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Abstract—Backward Coding of Wavelet Trees (BCWT) is
an extremely fast wavelet-tree-based image codinglga-
rithm. Utilizing a unique backward coding algorithm,
BCWT also provides a rich set of features such assolu-
tion-scalability, extremely low memory usage, andxremely
low complexity. However, BCWT in its original form inher-
its one drawback also existingn most non-bitplane codecs,
namely coarse bitrate control. In this paper, two slutions
for improving the bitrate controllability of BCWT ar e pre-
sented. The first solution is based on dual minimumuanti-
zation levels, allowing BCWT to achieve fine-grainedbi-
trates with quality-index as a controlling paramete; the
second solution is based on both dual minimum quaiza-
tion levels and a coding histogram, providing the kility to
use target bitrate asthe controlling parameter with only a
small speed penalty.

Index Terms—image coding, wavelet tree, backward coding,
bitrate control, quality index, coding histogram.

|. INTRODUCTION

Ever since Shapiro developed the embedded zero-tr
wavelet (EZW) [1] algorithm, many new wavelet-tree-
n
them, SPIHT [2] developed by Said and Pearlman haé
undoubtedly beerone of the most influential codecs.
Achieving high compression performance with its low.
rate-

based image coding algorithms have emerged. Am

complexity algorithm, SPIHT also provides
scalability and fine-grained bitrate control. Extiwe

research on enhancing SPIHT, as well as other wavel

tree-based codecs, has been the focus of imagegtui

many years. Although new features, such as resokuti

scalability, have been added into the enhancedoso®e

5], there are still many important features thae a

difficult to incorporate into wavelet-tree-baseddeos,

specifically, low memory usage and computationdit ef

ciency [6].

Based on A Fast and Low Complexity Image Codec base
Backward Coding of Wavelet Trees”, Bangling Guo, Sunanda Mit
Brian Nutter and Tanja Karp which appeared in thee&edings of tr
IEEE Data Compression Conference 2006, Snaly USA, Marcl
2006. © 2006 IEEE.
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Recently, several new wavelet-tree-based codeos hav
been developed, such as LTW [7] and Progres [8i¢hwvh
drastically improved the computational efficiency i
terms of coding speed. In [9] we have presented our
newly developed BCWT codec, which is the fastest
wavelet-tree-based codec we have studied to ddte wi
the same compression performance as SPIHT. With its
unique backward coding, the wavelet coefficientanfr
high frequency subbands to low frequency subbands,
BCWT also provides a rich set of features suchoas |
memory usage, low complexity and resolution scétgbi
usually lacking in other wavelet-tree-based codecs.

Like LTW and Progres, BCWT avoids bitplane coding
to gain significant coding speed improvement, hutha
same time, it inherits a common problem of noniaiip
codecs, namely coarse bitrate control. The original
BCWT in [9] can only achieve certain bitrates, ahd
gaps in-between are large. One solution based antigu
zation step size search was used in LTW and Prdgres
gather experimental results. However, the enormous
speed penalty (usually more than 10X the coding)iof

8tich methods makes them impossible to use in pahcti

applications.

In this paper, we present two new solutions tovallo
CWT to achieve fine-grained bitrate control witinal
or no speed penalty. It is worth pointing out thizése
two solutions are also applicable to other nonthitp
codecs.

The rest of this paper is organized as follows. fifs
provide an overview of the BCWT algorithm in Seatid.
In Section 1, we discuss the bitrate control gesb and
one highly inefficient solution used in some coddcs
Section IV, our two solutions to the bitrate cohfpoob-
lem are presented. Experimental results are shawh a
discussed in Section V, followed by conclusions and
ture work in Section VI.

Il. BACKWARD CODING OFWAVELET TREES

The following definitions are commonly used terms
and symbols in the description of the BCWT algarith

cj : The wavelet coefficient at coordinaigjj.

Q(i, j) : A set of coordinates of all the offspring af)
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D(i, j) : A set of coordinates of all descendantsigfi( least once. The map calculation merely moves sofme o
L@, j) =D(, j) — A, j) : A set of coordinates of all the these computations to the beginning.

leaves of i j). B. Common Bottlenecks in Wavelet-tree-based Codecs

q. = \JOQZ‘Cl,jU if |c [ 21 :The quantization level  hile applying the MQD map to SPIHT and other
A | ,otherwise of the coefficient; ; wavelet-tree-based codecs can effectively reduee th
computational expense of each tree-scanning to r@ me

Ao :(k,.f}gggfj){qk,l} + The maximum quantization two-number-comparison, the total amount of tree-
level of the offspring ofi( ). scanning is still high enough for this process aket a
Qi = max {q ,|} : The maximum quantization level signifiqant portion of the coding ti'me. This_con@uimnal
(k)ILGL D) load will become even more serious at high bitrabes
of the leaves ofi(]). cause the wavelet-trees are split into many smesist At
Omin : The minimum quantization threshold. Any bit the same time, the second major bottleneck of most
belowq,, will not be present at the encoder output. wavelet-based codecs, nameélyplane coding, also con-

A. Map of Maximum Quantization Levels of Descetslan tributes to Fhe f|rs_t bottleneck throug_h repeating same
tree-scanning while gradually lowering the quariita

(MQD Map) ) i o threshold. The third bottleneck, management ofadyic
The basis of the BCWT algorithm is building a mdp 0 jists, is also present. These bottlenecks resut limited
the Maximum Quantization levels of Descendants (MQQmprovement in encoding time when the MQD map is

map), which is a variation of Shapiro’s zerotregpmep- applied to other wavelet-tree-based codecs.

resented in a more efficient form. Because the MQ4p The BCWT algorithm, on the other hand, avoids these
can also be applied to any other wavelet-tree-basdéc, pottlenecks completely, thus offering very high iogd
we will introduce it out of the context of BCWT. speed, and, at the same time, featuring identiGNMP

In the zerotree map or its adaptation to SPIHT-#aseperformance to SPIHT, resolution scalability oeratal-
codecs, each node stores the maximum magnituGgjjity, extremely low memory usage and high paral-
amongst the coefficients in its corresponding welvizke. lelizability. While BCWT borrows the efficient cau
In the MQD map, however, each node stores the maxsrinciple from SPIHT to describe relationships betw
mum quantization level of the tree so that mema@3ge parents and descendants in wavelet trees, it giffem
is much lower than that of the corresponding zemtr sp|HT and other wavelet-tree-based codecs in many a
map. o , , pects. The key is its unique one-pass backwardngodi

‘More rigidly defined, a MQD map is a two- which starts from the lowest level sub-bands ansets
dimensional map that is 1/4 the size of the waveletyackwards. MQD map calculation and coefficient ehco
transformed-image. Each node, denotethgsrepresents  ng are all carefully integrated inside this onssm such
the maximum quantization level of all the descetslaf 5 way that there is as little redundancy as posdiot
the wavelet coefficient;;, where (j) is in level 2 or  computation and memory usage. In order to destribe
higher subbands: complete coding process, we will start with thelding

m - {%(i,j (0. j)inlevel2 ) blocks of the algorithm, i.e. BCWT coding units.
=

ma qo(ivj),qm‘j)} ,otherwise C. BCWT Coding Units

- . The coding process consists of recursive coding of
Coefficients in level 1 subbands do not have detzets. many small branches of the wavelet trees, and wietde

Becauseq ; ;) can be expressed in terms of the off-these branches and their related MQD map nodes as

spring nodes ofiy; by BCWT coding units. An example of a BCWT coding unit
U(i,j), is illustrated in Fig. 1, as well as the compiota
Ui, :(k’mmggf”(”kl)' (2)  of some of the interim data. For simplicity, onlyLH
subbands are shown.
then Differing from a conventional wavelet tree, which

» i, j)in level2 spans many levels, from the root of the tree tofifse
- qo‘q } 0 I -(3)  level subband, a BCWT coding unit spans only these
T MaX oy,  MAxX (m,,)f otherwise els with only twenty wavelet coefficients and fiMQD
. ] o ) map nodes. In most “forward” codecs, even justne e
This recursive characteristic of the nodes makpsst  qde the top portion of the tree, the entire waverke
sible to efficiently calculate the entire map bwarhg 1 ust be kept in memory and repeatedly scanned.fBene
from the second level of wavelet sub-bands, whiee t jng from the backward nature, to encode a codinigy un
coefficients have no leaves, and then go to thélig gcwT does not require any data outside the threeHe
level sub-bands. unit, and once the coding is finished, most ofdaé& are
It is worth mentioning that, although calculatinget o jonger needed and can be released from memazy. W
MQD map in the beginning of the encoding process apcan outline the operations on a coding unit as &eps.

pears to be overhead, it is not. In the traditiomae-  \ore details including all the necessary conditiame
scanning process, each wavelet coefficient is coetbat  presented later.
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Figure 1. An example of a BCWT coding unit

-- Step 1: Calculatgg , dg;) andm;. fast and usually takes up only 2% of the total eeod-
-- Step 2: Encode the four offspring coefficients aing time.
0(2i,2j).

-- Step 3: Encode the differenag;j - M ;- E. Codlng.algonthm . .

(Repeat Steps 2 and 3 for offspring coefficients at For clar|'ty, we further define the following symbol
0(2i,2j+1), O(2i+1,2j) andO(2i+1,2j+1).) and operations: . o

-- Step 4: Encode the differenag, - ¢ ). U(i,j): A BCWT coding unit with its root ai,f).

One can observe that Step 2 is essentially equivede B(x): The binary code OMJ.
processing LIP and LSP in SPIHT, and Step 3 anp &te

process LIS's type-A node and type-B node, respelgti T(n): Shifting function, returns a binary code with a

_ single one at theth right-most-bi{n > 0) . That is shift-

D. One-pass Backward Coding ing binary 1 to theath bit. e.g.,

In the overall encoding process, BCWT simply starts T(0) = 00000001
coding the units at level 3; after all of them awsed, T(5) = 00100000
BCWT moves one level up; BCWT repeats until the top b
level is reached; then BCWT encodes the coeffisiémt
the LL-band using simple uniform quantization, #sene  codeb, starting from theith and ending at theth right-
method used in SPIHT. (Because of the simplicityd an most-bittm=n=0), e.g.,

o . Clipping function, returns a section of binary

common application, we omit the coding of the Llrba 00(1)001q4 = 000:
in future discussion.) 2
After all the bits are at the output, we can eithe oo110nqg =1101
verse the entire bitstream and transmit, or weleathe The steps of encoding a BCWT coding udi, j) are

decoder read from the end of the stream and goazadk  |isted in Table I. Note that, wheijJ is in the level 3
Every step in the decoding is in the exact reverser of g hhand, there is an additional step to computeesom
the encoding, therefore the coefficients and MQDPMaMQD nodes. Each coding unit above level 3 includes
nodes are reconstructed from the highest wavelette  toyr MQD nodes computed by its children. Level 3tsin
the lowest. o _ do not have children. It is also important to ntttet,

It is worth mentioning that there are several sergld  jnce a level 3 unit is coded, these four MQD nadesno
efficient bit-reversing algorithms available. Thetiee longer needed and are not retained in the MQD mgp a
bit-reversal process can be done “in-place” withaddi-  |onger. Therefore, the MQD map of BCWT is only 1/16
tional memory requirement, and the speed is extieme the “size of the wavelet-transformed-image, not th

size as it normally would be with forward coding.

© 2006 ACADEMY PUBLISHER
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TABLE I. ALGORITHM FORENCODING ONE BCWT UNIT

1. If (i,j) isin level 3 subband,
O(k,1)00G, j):m, = max {q,.}

(uv)DO(k 1)
If (i,j) is in level 3 subband, compute the level 2 MQD
nodes.

2. o= max 1m
* [ (k,I)DO(i,j){ k,I}

Compute the maximum quantization level of the Isave

3. I Oygjy 2 i » (KD OO, ) :

If the leaves are significant, encode the coeffitién the leaves i
four groups.

3.1 If m, =0, O(u,v)0O0(k,I):

If this group is significant, encode all coeffictsrin this group.

> ' ; (a) BCWT encoding witg}yin=2
3.1.1. If q,, =0, outputsign(c,,) (0) BOWT ancording w1
If this coefficient is significant, output its sign « Coefficients became significant
m, 0, 1, ..., 8 Quantization (bitplane) level
3.1.2. Output BQCU’V lqm{n
Encode and output the coefficient. Figure 2. Large gaps between achievable bitrates
3.2. OutputT(mk | X qu;XEr)n“ ) Furthermore, the relation betweep, and bitrate is
Encode and output the quantization level differebeéween this| h!ghly mgge-dependgnt. Itis I.mpOSSIble tp premse&y pr
group and the leaves. dict the bitrate for a giveqy, prior to encoding.
A similar bitrate control problem exists in many non-
4. m,; =ma ) lr)gglg(j){qm }1qL(iyj)j bitplane codecs, such as LTW and Progres.
Compute the maximum quantization level of the dedaats. B. Solution Based on Quantization Step Size Search
m Although not explicitly addressed, one solution was
5. If M 2 Oy s outputT(qL(i,,-)Xm;((qmvj),qmin) hinted at in [8] and was used in LTW's software package
If the descendants are significant, encode andubtitye quantization The b_a_s'c idea of the SOlu“On _'S to vary th_e step _fmze
level difference between the leaves and the descesd guantizing the wavelet coefficients to achieve etit
bitrates.

However, the above solution is not suitable for pract
cal applications because it entails an extremely slow
process to search for the right step size. The search pro
. . . ess basically is a loop consisting of adjusting step size,
A. Coarse Bitrate Control in Non-bitplane Codecs quantizing coefficients and encoding. The quantizati

In its original form [9], BCWT provides only coarse step size search usually requires more than tenidesat
bitrate control via the parametegy,;,, the minimum quan- before a reasonably accurate step size can be found.
tization level. There are large gaps between achleva

I1l. BITRATE CONTROL PROBLEM

bitrates, becausg,, is an integer dictating the quantiza- IV. FINE-GRAINED BITRATE CONTROL
tion level to which the binary bits of each coe#ici are
output. A. Dual Minimum Quantization Level and Quality-ixde

Fig.2 illustrates the cause for the large gaps between ; ;
achievable bitrates. Both (a) and (b) in the figtepre- As discussed previously, the
sent the BCWT encoding of the wavelet coefficients in
wavelet tree. Note that, for simplicity, only the sfgrant
bits of the coefficients are shown in this figure aimdis
lar figures in the rest of the paper. Other bits, sash
leading bits and sign bits, are omitted.

Whenq, is lowered from 2 to 1, not only do we have
to output one more bit for each previously significan
coefficient, but also there may be many previoussjign
nificant coefficients that become significant and sthu
drastically increase the number of output bits.

large gaps between
achievable bitrates for BCWT are mainly due to thet f
thatqgm, must be an integer.

Here we propose an efficient method, i.e., the use of
dual minimum quantization levels. Instead of encoding
all coefficients with the samg,,;,, we encode some of the
coefficients with gi,=go+1 and the remaining coeffi-
cients withg,i»= go. For example, in Fig. 3, we encoGg
coefficients withgmi,=2 and the remainder of the coeffi-
cients withgmi,=1. It is easy to find the following relation:
if C, increases, fewer encoded bits will be outputCif
decreases, more encoded bits will be output. Therefore
by changing the valug, and C,, we can achieve fine-
grained bitrates.

© 2006 ACADEMY PUBLISHER
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categorizing the quantization level of encoded s
follows:

-- Coefficient bits’BQCwu:\‘" , are of quantization lev-

els frommy;j to Quin.
-- Sign bits,sign(c, ) , are of quantization levej, .

-- Difference bits,T(nhm;% .., are of quantiza-

tion levels fromg ;) to maxem, Qmin)-
-- Difference bits,T(qL(.

(Cd) (CHY

UB]
(a.1) BCWT encoding witlgmi:=2 _ "')1 max@ i Gmin)
(a.2) BCWT encoding witlmin=1 tion levels fromm;; to max€ijy, Omin)-
0, 1, ..., 8 Quantization (bitplane) level

, are of quantiza-

C. Bitrate Control based on Coding Histogram

Figure 3. Dual minimum quantization level The goal of our second bitrate control solution is to
_ o provide the ability to encode to a specified talgéeiate.
We define a quality-indexQ), as follows: In other words, given a target bitrate, we needrno 6ut:

(a) qo for gmin and (b) when to useg, for encoding and
2, (4)  when to usep+1.
C To achieve this goal, we use a two-pass coding based
whereC is the total number of wavelet coefficients. Thus,0n the coding histogram. In the first pass, BCWT per-
we can us&), as a controlling parameter for the encodingforms a “pseudo-encoding” with,i, set to 0. Pseudo-
to achieve fine-grained bitrate control: the smalterQ,,  encoding means we do not output any of the bits biyt o
the higher the bitrates. generate the coding histogram. Thgnis the value that

Using quality-index as a bitrate controlling paramete satisfies the following inequality:

has several advantages: (1) no speed penalty; (2) near- N <N <N (6)
linear relation to PSNR; (3) clear physical meanihige Go*l T e

near-linear relation to PSNR is especially usefulaiee  \ynereN, is the target number of bits, and
in many applications, quality control is preferableio

Q =0+

Gmax
bitrate control. Nga = 2 0y "
However, the relation between quality-index andhlfin a=0o+1
bitrates is still image-dependant. For applications that N :qi‘h ) (8)

require precise target bitrate control, quality-ide not
the best choice. Our second solution to bitrate cbwiitb
address this problem, but we will first introduce tloel-c

ing histogram, a new concept upon which our soluiton
based. Omin Will Not be output. Discarding those bits is equivalen

to encoding the related coefficients usipg1l. Note that
BCWT encodes the coefficients backward; therefore we
The coding histogram is simply a mapping that countsliscard the flrst(N - N,)bits in the bitstream, not the
the number of encoded bits that fall into differentuqti-
zation levels (bitplanes). Therefore Nfis the total num-
ber of encoded bits). iS the maximum quantization
level, the coding histogranh, satisfied the following

9=0o
In the second pass, we perform a true encoding using
Omin=0o, but the first(Nq - N,) bits at quantization level

B. Coding Histogram

last bits. Fig.5 is an example of the two-pass enapdin
based on coding histogram.

The speed penalty of the above bitrate control smiuti
is the “pseudo-encoding” in the first pass, which costs

condition: o roughly the same time as a true encoding. Compared with
N = ih . (5) the penalty based on a quantization step size sedeeh, t
= “pseudo-encoding” has a fixed coding penalty, whereas

Fig. 4 shows an example of a coding histogram. In orthe quantization step size search has an image-degende
der to find the coding histogram, we must know thenqua penalty that is usually more than ten times higher than
tization level of each encoded bit. We list the sufer  former.

8 31 c_ <_THT > s8s[ (@) BCWT encoding
H <- < < | é (b) Counting the encoded bits
' "‘ ' ' (c) The coding histograrn,
0, 1, ..., 8 Quantization (bitplane) level

e |

(@)

Figure 4. An example of coding histogram

© 2006 ACADEMY PUBLISHER
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AN
Sl <-  <- <- —> 87
it S y
il _§ fo 2 Ny
1 % [ — 1 (a) 1st pass: pseudo-encoding
0 58 — 0 (b) The coding histograim, for 1st pass
@ () (c) Computinggo
(d.1) 2nd pass: encoding withi=1,
(C)N2<Ne<N; = =1 discarding K:-N;) bits atomin
(d.2) 2nd pass: encoding within—=1
(e) The coding histograim, for 2nd pass
s 0, 1, ..., 8 Quantization (bitplane) level
il N,
1 le——
0%

(N2-Ny)

-

(e)

Figure 5. Example of BCWT two-pass encoding based on codistgdram

V. EXPERIMENTAL RESULTS TABLE II. ENCODING TIME

Experiments were conducted using a PC with & Bivae | Quality- BESS\‘/’Td'”g Time (ms)
2.21GHz AMD Athlon64 3200+ Processor and Window (bpp) index Biraie o JPEG2000
XP. Currently, only Java implementation is availafde 0.50 4.898831 343 219 422
the BCWT with fine-grained bitrate control, whereas 1.00 3.616604 343 234 422
decs such as SPIHT, LTW and Progres do not offer Jaya_1:50 2.796753 344 235 422
implementation. Therefore, we compared BCWT only 5'(5)8 1'333322 3?2 ggg jg;
with JPEG2000 in this paper. 3.00 1572971 301 281 468

The codecs tested in the experiments are Java imple-
mentations: BCWT, version 1.01, binary uncoded; TABLE lll.  DECODINGTIME AND PSNR
JPEG2000 (JJ2000), version 4.1, with arithmetic encod —
ing. Results for the standard test image, “monarch! Bitrate Decoding Time (ms) PSNR (dB)
(768x512, 24-bit RGB), are listed in the Tables Idl ak. (bpp) BCWT | JPEG2000| BCWT | JPEG2000
Note that, because JJ2000 does not report core codipg—9-0 171 390 33.15 33.81
time, all times shown in the tables are end-to-endchwh i'gg ig; 2‘51(73 i?'gf ig'gg
means file /0O and DWT are included. 500 503 813 2297 2282

Table 1l shows the time to encode the tested image {0 250 212 984 44.05 43.81
various bitrates, along with the corresponding gualit 3.00 219 1094 45.49 44.72
index of each bitrate. For BCWT, the encoding tinas f
using two different controlling parameters are shown. VI. CONCLUSION AND FUTURE WORK

Using quality-index as the controlling parameter has n In this paper. we have presented two solutions to the
speed penalty and thus it yields the fastest codingdspee Paper, P

which is about 2X faster than JPEG2000. Using targe‘fOarse b"fate control problem in the original B.C.WT’
. . tggether with three new concepts, namely dual minimum
bitrate as the controlling parameter has a small spee

penalty (ranging form 40% to 56%), but it is stilsfer quantization Ievels,.qualilty-index and coding hisa]gr
than JPEG2000 (about 18%) ' One of the solutions is based on dual minimum quan-

Table Il shows the time and PSNR to decode at vari'E'Z"’lt'.On.Ieve'S and allows fmg-grgmed bitrate COhF."a
uality-index. The other solution is based on codiigg h

ous bitrates. BCWT is about 4X faster than JPEGZOOCQ

and the PSNR performances are very close between t b(??fr;?:t?d ﬁg;&snscr:nvgr L%ggggifotr?] ?Egst:r?vsct)tbslgﬁl-
two codecs. BCWT results in slightly worse PSNHR bp y

) tions based on their requirements. Controlling viaigual
1.00 bpp and below, but slightly better PSNR at hpp . . . S _
and above. It is important to point out that althoug index is best suited for applications where qualitytn

BCWT is binary uncoded, it outperforms arithmetic-!sS epégf?;abrlgfe?:/:é %'{(;ﬁi?olﬁgmz/ci’zli (t);r V\g,][egﬁr;?;tggd'
coded JPEG2000 in 4 out of 6 decoded bitrates. P P ’ g 9

small speed penalty but is best suited for applications
where precise bitrate control is necessary.

© 2006 ACADEMY PUBLISHER
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In parallel to this work, we have successfully maatifi partment of Electrical and Computer Engineeringeata Tech
BCWT so that it could generate a rate-embedded bitJniversity, USA. His research interests are imagepression
stream [10]. We will combine these modifications sd tha@nd video compression, image processing, patterogretion

BCWT can provide all these features:
scalability, rate-scalability and fine-grained bigraton-
trollability.
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