
Received 2 July 2022, accepted 16 July 2022, date of publication 25 July 2022, date of current version 28 July 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3193401

High Efficiency Intra CU Partition and Mode
Decision Method for VVC
CHI-TING NI, SHIH-HSIANG LIN , PEI-YIN CHEN , (Senior Member, IEEE),
AND YU-TING CHU
Digital IC Design Laboratory, Department of Computer Science and Information Engineering, National Cheng Kung University, Tainan 70101, Taiwan

Corresponding author: Pei-Yin Chen (pychen@csie.ncku.edu.tw)

This work was supported in part by the Ministry of Science and Technology, Taiwan, under Grant 108-2221-E-006 -096-MY3.

ABSTRACT Versatile video coding (VVC/H.266) is the newest video compression standard, which is
developed by the Joint Video Experts Team. Compared with previous encoding schemes, VVC achieves
higher compression efficiency by introducing a new partition structure and additional intra prediction modes
but results in high computational complexity. To efficiently solve this problem of redundant processing
in quad-tree with nested multi-type tree structures and intra mode prediction, we propose a texture
analysis–based ternary tree (TT) and binary tree (BT) partition strategy, and a gradient-based intra mode
decision method to accelerate TT and BT partition and intra mode prediction, separately. The texture
complexity and prediction direction of coding unit (CU) is calculated by texture detection method. A texture
analysis–based TT andBT partition strategy is established by using the regressionmethod based on analyzing
the texture complexity of the CU. Then, a texture analysis–based TT and BT partition strategy is applied to
reduce the redundant partition for each CU. By using the prediction direction of CU, a gradient-based intra
mode decision method is established for skipping the impossible modes for each CU. Experimental results
revealed that the proposed method could save 49.49% in encoding time and increase the Bjontegaard delta
bit rate (BDBR) by only 0.56%. It confirms that the proposed method achieved high efficiency and a good
balance between the BDBR and time saving.

INDEX TERMS H.266/VVC, fast CU partition, intra mode decision, gradient-based, regression.

I. INTRODUCTION
With the rapid development of video applications, high-
resolution video, such as 4K or 8K ultra high definition
video, is increasingly popular. The huge amount of data has
become a new challenge for data transmission. The advanced
high-efficiency video coding standard (HEVC/H.265) [1] is
unlikely to meet the increasing market demands in the future.
Therefore, a new encoding scheme must be developed to
achieve higher compression efficiency. Accordingly, versatile
video coding (VVC/H.266) [2] was developed by the Joint
Video Experts Team, which consists of the ITU-T Video
Coding Experts Group and ISO/IEC Moving Picture Experts
Group. VVC is a new video compression standard that
offers greater compression efficiency than HEVC, which was
finalized in July 2020 [2].
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Many new encoding technologies [3] have been adopted
in VVC. For example, quad-tree with nested multi-type
tree (QTMT) has been employed in the coding tree
unit (CTU) partition process, 67 intra modes with wide-angle
mode extension has been adopted in intra prediction, and
affine motion inter prediction has been adopted in inter
picture prediction. VVC is a block-based hybrid coding
architecture. Each frame of the input video is divided into
many blocks called CTUs, and these CTUs are divided into
many smaller blocks called CUs.

In VVC, a CTU is first partitioned by using a quad-tree
structure as in HEVC, and then the leaf nodes of the quad-tree
can be split by using a nested multi-type tree (MTT) to ensure
that the CUs in VVC are more flexible and more suitable
for the intra and inter prediction. Fig. 1 illustrates a CTU
partitioned by a QTMT structure. Only the leaf node of the
QT split can be partitioned with an MTT structure. MTT
structures commonly involve four splitting modes: horizontal
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FIGURE 1. Overview of the proposed disparity estimation algorithm.

FIGURE 2. Splitting modes used in QTMT structures.

binary tree partition (BTH), vertical binary tree partition
(BTV), horizontal ternary tree partition (TTH), and vertical
ternary tree partition (TTV), as depicted in Fig. 2.

By using these technologies, VVC has approximately 50%
higher coding efficiency than HEVC. However, these new
technologies also sharply increase computational complexity
in both the encoder and decoder. For example, the QTMT
structure can more closely fit the block texture than HEVC
but results in higher coding computational complexity [4].
After a CTU is divided into several CUs, those CUs are
used in intra prediction to select the optimal intra mode
from 67 intra prediction modes. The intra prediction of
VVC is based on the three steps described in [5] and [6].
In the final step, all CUs perform rate distortion optimization
(RDO) [7] and select the optimal intra mode according to
the minimal rate distortion cost (RD-cost). The RD-cost is
expressed as (1), where RDcost is the RD-cost, λ is the
Lagrange multiplier, R is the number of encoding bits and
D is the reconstruction distortion. Although the extended
modes and QTMT structure can improve compression
efficiency, the encoding complexity increases significantly.
Hence, an acceleration algorithm is proposed to solve the
problem.

RDcost = D+ λ× R (1)

In this study, we first analyzed the complexity of the
intra prediction with different CU sizes by using various
video sequences. Then, we provided TT and BT partition
strategies based on texture analysis and the gradient-
based intra mode decision method to reduce computational
complexity. Experimental results revealed that the proposed
method achieved high efficiency and a good balance between
the BDBR [8] and time saving by using the various
video sequences in different version of the VVC test
model (VTM).

II. RELATED WORK
Over the years, several studies have been devoted to accel-
erating the intra prediction or CU partition no matter based
on H.266/VVC, H.265/HEVC, H.264/AVC, or other coding
standards. Several studies have presented texture feature–
or machine learning (ML)-based techniques to reduce the
redundancy for HEVC involved with intra prediction in
HEVC [9]–[13]. Compared with HEVC, VVC introduced
many new techniques to obtain higher video compression
performance and more flexible coding. For example, VVC
adopts the QTMT structure to split the CUs and uses
67 modes in intra prediction instead of the 35 modes
used in HEVC; these increase the compression efficiency
compared with HEVC, but these also increase the encoding
complexity significantly. To reduce the encoding complexity,
many methods have been devised. Other works have focused
on speeding up the encoders by reducing the redundancy
process of the partition [14]–[18]. A convolutional neural
network was applied to reduce the QTBT partitioning
in [14]–[16]. Wang et al. [17] used a joint classifier decision
tree structure to eliminate unnecessary iterations that increase
the computational complexity. Amestoy et al. [18] used
random forest classifiers to estimate the optimal partition
mode for each coding block. In addition to the QTBT
structure, Amestoy used random forest classifiers to deal with
MTT partitioning. Because VVC has integrated the MTT
structure, many methods have recently been proposed to
reduce the coding complexity of VVC by using the MTT
structure.

A low-complexity, statistical learning–based CTU parti-
tion structure decision and gradient-based fast intra mode
decision for VVC was proposed in [4], which pioneered
the study of the acceleration algorithm for use in the MTT
structure, yielding experimental results with the proposed
method that demonstrated a favorable balance between the
BDBR and time saving. Although the method proposed in [4]
is notable, its VTM version is outdated, and the BDBR
performance on some test sequences is suboptimal. Some
researchers are currently working to improve the performance
of the newest version.

A variance- and gradient-based fast intra partition algo-
rithm was proposed in [19] to speed up the CU partition.
Zhang et al. [20] designed a CU partition (on the basis
of a random forest classifier model) and an intra mode
decision algorithm (on the basis of texture region features).
Zhang et al. [21] proposed a CU size decisionmethod for intra
prediction of VVC according to texture complexity, which
can reduce the computational complexity of VVC’s intra
encoding. A variance- and Sobel operator–based fast intra
partition algorithm was proposed by [22] to decide whether
to split a given CU by using QT and thus terminate further
MTT partitions. Park and Kang [23] proposed a simple early
decision technique that can effectively reduce TT complexity.
Li et al. [24] proposed a tunable decision model based on the
prediction distortion to achieve different trade-off between
encoding loss and complexity reduction.
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FIGURE 3. Time distributions of different splitting modes obtained using
QP 22, 27, 32, 37.

Although these methods can accelerate the intra prediction
process in VVC, the version of the VTM used is outdated,
and some new techniques for VVC are not integrated.
Furthermore, in these existing works, the correlation between
intra prediction and texture features is not well utilized.
Therefore, there is still a lot of potential to improve the
trade-off between complexity reduction and encoding loss.

III. PROPOSED METHOD
The original encoding process in the VVC/H.266 selects the
optimal partition scheme with the lowest RD-cost in intra
prediction of all the possible CUs. Because each CU has a
variety of splitting modes and each possible CUmust execute
intra prediction, considerable time is required to determine
the optimal partition scheme. To reduce the encoding
complexity, we analyzed the process of intra prediction
and determined the most complex part. According to the
analysis results, high-efficiency algorithms were designed for
intra mode prediction and CU partition, separately. In the
following section, details of the analysis and the proposed
algorithm are provided.

A. COMPLEXITY ANALYSIS OF CU PARTITION AND INTRA
PREDICTION
The simulation conditions follow the all-intra mode specified
in the common test conditions of the JVET [25] for the
VTM. The test was adapted from the standard test sequences
with quantization parameters (QPs) ∈ 22, 27, 32, 37.
Fig. 3 illustrates the time distributions for MTT partitioning
with different QPs. Among the splitting modes, QT splitting
took the least time regardless of whichQPwas employed. The
TT split portion took approximately 33% the overall encoding
time, and the BT split portion accounted for nearly 60% with
each QP.

Regardless of the QP, the BT and TT structures were more
complex than the QT structure; hence, determining how to
reduce the complexity of BT and TT partitioning is necessary.
Accordingly, we proposed the TT and BT partition strategy

FIGURE 4. Time distributions of intra prediction with QP 22, 27, 32, 37.
First pass: select M mode from 35 modes, second pass: add neighboring
mode from M modes, third pass: merge the modes which derived from
neighboring CUs, and RDO: select the optimal mode from the final
list.

based on texture analysis to reduce the number of redundant
iterations.

With the same test environment as that used in the afore-
mentioned time distribution analysis, the time distributions
of the intra prediction are presented in Fig. 4. The first pass
involves selecting the optimal M from among the 35 modes.
The second pass adds the neighboring modes of theM modes
and then selects the optimal N modes into a rough mode
decision (RMD) mode list. The third pass then merges the
modes derived from neighboring CUs into the RMD mode
list and establishes a final candidate list. RDO is employed to
select the optimal mode from the final candidate list. Among
these operations, RDO takes the longest time to obtain the
optimal result. To reduce the time required (i.e., number of
modes calculated) for the RDO, a gradient-based intra mode
decision method was devised.

The proposed algorithm consists of two strategies, namely
TT and BT partition strategy based on texture analysis and
gradient-based intra mode decision method. The proposed
algorithm flow is depicted in Fig. 5. Notably, the proposed
algorithm replaces the parts of CU partition and intra
mode prediction. In the following section, details of the
aforementioned TT and BT partition strategies are provided.

B. TT AND BT PARTITION STRATEGY BASED ON TEXTURE
ANALYSIS
The texture analysis–based TT and BT partition strategies
have two parts of block texture detection and overlapping
coverage detection. Block texture detection is applied first,
and then the results are used to determine whether the current
CU can cease early. After the BT partition, the CU will apply
overlapping coverage detection to skip the unnecessary TT
partition. The algorithm flow is depicted in Fig. 6. In the
following section, details of the block texture detection and
overlapping coverage detection are provided.
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FIGURE 5. Flow for the algorithm proposed in this study.

1) BLOCK TEXTURE DETECTION
Generally, the gradient of a block can be used to assess
whether the current block is homogeneous or not. For
example, if the block contains more textures, the edge of
the block is more obvious and the gradient is larger, and
vice versa. In addition to the gradients, the directions of the
texture in the block are required because the gradient-based
intra mode decision method involves using those directions to
determine themain direction of the CU. To obtain the gradient
and the direction, the edge detection operator is applied to the
current CU to process the luma component.

First, the gradient of the current frame is computed before
the CU partition.Gx andGy are used to calculate the gradient
G of the current frame. Gx and Gy are the gradients in
the horizontal and vertical directions, respectively. Thus, Gx
and Gy are extracted by using the edge detection operator,
expressed as (2) and (3), respectively. The Pi,j in (2) and (3) is
the 3× 3 intensity matrix in the current frame and is centered
on the point currently being computed. i and j represent the
position of the current center pixel in a row and in a column,
respectively. The gradient G is the square root of G2

x and G
2
y ,

and the equation is expressed as in (4).

Gx (i, j) = Pi,j ×

−1 0 1
−2 0 2
−1 0 1

 (2)

Gy (i, j) = Pi,j ×

 1 2 1
0 0 0
−1 −2 −1

 (3)

G (i, j) =
√
Gx(i, j)2 + Gy(i, j)2 (4)

Before adopting the edge detection operator, the current
frame is padded first to prevent a size change. After padding,
for the current frame, (2), (3), and (4) are computed and
the results of Gx , Gy and G in every pixel of the current

FIGURE 6. Algorithm flow for TT and BT partition strategy based on
texture analysis.

frame are stored. Eventually, Gx , Gy, and G in every pixel
of the current frame are computed, and the results are used
to determine whether the current CU requires splitting. The
maximum G of the CU can be used to assess whether the
block is flat. The smaller the magnitude of the gradient is,
the flatter the current CU is. The greater the magnitude of the
gradient is, the more complex the current CU is. The current
CU being flat implies that splitting can be terminated early.
The relationship between the maximumG of the CU and split
mode is illustrated in Fig. 7. In Fig. 7(a), the maximum G
of the CU is 55 and that in Fig. 7(b) is 2920. The splitting
results displayed in Fig. 7(a) and 7(b) are no-split and TT
split, respectively. It can be clearly seen from Fig. 7, if the
maximum G of the CU is too small, the result of the split
mode tends to be no-split. Therefore, the gradient can be
used to assess whether the current block is flat. However,
the factors that determine the partition mode relate not only
to the gradient but also to the area of the CU and QP.
In order to study the influence of gradient, area and QP on
the partition mode decision in the video encoding process,

77762 VOLUME 10, 2022



C.-T. Ni et al.: High Efficiency Intra CU Partition and Mode Decision Method for VVC

FIGURE 7. Relationship between the gradient and splitting mode. The
maximum magnitude values for the cases shown in (a) and (b) are small
and large, respectively.

we introduced the average no − split ratio (NPa) of the CU
generated during the encoding of several video sequences.
NPa is calculated by (5), (6), and (7), where the Gm is
the maximum magnitude of the gradient in the current CU,
splitmode is the partition mode of the CU, th is different value
that wants to compare with Gm, NUMnp is the total no-split
number in the dataset, and N is the number of the CU in the
dataset. The dataset consists of several sequences, where the
sequences include Keiba, Mobisode2, Flowervase, vidyo1,
SteamLocomotiveTrain, and PeopleOnStreet. We take the
former 30 frames of each video to study the relationship and
build the regression function.

NP (Gm, th) =
{
1,Gm < th ∩ splitmode ∈ no split
0, else

(5)

NPn =
N∑
n=1

NP(Gm, th) (6)

NPa =
NPn

NUMnp
(7)

ACU = CUw × CUh (8)

Fig. 8 illustrates the relationship between theGm of the CU
and variousQPswith a fixed area by using various th. It can be
seen that the higher the QP is, the lower the no-split ratio is at
a given th. This means that if it wants to achieve same no-split
ratio at a higher QP, the higher th must be obtained because
a no-split result is more likely to be determined for the CU
with the higher QP. The lower the QP is, the more details of
the frame can be saved, yielding higher video quality but also
a higher bit rate. Conversely, the higher the QP is, the more
details of the frame are skipped, which leads to lower video
quality but also a lower bit rate.

Fig. 9 displays the correlation between the Gm of the CU
and various ACU values with a fixed QP by using various th.
The ACU is calculated according to (8), where CUw is the

FIGURE 8. No-split distributions of various QPs. The x-axis represents the
different value of th and the y-axis represents the different value of NPa.

FIGURE 9. No-split distributions of various area. The x-axis represents the
different value of th and the y-axis represents the different value of NPa.

width of the current CU and CUh is the height of the current
CU. The larger the ACU is, the larger the no-split ratio is at the
same threshold, suggesting that if the ACU is larger, the CU
is more likely to be determined to involve a partition mode
with the same threshold. In order to express the correlation
between the Gm, QP, and ACU as an equation and insure
that the CU needs to split can be judged, we introduced the
average split ratio (SPa) and various SPa are used for testing
to get the best trade-off between BDBR and time saving.

SP (Gm, th) =

{
1, Gm ≥ th ∩ splitmode ∈ BT or TT split
0, else

(9)

SPn =
N∑
n=1

SP(Gm, th) (10)

SPa =
SPn

NUM sp
(11)

SPa is calculated by (9), (10), and (11), where the Gm
is the maximum magnitude of the gradient in the current
CU, splitmode is the current partition mode of the CU, th is
different value that wants to compare with Gm, NUM sp is the
total split number in the dataset, and N is the number of the
CU in the dataset. The composition of the dataset is the same
as previous.
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FIGURE 10. Distributions for different split ratio obtained with (a) QP22, (b) QP27, (c) QP32, and (d) QP37. The x- and y-axis
represent the LCU and threshold, respectively.

FIGURE 11. The surface for fixed split ratio. The red points are the ground
truth and the blue surface is predicted surface. (a) and (b) are the
pictures from different angles.

Fig. 10 shows the distributions for split ratio with distinct
QPs and LCU sizes, where LCU is calculated according to
(12). Because the differences in values among the various

ACU are excessively large and nonlinear, (12) is applied
to ACU . The trends of the distributions for different split
ratio are consistency; therefore, a polynomial can be used
to express the distributions for distinct SPa with different
coefficients. The threshold can be obtained quickly and
suitable for hardware implementation, so that we adopted
the linear polynomial to calculate the threshold. The optimal
linear polynomial is obtained by regression method, and it
is expressed as (13), where a, b, c and d are constants with
different SPa and TH skip is used to decide if the present
CU can be skipped or not. Fig. 11 and Fig. 12 illustrates
the correlation between the surface calculated in (13) and
points of the fixed SPa. The error between the points and the
surface is only slight, therefore, the accuracy of SPa can be
maintained by using TH skip. Fig. 13 shows the relationship
between the split ratio, BDBR, and time saving, tested
according to various video sequences. Notably, the optimal
balance between the BDBR and time saving is achieved when
the split ratio is set to 0.94.

LCU = log2(ACU ) (12)

TH skip = a× QP+ b× LCU + c× QP× LCU + d

(13)

Before the BT and TT split of the CU partition, the Gm is
obtained in the current CU and is used to assess whether the
current CU is homogeneous. As mentioned, the correlation
between the Gm, QPs, and LCU is calculated according
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FIGURE 12. The comparison of predict value with ground truth. (a) is
various QPs with the different size, where the size is calculated by (12).
(b) is various size with the different QPs. The solid line is ground truth
and the dashed line is predict values.

FIGURE 13. The relationship between BDBR, time saving and split ratio.

to (13). The skip condition of the block texture detection is
that if theGm is smaller than the threshold TH skip, the current
CU will skip the splitting modes of BTH, BTV, TTH, and
TTV. IfGm is greater than or equal to the threshold TH skip, the
current CU performs BTH and BTV. Overlapping coverage
detection is introduced and how to reduce the TT split is
explained in the following section.
2) Overlapping coverage detection: Park and Kang [23]

analyzed the MTT structure and discovered that the complex-
ity of TT partition is higher than that of BT partition. Our
proposed method uses the concepts of [23] to skip the TT
partition. Fig. 14 shows the overlapping area in the TT and
BT partitions. For example, the A section of the BT and TT

FIGURE 14. Overlapping area in the TT and BT partitions.

vertical partitions includes the pixels of the blue area, but the
A section of the TT horizontal partition contains only partial
pixels of the blue area. Therefore, the complexity of the TT
partition was reduced based on these features in overlapping
coverage detection. The cost of the QT, the BT horizontal,
and BT vertical partitions were recorded and compared to
determine the optimal partition mode. The following four
conditions apply to decisions on whether to skip the CU
partition, according the partition mode.

1) If the previous best mode is QT partition, the CU skips
the TT horizontal and TT vertical partitions.

2) If the previous best mode is BT vertical partition, the
CU skips the TT horizontal partition.

3) If the previous best mode is BT horizontal partition, the
CU skips the TT vertical partition.

4) If the cost of previous modes is equal, the CU will not
skip.

The previous prediction is also included; when the
prediction skips the BT and TT partition, this algorithm is
not executed.

C. GRADIENT-BASED INTRA MODE DECISION METHOD
The last subsection introduces the texture analysis–based
TT and BT partition decision strategy. In this section, the
original process of intra prediction is briefly described, and
then the proposed method is introduced. The intra prediction
of VVC is based on three steps [5], [6]. The first step is
Rough Mode Decision (RMD). For the 65 angular modes in
VVC, the sum of absolute transform difference (SATD) with
Hadamard transform and sum of absolute differences (SAD)
are performed to calculate their costs; then, top N with the
lowest cost modes is selected from the cost list. Equations
(14) and (15) express the cost calculation, CSATD and CSAD
are SATD and SAD, respectively,DSATD is the residual of the
SATD, DSAD is the residual of the SAD, λ is the Lagrange
multiplier, and Bitsm is the number of bits for the prediction
mode.

CSATD = DSATD + λ× Bitsm (14)

CSAD = DSAD + λ× Bitsm (15)

The second step is the most probable mode (MPM), which
merges the modes derived from neighboring CUs into the M
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FIGURE 15. Illustrations of correlation between gradient direction and
prediction direction.

RMD mode list and establishes the final candidate list. The
final step uses the final candidate list to perform RDO [7] and
select the optimal intra mode according to the minimal RD-
cost. Because the final step is the most time consuming, its
complexity is reduced by controlling the number of modes
in the final candidate list. The proposed algorithm for intra
mode prediction has two parts: texture direction detection and
MPM determination.

1) TEXTURE DIRECTION DETECTION
Before intra prediction, the main direction is calculated by
using the result of Gx and Gy

θ (i, j) = arctan(
Gy(i, j)
Gx(i, j)

) (16)

φ (i, j) =


θ (i, j)+ 90◦, θ (i, j) < 90◦

θ (i, j)− 90◦, θ (i, j) < 270◦

θ (i, j)− 270◦, θ (i, j) ≥ 270◦
(17)

in the block texture detection. The angular θ(i, j) of gradient
direction is calculated by (16) for all pixels in CU. i and
j represent the position of the current center pixel in a
row and in a column, respectively. After calculating all
angular gradient directions in the CU, gradient direction
is required to transform gradient direction into a predicted
direction because the gradient represents the direction that
is perpendicular to the direction of texture. The angular
difference between the gradient and predicted direction φ(i, j)
is 90◦, as depicted in Fig. 15. The relationship with gradient
and predicted direction is calculated according to (17).
Our proposed model maps the predicted direction φ(i, j)
into 65 intra modes intra modes and calculates each one’s
respective gradient G, and then investigates the maximum
gradient intra mode (modem).

The gradient of a modem being too small implies that the
current block is homogeneous; thus, we simply add the DC,
planar mode, and the modes of the horizontal and vertical
directions into our candidate subset, as indicated in (18). If the
block is not homogeneous, five modes are added from the left
and right side of the modem, DC mode, and planar mode into
the candidate list as shown in (18). Because the correlation
with the neighboring block is high, the intra mode of the
current CU may be equivalent to the optimal mode of the
neighboring CU. The intra modes of the neighboring CU are
also added into our method’s candidate list. The neighboring
CUs are the blocks at the top and to the left of the current
block, which are denoted as modet and model , respectively.

cand l =



DC_mode,
Planar_mode,
angularmode48,
angularmode49,
angularmode50,
angularmode51,
angularmode52,
angularmode20,
angularmode19,
angularmode18,
angularmode17,
angularmode16,



, if flatten

DC_mode,
Planar_mode,

((modem + 58)mod65)+ 2,
((modem + 59)mod65)+ 2,
((modem + 60)mod65)+ 2,
((modem + 61)mod65)+ 2,
((modem + 62)mod65)+ 2,

modem,
((modem − 1)mod65)+ 2,
(modemmod65)+ 2,

((modem + 1)mod65)+ 2,
((modem + 2)mod65)+ 2,
((modem + 3)mod65)+ 2,



, else

(18)

The following five cases were applied to construct the final
candidate list:

1) Both modet and model are angular modes, and modet
and model are not equal.

2) Both modet and model are angular modes, and modet
and model are equal.

3) The modet is an angular mode, and the model is not an
angular mode.

4) The model is an angular mode, and the modet is not an
angular mode.

5) Both modet and model are nonangular modes.
In case 1, modet and model along with their neighboring

modes are added to the final candidate list. Accordingly,
the final candidate list is as follows: cand l , left mode of
modet , modet , right mode of modet , left mode of model ,
model , and right mode of model . In case 2, modet and its
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neighboring modes are added to the final candidate list. The
final candidate list is as follows: cand l , left mode of modet ,
modet , and right mode of modet . In case 3, modet and its
neighboring modes are added to the final candidate list.
Because model is a DC or planar mode, these modes have
been in cand l ; hence, adding them to the final candidate list
is unnecessary. The final candidate list is as follows: cand l ,
left mode of modet , modet , and right mode of modet . In case
4, model and its neighboring modes are added into the final
candidate list. Because modet is a DC or planar mode, these
modes have been in cand l ; hence, adding them to the final
candidate list is unnecessary. The final candidate list is as
follows: cand l , left mode of model , model , and right mode
of model . In case 5, adding modet and model to the final
candidate list is unnecessary because they are not angular
modes.

2) MPM DETERMINATION
Jamali et al. [26] proposed a method for ordering candidate
modes according to SATD cost. According to the SATD cost,
Jamali et al. [26] classified candidate modes into the two
classes of weak contenders with higher costs and powerful
contenders with lower costs. The mode with the lowest
SATD is one of the most relevant modes and is highly likely
to represent the optimal intra mode for the current CU.
Therefore, our proposed model uses this feature to store the
SATD cost in relation to the final candidate list and retrieved
the top three lowest-cost modes from the cost list, which are
denoted as modea, modeb and modec. However, if the cost of
modea, modeb and modec are equal, we can assume that the
DC mode or planar mode is more suitable for the current CU.
Therefore, if modea, modeb and modec have the same SATD
costs, the angular modes in the candidate list are removed
(except DC and planar modes). The flow of the algorithm
for fast intra mode prediction is depicted in Fig. 16. The
modes that execute the first round of SATD calculations are
reduced by at most 19 compared with the original 67 modes.
Because the neighboring modes of the original 35 modes
are added in the first round of SATD, the second round
of SATD calculation is no longer required. A maximum of
three modes enter the remaining intra prediction. Thereby,
the encoding complexity can be reduced. We implemented
the aforementioned two algorithms in the VTM 2.0, VTM
4.0 and VTM 11.0. The experimental results are explained
in the next section.

IV. EXPERIMENTAL RESULTS
We evaluated our proposed method by using VVC test
software and compared the results with those of several
related works to validate the efficiency of the proposed
algorithm. First, the time-saving and BDBR performance was
calculated for each algorithm. Then, the proposed algorithm
was implemented in VTM 2.0, VTM 4.0 and VTM 11.0 to
evaluate its overall performance and compare VTM 2.0 and
VTM 4.0 with the same version employed in several related

FIGURE 16. Algorithm flow for fast intra mode prediction.

works to validate the efficiency of our proposed method,
respectively.

A. EXPERIMENTAL ENVIRONMENT AND CONDITIONS
We used the recently released version of the VVC test
software to evaluate the algorithms. All the tests were
performed under the all-intra configuration and common test
conditions [27]. A total of 28 video sequences from class
A1 to class F were used to evaluate our algorithm in terms
of BDBR [6] and time saving. Time saving was determined
according to (19), where QPS represents the QP set {22, 27,
32, 37}, Tori is the total encoding time of the VTM encoder
and Tmod is the total encoding time of the VTM encoder
with the algorithms. BDBR was determined according to
YUV-PSNR and bitrate. The testing machine included an
Intel Core i7-8700 CPU 3.20 GHz running Windows 10
(64 bit).

TS =
1
4

∑
q∈QPS

Tori (q)− Tmod (q)
Tori (q)

× 100 (19)

B. EXPERIMENTAL RESULTS OF THE PROPOSED METHOD
To evaluate the performance of each individual method,
we used a part of the test sequences with 100 frames. The
results are summarized in Table 1, where TBPSTA is TT
and BT partition strategy based on texture analysis, GIMD
is Gradient-based intra mode decision method and TS is
time saving. Notably, TBPSTA reduced the complexity of
the encoding process by approximately 45.30% on average,
with a slight BDBR increase. The maximum and minimum
time-saving gains were 49.94% and 42.87% on FoodMarket4
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TABLE 1. The coding performance of the proposed individual method compared with VTM 4.0.

TABLE 2. The coding performance of the proposed overall method compared with anchor method and previous works by VTM 4.0.

and Cactus, respectively; the gains in relation to time saving
and BDBR were consistent and unaffected by variations in
the resolution or content. This suggests that the proposed
method can efficiently skip redundant splits in QTMT
partition structures. The results also reveal that GIMD
can reduce encoding time by approximately 17.30% and

negligibly reduce BDBR. This demonstrates that GIMD can
efficiently reduce the number of modes required for the RDO
process with an average BDBR increase of only 0.19%.
Table 1 shows that the proposed strategies are efficient,
consistently reduce complexity with various QPs, and possess
good generalizability.
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TABLE 3. The coding performance of the proposed overall method compared with anchor method and previous works by VTM 2.0.

The Table 2 and Table 3 provides the results of the
proposed algorithm compared with the latest fast methods.
We compared the proposed overall scheme with the latest fast
methods of H.266/VVC, including those of Chen et al. [19],
Zhang et al. [20] and Park and Kang [23] by using VTM
4.0 and the other latest fast methods of H.266/VVC, including
those of Yang et al. [4], Fu et al. [28], Chen et al. [29]
and Li et al. [24] by using VTM 2.0. These methods were
efficient, fast, and typical of VVC encoder methods. The
methods of Yang et al. [4], Chen et al. [19], Zhang et al. [20],
Park and Kang [23], Fu et al. [28], Chen et al. [29] and
Li et al. [24] were compared by using the same version
of the VVC test software. The Table 2 reveals that our
proposedmethod can reduce encoding time by approximately
49.49%, with a BDBR increase of only 0.56%. Our method’s
BDBR increase was almost negligible, and its encoding
time was half that of the VTM 4.0. The increment of the
bitrate and the decrement of the YUV Peak signal-to-noise
ratio (YUV-PSNR) between the VTM 4.0 and our proposed
method are only 0.15% and 0.03%, respectively. Among
the five methods, the BDBR of the proposed method was
the lowest because the accuracy of split ratio was 94%.

This means that the proposed method could ensure the
greatest number of CUs (that required splitting) were not
wrongly skipped, and this is reflected in the BDBR. The
time savings registered by the algorithms of Chen et al. [19],
Zhang et al. [20], as well as our proposed method were
similar, but the BDBR of the proposedmethodwas lower than
that of the algorithms of Chen et al. [19] and Zhang et al. [20].
Table 2 indicates that the average BDBR of the proposed
method, [19], [20] and [23] increased by 0.56%, 1.57%,
0.93% and 1.02%, respectively. Compared with the proposed
method, the average BDBR of [19], [20] and [23] methods
were greater by 1.01%, 0.37% and 0.46%, respectively.
Furthermore, the time saving of the proposed overall method
was superior to that of [23] methods and close to that of [19]
and [20]. Table 2 shows that the time saving of the [4] and
[23] methods was greater than that of the proposed method
by 12.75%, 16.07%, respectively. To further investigate the
coding performance of the proposed approach on different
VTM, the proposed method is also implemented to VTM
11.0 and evaluated it by test sequences. Table 3 indicates the
proposed method achieves 48.5% encoding time saving on
average with 0.59% BDBR increase on average.
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FIGURE 17. CU partition results of various algorithms. (a) Partition of BasketballPass by using VTM 11.0. (b) Partition of BasketballPass by using
our method.

TABLE 4. The coding performance of the proposed overall method in
VTM 11.0.

Table 3 shows the average BDBR values of Yang et al. [4],
Fu et al. [28], Chen et al. [29] and Li et al. [24] increased by
1.56%, 0.38%, 1.54% and 1.36%, respectively. Meanwhile,
their time saving are 52.6%, 28.8%, 51.0% and 46.2% for all
video sequences, respectively. Compared with Yang et al. [4],
Chen et al. [29] and Li et al. [24], our proposed method
achieves similar time saving on average but the BDBR of our

method was lower than these works. Table 4 lists the results
of this VTM 11.0 implementation; the average BDBR of the
proposed method was 0.44%, and the average time saving of
the proposed method was 42.47%. Because VTM 11.0 has
added some techniques for skipping redundant partitions
and intra mode prediction, the time saving capability in
VTM 11.0 is less than that in VTM 4.0 and VTM 2.0.
Table 2, Table 3 and Table 4 demonstrate that the proposed
method is efficient and offers consistent complexity reduction
with various test sequences as well as good generalizability.
Fig. 17 illustrates the splitting result of the default algorithm
in VTM 11.0 and the proposed method with the QP set to 37.
The CU partition is skipped if the block is flat, and the split
is close to the textures if the block is complex.

V. CONCLUSION
In this paper, a texture analysis–based TT and BT partition
strategy and Gradient-based Intra Made Decision method
are proposed to reduce the redundant and time-consuming
processing in CU partitioning and intra prediction, respec-
tively. These techniques are based on texture features, and
we used these features to build the regression function to
reduce the redundant processes both in CU partition and intra
prediction efficiently. Compared with fixed threshold, the
proposed methods can be more flexible for various texture
and various QP. The experimental results revealed that the
proposed method can save 49.49%, 48.5% in encoding time
and only increased the BDBR by 0.56%, 0.59% compared
with the VTM 4.0 and VTM 2.0, respectively. Additionally,
in VTM 11.0, the time saving of the proposed method was
42.47% with a BDBR increase of 0.44%. Regardless of the
VTM version used, the proposed method delivered favorable
results and outperformed several well-known fast methods.
In summary, our proposed method achieves high efficiency
encoding, which implies that it achieves more consistent
encoding time saving for all test sequences with slight BDBR
increased in various version.
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