplenmentation of a pyramd filter.
DETAI LED DESCRI PTION 10 In the foll ow .detai] e escription, . nunerous
speci fic defmplgraentationsfrequantly W‘Q}f'ﬁéﬁl'g‘ﬂ‘?f GBS M%HeﬂrﬁBIPmF@F?t@HEer st andi ng
of the clainmed subject matter. However, it will be understood by those
skilled i n ®fd tareducear avais thpaisaa mulipliets; suelt aewithahifting andsummig wi t hout
t hese specific details. In other instances, well known nethods, procedures,
conponent s Gifgditei thatimay than sesidkin incseased staokingoandn heaceldnay redupe orelétr so as
"not to obscure the clained subject matter. As previously described, pyramd
filtering, throygheputc /N raed, dheratore.i axists fonimprovingtpyramig, filtleting be enpl oyed in
.connection with color inmages or color inmage processing in order to
deconpose oimplereentations breanchiégmuresuch as into a 20 background and
foreground i mage, for exanple. Although the clained subject matter is not
limted in scope in this respect, in such a context, pyramd filtering
architectures that reduce conputational conplexity or processing and/or

har dwar e COBRIEF PEBORIPTIONION THEDRAVIKNGSLI kewi se, 1 npl enentati ons that
are multiplerless, that is do not specifically enploy nultiplication in the
25 inplenentation, are al so desirable usually because such inplenentations
or 4 WO 02/080098 PCT/ US02/ 07087 enbodi nents are cheaper to inplenent

than those that Qimd&materiregarded ispariicutnyeioiftet ©ut hd disHEtY G¥RRd in
i npl enentations that enploy Tewer nultipli'cations are desirable. s Al though

the cl aifredina R embingBidridn bﬁh@%@e!&hgﬁﬂéﬁgﬁdﬁh@ SHRRE, howéliirShétRsRest . FIG 2

illustrates one enbodiment 200 ling Summation Filter” or RSF

S| St Tk Bl e CHBGER MR L, o
cascaded oL L BMTBELPTodl bt bk A 671 L PERGRYng "' Pl e,

i f. i i i ILf . , h f
serl oo o SHAUREEfeQoRyTYRehT8ad Wik R L ETEBA Bty oL 2 ©

streans occurring in parallel. In this particular enbodi nent, although the
cl ai med subject matter is not limted in scope in this respect, a filtered

state variable signal. stream.is prodyced on eve clock is cycle for each
filter df a di ff%f%eﬂt'sarbé%&n%agrﬁ& ﬁ%%ﬁagﬂgﬁtq’étﬂe '{?KF&%‘}F’(S?%CP ©n addition to
bei ng conput ati onal | fficient, this i cul ar enbodj pent produces good
results in m%eﬁqngﬂﬁﬁ%mﬁ '@pgﬁﬁ&méfh'gkr?ﬂﬂﬁ"c’l ﬁFerW)"ge det ai |
hereinafter, the state variable signal streans nay be enployed to produce
pyram d fi| BEPERCIY®E put signal streams as shown in FIG 4.

FIG. 2 is a portion of one embodiment of a rolling summation filter (RSF).

20

FIG. 3 is one embodiment of a component or subcomponent of FIG. 2;

FIG. 4 is the embodiment of FIG. 2 in an embodiment of a multiplierless
pyramid filter;

25



20 FIG 2 is understood in the context of specific notation. For exanple,

an i nput source signal, X may be designated as follows: 25 X - ~XO- X1 ~
e, Xi WO oxngobys Xf~ Xi+l ~ XI+2, ... .~ 5 WO 02/ 0800Y€TRSIZ/WSB82/ 07087
In digital or discrete signal processing, filtering nmay be expressed as a

convolution, , of the input signal, X and a filter, F) in this context a
digital filter oflG 5i6@dablerfiowing achionelggical spstuenge ofistatenvariablegignal e
response (FIR) filter. s Therefore, the filtered output signal streamis

i ndi cat ed asamglesdosenerimplementatipn o ralling sumraalion filted; anchi s particul ar
enbodi ment enploys pyramid 10 filters. These filters are typically

I npl emented using digital filters of lengths or orders that are odd, such

as 3, 5, 7, 9, etc. This nay be expressed, for exanple, as M= 2N +1, where

N is a positive Fi8 & igertableesiowing aahrooolegicabsexuenaeof fitered ostpubsignali t al

=(1,2,3,..

filters are as follows: i5 F3 = (1, 2, 1) F5 =( 1, 2, 3, 2, 1) F~ _ ( 1,
2, 3, 4,53, s@nplks)foréheinifleméntalion 4f apyrafidJilte?, 1 ) 20 .. FM
.,N,...,3,2,1) as For the foregoing filters, the filtered output

signals or output signal streans 6 WO 02/ 080098 may be represented as

follows: B3
by F3 B5 =

=X F3 = (bpi, bg3, ... , bi_~3, bi3, bi+13, ....) s filtered
X F5 = (bp5, bg5, ... , bj _~5 b5, bi+l5~ ....) filtered by F5

B =X F~ _ (bp', b~, ..., bi_i"', b;", bi+~, ....) filtered by F7 10 B9
= X Fg = (bSated DESCRIPHONI 9, big, bi+19, ....) filtered by F9

10

15

20

25

In the following detailed description, numerous specific details are set forth
in order to provide a thorough understanding of the cfaimed subject matter.
However, it will be understood by those skilled in the art that the claimed subject
matter may be practiced without these specific details. In other instances, well-
known methods, procedures, components and circuits have not been described in

detail in order so as not to obscure the claimed subject matter.

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
architectures that reduce computational complexity or processing and/or
hardware cost are particularly desirable. Likewise, implementations that are
multipleriess, that is do not specifically employ multiplication in the

implementation, are also desirable usually because such implementations or
4



PCT/ US02/ 07087 result of input signal X result of I nput signal X result of

I nput signal X result of input signal Xi5 B"" X FM= (bo , b~"") ... ,
bi ~"", bVOW2/MH3oe9s' " ... .) result of input si gnal X f||terPeﬂ‘/lEﬁp2/FM8An
alternate way to errpi ri caIIy represent these fi I tered out put signal sanples
|520asfollows = Xi-4 +2X _ 3+ 3Xi _Z +
ZXi _~ + Xi §m OWWEWGM@SP%F t°4"w'ef%ent ﬂl@@ thgserﬂ@tenwlqy aiinclade. 3x: 27+ 2x;
~+ Xx; b;9 =x_ s + ZX -~ 3X; s + 4X;-5 + 5xm+ 4x; 3 + 3x; 2 + 2x; _~ +

Xj s b3 _mselltlpheml@ums Towsseven Traplementagions $hat employ fever PottinliSatione 7087

Li kewi se, by introducing what is referred to, in this context, as state
vari abl es, anedesiyable. expr essi ons may be re-expressed as follows: b;5 = b;
'_q3+S;5, where S;5 = X,.4 + X, 3+ X 2+ X _ 11 + Xf b ~=Db, ~5 + s.,°'
, where b;9 = bj _~ + s;9, where is X $~=Xj-6+Xj-5+Xj-4+X~3+
_Xj-2+Xj-l+X~SJ9—Xj g+ X_7+X_6+X_5+ X4+ X-_3 + X~_2 +
X~_1 + Asstudy oAltteugh tHe claimek siikdecteaatten ismotdindieddn scopd mrthisybspdct,
illustrate that the 20 conputed output signal streams, B3, Bs, B~, B9, etc.

may be prodBIGR@ ibysteates oné embbbiment200iofaiRolihd Ssiinadtioh FilerF I BRSF as a
portion of the enbodinent showmn in FIG 4. FIG 5 is a table illustrating a
chr onol ogi calchResiuetAgt by Bk Asd YRIFIeMEnt a proposed pyramid filter, as
described in more detail hereinafter. Embodiment 200 comprises a unified
cascaded rolling summation filtering architecture to generate a multiple number
10 of summed state variable signal streams S,, S;, S4,... Sy for a series or sequence
of summation filters having different orders, such as of length 3, 5, 7 and so forth,
the generation of the state variable signal streams occurring in parallel. In thisl
particular embodiment, although the claimed subject matter is not limited in scope
in this respect, a filtered state variable signal stream is produced on every clock
15 cycle for each filter of a different order being implemented. Therefore, in addition
to being computationally efficient, this particular embodiment produces good
results in terms of throughput. As shall be described in more detail hereinafter,
the state variable signal streams may be employed to produce pyramid filtered-
output signal streams as shown in FIG. 4.
20

FIG. 2 is understood in the context of specific notation. For example, an

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

25 X = (Xo, X1, -vv s X2y Xicty Xi, Xit1y Xis2y +o00)
5



25 signals or state variable signal streanms, S2, S3, $4,... S~ generated

respectively as illustrated in FIG 2, and described in nore detail in
connect i omowe/nsv09d G 3. Likewise, FIG 6 is a table show PgTAISOMWPTEDI Ogi cal
sequence of filtered output signal streans, Bs, B5, B~, etc. As illustrated

in FIG 4, these output signal 8 WO 02| 080098 PCTI USO2/ 07087 streans are
produced by enpl oyi ng adders, such as 275, 285) and 295, and del ays) such
as 270, 280 and 290. In addition to providing the filtered output signal
streans, B3, BS5, nRlgital bediscretehsignalpregassing, fil?arimgtm@u ke expressreh@s at i on of
these filtered output signal streanms in chronol ogi cal order of clocking as
appl i ed to torevohytioani®d of the imputsighalt ¥cand 2 fikerbBdinrteiatcoptexta digitaFiler 2 t o

"produce the state variable signal sanple streans. As previously

i |1 ustrat edof finitelshgth] @fertedstorrerems Efnitedmpuied vespbnbe ¢RIRYififel sanpl es)
such as x, and s,, that is the input signal sanples and the state variable
10 signak STRBIcESe, e flSEEOINEG dighdretreadas mdlcaty &8 foldwer . The table shown
in FIG 6 illustrates that b,7 is generated by adding input signal b 5 to
s,'" in accordance with the equations provided previously. The signal bi5 is
del ayed by one clock cycle. This is acconplished, for exanple, by delay is
element or digital delay unit 290 iw=htG p4. Therefore, output signal

sanpl e B5 del ayed by one clock cycle is summed with state variabl e signal
sanple S~ to generate output signal sanples B~. Likew se, digital delay
unit 280 may be enpl oyed to generate output signal sanple stream B5. ~

Li kewi se, the in i £r n,{g&g- > sumred with
S3 to generate pggg@ﬁ@ﬁ“e}?@%&gﬁ{s@%ﬁ@f%ﬁa s'an%qtceé%s@ér‘gé;%ﬁg@élt is
noted that the embodi gen . . j ‘s ™ Lncl udes an
embodi i BReTs Bwso e B oBinsls BBERIshE i JERIGyeR Sats ot H G 5
Enbodi ment 300 shown in FIG 3 co ise conponent  2s_i i ree
del ay units® ?H@@rea?i 'ﬁyﬁhéﬁ@'g?’hé'fzg'ﬁwﬁﬁp g?ete’éf’&a%%e%@ﬁ%"gﬂ‘p‘%

02/ 080098 PCT/ US02/ 07087 A three-input, or three-input pyt adder s

enpl oyed i na8M & Pt 1iwWharg Elﬁ)%?ﬁ'ﬁ'?@df’tef@r @f?ﬁ?ﬁtbaﬁioﬁﬁ' g&é@%examples of
inplementation. In this parti CE(%’ ar enbodi nent, the delay units and adder
are coupl edsteh gigdal ftersargAsolRWRr filtered state variable signal sanples
or signal sanple streanms frominput signal sanples or signal sanple streans
and lower order filtered state variable signal sanples or signal sanple
streans. For exanple, referring to the enbodi nent shown in FIG 3, Xx;
conprisel$ the input signalFssaipRelbr signal sanple stream s?k-' conprises

the lower order RSF filtered state 10 vari abl e signal sanples or signal
sanpl e stream and s; Zk+' Fseplie2edtd Mhe hi gher

F7=(11 2v 31 41 3: 2: 1)

Fg=(1,2,3,4,5,43,21)

20

Fu =(1,2,3,...,N,...,3 2 1)

25 For the foregoing filters, the filtered output signals or output signal streams
6



order RSF filtered state variable signal sanples or signal sanple stream
Therefore, in this particular enbodi nent, the difference in order between

t he hi ghavoapdsdogsver order state variabl e signal sanpl es ®CTHIYHA108FZanpl e
streans is two, although, of course, the clained subject matter is not
limted in scope inthis is respect. FIG 4 is a schematic diagramof an
enbodi nent Blaydepppeaseatetiasfollowsiat i ncl udes the enbodi nent of an RFS
architecture shown in FIG 2 . In FIG 4, the RFS architecture enbodi nent

i s designated as 200. Therefore, although not 20 shown in FIG 4) 200

i ncl udes conponents or subconponents, such as 210, 220 or 230, shown in
FIG 2. It is noted that the enbodi nent shown in FIG 4 is inplenented on
“an integrated circuit 400, although the claimed subject matter is not
restricted in scBbeX ® Eh+ ¢l dsPect, b.gsbitbwf,l.].,) ofresultiofinputsignaider st ood
,that) although particular enbodi ments 10 WO 02/ 080098 PCT/ US02/ 07087 have
just beep demsredgd; the clained subject matter is not limted in scope to
a particul ar enbodi nent or inplenentation. For exanple, one enbodi nent may
be in hardware, phanegsraa@sfes°enbaditmefitoBy. he ireseiobt Wplrsigndikewi se, an
enbodi mrent may be in firmvare, or any conbi nation of hardware, software, or
s firmware, & | e. Li kew se) although the clainmed subject matter is
not Iimtedflft%%g%ﬁpi n this respect, one enbodi nent nay conprise an
article, such aspa_ ium Queh. B storage [HLHFY for
exanple, a CD _éér %;F%Q{gb{g%lﬁﬁy“h?"e’kbét’ct)’?'éd"t' er g%%'@s‘?%%{qn%ﬁé whi ch

when execut fﬁg b&F_system such as a conputer systemor platform or an
i magi ng sys f8r ’exanpl e, may 10 result in an enmbodi ment , such as an

enbodi mrent of a get f_fidtesing,on pP§oQcassi ng i r.video, for
exanpl e,'%as prev oﬁ?%’%e‘s{br"i' ad.+ EOH e@a 'I‘e;"‘gn ?ﬁ%@ﬁ%@é@?ﬂg pl atform
or an irragina r Cﬁ_tssi ng system may include an inmage processing unit, a

vi deo or i 8@%92)& 9 out put device and/or nmenory. 15 While certain features
have been illustrated and descri bed herein, many nodifications,
substitutions, changes and equivalents will now occur to those skilled in
the art. It is, therefore, to be understood that the appended clains are

i ntended to cover--all such nodifications and changes as fall within the
true spirit 20 of the clained subject matter. 11 WO 02/ 080098

5 BY =X @Fu = (bo™, bi", ..., bia™, bM bs™, ....)  result of input signal X

filtered by Fm

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

20 as follows:

b® = X2 + 2X1.1 + X

25 b = Xia + 2%3 + 3Xi2 + 2% + X,
7



Claims: 5 1. An integrated circuit conprising: PCT/US02/07087 a pyramd
filter; said pyramd filter conprising a rolling summation filter. 2. The

i nt egr at adoo2/ngm9s of claim 1, wherein said rolling summathCavUSoR01087

conpri ses a sequence of cascaded units, each of said units producing a
different order state variable signal sanple stream 3. The integrated
circuit of claim2, wherein said units conprise nmultiplierless units. 15 4.
The integrated ciycuit of claim3, wherein at |east one of said

mul tiplierless ubi EcbrAlinits®6s T ¥Xeet d8kay2XnittXs and an adder) said del ay
uni ts and adder bgi ng coupled to produce a higher order state variable

si gnal sanpl e stbieam.d + 8xyandx.apdi.sst dixed + dampt I strzxamrand 20 a | ower
"order state variable signal sanple stream 5. The integrated circuit of
claim4) wherein said adder conprises a three-input adder. 12 WO

02/ 080098 PCT/ US02/ 07087 6. The integrated circuit of claim4, wherein the
"differense in orLikewise! byiatrotithendivbatis refetreliduen tins dontest, asetatar i abl e
signal sanple streamis two. s 7. Afilter conponent conprising: three

del ay uni t svarbley) tiveldibsve S@rebsitFisanay be re-ep@sestias fdieiveg coupl ed to
produce a higher order state variable signal sanple streamfrom an input
signal sanple streamand a | ower order state variable 10 signal sanple
stream 8. The filter conponent of claim7, wherein the difference in order
?%ween the hi ghg? =3nds OWehHery der gtatg vgriahl e signal sanple streamis

10 bi5 = |3|.13 + S[5 , Wwhere Sis = X4 * Xiz * X2 F X114+ X
7 5T 7.
bi' =bi” + 8, where Si = X6 * Xi5 * Xig + X3+ X2 + Xiq + X
9 T4 a9 9_
bi" = b4 + 8, where Si = Xi.g + Xi7 + Xig + Xi5 F X + Xp3 + Xpz F X +
Xi

15
A study of FIG. 4, as explained in more detail later, shall illustrate that the
computed output signal streams, Bj, Bs, By, By, etc. may be produced by
employing the embodiment illustrated in FIG. 2 as a portion of the embodiment
shown in FIG. 4.
20
FIG. 5 is a table illustrating a chronological sequence of state variable
signals or state variable signal streams, S, Ss, Ss,...S7 generated respectively as
illustrated in FIG. 2, and described in more detail in connection with FIG. 3.
Likewise, FIG. 6 is a table showing a chronological sequence of filtered output

25  signal streams, Bs, Bs, By, etc. As illustrated in FIG. 4, these output signal
8



Is 9. The filter conmponent of claim?7) wherein the adder conprises a
three-input adder. 10. The filter conponent of claim7, wherein the filter
conmponentwOo92/8&0goupl ed in a configuration to forma rol | iPQJ/GWAEBY ON
filter. 13 WO 02/ 080098 PCT/ US02/ 07087 11. A nethod of producing a
filtered state variable siqg/nal sanple streamof a_first order conprising:

del ayi ng a Bireamss @de sragiuced By eamplaying addars,saiehias 246 28masd 285588@nd or der,
sai d second order being less than said first order; s sunm ng the del ayed
stat e vari ade@ysi gpchl ass2iPpP80 and @8/ wi t h an i nput signal sanple stream and
a del ayed version of the input signal sanple stream 12. The nethod of
claim11l, wherein the difference between the first and second order is two.
"13. The nethod of claim 11, wherein the del ayed state vari abl e signal

streamis del ayeth ayditiomtoqiroviling ties fikerad dutput sidablesfredmse Bg,i By Bofthehe i nput
signal sanple streamis delayed by one clock cycle. is 14. An article

“conpri si BY: t4bl6 IrOFAEIES iNstiaten thegjetleritionaf thevedilteradrarputsigrad sieearms @t eon
i nstructions, that, when executed result in producing a filtered state

vari abl e si gRainofsyiddl rder bEABLIAhg 8s faipPﬁéd {ortHe pylrrid Akerdatmongea filtered
state variabl e signal sanple streamor a second order, said second order

bei ng | ess EhaddrAbRt Sholwdlin FIFES to grdducdfReltaidd/aASe signal sample streams.

As previously illustrated, output signal streams may be produced from signal
samples, such as x; and s;, that is the input signal samples and the state variable

10 signal samples, as explained in more detail hereinafter.

The table shown in FIG. 6 illustrates that b’ is generated by adding input

signal b to s in accordance with the equations provided previously. The signal
b is delayed by one clock cycle. This is accomplished, for example, by delay

15 element or digital delay unit 290 in FIG. 4. Therefore, output signal sample Bs
delayed by one clock cycle is summed with state variab_le signal sample S5 to
generate output signal samples B7. Likewise, digital delay unit 280 may be
employed to generate output signal sample stream Bs. Likewise, the input signal
sample stream, X, may be delayed and summed with S3 to generate pyramid filter

20 output signal sample stream Ba.

It is noted that the embodiment of a RSF architecture shown in FIG. 2
includes an embodiment of a component or subcomponent, such as 300, as
shown in FIG. 3. Embodiment 300 shown in FIG. 3 comprises a component

25 including three delay units 310, 320 and 330 and a three-input port adder 340.
9



PCT/ US02/ 07087 summ ng the del ayed state variable signal sanmple streamw th
an i nput signal sanple stream and a del ayed version of the input signal
sanpl e stweamos0s9gl5. The article of claim 14, wherein thePCTAISO2C108DNS,
when executed) further result in the difference between the first and
second order being two. 16. The article of claim 14, wherein the

i nst ructi on? thigednpubasdhneednput petiresider issamployed inHbis dartipptar embadimentr i abl e
signal stream being del ayed by two cl ock cycles and the del ayed version of
t he i nput slogravidednigh speedrimplentasitatiprdel ayed by one clock cycle. 17. An

| mage processing systemconprising: 15 an inmage processing unit to filter
scanned col or images; said i nage processing unit including at |east one
"pyramd filter; said at | east one pyramd filter conprising a rolling

summat i on filterin th.pafildrerddimestet diasisitseandodddet ararcdupledier ei n sai d
rolling 20 summation filter conprises a sequence of cascaded units, each of

said unijs Wo@duéhyeaotﬂefrfi%reatsmédﬁﬁamé;etgﬂavgewaé 6r Sipeadanfpépl e 15 WO
02/ 080098 stream PCT/ US02/ 07087 19. The inmage processing systemof claim

18, wher ei Ng{p@arfls Bt iﬁf)&t%@{dl §5mplésidrRigral §ARpleWiebfms anddBwer &t MROE
processi ng system of claim 19, erein at least one of said nultiplierless

NIt S COMPI figq LPutE SalliE¥ghal deAddlosignsl dainpic tchrrie! By diainiseand adder

bei ng coupl ed to produce a hi gher "order ari abl e sign npl e stream

froman i ”pllétfeﬁibgfi@%l?]esé’r%&ﬂnéhf W@ﬂ%lé.??ﬁ%ﬁ@{r@% Q?%ﬁé@,s‘f%l QQ'.[nﬁleSi gnal

sanpl e stream e i nmage processing s erein said

ol ai m 20, o and SRR s S e Chpar Fe ottt OTREr RIS TN
order state variable signal sanple streamis two, a1
10 ~variable sugnalssagnp es or qunaEf samp?e stream, and s;

represents the higher
order RSF filtered state variable signal samples or signal sample stream.
Therefore, in this particular embodiment, the difference in order between the
higher and lower order state variable signal samples or signal sample streams is

two, although, of course, the claimed subject matter is not limited in scope in this

15 respect.

FIG. 4 is a schematic diagram of an embodiment of a pyramid filter
that includes the embodiment of an RFS architecture shown in FIG. 2. In FIG. 4,
the RFS architecture embodiment is designated as 200. Therefore, although not
20 shown in FIG. 4, 200 includes components or subcomponents, such as 210, 220
or 230, shown in FIG. 2. Itis noted that the embodiment shown in FIG. 4 is
implemented on an integrated circuit 400, although the claimed subject matter is

not restricted in scope in this respect.

25 It will, of course, be understood that, although particular embodiments
10



20 16 . AYL. Al9L. Al ; &r. A9& . Aa&L. Al &L. Al a&% Al N9% A&&% A,
9. A( & A& AY& A% A&&. Al &' % ; Y&or uvL>2
"}xsni d_ZAuboapsadscal ca] cal ca] cal ca] ca] cal ca] cal] ca] ca] ca] paraeoe/alosa] cal caj
\c\%] cRa] c{?"v\?] ca] ca]U]ca] ]c"a] ca] ca]U] cia] ciaU] ]cal XB ZgvF+s
vqgl ga ca] caU ca] ca] ca] ca]ca]ca] ca]ca]c N
a] ca] cal] caffavg jval kegredgsetpech F%T'@E‘]@awble\%tma] C&%;%C&] t[ce%’}"](‘:g aQ]:&]aJ%;?J] gaﬂ:;
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] c”a]
ca] ca] ca] caparrtleular embodtment or implementation. For example, one embodiment may be
¥z “}xrmgb\Wfa[ V]]]cal] ca] cal ca] cal] ca] ca] cal] ca] ca] ca] ca
'] ca] ca] ca] cia] reatiwaie; aheedasanotier eriwpiraehtondy béjresdivard.c hikewispc an
" HHBHAH" #) #] #HAH AR vgkT a\ Wigb\ W f a[ V] ] ] ca] ca] ca] cal] ca] caU

] ca] cal] ca] embbdinjera jayeecialficmwhrs jor aby ca]nbaidhoab&h&ﬁwa]e;ab]twa]e;aﬂ] ca]cal ca
‘ U] ca] cal] ca#$* $C$%1%6 % 9PYBW/% YIBRE" &) &&EKEKELEE'

'# & {vpke’ friviareor ahmplec dlifenige; althoagdle the] daiinealdubpbt mdtenk arit ca] cal ca] c
a] ca] ca] ca] cal ca] cal cmfcaU] cal] ca] ca] ca] ca] ca] ca

& *', U] ' imited in2ddoplin this TeapEYt: drid embodimerttinidyl suniprse drf atitecedetpdca) cal ¢
a] ca] cal] ca] ca] ca] ca] ca] ca] ca] caU] cal] ca] ca] ca] ca] ca] ca] ca] cal] ca] cal] ca] cal]

ca] caU] ca] caldrage medjium. Such a storage medium, such as for example, a CD-ROM, or
k///>000001) 191233444( 5v556b6666669+8y8 K" {val gb] XU| g] ca] ca] ca] ca] ca] ca]

cal cal call calfa ﬁ@alyqave%l&r@& §h66H FiekrGalia) Gloh WrenleabambGylcsysta] cal cal c

a] cal cal:
g ]a]C g ][:1']: ga]\c/\(fgf ﬂ <<<? érﬁ)uf TS ca] p;i%tfo?ﬁf % r@gﬁgiﬁtﬂ ](::de}l%}(ga g}rﬁ EZHC ;]i](:
a] ca] ca] ca] %ﬂ%ﬁf'@%ﬁ@d’]"'@gﬁz 85]"9 I_fl8% lé] %sj é%%?ﬁ?g%%/% \cg] gg] éaJ] ]c!a]:

caJ ca] ca] ca cal GGG(% Kl 11.1JsJJJKKKY%K | gb
] XU 1] ca] ca}lé%f]" éﬁ]ﬂ?ﬁ?%a °89T36%H BQFA:?[‘J]OE%'HHT%'Q? Béﬂcéa?'E%fng%‘aTéé] ca] cg] ga
]ca] caj ca] calcalca]calc ‘]TcaU] ca"%;i K
" 109 () - W@Je@ﬂ 'mi;ﬂe SCRFBHBAINY 8 ViSRsuAL RIS npKoytput devige ?']d’%or CE-
109& ' 109%&' ()- 3%40%& ()- H !'109% ()- !'10%& ()- 109& ()-
10%&' () - & utNeMY- 109K 1010107L10%&' () - +~10%&' ()-L9' S
109 ()-:13:109% ()-:&L109%&' ()-L>i K* | %40% ()- S
109%& ()-1109%& ()-109%& ()-- 109%& ()- "910%& ()-910%& ()-2 "Xi K-
THI09R ()-&Y'!109&R () - @BL0%& () - &9Z" 109%& g)
39 109%&' () - 109%& (Whﬂgm'a(n)fea@res have-been illustrated and described herein, many
4F10%&' ()-3&10%& ()-: @109%& ()-,!|.@OY%& ()- &f,!109%& ()- ,s*GLO%& () -
| (109%&' () - M@MWS Isubstitutions, changes and equivalents will now occurto those

skilled in the art. Itis, therefore, to be understood that the appended claims are
intended to cover all such modifications and changes as fall within the true spirit

20 of the claimed subject matter.
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10%& ()-S 109%&' ()- "&L0%& ()-&L0%& ()- 10 10 10! s6&10%& () - F+sdEuV7 L
9109%& ()-310%& ()-, 10%&' ()-&@ 10%&' ()- S10%& ()-10%&' ()-s WZAEuV7 L
Y. 10%& (WO uD0ogs) - L* 10%& () - f &10%& () - L$10%&' ()- F" 10%&PCIAUMEI0B7 10 10
10f 7° 109&' () - 610%& ()-4S109%& ()- f2GLO%& ()-1s3: 109k ()-M'dEYNC L ,
1098 ()- T109%& ()-, 109%&' ()- -10%& ()- "&LO%&' ()-&10%& ()-' <*dEYNC L
@ (109 ()- S& 109 ()- 9Y"10% ()- @D 109 ()-993"10%& ()-,
109%& () -=ordV7 &10%& ()- 1077 1077
Claims:
s 1.  Anintegrated circuit comprising:
a pyramid filter;

said pyramid filter comprising a rolling summation filter.

2.  The integrated circuit of claim 1, wherein said rolling summation
10 filter comprises a sequence of cascaded units, each of said units

producing a different order state variable signal sample stream.

3.  The integrated circuit of claim 2, wherein said units comprise
multiplierless units.

15
4.  The integrated circuit of claim 3, wherein at least one of said
multiplierless units comprises three delay units and an adder, said
delay units and adder being coupled to produce a higher order state
variable signal sample stream from an input signal sample stream and

20 a lower order state variable signal sample stream.

5.  The integrated circuit of claim 4, wherein said adder comprises

a three-input adder.
12



1077! p96@ 109 7& ()-SI . 109%&' ()-49f, ! 109%&' ()- Ss*10%& ()- %WwdEdV7

&Z10%& ()-3L :!10%4& ()- @O%& ()-10%4& ()--10%4& ()- "&L0%& ()-Zf dEdV7 &
. MLO%HE' (We,01/08d88 ()-s$ 10%K& ()- 1"!110%H& ()- @ 10%H&' () PCT/US02/07087

91 10%4&' ()-fuval 109 ()- "&10%& ()-910%& ()- 10aHaH 10aHaH

10aHaH a6310%aHaH& ()-010%4& ()-4 < *laBuV4!l, @O%& ()-&9 10%& ()-

3MLOY&' ()- S&310%& ()-!1 109%& ()-4109%& ()-*!z!!!111"dEUVA!I F$ 109%& ()-F$
10%&' ()-F$ 109%& ()-9"10%&' ()-,s10%& ()-,F@ 10%& () -

B [ | -7 ' 0 (). . t " 1:Q048" . 0/ _
v ()0 Bl Rt SR g e ARREE b
| > 1090 T& ()-!1" 109008 ()-! Pl > 10%E& ()-!w0l > 10%&' () - #$* $C$$%9%4 <uV7! | 21098
()- rox:110bgtweendhe higher@nd lowenprder stefexariaple signal sample
1098 () - #UPYEPRYEY% YBBRMVT! | 109& ()-L T109%& ()-: T10% & ()-:910%& () -
. 10zz 10zz 1Qfeakh6d Qy@z& () - WERE" & &&DEUVT! T 10%& () -

5
7. A filter component comprising:
three delay units and an adder, said delay units and adder being
coupled to produce a higher order state variable signal sample stream
from an input signal sample stream and a lower order state variable

10 signal sample stream.

8.  The filter component of claim 7, wherein the difference in order
between the higher and lower order state variable signal sample
stream is two.

15
9.  The filter component of claim 7, wherein the adder comprises a

three-input adder.

10. The filter component of claim 7, wherein the filter component is

20 coupled in a configuration to form a rolling summation filter.
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g10%& ()- "910%& ()-s10%& ()- gl0%& ()-3L, 10%& ()-&& '# & Y ' dEuV7! |

)
$3109%& ()- & s310%& ()-& 109&' ()-"10%& ()- 310%& ()-&0 109%& ()-
"2 ((( OREDZhs009s 7109 ()- . 109& ()-( 109%& () - &LO0Y& () - PUARR0LNH7087
$10%&' () - ("*$*9F&* ' *5*DF*uVv7! ' 10% &' ()- "&L0% & ()-910% & ()- 10 : : 10 : :
10 : :1°°0 10%: :& ()-0 109& ()-***T+, ,-dEUV7!' 310% & ()- &L10% & ()-, @

10% & ()- s11! 10&emethod of preducing a filtered state variable signal sample
10% & ()--n--.H k//dEUV7!' 010% & ()-9, 10% & ()- @$f 109 & ()-39I"

10% & () GG18% 810 irsBohE Eohpridihgd000000uV7! " 91004 () - L10%H&! () -

10k" k" 10k"

10k"k"1}96s! 109%" k" & ()-f410% & ()-f210% & ()-01) 1g12J34dEuV7! "9y10%H& () -
‘g 10%} 0 _dekayim)gmfié(;ted state va(rl)able sigﬁal égmple); stream of ausecon%l/10 ()
109448 () - 8109448 () - L0%H& () - 444( 5v556dEUVT! 9. 10%& () -, ! 10%4& () - * 10%4& ()
- 109%H () ordktL QUi sebordl9rdeF Hain§hE66 RARAIE irs BRI () - 910%&: () -

101 HI H
5 summing the delayed state variable signal sample stream with an
input signal sample stream and a delayed version of the input signal

sample stream.

12. The method of claim 11, wherein the difference between the first

10 and second order is two.

13. The method of claim 11, wherein the delayed state variable
signal stream is delayed by two clock cycles and the delayed version
of the input signal sample stream is delayed by one clock cycle.

15
14. An article comprising: a storage medium, said storage medium
having stored thereon instructions, that, when executed result in
producing a filtered state variable signal sample stream of a first order
by:

20 delaying a filtered state variable signal sample stream of a second

order, said second order being less than said first order,

14
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10948 ()- surAbigtiie delayedatdte- Varidskesighabsaniphs stieam-with sR->dEbCl
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avarooni (Vo sihal BpdlE! tisitind S ABYHA varsion.of the input signal

109 ()-t L10%& ()- S109%& ()-!Y@&10%k& () -

"M &109%& () - 9sample)sti@@m. AAAAABVK@ 3%40%& ()-"z10%&' ()- S 109%&' () -
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_@10%: ()-3S, S10%& ()- ,)10% ()-3' 10%& ()-BBCBCf CCC DuV7/ 10Ls109%6& () -
109%6& ()- ~109%& ()-3@0%& ()-!1"110%Y& ()-"!10%& ()- 10' DI D{ DDDE] EaB7/

" 0 ! - 0, ! - 0 ! - 0 ! - 0, ! -
10L710 /(5(5& ()15?’ '%ﬁe/(5 g‘rti(c%e of 'éla]i%/‘ﬁ?w%)erginla\/g‘lgrLls(tZUC’usénls? Cv(Brcl&elg)executed,

further result in the difference between the first and second order

being two.

16. The article of claim 14, wherein the instructions, when executed,
10 further result in the delayed state variable signal stream being delayed
by two clock cycles and the delayed version of the input signal sample

stream being delayed by one clock cycle.

17. An image processing system comprising:
15 an image processing unit to filter scanned color images;
said image processing unit including at least one pyramid filter,

said at least one pyramid filter comprising a rolling summation filter.

18. The image processing system of claim 17, wherein said rolling
20 summation filter comprises a sequence of cascaded units, each of

said units producing a different order state variable signal sample

15
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of said multiplierless units comprises three delay units and an adder,
said delay units and adder being coupled to produce a higher order

state variable signal sample stream from an input signal sample

10 stream and a lower order state variable signal sample stream.

21. The image processing system of claim 20, wherein said adder

comprises a three-input adder.

15 22. The image processing system of claim 20, wherein the
difference in order between the higher and lower order state variable

signal sample stream is two.

20
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