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Abstract Context-based adaptive binary arithmetic coding
(CABAC) is a single entropy coding mode of the newest
video coding standard, High Efficiency Video Coding
(HEVC). Despite the high coding efficiency of CABAC, its
data dependencies prevent effective parallelization, which
also means limited throughput. Accordingly, during the
HEVC standardization activity of entropy coding, both coding
efficiency and throughput were considered. This paper high-
lights the key techniques that were proposed and adopted up
to HEVC Draft International Standard (DIS). In addition, a
new method is proposed for high throughput entropy coding.
This method reduces the worst-case complexity of entropy
coding without significant coding efficiency loss. From the
experimental results, in terms of throughput improvement, we
confirm that the proposed method reduces the number of
context-coded bins up to 42.1 and 15.9 % on average.

Keywords High EfficiencyVideo Coding (HEVC) .
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1 Introduction

ISO/IEC MPEG and ITU-T VCEG have formed a Joint
Collaborative Team on Video Coding (JCT-VC) to develop a
new international video coding standard, called High Efficien-
cy Video Coding (HEVC) [1]. This standardization has been a
response to the growing needs for compressed video repre-
sentations with substantially increased coding efficiency and

enhanced robustness to network environments. Experts have
reported that HEVC delivers up to 50 % higher coding effi-
ciency compared to the previous international video coding
standard, H.264/AVC [2]. In particular, this efficiency benefits
from various new coding tools, including flexible block struc-
tures, increased number of intra prediction directions, addi-
tional loop filters, and highly adaptive entropy coding.

Entropy coding is a lossless data compression scheme used
at the last stage of encoding and the first stage of decoding.
HEVC employs context-based adaptive binary arithmetic cod-
ing (CABAC) [3] as a single entropy coder. CABAC is one of
the most efficient tools in HEVC owing to its context model-
ing. Context modeling is beneficial for coding efficiency;
however, high data dependency problem transpires due to
the consistent sequential processing. The serial nature of
CABAC causes throughput limits which leads to difficult
design of parallel processing. Thus, CABAC is regarded as
the main bottleneck regarding growing throughput support for
next generation video codecs [4].

In general, data dependencies hinder parallel processing,
ultimately degrading throughput. A reasonable trade-off be-
tween coding efficiency and throughput is necessary since
data dependencies naturally exist due to redundancy removal
in coding efficiency improvement [5]. Hence, in the HEVC
standardization activity of entropy coding, many tools have
been proposed to eliminate data dependencies and critical path
delays for parallel processing. Yet, there is still some room for
improving entropy coding throughput.

In this paper, we propose a new mechanism of HEVC
transform coefficient coding to achieve additional throughput
of entropy coding. Based on characteristics of video contents,
we selectively apply context-based adaptive variable length
coding (CAVLC) transform coefficient coding [6] and the
existing CABAC transform coefficient coding. The intention
of this approach is to reduce the worst-case complexity of
HEVC entropy coding. Unlike H.264/AVC, CAVLC is not
supported in HEVC. Thus, we add CAVLC transform
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coefficient coding as a high throughput binarization mode
(HTM) in HEVC. The proposed method simply achieves the
balance of coding performance and throughput efficiency; this
can be treated as an extension of the HEVC standard.

The paper is organized as follows. In Section 2, we provide
an overview of CABAC transform coefficient coding in
HEVC. In Section 3, we analyze the parsing issue of through-
put bottleneck and describe various techniques for throughput
improvement of CABAC transform coefficient coding in the
HEVC standard. We propose a high throughput entropy cod-
ing engine in Section 4 and evaluate its performance in Sec-
tion 5. Finally, the paper is concluded in Section 6.

2 CABAC Transform Coefficient Coding in HEVC

2.1 The CABAC Framework

HEVC has a single entropy coding method based on the
CABAC engine that was also used in H.264/AVC. It is used
after the video has been reduced to a series of syntax elements.
Figure 1 shows the block diagram of CABAC for a single
syntax element. The encoding process of CABAC consists of
three coding steps: binarization, context modeling, and binary
arithmetic coding.

In the binarization step, a non-binary valued syntax ele-
ment is mapped to a corresponding binary sequence, called a
bin string. In HEVC, four basic binarization schemes are used,
including unary, truncated unary, kth order Exp-Golomb
(EGk), and fixed length (FL). The unary code consists of x
“1” bits plus a terminating “0” bit for a given unsigned integer
x. For truncated unary code, the unary code is used only when
x<cMax. If x=cMax, the terminating “0” bit is neglected such
that the truncated unary code of x=cMax is given by a
codeword consisting of x “1” bits only. A EGk code is a
concatenation of a prefix part with the unary code and a suffix
part with Exp-Golomb code. The FL code of x is simply xwith
a fixed number l=⌈log2(cMax+1)⌉ of bits. Each syntax ele-
ment uses the selected binarization scheme or the combination
of two binarization schemes.

Context modeling is the distinct feature of CABAC entropy
coding. It estimates the probability of the bins required to
achieve high coding efficiency. The context model for each
bin depends on various factors such as the type of the syntax
element, bin position within the syntax element, neighboring
information, etc. Different context models can be used for
different bins and the probability of that context model is
updated based on the values of the previously encoded bins.
HEVC uses the same probability update method as H.264/
AVC.

The principle of arithmetic coding is based on the
recursive sub-division of the interval selection. The initial
interval is set to [0, 1]. Then, the initial interval is divided

into two sub-intervals according to the probability of the bin.
Then, one of the two sub-intervals is chosen as the new one
based on the encoded bin and the predicted most possible
value. As the encoding process goes on, the range is updated
to equal the selected sub-interval. Since the range and offset
are limited by bit-precision, renormalization is required
whenever the range falls below a certain value to prevent
underflow.

As shown in Fig. 1, CABAC has two operating modes in
the binary arithmetic coding stage: regular mode and bypass
mode. Regular mode has a context modeling stage. The en-
gine uses the selected context model to code the binary sym-
bol (bin). After each bin is coded, the context model is
updated. Bypass mode assumes an uniform probability model.
This mode is simpler and allows a coding speedup and easier
parallelization, because it does not require context derivation
and adaptation.

Due to the large percentage of bins devoted to residual
coding, it is important that transform coefficient coding design
limits these dependencies to enable high throughput
implementations.

2.2 CABAC Transform Coefficient Coding

For the coding of transform coefficient data within the HEVC
standard, designed syntax elements are used in CABAC en-
tropy coding mode. Figure 2 illustrates the CABAC encoding
scheme for a single transform unit (TU). In Fig. 2, italic letters
represent syntax elements for transform coefficient coding. In
the following, a more detailed description of each of the major
encoding steps of Fig. 2 is given together.

1) Last Significant Coefficient Coordinates: The first step of
transform coefficient coding is the coding of the last
significant coefficient flag. The position of the last signif-
icant coefficient in a TU following the forward scan order
is coded. The position of the last significant coefficient in
a TU is coded by explicitly signaling its (x, y) coordinates
[7]. Here, x and y indicate the column and row positions,
respectively.
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Context
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coding

engine

Bypass

coding

engine

Syntax

element

Regular

Bitstream

Context model update

Binarized syntax element Bypass

Non-binarized
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Figure 1 CABAC encoder framework.
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2) Significance Map: The significance map identifies
the positions of the non-zero coefficients (signifi-
cant coefficients) in the TU. The 8×8, 16×16, and
32×32 TUs are divided into 4×4 subsets and
each subset corresponds to a sub-block. Syntax
e l emen t s , c od ed_ sub_b l o c k_ f l a g [ 8 ] a nd
significant_coeff_flag are coded in a sub-block
unit. Since the last coefficient is already known,
significance map coding starts at the coefficient
before the last coefficient in the scan order.
coded_sub_block_flag is a one bit symbol, which
indicates if there are significant, i.e., non-zero co-
efficients inside a sub-block of transform coeffi-
cients. If coded_sub_block_flag is zero, no further
information is transmitted for the sub-block. To
reduce the number of coeded_sub_block_flag bins,
it is inferred to be one for sub-blocks containing
DC and the last significant coefficient. Figure 3
shows an example of the signaling method of
coded_sub_block_flag for an 8×8 TU. If the
coded_sub_block_flag indicates that the sub-

block has significant coefficients, a binary-valued
significant_coeff_flag is encoded. For each coefficient in
scanning order, a one-bit symbol significant_coeff_flag is
transmitted. If the significant_coeff_flag symbol is one, it
represents a non-zero coefficient exists at this scanning
position.

3) Coefficient Level and Sign Data: coeff_abs_
level_greater1_flag and coeff_abs_level_greater2_flag
indicate whether the coefficient amplitude is larger
than one and two, respectively. Accordingly, for
levels smaller than three, at most two bins are
coded using these flags. In order to improve
throughput, these two level flags are not coded for
all coefficients in the sub-block. Detail explanation
will be given in Section 3.

I f above leve l f l ags a re bo th equa l to one ,
coeff_abs_level_remaining, which specifies the remain-
ing absolute value of the coefficient level, is coded. The
syntax element coeff_abs_level_minus3 is binarized by
Golomb-Rice codes with the Rice parameter k [9]. The
motivation of Golomb-Rice codes is to reduce the com-
plexity of the unary/kth order Exp-Golomb code in the
previous video coding standard, H.264/AVC. The com-
plexity problem of the unary/kth order Exp-Golomb
code is caused by the adaptive context modeling pro-
cess. Since Golomb-Rice codes do not require any con-
text modeling, it efficiently reduces the complexity of
encoding and decoding.

Given a particular Rice parameter k, the Golomb-Rice
code for a symbol s consists of two parts: a unary
representation of p and a binary representation of r.
The relation of p and r is shown in Eq. (1). The unary
representation is formed by the p ‘1’s, followed by a
‘0’. Then, the codeword for r is constructed by
appending the k least significant bits of r to the binary
representation. The length of the Golomb-Rice code is
k+1+p.

p ¼ s

2k

� �
where r ¼ s−p⋅2k ð1Þ

The range of the Rice parameter k is from 0 to 3. The initial
value of k is zero and it monotonically increases according to
the magnitude of the level.

For sign information, coeff_sign_flag is encoded.
Sign bins represent a substantial proportion of a com-
pressed bitstream. Sign bins are signaled before
coeff_abs_level_remaining bins. To improve coding ef-
ficiency, the data hiding method is used such that the
sign flag for the first non-zero coefficient is not always

for(i = numLastSubset; i >= 0; i--)

{

Encode coded_sub_block_flag[i]; 
for(n = 15; n >= 0; n--)

{

if(coded_sub_block_flag)

Encode significant_coeff_flag[n]; 
}

for(n = 15; n >= 0; n--) 

{

if(significant_coeff_flag[n])

Encode coeff_abs_level_greater1_flag[n]; 

if(coeff_abs_level_greater1_flag[n])

Encode coeff_abs_level_greater2_flag[n]; 

if(significant_coeff_flag[n])

Encode coeff_sign_flag[n]; 

if(coeff_abs_level_greater2_flag[n])

Encode coeff_abs_level_remaining[n]; 

}

}

Encode last_significant_coeff_x_prefix; 

Encode last_significant_coeff_y_prefix; 

if( last_significant_coeff_x_prefix > 3) 

Encode last_significant_coeff_x_suffix; 

if( last_significant_coeff_y_prefix > 3) 

Encode last_significant_coeff_y_suffix; 

Last Significant Coefficient Coordinates

Significance Map

Coefficient Level and Sign Data

Figure 2 Encoding structure of CABAC transform coefficient coding.
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sent [5]. Figure 4 illustrates an example of the level and
sign data coding process for a 4×4 sub-block.

3 Throughput Improvement Techniques

During HEVC standardization, there was a lot of effort
spent in improving the throughput of CABAC transform
coefficient coding with minimal coding loss. The
throughput bottleneck is primarily due to the context
selection dependencies [10]. Thus, most researches fo-
cused on how to reduce context-coded bins. Although
CABAC has two coding modes: regular mode and by-
pass mode, most of the symbols are encoded by regular
mode. Throughput of CABAC is limited for context-
coded bins due to the data dependencies.

It is easier to process bypass bins in parallel since
they do not have the data dependencies related to con-
text selection. In addition, arithmetic coding for bypass
bins is simpler as it only requires a right shift versus a

table look up for context-coded bins. Thus, the through-
put can be improved by reducing the number of
context-coded bins and using bypass bins instead.

Chien et al. proposed a last position coding method [11].
The coordinate is binarized in two parts: a prefix and a suffix.
The prefix part (last_significant_coeff_x_prefix and
last_significant_coeff_y_prefix) represents an index
to an interval. It has a truncated unary representation
and the bins are coded in regular mode. The suffix
p a r t ( l a s t _ s i g n i f i c a n t _ c o e f f _ x _ s u f f i x a n d
last_significant_coeff_y_suffix) represents the offset within
the interval. For certain values of the prefix part, the suffix
part is not present and is inferred to be 0. The suffix part has a
fixed length representation and is coded in the bypass mode of
CABAC. As an example, Table 1 shows the codeword struc-
ture for syntax elements of last significant coefficient coordi-
nates for a 32×32 TU. In Table 1, ‘X’ means 0 or 1 and most
significant bit (MSB) is signaled first.

1 1 0 0 0 0 0 0

1 1 0 0 0 1 0 1

1 0 0 0 0 0 0 0

0 0 0 1 0 0 0 0

1 1 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

1 1

1 0

coded_sub_block_flag to be encoded is “1”

Figure 3 Example of signaling of coded_sub_block_flag for an 8×8 TU.

0 1 -1 0 2 4 -1 -4 4 2 -6 4 7 6 -12 18

significant_coeff_flag 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

coeff_abs_level_greater1_flag 0 0 1 1 0 1 1 1 1 1 1 1 1 1

coeff_abs_level_greater2_flag 0 1 1 1 0 1 1 1 1 1 1

coeff_sign_flag 0 1 0 0 1 1 0 0 1 0 0 0 1 0

coeff_abs_remaining 1 1 1 3 1 4 3 9 15

18 6 -6 -1

-12 4 -4 0

7 4 2 1

2 4 -1 0

16 14 11 7

15 12 8 4

13 9 5 2

10 6 3 1

4 4 sub-block Coding order

Figure 4 Example of coding 4×
4 sub-block.

Table 1 Last significant coefficient coordinates coding.

Prefix (Context-coded bins) Suffix (Bypass bins)

0 0 −
1 10 −
2 110 −
3 1110 −
4–5 11110 X

6–7 111110 X

8–11 1111110 XX

12–15 11111110 XX

16–23 111111110 XXX

24–31 111111111 XXX
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A demand for a high throughput binarization defined by the
number of bins coded in the bypass mode of CABAC relative
to the number of bins coded with adaptive context models
exists. There have been several proposals to improving entro-
py coding throughput by reducing context-coded bins for
coefficients level coding.

Nguyen et al. proposed a simple coding scheme based on
the existing adaptive Rice binarization of CABAC [12]. In-
stead of using the truncated unary binarization, the proposed
scheme starts directly with the Rice binarization. Thus, all bins
resulting from the binarization of a transform coefficient level
are coded by CABAC bypass mode. However, this scheme
showed up to a 9.4 % bit-rate increase and it is not adopted
into the final HEVC standard.

Kim et al. proposed a new high throughput binarization
method for CABAC [13]. They introduced two binarization
methods: VLC table-based binarization and Golomb-Rice
code-based binarization. The benefit of this method is that it

provides a type of flexibility between coding performance and
throughput efficiency by selectively applying the proposed
binarization for each 4×4 coefficient block.

Lainema et al. proposed another high throughput binariza-
tion method [14]. To increase throughput of entropy coding,
they utilize CABAC bypass mode for all transform coefficient
data and applies CAVLC coefficient coding engine as HTM.
In addition, the proposed method supports full CABAC
coding engine, referred to as high efficiency binarization
mode. There is a slice level indication identifying which
binarization scheme is to be applied. However, these pro-
posed methods reduce coding efficiency up to 9.5 and
11.1 %, respectively.

Chen et al. proposed a new coefficient level coding scheme
[15]. They proposed to code coeff_abs_level_greater1_flag
only for eight starting non-zero coefficients and only one
coeff_abs_level_greater2_flag in a subset consisting of 16
coefficients, and an early switch to Golomb-Rice bypassmode
coding for the remaining coefficients. Among above
mentioned techniques, the Chen’s method has proved
to be effective and adopted in the HEVC standard.
Figure 5 illustrates an example of the proposed level
and sign data coding process.

0 1 -1 0 2 4 -1 -4 4 2 -6 4 7 6 -12 18

significant_coeff_flag 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 1

coeff_abs_level_greater1_flag 0 0 1 1 0 1 1 1

coeff_abs_level_greater2_flag 0

coeff_sign_flag 0 1 0 0 1 1 0 0 1 0 0 0 1 0

coeff_abs_remaining 2 2 2 0 5 3 6 5 11 17

18 6 -6 -1

-12 4 -4 0

7 4 2 1

2 4 -1 0

16 14 11 7

15 12 8 4

13 9 5 2

10 6 3 1

4 4 sub-block Coding order

Figure 5 Example of a new
method for 4×4 sub-block
coding.

Table 2 CAVLC syntax elements for transform coefficient coding.

Syntax element Description

last_pos_level_one The position of the last significant coefficient
whether the absolute value of the coefficient
is larger than one

level_minus2_and_sign The value of a transform coefficient that has an
absolute value that is larger than one

sign_flag The sign of a non-zero coefficient

run_level_one The number of consecutive transform
coefficients in the scan with zero value
before a non-zero coefficients and whether
the absolute value of the non-zero coefficient
is larger than one

level The absolute value of the non-zero coefficient

(a)                           (b)                           (c)

Figure 6 Sample images. a Simple-textured image b Medium-textured
image c Complex-textured image.
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4 Proposed Hybrid Binarization Technique for High
Throughput Entropy Coding

As mentioned in Section 2, on higher bitrates the portion of
transform coefficient data has a dominant role in encoded
bitstream. Thus, in order to improve the throughput, we pro-
pose the codec with HTM for transform coefficient data.

Table 2 shows syntax elements and its detailed description
for CAVLC transform coefficient coding [16]. CAVLC is the
attractive transform coefficient coding method in terms of the
throughput, since CAVLC does not require any context
modeling process. Thus, it is generally regarded as the suitable
entropy coding method for lower-power devices such as
handheld consumer electronics devices. The only problem of
CAVLC transform coefficient coding is coding efficiency
degradation. It is reported that CAVLC has resulted in approx-
imately 4.9–5.9 % bit-rate increase [17].

We encoded 128×128 pixel sample images to analyze the
performance of CAVLC consequences of characteristics of
video contents. For comparison, we also consider CABAC
encoding results for the same sample images. We encoded 15
various sample images with different textures (complex-tex-
tured, medium-textured, and simple-textured images). For
measuring the performance, we used the widely known the
percentage of bit-rate savings (BD-rate) [18]. BD-rate com-
putes an average of the bit-rate savings over the four QP points
(22, 27, 32, and 37). Positive numbers indicate BD-rate losses.
Figure 6 shows representatives of sample images and Table 3
shows the simulation results.

CABAC definitely provides better coding efficiency for
complex- and simple-textured images. Higher efficiency of
CABAC comes from context modeling and significance map
coding processes. Using context modeling, symbols that have
the same of similar nature are encoded in the same context as
they share the same statistical properties. Symbols of different
nature are encoded in different contexts. Since CABAC pro-
vides an accurate probability estimate, it is efficient in com-
plex regions that have many changes in the statistical charac-
teristics. In addition, by taking advantage of syntax element
coded_sub_block_flag, CABAC can encode homogeneous
region efficiently.

For medium-textured images, the performance degradation
of CAVLC is negligible. Hence, we decided to distinguish
regions containing complex, medium, and simple textures.
For complex- and simple-textured regions, we keep existing
CABAC to prevent coding efficiency loss. Otherwise, for
medium-textured regions, we use CAVLC to improve the
throughput of entropy coding and CAVLC codewords are
fed to bypass coding of CABAC. In the proposed method,
we regard the current TU size and the number of significant
coefficients of the previously encoded TU as factors that
describe characteristics of video contents.

While the H.264/AVC encoder [2] divides a picture into
fixed size macroblocks of 16×16 pixels, the HEVC encoder
divides a picture into coding tree units (CTU) of 16×16, 32×
32 or 64×64 pixels [19].

The CTU can be further divided into smaller blocks using a
quad-tree structure. Such a block, called a coding unit (CU),
can be split further into prediction units (PUs) and is also a
root for the transform quad-tree. Each of the child nodes of the
transform quad-tree defines a TU. The size of transform and
quantization can vary from 4×4 to 32×32 pixels. At the
HEVC encoder side, tree-pruning algorithms exist to estimate
the optimal partitioning in a rate-distortion sense. An example
of TU quad-tree partitioning is given in Fig. 7.

Figure 8 presents the pseudo-code of the proposed method
implemented in the HEVC software. As the optimal size of the

Table 3 BD-rate comparison between CAVLC and CABAC.

T1 T2 T3 T4 T5

Complex +1.66 +2.27 +1.07 +1.18 +1.31

Medium +0.30 +0.13 +0.42 +0.12 +0.07

Simple +1.99 +2.17 +2.59 +1.26 +1.68

Figure 7 Part of the Traffic sequence (2560×1600) showing TU struc-
ture from recursive quad-tree partitioning.

1: if(trSize == 8 && PrevNonZero > T8×8){

2: HTM_codeCoeffNxN();

3: }

4: else if(trSize == 16 && PrevNonZero > T16×16){

5: HTM_codeCoeffNxN();

6: }

7: else{

8: codeCoeffNxN();

9: }

Figure 8 Pseudo-code for the proposed transform coefficient coding
method.
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above mentioned blocks typically depends on the picture
contents, we can assume that the current TU size (trSize) can
represent characteristics of the regions. Thus, we can regard
the smallest TU (4×4) as the most complex region and the
largest TU (32×32) as the simplest region.We determined that
other TUs (8×8 and 16×16 TUs) as ambiguous regions.

In order to determine characteristics of ambiguous regions,
we additionally use the number of significant coefficients of
the previously encoded TU (PrevNonZero). If PrevNonZero is
greater than given threshold values, we activate CAVLC
transform coefficient coding as HTM. Thresholds (T8×8 and
T16×16) are determined empirically through simulations, con-
sidering trade-off between coding efficiency and throughput
improvements. In the proposed method, T8×8 and T16×16 are

set to 16 and 100, respectively. Since entropy coding mode is
intended by trSize and PrevNonZero, we do not need to
signal the identifier indicating which transform coefficient
coding mode is being used. In the proposed method, even
in HTM, only transform coefficients are binarized by
CAVLC and bypass coded through the arithmetic coding
machine. Thus, no additional entropy coding machine is
required.

5 Experimental Results

In this section, we present the performance results of the
proposed method in terms of PSNR, bit rate, and throughput.

Table 4 Test sequences.
Sequence Resolution Number of frames Frame rate (Hz) Bit depth

Traffic 2560×1600 100 30 8

PeopleOnStreet 2560×1600 100 30 8

Kimono 1920×1080 100 24 8

ParkScene 1920×1080 100 24 8

Cactus 1920×1080 100 50 8

Vidyo1 1280×720 100 60 8

Vidyo3 1280×720 100 60 8

Vidyo4 1280×720 100 60 8

BasketballDrill 832×480 100 50 8

BQMall 832×480 100 60 8

RaceHorsesC 832×480 100 30 8

BasketballPass 416×240 100 50 8

BlowingBubbles 416×240 100 50 8

Table 5 Saving of average num-
ber of context-coded bins of the
proposed method with respect to
HM 8.0 (Low QP set).

Sequence QP=1 (%) QP=5 (%) QP=9 (%) QP=13 (%) Average saving (%)

Traffic 31.3 10.9 11.2 8.9 15.6

PeopleOnStreet 31.5 11.4 11.9 11.4 16.6

Kimono 42.1 14.6 16.1 12.6 21.4

ParkScene 34.1 11.2 13.2 14.0 18.1

Cactus 35.0 11.6 14.2 16.8 19.4

Vidyo1 37.5 12.5 12.5 5.8 17.1

Vidyo3 35.5 12.3 12.5 5.5 16.5

Vidyo4 37.5 12.3 12.0 9.6 17.9

BasketballDrill 19.4 8.2 8.3 8.3 11.1

BQMall 27.1 11.9 14.0 13.6 16.7

RaceHorsesC 28.7 9.9 10.6 9.3 14.6

BasketballPass 29.0 12.3 10.2 7.4 14.7

BlowingBubbles 18.8 7.6 8.7 8.9 11.0

RaceHorses 24.0 8.8 8.4 8.0 12.3

Average 30.8 11.1 11.7 10.0 15.9
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In order to verify efficiency of the proposed method, we
performed experiments on 14 video sequences of YUV420
format. These video sequences were selected from the 24
sequences specified in the common test conditions document
from JCT-VC [20]. These sequences differ broadly from one
another in terms of frame rate, motion and texture character-
istics as well as spatial resolution. Table 4 presents the name,
frame count, frame rate, bit depth, and spatial resolution for
each video sequence. We implemented our proposed method
in the reference software, HEVC Test Model version 8.0 (HM
8.0) [21].

It has been traditionally challenging to identify a
reliable method that can be used to analyze the imple-
mentation complexity of different entropy codec
methods and to do it for software and hardware
implementations at the same time. A reliable scheme
to analyze the implementation complexity of different
entropy codec methods needs to focus on the worst case
scenarios [22]. Implementations of the different entropy
codec methods will need to be able to deal with those
cases and have a design that will be able to perform it
correctly in all cases.

Table 6 Saving of average num-
ber of context-coded bins of the
proposed method with respect to
HM 8.0 (Common QP set).

Sequence QP=22 (%) QP=27 (%) QP=32 (%) QP=37 (%) Average saving (%)

Traffic 4.4 2.6 1.4 0.8 2.3

PeopleOnStreet 5.2 2.8 1.4 0.8 2.6

Kimono 0.9 0.5 0.2 0.1 0.4

ParkScene 7.1 3.9 2.1 0.8 3.5

Cactus 7.3 4.0 2.0 0.8 3.5

Vidyo1 2.4 1.5 0.8 0.5 1.3

Vidyo3 2.5 1.9 1.5 0.6 1.6

Vidyo4 3.2 1.5 1.0 0.6 1.6

BasketballDrill 2.0 1.1 0.8 0.5 1.1

BQMall 3.3 2.3 1.5 0.9 2.0

RaceHorsesC 5.9 6.9 6.5 1.4 5.2

BasketballPass 2.1 1.2 0.9 0.4 1.2

BlowingBubbles 5.1 3.3 1.8 1.1 2.8

RaceHorses 8.9 6.4 2.0 0.5 4.5

Average 4.3 2.9 1.7 0.7 2.4

Table 7 Saving of maximum
number of context-coded bins of
the proposed method with respect
to HM 8.0 (Low QP set).

Sequence QP=1 (%) QP=5 (%) QP=9 (%) QP=13 (%) Average saving (%)

Traffic 30.8 10.7 11.0 8.4 15.2

PeopleOnStreet 31.1 11.3 11.7 11.4 16.4

Kimono 41.8 13.3 15.8 13.0 21.0

ParkScene 32.4 10.8 12.8 13.4 17.4

Cactus 33.2 11.2 13.8 16.1 18.6

Vidyo1 37.9 13.8 17.0 11.2 20.0

Vidyo3 36.5 13.9 16.8 11.2 19.6

Vidyo4 36.3 11.8 12.1 9.5 17.4

BasketballDrill 18.2 7.6 7.6 7.5 10.2

BQMall 24.7 10.8 13.2 11.5 15.1

RaceHorsesC 26.0 9.2 10.1 9.0 13.6

BasketballPass 24.1 9.0 9.9 7.4 12.6

BlowingBubbles 16.8 6.8 8.0 8.8 10.1

RaceHorses 20.1 7.6 7.2 7.1 10.5

Average 29.3 10.6 11.9 10.4 15.5
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In other words, an implementation of an entropy
codec method will need to operate satisfactory in all
cases, including the most complex ones. Current com-
mon conditions and software reference configurations
may not be enough to analyze the implementation com-
plexity of different entropy codec methods as they are
not representative of the worst case scenario in which the
entropy codec will need to operate. Thus, the proposed
method is evaluated for the low QP set (QP=1, 5, 9, and
13) as well as the common QP set (QP=22, 27, 32, and
37).

Since the highest bin-rate occurs for all-intra case [23], we
tested all-intra coding case to focus on the worst case. For
other experimental environments, we follow the JCT-VC
common test conditions [20] using HEVCmain profile. Then,

we compared the proposed method to HEVC transform coef-
ficient coding with respect to context-coded bin usage, max-
imum context-coded bin usage, and coding efficiency.

The throughput of the proposed method is evaluated by
following measures.

NCSaving %ð Þ ¼ NCHEVC−NCProposed Method

NCHEVC
� 100 ð2Þ

MCSaving %ð Þ ¼ MCHEVC−MCProposed Method

MCHEVC
� 100 ð3Þ

Table 8 Saving of maximum
number of context-coded bins of
the proposed method with respect
to HM 8.0 (Common QP set).

Sequence QP=22 (%) QP=27 (%) QP=32 (%) QP=37 (%) Average saving (%)

Traffic 4.2 2.5 1.5 0.8 2.3

PeopleOnStreet 5.1 2.7 1.3 0.8 2.5

Kimono 1.1 0.7 0.2 0.0 0.5

ParkScene 6.8 3.8 2.1 0.7 3.4

Cactus 7.1 3.7 1.7 0.8 3.3

Vidyo1 2.4 1.6 0.8 0.5 1.3

Vidyo3 1.9 2.1 1.6 0.8 1.6

Vidyo4 4.1 1.7 0.8 1.1 1.9

BasketballDrill 1.8 0.9 0.8 0.6 1.0

BQMall 2.6 2.2 1.7 1.1 1.9

RaceHorsesC 4.6 4.6 7.1 1.7 4.5

BasketballPass 2.0 0.9 0.5 0.3 0.9

BlowingBubbles 5.4 3.2 2.3 0.8 2.9

RaceHorses 8.8 4.2 2.3 0.9 4.1

Average 4.1 2.5 1.8 0.8 2.3
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Figure 9 Comparison of the number of context-coded bins per pixel.
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Figure 10 Comparison of the maximum context-coded bins per pixel.
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Here, NC is the number of context-coded bins per
pixel and MC is the maximum context-coded bins per
pixel. Tables 5 and 6 use Eq. (2) and show saving of
average context-coded bins of the proposed method (NC
Saving), compared to HM 8.0. Tables 7 and 8 use
Eq. (3) and present the saving of maximum context-
coded bins of the proposed method (MC Saving) with
respect to HM 8.0.

On the average, the proposed method reduces the
number of context-coded bins by 15.9 % in low QP set
and 2.4 % in common QP set. Using proposed method,
context-coded bins are dramatically reduced, especially
at the high bit-rate where CABAC throughput is more
problematic. Note that the proposed method reduced the
number of context-coded bins up to 42.1 % at QP=1.
The proposed method also reduces the maximum number
of context-coded bins.

As mentioned in Section 3, the HEVC standard al-
ready employs several throughput improvement tech-
niques and these techniques were incorporated in the
HM 8.0 software. It implies that the proposed method
achieves additional throughput improvements besides
the current HEVC standard.

Figures 9 and 10 show comparison results between
the proposed method and HEVC in terms of the number
of context-coded bins per pixel and the maximum
context-coded bins per pixel. Coding efficiency results
are presented by BD-rate [18]. Table 9 shows the cod-
ing efficiency of the proposed method with respect to
the HEVC main profile anchor. The performance impact
of the proposed method is averagely 1.2 % (the low QP

set) and 0.3 % (the common QP set) BD-rate losses,
compared to HM 8.0. From Table 9, we can verify that
the proposed method has no noticeable effect on coding
efficiency.

6 Conclusions

In this paper, we proposed a method for high through-
put transform coefficient coding in the HEVC standard.
Considering texture characteristics of video sequences,
we selectively activate the high throughput mode
(HTM) based on the traditional CAVLC. The proposed
HTM can be treated as an extension of the current
CABAC entropy coding. Compared to the HEVC main
profile, the proposed method provides context-coded
bins saving up to 42.1 % without significant coding
efficiency loss.
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