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Abstract

applicability to practical HEVC encoder implementation.

For High Efficiency Video Coding (HEVC) using block-based prediction, the discrete cosine transform (DCT), and
quantization, a large number of DCT coefficients in a transform block (TB) are commonly found to be quantized to
zero. A two-dimensional transform in HEVC is usually implemented by first applying a butterfly-based one-dimensional
(1D) DCT to each row of the residual block, followed by a 1D DCT to each column. Accordingly, we propose a
two-stage method for the early detection of zero-quantized DCT coefficients in this paper. In the first stage, a
distribution-based method, which uses the sum of absolute differences as the threshold criterion and compares it to
threshold values obtained for all columns, is employed to detect zero-quantized columns in the pixel domain prior to
conducting the actual DCT. After conducting the 1D row DCT, the second detection stage, which uses the
intermediate matrix resulting from the row transform as the input, is applied in the transform domain only to those
columns predicted to contain non-zero coefficients. As an orthogonal transform, the 1D row DCT has a tendency to
pack a large fraction of the signal energy into a relatively few coefficients. Therefore, the second stage of our algorithm
is more effective than methods that conduct detection in the pixel domain, particularly for TBs greater than 8 x 8.
Experimental results demonstrate that an HEVC encoder with our proposed two-stage algorithm can dramatically
reduce unnecessary 1D row and column DCT operations compared with a standard encoder and therefore exhibits
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1 Introduction

High Efficiency Video Coding (HEVC) design follows the
classic block-based hybrid video coding approach [1]. For
HEVC using block-based intra- or inter-prediction, the
discrete cosine transform (DCT), and quantization, a sub-
stantial number of DCT coefficients of the residual block
are commonly found to be quantized to zero, particularly
when the quantization parameter (QP) is large. Therefore,
considerable computation can be avoided if the transform
blocks (TBs) containing DCT coefficients that are uni-
formly zero (i.e., all-zero blocks (AZBs)) and TBs where
all the DCT coefficients in a specified sub-block are zeros
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(i.e., partial-zero blocks (PZBs)) [2] can be detected prior
to conducting the DCT operations and quantization.

The problems involved with the early detection of AZBs
and zero sub-blocks for 4 x 4 DCT in H.264/AVC [3-6]
and 8 x 8 DCT in MPEG-2/4 and H.263 [2, 7-10] have
been extensively studied. However, the methods devel-
oped for these standards are not well suited for HEVC.
The main reason is that HEVC supports larger TB sizes
(i.e., 16 x 16 and 32 x 32) than those employed in prior
standards, and the detection efficiency will be degraded
when applying methods developed for 8 x 8 or 4 x 4 blocks
to larger TBs. More recently, various schemes have been
developed for detecting variable sized AZBs in HEVC
[11-14]. These methods typically predict AZBs by setting
the thresholds according to the sum of absolute differ-
ences (SAD) [11, 13, 14], sum of absolute transformed
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differences (SATD) [13], and sum of squared differences
(SSD) [13]. However, we have observed in experiments
that the number of AZBs relative to the total number
of TBs decreases with increasing TB size, as would be
expected. Therefore, even though AZB detection algo-
rithms are efficient, their capacity to reduce the computa-
tional burden is limited.

In HEVC, the two-dimensional (2D) forward DCT of a
TB is implemented by first applying a butterfly-based one-
dimensional (1D) DCT [15] to each row of the residual
block, followed by applying a 1D DCT to each column.
As an orthogonal transform, 1D DCT has a tendency to
pack a large fraction of the signal energy into a relatively
few elements of the intermediate matrix. In this paper, we
propose a two-stage method that capitalizes on this prop-
erty for the early detection of zero-quantized columns in
HEVC. In the first stage, a distribution-based method,
which uses the SAD as the threshold criterion and com-
pares it to threshold values obtained for all columns, is
employed to detect zero-quantized columns in the pixel
domain before conducting the actual DCT. After con-
ducting the 1D row DCT, the second detection stage,
which uses the intermediate matrix resulting from the
row transform as the input, is applied in the transform
domain only to those columns predicted to contain non-
zero coefficients. Therefore, in contrast to most existing
techniques, the proposed algorithm performs detection
not only in the pixel domain but also in the transform
domain after conducting 1D row DCT. Furthermore, the
proposed method regards AZB detection as a special case
of zero-quantized column detection, where an AZB is a
TB whose columns are all zero-quantized columns. Exper-
imental results demonstrate that the proposed two-stage
algorithm can detect zero-quantized columns more effec-
tively than existing methods, particularly for TBs greater
than 8 x 8.

The remainder of this paper is organized as follows.
Section 2 discusses previous studies related to the early
detection of AZBs and PZBs for 4 x 4 and 8 x 8 DCT.
Section 3 presents our proposed two-stage method for
detecting zero-quantized columns in HEVC. Experimen-
tal results are given in Section 4. We conclude our work in
Section 5.

2 Related work

Existing methods for the early detection of zero-quantized
DCT coefficients typically aim at detecting the entire
residual block as an AZB or as a PZB. In addition, most
existing detection methods are threshold-based, and the
SAD of the motion compensation block, which can be
obtained during motion estimation, has been the most
widely used threshold selection criterion. Some variants
of the SAD have also been employed. Examples include
row-based SAD [2] and the maximum value of the sum
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of positive residuals and the absolute value of negative
residuals [10]. Methods for deriving the thresholds can
be roughly classified into three categories: upper bound-
based [7, 9, 10, 16], distribution-based [8, 17], and hybrid
methods that employ multiple thresholds derived using
methods in the first two categories [5, 18].

Upper bound-based methods first derive sufficient con-
ditions for judging the existence of AZBs and PZBs. These
methods estimate the upper bound of a DCT coefficient
F(u,v) as a product of a scalar « and the SAD (7, 9, 10]:

max (|F (i, v)]) < a - SAD, (1)

where « is determined by a theoretical analysis of the
properties of the DCT. Among these methods, Zhou et al.
[7] provided a larger value « (i.e., % for an 8 x 8 DCT),
which provided a more stringent condition for detecting
AZBs. Sousa [9] refined the model proposed by Zhou et
al. and derived a more precise « (i.e., « = %cos2 (%)).
Ji et al. [2] refined Sousa’s model using a combination of
SAD and row-based SAD as the threshold criterion. Their
method not only derived a more precise sufficient con-
dition for detecting AZBs than Sousa’s but also provided
conditions for the early detection of PZBs with 34 and 16
zero-quantized coefficients in an 8 x 8 block. After the
H.264 standard was launched to address a new genera-
tion of multimedia applications, the implications of the
employment by the standard of an integer 4 x 4 DCT
and scaling multiplication to avoid division for quanti-
zation were studied [3, 4], and an upper bound-based
method was extended to AZB detection in H.264/AVC.
The advantage of upper bound-based methods is that they
do not incur a false positive error. However, these methods
determine the thresholds by approximating the individual
elements of a transform matrix by a theoretical maxi-
mum value at different frequency positions. The deviation
between the upper bound and the actual maximum value
of the DCT coefficients increases as the TB size increases.
Therefore, extending these methods to TBs greater than
8 x 8 reduces the detection ratio. Taking a 16 x 16 TB, for
example, the SAD value is on average four times the SAD
value of any of its four quadrants (i.e., 8 x 8 blocks). Using
the method proposed in [9], the sufficient condition for
AZB detection is about twice that for an 8 x 8 block.
Distribution-based methods employ Gaussian or
Laplacian distributions to model the residual pixels
and derive multiple thresholds based on a theoretical
analysis of the relationship between the distribution
of the residual pixels and the distribution of the DCT
coefficients [8, 17]. These methods derive AZB and PZB
thresholds under various assumptions, e.g., the residual
pixels in a motion-compensated frame follow a Laplacian
distribution [8] or a Gaussian distribution [17], and the
distribution has a zero mean and a separable covariance.
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Furthermore, distribution-based methods discriminate
DCT coefficients using a probability framework based on
three-sigma limits, where sigma (o) denotes the standard
deviation of the distribution. Based on the assumptions of
the method, the residual pixels follow a zero-mean Lapla-
cian or Gaussian distribution and the distribution of the
DCT coefficients at a given frequency position will fall
within the range (—30,30) with a very high probability.
Because these assumptions may fail, distribution-based
methods may induce false positive detection and result in
video quality degradation.

Let X denote an N x N residual block. In HEVC, the
approximated N x N integer DCT is

F = CyXCy, 2)

where Cy is an N x N core transform matrix. The ele-
ments of Cy are derived by approximating the scaled
DCT basis functions. Details regarding the core transform
matrix for different transform sizes have been presented
in a previous study [19]. The 2D forward DCT in (2) is
implemented by first applying a butterfly-based 1D DCT
[15] to each row of the residual block, that is, Y = CnXT,
followed by the 1D column DCT F = CyY?'. In such
an implementation, even if only a few coefficients are
predicted as non-zero, the 1D row and column trans-
forms cannot be skipped. As a result, the capacity of these
methods to reduce the computational burden are limited
(a detailed illustration of this phenomenon and its cause
can be found in [17]). Moreover, HEVC supports larger
TB sizes (up to 32 x 32) than those supported in previous
standards.

The above analysis of past work indicates that it is nec-
essary to develop a method of AZB and PZB detection
that conforms well to the separated 1D row and col-
umn transform structure and larger TB sizes employed in
HEVC.

3 The proposed method

In the first stage, the distribution-based methods pre-
sented in [8, 20], which were developed for an 8 x 8
DCT, are extended to zero-quantized column detection
for variable TB sizes ranging from 4 x 4 to 32 x 32. After
conducting the first-stage detection process, a butterfly-
based 1D DCT is applied to each row of the residual
block, and an intermediate matrix is obtained, which
serves as the input of the second stage of the detection
process. The second stage seeks to detect zero-quantized
columns in the transform domain and applies 1D DCT
only to those columns predicted to contain non-zero
coefficients.

3.1 First-stage detection
In block-based video coding, the pixels of an N x N resid-
ual block are often statistically modeled by a Laplacian
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distribution with a zero mean, and as having a separable
covariance [20]. Because the pixels within a residual
block are often assumed to be identically distributed, the
weighted summation in (2) for a given F(u,v) can be
approximated as having a Gaussian distribution according
to the central limit theorem [21].

For F(u,v), the variance O'I_g (u,v) can be statistically
calculated as

of (u,v) = o} [CNRCE,]M [CNRCAT,] , 3)

A%

where o7 is the variance of the residual signals; [-],,,
and [-],, denote the (&, u)th and (v,v)th components of
the matrix, respectively; and R is the correlation matrix
defined as below [22].

1 P pN_l
1 pN72
R= P Y (4)
pN—l pN—Z . 1

Here, 0 < |p| < 1 is the one-step correlation coefficient
of the residual pixels and is typically assumed as an a priori
value [8, 20].

For a given F(u,v), different values of p yield different
al_%. However, some common conclusions can be obtained
from (3) and (4). First, the variance of the DC coeffi-
cient (i.e., 01_% (0,0)) is greater than the variances of the AC
coefficients [8]. Second, for a given column, say the vth
column, 0‘1_% (0,v) is always greater than the variances of
the other coefficients in the column, i.e.,

02 (0,v) > o} (u,v), for u#0. (5)
Third, for any two columns v; and vy, if v1 < v, then
2 2
GF (Or Vl) > UF (07 VZ)' (6)

Because the distribution of DCT coefficients in each
frequency can be modeled well by a Gaussian distribu-
tion with zero mean and variance 01_2, the coefficients
will, with a very high probability, fall within the range
[—Bor (u,v), Bor (u,v)] for B > 3.0. In [8, 20], oy was
approximated by

v2-SAD

Thus, the distribution of the DCT coefficients can be
directly estimated without actually applying the DCT.
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Table 1 Example thresholds obtained fora 16 x 16 block
(B=30=06)

i 0 1 3 4 6 8 10 I
TH,/qStep 484 6.3 1454 2476 3682 4888 5433

10.68

Using Bor (0,v) as a maximum bound for the DCT
coefficients in the vth column, we can derive thresholds
for detecting zero-quantized columns in the first stage.
Accordingly, N — i columns, running from the ith to
the (N — 1)th column, where i = 0,...,N — 1, can be
predicted to be zero-quantized columns if the following
condition is met:

qStep - N2

B2 [CnRCY ]y, [CNRCT,,

8)

where TH; is the threshold corresponding to the ith
column and qStep is the quantization step corresponding
to the value of the QP. For an N x N block, we can
obtain N thresholds, each of which corresponds to a
column. However, the comparison in (8) also imposes
some computational burden on the encoder. Therefore,
rather than employing all N thresholds, we employ
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3.2 Second-stage detection

As discussed, second-stage detection is conducted using
the intermediate coefficient matrix Y obtained in the first
stage. Let y, denote the vth column of YT, Therefore, the
vth column of the coefficient matrix F is

f, = CNYV- )

The element fj, can be calculated as the following
column sum:

1 N-1
R - 10
Joy JN ; Yiv (10)

As an orthogonal transform, Eq. (9) preserves the signal
energy or, equivalently, preserves the length of the vector
vy [22], i.e.,

I£,0% = [y (11)

From Egs. (10) and (11), we can derive the following:

only about N/2 thresholds in our experiments. Table 1 N-1

presents examples of the thresholds obtained for a 16 x 16 max {fuz,v}fz_ll < Z yzv — foz,v. (12)

block. i=0

Table 2 Resulting AZ (%) and AT (%) values for the tested image sequences using the proposed two-stage method

op Stage Class B Class C Class D Class E

N=38 16 32 N=38 16 32 N=38 16 32 N=28 16 32

22 Stage 1 045 0.71 0 4.88 6.88 357 478 8.13 422 249 174 6.92
Stage 2 233 7.24 5.72 22.8 121 7.98 23.1 12.6 8.12 15.8 15.6 761
AZTotal 23.75 7.95 572 27.68 18.98 11.55 27.88 20.73 12.34 40.7 34.0 14.53
AT —123 —116 —135 —143

27 Stage 1 13.3 128 0.15 18.2 171 1.3 177 18.6 12.5 17.6 306 174
Stage 2 27.6 185 9.5 23.6 18.1 144 241 204 16.7 23.1 26.3 15.6
AZTotal 409 313 9.65 418 352 257 418 39.0 29.2 40.7 56.9 340
AT —14.0 —138 —143 —17.5

32 Stage 1 27.2 269 15.3 27.1 26.7 23.1 28.1 27.2 23.1 284 50.9 24.9
Stage 2 226 21.6 20.2 21.7 171 153 234 19.9 17.0 26.1 20.6 15.8
AZTotal 49.8 485 355 488 438 384 515 47.1 40.1 545 71.5 40.7
AT —16.6 —154 —17.0 —188

37 Stage 1 338 311 27.2 3838 322 283 399 33.1 285 478 62.4 31.8
Stage 2 16.8 157 17.1 15.6 153 155 157 16.1 164 15.8 18.2 16.1
AlZTotal 50.6 46.8 443 544 475 438 556 492 449 63.6 80.6 479
AT —189 —16.5 —19.1 —20.7
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Furthermore, we rewrite Eq. (9) as a weighted sum:

(2i + 1) um

2N (13)

N—-1
Juy =ku E Yi,y COS

i=0

where k, = \/1/N for u = 0 and k, = \/2/N otherwise.
An upper bound for the coefficients given in f,, except fo .,
is

N-1
Sy < ku Y |yiv| cos 3. (14)
i=0

From Egs. (10), (12), and (14), we obtain the following
criterion for determining whether f, is a zero-quantized
column:

[fo.v

< qStep and (Sf —foz,v < (qStep)?

2 T
or N cos ESV < qStep |,

(15)

where

T

|yiv- (16)

Il
=}

i

3.3 Summary of the algorithm

We summarize the entire two-stage scheme as follows,
where steps 1 and 2 represent the first stage and steps 3
and 4 represent the second stage.
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Algorithm
Input: Residual block X and # pre-calculated thresholds
TH;.
Output: Quantized transform coefficient matrix F.
1: Compute the SAD.
2: For each TH; do
(2.1) Compare the SAD to the threshold, if SAD <
TH;/qStep, then designate the column corresponding to
TH; and the columns after it as zero-quantized
columns;
(2.2) If all of the columns are detected as zero-
quantized columns, then determine the TB as an
AZB and go to step 5, else go to step 3.
3: Compute the 1D row DCT as Y = AXT .
4: For column k =0,..,N —1do
(4.1) If the kth column was designated as a zero-
quantized column in step 2.1, then go to step 5;
otherwise go to step 4.2;
(4.2) Compute f, using Eq. (10) and S, using Eq. (16);
(4.3) If the condition in Eq. (15) is satisfied, the kth
column is a zero-quantized column, and
continue to the next loop; otherwise go to step 4.4;
(4.4) Compute the kth column in the coefficient matrix
using Eq. (9).
5: Output the matrix F.

4 Experimental results and discussion

To evaluate the performance of the proposed two-stage
algorithm, the algorithm was implemented on the HEVC
Test Model (HM) 12.0 reference software [23]. However,
we must first provide some commentary regarding the

Table 3 Resulting n (%) values of the proposed two-step method for a subset of the tested image sequences

Class Sequence name op=22 27 32 37
N=38 16 32 N=28 16 32 N=38 16 32 N=38 16 32
B BasketBallDrive 582 44.5 36.7 64.9 52.1 404 87.8 81.3 76.5 985 97.9 93.2
BQTerrace 57.1 46.6 50.1 70.5 68.0 532 89.6 84.1 80.2 98.1 98.4 93.9
ParkScene 594 488 492 71 67.3 489 89.1 826 79.1 982 96.7 92.1
C BasketballDrill 90.1 73.1 376 904 835 62.8 94.3 87.2 81.7 98.7 91.9 85.1
BOMall 91.5 72.8 390 91.8 84.2 625 94.5 88.1 822 98.9 922 86.9
Keiba 88.7 503 48.1 86.9 75.1 519 90.1 79.5 71.2 96.8 953 90.6
PartyScene 91.8 711 417 92.1 83.9 61.8 94.6 88.0 825 98.1 924 87.1
D BasketballPass 60.1 464 376 65.2 520 415 879 82.1 79.2 98.7 959 94.2
BQSquare 87.6 724 355 92.7 85.1 759 959 89.2 96.1 97.2 93.8 98.1
BlowingBubbles 88.7 74.3 488 92.1 86.6 76.1 952 90.0 95.2 974 94.1 96.5
E FourPeople 87.6 71.0 30.5 923 84.0 74.9 95.5 89.1 96.0 98.2 934 98.6
KristenAndSara 885 70.8 309 91.7 855 74.2 96.1 88.7 96.2 98.7 93.0 98.2
Stockholm 63.1 59.3 338 56.1 46.9 414 724 69.2 484 938 924 712
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implementation of the algorithm on this platform. First,
because only four 1D column transforms are employed for
a4 x 4 TB and the second-stage detection requires addi-
tional computations for S, and fy,, the performance gain
of the second stage is limited for 4 x 4 TBs. In practice, the
second stage is bypassed under this condition, and exper-
imental results for 4 x 4 TBs are therefore not presented.
Second, we employ a FLAG vector, each element of which
indicates whether or not a column in the coefficient
matrix is a zero-quantized column. The 1D DCT opera-
tion in the HM 12.0 software (i.e., partialButterflyXX())
was slightly modified to skip the 1D DCT of a column if
it is labeled by the FLAG vector as a zero-quantized col-
umn. Third, HEVC makes use of an integer DCT. The core
transform matrices are finite approximations of the origi-
nal real-valued DCT matrices, and all the matrix elements
are scaled by a factor of 26+M/2) where M = log, N.
After application of the 1D row DCT, elements in Y are
right shifted by M — 9 + B, where B is the bit depth of
the video [19]. Therefore, f5,, and S, are scaled by a factor
of 9—(15—B—M/2)_

The detailed test conditions employed are as follows:

- Maximum and minimum coding unit (CU) sizes were
respectively 64 x 64 and 8 x 8.

- Maximum and minimum transform unit (TU) sizes
were respectively 32 x 32 and 4 x 4, and maximum
TU depth was 3. That is, for 64 x 64 and 32 x 32
luma CUs, the supported TU sizes were 32 x 32,
16 x 16, 8 x 8,and 4 x 4. For 16 x 16 and 8 x 8 CUs,
the TU tree structure had its root at the CU level, and
the minimum TU size was 4 x 4.

- Fast motion estimation was enabled, and the search
range was 64 in the horizontal and vertical directions.

- The QP value was set to 22, 27, 32, or 37.

Three Class B (BasketballDrive, BQTerrace, Parkscene),
four Class C (BasketballDrill, BQMall, Keiba,
PartyScene), three Class D (BasketballPass, BQSquare,
BlowingBubbles), and three Class E (Fourpeople, Kris-
tenAndSara, Stockholm) image sequences were tested.
For each sequence, 200 frames were coded. Simulations
were run on a personal computer with an Intel Core
i5-4430 CPU and 8-GB RAM. The operating system was
Microsoft Windows 7 64-bit Enterprise edition.

Let Z, denote the total number of 1D row and col-
umn DCT operations that were required by the original
HM 12.0 encoder and Z; denote the number of 1D DCT
operations skipped by the proposed algorithm. For exam-
ple, if an N x N TB was detected as an AZB in the first
stage, then Z; = 2N;; otherwise, if, for example, # columns
were detected as zero-quantized columns in the first and
second stages, then Z; = n. The computation reduction
was therefore calculated as
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Table 4 BD-Rate increase of the proposed two-step method for
a subset of test image sequences, 8 = 3.0

Class  Sequence name Y Cb Cr ATgp=22  ATgp=37
B BasketBall Drive 041 058 070 —116 —184
BQTerrace 033 047 060 —126 —19.2
ParkScene 027 034 054 =127 —19.1
C BasketballDrill 023 052 046 —114 —16.3
BOMall 043 046 055 —119 —16.7
Keiba 029 062 063 -—110 —16.6
PartyScene 019 041 033 =121 —164
D BasketballPass 025 046 041 —12.7 —16.6
BQSquare 017 036 031 =140 —17.1
BlowingBubbles 014 032 026 —138 —173
E FourPeople 044 06 071 =145 —-21.2
KristenAndSara 012 034 031 —146 —-21.0
Stockholm 025 055 072 —138 —-19.9

Zs
AZ =25 x 100%. (17)

o

The results of the two stages are listed in Table 2,
both separately and in total. The parameters in the first
stage were 8 = 3.0 and p = 0.6. Taking QP = 32
as an example, for 8 x 8, 16 x 16, and 32 x 32 TBs,
the average performance gains of the second stage over
the distribution-based method employed in the first stage
were about 23.5, 19.8, and 17.1%, respectively, for the
four image sequence classes. For detecting zero-quantized
columns in the second stage, the condition in (15) requires

Table 5 BD-Rate increase of the proposed two-step method for
a subset of test image sequences, 8 = 3.5

Class  Sequence name Y Cb Cr ATgp=22  ATgp=37
B BasketBall Drive 006 009 010 —105 —16.6
BQTerrace 005 008 010 =111 —172
ParkScene 004 006 008 —109 —163
C BasketballDrill 003 007 007 -99 —14.3
BOMall 006 007 008 —102 —15.1
Keiba 005 008 009 -98 —149
PartyScene 002 006 005 —105 —14.0
D BasketballPass 004 007 007 =110 —145
BQSquare 0.01 006 005 —121 —15.0
BlowingBubbles 001 005 004 —119 —153
E FourPeople 006 006 010 =129 —19.0
KristenAndSara 000 004 005 —130 —19.0
Stockholm 002 005 009 —122 —17.5
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Table 6 Resulting AZ (%) values when employing the method proposed by Sousa [9] in the first stage
Class B Class C ClassD Class E
QP Stage
N=28 16 32 N=38 16 32 N=28 16 32 N=28 16 32
22 Stage 1 04 0 0 15 03 0 19 0.1 0 4.8 0.01 0
Stage 2 233 7.13 572 231 14.6 9.24 239 14.8 10.1 315 326 122
AZtotal 23.7 7.13 572 24.6 149 9.24 258 14.9 10.1 36.3 3261 122
27 Stage 1 5.6 0 0 53 0.4 0 57 0.6 0 216 0.5 0
Stage 2 328 303 9.5 319 324 204 32.1 337 20.8 235 42.7 31.8
AZ7otal 384 303 9.5 372 328 204 37.8 343 20.8 451 43.2 31.8
32 Stage 1 19.5 1.6 0 17.7 13 0 19.1 12 0 277 17.6 0
Stage 2 27.7 428 353 30.0 386 287 320 377 329 26.1 46.0 40.3
AZTotal 47.2 444 353 47.7 399 287 51.1 389 329 538 63.6 40.3
37 Stage 1 324 58 0 318 54 0 39.1 14.5 0 47.0 22.8 0.2
Stage 2 17.0 393 422 20.3 404 352 178 44.7 40.2 124 452 441
AZTotal 494 451 422 52.1 458 352 56.9 592 40.2 594 68.0 443
additional computation. Therefore, the complexity reduc-  taking QP = 32 as an example, the average time con-

tion was also evaluated in terms of the reduced time
consumption for computing the overall 2D DCT. We
recorded the time consumption required for conducting
the partial butterfly-based DCT operations and accumu-
lated the totals for both the original HM 12.0 encoder
(Trer) and the proposed two-stage method (Ttest). The
time consumption reduction was therefore evaluated as

_ Ttest — Tret

AT x 100%. (18)

ref

The average values of time consumption reduction for
test image sequences are also listed in Table 2. Again,

sumption reduction for all image sequences was about
17.0%. In addition, we evaluated the detection ratio n
for our method based on the number of detected zero-
quantized columns Zgetected and the actual number of
zero-quantized columns Zycyyal:

_ Zdetected

x 100%. (19)

actual

Table 3 listed the n values obtained using the proposed
method for the tested image sequences. It can be observed
that the detection ratio is high even for 16 x 16 and 32 x 32

Table 7 Resulting AZ (%) values when employing the method proposed by Xie et al. [16] in the first stage

op Stage Class B Class C Class D Class E
N=38 16 32 N=38 16 32 N=38 16 32 N=38 16 32
22 Stage 1 0 0 0 0 0 0 0 0 0 0 0 0
Stage 2 234 713 572 23.7 14.7 9.24 24.1 15.1 9.21 327 326 122
AZToral 234 7.3 5.72 237 14.7 9.24 24.1 15.1 9.21 327 326 122
27 Stage 1 0 0 0 0.1 0 0 0.1 0 0 0 0 0
Stage 2 37.8 303 95 36.8 325 204 374 331 225 435 42.8 31.8
AZtotal 37.8 303 95 36.9 325 204 375 331 225 435 42.8 31.8
32 Stage 1 0 0 0 0.8 0 0 0.9 0 0 1.0 0 0
Stage 2 45.5 438 353 433 386 287 445 389 313 474 56.3 403
AlZvotal 45.5 438 353 44.1 386 287 454 389 313 484 56.3 403
37 Stage 1 15 0.1 0 5.6 1.0 0 58 0.2 0 6.8 0 0
Stage 2 473 432 422 452 42.2 352 45.1 44.1 389 455 516 44.2
AZTotal 48.8 433 422 50.8 432 352 509 443 389 523 51.6 44.2
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blocks. And the higher the ratios of correct judgment the
higher the detection efficiency.

It is noted that the proposed algorithm may induce
false detection because a distribution-based method was
employed in the first stage. Larger thresholds in (8) pro-
duce more false positive results, while smaller thresholds
increase the miss rate. We performed simulations for two
different threshold sets. One was calculated by setting
B = 3.0 and the other by setting § = 3.5. The coding
performance of our algorithm was compared with that
of the original HM 12.0 encoder in terms of the Bjonte-
gaard delta rate (BD-Rate) [24]. The experimental results
are summarized in Tables 4 (8 = 3.0) and 5 (8 = 3.5).
The results show that when 8 = 3.0, the proposed algo-
rithm resulted in an acceptable BD-Rate loss compared
with the original HM encoder. When g = 3.5, the BD-
Rate loss was negligible. The AT values with QP= 22 and
QP= 37 (denoted as ATqp—2 and ATqp—37, respectively)
for each test sequence were also depicted. The results sug-
gest that smaller value thresholds slightly decrease the
computational efficiency (about 10%).

Because most existing methods for 8 x 8 AZB detec-
tion in the pixel domain can be extended to AZB detection
for variable TB sizes in the first stage in our algorithm,
we do not establish a comparison between the results
obtained by these algorithms and our algorithm. Instead,
we regard the zero-quantized columns detected in the sec-
ond stage as the performance gain over existing methods
[9, 16] and separately list the results of the two stages in
Tables 6 and 7. From the results, it can be observed that
applying these methods to TBs larger than 8 x 8 reduces
the detection ratio. The results also demonstrate the effi-
ciency of our two-stage strategy. Taking QP = 32 for
an example, the average performance gains of the second
stage over the methods in [9, 16] employed in the first
stage was at least 26.1% for all image sequences.

5 Conclusions

A two-stage method for the early detection of zero-
quantized DCT coefficients in HEVC was proposed
in this paper. In the first stage, a distribution-based
method is employed in the pixel domain to detect
zero-quantized columns prior to conducting 1D row
DCT operations. Using the intermediate matrix result-
ing from the row transform as the input, the second
stage performs zero-quantized column detection in the
transform domain only for the non-zero columns deter-
mined in the first stage. As an orthogonal transform,
the 1D DCT has a tendency to distribute a large frac-
tion of the signal energy into a relatively few coefficients.
Therefore, the second stage of our algorithm is more
effective than existing methods that conduct PZB detec-
tion in the pixel domain, particularly for TBs greater
than 8 x 8.
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