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performance EBCOT unit is crucial in developing an efficient
JPEG2000 application systems.
The EBCOT is basically a two-tiered algorithm consisting of
Tier-1 and Tier-2 called the embedded block coding and the ratedistortion optimization, respectively. Tier-1 is again divided into
two sub-modules: bit-plane coder (BPC) and binary arithmetic
coder (BAC). The BPC utilizes the neighboring information of the
current bit to construct the context information consisting of
context (CX) and decision (D), which will be entropy coded by the
following BAC. The major timing limitation is caused by the BAC,
because it is inherently dependent on control statements and
arithmetic operations. As a result, the BAC becomes a throughput
bottleneck of the entire JPEG2000 encoding system, but its serial
processing nature makes it difficult to exploit parallelism. Several
pipelining techniques have been proposed in previous researches,
but the processing speed of the BPCs suggested so far still exceeds
that of current BAC architectures. Therefore, improving the BAC
throughput would potentially increase the overall performance of
JPEG2000 systems.
In this paper, a novel pipelined BAC architecture is proposed to
reduce the critical path delay, and thus to increase the throughput.
In Section 2, we briefly explain the arithmetic encoding algorithm
of JPEG2000. The proposed method to enhance BAC performance
is discussed in Section 3. Experimental results are given in Section
4 along with comparison to conventional BAC architectures.
Finally, concluding remarks are made in Section 5.

ABSTRACT
Embedded block coding with optimized truncation (EBCOT)
employed in the JPEG2000 standard accounts for the majority
of the processing time, because the EBCOT is full of bit
operations that cannot be implemented efficiently in software.
The block coder consists of a bit-plane coder (BPC) followed
by a binary arithmetic coder (BAC), where the most up-to-date
BPC architectures are capable of producing symbols at a much
higher rate than the conventional BACs can handle. This paper
proposes a novel pipelined BAC architecture that can encode
input symbols at a much higher rate than the conventional
BAC architectures. The proposed architecture can
significantly reduce the critical path delay and can achieve a
throughput of 400 M symbols/sec. The critical path delay
synthesized with 0.18- m CMOS technology is 2.42 ns, which
is almost half of the delay taken in conventional BAC
architectures.
Index Terms—EBCOT, JPEG2000, VLSI architecture,
arithmetic coding, trace scheduling

1. INTRODUCTION
JPEG2000 [1] is the latest international image compression
standard developed to address the needs of many applications. In
2004, Digital Cinema Initiatives (DCI), which is a joint venture of
seven major Hollywood studios, selected JPEG2000 as the
compression format to be used for digital distribution of motion
pictures. Thus, JPEG2000 is not only being utilized for still image
compression, but also opening up a potential field of video
compression. [2] As a frame consists of 4096×2160 pixels in the
DCI specification, a high performance JPEG2000 encoding system
is in demand to accommodate the need of video applications.
The JPEG2000 adopts the discrete wavelet transform as its
primary transforming algorithm. The overall block diagram of
JPEG2000 is shown in Fig. 1. The transformed coefficients are
split into codeblocks and are sequentially processed by an entropy
coding algorithm known as embedded block coding with
optimized truncation (EBCOT). The EBCOT is the most
complicated part that accounts for the majority of the computation
time in the JPEG2000 encoding system. [3] This is due to the fact
that EBCOT is inherently a bit-level operation which cannot be
executed efficiently in software. As shown in Fig. 1, while the
DWT is a word-level processing scheme, EBCOT is inherently a
bit-level processing algorithm, causing the computational
complexity in JPEG2000. Therefore, developing a high-
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2. BINARY ARITHMETIC CODING IN JPEG2000
The BAC adopted in JPEG2000 originated from the MQ coder,
which uses context-based probability estimation. Fundamentally,
the goal of the arithmetic encoding procedure initiated by the BAC
is to compute the final offset value by dividing the probability
interval recursively, as shown in Fig. 2. The BPC outputs, D and
CX, are forwarded to the BAC, where D represents either the more
probable symbol (MPS) or the less probable symbol (LPS) and CX
represents the significance information for one bit and its
neighbors. Depending on the bit location in the bit plane, the bit
and its neighbors may have various significance states. As a result,
19 context types are used in the BAC to designate various
combinations of the significance states. For a D/CX pair, the
probability interval is partitioned into two sub-intervals, the MPS
and the LPS sub-intervals, by applying the probability of the LPS,
Qe. All the values of Qe are stored in a lookup table. The Qe value
is accessed with an index determined by the CX, making Qe
adaptively chosen according to the CX.
During the encoding procedure, the probability interval, A, and
the code register, C, are updated as shown in Fig. 2. The interval A
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Fig. 1. Block diagram of a JPEG2000 encoder system.
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Fig. 3. Flow chart of RENORM and BYTEOUT procedures.
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Fig. 2. Flow chart of Binary Arithmetic Coding.
must be kept in the range of (0x8000, 0xFFFF). Since both A and
C are finite-precision values, the renormalization (RENORM)
procedure is invoked whenever A falls below 0x8000. As shown in
Fig. 3, RENORM continuously shifts A and C, one bit at a time,
until A becomes larger than 0x8000. During RENORM, procedure
BYTEOUT is invoked whenever the counter register (CT) value,
representing the number of available bits in the upper 12bits of C,
counts down to zero. During the BYTEOUT procedure, a
compressed byte is extracted from the high-order bits of C and
replaces the byte value originally kept in register B. The byte value
being replaced is the entropy-coded output of the BAC. In
encoding a single bit, the maximum shift amount of 15 occurs
when the renormalization is invoked with A = Qe = 0x0001. As the
CT value is reset to either 7 or 8 in Fig. 3, the BYTEOUT
procedure can be called twice at most when encoding a single
D/CX pair, resulting in the emission of two bytes, BO_1 and BO_2.
As the arithmetic coding is composed of conditional statements
that decide the subsequent branches, the direct hardware
implementation of Fig. 3 is quite inefficient. Therefore, many
pipelined architectures have been suggested [3]-[10] to minimize
the effect of the condition-driven operations and to increase
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Fig. 4. Conventional pipelined architectures
(a) 3-stage pipeline and (b) 4-stage pipeline.
parallelism, which can be divided into two categories as shown in
Fig. 4. The 3-stage pipelined architecture calculates the updated C
and derives the output bytes all at once in stage 3, while the 4stage pipelined architecture divides the stage into two stages, stage
3 and stage 4, in order to reduce the critical path delay by dividing
the update of the code register into two parts, the upper 12bits
(C12) and the lower 16bits of C (C16). However, no matter what the

TABLE I
NUMBER OF BYTEOUTS WHILE ENCODING A SINGLE D/CX PAIR (LOSSLESS COMPRESSION)
Total number of D/CX pairs
being encoded

0-BYTEOUT (%)

1-BYTEOUT (%)

2-BYTEOUTs (%)

Parrot (128x128)

302071

280504 (92.8)

21561 (7.1)

6 (0.001)

Cameraman-Gray (256x256)

540194

497582 (92.1)

42610 (7.8)

2 (0.0003)

Lena (512x512)

1835638

1674756 (91.2)

160880 (8.7)

2 (0.0001)
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Fig. 5. Applying the trace scheduling concept to optimize a
system.
previous pipelined architectures emphasized on, the critical path is
established in the derivation of C along with the BYTEOUT
procedure that extracts the output bit stream. Specifically, the
serial path established in determining the first and second output
bytes (BO_1, BO_2) complicates the design and lengthens the
derivation of the updated values of C and B to be used in encoding
the next D/CX pair. Although the exact location of where the
critical path is established might vary, the longest path delay
generally includes the derivation of BO_1 and BO_2. The critical
path delay of the 4-stage pipelined architecture suggested in [10]
was 5.37ns, whereas 5.43ns was the path delay of the 3-stage
pipelined architecture in [9], which means that an alternative
approach rather than merely increasing the number of pipeline
stages could be more effective.
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Fig. 6. Applying trace pipelining to the
pipelined BAC architecture
Trace Scheduling is an optimization technique adopted in highlevel language compilers, which separates out unlikely codes and
adds handlers for exits from the likely trace. The main assumption
is that the likely trace is so much more probable than the
alternatives that the cost of the bookkeeping code is not a deciding
factor: if moving an instruction makes the likely trace execute
faster, the instruction is moved. The approach is also effective in
the hardware implementation if a certain path is far more likely to
be taken than the other paths. Fig. 5 shows how trace scheduling
can be applied to optimize a hardware system, where the main
logic path is built under the assumption that only the likely cases
need to be considered. As the unlikely cases are completely
discarded from this datapath, the main logic path can be built with
much more simple and compact logics. The stall detection unit

3. PROPOSED ARCHITECTURE
In the following sections, we suggest novel optimization
schemes, named as trace pipelining and renormalization lookahead, which are highly effective in shortening the critical path
delay and increasing overall throughput.

3.1 Trace Pipelining
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Fig. 7. Detailed structure of stage 3 and the auxiliary unit.
checks for the unlikely cases, and stalls the main logic path while
the auxiliary unit derives the correct system outputs. Since we can
assume that the probability of the likely cases far outweighs that of
the unlikely cases, the performance of the overall system remains
intact.
Accordingly, when a system shows a skewed-distribution on its
possible paths, the concept mentioned above can be applied to
optimize the critical path of its pipelined architecture. In
developing a pipelined architecture, we can apply the optimization
scheme to each of the pipeline stages if any one of those stages
shows a skewed-distribution on its possible paths. We name this as
trace pipelining, which is applicable to optimize the BAC in
JPEG2000. According to our analysis, the probability of two-byte
emission is less than 0.003% when encoding a single D/CX pair.
We have tested several images on various sizes, and counted the
number of BYTEOUT procedures triggered while encoding a
single input symbol in order to clearly visualize the skewed
distribution of BYTEOUTs. As shown in Table I, the probability
of an input D/CX pair to trigger a BYTEOUT procedure is less
than 10% on average. The figures become much more skewed
when we consider the possibility of a two consecutive BYTEOUT
procedure being triggered, which is less than 0.003% on average.
As mentioned before, updating C and B and deriving the output
bit-stream are mainly contributing to the critical path delay. If a
pipelined architecture is designed with assuming that only one byte
can be emitted at most, the critical path can be significantly
shortened compared to the previous pipelined architectures.
Therefore, the proposed pipelined architecture is based on the
trace pipelining concept to make the common cases of zero-byte or
single-byte emission run faster, while ruling out the unlikely case
of two-byte emission and compensating them later. Fig. 6 and Fig.
7 show how the proposed trace pipelining can be applied to
optimize the critical path of a pipelined BAC, which contains an
auxiliary unit that would be exploited only when two bytes should
be emitted. Stage 3, which is in charge of updating C and B, is
basically designed under the assumption that only the first byte,
BO_1, can be emitted at most. Fig. 8 shows how the value of code
register C is updated in stage 3 for the common cases of zero or
single-byte emission. The overall shift amount required for
RENORM (SA) is forwarded from stage 2. The updated value of C
after zero or single-byte emission is denoted as C_updated_1 and
MASK refers to either 0x7FFFF or 0xFFFFF according to

Fig. 8. The circuit diagram of the Update Code Register C
module.
procedure BYTEOUT in Fig. 3. The path that was needed to deal
with the second byte emission is moved to the auxiliary unit, and a
detector that checks the rare case is placed in stage 3. As the
auxiliary unit is not participated in the normal pipeline operations,
the critical path length is significantly shortened. If the detector
senses the occurrence of the rare case, it initiates the auxiliary unit
and stalls the pipeline until the auxiliary unit completes all the
works related to the emission of the second byte, BO_2. The
signals to be forwarded to the auxiliary unit, such as C_cached and
SA-CT, are stored in the pipeline registers and are utilized when
two successive bytes should be emitted while encoding a single
D/CX pair. C_cached, which is a temporary value of C to be
cached for the auxiliary unit, is chosen as the value of C_temp
shifted by CT and masked with MASK. It is utilized to calculate
C_updated_2 which is the updated value of C after both BO_1 and
BO_2 are emitted. C_temp is determined as either C or C + Qe
according to Fig. 2 and is also a temporary value of C to be used to
calculate C_updated_1 and C_updated_2. Fig. 9 shows how the
signals forwarded from stage 3 are utilized in the auxiliary unit to
derive C_updated_2.
As the number of bytes being emitted for a D/CX pair is almost
always zero or one, we can ignore the additional cycles caused by
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stalling the pipeline only for the rare case, thereby maintaining the
system throughput to nearly one D/CX per cycle.

Fig. 10. Update Code Register C module optimized by Eq. (3).
Since the value of SA and CT are available at the very beginning
of stage 3, the shifting operation of C_temp and MASK in (3) can
be initiated simultaneously and independently, thereby canceling
the cascaded shifting operation in Eq. (1). As shown in Fig. 8,
C_updated_1 is determined by one of three cases: a) no
renormalization occurs, b) renormalization occurs but no bytes are
emitted and c) renormalization occurs and one byte is emitted.
Since the longest critical path delay is established for case c),
utilizing Eq. (3) will be effective in minimizing the critical path
delay of C_updated_1. Fig. 10 shows how C_updated_1 can be
implemented using Eq. (3). The two cascaded shift operations,
which were a performance bottleneck in Fig. 8, are eliminated in
Fig. 10 by adopting Eq. (3). In a similar fashion, C_updated_2 is
optimized as follows.

3.2 Renormalization Look-ahead Scheme
Although applying the proposed trace pipelining can
significantly shorten the lengthy critical path appearing in
conventional pipelined architectures, there are still some areas
entitled for further improvement. For instance, two consecutive
shifting operations required to derive C_updated_1 and
C_updated_2 in Fig. 8 and Fig. 9 contribute the critical path,
slackening the extraction of BO_1 and BO_2. If we can decrease
the number of consecutive shifting operations in deriving the
updated value of C, a faster extraction of the output bit-stream
would be feasible, eventually resulting in a shorter critical path
delay. We suggest a method called renormalization look-ahead
(RLA), which is efficient in optimizing the BAC design. As the
proposed method is powerful in deriving an equation that can
shorten the critical path, it enables a high-performance
implementation of BAC. The concept is similar to that of carry
look-ahead addition in that it calculates recursive operations all at
once. The fundamental principle behind RLA is based on the
distributive law in mathematics.
Since shiting x left by n-bits is equivalent to multiplying x by 2n,
we can apply the distributive law to the shift operation required for
renormalizing A and C in order to reduce the number of
consecutive shift operations needed to update C. As most of the
arithmetic operations and multiplexing performed in the BAC are
dependent upon internal conditions as shown in Fig. 3, a fast
derivation of C_updated_1 and C_updated_2 will allow a quick
extraction of BO_1 and BO_2, significantly shortening the critical
path delay in stage 3 and the auxiliary unit. For example, the
longest path delay in deriving C_updated_1 is established when
procedure BYTEOUT is called during RENORM. For this case,
C_updated_1 is expressed as follows.
[(C_temp<<CT) & MASK]<<(SA-CT)

(C_temp<<SA) & [MASKn<<(SA-CT-CTn)]

Here, CTn refers to the updated value of CT after the BO_1 is
extracted during procedure RENORM and is either 7 or 8 as shown
in Fig. 3, and MASKn functions exactly the same as MASK in the
first BYTEOUT procedure. Compared to Fig. 9, Eq. (4) can be
implemented with a less number of cascaded shifters as in Fig. 10,
enabling a faster derivation of C_updated_2.

3.3 Hardware Reduction in the Auxiliary Unit
As mentioned earlier, the possibility of two-byte emission is less
than 0.003%. Therefore, the throughput of BAC would not be
deteriorated even if we spend more cycles to handle the two-byte
emission case. Since stage 1, 2 and 3 are in the IDLE state while
the auxiliary unit is operating, we can exploit the inactive
hardware units in order to minimize the hardware cost of the
auxiliary unit. Therefore, in the actual implementation of the
proposed BAC, the cost of the auxiliary unit is minimized by
sharing the inactive units in the regular pipeline stages.

(1)

Due to the multiplicative nature of shifting operation and the
distributive law, Eq. (1) can be simplified as follows.
[C_temp<<(CT+SA-CT)] & [MASK<<(SA-CT)]

(2)

(C_temp<<SA) & [MASK<<(SA-CT)]

(3)

(4)

4. PERFORMANCE RESULTS
The proposed architecture is described in a Verilog hardware
description language and synthesized using Synopsys Design
Compiler with 0.18-µm cell library. Since the previously suggested

247

Throughput
(M symbols/s)

Gate
count

FOM

the proposed methods are not only efficient but also systematic.
Experimental results show that the pipelined BAC architecture
based on the proposed methods achieves a much higher throughput
than the conventional BAC architectures, because the proposed
trace pipelining and renormalization look-ahead shorten the critical
path delay to almost half.
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pipelined architectures [4]-[10] were synthesized in diverse
technologies, a reference version is designed to fairly compare the
proposed architecture with conventional pipelined architectures.
The reference version is an implementation of the conventional
pipelined BAC that employs no optimization techniques proposed
in this paper. The overall implementation results of the proposed
architecture are summarized in Table II and comparisons to
conventional architectures are shown in Table III, where the
processing throughput per gate count (M symbols / sec / K gates)
is selected as a figure of merit (FOM). The reference version
shows a somewhat improvement compared to [6] and [8], and the
improvement seems to be coming from the better technology
applied to it. Yet, the extent of its improvement is quite
insignificant since the longest logic paths of the conventional
BACs, without the proposed optimization schemes, are always
longer than the proposed BAC. Compared to the reference version
and [6], the throughput of the proposed architecture is 1.8 and 1.9
times higher, respectively, but the overall gate count is increased
only by 5%. The increase is mainly caused by the parallel
processing nature of the proposed architecture, which is tolerable
considering the almost double increase in throughput. As a whole,
the proposed BAC shows the highest FOM compared to the
previous architectures summarized in Table III.
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5. CONCLUSIONS
In this paper, we have presented two methods, named as trace
pipelining and renormalization look-ahead scheme, developed to
optimize the binary arithmetic coder of JPEG2000. The trace
pipelining technique has been applied to make the common case of
single-byte emission run faster and to rule out the unlikely cases,
and eventually to reduce the critical path delay. In addition, the
renormalization look-ahead scheme has been suggested to reduce
the number of cascaded shifting operations. Compared to the
conventional BAC architectures resorting to intuitive techniques,
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