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Abstract— Geometric partitioning has attracted increasing
attention by its remarkable motion field description capability
in the hybrid video coding framework. However, the existing
geometric partitioning (GEO) scheme in Versatile Video Cod-
ing (VVC) causes a non-negligible burden for signaling the
side information. Consequently, the coding efficiency is limited.
In view of this, we propose a spatio-temporal correlation guided
geometric partitioning (STGEO) scheme to efficiently describe
the object information in the motion field of video coding.
The proposed method can economize the bits consumed for
side information signaling, including the partitioning mode and
motion information. We firstly analyze the characteristics of
partitioning mode decision and motion vector selection in a
statistically-sound way. Based on the observed spatio-temporal
correlation, we design a mode prediction and coding method to
reduce the overhead for representing the above mentioned side
information. The main idea is to predict the STGEO modes and
motion candidates that have higher selection possibilities, which
can guide the entropy coding, i.e., representing the predicted
high-probability modes and motion candidates with fewer bits.
In particular, the high-probability STGEO modes are predicted
based on the edge information and history modes of adjacent
STGEO-coded blocks. The corresponding motion information is
represented by the index in a merge candidate list, which is
adaptively inferred based on the off-line trained merge candidate
selection probability. Simulation results show that the proposed
approach achieves 0.95% and 1.98% bit-rate savings on average
compared to VTM-8.0 without GEO for Random Access and
Low-Delay B configurations, respectively.
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I. INTRODUCTION

THE hybrid video coding standards like Advanced
Video Coding (AVC) [1] and High Efficiency Video

Coding (HEVC) [2] show remarkable compression capabilities
on digital video. To meet the increasing requirements for
high-resolution videos with limited transmission and memory
capacity, a new video coding standard, Versatile Video
Coding (VVC) [3], was developed by the Joint Video
Experts Team (JVET) [4] since October 2017. For these
video coding standards, motion compensation is one of
the fundamental methods of achieving high compression
ratios. Generally, block-based motion compensation is widely
used. In particular, the motion information is first derived by
motion estimation (ME) for each non-overlapped blocks at the
encoder. Then the current frame is predicted from previously
coded frames by block-based motion compensation using the
motion information.

Rectangular block partitioning is widely used for
block-based motion compensation in video coding standards,
such as 16 × 16 macroblock based partitioning in AVC,
quadtree-based (QT) block partitioning structure [5] and
non-square QT structure [6] in HEVC, and the quadtree with
a nested multi-type tree (QT-MTT) using binary tree and
ternary tree partitioning structures [7] in VVC. Although the
partitioning structures become more flexible and efficient,
the rectangular partitioning cannot represent arbitrary shape
for real objects with a uniform motion vector (MV) in a
rectangular block. In particular, blocks containing object
boundaries usually consist of regions moving in distinct
directions. Consequently, a single MV cannot capture the real
motion characteristics of each region, which may result in
high prediction errors.

To improve the representation capability of block parti-
tioning, geometric partitioning schemes have been intensively
studied. During the development of AVC, HEVC and VVC,
geometric partitioning was initially applied as a part of the
block partitioning structure [8]–[14]. Taken the geometric
partitioning in VVC as an example, the leaf node coding
units (CU) of the newly-adopted QT-MTT structure can be fur-
ther geometrically partitioned into two subparts by a straight
line, as shown in Fig. 1. Then, the encoder performs ME on
each subpart to find the best-matched reference block, and
each of the two resulting subparts are predicted by motion
compensation with an associated MV. To reduce the encoder
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Fig. 1. An example of QT-MTT based geometric partitioning scheme. All leaf
node CUs of QT-MTT can be further geometrically partitioned by a straight
line.

complexity, many optimization approaches [15]–[20] were
developed. During the standardization of VVC, a triangle
partitioning mode (TPM) [21], which was for merge mode
only, was adopted. For the merge-mode-based TPM, the
MVs of the two subparts are implicitly derived from the
motion field of previously-coded CUs rather than estimated
by ME. To further improve the motion modeling accuracy
of block partitioning, a new geometric partitioning (GEO)
scheme [22], [23] only for merge mode was proposed. Com-
pared to TPM, GEO employs more fine granularity partitioning
patterns. There were up to 140 partitioning modes in the initial
version of GEO. Several optimization methods [24]–[26] were
investigated to improve the software and hardware friendliness.
At last, GEO [27] for merge mode with 64 partitioning
modes was adopted by VVC, which replaced the previously-
adopted TPM.

The GEO adopted in VVC splits a CU into two subparts
labeled with P0 and P1 by a straight line, as shown in
Fig. 2(a). The straight line is described by the angle ϕ and
the distance offset ρ [28]. As shown in Fig. 2(b), the angle
ϕ is quantized into 20 discrete angles ϕi with the angle of
[0, 2π) symmetrically divided. The distance offset ρ of each
angle is quantized into ρ j ( j ∈ {0, 1, 2, 3}) depending on the
width w and height h of the CU, as depicted in Fig. 2(c).

For the merge-mode-based GEO, the partitioning mode
decision and the MV selection are vital for the rate-distortion
performance. In particular, the partitioning mode is selected
for a CU from the pre-defined 64 candidates, and an index
(0 ∼ 63) is signaled by fixed-length binarization to indicate the
selected mode. Regarding the MV, it is selected from the merge
candidate list (MCL). Subsequently, two indices corresponding
to the ultimate MVs in the MCL are signaled for P0 and P1 by
Truncated Unary Code, respectively. This binarization design
is based on the assumption that the candidate at the begi-
nning of the MCL is more likely to be selected as the best
one. Generally, the MCL is constructed by including the
motion information of previously-coded CUs. The GEO MCL
construction process is inherited from the regular MCL, which
is initially designed for the conventional rectangular CUs.

Though the newly adopted GEO has higher flexibility to
capture the motion field of regions containing moving objects,
its indiscriminate coding process for all CUs limits the cod-
ing efficiency. First, the number of GEO partitioning modes
increases at the expense of increased mode signaling cost,
i.e., 6 bits are consumed for each GEO-coded CU. Second,
GEO is designed for the CUs containing distinct motion

Fig. 2. (a) An example of GEO partitioning mode; (b) quantized angle ϕi ;
(c) quantized offset ρ j .

displacement. The preferable MVs for each non-rectangular
subpart might be different from each other and also different
from the conventional rectangular blocks. Inheriting the MCL
construction scheme designed for rectangular CUs limits the
adaptability and cannot predict preferable MVs efficiently.

In this paper, we aim to further explore the principle behind
GEO towards an adaptive and efficient methodology for side
information coding. The main contributions are summarized
as follows,

1) We study and theoretically analyze the characteristics of
partitioning mode decision and motion field correlation.
Through these analyses, we uncover where the coding
gain for GEO comes from, i.e., better coding of object
boundaries and the corresponding motion field. These
characteristics and correlation also motivate us to further
improve the GEO coding performance by adaptively
designing the signaling approach of side information.

2) Based on the observations mentioned above, we develop a
spatio-temporal correlation guided geometric partitioning
scheme (STGEO) to further improve the coding efficiency
of VVC. In particular, we first predict the STGEO parti-
tioning modes by leveraging edge information and history
STGEO modes of adjacent blocks, and then adaptively
construct the MCL according to off-line trained selection
probabilities for merge candidates. Consequently, the
partitioning modes and merge candidates with higher
selection probabilities can be represented by fewer bits.
Statistically speaking, the bits consumed for the side
information representation can be reduced.

3) Regarding the coding performance, the proposed method
achieves significant improvements over GEO with
6% and 8% decoding time increment under Random
Access (RA) and Low Delay B (LDB) configurations in
the VVC reference software VTM-8.0 [29].

The remainder of this paper is organized as follows.
Section II analyzes the characteristics of partitioning mode
decision and motion field correlation, then introduces the
framework of the proposed STGEO scheme. Section III and
Section IV introduce the main contributions of STGEO, i.e.,
most probable STGEO mode prediction and probability-based
merge candidate list inference. Section V shows the experi-
mental results and discussions. Finally, Section VI concludes
this paper.

II. ANALYSES AND MOTIVATIONS

Although the GEO adopted by VVC has higher flexibility
in describing the motion field, it causes a heavy burden in
signaling the side information, including one GEO mode index
and two merge candidate indices. To improve the coding
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Fig. 3. Illustration of GEO partitioning results and motion field
in VTM-8.0. The length of the lines in (b) represents the intensity of motion,
and the different colors indicate the motion directions.

performance of GEO, the key ingredient lies in how to reduce
the overhead. In view of this, we investigate the characteristics
of partitioning mode decision and motion field correlation in
this section.

To investigate the properties of GEO in describing the
motion field, an illustration of the partitioning results and
its corresponding motion field is provided in Fig. 3. From
Fig. 3(a), one can discern that GEO is frequently adopted
around the object boundaries, especially boundaries of moving
objects. Given the continuity of object boundaries, the GEO
partition line also tends to be piecewise-continuous, such as
the boundaries of persons in Fig. 3(a). Furthermore, the motion
field of a frame is generally segmented by the boundaries of
moving objects as illustrated in Fig. 3(b). The main reason
is that objects generally exhibit movement relative to a static
background or other moving objects. Consequently, the two
subparts in a GEO-coded CU usually have different MVs.
The correlation between the MV of each subpart and that
of the previously-coded CUs is also distinct for different
GEO modes. Hence, the current MCL construction, assuming
that all the GEO-coded subparts have the same motion field
correlation as rectangular CUs, is not optimal for GEO.

To further validate the correlation between GEO-coded
blocks and object boundaries in a statistically-sound way,
we propose to investigate the effectiveness of GEO from the
prediction error level. We use pr to denote the prediction error,
which is computed by,

pr (x, y) = |prec(x, y) − ppre(x, y)|, (1)

where prec and ppre denote the signals of the reconstructed
and prediction luma samples, respectively. (x, y) is the loca-
tion of a sample in a frame. pr1 and pr2 are used to represent
the prediction error of frames coded with and without GEO,
respectively. Consequently, �pr (x, y) can roughly represent
the prediction error reduction introduced by GEO of the
sample with location (x, y), which is calculated by,

�pr(x, y) = pr2(x, y) − pr1(x, y). (2)

As we mentioned before, GEO is designed to better describe
the discontinues motion field. But the motion characteris-
tics are difficult to capture, so we use object boundaries to
represent the motion field boundaries. To derive the object
boundaries, we conduct the conventional Canny detector [30]
on the reconstructed luma samples prec. The two thresholds
in the Canny function are empirically set to be 35 and 70.
Then the dilation operation is conducted on the canny-detected
edge map with the parameter set as 5. With the dilated
edge map, pixels in one frame F can be divided into two
subsets, edge pixel subset fE and background pixel subset fB .
Consequently, the prediction error reduction �pr can be
classified into two types, �pr E and �pr B , corresponding to
the edge pixel subset and background pixel subset respectively.
�pr E can represent the influence of GEO on edge pixels.
We use �E and �B to represent the location of edge pixels
and background pixels, respectively. �pr E and �pr B are
calculated by,

�pr E =
∑

(x,y)∈�E

�pr(x, y), (3)

�pr B =
∑

(x,y)∈�B

�pr(x, y). (4)

To better illustrate the effectiveness of GEO, we propose to
use the average prediction error change per pixel. Assuming
NE and NB represent the number of pixels in the subset fE

and fB , the average prediction error change per pixel ˆ�pr E

and ˆ�pr B for edge and background subsets are calculated by,

ˆ�pr E = �pr E

NE
, (5)

ˆ�pr B = �pr B

NB
. (6)

For better visualization, ˆ�pr E and ˆ�pr B are normalized.
To collect the statistics mentioned above, we conduct an

experiment in VTM-8.0 using two sequences (Cactus and
BQMall) under LDB configuration. The quantization para-
meters (QP) are set as {22, 27, 32, 37}, and the duration
of each test sequence is 10 sec. As shown in Fig. 4, the
results exhibit that the prediction error reduction caused by
GEO is mainly because of the better prediction of object
boundaries. In particular, on average 77% prediction error
reduction of GEO belongs to the edge area. However, the
edge pixels account for no more than 40% of the whole test
sequences. The normalized average prediction error change
per pixel in the third column of Fig. 4 can better illustrate this
observation. So we can conclude that the coding performance
introduced by GEO is mainly due to the improvement on
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Fig. 4. Illustration of the influence of GEO on prediction error. The figures in the first column represent the influence of GEO on the prediction error of
edge area �pr E and background area �pr B . The second column is the percentage of pixels in edge area NE and the background area NB . The figures in the
last column are the average prediction error change per pixel of edge area ˆ�pr E and background area ˆ�pr B , which are normalized for better visualization.
Two rows of figures indicate the analysis of Cactus and BQMall, respectively.

prediction accuracy of object boundaries. However, the bits
cost for representing the quantized geometric partition line
is a non-negligible burden, i.e., 6 bits for each CU. This
significantly limits the overall coding performance. Based on
the assumed correlation between GEO partition lines and
object boundaries in Fig. 3, the most probable GEO modes
for a particular CU are predictable, which can guide the mode
signaling design. To validate this correlation, we propose to
use �, i.e., the percentage of pixels on GEO partition lines
belonging to the edge subset fE . Let �L represent the location
of pixels on GEO partition lines. The percentage � can be
calculated by,

� = Card(�L ∩ �E )

Card(�L)
, (7)

where Card(·) is the number of elements in the set. The
average results of the two sequences (Cactus and BQMall) are
shown in Fig. 5. It is obvious that most of the pixels on the
GEO partition lines are the edge pixels, which indicates that
partition lines have a high correlation with object boundaries.

Based on the observations mentioned above, we develop
a STGEO scheme to further improve the coding efficiency
of VVC. The proposed STGEO is applied as a merge mode
in the inter prediction on the CU level. The framework of
the proposed STGEO is illustrated in Fig. 6. It includes
MCL initialization, most probable STGEO mode prediction,
probability-based MCL inference and motion compensation.
First, given an STGEO-coded CU, the MCL is initialized
by reusing the regular MCL construction process. Then,
with the ListI , the STGEO mode set is split into two
subsets, high-probability subset (HPS) and low-probability
subset (LPS), based on the most probable STGEO mode pre-
diction scheme. Combining the two subsets with the decoded
syntax elements in Section IV, the ModeIdx can be derived.
The ModeIdx indicates the partitioning mode index in the
STGEO mode set. Subsequently, with the ModeIdx and ListI ,

Fig. 5. Illustration of correlation � between GEO partition lines and object
boundaries. (a) the percentage of pixels in edge area NE and background
area NB ; (b) the percentage of pixels on GEO partition lines that belong to
the edge area.

the MCLs of the two STGEO generated subparts are adaptively
inferred based on the off-line trained merge candidate selec-
tion probability. With the decoded merge candidate indices
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Fig. 6. Illustration of the framework of the proposed STGEO scheme at the decoder, with the dotted arrows representing the coding information and the
gray boxes highlighting our contributions.

in Section IV, MV0 and MV1 are derived for the two subparts,
respectively. Finally, motion compensation is performed.

The MCL initialization is to derive the ListI for the
most probable STGEO mode prediction and probability-based
MCL inference. The MCL initialization includes two steps,
regular MCL construction inherited from the conventional
rectangular CUs and uni-directional MCL derivation. The
regular MCL ListR is constructed by including the following
five types of Motion Vector Predictor (MVP) in order [29],
i.e., Spatial MVP, Temporal MVP (TMVP), History-based
MVP (HMVP) [31], [32], Pairwise average MVP (PMVP) [33]
and Zero MVP. For Spatial MVP, a maximum of four merge
candidates are selected among candidates located in the posi-
tions “up”, “left”, “up-right”, “down-left” and “up-left.” This
inheritance method can enable the decoder to reuse the MCL
construction module of rectangular CUs for STGEO, which
can simplify the decoder design. Then uni-directional MCL
derivation is conducted to convert bi-directional candidates in
the ListR to uni-directional ones for the sake of worst-case
memory bandwidth reduction [28].

Most probable STGEO mode prediction and probability-
based MCL inference are the main contributions of this paper.
They are detailed in Section III and Section IV, respectively.

III. MOST PROBABLE STGEO MODE PREDICTION

Based on our observation and analysis in Section II,
blocks containing moving object boundaries with discontin-
uous motion fields are more likely to be coded by GEO,
and the GEO partition lines have a high correlation with the
boundaries. Therefore, with the boundary location, the STGEO
modes with high selection probabilities are predictable. Based
on the predicted STGEO modes, STGEO mode set can be
split into two subsets, HPS containing the partitioning modes
with high preference and LPS consisting of the remaining
low-preference modes. The STGEO modes in the HPS can be
represented with smaller indices, and fewer bits are consumed,
leading to better compression performance. Consequently, the
critical ingredient lies in how to predict the high-preference
STGEO modes [34]. There are some previous works [35]–[37]
aiming at predicting the GEO modes, in which the GEO
partition line of the current block is predicted based on that
of the block in reference frames. Different from that, our
method utilizes the boundary information of the reference
blocks. The main reason is that the reference block may
be not exactly partitioned by geometric partitioning mode.
Boundary information can overcome this shortcoming and the
memory requirements for storing the partitioning modes can

Fig. 7. Illustration of the reference block derivation process.

be avoided. In our method, as the current CU is unavailable at
the decoder, reference block derivation process is conducted
first. Then edge detection is applied on the reference block
to locate the object boundaries. According to the detected
edge information and STGEO modes of neighboring CUs,
HPS construction is performed by including the predicted
high-preference STGEO modes. Details are given below.

A. Reference Block Derivation

Due to the temporal correlations of moving objects, the
object boundary information can be obtained from the refer-
ence frames [38]. Herein, we derive the reference block by
a template matching approach, which has been intensively
studied in intra prediction [39] and inter prediction [40].
As shown in Fig. 7, we first derive the reference blocks of
the current CU by motion compensation using each MV in
the ListI . Then the mean square error (MSE) between the
template area of the current CU (T ) and that of its reference
block (T n) is calculated. The MSE is used as the similarity
evaluation criteria. Finally, the block with the smallest MSE
is selected as the reference block used for the following edge
detection.

B. Edge Detection

To locate the object boundaries in the reference block
derived above, a novel low-complexity edge detector is pro-
posed. The main process is similar to the Canny detector.
First, the Sobel operator is conducted on the reference block to
derive the amplitude and angle of each sample. With the ampli-
tude map and angle map, non-maximum suppression is applied
to find the locations with the sharpest change of intensity
value. Finally, a novel double threshold process is performed
to get the final edge map and angle map. For a block � with
width w and height h, we use the one-dimensional vector E
as the edge map after the non-maximum suppression process.
E(s)(s ∈ �) represents the amplitude located at position
(sx , sy) in the edge map. In the double threshold process, the
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Fig. 8. Illustration of the relationship between parameter th and QP in edge
detection process. (a) RA; (b) LDB.

edge map Ê is derived by,

Ê(s) =
{

0 if Condition1 or Condition2,

E(s) otherwise.
(8)

Condition1 : E(s) < Tlow, (9)

Condition2 : E(s) < Thigh and

E(s) ≥ Tlow and

E(s�) < Tlow, (10)

where E(s�) represents the amplitude located at (s�
x , s�

y).
(s�

x , s�
y) is the location at the pre-defined neighboring area ��

of the current location (sx , sy). So the two thresholds Thigh
and Tlow are the core elements for the final edge map. In this
work, Thigh is calculated by,

E � = Rank(E) = {e1, e2, . . . , eN }, (11)

Thigh = eλ, (12)

wherein

λ = N × th ,

where Rank is a sorting process in ascending order.
{e1, e2, . . . , eN } represents amplitudes after sorting process.
N is the number of pixels in the block �. th is a parameter
between 0 and 1 trained off-line. The threshold Tlow is
calculated by,

Tlow = Thigh

tl
, (13)

where tl is the parameter trained off-line.
The parameter training process is conducted using the

videos and configurations defined in Table I. QPs are set as
{22, 23, 24, 25, . . . , 41, 42}. The number of coded frames is
16, corresponding to the number of pictures in the Group
Of Pictures (GOP). For each B-frame, we experimentally
select the optimal th corresponding to the highest PSNR of
Y component. The results are plotted in Fig. 8. Because of the
QP Offsets for different B-frames, there may be several QPs
for each QP setting. Hence, the number of points in Fig. 8
is more than 21. It is clear that there is a positive relation
between QP and the corresponding best th . So we fit a linear
model to represent their correlation. The fitted lines of RA and
LDB can be formulated as,

th = 0.00586 × Q P + 0.5884, (14)

th = 0.00625 × Q P + 0.6288. (15)

TABLE I

ILLUSTRATION OF THE SEQUENCES AND CONFIGURATIONS
FOR THE PROPOSED STGEO

The parameter tl is trained with th fixed by (14) or (15).
As there is no obvious rule for this parameter, we set it to
be 3.0.

C. High-Probability Subset Construction

After the reference block derivation and edge detec-
tion, the HPS is constructed. Generally speaking, the HPS
construction is an inference problem based on the avail-
able information of the previously decoded frames and
reconstructed area of the current frame to infer several
probable STGEO modes. According to our analyzed cor-
relations between object boundaries and partition lines, the
boundary-based high-preference STGEO modes are included
first. Then history-based high-preference STGEO modes are
added inspired by the observed object boundary continu-
ity. If the HPS is not filled, default modes that show rel-
ative high selection probabilities are added. Consequently,
three construction subprocesses are needed, including the
boundary-based HPS construction, history-based HPS con-
struction, and default HPS construction. The maximum num-
ber of elements in the HPS is 15 in this paper. Duplication
checking is conducted when constructing the HPS, such that
only unique modes are included in it.

The first step, boundary-based HPS construction, is to
derive high-preference STGEO modes based on the assump-
tion that the STGEO modes with higher boundary coincidence
degree are more likely to be selected as the best one. The
boundary coincidence degree of a STGEO mode is represented
by the average amplitude along its corresponding partition line.
Details are shown in Fig. 9. For a block � with width w and
height h, let Ê(s) and A(s) denote the edge and angle located
at (sx , sy) in the edge map Ê and angle map A. As STGEO
mode is described by the quantized angle ϕi and distance ρ j ,
the angles in the angle map are firstly converted to the index
of their nearest angle in the pre-defined angle candidates
{ϕ0, ϕ1, ϕ2, . . . , ϕ19}. The converted angle map is represented
by Â. Then, to derive the most probable angles, each amplitude
Ê(s) in the edge map is classified into 20 categories according
to its corresponding angle Â(s). We use �i to represent the
location of amplitudes corresponding to the angle ϕi . Then the
selection probability S Pi of the angle ϕi is derived by,

S Pi =
∑
s∈�i

Ê(s). (16)
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Fig. 9. Illustration of the boundary-based HPS construction process. Edge map Ê corresponding to the Sobel gradient amplitude is derived in the edge
detection. Angle map Â is a quantized map corresponding to the Sobel gradient direction. The most probable angles calculated using Ê and Â are added
in the angle group AG . The mode group MG consists of STGEO modes corresponding to the AG . L B is constructed using modes with largest selection
probabilities in MG .

The two angles with the largest selection probabilities are
added to the angle group AG , and the neighboring angles of
the largest-probability angle are also included in AG . The main
reason for this design is that there may be several boundaries
in the reference block, and the primary angle with the largest
selection probability may be not precise enough. Subsequently,
the STGEO modes corresponding to AG are added in the mode
group MG . Then the boundary coincidence degree Dk of each
mode k in MG is expressed by the average amplitudes along
the partition line area �l ,

Dk =
∑

s∈�l
Ê(s)

N
, (17)

where N is the number of pixels in �l . Similar to the
construction law of angle group AG , the M modes with the
largest Dk are added in the boundary-based HPS L B in order.
The maximum modes added in the L B is 12.

The second step, history-based HPS construction, is to
construct HPS based on the high spatial correlation due
to the continuity of the object boundaries, as illustrated in
Fig. 3. Specifically, the history-based high-preference STGEO
modes are derived based on the STGEO partitioning modes
of the neighboring CUs. Different from [35]–[37] in which
the partition line is predicted by simply linearly extending the
partition line of a neighboring block into the current block,
we enable more intersected lines. The main reason is that
object boundaries of natural videos rarely follow a purely
straight line. As shown in Fig. 10, blue dash lines repre-
sent the probable modes predicted based on the neighboring
STGEO-coded blocks split by purple solid lines. The predicted

Fig. 10. An example of history-based HPS construction. Purple solid lines
are STGEO partition lines, and blue dash lines represent the probable modes
predicted based on the neighboring STGEO mode.

partition lines and the neighboring partition lines intersect
on the side where the two blocks overlap. In particular, the
STGEO modes whose corresponding partition lines intersect
with neighboring partition lines are added in the history-based
HPS. If none of the neighboring CUs is coded by STGEO, the
history-based HPS is null.

The third step, default HPS construction, is conducted when
the existing high-preference STGEO modes do not fulfill the
HPS. To derive the most probable default candidates, we ana-
lyze the percentage of STGEO modes using testing conditions
in Table I. For each test sequence, all frames are used for
the experiment. QPs are set as {22, 23, 24, 25, . . . , 41, 42}.
The results are shown in Fig. 11, which exhibit that the
percentage of STGEO modes is not equal. In particular, some
modes, such as mode 0, 1, 37, and 38, have a much higher
percentage to be selected, and their distributions under RA and
LDB configurations are slightly different. So we construct the
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Fig. 11. Illustration of the percentage of STGEO index.

default list using the most selected STGEO modes for RA and
LDB, respectively.

IV. PROBABILITY-BASED MERGE

CANDIDATE LIST INFERENCE

Due to the Truncated Unary Code binarization approach
designed for the merge index, the overhead caused by the
merge index signaling largely depends on the order of merge
candidates in the MCL. However, based on our observations,
the correlation between motion information of the current CU
and that of the previously-coded blocks is different between
rectangular and STGEO-coded CUs. Hence, inheriting the
MCL ListI directly is not the optimal option for STGEO.
Here, we propose to adaptively infer the MCL based on the
off-line trained candidate selection probability for the two
subparts, i.e., P0 and P1, respectively. In particular, the merge
candidates with higher selection probabilities are put at the
front location of the MCL, vice versa. As such, the bits con-
sumed for representing the merge index can be economized.

To measure the merge candidate preference in a quanti-
tative manner, we propose an evaluation criterion, i.e., the
signal-level difference in terms of MSE, which is calculated
by,

M SE = 1

N

∑
(x,y)∈�

(
porg(x, y) − ppre(x, y)

)2
, (18)

where � is the current CU with width w and height h.
N (N = w × h) is the number of pixels in the current CU.
(x, y) is the location of sample in a frame. porg represents the
signals of the original luma samples. ppre denotes the luma
prediction samples generated by motion compensation using
MVs in the MCL. The MV corresponding to smaller MSE
means that the correlation between its prediction block and
the original block is higher. Hence, its selection probability is
larger. Herein, we first verify the efficiency of the proposed
evaluation criterion, i.e., MSE. Then the merge candidate
preferences of rectangular CUs and STGEO-coded subparts
are statistically analyzed in the sense of MSE. Inspired by
the merge candidate preferences, the probability-based MCL
inference scheme is detailed. All the statistics are collected
with the experimental conditions set as Table I. For each
sequence, all frames are used for the experiment. QPs are set
as {22, 23, 24, 25, . . . , 41, 42}.

To verify the efficiency of the proposed evaluation criterion,
i.e., MSE, we utilize mseIdx to investigate the selection

Fig. 12. Illustration of the mseIdx distribution. The mseIdx represents
the preference of the ultimate encoder-selected MV in the sense of MSE.
The smallest mseIdx means that the encoder-selected MV corresponds to
the smallest MSE in the MCL, vice versa. The vertical axis represents the
percentage of the encoder-selected MV corresponding to different mseIdx .

Fig. 13. Illustration of the MSE corresponding to different MVPs of
rectangular CUs. The horizontal axis represents the nine MVP types, and the
vertical axis is the average MSE between the original block and prediction
block generated by motion compensation using the corresponding MVP.

preference of merge candidates in the sense of MSE and
RDO. mseIdx is used to represent the preference of the
encoder-selected merge candidate in the sense of MSE. The
smallest mseIdx indicates that the encoder-selected MV cor-
responds to the smallest MSE in the MCL ListI , vice versa.
The distribution of mseIdx is shown in Fig. 12. It is clear
that on average 80% ∼ 90% ultimate MV corresponds to the
lowest MSE, which indicates that the prediction block with
lower MSE is more likely to be selected by the encoder. Hence,
our proposed criterion is efficient for representing the merge
candidate preference.

Furthermore, the MSE distribution of rectangular blocks
is analyzed. First, the CUs coded by regular merge
mode (non-GEO mode) are selected. Then for each selected
CU, prediction blocks are generated using each MVP in
the MCL. Consequently, MSEs corresponding to the selection
preference of each MVP can be calculated. For better illustra-
tion, MVPs are classified into nine types, i.e., B0, A0, B1, A1,
B2, TMVP, HMVP, PMVP, and Zero. B0, A0, B1, A1 and B2
are corresponding to spatial MVPs with positions “up”, “left”,
“up-right”, “down-left” and “up-left.”, respectively [29]. The
results of four typical QPs are shown in Fig. 13. It is obvious
that the distribution of MSE is consistent for different QPs and
sequences. In particular, the MSEs of the five spatial MVPs
show an upward trend with slight fluctuations. TMVP shows
similar MSE as the spatial MVPs. An interesting phenomenon
lies in that the MSE of HMVP is higher than that of PMVP.
The main reason lies in that there are up to 5 HMVPs in
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Fig. 14. Illustration of the MSE corresponding to different MVPs under certain GEO indices. The horizontal axis represents the nine MVP types, and the
vertical axis is the average MSE between the original block and the prediction block generated by the corresponding MVP for each partition.

Fig. 15. Illustration of GEO modes selected for the analysis of MVP
preference.

a MCL, and the candidates in HMVPs are added to the MCL in
descending order of selection probability [31]. Thus, the MSE
variance of prediction blocks generated by HMVP candidates
might be larger than other MVPs. Combining the observations
from Fig. 12 and Fig. 13, it can be concluded that conventional
rectangular CUs show consistent MVP preference and its MCL
construction scheme is based on the selection preference.

In view of this, we further study the relationship between
GEO partitioning mode and merge candidate preference based
on the MSE of each subpart. In particular, the GEO-coded CUs
are collected firstly at the decoder. Then for each collected CU,
prediction blocks are generated using the MVs in the MCL.
Successively, MSEs corresponding to P0 and P1 are calculated,
respectively. For better illustration, only four GEO modes are
presented. The selected GEO modes are shown in Fig. 15,
and the corresponding MSE results are depicted in Fig. 14.
It is clear that the GEO-coded subparts show more diverse
distribution compared to rectangular CUs and the distribution
of different GEO modes is also distinct. Taken Fig. 14(a) as
an example, for GEO mode with index 0, “B0”, “B1” and
“TMVP” are preferred for P0. While, “A0” is more relevant
to P1. The reason is that P0 is adjacent to the upper block.
Hence, its MV is higher correlated with that of the upper
blocks and upper-right blocks. Moreover, the MSE between
the prediction block generated by TMVP and P0 is relatively
lower than the MSE corresponding to TMVP and P1. The main
reason might be that TMVP is derived from the collocated
block of P0 in the reference frame. Furthermore, as the left
boundary of P1 is longer than the upper boundary, there is no
surprise that the MSE corresponding to the left adjacent block
is lower than that of the upper adjacent block. For other GEO
modes, the MSE distribution also shows an obvious correlation
with partitioning shape. The partitioning shape is determined
by the angle ϕi and the distance offset ρ j related to the CU
size and ϕi . Moreover, i and j can be represented by the
STGEO mode index. Therefore, the STGEO partitioning shape
is related to the CU size and STGEO mode index.

TABLE II

SYNTAX STRUCTURE OF THE PROPOSED STGEO

Based on the above observations, the merge candidate
preference can be predicted using CU size and STGEO mode
index. This problem can be formulated as follows. For the
subpart P∗ (P0 or P1) of a CU, given the features, i.e., STGEO
mode index I and CU size S, we aim to derive the merge
candidate selection probability and then infer the MCL. The
selection probability can be off-line trained using the MSE.
Since the S, I , and P∗ are all discrete features, the selection
probability can be mapped into a look-up-table indexed by
corresponding feature (S, I, P∗) for efficient implementation.
Specifically, for a particular (S, I, P∗), the MVP type are
stored in the look-up table in ascending order of MSE. The
inference of MCL is to arrange the ListI by moving the
candidates with high selection probabilities to the front. More
specifically, the number of S, I and P∗ are 14, 64 and 2,
respectively. As “Zero” is a default mode to fulfill the MCL,
only 8 types of motion candidates are considered, which can
be represented by 3 bits. For each feature (S, I, P∗), 7 MVP
types are stored. Overall, the memory overhead of the look-up
table is 4704 bytes.

The syntax design of the proposed scheme is illustrated in
Table II. In particular, the STGEO serves as a merge mode at
the CU level. The on/off flag is signaled by cu_stgeo_flag.
If the STGEO is applied on the current CU, one syntax
stgeo_hps_flag is signaled to indicate whether the selected
STGEO mode is in the HPS. If so, the index in the HPS, i.e.,
stgeo_hps_idx, is transmitted. Otherwise, stgeo_lps_idx is sig-
naled. cu_stgeo_flag is binarized with fixed-length code using
one single context model. stgeo_hps_idx and stgeo_lps_idx
are binarized with truncated binary code and coded using
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TABLE III

EXPERIMENTAL RESULTS OF THE PROPOSED STGEO, ANCHOR: VTM-8.0 WITHOUT GEO

TABLE IV

EXPERIMENTAL RESULTS OF THE PROPOSED STGEO, ANCHOR: VTM-8.0

the bypass mode of context-based adaptive binary arith-
metic coding (CABAC). After that, the merge_cand_idx0 and
merge_cand_idx1, indicating the index of the selected merge
candidate of P0 and P1, are binarized with 0-th order truncated
Rice code and coded using one single context model.

V. EXPERIMENTAL RESULTS

To evaluate the effectiveness of the proposed method,
we integrate it into the VVC reference software VTM-8.0. The
videos recommended by JVET are involved in the experiment.
Two configurations, RA and LDB, conforming to the common
test condition [41] are used in the simulation. The QPs are set

as {22, 27, 32, 37}. The coding performance is measured by
Bjontegaard’s method [42] in terms of BD-rate, and negative
BD-rate indicates the performance gain.

Table III shows the coding performance of the proposed
STGEO scheme on luma component compared to the VTM-
8.0 without GEO for each sequence under RA and LDB.
Meanwhile, the encoding and decoding complexity is calcu-
lated by,

�ET = T Enctest

T Encanchor
× 100%, (19)

�DT = T Dectest

T Decanchor
× 100%, (20)

where T Enctest and T Encanchor represent the consumed
encoding time with the tested scheme and the anchor, respec-
tively. Analogously, T Dectest and T Decanchor denote the
decoding time of the tested scheme and anchor, respectively.
To further explore the efficiency of the proposed method,
we conduct statistical experiments on all test sequences with
respect to the STGEO usage ratio at the decoder. In particular,
we analyze the percentage of STGEO coded area, which is
formulated as follows,

U R∗ = Ntest

Ntotal
× 100%, (21)

where Ntest is the number of pixels coded by STGEO or GEO,
and Ntotal represents the number of pixels in B-frames of the
test sequences, as STGEO is only applied on B-frames.
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TABLE V

EXPERIMENTAL RESULTS OF THE PROPOSED STGEO WITHOUT T2 MODULE (ANCHOR: VTM-8.0 WITHOUT GEO)

TABLE VI

EXPERIMENTAL RESULTS OF THE PROPOSED STGEO WITHOUT T1 MODULE (ANCHOR: VTM-8.0 WITHOUT GEO)

It is observed that the proposed STGEO scheme achieves
0.95% and 1.98% BD-rate savings under RA and LDB con-
figurations on average, which outperforms the existing GEO.
The highest coding gain is 3.61% and 4.30% for BQMall
under RA and LDB configurations, respectively. The main
reason is that this sequence contains sharp and clear bound-
aries of moving objects. As such, the STGEO can be used
predominantly for the coding of object boundaries. Compared
to the existing GEO, the proposed STGEO performs relatively
stable for all sequences with a minimum of 0.13% coding
gain for MarketPlace and a maximum of 1.01% coding gain
for Johnny under LDB configuration. The usage ratio of the
proposed STGEO U RST G E O also shows a stable increase
compared to U RG E O with a minimum of 0.61% increment
for BQTerrance and a maximum of 2.24% increment for
Partyscene under LDB configuration. It is noted that the
coding performances of STGEO in Class E are notably better
than that of GEO under LDB configuration, as shown in
Table IV. The particular favorable results of these sequences
are mainly attributable to the fact that the sequences of class E
are conference videos with stable motion and clear boundaries,
which own more predictable coding modes. In addition, coding
performance is better for videos with small resolutions. The
reason is that videos with smaller resolutions tend to have
more abundant texture and structure information in given
block size. The second column in Fig. 4 can better shows
this phenomenon, in which the percentage of pixels in edge
area is higher for BQMall (832 × 480) compared to Cactus
(1920 × 1080).

Furthermore, the performance of STGEO for LDB is gen-
erally better than that for RA, which behaves similarly to
GEO. The U R∗ indicates that STGEO and GEO are more
often selected in LDB than RA, which yields the higher
coding gain. The reason is that the more flexible reference
picture structure of RA, including both forward and backward
reference frames, leads to more accurate block-based motion
compensation. Hence, the performance room for the STGEO
mode is lower under the RA configuration.

Since STGEO contains two non-overlapped modules, most
probable STGEO mode prediction T1 and probability-based
MCL inference T2, the performances of the two modules are
evaluated separately, as shown in Table V and Table VI.
Regarding the T1 module, we use the HPS hit ratio at the
decoder to validate the efficiency of mode prediction, which
is formulated as follows,

M R = Nhps

NST G E O
× 100%, (22)

where Nhps is the number of CUs with STGEO mode in
the HPS, and NST G E O represents the number of STGEO-
coded CUs. As for the T2 module, we evaluate the effective-
ness by bit saving, which is calculated by,

BS = bi torg − bi tpro

NST G E O
, (23)

where bi torg and bi tpro represent the number of bits consumed
by the coding of STGEO merge indices using the original
MCL and the proposed inferred MCL at the decoder, respec-
tively. Combining Table III, Table V and Table VI, it can be
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obviously seen that the BD-rate improvements provided by
the two modules individually are addable and can together
form a better R-D performance. As for T1 and T2, they both
show stable coding gains under RA and LDB configurations.
The M R in Table V provides useful evidence that our HPS
construction scheme can efficiently predict the high-preference
STGEO modes. Besides, higher M R can be observed for
Class E, which is in accordance with the coding performance
improvements. Moreover, the BS in Table VI shows that 0.09
and 0.09 bits per STGEO-coded CU are saved for RA and
LDB, respectively. The coding gains of LDB configuration
are comparable for the two modules, which are 1.72% and
1.75% on average for T1 and T2, respectively. While, the
coding performance of T1 is 0.06% higher than that of T2
under RA configuration. The two modules both show relative
high coding gain for the conference videos, i.e., FourPeople,
Johnny and KristenAndSara.

Concerning the computational complexity, on average 5%
and 7% encoding time increment of STGEO is observed for
RA and LDB configurations, respectively. The time increment
is negligible compared to the conventional GEO. The decoding
time is increased by 6% and 8% on average, which is mainly
introduced by the module T1 which has 5% and 8% decoding
time increment.

VI. CONCLUSION

In this paper, a spatio-temporal correlation guided geometric
partitioning scheme was proposed to improve the coding
efficiency. We first identified the problem in the existing
GEO: a heavy burden of side information signaling, includ-
ing the partitioning mode and motion information. Then we
proposed an adaptive mode prediction and coding method
to reduce the bits consumed for the representation of the
above-mentioned side information. In particular, the STGEO
mode set is split into two subsets, HPS and LPS. The modes
in the HPS have relatively high selection probabilities and can
be represented by smaller indices. As such, the STGEO mode
can be represented using fewer bits on average. As for the
motion information, it is represented by the index in MCL,
which is adaptively inferred based on the off-line trained
selection probability. Specifically, the motion candidates with
higher selection probabilities are put at the front location
of the MCL, vice versa. Experimental results verify that
STGEO is effective for side information representation and
can outperform the existing GEO in VTM-8.0. Compared to
VTM-8.0 without GEO, on average 0.95% and 1.98% bit-rate
savings can be achieved by the proposed method for RA and
LDB configurations, respectively.

The analysis and observation in this paper provide more
directions for further improving the representation capability
of block partitioning, such as ternary tree geometric partition-
ing, interweaved partitioning, and so on. The motion informa-
tion for each subpart can be selected from motion candidates
of extended areas, including adjacent and non-adjacent areas.
For these methods, the side information representation and sig-
naling method for partitioning mode and motion information
will be more important.
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