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Abstract. The new video coding standard, high-efficiency video coding, adopts a quadtree structure to provide
variable transform sizes in the transform coding process. The heuristic examination of transform unit (TU) modes
substantially increases the computational complexity, compared to previous video coding standards. Thus, effi-
ciently reducing the TU candidate modes is crucial. In the proposed similarity-check scheme, sub-TU blocks are
categorized into a strongly similar case or a weakly similar case, and the early TU termination or early TU splitting
procedure is performed. For the strongly similar case, a property called zero-block inheritance combined with
a zero-block detection technique is applied to terminate the TU search process early. For the weakly similar
case, the gradients of residuals representing the similarity of coefficients are used to skip the current TU
mode or stop the TU splitting process. In particular, the computation time is further reduced because all the
required information for the proposed mode decision criteria is derived before performing the transform coding.
The experimental results revealed that the proposed algorithm can save ~64% of the TU encoding time on aver-
age in the interprediction, with a negligible rate-distortion loss. © 2014 SPIE and IS&T [DOI: 10.1117/1.JEI.23.6.061105]
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1 Introduction

Video coding technologies have been developed for several
decades, and many video compression standards have been
established. The source data in video encoding systems are
typically compressed into small representations for storage
or transmission. With the increasing demand for high-quality
and high-resolution video content, the Joint Collaborative
Team on Video Coding (JCT-VC) started to establish a
new video coding standard called high-efficiency video cod-
ing (HEVC)' in 2010. HEVC was aimed at saving half of
the bit rate of H.264/AVC? while maintaining the same sub-
jective video quality and was officially finalized as an
international standard in April 2013. The objective of these
standards is to compress the source data as small bitrates,
without sacrificing too much video quality. Thus, recent
video coding technologies are often accompanied by compli-
cated prediction processes, which result in considerable
encoding complexity. However, for real-time video encoding
systems or power-constrained mobile devices, complexity
reduction is required. Therefore, increasingly fast algorithms
have been proposed to decrease the encoding complexity of
recent standards.

Similar to previous video coding standards, most of the
encoding complexity of a video encoder is consumed by
the interprediction. Many fast algorithms*'# have been pro-
posed for the newest HEVC video encoder. In Refs. 3 and 4,
the authors used correlations between current and spatiotem-
poral coding units (CUs) to skip the rarely used CU depths.
Based on the temporal similarity between the current CU and
its colocated block, a maximum of two prediction unit (PU)
modes were selected for each CU depth in Ref. 5. The

*Address all correspondence to: Pao-Chi Chang, E-mail: pcchang@ce.ncu
.edu.tw
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spatial, temporal, and depth correlations of neighboring CUs
were used to calculate the block motion complexity of the
current CU to reduce the PU candidates for each CU
depth in Ref. 6. Furthermore, a complexity reduction algo-
rithm for an HEVC fractional-pixel motion estimation was
proposed in Ref. 7. Wang et al.® proposed a fast multirefer-
ence frame motion estimation algorithm. Other studies’!!
have concentrated on accelerating the intraprediction. In
addition to fast encoders, researchers have developed com-
plexity control mechanisms'>™'* that reduced the encoding
time and satisfied the complexity requirements constrained
by devices or applications. However, most of the proposed
algorithms focused on the efficient CU/PU mode decision or
motion estimation strategies.

In HEVC, the basic encoding unit that plays a similar role
to the macroblock in H.264/AVC is separated into a CU, PU,
and transform unit (TU). The TU executes the transform,
quantization, and entropy coding processes in HEVC.
Unlike the use of the fixed-size transform in previous
video coding standards, a residual quadtree (RQT), which
provides the nested quadtree-based transform coding, is
adopted in the TU of HEVC. The quadtree structure uses
variable transform block sizes from 4 X4 to 32X 32 to
adapt to the various characteristics of the prediction blocks.
However, the encoder must test all possible TU candidate
modes (i.e., the possible transform sizes) to determine
the optimal method to achieve efficient compression. The
heuristic examination of TU modes leads to considerable
computational complexity in the encoder. The encoding
complexity of the TU' represents ~30% of the total encod-
ing time, and it cannot be ignored when developing fast
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encoding algorithms. An efficient TU mode decision algo-
rithm is, thus, crucial for HEVC.

Some studies have concentrated on fast mode algorithms
related to the transform part. The literature'®!” has provided
zero-block detection methods by theoretically analyzing the
lower limit and upper limit of thresholds for a zero-block in
H.264/AVC. A zero-block implies that all coefficients in
a prediction block are zeroes after quantization. Once a
zero-block is detected, the remaining transform and quanti-
zation processes of this zero-block can be skipped. Unlike
fast encoding algorithms for CU/PU, studies on fast TU
mode decision for HEVC are limited. Teng et al.'® proposed
a fast RQT mode decision algorithm for HEVC by consid-
ering the rate-distortion (RD) efficiency. A property called
zero-block inheritance (ZBI) was observed in Ref. 18 and
indicates that if a TU is a zero-block, its four sub-TUs are
likely to all be zero-blocks. In Ref. 19, the number of non-
zero coefficients of the root TU was used to terminate the
subtree RQT processes in HEVC. In Ref. 20, the position
of the last nonzero transform coefficient and the number
of zero transform coefficients were used to decide whether
a TU should be split or not. Zhang et al.*' set the maximum
inter-RQT depth to 1 when the CU size was 64 X 64 and set
the maximum inter-RQT depth to 2 when the CU size was
8 x 8. For other CU sizes, a classifier based on discriminant
analysis was used to determine whether the maximum inter-
RQT depth was 1 or 3. In Ref. 22, an early TU split termi-
nation scheme was proposed based on the concept of
quasi-zero-block (QZB). QZB was determined by the sum
of all absolute quantized transform coefficients and the
number of nonzero coefficients. The maximum depth of
RQT was set to 2 according to the analysis of TU depth
statistics.

The previously proposed algorithms'®2** for HEVC
simplified the RQT processes by applying RD costs or
the coefficients. However, these algorithms used the infor-
mation after discrete cosine transform (DCT) and quantiza-
tion for achieving their fast decisions. The encoding of at
least one TU mode is essential. Another method proposed
in Ref. 21 might require online training and updating proc-
esses to improve the hit rate of classification. Instead of using
the encoded information in the frequency domain, all the
required information for the proposed mode decision criteria
in this work was derived before performing transform coding
to further decrease the computational complexity. In this
paper, a similarity-check scheme was proposed for the inter-
prediction of TU mode (inter-TU). The residual of sub-
blocks were categorized into the strongly similar case and
weakly similar case, and the early TU termination or
early TU splitting procedure was performed. For the strongly
similar case, the threshold for a zero-block was derived based
on the magnitude of the DC coefficient. Then the zero-block
detection technique was further combined with the ZBI to
terminate the TU search process early. For the weakly similar
case, the gradients of residuals representing the similarity of
coefficients were used to skip the current TU mode or stop
the TU splitting process.

This paper is organized as follows. Section 2 introduces
the transform, quantization, and RQT in HEVC. Section 3
presents the proposed algorithm in detail. The experimental
results are described in Sec. 4. Finally, Sec. 5 provides a
conclusion.
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Table 1 The relation between coding unit (CU) depth and transform
unit (TU) size.

TU size
CU depth/size Depth 0 Depth 1 Depth 2
0/64 x 64 32x32 16x 16
1/32% 32 32x 32 16x 16 8x8
2/16x 16 16x 16 8x8 4x4
3/8x8 8x8 4x4

2 Transform Unit in High-Efficiency Video Coding

The TU decision process consists of transform, quantization,
and entropy coding in HEVC. TU has variable block sizes,
which are dependent on the CU depth (Table 1). The default
maximum TU depth is 3, and its corresponding maximum
size is 32 X 32. The RQT structure of the TU provides
the nested quadtree-based transform coding for various
characteristics of prediction residuals. In this section, the
transform, quantization, and RQT in the HM (the HEVC
test model) are briefly introduced.

2.1 Transform and Quantization

The transform of the TU is described as follows. Given
an N X N residual block X, the transform coefficient F is
calculated from the first dimension operation XCT and the
second dimension operation C(XCT) as follows:

F = CXCT, (1
where
x(0,0) x(0,N—1)
X = : x(i, j) : ,
| x(N = 1,0) x(N=1,N-1) |
¢(0,0) c(0,N-1)
¢= 5 c(i.j)
| ¢(N-1,0) c(N=1,N-1) |

is the transform matrix, T denotes the transpose of the
matrix, and N is the TU size. The outputs of the transform
operation are T,p (i, j).

The quantized transform coefficients Coeff(i,j) are
derived from the transform coefficients T,p(i, j), which
can be expressed by a function of T, (i, j), quantization
parameter (QP), and N as follows:
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Coeff(i. j) = q[Tap(i. J). OP.N]. @

2.2 Residual Quadtree

The transform operation converts residuals from the pixel
domain into the frequency domain to compact energy and
decorrelate the similarity among pixels. In general, a large
transform block size is suitable for a still region because
the energy is mostly located in the low-frequency parts.
By contrast, a region with a complex texture and fast motion
should be partitioned into small blocks to reduce the distor-
tion. The RQT structure in HEVC provides a flexible com-
bination of transform block sizes to achieve a more effective
RD performance than that of a fixed-size transform. The pre-
diction of each PU mode is finished and the corresponding
residuals are ready before the TU is processed. For each can-
didate residual block, the current TU is partitioned into four
sub-TUs until the partition reaches the allowable minimum
TU size, as listed in Table 1. The rate-distortion optimization
(RDO) of the TU modes is recursively done to compare the
RD cost of the current TU and the sum of the RD costs of its
four sub-TUs. An example of the full search of an RQT pro-
cedure is illustrated in Fig. 1(a), where the search orders are
labeled in alphabetical order, and the optimal TU mode is
determined by comparing the RD costs of all possible par-
tition combinations. A TU partition example is presented in
Fig. 1(b), where the sum of the RD costs of blocks 4, i, j, and
k is smaller than the RD cost of g, and block g is, thus, split.

To examine the complexity of the inter-TU in an HEVC
encoder, a series of sequences were tested with four distinct
QPs (22, 27, 32, and 37); 100 frames were encoded using
HM14.0.% In this paper, the complexity was measured in
terms of the running time of the HM encoder. For a TU
block, the best TU mode is the one with the least RD
cost by comparison among different TU modes. The corre-
sponding running time is the accumulated time to perform
each TU mode by the processes of transform, quantization,
and RD cost calculation. HM was executed by Microsoft
Visual Studio 2013 with Win32 platform and the release
mode. From the results in Table 2, TU represented ~27%

b g / q
Le][d] (el 1[R[ [F1[K] [m] [n] [o] [p] [][s][][u]
(a)

h|i

b =
a Ik
r|s
! tlu

b g 1 q
(][] [r][s]e][w]
(b)

Fig. 1 Residual quadtree (RQT) illustration: (a) full RQT procedure.
The search order is labeled in alphabetical order. (b) An example of
RQT mode partition.
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Table 2 The proportion of TU encoding time. The configuration is
lowdelay_P_main.

Sequence TU time (%)

ClassB BasketballDrive 23.32
BQTerrace 28.15

ClassC BasketballDrill 27.80
RaceHorses 26.16

ClassD BlowingBubbles 30.69
BQSquare 33.07

ClasskE Vidyo1 24.52
Vidyo4 23.51

Average 27.15

of the total encoding time, which was much higher than
the time consumed by transform and quantization of pre-
vious standards. Such an exhaustive search is time consum-
ing, and it is, thus, critical to design an efficient TU search
algorithm to make real-time applications feasible.

3 Similarity of the Transform Unit Blocks

In the proposed algorithm, the early TU termination or early
TU splitting is applied to the current TU block based on the
similarity among its four sub-TU blocks. The similarity
between two blocks is defined as the difference of coeffi-
cients in these two blocks. Two blocks are said to be similar
if the difference is smaller than a predefined threshold. An
early TU termination means that the current TU is stopped
from splitting into four sub-TUs and only the current TU in
the RDO process is tested. An early TU splitting means
the current TU is directly split into four sub-TUs and the RD
cost calculation of the current TU is skipped. Figure 2(a)

b g / q

(2] [Z][F]L&] [m] [n] (o] [p] (<] [s][£][u]

>< g l q

EEEDENDE B EEEE
(b)

Fig. 2 lllustrations of two operations in the proposed fast transform
unit (TU) mode decision: (a) early TU termination and (b) early TU
splitting.
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illustrates an example of an early TU termination, and
Fig. 2(b) illustrates an early TU splitting.

The cost functions J for the current TU and its sub-TUs
can be described as follows:

J current — D current 1 ARcurrent
=D current + l(Rresidual,current + RCBF,current)v (3)

4 4
Jsp = ZDsub.i +}“ZRsub.i
i=1 i=1

4 4
= Dapi+4Y _(Ruesiauatsubi + Reprsub.i)» “)
P '

i=1

where D is the distortion, R is the rate for coding this TU,
and A is the Lagrange multiplier. The rate in the RD cost
function consists of the bits for residual coding and coded
block flag (CBF). In this study, when the coefficients of
the sub-TUs are similar, i.e., the four sub-TUs are homo-
geneous, their distortions in the RD cost function are close,
and the bits for residual coding are also close. In this case,
the following is obtained:

4
Dcurrent + ARresidual,current ~ E Dsub,i + A § Rresidual.sub,i-
i=1 i=1
®)

However, the CBF bits of the current TU are generally
lower than the sum of the four sub-TUs.

4
RCBF,current S Z RCBF.sub.i- (6)
i=1

If four sub-TUs are nearly the same, the rate term of the
current TU in the RD cost function is lower than the rate
term of the sub-TUs (i.e., Jeywent < Jsup)- This indicates that
selecting the current TU rather than the sub-TUs as the opti-
mal mode is more likely to happen. By contrast, if the trans-
form coefficients of these four sub-TUs are dissimilar, the
RD performance may deteriorate if the current TU mode
is applied. This is because the distortion may increase by
adopting the current transform bases to represent these
four distinct (dissimilar) coefficients in sub-TU blocks.
Therefore, if the sub-TUs are not similar, the current TU
is likely to split into four sub-TUs.

In this study, to further save the complexity, the similarity
was calculated in the pixel domain. The degree of similarity
was divided into strongly similar and weakly similar. The
algorithms used to determine the similarity of these two
cases are described in Secs. 3.1 and 3.2, respectively.

3.1 Zero-Block Detection Combined with Zero Block
Inheritance for the Strongly Similar Case

Based on the discussion in Sec. 3, an extreme case can be
first considered. When the current TU and its sub-TUs are
all zero-blocks, the only different terms in the RD cost func-
tion are the CBF bits. In this case, the sub-TUs are strongly
similar. To detect a zero-block before performing the trans-
form coding, the threshold of a zero-block must be derived.
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The concept of zero-block detection'” used in H.264/AVC
was applied to HEVC in this paper. Typically, the value of
the DC coefficient is the largest among all the DCT coeffi-
cients. If the DC coefficient of a block is quantized to
be zero, this block is likely a zero-block. In this study,
a block was regarded as a zero-block if its quantized DC
coefficient was zero.

Consequently, when the absolute value of the quantized
value is <1, this coefficient is quantized into zero. Deriving
the upper limit of a zero-block starts from |DC| < 1. By
applying |Coeff(0,0)| < 1 in Eq. (2), the following can be
obtained.

|9[T>p(0.0), OP,N]| < 1. @)

The DC coefficient 7,,(0,0) can be rearranged as the
function of SAR and N as follows:

T2p(0.0)] = f(SAR.N), ®)

where SAR = >Nl 341 [x(i, j)| is the sum of the abso-
lute residual intensity. Substituting Eq. (8) into Eq. (7), the
upper limit of a zero-block can be derived as follows:

SAR < THyg, 9)

where THyg is the threshold of a zero-block, which can be
denoted as the function of QP and N.

THys = 1(QP, N). (10)

If the SAR of a block is smaller than THyg, this block is
assumed to be a zero-block. All the parameters used to cal-
culate THzz and SAR are those set before the transform
coding.

ZBI (Ref. 18) is further combined with the zero-block
detection in this paper. ZBI implies that if the current TU
is a zero-block, its sub-TUs are likely to be all zero-blocks.
Thus, once a block is detected to be a zero-block, its four
sub-blocks are assumed to be zero-blocks. In this condition,
the four sub-TUs are strongly similar because all sub-TUs
are regarded as zero-blocks. The results of zero-block detec-
tion and ZBI can be applied to the proposed strongly similar
case, in which the search of the remaining TU modes is ter-
minated once a zero-block is detected.

To evaluate the accuracy of the proposed method, two sets
are defined for a TU block: set A = {zero-blocks} and set
B = {detected zero-blocks}, and the corresponding comple-
mentary sets are denoted as A€ and BC, respectively. Figure 3
illustrates the possible detection cases. The hit rate and
failure rate are defined in Eqgs. (11) and (12), respectively.
Table 3 presents the statistics of the proposed zero-block
detection. The result of each sequence is the average over
four QPs (22, 27, 32, and 37).

P(ANnB
Hitrate = DA N B). a1
P(B)
P(A n B€
Failure rate = ( ) (12)

P(A)

The average hit rate of the tested sequences is >80%. It is
observed that even if a block is error-detected to be a
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ANB: detection hit

ACNB: detection error

ANBE: detection failure

Fig. 3 lllustration of the zero-block detection cases.

Table 3 The statistics for evaluating the accuracy of zero-block
detection. The configuration is lowdelay_P_main.

Sequence Hit rate (%) Failure rate (%)
ClassC BasketballDrill 74.35 17.20
RaceHorses 63.50 22.38
ClassD BlowingBubbles 79.40 40.90
BQSquare 89.63 37.68
Classk Vidyo1 92.03 6.20
Vidyo4 90.58 7.85
Average 81.58 22.03

zero-block, most coefficients are either zero or close to zero
in magnitude, which implies that this kind of nonzero-block
is actually very close to the zero-block. Thus, the impact of
error-detected blocks on the RD performance is limited.
When a zero-block is failure-detected, it only results in
less time savings but no impact on the RD performance.
Experimental results are demonstrated in Sec. 4.1.

3.2 Gradients of Residuals for the Weakly Similar
Case

The time-saving performance of the proposed scheme in
Sec. 3.1 mainly benefits from the zero-blocks, more pre-
cisely, the number of blocks that are detected as zero-blocks.
However, it is well known that a smaller QP results in fewer
zero-blocks. Moreover, some characteristics of video, such
as content texture and motion activity, also affect the number
of zero-blocks. The algorithm in Sec. 3.1 is efficient only
when many of zero-blocks are present. An algorithm that
can be applied to a variety of encoding conditions is required
to enhance the complexity reduction. Thus, the algorithm for
another case denoted as weakly similar was developed for
the fast TU mode decision. In the weakly similar case, block
similarity was compared based on the gradients of residuals
among the sub-TUs in the pixel domain.

For an N X N residual block, the gradient along the x
direction or y direction is calculated as follows:

Gi(i.j) = 1. J) = 1(i + 1. j)]. (13)

Gy(i.j) = (i j) = 1(i.j + 1), (14)
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where i, j = 0,1,2....,N — 1, and I(i, j) is the residual pixel
value. The diagonal residual gradient G is defined as follows:

G(i.j) = 1G:(i.j)| + |G, (. ). (15)

An N X N block has (N — 1)? diagonal residual gradients,
and the largest gradient is chosen to represent this block,
expressed as

G, = max {G(i,j)}. (16)
(N—1)2

For the current TU, four G, for its sub-TUs can be
obtained using Eq. (16); they are denoted as Gy, Gj,
Gy, and Gy (Fig. 4). Block similarity is calculated using
sum of the absolute difference between each G, and its
mean, written as

4
Gap = |G, —avg{G}|. a7
i=1

Because the current TU and its sub-TUs share the same
residuals, the value of Gp not only reflects the similarity
among the four sub-TUs, but also reveals the relationship
among the current TU and its sub-TUs. A small G,p
means that the variation of the gradients is small (i.e.,
these four sub-TUs are similar). This result implies that
this TU tends to select the current TU mode without further
splitting. By contrast if G,p is large, the residual gradients
are dissimilar, and this TU tends to be partitioned to reduce
the distortion in the RD cost function.

A threshold THy,q is set to determine the weakly similar
case. The weakly similar condition is satisfied: if Gp is
smaller than TH,y,q, an early TU termination is performed
and TU splitting is stopped. Otherwise, an early TU splitting
is performed, the current TU coding is skipped, and further
splitting is directly performed. Consequently, a larger THaq
would lead to more early TU terminations and the partition
size of the TU would tend to be larger.

The threshold was determined based on extensive
experiments. Several distinct thresholds were set for eight

GSI (’.\2

033 Gv-l
TU depth: £ TU depth: k+1
(current TU) (sub-TUs)

Fig. 4 lllustration of the largest diagonal residual gradients.
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Fig. 5 The average BD-rate and TU time-saving performance for
distinct THgaq-

sequences selected from classes C, D, and E. The average
Bjontegaard delta (BD)-rate®* and the TU time-saving
performance are depicted in Fig. 5. The threshold was
determined to be a favorable trade-off between the RD per-
formance and time saving based on the results of the average
BD-rate and time-saving performance. From Fig. 5, the time-
saving performance is saturated at ~55% even if the THgpq
increases. The threshold was, thus, set to be 300 in the pro-
posed algorithm.

3.3 Proposed Overall Algorithm

In the paper, the TU block is classified into the strongly sim-
ilar case or weakly similar case. The strongly similar case is
for zero-blocks, and the weakly similar case is for the varia-
tion of gradient values. The flow chart of the proposed algo-
rithm is displayed in Fig. 6. The first step is to check the
strongly similar condition. If SAR is smaller than THyg,
an early TU termination is performed, and the following
TU depths are all skipped. If the strongly similar condition

Start with
Dry=0

N=1 <<(6-Dy) N=32

D1u > (Dimax.u-
or N <4

trongly Similar Check
SAR < THzp

Do NxN
transform
coding

Skip NxN | False

transform
coding

Weakly Similar Chec
GAD < Tngad

|

Early TU splitting

is not satisfied, the second step of the weakly similar condi-
tion is checked. An early TU splitting is performed if Gp is
greater than TH,q (i.e., the current TU and its sub-TUs are
dissimilar). The current TU depth is skipped, and the TU is
directly split into four sub-TUs. If G,p is smaller than
THg,q, an early TU termination is performed because the
current TU and four sub-TUs are similar. The weakly similar
condition is checked only when the TU size is >8 X 8
because of RD performance considerations.

4 Experimental Results

Experiments were first designed to test the proposed meth-
ods, the strongly similar case, and the weakly similar case.
Subsequently, the overall system performance was compared
with Choi’s algorithm.' All the algorithms were imple-
mented on HM14.0. The test platform was a PC with an
Intel i7-2600 3.4 GHz CPU, 8 GB RAM, and Windows 7
operating system. The simulation environment for the overall
performance evaluation is listed in Table 4. Other settings
were the same as the common test conditions® used in
JCT-VC meetings. The coding performance was measured
regarding the BD-rate (BDBR) and average TU encoding
time saving as defined in Eq. (18).

AT _ 124: TUTimeproposed(QPi) - TUTimeHM(QPi)
4L TUTimeyy (QP;)

x 100(%). (18)

4.1 Results of Zero-Block Detection Combined with
Zero-Block Inheritance for the Strongly Similar
Case

The results for the strongly similar case are shown in Table 5.
The BD-rate was nearly lossless in both configurations. The
time saving in class E was much larger than that in other
classes, because these two sequences exhibited low motion

N: TU size

Dry: depth of current TU
Dinax Ut maximum depth of TU
Dcy: depth of current CU

True

A 4

Select the best TU

mode
A
True
( v
X
Do NxV Stop TU
» transform | o
. splitting
\ coding

Early TU termination

Fig. 6 Flow chart of the proposed algorithm.
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Table 4 Simulation environment.

HM14.0

Sequence ClassB (1920 x 1080)
ClassC (832 x 480)
ClassD (416 x 240)
ClassE (1280 x 720)

Configuration

MotionSearch

SearchRange

FramesToBeEncoded

QP

GOPSize

BQTerrace, BasketballDrive (excluded in Secs. 4.1 and 4.2)
BasketballDrill, RaceHorses
BlowingBubbles, BQSquare, BasketballPass, RaceHorses

Vidyo1,Vidyo4

Low delay P main (LD_P), Random access main (RA)

TZ search
64
100

22,27, 32, 37

4 (LD_P), 8 (RA)

and homogenous regions, resulting in a high proportion of
zero-blocks. By contrast, this scheme achieved a less effec-
tive time saving for sequences with a complex texture and
fast motion, such as RaceHorses and BlowingBubbles, than
that of other sequences. Compared with the low delay P main
(LD_P) configuration, the random access main (RA) con-
figuration can save more time, because the B-slices in the
RA configuration achieve a more effective prediction and
result in more zero-blocks. The time-saving performance
for various QPs is displayed in Table 6 and demonstrates
that time saving decreases when the QP value decreases.
In summary, this scheme attained a more favorable time sav-
ing and RD performance for smoother sequences and higher
QP settings.

4.2 Results of Gradients of Residuals for
the Weakly Similar Case

The results for the weakly similar case are displayed in
Table 7. Using this scheme, an average time saving of ~55%
and a slight BD-rate increase were achieved. The time-saving
performance obtained using various QPs is summarized in
Table 8. This scheme attained a stable time saving and a slight
BD-rate increase at all QPs because a fixed threshold was
adopted and the residual was nearly irrelevant to the QPs.

4.3 Results of the Overall Algorithm

Finally, the proposed overall algorithm was compared with
Choi’s algorithm," and the results are presented in Tables 9

Table 5 BDBR and time saving for the strongly similar case.

LD_P RA
Sequence BDBR (%) ATy (%) BDBR (%) ATy (%)
ClassC BasketballDrill 0.23 —26.43 0.01 -30.89
RaceHorses 0.01 —-15.46 0.03 -18.56
ClassD BQSquare 0.00 -19.00 0.13 —27.43
BlowingBubbles 0.09 -16.76 0.16 -23.52
BasketballPass 0.16 —-27.53 0.15 -33.43
RaceHorses 0.09 -14.78 0.00 -18.46
ClassE Vidyo1 0.22 -53.81 0.14 —60.27
Vidyo4 0.17 —47.86 —-0.06 —61.09
Average 0.12 -27.70 0.07 -34.21
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Table 6 Time saving of the strongly similar case for various QPs.

ClassC_BasketballDrill

ClassD_BQSquare

ClassE_Vidyo1

QP LD_P (%) RA (%) LD_P (%) RA (%) LD_P (%) RA (%)
22 -8.64 -11.66 -2.89 -7.27 -33.07 -43.34
27 -17.38 —21.58 -9.38 -15.22 -52.14 -59.77
32 -30.44 -38.82 ~23.11 ~34.09 -62.15 —66.81
37 ~49.28 -51.48 —40.62 -53.13 -67.89 7117

and 10. The total time saving AT is also presented in
these two tables, and AT is defined in Eq. (19). Both algo-
rithms exhibited a favorable RD performance and achieved
a considerable TU time saving. Both algorithms achieved
excellent time savings for low motion sequences, such as
Vidyol and Vidyo4, because these sequences exhibit
more homogeneous areas resulting in more zero-blocks.
However, Choi’s algorithm'® exhibited ineffective time

saving on the sequences with high motions and complex
textures, such as BlowingBubbles and RaceHorses. The
time saving of the reference algorithm!® was substantially
affected by the video content and QP value. On average,
the proposed algorithm provided an additional 23.5% TU
time saving compared to that in the literature."® A total
time saving of ~17% was achieved using the proposed
algorithm.

Table 7 BDBR and time saving for the weakly similar case.

LD_P RA
Sequence BDBR (%) ATy (%) BDBR (%) ATy (%)
ClassC BasketballDrill 0.47 -54.83 0.24 —54.31
RaceHorses 0.52 -56.13 0.82 -56.15
ClassD BQSquare 0.56 -55.64 0.43 -53.87
BlowingBubbles 0.38 -56.03 0.57 -55.10
BasketballPass 0.44 —-56.91 0.45 —55.76
RaceHorses 0.39 -55.90 0.72 -57.09
ClassE Vidyo1 0.57 -52.33 0.32 -52.63
Vidyo4 0.37 —53.52 0.27 -59.62
Average 0.46 -55.16 0.48 —-55.56
Table 8 Time saving of the weakly similar case for various QPs.
ClassC_BasketballDrill ClassD_BQSquare ClassE_Vidyo1
QP LD_P (%) RA (%) LD_P (%) RA (%) LD_P (%) RA (%)
22 —55.61 —54.83 —55.34 —54.82 —54.04 —53.04
27 —-55.46 —54.62 —-56.48 —-55.45 -51.98 -52.74
32 -53.33 -54.33 -55.19 -50.86 -52.47 -51.54
37 -54.92 -53.46 —55.53 -54.33 -50.81 -53.19
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Table 9 Performance of the overall algorithm for LD_P configuration.

Ref. 19 Proposed

Sequence BDBR (%) ATry (%) AT (%) BDBR (%) ATry (%) AT (%)

ClassB 1920 x 1080 BasketballDrive 0.22 -36.87 -8.58 0.53 -62.93 -14.84
BQTerrace 0.25 -41.93 -11.03 0.38 -63.57 -18.49

ClassC 832 x 480 BasketballDrill 0.44 -37.75 -10.43 0.43 -63.14 -17.77
RaceHorses 0.42 —22.55 -5.82 0.52 —-61.00 —16.46

ClassD 416 x 240 BQSquare 0.52 -38.39 -13.54 0.51 -62.50 -21.97
BlowingBubbles 0.49 -32.69 -9.95 0.50 -61.99 -19.52

BasketballPass 0.58 -33.89 -9.65 0.39 —63.66 -18.20

RaceHorses 0.46 -21.34 —6.06 0.47 —61.08 —-17.53

ClasskE 1280 x 720 Vidyo1 0.22 -59.72 -15.17 0.34 -68.67 -17.52
Vidyo4 0.27 -54.65 -13.11 0.37 -67.90 —16.61

Average 0.39 -37.98 -10.33 0.44 -63.64 -17.89

Table 10 Performance of the overall algorithm for RA configuration.

Ref. 19 Proposed

Sequence BDBR (%) ATy (%) AT (%) BDBR (%) ATy (%) AT (%)

ClassB 1920 x 1080 BasketballDrive 0.27 -41.30 -8.65 0.69 -64.04 -13.62
BQTerrace 0.31 —-49.17 -10.44 0.74 —64.56 -14.06

ClassC 832 x 480 BasketballDrill 0.08 -40.14 -9.98 0.29 -63.82 -15.75
RaceHorses 0.50 —27.84 -6.47 0.84 —61.46 -14.98

ClassD 416 x 240 BQSquare 0.21 -45.91 -11.70 0.54 -64.10 -16.33
BlowingBubbles 0.37 -37.50 -9.20 0.52 -62.41 -16.01

BasketballPass 0.30 -38.82 -9.51 0.54 -64.19 -15.88

RaceHorses 0.39 -27.71 -6.91 0.72 —-62.03 —-15.83

ClasskE 1280 x 720 Vidyo1 0.16 —63.63 -13.48 0.35 —-70.83 -14.74
Vidyo4 0.04 —65.57 -11.63 0.22 -73.77 -13.95

Average 0.26 -43.76 -9.80 0.55 -65.12 -15.11

AT — li EncTimeprOposed(QPi) — EncTimeyy (QP;) 5 Conclusions

4= EncTimeyy (QP;) In this study, a fast TU mode decision algorithm for HEVC
interprediction was proposed to skip TU candidate modes,

X 100(%). (19) using the information that can be derived before performing
Journal of Electronic Imaging 061105-9 Nov/Dec 2014 « Vol. 23(6)

Downloaded From: http://spiedigitallibrary.org/ on 09/15/2014 Terms of Use: http://spiedl.org/terms



Chen et al.: Computation reduction in high-efficiency video coding based on the similarity. . .

transform coding. The relationship among the sub-TUs is
classified into two cases, namely strongly similar and weakly
similar cases. Zero-block detection combined with ZBI is
used for the strongly similar case check to decide whether
to terminate early at the current TU depth, and this scheme
substantially reduces the TU mode candidates at a high QP.
The similarity of the residual gradient is used for the weakly
similar case check to skip the current TU mode or stop the
TU splitting process. This scheme provides a steady time-
saving performance at each QP. The proposed algorithm
decreases the TU encoding time by ~64% on average, with
an average 0.5% BD-rate loss compared with HM14.0. A
substantial time-saving improvement is achieved by the pro-
posed algorithm when compared with that of the reference
study'?. Moreover, the proposed fast TU algorithm can easily
be integrated with existing fast CU/PU algorithms to further
decrease the encoding complexity. In other words, the pro-
posed method can improve the system performance of HEVC.
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