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Abstract—Ultra high-definition (UHD) video format is recently
popular, which aims to provide high spatial resolution, high
temporal frame rate, high sample bit-depth, and wide pixel color
gamut. Despite the continued development of global network
capacities, it inevitably causes the increased bandwidth cost of
catering for the requirement of delivering UHD video services.
To address such challenges, this paper presents an improved
super coding unit (SCU) method for UHD video coding in High
Efficiency Video Coding (HEVC). Initially, the medium coding
unit (MCU) is proposed to avoid unnecessary brute-force coding
unit (CU) partitions of SCU. Furthermore, the SCU is proposed to
be encoded by Direct-MCU and SCU-to-MCU modes: the Direct-
MCU mode is intended to better adapt to the texture-rich region,
which guarantees the compression efficiency by avoiding extra-
size CU partition; the SCU-to-MCU mode is designed for the
homogeneous region of UHD content, which saves the encoding
time by skipping fine-grained CU partition search. Moreover,
a learning-based fast SCU decision approach is proposed to
speed up the determination process of Direct-MCU and SCU-
to-MCU, where three representative handcrafted features are
extracted. Experimental results show that our method achieves an
affordable complexity and excellent coding efficiency (up to 7.30%
Bjøntegaard Delta rate savings) in UHD video coding compared
to recent HEVC reference software.

Index Terms—UHD video coding, machine learning, feature
extraction, fast mode decision, HEVC.

I. INTRODUCTION

W ITH the development of global networks and the
diversification of ultra high-resolution displays, more

and more countries are actively introducing industrial policies
that support gigabit-speed [1] to transmit ultra high-definition
(UHD) video content. It is estimated that by 2020 [2], 100
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Fig. 1. Basic features of the UHD video compared to the HD video.

Mbps becomes the basic configuration for broadband services,
and the gigabit-speed network is ubiquitous. UHD video [3–
5] is considered as the best content for the filling of gigabit-
speed networks: UHD content becomes the key factor that
not only meets the needs of users, but also fully demonstrates
the network capacity. As a result, UHD video services will
become the mainstream in the future.

Many international standard organizations (such as DVB
[6], ITU-R [7], EBU [8], SMPTE [9], etc.) are involved in
the development of UHD standard. In addition to enhancing
high-definition (HD) to 4K high-resolution (HR), the UHD
standard also specifies many additional characteristics, such as
high frame rate (HFR), high dynamic range (HDR), wide dolor
gamut (WCG), and high quality surrounding audio (HQSA).
As shown in Fig. 1, such features give users an immersive
audio and video experience. With the UHD standard constantly
enriched and developed, it has profound influences on UHD
video content compression and distribution: on the one hand,
UHD content needs to transfer large amounts of data to guar-
antee the end-to-end Quality of Service (QoS) requirements;
on the other hand, the lack of UHD content is caused by
numerous factors, and the most fundamental elements are the
storage, encoding and transmission.

Block-based hybrid video coding is the most widely used
for compression of digital video signals, and many interna-
tional video standards have deployed this mechanism, such
as MPEG-1/2/4 part 2 [10], H.264/Advanced Video Coding
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(AVC) [11] and the latest High Efficiency Video Coding
(HEVC) [12]. HEVC is designed for high efficiency (e.g.,
delivering similar video quality at half bit-rate cost as com-
pared to its predecessor H.264/AVC), high resolution (e.g.,
2K resolution) and sophisticated multimedia applications (e.g.,
screen content coding). However, the UHD video associated
with higher resolution (4K or more), higher frame rate (60 or
more), and higher bit-depth (10-bit or more), introduces new
challenges for conventional video compression approaches in
HEVC.

To address such challenges, the ongoing Future Video
Coding (FVC) [13] project is exploring potential tools with
a compression capability that significantly exceeds that of
HEVC, and various HEVC elements are somewhat modified
and extended [14], including larger block structure (up to
256×256) and transform (up to 64×64), more intra prediction
directions (up to 65), finer motion vector prediction and
storage accuracy (1/16 pixel), and so forth. In addition, several
new methods are proposed, implemented and evaluated in
the Joint Exploration Model (JEM) software [15], including
quadtree plus binary tree (QTBT), adaptive reference sample
smoothing (ARSS), local illumination compensation (LIC),
affine motion prediction (AMP), bi-directional optical flow
(BIO), and so forth. Although under the Call for Evidence
(CfE) test condition, FVC can achieve great bit-rate saving
for UHD videos, it increases at least ×11 encoder time com-
plexities and ×9 decoder time complexities, where software
optimization is enabled, compared to the HEVC reference
software. So far, FVC is not yet the best candidate for
UHD video compression which the market desperately needs.
Conversely, we believe that to maximize the efficiency of
HEVC and simultaneously to minimize the HEVC syntax
change are essential to solve the compression problem in
UHD video coding. Therefore, how to effectively compress
the UHD video content based on the HEVC platform is the
most fundamental driving motivation behind this work.

Being different from the aforementioned methods in FVC,
light-weight computation, high compression efficiency, and
marginal syntax change of HEVC are the main considerations
for UHD video coding in this work. We investigate the
compression performance of the extension of coding tree unit
(CTU) to super coding unit (SCU) as well as the complexity
reduction in encoding SCU. Extensive experimental results
demonstrate that the proposed method reduces the complexity
of about 28% compared to the SCU implementation in FVC. In
addition, compared to HEVC, our method obtains the average
Bjøntegaard Delta rate (BD-rate) saving of about 5% in UHD
video coding. Moreover, our proposed method only introduces
an additional semantic and minor adjustment in the HEVC
syntax, which simplifies the HEVC decoding process and
makes it easy to be implemented in hardware.

This paper has three key contributions. (I) We system-
atically investigated the performance of introducing super-
block structure for UHD video compression in HEVC, and
proposed the medium coding unit (MCU) to avoid brute-force
partition search in the trend of bigger and bigger coding block.
The proposed method favors the merits of both previous and
recent advanced partition methods in HEVC. However, our

previous work [16] only described the method and provided
no evaluation and theory analysis, which belongs to one of
the earliest studies of super-block structure in HEVC. (II) A
new syntax is introduced to signal Direct-MCU and SCU-to-
MCU in the bitstream, which can save bits of encoding the
split information in HEVC. Meanwhile, this additional syntax
facilitates not only the homogeneous region coding of UHD
content but also the design of fast mode decision algorithms
for the SCU-based methods. (III) To further improve the SCU-
based method, we propose a machine learning-based method
to simplify the determination process of Direct-MCU and
SCU-to-MCU. Three representative handcrafted features are
introduced, and a light-weight feed-forward neural network
is trained as the classifier, which can significantly reduce the
encoding complexity.

The reminder of this work is organized as follows. In
Section II, we review the related work, including the HEVC
quadtree structure and diversified features used for the fast
quadtree encoding methods. In Section III, we first introduce
the proposed super-block method, then present three types
of encoding features from context information to texture
information, and finally demonstrate the syntax modification in
HEVC. Section IV reports the simulation results, and Section
V concludes this work.

II. RELATED WORK

This section reviews the HEVC quadtree block structure in
Section II-A, and then briefly introduces several representative
complexity reduction approaches for quadtree decision on the
HEVC encoder side in Section II-B.

A. HEVC Quadtree Structure

In HEVC, there are three main quadtree-based structures,
such as CTU, prediction unit (PU), and transform unit (TU).
Specifically, the input frame is divided into CTUs as large
as 64×64 luma samples, which can be broadly considered
as analogous to the macroblock (MB) in H.264/AVC. CTU
represents a basic processing unit, which is composed of
squared coding units (CUs). All CUs in a CTU are encoded
in the z-scanning order. For each CU, one of the prediction
modes (i.e., intra, inter or skip) is signaled in the bitstream.
In the non-skip mode, the current CU is encoded by the
regular process, either intra or inter prediction. In the skip
mode, the current CU is inter-coded without the encoding
of motion vector differences and residual information. To
facilitate the parallel implementation, HEVC also supports tile-
based encoding structure [17].

To enhance the coding efficiency, HEVC enables CU to be
divided into one, two or four PUs based on the partition choice.
Intra-coded CU only supports PART 2Nx2N and PART NxN,
while inter-coded CU supports all eight partition modes. The
size of CU can range from 4×4 to 64×64. PU defines a region
having the exact same prediction information. In HEVC, PU is
restricted to a minimum size of 8×4 or 4×8 for uni-prediction,
and 8×8 for bi-prediction.

In residual coding, HEVC adopts the squared TU as the
basic unit for transform. By supporting a variety of transform
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sizes, the residual quadtree transform enables the adaptation
to characteristics of the local residual signal. In HEVC, the
size of TU can be in the range from 4×4 to 32×32. In an
inter-coded CU, the size of TU can be larger than that of PU,
while the size of TU is not allowed to be larger than that of
PU in intra-coded CU.

B. Fast Quadtree Struture Decision for HEVC

Although HEVC saves approximately half of the bit-rate
at the similar visual quality compared to H.264/AVC, encod-
ing and decoding complexities are at least doubled even if
hardware-based optimizations [18] are enabled. High encoding
complexity raises significant concerns on real-time multimedia
applications. It is observed that the largest proportion of en-
coding time is occupied by the recursive brute-force quadtree
search. Thus, recent advances (e.g., [19–27]) have flourished
for complexity reduction of the HEVC encoder, and the main
idea of these approaches is to simplify the process of quadtree
partition. These methods can be roughly classified into two
categories: intra-based and inter-based approaches.

For intra-based methods, the exhaustive rate-distortion (RD)
search of quadtree partition was simplified by introducing
intermediate features and various classifiers. The most rep-
resentative approaches include [20, 21, 25, 26]. In [20], Shen
et al. proposed to use the mean absolute deviation of pixel to
measure the homogeneity of video content, depths of neighbor-
ing CUs were used to predict that of the current one. In [21],
Zhang et al. used early CU termination by estimating the RD
cost of sub-CUs in macro-level and applied progressive rough
mode search to hierarchically check the available intra-modes
in micro-level. This approach significantly saved the intra-
frame coding complexity compared to previous works. In [25],
Duanmu et al. proposed to use decision tree classifier to model
the encoding decision process of screen content coding (SCC),
where six handcrafted features were employed, including
horizontal and vertical DC difference feature, variance feature,
gradient Kurtosis feature, gradient magnitude peak, zero gra-
dient percentage feature and color number feature. Also, deep
learning (DL) was used as a tool to model the intra-CU/PU
decision[26], where the complexity reduction was reported as
much as 60% compared to the original encoder. However,
BD-rate increased about 2.67% in average, and the overall
performance was trivial compared to the handcrafted methods.
It is crucial to note that DL-based machine learning methods
were recently explored in image and video compression [28–
30]. However, public training set, overfitting problem, integer
representation of training model and computational complexity
of DL-based methods itself have not been well explored in the
combination of the HM platform so far.

For inter-based methods, both spatial and temporal features
are used to model the HEVC inter-frame procedure. Here,
we also review some of the most representative approaches
[19, 22–24]. In [19], Shen et al. used CU depth prediction
and early termination of motion estimation (ME) to save the
RD optimization (RDO) process of quadtree partitions. In [22],
Xiong et al. introduced a pyramid-motion-divergence feature
and studied the relationship between the motion divergence

and the RD cost, where the K-nearest neighboring method
was used to estimate the inter CU partition. Later, Xiong
et al. [23] investigated sum of absolute differences (SAD)
between neighboring CU partition layers, and proposed an
exponential model to predict quadtree structure in inter-frame
coding, where significant complexity reduction was reported.
Zhang et al. [24] proposed a three-level hierarchical model
to early determine the HEVC inter quadtree partition, where
support vector machine (SVM) was used to off-line train the
classifier. It is noted that the complexity of SVM is dependent
on support vectors which are directly related to the number of
training samples.

III. PROPOSED ENCODING FRAMEWORK

This section introduces the proposed method in detail. In
particular, the basic CTU is extended to SCU in Section III-A,
which is further encoded by Direct-MCU and SCU-to-MCU.
A machine learning-based complexity reduction method is
described in Section III-B. The semantic and syntax change
is introduced in Section III-C, and the pseudocode of the
proposed algorithm is summarized in III-D. In the rest of
this paper, the terms “super-block” and “SCU” are used
interchangeably.

A. Improved Super-block Structure

UHD content benefits from the larger prediction size, as
well as the transform and quantization of the prediction block
([31–33]). However, in HEVC, the limited CTU size inevitably
degrades the encoding ability of large smooth areas, thus
results in low coding efficiency.

To adopt the super-block structure into the UHD content
compression in the current HEVC framework, we need to take
into account both the compression efficiency and encoding
complexity. We propose to encode a super-block based on the
following observations:

• High resolution video content has a significant amount of
homogeneous regions, where large coding block benefits
the predictive coding as well as the transform coding. In
the homogeneous region, extensive small partitions search
may lead to heavy computation cost.

• High resolution images contain rich object texture details.
In the texture-rich region, the partition granularity guar-
antees the coding efficiency, and early skip of large CU
search may accelerate the encoding process.

In order to solve the problem of applying super-block for
UHD video coding as mentioned above, we introduce a new
intermediate block structure, called MCU, which is proposed
to avoid the brute-force quadtree partition search in SCU. The
size of MCU is between that of SCU and that of the minimum
CU, which is intended to better adapt to the homogeneous
region of UHD content. Fine-grained CU coding in the smooth
region is inefficient, mainly due to both low adoption rate
and high coding complexity. These problems are especially
noticeable when the size of SCU is extra-large. Fortunately,
MCU makes a fair compromise between the coding complexity
and the compression efficiency: if the current SCU is smooth,
the RDO process of brute-force traversal of the minimum CU
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can be avoided, which saves the encoding time complexity; if
the current SCU is texture-rich, then the RDO process of extra-
size CUs can be skipped because fine-grained CUs provide
higher compression efficiency.

Next we discuss the details of the proposed method, includ-
ing (1) Direct-MCU, (2) SCU-to-MCU, and (3) complexity
analysis of the proposed SCU method.

1) Direct-MCU mode: In the Direct-MCU mode, the input
SCU is directly divided into many MCUs with the equal size.
Let MSCU , MMCU and MCU denote the size of SCU, MCU
and the minimum CU, respectively.

In the proposed method, the medium quadtree size MMCU

is computed by

MMCU = 2log2(MSCU )−MaxDirectPartitionDepth, (1)

where MSCU specifies the maximum width or height of a
super-block, and MaxDirectPartitionDepth specifies the
depth of the MCU relative to SCU in quadtree structure.

The minimum quadtree size MCU is computed by

MCU= 2log2(MSCU )−MaxPartitionDepth, (2)

where MaxPartitionDepth specifies the depth of minimum
CU relative to SCU in the quadtree structure.

Both MaxPartitionDepth and MaxDirectPartitionDepth are
set as non-negative integers. MaxPartitionDepth being equal
to 0 indicates that there is no partition for the current SCU.
Additionally, MaxDirectPartitionDepth must be no greater
than MaxPartitionDepth, which means the size of CU is
always no bigger than the size of MCU.

The encoding order in the Direct-MCU mode is illustrated
in Fig. 2 (a). In this quintessential example, the super-block
size is 512×512. We propose to encode MCUs utilizing the
z-scanning order in a super-block, where it belongs to the
depth first search (DFS). The reasons are as follows: 1)
this encoding method is consistent with the HEVC quadtree
partition method and hence is easily implemented on the
HEVC reference software HM16.0; 2) both the left and the
top neighboring MCUs are encoded/transmitted before the
current block, and the CABAC context is really efficient.
Consequently, the encoded neighboring MCUs can be used
to facilitate the encoding of the current block (e.g., for motion
vector prediction or context modeling in entropy coding). In
the Direct-MCU mode, each MCU is encoded by the current
HEVC scheme, and the possible minimum block size is MCU .

2) SCU-to-MCU mode: In the SCU-to-MCU mode, SCU is
divided into CUs with various sizes by the recursive quadtree
partition. In our method, the minimum possible MCU can be
set equal to MMCU in the SCU-to-MCU mode, where MaxDi-
rectPartitionDepth can be considered as an early termination
mechanism.

In the proposed method, MCU can be considered as a
threshold, and one of its major roles is to control the compu-
tational complexity. A quintessential example of the SCU-to-
MCU mode is illustrated in Fig. 2 (b). The current super-block
is 512×512, and the MMCU size is set as 64×64 which is the
minimum partition size. The corresponding syntax change can
be found in Section III-C.

64x64
64x64

256x256

128x128

(a) (b)
Fig. 2. Two additional coding modes: (a) Direct-MCU and (b) SCU-to-MCU.
MMCU can range from MCU to MSCU .

3) Complexity analysis: As the size of SCU increases,
the encoding for testing all feasible CU partitions becomes
extremely complicated. The computational complexity of em-
ploying super-blocks can be expected as one of the most
challenging tasks in UHD video coding. On the other hand,
Direct-MCU is designed for the texture-rich region in which
small CUs are commonly selected for a higher coding effi-
ciency, while SCU-to-MCU is designed for the homogeneous
region where large CUs are commonly selected for a lower
time complexity. The combination of Direct-MCU and SCU-
to-MCU modes can greatly facilitate the deployment of super-
block for UHD video coding.

In our method, an input video frame is first divided into non-
overlapping SCU, which are encoded in the raster scanning
order. Both Direct-MCU and SCU-to-MCU are carried out to
find the best encoding parameters of each SCU (i.e., coding
mode, prediction mode, motion vector, quantized coefficients,
etc.). The best coding mode is determined by minimizing the
following rate-distortion cost,

min
i

{Ri + λDi, i ∈ {SCU-to-MCU, Direct-MCU}} . (3)

Especially, when MSCU is set equal to MMCU , the Direct-
MCU mode is degraded as the SCU-to-MCU mode. In this
case, only the Direct-MCU mode is checked during the
RDO process. However, it can be seen that as the partition
depth value is large, the computational complexity increases
dramatically due to the quadtree-based optimization.

Now suppose that the CU partition depth is MaxPartition-
Depth. For simplicity, we assume that CUs have the same
encoding complexity in the same depth layer of the quadtree
structure. Then, the computational complexity of HEVC can
be estimated by

CHEV C =
DepthTotal∑

k=0

4k × CUlayer(k), (4)

where CUlayer(k) denotes the time complexity of
CU in the kth quadtree layer, and DepthTotal =
MaxPartitionDepth− 1.

Similarly, if the depth of MCU with respect to SCU is
MaxDirectPartitionDepth, then the computational complexity
of SCU-to-MCU can be represented by

CSCU-to-MCU =
DepthTotal−DepthSkip∑

k=0

4k × CUlayer(k), (5)
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while the encoding complexity of Direct-MCU can be repre-
sented by

CDirect-MCU =

(
DepthSkip∑

k=0

4k × CUlayer(k+DepthSkip)

)
× 4DepthSkip, (6)

where DepthSkip = MaxPartitionDepth−MaxDirectPartitionDepth.
On the encoder side, the computational complexity of

equation (3) is the summation of equations (5) and (6). It
can be seen that there exists overlapping block computation
in equations (5) and (6), where the block size is set equal
to MMCU and the total number is 4DepthSkip. Thus, the
preliminary time complexity of equation (3) is not less than
that of equation (4).

B. Features and Classifier Selection for SCU Encoding

Inspired by the complexity reduction algorithms [19–26],
three categories of features are considered in this section. The
first and second categories belong to the context information,
and the third category is of the texture information. In addi-
tion, we take a feed-forward neural network as the classifier.
Details of representative features and classifier are described
as follows.

1) Partition depth feature: The previous study [19] show
that natural video signals have the highly correlated relation-
ship in both spatial and temporal dimension, especially in
the homogeneous region. The block-based partition pattern is
similar to its neighboring blocks due to the high correlation
between spatially adjacent blocks. Meanwhile, to maintain
consistent visual quality, most of video blocks do not exhibit
dramatic changes from the co-located block position in the
reference frames, which indicates that the partition pattern
is similar in the temporal dimension [27]. Thus, we use
both spatial and temporal partition depths as the feature to
represent the current SCU. The partition depth feature (PDF)
is computed as,

PDF (k) =
w1

pdf

N

N−1∑
n=0

Dk
L,4×4 (n) +

w2
pdf

N

N−1∑
n=0

Dk
U,4×4 (n)

+ w3
pdfD

k
LU,4×4 (n) +

w4
pdf

N2

N2−1∑
n=0

Dk
CO,4×4 (n)

, (7)

where k is the kth SCU in the current frame, wi
pdf is the

weight used to regulate the influence of neighboring and
reference blocks based on correlation, N is the number of
right-most non-overlapping blocks 4×4 of its left adjacent
SCU or bottom-most non-overlapping blocks 4×4 of its upper
adjacent SCU, N2 is the total number of blocks 4×4 in
the reference SCU, and D{L,U,LU,CO},4×4 (·) denotes the
depth values of the left, upper, left-upper and co-located 4×4
blocks of SCUs with respect to the current SCU. The four
weights are normalized, i.e.,

∑4
i=1 w

i
pdf = 1. Inspired by [19],

we set wi
pdf,i=1,2,3,4 to 0.4, 0.4, 0.2 and 0 for intra-frame.

The reason is that horizontal and vertical directions have a
large correlation than the top-right diagonal direction, and
there is no temporal reference information. Similarly, we set
wi

pdf,i=1,2,3,4 to 0.3, 0.3, 0.1 and 0.3 for inter-frame. The co-
located block depth information within the reference frame is

considered to have equal importance as horizontal and vertical
neighborhoods for the current SCU.

In our method, CU depths of each SCU are labeled with
4×4 blocks, which is the same as that of the HEVC imple-
mentation in the HM16.0 [34]. For example, a 256×256 SCU
consists of 4096 4×4 blocks, where the depth value is ranging
from 0 to 5.

2) Prediction estimation feature: In natural video content,
homogeneous regions commonly have the similar prediction
estimation information, which prefers to be encoded by coarse
level motion vectors (MVs) [19] in inter-frame coding or
direction modes (DMs) in intra-frame coding, respectively.
Similarly, texture regions usually have finer level MVs or
DMs to improve encoding performance. It is reasonable to
use the coarse level MV or DM to represent the homogeneous
region, but the finer level MV or DM to represent the texture
regions. Thus, the prediction information is used to recognize
the smooth content.

In this paper, MVs or DMs are labeled with 4×4 blocks,
which are organized similarly as the partition depth feature
in equation (7). The prediction information of adjacent 4×4
blocks from the left and the upper SCUs is used to estimate
that of the current SCU, and the prediction estimation feature
(PEF) is defined as,

PEF (k) =
1

2N

N−1∑
n=0

∣∣∣∣P k
L,4×4 (n)−

1

N

∑
P k
L,4×4 (·)

∣∣∣∣+
1

2N

N−1∑
n=0

∣∣∣∣P k
U,4×4 (n)−

1

N

∑
P k
U,4×4 (·)

∣∣∣∣
, (8)

where P k
L,4×4 (·) are MVs or DMs of the right-most 4×4

blocks of the left adjacent SCU, and P k
U,4×4 (·) are MVs or

DMs of the bottom-most 4×4 blocks of the upper adjacent
SCU, and 1

N

∑
P k
L/U,4×4 (·) is the associated mean of the

related blocks.
3) Texture homogeneity feature: Statistically, we have prior

knowledge that there are some relationships between block
partitions and coding mode selections for natural video se-
quences [20]. For example, homogeneous regions are more
likely to be encoded in larger CUs, while rich texture regions
are likely to be encoded in smaller CUs. In addition, it is
observed that when SCUs belong to a homogeneous region,
luminance magnitudes of the pixels are similar. With such
prior knowledge, we use the mean absolute difference (MAD)
and gradient per pixel (GPP) of luminance magnitude to
measure the texture information of the current SCU.

In this work, the MAD feature is defined as in [20],

MAD(k) = 1
M2

SCU

∑
Ii,j∈
SCU(k)

∣∣∣∣∣∣∣Ii,j − 1
M2

SCU

∑
I(i,j)∈
SCU(k)

Ii,j

∣∣∣∣∣∣∣, (9)

where Ii,j is the luminance value of pixel at position (i, j) in
in the kth SCU.

Meanwhile, the GPP is considered as an effective fea-
ture to measure the frame-content complexity in HEVC and
H.264/AVC [35], where there exists an approximated linear
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TABLE I
CODING TREE UNIT SYNTAX IN HEVC

coding tree unit( ) { Descriptor
super block coding mode ae(v)

xCtb = ( CtbAddrInRs % PicWidthInCtbsY ) ≪ CtbLog2SizeY
yCtb = ( CtbAddrInRs / PicWidthInCtbsY ) ≪ CtbLog2SizeY
if( slice sao luma flag ∥ slice sao chroma flag )
sao( xCtb ≫ CtbLog2SizeY, yCtb ≫ CtbLog2SizeY )
coding quadtree( xCtb, yCtb, CtbLog2SizeY, 0 )
}

relationship between GPP and bit-rate cost in intra-frame
coding. The GPP is defined by,

GPP (k) = 1
2NSCU(k)

∑
Ii,j∈
SCU(k)

(|Ii,j − Ii+1,j |+ |Ii,j − Ii,j+1|). (10)

Finally, the texture homogeneity feature (THF) for the kth
SCU is determined based on equations (9) and (10) as follows.

THF (k) = w1
thf ∗MAD(k) + w2

thf ∗GPP (k) (11)

where wi
thf is the related weight to adjust the influence of the

MAD feature and the GPP feature for texture homogeneity
measurement, and w1

thf is set to 0.8 while w2
thf is set to 0.2

based on based on empirical results.
4) Classifier selection: Recently, machine learning-based

classifiers are employed for video coding, like SVM [24],
decision tree [25], multilayer perceptron (MLP) [36], and so
on. For SVM-based methods , Gaussian radial basis function
(RBF) kernel is used to map the input features to high-
dimensional space, because it has good performance when
the training samples are non-linear and feature vector size is
small. However, the supporting vectors increase dramatically
along with the size of training set, which results in additional
computation complexity on the encoder side. On the other
hand, the classifier is not well trained when reducing the
amount of training samples.

MLP is a special architecture of artificial feed-forward
networks [37], in which the layers have non-linear but dif-
ferentiable parametric functions. MLP is a supervised learning
approach which learns a function F (·) by training on a dataset
for either the classification or regression problem.

In this work, we use the MLP classifier to classify the
Direct-MCU and SCU-to-MCU modes. The reasons are that
the computational complexity of MLP is tractable, the memory
consumption of MLP is acceptable, and the implementation of
MLP prediction on the HM16.0 is simple. The performance
comparisons between MLP and other classifiers, and many
other details of classifiers are beyond the scope of this paper,
which can be referred to [38].

C. Semantic and Syntax of the Proposed SCU Method

We describe the syntax change of the proposed SCU method
in this section. Since super-block needs to choose the best
mode from Direct-MCU and SCU-to-MCU, the encoder has
to send a signal to notify the mode selection. Thus, a new
binary flag super block coding mode is added in the HEVC
standard syntax, and the associated semantic is given as
follows: super block coding mode equal to 0 means that the

TABLE II
CODING QUADTREE UNIT SYNTAX IN HEVC

coding quadtree( x0, y0, log2CbSize, cqtDepth ) { Descriptor
if( x0 + ( 1 ≪ log2CbSize ) <= pic width in luma samples &&
y0 + ( 1 ≪ log2CbSize ) <= pic height in luma samples &&
log2CbSize > MinCbLog2SizeY ){
if ( (!super block coding mode && log2CbSize <= MinCbLog2SizeSCU) ∥
(super block coding mode && log2CbSize > Log2SizeSCU) )

split cu flag[ x0 ][ y0 ] ae(v)
}
if( cu qp delta enabled flag && log2CbSize >= Log2MinCuQpDeltaSize ) {
IsCuQpDeltaCoded = 0
CuQpDeltaVal = 0
}
. . .
}

Direct-MCU is used for the current super-block coding, and
otherwise the SCU-to-MCU mode is used for the current
super-block coding.

The syntax table of the proposed scheme is tabulated in
Table I, where the corresponding syntax change is highlighted
in yellow.

In HEVC, a specific flag, split cu flag, is used to indicate
whether the current CU is split or not. Normally, split cu flag
is set to 1, to specify that there are further partitions. In
our method, we propose to avoid sending the split cu flag
flag in the Direct-MCU mode on the encoder side, when
the current CU size is larger than MMCU . The reason is
that MMCU is the maximum CU size allowed in the Direct-
MCU mode. The decoder can derive the corresponding value
of the split cu flag flag in the same way. The syntax table
of the proposed method is tabulated in Table II, where the
corresponding syntax changes are highlighted in yellow.

D. The Proposed SCU Encoding Algorithm
Traditional CU decision methods are overwhelmingly suc-

cessful in HEVC. Various texture features and context features
are employed to simulate the HEVC reference encoder, and
hence many effective models (e.g., [19, 22, 23]) are developed
to early terminate the exhaustive quadtree iteration. Inspired
by these pioneering works, we adopt the similar procedure.
However, compared to traditional approaches, there are several
unique differences. First, our method is used to tell whether
SCU is encoded by the SCU-to-MCU mode, while traditional
methods need to early determine the exact partition pattern.
Second, the fast decision condition is checked only once for
encoding one SCU in our method, while traditional methods
need to check the condition where quadtree-depth change
occurs. Third, our method has a specific semantic flag to signal
the corresponding coding mode, which facilitates the design
of the complexity reduction algorithms.

In order to achieve higher coding efficiency, we sacrifice
some of the computational complexity. For example, when the
SCU-to-MCU mode is estimated, we also check the RD cost
of the Direct-CU mode, as shown in Steps 3.1 to 3.3. Also, the
experimental results of the BD-rate loss show its effectiveness
in Section IV. The detailed algorithm is described as follows.

Task: Approximate the solution of Equation (3):
min
i

{Ri + λDi, i ∈ {SCU-to-MCU, Direct-MCU}}
Parameters: Give SCU with width size MaxSCUWidth,

height size MaxSCUHeight, the depth of minimum CU with
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TABLE III
COMPARISON RESULTS OF THE SCU-BASED METHOD UNDER ALL-INTRA (AI), LOW-DELAY P (LD-P), LOW-DELAY B (LD-B) AND RANDOM-ACCESS

(RA) CONFIGURATIONS.

“traditionSCU” versus HM16.0 (SCU=128, 256, 512, MSCU=MMCU )
AI BD-rate (Y) LD-P BD-rate (Y) LD-B BD-rate (Y) RA BD-rate (Y)

Sequence SCU128 SCU256 SCU512 SCU128 SCU256 SCU512 SCU128 SCU256 SCU512 SCU128 SCU256 SCU512
Aerial-10bit -0.11% -0.12% -0.08% -1.46% -1.54% -1.25% -1.92% -2.15% -1.86% -1.79% -2.17% -1.82%
BarScene-10bit -0.45% -0.58% -0.59% -10.04% -13.27% -13.14% -11.02% -13.83% -14.40% -12.00% -14.97% -14.96%
BoxingPractice-10bit -0.38% -0.62% -0.64% -3.53% -3.99% -3.66% -3.00% -3.18% -2.75% -2.74% -3.17% -2.78%
Crosswalk-10bit -1.01% -1.35% -1.28% -7.57% -10.01% -9.62% -4.35% -6.13% -6.04% -5.68% -7.16% -7.28%
Dancers-10bit -0.90% -1.26% -1.12% -10.70% -16.29% -17.34% -9.52% -13.79% -15.27% -14.33% -17.17% -18.04%
DrivingPOV-10bit -0.16% -0.15% -0.08% -2.02% -2.02% -1.39% -1.39% -1.49% -0.79% -2.99% -3.18% -2.58%
DinnerScene-10bit -0.41% -0.58% -0.59% -15.63% -18.91% -19.54% -13.25% -17.60% -18.22% -14.34% -18.20% -19.33%
FoodMarket2-10bit -0.25% -0.34% -0.32% -2.35% -2.66% -2.07% -1.57% -1.86% -1.53% -3.71% -4.22% -3.86%
Narrator-10bit -0.55% -0.74% -0.74% -5.81% -6.57% -5.53% -3.61% -4.21% -3.75% -4.26% -4.96% -4.60%
PierSeaside-10bit -0.40% -0.60% -0.55% -6.96% -8.60% -8.10% -7.47% -9.17% -8.95% -6.03% -7.12% -6.91%
RollerCoaster-10bit -0.65% -0.94% -0.92% -7.15% -9.50% -9.20% -6.78% -8.80% -8.45% -7.63% -10.03% -9.74%
Tango-10bit -0.61% -0.81% -0.86% -4.70% -5.86% -5.51% -2.91% -3.92% -3.59% -3.18% -3.76% -3.63%
ToddlerFountain-10bit -0.08% -0.09% -0.05% -0.49% -0.45% -0.29% -0.44% -0.40% -0.15% -0.45% -0.46% -0.32%
WindAndNature-10bit -0.37% -0.75% -0.92% -2.31% -2.47% -2.24% -2.91% -3.92% -3.59% -3.18% -3.76% -3.63%
Average -0.45% -0.64% -0.62% -5.77% -7.30% -7.06% -4.93% -6.30% -6.20% -5.76% -7.00% -6.93%
Enc time[%] 132.31% 234.42% 331.80% 139.69% 213.80% 434.95% 145.97% 227.89% 606.43% 136.50% 205.53% 420.64%
Dec time[%] 99.78% 99.90% 105.03% 89.85% 90.25% 99.26% 96.31% 92.11% 105.45% 90.17% 89.69% 98.32%

respect to SCU MaxPartitionDepth, and the depth of MCU
with respect to SCU MaxPartitionDepth.

Initialization: Initialize k = 0 , and set its maximum k = K
which is the total number of SCUs in a frame.

Main Iteration: Increase k by 1 in the current frame, then
perform following steps:

Step 1: Compute three features by Equation (7)-(11) and
classify by MLP, set scuF lag = 1 if SCU-to-MCU, and set
scuF lag = 0 if Direct-MCU.

Step 2: If scuF lag = 1 then, apply Step 3. Otherwise,
jump to Step 4.

Step 3: Find the best encoding parameters for SCU-to-MCU
and Direct-MCU modes.

Step 3.1: Find the best coding parameters of the
SCU-to-MCU mode, and compute its RD cost,
RDk,i = Rk,i + λDk,i, i = SCU-to-MCU;
Step 3.2: Find the best coding parameters of the
Direct-MCU mode, and compute its RD cost,
RDk,i = Rk,i + λDk,i, i = Direct-MCU;
Step 3.3: Find the best coding mode based on Steps 3.1
and 3.2. Check that if k < K, apply another iteration.
Otherwise, jump to Output.

Step 4: Find the best coding parameters of the
Direct-MCU mode, and compute the associated RD cost,
RDk,i = Rk,i + λDk,i, i = SCU-to-MCU. Check that if k < K, apply
another iteration. Otherwise, jump to Output.

Output: The current frame is encoded by the proposed
method after K iterations

IV. SIMULATION RESULTS

This work explores a set of suitable solutions to provide
the light-weight computation, high compression efficiency,
and minor syntax change of HEVC for UHD video coding.
To validate the effectiveness of the proposed approach, we
have conducted numerical simulations of encoding UHD video
based on the HEVC platform1. The recent HM16.0 [34] is

1The implementation is here:“https://sites.google.com/site/wangmiaohui/”.

selected as the benchmark for comparison, where there is no
significant performance difference among HM16.x versions. In
addition, we compare the compression efficiency and measure
the computational complexity of our method on the same plat-
form. In the experiments, the test settings are the default of the
HM16.0 configuration files. To measure the pure coding gain
from the block size change, the other encoder configurations
are set to the same values in both SCU and HM16.0 in this
section.

A. Classifer training

In this work, MLP is trained by the back-propagation
algorithm based on the Torch7 [39], and the cross entropy
criterion L (θ) is used,

L (θ) = − 1

S

S∑
s=1

[F (xs, θ) ln ys + (1− ys) ln (1− F (xs, θ))],

(12)
where θ is the trained weight, S is the total number of training
samples, and F (xs, θ) is the trained mapping function between
feature vector xs and the output label ys.

Video sequences used to establish the training dataset are
mainly from Xiph.org [40]. During the offline training process,
all videos are divided into the training set (34 sequences), the
validation set (8 sequences) and the test set (14 sequences)
sets. Four QPs={22, 27, 32, 37} are used to encode the training
and validation video sequences, where features and the binary
labels (i.e., 0 for Direct-MCU and 1 for the SCU-to-MCU
mode) are obtained for all SCUs. Since the video content
is similar, and we only encode the first serveral frames (e.g.
8 for MSCU=256) to collect data so as to avoid overfitting.
In addition, we also manually perform the data cleaning to
guarantee the dataset balance, where there are about 8000
training samples (luma) and about 1700 testing samples for
each SCU size (i.e., 128×128, 256×256, and 512 × 512),
each encoding profile (i.e., all-intra (AI), low-delay (LD-B
and LD-P) and random-access (RA)) and each QP. Overall,
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TABLE IV
COMPARISON RESULTS OF THE PROPOSED METHOD UNDER ALL-INTRA (AI), LOW-DELAY P (LD-P), LOW-DELAY B (LD-B) AND RANDOM-ACCESS

(RA) CONFIGURATIONS.

“improvedSCU” versus HM16.0 (MSCU=128, 256, 512, MMCU=64)
AI BD-rate (Y) LD-P BD-rate (Y) LD-B BD-rate (Y) RA BD-rate (Y)

Sequence SCU128 SCU256 SCU512 SCU128 SCU256 SCU512 SCU128 SCU256 SCU512 SCU128 SCU256 SCU512
Aerial-10bit -0.10% -0.10% -0.08% -1.38% -1.60% -1.11% -1.77% -2.22% -1.54% -1.74% -2.09% -1.66%
BarScene-10bit -0.43% -0.55% -0.57% -9.06% -12.92% -13.08% -9.79% -13.39% -14.14% -11.42% -14.60% -15.00%
BoxingPractice-10bit -0.38% -0.62% -0.64% -3.32% -3.74% -2.89% -2.71% -2.92% -1.74% -2.43% -2.95% -2.02%
Crosswalk-10bit -1.00% -1.30% -1.28% -7.38% -9.87% -8.99% -4.40% -6.13% -5.46% -5.77% -6.95% -6.37%
Dancers-10bit -0.89% -1.18% -1.17% -10.02% -15.98% -16.35% -8.64% -13.27% -14.18% -13.35% -16.97% -16.97%
DrivingPOV-10bit -0.15% -0.14% -0.07% -1.99% -1.87% -1.09% -1.41% -1.34% -0.50% -2.94% -3.04% -2.20%
DinnerScene-10bit -0.41% -0.58% -0.60% -14.51% -18.55% -18.62% -12.64% -17.37% -17.06% -13.47% -18.04% -17.93%
FoodMarket2-10bit -0.25% -0.32% -0.30% -2.40% -2.68% -1.90% -1.56% -1.93% -1.37% -3.24% -4.64% -1.97%
Narrator-10bit -0.53% -0.71% -0.70% -5.56% -6.26% -4.93% -3.37% -4.03% -2.96% -4.12% -4.68% -3.56%
PierSeaside-10bit -0.41% -0.55% -0.54% -6.89% -8.25% -8.18% -7.29% -8.96% -8.37% -5.64% -7.38% -6.59%
RollerCoaster-10bit -0.62% -0.80% -0.86% -6.86% -9.03% -8.41% -6.57% -8.54% -7.51% -7.34% -9.47% -8.39%
Tango-10bit -0.59% -0.78% -0.84% -4.64% -5.73% -5.11% -2.93% -3.79% -3.15% -3.19% -3.45% -2.68%
ToddlerFountain-10bit -0.08% -0.09% -0.05% -0.48% -0.46% -0.29% -0.43% -0.40% -0.14% -0.44% -0.46% -0.31%
WindAndNature-10bit -0.37% -0.74% -0.91% -2.21% -2.29% -1.99% -2.93% -3.79% -3.15% -3.19% -3.45% -2.68%
Average -0.44% -0.60% -0.61% -5.48% -7.09% -6.64% -4.66% -6.13% -5.62% -5.46% -6.85% -6.17%
Enc time[%] 108.62% 172.79% 228.13% 115.95% 186.02% 342.52% 121.82% 161.31% 406.43% 110.43% 141.60% 325.09%
Dec time[%] 104.38% 104.54% 107.62% 91.48% 94.31% 98.92% 91.84% 91.74% 105.45% 90.48% 94.72% 95.33%

the dataset contains about 380000 training samples and about
80000 testing samples.

The feature vector size of a SCU is 3×1, which contains
the partition depth feature, the prediction estimation feature,
the texture homogeneity feature. We take two hidden layers of
MLP structure to enhance the non-linear modeling capability,
and the network structure is 3 × 6 × 12 × 2. To improve
the accuracy, we train different Torch7 models for different
QPs. Overall, there are 48 models involved in the experi-
ments. During the inference process, the weights are extracted
and the fully-connected multiplications are re-implemented in
HM16.0.

B. Methods and measurement
In our experiments, all video sequences are UHD (e.g., in

this work, we use 4K to refer to a horizontal resolution of
about 4000 pixels level), the frame rate for all sequences
is 60fps, and the pixel depth is 10-bit. A total of 14 video
sequences are used as the test dataset, which are all in the
format of 4:2:0 YUV. The test dataset contains various video
content scenarios, and the sequence names are listed in Table
III. Since the encoding time of UHD frame is not a negligible
quantity, only the first 150 frames are encoded in this paper.
Different configurations that meet various applications have
been compared in the experiments, including AI, low-delay
(LD-B and LD-P) and random-access (RA). Three main com-
parisons are conducted to evaluate the proposed SCU-based
methods:

• “traditionSCU” versus HM16.0: The implementation and
performance of “traditionSCU” are equivalent to that of
“CTUSize=128, 256” in the reference software of FVC
[14]. In the experiment, the CTU size of HM16.0 is
extended to three different sizes, including 128, 256 and
512. SCU128 is used to denote that the maximum CU
size is 128. Similarly, SCU256 and SCU512 are used
to denote that the maximum CU sizes are 256 and 512,
respectively. Here, MMCU is equal to MSCU , where only
the Direct-MCU mode is enabled (see Table III).

• “improvedSCU” versus HM16.0: In our experiment, ma-
chine learning method is proposed to accelerate the deter-
mination of the SCU-to-MCU mode and the Direct-MCU
mode. Both the content and context features are extracted,
and MLP is used to classify the associated encoding
mode. The detailed algorithm is given in Section III-D.
The performance is evaluated under three different SCU
sizes, and MMCU is fixed and set to 64 (see Table IV).

• “improvedSCU-MCU” versus HM16.0: In the experi-
ment, we evaluate the effect of various MCU sizes in
the proposed method. In this simulation profile, MMCU

is set to 32, 64 and 128, where MSCU is fixed and set
to 256 (see Table V).

In addition, the average time complexity is measured by

Tavg = Tmethod/Tanchor
× 100%, (13)

where Tmethod and Tanchor are the total computation com-
plexities of the candidate method and the original HM16.0,
respectively. BD-rate [41] is used as the main bit-rate mea-
sure, where each BD-rate value is computed from four rate-
distortion points (i.e., QPs={22, 27, 32, 37}).

C. Performance comparisons

In Table III, we show the performance comparison between
SCU and HM16.0. In the experiment, the only difference
between the SCU method and the original HM16.0 is the
maximum CU size, where the compression performances of
three SCU sizes are evaluated. Table III shows the detailed
comparison of the luminance (Y) component between the
“traditionSCU” method and the original HM16.0. It can be
seen that SCU-based methods outperform the HM16.0 for all
sequences in the test dataset. In general, the coding gain of
inter-frame coding is greatly better than that of intra-frame
coding, where the average BD-rate saving of inter-frame is
about 5% or more, and the average BD-rate saving of intra-
frame is about 0.5%. One of the reasons is that in this work,
both the maximum transform size and the maximum prediction
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TABLE V
RESULTS OF COMPARING THE PROPOSED METHOD WITH VARIOUS SETTINGS OF MMCU UNDER ALL-INTRA (AI), LOW-DELAY P (LD-P), LOW-DELAY

B (LD-B) AND RANDOM-ACCESS (RA) CONFIGURATIONS.

“improvedSCU-MCU” versus HM16.0 (MSCU=256, MMCU=32, 64, 128)
AI BD-rate (Y) LD-P BD-rate (Y) LD-B BD-rate (Y) RA BD-rate (Y)

Sequence MCU32 MCU64 MCU128 MCU32 MCU64 MCU128 MCU32 MCU64 MCU128 MCU32 MCU64 MCU128
Aerial-10bit -0.12% -0.10% -0.11% -1.17% -1.60% -1.57% -1.75% -2.22% -2.24% -1.79% -2.09% -2.11%
BarScene-10bit -0.55% -0.55% -0.55% -12.97% -12.92% -12.95% -13.34% -13.39% -13.51% -14.44% -14.60% -14.37%
BoxingPractice-10bit -0.56% -0.62% -0.62% -2.72% -3.74% -4.01% -1.78% -2.92% -3.24% -1.86% -2.95% -3.15%
Crosswalk-10bit -1.37% -1.30% -1.32% -10.01% -9.87% -10.00% -6.30% -6.13% -6.18% -7.12% -6.95% -7.22%
Dancers-10bit -0.94% -1.18% -1.19% -15.90% -15.98% -16.03% -13.29% -13.27% -13.30% -16.63% -16.97% -16.76%
DrivingPOV-10bit -0.13% -0.14% -0.14% -1.55% -1.87% -1.93% -1.08% -1.34% -1.35% -2.80% -3.04% -3.21%
DinnerScene-10bit -0.52% -0.58% -0.56% -19.11% -18.55% -18.80% -16.99% -17.37% -17.15% -18.17% -18.04% -17.97%
FoodMarket2-10bit -0.35% -0.32% -0.32% -2.08% -2.68% -2.61% -1.31% -1.93% -1.89% -3.39% -4.64% -3.61%
Narrator-10bit -0.69% -0.71% -0.73% -5.90% -6.26% -6.46% -3.74% -4.03% -4.13% -4.09% -4.68% -4.74%
PierSeaside-10bit -0.46% -0.55% -0.56% -8.09% -8.25% -8.51% -8.47% -8.96% -9.19% -7.15% -7.38% -7.01%
RollerCoaster-10bit -0.64% -0.80% -0.81% -8.72% -9.03% -9.32% -8.06% -8.54% -8.72% -8.97% -9.47% -9.58%
Tango-10bit -0.72% -0.78% -0.78% -5.02% -5.73% -5.89% -3.02% -3.79% -3.91% -2.64% -3.45% -3.89%
ToddlerFountain-10bit -0.16% -0.09% -0.09% -0.49% -0.46% -0.46% -0.43% -0.40% -0.39% -0.47% -0.46% -0.46%
WindAndNature-10bit -0.68% -0.74% -0.74% -1.56% -2.29% -2.54% -3.02% -3.79% -3.91% -2.64% -3.45% -3.89%
Average -0.56% -0.60% -0.61% -6.81% -7.09% -7.22% -5.73% -6.13% -6.21% -6.40% -6.85% -6.82%
Enc time[%] 181.95% 172.79% 169.57% 193.78% 186.02% 175.67% 167.01% 161.31% 154.64% 147.47% 141.60% 128.05%
Dec time[%] 99.49% 104.54% 108.16% 77.67% 94.31% 81.85% 75.34% 91.74% 80.63% 76.67% 94.72% 87.84%

size are still kept the same as HM16.0, which have a bigger
influence on intra-frame coding than inter-frame coding. It is
noteworthy that our work here is not to study the effect of
transform coding and prediction coding, but to examine the
effect of maximum CU size for HEVC performance in UHD
video coding. The detailed study of the effect of advanced
transform coding and prediction coding can be referred to
[31, 42, 43].

To find the best SCU size for UHD videos, we compare
SCU-based methods with HM16.0 under three super-block
sizes: MSCU=128, 256 and 512. From the perspective of
bit-rate saving, one can see that the coding performance of
MSCU=256 is slightly better or comparable performance in
comparison with that of MSCU=128 and MSCU=512, as
shown in Table III. In the experiments, the average usage of
SCU512 is intensely low. Meanwhile, as the coding depth
increases, SCU512 needs additional bits to signal the cor-
responding syntax information. As a result, SCU512 is less
efficient than SCU256. We also compare the average encoding
and decoding complexities under four configurations, includ-
ing AI, LD-P, LD-B and RA profiles. In Table III, “Enc time”
and “Dec time” denote the average encoding complexity and
decoding complexity of all test video sequences with respect to
that of HM16.0. It can be computed that the average encoding
complexities of the SCU method are 138.62%, 220.41% and
448.46% for MSCU=128, MSCU=256 and MSCU=512, re-
spectively. Based on the experimental results, we can conclude
that SCU256 is the best configuration for UHD video com-
pression in terms of rate-distortion performance and tolerable
computational complexity.

An important characteristic of the proposed method is the
improved super-block structure that achieves a significant cod-
ing gain with affordable complexity. In Table IV, we evaluate
the performance of the “improvedSCU” method compared to
that of the HM16.0, where the CTU size is equal to 64. In
the proposed method, there are two new SCU modes and a
complexity reduction algorithm are also introduced to speed
up the entire encoding progress. To ensure the fair comparison,

TABLE VI
THE AVERAGE PERFORMANCE OF PROPOSED APPROACH.

MSCU MMCU Targ BD-rate Selection rate Selection rate
size size saving saving SCU-to-MCU Direct-MCU
128 64 17.63% -4.01% 23.14% 76.86%
256 64 24.90% -5.17% 22.55% 77.45%
512 64 27.05% -4.76% 21.36% 78.64%
256 32 21.68% -4.88% 26.64% 73.36%
256 64 24.90% -5.17% 22.55% 77.45%
256 128 28.83% -5.22% 20.58% 79.42%

all other encoding parameters of the “improvedSCU” method
are the same except MMCU=64 as well as the “traditionSCU”
method. Compared to the “traditionSCU” method, it can be
computed that in Table IV, the average encoding complexity
saving of our method is about 23.29%, while the average BD-
rate loss is about 0.27%. At the same time, we can see that
our approach does not introduce additional complexity on the
decoder side. Also, it can be seen that both the encoding and
decoding time of SCU512 are the largest among the tested
super-block sizes.
MMCU is a key factor in the “improvedSCU” method,

which is related to both encoding performance and compu-
tational complexity. In Table V, we show the performance
of the proposed SCU method under different MCUs. Since
SCU256 is considered as the most suitable parameter for UHD
video coding as aforementioned, we fix MSCU and change
MMCU to show the influence on the encoding performance.
In general, compared to MCU32 and MCU64, the average BD-
rate gains of MCU128 are about 0.34% and 0.05%, respec-
tively. However, the average time complexity reductions of
MCU128 are about 15.57% and 8.45% compared to MCU32
and MCU64, respectively. As for MCU8 or MCU256, it
indicates that MMCU is set equal to 8 or MSCU . In this case,
the “improvedSCU” method is degraded to the “traditionSCU”
method, where the simulation results are given as SCU256
in Table III. Based on these results, we can conclude that
MCU128 is the best setting for the proposed method in UHD
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video coding.
In Table VI, we tabulate the overall performance in terms

of BD-rate and average time saving Tavg. Since the decod-
ing complexities are similar among the SCU-based methods:
“traditionSCU”, “improvedSCU” and “improvedSCU-MCU”,
we only compare the overall encoding complexity. For the
encoding time saving Tavg between the proposed method and
“traditionSCU”, we compute the average results of four coding
profiles (i.e., AI, LD-B, LD-P and RA) for each SCU-MCU
in Tables IV and V. Similarly, the BD-rate saving between
the proposed method and HM16.0 is also the average result
in Tables IV and V. As can be seen that in Table VI, the best
performance of our method achieves the average BD-rate sav-
ing by 5.22% compared to HM16.0, and achieves the average
complexity saving by 28.83% compared to “traditionSCU” in
FVC.

We also provide the selection rate of two SCU coding modes
(i.e., scuF lag = 0 and 1) in Table VI, where the average results
are obtained based on AI, LD-P, LD-B and RA profiles. It can
be observed that as the MSCU size increases, the selection
rate of SCU-to-MCU decreases. In addition, this trend holds
for MMCU at the same MSCU size.

V. CONCLUSION AND FUTURE DIRECTIONS

This work systematically studied a set of suitable solutions
to provide light-weight complexity yet high coding efficiency
for UHD video coding in HEVC. A new MCU block structure
was proposed to avoid unnecessary recursive brute-force CU
partition search in SCU. In addition, the Direct-MCU and
SCU-to-MCU modes were proposed to encode a SCU based
on the characteristics of UHD video content, where the Direct-
MCU mode guaranteed the compression efficiency by avoiding
extra-size CU partition while the SCU-to-MCU mode saved
the time complexity by skipping fine-grained CU partition
search. Furthermore, three effective features were extracted
to represent SCU of UHD content, and the MLP classifier
was trained and used to speed up the SCU encoding progress.
As demonstrated in the simulation experiments, the proposed
method greatly improved the encoding performance by provid-
ing tolerable complexity and excellent compression efficiency.

In the future, we plan to migrate the proposed algorithm
to the FVC software platform, so more complex prediction
coding and larger transform coding may help to improve the
coding efficiency of Direct-MCU and SCU-to-MCU methods.
In addition, we are trying to use convolutional neural network
(CNN) to directly extract the coding features, and integrate the
QP feature and train a joint model. Since the complexity of
the FVC reference encoder is a still challenge (e.g., 11 times
complexity compared to that the HEVC encoder), efficient fea-
ture representation can improve the accuracy of the classifier
which helps to greatly reduce the encoding time.
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