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Abstract

Embedded block coding with optimized truncation (EBCOT) is the most important part of

JPEG 2000. Due to the bit level operation and the three-pass scanning technique, the EBCOT may take

more than 50% operation time in the JPEG 2000. This paper presents a high efficiency concurrent

EBCOT (HECEBC) entropy encoder hardware architecture. The proposed HECEBC can concurrently

process the four samples in a stripe column. Furthermore this architecture can be extended to process

several stripe columns concurrently for the JPEG 2000 to accomplish high resolution applications in

real time. Besides, the HECEBC uses the technique of concentrated context window to stabilize the

Context-Decision (CX-D) output to relax the load in between the arithmetic encoder (AE) and the

parallel-in-serial-out (PISO) buffer to triple the EBC performance.
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1. Introduction

JPEG has good compression performance for natural

images, and it was widely used in the image compression

systems in the past decade. However, in the low bit rate

image compression JPEG may generate very severe

blocking effect and usually annoys people. JPEG 2000

[1�5] is the newest image compression standard pro-

posed by ISO/IEC JTC1/SC29/WG1 [1]. It outperforms

JPEG in many features. For low bit rate image compres-

sion it can have better quality than that of JPEG. Besides,

JPEG 2000 provides many features such as progressive

quality and resolution image transmission, region of in-

terest (ROI), loseless and lossy compression, good error

resilience, …, etc. Due to these good features, JPEG 2000

can be applied to networking transmissions, digital still

camera, surveillance, digital theater, …, etc. JPEG 2000

can provide such high compression quality and good fea-

tures, however the complexity of the algorithm is much

higher than that of JPEG.

Figure 1 shows the processing block diagram of

JPEG 2000. After the color transform the image is pro-

cessed by the function blocks of 2D-DWT (2D-discrete

wavelet transform) and uniform quantization, respec-

tively, and finally the data are fed to the function block of

EBCOT (embedded block coding with optimized trun-

cation) [6�9] to generate the bit stream. Due to the dif-

ferent scanning order of the function blocks, JPEG 2000

needs tile memory blocks in between function blocks of

color transform and 2D-DWT, and code-block memory

in between function blocks of uniform quantization and

EBCOT. The size of the memory depends on the process-

ing capacity of the function blocks. Among the function

blocks, 2D-DWT and EBCOT have very high complex-

ity, and they take most of the efforts in JPEG 2000 [10].

The operation of EBCOT consists of two steps, em-

bedded block coding (EBC) and rate-distortion optimi-

zation (RDO). EBC tries to encode the quantized DWT

data by context-based arithmetic coding approach; on

the other hand RDO tries to decide the best truncation

point of the bit stream encoded by the EBC according to

the bit-rate. The data structure of JPEG 2000 is shown in*Corresponding author. E-mail: cyhsieh@ee.tku.edu.tw
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Figure 2. After quantization, the sub-band of the 2D-

DWT is divided into several code-blocks that can be pro-

cessed by the EBC. Generally, the largest code-block is

64 � 64 � 10 bits in size (5 KB). Each code-block is then

decomposed into several bit-planes (BP). The EBC skips

those insignificant bit-planes and then encodes the code-

block from the most significant bit-plane, bit-pane by

bit-plane. According to different significances, each

pixel on the bit-plane is encoded by one of the three

passes sequentially as shown in Figure 3. Because the

bit-plane number of the insignificant bit-plane depends

on the data content of the code-block, the data rate is not

constant and it needs internal memory for data buffering.

The EBC is in bit-level operation, and therefore the com-

putation complexity is much higher than other function

blocks.

In JPEG 2000, EBC must process a large quantity of

data. In order to increase the efficiency of EBC, most of

the researches of EBC focus on the parallel architecture

to increase the operation speed. Chiang et al. [11] pro-

posed the pass parallel approach for EBC, and it needs

only 16 K bits internal memory. This architecture can

merge the three coding passes to a single coding pass to

increase the coding efficiency. The CX-D pair generated

by the pass parallel EBC may not follow the sequence

order of the original coding pass order, and they pro-

posed the pass switch arithmetic encoder (PSAE) to pro-

cess the disordered CX-D pair. The pass parallel EBC is

not a parallel architecture and it can only process one bit

data each clock cycle. Fang et al. [12] proposed a word-

level parallel EBC architecture. It can concurrently pro-

cess all the bit-planes to increase the EBC computation
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Figure 3. Column stripe scanning order.

Figure 2. JPEG 2000 data structure.

Figure 1. JPEG 2000 system block diagram.



speed and also it can reduce the code-block memory. It

does not need any internal memory, however it must pro-

cess all the bit-planes concurrently in a 10-bit computa-

tion capacity for each bit-plane, even though the bit-

plane is an insignificant bit-plane. Li et al. [13] proposed

a three-level parallel architecture. This architecture adopts

four word-level circuits to increase the throughput. It

uses several shared RLC (run-length coding) results to

reduce the clock cycles and power dissipation. Chen et

al. [14] proposed a scalable EBC architecture that uses

pre-RDO to reduce the number of code-blocks. It uses

the scheme of bit-plane parallel EBC to skip the insig-

nificant bit-plane to increase the computation speed of

the word-level EBC. It needs 12 Kb internal memory. In

this work we propose a high efficiency concurrent EBC,

HECEBC, architecture for JPEC 2000. HECEBC can

concurrently process four samples in a stripe column.

This architecture can be extended to process several

stripe columns concurrently for the JPEG 2000 to pro-

cess high resolution application in real time.

The rest of this paper is organized as follows. Sec-

tion 2 briefly describes the operation of pass parallel

embedded block coding. The proposed HECEBC ar-

chitecture is illustrated in section 3. The experimental

results and comparisons are given in section 4. Finally

section 5 concludes this work.

2. Overview of Pass Parallel Embedded

Block Coding

In the JPEG 2000 standard, the symbols of each bit-

plane are classified into three passes (Pass 1, Pass 2, and

Pass 3, respectively), and each bit-plane is processed in

three times by EBC. In each pass the EBC processes its

own pass and skips those passes not belonged to its own.

The encoding procedures are shown in Figure 4(a) and

the EBC block diagram is shown in Figure 5. Since the

pass of each symbol is not predictable in each bit-plane,

the scanning order is not fixed and makes the encoding

difficultly. To overcome the difficulties of the three-pass

scheme of the standard EBC, Chiang et al. [11] proposed

pass parallel EBC (PPEBC) to merge the three-pass

scheme to a single pass operation to improve the pass

encoding performance, and the procedures are shown in

Figure 4(b). The PPEBC algorithm consists of two steps:

context modeling (CM) and arithmetic encoding (AE).

The coefficients of the DWT must pass through the code

block memory to be decomposed into bit-planes, and

then the bit-plane data are fed to the context modeling

function block to generate context and decision pair

(CX-D pair). The arithmetic encoder further uses the

CX-D pair to generate the compressed bit stream.

In the PPEBC operation, it needs to calculate four

state variables: magnitude data (Vp), sign data (�), sig-

nificant state (�), and refinement state (�). The defini-

tions of these four state variables are listed in Table 1,

where K represents the number of the significant bit-

plane; k represents the number of the current bit-plane,

and k = 0 is the LSB.

According to the significance of each sample, EBC

High Efficiency Concurrent Embedded Block Coding Architecture for JPEG 2000 297

Figure 4. The encoding procedures.

Figure 5. EBC block diagram.



classifies it into three categories (passes), and the context

modeling encodes the sample in three different coding

passes upon its significance category. The pass category

can be decided by equation (1). In (1) Pc is the pass clas-

sification of sample c; s is the 8 surrounding neighbors of

sample c; �1
s is the significant state of the surrounding

neighbors in coding Pass 1, and �p
c is the significant state

of c in coding Pass P.

(1)

(2)

We can use state variables found in Table 1 together

with equations (1) and (2) and apply the computation

flow shown in Figure 6 to accomplish the context model-

ing computation. The details of run-length coding (RLC),

zero coding (ZC), sign coding (SC), and magnitude re-

finement coding (MRC) can be referred to [1].

The other step of PPEBC is the context-based arith-

metic coding; the operating diagram is shown in Figure

7. It uses the probability of the encoded data to find the

location C of the probability accumulation line and then

obtains the entropy coding. The PPEBC must operate

arithmetic encoding once for each of the three coding

passes. In order to process the alternatively generated

CX-D pairs, PPEBC uses pass switch arithmetic encoder

(PSAE) [11] for arithmetic encoding. The block diagram

of PSAE is shown in Figure 8. There are three register

banks for Pass 1, Pass 2, and Pass 3, respectively, in the

PSAE to process the CX-D pairs generated by each pass

concurrently. The context-based arithmetic encoding has

to accumulate the probability for each Qe of the context.

Qe uses the 6-bit state variable, I, to express the possibil-

ity of the 46 types of Qe. Besides, each context must re-

cord its own most possible symbol (MPS), and therefore

the arithmetic encoder for each bit-plane needs 7 � (14 +

3 + 16) + 3 � (16 + 8 + 28 + 4) = 399 bits.

In the original JPEG 2000 standard, the context mo-

deling EBC executes Pass 1, Pass 2, and Pass 3 sequen-
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Table 1. State variables used in the context modeling

Category Variables Description Formula

Vp [k] Magnitude Data (Coef & 2
k
)

Bit-plane Data
� [k] Sign Data Sgn(Coef)

� [k] Significant State

1

1

K

k

Vp
�

�

�
Coding State Variable

� [k] Refinement State � [k + 1]

Figure 6. Context modeling flow chart. Figure 7. JPEG 2000 arithmetic encoding procedure.



tially to find its own sample for the context modeling. If

the sample is not belonged to that pass, it will skip to the

next sample. By this approach 2/3 of the operations in

context modeling are operated for checking invalid sam-

ples. The encoding efficiency is low, and most of the

memory access time to read data from the memory is

wasted. On the other hand PPEBC can overcome the

shortcoming of the conventional EBC to increase the

memory access efficiency to improve the EBC perfor-

mance.

3. High Efficiency Concurrent Embedded

Block Coding Architecture and Operation

PPEBC can eliminate all the invalid operations to

increase the EBC encoding efficiency. However, the

EBC is in bit level operation and it cannot satisfy the real

time applications of image compression. In order to in-

crease the EBC operation efficiency for real time appli-

cation, the high efficiency concurrent embedded block

coding (HECEBC) architecture is proposed in this work.

The HECEBC architecture uses several parallel circuits

to process data concurrently to increase the data through-

put. Figure 9 shows the block diagram of the proposed

HECEBC architecture. In Figure 9, the data from the

external memory are fed to the left hand side of the

HECEBC. The HECEBC reads 4 samples at the same

column of the magnitude bit-plane in each clock cycle.

When reading the first magnitude bit-plane, the HECEBC

also reads the corresponding sign data from the sign bit-

plane. Then it calculates the state variables for each pass

and processes the edge handling. All the calculated state

variables are stored in the context window constituted by

shift registers for the following pass detection and calcu-

lations for the encoded circuits. The detail operations of

HECEBC are described in the following paragraphs, and

we will discuss the operation procedures of pass detec-

tion, Pass 1, Pass 2, and Pass 3.

In equation (1), the pass detection needs the infor-

mation of the significant state to detect the pass clas-

sification for the current sample. The Pass 1 coding pro-

cedure requires the significant states of the surrounding

neighbor samples for itself pass detection, zero coding,

and sign coding. The neighbor samples separate coded

samples and uncoded samples, as shown in Figure 10. In

Figure 11(a), the significant state of the coded samples

and uncoded samples are represented by �1
s and �s re-

spectively for the current sample. �1
s and �s can be de-

rived from (3) by the coded sample and uncoded sample

respectively.

(3)
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Figure 8. The block diagram of PSAE.

Figure 9. The block diagram of the new EBC architecture.



Equation (3) indicates that we need to know the sig-

nificant state information, �1
s, of the surrounding neigh-

bors when encoding Pass 1 to calculate �1
c. Let us use

Figure 11 to illustrate the relationship between �1
s and

�1
c. Figure 11(b) shows when the neighbors of that sam-

ple are uncoded and according to (3) �1
s = �s for sample

1. Figure 11(c) shows the significant state information of

the surrounding neighbors when EBC is encoding sam-

ple 2. Since the first point is a coded sample, its signifi-

cant state becomes:

(4)

Because only the coded samples need to calculate

�1
s, we can store �1

s of the coded sample to registers and

then we can process the pass detection operation in any

samples as shown in Figure 11(a).

When calculating the new �1
s, we need �1

s of the

coded samples. Therefore we can use the parallel circuits

shown in Figure 12(a) to calculate several �1
s’s of the

same column concurrently. Figure 12(a) can be extended

to process the pass detections for several columns con-

currently, and the architecture block diagram is shown in

Figure 12(b).

Vp, �, and �1
s are used in Pass 1 coding procedure.

Same as the pass detection procedure, �1
s can be imple-

mented by Figure 12. Vp and � can be obtained from the

external memory and internal state memory. If the cur-

rent sample detected by pass detection belongs to Pass 2,

the current sample is processed by the Pass 2 coding pro-

cedure. In the Pass 2 coding procedure, �2
c, and Vp are

needed for MRC. �2
c can be derived from (2) as follows:

(5)

From (5) we can find the significant states of the 8

surrounding neighbors for the Pass 2 coding procedure.

Vp and � can be obtained from the external memory and

internal state memory.

If the current sample belongs to Pass 3, the Pass 3

coding procedure is activated for context modeling oper-

ation. The Pass 3 coding procedure needs Vp, �, and �3
c.

Vp and � are obtained by the same approach as that of the

Pass 1 coding procedure. �3
c is derived from (2) as:

(6)
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Figure 11. Pass detection.

Figure 10. Coded samples and uncoded samples.



Referred to [11], �2
c is called virtual significant state,

�v. According to equations (3), (4), (5), and (6) the sig-

nificant states in each pass are summarized in Table 3.

Actually the virtual significant state �v can be calculated

by � such that the pass coding procedures do not need to

encode by following the coding sequences of Pass1, Pass

2, and Pass 3.

If we can predict (calculate) more virtual significant

states, the context modeling can be extended to any num-

bers of sample of parallel processing. Figure 13 shows

the architecture of two-column parallel processing. Here

the shift register width of the context window must be

expanded from 4 bits to 8 bits, and one more �v generator

circuit is needed.

In the context modeling extension approach, the in-

ternal memory of �, Vp, and � must be modified. In the

non-extension context modeling operation, we expect

the system can access memory read and write within one
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Figure 12. Architecture block diagram of the pass detection.

Figure 13. Context window extension.

Table 3. The significant state selections in different coding

passes

Significant State Selection (
c
p� )

usage Coded

samples

Current

samples

Uncoded

samples

Pass detection �v � �

Pass 1 coding �v � �

Pass 2 coding �v �v �v

Pass 3 coding ||c Vp� �v �v

“||” is OR logic operation.



clock cycle, and therefore the width of the data bus is

twice of that of the stripe column, namely 8 bits. In the

extension approach, memory access for read and write in

each clock cycle becomes double, and the data bus

should be expanded but the memory has to be rearranged

as shown in Figure 14. In the context modeling extension

scheme, it can allow two stripe context encoders to en-

code two stripe columns concurrently to double the th-

roughput. In a similar manner, the architecture can be ex-

tended further to any size of parallel processing to in-

crease the throughput for specific applications.

HECEBC can double the context modeling perfor-

mance by increasing the virtual significant state opera-

tion circuits. Particularly the extension architecture nei-

ther needs to increase the size of the internal memory,

nor increases the memory access time of the external

memory. This architecture can overcome the slow speed

calculation problem of the EBCOT.

4. Experimental Results and Comparisons

The HECEBC can increase the throughput of EBC

by increasing the virtual significant state circuits. How-

ever, the increasing of the virtual significant circuits may

increase the critical path to reduce the clock frequency of

the system. Table 4 shows the performance comparisons

of 4, 8, and 12 samples parallel processing for HECEBC.

According to Table 4, the maximum operating frequency

indeed reduces for the 12 samples processing, but the

performance increases.

Based on the proposed concurrent context modeling

architecture and PSAE, an experimental HECEBC with

4-sample processing was designed and synthesized by

Artison TSMC 0.18 um standard cell library. Further-

more, we use Artison Memory Compiler to generate the

area of the internal memory. The area of the internal

memory can help us to estimate the reasonable hardware

cost of the previous research works. The context model-

ing can operate at 75 MHz, and the PSAE operates at 300

MHz. The detail specifications are listed in Table 5.

Table 6 shows the comparisons of computation time

and throughput rate of the performance for several pre-

vious works [3,10�13,15,16]. In Table 6 we categorize

the encoding architectures into bit-plane based and word

based architectures. The proposed architecture has better

performance than the previous bit-plane based architec-

tures [3,10,11,15]. The performance of the proposed ar-

chitecture has triple efficiency than that of the previous
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Table 4. Throughput vs. maximum operation frequency of 4, 8, and 12 samples processing

Throughput

(Sample/cycle)

Area

(Gate Count)

Max. Frequency

(MHz)

Speed

(Mega-Samples/s)

4 SP-HECEBC 4 19374.1 103.30 413.2

8 SP-HECEBC 8 21705.2 91.4 731.2

12 SP-HECEBC 120 23144.7 77.0 924.0

Figure 14. The reconfiguration of the memory for two columns operation.

Table 5. The specification of the experimental EBC circuit

Process Tech. TSMC 0.18 um

Context-Modeling 075 MHz
Frequency

Others 300 MHz

Power Consumption 169 mW

Component Gate Count

Context-Modeling 07320.27

MQ-Coder 14385.01

SRAM 17648.99

Synopsys Report for

Area

Total 39354.27



works. Although the performance of the proposed archi-

tecture is less than the word based architectures [12,13,

16], the hardware cost of each word based architectures

is greater than the proposed architecture, as shown in

Table 7.

Table 7 shows the comparisons of logic area, me-

mory requirement, and estimated memory area of se-

veral previous works [3,10�13,15,16]. The total area of

the proposed architecture is less than that of each pre-

vious work, because the 4K-bit internal memory saving

compares with each bit-plane based architecture. The ad-

vantages of the word based architecture [12,13,16] are

almost free internal memory and high encoding perfor-

mance. However, the hardware cost of the word based ar-

chitecture is larger than the proposed architecture.

Tables 6 and 7 conclude two short conclusions.

First, although the performance of the word based ar-

chitecture is double than that of the proposed HECEBC,

its hardware cost is doubled. Second, the proposed ar-

chitecture has good speed performance with suitable

hardware cost.

5. Conclusion

In this paper we propose a high efficiency concurrent

EBC, HECEBC, architecture for JPEC 2000. HECEBC

can concurrently process four samples in a stripe co-

lumn. This architecture can be extended to process se-

veral stripe columns concurrently for the JPEG 2000 to

process high resolution application in real time. In the

conventional context modeling operation, the generation

of the CX-D pairs is not stable and it usually needs a

large parallel-in-serial-out (PISO) buffer to relax the

load of the arithmetic encoder. The proposed HECEBC

uses the technique of the concentrated context widow.

This approach can stabilize the CX-D pair generation

and further to relax the load of the arithmetic encoder to

triple the EBC performance.
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Table 7. Hardware cost comparisons

Logic Area

(Gate Count)

Memory Size

(Bits)

Estimated Memory Area

(Gate Count)

Power Consumption

(mW)

[3] N/A N/A N/A N/A

[10] 19000 4N
2

23532 N/A

[11] 23927 4N
2

23532 092

[15] 21589 4N
2

23532 131

[12] 91758 12N 01103 N/A

[13] 84405 4.5K 06618 780

[16] 1521360 N/A N/A N/A

This work 21705 3N
2

17649 169

N: Width of each Bit-Plane.

Table 6. Performance comparisons

Coding Type Computation Time (cycles) Throughput Rate (Mega-Samples/s)

[3] (3n - 2)N
2

N/A

[10] 1.3nN
2

47.3 @ 50 MHz

[11] nN
2

59.6 @ 50 MHz

[15]

Bit-plane Based

1.3nN
2

093.9 @ 100 MHz

[13] 1.5N
2

434.2 @ 81 MHz0

[14] 0.91N
2

659.3 @ 75 MHz0

[16]

Word Based

N
2

559.7 @ 55 MHz0

This work Bit-plane Based
1

4
nN

2
293.6 @75MHz0

n: Number of Bit-Plane, N: Width of each Bit-Plane.
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