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Field O The Invention [0001] The present invention relates to a nethod,
system and software product for color imge encodi ng. Background O The
Invention 5 [0002]In recent years, the volune of color inmage data on the

I nternet has been explosively increasing. In particular, due to the
increasing popularity of web sites, djgital caneras, and online ganes,

col or image data have becone a significant portion of the Internet traffic. -
On the other hand, access to color inmages through wreless channels or via
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quantization distortion, inprove visual quality of quantized inmages, and
decrease conputational conplexity. Several tree-structured splitting and 20
mer gi ng col or inage quantization nethods are proposed in the literature -
see, for exanple, references [1] to [6] - to achieve, nore or less, this
obj ective. [0005]On the other hand, when coding is concerned, the color

pal ette and pi xel mapping are often assuned to be given, and the objective
is to 25 design efficient codes for-#Zve index sequence so as to reduce the
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f here
or a soft decision pixel mapping for which a RGB color. vector may be

" quantized into different colors of the color palette at different pixel locations.
‘The index sequence resulting from the pixel mapping is finally enooded by a
lossless code.

15 [0064] 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

| quahtization distortion, improve visual quality of quantized images, and
decrease computational complexity. Several tree-struciured splitting and

20 A‘tnerging 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 concerned, the color palette

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

- 25 design efﬁcieﬁt codes for the index sequence so as to 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



I's provided a nethod for creating, froma digitized color inage with N
distinct 15 colors using a data processing system a tree structured
partitioning of all pixels in the digitized color inage into M disjoint
clusters, wherein Mis 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 each3P-bit byte are ordered from nost
significant to least significant. The nethod conprises 20 (a) providing a
root node conprising all of the N distinct colors; (b) providing a first
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selecting and merging leaf nodés until there are only M leaf nodes left.



The conputer program product conprises a recordi ng nedi unm neans recorded
on the mediumfor instructing the conputer systemto performthe steps of:
(a) providing a root node conprising all of the N distinct colors; (b) 30
providing a first |level of sibling nodes linked to the 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 value of a first bit in each
P-bit byte in the plurality - 5 - ofA-P-bit bytes; (c) for each node in a
kth | evel of nodes conprising nore than one color, providing a plurality of
sibling nodes at a (k+1)th level, wherein each color in Hgat no
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20 [oo08] In accordance with a third aspect of the present invention, there

is provided a computer program product for use on a computer system to

. éréate, fréfh a digifized color fmagé with N distinct colors, a free stiuctured
partitiohing 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 palefte, 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 fo perform the
steps of: (a) providing a root node comprising ali of the N distinct colors; (b}
30 pfoviding 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



palette for a new digitized color image derived froman original digitized
color 5 image both defined on n pixels, wherein the original digitized
color image is provided by N distinct colors being allocated to the n

pi xels, the new digitized color inmage is provided by Mdistinct colors
being allocated to the n pixels, the new i ndex sequence has n index nenbers
for representing the n pixels and thegnew out put function is for mapping
the n index nenbers to the M col ors. ?O The data processing system
conprises (a) a hard decision nodule for (i) providing a first new i ndex
sequence Jpyo BaMhjtdd:qe) As Sadh RbAES al K 1del oF natiaslcoflitiging atbreahan | mage
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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 fo at least one other member of the first new index sequence by the

30 first new output function.



provi ded herein below wth reference to the foll ow ng draw ngs, in which:

[0013]Figure 1, in a block diagram illustrates a conputer systemin
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 algorithmin accordance wth a first variant of a
sof t - deci si on optim zation aspect of-®he present invention; 25 [0016] Fi gure

4, in a graph, illustrates a \/terbl algorithmin accor dance vvith a second
vari ant of a.soft- eC| 5| 0 opt| j.on aseeﬁé of the reseﬁ venti on;
and, [00I08%lgure %CGC‘N ?a i}hﬁﬁp?fl thepresent gygn P"t l'%orrputer
Syst em ofg o%@? DRAKMPIdrOdeWing" £ W GAdsredusReés O The
| nventi on Ek&gaéd]%o %i?errln t’o Frlhgure 1, ﬁere Is illustrated in a
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I nvention te er m)r 12. for ri al o
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optim zes th quantization, distortion and.conpression. weight while

mai nt ai nprayided/bydisiistinct enlers being allocajed ta the mpiels; the QE\M digitieed/ PNG
e e i o SRRy VAT 081 o
system l@ew dbR dduamtbItan indedwidmBers {d¥GéPteBantingithe rophiels aadi on
probl em of col or image encodi ng can_be

the new ouiput Tunction is fof mapping the n indéx members to the M colors.

10 The data processing system comprises (a) a hard decision module for (i)
providing a first new index sequence by pariitioning 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 Iocation of the pixel in
the original digitized color image, wherein M is less than or equal to N, and (i)

15 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 moedule for ap,p‘lying a soft decision optimization process to the first
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 oulput function correlates with the color value
aSsignéd to at l¢ast orie other member of the first new index sequence hy 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 ifnage derived from an origina!l 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



defined as follows: Let Q 47-4,010 r, g, bs 2551 be the RG col or space.
Assune 0= 1 00,01...,0N4 1 is the color palette of an original color imge
whi ch has N distinct colors. If the total nunber of pixels in the
original image is n, we 15 obtain an index sequence |=by scanning the color
i mge fromtop to bottomand fromleft to right, where it neans that the
color vector of the kth pixel is cfrLgdf we confine ourselves to using a
new col or palette Cwith Mcolors (M< A) to reproduce the original color

i mage, the joint optimzation encoder is ainmed at finding a new col or

pal ett e @ompeieneprogralax pAidisd geempdsdss/faaecording , medjurandaya, | peshess

e cost TeeRtieoht R rRAgheLfor RABAITE e Epmiauded ALsemhes o288 gnd i on

nul tipli %teg@'?ﬁc %lgﬁoﬁihﬁl(gsﬂqﬁéten&hﬁﬁ’dei Qéﬁﬁéﬁ‘éb BX ﬁaﬁ‘ﬁﬁcﬂﬁﬁ?%ﬂ’}ﬂx@ﬁ. iRy cu,
2540"ck) =01 -ck1l12=--1-(g4 -gckr (b0, (1.I) [0020]'Since there is a
one- t o- oribereiginalgdigitizad @avler imags inde M aiisinint clusterst hased oni acolordfa

0551552 SE0n S T Bl Rl RR07 A0 WA SE 90 6l
24, ,,,"")thé fikelin thé)dtiginall @itizge kotor (rkge, whebeihdl ik #e~than or equal
fo N (b) providing a first new output function for provid;ing a :bne-to-one
mapping of the M distfnct coldrs onto the pixels in the M disjoint clusters; (c)
applying a soft decision opfimization process to the first new index séquence
10 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 comrelates with the color value assigned to at least one other
member of the first new index sequence by the first new output function.

15 Brief Description Of The Drawings

[0012] A detailed description of preferred aspects of the invention is
provided herein befow 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] Figuré 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 soff-decision optimization aspect of the present

invention; and,

[0017] Figure 5, in a block diagram, illustrates a CPU of the computer
system of Figure 1.

30 Detailed Descrintion Of Preferred Embodiments Of The Invention




(1.2) is the total square error (TSE), which is closely related with the
visual quality of the quantized col or imges. Note that the m nim zation of
TSE or other 5 simlar distortion neasures is the sole purpose of

quanti zation-oriented nethods considered in references [1] to [6].
Simlarly, given the new color palette C and pi xel mapping (hence the index
sequence U), the mnimzation of bit rate n-11(U) anong all possible

| ossl ess codeword | ength functions t8s the sol e purpose of codi ng nethods
for color-quantized i nages considered in 10 references [7] to [9]. The cost
function given above brings forward the probl em:of joint optimzation of
the rat 40@nd] di st oRefesring Tad-igueendi thereors Husirated; ipra idodetd@opamed by t he

color palette C an I xgl. mappi I.e e, l.ndex. s &ehitibh) ; e

conpr es SORPYIES eslﬁsgergeﬁr'ﬁi ﬁ%’%@“&%‘t Yith h%'bp?%geél%?xcr?ag%rng a%‘éht t-1rehtelh ossl ess
codevor ¢drgpalel dystshi Somprisle = mérhoppURsSfor toeingScalox éhagepataga s a sof t
deci si on pixel mapping. Therefore, even if the |l ossl ess codeword. |ength

f unct i ormeniter 14 feidisplayingdigial colof Enages. 3 HH18J0bEPRIS REOGESSEGand
distqrtion - changi. L C JLPO23LTher e aks gagly | gaf, codewor d
| engt f%&%&n&'%\’gi@ﬁ %B’é%&ﬁﬂi#gc%%qaa%%?égte tlﬁg trotf)ﬂ;f&_(?%dgé such as
Huf f man qm_gﬁ&gﬁ@np- aﬁsgdmﬁcﬁmaand" Aorl"qubssiolflowveig'ht owhite r onaintaining low
m ni mum r edundancy_ codes, ". Proc. | RE,  vol: 40, na .. 9 . 98-11-01, 1952
( her ei nagareputatiopat §ﬁi’£@? Xjty) afc WijlgyW@B@Eﬂ?]N&ijgg%q%g' .g“%eefﬁ)el . "A
uni vers rh | NG &stfr 9Br ‘enbB8iRg hanGolofn
| nf or na'tal%%(?]dc%}ue%é ;%'%@%S ag‘%p%?baggeegfsm%7 A rqer i<'aierr1laf t erg “reference
[11]"), idagl Watadpdor lieniis| traEsmiskiemsfromntive neomputEtesysierhdOeivitaf t er
"reference 1%,&% tic codes I. H Wtten, M Neal, and J. G
d eall, TapsMIFHAN €0 for data conpression,” Commun. ACM vol. 30, pp.
520- 540, June 1987 %he_rei nafter "reference 13] r) a%ramrar-. ,

- foo19] The joint optimization problem of ‘color image encoding can be

defined as follows: Let Sz={(r,g,b)|05 r.gb=255} be the RGB color space.
Assume O= {oo,ol...,oN , 1 is the color palette of an original color image which
has N distinct colors. I the total number of pixels in the original image is n, we
15 obtain an index sequence I ={iy,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 opfimization
encoder is aimed at finding a new color palette C = {ce.cy.mnciy _}. a new index
20 sequence U =(up4....%,,), and a lossless codeword length function / to
reproduce the original image and to minimize fhe cost function:
a1

7 U)+ M"E d(o,.k,cw_ )

k=0

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

representing o, by c,.:

25 dlo,c,) =|o; --c,:“2 = (Ta.- - r;k)2+(gq - g, )2 + (ba‘_ -b, )2 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.



based codes, E.-H Yang and J. C. Kieffer, "Efficient universal |ossless
data conpression algorithns based on a greedy sequential grammar transform

30 part one: Wthout context nodels,"” |IEEE Trans. On Information Theory,
vol. - 10 - 46, no. 3, pp. 755-777, May 2000 (hereinafter "reference

[14]"), J. C. Kieffer and E.H Yang, "G ammar based codes: A new class of
uni versal | ossless source codes,"” |EEB®Jdrans. on information Theoiy, vol.

46, no. 3, pp. 737- 754, May. 2000 (hereinafter "reference [15]"), E -H
Yang and D.-K. He IEEE 5 Trans. on Information Theory, vol. 49, pp.
2874-2894[002dp3 (heCddatiyfter "reference [16]"), and | ossl ess codes designed
specifically for color inmage encodi ng - see references [7] to [9]. Since we
want to maintain COE i bilyt th G/ PNG de ;od hoose Ito be the
codeword | ength of é’.t@?ug)ﬁ %&l'a'ht of e oof d} decode!-And of
the 1277 code or it&®variant % the 10 case of PNG decoder, J. M ano,

" Conpr esse file-format Jpeg xbm " ACM Press, 2000
(her ei nafi F‘e P%?@ﬂé'ﬁﬁ%e[rﬁﬂ E).phich i (’I?qs%ér@émﬁ @ﬂhnﬁeé&%{?'% tysi npl y

by /LAU) . ofTh rﬁr‘nf’% o

n- IILz(U)?rf flﬁlhgp?%ea E:%lcgi-oﬁr?(a% g@?t% ggi 'Fﬁe cost aéﬁgt?f;n gl \(/)g?\ﬁ'g%ove IS

of forfn ssimilaar distortibe bessures is the sole purpose of quantization-oriented
methods considered in references [1] fo [6]. Simiilarly, given the new color
palette C and pixel mapping (hence the index sequence U), the minimization

of bit rate » o) among all possible lossless codeword length functions 1 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 distorﬁon. The quantization
distortion is determined by the color palette C and pixel mapping (ie., the
index sequence U); the compression rate is determined by both the pixel
~mapping and the lossless codeword Ien'gtlj function I. 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 Huiffman codes

20 D.AHuffman, “A-method for the construction of minimum-redundancy -codes,”
~ Proc. IRE, vol. 4(5, ho. 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]9, J. Ziv and A. Lempel IEEE Trans. Inform.

25 Theory (hereinafter "reference [10]"), arithmetic codes |. 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.



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 -4Z Jan. 1989 (hereinafter "reference 1181"), and in particular
to the cost function defined in varl aﬁ e-rate trellis source encoding
(VRTSE), E.-H Yang and Z. Zhang, able rate trellis source encoding,"
| EEE Trans. on Information Theory, vol. 45, no. 2, pp. 586-608, March 1999

(hereina "pefer " g r tion of
ent r opy- Eé '[‘%o%’sé[? a?%é—?i 2%33’ %ﬁ?ﬁ%{%ﬁ?%%? ')é vec?gﬁﬁha'ﬁ&e z‘gltke Jlﬁéﬁ [18] in
the sensgnd lRtH| Yangk eSratamant bagerl bbéesstAmﬁwrmﬁldf pmvrmal fopslieas zes the
resulting rate, distortion, and selected en od| ng@P\#é ef fLcient

perfornaﬁ%@'cee%ﬂﬁﬁﬁaf&@flﬁ‘aﬁéwofa‘ﬁ@fﬂ{ﬂ% rRRc(Phr |y
e

desired for' saving storage space an 4] Based on
VRTSES W&rdrasy eoml enddmptivrt Withewey,hodls 49) ppc @8d4nr2894 2008n(fepirafteof t he

Lo ot nt HETBIPRIB barhd 1 Reslssa foss AoRORPL S e ol BB80Rr o o
whi | t ok th
& 1 PG T B e Y T T B Wk 13 e o :,I'.*’i‘e "

mappi ng, withdSH/ENG deaodele we chadsi 1 tQ)he the cadewratd dergthi ofL-Z7 & ar ither

aspect of th ent| const,r I

ober | 2ok EahRaeor Bl (RBaER AR B8 AELRR R A e . o

and hecabhyemmmmer eNt oG, “G@nﬁﬁ@é&é@irﬁ@@e&'ﬂﬁferﬁiﬂtstmg g, i zed

color image, is devel %QVIRWSS provide an initial color inage encoding schene
t

for VRTCQITL1xRimg bomxr A 2080 herainpitery relerence 7195 mhighewill %y to

Revi ow of bR Baffliedter %I?Iﬁ‘&&%éwérﬁ%ﬁ%éiﬂ‘% BRSGIRRAR pebt 2

trellis ﬁqmgegr}pggfagsep@sent ed in 091 is an extension of fixed slope
| ossy coding, E. hur Yang, Z. Zhang, and T. Beérger, "Fixed-slope universal

| ossy data conpression,” |EEE Trans. onel nformation Theory, vol. 43, no. 5,
pp. 1465 -1476, Sept. 1997 (h‘ét,glUﬁafwr‘Ed(ef,e;énce [201"), to the case of
trellis-structured decoders. For each rigal*-val ued source 20 sequence xn =
it ainms to find a sequence it =EMs" =-11, to minimze the cost function

. 1(xp =[002F(ul +The kosl findtigugiyen abokeris &f form asngllaerho lthgr cosfi an

l[tiplier, 1 i I I d f t =
UL s oSS SorstSn-So et B HENRE Posh
P is the Gyar . el bBkabhsyR! tagd Ref Medshyy, 2“BnlropfebnstrdiRkd2 vector

quantization,” 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 défined in variable-rate trellis source encoding (VRTSE), E.-H. :Yang
and Z. Zhang, “Variable rate frellis source encoding,” [EEE 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 frellis structure and jointly optimizes the resulting rate,
distortion, and selected encoding path. lts efficient performance, especially in
low rate regions, makes VRTSE particularly applicable o color image
encoding where a high compression ratio is often désired for saving storage

30 space and fransmission time.



1-00 for any x"=(x0,x1 ..... Xxs_i) and z" = - 12 - [0026] The reproduction
sequence /3(d) is determined fromit through a trellis-structured decoder
13 = ,9), where 1:5 x M---> S is a state transition function, Sis a set of
states, and g: SxMse,--,12 is an output function. The functions f and g
determine the trellis structure and the 5 set of reproduction |evels
(simlar to a color palette), respectiyyely. Gven an initial state s,, the
reproduction sequence fl(un)=(z0,z,,...,2".4) is conputed as foll ows:

In other words, upon receiving if, the decoder 13 outputs the reproduction

10 sequenpop243( 111) Baskhi bp tYRYSESI i@ tihdres eduriigiedf tvid ahRihodd ORR7] Fi x

p. Select / to be the kth-order static arithnmetic codeword |ength function
Luk with Reeerdpaee Withnsi iaswest ophdhei igventing: | iablerratendrelliy esaler
o 900! BB RIS L8 G VRIAGEP'S T RARHP st SOHP e
quantization distortion and compression rate while maintaining low
5 computationai complexity and compatibility with GIF/PNG decoder. Both
VRTCQ 1:and VRTCQ 2 use a soft decision pixel mapping, and are iterative.
~ In addition, in accordance with a further aspect of the invention, entropy-
constrained hierarchical merging quantization (ECHMQ), Which uses the
octree data structure for RGB colors and locally minimizes an entropy-
10 constrained cost for the quantized color image, is developed to provide an
initial color image encoding scheme for VRTCQ 1 and VRTCQ 2. On its own,
ECHMQ provides an efficient way fo 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] ié 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"=(x,%...x_,)ER, ¥ ams to find a sequence

u' = (g, 0, ) E M2, M, ={0,1,...,M -1}, to minimize the cost function
Hx")=n1{u") + )\Jt"lp(x",ﬁ(u“))
where A is a given Lagrangian multiplier, [ is a lossless codeword length

function, g(u")=(z,2p-.2,4) is the reproduction sequence corresponding to

25 4, and pis the square error distortion defined by

2

\ p(x",Z")é"E_lp(xﬁz,-)_AS(x.-—Z.-)

i=-0 1]

for any x" = (x5, %%, ) AN 2" = (20 2penr2y 1)



"vil-. [0028]Fix f. The joint optimzation of g, if, and(or equivalently
Wul uk)) can be described mn mn itt-194 (un)+ AnT1l p(x",(2.5) [0029] An
alternating algorithmwas proposed in [19] to solve the joint 20

optim zation problem (2.5). The procedure of this alternating algorithmis
as follows: - 13 - W(uluk)> O for any uE Mse, and uL E Mst. [0031] Step 2:
Fix eand W 4. Use the Viterbi algorithmto find a sequence (unr =
(urae,...,e) satisfying Equation (2.4 wth g replaced by e and Wby W4. 5
[0032] Step 3: Fix (tit. The index sequence yr gives rise to the update of
transition probability function and output function as. VV)(quk) Il -,u E

MeenuE Mpodef (14ThB(réproduetiors sagdence B(#") is determined from 2" through
a trellis-structﬁred decoder ﬁ -.—_-( f.g), where f:SxM,—S is a state

- transition function, S ={Smsv .;.,slgH} is a set of states, and g:SxM_,— R is an

output function. The functions and g determine the frellis structure and the

5 set of reproduction levels (similar to a color palette), respectively. Given an
initial state s, , the reproduction sequence B(u"} = {2 ---+2,+) is-computed as

follows:

z; =g(s,-i,u _,.)
| Sira =f(S" ’uj) 2.3)
j=0L..,n-1
In other words, upon receiving ", the decoder g outputs the reproduction
10 sequence ﬁ(u") ~(20,2,-2,,) While traversing the sequence of states

‘O’Sﬂ’ n'

[0027] Fix 8. Select [ to be the kth-order static arithmetic codeword
length function I, with kth-order fransition probability function W(ylu"). The

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

15 W = arquv,,vﬁl;,i? l)eu'[n_le (vo,vl,...,vn_l) + At p(x",ﬁ(v"))] | (2.4)
[0028] Fix f The joint optimization of g, #", and L} (or equivalently
W(ufu*)) can be described

~1 ” n 25
%n uggr{t[n L +An p(x B )] (2.5)
[0029] An altermnating algorithm was proposed in [19] to solve the joint

20 optimization problem (2.5). The procedure of this alternating algorithm is as
foliows:

[0030] Step 1: Set £ = 0. Select an output function g”and a transition

probabitity function W satisfying



10 where :irk' =0,1,...,n -1, are the states traversed by the trellis
decoder fr,g(4) in response to (ult), andis taken over all | satisfying 4gt
and u9= u. [0033]Step 4: Repeat step 2 to 3 for t =0,1,2,... until
[n-4/7:1((ul | + +n, 131(ut))1414 etv") ((e)(c+g) An-ip(x.,polunyti 15
whereis a prescribed small threshold, and fly" is the kth-order static
arithnetic codeword I ength function aggociated with kth-order transition
probability function WM ul uk). Then output gQ+l), (un, and 10'44). [0034] The
performance of VRTSE is asynptotically close to the rate- distortion
limted, as shown by ef € 9]. The 20
experlnental results EEeqﬁégﬁzgfgﬂgn u g%?éﬁkfghgggéhhrkov sources show
that VRTSE is especially SU|tq3ae for Iomfrate codi ng. .To apply VRTSE to
col or i md883%hcodi rfgtepha ok | kg WibblUses theudtasel algoridysetp find asg -

[ 0035] Probl em 1: Th e ssl ess codeword | ength function used in VRTSE is a
kt h- or dersethme af‘)? hz'u );uf‘) c:ouf,él atisfydng tHodationt (204) with @nreplaced byr hand,
in the present exanple of color inmage encoding, the |ossless codeword

| engt h f ugftarehwt sytw& Lenpel - zi v codeword length function 6. 5 [0036]
Problen12 In VRTSE, the initialization step, Step 1, is unspe0|f|ed That

o7 " 0SB 86 3L bl St ohieR vt ) Ao BB INIETSS o

initial col ncodi 7 | To reduce its

comput atlv.&g%teggﬁ%pg@op roﬁﬂl%z?ﬁ/ﬁ‘egwq{)ggiohﬁjﬂ%ﬁ% is often choseh to
be binary with Mse, = that a hi 8h order anithmetic codeword l'ength can
be used. On the other i{o i’)rh@()&b‘r) i D58 <q ing, the cardinality Mis
usual ly rel atlvw:(‘yl)(o 2 anfl cobl’d’be as | 35e2pB. uthgrefore, a new
way to reduce the c"ﬁ!; t at :Jgpgfgﬁhpbe@gt <|,,2§l‘3needed 5 [ 0038] To get

around Problem 1, we wll ound the Le | -ziv

and

g% (su) = 2"‘xj . SESUE M
I{j:s,.l_ =s,u€?=u,05j<n}l :

10 where u;=u Sty 08, ] =01L...,n~1, are the states traversed by the trellis
decoder (£,g") in response to ("), and 2 is taken over all j satisfying

§ =5 and u(‘) u.

f0033] Step 4: Repeat step 2 {o 3 for #=01,2.... until

[ ! I;'(') ((u,. )(r))+ M-Ip(xn’ ﬁ(l)((un)(‘}))];_[n-l L‘Lv(ml ((un)('+l})+ M—lp(xn , ﬁ(”‘)((u")(m)))]s £
15 where Zj is a prescribed small threshold, and L‘L‘,’“ is the kth-order static

arithmetic codeword length function associated with kth-order fransition

probability function w'? (u|u ) Then output g**,(« ){'“” and W&

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

color image encoding the following problems must be addressed:



codeword length function ii,. 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 it = 1.n )4 _q, log logn 11.ke)
rktu(2.6) iilog n 20 where rk(un) is the kth-order enpirical entropy of it
in bits per synbol, %is a constant depending only on k, and | og stands for
the logarithmrelative to base 2. A simlar upper bound is also valid if ia
is the codeword length / function of-18277. Instead of minimzing 1 -44 it)
subject to a distortion constraint, we will mnimze rAte) subject to

the sane distortion constraint in 25 VRTCQ 1. éﬂ;ffer nt u per ound wi ||
be used i[A0RHITCQ 2.Probigmedts The dosslase erflpviarde lengih oy netioh " tise

Ent r opy- Qﬂ;@f %W

[ 00391Accor d}éﬁg]%{]%qcéﬂ: g('ﬁs&r g{éltgfaé r{th(ﬁ{%%hven I on %ﬁ%ﬁfﬂjnc}lo L’édgpetgged
through ahanhafgy i Qﬁétﬁr@béﬁﬂ citbfipts i §dlbr image Nencbiding,i el ioyslddsCHM))
whi ch provides an initial color inmage encoding schene for VRTSE. ECHMQ
serves asadewardlengthfugetiorsisdhe Lempeiziv spdewnirdeny 'hﬁﬂ‘oymé@ 2. 5

[ 0040] ECHMQ i s hard-decision quantization, which partitions the original N
col or 5 i 0036] non- d¥mblemnped] dusVETSE,f ithdsilﬁtiali?qaﬁoduﬁéme Sepor, fisr each

cluster, and deternines the reproductive col or. for(paca (o] & col or
regar dl edinspeciiied. thaf | tSb Bﬁwotp selectdhe dnitial fUBSF%‘?s &n ahd ¥W- d?snl@ﬁé?

e rat e BNIXLSE E0 Kerbitey. ool pHoF iR SEhy skeindl, ALChN a.eﬁefif f

cost, m'ﬁblgﬁaﬂﬁ?ltzﬁ%lbﬁiﬂgebﬂ@d&h@s\&héw@ n - pl xel color inmage with a

col or pal ette 0= 0"} and desired new color palette size M< N, we use
\*”A‘hha[]d' R ??] 0][' q“PfHHlénﬁr 3QTToOré2ﬁrde' ﬁé %nﬁ;blﬁaﬂbﬁal SoRplaXity, Meinmhers 15
ich sa or I J, and

10 set M in VRTSE is often choéen to be binary with M_, =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 {arge, 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 I, is the codeword length function of L.Z78,
then it follows from the lossless source coding literature (see, for example,

[14]) that for any sequence «" = (i, 4p-rr4,_,),

1, /. .~ loglogn - :
—];-l,z(u )srk(u )+qk—91%);-%z- (2.6)

20 where r(u") is the kth-order empirical entropy of #" in bits per symbol, ¢, 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

AV . - e
function of LZ77. Instead of minimizing —l,z(u) subject to a distortion
n .

constraint, we will minimize 7,(#") 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



CGl1C(3.7) UCIU...0 CnmnE O The integer fornms of the centroids of clusters

constitute the color palette C = {co,c ..... cm 4}, and the mapping from an
original color to a cluster explicitly 20 maps each pixel to an index. Let
it --(uo,u"...,; _je Mhe index sequence obtained frommapping all pixels to

I ndi ces. Then the entropy-constrai ned cost of the quantized inmage is
defined as: AO= R(qg)+ AD(Q)(3.8) Wnega A. is a lagrangian nultiplier. In
(3.8), DQq)is the total square error ED(q):121F(0040k,ci) J-0 okec, (3.9
- 16 - two colors in RGB space, as defined in Equation (1.1). R(q) is the

codeword fouamh of AbBeoddiiifio éﬁ%@%?of {RNinvehiier® probBlefRRns REidkéiBg col or
to an index is independent” of the color's osition in the color I mage, the

first ordéWough aspgnirepy:seastrained | hiataschicahmerging s rantization KECHMQ)y

| ot )) 10 0 e I n

Equat | on il Piebides o iREECcqTRE hagR ol §Riems BEYFRTRE"FGHMd
ent r opy- coan/es ais'thd firstastage a8 % dbi Both(ERYQQ HrandcEVRTOw 2. [18] The main
issue is. to design a hard-decision quantizer g with a good rate distortion

trade- gf f [goud}| ow eBCMNIQD i§ ORAKEYEEMIon quantization, which partitions the

original N colors into M non-overiapped clusters, finds a reproducfive color for

each cluster, and determines the reproductive color for each original color

- regardless of the position of the original color in the 2-dimensional image. 1t

takes advantage of the ociree data structure [3] and trades off the rate and

10 distortion by locally minimizing an entropy-constrained cost, which is defined
below.

[0041] Given an n - pixel color image with a color palette
- 0={040,,.-.0,_, } and desired new color paletie size M <N, we use a hard-

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

15 which satisfy,fori=j,andO=ij<M
CNC; =2 (3.7
C,UCU.UC, =0

The integer forms of the centroids of clusters constitute the color palette .
C = {c4s15sCy 4} » and the mapping from an original color to a cluster explicitly

200 maps each pixel to an index. Let u”‘m(uo;zal,...,un_l)e M, be the index
sequence 6btained from mapping all pixels to.indices. Then the entropy-
consfrained cost of the quantized image is defined as:

J(q)= Rlg) + AD(q) | - (38)

where A is a lagrangian multiplier. n (3.8), D(g)is the total square error

25 Dlg)= 2 > Flo)d(o,.c,) - (3.9)

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

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



10 An octree structure is used to speed up the nerging, and the cost

function defined in Equation (3.8) to trade off the rate and distortion of
the quantized i mage. [0043]Unli ke the on-the-fly octree buil ding procedure
whi ch scans the color of each pixel and inserts it in the tree [3], we get
t he 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,
whi ch contains all the distinct cologg._and their occurrences in an original
color image. Root node 24, i.e. level 0, includes all the distinct colors

in the color inmage. Since each color in the ROB col or space consists of
three 8-tid cbitresn RGB spateyhs definediaBquation @01)prR(ghis teoopdewntd t he
nmost significant bits of the three bytes determ ne the position of the
col or mlelngﬂebf the. Melxos@tmcmesmwthmmammg frons sccolar tmae ind&at node

conbi nat FORIBPeRYET G dte SPIFRA RO RBo s s Bt Bt AR HAPaPY caf *node

28 is caj |%@gp@ég@@a{é}tf{e’”@dé\,ﬁﬁa| . 28, and the col or |tself is actual ly
the 25 centroid for that | eaf node. The distance, in each col or conponent
direction, between the r0| ds f ~any two | epf sibling nodes at Ievel k,
faIIsintotheranqggf Iarger k is, th

sim|3r those centrof , e octree 22 shovvn i n F| gure

2 is highly unbal anced an asjm*re ri cal f6r t reasons: first, the nunber
of colors that app in a Ig aLy calo e, LS.far less the
total nub@f42 1of 223@@1 gpst g‘m%PQba@{X‘?FfFﬁ@égB%E‘g‘ @ 'Sy @F'é'ff’én@b%ﬁ?
second, ORictiBh! dehifd! fin t BRirBpl-CoRSirkindae veRtatr qiitization!
[ 0044] Eacﬁa%qg[%c?ﬁjcd l'or O, ’ g Ine ori gyna color inmage iS now put in a
(ECVQ) in reference [1 8] The main issue |s to design a hard-decision
_ quantizer ¢ with a good rate distortion trade-off and low encoding complexity.
10 An octree structure is used {o 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 colbr 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, ie.
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 companent, 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 component direction,
between the centroids of any two leaf sibiing nodes at level k, falls into the

range of (0,29"‘ ) 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



5 distinct |eaf node O, in the octree. By repeatedly nerging two | eaf
sibling nodes each tinme, we can reduce the nunber of |eaf nodes from N toM
The integer formof the centroid of each resulting | eaf node is a color in
the new color palette. Note that after repeated nerger of |eaf sibling
nodes, each | eaf node corresponds to a subset of colors in the color

pal ette of the original color 10 i magﬁ-_[ 0045] Assune 0= 1, 00001,..., 0s41 is
the color palette of the original color inmge. Let (),and 0, be two | eaf
si bl ing nodes under the parent node tres, where 0, =={0hogjo...,o0ik j. and

| ne: ! nast . - ) \ I
ei ne; es.orHfiarg colk® IéHi‘xggqﬁrféf Risd thqh Fhe ft&]falﬁ .mbél:‘g(fa Qgéoihfsis?é‘@fléglg%co or

for 01. The nunber 57 occurrences o e no as the
sum of t HRGBEspane -oseedelfarence £ |psecnndh aowds stops splitting, if theaFisoonly wher e

F, denotes thel nunber of occurrences of the color 04 in the original inage.
The nunb&"F108F PER¥0¥ ences of the nodeis calculated in a 20 similar

e 0" e o R oy R oSSR 5, o o
Lo, O, ISR oL, 065 DORRN Sy o5 B, e

that realnotisiesdcts th®, wekan redde thehumiid of T8&f dsddibrov 8B TREVES the
entropy-constrai ned cost increnment resulti ngi from merqi n{g 0, and 0, to 00
&

[ 0046] Lerifteger fogm @fthe mentioid of eachiesulting leaknede ivgycaioni the AeW cost | s
I ncreasequ iy palette. Note that after repeated merger of leaf sibling nodes, each leaf
node corresponds to a subset of colors in the color palette of the original cofor
10 image.

[0045]) Assume O = {0,,0,,...,0y., } is the color paletie of the original color

image. Let ®,and ©; be two leaf sibling nodes under the parent node @,

where 0,=1o, ,o.,...,o,.m_l},@j ={0.io’0il""’0ik—1}‘ and ®,N0,=3. Let ¢, be the

LR |
centroid color for ®,, and ¢, the centroid color for @,. The number F, of
15 occurrences of the node O, is defined as the sum of the number of

occurrences of each color in node 9,

FAF, +F, + .+ 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:

FAF; +F, +..+F,

Jrt

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

image. By merging the two nodes @, and 9, to a new node 0., we move all

g'j‘l

colors in @ and ©; to the new node B8, ie.

25 0,;=0,U0;=10,,0, 10, 10,0 oj“}. Accordingly, the number of

b ?

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



5A J =24F(44,co)+Ficl (cFolog-F.- Flog-F. -Filogi(3.11) where c,i is the
centroid of the node 00 i.e. co = -F. ( Fp, +)(3.12) [0047] Proof: The

m nimumtotal square error is achieved when we reproduce all elenents in a
cell with the centroid of that cell This is the 10 centroid condition, S.
P. Lloyd, "Least squares quantization in pcm" |EEE Trans. on Information
Theory, no. 28, pp. 127-135, March 1982 (hereinafter "reference [21r),

wi dely used in quantization methods-18r this paper, we use the centroid of

a |l eaf node as the quantization | evel , i.e. reproduction color, for all
colors in_that node. By this neans, the entro%néﬁ_ |ne cost f r each
15 possi Bllewed: Jbe f@B‘PWl!i’Q g gives the eniapYz H‘Qﬁ?‘?‘?@ ence

bet ween }%%,ﬁaﬁbnﬁﬂggﬁé (,?o&%@ feg cost before the rrerger and the total
I'ne after

ent r opy- con e mefger. rtk-1 Since Fite,. 2, [0048]F.
0. and Fc . = ,thecentr0|dofthep0|vJIq0FJOI new ode 0o is
1sn-t k- 11004620 mema |$¥ Gleremgkrﬂoées+% and 6, 1{he | gpropy | 5 5 £
+1 F , ‘ g a [ 0049] Equation (3.11) for the increased
ent r opy- §9H§ "f“ é’é’%@éi‘ ey l3!5(e proved by cal cul ating the increased
square error AD and inhcreased codeword Iength AR separately. Let D9.the

total 5Sq”areA?”)E{§“d‘f ?QFd(c ))+Flog}——FlogF-Floo-§- (3.11)

I

[ q
where c, is the centroid of the node 8, i.e.

¢y = Flg (Fe,+ Fe;) (3.12)
{0047} Proof: The minimum total square error is achieved when we
reproduce ail 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 F,c,.=2:'_ L0, and Fgc, —z the centroid of the

g=0" Jq J’

new hode © i is

20 c

md 1
= m—-IF -], (E p ip + E jq jq) = ‘I'?_(F-C + FC )

;Ep-.o ip +zq 0 Jq p=0 v
[0049] Equation (3.11) for the increased entropy-constrained cost AJ
can be proved by calculating the increased square error AD and increased

codeword fength AR separately. Let D, denote the fotal square error caused

m-1
by using ¢, as the quantization level for ©,. Then D, =EF F, Ilo,.ﬁ "C.‘“z-

=0 &



by using ci as the quantization level for 0i. Then DO. Ignp!oF,, Ilo4 - 19
- Simlarly,whave k-1 De aF. - - -la-12 1q CJI .1q - _ and Deu.
Substituting cuwith the expression in Equation (3.12) and sinplifying the
expression for 40y) we get D84. =D., +Del +Ficir(cocii)+ Fid(cpc4d).
Therefore, 5AD= D+ De)). Fel/(c,,c,Jd)+Fi d(cpcu) [ 0050] Let Rthe total nunber
of bits resulting from entropy codi ngé)% pi xels with colors in node O,.

F

Then Re,. Simlarly, we have R, =Pil and Rea =Fol og-F j. Thus, AR =
R(O, 4- (R(0)+R(O)) =Fy log - - Flog- - Filog7- Ft| 10 whrch together with
AD, inpli 3,11). This co etes the pr i of 8051] Lenma 1
provi des §'UP‘ Vfor m¥gi ng t €'Jieaf 2k s 'p€lj’| ose aBndtage 1

is to produce a hard deci_si on quanti zer that wi II give an efficient

trade-of f pheL B8 2 e raffe, S it ord fonsgbs g Uit 298 &XBteSsion
in Equation (3.12) and simpiifying the expression for D(@,J) we get

Dy, =Dy, + Dy, + Fd (Cs, c,.j) +Fd (c j,c,.j) . Therefore,
5 AD=D,, ~(Ds, + D) = Fdlc,.c; )+ Fid(c nc;)
[0050] Let R,, denote the total number of bits resulting from entropy

coding all pixels with colors in node @,. Then R, =F,.log:g—. Similarly, we

have Ry, =F; log-g—- and R, =F,.jl_og—;—. Thus,

F g

AR=R(©;)-(R(6,)+R(8,)}=F, looF—Fl g};—F 100-13—_

i J
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 will give an
efficient trade-off between the rate and distorfion of the quantized image.
Since the original color palette is finite, one could find a globally optimal hard-

15 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 fo design a tree-structured hard-decision quantizer. Based on the
original ociree 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 ECHMAQ are as follows:



Since the original color palette is finite, one could find a globally

opti mal hard- 15 decision quantizer by searching through all possible
conbi nati ons. However, such a nethod has high conputational conplexity and
hence is not feasible for real tine conpression. Lenma 1 suggests an
alternative-a greedy nethod to design a tree-structured hard-decision
quanti zer. Based on the original octree with N |eaf nodes, one can
repeatedly nerge two | eaf sibling 2028cdes with the nini mumincrenent of

t he entropy-constrained cost until Al |eaf nodes are left. Such a nethod,

dubbed eptropy-congtr ai hi hi cal ' tizat] ECHVD) , i
Fast  anclUievas o1 SRR rAReac dusint Phss cBRHT GRSHENS: 52 odand kLt or {1 o
f th t i tailed st t he ECH f ol ;20
" 1 0052y 4 et o BRICHE GF NG o ogn F Ll Wbt EF B Bioc s, 77 )

and get &l | =109, 01,...,0N4} and the nunber of occurrences
f, for efggh CO|%I0'8‘?' %%’(r:eegslsq‘?' <N. [0053]Step 2: Build the octree by

e IRT S0, Siof % U oL SE 15 Bl A b S pBYS e 2L

f | d ! s &
[00357S: £ et St ML, €60 Y fr AL P ot s et

si bl'ing ‘nodes Si and 10 the

cent r oi deentréid Eguat iTBE (B, 120, anthiidreofi occwrasembse il £ ghyambsetiewobrdd cost
by Equation (3.11). [0056] Step 5: Choose, anong all pairs of |eaf sibling
nodes, t | eaf; simling nodes o and el that minimze the increased
entropy-@gﬁwﬁeﬁi ﬁzi‘ilogqst calculated in the previous step. Merge 8,, and (g

into a new | eaf node 15 0 pq which is equal to the parent node of Op and Oy
if Op an are t ) il khgs under their parent node, and to a new
conbi nedﬁogg*] node%ﬁﬁag‘ﬁg"’pyent node of Op and eq otherw se. Conpute

the cent focﬂs%]cm of SQneb Aﬁpéos%plt:fe,Jrfo'r:-ev%ry two leaf sibling nodes ®, and @,,

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 ©, and @ that minimize the increased entropy-constrained
cost calculated in the previous step. Merge @, and @, into a new leaf node
15 @, which is equal to the parent node of @ , and @, if ® , and 6, are the only

siblings under their parent node, and to a new combined leaf node under the
parent node of 8 , and @, otherwise. Compute the centroid ¢, of 8,

F,=F,+F,
Dy =Dy, +Dg + de(cp,cpq) + F;d(cq,cpq),

20 and

n
Ry, =Fy, logF .

g

[0057] Step 6: Remove leaf nodes © , and 6, from the octree.

[0058] Step 7: Decrease k by 1.



Den= De, +Deg+ Fp+ p,c,,j+ Fid(cqg,cpq), 20 and Rep, = F Fq105 1,1 q.

[ 0057] Step 6: Renopve | eaf nodes Op and Og fromthe octree. [0058] Step 7:
Decrease k by 1. - 21 - [0059]Step 8. Repeat steps 4 to 7 until k= M Then
assign a distinct index i E Ms, to each of the remaining M| eaf nodes in
the final octree. The integer formof the centroid of a |leaf node is a
distinct color in the new color palettg, and all colors in that |eaf node
are mapped to the index correspondi ng to that | eaf node. [0060] When t he
desired nunber of colors is reached, the final entropy-

constr ai nfubBayt f or ABks igt RebA0sepE BAld TRARE =D+ TR LhgisBRSL Of the

original Inmage with N distinct colors , and as i-s the incr cost when
we 10 mer GESKVIGE Ml clor each ehthenmrugining Mideafonsdes inetheufitsdroctrieel dhle nodes

inth f ' i -i.. .By.finding.the mnj. i d
ent 1 opy- NI ARBAT b8, AT I ot Bidds ot GURELEPIPEIY T8: B f9i0lodes i n
the octr egalefi6Hiki BI@VIGHE Sn hata6af HodeORld %Ppé@}fo % md%?({e(?g%sf)gﬁditnﬁe

entropy-constrained cost. [0061]ECHMQ ains 10 mnimze

ent r op¥ - cortbet lgaf@edeost, 15 rather than the pure distortion TSE.
Therefore, the rate and distortion of the quantized i nage are controll ed
and tradef0080f by tWhearatheadesiesd nuhbepbf eslors isAeashedidhedmabentrdisy-aver age

distortion decreases, and the corresponding fate increases, |ndeed, -A can
be inter pr¥t ;n%u_g&t hecgsf‘qope S ttf&'arrgglﬂgci ngti:’f’ateotﬁ'ﬂ rti §PA9&ir velS Thus,

in ECHMQ we have the flexibility tosmgse A as a trade- 20 off factor to
vary the dath addy diddyqriti.edJgf, + he+qdadii adieremahe.is the cost of the

=N

original image with N distinct colors , and AJ, is the increased cost when we

(71

10 merge two selected leaf nodes and decrease the number o% leaf nodes in the
octree from i to 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] - ECHMQ aims to minimize (locally) the entropy-constrained cost,
15 rather than the pure distortion TSE. There_fore, the rate and distortion of the

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

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

increases. Indeed, ~A can be inferpreted as the slope'of the resulting raie

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

[0062] Another advantage of ECHMQ is ifs low computational
complexity. To illustrate this, suppose initially we have total 256 ieaf 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 nodés. if the octree

2ix@
sfructure is not used, we need to calculate the increased cost for
256! . ey , . .
YT 32640 pairs, which is basically used by the pairwise clustering in [5].

Rewrite Equation (3.11) as



[ 0062] Anot her advantage of ECHMQ is its | ow conputational conplexity. To
illustrate this, suppose initially we have total 256 |eaf nodes which are

all located at |level 8, under 32 parent nodes at |level 7. To decrease the
nunber of | eaf nodes to 255, we need to calculate the increased entropy- 8!
25 constrai ned cost for 32 x - - 896 pairs of |eaf sibling nodes. If the

octree 2! x6! structure is not used, we need to cal cul ate the increased
cost for 256! 2! x254! - 32640 pai rsz which is basically used by the
pairwi se clustering in [5]. Rewite Equation (3.11) as -1-F |og-K--

(/2,3,) u we see the calcul ation of, the inc(eased co for each pair of
| eaf sibling nodes 5ﬂh¥dl{F%r8—ad I+ g)nSgci Eﬁ;t-icc ilens, 10
n

mul tiplications, 1 division, and 10 oper Cohpared with the hi gh
conput ation spent in ot h‘% met hods, such as the TS§ based hi erarchi cal
c,

splitting method [2] w Cgfy@(é,J g?l p@"ana‘" gach splitting, ECHWQ

enj oys very |ow conpl exi pi xel mappi ng are
easily obtained at Step 8; this again 10 conpares favorably with other
methods in literature, such as ?ﬂﬁsja d crigemj in references [5] and [6],
where a significant anount of o nvol ved in palette design and
pi xel mapping. [0063]1f we skip the ‘f urt her optimzation described bel ow,

t he new col or. aI et obt ai ned at. t of t ECHWVO
e e §9% Ste B3t ShlcrIBR S nTEBRe Sreblsk koh S L R ARG s
fol | ows, jnoived b é\&ﬁti&? Nﬁsﬁ%‘é@ﬁéné‘s‘l@ '?ﬁulﬁﬂﬁééli&hschéﬁnsnﬁ?péﬁd? '1“Bgt he PNG

encoder with an availa 'F encoder, we easily have our output coOnpatible
with a deewmuéiomwmnwitha‘bems@mmanm spent iomthee nwithods dsiwh

and di ot Gt 1 ST Ro8R0 RRrrBnica] SPultieg BtP LD, RIROBORBRO I 11y
with G F/n‘?éiﬁodef‘&dééch \égittend, NECHMIG @ﬁﬁy%l oaqﬂu@wt cambl aimed e the end -

of ECHMQ as an injtial color inmage encoding schene, Wi I extend VRTSE to
col or i migdettmad Hoe pixell mapping akreastly obtained at Step ; 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 palétte 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 output 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 decocder. 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, vielding

25 VRTCQ1.

[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



- 23 - can not depend on any state. In other words, the state set S
consists of only so. In this case, the state transition function f can be
dropped, the output function g is sinply a mapping fromMse, to the RGB
space, defining the correspondence between indices and colors in the col or
palette, and the trellis 5 decoder is degraded to /3= g. Gven the original
col or i magexn we define for any SGQU?]‘-)CG it =g(iin)). C(Xng(UMi O

[ 0066] W& wi || use t he upper bound giveh in (2.6), and mnimze rk(un)
subject to a distortion constraint. To be specific, let k =1.. However, the
10 proceq@dnenstedépdiran %?%fea% REn&ARLIdS, B gmé%et & 8disikts &f%}ﬁ%] The
I nitial output functlon g() and transition probability function W) can be
derived fgoimthis caserthpatatet &aaﬁﬂoplfuectlam;fplm b@tdﬂ)ﬁéﬁda‘tha Ioet;m’td of
ECHMQ. The detail ed rocedure of V ? g;s%%%d as f

[ 0068] St ﬁ“ﬁt'f’%e& g sigp! Ycﬁtfaﬁﬂpl(‘an M.adtoy "(@ éS’e

(10, 41, Rr@é‘e 5&% g from
t he hard eC| @HEQ%E |zerrFﬁI ;&‘(E%Cﬁ-t?oéogb]%em%ﬁg'}ﬂ Iéﬂ@'?%?& ﬂ'(?:éjb{rréggpondl ng
to index decdd&rimeegrewm@d)(ﬂ gaidretiebsrigingiccaldr |h’r@egff‘d=bi0,£,<;l-lb@l) and
w(0)(0134) ifi: /4) =a, tej=w,0 s i<n}l for any a E Mee, and w e Mit.

Al so cal omt deine tier any séquercess” 20u,,1,(.ok,_J@AMI, (unt| + A 744x., g0) ((unyl
[0069] Step 2: Fix g and WM Use the Viterbi algorithmto find a seqguence
(ter") = (ur,tri),...,u,,t) slz;i sfyingsfEquation (2.4) with g replaced by g

and Wby W). - 24 - [0070] St ",g('u" § = d@q;,g(ﬁ[})e i ndex sequence (unr) gives
rise to the i=0 :
[0066] We will use the upper bound given in (2.6), and minimize Q(u")

~ subject to a distortion constraint. To be specific, let k=1.- However, the
10 procedure described below can be easily extended to any k. "

[0067] The initial output function g 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 ¢=0. Obtain (¢")”,g® and W from ECHMQ:
15 (u")” =(u®,u,...u) is the index sequence of the quantized image resulting

from the hard-decision quantizer, g®)(j),0 = j< M, is the color, corresponding

o index J, in the new color paletie obtained at the end of ECHMQ, and
Ki: W=, % =w,0=i< n}l
|{z W = ,Osi<n}|
for any a€M, and weM,_,. Also calculate the initial cost

00  JO ot wa((u,. )(0))+ e c{xn,g(())((uu)(ﬂ) )) 1.

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

wio (a]w) =

+
sequence (u“)([ O

n-1

) satisfying Equation (2.4) with g

replaced by g% and W by w'.



update of transition probability function and output function as ulno = a,
ulw, Gs i <hi:uf nid =w, 0si <for any a E Mn and w E Afao and t4s44)
u,0 s i <41 for any u E Mse,, whereis taken over all i for which i4"1)= u.
Note that x, represents the color of the ith pixel in the original inmage.
[0071] Step 4: Conpute the updated cost Jt+1=n4Liw unr")+ Ati Aken,glunt")))
1. 10 [0072] Step 5: Repeat Steps 2 to 4 for tuntil J -.1+1 where is a
prescri bed threshold. [0073] Then out“rﬁﬁ'i n. and (444) [0074] Step 6: Encode
the color palette ti) and the index sequence (unr44) using the PNG encoder
described in [17]. 15 [0075] Stens 2 to 6 can be conveniently referred to as
St age 2 §0THTCQ 1.31!1‘-983:\5’!@(6(#5) al'ﬂlﬁlﬂd@nwm@r{en) s @isisgissdloithea graph
shown in Figure 3. The increased cost fromstage to stage is calculated as:
- 1 og W gpdateatitragsitien pgekatlity faggliothard osigput funciairasny 0 s i ¢ n. To
find the survivor path reaching state j at 20 stage i, we need to conpare
the M accunul ated costs, each of {m&(ehzr(gqgjliﬁ,,e@53<ag} itions, 3
subtractions, and nul ti W(f*@@i|i4’9)9 d | conput ati onal
conplexity is 0 (nMR). I{i:ugﬁjl)=w,05i<n

forany cEM_ and wEM_,, and

set?

X;
5 g(“"l)( u) - En

‘{i M =u0si< n}l

forany uc M,

set ¥

where Y is taken over all i for which 1" =u . Note that x,

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

- [0071] Step 4: Compute the updated cost
JH I1W(t+1)((_un)('+l))+ Py d(xn,g(n-l)((uu)(""l] )) 1.
10 [0072] Step 5: Repeat Steps 2 to 4 for r=012,..; until J¥ 7™ <g,
where  is a prescribed threshold. '
[0073] Then output g and (u*)"™.
[0074] Step 6: Encode the color palette g and the index sequence

(u")(m) 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 algorithm used here is depicted in a graph shown in

Figure 3. The increased cost from stage to stage is calculated as:
~log W (se.,) + d(x,8(w.)) (4.13)

where s,=u, for any O0=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(nM”).



-25- 0076 The optimality of Stage 2 is denonstrated by Theorem 3 in [19].
Overall, VRTCQ 1 jointly optim zes the rate and distortion of the quantized
color image, to sonme extent, while maintaining conpatibility with G F/ PNG
decoder. Experinments show that the convergence is reasonably fast;
typically, 5 after 2 to 3 iterations, ./(1) is very close to its limt.

[ 0077] W concl ude this section consi i ng the overall conputational
conplexity of VRTCQ 1. In conparison“th Stage 2, Stage 1 of VRTCQ 1,

i.e., the ECHMQ, has nuch | ower conputational conplexity. Therefore, the

i co _?E. onal ﬁ?@B{)ﬁﬁaﬁ% (ﬂi Set\c/@g?s.ldé&lﬁﬁsﬂré‘teét@ﬁ?hggfé?ﬁr3t iho[glbg” y in

the . 10"V bi al gori Iteration of the Viterbi orithm
has conpudetiain ¥MRTCEAPT dointly dptindizes thé eateyand| distootiguicdtthe guantized! exi ty

f VRTCQ 1 be i iently high for .real ti . ' Mi
T A A
case of | EXpatimema!pidvl thad el ééﬁ\?egﬁléﬁcé/ R FAsbnably ¥, ¥idally)078] To
reduce the conputational conplexity of VRTCQ 1 in the case of 'large M we

now upperafteyihtd 3 iterdtiomse/?Zs werp diosertd itsdingt.h function in a way different
from(2.6). To this end, we define a new information quantity different

from the foor7pr der Wepbondiade eibrsrtion dopsijeringethelbvérali arompitatiernal 20
strictly less than M_Let be) be a nmappi n_ﬁ_bfrom Mser= 10, 1M - 11 énto M™
={0, 1, . . .complexity of MRTGR &+ Inhcompapsen wifroRtage 2, stagmT gf YiRILER s,

b(1) =] }i&0te mCHMa, had BludMowdrFedthputaBibn&( H&}nﬁie()éﬂﬁ(PQ'hePéf%e,-the’ b(u4a”))

main computational complexity of VRTCQ 1 lies in Stage 2, particulatly in the
.10 \Viterbi algorithm. Since each iteration of the Viterbi algorithm has

computational complexity O{nM*), the overall computational complexity of
VRTCQ 1 may be inconveniently high for real time compression when M is

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

16 VRTCQ2

[0078] To reduce the computational complexity of VRTCQ 1 in the case
of large M, we now upper bound the Lempei-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{"). Let M' be an integer
20 strictly less than M. Let b() be a mapping from M,,={0.L...M-1} onto
M, ={01,...M-1}. In terms of b, we partition M_ into M groups
liem,

el

b= () ), e, )

Define

:b(i) = j}i=01,... M'-1. For any u" = (ug, 4., ) E ML, let

l{t:Os t<n,b(u,)=j}|

M'=1i 1
25 r(u"!b(u“))ég 2]{“05 bn, b =1 b(u,) ) j}llog I{t O0=st<n,u = i,b(ur) = J}I

j=0i=0




Define Kt:Cs t<tz, betz)=A 25t (uniqui _t\IKt :0 st <n, u ==j log .fro

1.OKt :0st <n, =44% = -26 - [0079]The quantity 4un|qU| Is called the
condi t i onal enpi rical ent ropy of it given gun). Qur desired information
gquantity is defined as r: (ul= %ug+ r(ul b(Un)) where 4141 is the

kt h-order enpirical entropy of gun). It is not hard to 5 show that /jail s
“lun) + 0 1-1gn) k n / [0080] Thus, in view of (2.6), the Lenpel-Ziv
codeword |l ength function can al so be 2fpper bounded by 1Loa log n) iilogn
-WI") rAun)+ 0 (5.14) 10 [0081]Instead of minimzing ti(d) subject to a
distortioon constraint, we now minimze rkle) subject to a di stortlon

const r ai [0079] VRTOFhe ciamitiar r{id %}d‘l‘ﬁ))rfﬁc'fcallbdt ther konitiomsalt Rengliicalmum
codeword | ength afforded by al I* K der static arithnetic codeword | ength

f t Let
B e ;%grrt.on ﬁué,@{rﬁ%ﬂ%ﬂn*@%“%%' e

£ () =nfelor) + lurfel))

where 1, b(u")) is the kth-order empirical entrqpy of b{u"). It is not hard to

5 ‘show that
_r;;(u")'sr:(u"')+ 0(19%’3)
[o080] Thus, in view of (2.6), the Lempel-Ziv codeword fength function
I, can also be upper bounded by
L) srifur) v of 22222 (5.14)
10 [0081] Instead of minimizing r;c(u") subject to a distortion constraint, we

now minimize r;:(u") subject to a distortion constraint in VRTCQ 2. Similar to
the fact that ar{«") is the minimum codeword length afforded by all kth-order
static arithmetic codeword length functions Lf A, (u") is also related to
‘codeword length functions. Let Ws(sls") be a probability transition function
15 from M", to M, and W,(u}s) a probability transition function from M, to

M_,. For any u" =(u0,u1,-..,u“_1)€§ M=, let

Ly (u")=—§[logw ( w (e, ) Blu, )+iogW ( Jb(x, )] (5.15)

[0082] It is easy to see that L is a codeword length function
corresponding to a lossless code via which 4* is encoded 5y first using a kth-
20 order static arithmetic code with transition probability W, to encode {x"), and
then encoding «"conditionally given b(u"). Moreover, it is not hard to show

that



15 fromM to Wan and Wi(4s) a probability transition function fromiirse,
to After For any if .(uO,ul,..., ; 1)e M let rt-t L' (le).
-I[logivs(b(ormu,4)...41,,,))+ logWi(titib(u, ))](5.15) t = 0 [0082]It is
easy to see that as is a codeword | ength function corresponding to a

| ossl ess code via which if is encoded by first using a 1dh20 order static
arithnetic code with transition probgbility Wo to encode gu"), and then
encodi ng uncondi tionally given gunm)”.“Mreover, it is not hard to show that -
- 27 - nrAtel)= ityntyn(un) + O (log n) [00831Accordingly, given the
mappi ng b, the joint optimzakyon .or,ept em iy, VRRCCl 2 beconmes mn mn i nALZ
(tt")+ Atfid(xn, g(un(5.16) % 'xﬁ?ﬁ%éfzﬂé‘ @%@To be specific, let k =1.
Nonet hel ess, all argunents and procedures bel ow apply to the general k as
vel . Groos3y, W . Asdstdifigly,dieen Bee mappmdbz dhid jointi optifniz&liors protllemsol ved by

the Viterbi aéggrithmvﬁth conplexity of: O(nML I nstead of O(uM2). To see
this i s MNERTEEL2 hesomashat in view of (5.15), the cost increases, each

time as t increases, by 10-1og V\E%b(ujlb(u14)3-log Wi (u,l((ur))+

Ad(x"g(u,))(5.17) aPS&In [n’T‘LQQB ol )hm(gyn,g{ge ﬂi rst termrelie .t the past
t hrough b(ul4d). TheFs#wEFé.one can build a treflis with state set SAM  se,

and full connection between states of two consecutive stages, and then run
t he Vbt e[(0843I gor i Tomben speeificy dieti £=tlo Nonethaless.i @Heargiments; andon

roblem Before runpin e 15 Viierhi ,al | hegmd ni mum

g ub- cost PEREEAUER g’?ﬂ’ﬂﬁ %Pégoté’ 6@? I?%ﬁ??‘# @?83& %‘[ lt})r)rgv ?Wféf‘?g\%'tr“g I{‘:"d‘)' r{Enalt i on
of (s, X) ., intfae" MiiMi246R8- ir219.16) Oear 5o HdleBByS e Viterbi algorithm with
complexity of 0(nM®) instead of O(nit*). To see this is the case, note that in

view of (5.15), the cost increases, each time as f increases, by
10 ~tog W(B(ufolu,.)) ~Log Wy (1 ]p(s,)) + Ad(x,.&{u.)) - (517)

[0085] In (5.17), only the first term relies on the past through b(x, ).
" 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 trellis to solve the inner minimization problem. Before running the
15 Viterbi algorithm, we compute the minimum sub-cost

c(sx)A . E{msrgigb(i)ﬂ}[— logW, (ufs) + Ad(x, g(u))]

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

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 —logWi(sls_)+c(s.x,). Given the original image x"=(xg%%.). if
§" = (54,55, )E M™, is the optimal path through the frellis, then
i = (g, ty...,u_,), Where u, €{i:0=i<M,b(i)=s} achieves the minimum cost
c(s,.x,)t=01,..,n-1, is the optimal index sequence achieving the inner

25 minimization in (5.16).



cost and the correspondi ng col or index u achieving the mninum sub-cost for
that pair (s,x) are kept in a |look-up table. The cost over the transition
froma 20 state s,AE Ms" at Stage 1-1 of the trellis to a state s, at
Stage t of the trellis is -logliTs(stly,_,)+c(s"x,). Gven the original

i mge xi' = (x0,x1,...,x,"), if s =s )E ACis the optimal path through the
trellis, then if .(uo,up...,un_i), where u, Eli:0si ¢c Mb(i)=.9,1

achi eves the m ni mum cost c(s"x28-t=0,1,...,n-1, is the optinmal index
sequence achieving the inner 25 mnimzation in (516). - 28 -

[0086] Similar to VRTCQ 1, VRTCQ 2 solves the joint optimzation problem
(5.16) ij0086]iter aSunmtarrrbnhmTC@t 4g/RTGQ IREGYes the doint mpdimiratiorappi ng b,

?EﬂCFLSYér raiklg ) ingin, 8t moRh f””“'%qu%(i)qﬂZ%T%ﬁ%sgﬁemﬁﬂ@bab"”y
) f

Oktc 5 GrbBiRC &7 ghy° pRoiuss *l SaBl WUEH dngiciE 271 SheTBEBMEES O i

ECHMQ Oqfﬁo%bm SliRSors g ® té?chQ?V“’anS%ééeE o‘f‘WRTCQV\QtiheM lisaé apdes, its

col or ette size M and the correspondl ng hard-10 deci sion pixel
mappi5lg alirfatyet pmc&dums‘eﬁ soivd Mher apaamizgttiops ptoblenT. dfhet rrhetEﬂBWQ unti |

M | eaf nodes are 089 e Det erm ne the mapping b fromthe
& ree TNPROSedHESS 0‘{)\2@@@ Q%re\ﬂoe%nl}zﬁzé ﬁgaﬁ:’iu%‘ﬂﬁes obtained in Step 2, which
is a subtree of TM In 15 particular, b(i) =j,i EM E Mse, , |fandonly
it the Ab.ProseduraobBtagg flies in the subtree of TMrooted at the jth | eaf

node of Tm. B. Procedure of St m 2
[0087] Step 1: Run ECHMQ on the original image to get an octree 7,
with M leaf nodes, its color palette of size M, and the corresponding 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 dctree 7,, to the
octree T, with M' leaf nodes obtained in Step 2, which is a subtree of 7}, . In

15 particular, b(i) = j,i€ M_, and jE M, if and only if the ith leaf node of 7,,
lies in the subtree of 7;, roofed at the jth leaf node of7,,..

B. Pracedure of Stage 2

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

Stage 1 of the VRTCQ 2, where (" )(0) ( @ 0 ﬂ) is the index sequence
20 resulting from the hard -decision pixel mapping,

(sn)(ﬂ} (sf,‘”, G Sf,o)l) b((un)m), “’)(u)) with O=u<M, is the color,

corresponding to the index u, in the new color palette obtained in Step 1 of
Stage 1,

© l{i U =0, =5,0<i< n}l "
=z L !
W () fi:s,=s0si<nl| M6 Mt

25 and



[0090] Step 1: Sett =0. Qbtain b,(un)),(49 ,t),W7) , and WStage 1 of the

VRTCQ 2, where (unr) =, ..., ei) is the index sequence 20

resul ti ngfrom hehar ddeci si onpi xel nappi ng,
fry).(,(:),40),...,43),)-,b((ut),g0(0) with 0 s u<M is the color,
corresponding to the index u, in the new color palette obtained in Step 1
of Stage 1, (uls) -s,<MsetTS e Ms; -29- : nmobo tjw) Yvs=w, s, =a, 0 s i <
n J{i:i= w0< ,a E WE AT [0091] AI'st” conpute the initial cost J(0) ~
-11, ((ul))+ kt-14, , "01 [0092] Step 2: Fix g(o) and Wt). Build the |ook-up
table. For each pair 5 of ,,Sx),_ wher -M %1 60, conpute the mni num

sub-cost c@ (s, x)W(")(oquQ & AR X 2] e

[0091] Also compute the initial cost
- - (0} = 2 O
79~ () )+ e, 59 {(w)))
[0092] Step 2: Fix g9 and W?. Build the look-up table. For each pair

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

)y AW A 2]

uE{cOsmM By}
and record the color index «€ {i:0=i< 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 (s"){m) ( () foel) (“‘") which, together

10 with b and the look-up table, determines the optimal index sequence

(un)(”'l) ( ('*‘),uf‘m ,uf,‘_‘}”) achieving the inner minimization in (5.16) with g

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

(1+48)

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

to the update of transition probability functions and output function as

. » I{z Y o, Y =5, 050 < n}l
18 R T S I

ser?

seEM,,,

st = ws™ = a0=i< n}l
— ae M we M,
!{i:sﬁj)=w,05i<n}|

W (ofw) = l

and

() = E"xi ueE M
g () I{i:bfi(”l)=u,05i<n}r

where  is taken over all i for which #'*” =u.



and record the color index u E:0 s i < MDb(0= 4 which achieves c(r)(s,Xx).
[0093] Step 3: Fix g(t),Wr), and W. Use the Viterbi algorithmto find the

optimal path through the trellis (st") = (scor+1),4"-1),...,4:44)), which,
together 10 with b and the | ook-up table, determ nes the optinmal index
sequence (un tril) (dot4-0,41.14), 14: +p achi eving the inner

mnimzation in (5.16) with g replaced by g(t),W by W(;), and VWV, by
14FP). [0094] Step 4: Fix (unl" and ¢PPH. These two sequences give rise to
the update of transition probability functions and output function as :.

url) =u srl) =s, 0 < 154") (.ut sMxt hi 4™ 11i: sit) =
w, e+1) 10996 <413WPr|5) tetge@@mﬁgtql\épco st - = w0 s i <7241 and
g(t+1)(u)- _UXI ., UEMKi: ui") =u, | < /41 wher ei S, aken over all i for
which z/jui)=it. -z 80 1 M,g%g’l ge‘)EQE); gé updat ed cost

[ e

i t+012- 1Lt|*ny))+An--14>€"s 00 Sfep at Steps 2 to 5 for
t =0,1,2,... until .fr) -Pt’
[0096] Step 6: Repeat Steps 2 to 5 for ¢=012,... until J9 - /9 <

where & is a prescribed threshold.
5 {0097] Then output g™ and ( )(”1); |

[0098] “Step 7: Encode the color palette ¢ and the index sequence
(u")(m) by the PNG encoder from [171.

f0099] 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 all color indices # € M_, in the group.

[00100] 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 exira 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 \frterbi‘ algorithm in Step 3 of Stage 2 of VRTCQ 2 now has

0{nM™) computational complexity, which compares favorably with the
0(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 complexity 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 Lempel-Ziv

codeword length function.



where e is a prescribed threshold. 5 [0097] Then output tl) and (unit+1)
[ 0098] Step 7: Encode the color palette g4+1) and the i ndex sequence (ter by
t he PNG encoder from[17]. [0099] The Viterbi algorithmused 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 all
color indices ue Mae, in the group. _[£p100] Simlar to VRTCQ 1, the mgjor

[

conput ati onal conplexity of VRTCQ 2 still inits Stage 2. Although in

conparison with Stage 2 of VRTCQ 1, Stage 2 of VRTCQ 2 has an extra step,

Step 2, ' tep i C [ AP ' I inel

conput at i@]ﬁqﬁcorrpllrg%g%nq @%@é’%s?%ﬁe\y/\ﬁi'@%ng%ég??]gtmgggghag%ﬁ]’ttrf']% size n
011: tEe 30ngmm of nthge camguteansysiem n0gof Fidure ds Asoshawad tie GPld tOnpl exi ty
of the Viterbi algorifhm when is large. The Viterbi .algorithmin Step 3
of St agemsles Rrbdesmion B s HOANES solirdesRmmodls L. g MRl ch |
conpar es | iddlst EORM o QEPTBR isbit-ddcidi Vi terbi
al gorit h%hgiségfﬁ ﬁ?ﬂ\%%g ;?LIBQE%E Tliﬁu's m%ﬁ@ﬁ%%ﬂ&%%& 2 g\néls}bﬁbdegcrlr%gﬁ faster

t han BRTE®dule 42 providesdoth MRECR 1 asdVREGQ 2 las dasepbed@aboMal conpl exi ty
of VRTCQ 2 is nore or |ess independent of M This makes VRTCQ 2 attractive
for col of09102] | nages dedtvibgt abeveathe hard/AiB¢iglcd module48|doppridasss of
conpressi on performance in terns of .the trade-off -het ween the conpression
ore andnegebriergpn Sib-aionuls 1T bRkng Gah pelree st b oHCTIBHING he
Lenpel - Ziy,hC I R f eYs TRpRETS QHeP ' _gure 5,
t here isslyl Ictﬁgteir{“aé{fg)é s?%“%l%“ﬁ@é‘%ﬁ]aﬁ%ﬁge%u 1%36081?’{ ?ﬁ@hgﬁgfﬁdg’? system
10 of Fi goodulé. forscaleulating; Her @ritenitali mergerss ofi pairsd oddent inmdespdbee 40 and

a soft-decision nodulLe 42. The hard- I,Si_0 ul Drovi.de M) as

desc rﬁ%et‘j’"&ﬁ?&)@‘?""ﬁﬁ’@"&e&* ?Qﬂéla?fgquﬁ ’I’OPI 8&LR stich rITl?grgeE SR ¥ 'ttge_ Rafd"
decision module 40, the soft-decision module 42 includes a cost calculation
sub-module for determining the incremental reduction in cost after each
iteration of sofi-decision 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 VRTCQ.
' Further, while the foregoing description is largely directed to how fo jointly
address both quantization distortion and co_mpfession rate while maintaining

low 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 modiﬁcatiqns or variations

are believed to be within the sphere and scope of the invention as defined by

the claims appended hereto.



5 nodul e 42 provides both VRTCQ 1 and VRTCQ 2 as descri bed above. [00102] As
descri bed above, the hard-decision nodule 40 conprises a node creation
sub-nodul e for building an octree structure, a node nergi ng sub-nodul e for
sel ecting and nergi ng | eaf nodes, @g?_a cost cal cul ati on sub- nodul e for
cal culating, for potential mergers of pairs of |eaf nodes, the 10

ent r opy- corighimas:ned cost increnent for each such nerger. Simlar to the
har d- deci si,on nodul e,40,.. soft - decj.si o, 42 ] .cast

cal cul ati on*sub- mduf\é“?tg?gg%tcgef%r%i %éévﬁéngns%;égﬁg%%a%&%%egﬁﬁgia 3 flgn cost
after each rhamyied bod aclewsadipuidenttixiroepasenting atdolur pylattedosahewdeci si on
nodul e 42.. [.00101Cx her variatiops and nodifications of. the inv ion are
possi bl e. ngiﬁz’(ﬁd %ﬁ%{ﬁﬁ“@gﬁngl&%g@})?‘bﬂého%gﬁ)éfg'Eﬁgﬁﬁjﬁﬁl{ﬂm@ge&gﬁh& %tﬁ‘ el%ts own,
Wi t hout sISioghth MREGQWRBredt herorifiid! dilpeiesi ibupbge Bapiookledty aBUhee a hard
deci si on pi xel mag,%i n%. Al t?rﬁgi vely, VRTCQ rrg?é 8&8 sed w t hout 'HSi ng
ECHVD to proftie bERE Alaratea o fisrPiels: hedPipr OB ief ol 41296 SREQHAeY o e

ot her i ni t iy mREdRcOahSE BRI ARREWECHERY nipeal, @vé Hed indux ddigencohlier soft
deci sion optim zation 20 nethods nay be used i [ j

. conbi nati.qQn th ECH
ot end of PRTCOMARA A& reRE TG Ber o KRG (M SeR R Eonds g b

directed tonhionnd hd Qirakk Ynafskass thotinediblas!the aidthsd @bsibAsihpon and
conpression rate while nmaintaining | ow conputational conplexity and
H&) { pixels iB/ PNG

conpatiBi ity with staiseridnaécdbaeney indgxisesLenaedyy BxaHpMag a
decoder, |ty i}, inaﬁdz@ﬂ% edbut %ég&ﬁ% Bidigkinl bubBreSaddiforts bolbhabs bot h
rmay -be applied tot

ECHMQ and e conpression of color inage data in

ot her cont &ach pie! Wethe original gigdredv@iour §negowEneH reapiddeitembcalen gkl i eved
to be wi thi i i | yeRE AN ASedeiHanes dayafbe clains
appended hetﬁeebg(.%; ﬁﬁ@g%ﬁg%?g?@@@%cg!fo%{?ﬁaoéﬁf or o'leri Vi ng aaneweiangex
sequence rdfiresenting a pixel mapping and a new out put function

represepting a colou ; kgi-tb ' iar?,%e_ jved from
an ori g{%al digiti zegb}%g%ﬂ%'bgi nfgé%ﬁ%\gts&:g%?{?rﬁgﬁzgzﬂf?ﬁ&ﬁH%fﬁzﬁs tomér ein the
ori gi nal dirgappingdf beliddistinoteeréours apkothiedexe!bin Wedd digioiotclesiersur s bei ng
ailocated to the 0 PIAGl Riad NSRBI dAath6R AMedsTBAR it ALGVI ded by M
di stinct col ours bei ‘é RPYEES e% 0 e n pixels, € néw 1 ndex sequence
has n i ndexndenderenteend épr Srsendw gt éunctiph ey erpfovide tnenew indsut

conpr | ot ng-ceigpage BRbfdtagodor e e PR AL bRt Rt BB gl
E;g gljs O%m étth@ fistt ingiviiade>xdé @ivehzethao b aolour valge zAssigoeiitd st oiartbarlbysher s

i thout v edentdboRnuCEBEuR e Coimdyfs sPolR ot shiohf o7 SRR EEG"

col O!J(rj_ i nﬁgﬁ?eﬂﬂﬁ@ﬂh@éﬂoﬂhbﬁré@?& ft}l‘]_@ﬁls@tﬁueﬁm@&ly t_hg fitdt new output function{ b) f
providing a first new output function for providi.ng. a one-to-one. mappi ng o
Phe. M di St i nct - col ou&esit GPeBsis 88 RHsPRONIMIFLID MoceIs R see

(c) applyi ngpt@ntehl adeslsicdNn@PddsihARlibO FePESsRBg dotndrbesibn rat angw i ndex
sequence and the first new output function jointly to provide the new i ndex
sequenced aWtPﬁ@n@W%%%w%ﬁm B#9Cespect i vel y based on, for each nmember
of 20 the first new i ndex sequence, how a col our val ue assigned to that
menber by the first new output function correlates with the col our val ue

assi gned t @ at |east TORESHARES ABiHRG ifoFaihb Wheralh HeDPW A e8HBRte by
the first new,iged BYbrldeBfsldn¥ixel mapping such that, for each pixel in the new

digitized colour image, the colour value assigned 1o the pixel by the hew index
30 sequence and the new output function depends on the location of the pixel in the

colour image.



wherei n applying the soft decision optimzation process conprises

determ ning a reduction in a cost function representing conpression rate
and 25 distortion of the original digitized i nage. 2. The nmethod as defined
in claiml wherein the new i ndex segience pr ovi des a soft decision pixel
mappi ng such that, for each pixel TTMthe new digitized col our inmage, the
col our val ue assigned to the pixel by the new index 30 sequence and the new
out put funcd.i on depefitis rosthdthes ldefatd onclaim t beclpinx@lwiigtethhe col our i mage.

- 33 - 3.The nethod as defined.in clai. r Gl ai rein ...

step (c) conprises aﬁfﬂ%@&@'ﬁﬁ“?ﬁ%’?%ﬂ(”\%%g%ﬁ fa%ggcs%%gﬁﬁg)ﬁ]tédgn@%?tfcgn process
and det er m mobgss aid estemninmgi bteraddcdiiieration, noiraremeals! resthietion brihiercoshe cost
function representing c ression. and di.stqrti of ..t.h i.qi jgitized
colour 5 inﬁa@t}onarﬁare%en&@ compresgits c‘j’s@gf‘)ﬁioﬁg@eg”@ﬂ% C%fggénd;é‘v&?gﬂdex
sequencesanighdgaeaf@w col our mappi ng determ ned when the increnentai
reduction fall's below a s lﬁ%%‘ﬁeag t hr ﬁqhol d.. 10 4. The net r}#g‘ as dgc}‘{i nred in
claim 3 wherein stepSEHEC Nalggand he new inGex SERYeNCS ANG e ICotnYdr «
equal to ongapping determined witén Iefibtretndntdl réduteinn saigUuanoe 2 sédoted ni ng a
(k+1)th i ndex swence by optim zing the cost function, for a kg output

function an@mesh transition probability function, over all possible index
sequences; 15(iii) determning a (k+1)th output function and a (k )Ih

transition probability function fromthe (k+1) ih ipdex,sequence;

(iv) defl@r i ng a ( f)m%theés?ﬁdﬁﬁaﬁs’fmgaiﬁiﬁm@*i\ﬁﬂe&@a BHEE® the
(k+1)th out put funct i(i?@e@éﬂé 2 dRintdklequdntd @nsi tion probability function;
and, (v) calculating a (k+l)th cost difference between the
(k+l)th cost and 20 &hKehe ('Soﬂqexa‘r’rﬁﬂ}’emrﬁiefﬂﬁ“’l‘ﬁgrﬁ)(f‘ﬁﬁco'@EH??-‘F*@”@ﬁce is
I ess than ﬁ?yssb&ﬁﬂz%a tﬁ@&@f@th@h@ib@ﬁlr%@t‘ﬁwp&thﬁmﬁd@hléndl@k*n@l@seti@requence and

the (k+1 ) out put “function as the new i ndex sequence -and the new out put
function repipbablityduyction: Aenalaossitt e SAYACES: 1 and repeating sub-steps
§ 'h'e) SE 0 Sé‘c’nZ . 25 5. The;ifBLBRfaY 46li17e8uiplt ©haldh dnavBeei)h rbhsissep (1),
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,
(v} calculating a (k+1)" cost difference between the (k+1)" cost and
20 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 repealing sub-steps (i} to {v).

25 B The method as defined in claim 4 wherein in step (ii), 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 algorithrn,



determ ning the (k+1)th i ndex sequence by optim zing the cost function, for
the given kth output function and kth transition probability function, over
al | possible index sequences conprises using a Viterbi algorithm -34- 6.
The method as defined in claim6 whgfein step (a) further
conprises grouping the Mdisjoint clusters into M disjoint groups, M
being Il ess than M and, . .ste gc.) .conprises applying the
soft deci sifn opti m Z8¢ mahest 8¢ detinesd M’%N£€ € he M disjoint groups.

7. The method as def &t’éﬁ%}f&r!ﬁb%&‘nﬁrim@hﬂiﬁbhﬁe 0G5 ol RAJEAS iKlepgnds on
both Mand M. 10 8. A ddta processing systemfor deriving a new i ndex
sequence r afisjeisbanoLng, M’ Qﬁfﬁ@lﬁsﬁéwwga&ﬁd a new out put function

representing a col ou F i | ZE6ki b ived from
an original digiti ze%tgggi:g%%rﬁﬁnﬁré%e iﬁéﬁ‘#’ g“ee%&rflﬂed oﬁ&gb%ﬁagf&gm%?g?n t he

ori gi nal 5 dirgiative tdthe diValisjoinhgpeipss provi ded by N distinct col ours being
allocated to the n pixels, the new digitized 15 colour inmage is provided by
M distinct colours being allocated to the n pixels, the new index sequence
has n indeix nember sThematepd es definedjintdiaimb piheetis thenebst fienatiendenends
function is_for i the n index nenbers to the Mcolours, the data
processi ng “é&}%‘%‘@ﬁ?@@%ﬁ% si ng: (a) a hard decision nodule for
20(i) providing a first new i ndex sequence by partitioning-all pixels in

the origing| digitized, col i mage j nt di s] 0] t d
corour 80 Ghoh pi xel A% REGPPRBRIPE G s R hRh SO TRE L °T egar
f/\ﬁ the | ('\)ACQ’@blnyEﬁﬁq%] apixel mabpinlg 'e{mNnew@gmzm fighiggioh iregresentirgus cq:tna?e,

erern IS | es an or .equa 0. and, | | F oyl q..a, LI new
out put fund%ﬁ“?ﬁ?%&i?“&?”o‘gi‘?ﬁ?% CQOBEEU%%G%H@&@%%F%“SP%{ﬂ@“ﬁ?@@f“.“ﬁct
CO:C?U(GS Pn_tiﬁxaba%gﬂ}éiﬁ]lcrﬁadidhﬁ &el‘d,dih%}@ﬂfﬁ%ﬁdig}ﬁékeﬁ@tézwmbt_ _Isue:[i_mage is (b) a
SO ecl sI on nodul e 10r a Ing a s 1 S1on _optlI Zzall Qn. prqcess
Jointly to aAdoss P i sialipd kalokrs Bejlelecaifd @ fie 1 Piels: Hewesdgitkpt
functi ops t GaREPYESe Il bYUR M isIBEUENSE s BRthd dlidcaRY 10 e Hipbiel) Ghé On

respectively based on, for each nmenber of the first n% i n‘dei;%t sq%(}%ence, how
a col our vdiaveingss sgaeancediasaindas MRy PHEPISSERINGER BHAKBEEUREL i on

correl ates gy dRput function is for mapping the n index members to the M colours, the
data processirig system comprising:
(&) & hard decision moduie for
20 ~ (iyproviding a first new index sequence by partitioning all
pixels in the original digitized colour image into M disjoint clusters based on a
colour of each pixel in the original digitized colour image without regard to the |
ioca.tion of the pixel in the original digitized colour image, wherein M is less than
or equal to N, ‘and |
25 . (i} providing & first new output function for providing a one-to-
one mapping of the M distinct colours onto the pixels in the M disjoint clusters;
and
{b) a soft decision module for applying a soft decision
optimization process jointly to the first new index sequence and the first new
30 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

colour value assigned 1o that member by the first new output function correlates



with the col our value assigned to at | east one other enber of the first new
i ndex sequence by the first new output function; wherein in
appl ying the soft decision optimzation process, the soft decision nodule
is operable to determine a reducti Oﬁl n a cost function 5 representing
conpression rate and distortion of e original digitized imge. 9. The
dat a procesgititheSysibe ViR é%%fgnes% bﬂeﬁéﬁbr{@ Shaheeeibar Hhee R nkRdeIes €quence
provides a soft decision such that, for each pixel in the new
di gitized ceRBENCE RYe firp ‘*‘é@P@HF UpsTRRs assi gned to the pixel by 10 the

new i ndex sequence aRghgtdig W%!@H%Mscffﬂ@é}ﬁéi@rﬁ‘ogﬁﬁﬁaﬁﬁw Bdcbie tHeosart | on of
the pixel in the colour i ma The dat ak&rrkocesa ngteu?\_/,st em as defi ned

in clai m8 ¢rtigipampadyl %@P@fﬁ?'ﬁ@ felegpine yrdustion madée Si¥perable (i) to

apply angi tgh ?éée\hﬁnge&f)ftnﬁﬁé%gaoﬁ'r@:@ a@i%%tdzéfb?c%h'c@'Ehe%r%ﬁa?%ga&déd)xmb@edet er nine,
after each iteratio increnental reduction in the ctost funhction

representing conpression and distortion of the original digitized colour

i mge, and giii) to tﬁ%@a@b%cé@?ﬂé &fété&alééede%tea ..d@&kﬁls%@ewtﬂbzatl on
process and determ ne the new i ndex sequence and 20 new col our mappi ng

when the i ne@wiRsiexEeqHEERIPYAET AISPE dgBisi nixel @PW’&P%CHrtB%%&r g§ach 11, The
data pr 0095@&&% WS hEMaRiZ48 IoREH irhdlet hivd aaségr VRS %dbﬂé&qo'iﬁ@ﬁaﬂél' Be sof t

deci sion opti m zati on process conprises setting a counter equal to
one; 10 the new indpx pequence erdihe ﬁ@é)@ﬁgétﬁ ian da@@rmrﬁmﬁhﬁéor@tw #i)th

i ndex seque i d1ie cost function, for a Icht output function
and a | et t{rﬂgﬁjm tlugﬁ‘tepdrao zriglgﬁty function, over all possible index

sequences; ‘ (itii) determning a (k+1)th output function

and a (k+l)§h transi tw*n%faa%?pga&@% ls%t%mfd%’l?éfhﬁﬂ il BIGI BRS ol hi i ndex

sequence; ng a (k+1 cost fromthe (k+1) th
i ndex sequewbérem he (k+1)th output functi on and the (k+1 )It transition

probabi Lty function k+1) h
cost di f?er ence bet \/\é%%%hdecié'?ﬂoﬁu?olg oper%ble(f)\é@ggg}ty h{Ik\é\k;rgcr}lﬁthe (k+1)
cost differesmgon gptrr@ggt@mar@cassé!i)é@td@aefmme@@ﬁ@lr %ﬁc!’@éqr@téﬁﬁ AB the (k+1) th

| ndex seqUengfriliflal B8 I heditsP c&&mﬁég{%ggﬁ EBRpRRYJNARiISEAKANICe and

t he new out put ction respectively, increasing |< by 1 and
repeating soithe oeiginal diplizedegloyr image, arthéi dﬁtt%t’”pmﬁi@é*@%if@fgﬁwﬁem as defined

in claimill, éf\gﬁéﬁ g?tmlzgtl(% gs%cé%] d dna bEX8 rﬁﬁw@ﬁb@heﬂ% %Ehé&hgl Ve&ﬁ:{(&x‘éﬂ) th

i ndex sequence e cost unctlon out put
functi oﬁOanm»kmmamppimmmbamqwmyn%w@ww fﬂﬁ%éf}‘@ma sgleisd bl e i ndex
sequences cg ?gg Edes using a Viterbi algorithm 13. The data processing
system as defined in claim212 wherein the hard decision nodule is operable
to group the Mdisjoint clusters into M disjoint groups, M being |ess

than M andﬂ’ The date processing system as defined in claim 10 wherein the
iterative soft decision optimization process comprises
25 (i) sefting a counter k equal to one,

(i) for 8 K" index sequence, determining a (k+1)™ index sequence
by optimizing the cost function, for a k™ output function and a k" transition
probability functiar, over all possible index sequences;

{iii) detérminin§ a (k+1)™ output function and a (k+1)" transition

30  probabiity 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,



15t he hard decision nodule is operable to apply the soft decision

optim zation process relative to the M disjoint groups. 14. The data
processi ng systemas defined in claim13 wherein the cost function depends
on both Mand M. 20 15. A conpute g Program product for use on a conputer
system the conputer program product” conprising: a recording medium and
data recorded on the nmedium for |nstruct| ng the conputer system 25 tO
perform the steps of(vitaicutetingel (iof!)Angsteiferencecpelvesn the ¢c+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

"5 by 1 and repeating sub-steps (i} to (v).

12. The data processing system as defined in claim 11 wherein, in
step (i), the step of determining the {(k+1) " index sequence by oplimizing the cost
function, for the given k™ outbuf function and k" transition probability function,

10 over all possible index sequences comprises using a Viterbi algorithm.

13, - The data processing system as defined in claim 12 wherein
the hard decision module is operable to group the M disjoint
clusters into M’ disjoint groups, M’ being less than M, and, .
15 " the hard decision module is operable to apply the soft decision
optimization process relative to the M’ disjoint groups.

14. The data processing system as defined in claim 13 wherein the

ecost function depends on both M and M.
20 _
15. A computer program product for use on a computer system, the

computer program product comprisjng:
' a recording medium; and
data recorded on the medium for instructing the computer system
25 o perform the steps of the method of any one of claims 110 7.



