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High-Speed H.264/AVC CABAC Decoding
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Abstract—The decoding of context-based adaptive binary arithmetic coding (CABAC) imposes a heavy performance requirement
on H.264/AVC decoding systems particularly for large-scale video
sequences. As a simple approach of elevating the operating frequency is not sufficient to meet the performance requirement, this
paper proposes an efficient approach to accelerate the decoding,
which is effective under relatively low operating frequency. Since
the CABAC decoding procedure is highly sequential and has strong
data dependencies, it is difficult to exploit parallelism and pipeline
schemes. The proposed approach resolves the difficulties by modifying the operation chain based on a thorough analysis, eventually
enabling both parallel operations and pipelining. More specifically,
1) several context models are simultaneously loaded from memory
while context selection is performed in parallel and 2) bin-level
pipelining is enabled by employing a small storage to remove structural hazards and data dependencies. Experimental results show
that the proposed approach leads to the real-time decoding of HD
sequences.
Index Terms—Adaptive binary arithmetic code, entropy coding,
H.264/AVC, syntax processing.

I. INTRODUCTION
ONTEXT-BASED adaptive binary arithmetic coding
(CABAC) [1], used in H.264/AVC [2], is an extension
of the binary arithmetic coding (BAC), where the coding
offset value is dynamically adjusted based on the syntax element being encoded/decoded. While the coding efficiency
of CABAC is superior to the conventional Huffman coding
[3], the improvement comes with an increasing performance
requirement; at least 3 GHz of computing power is required for
the real-time decoding of a HD sequence if a general-purpose,
yet high-speed, RISC machine processes the syntax parsing.
As HD digital TV broadcasting coded in H.264/AVC Main
Profile and High Profile is being widely spread at the present,
the necessity of a high-speed CABAC decoder is growing.
CABAC originates from the generic arithmetic coding [4] to
which a majority of researches have been devoted to remove
the multiplication. Skew Coder [4], [5], Q-Coder [6], and other
variants [7]–[11] are the examples. Most of the works also have
tried to approximate real-valued symbol probabilities to integer
values. As a result, the generic arithmetic coding has evolved
to CABAC. However, there have been relatively few works on
the practical implementation of CABAC decoding. The CABAC
encoder presented by Osorio et al. [12] separates block coefficients from ordinary syntax elements, and processes the former
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using an optimized hard-wired engine while the latter is processed by software. This approach is also found in [13], which
speeds up the decoding by using pointer chains to retrieve the
context models for the subsequent bins and storing the intermediate results of context selection instead of the original reference
macroblock data. Chen et al. [14] have proposed a hardware accelerator for CABAC decoding. However, there is no specific
acceleration scheme except that the decoding is controlled by
an optimized finite state machine (FSM). Moreover, it is reported that the performance is just enough to accommodate CIF
30 fps. There are also several commercial products announced
for CABAC encoding and decoding [15], [16], but their internal
structures and mechanisms are not publicized.
This paper proposes efficient techniques to alleviate the performance problem that is more significantly imposed when a
high resolution video stream should be decoded in real-time.
More specifically, 1) several context models are simultaneously
loaded from memory while context selection is achieved in parallel and 2) bin-level pipelining is enabled by employing a small
storage to remove pipeline hazards.
II. CABAC DECODING
For every syntax element , a series of bins are decoded to
make a bin string. If the bin string is found to be valid by binarization matching, the decoding of the current syntax element is finished with the syntax element value produced by
de-binarization.
There are three types of operations to acquire a bin: equiprobable, nonequiprobable, and terminate decoding. We focus only
on the nonequiprobable decoding because the others are much
simpler and can be performed using the nonequiprobable decoding routine with slight modifications.
To decode a bin , a proper context model should be provided. This operation usually involves a context memory read
in which the context index acts as the address. is the sum
of a context index increment
and a base context index
, the former of which should be derived by context selection and the latter is given uniquely for .
After a context model is obtained, the binary arithmetic decoding takes place. The symbol is decided by comparing the
coding offset with the most-probable symbol (MPS) subrange
that is derived from the coding range and . Then, the renormalization follows to keep the coding range and the coding offset
to a fixed precision, in which the coding offset is compensated
by appending the incoming bitstream.
When implemented in hardware, the bin decoding procedure
is realized by a series of elementary operations as illustrated in
Fig. 1(a) in which the operations are delimited by tentative cycle
, the context selection produces
boundaries. Given
which is fed to the context model loading operation to read the
corresponding from the memory. After that, the binary arithmetic decoding operation computes the value of and a new
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Fig. 2. Initial pipeline configuration.

Fig. 1. Elementary operations of CABAC decoding and their data dependencies.

context model . The binarization matching operation evaluates
the bin string constructed so far and decides whether to complete the syntax element decoding or not. At the same time,
is stored to the memory. Due to these strict data dependencies,
the elementary operations can hardly be processed in parallel.
Moreover, the internal variables of the binary arithmetic
decoding, the coding range and the coding offset, introduce
inter-bin dependency because they should be maintained consistently throughout all the bin decodings. The context model
also participates in the dependency because it can be used again
when the same type of syntax element is decoded later. Fig. 1(b)
shows the twofold inter-bin data dependencies that prevent
multiple bin decodings from being processed in parallel.
III. ACCELERATION SCHEMES
Given a chain of operations, the most effective way to boost
the performance is to exploit the pipelining scheme. Each of the
elementary operations enumerated in Fig. 1(a), i.e., context selection (CS), context model loading (CL), binary arithmetic decoding (BAD), binarization matching (BM), and context model
update (CU), can be implemented to operate in a single cycle.
Thus, the initial pipeline configuration is to assign each operation to a pipeline stage as depicted in Fig. 2, where BM and
CU take places at the same cycle because they have no data
dependency. Since all the syntax elements are made up of one
or more bins and every bin is decoded by the same operation
chain, the decoding can be greatly accelerated if the pipeline
operates without stalls. However, there exist some data hazards
and a structural hazard that impede the pipeline.
Although the purpose of the pipelining scheme is to boost the
throughput of bin decodings, a shorter latency is also necessary

Fig. 3. Pipeline hazards. (a) Data hazard due to context model. It is resolved by
forwarding the changed context model. (b) Data hazard caused by the context
selection based on previously decoded bin values. (c) Structural hazard caused
by CL and CU.

because the average number of bins for a syntax element is less
than two for a usual H.264/AVC sequence. Reducing the latency
will be discussed later in this section.
A. Pipeline Hazards
One data hazard comes from the data dependency by the context model, as the CL of a future bin might attempt to load the
same type of context model used by the current bin before its
new value is updated to the context memory. Since BAD is both
the producer and consumer of the context model, this hazard
can easily be resolved by forwarding the context model from the
output of BM to the input as depicted in Fig. 3(a), in which the
first CU and the second CL is ineffective due to the forwarding.
In some cases, context selection is performed based on the
previously decoded bin values rather than based on the evaluation of neighbor data or by simply incrementing the context
, and in
index. In most cases, is calculated by referring to
. This type of
the remaining cases, is calculated based on
context selection can be achieved by using a lookup logic that
, , and bin index as inputs and gives the cortakes
responding as an output. An easy way to relieve the depen-
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Fig. 5. Structure of CMR.

Fig. 4. Modification to the data arrangement of the context memory. (a) Optimal data arrangement of context memory. (b) Modified data arrangement of
context memory.

dency is exploiting a forwarding path from BAD to CL that is
associated with the lookup logic as illustrated in Fig. 3(b). Nevertheless, we cannot avoid the stall of one cycle in the current
configuration.
The last problem in the initial pipeline arrangement is the
structural hazard caused by CL and CU as both of the operations access the same memory, one to read an another to write,
as depicted in Fig. 3(c). To resolve this conflict, one of the two
operations should be removed from the operation chain. As CL
supplies the context model, it is essential for the rest of the operations. The remaining one, CU, may be postponed because it
is relevant only to the future bins, not to the current one. Using
a small storage, hereinafter called the context model reservoir
(CMR), we can postpone CU to make it out of the current decoding flow. The complete structure of CMR will be presented
after another important effect of CMR is discussed.
B. Parallel Processing of Elementary Operations
Besides relieving the structural hazard, CMR also enables the
parallel processing of CS and CL, eventually leading to a decreased latency and the elimination of the stall caused by the
context selection based on previously decoded bins.
be the set of context models associated with a syntax
Let
. All the context models in
are indexed by
element
and
contiguous context indices. If and are different,
are distinct. Two distinct context model sets
and
are said to be adjacent if the maximum context index
of
equals to
in which
is the minimum con. In this case,
is upwardly adjacent to
.
text index of
can be broken down into adjacent and distinct subsets,
, where
is the first

Fig. 6. Pipeline configuration after applying the proposed schemes. (a) Pipeline
without CMR switching. Stalls of two cycles are necessary to begin a new syntax
element. (b) Pipeline with CMR switching at i = 2.

subset containing the context model corresponding to the min, i.e.,
, and
is upimum context index of
for
. The sizes of the subsets
wardly adjacent to
except for the last one are equal to .
Then, we can envision reading
using
as the
using
address and selecting a context model from
as the index. Reading
and calculating
are performed simultaneously and their results, context models in
and the value of
are latched. BAD takes place in
sethe next cycle, where the proper context model
is used as the operand to BAD.
lected by
In the following bin decodings, CL does not have to be peris in
because we already have
formed if
corresponding to
. If
is greater than
, another CL is performed to read the next subset
. In
such cases, i.e., when the required context model is not in the
subset held by CMR, the current subset should be updated to
the context memory before loading the next subset. This CMR
switching causes a pipeline stall of two cycles, one cycle for updating and another for loading the context models. As long as
the current subset is effective for the bin decodings, CMR acts
as a cache to the datapath.

YI AND PARK: HIGH-SPEED H.264/AVC CABAC DECODING

493

Fig. 7. Essential parts for CABAC decoding with low latency and high throughput. Shaded boxes distinguish pipeline stages.

The implementation of this scheme requires a specific value
of . Since the range of context index increments lies in [0, 7]
for most of the syntax elements, we set the value of to 8. With
, context switching arises only for a part of coefficient
data; all the syntax elements except the coefficient data have
. To load
only one context model subset, i.e.,
the 8 context elements at once, we need a 64-bit-wide memory
configuration when the context model, originally requiring 7
bits, is assigned to a byte.
To guarantee that all the context models simultaneously read
, the subsets of
should be aligned to
by CL are in
the word boundary in the context memory. Fig. 4(a) shows a
context memory layout that is optimal in the sense of memory
size required, in which the adjacent context model sets are arranged contiguously. In this arrangement, if syntax element
is to be decoded, it takes two cycles to read
. In the modified layout depicted in Fig. 4(b), all the elements in each subset
can be read in one cycle. This modification results in some vacancies in the memory. The memory overhead is 177 bytes, a
44%-increase from the contiguous arrangement for Main Profile, and 205 bytes, a 45%-increase for High Profile.
Fig. 5 shows the structure of CMR. CMR has eight registers
. One of
to hold the context models in the read subset
. At the time of context
these context models is selected by
switching, the values of the registers are concatenated into an
which is updated to the context memory.
altered subset
Consequently, we have a two-stage pipeline with an additional stage that is conditionally executed as illustrated in Fig. 6.
When a new syntax element is to be decoded, the pipeline is
stalled for two cycles as depicted in Fig. 6(a). Within a syntax
element decoding, a syntax element with bins is decoded in
cycles if there is no CMR switching. However, as exemplified in Fig. 6(b), if CMR switching occurs, the decoding is
stalled for two cycles to update and load the context models.
Fig. 7 shows the implementation of the pipeline. The two forwarding paths, one for the context selection based on previously

decoded bin values and another for the syntax element type decision, minimizes the possibility of stalls.
For the equiprobable decoding and the terminate decoding,
the CS/CL stage and the CU stage are inactivated because context models are unnecessary. The binary arithmetic decoding
block in Fig. 7 is designed to perform those kinds of decodings
as well, in which the decoding takes cycles for a syntax element with bins.
IV. EXPERIMENTAL RESULTS
The H.264/AVC syntax parsing system, including a RISC
and the proposed CABAC decoder, is implemented in a hardware description language. Since there is currently no available
literature that quantitatively reports the decoding performance,
we compare the performance of our architecture with a conventional implementation which does not exploit the proposed
schemes, that is, the elementary operations in Fig. 1(a) are not
pipelined and the memory organization of Fig. 4(a) is used.
Table I summarizes the decoding performances of both architectures, all measured in RTL simulations. All the test streams
have the resolution of 1920 1080, the chroma format of 4:2:0,
and the frame rate of 25 fps except riverbed and tractor that
have the frame rate of 30 fps. All the sequences are encoded in
Main Profile at Level 5.0. The columns of Decoded bins and
Cycles show the average number of symbols and the number of
decoding cycles to process one second of coded video streams.
As shown in Table I, the uses of pipelining and parallel processing result in almost two times speedup on the average compared to the conventional architecture. The number of cycles
includes the time for the RISC to process the parameter sets and
slice headers, the context memory initialization time for each
slices, and the macroblock initialization time. The cycles also
include the time taken by equiprobable symbol decodings and
terminate decodings. Thus, the actual throughput solely used for
the symbol decoding is higher than specified.
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TABLE I
IMPROVEMENT OF DECODING PERFORMANCE USING THE PROPOSED SCHEMES

TABLE II
SYNTHESIS RESULTS

arrangement. As a result, the proposed CABAC decoder has an
average throughput of 3.93 cycles/bin at the slice level.
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