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Abstract— Motion compensation has been widely employed for
removing temporal redundancies in typical hybrid video coding
framework. The popular video compression standards, such
as H.264/AVC and HEVC, adopt the block-based partitioning
model to describe the motion field due to its high-compression
efficiency and relatively low-computational complexity. However,
block-based motion compensation may not align with the actual
object motion boundaries, potentially limiting the compression
efficiency. In view of this, we propose a three-zone segmentation-
based motion compensation scheme to improve the descrip-
tion accuracy of motion field as well as the coding efficiency.
In particular, the segmentation information is implied in the
reference frame instead of being explicitly signalled. Based on
the segmentation information, three motion compensation zones
can be identified, including one edge, one foreground, and one
background zone. The foreground zone is motion compensated
by the signalled motion vector of the block, and the background
zone is motion compensated by the motion information implicitly
derived from the local motion field. Regarding the edge zone, it is
viewed as an overlapped area and the weighted compensation
strategy is adopted. The proposed algorithm is implemented into
the reference software VTM-1.0 of versatile video coding (VVC),
and the simulation results show that the algorithm can achieve
1.14% and 1.06% bitrate savings for random access and low-
delay configurations, respectively.

Index Terms— Block segmentation, block partitioning, motion
compensation, inter prediction, video compression.

I. INTRODUCTION

THE predictive video coding framework allows the usage
of previously coded frames to predict the current one, and

only residuals need to be coded. A general way for predictive
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coding is estimating the motion field at the encoder and
transmitting the motion information to the decoder for recon-
struction purpose by motion compensation (MC). To improve
the performance of MC, a frame is usually divided into non-
overlapped sub-regions as the basis to capture the motion
characteristics. For each sub-region, the motion vector (MV)
indicating the relative displacement between the to-be-coded
block in the current frame and the prediction block in the
reference frame is obtained and compactly represented with
predictive coding. The block-based MC is generally performed
based on the assumption that pixels in the sub-region have
identical translation motion. This assumption will result in
significant prediction error when the actual motion in pixel
level is different from the MV of block. Though the dense
pixel level MVs can be feasibly obtained through optical flow
estimation, they usually demand more bits to be represented.
Therefore, how to segment the frame plays a crucial role in
terms of achieving a good compromise between prediction
accuracy and bitrate in representing the motion information,
which can also be viewed as the partitioning problem. In the
literatures, many approaches have been proposed to improve
the partitioning efficiency. These methods vary depending on
their partitioning flexibilities and can be generally classified
into the following three categories:

1) Rectangular partitioning: the frame is partitioned into
rectangular coding blocks by only horizontal and vertical
splits (Fig. 1(a)).

2) Geometric partitioning: the frame is first divided into
rectangular blocks and then further partitioned by an
arbitrary line to approximate the object edges (Fig. 1(b)).

3) Object-oriented partitioning: the true object edges are
estimated for the frame partitioning (Fig. 1(c)).

The rectangular partitioning has been intensively investi-
gated in the H.264/Advanced Video Coding (AVC) standard
[1] and the successive High Efficiency Video Coding (HEVC)
standard [2]. In H.264/AVC, a frame is first divided into
16×16 macroblocks (MBs), and then each MB can be further
split into 16 × 8, 8 × 16 and 8 × 8 blocks. With respect to the
8 × 8 sub-MB, it can be further partitioned into 8 × 4, 4 × 8
and 4 × 4 blocks [3]. During the standardization of HEVC,
the largest block size, termed as Coding Tree Unit (CTU), has
been extended to 64 × 64. For the CTU, it can be recursively
divided into Coding Units (CUs) by a quad-tree structure
to adapt to the local properties of video content. In inter
prediction, each CU can be further split into one, two or four
Prediction Units (PUs) according to the splitting mode.
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Fig. 1. Illustration of block partitioning. (a) Rectangular partitioning (QTBTTT). (b) Geometric partitioning. (c) Object-oriented partitioning.

Specifically, HEVC supports eight inter PU splitting modes
including horizontal and vertical symmetric splitting, as well
as four asymmetric splitting [4].

To further investigate the performance of rectangle-based
partitioning, a novel quadtree plus binary tree (QTBT) block
partitioning structure [5] was proposed during the Joint Video
Exploration Team (JVET) development for future video coding
standard. In addition to the quadtree partitioning analogously
to HEVC, binary tree partitioning can be performed sequen-
tially to split the quadtree leaf node into various rectangle
patterns in QTBT. Recently, quadtree plus binary tree and
triple tree (QTBTTT) partitioning structure has been proposed
during the standardization of next generation Versatile Video
Coding (VVC) standard, where triple tree is integrated to
support split one block into three sub-blocks [6]. Though
the binary tree and triple tree partitioning only include two
types, horizontal splitting and vertical splitting, the property
of recursion provides higher flexibility than the fixed splitting
modes in HEVC, as shown in Fig. 1(a). However, such
rectangle blocks still cannot handle the arbitrary object shapes.
In particular, blocks containing object edges usually consist
of regions moving in two or more directions, such that a
single MV will lead to inefficient compensation for at least
one region. Consequently, higher prediction errors will be
generated and decrease the compression efficiency.

To improve the description accuracy of rectangular parti-
tioning, geometric partitioning approaches have been proposed
to capture the non-uniform motion field. In [7]–[9], the 16×16
MB is partitioned by a straight line into two wedge-shaped
parts. The straight line L(ρ, θ) is defined by two parameters:
a radius ρ denoting the distance between the partition line and
the center of the block, and an angle θ between the partition
line and the y-axis, as shown in Fig. 1(b). In particular,
the partition line is chosen to approximate the discontinuities
of the motion field, and each of the resulting two wedge-
shaped parts is compensated with a MV. For a 16 × 16 block,
the search ranges of ρ and θ are [0, 8) and [0, 2π), which
demand a number of iterations. To reduce the complexity, sev-
eral simplified approaches have been developed in [10]–[13].
In [10], the search was performed on a subset of partition
lines instead of the full set. In [11], Wang et al. proposed

a texture-difference-based approach to simplify the process
of selecting the partition line, where the line maximizing
the texture difference between two segmented regions is
viewed as the optimal geometric partitioning line. In [12],
the proposed algorithm reduced the number of iterations by
only searching positions recognized as most valuable partition-
ing. During the development of HEVC, hierarchical geomet-
ric partitioning schemes were described in [14]–[16], which
reportedly achieved 5.0% bitrate savings with 25 times of the
encoding time. Though simplifications were investigated with
early termination on the blocks without discontinuous motion
fields [17]–[19], the geometric partitioning schemes still con-
sume huge computational complexity to determine the geo-
metric partitioning line.

In addition to line-based geometric partitioning, template-
based partitioning approaches were proposed to describe the
motion fields using a set of predefined templates. For example,
an improved geometric partitioning scheme was proposed
in [20] by predicting the MVs based on the directional
partitions. In [21], L-shaped templates were introduced to
approximate the object edges. In [22] [23], the partition tem-
plates were extended by combining the line-based template,
L-shaped and rectangular partitioning structures. Although the
geometric partitioning provides more flexibility than the rec-
tangular structure, the arbitrary object shapes are still difficult
to describe with a line or predefined templates. Moreover,
additional bitrate consumption is unavoidable for coding the
partitioning parameters.

To obtain a more accurate approximation of the arbitrary
object shape, object-oriented partitioning schemes have been
investigated in literatures. In [24], Pardas et al. proposed a
segmentation-based partition tree scheme which generated a
number of regions by projected merging and segmentation.
However, this segmentation approach performs worse for the
extremely high texture areas, and how to efficiently transmit
the partitioning information should be rigorously investigated.
In [25], Orchard et al. proposed the predictive motion field seg-
mentation method based on the block based motion compensa-
tion framework to address the problem of boundary signaling.
Instead of transmitting the boundary information directly,
approaches in [26] [27] derived the object-oriented partitioning
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Fig. 2. Illustration of characteristics of block partitioning. (a) QTBT rectangular partitioning. (b) Prediction error map of QTBT partitioning. (c) Geometric
partitioning. (d) Corresponding similar blocks for geometric prediction in the reference frame.

information from the reconstructed samples in the reference
frame. Accordingly, an additional MV is required, pointing to
the position in the reference frame where the segmentation
matches the object edges in the current block. In [28], global
motion estimation is combined to avoid transmitting the MVs
of segmented sub-regions belonging to the background areas.
In [29], Kim et al. proposed a novel segmentation method,
where two motion vectors indicating two prediction blocks
are signalled and the differences between these two prediction
blocks are employed for segmentation.

Though the conventional object-oriented partitioning has
higher flexibility to capture the motion field of regions con-
taining moving objects, it requires more bits to signal the
object positions and the motions of segmented regions, which
limits the coding performance to some extent. In this paper,
we propose a novel three-zone segmentation based partitioning
scheme to realize object-oriented motion compensation, and
meanwhile maintains the number of transmitted MVs as
standard block-based methods. Specifically, image segmenta-
tion is first applied on the reference block indicated by an
transmitted MV and then partition it into three zones: the
foreground zone, the background zone and the edge zone.
Successively, a refined MV will be derived implicitly for the
background zone based on the local content. Moreover, to fur-
ther improve the prediction accuracy of object edges, the edge
zone is viewed as an overlapped region and weighted com-
pensated according to the MVs of the fore- and background
zones.

The remaining of this paper is organized as follows.
Section II analyses the characteristics of motion field and block
partitioning. In Section III, we propose the three-zone segmen-
tation based motion compensation scheme. Section IV shows

the experimental results, discussions and comparisons with the
state-of-the-art approaches. Finally, Section V concludes this
paper.

II. MOTIVATION AND ANALYSES

The object-oriented partitioning, which has higher flexibility
in describing the motion field, also demands additional bits
in representing the side information. To inherit the advan-
tages of object-oriented partitioning and meanwhile avoid the
limitations, the key ingredient lies in how to convey the
side information without explicit signaling. In view of this,
we investigate the characteristics of different block partitioning
methods, and develop a novel three-zone segmentation based
motion compensation scheme on the top of rectangular block
partitioning.

QTBT is an advanced application of rectangular partitioning
which supports more flexible rectangular shapes than HEVC.
An example of QTBT partitioning results is shown in Fig. 2(a),
from which one can discern that large blocks are adopted for
the flat areas and detailed partitioning occurs in the areas with
more texture. Moreover, if the boundaries of the moving object
are oblique, the local area will be partitioned with higher
depth to capture the un-uniform motion field. Considering
the circumstance that the discontinues motion field takes
up small part in a block, deeper partitioning will lead to
over-segmentation phenomenon for the other regions [30].
More frustrating fact is that even deep rectangular partitioning
around the object boundaries cannot achieve satisfying pre-
diction performance. Fig. 2(b) illustrates the prediction error
corresponding to Fig. 2(a), which is computed by

pe = ppre − porg + (1 << (bi tdepth − 1)), (1)
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Fig. 3. Illustration of the proposed three-zone segmentation based motion compensation scheme.

where pe, ppre and porg denote the values of prediction error,
prediction and the original samples, respectively. Based on
the prediction difference frame from Fig. 2(b), it is clearly
observed that the outline of the human can be clearly found,
which illustrates that larger prediction errors originate from
the mismatching between the limited partitioning shapes and
the actual motion field.

To investigate the priorities of non-rectangular partitioning
in describing the moving objects, geometric partitioning such
as [18] can also be applied on the top of QTBT. An illustration
of the partitioning results is provided in Fig. 2(c), from which
it is found that the geometric partitioning is frequently adopted
around the object boundaries. In particular, it divides the
CU into two regions, and each region owns different MVs
to achieve accurate prediction performance. By comparing
the partitioning results between Fig. 2(a) and Fig. 2(c), it is
obvious that geometric partitioning is efficient to describe the
moving object. However, the bits cost for coding the arbi-
trary geometric line is a nonnegligible burden, e.g., averagely
5.4 bits for each geometric line in this simulation, which
largely limits the overall coding performance. To address
this issue, we aim to obtain the location of the geometric
line from the reference frame due to the high temporal
similarities among successive frames. For the CUs contain-
ing geometric partitioning in Fig. 2(c), their corresponding
similar blocks can be searched in the reference frame. Subse-
quently, the geometric partitioning line is determined for the
reference block by an approximate method, where the line
partitioning the block into two regions with maximal texture
difference is selected [11]. Illustration of the geometric lines
in the reference frame is provided in Fig. 2(d). Comparing
Fig. 2(c) and (d), it is observed that the geometric lines of
the current block and its reference block are approximately
identical, which proves that the object boundary information

can be obtained from the reference frame. In addition to the
geometric partition line, the MVs for each sub-region should
also be transmitted. To decrease the overheads of motion
information, the motion correlations are further investigated.
On one hand, from Fig. 2(d), it is observed that the block-
level MVs are identical with the actual motion of the moving
objects in most cases, which indicates the transmission of
MV belonging to the moving region can be avoided. On the
other hand, from Fig. 2(c), it is found that the MVs of the
static region is usually identical with the adjacent static blocks.
Hence, the MV of the static region can be derived implicitly
from the local motion field.

Based on the above observations, a three-zone (TZ) seg-
mentation based motion compensation algorithm, termed as
TZ mode, is proposed in this paper. The proposed TZ mode
is applied on the top of the current block partitioning struc-
ture and serves as an optional inter prediction mode on the
CU level. The overview of the proposed TZ mode is illustrated
in Fig. 3. First, the block-level MV pointing to the reference
block, which provides similar boundary information to the cur-
rent CU, is signalled. Subsequently, edge detection is applied
on the reference block to locate the object edges. According
to the detected edges, the reference block is divided into
three zones, including two object zones and one edge zone.
In general, the two object zones can be distinguished into one
foreground zone and one background zone. The foreground
zone in the reference block directly serves as the prediction
of the corresponding region in the current CU. With respect
to the background zone, we derive its MV from the local
motion field and obtain a refined background block. Therefore,
the final prediction of the background zone originates from
the refined background block. Moreover, to achieve better
prediction performance of the object edges, the samples around
object edges are processed as an individual edge zone. In our
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scheme, the edge zone is viewed as an overlapped band
and weighted compensated by the MVs of the fore- and
background zones.

III. THREE-ZONE SEGMENTATION MODE

In this section, the details of the proposed TZ mode are pre-
sented. The image segmentation method adopted in our work is
first described, and then we detail the motion compensation for
the three zones. Finally, fast implementation of the proposed
scheme and the syntax design are provided.

A. Image Segmentation for Reference Block

Image segmentation is a traditional image processing task
and has been intensively studied in the past decades for object-
detection, face-recognition, etc. However, directly integrat-
ing them in the proposed framework may not be effective.
Traditional operators of edge detection mainly utilize the
local gradient to search the edge samples, such as Canny
operator [31], Sobel operator [32], etc., while our goal is
finding the discontinuities in motion field rather than the object
boundaries. As shown in Fig. 3, the edges of stripes in the
floor are viewed as the edge samples because of large gradients
crossing the stripe directions, whereas they are not our desired
edges that separate two different motion fields. Moreover,
the interframe difference is hard to be utilized because the
current frame is unknown at the decoder site.

Inspired by this, a novel low complexity image segmentation
method is adopted in the proposed scheme. The main proce-
dures are similar to the Canny approach, and modifications are
made to adapt to the specific requirement. In particular, instead
of computing the gradient of the pixels, sample differences for
each pixel are computed along the horizontal (denoted as Dh )
and vertical directions (denoted as Dv ),

Dh_i = |
x−1∑

i=0

pi/(x − 1) −
w∑

i=x+1

pi/(w − x)|, (2)

Dv_i = |
y−1∑

i=0

pi/(y − 1) −
h∑

i=y+1

pi/(h − y)|, (3)

where pi denotes the luma value of one pixel, x and y
represent the positions of this pixel in the w × h block.

Pixels satisfying Dh > th or Dv > th will be labeled as
the target samples. To estimate the value of this threshold,
experiments are conducted on the sequences BlowingBubbles,
BQMall, BasketballDrill, Kimono and ParkScene. In the simu-
lations, the average sample difference between two sub-regions
in the CU applied by the geometric partitioning is computed
by

D(ξ1, ξ2) = | p̄(ξ1) − p̄(ξ2)|, (4)

where p̄(ξ1) and p̄(ξ2) represent the average sample values of
the two segmented regions. According to the recorded data,
the distribution of the sample difference is illustrated in Fig. 4,
from which one can discern that majority of sample differences
between two segmented regions are larger than 15. In view of
this observation, 15 is set as the threshold of determining the
edge sample.

Fig. 4. Distribution of the sample difference between the segmented regions
for the CUs applied by the geometric partitioning.

Fig. 5. Illustration of the proposed three-zone segmentation algorithm.
(a) 16x16 reference block. (b) Three zones after segmentation.

In the implementation, the integrations in Eqs. (2) and (3)
are not required to be computed for each pixel. Let SumLeft
and SumRight denote the sum of sample values on each side,
and a fast algorithm can be achieved by

SumLe f tx+1 = SumLe f tx + px , (5)

Sum Rightx+1 = Sum Rightx − px . (6)

The edge detection is applied on the top of rectangular par-
titioning. In the practical circumstances, most CUs consist of
no more than two objects. As such, not all the detected edges
are eligible, and the targeted edge is selected by maximizing
the sample difference between the two segmented regions.

Along the selected edge, the block is partitioned into
three zones, including two object regions and one edge zone,
as shown in Fig. 5. With respect to the construction of edge
zone, it is obtained by including the “top” “left” “bottom”
and “right” adjacent samples of the selected edge, and hence
the edge zone can be viewed as a three-sample-width band.
There are two reasons regarding the introduction of edge
zone. On one hand, the object edges in natural scenes are
not distinct in most circumstances, and the sample values
usually vary progressively across the edge profile, as illus-
trated in Fig. 5(a). On the other hand, the object may be
variant for the consecutive frames, especially around the
boundaries.
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B. Motion Compensation for the Background Zone

In the proposed framework, the background zone is explic-
itly signalled by the flag background_zone_flag. The reason
for explicitly signalling mainly lies in that it is necessary
to directly classify the fore- and background zones instead
of differentiating them based on inference at the decoder.
Specifically, if background_zone_flag equals 1, it indicates
that the object zone containing the top-left sample in the CU
is the background zone. Otherwise, if background_zone_flag
equals 0, it infers that the object zone containing the top-
left sample is the foreground zone and hence the other object
zone is the background zone. With respect to the circumstance
that the top-left sample locates inside the edge zone, we will
consider the next sample along the left column and repeat it
until find one sample outside the edge zone.

To save the additional bits of motion information, the MV
of background zone is derived from the neighbouring local
motion field. More specifically, it is based on the assump-
tion that other background CUs around it and the current
background zone are integrated as a whole. Therefore,
the background zone in the current CU can be merged
into the adjacent background areas sharing identical motion
information. Among all the neighbouring CUs, if one CU is
coded by the proposed TZ mode and the background zones
in this neighbouring CU and the current CU are adjacent,
the motion information of this adjacent background zone will
be directly copied to the current background zone for motion
compensation. Otherwise, the neighbouring CUs coded by
traditional methods are accessed and the one owning highest
similarity with the current background zone will share the
motion information. Let p̄(ξ) represent the average sample
value of image area ξ . The texture complexity can be com-
puted by

T (ξ) = (
∑

iεξ

|pi − p̄(ξ)|)/n, (7)

where n denotes the number of samples in the image area ξ .
Then, the texture difference T d(ξc, ξa) between two image
areas is measured as

T d(ξc, ξa) = 2| p̄(ξc) − p̄(ξa)| + |T (ξc) − T (ξa)|, (8)

where ξc and ξa denote the current background zone and
the adjacent CU, respectively. The adjacent CU with smaller
texture difference is more likely to be coherent with the current
background zone, and is assumed to share the same motion
filed.

It is worth mentioning that the threshold 20 is set for
the allowed maximal texture difference. When no adjacent
CU satisfies this requirement, the zero MV will be used for
the current background zone. The value of this threshold is
decided by the data analysis of the texture difference between
the background zone and the adjacent background CU. In this
simulation, the MV of the background zone is searched by
motion estimation and then compared to the MVs of each
adjacent CU. If two MVs are same, the background zone and
the corresponding adjacent CU are viewed as sharing the same
motion field and then the texture difference between them

Fig. 6. Distribution of the texture difference between the background zone
and the adjacent CU sharing the same motion field.

Fig. 7. Illustration of sole-prediction and bi-prediction. (a) Sole-prediction.
(b) Bi-prediction.

is computed. The distribution of the recorded texture differ-
ences is illustrated in Fig. 6, from which it is observed that
majority of the texture differences are smaller than 20. In view
of this, it is inferred that the background zone and the adjacent
CU are little likely to share the same motion field if the texture
difference between them is larger than the threshold 20.

C. Motion Compensation for the Foreground Zone

With respect to the motion compensation for the fore-
ground zone, the motion information is directly derived from
the block-level MV. However, the block-level MV can only
provide prediction from a single direction, which limits the
potential of temporal redundancy reduction. To address this
issue, an implicit multi-hypothesis prediction (MHP) algorithm
is described in this subsection for the foreground zone motion
compensation.

It is widely acknowledged that bi-prediction can achieve
much better performance than the sole-prediction in general,
as shown in Fig. 7. Sole-prediction directly approximates the
current block c with the prediction signal p. Regarding the
bi-prediction, the individual components of the two-hypotheses
do not necessarily approximate the current block due
to the prediction is accomplished by combining the two
components [33]. Originated from the bi-prediction, multi-
hypothesis prediction approaches have been investigated,
which generate final prediction by combining multi prediction
blocks [34]–[40]. Simulations are conducted on the sequences
in Table I to investigate the potential of MHP regarding the
prediction performance, as illustrated in Fig. 8 where x-axis
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TABLE I

SEQUENCES INFORMATION IN THE SIMULATIONS
RELATED TO MULTI-HYPOTHESIS PREDICTION

Fig. 8. The variation of prediction error in terms of the number of hypotheses
for different MV resolutions.

is the hypothesis number adopted and the y-axis represents
the prediction error per sample. Moreover, MVs with different
resolutions, ranging from 1/4-pel to int-pel, are employed in
the simulations under the consideration that the MV resolu-
tion determines the precision of the motion description and
also significantly impacts on the prediction accuracy. From
Fig. 8, it can be concluded that more hypotheses and higher
MV resolution can improve the prediction accuracy. An inter-
esting phenomenon that the reduction of prediction error
obtained by increasing the MV resolution saturates with suf-
ficient number of hypotheses is also observed.

Though the increase of hypothesis number can reduce the
prediction error, more coding bits are required to code the
additional MVs, which decreases the overall performance
of MHP. To benefit from MHP and meanwhile avoid the
overheads of additional MVs, a novel MHP algorithm based
on decoder MV derivation is proposed. Generally speaking,
though there exists a certain divergence among successive
frames due to illumination variation, object motion and camera
movement, the hypotheses of one block in successive frames
usually own high similarities. By taking one hypothesis as
the template, the hypotheses in other reference frames can
be searched by motion estimation. Therefore, the MVs of
additional hypotheses can be derived without explicit sig-
nalling. As illustrated in Fig. 9, the first prediction block is
indicated by the block-level MV of the current CU which
is explicitly transmitted. Subsequently, by taking the first
hypothesis as the template, motion estimation is applied on

Fig. 9. Illustration of the proposed MHP algorithm.

Fig. 10. Distribution of MV divergence between the actual MV and the
derived MV.

one certain reference frame and the matching result serves as
the additional hypothesis. Final, these hypotheses are com-
bined to generate the prediction signal. In this manner, the
MV signalling of the additional hypotheses can be avoided
and only the reference indices need to be transmitted.

The proposed approach is based on the premise that the
additional hypotheses can be searched precisely by the motion
estimation with the template of the first prediction block.
In other words, the more accurate the derived MVs are, the bet-
ter prediction performance can be achieved. To investigate the
accuracy of the derived MVs, the motion divergence between
the derived MVs and the actual MVs are depicted in Fig. 10.
It is observed that majority MV divergences converge at (0, 0),
implying that the derived MVs are identical with the
actual MVs. Furthermore, almost all MV divergences fall into
the range (−4,+4), which reveals that the MV divergence is
smaller than one pixel due to the 1/4-pel MV resolution. These
observations verify that the proposed decoder MV derivation
algorithm can provide reliable multi-hypotheses prediction.

Considering the fact that motion estimation is required at
the decoder, the hypothesis number is supported up to three in
our work to achieve a good balance between the computational
complexity and the coding performance. Besides the prediction
signal indicated by the explicit MV, either one or two addi-
tional hypotheses are weighted combined to generate the final
prediction for the foreground zone. If only one more hypothe-
sis is used, the weighting factors {1/2, 1/2} are assigned to the
explicit prediction and the derived hypothesis. When two more
hypotheses are used, the weighting factors {1/2, 1/4, 1/4} are
assigned to the explicit prediction and the derived hypotheses,
respectively.



5098 IEEE TRANSACTIONS ON IMAGE PROCESSING, VOL. 28, NO. 10, OCTOBER 2019

Fig. 11. Illustration of intensity variation around object edges (1-D).
(a)(b) Sharp edge. (c) Medium edge. (d) Smooth edge.

D. Motion Compensation for the Edge Zone

As mentioned above, obvious prediction error occurs around
the object edges. Considering the prediction errors of edge
samples distribute dispersively in a CU, accurate prediction
for the edge area is highly desired. Furthermore, it is widely
acknowledged that the subjective visual performance largely
depends on the quality of the object edges. In view of these
considerations, the samples around moving object edges are
processed as an individual zone in the proposed scheme.

In our work, the edge zone is classified into three categories:
sharp edge, medium edge and smooth edge. As illustrated
in Fig. 11, the classification of object edges depends on
the variation speed of sample intensities. Fig. 11-(a) and (b)
demonstrate the sharp edge, where the intensities of samples
varies abruptly along the edge profile. In this case, there is
an obvious boundary between two adjacent objects and the
samples in the edge zone can actually be distributed into the
foreground and background zones by comparing the sample
intensity and the average intensities of the two object zones.

However, the intensities may vary gradually along the edge
profile in typical natural images. Fig. 11-(c) shows the a typical
medium edge, in which the boundary intensity varies during
three samples. In this case, the samples locating at two sides
can be viewed as belonging to each corresponding object zone,
and the prediction of the center samples is obtained averagely
by the MVs of the background and foreground zones. With
respect to the smooth edge, which implies that the sample
intensity varies more gradually as illustrated in Fig. 11-(d),
the boundary can be viewed as an overlapped zone of the
two object zones. As such, the prediction blocks indicated by
the MVs of the fore- and background zones are obtained and
combined using two weighted matrices to construct the final
prediction of the edge zone.

The design of the weighted matrices is shown in Fig. 12,
which corresponds to the smooth edge in Fig. 5. For the
middle sample in the edge zone, it is compensated averagely
by the MVs of the fore- and background zones and hence

Fig. 12. Illustration of the weighted matrices in the case of smooth edge
corresponding to Fig. 5.

TABLE II

THE USAGE RATIO OF DIFFERENT WEIGHTS FOR
THE SIDE SAMPLES IN THE SMOOTH EDGE

its weights are (1/2, 1/2). With respect to the side samples
in the edge zone, the weights (3/4, 1/4) are adopted in our
work [41]. Simulations are conducted to decide the effective
weights for the side samples in the circumstance of smooth
edge. Specifically, five pairs of weights are provided including
(1/2, 1/2), (5/8, 3/8), (3/4, 1/4), (7/8, 1/8) and (1, 0). The best
weights selected by RDO are recorded and the usage ratio
of each is present in Table II. It is observed that the weights
(3/4, 1/4) are used most frequently. Hence, (3/4, 1/4) is finally
selected as the weights for the side samples in the case of
smooth edge. Moreover, it is worth noting that the weights
(1, 0) actually correspond to the case of medium edge.

E. Fast Implementation and Syntax Design

To reduce the computational complexity of the proposed
scheme, we introduce fast implementations to achieve a good
balance between rate-distortion (RD) performance and com-
putational complexity. First, our design philosophy is that only
the CUs containing clear moving object edges require the
proposed TZ mode, while the other CUs can be neglected
and coded with traditional methods. Therefore, fast imple-
mentation based on early termination is adopted, as shown
in Fig. 13. Given a CU, its block-level MV can be directly
obtained according to the coding result of the normal inter
prediction mode. Then, the image segmentation is applied to
the reference block and the processing will be terminated if
no required edge is found. Otherwise, the reference block is
divided into two object zones z0, z1 and one edge zone ze.
Subsequently, the sizes of object zones z0 and z1 are computed
and the early termination is enabled if the sample number of
either z0 or z1 is less than 16. This strategy is mainly based
on the consideration that it is difficult to achieve sufficient
prediction gain for a small area with the additional overheads.
Therefore, only the CUs containing explicitly more than one
object have the opportunity to be coded by the TZ mode, which
reduces the encoding complexity to a large extent.
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Fig. 13. Flowchart of the fast implementation for the TZ mode.

If the reference block of the current CU satisfies the seg-
mentation criterion, the combination of z0, z1 that corresponds
to the fore- and background zones, and in an reverse order, are
all considered. In each iteration, motion compensation for the
background zone is conducted through the algorithm described
in Sec.III-B. Which zone serves as the background area is
finally determined based on the rate-distortion optimization
(RDO) processing. Subsequently, the provisional RD cost is
compared to the RD cost of the normal inter mode and
the TZ mode will be terminated if the provisional RD cost
tends to larger. Otherwise, multi-hypothesis prediction for the
foreground zone is conducted. After obtaining the prediction
signals of fore- and background zones, the type of edge zone
is determined by RDO and the overall prediction of the to-be-
coded CU can be achieved.

The MHP procedure for the foreground zone also introduces
a certain computational complexity for both the encoder
and the decoder sides. Therefore, the number of additional
hypotheses is limited up to two besides the first hypothesis
indicated by the explicit MV. With respect to the decoder
side, the computational complexity of MHP mainly lies in
the motion estimation for the additional hypotheses on the
specified reference frames. As such, a fast motion estimation
method is adopted in the proposed scheme [42]. Moreover,
we scale the explicit MV of the first hypothesis to the specified
reference frame as the searching start point, since linear
motion commonly occurs in a short time period. As for the
encoder side, the computational complexity of MHP mainly
comes from the selection of additional hypotheses. Fortunately,
the design of hypothesis factors, {1/2, 1/2} or {1/2, 1/4, 1/4},

TABLE III

SYNTAX DESIGN OF THE PROPOSED TZ MODE

reduces the complexity of MHP decision to some extent.
In particular, we first search the hypothesis candidates on
each reference frame except for the one referred by the first
hypothesis. Subsequently, the candidate or the combination
of two candidates which adequately satisfies the following
equation is selected

Sadd ≈ (Sorg << 1) − S1st , (9)

where Sorg , S1st are the original signal and the first hypothesis
of the current CU, and Sadd denotes the probable combination.

The syntax design of the proposed scheme is illustrated
in Table III. In particular, the TZ mode serves as an optional
inter prediction mode at the CU level, which is signalled
by cu_tz_flag. If the TZ mode is applied on the current
CU, three reference frame indices, indicating the explicit MV
and the additional hypotheses, are transmitted. On one hand,
the reference index owns unique attribute, which means each
reference frame must be different from each other. On the other
hand, ref_idx and ref_idx_add_hypothesis1 must be selected
from the reference list, while ref_idx_add_hypothesis2 could
be −1 to infer the 2-hypothesis prediction. Subsequently,
the explicit MV is coded by the original approach, where the
motion vector predictor (MVP) flag is first signalled and then
the motion vector difference (MVD) is coded. Furthermore,
the flag background_zone_flag indicating which object zone
serves as the background zone is transmitted and the type of
edge zone is finally signaled by edge_zone_type_idx.

IV. EXPERIMENTAL RESULTS

To validate the efficiency of the proposed algorithm,
we first integrate the proposed TZ mode into the test software
VTM-1.0 of the next generation VVC standard [43], and the
coding performance and the computational complexity are
analyzed. Subsequently, we incorporate the proposed algo-
rithm into the benchmark set (BMS) platform VTM-BMS
released by JVET [44], which includes some advanced cod-
ing tools beyond VTM [45]. Furthermore, subjective quality
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TABLE IV

PERFORMANCE OF THE PROPOSED TZ MODE IMPLEMENTED INTO VVC REFERENCE SOFTWARE VTM-1.0 UNDER RANDOM ACCESS CONFIGURATION

TABLE V

PERFORMANCE OF THE PROPOSED TZ MODE IMPLEMENTED INTO VVC REFERENCE SOFTWARE VTM-1.0 UNDER LOWDELAY-B CONFIGURATION

comparisons are shown to demonstrate the advantages of
the TZ mode in eliminating the edge displacements. Finally,
performance comparisons with related works are presented
to demonstrate the superior performance of the proposed
scheme.

A. Performance Evaluation of the Proposed TZ Mode

This subsection evaluates the coding performance and com-
putational complexity of the proposed TZ mode implemented
into the VVC reference software VTM-1.0. Simulations are
conducted conforming to the common test conditions defined
in [46]. Considering the multi-hypothesis prediction is adopted

in our framework, Random Access (RA) and Lowdelay-B
(LD) configurations are used for testing because Lowdelay-P
only supports single foreward prediction. Besides the HEVC
test sequences, additional six sequences Tango2, Drums100,
Campfire, ToddlerFountain2, TrafficFlow and DaylightRoad2
are included, which are 10-bit Ultra-High Definition (UHD)
sequences proposed in the recent JVET development [47].
To evaluate the coding gain, the Bjontegaard delta rate (BD-
rate), Bjontegaard delta PSNR (BD-PSNR) and Bjontegaard
delta MS-SSIM (BD-MSSSIM) [48] are measured against the
anchor. Moreover, the encoding time increment (�ET ) and
the decoding time (�DT ) increment are also computed.



WANG et al.: THREE-ZONE SEGMENTATION-BASED MC FOR VIDEO COMPRESSION 5101

TABLE VI

PERFORMANCE OF THE PROPOSED TZ MODE IMPLEMENTED INTO VVC BENCHMARK SET VTM-BMS-1.0

TABLE VII

COMPARISONS WITH THE STATE-OF-THE-ART METHODS ON VTM-1.0 UNDER RANDOM ACCESS CONFIGURATION

The simulation results are shown in Table IV and Table V,
and it is observed that on average 1.14% BD-rate gain is
achieved for RA configuration. One can also discern that the
proposed scheme performs relatively stable for all sequences
with a minimum of 0.7% on RaceHorsesC and a maximum
of 1.8% on BlowingBubbles. Moreover, the BD-rate reduc-
tion are more significant for high-texture sequences such as
BlowingBubbles, BQSquare, BQMall and Campfire. This is
mainly because the videos rich with texture own more object
boundaries and hence more CUs adopt the TZ mode to achieve
better compression performance. As for the LD configuration,
on average 1.06% coding gain is obtained. The reason that

coding gain under LD is less than the gain under RA mainly
lies in that all the reference frames are ahead of the current
frame under LD configuration, leading to the performance
limitation of MHP.

With respect to the computational complexity, on average
11.86% and 11.23% encoding time increment is observed for
RA and LD configurations, respectively. The time increment
is tolerable mainly benefitting from the fast implementation
that early terminations are introduced for the blocks without
obvious object edges. A certain computational complexity is
also observed for the decoder, and approximately 16.30%
and 15.73% time increment are introduced for RA and LD
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TABLE VIII

COMPARISONS WITH THE STATE-OF-THE-ART METHODS ON JEM-2.0 UNDER RANDOM ACCESS CONFIGURATION

configurations, respectively. The decoding complexity mainly
originates from the motion estimation in multi-hypothesis
prediction, which can be speed up by more advanced motion
estimation algorithms.

In addition to the VVC reference software, JVET also
releases a test model as the benchmark to help evaluate one
proposed coding tools. This test model, termed as VTM-BMS,
has incorporated some advanced coding tools proposed dur-
ing the JVET development, such as 65 intra prediction
modes, affine mode, adaptive multi-core transform (AMT),
alternative spatial motion vector prediction (ASTMVP) [45].
Here, to further investigate the performance of the proposed
TZ mode, we implement it into the benchmark set platform
VTM-BMS-1.0. Experimental results are shown in Table VI,
from which it is observed that approximately 0.99% and 0.96%
BD-rate reduction can be achieved for RA and LD configura-
tions, respectively. This provides evidence that the proposed
algorithm still works under a more advanced platform. With
respect to the slight decline of achieved coding gain, it mainly
lies in the influence of the ASTMVP mode, which also utilizes
the neighbouring CUs to refine the MVs of the current CU on
sub-CU level.

The visual quality comparisons are provided in Fig. 14,
where the test sequences are compressed by the anchor
(VTM-1.0) and the proposed TZ scheme at similar bitrate.
Regarding the subjective performance, it is observed that
the proposed algorithm can achieve better visual quality for
the areas around object edges. In particular, by observing the
enlarged images, it is found that there exists edge displacement
in the decoded frames by anchor, whereas the edge displace-
ments have been eliminated in the decoded frames by the
proposed scheme. This observation proves that the proposed
TZ mode can obtain better object edges and improve the visual
quality.

Fig. 14. Visual quality comparisons between anchor (VVC-1.0) and the
proposed TZ scheme. (a) Decoded frame of BasketballDrill at bitrate =
1621kbps (Anchor, cropped for better visualization). (b) Decoded frame
of BasketballDrill at bitrate = 1617kbps (Proposed, cropped for better
visualization). (c) Decoded frame of RaceHorsesC at bitrate = 2430kbps
(Anchor, cropped for better visualization). (d) Decoded frame of RaceHorsesC
at bitrate = 2431kbps (Proposed, cropped for better visualization).

B. Performance Comparisons With the State-of-the-Art
Methods

To further verify the superior performance of the TZ mode,
we compare it with the state-of-the-art methods, includ-
ing the proposals JCTVC-D230 [18] and JCTVC-F415 [49]
proposed during the HEVC development, the JVET-
K0146 [50] proposed in the latest JVET meeting and the
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related work in [51]. Specifically, the work in JCTVC-D230
adopted the geometric partitioning signalled by the straight
line L(ρ, θ). The approach in JCTVC-F415 realized the non-
rectangular partitioning in another approach, where in total
six triangle partitioning modes were predefined. With respect
to the Bläser et al.’s approach in [51], the authors chose two
points to represent the partitioning line, utilized the spatial-
temporal information to predict the position of partitioning
line and hence save the rate of overheads.

To ensure the fairness, the work in JCTVC-D230 and JVET-
K0146 are compared to the proposed TZ mode in the VTM-
1.0 platform. The work in JCTVC-F415 and [51] are compared
to the proposed TZ mode in the JEM-2.0 platform [52]. The
comparison results are shown in Table VII and Table VIII.
Compared with the state-of-the-art methods, it is observed that
the proposed TZ mode achieves the highest BD-rate reduction
while consumes the least computational complexity, which
demonstrate the superior performance of the proposed method.

V. CONCLUSIONS

We propose a three-zone segmentation based motion com-
pensation scheme with the aim of achieving better prediction
for the blocks near object edges. In particular, a MV indicating
the reference block, from which similar object boundary infor-
mation can be found as compared to the current CU, is first
transmitted. Subsequently, image segmentation is applied on
the reference block to locate the object edges, and then the
reference block is divided into three zones, including one
foreground zone, one background zone and one edge zone.
The background zone will obtain refined MV based on the
local motion field and the prediction of the foreground zone
is improved by the multi-hypothesis prediction. With respect
to the edge zone, it is processed as an overlapped zone and
the weighted compensated strategy is adopted. Experimental
results show that the proposed scheme can achieve 1.14%
BD-rate gain on average when implemented into the
VVC reference software VTM-1.0 and performs superiorly
compared to the state-of-the-art methods. Moreover, the pro-
posed scheme is capable of eliminating the phenomenon of
edge displacement, and hence lead to better visual quality.
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