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An Embedded Still Image Coder
with Rate-Distortion Optimization

Jin Li, Member, IEEE,and Shawmin LeiSenior Member, |IEEE

Abstract—t is well known that the fixed rate coder achieves
optimality when all coefficients are coded with the same rate-
distortion (R-D) slope. In this paper, we show that the per-
formance of the embedded coder can be optimized in a rate-
distortion sense by coding the coefficients with decreasing R-D
slope. We denote such coding strategy aate-distortion optimized
embedding(RDE). RDE allocates the available coding bits first
to the coefficient with the steepest R-D slope, i.e., the largest
distortion decrease per coding bit. The resultant coding bitstream
can be truncated at any point and still maintain an optimal R-D
performance. To avoid the overhead of coding order transmission,
we use the expected R-D slope, which can be calculated from
the coded bits and is available in both the encoder and the
decoder. With the probability estimation table of the QM-coder,
the calculation of the R-D slope can be just a lookup table ®..R.)
operation. Experimental results show that the rate-distortion S NG
optimization significantly improves the coding efficiency in a wide R
bit rate range.

Fig. 1. Initiative of rate-distortion optimization.
Index Terms—Embedded coding, image coding, rate-distortion

optimization, rate-distortion slope, scalability, wavelet.
image can be downloaded with a much better quality level.
During the download process, the quality of the image can be
gradually refined, and the user may terminate the download
MBEDDED image coding receives great attention rerocess as soon as the image quality is satisfactory.
cently. In addition to providing a very good coding The essence of embedding is that the bitstream can be

performance, the embedded coder has the property that #ieitrarily truncated. An immediate question is: Is there an
bitstream can be truncated at any point and still decodedbptimal coding strategy to generate an embedded bitstream
reasonable good image. Some representative works of emhssithat the coder is not only optimized at the final rate, but
ding include the embedded zerotree wavelet coding (EZViflso optimized at every truncation point? It turns out that
proposed by Shapiro [1], the set partitioning in hierarchicghe optimal strategy is to first encode those symbols with the
trees (SPIHT) proposed by Said and Pearlman [2], and th@epest rate-distortion slope. The initiative can be illustrated in
layered zero coding (LZC) proposed by Taubman and Zakhpig. 1. Suppose there are five symbals, ¢, d ande that can
[3]. The ability to adjust the compression ratio by simplye coded independently. The coding of each symbol requires
truncating the coding bitstream makes embedding very attraccertain amount of bits and results in a certain amount of
tive for a number of applications such as progressive imaggstortion decrease. Sequential coding in the order of symbol
transmission, internet browsing, scalable image and vidaao e gives the R-D curve shown as the solid line in Fig. 1.
database, digital camera, low delay image communication, &fche coding is reordered so that the symbol with the steepest
Taking the internet image browsing as an example, with tleD slope is encoded first, we can get the R-D curve shown
functionality of embedding, we may store only one copy fs the dashed line in Fig. 1. Though both performance curves
high quality image at the server side, and deliver to the browse#ch the same final R-D point, the algorithm that follows the
a part of the bitstream depending on the user demand, charfiglhed line performs much better when the output bitstream
condition, and browser monitor quality. At the earlier stagig truncated at an intermediate bit rate. We therefore propose
of browsing, images may be retrieved with coarse quality $prate-distortion optimized coder (RDE), which allocates the
that a user can quickly go through a large number of imagggailable coding bits first to the coefficient with the steepest
and choose the one of his or her interest. Then the chogeiD slope, i.e., the one with the largest distortion decrease
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Fig. 2. Bit array after transform. @
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in rate control [5], [6] to adjust the quantization step size W, \N\ez 1lol1] -
of each macroblocks, in which case the coding of video was W olilol™
optimal when the R-D slopes of all macroblocks were constant. 1
Xiong and Ramchandran [8] also used the constant rate- w, 1101} -
distortion slope criterion to derive the optimal quantization W, 111101 -
for wavelet packet coding. However, to our knowledge, there W, 1lolol B
were no existing works on rate-distortion optimization of 4 :
the embedded coder. L&t al. [9] showed that the R-D Ws 0]1]0
slopes of significance identification and refinement coding W 11010} - +
were different, and by placing the significance identification W olol1] - _
before the refinement coding, the coding efficiency could be !
improved. However, the improvement of [9] was fairly limited Second Third
as it only affects the coding order of a few coefficients.
This paper is organized as follows. The framework and the ®)
implementation detail of RDE are investigated in Section II. )
We focus primarily on the two key steps of RDE, i.e., the b, b, by by bs by by 5“9‘
R-D slope calculation and the coefficient selection. To avoid Wo olti1iol1 §\§
sending the overhead of coding order, RDE is based on W, alolilolilo /
the expected R-D slope that can be calculated by both the W olilolil—
encoder and the decoder. We simplify the calculation of R- 2 S
D slope to one lookup table operation with the help of the W ool +
probability estimation table of the QM-coder [10], [11]. In Wy 0]0{1]0]0] - -
Section Ill, the performance of RDE is compared with various W 11otolilol - -
other algorithms with extensive experiments. It is shown that W Tolol1lolol - +
RDE significantly improves the coding efficiency. Concluding 6 ——
remarks are presented in Section IV. w ﬂ% -
Il. | MPLEMENTATION OF RATE-DISTORTION st Second Third
OpPTIMIZED EMBEDDING (RDE) (c)
Fig. 3. Coding order of (a) conventional coder, (b) embedded coder, (c)
A. Notations rate-distortion optimized embedded coder (RDE).

Let us assume that the image has already been converted
to the transform domain. The transform used in the embeddéghoted byw). Suppose the coefficients have already been
coding is usually the wavelet decomposition, but it can be DQ¥rmalized through the division of the maximum absolute
as well, as in [15]. Let the index of a transform coefficientalue of the transform coefficient&:
be denoted byi = (s,d,z,y), wheres is the scale of the ,
wavelet decompositiond is the subband of decomposition wi = 2 with T = max |w}|. (1)
which includes LL, LH, HL, and HH, and, y are the spatial Ty ¢
positions within the subband. The first and second letter inThe normalized transform coefficienis are used through-
d represent the filter applied in the vertical and horizontglyt the following discussion. Becausg is between—1 and

direction, respectively. We use L for |0WpaSS filter and H fo_[‘l_]_’ it can be represented by a stream of binary bits as
highpass filter. Let the total number of transform coefficients

be denoted byV. Let the coefficient at index positioh be £0.01bobs - - by - (2)
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TABLE |
ELABORATED CoDING ORDER OF RDE FoR FiG. 3(c)

Order | Symbol | Value | Order | Symbol | Value | Order | Symbol | Value
1 byofw, 0 10 b, ofw, 0 19 by of wy 0
2 b, ofw, 1 11 byofws 0 20 b, of wy 0
3 sign of w, - 12 by ofwg 0 21 byof w, 0
4 byofw, 0 13 byofw, 0
5 byofwy 0 14 byof w, 0
6 by of w, 1 15 byolw, 1
7 sign of w, + 16 | sign of w, +
8 byofwy 0 17 byof wy 0
9 by of wy 0 18 by ofwy, 0

whereb; is the jth most significant bit or thgth coding layer

of coefficientw;. In the proposed rate-distortion optimized
embedding (RDE), the coding symbol, which is defined as
the smallest unit for R-D optimization, is either one single bit
b; of the coefficientw; or the sign ofw;. Nevertheless, the
concept of RDE can be extended to other embedded coders,
where the coding symbol may consist a group of bits, as in
the case of the embedded zerotree wavelet coding (EZW) [1]
or the set partitioning in hierarchical trees (SPIHT) [2]. A
sample bit array produced by a one-dimensional (1-D) wavelet
transform is shown in Fig. 2, in which thih row of the

bit array represents the transform coefficient and the;th Fig. 4. Estimation of the rate-distortion slope based on the transmitted bits.

column of the bit array represents the bit planeWe place (The bits marked by horizontal bars have already been coded; the bits marked
the most significant bit at the left most column, and place théth check board patterns are the next bits to be encoded.)
least significant bit at the right most column.
The order to encode the bitarray is different among the The Expected Rate-Distortion Slope
conventional, embedded, and rate-distortion optimized em-]c th timization is based th tual R-D sl th
bedded coder. The conventional coder such as JPEG [sz od:r Or?alg“tzoa g)en ilrslforerlr?(Sd g? ths ﬁfdté? of_ cosdicr:ze’Thi
or MPEG [13] first determines the quantization precision, or . : el
: . | gverhead to transmit the location of the symbol with the
equivalently, the number of bits to encode each coeff|C|erl1tT est actual R-D slope i | hat | i lif
. " g pe is so large that it easily nullifies
then sequentially encodes one coefficient after another wi . ;
certain entropy coding. Using the bit array of Fig. 2 as an a}dvqntages thqt can b? b rought up by rate-distortion
' ' timization. To avoid transmitting the coding order, we use

example, the conventional coding is ordered row by ro e expected R-D slope that can be calculated by both the

as shown in Fig. 3(2). The embedded coding is diStinCti\é%coder and the decoder. The concept can be shown in Fig. 4.

from the cgnvennonal cc_)dmg in the sense that the Ima@ﬁjppose at a certain coding instance, the most significant
is coded bit-plane by bit-plane, or column by column aﬁsn _ 1) bits of coefficientuw;, i = 1,---,N have been

shown in Fig. 3(b). The embedding bitstream can be tr“@hcoded, and the next bit under consideration is rthin

cated and still maintain reasonable image quality, since t§ RDE calculates the expected R-D slope for each
most significant part of each coefficient is coded first. {5 didate bitb,,,, and encodes the one with the largest

is also suited for progressive image transmission becaysfe. The expected R-D slopg is based on the coding
the quality of the decoded image gradually improves 3gyern,, the significance status of coefficient (whether all
more and more bits are received. On the other hand, thethe previous(n; — 1) bits of w; are none zero), and the
coding order of rate-distortion optimized embedding (RDE) ignificance statuses of its surrounding coefficients. It gives
optimized for progressive image transmission. RDE calculatgg estimate of the distortion decrease per coding bit if bit
the R-D slope); for each bitb; and encodes first the}, —is coded. Since the information used to calculate the
one with the largest R-D slope. The actual coding ordexpected R-D slope is available at the decoder, the decoder can
of RDE depends on the calculated R-D slope and is imag@siow the coding order of the encoder without any overhead
dependent. An example of the coding order of RDE is showransmission. The coding strategy ensures that at each step,
in Fig. 3(c). A more elaborated coding order of RDE iRDE encodes the symbol that gives the maximum expected
shown in Table I, where the order of coding, the symbadlistortion decrease per bit spent, thus achieves the best R-D
to encode and its value are listed in column 1, 2 and Berformance for the embedded coding just as shown by the
respectively. dashed line in Fig. 1.
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Key steps
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Fig. 7. Context for QM-coder.l is the current coding coefficient; and
[0 are its context coefficients.)

In significance identification, the coded bit is highly biased
toward zero, i.e., nonsignificance. We encode the result of
significance identification with a QM-coder, which estimates
the probability of significance of coefficient; (denoted ag;)
with a state machine, and then arithmetic encodes it. As shown
in Fig. 7, the QM-coder uses a context which is a 7-b string
with 6 b representing the significant statuses of six spatial
neighbor coefficients and 1 b representing the significant status
Fig. 6. Significance identification (marked with horizontal bars), refineme@f the parent coefficient which corresponds to the same spatial
coding (marked with dots), and sign bit (marked with check board patternijosition but one scale up the current coefficient The
coder uses a total of 128 context registers, each of which

. .. contains two bytes recording the QM-coder state and the
The operation flow chart of RDE can be shown in Fig. S,,q pronhable symbol, respectively. The context is shared

C_ompar_ed with traqmonal embeddlng, there are t\_/vo ketyetween different wavelet scale and orientations (LH, HL,
dlst|qu|shed ste_ps in RDE, i.e., R-D slope ca!cylatlon a ). Whenever a neighbor or parent coefficient is unavailable,
coefficient selection. Both steps have to be efficient so tf@b for the coefficients in the LL subband of the coarsest
the computational complexity of RDE remains low. We W”Ecale or at the boundary of a subband, the corresponding
discuss the two steps in details in the following sections. context bit is set to zero. By monitoring the pattern of past
zeros (“insignificance”) and 1s (“significance”) under the same
context (i.e., the same neighborhood configuration), the QM-
coder estimates the probability of significangeof the current

In this section, we develop a very efficient algorithm thatoding symbol. The concept is that if there wegg0 symbols
calculates the expected R-D slope with just a lookup table ofngp; 1 symbols in the past coding with the same context,

closely related to the R-D slope calculation. In RDE, the cogy|culated by Bayesian estimation as

ing of candidate bit$,,, falls into two categories—significance 5
identification and refinement. If all previously coded Bifsin p= Mo (3)
coefficientw; are zerosj = 1---n; — 1, the significance no +6+ny 46

identification mode is used to encode bjt, otherwise, the whereé is a parameter betwedf, 1] which relates to the
refinement mode is used. For convenience, coefficignts priori probability of the coded symbol. We may associate the
called insignificant if all its previously coded bits are zerogrobability p with a state. Depending on whether the coded
The insignificant coefficient is reconstructed with value zero aymbol is one or zero, it increases or decreases the probability
the decoder side. When the first nonzeradhjtis encountered, p and thus transfers the coder to another state. By merging
coefficientw; becomes significant. Its sign needs to be encodell the state of similar probabilities and balancing between
to distinguish the coefficient between positive and negativilae accuracy of probability estimation and quick response
and it becomes nonzero at the decoder. From that point on, tbethe change in source characteristics, a QM-coder state
refinement mode is used to encode the rest bits of coefficieable can be designed. For details of the QM-coder and its
w;. We show an example in Fig. 6. All the bits that haverobability estimation, we refer to [10], [11], and [12]. In
undergone significance identification are marked by horizongéneral, the probability estimation is very simple and is just
bars, and all the bits that have undergone refinement ar¢able transition operation. In RDE, the estimated probability
marked by dots. The bits marked by checkerboard patterns afesignificancep; is used not only for arithmetic coding, but
sign bits, which are encoded when a coefficient just becomaso for the calculation of the R-D slopg. On the other
significant. The expected R-D slopes and coding processemd, the refinement and sign bits are equilibrium between
for significance identification and refinement are completezero and one. They are encoded by an arithmetic coder with
different. fixed probability 0.5.

Significance Refinement Sign

C. Calculation of the Rate-Distortion Slope
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Distortion before coding: (x- r,)?
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Distortion after coding: (x- ry,)?

Fig. 8.

RDE needs to calculate the expected R-D slapdor all

lllustration of coding interval subdivision.

The average distortion decrease can be calculated as a

the candidate bit,,,, which is the average distortion decreasereighted average of the distortion decrease over the coding

divided by the average coding rate
_ E[AD)]
‘= DAR] (4)

The expected R-D slope can not be calculate by averaging

the distortion decrease per coding rate:
AD;
AR; |

A\ # E{ (5)

The reason behind (4) is just like the calculation of the aver-
age speed. When a vehicle travels through different segments

interval

K-1

E[AD;] = kzzo/f‘

ZI

My y1,a

(& = 7)* = (2 = 7.0)*Ip(2) dv
(10)

while the average coding rate is the entropy of the coding
subintervals

K-1 Miit.a
E[AR;] = Z —nglogong  with nyg = / p(z) dz.
k=0 Mo
(11)

with varying speed, its average speed is equal to the total travel

average of speed of different segments.

Suppose before coding bit,., coefficient w; is within
interval (M, 5, M ) with decoding reconstruction,. Coding
of bit &,,, supplies additional information of coefficien and
restricts it into one ofK subintervals(M}, o, My41,0) With
decoding reconstructioty, ,, k = 0,---, K — 1, as illustrated
in Fig. 8. The interval boundaries satisfies the relationship:

Moy =Moo < Mo < - <Mgqa=M,. (6)

Whereas the decoding reconstruction is usually at the center

of the interval:

ry = (Mo + My1)/2 (7)

and

Tha = Mo+ Mit14)/2, k=0, K—-1. (8)
For the coefficient with an actual value and coded into
subinterval (M}, ., My+1,.), the distortion before and after
coding is(x —r,)? and(x — 1 )2, respectively, as illustrated
through Fig. 8. Lep(z) be thea priori probability distribution

of the coding symbol within the intervdiM ;, M 3), which

identification, coefficientw; is insignificant and is within
interval (—27,,,2T,,.) before the coding ob,,,, whereT,,
27" is the quantization step size determined by the coding
layer n;. After the coding of#b,,, coefficientw; may be
negatively significant with interval—27,,,, —T,,,], positively
significant with intervalZ,,.,2T,,,), or still insignificant with
interval (—T,,,,7T»,). We thus have the following three pos-
sible segments after significance identification with segment
boundaries:

Moy =Moo = =215, M ,=-1T,,
M27a = Tn” and M37,,, = Ml,b = 2Tn7. .

(12)

The decoding reconstruction value before significance iden-
tification is
(13)

Ty = 0.

The decoding reconstruction values of each segment after
significance identification are:

is normalized so that the probablllty of the entire interval is Because the probab”ity of Signiﬁcanpgcan be formulated

equal to 1:

p(z)dz = 1. 9)

/1\41,;,
Mo s

70,6 = —1.50,,, r1.=0, m,=1.5T,,, respectively
(14)
as
~T,, 2T,
P = / p(z)dr + / p(x) de. (15)
—2T,, T,
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2 : : ¥
1.75 ; SR [ Wavelet Transform _| 1
= v
B 15+ e ;
Z 125 : ——-——V’ 1o | sigl‘l@ref
= ,
€ 1 P Scanning: all coefficients| | [CalR D slope | [Cal R-D slope
= 075 Y & ! for significance for refinement
0.5 ‘ : ; Encode coefficient with [~
0.25 : ———/ R-D slope greater than ¥«
| N
0 ] ‘ : J @
0.000001 0.00001 0.0001  0.001 0.01 0.1 1 | Y(—‘L Y/o | v
Fig. 9. Rate-distortion slope modification factor for significance identifica- Y significance refinement
tion. End identification
Assuming that thea priori probability distribution within the Fig. 10. Flowchart of rate-distortion optimized embedding.
significance interval is uniform
; the refinement interval which is determined by the previousl|
pla) = 2 for T, < |z| < 2T, (16) . v y the p y
21, coded bits of coefficienty;. The segment boundaries are
By sulbstlitutin% (12)—(14) ag.d (1§) ingo (10) and (&1), we Moy, =My,=5;,, M ,=85+T,, and 22)
m ver istortion r nd aver
ay calculate the average distortion decrease and average Mo, =My = S; + 2T,

coding rate for significance identification as

E[AD] = pi2.2512 (17) and the corresponding decoding reconstruction values are
i Pi v = 5; 0.0 = 9 0.57,,, d
EIAR] = (1 - pi)[—logy(1 = pi)] + 22 (- log, &) M e TR (g
T1,0a = 9 + ) ng "
= pi + H(pi) (18) -

whereH (p;) is the entropy of a binary symbol with probability; nt'gf:;?;h%t?;?% ?Sr'zrr:ifgrr(rfab'“ty distribution within
of one equals t;: i Wi n;

H(p) = —plogyp — (1 —p)logy(1 —p). (19) p(x)

h Notebthl?;[_tthg av_fzra;ge td |stort_|tch1r_1 (.17.) 'Sf_ not re_Iatted f}e average distortion and coding rate for refinement coding
e probability density function within insignificance interval,_ "y 1< iated as

(-T,,,T,,), because within that interval the decoding values
before and after coding are both zero, and thus the distortion E[AD;] = 0.25T5_ (25)
change is zero. It is straightforward to derive the expected R-D '

= for S; S; + 21, 24
2T, ors;, <x<S8;+ ; (24)

LE[AR)] = 1. 26

slope for significant identification from (17) and (18) as [AR] (26)

\ E[AD;] 2.2572, e 20) The expected R-D slope for refinement coding is thus

i,81g — = = Js\Di) Ly, -
® E[AR] 1+ H(p:)/pi E[AD] _ oo @)
i,ref — = V. nit
Function f,(p) is the significance R-D slope modification E[AR;]

factor defined as Comparing (20) and (27), it is apparent that for the same
fi(p) = 2.25 (1) coding layern;, the R-D slope of refinement coding is smaller
> 1+ @ than that of significance identification whenever the signifi-

cance probability; is above 0.01. This agrees with the result
It is plotted in Fig. 9. Apparently, the symbol with higherof [9] that in general the significance identification should be
probability of significance has a larger R-D slope and is thtlgﬁaced before the refinement coding.
favored to be coded first. The calculation of the R-D Slope We may also model tha priori probabmty distribution of
is only based on the coding layer; and the probability coefficientw; to be Laplacian. In that case, the R-D slope for

of significancep;, which is in turn estimated through thesjgnificance identification and refinement becomes
QM-coder state.

We may similarly derive the expected R-D slope for re- Aisig = fs(Pi)gsig (0, Tn, ) T, (28)
finement coding, where coefficieny; is refined from interval Xiwer = 0.25g5e1 (0, Tni)Tri- (29)
[S:,S: + 215,.) to one of the two segments;, S; + 1,,,) or
[Si+Tn.,S:+2T,,). T,,, = 27" is again the quantization stepwhere ¢ is the variance of Laplacian distribution which can
size determined by the coding layey, and S; is the start of also be estimated from the already coded coefficients, and
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0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Rate {bpp)

Fig. 11. Rate-distortion curve of RDE, LZC, and SPIHT.

gsig(0, ) and g..¢(o,T) are Laplacian modification factors p e
in the form of !

1 30 3e T/
sie(0, ) = 0.7+ — — ——
(o, T) 2.25< CTT o e—T/"> (30)
226—T/0' _ 2(1 + G—QT/O')
_ 4 T T
Gret(0, 1) = 4<0.7o + (=T . (31)

However, experiments show that the additional performance
improvement provided by the Laplacian probability model is
minor. Since the uniform probability model is much simpler
to implement, it is used throughout the experiment.

Because the probability of significangg is discretely |
determined by the QM-coder state, and the quantization stefis" 4
sizeT,,, associated with the coding layes is also discrete,
both the R-D slope of significance identification (20) and
refinement (27) have a discrete number of states. For fas
calculation, (20) and (27) may be precomputed and stored in (b)
a table indexed by the coding layer, and the QM-coder B T
state. Computation of the R-D slope is thus only a lookup
table operation. The R-D slope of refinement needs one entry
per coding layer. The R-D slope of significance identification
needs two entries per coding layer and per QM-coder state,
as each QM-coder state may correspond to the probability
of significancep; (if the most probable symbol is 1) or the
probability of insignificancel — p; (if the most probable
symbol is 0). Therefore, the total number of entrigs in
the lookup table is

M=2KL+K (32)

where K is the maximum coding layed, is the number of

states in the QM-coder. In the current implementation, there
are a total of 113 states in the QM-coder, and a maximum of
20 coding layers. This brings up a lookup table of size 4540.

D. Coefficient Selection Fig. 12. Original image of (a) boat, (b) gold, and (c) Lena.

The second key step in RDE is selecting the coefficiethiis implementation, a threshold based approach is used. The
with the maximum expected R-D slope. This may be dormncept is to setup a series of decreasing R-D slope thresholds
through an exhaustive search or sorting over all candidate bits.> v, > --- > ¥, > ---, and to scan the whole image
However, such approach will be computational expensive. tepeatedly. The symbols with R-D slope betwegrand~y,, 1
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Fig. 13. Experimental results of the Barbara image. (a) Original. Coded image at 0.125 b/pixel with (b) RDE 26.1 dB.
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Fig. 13. Continued) Experimental results of the Barbara image. Coded image at 0.125 b/pixel with (c¢) LZC 25.3 dB and (d) SPIHT 25.1 dB.
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TABLE I
ComPARISON OF RDE vERsus LZC anND SPIHT oN IMAGES LENA, BARBARA, BOATS, AND GOLD
Image Rate LZC SPIHT RDE
(bpp) | PSNR(dB) PSNR(dB) | PSNR(dB) Gain vs LZC(dB) _Gain vs SPIHT(dB)
Lena 1 40.1 40.4 403 0.2 -0.1
0.5 37.1 37.2 372 0.1 0.0
0.25 341 34.1 34.2 0.1 0.1
0.125 31.1 31.1 31.3 0.2 0.2
Barbara 1 37.5 37.6 38.1 0.6 0.5
0.5 32.6 323 33.1 0.5 0.8
0.25 28.6 282 29.1 0.5 0.9
0.125 25.3 25.1 26.1 0.8 1.0
Boats 1 41.2 41.1 41.6 0.4 0.5
0.5 36.9 36.5 37.0 0.1 0.5
0.25 33.1 32.5 33.2 0.1 0.7
0.125 29.9 293 30.0 0.1 0.7
Gold 1 37.5 376 377 0.2 0.1
0.5 34.0 34.1 34.3 0.3 0.2
0.25 31.4 313 31.6 0.2 03
0.125 29.3 29.0 29.5 0.2 0.5

are encoded at iteratiom. The threshold based rate-distortion coder is used to encode the sign and refinement. The
optimization sacrifices a little bit performance as symbols with  sign bit is encoded right after the coefficient becomes

R-D

slope betweeny, and ~,41 cannot be distinguished. significant.

However, the coding speed is much faster as the search fo6) Coding rate checkThe coder checks if the assigned

the maximum R-D slope is avoided. coding rate is reached. If not, the coder goes back to
The entire coding operation of RDE can be shown in step 3.

Fig. 10, where the left part shows the main operation flow, and7) Iteration: After the entire image has been scanned, the

the right part shows a blown up of R-D slope calculation and  R-D slope threshold is reduced by a factorcof

symbol coding. Since the symbols of significance identification

and refinement are treated differently, they are depicted at v =7/ (34)

separate branches in R-D slope calculation and symbol coding.
The operation can be described step by step as follows.

1) Initialization: The image is decomposed by the wavelet

2)

3)

4)

5)

In the current implementationy is set to 1.25. The coder
then goes back to step 2 and scans the image again.

transform. The initial R-D slope thresholdis set tovy,
with Ill. EXPERIMENTAL RESULTS
1 Extensive experiments are performed to compare RDE with
Yo = ETOQ . (33) other existing algorithms. The test images are Lena, boats,
gold, and Barbara, which are shown in Figs. 12 and 13(a).
Scanning The entire image is scanned top-down fronThe image Lena is of size 51% 512, all other images are of
the coarsest scale to the finest scale. Within each scaize 720x 576. The images are decomposed by a 5-level 9-7
subbands are coded sequentially with order LL (if theap biorthogonal Daubechies filter with symmetric boundary
most coarse scale), LH, HL and HH. The coder followsxtension [14]. It is then compressed by the layered zero
the raster line order within the subband. coding (LZC, proposed by Taubman and Zakhor in [3]), the set
Calculation of the expected R-D slope partitioning in hierarchical trees (SPIHT, proposed by Said and
The expected R-D slope is calculated for the candidaearlman in [2]), and the rate-distortion optimized embedding
bit of each coefficient. Depending on whether the coeffifRDE), respectively. The well-respected SPIHT coder is used
cient is significant, the expected R-D slope is calculatdtere as a reference of the state of the art coder. LZC uses the
according to (20) or (27). Note that the calculation odame method for context-coding of bitplanes as that of RDE.
the R-D slope is only a lookup table operation indexelh essence, RDE shuffles the bitstream of LZC and improves
by the QM-coder state and the coding laygr its embedding performance. The comparison between RDE
Coding decisionThe calculated R-D slope is comparedand LZC therefore shows the particular improvement of R-D
with the current threshold. If the R-D slope is smaller optimization. We set the initial probability of QM-coder in
than~ of the current iteration, the coding proceeds to thRDE to be equilibrium, (i.e., the probabilities of one of all
next coefficient. Only the candidate bit with R-D slope&ontexts are equal to 0.5). No prestatistics of image is used.
greater thany is encoded. The compression ratio in the experiment is chosen to be 8:1
Coding of the candidate bitDepending again on whe- (1.0 b/pixel), 16:1 (0.5 b/pixel), 32:1 (0.25 b/pixel) and 64 :1
ther the coefficient is significant, the candidate bit i€0.125 b/pixel). Since all three coders are embedded coders,
coded with significance identification or refinement. Ththe coding can be stopped at the exact bit rate.
QM-coder with context designated in Fig. 7 is used for The comparison results is shown in Table Il, where the
significance identification. A fixed probability arithmeticcoding rate is shown in column 2, the peak signal-to-noise
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ratio (PSNR) of LZC and SPIHT are shown in columns 3 anglartitioning in hierarchical trees (SPIHT). Another area of
4, and the PSNR of RDE and its gain over LZC and SPIHimprovement is coding postprocessing [16], which may be
are shown in columns 5, 6, and 7, respectively. We also plated to reduce the ringing artifact and improve the subjective
the R-D performance curve of the Barbara image in Fig. 1quality of the decoded image.

where the R-D curves of RDE, LZC and SPIHT are plotted
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IV. CONCLUSIONS AND EXTENSIONS
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