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Abstract—Embedded block coding with optimized trunca- TABLE |
tion (EBCOT) is the most important technology in the latest RUN-TIME PROFILE FORJPEG 2000 ECODERVM 7.2 [16] (IMAGE
image-coding standard, JPEG 2000. The hardware design of the Size 1792 x 1200, RVE-LEVEL WAVELET DECOMPOSITION ONE

LAYER, PROFILING PLATFORM IS A PIII-733 PC WTH 128 MRAM,

block-coding engine in EBCOT is critical because the operations MICROSOFTVISUAL C-+ 6.0 AND WINDOWS ME)

are bit-level processing and occupy more than half of the compu-
tation time of the whole compression process. A general purpose
processor (GPP) is, therefore, very inefficient to process these
operations. In this paper, we present detailed analysis and dedi-

Run Time Percentage (%)
Gray Scale Image  Color Image

cated hardware architecture of the block-coding engine to execute Operation lossless  lossy lossless lossy
the EBCOT algorithm efficiently. The context formation process Color Transform N.A. N.A. 091 14.12
in EBCOT is analyzed to get an insight into the characteristics DWT 1081 2638  11.90 23.97
of the operation. Column-based architecture and two speed-up Quantization N.A. 642 NA. 504
methods, sample skipping (SS) and group-of-column skipping EBCOT Tier 1 71.63 5226  69.29 43.85
(GOCYS), for the context generation are then proposed. As for Pass 1 14.89 14.82 13.90  12.39
arithmetic encoder design, the pipeline and look-ahead techniques Pass 2 10.85 7.00 10.94 563
are used to speed up the processing. It is shown that about 60% Puss 3 26.14 16.09 2512 1377
of the processing time is reduced compared with sample-based AE 19.75 14.35 1933 12.06
s_tralght_forward |mplementat_|on. A test chip is d_e_S|gne_d an_d the EBCOT Tier 2 17.56 14.95 17.90 13.01
simulation results show that it can process 4.6 million pixels image

within 1 s, corresponding to 2400x 1800 image size, or CIF

(352 x 288) 4 2:0 video sequence with 30 frames per second at Disorote ERCOT EBCOT
50-MHz working frequency. —» Wavelet [—» Quantization | Tier-1 1 Tier-2 >

Index Terms—Block-coding engine, EBCOT, embedded block Transform Block Coding | | R-D Optimize

coding with optimized truncation, JPEG 2000.
Fig. 1. JPEG 2000 encoder functional block diagram. JPEG 2000 consists of
three key modules, DWT, quantization, and EBCOT. EBCOT is a two-tiered

. INTRODUCTION coder.

I MAGE data compression is always indispensable, sin

the bandwidth and storage are limited and expensive. With ese features are not "?‘V?"ab'e m_baselme JPEG [1.]’ b.Ut th_ey
are important for transmission requirements and applications in

the fast growing of multimedia market, million-pixel d|g|talthe networking era. However, the performance and new func-

still camera (DSC), for example, is no longer unattamablggna”ties do not come without any price. The computational

and bandwidth and storage are increasingly necessary (€, o "ot JpEG 2000 is much higher than that of JPEG.

to the population of either wire-lined or wire-less netwo”ﬁBCOT [10]-{12], as one of the main modules in the JPEG
communication. JPEG [1], [2], a traditional but popular algo2000 standard o,ccupies over half of the computation time
rithm, has performed very well for natural image compression : ' .
in the past. However, the blocking artifact in JPEG at Ic’\1,<':|\}ccord|ng to our experimental data (see Table 1) [13] and other

bit rates is very annoying. JPEG 2000 [3]-[9] is a newl terature [5]. EBCOT is the most critical part in the design and

proposed next-generation still-image-compression standar .n?flzlementatmn of a JPEG 2000 system.

S . . he block diagram of a JPEG 2000 encoder is shown in
was finalized at the end of 2000 as an international stand %. 1. Discrete wavelet transform (DWT) and embedded

ISO/EC .15 444-1:2000. JPEG 200.0 .not only has bett fo k coding with optimized truncation (EBCOT) are the two

compression performance than the existing JPEG standard, bu ; . .
. . : .. main techniques adopted. DWT is a subband transform, and it
also provides many new features. It provides quality scalablllg

resolution scalability, region of interest (ROI) coding, an ansforms images from spatial domain to frequency domain.

supports both lossless and lossy coding in the same frameworEe generated coefficients, which may be scalar quantized
PP y 9 in lossy mode, are then entropy coded by the EBCOT algo-

rithm. EBCOT is a two-tiered coder, where Tier 1 is actually
Manuscript receive(é l\cljok\]/ember 1, 200d1; revised December 1, 2002. Thiscontext-based adaptive arithmetic coder, and Tier 2 is for
paper was recommended by Associate Editor J.-N. Hwang. . . L . . .
C.-J. Lian, K.-F. Chen, and H.-H. Chen are with the Department of EIectricE@te'd'Stortlon optimization and bitstream Iayer formation.
Engineering, National Taiwan University, Taipei, Taiwan, R.O.C. After wavelet transform, coefficients in every subband are
L.-G. Chen is with the Graduate Institute of Electronics Engineering, D?artitioned into code blocks. The inputs to Tier 1 are code
partment of Electrical Engineering, National Taiwan University, Taipei, Taiwa . . .
R.0.C. (e-mail: Igchen@cc.ee.ntu.edu.tw). Block by code block, and the outputs of Tier 1 are arithmetic

Digital Object Identifier 10.1109/TCSVT.2003.809833 coded bitstreams for every code block. This is why Tier 1
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Code-Blocks Samples (bit, 0 or 1) and Sub-bitstreams, and
Contexts (Rate, Distortion) pairs of each pass
7 7 7 : v 7 10001 1001010 |
CB, . " - . —, RYATYER! 001001010 1
B Context V Arithmetic 1110100100...........coeerreeeees 10010100 |

2 Formation us Encoder RODOIRoOD> 1 TR D
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EBCOT Tier-1 Blcok Coder R, D) [[ R(2). D(2) Ry(n), D,(n)

Fig. 2. lllustration of the entire coding process of EBCOT Tier 1 block coder.

is called a block coder. After all code blocks are arithmetic Sign bit
encoded independently, Tier 2 collects all bitstreams with their
rate-distortion information, and then picks more important bits MSB

first to form the final bitstream according to rate-distortion
optimization criteria.
The reason EBCOT occupies the highest computation
time is that the operations are bit-level processing. DAsbit Magnitude
word becomesV samples to be processed in EBCOT. Also, bits
the fractional bit-plane processing further complicates the D insignificant
bit-scanning order. This bit-plane coding algorithm is difficult o
to be optimized on a general purpose processor (GPP) or Ds‘g"'ﬁcam
digital signal processor (DSP). Therefore, dedicated hardware
archltgcture for EBC_:OT block coder is 'mper?‘tlve' Som,@l . 3. A sample is called “significant” after the first “1” bit is met while
preliminary commercial products of JPEG 2000 with dedlcatee%ing the magnitude part from MSB to LSB.
modules for EBCOT Tier 1 have been announced in [14] and
[15]. However, their teqhnlcal details are not p_ubhshec_;l. IHit plane by bit plane from most significant bit-plane (MSB) to
[10], a reasonable architecture of the block-coding engine 1s L ! ; .
. . least significant bit-plane (LSB) instead of coefficient by coef-
discussed during the development of JPEG 2000. Later, mare ) e ; .
! N o icient. CF scans all bits within a bit plane of a code block in
refinement and optimization concept of that initial structure

is discussed in [4] and [12]. In this paper, we focus on taespemflc order, and generates corresponding contexts for each

analysis of the EBCOT Tier 1 (block coder) algorithm, an it by checking the status of the neighborhood bits. The AE then

- ; . encodes each bit according to the adaptively estimated probabil-
propose an efficient accelerator, block-coding engine, for thjs ; . :

- . o : . ities from its contexts. The outputs of the arithmetic encoder are
most critical module. The main contribution of this work is th

e . (?he subbitstreams of each compressed code-block data. Also, the
efficient hardware architecture based on the proposed spee ) . S X
rate and distortion information are calculated for each pass for

techniques after the detailed analysis of the algorithm. Mos : )
significantly, the architecture is realized in a prototyping Chipsubsequent tier 2 Processing. . .
' " Before CF, the quantized (in lossy mode) or nonquantized (in

The rest of the paper is organized as follows. Section |l "Bssless mode) wavelet coefficients are converted from two’s-
views the algorithm of EBCOT tier 1, and Section Il provides

deep analysis of this block coder. Two speed-up methods complement representation to sign-magnitude format.s[:gt

re : ; .
proposed according to those analysis results. In Section 1V, %enotes the sign of the quantized wavelet coefiicief], and

: S o y[n] denote the quantized magnitude, idn] = |w[n]|. If
archltecture based on these speed-up |dea§ is dlscuss.ed'thé(precision ob[n] is P bit, then0 < v[n] < 2T . We identify
perimental results and performance comparisons are given, i

. . . . epth bit of v[n] aswv,[n], wherep = P — 1, ..., 0. Thepth
Section V. Conclusions are drawn in Section V. bit plane of this code block is composed of fith bit of each

sample in this code block. The scanning order in a code block
is from the MSB of the magnitude payt & P — 1) to the LSB
EBCOT is a two-tiered coder, where the first tier is a blocky = 0). A sample is called “significant” after the first “1” bit
coder and the second tier is for rate-distortion optimization aifd,[n] = 1) is met while encoding the magnitude part from the
bitstream formation. Although Tier 2 is part of the EBCOT alMSB to the LSB, and it is called “insignificant” before the first
gorithm, the practical implementation detail is not defined in tH&.” bit appears, as illustrated in Fig. 3. The sign4iit] is coded
standard and not restricted in the design of an encoder. In timgnediately after the first “significant” bit is coded. Within a bit
paper, we focus on the design of the block-coding engine for thiane, every four rows form a “stripe,” and the scanning order
first tier coding algorithm of an EBCOT encoder. is stripe by stripe from top to bottom. In every stripe, data are
Tier 1 of EBCOT is actually a context-based adaptive aritlscanned bit by bit from top to bottom and column by column
metic encoder. Code blocks are independently coded by thism left to right, as shown in Fig. 4. Also, the constitution ele-
block coder into subbitstreams. According to the functionalitynents and hierarchy of a code block are summarized in Fig. 5.
the block coder can be further partitioned into two steps, con-To improve embedding, a fractional bit-plane coding method
text formation (CF) and arithmetic encoder (AE), as shown is used. Embedded coding, which is useful for scalability and
Fig. 2. The transformed coefficients of a code block are codéat efficient rate control, is actually one of the main features

LSB —»
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II. EMBEDDED BLOCK-CODING ALGORITHM
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e——— Code-Block Width ———» 1[1[1[1[3]3][3]3
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4 VWU N Stripel 1 /l 1|1]1]3 //3"(3/ Check and encode
Samples 33 1|1|1]1]3}3] using i-th pass
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________________________________ > Stripe2 R N B Check W(‘j‘h"‘"
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Pass | Coding Pass 2 Coding Pass 3 Coding
Fig. 4. Scanning order of context formation in every pass 1tjajticfcicfe}  [clclcfejclclelc] [clcc|c[3]33]3)]
9.4 9 Y pass. 1/ci1]|1|c|c|c]|C clz2jc|c|c|c|c|c clclciclay3|a3]
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_ Bit-Planes . Stripes (Columns Bits Fig. 6. Example of fractional bit-plane coding. There are three passes in a bit
in a Code-Block in a Bit-Plane in a Stripe  in a Column plane. Each bit is coded in one of the three passes.
Fig. 5. Constitution elements and the hierarchy of a code block. When the sample itself

becomes significant

Initial state
of JPEG 2000. Under this fractional coding method, one bit
plane is further decomposed into three passes according to coef-
ficients’ significant situations. While scanning from the top bit
plane, all-zero bit planes are skipped. When the first nonzero When its Neighbor
bit plane is found, only pass 3 coding is used to encode all ~ Become Significant
bits in this bit plane, since no bits will be coded in pass 1 and

. . . Fig. 7.
pass 2 according to the coding rule. The subsequent bit plagf,?ﬁ,ane
are scanned three times each following the scanning order de-
scribed above. The first scanning is for pass 1, and is followed

_by pass?ta;]ndtﬁaSSSScanmr:Dg. Ea;:h bitin azr[“p_lan_ef IS etncogg e the bits (decisions) based on their associated contexts.
In one of the N ree passes. Fass L 1s named signilicant praay, 1 avic coding is widely used in some standards. JBIG [17]
agation pass.” During pass 1 scanning, those samples that § JPEG both describe the QM coder, while JPEG 2000 and
currently insignificant, but have at least one immediate signi BIG-2 both use the MQ coder. There ,are quite a number of
icant neighbor are coded first. Clearly, these samples are mf?r%ortant differences between MQ and QM from an imple-

I!kely to becom”e significant. Pass 2 is called a m.a.gn'tuqe'rﬁientation perspective. Most notably, the MQ coder lends itself
f|_nemer_1t pass.” Samples that r_lave become significant in p%ﬁ'_more efficient hardware implementations, since it replaces
wgus bit planes a”re coded in this pass. The lf.iSt pass, pass ’I\Scarry resolution (difficult to implement, having unbounded
a cIeap—up_ pass.” Samples not coded |nth_e f|r.sttwo passesaé?ay implications) with a bit-stuffing technique. The MQ
coded in this Pass. As the gxamplg showniin Fig. 6, the twq b!:t der also has a smaller probability table. In JPEG 2000, the
that are coded in pass 2 in this bit plane have become sig

icant in the previous bit plane. Those bits coded in pass 1

obability estimation and update process is accomplished by a
th " 5 i due 1o the sianifi e lookup method, and hence no multiplication is necessary.
tr;gr?rch:rsaect\(lavr(i)sl?iiss positions due fo the signimicance propaggs, probability estimation table, containing the information
NN . . of the estimate of the less probable symbol’s probability (Qe),
Once a bit is checked and decided to be coded in one PaJ&xt state if More Probable Symbol is coded (NMPS), Next

its context is generated according to the status of its neighbg{gte if Less Probable Symbol is coded (NLPS), and SWITCH
using four coding primitives: zero coding (ZC), run-length ; ’

. . ) ) ) is fixed and predefined in the standard. After arithmetic
coding (RLC), sign coding (SC), and magnitude refmeme_%coding, the output is an arithmetic coded bitstream, which

(MR) primitives. There are a total of 19 contexts defined Aonsi - : .
: onsists of many pass segments with the rate and distortion
JPEG 2000 [3]. The context of a bit should be generated ‘f{(;rmation for each pass. These data are the output of the first

sent to arithmetic gncodgr .a'long with the bit tq t.).e code er, and send to Tier 2 for further selection to form the final
Among the four coding primitives, ZC and SC primitives ar'§pE 2000 bitstream

used in the first and the third pass, MR primitive is used in the
second pass only, and RLC primitive is used in the third pass.
ZC and MR primitives check the eight immediate neighbors’
significant states to decide the context, and the RLC primitive
is applied when the four bits in a column do not have any According to the profile data in Table I, the block coder oc-

significant neighbors. The SC primitive has to check the foaupies most of the computation time, and thus this bit-level pro-

(horizontal left and right, and vertical up and down) immediateessing task deserves a detailed analysis. In [10], a straightfor-
neighbors’ sign and significant states. ward architecture is considered. Each bit is checked for three

When the sample itself
becomes significant

Evolution map of the bits in a sample from higher bit planes to lower
S.

fter the context is generated, the arithmetic encoder will

I1l. ALGORITHM ANALYSIS AND PROPOSED
SPEEDUPTECHNIQUES
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TABLE I
STATISTICAL DATA OF NUMBER OF BITS CODED IN EACH PASS OF A 256 x 256 LENA IMAGE AFTER TWO-LEVEL
5/3 DWT WITHOUT QUANTIZATION. SIGN BITS ARE NOT COUNTED IN THIS DATA. BIT-PLANE OIS THE LSB

Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 ]| Pass 3 Pass 1 | Pass2 | Pass3
7 0 0 0 7 0 0 0 7 0 0 0 7 0 0 0
[ 0 o] 4096 (9 0 0] 4096 [3 [1) 0] 4096 [3 0 0] __4096
S 1684 779 1633 S 537 61 3498 S 14 2] 4080 5 90 9] 3997
4 1573 2140 383 4 1222 361 2513 4 342 72] 3682 4 258 591 3779
3 712 3199 185 3 1523 786, 1787 3 756, 216] 3124 3 786 211 3099
2 392 3691 13 2 1782 1372 942 2 1507 626 1963 2 1638 572 1886
1 173 3922 1 1859 2186 S1 1 2443 1536 112 1 2523 1403 170
0 791 4017 0 0 990 3105 1 0 1306 2787 3 0 1401 2695 0

Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 | Pass 3
i 0 0 0 7 0 0] 4096 7 0 0] 4096 7 0 0 0
[§ 0 o] 4096 6| 33 3] 4060 6 13 1 4082 6 0 0] 4096
S 158 16 3922 S 509 33 3504 S 353 38 3705 S 57 S| 4034
4 738 135 3223 4 1049 301 2746 4 1337 301 2458 4 380, 86| 3630
3 1255 423 2418 3 1487 702 1907 3 1688 844 1564 3 866 273 2957
2 1721 908 1467 2 1884 1251 961 2 1851 1581 604 2 1460 635 2001
1 2170 1677 249 1 1850 2203 43 1 1575 2476 45 1 2322 1403 371
0 1289 2806 1 0 917 3179 0 0 833 3262 1 0 1503 2593 0

Pass 1 | Pass2 ] Pass3 Pass 1 | Pass2 | Pass3 I Pass 1 | Pass2 | Pass3 Pass 1 | Pass2 | Pass3
7 0 0 o | 7 0 0 0 | 7 0 0 of [ 7 0 0 0
[ 0 0] 4096 6 0 0 0 6 0 0] 4096 6 0 0] 4096
S 10 1 4085 S 0 0] 4096 5 11 1 4084 5 44 5| 4047
4 158 21 3917 4 355 50§ 3691 4 506, 93 3497 4 334 55 3707
3 752 140 3204 3 083 184 3229 3 1167 420 2509 3 806 195 3095
2| 1362 555 2179, 2 1436 469] 2141 2 1864 1004 1228 2] 2033 595 1468
1 2520 1437 139 1 2653 1228 215 1 2009, 2028 59 1 2372 1666 58
0 1408 2681 7 0 1612 24382 2 0 1035 3060 1 0 1241 2854 1

Pass 1 | Pass 2 | Pass3 Pass 1 | Pass2 | Pass3 Pass 1 | Pass 2 | Pass 3 Pass 1 | Pass2 | Pass3
7 0 0 0 7 0 0 0 7 0 0 0 7 0 0 0
[ 0 o] 4096 6 0 0 0 6 0 0] 4096 6 0 0 0
5 83 7] 4006 5 0 0] 4096 5 235 24 3837 S5 1) 0] 4096
4 612 94] 3390 4 161 19] 3916 4 1010 211 2875 4 77 9] 4010
3 1227 434] 2435 3 302 79 3715 3 1355 655] 2086 3 324 50 3722
2 1872 966 1258 2 1248 266] 2582 2] 2147 1258 691 2) 1879 334 1883
1 2050 1933 113 1 2649 1005 442 1 1793 2293 10, 1 2551 1360 185
0 1119 2977 0 0 1783 2313 0 0 909, 3187 0 0 1406 2689 1

times, one for each pass, although each bit will only be coded
in one of the three passes. Coding 2684 code block withV 4500
4000 |- Ay

magnitude bit planes will cost at least 6464 x N x 3 clocks. 3500 e\
This will generate many “bubbles” if the block coder scans and .

1ts

3000

checks every bit in this way. That makes the block-coderdesign§ 2500 |- —e—Pass 1

very inefficient. 8 2000 | —mpass2
According to the observations on the context formation § 1500 | 4 pass3

process, improvements on processing cycles can be achiever 1000
by utilizing some characteristics. Fig. 7 shows the “evolution” o
of the bits of each sample among the three passes during the 0 ; 6 s 4 3 5 . 0
block coding. Every sample is insignificant in the first bit

plane, so all bits in the first bit plane are coded in pass 3 in
the beginning. As we proceed coding toward lower bit planes,
some samples become significant. The following bits of that

significant sample will then all be coded in pass 2, and théijg- 8. _Distribution of the number of bits coded in the three passes in every bit

insianifi t iaghb il b ded i 1d t tnoéane. The distribution shown in this figure is a &464 code block from the
Insignmcant neighbors wi € coded In pass ue to subband of the highest resolution in a 26@56 Lena image after two-level

significance propagation prediction. wavelet decomposition (the bottom right one in Table I1).

Bit-plane No.
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TABLE Il Samples required to be coded in pass2, shown in gray circles
COLUMNS CLASSIFIED BY How MANY NBC SaMPLES A COLUMN CONTAINS O O OO0 O Q Q O O OO0 O
(BABOON, 512 x 512, RVE-LEVEL WAVELET, CODE-BLOCK 64 x 64) elele]ele] Jole o] Jolo olelele Goncrato Tag at passl
NBC Number of columns in each pass 8888:8898:888888
No. Pass1 Pass2  Pass3 Sum | GOCS memory
0 181,076 159,223 258,328 598,627 47.85% T T T T of pass2
I 72650 47,663 14437 134750 10.77% Goct Goc2 GoC3 GOC4
2 60,921 49,313 10,532 120,766 9.65% l l l
3 51,098 63,132 6,568 120,789  9.66%
4 29,391 75,805 170,807 276,003 22.06%
1 2011 |1j1|3]1]1 1 Apply GOCS at pass2

<; Conventional , Sample
] way : Skipping Number of clock cycles required for pass 2 coding,
with SS and GOCS
4 clock 2 clock Fig. 11. Example of GOCS: four columns are grouped together in this
cycles cycles ; example. The numbers in the bottom are the clock cycles required to encode
required required i )i these bits.

. NBC sample O No-operation sample

38%

N SS + GOCS(Group=4)
Fig. 9. Concept of SS speedup method. Skip no-operation samples ir = . | WSS+ GOCS(Group=8)
column, and directly encode NBC samples. = | 4SS+ GOCS(Group=16)
23 3% | SS + GOCS(Group=32)
g2 N\ i O SS+ GOCS(Group=64)
Conventional way (process 16 columns) 2 2 N\ -
> e A
BAAAAAAANGAAN/AALAN 53 ! | =
iOO0O0OCO0OI0OOO00O0 S3 N\
.OOOO0.000.000000 g \
elelele: Jolele: I I le elelele; £ 9 —
sJelele. Jolol o] Jeleelelele! N
D AV AT TV, N

Group-Of-Column Skipping (process 8 columns) 30%

Bike Baboon Lena Jet Pepper

Fig. 10. Concept of GOCS method. A group of no-operation samples e‘._:lg 12

skipped together. Run-time analysis with different number of columns as a group.

C program simulation of context formation with SS and GOCS techniques.

The characteristic of the context formation process makes tr g, it coefficients
distributions of the number of bits coded in the three passes va . 12, Sign Register PE
greatly from bit plane to bit plane, i.e., highly skewed distribu- Momories (6 x 4 bit shift register) —-|
tions. Real cases are analyzed and Table Il shows the detail H.V Contribution
distributions of the 16 code blocks in a Lena image. One of th Magnitude 4 ~
distributions of a code block is drawn in Fig. 8. In the MSB, Memories ] Sample
bit-plane number 5 in this example, all samples are insignifi | a (LS fl 5 | conext
cant, and thus 4096 bits are coded in pass 3. In lower bit plane Magnitude 4 % 2 M
more and more bits are coded in pass 2, while the number Lo > 5 AG  f1 8 [l | Decision
bits in pass 3 is decreasing. The number of bits coded in pas: = 4 = E o
increases at the beginning, and then decreases because for ||| cocs
samples coded in pass 1, some of them could become signi Final g pfl || Memory |

. . . . . L Memory

cant in this pass and will be coded in pass 2 in the following
bit planes. The bits to be coded in one pass may be very spar Significant H.V.D
Some passes may even do not have any bits, such as pass Significant | _ 12 [ Significant Register PE
bit-plane 0 in some code blocks in Table II. This distribution Memories [ 7 | (6x 4 bit shift register) |
phenomenon is utilized for architecture optimization.

The problem of the block coder is the inefficient processing
flow of the sequential bit-level processing and irregular codirfdg- 13
patterns due to the fractional bit-plane coding. To speed up the
processing, we can make effort on two ways. First, speed up fier clock cycle due to the probability adaptive characteristic,
time required to process need-to-be-coded (NBC) samplesibgoes not make sense to generate more than one context and
generating more than one context and decision (bit) every cycdample pair as the first method suggested. Therefore, we focus
The second method is to skip those bits not belonging to thaitr design strategy on skipping those “bubbles” while scanning
pass. Since arithmetic encoder can encode at most one sarttpdee sparse passes.

Block diagram of CF module.
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. Current Coding Samples D Neighbor Samples

Fig. 14. Block diagram of the proposed column-based significant state variables PE.

Bubble removal and data reuse can be achieved via
column-based operation. In the architecture discussed in [10],
data are supplied to context formation processing element (PE)
one bit at a time, i.e., sample-based serial checking. Since Check 4 samples of
the sample under checking may not belong to this pass, the current column parallelly
checking, therefore, results in a “bubble.” The bubbles can be
efficiently removed by checking more than one sample every
clock cycle as long as at least one bit in this checking belongs to

Coding a Column

Is there any

this pass. In the proposed architecture, column-based operation NBC sample ? £
is adopted instead of sample-based operation. There are two Code one
advantages of column-based operation. First, bits in a column NBC sample

are checked simultaneously, so “bubbles” can be skipped. v
Second, higher data reuse in significant and sign state variables,
and thus memory access frequency of these state variables can
be reduced. This will be clearer after the discussion of the Yes
proposed hardware architecture in the later section.

In every bit plane, each bit is coded in one of the three < Done )
passes, so one column in every pass may contain 0—4 NBC
samples. Table Il shows the experimental result based on thg 15. Flowchart of coding a column using sample skipping speedup
column-based concept. In this experiment, columns in evengthod.

pass are classified according to number of NBC pixels in them.
For example, there are 181076 columns in pass 1, 1592 NBC ﬂags[

All NBC samples
are coded ?

columns in pass 2, and 258 328 columns in pass 3 that do1 [3:0] Ei Change
contain any NBC samples. There are total 598 627 (47.85¢ Sample = 2 - Column
columns contain zero NBC samples. The percentage of <:qurrA°°‘[‘f?(‘)‘]1a“)r 2500 ) .

having four NBC pixels, which means no processing cycl ' v P

is wasted in a sample based serial checking architecture, 201 N {1 )

only 22.06%. According to the sample based serial checkit _}—‘7

architecture, checking a column costs four clock cycles r 2510 —— J:.--’ b 2 NBC
matter how many NBC samples are in it. Our key ideas are ' Index
improve this phenomenon by 1) skipping no-operation sampl ' r |_ —

and 2) skipping no-operation columns (columns without ar 2bll

NBC sample). Two speedup methods are described below.

Fig. 16. Control circuit of SS method.
A. Sample Skipping (SS)

SS skips no-operation samples in a column, as illustrateddfPve the cycle time greatly, as the experimental results show in
Fig. 9. It can be applied to all three passes. Through paralfegction V.
checking, if there are NBC samples in a columrn (< n < 4), o
only n cycles will be spent on coding these NBC samples, afti Group-Of-Column Skipping (GOCS)
4 — n cycles are saved. Suppose there is not any NBC sample irGOCS is to skip a group of no-operation columns together, as
a column, only one cycle is spent on the checking. Since ma$town in Fig. 10. It can be applied to pass 2 and pass 3. After ap-
columns have less than four NBC samples, this method can iplying this technique, both the processing cycles and the number
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of memory access can be reduced. The number of NBC sample
in each group can be checked and recorded while coding in pas
1. A 1-bit tag is used for each group. For example, a “0” bit is
recorded in the GOC memory if a GOC has no NBC samples.
Otherwise, a “1” bit is recoded. While coding pass 2 and pass
3, the tags in GOCS memory are checked. If the tag is “0” for
current coding GOC, all columns of this group can be directly
bypassed instead of checking one by one. Fig. 11 is an exampl
of a 16-column stripe with four contiguous columns grouped to-
gether. The tag for every GOC is generated while coding pass 1
and stored in GOCS memory. While coding pass 2, those GOC Yes
with tag “0” are directly skipped, which costs only one clock
cycle. The GOC with tag “1” is then checked column by column,
and coded using sample skipping method. To decide how man J
;:olumns should be grouped together, different images are use (hould be cod@ (hould b code? @
or C model simulation. The simulation result in Fig. 12 shows in Pass 1 in Pass 3 in Pass 2
that eight columns as a group has the best run-time performanc
in all test patterns. Flowchart of le checki d . hich |
As an extreme case of a skipping technique, pass skmpmg,&ms to. owehart of sample checking fo determine which pass a sample
possible. Suppose samples become significant in the earlier bit
plane; it is possible that all samples become coded in pass 1 and
pass 2, and thus no samples are in pass 3. Another possibility Stripe QOOOOOQQO
is that all samples in the lower bit planes belong to pass 2, and n-1
none to pass 1 and pass 3. In these cases, the whole pass (pass
1 and/or pass 3) can be skipped. Although the occurrence prob-
ability of these cases is not high, pass skipping is efficient once Stripe
it happens, since the whole pass is skipped. Besides, the most n
important fact is that the implementation overhead for pass skip-
ping is quite small, since only a 1-bit flag is necessary to record
this information, and the checking and control circuits are very

Check a sample

Current sample is
significant ?

Current sample has
significant neighbor ?

. Stripe
simple. n+1
IV. ARCHITECTURE Fig. 18. Examples of some feasible memory arrangements for significant state
. variables.

A cycle-efficient block-coding engine for EBCOT Tier 1 in
JPEG 2000 is proposed in this section. The detailed architec-
tures of the context formation and arithmetic encoder modules  Stripe 888888888 }Memory B
are described in the following subsections. n-1

A. Context Formation Module '
The block diagram of context formation is shown in Fig. 13. Smnpe
In the top left corner, there are two code-block data memories: .
oneisfor sign bits and the other is for magnitude bits. Three state =~ sl sl ML L Il } Memory C
variables, which are necessary for the context formation algo- ¢

rithm as defined in [4] and [10], are stored in the three memories  Stripe QQ O }Memo B

shown in the bottom left corner. The variablesniagnitude re- 1 | OOOO0OOOO0 v

finement memonrgre used to provide the information whether

the sample in this pass is coded in significant refinement pads 19. Proposed memory arrangement for significant state variables.

for the first time. Thefinal memorytraces the information that

each sample has been coded or not so far in this bit plane. T™oeling PEs. Th&S sample selectowhich is used for sample
significant memongtores the information whether one coeffiskipping speedup method, generates the index of NBC samples
cient has become significant or not. The wavelet coefficientme by one for coding PEs. Tlaeldress generatafAG) gener-

and state variables corresponding to current coding column ates read and write addresses for all memories and register PEs.
sent tocoding PEsfor generating context (CX) and decisionThe GOCS memoris used to store the information required by
(D) using four different coding primitives. Since sign bits an€6OCS speedup method. CX and D generated by four coding
significant state variables of neighboring samples are requireés are transmitted to tlpass controllefor selection. A small
while coding these variables are sentsign register PEand buffer, as a parallel to serial converter, is placed to smooth the
significant register PEor pre-processing before submitted talata flow, and CX and D pair are outputted to AE one by one.
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CX_states
i [}

CX
—» Stage 1 Stage 2 Stage 3 Stage 4 Bitstream
b (Table B\ update) [P (C16 update) [ P] (C12 update) [[ ™
—» | Look-up) pdate) (C16 update) (C12 update)
N J o\ J o\ J
Context state Interval register Code register
retrive updating stage updating stages

Fig. 20. Data flow of arithmetic encoder with four-stage pipeline.

The block diagram ofkignificant register PEs shown in are required, including variables of the sample under coding
Fig. 14. The rectangles stands for a shift register array for s@ad the eight neighboring samples. In a column-based design,
nificant state variables. It can provide not only the significarit8 significant and sign variables are needed at the same time for
state variables needed, but also the sum of significant neigheoding PE, including current and two neighboring columns,
bors of each sample in current coding column simultaneouslyith six bits for each column. Since variables from neighboring
After finishing coding a column, variables in the register arrastripes are needed, it is quite a challenge to arrange and access
are shifted to the nearby column on the left for the coding of teemory. Two feasible memory arrangements are shown in
next column. The original variables in the left column are abafkig. 18. For arrangement A, four variables of a column are
doned, and new variables are loaded from memory and stogFduped to be a word. These words are interleaved placed in
in the right column. Because of results sharing, a hardware ctistee memories. Every time a new column is processed, three
for column-based operation can be reduced. words, including the current coding column, the upper one,

Fig. 15is the flowchart of coding a column using sample ski@nd the lower one, have to be loaded from three memories,
ping speedup method. NBC samples are coded one by one umtié word per memory. Therefore, the memory bit-width is 12
all NBC samples in this column are coded. Therefore, to implbits. However, some redundant variables are also loaded from
ment the sample skipping method, indexes for NBC samplestite memory. Only six variables are needed for coding a new
this column must be generated one by one. The control circaglumn, but 12 variables are accessed. The memories must also
for sample skipping is shown in Fig. 16. In this figure, the 4-blbe written if there are any changes in significant state. During
NBC flags indicate which samples in the current coding colunwrite access, only the current column has to be written back,
are NBC samples, for example, the four bits “1010” mean thtterefore, there is no redundancy in write cycle. For arrange-
the first and third samples are NBC ones. The 2-bit Sample Atient B, variables are interleaved placed in two memories.
cumulator accumulates the number of samples already cod®gkry time a new column is processed, two words are loaded
in this column. The NBC index of the current coding sampl&om two different memories. Thus two redundant variables are
is generated after the multiplexers selected by NBC flags alwhded. Each time the data have to be written back to memory,
Sample Accumulator. The Change Column signal is activatdtere will be four redundant bits. In summary, arrangement A
while the number of NBC samples in a column equals the acagads six redundant bits in every 12, but writes no redundant
mulated number of coded samples, which means that all NB@s, while configuration B reads two redundant bits and writes
samples in this column have been coded. four redundant bits. In our design, a novel memory arrangement

To implement GOCS, we have to find out which sample hdsr significant state variables is proposed. Every four variables
to be encoded in pass 2 and pass 3 during the scan of pasaré.grouped to be a word as shown in Fig. 19, and words are
Besides, we have to record a tagd®CS Memoryf this GOC placed in three memories in an interleaving format (A, B, C,
can be skipped. The flowchart for checking a sample is shown A, B, C, ... B, C, B, A). Using this arrangement, variables
in Fig. 17. We can determine which pass a sample belongs todfytwo nearby columns are loaded into the register together in
the two decisions. Then, if a GOC (eight columns in our desigope cycle. Although the memory bus width is also 12 bits, the
can be skipped, the next column to be encoded is the addresmefmory access frequency is reduced to half, and no redundant
the current column added by eight. If a GOC cannot be skippe@riables are loaded. As for memory writing, there will be
every column in this GOC has to be coded one by one. Sindéits redundancy for the write back of two columns data.
the hardware required for checking and skipping is quit simpl€ompared with arrangement A and B, our configuration has
the hardware overhead for GOCS is dominated byGI@CS two redundant bits access for one read and write of one column,
memory Eight columns are chosen as a group according to thile arrangement A and B both have six redundant bits.
analysis data in Section Ill. For a 6464 code block, there are
1924 columns, so there are 128 GOCs. Every GOC requires %’.OArithmetic Encoder Module
bits to record the tags for pass 2 and pass 3, respectively. Thus,

a 256-bitGOCS memoris required in our design. Arithmetic encoding comprises a series of additions and

Memory arrangement is a nontrivial issue for context formaspdate operations. The architecture of the arithmetic coder is a
tion. For coding a single sample, nine significant state variablegmpping of the flowcharts in Annex C of JPEG 2000 standard
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Context (CX) Decision (D)
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| | < . [¢)
w [ | . J | | -
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- T T 1 - S S—— A
‘ |I I_keep i control ' Qe ,,/ﬁuer/i\
U o . signals | \C ) " |
A T | o A |
| | _._,_‘ ..... i ; |
| | | w2
Mux S | e — Mux =
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. a | | %)
‘__ - setbits 0%
| ¢}
finish_reg3 »
A
Fig. 21. Detailed block diagram of the arithmetic encoder.
[3] with some optimization. Since the encoding procedures eSamp[e Based Pass1 Passd Puss3
mhgren@ly serial processes with high dependency, arlth.me Serial Coding 149 | 149 175 | 473 (100%)
coding is very difficult to be parallel processed. In a direc 10
mapping architecture, the critical path, which is a 28-bit add
used to update the C-register, will be too long to match that ~ GOCS 49 [ 84 [ 135 | 368 (778%)
the context formation unit. This problem is solved by using
fogr-stage plpellned_ archnectyre._The data flow ofthe_plpellne ss [ 81 [53] 1 ] 213 4som)
arithmetic encoder is shown in Fig. 20, and the detailed blo
diagram is shown in Fig. 21.
. . . 190 (40.2%
The input data to the arithmetic coder are Context (CX) ar 90¢S+S |8l @0.2%)
Decision (D). In stage 1, the probability (Qe) of current inpt Clock Cycle Count (x 10,000)

CX is loaded from the CX state table. Besides, the more prob-
able symbol (MPS) of the current input CX is also checkeglg. 22. Performance comparisons (clock cycles required).
from the MPS table contained i@X_statedo see if the cur-
rent MPS sense is “0” or “1.” Note that the estimated probaion from stage 2. To deal with the case when two identical con-

bility of this context will be updated by the feedback informatexts come in continuously, a look-ahead approach is adopted to
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TABLE IV
COMPARISON OFCLOCK CYCLES REQUIRED BETWEEN SAMPLE-BASED AND
COLUMN-BASED ARCHITECTURES IN OUR COLUMN BASED ARCHITECTURE
BOTH SSAND GOCS TECHNIQUES AREAPPLIED

PP LT

- Sample Based | Column Based
Filier) Lmage | Taw ) (upllit:cycles) (C) (unit:cycles) )
Pass1 1,491,968 808,884 | 54.22%
Bike | P22 1,491,968 383,538 | 25.71%
Pass3 1,754,112 713,552 | 40.68% =
Total 4,738,048 1,905,974 e
Passl 1,580,544 823,530 52.10% =
Baboon | P22 1,580,544 715814 | 4529% g
Pass3 1,842,688 581,243 | 31.54%
Total 5,003,776 2,120,587 |
Pass1 1,295,104 729,427 | 56.32% _ _ _ _
on Lena Pass2 1,295,104 367870 | 28.40% Fig. 23.  Chip photograph of the proposed block-coding engine.
Pass3 1,557,248 633,079 | 40.65%
Total 4,147,456 1,730,376 In order to shorten the critical path, the C-register is divided
Passl 1,361,152 725,883 | 53.33% into two parts, a 16-bit register, C16, and a 12-bit register, C12,
et Pass2 1,361,152 338,960 | 24.90% respe_ctively. Accordingly the 28—pit adder used to update the
Pass3 1,623,296 697,587 | 42.97% C-register can also be separated into two smaller adders. These
Total 4,345,600 1762430 | two adders are placed in stage 3 and stage 4, respectively. The
Passl 1,434,112 774,070 | 53.98% re-normalization procedure for the C16-register is done in stage
pepper | L7552 1434112 4333081 30.21% 3. Since the re-normalization procedure for C16-register is iden-
Pass3 1,696,256 670,118 | 39.51%

tical to that of the A-register, the information of shift amount is
passed from stage 2 to stage 3. In stage 4, the counter CT is used

Passl 1,486,848 81,9841 54.61% to record the available positions for newly generated bits. Itis a

Bike | PO 1,486,848 382,105 25.70% down-counting counter. Each time, the counter CT is compared

Total 4,564,480 1,877,496 |

PTaj:; ;’Z;z’zzz 1;1);’22 4070% with the shift amount. If CT is less than the shift amount, the
— 1’561’856 ’819’041 = new byte of the bitstream WI|| be oqtputted from the C12-reg-
Passd 1:561:856 717:029 45.91% ister, and the 'cou.nter CT will be adjusted tq a proper valge py
Baboon | o 1.824.000 570750 | 31.20% the re-normalization procedure_. In our de5|gn_, after _aII bits in

Total 1947712 2.106.820 a code block are coded, the arithmetic coder is terminated and
Passl 1300736 733754 | 56.41% flushed to get a complete subbitstream. See [3] for more coding
Pass2 1,300,736 375447 | 28.86% details of arithmetic encoder.

R I 1,562,880 634,082 | 40.57%
Total 4,164,352 1,743,283 | V. EXPERIMENTAL RESULTS
Pass] 1,347,328 728,856 | 54.10%

Pace 347 328 sa0s3 | 25.30% Experiments of the block coding are made by encoding var-
Jet 8 =i " il ious images on the proposed architecture, which is described

Pass3 1,609,472 685,762 . o :
Tf:al EORT — T by Verilog hardware description language. The comparison of
e 1439508 T3] 5449% execution cycle time of different implementation approaches is

Pass3 1,691,648 661,188 | 39.09% :

Total .550.656 1,880,388 | 4132 time of a straightforward sample based design. Under the cir-
cumstances that only GOCS is applied, the processing time is
reduced to 78% compared with the architecture in [10]. If only

SSis applied, the processing time is reduced to 45%. By using
avoid the conflict. Stage 1 will therefore provide stage 2 with th8S and GOCS together, the cycle time can be further reduced to
look-ahead probability estimations. The main function of stagi%. Through the simulation on various images and different

2 in this arithmetic encoder is to update the interval, that is, tffiker banks, about 60% of improvement is achieved in all cases

information kept in the A-register. The new interval will be thevhen SS and GOCS are applied together. Detailed results of the

one selected from either Qe or-A Qe, depending on whethersimulation using both SS and GOCS speedup methods are listed

LPS or MPS is coded. Notice that the critical path of this stage Table IV. Note that after the initial proposal of the block-coder

is the one through a 16-bit subtractor {AQe) and the re-nor- architecture in[10], its structure keeps changing slightly, and the

malization operation. Since the value of the A-register must peoposed efficiency improvements also rely upon these changes.

kept in the range of 0x8000—0xFFFF, a re-normalization opédn-the later refinement discussed in [4], although it is not imple-
ation (shift to the left) for A-register will be performed if themented physically, concepts such as sample skipping and stripe
value falls below the value>03000. oriented scan are also proposed. Since similar strategies are
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TABLE V
LIST OF MEMORIESUSED IN THE PROTOTYPECHIP

Memory Size Usage

1024 x 4~ Magnitude Refinement State Variable
1024 x 4 Final State Variable
298 x 4 Significant State Variable (A)
528 x 4 Significant State Variable (B)
264 x 4 Significant State Variable (C)
64 x 4 Group-Of-Column Skipping Flag Memory

229

video sequence with 30 frames per second. This block-coding
engine is an efficient silicon intellectual property (SIP) core
as an accelerator for the JPEG 2000 encoder. As for the
implementation of an EBCOT decoder, the main difference is
that the maximum achievable clock rate is limited more in a
decoder due to the inherent dependency between the context
formation and the MQ decoder (see discussions in [4]). Despite
that, the similar skipping techniques can still be applied in the

design of an EBCOT decoder [18] to effectively improve the
performance.

TABLE VI
CHIP SPECIFICATION

Process Technology TSMC 0.35-um CMOS 1P4M

Chip Size 3.67 x 3.67 mm?

Gate Count 19,000 gates + 13 kb memory
Clock Frequency 50 MHz

Supply Voltage 33V

Power Consumption 115 mW

used, it can be expected that the refined architecture have sim-
ilar performance improvement as the data revealed in Fig. 22.

A prototype chip of the block-coding engine is implemented. [
The chip photograph is shown in Fig. 23. Six RAMs are used
in this implementation. The two largest memories in the bottom[2]
right corner are for magnitude refinement state variables and[3
final state variables, respectively. The three medium size mem-
ories (A, B, and C) are used for significant state variables in anl4]
interleaved manner, as described in Section IV. A small memory,,
64 x 4 bits, is used for the proposed GOCS speedup method.
These memories are summarized in Table V, and the detailed
specification of this design is shown in Table VI. Simulation re- [
sults show that this block-coding engine can process 4.6 million
pixels within 1 s, corresponding to 24001800 image size, or
352 x 288 video sequence (2 : 0) at 30frames per second. Itis
believed that the performance of future version can be increaseg)
through more optimization of the critical path and finer pipeline
stages. As for the highest performance requirement, muItipIe[9
block-coding engines can be used in parallel since every code
block can be coded independently.

(7]

[10]

VI. CONCLUSIONS [11]

In this paper, a cycle-efficient block-coding engine for
EBCOT encoder in JPEG 2000 is presented. In context fort2]
mation module, column-based coding architecture is adopted
to check four samples in a column concurrently. Two speedufi3]
methods, SS and GCS, are proposed to eliminate the “bubbles,”
and thus make a remarkable improvement in the processing ef-
ficiency. In the arithmetic encoder design, a four-stage pipelingL4]
is used to shorten the critical path. Besides, a look-ahead
technique is used in probability lookup to process two identicai
contexts continuously inputted. The proposed architecture
by applying these speedup methods can reduce most of ti]
wasting cycle time. A prototyping chip is implemented in 17
TSMC 0.35um 1P4M technology. The chip area is 3.67
3.67 mnt, and the simulated clock frequency is 50 MHz. It [18]
can encode 4.6 million pixels image within 1 s, corresponding
to a 2400x 1800 image size, or CIF (352 288)4:2:0
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