17 FEB 2004 -1 Zerotree Encoding O Wavel et Data Background The invention
generally relates to zerotree encodi ng of wavel et data, such as zerotree
encodi ng of wavel et coefficients, for exanple. Data conpression typi'lc?afﬁ%/m‘
removes redundant information froma set of data to 5 produce anot her set

of data having a smaller size. This smaller size may be beneficial, for
exanpl e, for purposes of transmtting the data over a bus or network. For
exanpl e, the pixel intensities of an ima_gﬁ_ may be indicated by a set of
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coefficients, and these coefficients may represented by digital inage
data. For purposes of conpressin he mag? ata, the data may be
transformed to reveal redundaﬁﬂ—%ﬁé&ﬁ@” LR WeNeletldata § hf or pat i on may be
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renoved via data conpression. For exanple, the inmage data may be
t ransf or recBaskEemtht to a wavel et transformation, a transformation that
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subbands HL and dHH subbands. ﬁg
removed by compression techniques.

15 Referring to Fig. 1, as an example, image data that indicates pixel intensities of an
image 12 may undergo wavelet transforrations to decompose the image 12 into subbands.
Due 1o the nature of the transformations, the subbands appear in different decomposition
levels (levels 14, 16 and 18, as examples). In this manner, to decompose the original image
12 into subbands 14a, 14b, 14c and 14d of the first decomposition level 14, the one

20 dimensional Discrete Wavelet Transform (DWT) is applied row-wise and then colurnn-wise.
In one dimensional DW'T, the signal (say a row-wise) is first low-pass filtered and sub-
sampled by dropping the alternate filtered output to produce the low-frequency subband (L)
which is half the size of the original signal. Then the same signal is high-pass filtered and
similarly sub-sampled to produce the high-frequency subband (H) which is half the size of the

25 original signal. When the same one dimensional operation is applied column-wise on the L
subband, it produces two subbands LL and LH. Similarly, applying the same one dimensional
operation column-wise on the H subband, it produces two subbands HL and HH subbands. As
a result after two-dimensional Discrete Wavelet Transform, the original image 12 is
decomposed into four subbands: the LL subband 14a, the LH subband 14b, HL subband 14¢

30 and HH subband 14d. Sizes of the row and column of each of these subbands is half the sizes



a result after two-dinensional Discrete Wavelet Transform the origina

I mge 12 is deconposed into four subbands: the LL subband 14a, the LH
subband 14b, HL subband 14c 30 and HH subband 14d. Sizes of the row hhEB 2004
colum of each of these subbands is half the sizes 17 FEB 2004 of the row
and colum of the original imges due to the sub-sanpling operation. The
val ues of these subbands are called the wavel et coefficients and hence the
subbands may be represented by an associated matrix of wavel et
coefficients. The LL subband 14a indicatés |ow frequency information in
both the horizontal and 5 vertical directions of the imge 12 and
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subband 16b, HL subband 16¢ and HH subband 16d. Hence the LL subband 16a is again the
sub-sampled version of the LL subband 14a. Hence LL subband 162 can be further
20 decomposed to four subbands that have half of its resolution in both horizontal and vertical
directions: LL subband 18z, LH subband 18b, HL subband 18¢ and HH subband 18d.

The subbands of the lower decomposition levels indicate the information that is
present in the original image 12 in finer detail (i.c., the subbands indicate a higher resalution
version of the image 12) than the corresponding subbands of the higher decomposition levels.

25 For example, the HH subband 18d (the parent of the HH subband 16d) indicates the
information that is present in the original image 12 in coarser detail than the HH subband 16d
(the child of the HH subband 18d), and-the HH subband image 14d (another descendant of the
HH subband 18d) indicates the information that is present in the original image 12 in finer
detail than the HH 16d and 18d subbands. In this manner, a pixel location 24 of the HH

30 subband image 18d corresponds to four pixel Jocations 22 of the HH subband 164 and sixteen

pixel locations 20 of the HH subband 14d.



(the child of the HH subband 18d), and, the HH subband i mage 14d (anot her
descendant of the HH subband 18d) indicates the information that i$7FEB 2004
present in the original imge 12 in finer detail than the HH 16d and 18d
subbands. In this manner, a pixel |ocation 24 of the HH 30 subband i mage
18d corresponds to four pixel locations 22 of the HH subband 16d and
sixteen pixel locations 20 of the HH suhband 14d. 17 FEB 2004 -3 Due to
the rel ationship of the pixel |ocations between the parent subband and its
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and a sub } . det erm n subordinate |ist of wavel et
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suborl@i natalepass, a threshold may be 15 cal cul ated for each subband and
used to eval ua,he whet her coefficients of the subband are insignificant or
significant. UNPOFASRERIERS degorapasiionrevel Bmiralininchidas twoamsicexd domintite above-
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insignificant or significant. Unfortunately, due to the computational complexity, the above-
described compression technique may be too slow for some applications, such as an
interactive video compression application, for example.
Thus, there 1s a continuing need for an arrangement that addresses one or more of the
20 above-stated problems.

Summary

In one embodiment, a method includes providing wavelet coefficients that indicate an
image and representing each wavelet coefficient as a collection of ordered bits. The bits of
cach order are coded to indicate zerotree roots that are associated with the order,

25 Advantages and other features of the invention will become apparent from the

following description, drawing and claims.

Brief Description Of The Drawine

Fig. 1 is an illustration of the hierarchical order of subbands produced by wavelet

30 transformations.

Fig. 2 is a schematic diagram of 2 computer system according to an embodiment of

the invention.



each order are coded to indicate zerotree roots that are associated with

the order. 25 Advantages and other features of the invention wll becone
apparent fromthe follow ng description, drawing and clains. Brieft7 FEB 2004
Description O The Drawind42 Fig. | is an illustration of the hierarchical

order of subbands produced by wavelet 30 transformations. Fig. 2 is a
schemati c di agram of a conputer system according to an enbodi nent of the
invention. 17 F E B 2004 -4 Fig. 3 is an4i | lustration of a scanning path to
determne zerotree roots according to an’ enbodi nent of the invention. Fig.
4 is an illustration of the organization of a wavel et coeffici ent mat ri x
according to ahigeddsou iHasale of heapHISPAL) Yhdergmpnezeralree £005aGc TR P 2P| on
of ascannln ath | et coefficient matrix. Fig. 6 is an
|IIustrat|8’r'§l 6) i t%fﬁh ]?Wg}?%iﬁs traversed to | ocate zerotree roots. Fig. 7
is a flow chart Fig hw:hﬁatlsmgoﬁ biahe waanizatbom «ffa veaveleogredivien memoaRsoniEngdp et
coefficients according to an enbodi nent of the invention. 10 Detail ed
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conventlonal zerotree codi ng schenmes, thresholds are not conputed to
i dent i ﬁ/ ﬁl gglgfg canttmnvgl ues, as the "0" bit is treated as bei ng
insignfific 1" and "1" bits are treated as being significant.
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In this manner, instead of classifying the wavelet coefficients (as zerotree roots or isolated
zeros, as examples), the processor 112 may produce codes to classify the bits of the wavelet
15 coefficients. For example, in some embodiments, the processor 112 may classify a particular
bit as being either a zerotree root, an isolated zero, a positive node or a negative node. Unlike
conventional zerotree coding schemes, thresholds are not computed to identify insi gnificant
values, as the “0” bit is treated as being insignificant and the “-1” and *'1" bits are treated as
being significant.
20 In this manner, the processor 112 may generate one of the following codes to classify
a particular bit: a “P” code to indicate a positive node if the bit indicates a “1"; an “N” code
to indicate a negative node if the bit indicates a “-1"; an “R” code to indicate that 2 “0"bitisa
zerotree root ; and an “1Z” code to indicate that a “0” bit is an isolated zero. In some
embodiments, a particular bit is classified as a negative node only if the bit is the most
25 significant nonzero bit and the bit indicates a “-1.” For example, for a coefficient of “-3” that
is represented by the three bits “-011,” the processor 112 generates an N code to represent the
middle bit. However, for this example, the processor 112 generates a P code to represent the
least significant bit.
For purposes of providing the wavelet coefficients, the processor 1 12 may, via
30 wavelet transformations, decompose coefficients that represent pixel intensities of an original
image. These wavelet coefficients, in turn, form subbands that are located in multiple

decomposition levels. To classify the bits, the processor 112, in some embodiments, may



to indicate a negative node if the bit indicates a "-1 "; an "R' code to
indicate that a "0" bit is a zerotree root ; and an "1Z" code to iqd]igﬁﬁm
that a "0" bit is an isolated zero. In sone enbodi nents, a particular

is classified as a negative node only if the bit is the nost 25 significant
nonzero bit and the bit indicates a "-1." For exanple, for a coefficient of
"-3" that is represented by the three hits "-011," the processor 112
generates an N code to represent the wri°ddle bit. However, for this
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nature of the bit stream is attributable to the order in which the processor 112 processes the
bit orders. For example, in some embodiments, the processor 112 may process the bit orders
20 in a most significant first fashion. Therefore, the processor 112 may initially produce code
all the bits that have the highest bit order, then produce code for all of the bits that have the
next highest bit order, etc. As a result of this progressing coding, the resultant bit stream may
initially indicate a coarser version of the original image. However, more refinements to the
image are indicated by the bit stream over time, as the processor 112 produces the codes for
25 the bits having the lower bit orders. Thus, in some embodiments, the resolution of the image
that is indicated by the bit stream improves over time, a feature that may be desirable for
bandwidth-limited systems. As a result, a decrease in resolution of the reconstructed image
may be traded for a decrease in communication bandwidth.
Referring to Fig. 3, in some embodiments, the processor 112 process the bits of each
30 order in a predefined sequence. For example, for a particular bit order, the processor 112 may
begin with the highest decomposition leve! and produce codes for the bits of the highest

decomposition level before proceeding to produce codes for the bits of the next highest



nature of the bit streamis attributable to the order in which the
processor 112 processes the bit orders. For exanple, in sonme enbodi nents,
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4X4 matrix, then the matrix 40 may be of the form that is depicted in Fig. 5. In this manner,
the LL, LH, HL and HH subband images of the second decomposition level each have one
coefficient, represented by “A” (for the LL subband image), “B” (for the LH subband image),
20 “C” (for the HL subband image) and “D” (for the HH subband image), respectively. As
depicted in Fig. 5, for the first decomposition level, the coefficients for the LH, HL and HH

subband images are represented by the following respective matrices:

El E2 Fl F2 Gl G!
E, EJ |F, FJ |G, G,

It is noted that each coefficient of the second decomposition level (except A), 1s associated

25

with at least four coefficients of the first decomposition level, i.e., each coefficient of the first
decomposition level has at least four descendant coefficients in the second decomposition
level. Therefore, each bit in the first decomposition level has at least four descendent

30 coefficients in the second decomposition level.



i ncl udes the wavel et coefficients of the LL, LH HL and HH subbands of the
third 15 deconposition level. If the coefficient matrix that indica{ﬁz EQ@A
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40 may be of the formthat is depicted in Fig. 5. In this manner, the LL,
LH, HL and HH subband i mages of the second deconposition | evel each have
one coefficient, represented by "A" (for _the LL subband image), "B" (for
the LH subband image), 20 "C' (for the HL subband image) and "D' (for the

HH subband i mage), respectively. As icted in . Fig.. for th LISt
deconposi tion | %%?th S‘Ré‘r‘{?bé]?ﬁf %Ei’eé?ﬂ:ﬁ? %Fytpﬁ%ceﬁ‘ﬁ,he bﬁs lgﬁﬁe ﬁﬁ]mg%ge@g#ﬁi nmages
are represgpt e D it YREARGE I € of REN OB thEprdedssbil] P gekdrale®  E3
E4 ' F3 F4%E'§§g%&4)f¥b20tggl%ffaiod§h%\g@t egnthat eeallch _((:)(_)effl ci ent (%? tﬁe sgggond_
deconposi t itierP beNebdd andqepteeds)to presesssbonexabidn theiseannipg seeuenee. {luwever, if 2
coefficients of the. first deg osition | L, . Gl f
the first P%EBH‘EQ’%W%WI%@E%%&% gtoc?"é%{gqﬁfr%adrmg%tshggﬁtggrr?t% g@%%?%%%@é%tgs in
t he second ,daaanmasifithdsit islag YRlated RS &f Dicfotreeacdl. Thi cdeffidibins fitheLL
deconposition | evel has at |east four descendent 30 coefficients in the

second deconplusi riesimplaeairopylenegde®. B 2004 -7 For each bit order, the
processor 112 roces ' i L d b BED
above. If a pamscaglleé?mﬁllétttoi%gol E% éscg%é&Eﬁggﬂgﬁﬁg?@gyﬁgﬁgfhg@?ocessor
112 gener at@sfficiehe(iftatd iiNtrdds setbdndoibesstend deqpmpostien lefidd), nkamrobistorilh2 t he
scanni ng sequence. However ’if .a . partigul 3{ bit indi caligzs a, g " & hen t he
processor KEETRgs whgder tha DLt PHERETh -t f Wl IRPSOS L B T8 G Ml ne i f
the bi{yis Ao (19 G,21)%84 1,115 6f the ShbbafdEIrsrehd figt ebmpbaishe LL
subban%jp ar ec%gcleklr%%{}%gﬁgﬁ(ggﬁgg’c%’ge)d. As(r gn _exan})l e, to produce thg code_ for
the | east Sewnid seashtofbi‘l” ¢ical,l’ eslinBicatell imFigt helfpne ebdpse Ritsdpficaesdcdt 88 i n
the HH subbang of, t cond C OSjt. 0 . r 112

det er ni nes W&‘Fﬂéﬁclﬁl‘ﬁégﬁﬁﬁnlﬁﬁﬁeé)%??'caghee&géﬁ%ﬁ(h ?l{ gg,ﬁ{oﬁgggﬁbessor 112
eval uat es the 10adeaaaaitaxbmpicl 543 cdofficiGR (Mamix A ibjlicates pidd) itjensifies fopan
subband HH of the first decopposjtion . Jevel in sg@rch of a"l" or "-1," as

"l
i ndi cat ed | magf graygndereo g fro fspeldsearapasitiod 19 fmchs {plloyngmatgx:
15
4 1 1 2
-2 0 01
0 300
1 0 0
Because the maximum absolute value is “*4,” three bits may be used to represent the
coefficients, as depicted in the following matrix:
20

100 001 001 010
-010 000 000 001
000 011 000 000
000 001 000 000

Therefore, the processor 112 begins the encoding by generating codes for the third order bits

(i.e., the most significant bits, which may be zero also) of the coefficients. More particularly,
25 to generate the codes for the third order bits, the processor 112 follows the path 28 (see Fig.

5) and produces the appropriate code for the third bit of each coefficient along the path 28. If



1," then the D(l) bit is an isolated zero. O herwise the D(I) bit is a
zerotree root. As a nuneric exanple, a 4X4 coefficient matrix that 17 FEB 2004
i ndi cates pixel intensities for an 1inmage nay undergo a two | evel
deconposition to formthe following matrix: 154 112 -2001 0300

0 1 0 O Because the maxi num absolute value is "4," three bits may be used
to represent the coefficients, as depicted in the followng matrix: 20 100
001 001 010 -010 000 OO0 001 000 01] 000 OO0 000 001 000 000 Therefore,
the processor 112 begins the encodi ng by %enerati ng codes for the third
order bits (i.e., the nost significant bits, which may be zero al so) of

the coeffi ci gpnficilarbMonedipaestd CQI drehythe @6cdseordéh evaltatestthedesoetaients of thefys te hi r d

o1 oduces ¢ HPMBIRERETS SO br TR TP 5oL B PBEPIIE Rl el ong

the path 28p dfcedibe FERwARD foded (18:1ddah kOt @ lof Efddud::tﬂﬂbzcﬁﬂlel_{}la SudsequeiBe he
processor 1f3 eval uates the descendents of the bit to find isol ated zeros

and zer or ogirscesind 1 Z pobidnegs alie qodes fonihredeennd @rdep pits(lisied i erdsy efcrrgdustion)] 2

produces t I | ' [ h f ' : 'R R
Subsequint | -zt A B ZEEs Ale, TR B fer T a s U e Rt
bits (listegtdirbi@Kesd @fordr ofipetibahy: & 1.2.R2P,I8,1R1Z PI1P, |AZ deribed Zhov.,
Lastly, the processor 112 produces the codes for the first order bit
(listed in beamceser PRgaucinfisay th edes Yiza gvpbit goding grheme pnd fragsmijibe codes
descri bed abO\égdu e({piga%ritosgrg or 112 may indicate the codes via a two bit

codi ng scheffe an ransmt the codes as produced via a bit stream As an

exanpl e, anot herApiroeespty, adder psaesser 200 @ye Igy2)usay ushehedit steemgam t o
10 reconstruct the coefficient matrix that indicates the pixe! in intensities of the original image in
the following manner. Before the decoding begins, the processor 200 first receives an
indication from the processor 112 that three levels of coding (i.e., one leve] for each bit order)
have been used. After obtaining this information, the processor 200 may reconstruct the
original coefficient matrix using the codes in the order that the codes are produced. More
15 particularly, the processor 200 may use the codes produced by the coding of the bits of the

third bit order (i.e., the first level of coding) to produce the following matnx:

160 000 000 000
000 000 000 000
000 000 000 000
000 000 000 000

20 The processor 200 may use this matrix 10 reconstruct a coarse version (i.e., a lower resolution
version) of the original image. However, if a more refined version is desired, the processor
200 may use the codes that are produced by the coding of the second bit order (1.e., the

second level of coding) 1o produce the following matnx:

1060 000 000 000
-010 000 000 000
000 010 000 000
000 000 000 000

25



10 reconstruct the coefficient matrix that indicates the pixel in

intensities of the original image in the foll ow ng manner. Before tﬂf?
decodi ng begins, the processor 200 first receives an indication fro REB 2004
processor 112 that three |levels of coding (i.e., one level for each bit
order) have been used. After obtaining this information, the processor 200
may reconstruct the original coefficient matrix using the codes in the

order that the codes are produced. Mre- P5 particularly, the processor 200
may use the codes produced by the coding of the bits of the third bit

order (i eFmaHhef the pracessoy 200 s ﬁmdo deg)thatarqprodusee by e u‘odinlgmmmgbmaaamﬁ:o(:

AT U T E MU

resol uti ondedogipobddnyaveiet touEfigemgl naI i mmge. However, if a nore refined
version is desired, the processor 200 may use the codes t hat are produced
by the coding oRefeRimesademd, Wi ummagae. ¢ campressia pregremridd. whes exefutedddi ng)

L T
that are pﬂmchboedd&syritbdnle:odingj Berstothe tpherebot $1Diay Bressi(biaék TNdahathk of. , the

third IeveI of codln g% processor 200 produces the original matrix of
deconposed dfEpmossd g pents leﬁtweﬁzé%mn%@@npng ext, the gracgeent 1 283y t he

conpr essi OQeRHAYE AfbckER) tﬂ’mﬁﬂnb%?‘ %@ biofd 1Y are nt:&ﬁd 2 %gglihéz%%o]g@%aﬁ.@%?e the

processor 112 to performthe followng procedure to produce
above- desc theypekimyi We]chfr%ﬁcwmhé’hprpmmmoﬂ 12425 awyrigbigicaldst r) bhap didicaRy a

TR 00T SRS LRSI RIS B SRR A
needed to neRraepEwbret h:ep adprotash ehe\bids Ushe®hit order at a time. To accomplish this, the

processor 112 produces codes (block 76) for the bits of the current bit order the using the
techniques described above. Subsequently, the processor 112 determines (diamond 78)
whether the rate of transmitted bits may exceed a predetermined bit rate. If so, the processor

15 112 1erminates the coding for the current image to comply with the predetermined bit rate,
Otherwise, the processor 112 determines (diamond &0) if all bit orders have been processed,
1.e., the processor 112 determines if n equals “1.” If not, the processor 112 decrements (block
75) the order that is indicated by the n variable by one and proceeds to block 76 to traverse
the loop another time to produce codes for the bits of another bit order. Otherwise, the

20 coding is complete.

Referring back to Fig. 2, in some embodiments, the processor 112 may be part of a

computer system 100. The computer system 100 may include a bridge, or memory hub 116,
and the processor 112 and the memory hub 116 may be coupled to a host bus 114. The
memory hub 116 may provide interfaces to couple the host bus 114, a memory bus 129 and

25 an Accelerated Graphics Port (AGP) bus 111 together. The AGP is described in detail in the
Accelerated Graphics Port Interface Specification, Revision 1.0, published on July 31, 1996,
by Intel Corporation of Santa Clara, California. A system memory 118 may be coupled to the
memory bus 129 and store the compression program 119. As described above, the
compression program 119, when executed by the processor 112, may cause the processor 112

30 1o provide wavelet coefficients that indicate an image and represent each wavelet coefficient
as 2 collection of ordered bits. The processor 112 codes the bits of each order to indicate

Zerotree roots that are associated with the order.



t he maxi num wavel et coefficient. This processor 112 uses a variable (called
n) that indicates 10 the current bit order being processed by the pr E
112. In this manner, the processor 112 wuses a software loop to procﬁig ﬁﬁ@‘
bits, one bit order at a tinme. To acconplish this, the processor 112
produces codes (block 76) for the bits of the current bit order the using
the techniques described above. Subsequently, the processor 112 determ nes
(dianmond 78) whether the rate of transm tted bits nay exceed a
predetermned bit rate. If so, the proceé@or 15 112 term nates the coding
for the current inmage to conply with the predeterm ned bit rate.

Ct herwi se, the prmeasaber fditdresef e nompger(syitamd e, 2809p1ay caammollgy k13dthdler s have

been processed,. i.e., t rogessor, 112 d LI DES, | Lk f
not, the priodBalsdhe dHPiaydgg? 8’1%&??@‘(%?%@%“ g@? by %gle'o%tcki‘[eﬂr) @?ﬁat |C§u?n2113‘|k cla{tj ed
by the n Y%&@éﬂu‘glme QIR KUbPY18QE @thér @riBkOeifcui for imputbatper €40) Huhd20.clnp
another time to produce codes for the bits of another bit order C%nagrw se,

the 20 codi soge emtodimpings, the Ligzhely 12 higeydesintedaqes 1 and/O pYpagsing iy ént s

t he processor. 112 be t of r :
Syt o 00 PPk E oo ldeehed PEATRLI AL AR Bheaepibss SR Bom
and the menpyyp O edihBmiEmest Beo1pOBphAs, MRegonf0814.bus 114. The nenory hub

116 may provide interfaces to couple the_host bus 114, a no us.129 and
25 an Accel er at et n@daphidg snavdiercopplabio B ECh ius o Rt F?éerp.ho’ﬁnﬁneA@' itigﬁus

described in_detajl i h It GomitR ke Bhib btedatra®et is produced
Speci ficati PAM ke ?gllog?{% ig%fréggﬁv%%g&gln%%ﬁw;%l,l 196961, by | ntIZFm e

Cor por at i onbphe padtiessofl B ta be Caminfuniaaied to the pyastssen 29I VO BInEAP B d¥upl ed

to the nenpry bus 129 and siore.the .compr ' . i bed
above, Phe E’GK“HFQE%" B ﬁﬁgﬁfé‘ﬁﬁ%‘,’c el 5@5@%%‘3&%& %%’%énéﬁ%o%%sli% nay
cause the proGRESOI17M4 bedQupRd IS O LdEexpasidrEius (DR fid etant mpuhdata frordiacat e

an i mage and represent ‘each wavel et coeffici entca?lgé}e?llﬁ)l | ection of ordered

bits. The pkeybessidi24 mugagwyeslithas shempless TaatR PRYRERFER Y or ot r ee
ts that i i . t
foat ur s of oPTTatER BEnARFH I dileBa0 Cbits ofhe biegalbMh miultiona il et

Sys I splay Controller 113 (that
control s t hexaisigd, e hhiddisindnnee 3eouiskiteooa CReRATR apinst 4 few gxapiples.

comun 5, O L B gk Lot Sl B 808 B e
120 incl udeg Jrétedof-85R8 sjsterdindlmBy GreRidn gudis o timitebrogagraphics system, a deskiop
computer or a mobile computer (2 laptop computer, for example), as just a few examples.
The term “processor” may refer to, as examples, at least one microcontroller, X86
microprocessor, Advanced RISC Machine (ARM) microprocessor, or Pentium-based
20 microprocessor. The examples given above are not intended to be limiting, but rather, other
types of computer systems and other types of processors may be included in embodiments of
the invention.
Other embodiments are within the scope of the following claims. For example, the
matrices of decomposed coefficients described above have one coefficient in each subband of
25 the highest decomposition level. However, this arrangement is for purposes of simplifying
the discussion of the coding. Therefore, each subband of the highest decomposition level
may have multiple coefficients, and the above-described techniques may be applied to code
1he bits associated with these coefficients. In some embodiments, the processer 112 may
code all of the bits of each order in parallel. In this manner, the coding of the bits of each bit

30 order may be performed by the processor’s execution of a separate thread. Other

arTangements are possible.



5 Peripheral Conponent Interconnect (PCl) bus 121. The PCl Specification is
avail able from The PCl Special Interest Goup, Portland, O egon 9721%.FERA 2004
nodem 140 may be coupled to the PCl bus 121 to a tel ephone line 142. In

this nmanner, the nodem 140 nmay provide an interface that permts the bit
streamthat is produced by the processor 112 to be comrunicated to the
processor 200. The 110 hub 120 nay al so iq include interfaces to a hard

disk drive 132 and a CD-ROM drive 133, as-‘éxanples. An 1/0 controller 117
may be coupl ed ﬁ%@ | /0 expansion_bus 125 and receive input data froma
keyboard 124 an figyenting hag beendisghosed withirespet!Qn ¢ dintited nhmberld7 may al so
control opeki : j i ies of the program 119
may be stored gir?%ﬁ %é gog%ﬁ%@@@%ﬁ@haﬁ%&%%ﬁ&g ra?@gs %\sﬁ?suée’ JiUREREdalgr 4
CD- ROM as fumstoua nicgiifieasiensping yariAfonk thetdfiorns. ONtehitenddd thitise &éaacﬁdén% t he
phrase "co uteh S ste&% na¥ %ﬁreraLly refer to a processor-based system
and may i ncPUdd” Bt MPEUABICNF i YaSatpl) as4al Wathin the tus/spirtmnd acoiesiftitep
conput &y ornwnfibRi | € conputer (a | aptop conputer, for exanple), as just a
few exanples. The term "processor” may refer to, as exanples, at |east one
mcro conTro Her, X86 m croprocessor, Advanced RI SC Machi ne (ARM

m cr oprocessor, or Pentiumbased 20 m croprocessor. The exanpl es given
above are not intended to be Iimting, but rather, other types of conputer
systens and ot her types of processors may be included in enbodi nents of

the invention. Qther enbodinents are within the scope of the foll ow ng
clains. For exanple, the matrices of deconposed coefficients described
above have one coefficient in each subband of 25 the highest deconposition
| evel . However, this arrangenment is for purposes of sinplifying the

di scussion of the coding. Therefore, each subband of the highest
deconposition level may have nultiple coefficients, and the
above-descri bed techni ques nay be applied to code the bits associated with
t hese coefficients. In some enbodi nents, the processor 112 may code all of
the bits of each order in parallel. In this manner, the coding of the bits
of each bit 30 order may be performed by the processor's execution of a
separate thread. OQther arrangenments are possible. 17 F E B 2004 - |

VWil e the invention has been disclosed with respect to a |imted nunber of



enbodi nents, those skilled in the art, having the benefit of this

di scl osure, will appreciate nunerous nodifications and variations
therefrom It is intended that the appended clains cover all such 17 FEB 2004
nodi fications and variations as fall within the true spirit and scope of
the 5 invention. 17 F E B 2004 -12 Wat is clainmed is: 1 1. A nethod
conprising: 2 providing wavel et coefficizents that indicate an image, the
bits of each wavelet 3 coefficient being associated with a different bit
order so t . Dii.order is associated with 4 one of the bits of each
wavel et co;\?b?tggg%{?pdaﬁd 5 for each said bit order, coding the associ ated
bits to indicate zerotree roots that 6 are associated with said bit order.
1 21 The nethod oh medthedeomprigi® ei n each bit order is associated with only
one,of 2 the bits of.. eac . kG : {elel ai m 1,
wherei n the act o?roxlggfgnﬁ&%%\éﬁélfﬁéwﬁ%?{pa& ?@é‘gggmfﬁqgg%’g%ﬁh%a\%rgh of the
bi t 3 i nHefritdiéht Rl SsscrfedSwith aaiferatit B oedes bo Bt eachditairddrds asaocintsdvathed zer o
or a zerotree root. 1 4. The nethod of claim 3, wherein sonme of the wavel et
coefsf i conernfshabits of esek vevelarmosiisiens e of the ot her wavel et coefficients,

d wh inth t of Pl . | ‘ ' dant
? p ed f ?gﬁql 2 bi ,? : ox 8%‘?”;1%‘{ i ggdrﬁlll, @Qdmg%h%%%{a%%nﬂ? ﬁr{dﬂéé?éz%&&&c@oé’l@%@n an

W one sone o 5 wavel et
coefsf i Cirgnissclabedoivitls sadbdetdeted with said other wavel et coefficients to
| ocate the 6 zerotree roots. | 5. The nmethod of claim 1, wherein the act of

provi di ng conprises: 2 producing different |levels of the code, each |evel
being associ gt ed hL fhefhod 3 Bialrh 37 Gfibremaied bit biter Rlasidafuuddmeonty o orhe
met hod of claimb5, erein the levels that are associated with [ower 2
resd ut theitabfeahswaickt ecefficiet. hi gher orders. 1 7. The nethod of claim1,
wherein the act of providing wavel et coefficients

1 3. The method of claim 1, wherein the act of coding the bits comprises:

2 determining which of the bits indicate zeros; and

3 classifying each zero as either an isolated zero or a zerotree root.

1 4, The method of claim 3, wherein some of the wavelet coefficients are

2 descendants of some of the other wavelet coefficients, and wherein the act of determining
3 compnses:

4 traversing a descendant tree from a bit associated with one of said some of the
5  wavelet coefficients to bits associated with said other wavelet coefficients to locate the

6  zerotree roots.

1 5. The method of ciaim 1, wherein the act of providing comprnses:

2 producing different levels of the code, each level being associated with a

3 different resolution of the image.

1 6. The method of claim 5, wherein the levels that are associated with lower

2 resolution are associated with higher orders.

7. The method of claim 1, wherein the act of providing wavelet coefficients
Comprises:

providing intensity level coefficients that indicate pixel intensities of the

O VL

image; and



2 conprises: 3 providing intensity |level coefficients that indicate pixel
intensities of the 4 image; and 17 FEB 2004 -13 5transform ng the 17 FEB 2004
intensity level coefficients into wavel et subbands. 18. An article
conprising a storage nediumreadabl e by a processor-based 2system the
Storage nedium storing instructions to cause a processor to: 3provide
wavel et coefficients that indicate an-il?age, the bits of each wavel et
4coefficient being associated with a different bit order so that each bit
order is associated with 5one of the bits of each wavel et coefficient; and
6f or each said bit order, code the associated bits to indicate zerotree
roots that 7are ahigl e of claim8§,
wherei n each bi taéél gdrrﬁxlgr?dlgé‘gr'ggi}sg &epweﬁ O%E{/m})oﬁﬁavocﬁg?‘tﬁfe bits of each
wavel et coefficient. 1TO The article of claim8, the storage medi um

conpr|5|ng, I nstructions to cause 2t he pr.ocess t.0: 3det ng, whi ch of
thelbits i nd$cat eAB@Ftisde C%’PRPSH@ alusag E,mgggﬁlr%&él aeWrPﬁésorargr?S?dsol ated zero

ze&g% Frf‘%he:r ﬂ&lage Frbdibm 86riRY SbelBioRd to(izlaﬁéerﬁ' prBcesydigsei n sone of the

vvav?l et f1cients are 2 escendants of sone of the other wavel et
coef¥icients, thepoviicagyeckecdieiicicostat mMglcanmﬁgmdlelhm of sachayavslet he

processor tq: 4traverse a desc ant .tre Q one of
sai ¢ soffsfRpenthsingastrsated ‘é’ﬁé?%qgﬁrgﬁtbg °lnger ﬁ’sa %15‘5(22 S8 gér Eﬁ&%ﬁgseaaw iqot her
wave et ﬁpﬁﬂf‘é gitgﬁécﬁq,abgg%%fﬂch@t Gagrotree roots. 112. The article of

claim 8, st orage nmedi um conpri Si ng instructions to cause 2t he rocessor
to: @produce di ffémmh $aid it grdef, cofrihe asraciatsd bis eopdicals @rrnea 8 Pe ed wit h

a 4djfferent r he image. 113. The article of claim12, wherein
t he ev%’lc§s‘°t°i‘f5’t°°§‘?”gﬁ5mQSC| %%%d with | ower

9. The article of claim 8, wherein each bit order-is associated with only one of

-

2  the bits of each wavelet coefficient.

| 10. The article of claim 8, the storage medium comprising instructions to cause
2  the processor to:

3 determine which of the bits indicate zeros, and

4 classify each zero as either an isolated zero or a zerotree rool.

1 11. The article of claim 10, wherein some of the wavelet coefficients are

2  descendants of some of the other wavelet coefficients, the storage medium comprising

3 instruction to cause the processor to:

4 traverse a descendant tree from a bit associated with one of said some of the
5  wavelet coefficients to bits associated with said other wavelet coefficients to locate the

6  zerotree roots,

1 12.  The article of claim 8, the storage medium comprising instructions to cause
2  the processor to;

3 produce different levels of the code, each level being associated with a

4  different resolution of the image.

1 13. The article of claim 12, wherein the levels that are associated with lower

2 resolutions are associated with higher orders.



2resol utions are associated wth higher orders. 17 F E B 2004 - 14 1 14. A
conputer systemconprising: 2 a processor; and 3 a nenory storing ﬁ FER 2004
programto cause the processor to: 4 provide wavel et coefficients t zt
indicate an inmage, the bits of each 5 wavelet coefficient being associated
with a different bit order so that each bit order is 6 associated with one
of the bits of each wavel et coefficientl4-and 7 for each said bit order,
code the associated bits to indicate zerotree 8 roots that are associ ated
with said bit order. 1 15. The conputer system of claim 14, wherein each
bit order is associated with 2 only one of the bits of each wavel et
coefficient. 1 16. The conputer systemof claim 14, wherein the program
causes the processor 2 to code the bits by determ ning which of the bits

i ndi,cate zer an L EOH Sasligero as 3 either an isolated zero or.
a zérotree rggt. gcg@?§%téxg§g%uterI?gsten1of claim 16, wherein sonme of the
wavel et coeffici enprocesRorarmd descendants of sone of the other wavel et

coefficients, and wherein the processor LAgs: Which of the bits are
zerds by traver si%ﬁ‘e@o%%%%%ﬁ&ogf%é%ﬁ%mﬂg{’%%&associ ated 4 with one of

sai ¢ some of the wavelgbviaeefavilel @Bifiidnts thittindiests au imagsctheits hf eshd ot her
wavel et 5 coefficients to |ocate the zert}hreg roof_l. 1.18 r'léglg conput er
SystSem whvelétarifitient bting assacieted Wihggh HrreatRicarden ahrBRLREF™S "t o pr ovi de
the wavel et. coef.ficients by pr ' | eLR/Nind evel s of the code, each
| evdl beFSRigated MBLFE© i}g&x%oﬁﬁgchuﬁﬁgé?dgﬁiﬁ resol ution of the i mage.

7 for each said bit order, code the associated bits to indicate zerotree

8§  roots that are associated with said bit order.

1 15.  The computer system of claim 14, wherein each bit order is associated with

2 only one of the bits of each wavelet coefficient.

16.  The computer system of claim 14, wherein the program causes the processor
2 1o code the bits by determining which of the bits indicate zeros and classifying each zero as

3 either an isolated zero or a zerotree rool.

1 17.  The computer system of claim 16, wherein some of the wavelet coefficients

are descendants of some of the other wavelet coefficients, and wherein the processor

2

1 determines which of the bits are zeros by traversing a descendant tree from a bit associated
4 with one of said some of the wavelet coefficients to bits associated with said other wavelet
5

coefficients 1o locate the zerotree root.

1 18.  The computer system of claim 14, wherein the program causes the processor
2 to provide the wavelet coefficients by producing different levels of the code, each level being

associated with a different resolution of the image.



