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Abstract— There has been a consensus regarding the intra
prediction technique in video coding that the spatial redundancy
can be efficiently removed by the locally accessible reference
samples with certain projections and interpolations. In this paper,
we revisit the short and long range correlations of the image
content in the context of video coding, and it is interesting to
find that the natural scene videos exhibit substantially different
characteristics from screen content videos. This motivates us to
redesign the intra mode coding method based on both short and
long range correlations, as the existing approaches based on local
content correlations cannot always effectively capture the most
probable mode. One key feature of the proposed method is that it
achieves unified content adaptive coding and is applicable across
different video content. Experimental results on the versatile
video coding (VVC) platform VTM-3.0 show the effectiveness
of the proposed approach, leading to 3.73% bit rate savings for
screen content videos and 0.10% bit rate savings for natural
scene videos under all intra configuration.
Index Terms— Intra coding, versatile video coding, intra mode.

I. I NTRODUCTION

T

HE remarkable popularity of video oriented applications
and the tremendous growth of video data present new
challenges to video compression. The next generation Versatile
Video Coding (VVC) [1] standard developed by Joint Video
Exploration Team (JVET) has adopted a series of advanced
coding tools in an effort to improve the coding efficiency [2].
In particular, the flexibility of the coding structure is significantly enhanced with quad-tree nested binary tree and ternary
tree partitions [3]. In addition, advanced intra and inter coding
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tools are studied to efficiently remove the redundancy for a
wide variety of video content, such as affine motion inter
prediction [4], adaptive motion vector resolution, 67 intra
modes [5] with wide angles mode extension [6] and position
dependent intra prediction combination [7].
Intra prediction is an effective coding tool that takes
advantage of the spatial correlations to remove the redundancies existing in a single frame. A considerable number of
intra prediction techniques have been developed progressively
in video coding standards including H.264/AVC [8], High
Efficiency Video Coding (HEVC) [9], Audio Video Coding
Standard (AVS) [10] and the ongoing VVC [1]. With intra
prediction, the energy of current coding unit (CU) can be
reduced by exploiting the correlations with the reconstructed
neighboring samples. The residual block, which signals the
differences between the original block and the predicted block,
is transformed, quantized and entropy coded.
Intra prediction has been a long-standing problem. A common theme is to prepare more modes for selection as candidates. As such, the philosophy of intra modes expanding,
which employs more fine granularity angles in prediction
[5], [9], has been adopted in the development of HEVC
and VVC. Moreover, modifying the reference samples in an
effort to make them more appropriate for the prediction is
also an effective approach to promote the prediction accuracy.
In [11]–[13], the intra reference sample interpolation filter was
proposed for directional modes. In [14]–[16], short distance
intra coding scheme was studied that shortens the distances
between reference samples and predicted samples by splitting
a CU into non-square units or lines. In addition, the set of
neighboring reconstructed samples can also be greatly enlarged
with the multi-reference line scheme [17], leading to more
informative references for the prediction of the CU. Furthermore, to improve the prediction inaccuracy of conventional
intra prediction scheme, Zhu et al. [18] utilized the generative
adversarial network to achieve intelligent intra prediction.
The core element in intra coding is the design of intra
modes. In H.264/AVC, nine intra prediction modes are supported including the Direct Current (DC) mode and eight angular modes. In particular, DC well adapts to the homogeneous
content and angular modes are capable of accommodating the
texture directions. The intra prediction in HEVC expands the
number of modes to 35, including DC, Planar and 33 angular
modes. The angular modes bring high-fidelity predictions to
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Fig. 1.

Illustration of intra prediction modes in VVC [1].
Fig. 2. Illustration of the neighboring blocks used for constructing the MPM
list [19], [21].

the content with directional edges, and DC and Planar modes
provide predictions for the areas with smooth and gradually
changing content. In VVC, the number of intra prediction
modes is increased to 67 [5], as shown in Fig. 1. Such finegrained scheme is capable of capturing the arbitrary edge
directions. The ultimate intra prediction mode is selected in
the sense of rate distortion optimization (RDO), and the mode
index is also signaled to decoder.
The number of intra coding modes increases at the expenses
of increased mode signalling cost. As such, the coding bits of
one CU are composed of the prediction residuals and the mode
signalling,
Rt ot al = Rresi + Rmode ,

(1)

where Rresi is the coding bits for residuals, and relies on
not only the selected modes, but also the reference samples.
The Rmode , which denotes the number of bits for signalling
the coding mode, largely depends on the signalling strategy. In principle, if the preferable intra prediction mode
can be predicted, the bits consumed for representing the
selected mode index can be economized, leading to better
compression performance. The most probable mode (MPM)
concept was introduced for intra mode coding in H.264/AVC,
which indicates a mode with larger probability to be chosen.
In HEVC, instead of a single MPM, three MPMs are derived
to predict the intra modes for a luma prediction unit (PU).
As such, the strategy of intra mode coding can switch between
signalling the index in the MPM list and the fixed-length
binarization of the mode index. Moreover, the neighboring
coding blocks tend to behave similarly in terms of the coding
modes, such that the MPM list is generally constructed with
the intra modes of the left and above neighboring blocks or the
neutral DC/Planar modes. In VVC, to accommodate the denser
angular intra prediction modes, investigations were carried
out to increase MPM candidates to six and the remaining
modes are coded with Truncated Binary Code (TBC) [19].
In particular, three MPMs are derived with the same strategy
as in HEVC, and others are yielded by employing the closely
neighboring angular modes (i.e. −1 or +1 or +2) [2]. In [20]
and [21], improved MPMs solutions were provided where
additional neighboring blocks prediction modes are involved,
such as the below left, above right and above left blocks. The
locations of neighboring blocks are shown in Fig. 2. In [22],

neural network is adopted to better estimate the distributions
regarding the 35 intra prediction modes for HEVC. Moreover, Reuze et al. [23] investigated the intra coding method
by employing the available contextual information, leading
to 0.09% BD-Rate savings in the Joint Exploration Model
(JEM) [24].
Despite the widespread deployment of intra prediction in
video coding standards, our understanding of the mechanism
regarding intra prediction in a statistically-sound way is still
limited. The design philosophy of intra prediction is based
on the assumption that there exist strong correlations between
neighboring pixels or blocks. However, this could be problematic for several reasons and the long-range correlations have
been largely ignored. First, the videos could be created with
a variety of means, and the video content could be highly
diverse. The correlations are usually characterized based on
the content. Second, the abundant long-range correlations
have been well recognized and utilized for representation,
restoration, enhancement and error concealment, but not fully
studied in video coding. Third, the screen content videos
exhibit statistically different from natural scene videos, and
the intra block copy (IBC) technique which is highly efficient
for screen content videos has been adopted in HEVC-SCC
extension [25] and VVC [26]. As such, how to strike a right
balance between short and long range correlations in intra
coding is of great interest and could be content dependent.
In this paper, we aim to further develop the principle behind
intra prediction towards an efficient and practical methodology for mode coding. We start from the study of statistics
regarding pixel-level correlations existing for different kinds of
videos including natural scene and screen content videos. The
observations regarding the short and long range correlations
motivate us to further improve the intra coding performance
by thoroughly understanding the mode distribution and theoretically designing the mode coding approach. The proposed method is unified designed for different video content,
and implemented on VVC reference software VTM-3.0 [27].
Experimental results exhibit that the proposed scheme achieves
significant improvements over traditional techniques for screen
content videos. Meanwhile, slight improvements of coding
performance can be achieved for natural scene videos, leading
to a unified scheme that is applicable across content types.

Authorized licensed use limited to: Peking University. Downloaded on December 22,2020 at 05:17:49 UTC from IEEE Xplore. Restrictions apply.

LI et al.: UNIFIED INTRA MODE CODING BASED ON SHORT AND LONG RANGE CORRELATIONS

7247

II. S TATISTICS , A NALYSES AND M OTIVATIONS
The redundancy removal is the key to the success of intra
coding, and some interesting attempts were explored recently.
It was presented that the bottom-right samples tend to have
inferior prediction accuracy since weak correlations with the
reference samples were observed [13]. To address this issue,
boundary filters were proposed based on the generalized
Gaussian distribution. In addition, inaccurate projection and
interpolation also lead to the predicting error. In view of
this, bi-directional prediction [28] that combines two intra
modes was studied to further promote the projection accuracy.
Chen et al. [29] proposed nearest-neighbor interpolation to
better preserve the sharp edges for screen content videos.
Moreover, it is difficult to achieve precise predictions for those
complicated local textures since not all of the regions contain
the directional and smoothly changing contents. As such, mode
dependent transform method [30], [31] was investigated to
decorrelate the residual distributions. However, these previous
approaches still focus on improving the intra coding performance in the context of exploiting the local correlations.
To explore the principle behind intra prediction, in this section,
the correlations of the pixel and block levels under certain
texture characteristics are comprehensively studied. The analyses deliberately cover a variety of video content, including
both natural scene and screen content videos, motivating us to
design a new and unified intra mode coding scheme.

Fig. 3. Illustration of the correlations for different video content, including
natural scene (first row) and screen content videos (second row).

Herein, Ix,y is the pixel value locating at position (x, y) where
x and y are the coordinates corresponding to the horizontal
and vertical directions. x and y represent the offsets along
x and y directions, which are within the range of [0, W − 1]
and [0, H − 1], respectively. W and H denote the width and
height of an image. As such, x and x  are within the range of
[0, W − 1], and analogously, y and y  are within [0, H − 1].
S is the total number of befitting samples. Moreover, X and
Y specify the upper limits of x and y when calculating
ρ(x, y).
In Fig. 3, the ρ(x, y) distributions in terms of different
offsets for several video sequences are depicted. In particular,
the lower the absolute value of ρ(x, y) is, the weaker
the correlation of the pixels. It can be seen that with the
increasing of x and y, the ρ(x, y) becomes smaller
and the correlations become weaker. On the contrary, for
smaller x and y, stronger correlations can be observed.
Besides, the correlation model ρ(x, y) of screen content
videos exhibits substantially different from that in natural
scene videos. More specifically, an interesting phenomenon
lies in that the correlation decreases more sharply in screen
content videos than that in natural scene videos with smaller
offsets, implying that natural scene videos reveal better local
similarities than screen content videos at the pixel level.
Moreover, the fluctuations in screen content videos imply that
high correlations still exist in a long-range.

A. Spatial Correlations
Early in the 1970s, the correlations at the pixel level in a
picture were studied based on the assumption that the pixel
values follow a Gaussian distribution with zero mean and a
constant variance. The pixel values were modeled based on
the hypothesis-driven research, and the correlation model [32]
can be expressed as follows,
R(x, y) = e−υ|x|−ψ|y| ,

(2)

where x and y denote the position offset along the horizontal and vertical directions within an image, respectively.
This function can be employed to represent the directional
correlation by selecting different values for υ and ψ.
However, large resolution images and videos contain more
sophisticated details. As such, we adopt the Pearson Correlation Coefficient ρ(x, y) in the analyses, which is given
by (3), as shown at the bottom of this page, where
x  = x + x and y  = y + y,
S = (W − x)(H − y),

(4)
(5)

X = W − x − 1 and Y = H − y − 1.

(6)
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Y 

x=0 y=0

Subsequently, the block-level similarities are further investigated based on signal-level difference in terms of mean
square error (MSE). In particular, the MSE between the current
block B and its neighboring blocks B̂ is calculated. More
specifically, the size of B is set to 8 × 8, and the neighboring
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Fig. 4. Illustration of the probability distribution in terms of MSE. The
percentages of blocks with zero MSE are 74%, 60%, and 35% for the Console,
Desktop and ChineseEditing, respectively. The x-axis is bounded with 4, and
the y-axis is bounded with 10% for better visualization.

Fig. 5.

blocks could be found in the given range. The threshold is set
to 1.2 empirically. Apparently, the average MSE monotonically
decreases with the search range for natural scene videos as
well as screen content videos. Moreover, the descending rate of
screen content videos is much higher than that of natural scene
videos, due to the fact that with the increase of search range
it is more feasible for blocks in screen content videos to seek
more similar blocks, due to the strong non-local similarity.

blocks are obtained by exhaustively searching within a
40 × 40 window. It is worth mentioning that the overlapping
blocks with the current 8 × 8 block are not considered, and
the k-nearest neighbors algorithm (k-NN) [33] is employed for
obtaining the k most similar blocks. Here, k is set to 8 and
the search step size is set to 1. The distributions for different
sequences are illustrated in Fig. 4. For natural scene videos,
the majority of neighboring blocks which are similar to the
current block have a relatively smaller MSE value lying within
the range between 0.3 and 0.5. By contrast, the distributions of
screen content videos are dramatically different, as a high peak
at zero is observed. Such distribution divergence is originated
from the acquisition process of videos, as it is difficult to
obtain a perfectly matching pairs in natural scene videos due
to the existence of sensor noises.
Furthermore, the substantially different block level similarities between screen content and natural scene videos inspire us
to further investigate the block-level similarities by enlarging
the searching range. Again, the size of the to-be-searched
block is still maintained as 8 × 8, and the size of searching
windows varies, including 24 × 24, 32 × 32, 40 × 40,
72 × 72, 136 × 136. For each 8 × 8 block of interest, within
the specified window only the searched block with the minimal
MSE is taken into consideration. Subsequently, the minimum
MSE value of individual center block is recorded and averaged
within the sequence scope, as shown in Fig. 5. It should be
noted that the center blocks are excluded from statistics if the
associated minimum MSE is still larger than a threshold within
the 136 × 136 searching window, indicating that no similar
w−1
 h−1
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x=0 y=0
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C. Intra Prediction Modes and Local Textures
In this subsection, we further investigate the relationship
between intra prediction mode and local texture, revealing the
fact that the texture characteristics have significant impact on
the coding mode. Again, since video coding operates at the
block-level, given the current block B and its neighboring
block B̂, the correlation between them can be defined as
follows (7), shown at the bottom of this page, where the block
width w and height h are set as 8. The indices (x, y) represent the pixel coordinates within the current and neighboring
blocks. Moreover, block coordinates in the image regarding to
B and B̂ are denoted as (b x , b y ) and (b̂x , b̂ y ) where
b̂ x = bx + x and b̂ y = b y + y.
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Herein, x and y denote the block offset regarding to B
and B̂, which are limited within the range of [−8, 8]. Block
B and B̂ shall be completely included in the image. As such,
ρ̂(B, B̂) characterizes the correlations between the current and
neighbouring blocks.
Subsequently, we examine the local texture [34] based on
65 angular intra prediction modes (from Mode 2 to Mode
66 in Fig. 1) in VVC for better quantifying the relationship
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Illustration of the MSE with multiple sizes of searching windows.
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Fig. 6. Illustration of the relationship between the mode index of the current block and the average mode index of the neighboring blocks. (a) Cactus;
(b) Console; (c) BasketballDrive; (d) Desktop; (e) BQTerrace; (f) ChineseEditing.

between spatial correlations and intra prediction. In particular, these intra modes corresponding to different projection
directions are traversed, and conventional angular prediction
is conducted for each 8 × 8 luminance block. Top 16, left
16, as well as the top-left 1 reference samples are employed
for generating the prediction block. The optimal mode t0 for
the current block can be determined by the direction with the
minimum MSE between the current block and the prediction
block.
Hence, the local texture characteristics can be feasibly
investigated based on the block correlations. Given a block of
interest, assume that the mode index of i -th neighboring block
is ti , and we calculate the expectation regarding the modes of
neighboring blocks, which is given by,
N
ti
E(t) = i=1 , N > 0,
(9)
N
where N is the total number of neighboring blocks that satisfy
the lower bound of the constraint regarding block correlations
ρ̂. The lower bounds of ρ̂ are set as 0.8, 0.9 and 0.96. We show
the relationship between t0 and the corresponding E(t) of the
neighboring blocks under different thresholds on ρ̂ in Fig. 6.
It can be observed that when increasing the lower bounds of
the block correlation coefficient, t0 and E(t) become more
consistent on both natural scene video and screen content
video, which provides useful evidence that higher correlated
blocks tend to share very similar intra prediction mode.The
percentages of counted blocks are provided in Table I. With
the increasing of the lower bounds regarding the ρ̂, it is
not surprising to see that the number of satisfied blocks
decreases for natural scene videos and slightly drops for
screen content videos. For these six sequences, the number

TABLE I
T HE P ERCENTAGE OF B LOCKS S ATISFYING THE C ONSTRAINT OF B LOCK
C ORRELATION

of qualified blocks under the constraint of ρ̂ > 0.96 is around
4.45 × 107 on average within each frame in our experiment.
Therefore, as sufficiently large number of blocks are taken
into consideration in a frame, abundant blocks for statistical
analyses can be obtained.
To further illustrate the observation that blocks with similar
local textures are prone to choose the same intra prediction
mode on screen content, the intra mode distributions of the
first frame in “Console” are shown in Fig. 7. We observe
that the horizontal mode and vertical mode play the dominant
roles. In addition, regions with texts or irregular oriented lines
are predicted with manifold directions. We select a text area
from Fig. 7, and present the associated partitioning and intra
prediction modes in Fig. 8 (b). This confirms our previous
analysis that highly similar blocks tend to occupy the identical
intra modes. Moreover, the blocks that share the same mode
are not always adjacent, which corresponds to the presence of
the long-term correlations at the mode level.
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Fig. 7. Illustration of intra prediction modes distribution on one frame in Console. In particular, red and yellow denote the Planar and DC modes, respectively.
The dark green and dark blue represent Mode 18 (horizontal) and Mode 50 (vertical). The pink, pale green and cyan denote the Mode 2 (left-down), Mode
34 (left-top) and Mode 66 (top-right), respectively. For better visualization, the remaining angular modes are depicted with the white bounds. (a) The first
frame of Console. (b) The corresponding intra modes distribution.

Fig. 8. Illustration of the intra modes of a typical region. (a) The cropped region; (b) The distribution of intra modes of this region; (c) Blocks predicted
with Mode 66; (d) Blocks predicted with Mode 34; (e) Blocks predicted with the Planar Mode.

III. C ONDITIONAL R ANDOM F IELDS BASED U NIFIED
I NTRA M ODE C ODING
The statistical analyses of natural scene and screen content
videos motivate us to revisit the intra coding scheme. In particular, the long range correlations at the signal and mode
levels could further facilitate the performance improvement
in intra coding. For example, the IBC [25] is an efficient
coding tool that takes advantage of the block similarities
in the long range. In addition, template matching prediction (TMP) was studied in [35], [36], which seeks non-local
similar blocks for redundancy removal. However, TMP only
considers the long-term correlations in signal level prediction
while the correlations in terms of the mode level for efficient
mode coding have been largely ignored. Moreover, during the
standardization of VVC, block vector (BV) can be signaled
in IBC skip/merge mode wherein the principle of historybased motion vector prediction (HMVP) [37] is exploited to
construct merge candidate list. Such long-range mode level
information is beneficial to promote the BV coding efficiency.
In this section, we take advantage of both the short and
long range correlations, especially the mode level similarities,
to design a unified intra mode coding scheme. In particular,
the MPM list is constructed with the philosophy of both long
range and short range correlations, corresponding to the global
sublist and local sublist, which lead to the final MPM list
formed with the conditional random field (CRF) [38].
A. MPM in VVC
The length of MPM list is extended to six in VVC [1].
Other 61 intra modes are coded with TBC [19]. The generation
process of MPM list starts from the initialization with default
modes, including the mode of left neighboring block, Planar
or DC mode, Mode 50 (vertical), Mode 18 (horizontal), Mode
46 (vertical mode index minus 4) and Mode 54 (vertical mode
index plus 4). Subsequently, the MPM list is updated by

applying the redundancy removal with the modes of above
and left neighboring blocks. In particular, if the neighboring
two modes are identical and meanwhile larger than the mode
index of DC, the first three default MPM modes are reserved
and another three modes are derived by adding predefined
offset values to the neighboring mode index with modular
operation. If the intra modes of the neighboring blocks are
different, they will be first considered as MPM candidates,
and the remaining four modes can be derived with the default
modes. Duplication checking is conducted when constructing
the MPM list, such that only unique modes are included in
the MPM. Therefore, the conventional MPM list construction
is based on the default, neighboring or derived intra modes,
which suffers from the following limitations. First, the default
MPM list is composed with constant modes for different
content, which is quite inflexible. Second, intra modes of
neighboring blocks generally play dominant roles in the MPM
list construction. However, neighboring modes may not always
be the ones with highest possibility, and non-local modes may
be helpful for predicting the intra mode due to the existence
of long-term similarities. Moreover, the derived modes are
generated by the modes of neighboring blocks with predefined
offsets. Such inefficient speculation mechanism introduces
inoperative MPM candidates, leading to further improvement
room of the coding performance.
The MPM list construction is an inference problem in
general, based on the available information of the previously
decoded blocks to infer several probable intra modes. According to our analysis of the short and long range correlations,
the local and global sublists are constructed respectively.
Subsequently, the MPM list is dynamically built up with the
combination of the modes in the two lists. To efficiently infer
the most possible modes from two lists, we adopt the CRF
that is capable of consecutively predicting the possibility in
line with current features, as well as previous states. As such,
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Illustration of the average block correlations under certain local indices. (a) Cactus; (b) Console.

Illustration of the working flow of global sublist construction.

the proposed mode coding scheme is unified designed for both
natural scene and screen content videos.
B. Local and Global Sublists Construction
Herein, the probable intra modes are categorized into two
sublists based on the short and long range correlation characteristics, leading to the local sublist and global sublist. As such,
specific mode priorities in these two lists are initialized and
updated following the predefined principles. Consequently,
the MPM list is reconstructed with the combination of two
sublists according to the CRF model.
1) Local Sublist: Local sublist C L is constructed based
on the general hypothesis of local similarities. For better
constructing this list, we additionally investigate the block
correlations between current and neighboring blocks under

certain mode index to explore the principles behind the local
similarities. In particular, ρ̂(B, B̂) can be derived with respect
to different position offset (x, y) as Eqn. (7) where the size
of the current and neighboring blocks is still set as 8 × 8.
Moreover, the offset between B and B̂ is limited within
the range of [−8, 8] to preserve local characteristics. The
mesh of the averaged block correlation under different mode
indices is shown in Fig. 9. For better illustration, only
nine modes are presented. We can observe that conspicuous ridges of correlations along the mode directions are
both in natural scene and screen content videos, implying
that blocks locating along the texture directions have much
stronger correlations. In addition, the continuities of the local
textures also serve as the useful guidance for organizing
the local list. As such, we include Planar, DC, the intra
modes of left and above neighboring blocks {Mle f t , Mabove }
into local sublist, where the neighboring prediction modes
are capable of providing directional information, and Planar
and DC modes are specialized in predicting homogeneous
textures.
The order of the modes in C L signifies the priority in terms
of the probability of being the current intra mode. The default
mode order in C L is {Mle f t , Mabove , Planar, DC}. For the
case that above or left block is not available, such as the CTU
or slice boundaries, −1 is used to replace the absent mode
index.
2) Global Sublist: Global sublist C G records the frequently
utilized modes with the consideration of long-range correlations. In particular, the blocks in non-adjacent regions
could still share the same modes with the current block,
which motivates us to construct the list to exploit the longrange correlations. To efficiently construct the global sublist,
we elaborately employ a frequency table which records the
occurrences of different intra modes. As such, the length of the
frequency table is 67. Here, the frequency table is maintained
at the CTU level as CTU is an independent coding unit in
practice. As such, the frequency table is reset and initialized
with the default data for every new CTU. The top intra modes
with higher accumulated frequencies are finally admitted in
the global sublist.
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Fig. 11. Illustration of intra mode distributions. (a) Mode distributions of natural scene videos; (b) Statistics of mode distributions of natural scene videos by
averaging three sequences in (a); (c) Mode distributions of screen content videos; (d) Statistics of mode distributions of screen content videos by averaging
three sequences in (c).

The working flow of the global sublist construction is
presented in Fig. 10. The initialization of the frequency table
is crucial as it cannot work properly in inferring the explicit
priorities when statistical samples are insufficient. As such,
off-line statistical experiments are conducted, and the average
of utilized modes are shown in Fig. 11. Again, it is interesting to observe that natural scene and screen content videos
show distinct characteristics regarding the preferable prediction modes. These results demonstrate that the initialization
of the frequency table highly depends on the content, and
in order to achieve unified intra mode coding, we propose
to differentiate screen scene and natural content slices. More
specifically, the pre-processing is applied to generate the hash
value for each 4 × 4 block at the encoder side in the current
picture reference (CPR) mode, and the checking regarding
whether there is another 4 × 4 block that has identical hash
value is performed. When an identical block is detected,
such block is considered as a screen content block. If the
percentage of screen content blocks is higher than a given
threshold (e.g., 30%) within a slice, the slice is logically
regarded as a screen content slice. The flag in sequence
parameter set (SPS) defined in VVC signals the indicator of
screen content slice. Consequently, the frequency table can be
initialized with appropriate set according to the slice content
and offline statistics, as illustrated in Fig. 10.
The frequency table is updated at the CU level after the
current CU is coded, as illustrated in Fig. 12. In particular,
the associated frequency with current intra mode is adjusted
as follows,
Fn+1 (Mi ) = Fn (Mi ) + δ,

(10)

where δ is a predefined factor, and is set to be 1 for the mode
of the current CU. Otherwise, it is set to be zero. n is the index
of the updating. Fn (Mi ) denotes the original value of mode Mi
in the frequency table and Fn+1 (Mi ) represents the updated
frequency of mode Mi . After the mode updating, the table is
reordered according to the updated modes frequency with the

Fig. 12.

Illustration of frequency table updating with intra modes.

descending order. To avoid floating point operations, in real
implementation, the initial frequencies associated to different
intra modes vary within the range of [0, 66]. Meanwhile,
the update factor is scaled as (δ  7). In this way, the intra
modes in the frequency table can be effectively discriminated.
C. Final MPM List Construction
Regarding the merge of global and local sublists in an
effort to form the final MPM list, we propose to employ
CRF [38] to uniformly model the priority of intra modes.
CRF is a discriminating model which builds up the conditional
distribution with an undirected graph structure. Given the
feature vector x, if y complies with the Markov random field
conditioned on x, then (y, x) can be regarded as CRF.
The CRF model is used for organizing the modes of local
or global properties, with the aim of reconstructing a more
efficient MPM list, as illustrated in Fig. 15. The problem can
be formulated as follows. For the i -th CU in a CTU, given
the features observed from the current CU which form the
feature vector x, as well as the labels of previous encoded CUs
which indicate whether the coding mode is within the global or
local sublist, we aim to infer the target label yi . In particular,
yi ∈ {1, 0} implies whether the best mode of the i -th CU is
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Fig. 13. The proportions of blocks that are coded with global and local sublist modes, where S denotes the block area. (a) Natural scene videos; (b) Screen
content videos.

within the global sublist or local sublist. To investigate the
features that may influence yi , we conduct an experiment to
collect the statistics, and the results are shown in Fig. 13,
which exhibit that the video content as well as block size could
play important roles in determining yi . In particular, more than
55% of the CUs with variant sizes eventually select the best
intra mode from local sublist (yi = 0) for natural scene videos.
However, regarding screen content videos, the proportions of
yi = 1 is over 60%, which implies that modes in the global
sublist are prone to be chosen. Moreover, the size of the CUs
from screen content videos also affects the final choice, and
the reason is that blocks of larger sizes prefer global sublist
due to weaker local similarities. Therefore, the feature vector
of i -th CU is set as {Si , i }T , where i ∈ {0, 1} indicates
whether the current CU is in a natural scene slice or a screen
content slice and Si denotes the CU area.
According to Hammersley-Clifford theorem, the posterior
distribution of y is formulated by pairwise forming with the
unary potential Ui and interaction potential Ii j as follows,
P(y|x)
=

1
Z (x)

⎛
⎞


exp ⎝
αi Ui (yi |x) +
βi j Ii j (yi |x, y j )⎠ ,
i∈O

i∈O j ∈Ni

(11)
where Z (x) is a normalization factor that can be neglected
during the discriminating procedure. The parameters αi and
βi j are parameters for adjusting the weights between unary and
interaction term. O denotes the index set of observed CUs. Ni
represents the index set of neighboring CUs interacting with
the current one.
As we are interested in the label of the current CU, Eqn. (11)
can be further simplified as follows,
P(yi |xi , y j ) =



1
exp αU (yi |xi ) + β I (yi |xi , y j ) , (12)
Z (xi )

where
α + β = 1.

(13)

The explicit value of α and β can be obtained by off-line
training. The derivations of unary potential and interaction
potential are described as follows.

1) Unary Potential: Unary potential reflects how the current
observed status influences the final decision. Regarding the
i -th CU, the conditional probability is adopted to design the
unary term given the feature xi . The formulations in terms of
yi equaling to 1 and 0 are given by,
U (yi = 1|xi ) = P(yi = 1|Si , i ),

(14)

U (yi = 0|xi ) = 1 − U (yi = 1|xi ).

(15)

2) Interaction Potential: The relationship between the
neighboring decision units and the current one models the
essential property of the random field, which represents
the continuous characteristics in a graph. In view of this,
the neighboring labels are involved in the calculation of
interaction potential. More specifically, left and above CUs
can be regarded as the historical observations of the current
CU. The interaction term is modeled as follows,
I (yi = 1|xi , y j ) = P(yi = 1|Si , i , yle f t , yabove ), (16)
(17)
I (yi = 0|xi , y j ) = 1 − I (yi = 1|xi , y j ),
where yle f t and yabove denote the observed labels of the left
and above neighboring CUs, respectively.
The MPM construction is modeled as the priority assignment problem. For each CU, the results of CRF are used
to identify which sublist should be preferentially admitted
into the MPM list. In terms of the priority decision making,
the ratio of the posterior probabilities R p is derived to discriminate whether the modes in C G or those in C L are more
prone to be chosen.
Rp =

P(yi = 1|xi , y j )
.
P(yi = 0|xi , y j )

(18)

In particular, two thresholds γ1 and γ2 are set regarding
the ratio of the posterior probabilities R P , and γ1 is larger
than γ2 by default. MPM list is constructed according to the
relationship among R p , γ1 and γ2 . In particular, if R P is larger
than γ1 , which implies that global similarities are playing the
dominant role, MPM list is constructed with six global sublist
modes. In addition, when the value of R P lies within the range
of γ1 and γ2 , four modes from global sublist and two modes
from local sublist are orderly inserted in MPM list without
redundancy. If the length of MPM list is still less than six,
the following modes from the global sublist are adopted as
supplementary. For the case that R P is smaller than γ2 , local
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Fig. 14. Illustration of the MPM construction procedure with our proposed
local and global sublists.

sublist modes are preferably inserted in MPM list. Afterwards,
global sublist modes are sequentially appended at the last entry
of the MPM list until the length of MPM list reaches six.
However, if the length of local sublist is less than four when
R P is lower than γ2 , the existing modes in local sublist are
first recruited as MPMs and the vacancies of the MPM list are
complemented with the modes in the global sublist. Details
of MPM list construction with local and global sublists are
illustrated in Fig. 14, where γ1 and γ2 are empirically set to
be 1.2 and 1, respectively.
In terms of the unary potential, the conditional probability of
P(yi |Si = s, i = ξ ) can be analyzed with off-line statistics.
Similar approach can be applied to obtain the interaction
potential. The parameters α and β in Eqn. (13) are fixed in
our method, and β equals to zero when the information of the
neighbor is not available. After obtaining the unary potential
and interaction potential, R P can be calculated for the further
discriminating task. Since the selected features are all discrete,
the related model parameters can be mapped into a look-uptable indexed by corresponding (Si , i , y L , y A ) for efficient
implementation.
D. Overall Working Flow
The overall algorithm is illustrated in Fig. 15. The construction strategy of MPM list is replaced with our proposed method which employs both the short and long range
correlations to further improve the intra coding efficiency.
In particular, the local and global sublists are individually
maintained following the predefined principles. Local sublist
is adopted to preserve the modes that can characterize the
short range correlations. Typically, DC, Planar and modes of
neighboring CUs are involved in the local sublist in a certain
order. In addition, a global sublist is established to capture
the modes with long range similarities with the assistance
of the frequency table. As such, the CRF based merging is
conducted to construct the final MPM list. Subsequently, RDO
is performed and the best intra mode of the current block is
employed for CU coding. The mode signalling is consistent
with the original scheme in VVC where the first bin is contextcoded to indicate whether the current mode is MPM or not.

Fig. 15.

Flowchart of the overall algorithm.

For an MPM-coded mode, the explicit MPM index is binarized
with truncated unary code and each bin is bypass-coded.
IV. E XPERIMENTAL R ESULTS
A. Performance Evaluation
To evaluate the effectiveness of the proposed method,
we integrate it into VVC reference software VTM-3.0 [27]. All
intra (AI) and random access (RA) configurations conforming
to the common test conditions (CTC) [39] are used in the
experiments. Sequences recommended by JVET and JCT-VC
(screen content videos) are involved in the simulation. The
quantization parameters (QP) are set as {22, 27, 32, 37}. The
coding performance is measured by BD-Rate [40] compared
to the original VVC codec for luma component, and negative
BD-Rate indicates the performance gain.
Table II and Table III show the coding performance of the
proposed intra mode coding method compared with the original coding method in VTM-3.0 for each sequence under AI
and RA, respectively. Meanwhile, the encoding and decoding
complexities are tabulated in the right two columns, which are
calculated as follows,
T Enc pro
× 100%,
T Encanc
T Dec pro
=
× 100%,
T Decanc

RTEnc =

(19)

RTDec

(20)

where T Enc pro and T Encanc represent the consumed encoding time with the proposed method and the original anchor,
respectively. Analogously, T Dec pro and T Decanc denote
the decoding time of the proposed method and anchor,
respectively.
It is observed that the proposed unified intra coding method
achieves 1.43% and 0.99% BD-Rate savings under the AI
and RA configurations on average, and introduces negligible
encoding and decoding time increase. Moreover, the proposed
method is more effective on screen content videos where
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TABLE II

TABLE III

P ERFORMANCE OF THE P ROPOSED M ETHOD U NDER AI
C ONFIGURATION ON THE VTM-3.0 P LATFORM

P ERFORMANCE OF THE P ROPOSED M ETHOD U NDER RA
C ONFIGURATION ON THE VTM-3.0 P LATFORM

3.73% and 2.39% BD-Rate savings on average can be achieved
under AI and RA configurations, respectively. The superior
coding performance originates from the strong long-term correlation existing in screen content videos. Regarding natural
scene videos, the proposed method achieves 0.10% performance improvement under AI configuration and 0.04% gains
under RA configuration, which reflects that the unification of
the proposed method applies on both natural scene and screen
content videos. The highest gain is 6.57% for the sequence
“Console” which contains numerous repeated patterns such
as characters and lines. As such, the proposed method can
well handle this by removing the intra mode redundancies.
Though the quantities of intra coded blocks are reduced with
RA coding configuration, the existing modes can still serve as

useful guidance for reconstructing the MPM list, leading to
the better coding performance.
In addition, we enable the IBC for screen content videos
on VTM-3.0. As illustrated in Table IV and Table V, our
proposed method brings 1.29% BD-Rate savings for screen
content videos under the AI configuration and 0.89% BD-Rate
gains under the RA configuration. Again, the encoding and
decoding complexity variations are negligible. In particular,
IBC utilizes the long range correlations for intra prediction,
such that our proposed method cooperates with IBC well as the
long-term correlations of mode information are also exploited
to further improve the coding performance.
B. Utilization of MPM
To further explore the effectiveness of the proposed method,
we conduct statistical experiments on all test sequences with
respect to the MPM mode utilization ratios at the decoder
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TABLE IV

TABLE VI

P ERFORMANCE OF THE P ROPOSED M ETHOD W HEN
E NABLING IBC ON VTM-3.0 W ITH AI C ONFIGURATION

S TATISTICAL C OMPARISONS OF MPM U TILIZATION R ATIOS
U NDER AI C ONFIGURATION ON THE VTM-3.0 P LATFORM

TABLE V
P ERFORMANCE OF THE P ROPOSED M ETHOD W HEN
E NABLING IBC ON VTM-3.0 W ITH RA C ONFIGURATION

side. In particular, we analyze the proportion of the usage
with MPM for the conventional intra coding method and the
proposed method, respectively, which is formulated as follows,
Nmpm
RM∗ =
× 100%,
(21)
Nt ot al
where Nt ot al denotes the total number of CUs, and Nmpm
represents the number of CUs that are coded with MPM mode.
The MPM proportion of the anchor RManc and the proposed
method RM pro are tabulated in Table VI where an obvious
increase of MPM utilization can be observed for our proposed
method. Moreover, we present the differences of MPM ratio
RM between the proposed and the anchor in the last column,
which can be calculated as,
RM = RM pro − RManc .

(22)

The MPM utilization ratio is increased by 3.27% on average,
which provides useful evidence that the short and long range
based MPM construction approach is more efficient for capturing the most probable intra modes. In addition, higher RM
can be observed on screen content video sequences, which is
in accordance with the improvements of coding performance
illustrated in Table II.

C. Overhead of Decoder
Even though the proposed intra mode coding method
introduces negligible decoding time variations, the operation
complexity and memory consumption regarding decoder are
discussed and analyzed in this subsection to demonstrate the
feasibility of hardware and software implementations.
With the proposed method, the majority decoding complexity overhead behind the construction of MPM list is attributed
to the updating of the frequency table when establishing the
global sublist. After decoding an intra-coded CU, the associated intra mode is fetched to update the frequency table, which
can be achieved by an addition and a look-up table operation.
Subsequently, since the global sublist requires no more than six
modes from the frequency table, the sorting of the frequency
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table can only be performed with the top six elements which
introduces at most three comparison operations. The construction of local sublist is of low complexity as it is composed with
DC, Planar and modes from neighboring blocks. Regarding the
final construction of MPM list, one look-up table operation
is necessary for calculating R p . As such, for an individual
CU, it requires 1 addition, 2 look-up table operations and
3 comparisons for constructing the MPM list, which is friendly
to hardware and software implementations. As such, though
additional decoding burden is imposed, from our experimental
results, there is little decoding and encoding time variation.
The memory overhead of the proposed method is mainly
from the maintenance of the frequency table. More specifically,
the length of the frequency table is 67, which is in accordance
with the total intra modes. Since the CTU size is 128 × 128
and the minimum CU size is 4 × 4, the maximum occurrences
of an individual mode reach to 210 . Moreover, the initial value
of each entry takes 7 bits. As such, by including the initial
values, 4 bytes are enough for each entry and 268 bytes are
sufficient for the storage of the frequency table.
Furthermore, based on the proposed method it is also
feasible to enlarge the global region when forming the frequency table, such as the strategy of adopting a row of
CTUs with several sequentially adjacent CTUs or keeping
aligned with the CPR region [41], can be employed. With such
extension, it is not surprising that the operation complexity
and storage cost regarding the frequency table maintenance
will be dramatically increased. More specifically, if the mode
frequency is derived from a row of CTUs, the upper bound
of the frequency regarding each mode will be significantly
augmented, especially in the case of the high definition videos,
leading to the excessive increase of the memory consumption.
In the scenario that the reference regions are dynamic, such
as several adjacent CTUs or the CPR region, more than one
frequency table is demanded to keep pace with the alteration
of the statistical region. Moreover, the mode frequency tables
should be updated synchronously with the modification of the
reference region, which further imposes heavy computational
burdens to both encoder and decoder. As such, to achieve a
good balance between the resource consumption and information acquisition, the global scope of the proposed method is
limited within one CTU.
D. Discussions
The limited coding gains on natural scene sequences are
ascribed to the deficiency of the long-term similarities. It is
worth mentioning that the performance of the proposed
method originates from the reformation of the MPM list
wherein more efficient intra prediction modes are exploited
to take place of the less efficient ones, leading to the savings
of the coding bits regarding the intra modes coding. Despite of
the intra modes of the adjacent coding units, the more efficient
intra modes mainly stem from the non-local intra modes that
could be tracked by the proposed global sublist. However,
if the intra mode of the current block has never appeared
within the global scope, there is scarcely any room for the
performance improvement owing to the information scarcity.

7257

TABLE VII
S TATISTICAL A NALYSES OF THE “L OST ” R ATIO AND “I NACTIVE ” R ATIO
U NDER AI C ONFIGURATION ON THE VTM-3.0 P LATFORM

To demonstrate this, we conduct statistical analysis based on
the proportions of coding blocks with “lost” intra modes,
which implies such intra modes occur no more than once up to
the present. Meanwhile, we also consider the coding blocks
with “inactive” intra modes, which indicate that the modes
have occurred more than once but are not properly included
in the MPM list because of the low frequency-ranking.
According to the statistical results in Table VII, the lost
ratios on natural scene videos are generally higher than
those on screen content videos. On average, the intra modes
of 15.21% coding blocks are “lost” in natural scene videos,
which becomes the major obstacle to the exploration of the
long-term similarities. We can also notice that the sequences
with lower “lost” ratio could possibly achieve higher coding
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performance, such as “DaylightRoad2”, “BasketballDrive” and
“BQTerrace” in comparison to “Cactus”. Moreover, 2.44%
and 1.41% of the coding blocks belong to the “inactive” intra
modes in natural scene and screen content videos, respectively.
The mode distribution in natural scene videos is more diversified since natural scene sequences usually contain arbitrary
edge or texture directions. In this manner, it is difficult to
make use of the modes with low or zero frequencies. The
mode information deficiency is more prominent in class E
and class D, which restricts the room for the performance
improvement.
V. C ONCLUSION
In this paper, we have proposed a unified intra mode coding
method based on the short and long range correlations, which
has been proved to effectively improve the coding performance
of the VVC standard. The proposed method is developed
based on the analyses of the short and long range correlations,
and the statistics on natural scene and screen content videos
further motivate us to explore the most probable mode and
design a unified intra coding approach. As such, a CRF model
is established for constructing MPM list that maintains intra
modes based on both short and long range traits. Experimental
results verify that the proposed method is effective for screen
content videos, and also achieves slight coding performance
improvement for natural scene videos. On average 1.43% and
0.99% BD-Rate savings can be achieved by the proposed
method under AI and RA configurations, respectively, with
negligible variations on encoding and decoding time.
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