-1- Title: METHOD, SYSTEM AND SOFTWARE PRODUCT FOR COLOR | MAGE ENCODI NG
Field O The Invention [0001] The present invention relates to a nethod,
system and software product for color inmage encodi ng. Background O The
I nvention 5 [0002] In recent years, the volune of color inmage data on the
Internet has been explosively increasing. In particular, due to the
increasing popularity of web sites, dijgital caneras, and online games,
col or image data have becone a S|gn|f|cant portion of the Internet
traffic. On the other hand, access to color imges through wreless
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image display device, storage, and transmission bandwidth has become a
bottleneck for many multimedia applications — see, for example, J. Barrilleaux,
R. Hinkle, and S. Wells, “Efficient vector quantization for color image
encoding,” Acoustics, Speech, and Signal Processing, IEEE International

156 Conference on {CASSP ‘87, vol. 12, pp. 740 743, April 1987 (hereinafter
“reference [1]"), M.T.Orchard and C.A.Bouman, “Color quantization of
images,” Signal Processing, IEEE Transactions on, vol. 39, no. 12, pp. 2677 —
2690, Dec. 1991 (hereinafter "reference {2]'), i. Ashdown, “Octree color
quantization,” C/C++ Users Journal, vol. 13, no. 3, pp. 31-43, 1994

20 (hereinafter “reference [3]"), X. Wu, “Yig vector quantization in a new color
palette architecture,” IEEE Trans. on Image Processing, vol. 5, no. 2. pp.
321-329, 1996 (hereinafter "reference [4]"), L. Velho, J. Gomes, and M. V. R.
Sobreiro, “Color image quantization by pairwise clustering,”Proc. Tenth
Brazilian Symp. Comput. Graph. Image Process., L. H. de Figueiredo and M.

25 [.Netfo, Eds. Campos do Jordao, Spain, pp. 203-210, 1997 (hereinafter
“reference [5]") and S.Wan, P. Prusinkiewicz, and S.Wong, “Variance-based
color image quantization for frame buffer display,” Res. Appl., vol. 15, pp. 52—
58, 1990 (hereinafter "reference [6]").



58, 1990 (hereinafter "reference [6]"). -2- [0003] One way to alleviate the
above limtations is to apply efficient color imge encodi ng schenmes which
conpress, optim ze, or re-encode color imges. A typical color inmge
encodi ng schene consists of a color palette, pixel mapping, and | ossless
code. The color palette acts as a vector 5 quantization codebook, and is
used to represent all colors in the original color imge. The pixel
mappi ng then naps each pixel in the ingge into an index corresponding to a
color in the color palette. The pixel mapping could be either a hard
deci si on pixel mapping for which the quantization of a RG color_ vector
into a col[e@OZf t he @oéovapdd etlieviats thé ebwvenimitatiens it da@pply eficigntel 10
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to [6] - tO I eve, nore ess, It _ Objective. [0005] On the ot Per
hand, whervectsti intp iascalonodrthedsolethpaletieds fixedeand indepeis| oinlispPHE! ar e

often assyned.to gl ,_and the .ohj ive is t i f fi,6hent
codes rtf?%'qrhﬁgﬁ‘esé‘éﬁ%gﬁe rs\@cg%r '?ghgg'%\?gg cgrﬁcee Oeﬁé?lgg | cl)e’?\({ér §t éi.k’gh’or
i nstance, #naak&@riddifiohopiepShdpsingPiorswhivh an RGB coloV wmitor nspadee of
col or-quantized i mages was given in A Zaccarin and B.Liu, "A novel
appr oach farantizei rigtacdifierenfueniors ebithenagler palefigyat different pixel locations.
The index sequence resulting from the pixel mapping is finally encoded by a

lossless code.

15 [0004] Previously, color palette design, pixel mapping, and coding were
investigated separately. In the design of color palette and pixel mapping, the
coding part is often ignored and the main objective is to reduce the
quantization distortion, improve visual quality of guantized images, and
decrease computational complexity. Several tree-siruciured splitting and

20 merging color image quantization methods are proposed in the literature —
see, for example, references [1] to [6] - to achieve, more or less, this

objective.

[0005} On the other hand, when coding is concermed, the color palette

and pixel mapping are often assumed to be given, and the objective is fo

25 design efficient codes for the index sequence so as fo reduce the
compression rate. For instance, an algorithm for lossy compression in the

LUV color space of color-quantized images was given in A.Zaccarin and

B.Liu, “A novel approach for coding color quantized image,” Image
Processing, IEEE Transactions on, vol. 2, no. 4, pp. 442 -453, Oct. 1993

30 (hereinafter 'reference [7]"). Two heuristic solutions were proposed in

N.D.Memon and A Venkateswaran, “On ordering color maps for lossless



Processing, | EEE Transactions on, vol. 2, no. 4, pp. 442 -453, Cct. 1993 30
(hereinafter "reference [7]"). Two heuristic solutions were proposed in

N. D. Menon and A. Venkat eswaran, "On ordering color maps for |ossless -3-
predi ctive coding,"” |EEE Transactions on I mage Processing, vol. 5, no. 11,
pp. 1522-1527, 1996 (hereinafter "reference [8]"), to reorder color maps
prior to encoding the inmage by | ossl esg-predictive codi ng techni ques.
Based on a binary-tree structure and context-based entropy coding, a
conpression 5 algorithmwas proposed in X. Chen, S. Kwong, and J. fu Feng,
"A new cohfgdigidleorprdogé deEfofracebdhormuamimage Rrovessing, Giol.cine TdngpSyst ens

for Video h E Transacti ons wVvol. 1 no. 10 .. 904 -908,
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di stinct coh@s Shepeifbfbt aldiy r n a ik Yeting- bi tes in
a color palett (_a(, a_nld t he Iébﬁe{rg)gl ﬁﬁ?accﬁcblg? it BR%Q;&Q%},% %‘?&g ngi' }C??rfn nmost

si gni fi canfuaitizesksiagssgin thaseralgontiensidhd cdnpoepsios effidongals actosvet! ng a

root ngge Y | ,of the N djst.ingt colors: (b). providi i rst

L over "39°FETRE BkOHE | ol iealtie bsth Yl oittertie Tiatratin R At Sfefard, he
di stinct coécdderssuahlzaabasiFyNIgasiiar. processi ng systemto an associ at ed
node in the first |evel of sibling nodes based on a value of a first bit in

each P- bi Sulihery Oftie Riveiidd Y of P-bit bytes; (c) for each node in a
kt h | evel ‘of rnodes conprising nore than one color, providing a plurality
of siblingl008&ds at M aceerdpnpe lvétheh firghessial ofdbd present inentien, thege i s
al | ocated @yprBUElegaé Phethod for creating, from a digitized color image with N distinct
15 colors using a data processing system, a tree structured partitioning of all

pixels in the digitized color image into M disjoint clusters, wherein M is less
than or equal to N, each color in the N distinct colors is digitally represented
by a plurality of P-bit bytes in a color palette, and the P-bits in each P-bit byte
are ordered from most significant to ieast significant. The method comprises
20 (a) providing a root node comprising alt of the N distinct colors; (b) providing a
first level of sibling nodes linked to the root node, wherein each color in the N
distinct colors is allocated by the data processing system fo an associated
node in the first level of sibling nodes based on a value of a first bit in each P-
bit byte in the plurality of P-bit bytes; (c) for each node in a kth level of nodes
25 comprising more than one color, providing a plurality of sibling nodes at a
(k+1)th level, wherein each color in that node is allocated by the data
processing system fo an associated sibling node in the plurality of sibling
nodes at the (k+1)th level based on a value of a (k+1)th bit in each P-bit byte
in the plurality of P-bit bytes for that color, such that for each color in the N
30 distinct colors there is a distinct leaf node comprising that color alone; and (d)

selecting and merging feaf nodes until there are only M leaf nodes left.



processing systemto an associated sibling node in the plurality of sibling
nodes at the (k+l1)th | evel based on a value of a (k+1)th bit in each P-bit
byte in the plurality of P-bit bytes for that color, such that for each
color in the N 30 distinct colors there is a distinct |eaf node conprising
that color alone; and (d) selecting and nerging |eaf nodes until there are
only Ml eaf nodes left. -4- [0007] In accordance with a second aspect of
the present invention, there is provided a data processing systemfor
creating, froma digitized color image with N distinct colors, a tree
structured rtitioning of all pixels in the digitized color imge into M
di sj oi nt Nfg@ﬂers vherasiondangss withsa sanomdopspegfapl tha preseddaMestvnr in

byces i n G istoHRH e bbb VS TbE oo, RH 8,dibifiz84 colfrd
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vent | oni eeh P-bilbygs By sealuialis s o-bit teg s BRothcechdio
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based on a value of a (k+1)" bit in each P-bit byte in the plurality of P-bit

bytes for that color, such that for each color in the N distinct colors there is a

distinct leaf node comprising that color alone; and (b) node merging means for

selecting and merging leaf nodes untif there are only M leaf nodes left.

20 [0008] In accordance with a third aspect of the present invention, there
is provided a computer program product for use on a computer system to
create, from a digitized color image with N distinct colors, a tree structured
partitioning of all pixels in the digitized color image into M disjoint clusters,
wherein M is less than or equal to N, each color in the N distinct colors is

25 digitally represented by a plurality of P-bit bytes in a color palette, and the P-
bits in each P-bit byte are ordered from most significant to least significant.
The computer program product comprises a recording medium; means
recorded on the medium for instructing the computer system to perform the
steps of: (a) providing a root node comprising alf of the N distinct colors; (b}

30 providing a first level of sibling nodes linked to the root node, wherein each
color in the N distinct colors is allocated to an associated node in the first level

of sibling nodes based on a value of a first bit in each P-bit byte in the plurality



25 digitally represented by a plurality of P-bit bytes in a color palette,
and the P- bits in each P-bit byte are ordered fromnost significant to

| east significant. The conputer program product conprises a recording

medi um means recorded on the nediumfor instructing the conputer system
to performthe steps of: (a) providing a root node conprising all of the N
distinct colors; (b) 30 providing a firgt level of sibling nodes linked to
t he root node, wherein each <color in the Ndistinct colors is allocated to
an associ ated node in the first level of sibling nodes based on a val ue of
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recor danceca e ?3“3?18*‘”22%‘2@%3‘3%“%@ 4 TR leal MRS obMbtisigMeR boldf
provi ded aalmtehahd o) seleciinggnd mengingderf sedeenudil thencesenonhghalegdi xel

mappi ng and a n v¥ﬁgut put function representing a color palette for a new
di gi tized EBFEP F'frage derived from an ori gi nal digitized color image both

def d | wh h i | ded
by N i o ISedRsel o dn e vl fentthtpesf o816 BresamEdrupSid cua
color WgRgghdrd é%r&rﬂaéudaeaqéwo%& $rivisd aq%wnﬁd@@s@@@hdéoﬁ@regemg he n

p| xel s, the new index sequence has n index nenbers for representing the n
pi xel s andpixed m@mnngmtmjta ﬂawaf@ut ifendtion regphentinthe eclondaletied®ers to

the M col ors ses provi.ding .a fir i

sequence. bPClaTBizel gt uTa8 bRy TmPHE SO GP aRitad S ol paBER rage
into M di spyefinéd ohus biits, W@nﬂﬂheaor?@nﬁmlgmz@ﬁ cottimpigeat provided byr Ngi nal
digitized color image without regard to the [ocation of the pi xel in the

original dHtinrgealotvbeing agsatedie g A Rikels, thesew digifized Cé’!ft[dﬂ"%g@ R (b)
provi diyBg B, 4idSd Hyell AERYE cOHIBRE Lty LR6CRESbEHRI Bixels, the new index

sequence has n index members for representing the n pixels and the new
output function is for mapping the n index members to the M colors. The
method comprises (a) providing a first new index sequence by partitioning all
pixels in the original digitized color image into M disjoint clusters based on a
20 color of each pixel in the original digitized color image without regard to the
location of the pixel in the original digitized color image, wherein M is less
than or equal to N; (b) providing a first new output function for providing a
one-to-ane mapping of the M distinct colors onto the pixels in the M disjoint
clusters; (c) applying a soft decision optimization process to the first new
25  index sequence and the first new output function to provide the new index
sequence and the new output function respectively based on, for each
member of the first new index sequence, how a color value assigned to that
member by the first new output function correlates with the color value
assigned to at least .one other member of the first new index sequence by the

30 first new output function.



one-to-one mapping of the Mdistinct colors onto the pixels in the M
disjoint <clusters; (c) applying a soft decision optimzation process to
the first new 25 i ndex sequence and the first new output function to

provi de the new i ndex sequence and the new output function respectively
based on, for each nenber of the first new i ndex sequence, how a col or

val ue assigned to that nenber by the first new output function correl ates
with the color value assigned to at |-€&st one other nmenber of the first
new i ndex sequence by the 30 first new output function. -6- [0010] In
accordance 3@? a fi@}th aspect of the present invention, there i rovi ded
a data prol@@d8ing syl agsargange with adith asRestridie Jugsencevepion.d86fk i ng a

pi xel ~mapping @anemagwggﬁsvsya@f 'Ré?nrf%Pﬂf‘érﬁz'ﬂ{'%ﬂ.n%mF%%J( sBgLighte for a

new digitized col or inag oman origin digitized color 5 imge
bot h def i nesghresentingi x @lixs! nappiagmncte mew giut@lt fdhgliion represehting iavegjer i s

provi ded b distinct col.ors, bejng allocated to the n bixels,. the new
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the n pixels and the new output function is for mapping the n index
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di sj oi nt chewtimdex bageshan hasavimiexoheadsdrs fox edpredentile ties ingpirals ahdi ti zed
col or inaqgsmﬁthout regard to the location of the pixel in the original
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a soft dewiogiding aolhst eeioindppssquence by fpartitionisg all pixelsrire the originabeess
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provi de  t HOHEGH Golidiag e M disieint RUSHess, basel e AUrles 8henel BB Vel y
based on, thero dgitPRARRNoCimAde Withbet r&lpNdi tBARE 1BBAHEN ©F thd PikeR i§ Ol Or
val ue assigned to that nenber by the first” new output function correl ates
with the dgamﬂgymla@ttszed color image, wherein M is less than or equal to N, and (ii)
15 providing a first new output function for providing a ane-to-one mapping of the
M distinct colors onto the pixels in the M disjoint clusters; and, (b) a soft
decision module for applying a soft decision optimization process to the firsi
new index sequence and the first new output function to provide the new
index sequence and the new output function respectively based on, for each
20 member of the first new index sequence, how a color value assigned to that
member by the first new output function correlates with the color value
assigned to at least one other member of the first new index sequence by the

first new output function.

[0011] In accordance with a sixth aspect of the present invention, there
25 is provided a computer program product for use on a computer system to
create a pixel mapping and a new output function representing a color palette
for a new digitized color image derived from an original digitized color image
both defined on n pixels, wherein the original digitized color image is provided
by N distinct colors being allocated to the n pixels, the new digitized color
30 image is provided by M distinct colors being allocated to the n pixels, the new
index sequence has n index members for representing the n pixels and the

new output function is for mapping the n index members to the M colors. The



assigned to at |east one other menber of the first new i ndex sequence by
the first new output function. [0011] In accordance with a sixth aspect of
the present invention, there 25 is provided a conmputer program product for
use on a conputer systemto create a pixel mapping and a new out put
function representing a color palette for a new digitized color inmge
derived froman original digitized col o. mge both defined on n pixels,
wherein the original digitized color imge is provided by N distinct
colors being allocated to the n pixels, the new digitized color 30 inmage is
provi ded byEoRMRIHEE ilegrasn| prasivsei eynpitises s adcomindgemedpimelad, tmeansw
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15 Brief Description Of The Drawings

[0012] A detailed description of preferred aspects of the invention is
provided herein below with reference to the following drawings, in which:

[0013] Figure 1, in a block diagram, illustrates a computer system in

accordance with a preferred aspect of the present invention;

20  [0014] Figure 2, in a graph, illustrates a octree structure in accordance
with a preferred aspect of the invention:;

[0015] Figure 3, in a graph, illustrates a Viterbi algorithm in accordance
with a first variant of a soft-decision optimization aspect of the present
invention;

25 [0016] Figure 4, in a graph, illustrates a Viterbi algorithm in accordance

with a second variant of a soft-decision optimization aspect of the present

invention; and,

[0017] Figure 6, in a block diagram, illustrates a CPU of the computer
system of Figure 1.

30 Detailed Description Of Preferred Embodiments Of The {nvention




accordance wth a preferred aspect of the present invention; 20 [0014]
Figure 2, in a graph, illustrates a octree structure in accordance wth a
preferred aspect of the invention; [0015] Figure 3, in a graph, illustrates
a Viterbi algorithmin accordance wth a first variant of a soft-decision
optim zation aspect of the present invention; 25 [0016] Figure 4, in a

graph, illustrates a Viterbi algorithmin accordance wth a second vari ant
of a soft-decision optimzation aspect.gf the present invention; and,
[0017] Figure 5, in a block diagram illustrates a CPU of the conputer

systemof Figure 1. 30 Detailed Description O Preferred Enbodi nents O The
| nvent i on [0818] 0018]R&fefwing itadrigareri gtharelis itlheiratedsini a bleglk diegmirnaa bl ock

diagram a__conputer, system 10 in accordance with an e .. th

i nventi on.coﬁ’ﬁzéﬂg'"ccjc‘ﬁfﬁtﬁrér;@ﬁt@‘fﬁ%gﬁﬁ?? s‘@@h aamm?ﬁa%%r @F@?‘Ph‘g%ggl or

i mage dat gonfhut8PRyERIm Ibrigriséll sPhahog dRoidradtofiag atolomagage dut&Pd 16 for
i mage processing 5 and for provi dlé}ﬁ conpression of color data that jointly
opti ni zes rniter Hufartdispiayieg, digitatesler bragerl ac oMb 36 PLIMaEE GHCORAINGe

mai nt ai.ni I Ut at | | @X] C PP TS RVPRIT] PNG

decode|5$, %g‘ﬁd@‘n pqgm#@mgﬁgﬁﬁgﬁab@sﬁa@%& er i)drlh%é %lnn\é\pcz)%gr 1!cf{r

encodi ng guantighiicn, idisoeiciat andr comptessits Wwedgistmivelsileormaindaininige lovhput er

system 10 via 1Q transm ssion conduit 20. [Q01 joint, optim zation

pr obl em ofcoRyIERtiongleoBRlcxHY rﬂj‘dcﬁﬂm&é‘t'%g‘& M&U%@H@@I .delfgt ax& :a%

{(r,g,b)J ; h &% RARD ding {tA8, tor: - , ON_1

} is the %8?%8?685%%‘55%% zgg}lgl’lérél na rC‘gtlofi’oli\lr@i mgge&h@;ﬁlﬁﬁﬁﬁ?}agQN di sti rnct

col ors. |fimahe tatal priomberitoftraniseissiam ftane e gomputeregystey A0 W@ 15

obt aiq an i ndex s.eﬁuen%!ei #:r by scanning the color imge fromtop to bottom
r )

and f ri@m TASMISIPAHAN e ik means that the color vector of the kth

ixel is o,,. If we confi.ne ourselves to_usin new col or pal ette ,C
P [0019] The joint op’ldm?zation pro%!em oPcdlor image encoding can bé

defined as foilows: Let Q={(r,g,b)|05r,g,b5255} be the RGB color space.

with M

Assume 0= {00,01...,0N_1 } is the color palette of an original color image which

has N distinct colors. If the total number of pixels in the original image is n, we

15 obtain an index sequence I = {(i,i,....i, ,) by scanning the color image from top

-
to bottom and from left to right, where i, means that the color vector of the kth
pixel is o, . If we confine ourselves to using a new color palette C with M
colors (M < N) to reproduce the original color image, the joint optimization
encoder is aimed at finding a new color palette C ={cg,¢,,....c,. }, @ New index

20 sequence U =(ug,i,...u%,,), and a lossless codeword length function / to

reproduce the original image and to minimize the cost function:

n=1

U )+ )uz—lz d(o,-k,cm, )
k=0

where A is a Lagrangian multiplier, and d is the square error incurred by

representing o, by c,,:

25 dloyed) =Jor=cef = (1) + (80 8 ) + (B, -5, ) (1.1)

[0020] Since there is a one-to-one mapping between a lossless
codeword length function and a lossless code, selection of a lossless

codeword length function is equivalent to that of a lossless code.



colors (M< N) to reproduce the original color imge, the joint

optim zation encoder is ainmed at finding a new color palette
C={co,ci,...,cM,}, a new index 20 sequence and a | ossless codeword | ength
function | to reproduce the original inmage and to mnim ze the cost
function: n-1 rti 11(U)+7vr-1Jd(o;t,c,4) k=0 where 2. is a Lagrangi an
multiplier, and d is the square error Lrcurred by representing oi, by c,:
z zz z 25 d(o;>k)=11;-Ckj( =("0; -"Ck) +(g0 -g ) +(bo -b) (21.1) [0020]
Since there is a one-to-one mappi ng between a | ossl ess codeword | ength
functi on arf@0a1] ossl eGkeariyde, sel ection of a | ossless codeword |ength
function is equi valent to that of a Iossless code. -9- [0021] dearly n-1

d(oi., c..)_ L("O-"-&1) gc. - k=0 k-0 is the
total square error (T%f)’«'(z,l GhOS %fg;l-dg IJy 3oe+a;‘§)d+(d4,th 2%% vi sual(1gdlal i ty
of the quantized col o#®i mages Note that the mnimzation Of TSE or "ot her

S simlar distortion measures is the sole purpose of quantization-oriented

met hods cong R idial pauakr errentEsE] which is 6 OSGB{ réleted ith ghe sisushguabi col or
| C
palette C apdppi ﬁé%ﬁ%bgﬁr(gﬁggg N tﬂgfﬁé(?ﬂ &%t:@l%ﬁgﬁﬁ%wo grat I on

of bit rate n-1I( STbl €' Tosel esg Co unctions |
is the Solsgmpar phstertidn audiamgeseishdﬂe Eoie mlrpﬁs@uafntqluaaﬂzaﬂmgeﬁented

b1 1 ngs. 1 or AR OHRCEOEGRIEEmn, FpsaeS 3l 55 Sblasl. aieen Sha et color
di storti onpaldies @Jéﬁ@'pﬁﬁél'rﬁﬁﬁplﬁgs(heﬁéé e 'n?degﬁéﬁglﬁ’%d\t%dugyth[ehﬁlrﬁﬂ'iz%r’noﬂal ette

C and pi er mappi ng (i.e i'ndex sequence onpression rate is
det er m ned dbpitodd 7 éU ))|amd)ng all possible lossless codeword length functions [ is

the sole purpose of coding methods for color-quantized images considered in
10 references [7] to [9]. The cost function ‘given above brings forward the
problem of joint optimization of the rate and distortion. The quantization
distortion is determined by the color palette C and pixel mapping (i.e., the
index sequence U); the compression rafe is determined by both the pixel
mapping and the lossless codeword Iengtr] function [. Here, of course, the
15 pixel mapping is a soft decision pixel mapping. Therefore, even if the lossless
codeword length function / is fixed, one can still jointly optimize both the rate

and distortion by changing both C and U.

[0022] There are many lossless codeword length functions, each
corresponding to a different entropy code, such as Huffman codes
20 D.A.Huffman, “A method for the construction of minimum-redundancy codes,”
Proc. IRE, vol. 40, no. 9, pp. 1098-1101, 1952 (hereinafter “reference [12]"),
Lempel-ziv codes J. Ziv and A. Lempel, “A universal algorithm for sequential
data compression,” IEEE Trans. On Information Theory, vol. 23, pp. 337-343,
1977 (hereinafter "reference [11]"), J. Ziv and A. Lempel IEEE Trans. Inform.
25 Theory (hereinafter "reference [10]"), arithmetic codes 1. H. Witten, M. Neal,
and J. G. Cleary, “Arithmetic coding for data compression,” Commun. ACM,
vol. 30, pp. 520~540, June 1987 (hereinafter "reference [13]"), grammar-
based codes, E.-H. Yang and J. C. Kieffer, “Efficient universal lossless data
compression algorithms based on a greedy sequential grammar transform-—
30 part one: Without context models,” IEEE Trans. On Information Theory, vol.



mappi ng and the | ossl ess codeword | ength function 1. Here, of course, the
15 pixel mapping is a soft decision pixel mapping. Therefore, even if the

| ossl ess codeword length function | is fixed, one can still jointly
optim ze both the rate and distortion by changing both C and U [0022]
There are many | ossl ess codeword | ength functions, each corresponding to a
different entropy code, such as Huffrman codes 20 D. A Huffman, "A nethod
for the construction of nininun}redundéﬁby codes," Proc. IRE, vol. 40, no.
9, pp. 1098-1101, 1952 (hereinafter "reference [12]"), Lenpel-ziv codes J.

Zi d A -~ i I ithm f ti . .
 owpr oast A ebepr 8 Sty SO inerBiontir SRRIERCL Tiar S b getiey
1977 (her eanafE.a4. Yaaherersfaniatldaded doddd:VAaisly AladecBPehivieilt 1d5€188s
Inform 25 Theory (hereinafter "reference [1%"), arithnetic codes |. H.

Wtten, MSNEEE codpsd [EELG Transapey Infosmationel heoiodrhgte.dro-dat kP 737—
conpr essi { e . 054D, Ne(per pipaf ter
"refer enc(e)ﬂrflil'gﬁgyWa&%nagt\aége?fg%&ézgﬁé%Hg %%Agﬁgné%é ﬂlge er,
" Ef fi ci®&nt Tranisv esrs dhidrogdivas Theeha valomy,eppl @83741-9894 t ROE3bdsedinafica
greedy sequential grammar transform 30 part. one: Wthout context.nodels,"”
PEEE Tr ans TSGHENGR 1ALl Sh 1HERPYS Codes daganad, snesncally JaT oak. s nay
2000 (her esnafdify - §&4 PERRGRedsL Sifree WAk 1o Msinfain FomRidility

‘t op
"G ammar based codes: A new cl a@ of[ Enl Versal | 0ssless  source codes, "
| EEE Tr answitivisIFAPNEdecaterThaoelygosm! to Bé thacodawop lertgii-of 1548 dmifs 2000

herei nafter. "ref 51."),, E.-H Y -K. .He LEEE 5 Tr
nfor maci ofariamban he Faselrbir HebaadhaddeR R8T A7 fagdriprarnt i ..
[ 16] ") 10 anckde0SEPRES deedesr, dewianed Corpréssarl Inad®FilecRIraiats: Ry, pergodi ng

- see references ‘%\;\] I 0652]. Since we want to maintain conpatibility wth
G F/ PNG dedibdém, Qwidehdedé Aress.n20it tharsinalier Srefermyiae BT )zwhicsy wilk ke

he 10 castbiefR e Fepe "SR D2 0) B, ARCEA, chbhol A0 8" 0

prig, gi fminilidled rdur cReMsPress, 2000 (hereinafter "reference [17]"),
which will be denoted in each case sinply by i,2(U. Therefore, the cost
function to be gzl
n i, (U)+ ?uz_IEd(o,.k ,cuk) .
k=0
15 [0023] The cost function given above is of form similar to the cost

function defined in entropy-constrained vector quantization (ECVQ), P. A
Chou, T. Lookabaugh, and R. M. Gray, “Entropy-constrained vector
guantization,” Acoustics, Speech, and Signal Processing [see also IEEE
Transactions on Signal Processing], IEEE Transactions on, vol. 37, no. 1, pp.
20 31 —42, Jan. 1989 (hereinafter "reference [18]"), and in particular to the cost
function defined in variable-rate trellis source encoding (VRTSE), E.-H. Yang
and Z. Zhang, “Variable rate trellis source encoding,” IEEE Trans. on
Information Theory, vol. 45, no. 2, pp. 586-608, March 1999 (hereinafter
"reference [19]"). VRTSE can be viewed as a generalization of entropy-
25 constrained scalar quantization and vector quantization {18] in the sense that
it makes use of trellis structure and jointly optimizes the resulting rate,
distortion, and selected encoding path. lts efficient performance, especially in
low rate regions, makes VRTSE particularly applicable to color image
encoding where a high compression ratio is often desired for saving storage

30 space and transmission time.



mnimzed in our case is n-1n 1,Z (U + 7An-1 d(Ok ,C",) . c-0 15

[ 0023] The cost function given above is of formsimlar to the cost
function defined in entropy-constrained vector quantization (ECVQ, P. A
Chou, T. Lookabaugh, and R M Gay, "Entropy-constrained vector

guanti zation," Acoustics, Speech, and Signal Processing [see also | EEE
Transactions on Signal Processing], IEEE Transactions on, vol. 37, no. 1,
pp. 20 31 -42, Jan. 1989 (hereinafter éference [18] "), and in particul ar
to the cost function defined in variable-rate trellis source encoding

(VRIS Eiddadfang  aded ofhanrstyarkalifig iGdhdsd | fusCHifofuop 19,

| EEE Trans. on Information Theory, Vo
( her ei naf t efccordanes ewib PmQ]HSpBCI\/RﬂfS%eam\/@atwn,evmﬂ[a@@ -satge il |anid)n on of

entropy 25 e r d, vect ntiza in
the sense t:ﬁlﬁ’%ﬁzr%% of g\/gqg:ls ‘il %Q@r%tfﬂe’ Hﬁéfj R a7 (t%‘?r?n{ hes the
resul ting ratantizadioat adisiostion aaﬁdseécﬂﬁbﬁéésw%tég WhRld - rﬂ\éiﬁtaﬁiﬁ:hgcu%w
perfor in lowrate regions, nmakes VRTSE particilarly

ecially
appl i c% e ?QJ’”E&%‘P”%&@@”’P'@HB’O@% qmaémntw‘gﬁh c@ﬂﬁ)’lpé‘é@u dﬁcwﬁl‘ oBo# of t en

desired for (,Rgg; o n [ 1. 024]
Based on VI E{:’Q"Q %{ad\ae Q%u%%%tg%fﬁﬁg %(Og' S'%Fﬁlag’@ e/%'tt?{[agxeaspect
of the invent addttlomaun mk:encdaatoe wital hi faribel @rspequauﬁtthéa:huentuﬁﬁl%ﬁm‘opg. and

i mze both the uantizatjon distortion and

VRT 2
corrpCrQeSS| E)(rjl ’@'Q@/ﬂ C}Etfﬁé?m?%h MSTENGOWURNEBAIRR LEDHMIQ)e onpichx usgs athe
compati bil idctred tdutéd Sthiredasodess Bolds AR Hkd) f%‘i‘in\%ﬁ%‘é@@ anYUshtrgopof t

deC|S|on pi xel mappi ng, are iterative. tion, 1n accord e wth
a furth} sanssaingd ehet fQﬁvtbﬁtcutmntlZ@ldt c@py4magaslsr dieveldphidetoapoividalan

Tol o1 09 At BhloP AnabE bl AR 5 VRTCE T APV G 'S5 W Swn O R

col ors and oca y mn
ECHMQ provides an efficient way to trade off the rate and distortion of the

quantized color image.
Brief Review of Variable-Rate Trellis Source Encoding

15 [0025] Variable-rate trellis source encoding presented in [19] is an
extension of fixed slope lossy coding, E. hui Yang, Z. Zhang, and T. Berger,
“Fixed-slope universal lossy data compression,” IEEE Trans. on Information
Theory, vol. 43, no. 5, pp. 1465 —1476, Sept. 1997 (hereinafter "reference
[20]"), to the case of trellis-structured decoders. For each real-valued source

20 sequence x"=(xo,x1,. 4% )ER", it ams to find a sequence

' = (w0, ) € M2, M, = {0,1,..., M -1}, to minimize the cost function

ser?’.

J(x") = n“‘l(u")+ kz—lp(x",[)’(u" ))
where A is a given Lagrangian muitiplier, [ is a lossless codeword length

function, ﬁ(u")=(zo,z[,...,z,,_l) is the reproduction sequence corresponding to

25 4, and pis the square error distortion defined by

for any x" = (xg,%.,...,x,_, ) and Z" ={2012s 12,y )-



10 constrained cost for the quantized color inmage, is devel oped to provide
an initial color inmage encoding schene for VRTCQ 1 and VRTCQ 2. On its
own, ECHMQ provides an efficient way to trade off the rate and distortion
of the quantized color image. Brief Review of Variable-Rate Trellis Source
Encodi ng 15 [0025] Variable-rate trellis source encoding presented in [19]
is an extension of fixed slope |lossy coding, E. hui Yang, Z. Zhang, and T.
Berger, "Fixed-slope universal |ossy_gata conpression,” |EEE Trans. on

I nf or mati on Theory, vol. 43, no. 5, pp. 1465 -1476, Sept. 1997
(hereinafter "reference [20]"), to the case of trellis-structured

decoders. fogpegach r?ﬁé'réﬁr'déﬁl@taé@'éb&ﬁeﬁ@e %fgu)e@%térr?meew&;mlu" through - 1) E

R', it ains to"find a sequence

{0, 1, '\élirelhb%tmdm@dZQietcbaeﬁOFL (ijQ)?t IvﬂfbreJ(j( RELYSREACIN S *e?ustatepl xu"))
mhere ., Is agiven Lagranglan nu tiplrer, is alossTess codeword | ength

function, ¢{dadThgmiic, s szsi, p;fi ag%esétecﬁrs@%%t hAA SSUURNCE, R s an

correspondlng to , e square error distorti 6h defined by 2
; n-1 P(x' ; and z"
(20, 71 CHOYOHE "‘“‘*- TW”S%&%?S £ GRIeAGMnY (o fas MruclyreSnd i

det er mﬁlecseftrmfmaprodmIrtmmleve&s {giwdlilar do st cubirmaécettaieﬁsemctmly— ((?-weg)an wher e
f S x Sis a state tranmhonfuncbﬂs *qﬁ]%lsa
set of st dﬂg@[ stat@ 5 the remgduction sequenge rr‘l.[ﬁmﬁtm’é&-i i, € CGIFHBu Yions f
and g dete frH1 ne the trellis structure and the 5 set of reproduction |evels
(simlar t'948Weol or palette), respectively. Gven an initial state Si,

"the reproduction sequenge /3(u")=(z0,z,,...,z"_,) is conputed as follows:
Z; =g(s;_,ui) z; =g(8,-)_,u,~
5, = £(5,1,) (2.3)
j=01L..,n-1

In other words, upon receiving ", the decoder 8 outputs the reproduction

10 sequence ﬁ(u")=(z{,,zl,...,zn_l) while fraversing the sequence of states

by

i ?

S yeensS; .

in

[0027] Fix B. Select [ to be the kth-order static arithmetic codeword

length function L} with kth-order transition probability function W(u!u"). The

Viterbi algorithm can then be used to find the optimal sequence u":

15 W' =arg min [n"Lf (VgrVgpereVpy ) + A7 p (x",ﬁ(v l))] 2.4

vIs(Vo¥) Vo JEM T

[0028] Fix f The joint optimization of g, «", and L (or equivalently

W(ulu")) can be described

min min [n“iL:f (u") + An"ip(x”,ﬁ(u” ))] (2.5)

2 W "M

[0029] An alternating algorithm was proposed in [19] fo solve the joint
20 optimization problem (2.5). The procedure of this alternating algorithm is as

follows:

[0030] Step 1: Set f = 0. Select an output function g(") and a fransition

probability function W' satisfying



sl;, =f (s,, , u;) (2.3) | In other words, upon receiving ', the decoder
/3 outputs the reproduction 10 sequence /3(u")=(z,z,,..., z" ) -while
traversing the sequence of states Si., so .. ., St". [0027] Fix P. Select
| to be the kth-order static arithnmetic codeword Ilength function 1 with
kt h-order transition probability function Wu'u"). The Viterbi algorithm
can then be used to find the optimal s ence u": 15 u = arg mn [ua' LA
(V,V,, ..., V"= )+7Li-"p(x",P(v ))] (2.4) ... .......... v, )EM [0028] Fix
f. The joint optimzation of g, u", and LFW(or equivalently Wuluk)) can

be described nmin min [n'go ) 2 « g, N u"EAP | [0029]
An alternating algorit hnv#wzg&rdp)r e%ér %n)fue%)%], EH? é ‘E\?‘gft ‘he joint 20

optim zation problem (2.5). The procedure of this alternating algorithmis
as fol l onf003t030] Sitep 2: Foet ¥ amd OW "Selset than \bietipiutigfouitioni tn figdChand a

transition probabrlr function 0) satisfying -13- WO) (uluk)>0 for any
UE M,, ansegkeicdKl’) %/g 0l {'SLa;ﬁ,,_l sdﬁsfyugj BaratioW((2)4) Witk g Fepldbddebpi

al gorlthm to find a quence 1) = (uou(' ~() satisfying Equation (2.4)
with g replgé(baddtxy bg(w and Wby W'). 5 [0032] Step 3: Fix (uThe index
sequence (11")(8 gives rise to the update of transition probability

function a t put fynct ju U, q(ul ux) = uk

E M uE%M iﬁltei?fj"j é{ e’{ofl-l X u(ﬁ( J[?emé&xgegujenr;e?} grves rise (to the
update of transition probability function and output function as

I{] u( —u(u’l)()—uk,OSisn}

Hj:(uj;_‘,{,)() =u',0sj <n}

W(r+1) (u|u") -

E:":M !,uEM

and

X,
2

h] s, ~su”~u,05j<n}l

g (s,u) SES,uE M,

10 where ul, =ujmk...uj_i,s,.j,jr-O,l,...,n-—I, are the states traversed by the trellis
decoder ( 7.g")} in response to («"}", and E is taken over all j satisfying
5, =s and u¥ =y

[0033] Step 4: Repeat step 2 to 3 for £=0,1,2,... until

[n-rsz(r) ((un)(r})+ An—lp(xn’ﬁ(r)((uu )(t)))]“{nqurnn ((u,,)(:+t))+ Alz...]_p(xu,B(H.‘[)((un)(”'l)))]sg
15 where £ is a prescribed small threshold, and L:'“ is the kth-order static

arithmetic codeword length function associated with kth-order transition

probability function W(')(u!u ) Then output g(’“’( )( H), and W,

[0034] The performance of VRTSE is asymptotically close to the rate-
distortion limited, as shown by Theorems 3 and 4 in reference [19]. The
20 experimental results over Gaussian, Laplacian, Gauss-Markov sources show
that VRTSE is especially suitable for low-rate coding. To apply VRTSE to

color image encoding the following problems must be addressed:



and x g()(S,u)-'r ~sn ES uUE A" 1 M j: sii . =s,u(") =u, 0 J <7111

(¢"rrr ~ 10 where uj k- = U _k...ul is;i, j =01,.... n-1, are the states
traversed by the trellis decoder (f,g("' )) in response to (u")('), and is
taken over all j satisfying sl=sand ui =u. [0033] Step 4: Repeat step 2 to
3fort =0,1,2,... until [n ILk M(d)(0)+;J1-Ip(x n'ft ((u)()))]-[n 1LK"

((u" ) )+A11 p(x ,N((u) 0+0 ))JISS 15 where ~ is a prescribed small
threshold, and L ky4) is the kth-order-$®atic// arithnmetic codeword |ength
function associated with kth- order transition probability function

D e N8l ey ot Peble 4 St dbssioed sadtianpiti riith olUPRIBp opee
limted, asgshomnshy kﬂﬂlﬁﬂié}”&aﬁca&ﬂhﬁie‘he 6(5?)*@?16&8%:1%1&19} cliog ([)71100“ the

experinmental results over CGaussian, Laplacian ov sour ces show
that VRTSEditiscrebprd; ai ltiye quristaid exémp!é @f-gaidre imagde ngncobBingipidiey 10€BTESES t o

col or i mage encodi the foll ow pr obl ens st be addressed: -14- [0035]
Probl em 1: C?ﬁ@WPa%Eﬁg@e%afd@;:;dﬁdﬂgéﬁmwlmeﬁ%ﬁo%%agﬁh%w%@&zi s a

kt h-order static arithnetic codeword |ength function 4. On the other hand,
in the @reimsleXarrplFﬁobfefﬁoﬁor In n’dB@S&acﬁwﬁi n@ltialﬁétioowtﬁss Stepddwolsd

Ienthfunctlon e Le Zi Vv ewor.d thfu cti o 036

Pr obl em 2: S PEaic v Gisesst 8 Pidanstndialy £ ad ibsdetoped. hat
|'s, how to; Q}F?Féet iid fahbfked R %Hcéuroé‘aogﬁfﬂégé%éﬁd"@ S8lHnddRE, how URTSE
ThIS translates I'n our co ncodi ng”setting,” intohow to esign
an initial deeigﬂrari 19710023 oeﬁmamawsmtt&hm s{:l(i)@&é] Probl em3: To reduce its
conput ati onal conplexity, the index 10 set MSe, in VRTSE is often chosen

to be bi naf§o3u}t h Mbdrobleins® Tbakdachiitth compieaticial tdumplegitgotfeeriddd engt h
can be used. On the other hand, in color image encodi ng, the cardinality M
i s usudOlysebifdei MeVIRTSE de ofteRachenandtopbedainary with 47, =2 so that a high

order arithmetic codeword length can be used. On the other hand, in color
image encoding, the cardinality M is usually relatively large, and could be as
large as 256. Therefore, a new way to reduce the computational complexity is
needed.

15  [0038] To get around Problem 1, we will upper bound the Lempel-ziv
codeword length function /. If [, is the codeword length function of LZ78,

then it follows from the lossless source coding literature (see, for example,

[14]) that for any sequence 1" = (ug, 1,1, ),
i n n loglogn
;—;l,z(u )=r(u")+q, oan (2.6)

20 where :L(u") is the kth-order empirical entropy of «" in bits per symbol, g, is a

constant depending only on k, and log stands for the logarithm relative to

base 2. A similar upper bound is also valid if /, is the codeword length
function of LZ77. Instead of minimizing lle(u”) subject to a distortion
H .

constraint, we will minimize q,(u") subject to the same distortion constraint in

25 VRTCQ 1. A different upper bound will be used in VRTCQ 2. Problems 2 to 3

are addressed below.

Entropy-Constrained Hierarchical Merging Quantization



| arge as 256. Therefore, a new way to reduce the conputational conplexity
is needed. 15 [0038] To get around Problem 1, we will upper bound the

Lenpel -ziv codeword length function ILz. If 1,,, is the codeword |ength
function of LZ78, then it follows fromthe |ossless source coding
literature (see, for exanple, [14]) that for any sequence u" =(u,u,...,,C

11, (u") rk(u")+gk loglog,i (2.6) n log+4g.20 where rk(u') is the kth order
enpirical entropy of u" in bits per synbol, gk is a constant dependi ng
only on k, and log stands for the logarithmrelative to base 2. Asimlar

upper bouno[00§9}al S0 vaa:@:tdlrfg fb & dshectotigiaomdehgaigroblernOtis eiideésdad’ 7.
| nst ead of ﬁl ZI n%q é?{g subject to .a distortion constraint, we wll
mnimze 4(t* BeetroRy-eonstained fieesshicalnmessng rantizaton SEGRIG) 1. A

di f ferent Uﬂﬁi%h previs i inits étﬁﬁldedag é/%ﬁggdﬁ Ca{i%@%r %Fé&?ém't : ngf\lﬂon _15.

addr essed bel ow.” Entropy-Constrain | erarc I'ng

[0039] Accoveiveyasdhefirdspags, SiégemefmmeﬁhtWI@'ﬂTCCpﬂcamldaﬁR‘ZCCSZaddr essed

t hrough an entropy-constrai ned hierarchical nmerging quantization (ECHM),
whi ch provi[@840hn i mEC&iM@ohs)rhamia@@csemﬂo u@gtnsatf‘tmremﬂﬁnh \arbion&GHQ

serves as the .fir a t a for and VRTCQ 2. 5 [0040
ECHVD i s hdf &%%‘ﬁ&f)@% %‘Jadﬁ ‘Pg‘r?\’ﬁf'a%ﬁ WUE@W% C%mr%meduswegpﬁlar ft%\f ]
col ors 1 nt QAMNERsRteHnPBERN e rebldiiiife [GROBICLAUP oRgliRl dpbr  each

cluster, and determ nes the reproductive or for each origi
regar dl ess regatdiespotithe @ﬁSthDntCFfeth@r cmggmal caclol am tinen 2%diiﬁ1@21—8¢bﬂ£dnmag9allt

vt f th des of f
the rate arldRT0 oaTalBIor: Oht'B, oFBearyR atHe e (3) 8 Grteop)- BB et Ahed
cost, WO chiisteriitef bﬂ@@caﬂ?ednﬂ%md!ﬂ?‘bﬁ eﬁﬂr&ﬁ%c@ﬁsﬂ?ameﬁ'é@ﬁ%‘t \Qﬁicﬁrls'dﬁgﬁad\’“ th a
col or pal etb@i 0 {00,0 , .. and desired new color palette size M <N

we use a

[0041] Given an n - pixel color image with a color palette
O={oo,ol,...,on[} and desired new color palette size M <N, we use a hard-

decision quantizer g to partition the N colors into M clusters C,,C,....,C,,.

15 which satisfy, fori=j,and O =i j<M
CNC, = (3.7)
C,UCU..UC,, =0

The integer forms of the centroids of clusters constitute the color palette
C ={cg:c1Cy 4 }» and the mapping from an original color fo a cluster explicitly
20 maps each pixel to an index. Let " ={uymu,..,u_)E M., be the index

sequence obtained from mapping all pixels to indices. Then the entropy-

constrained cost of the quantized image is defined as:
J(g)=Rlg) + 1D(q) (3.8)

where A is a lagrangian multiplier. In (3.8), D{g)is the total square error
M-I
25 Dlg)= D, > Flo)d(o,.c,) (3.9)
j=0 g EC,

where F(o,), with 0si<N, is the number of occurrences of color o, in the

original color image, and d(ok,c j) is the square of Euclidean distance between



deci sion quantizer q to partition the N colors into Al clusters
co,C,,..., CM, 15 which satisfy, for i 9- j, and 0O si, j <Mgc,, n g =0

(3.7) COUC,U..UCM, =0 The integer forns of the centroids of clusters
constitute the color palette C and the mapping froman original color to a
cluster explicitly 20 maps each pixel to an index. Let u" MM, be the

I ndex sequence obtained frommapping all pixels to indices. Then the
entropy- constrained cost of the quantiiged image is defined as: J(qgq) = R(Q)
+ WQq) (3.8) where Ais a lagrangian multiplier. In (3.8), D(q)is the
total square error MI 25 D(q)= F(ok)d(ok,cj) (3.9) j-0 geECl where 17(o0,),
with 0 s itweNcoloss tim &Gl mpaceoss slefineddndeguationcl. By Riy) iis thereodeword nal
color image, and d(ok,cj) is the square of Euclidean distance between -16-
two col or slengitreBiig dex seaugaee med Sincedamanping from argeler o aprHBdeddewor d

| o . s -
ength of {heqbpds :ftecg;{ﬁ{e‘%grogglpocrant@r{;ﬁmethtehc?oigﬁﬂ?eig[% tl{\:é ‘ﬁFBtEl:}rﬁg}g gfntréﬁ%a][‘i st

I ndex 1s |n§epend§% ositionin ol or

order entrispised io cedateotheadatiehatrd lémgthcodeword I ength: 5 R(q)= ~i 11
YT(ok.))10 /t | (3.10) j'OLI ok EG r(0Ok) [0042] The cost function
defined in Equation (3.8)yi;df/simlaf to the Lagfangian function defined in
ent r opys const r ai ned \1@‘@}.@ a Uii‘(;p)tiocg n reference [18]13.10he nain
i ssue is to design a hards@ddCi&, on jqu taig'eJeF(Q}) ith a good rate distortion
trade-of f and | ow encoding conplexity. 10 An octree structure is used to

;Pese oP R 0. POTHRSeA FRin OGP SRR G R SEBHIRR 6P 1o
Lagrangian function defined in entropy-constrained vector guantization
(ECVQ) in reference {18]. The main issue is to design a hard-decision
quantizer g with a good rate distortion trade-off éhd low encoding complexity.
10  An octree structure is used to speed up the merging‘ and the cost function
defined in Equation (3.8) to trade off the rate and distortion of the quantized

image.

[0043] Unlike the on-the-fly octree building procedure which scans the
color of each pixel and inserts it in the tree [3], we get the histogram of the
15 original color image and build the initial octree once. Referring to Figure 2,
there is illustrated in a graph, an octree 22, which contains all the distinct
colors and their occurrences in an original color image. Root node 24, i.e.
level 0, includes all the distinct colors in the color image. Since each color in
the RGB color space consists of three 8-bit bytes, each of which represents a
20 primary component, the most significant bits of the three bytes determine the
position of the color in level 1. As long as more than one color passes a node,
that node is an intermediate node 26 and should be further split according to
the combination of the less significant RGB bits. The color passing a leaf node
28 is called a color in that leaf node 28, and the color itself is actually the
25 centroid for that leaf node. The distance, in each color combonent direction,

between the centroids of any two leaf sibling nodes at level k, falls into the

range of (0,2>*). Obviously, the larger k is, the more similar those centroid

colors are. Note that the octree 22 shown in Figure 2 is highly unbalanced and

asymmetrical for two reasons: first, the number of colors that appear in an



[0043] Unlike the on-the-fly octree building procedure which scans the
col or of each pixel and inserts it in the tree [3], we get the histogram of
the 15 original color imge and build the initial octree once. Referring

to Figure 2, there is illustrated in a graph, an octree 22, which contains
all the distinct colors and their occurrences in an original color inmage.
Root node 24, i.e. level 0, includes akjy _the distinct colors in the color

i mge. Since each color in the RGB color space consists of three 8-bit
byt es, each of which represents a 20 prinmary conponent, the nost

si gni fi cantorbiinesy eblor v@alBrie a8 IhaR G FtAPnGMeer BPSPcoRits AvalifsieGal or in
| evel 1. Aﬁ%(laong as nore than one col or passes a node, that node is an ‘
at

i nt er medi Rohaces- apd refesenes b i spaomel agpide staps epliting it diere seonly
conbi nati o f ignificant RGB bits. The color passing a | eaf node
28 is call e%g%acéglle%grl&ﬁﬁg?hat | eaf node 28, and the color itself is actually

he 25 o T |.eaf . The.distance, jn.each .col
i reoti on. OBARL Ch (n el 8% o Uy SHPESpolel uRBig R wdeetl Tavel k.
falls im o didtRict NéM0B08E ©QiRInk) octidy Qy%]éeafteﬁ@ h?érgg{é; %@)Eﬁa‘n‘ L@y iAgr e

simlar those centroid colors are. Note that oct own 1 n Figure
2 i s highl ypodebacmhciteantd: cars yadmte theahufmber biweafeastassiromi N<b M t TRe nunber

of colors at _appear .i,n an -17- ordinar olor image.is far | ess than the
Cotal nunbliehe! BHFEGr NS C&QHPid_an) gagh fe%{ét@"% 100 53 %rr@n%@ naw] ;
second, a eofe sHiCRS 9old fHdt Rtk frg(a%é‘@t'é@_mérgﬁ?'df leNSbEY AbdBESSAAY 1ddr-

[ 0044] Each distinct color of in e original color Inmage i's now put in a
5 di sti nct NPdgfcaimsPoadsita asibset of selorgin frepecloephipttemy dha grigins! coko

sibli Ngg n&ﬂg eeach time, we can reduce the nunber of |eaf nodes fromN to
M The ‘integer formof the centroid of each resulting |eaf node is a col or

in the new, or palette. te that affer repeate rger of. leaf sibling

nodes, eacﬁmf'ggf nod&stBig Zi%g‘i‘wfb’“t’& ﬁj%?e‘tpo(i%? p%@ﬂgﬁg%ﬁ% Of'HE‘BiSP[SW

pal ette of; of Lgi cgl o ' : = e @ ON_

is the col gbgg% ré??e@p%b dt @é %?ité@ng%%o ngoglé%%é%%tégﬁh%% r%ﬂb%ogg ?\No | eaf
sibling no%%réur@r_e__[ {(},-Obc(;}l,??or,ﬁ?,t@jng Oe.fo’%’jl ""’Ofk-i}' and ©,N0;=0. Let ¢, be the

centroid color for ®,, and ¢; the centroid color for ®,. The number F, of

15 occurrences of the node ©, is defined as the sum of the number of

occurrences of each color in hode ©,

t

P;._z_\__f«“,.o + F‘; +o+ F

where F, denotes the number of occurrences of the color o, in the original
image. The number F, of occurrences of the node @, is calculated in a

20 similar manner:

Fj_é'_s_F.o +F, 4+ .+ F,

J J Jet

where F, denotes the number of occurrences of the color o, in the original

image. By merging the two nodes ©, and @, fo a new node @, we move all

fjl
colors in ® and @, fo the new node O, e

25 0,=20,U8;=10,,0,,.,0, ,0,,,0, 0 } Accordingly, the number of

Rt PE A Rl 'R A el /Y

occurrences of the node ® is F; = F, + F;. Assume that real-valued colors are



where 01_ 10; O;,,...,0},0, _ 10,0,0,...,0j_1}. and O n e, _ 0. Let c;
be the centroid color for O, and ci the centroid color for G . The nunber
F: of 15 occurrences of the node O 1is defined as the sum of the nunber of
occurrences of each color in node O F,.AF +F +...+F.m~ where F,. denotes
t he nunber of occurrences of the color o,, in the original imge. The
nunmber F, of occurrences of the node O is calculated in a 20 sinlar
manner: PAF. + F. +...+ FA where Fi, ddBotes the number of occurrences of
the color oh in the original imge. By nerging the two nodes O and O to

a new node . ve all ~colors in O and 9 to,the new node i.e.
25 Accor di ﬂ@("%d-rﬁéggﬂl pgolemyng gives the @@trppyﬁqstrggﬁﬁ] pgﬁtcggcr%moé{\he node
6is F, .| rediting fdm moginge t4al o asleval ued colors are -18- allowed. The
followi ng l'enmagi ves the ‘entropy-cdonsttai ned cost increnment resulting

from nergi and g to O, . [0046] .Lemma  1: ner gi ng ngdes and g,
t he entropﬁ)%‘;g})nstra‘%ﬁﬁnﬁosj]t i irﬁélgé’é%eﬂogﬁsSE%Jﬂ&(g4 G,’,ﬁ]% er%opy
+Fjd(cj,c,] +Evl ogF -F.log- -Filog (3.11) UJ where cj is the centroid
of the nod@g'ggtgﬁ'e{‘?".og‘?s"&“’lﬁr%a%%th Fc) (3.12) Fj [0047] Proof: The

m nimumtotal square error is achieved when we reproduce all elenents in a

cell wigh theAchngpjj i,@I)lF@l(cQ@i)'{),umegsﬂ.s,g::,udggaf_;Lf;‘.]@gn’f-roi d co(litjon, S
P. Lloyd, "Least squates’ ‘quahtiZzat?on’infcm™ TEEE Trads. on Infornation
Theory, no. 28, pp. 127-135, March 1982 (hereinafter "reference [21]"),

wi dely useghbfe 8UAHeAHNRII TR ENOHSde 181, il S paper, we use

l:f’

¢, =—é~(ﬁci +Fg;) ” (3.12)

[0047] Proof: The minimum ftotal square error is achieved when we
reproduce all elements in a cell with the centroid of that cell. This is the

10 centroid condition, S. P. Lloyd, “Least squares quantization in pcm,” IEEE
Trans. on Information Theory, no. 28, pp. 127-135, March 1982 (hereinafter
"reference [21]"), widely used in quantization methods. In this. paper, we use

the centroid of a leaf node as the quantization level, i.e. reproduction color, for

all colors in that node. By this means, the entropy-constrained cost for each

15 possible merger can be calculated without calculating the difference between
the total entropy-constrained cost before the merger, and the total entropy-

constrained cost after the merger.
[0048] Since Fg, = E::;F;,,O;,, and Fe, = E::)quo ;,» the centroid of the

new node ® i is

1 -t k-1 1
20 Cff = m-1 -l ( F;pofp + Equofq) = ‘I_;:-(F;Cf + F.Ic.f)
p-OI{iP + zq_Dqu p=0 =0 i
[0049} Equation (3.11) for the increased entropy-constrained cost AJ

can be proved by calculating the increased square error AD and increased

codeword length AR separately. Let D, denote the total square error caused

m—

t 2
OF}P in _C‘-H *

by using ¢, as the quantization level for &, Then D, =2

p=



the centroid of a |leaf node as the quantization |level, i.e. reproduction
color, for all colors in that node. By this neans, the entropy-constrained
cost for each 15 possible nmerger can be cal cul ated without calculating the
di fference between the total entropy-constrai ned cost before the mnerger,
and the total entropy- constrained cost after the nerger. [0048] Since Fc.
F. o. and Fc F. o . , the centroid of ,the ' r r J ~g=0 Jy A new node O]
is 20 CU=nrt 1 a-i ~Lj FjrOr +2j Fjsofa 1 (FG+FJG) YIP Oip' "J,
P=0O (0049] Equation (3.11) for the increased entropy- constra| ned cost Al

can be progd bﬁ cal cul ating thhe |ncreased yareg erro pd increased
codeword | ¥R sepdfGtely.Pa¥& Do; ,Jfﬁm%otca[ Jmﬂ re errdfdcaused
m | by using c; asthe qu tlzatlonlevel for O . Then De, = F.r for -c
112. p-0 -19; S é/\lﬁ E/ Ecgzl%&bstﬁ?utid Jawithithe 2y st%ﬁ) By
p_l~ 7 Tol 1 07 cf17%" Jl 5 FJl qI ’cy f“ Substgt)t tting ci Rﬁ?

e get . Doty ERySHYE (524 Card 'ma@aea, 'tf'e,ef )yégﬁrﬁ%?légi?@f e@f%ﬁ“_\%%;lg - m(g b
7)) = R
;f DEI % S r:a (ftc: ]r?g H)@ Eﬁ’gé ocpg‘*" %zfuﬁgfﬁiodefﬁft arey g Wi tGROE:gI E)rg it(r)It ﬁodgue; .er

Then rto, =Flog '2 . Simlarly, w F have R, =F log'-z and Ro.. =Flog' Z .
Thus, BJ F,| AD =D, (De.- + DQI_) wI'fd( ,.,c,.j)+Fjd(cj,c,.j)
[0050] Let R,, denote the total number of bits resulting from entropy

coding all pixels with colors in node @,. Then Rs, =Filog-}£§-. Similarly, we

i

n . n
have R, =F, Iog—l—?-— and R, =f‘s;10g“‘ﬁ“- Thus,

J g

st (0~ (10 8(0,) - oz~ Elog - 1og

i i i
10 which, together with AD, implies (3.11). This completes the proof of Lemma 1.

[0051] Lemma 1 provides rules for merging two leaf sibling nodes. Our
purpose at stage 1 is to produce a hard-decision quantizer that wilt give an
efficient trade-off between the rate and distortion of the quantized image.
Since the original color palette is finite, one could find a globaily optimal hard-

16 decision quantizer by searching through all possible combinations. However,
such a method has high computational complexity and hence is not feasible
for real time compression. Lemma 1 suggests an alternative—a greedy
method to design a tree-structured hard-decision quantizer. Based on the
original octree with N leaf nodes, one can repeatedly merge two leaf sibling

20 nodes with the minimum increment of the entropy-constrained cost until M
leaf nodes are left. Such a method, dubbed entropy-constrained hierarchical
merging quantization (ECHMQ), is fast and gives a reasonably good trade-off
between the rate and distortion of the quantized image. The detailed steps of
the ECHMQ are as follows:



11 n -Fjloa AR=R(e,J)-(R(0,)+R(e.i))=F,ilogrd F, log 10 which, together
with AD, inplies (3.11). This conpletes the proof of Lemma 1. [0051] Lenma
1 provides rules for nmerging two | eaf sibling nodes. Qur purpose at stage
| is to produce a hard-decision quantizer that will give an efficient
trade-off between the rate and distortion of the quantized inmage. Since
the original color palette is finite, gne could find a gl obally opti nal
hard 15 deci sion quanti zer by searchin Ot'hrough al | possi bl e conbi nati ons.
However, such a nmethod has hi gh conputational conplexity and hence is not

orcdy e to deSTER 8 ReEL I P obET Shiofnal e b pert Based
on the oragi ot 1esicorst sHibdls b L #2fo nods) et EA kBOFBE BHLYrIRIge 1 WO

| eaf sibling 20 nodes with i Wi T her enent e ‘entropy-constrai ned

cost untilfoAkachealomedelserer®@<fefst. Such a nethod, dubbed
entropy-constrai ned hierarchical nerging quantization (ECH\M), is fast and

gives ar bly g to. (S t| t he
Quant i zed oot Yna®i 2 ARUOhE ot By it Al s oS thE ey
[0052] %t egs &: diRtack telad modepoxeAndribgicanh leal elodenge & X Gompute. its” _, )
and get the color palette 0= {00,01 ..... ON_1} and the nunber of occurrences
fi  for edSNM oi =1, Wit D) =P,i nuNbpr af oBBIYreBcep B:= Buiand codeword ee by
inserting each color o; into the tree 5 as a distinct |eaf node G . And
for each I;@ﬁéthngege_mﬁ)logﬁl_.s i <N, conpute its centroid cl= of , TSE Do; =
0, nunber of occlrrenceé, T = f , and codeword Ilength R9. =FlogF.. [0054]
Step 3: Let k = N. [0055] Step 4: Conpute, for every two |eaf sibling nodes

G and g [0864] he cegtepidefbyyEquation (3.12) and the increased
entropy-constrai ned cost by Equation (3.11).

[0055] Step 4: Compute, for every two leaf sibling nodes @, and G)J...,
10 the centroid ¢, by Equation (3.12) and the increased entropy-constrained cost

by Equation (3.11).

[0056] Step 5: Choose, among all pairs of leaf sibling nodes, the two

leaf sibling nodes 6 , and @  that minimize the increased entropy-constrained

cost calculated in the previous step. Merge ©, and © , into a new leaf node
15 8 ,, which is equal to the parent node of o, and 0, if Q, and ©, are the only

siblings under their parent node, and to a new combined leaf node under the

parent node of @ , and ©  otherwise. Compute the centroid ¢,, of ©
Foy =, + F,

Dy, =05 +Dg + de(cp’cm) + F:zd(cq’cm)'

20 and
I
R@M = qu log}}u .
[0057] Step 6: Remove leaf nodes & , and © , from the octree.

[0058] Step 7: Decrease k by 1.



[ 0056] Step 5: Choose, anobng all pairs of |eaf sibling nodes, the two |eaf
sibling nodes 0., and eq that m nim ze the increased entropy-constrained
cost calculated in the previous step. Merge OP and Og into a new | eaf node
15 OPg which is equal to the parent node of OP and Og if OP and O are the
only siblings under their parent node, and to a new conbi ned | eaf node
under the parent node of OP and Og ot hggw se. Conpute the centroid cpq of
OPq, Fpg=FP+Fg DO p9 = Dep +Doq + FPd(gi cpq) + Fgd(cq,cpq), 20 and n

Ropq:Fpgt og. . Pg [0057] Step 6: Renove |eaf nodes 0, and Og fromthe
octree. gkaptep 7 k 2 5 e eps 4
to 7 until q'g I\/JfS Thensgés?g?gn (fhsét?%(%%? o 71 gﬁ(@}? E}N?BER %Sedjﬁﬁ &‘%ﬂﬁ(}tﬁt
remai ni ng Wﬁ@&fl&éﬁ@stoleaqfhef ﬁlenmlmammge&[ le|fenodeast iegbe fired mcbbet Rae
centroid of, ggﬁlsadl tinct é in the new color palette, and
all colors P ?“1‘ he, G881 OhddBRLNe ﬂih@ distinst colrriasthemamgolas’ ¢ o

that |eal nogete [ARBA1 c¥BSD i i?\%t?é‘ar?f'rfo% é’(é'ﬂ?ﬁﬁf&#&ﬂ@%ﬁ@k %oFr%@BBﬁ&%ngt he

final entropy- constrai ned cost gquanti zin nal Al+1
J=J, V+AIN+AQRhatdeaiggda+ = 1N+I AJ,, where JN is the cost of the i-N
original image with N distinct colors , and AJ; is the increased cost when
we 10 ner d@060b sel ddfhed theafesrredemrah\@f cofemi@a3§réditﬂ"nau,lm@ﬂn@[feﬁtﬁﬂ:fy-mdes
inthe octree fromi to i By finding the mni mum_i ncreased

ent r opy- corfSrPHRINEY cd;sf’LSteac Tt rrél%ﬁggi”@e mihge t%g'F@Lf sMAdeng riddes in
the octree, ECHVQ provides a locally timal way to mnimze the

ent r opy- conbtdaitnek| €884, +...+AJ,, =T, + Y Al,, where J, is the cost of the

N
original image with N distinct colors , and AJ, is the increased cost when we
10 merge two selected ieaf nodes and decrease the number oi‘ leaf nodes in the
octree from i fo i~1. By finding the minimum increased entropy-constrained
cost each time when we merge two leaf sibling nodes in the octree, ECHMQ
provides a locally optimal way to minimize the entropy-constrained cost.

[0061] ECHMAQ aims to minimize (locally) the entropy-constrained cost,
15 rather than the pure distortion TSE. ;Fherefore, the rate and distortion of the

quantized image are controlled and traded off by the Lagrangian multiplier A.

As A increases, the average distortion decreases, and the corresponding rate

increases. Indeed, ~A can be interpreted as the slope of the resulting rate

distortion curve. Thus, in ECHMQ, we have the flexibility to use A as a frade-
20 off factor to vary the rate and distortion of the quantized image.

[0062] Another advantage of ECHMQ is its low computational
complexity. To illustrate this, suppose initially we have total 256 leaf nodes
which are all located at level 8, under 32 parent nodes at level 7. To decrease

the number of leaf nodes to 255, we need to calculate the increased entropy-

25 constrained cost for 32x

=896 pairs of leaf sibling nodes. If the ociree

2Ix6
structure is not used, we need fo calculate the increased cost for
256! o ‘ o
YT 32640 pairs, which is basically used by the pairwise clustering in {5].

Rewrite Equation (3.11) as



[0061] ECHMQ ains to mnimze (locally) the entropy-constrained cost, 15
rather than the pure distortion TSE. Therefore, the rate and distortion of
the quantized image are controlled and traded of f by the Lagrangi an
multiplier A As A increases, the average distortion decreases, and the
corresponding rate increases. Indeed, -A can be interpreted as the sl ope
of the resulting rate distortion curve. Thus, in ECHVM) we have the
flexibility to use A as a trade- 20 off22actor to vary the rate and
distortion of the quantized image. [0062] Another advantage of ECHMQ is its

| ow conputational conplexity.r To illustrate this, suppgse initially we
have total 256 | eaf nodeéwme[g;h arglal{g |oga edfl.at beggk- 8, under 32

parent nodes at level 7. To d reasé’ the nuitber ' of & nodes to 255, we
need to cal cul ate the |nchased entropy 25 constrai njd cost for 32 x 8! =

896 pairs of leaf sibling L cire beg ésgructure i's not
used, we need to calcul até€ ﬁe i‘ficre é’ed ¢ st fior I 21 x254! = 32640
pairs, which is basically used bythe pairwi se clustering in [5]. Rewite

Equation (3.11) as -22- AJ = nl %q; 1% -gnu) 2 +(b,, -b0,) J+ +F.
(r - ryz +(g 91ri ) z +(b,, bb"'F)J i eo& -(R,+R.) Fij we see the
cal cul ation of the increased cost for "each pair of Ieaf sibling nodes 5

| 8 addi t bt t 1 | t , d1
og oper atotEe Wnealpdati dt ¥ie atpaRed sBLICaEPSH ARt fork sARBIEBnads,
such ag t ol BarritidHcrakabiraaliosP! 16 MLﬂﬂp!f@fuBﬁg b 2dividdio s Mgl BYS

Jocobi nethod for each splitting, ECHMQ enjoys very |ow conplexity. Al so

the pal et ppeeii@n hemparer witp the figh eor@@gtatgmtﬁn@ntned)ther St@pm& S
2921, 10 CIPLCTShaLAP ot Bt 15T TR Bdhad ol MGER! Sl S0 "

conput at i omethod for each spiitting, ECHMQ enjoys very low complexity. Also the

palette and the pixel mapping are easily obtained at Step 8; this again

10 compares favorably with other methods in literature, such as those described

in references [5] and [6], where a significant amount of computation is

involved in palette design and pixel mapping.

[0063] if we skip the further optimization described below, the new
color palette and pixel mapping obtained at the end of the ECHMQ can be

15 encoded directly by GIF/PNG encoder. To be specific, in what follows, we will
use a PNG encoder as the entropy coder. Replacing the PNG encoder with
an available GIF encoder, we easily have our outpui compatible with a GIF
decoder.

VRTCQ 1

20 [0064] In this section, we will adopt soft-decision quantization to further
jointly optimize the compression rate and distortion of a quantized color image
while maintaining compatibility with GIF/PNG decoder. Using the hard-
decision quantizer obtained at the end of ECHMQ as an initial color image
encoding scheme, we will extend VRTSE to color image encoding, yielding

25 VRTCQ 1.

[0065] Let us begin with the VRTSE setting of VRTCQ 1. Since we
want to maintain compatibility with GIF/PNG decoder, the output function g



involved in palette design and pixel mapping. [0063] If we skip the further
optim zati on descri bed bel ow, the new color palette and pixel mapping
obtained at the end of the ECHVQ can be 15 encoded directly by G F/ PNG
encoder. To be specific, in what follows, we wll use a PNG encoder as the
entropy coder. Replacing the PNG encoder with an available G F encoder, we
easily have our output conpatible with G F decoder. VRTCQ 1 20 [0064] In
this section, we will adopt soft-decisiOh” quantization to further jointly
optim ze the conpression rate and distortion of a quantized col or inmge
whil e main SEETRPS i W

deci si on th?r?m(gtg? obt ai ﬁ?gkla%wtte éﬁ ?ﬁ@fﬁ@@%{%ggﬁéaﬁeﬁ ?IQE%Q@, (F% ?,mage
encodi ng soﬁaeh@thlﬁ/ec'wel, Ithe atatedtrargiten tfoncimrorf iomagee ahoppgedgtheyoatmitng 25
VRTCQ 1. QOG Let .us. begl n wth, th%)VRTSE setti &?Gﬁf VRTCQ, 1., Since we
want to mailMEGHI STy 2 (20PN Em Ple e t%%t‘ﬂﬁffn"ﬁﬁhﬂbﬁl on g

-23- can n 8@%;%!’?1 r Sists
of only s%f'%%P ﬁﬁge@%se rn? I’Eteé n(rataﬁgﬁsﬁg'nt lﬁ;r?lcg}ﬁaoaﬁ]éﬁé c%ﬁ&ﬁéesgéggped,

t he out ut detcodet iscdegyaded $o Bpt y. Givarpplengidinainadidsimdge t'he(RGB spac
defining the correspondence between indices and colors in the color

pal ette, ame deine ffiélanysseﬁmcedér—(:@ ugeg sadenM’p 13 = g. Gven the

original color inmager’ (x0, x1, ,  we define for any sequence ii'

E Msel d(x" , g(u)) Y d(x;, 9 66] W will use the upper bound
given in (2.6), and m ni ni ze |d%5u 3’( Oﬁ‘et(],,g distortion constraint. To
be specific, let k=1. However, the pﬁoocedure descri bed bel ow can be

easily extended to any K. [0067] The initial output function g(0) and
transition[@e@diabi | i tWefwihaisedhe JNRY beamdagiveiein ¥26) famdmiihinieel g pal ette
and pi xel mapping obtained at the end of ECHVMQ The detail ed procedure of
VRTCQ 1 i ssdbjct itbed distdridbh ovanstraint. To be specific, let k=1. However, the

10 procedure described below can be easily extended to any k.

[0067] The initial output function ¢ and transition probability function

W' can be derived from the color palette and pixel mapping obtained at the
end of ECHMQ. The detailed procedure of VRTCQ 1 is described as follows:

[0068] Step 1: Set 1=0. Obtain («*)” ¢ and W from ECHMQ:

)
15 (u")(J (1 40,..., %) is the index sequence of the quantized image resulting

n-—l
from the hard-decision quantizer, ¢%(j),0 = j< M, is the color, corresponding

to index j, in the new color palette obtained at the end of ECHMQ, and

|{i: W =o, % =w0si< n}!
Hi : u,(._z =w,0si< nH

for any a€M, and we&M, Also calculate the initial cost

20 J© =fz'lliv(o)((u")(o})wthfla( ,g(o)(( )(0))) ]

[0069] Step 2: Fix g and W". Use the Viterbi algorithm to find a

w© (oclw) -

(r41)
reens by

sequence (u")(m)=(uf)”'1),ul(r+l) ) satisfying Equation (2.4) with g

replaced by g and W by w®



[0068] Step 1: Set t=0. Obtain (u")(),g(0) and WO) fromECHVM) 15 (u")(0)
=(uo),u ),..., u,0),) is the index sequence of the quantized i mage resulting
fromthe hard-decision quantizer, g(0)(j), 0sj <M is the color,
corresponding to index j, in the new color palette obtained at the end of
ECHMQ, and WO) (alw) _I {i:u~0)=a,u~0)=w, Gsi<u}) {i:u~i=w, Osi<rcl for any
a E Mse, and w E Mbel. Also calculate the initial cost 20 J(0) = ,I

j4y(O ((U')(0))+all (ax 'g(0) ((u")(0))343. [0069] Step 2: Fix g(1) and
W')./1 Use the Viterbi algorithmto find a sequence (u")(r{))

u, (""),...,u ,")) satisfying Equation (2.4) with g, replaced by g(1l) and W
by W' ). -Bk070]0070] Sﬁepﬁlt:-fix u‘kH(thhe: ndextseqgueder (aéﬁuéagb.@wme)@the)
gives rise to the wupdate of transition probability function and out put
function aypdalg of trgnsition probabilify funeliorgard putput fimctionas-1) (t+1) | 1: UL 1
=1t H 0Si <72} for any a EMS1 and wCM,,, and 5 g (u~ "(t+1) ({i:u
=u,Gsi<n.}l for any u E M3,, , \/\he!{g:uwil izsx,ttﬂk‘grogygrn} I'l i for which

ot's the coldb.of thellth pixel in the

u, (") = u. Note that x; wr(’é‘;b(r CE
original image. [0071] Step 4: npufie: 418 updat ed ngpst Arit n r+l n (t+g
J +t =n-twm(t+1)((u")(1+1)) + d x ,g9(")((u) ) ~. 10 [0072] Step 5: Repeat

Steps 2 tord IS e i Datidwen Yihy! YO - Jtr s 1
D

see?
. H P
i ul =u,05z<n}l

5 -7

forany ue M

ser !

where Y s taken over all i for which " = . Note that x,

represents the color of the ith pixel in the original image.

[0071] Step 4: Compute the updated cost
JH I1W(:+1)((uu)(‘“))+ P d(x" g(r+1)(( 0 )(‘+1J )) ]
10 [0072] Step 5: Repeat Steps 2 to 4 for t=012,...; until J9 -7 <E,

where & is a prescribed threshold.

{141)

[0073] Then output g“" and (")

[0074] Step 6: Encode the color palette gV and the index sequence
()" using the PNG encoder described in [17].

15 [0075] Steps 2 to 6 can be conveniently referred fo as Stage 2 of
VRTCQ 1. The Viterbi algorithm used here is depicted in a graph shown in

Figure 3. The increased cost from stage to stage is calculated as:
~log W (s}, )+ d{x, {u.)) (4.13)

where s, =u, for any O=<i<n. To find the survivor path reaching state j at
20 stage i, we need to compare the M accumulated costs, each of which

requires 3 additions, 3 subtractions, and multiplications. Therefore the total

computational complexity is O{ni).



where t is a prescribed threshold. [0073] Then output g('+') and (u"~ .
[0074] Step 6: Encode the color palette g( +1) and the index seguence
(u")(f+'") using the PNG encoder described in [17]. 15 [0075] Steps 2 to 6
can be conveniently referred to as Stage 2 of VRTCQ 1. The Viterbi

al gorithmused here is depicted in a graph showmn in Figure 3. The

i ncreased cost fromstage to stage is cglculated as: - log W(u, jui _t) +
d(x;,g(u; )) (4.13) where s; = u; for<ahy Os i <n. To find the survivor
pat h reaching state j at 20 stage i, we need to conpare the M accumul at ed

i i catoSrel e MROMRA ALY, Gipbe RSB eRE T eof) 3 0 130k vy

-25- [ 0076]0vkhall,OFRITIGDI 1 yoinfly Sptigdzed tise datenasd rdistedidy of teerqmandized [ 19] .
optim zes the rate and distortion of ntized

col o | ag@ORToTR e bRe. SHRTTWHlR RAINGOCEHPRETBADI Whn I PR e PG
decoder. BExRephse @@é#&%té habw! Pt wgﬁ\%?géﬁcé & .fezzf}gﬂaag) fsf: gﬁfmauy,

typically, 5 after Iterations S very
[0077] 8 afiecRude idviationscyt ds veansiogets itg litiie over al | corrput ati onal
conpl exity of VRTCQ 1. In conparison with Stage 2, Stage | of VRTCQ 1,

i.e., the FGHIVQ has \NQCcfbdoﬂw tHiO BRYtiGH b@ﬁﬁabeﬁﬁﬁﬁh@%ﬁéfall Taaimitat @halt he
llies in Sta 2, partlcularlyln

mai n conput ati onal {T/%T Xi tS?/ of VRTCQ %@a
the .10 Vi p@ﬁmfeﬁtyg@ff HaeC@a@ansqrbw&hu %ﬁag@r 2¢ héaod flepbVRAICEdrit hm

h I
s ol GEECHATEL Xkt Bt IRy UG c PRI TRBRLoRETRLE) ()

| ar ge. Themmmrcm)mputatusnaiea::nn;abkw bfd)}j/Ré"dImg hgenmStﬁgmﬁabaﬂnutﬂrMntthel n }he

case . roblemis [esse 15 VRT, 0078

e Teattoe MR biaIdo b aPnE s, (P SRR | THEH ASOTTg Parge M

we now qu%BrrRJ?j't'é"t?orHﬁ' &ﬁﬂ@?ity Zb&zﬁﬂ)detwgr gvél%qgwmgﬁ% on%ri] do’?np[exny of
VRTCQ 1 may be inconveniently high for real time compression when M is

large. Therefore, it is desirable to reduce computational complexity in the case
of large M . This problem is addressed by VRTCQ 2.

15 VRTCQ 2

[0078] To reduce the computational complexity of VRTCQ 1 in the case
of large M, we now upper bound the Lempel-Ziv codeword length function in

a way different from (2.6). To this end, we define a new information quantity
different from the kth-order empirical entropy 7{(u"). Let M' be an integer

20 strictly less than M. Let b() be a mapping from M, ={0),..,M -1} onto
M ={01..M'-1}. In terms of b, we partition M, into M' groups

{zeM :b(i)=j}i=01,., M'-1. Forany u" ={ug,u,..,u_, )€ M~ let
b(u") = (b(u,), bl )., 1, ,))
Define

Mt '{t O=st<n, b J}I

25 oAbl Sl os <nn-to)- e

Fu=l i=0



a way different from(2.6). To this end, we define a new information
quantity different fromthe kth-order enpirical entropy rA(u"). Let M be
an integer 20 strictly less than M Let b() be a mapping from Mse =

{0>1,...,M1} onto In terns of b, we partition Msel into M groups
{iCvbP1l:b(i)=j}j=0,1,...,M-I. For any u let b(u")_ (b(uo), b(u, ),..., 4
ih,-,)) Define 25 u Mu "))-~ ~(t:0s t<n, b(u,)=j}I 4
t:Ost<n,u,=i,b(u,)=j}log 1 o a ~(t:-@&-t <n, u, =i, b(u,) =jII -26-

[0079] The quantity i (u"Jb(u")) is called the conditional enpirical

entropy of u" given b( u" ). Qur desired information quantity is defined as
re (u") = PORG(u" ))The r%%h)ﬁitﬁ(l{h“%?u"wﬁeﬁe dalbl (19 ) comditibrealk efnysiriestr
enpirical entropy of b(u"). It is n ard to 5 show that rk(u' )51(u+O
logn It 1 Syivel 0 : hWVis REpLa’E | ength
function I%ggég*ogp}sj?%éemg pz\;\bg%g(r?%g%a@fbhﬁﬁﬁﬁa)%géy "(Su") %88%0 og |l og nl
(5.14) n " logs )) 10 [0081] Instead aof m,nin zing rk(11") subject to a
distortion constraint, we nowy m‘i)m ngfb(e")ak(r{ﬁ lry?aﬂ j ect to a distortion
constraint in VRTCQ 2. Simlar to the fact that nrk(u") is the m ninmum

engt h { unBIEERIAPS e (G yar-ord sR RN ERlcanen ehiliion ot oG RAFIrEL i ons.

Let W5 slsi}‘< gﬁﬁprobabilitytransitionfunction 15 fromMS, to M Se,
and w, ( js? W z6abilitytransitionfunctionfromMselto ML1, " Forany
let Lv(t)=.- [log IV..(b(u,)lb(u,_,)..b(u,_k)l)+logV\|a(u,Ib(uj)] (5.15)

()2t} 0222

it

[0080] Thus, in view of (2.6), the Lempel-Ziv codeword fength function

l,, can also be upper bounded by

i loglogn

—iAu" Hu'}+ O —=—= 5.14

i Lz(u )srk(u )+ ( fogn } ( )
10 {0081] Instead of minimizing rk(u") subject to a distortion constraint, we

now minimize tf(u”) subject to a distortion constraint in VRTCQ 2. Similar to
the fact that nrk(u") is the minimum codeword length afforded by all kth-order
static arithmetic codeword length functions L,ar; (u) is also related to
codeword length functions. Let Ws(sisk) be a probability transition function

15 from M*

set

to M',, and W,(us) a probability transition function from M",, to

M,,. Forany o' =(u,u,...u_ )E M", let

s

n-1

Ly () == [1ogW, (blu o, , ). b, . )) + YogW, (u bl )] (5.15)
1=0
[0082] It is easy to see that L is a codeword length function

corresponding to a lossless code via which 4" is encoded by first using a kth-

20 order static arithmetic code with transition probability W to encode b(u"), and

then encoding «"conditionally given b(u“). Moreover, it is not hard to show

that



f=o0 [0082] It is easy to see that is a codeword |ength function
corresponding to a | ossless code via which u" is encoded by first using a
kt h- 20 order static arithnmetic code with transition probability W5 to
encode b(u"), and then encoding u conditionally given b(u"). Moreover, it
is not hard to show that -27- nij (u") = mn LW (u+ 0 (logn) W ,W

[ 00831 Accordingly, given the mapping 27 the joint optimzation problem in
VRTCQ 2 beconmes min mn [rz-'"LWs(u")+. X rtd(x",g(u"))] (5.16) B.Ws HU u"
EMo 5 [0084] To be specific, let k=1. Nonetheless, all argunments and

procedures bel ow apply to the.general k, as .3 ven g, W5 and 147 , the
inner mnimzation in (5. 16)””C@'n 'béf‘,{&d:fwv@d)ﬁ (It“ﬁen\ﬁ terbi algorithmwth

conplexity of Q' nM2) instead of Q nM2). To see this is the case, note that
in view ofpo83]15), AB@or@ﬁ@i\Migﬂ\%rﬁﬂﬁ,ﬂﬁla bt tHEejoRrst dptinmgatias @sobibsn 10 -
-IogV\S(b(u_,)jb%tt,-s))-log (u,I'b(u,))+Ad(X%,,g(u,)) (5.17) [0085] In
(5.17), onmMRKeG 2bscor@m rrelies on the past through b(u, ,). Therefore,
one can build a trellis with state set SAM,,, and full connection between

states of two consecuhm/a;nﬁiég&gﬂ;(ﬁw)&z x’r,gl(m,,"E):}e Viterbi al gor{4.h@ on
the trellis to sol ve*¥sfe’Fé4h'er m hi i zati on probfem Before running the 15
Viterbi algorithm we conpute the m nimum sub-cost c(s,Xx)A mn

-1 ogW (@“‘SMX, g(uYp] be" specific, &t bii)l=sNonsthaleas.y al o REIWAENEN HI s, X) ,

inere o € NesSutel ol FHOMIT 0an 79} GOy Rageoapgougneids

col or i ndex i evi ni mu S, Xy are kept

in a | ook-HAck 3AlrfmizHiBn CAS (5 .98 fcd e sdfEd 9N ild amab”Gigdrthm with E
M,,, at Stage t-1 of the trellis to a state s, at Stage t of the trellis

complexity of O(nM‘Z) instead of O(an). To see this is the case, note that in

view of (5.15), the cost increases, each time as f increases, by
10 ~log W(b(u, fo(u, , )}~ 1og Wy, (u,p{u, )} + Ad(x,.8(x)) (5.17)

[0085] In (5.17), only the first term relies on the past through b(u,_l).

" Therefore, one can build a trellis with state set SAM',, and full connection

between states of two consecutive stages, and then run the Viterbi algorithm
on the treflis to solve the inner minimization problem. Before running the

15 Viterbi algorithm, we compute the minimum sub-cost

c(s,x)A min [— logW, (I-£|S)+ M(x,g(u))]

u e{ i0si<M b(iY=s]

for every combination of(s,x}, where s& M',, and x € 0. The minimum sub-

e

cost and the corresponding color index u achieving the minimum sub-cost for

that pair {s,x) are kept in a look-up table. The cost over the transition from a
20 state s_ & M', at Stage ¢~1 of the trellis to a state s, at Stage ¢ of the trellis
is —logW,(s5_)+c(s.x,). Given the original image x"=(xg% . %,y), if

5" = (54,8005, ) EM™, i the optimal path through the frellis, then

" =(uy,u,.u_,), where u € {i:0 = i< M,b(i) =s,} achieves the minimum cost
cfs,x, ) t=01,.,n-1, is the optimal index sequence achieving the inner

25 minimization in (5.16).



is -logws(s,[sr_ )+c(s X,). Gven the original imge x"=(x0,X%,,...,x"_,),

if s" =(so,s,...,. )E Ms~, is the optimal path through the trellis,
t hen u"_(uo,u,,.. at where u, E{i:0s i < Mb(i) =s,} achieves the
m ni mum cost c(s"x,),t:O,I,...,n-l, is the optimal index sequence

achieving the inner 25 mnimzation in (5.16). -28- [0086] Simlar to
VRTCQ 1, VRTCQ 2 solves the joint optim zation problem (5.16) in an
iterative manner. Stage 1 of VRTCQ 2 dBBerm nes the mapping b, and
provi des the initial output function g(0) and transition probability
functions V\gog and W : Sta e 2 of VRTCS 2 then uses an 5 alternative
procedur e 0888D| ve tﬁﬁnlﬂﬁrnt(?m EGen TpnIRT e 2riselvest the deint mpdisdgalians of

Run BCH BRURRS Gr ol e RREOie Hepeet ontot 7 o VTR A ObRrle . i 1o

col or pal e\hhgsmt; ,zani E?cﬁ\ﬂdééﬂeth@mrﬁnﬁép%lﬂbag fbﬁéﬁbn 19 e itpahddtione!

mappi ng. [ 0088] St ep 2: Based on , repeat Steps 4 to 7 of the ECHMQ
until M grebhbiliyddanations enfll rinolg uf;°bosedgest2mf3VRwe1@rm iment heesreqpi ng b
fromthe octree TMto the octree T,,,. with Al' |eaf nodes_obtained in

St ep 2,5 wleinaiivey deéée ofo Tlve | the Jmarwmatr@m &roblem.) Tty detgilegee; and
] lies in the subtree of T™
root ed at F%E &gr ggﬁérér@fagg@etﬂggggdg W& of st age 2 [0090] Step 1:
Sett =0 (O,WM and WBJ' from Stage | of the VRTCQ
2, where ( deg{é'??(‘g‘?#?@é? -, u( n-0~,) is the index sequence

| f he hard .d 0 =
(0 n?dﬁﬁgﬂh th Btep I %Ct'm_stigpt'\_ﬁéxe 135 OToBH 03gs a9 AboTkeS |7$d(ex)31
in the newaolor BRimbks, ARIANSShIbe Jrehzd A, and AR cdrresponding hard-

10 decision pixel mapping.
[0088] Step 2: Based on T, repeat Steps 4 to 7 of the ECHMQ until

M leaf nodes are remaining.

[0089] Step 3: Determine the mapping b from the octree T,, to the
octree T,,. with M' leaf nodes obtained in Step 2, which is a subtree of 7, . In

15  particular, b(i)=ji€M_, and jE M, if and only if the ith leaf node of T,

set set !

lies in the subtree of T,, rooted at the jth leaf node ofT,,..

B. Procedure of Stage 2

[0090] Step 1: Setr=0. Obtaind,(u")”,(s")",¢. W, , and W, from

Stage 1 of the VRTCQ 2, where (u" )(0) (uf,“’,uf .. “”) is the index sequence
20 resulting from the hard .decision pixel mapping,
(") = (s9,5,...,5@) = b((u ) 59 )) with Osu<M, is the color,
corresponding to the index u, in the new color palette obtained in Step 1 of

Stage 1,

i:ufOJ = u,sgo) =50si< n}l

Hi:s,.zs,()si<n}l

Wy (uls) = UE M, € M,

25 and



Ki : u;0) =u,s(l) =s,0s i <nil W)(u{s) Vi: S=8S0s i < n}J ukE Met, SE
Ms"'  , 25 and -29- W" ( I{i:s<-t =w,s.=a,0si<nj(al w) = ,aEM ser>wEM er /
I{i:s, _1=w,0sl<n}| [0091] Also conpute the initial cost (( Ill J(0) =ra
1bwe 1((u")(0))+7J,-1d(x"™ g(o)((214")())/ [0092] Step 2: Fix g(') and Wi(').
Build the | ook-up table. For each pair 5 of(s,x), where s M SC1 andx E O,
conput e the m ni num sub- cost c(‘)(s,x):dn'n -logWJ ) v(ul s)+7d(x,g(')(u))]
and record the color index u E{i :0 s9°< Mb(i) = s} which achieves
c('")(s,x). [0093] Step 3: Fix g('"),Wt), and W'). Use the Viterbi

algorithmto find the optippl, path th h e trellis (s")( +1)
25 +1), 5 #) b)) ke e L8L<14] et prb, anet whe 1 ook- up
tabl e, determ nes the opt'i mal |if hdex vs qEUeﬂGH (t+i) (r+]) (r+Q (na) (u)

=(no ,ut achieving the inner mnimzation in (5.16) with g replaced by

g('), W bypﬂﬂﬂ), andiio Bympkite the MBRI4bsBt ep 41 Fix (u”) (t+1) and

(s")(+1). These two sequences give rise to the update of transition
probabi lity functions andgjoutputefungty on as/ Ll /Jowu s r+o= s, 0si <n}|
D5 Vost) (uds) 11 s1(t S =naia(x e }n'i?»n, BVSQ(P)(@E)\A Bet, s () 1{i:
p+l) =Nr's,t+t)=a,0 si< nil r Wst+1(alw=,abM,wEM | {i:s~ 1t)=w, Gsi <nil
and g(t+i) [&IQZ]Xt (rgleg%:'\éix ¢ and WLE’). Build the look-up table. For each pair

5 of(s,x), where s€ M',, andx €0, compute the minimum sub-cost

¢s,x)= _ min [-—logWIff)v(uls) + ?Ld(x,g(r) (u))]

uE{i0sih Hi)=s}
and record the color index «& {i:0si < M b(i)= s} which achieves ¢“(s,x).

[0093] Step 3: Fix ¢,W, and W, Use the Viterbi algorithm to find
the optimal path through the trellis (5" )(m) =(sE,‘*”,sf””,...,sf,’j)), which, together
10 with b and the look-up table, determines the optimal index sequence
(u")(m) =(uf)’”),uf””,. u(’“)) achieving the inner minimization in (5.16) with g

P

replaced by g",w, by W, andw, by w{.

[0094] Step 4: Fix (u" )(m) and (s" )(m). These two sequences give rise

to the update of transition probability functions and output function as

(++1) |{i : ugm) =U, ng) =5 0si< n}l
15 Wu (uIS)= ' { (148) . , UE Mse
I“S; EW,OSL-:nH

LseE M

set?

(£41) l I L‘fﬁf” = W,SE”’) =q0=<i< n}l
WS (a[w) =- = ﬂJ',W c Ml,
'{i: S w0 =i <n}|
-1 ]

and

{e+1) U= - u ! . M
&) Hi::é’”’=u,05i<n}| iy

where . is taken over all j for which /" = 4.



| {i:u; =u,Csi<nil where Yr, is taken over all i for which u . -30- [0095]
Step 5: Conpute the the updated cost (t+1) = a (t +1) 1 f n (t+Q" (t4) s
[ 0096] Step 6: Repeat Steps 2 to 5 for t =0,1,2,... until ill - J("+")
where is a prescribed threshold. 5 [0097] Then output g(t+1l) and (U.)
[0098] Step 7: Encode the color palette g(t+1) and the index sequence
(un)(t+'") by the PNG encoder from|[17]. [0099] The Viterbi algorithmused
in Step 3 is depicted in the graph of-3®i-gure 4. In the graph, each circle
represents a group, and the black dots 10 within a circle represent al

col or indi E M, in.the group. [0010 imlar to VRTCQ 1, the nmjor
conput at i Jﬁggsﬂorrpl e§$qw50&on%%%£h%ug$%tﬁﬁ G9%tits Stage 2. Although in
conparison with Stage 2 of VRTCQ 1, Stage of VRTCQ 2 has an extra step,
Step 2, this step is r]bt!)=gdmﬁﬁwm)b‘ﬁ'§u%{i sengi u")i’?l?gged, its
conput ational conplexity is , ‘15 /whi ch\does not ‘depend on the size n
of the original inmge and hence is negligible as conpared to the

conpl exi t f00B6} he Vi $&ihi6: Rgsustt Bmpsh2rtons ifer ¢=ayigs... Tihal Vit er? af gori t hm
in Step 3 of Stage 2 of VRTCQ 2 now has Q(nij2) conputational conplexity,
whi ch compéers &4s erraprgiiRgd thresieoldg nMR) conput ati onal conplexity of the
Viterbi algorithmused in VRTCQ 1. 20 Thus when M" M VRTCQ 2 will be nuch

faster g hgpg CQ 1.14 aafjitjean g qance M is fixed, the conputational
conpl egta o# RTCQE (lghso re g or aPes )ndependent of M This makes VRTCQ 2
attractive for color rich images. The price paag in VRTCQ 2 is the slight
| oss of cdffP8ksi on Stewr Fokmende the caenpaisttet he 't andidho fnddesagieenthe
conpr essi on raLe and 25 distortion since a | oose bound is used to upper
bound t he (k&jipelbyZhe PNGdswoder freng [ 17]f unct i on. -

[0099] The Viterbi algorithm used in Step 3 is depicted in the graph of

Figure 4, In the graph, each circle represents a group, and the black dots

10 within a circle represent alf color indices u& M, in the group.

[o0100] Similar to VRTCQ 1, the major computational complexity of
VRTCQ 2 is still in its Stage 2. Although in comparison with Stage 2 of
VRTCQ 1, Stage 2 of VRTCQ 2 has an extra step, Step 2, this step is not
computationally intensive. Indeed, its computational complexity is O(NM),
15 which does not depend on the size n of the original image and hence is
negligible as compared to the complexity of the Viterbi algorithm when n is

large. The Viterbi algorithm in Step 3 of Stage 2 of VRTCQ 2 now has

O(nM'z) computational complexity, which compares favorably with the

O(nM?‘) computational complexity of the Viterbi algorithm used in VRTCQ 1.

20 Thus when M'<<M, VRTCQ 2 will be much faster than VRTCQ 1. In
addition, once M' is fixed, the computational compiexity of VRTCQ 2 is more
or less independent of M. This makes VRTCQ 2 attractive for color rich
images. The price paid in VRTCQ 2 is the slight loss of compression
performance in terms of the trade-off between the compression rate and

25 distortion since a loose bound is used to upper bound the lLempel-Ziv

codeword length function.



-31- [00101] Referring to Figure 5, there is illustrated in a block
diagram the CPU 16 of the conputer system 10 of Figure 1. As shown, the
CPU 16 includes a hard-decision nodule 40 and a soft-decision nodul e 42.
The hard- deci sion nodule 40 provides ECHWQ as descri bed above. The
soft-decision 5 nodul e 42 provides both VRTCQ 1 and VRTCQ 2 as descri bed
above. [00102] As described above, the,shard-decision nodule 40 conprises a
node creation sub-nodule for building an octree structure, a node nerging
sub-nodul e for selecting and nmerging | eaf nodes, and a cost cal cul ation

sub- nodul pdmrycal CHAbirmg tof BGUROEE M| is Thiskfied ‘?ﬁ a%bél% d@grh@?ﬁh?wes’

the 10 entr@gp constral ned cost i ncrement for each such nmerger ar to
t he hard- sﬁﬁ)@fﬁbﬁw@nﬂ'@tert%t@ﬁfﬂQd@fcﬁngﬂ froésl shavgn| tiu eRld 6 cost

calculatio det errent t cost
after eac hfhd'”fdeg% gﬂg%'gle Cgf '% %35%%*%5{) ‘ﬁ'%ﬂn ﬁﬁoqlﬂg%s%fﬁheg&ﬁm on
modul e 42. déﬁ@ib@ﬁﬂno%lteﬂo\{ﬁbmdte’a(&‘@Hm dﬁ)deémﬁd QﬁdSv@fT!ﬁél%oftrdéﬁﬂiub@n are
p055|blg 15 For_exanpl e, as.  described abqv be used on its

ho

own, Wi mod%%ﬁ%@rw@@@beﬂw Y& Qsbapd N&T@@o@l%ﬁﬁsﬁf@%@ BBAYEt 0 provide a

hard deci sion i xel mappi n%re Alternatively, VRTCQ may be used w t hout
usi ng ECHM®19Z]pr ovgedeseibini abaie. Hhedhardedeniginn pngdulendd siomprisessa ead,

th t t h
SO SLer bl kBbidifo A5G1R! 8P IRARSUHE ol te AR e BB, ey
i nst ead of sMR'ﬁ%@!uIe Fﬁblzr Séiebtmg\/ahﬁenéfginé Qs FaWdE, SesiCh cpsi edlculatibarsgel y
directed to hgx/ to jointly address both quanti zat i on distortion and

conpr essi oMYAt f%ﬂaémﬂﬁﬁlf}ﬁ al%i Rgtentisy rB@F&Sl'i‘@ a®f prip eblerletodgsartie
conpat i i 'éht}‘o;‘l‘{i' EBnstSREa s REPARPER 1 %fch tfn%r & amlisy td ﬂ\%t dal PNG

decoder, it wl1l be apparent to those of ski the art t oth
ECHVQ and &mmnnmduka &ﬁpth@doﬁ{ﬂe{dmononpdelesdfbnmmdes;al oosti maigdaMa in

ot her contexts such nodificati ariation | i eved
Co be vt b TaRus or codlem D B arEentAln nelRl Bt pf et
claims appesiéeniiFsefi@iecisien optimization by the soft-decision module 42.

[00103] Other variations and modifications of the invention are possible.
15 For example, as described above, ECHMQ may be used on its own, without
using VRTCQ on other soft-decision optimization, to provide a hard decision
pixel mapping. Alternatively, VRTCQ may be used without using ECHMQ to
provide the initial hard decision pixel mapping. Instead, some other initial hard
decision procedure may be provided. Further, other soft decision optimization
20 methods may be used in combination with ECHMQ instead of VRTCAQ.
Further, while the foregoing description is largely directed to how to jointly
address both quantization distortion and compression rate while maintaining
fow computational complexity and compatibility with standard decoders, such
as, for example, the GIF/PNG decoder, it will be apparent to those of skill in
25 the art that both ECHMQ and VRTCQ may be applied to the compression of
color image data in other contexts as well. All such modifications or variations
are believed to be within the sphere and scope of the inventidn as defined by

the claims appended hereto.



Clains: 1. A nethod for creating, froma digitized color image with N
distinct colors using a data processing system a tree structured
partitioning of all pixels in the digitized color imge into Mdisjoint
clusters,. wherein Mis less 5 than or equal to N, each color in the N
distinct colors is digitally represented by a plurality of P-bit bytes in
a color palette, and the P-bits in each P-bit byte are ordered from nost
significant to least significant, the-gethod conprising: (a) providing a
root node conprising all of the N distinct colors; (b) providing a first

| evel of sibling nodes linked to the root node, 10 wherein each color in
the N di st@lémscol ors is allocated by the data processing systemto an
associ ated node in the first |evel of sibling nodes based on a value of a

first bit jn each P-Ri u i oy t; ( f each
node in a Kth |evel R 'tr}?g%é(g \J(%n%P?’gﬁéf %%8? tcﬁé'rtﬁlgegn%d@%llgir% p%t\l}l g{[ng a
plurality digtirsitleblorg uzrmgea cﬁta prédestindisyaunl, a inbesglioturdd pesitionirg of i n
that node is al] ocated b\é t he data praocessing, systemto an asso

F

i bl i ng n(ﬁi'dD'K@lSt'Héhﬁl‘?lﬁ‘ ewotw SPBR G Ml THodSers, Mimye Mds 4rss pased
bi t

byt s for AR Ut N, bach BoRFHH the N ictibEoblirg RERINIZinisBhict >,

there is &y aipturalityt of [@dfit lmﬁée uccarmﬂu)lspaiigttehanddbdatﬁ’r—bm oneachaRdbi20y{ed)

el ecting and r qj | eaf , nod i ere. I I nodes | eft.
> The. naciB e omuEosSEnTAT [ rebbs nieant iy it Roa & car eai y
sel ecting and nerging pairs of |eaf sibling nodes until there are only M

leaf nodes left. 25 &) pib@idirR} Aesoafodietdmpesing Al & e N vheinet colstep (d)
conprises repeatedly selectlng and merging pairs of Ieaf sibling nodes

whose nerger has a m ni num entropy-constrai ned cost increnent until there

are only Mleaf nodds Rreyiding @itrstdevairfé silingoaodes Hé'f‘?qﬂé{j Nerrost BRAf3
wher eify StaR L SOTROIGHSR the N distinct colors is allocated by the data processing

system fo an associated node in the first level of sibling nodes based on a

value of a first bit in each P-bit byte in the plurality of P-bit bytes;

(c) for each node in a kth level of nodes comprising more than

one color, providing a plurality of sibling nodes at a (k+1)th level, wherein

15 each color in that node is allocated by the data processing system to an
associated sibling node in the plurality of sibling nodes at the (k+1)th level
based on a value of a (k+1)th bit in each P-bit byte in the plurality of P-bit
bytes for that color, such that for each color in the N distinct colors there is a

distinct leaf node comprising that color alone; and

20 (d) selecting and merging leaf nodes until there are only M leaf
nodes left..

2. The method as defined in claim 1 wherein step (d) comprises
repeatedly selecting and merging pairs of leaf sibling modes until there are
only M leaf nodes left.

25 3. The method as defined in claim 1 wherein step (d) comprises
repeatedly selecting and merging pairs of leaf sibling modes whose merger
has a minimum entropy-constrained cost increment until there are only M leaf

nodes left.



cal cul ating a m ni mum entropy-constrai ned cost increnment w thout
calculating a difference between a pre-nerger total entropy-constrained
cost and a post- nmerger total entropy-constrained cost. 5 5. The nethod as
defined in claim1 wherein the plurality of P-bit bytes for each color in
the N distinct colors conprises a P-bit byte for each primary color in a
plurality of primary colors. 6. The netfod as defined in claim3 wherein
the plurality of primary colors conpri'Ses red, green and blue. 10 7. The
met hod as defined in claim1 further conprising creating a new digitized

color imagg wth M dirhkl Rekh&® ! defi n’@'begrfblalﬁhﬁrv%ér%lrﬁs gcﬁ)oc@rﬂ rises

correspondence between the Mdistinct colors and th nodes | eft
after conpletiadingof UBlﬁlepJF(\cBﬂthB)y-fﬂOﬂﬁmﬁepﬂ ooﬁslgcf&jnelyfswémdtwalmlémg ng,

bart1 11 ont AgIETenER iyt 4 FRERetob el Bbedbbaihde Bat 67 ehegiei nt o

clusters, mg@nﬂ@td\nemrd@s(soﬁsh@n@jcggual to N, each color in the N
distinct colors is digitally represented by a plurality of P-bit bytes in

a col or pa%\ette and he P—bqggs in each P-bjt byte are ordered from nost
si gni fi an?- to | east |8PgRPHIRhAB dafieddardlais dc\é’§‘§f‘ﬂ§ tag Rlurlitygf P-bit

conpri si ngb\éﬁéé)foﬂ%@%h%&éﬁ irPﬂqéf%PB%tiflef cbil seg)mﬁr@ee Maf? é‘?&e?ach

conpri sing he N distinct ors; rovi di ng a rst level of
si bl i ng nogésary n&!edlnel:tlm:@htyooftpnmammﬂers wherein each color in the N
distinct colors is allocated to an associ ated node in the first |evel of

si bling nodes based v t bit.in,ea P- bit in.the
plurality gf P-bit biit meghﬁg rﬁ "3 ?'81’“ e%\cwﬁ%ed% {?ﬁa é’%?ﬁ% g@el of
nodes corrppnmangc@mr@comlpa«@e@m@dch‘e@h anrigivedi ng a plurality of sibling
nodes at a (k+1)th |evel, wher e| n each color in that node is allocated to

an ass ed siblin node in
? 8 a_} ghe method as def ned in claim 1 further comprising creating a
new digitized color image with M distinct colors, wherein there is a one-to-one
correspondence between the M distinct colors and the M leaf nodes left after

completion of step (d).

8. A data processing system for creating, from a digitized color
156 image with N distinct colors, a tree structured partitioning of all pixels in the
digitized color image into M disjoint clusters, wherein M is less than or equal
to N, each color in the N distinct colors is digitally represented by a plurality of
P-bit bytes in a color palette, and the P-bits in each P-bit byte are ordered
from most significant fo least significant, the data processing system

20 comprising:
(a) node-creation means for

(i) providing a root node comprising all of the N distinct
colors;

(i) providing a first level of sibling nodes linked to the root
25 node, wherein each color in the N distinct colors is allocated to an associated
node in the first leve! of sibling nodes based on a value of a first bit in each P-

bit byte in the plurality of P-bit bytes; and



plurality of sibling nodes at the (k+l)th | evel based on a value of a
(k+1)th bit in 5 each P-bit byte in the plurality of P-bit bytes for that
color, such that for each <color in the Ndistinct colors there is a

di stinct | eaf node conprising that color alone; and (b) node nergi ng neans
for selecting and nmerging | eaf nodes wuntil there are only M| eaf nodes
left. 10 9. The data processing systemas defined in claim8 wherein the
node nerging means is operable to repedtedly sel ect and merge pairs of |eaf
sibling nodes until there are only Ml eaf nodes |left. 10. The data

processi ng system as defiped in claim8. furgher 0 i Sing_a cost
cal cul ation neans for cal &' Ifé’fieﬁ’@y“ ‘?(Q‘e Bb%éﬁ’nﬁ\ﬁ‘ %%Sscggp”i@gdﬂwes of
| eaf nodesnagh RGN HrERRRY RLNRAIGSHsibIHY fOBSY o o (kKeAFN Isviee Wwidreger |

2
wherein the cost cal culation rygans I's l'inkéd to the node nerging neans and
t he node rerali eglarelanthatsnegeriamlocated dpean axgispciséed @iblingd nogerigethsai rs of

| eaf sibli pdes . rger, has, a«n.ni,num en - t,r al ped. cost

| mor ement 9B 6 IS8 Bt HE tao 07 DL el RS S AR BT R IS TR RE S
onl'y M4 eadaomoddsit bptetin thé. piliffitgd af ®-bit pyessiordhsysslem ashdibt f@deadh cl ai m
10 wherein the cost calculation neans is operahle to calculate a nm ninum
ent ropy- coietindhedy digincticplare teate % 2 Hidinct lgaé mode; sanRrising ftB@fe“rfrzP@f

bet ween a pres. @ger total entropy-constrained cost and a post-nerger
total entropy-’ constrai ned cost. 12. The data processing system as
defined in claim8 wherein the plurality of P-bit bytes for each color in
the N distinct col oré)cwns nseging Mmdans fdrgaedting end merdingulgaicaddes i n a

plurality of.primary col . .-35- 13, The data processing system as defi ned
in claim ﬂf‘tm&r@iq{ét%ﬁy %E#&Pa%jf%ﬁ primary colors conprises red, green
and blue. 14. The data processing systemas defined in claima8 further

\(/:\grmr i) N@.Creating BhatdidbtéZany Aybmidnaefivgd in Mdiinsg iwiséredroltios s,
erein
node merging means is operable to repeatedly select and merge pairs of ieaf

sibling modes until there are only M leaf nodes left.

10. The data processing system as defined in claim 8 further
comprising a cost calculation means for calculating, for potential mergers of
15 pairs of leaf nodes, an entropy-constrained cost increment for each such
merger, wherein the cost calculation means is linked to the node merging
means and the node merging means is operable fo repeatedly select and
merge pairs of leaf sibling modes whose merger has a minimum entropy-
constrained cost increment as determined by the cost calculation means until

20 there are only M leaf nodes left.

i1. The data processing system as defined in claim 10 wherein the
cost calculation means is operable to calculate a minimum eéntropy-
constrained cost increment without calculating a difference between a pre-
merger total entropy-constrained cost and a post-merger fotal entropy-

25 consirained cost.

12. The data processing system as defined in claim 8 wherein the
plurality of P-bit bytes for each color in the N distinct colors comprises a P-bit

byte for each primary color in a plurality of primary colors.



5 there is a one-to-one correspondence between the Mdistinct colors and
the M leaf nodes left after conpletion of step (d). 15. A conputer program
product for use on a conputer systemto create, froma digitized col or
imge with N distinct colors, a tree structured partitioning of all pixels
in the digitized color image into Mdisjoint clusters, 10 wherein Mis |ess
than or equal to N, each color in the {gdistinct colors is digitally
represented by a plurality of P-bit by €s in a col or pal ette, and the P-
bits in each P-bit byte are ordered fromnost significant to |east

significanjz the comﬁt(ﬁ{%g{f %é’%ﬂgﬁéﬁj&%%ﬂeﬁ iA%iaifh ﬁ@%&%ﬂ?tﬂ?di um

15 neans recorded on t e conmputer systemto

per f or m t helusalip of pfimafarolore codipmigea redograsndmdbiopri sing all of the N
di stinct colors; (b) providing a first |evel of si bl i ng nodes Iinked to

t he root ﬁ) node, \A.Eﬁrel n,each col.or in,the N dj ?tlgct cga ? IIocat ed
to an assotfated noddSi At PTPPEERING oR¥HteRy a5 5#9 H5Y G &L S dUBHEG val ue
of a fi rStcdlhbnsmﬁQﬁébtl@ abicw BiittzddcdIBeinRhgl Jithth diﬁtlnetbd)lb@mi%'etr( c) for

each node in a kth level of nodes conprising more than one col or,

provi dithg 1Refe B AneylooneseRIresRPNtRNES katweepkhe M distinet glors amd freeMei n
each col or t n associ ated sibling node in the
plurality o s@% hégpﬁﬁ;ee@rg}tﬂeﬁﬁgo?%ﬁ;f(cﬁh | evel based on a value of a
(k+1) th bit in each P-bit byte in the plurality of P-bit bytes for that
col or, suctb.t hat forA—Gﬁnpemrprogram pmdubbfdkl Lmléesbhmct:omplumaﬂssysﬂerretd s a

di stinct |eaf, node co SI n ha.t col q d) sel ectl and
mer gi ng | é2PA R JELT At 9' '?‘?\%?“@ Ar N W{hl\/ﬁl g‘&?”%ﬁ‘gg‘g‘l reessigc 8@?@
conput er Rﬁé?ﬂt’@ﬁh@r@ldéﬁ iass dﬁfth@qﬂglti&ee' @éam i'rﬁag\é‘f?ﬁt%' M dBjSRt (:Ftil)sté?@”p“ ses
repeatedly selecting a mergi ng pairs of st b
10 "wherein M is Iess than or equal to N, each co{or m the N distinct colors is
digitally represented by a plurality of P-bit bytes in a color palette, and the P-
bits in each P-bit byte are ordered from most significant to least significant,

the computer program product comprising:
a recording medium;

15 means recorded on the medium for instructing the computer

sysiem to perform the steps of:

(a) providing a root node comprising ail of the N distinct

colors;

(b) providing a first level of sibling nodes linked to the root
20 node, wherein each color in the N distinct colors is allocated to an associated
node in the first level of sibling nodes based on a value of a first bit in each P-

bit byte in the plurality of P-bit bytes;

(c) for each node in a k™ level of nodes comprising more

than one color, providing a plurality of sibling nodes at a (k+1) " level,

25 wherein each color in that node is allocated to an associated sibling node in
the plurality of sibling nodes at the (k+1) " level based on a vaiue of a (k+1) "

bit in each P-bit byte in the plurality of P-bit bytes for that color, such that for



nodes until there are only Ml eaf nodes left. 17. The conputer program
product as defined in claim15 wherein step (d) conprises repeatedly
selecting and nerging pairs of leaf sibling 10 nodes whose nerger has a

m ni num ent r opy-constrai ned cost increment until there are only M| eaf
nodes left. 18. The conputer program product as defined in claim15 wherein
step (d) conprises calculating a m ni num entropy-constrained cost increnent
wi t hout cal culating a difference bet we¥h- a pre-merger total entropy- 15
constrai ned cost and a post-nerger total entropy-constrained cost. 19. The

P bt byt Beck soBnEa) RtrReehBT el rLdeagelrer foflp BRI Y D1

for each ppigf@on&dy in a plurality of primary colors. 20. The conputer
program product as defined in claim15 wherein 20 the plurality of primary
colors conprises red, green and blue. 21. The conputer rg_r Iecl;ram roduct as
defined in claim15 furt K&} seleshpgi¥ichgedging: leah nedgaw iigl?riez% Ekaor

i mge wit ISt colors, wherein there is a one-to-one correspondence
bet ween tﬁde%qéﬁsjﬁgﬁ%ﬁt colors and the M |eaf nodes left after conpletion
of step (d). 25 22. A nmethod for deriving a new i ndex sequence representing
a pix8&l réppi ng andte nempaterporogiamcprodiuct aprdafinedi ingclainsol bwhsaeBt te f or

bot 37 St KA Ps v SubereRihe Bl g Rirs Ay e RS S rage””

i s provi dechdys dhiildhstd et o pleartRided 1git! ocated to the n pixels, the new
digitized color inmage is provided by Mdistinct colors being allocated to

the n pixels, the new index sequence has n index nenbers fo&;{v resenting

the n pixds and t hd ifeaoBpoterpRRogramcRioshict astéafingshist algirn SHBEX
menbers tQ.t ; h rLShnga Vi st new
i ndex squgﬁégdyf%msﬁ% (})%l?%agtggpl lele)(c}gﬁ@ é‘?dnqﬁﬁ%g(l@ iFgg%lm;‘%"alo‘di‘dli@gllc 'E%iitglgr col or
i mage 1ont endded Sitset nudrget dies hasddnum s mr-cofstrained cost increment

until there are only M leaf nodes left.

18. The computer program product as defined in claim 15 wherein
step (d) comprises calculating a minimum entropy-constrained cost increment
without calculating a difference between a pre-merger total entropy-

15  constrained cost and a post-merger fotal entropy-constrained cost.

19. The computer program product as defined in claim 15 wherein
the plurality of P-bit bytes for each color in the N distinct colors comprises a P-

bit byte for each primary color in a plurality of primary colors.

20. The computer program product as defined in claim 15 wherein

20 the plurality of primary colors comprises red, green and blue.

21. The computer program product as defined in claim 15 further
comprising creating a new digitized color image with M distinct colors, wherein
there is a one-to-one correspondence between the M distinct colors and the M

leaf nodes left after completion of step (d).

25 22. A method for deriving a new index sequence representing a
pixel mapping and a new output function representing a color palette for a

new digitized color image derived from an original digitized color image both



each pixel in the original digitized color inmge wthout regard to the

| ocation of 10 the pixel in the original digitized color imge, wherein M
is less than or equal to N, (b) providing a first new output function for
provi ding a one-to- one mapping of the Mdistinct colors onto the pixels in
the Mdisjoint clusters; (c) applying a soft decision optim zation process
to the first new 15 index sequence and 4+he first new output function to
provi de the new i ndex sequence and the new output function respectively
based on, for each nenber of the first new i ndex sequence, how a col or

val ue assi defifed ontrhpixeldTRirRaBinbthet diRjifAllRditiARNCOME RHEgé i pldvided By el at es
with the color value assigned to at |east one other nenber of the first

new i ndex SEgnehedorybeng alinpated & theen pbwlp dhemave digiized goloTiBagethod as

defined i . . i
oci o1 on pPibfid b7 MOGEERG: bR B dfCare JHTAE T BpRIs. 1R e thliex
col or i mageequérece bhorn Vadere maabgrefbrt @prdesenpingeiheby pikelsnand the dew

sequence and. the new out put function depends on the | ocati of the 25
TR Rt RS g e sh iR Ben B HRAE JOPTIRats it Bealimookrandie
step (c) cef@nogesnppRing:ng an iterative soft decision optimzation
process and determ ning, after each iteration, an increnental -38-

reduction in a cost function representing conpression and distortion of the
original digitized ctopravigige a fatinewdpdxsequsndenby pertiieninghall p&@l$ ndex

sequence a : : i ef My Lner
regucti on P\‘;ﬁh}egc?r @ﬁ%\{vx(/j 'gngase ec'%eﬁﬁioemlgﬁ%t%&&ﬁ%Bﬁ%%](ﬁ8§EQB@EPF ned in
cl ai m 24 weaclepixes irethe sliginanpigitized color)insejet witigow l@ﬁam & tHe legatidbn bd one;
(i) fgr at kt h. i pde sequencg, determning a (k+1) th index selp?uenc? by
optim Png henRixgbdk dginghdigitiredcaleninegde wharght M nlegadhan gy ipaua

to N;

{b) providing a first new output function for providing a one-to-

one mapping of the M distinct colors onto the pixels in the M disjoint clusters;

(c) applying a soft decision optimization process to the first new

15 index sequence and the first new output function to provide the new index
sequence and the new output function respectively based on, for each
member of the first new index sequence, how a color value assigned to that
member by the first new output function correlates with the color value
assigned to at least one other member of the first new index sequence by the

20 first new ouiput function.

23. The method as defined in claim 22 wherein the new index
sequence provides a soft decision pixel mapping such that, for each pixel in
the new digitized color image, the color value assigned to the pixel by the new
index sequence and the new oufput function depends on the location of the

25 pixel in the color image.
24. The method as defined in claim 22 wherein

step (c) comprises applying an iterative soft decision

optimization process and determining, after each iteration, an incremental



10 transition probability function, over all possible index sequences;
(iii1) determning a (k+1)th output function and a (k+1)th transition
probability function fromthe (k+1) th index sequence; (iv) determning a
(k+1)th cost fromthe (k+1) th index sequence, the (k+1)thoutput function
and the (k+l)thtransition probability function; and, 15 (v) calculating a
(k+1)th cost difference between the (k+1)th cost and a kth cost, and, when
the (k+1)th cost difference is | ess th¥h-a selected threshold, selecting
the (k+1) th index sequence and the (k+1)thoutput function as the new

i ndex sequence_and the new out put function resPecti vel \é . %%_Per vxllcéfSﬁ\s‘\t

i ncr easi ngeUelipM I AGCosE fuaelinn reprsantipe ¢omprassiqn, prdogisiytion hod as
defined i L al L Rnbk RS (ii), the step of determning the
(k+1) th %ﬁ@é@lge%ﬁ%%&ggéigbngé ?'rr%r??ng the cost function, for the given kth

out put function and kth transition probability function, over all possible
i ndex sequences constépds) tarmigates\vandthe navgdnienhseagencamnd i pgvas

defined in claim26 wherein. 25 ste a) furth ' upj e M
i 5 of nt oI ERPRING GEpmeD) SIRD SFb peieriF el RURAST BERPR D M.
step (0 GcemEMetsEFedRPHYi Ng the soft decision optimzation process
relative to the M disjoint groups. 28. The nethod as defined in claim27

wherein the cost function depends on_bg&? ngl M.. S& 22. A dat.a
processi n@syst em f orhedeeties gs slatisgdiin "Q%‘gﬂ’ eeein $1eB (ekeAPPHEES pi xel
mappi ng and a new out put function representing a color palette for a new

digitized color imagg ﬂ?/%%d‘dn@é?!@@q&élitgid‘r@; digitized color inage both
defined on n pixels, erein the original digitized color inage is

provided by N distinct color S, being allocated to the n pixels, 4he new
digitized 10 col or i(fladeria kF oidesdseguames sdetarministors (kkfhg dM9etat ed

to th i | t.h A N h i . f th
Fopr osent Regtene HIpRiREnGIRE GETMERET 5 8 kh SRR i 2 o
i ndex Mg sitioh pladaMiigpfdiction, over all possible index sequences;

(iii) determining a (k+1)" output function and a (k+1)" transition

probability function from the (k+1) " index sequence;

(iv) determining a (k+1)"" cost from the (k+1) " index sequence,

the (k+1)" output function and the (k+1)" transition probability function; and,

15 (v) calculating a (k+1)™ cost difference between the (k+1)" cost
and a kK" cost, and, when the (k+1)" cost difference is less than a selected
threshold, selecting the (k+1) " index sequence and the (k+1)" output function
as the new index sequence and the new output function respectively,

otherwise, increasing k by 1 and repeating sub-steps (i) to (v).

20 26. The method as defined in claim 25 wherein in step (i), the step
of determining the (k+1) ™ index sequence by optimizing the cost function, for
the given k" output function and k™" transition probability function, over all

possible index sequences comprises using a Viterbi algorithm.
27. The method as defined in claim 26 wherein

25 step (a) further comprises grouping the M disjoint clusters into

M disjoint groups, M’ being less than M; and,



the data processing systemconprising: (a) a hard decision nodule for 15
(i) providing a first new i ndex sequence by partitioning all pixels in the
original digitized color imge into Mdisjoint clusters based on a color

of each pixel in the original digitized color inmge wthout regard to the

| ocation of the pixel in the original digitized color inmage, wherein Mis
less than or equal to N, and 20 (ii)_ppaviding a first new output function
for providing a one-to-one nmapping of the Mdistinct colors onto the
pixels in the Mdisjoint clusters; and (b) a soft decision nodule for
applying a soft deci siepn (cpptampiisds aappyingesise t soft haedisioat opémizatoex
sequence and the first new gutput. 25 function to provide the new i ndex
sequence aW&CFﬁéf%‘]@%b\’%éR B‘fgﬁt‘?m’iﬁf‘)f“%pecti vel y based on, for each nenber
of the first new i ndex sequence, how a color value assigned to that nenber

by the firsg new out pHE mifId 88 déffiredCRi CRIAt 27 Whéleil Rike CRIsPfuMaticie
assigned to at | east one other nenber of the first new index sequence by

the first ¢epewipubotiulcandM. 30. The data processing systemas defined in
claim?29 wherein the new index sequence provides a soft decision pixel

mappi Ng= S that, faqr i xel, dif ot di gl tJ iﬁ@&g, t he
col or \%I @'assi gnedgt %att%hg%%igﬁgwbéyéttﬁ'g ﬁw&%@%‘st@'&ﬁgﬂ‘é@l a%%q"tl e new
out put f uneipreserdaygea gixal mapEing |aowha inew olitglidupchiat represatingp horolonmage.

31. The dat rqcessi ng syste s defined in claim?29 . wherein.the soft
deci o1 on TRAIETE e g ai &< yoi0b MapgF osver fefh i eridial Sotiredced il on
optim zatiiathdd 8685 Befiféd bnl @ pBRIS Whksin #hé Yrighdd Hib#i2EALdoME infde is
incremental reduction in a cost function representing conpression and

di st ort i onprovidgsebyN distiact ehlgist being adloksted ieeifie, n aiels.ithe)nave digitizgdat e

the iterat] . .deci si o LMm.zation proces t ! h ew
i ndex qu@i@%"ﬁ%%' @Vﬁd&ﬁr@g%@s %pciog%{s Tehd Fﬁ@g%gﬁgégéﬁéﬂﬁ?%dm i on
fall's bel oyewd index sequence has n index members for representing the n pixels and

the new output function is for mapping the n index members to the M colors,

the data processing system comprising:
(a) a hard decision module for

15 (i) providing a first new index sequence by partitioning all
pixels in the original digitized color image into M disjoint clusters based on a

- color of each pixel in the original digitized color image without regard to the
location of the pixel in the original digitized color image, wherein M is less

than orequalio N, and

20 (i) providing a first new output function for providing a
one-to-one mapping of the M distinct colors onto the pixels in the M disjoint

clusters; and

(b) a soft decision module for applying a soft decision

optimization process fo the first new index sequence and the first new output

25 function to provide the new index sequence and the new output function
respectively based on, for each member of the first new index sequence, how

a color value assigned to that member by the first new output function



15 selected threshold. 32. The data processing systemas defined in claim
31 wherein the iterative soft decision optimzation process conprises (i)
setting a counter k equal to one; (ii) for a kth index sequence,
determining a (k+1) th index 20 sequence by optim zing the cost function,
for a kt' output function and a kth transition probability function, over
all possible index sequences; (iii) determning a (k+1)th output function
and a (k+1)th transition probabilitydﬁhhction fromthe (k+1)th index
sequence; (iv) determning a (k+1)tt' cost fromthe (k+1) th index

, 25 the (. )th t put | | t1
or ababi 11 £9/7BER MO ten o VBl OGP gtieblias b et dhe.
bet ween t indexCRsfueabd by thé Hirstasdw oatslit fuhetiori.he (k+1)th cost
differ encgﬁﬁtg}lél ess than a selbgct edlr-41-wth9$5hol d,l selecting the (k+1) th

i ndex sequence and the (k+1)t" output functign_. as.the.neyw i ndex sequence
and the né® out put fTJTﬁ:é’? rPE@%%BBiS\)’@FeW a%@ﬁ@?%@%?&‘fﬁ%%éﬁ%‘“@ y 1 and
repeati ng - il : | sMEhetnatsfalef i ned
inclaim Egupm}]rgnﬁegcfﬁe&?%c%ﬁgéﬁ%es( %f?ﬂ_'?ﬁ%&és‘?gp&gg Pg‘z‘?%eé?‘?ﬁg ni ng gﬁhe %k+1) t"

i ndex $eqeanbeiksl iopthemhewndjgitined aodert iniage,t thencolbovaluse agsigead ke thgut put

function and,kth, transitjon prababil i functi.on, . oV I i i ndex
sequencesP Yite Hee s xase{)%uteé\pﬁianc%%op?\yrﬂﬂtpléwun?ﬁén ?&Pgﬁgg?gg’!@ ng
system as |gefibRest the pikaiimnScolbeintadge.10 the hard decision nmodule is
operable to group the Mdisjoint clusters into M disjoint groups, M

being less than M and, the hard decision nodule is operable to.apply the
soft deci &flon opti niheadaerprpeessiag sysleat i ardetinedhd §RN<S WhEEYr oups. 35.
The data processing systemas defined in claim34 wherein the 15 cost

‘;ﬁ“gt ngpﬂtegfngisgg %ﬂ%;&N%OMmo&ﬁeiéﬁ%‘mH@aﬁ) & QBIPEPREYEGE Joir use
10 decision optimization process, (i) to determine, afier each iteration, an
incremental reduction in a cost function representing compression and
distortion of the original digitized color image, and (iii) to terminate the iterative
soft decision optimization process and determine the new index sequence
and the new color mapping when the incremental reduction falls below a

15 selected threshold.

32. The data processing system as defined in claim 31 wherein the

iterative soft decision optimization process comprises
(i) setting a counter k equal to one;

(i) for a k" index sequence, determining a (k+1) " index
20 sequence by optimizing the cost function, for a k™ output function and a K

{ransition probability function, over all possible index sequences;

(iii) determining a (k+1)™ output function and a (k+1)" transition

probability function from the (k+1) " index sequence;

(iv) determining a (k+1)™ cost from the (k+1) " index sequence,

25  the (k+1) output function and the (k+1)"" transition probability function; and,

(v) calculating a (k+1)" cost difference between the (k+1)" cost

and a k" cost, and, when the (k+1)™ cost difference is less than a selected



create a pixel mapping and a new output function representing a color
palette for a new digitized color image derived froman original digitized
color image both defined on n pixels, wherein the original digitized color
image is provided 20 by N distinct colors being allocated to the n pixels,
the new digitized color image is provided by Mdistinct colors being
allocated to the n pixels, the new ingax sequence has n index nenbers for
representing the n pixels and the new output function is for mapping the n
i ndex nmenbers to the Mcolors, the conputer program product conprising: 25

a recor di nghrBBHbMMscRRHNFU S Bdanded sequbhse BRI tHEVkO1)" diftbiitinkignt he
conputer systemto performthe steps of: -42- (a) providing a first new

i ndex sequé@fctheyngyrindexoreayendd gridkdhe nawt msititi finmdiondirgspectvecol or
. > Oy : _ | ! S A
or g nal - aoRlei e B RIChE 1 AR RBH Ay s REr B Kon of the pi xel

inthe original digitized color imge, wherein Mis less 5 than or equal
to N, (b) BBoviding &Hd dsta peoessihguysfemcds defifed iprctannmdBagvieereimeant o- one
mappi ng_of fhe Mdistinct colors onto jhe pi.xels in the di sj oi.nt
CloterS: s (QcTeBPtAarugng Uedkerbh ity ardusnienopARIEEantdhehe 10
first new bBQeﬁ!rﬁﬁiﬁH?'?&etr?‘intehek‘ﬁ oUBIutRWCAYA PAHd flé‘h%ar@nidrpgﬂmbim? the
new index sequence and the“new output function respectively based on, for
each nenbémationt hevér radlt pessiblendesiexs egequrrtcesh aonaprissisorusig ue ¥¥siined to
that nenbe b.%hthe first new output function correlates with the col or

val ue ass?@% Mo at 1east one other menber of the first new index
sequence by the 15 first new output function. 37. The method as defined in

cl ai m 36 wiar ei n t he Thewdatadescesshay eystenpas defined dn shiih 3wherain pi xel
mappi ng such that, for each pixel in the new digitized color inage, the
color \‘/I?jl ue assigned tl;:é) htargg géés%nbr%ow% pse\gperable to -group the M disjoint

clusters into M' disjoint groups, M' being less than M; and,

the hard decision module is operable {o apply the soft decision

optimization process relative to the M' disjoint groups.

35. The data processing system as defined in claim 34 wherein the

15 cost function depends on both M and M'.

36. A computer program product for use on a computer system to
create a pixel mapping and a new output function representing a color palette
for a new digitized color image derived from an original digitized color image
both defined on n pixels, wherein the original digitized color image is provided
20 by N distinct colors being allocated to the n pixels, the new digitized color
image is provided by M distinct colors being allocated to the n pixels, the new
index sequence has n index members for representing the n pixels and the
new output function is for mapping the n index members to the M colors, the

computer program product comprising:
25 a recording medium, and

means recorded on the medium for instructing the computer

system to perform the steps of:



i ndex sequence and the new out put function depends on the |ocation of the
20 pixel in the color imge. 38. The nethod as defined in claim 36 wherein
step (c) conprises applying an iterative soft decision optimzation
process and determ ning, after each iteration, an increnmental reduction in
a cost function representing conpression and distortion of the 25 original
digitized color image, and step (c) term nates and the new i ndex sequence
and the new col or mapping det er mi ned” Aen the increnental reduction falls
bel ow a selected threshold. -43- 39. The nethod as defined in claim38

wherein step (c) conprise ). .S5ett] counter k e I - (Jl,) for a
kt h i ndex sequence, deterfﬁ)&%ré\aaﬁ'iéﬁ%ﬁlw fngse%begﬁgrpeég%&ﬁggmgré%i ng
the cost fagsisiinnhe farigidalkdifitioed Rotorfiigid Rito Adigoiat kiusersr leasdd bam
probability function, over all possible index sequences; EI ii) determning

a (k+1)th @Rt epchdixeddn dha aiginal Jigiiized saipt inoage pridwabireard UM i on
f o . TR P ]
(ko1) tn 16GHor br HASTSIHRREFrighp) WidEET B ithdbel (Hidrlh §A5¢ e6om Lhe

(k+1) t g r dhantoremuai thidbi | ity function; and, 10 (v) calculating a (k+1 )m
cost difference between the (k+l)th cost and a kth cost, and, when the

(k+1)th cost difference ig,less. than el ecte r eshol sel ecting the
(k+1) th index sequence aﬁ)d Rfﬁg"ﬁ'_ﬂ(&ﬂ ﬁFﬁ o’&?‘ﬁp‘?lﬂpﬂﬁgwcg’r‘?n Eﬁg ?rﬁé’_’(ﬁ%gnqex
sequence %-ﬁdﬂsn@%whgtﬁf thengt diefinéteshBes bMR the pReleiiiReM drgsiaasi ng k
by I and repeating sub-steps (ii) to (v). 15 40. The nethod as defined in

cl ai m 39 wiwstersi and,step (ii), the step of determning the (k+1) th index
sequence by optim zing the cost function, for the given kth output

funct  on and kth,transs 1 69 G 4.0 BUBRIdPYpUAEIGH brodassidire | ndex
cl ai m#D viret W index sequence and the first new output function to provide the new
index sequence and the new output function respectively based on, for each
member of the first new index sequence, how a color value assigned fo that
member by the first new output function correlates with the color value
assigned to at least one other member of the first new index sequence by the

15 first new output function.

37. The method as defined in claim 36 wherein the new index
sequence provides a soft decision pixel mapping such that, for each pixel in
the new digitized color image, the color value assigned to the pixel by the new
index sequence and the new output function depends on the location of the

20 pixel in the color image.
38. The method as defined in claim 36 wherein

step (c) comprises applying an iterative soft decision
optimization process and determining, after each iteration, an incremental
reduction in a cost function representing compression and distortion of the

25 original digitized color image, and

step (c) terminates and the new index sequence and the new
color mapping determined when the incremental reduction falls below a

selected threshold.



20 step (a) further conprises grouping the Mdisjoint clusters into M

disjoint groups, M being less than M and, step (c) conprises applying the
soft decision optim zation process relative to the M disjoint groups. 42.
The met hod as defined in claim4l wherein the cost function 25 depends on

both Mand M.
- 43

39. The method as defined in claim 38 wherein step (c) comprises

() setting a counter k equal to one:

(i) for a kK" index sequence, determining a (k+1) ' index
sequence by optimizing the cost function, for a k™" output function and a k"
S transition probability function, over all possible index sequences;

(iii) determining a (k+1)™ output function and a (k+1)™ transition
probability function from the (k+1) ™ index sequence;

(iv) determining a (k+1)" cost from the (k+1) " index sequence,
the (k+1)" output function and the (k+1)" transition probability function: and.

10 (v) calculating a (k+1)" cost difference between the (k+1)" cost
and a k™ cost, and, when the (k+1)" cost difference is less than a selected
threshold, selecting the (k+1) ™ index sequence and the (k+1)" output function
as the new index sequence and the new output function respectively,
otherwise, increasing k by 1 and repeating sub-steps (ii) to (v).

15 40. The method as defined in claim 39 wherein in step (i), the step
of determining the (k+1) " index sequence by optimizing the cost function, for
the given k" output function and k™ transition probability function, over all

possible index sequences comprises using a Viterbi algorithm.
41. The method as defined in claim 40 wherein

20 step (a) further comprises grouping the M disjoint clusters into
M disjoint groups, M’ being less than M; and,

step (c) comprises applying the soft decision optimization

process relative to the M' disjoint groups.

42. The method as defined in claim 41 wherein the cost function
25 depends on both M and M.



